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Purpose of review

Passive administration of broadly neutralizing antibodies (bNAbs) is being evaluated as a therapeutic
approach to prevent or treat HIV infections. However, a number of challenges face the widespread
implementation of passive transfer for HIV. To reduce the need of recurrent administrations of bNAbs, gene-
based delivery approaches have been developed which overcome the limitations of passive transfer.

Recent findings

The use of DNA and mRNA for the delivery of bNAbs has made significant progress. DNA-encoded
monoclonal antibodies (DMAbs) have shown great promise in animal models of disease and the underlying
DNA-based technology is now being tested in vaccine trials for a variety of indications. The COVID-19
pandemic greatly accelerated the development of mRNA-based technology to induce protective immunity.
These advances are now being successfully applied to the delivery of monoclonal antibodies using mRNA
in animal models. Delivery of bNAbs using viral vectors, primarily adeno-associated virus (AAV), has
shown great promise in preclinical animal models and more recently in human studies. Most recently,
advances in genome editing techniques have led to engineering of monoclonal antibody expression from
B cells. These efforts aim to turn B cells into a source of evolving antibodies that can improve through
repeated exposure to the respective antigen.

Summary

The use of these different platforms for antibody delivery has been demonstrated across a wide range of
animal models and disease indications, including HIV. Although each approach has unique strengths and
weaknesses, additional advances in efficiency of gene delivery and reduced immunogenicity will be
necessary to drive widespread implementation of these technologies. Considering the mounting clinical
evidence of the potential of bNAbs for HIV treatment and prevention, overcoming the remaining technical
challenges for gene-based bNAb delivery represents a relatively straightforward path towards practical
interventions against HIV infection.

Keywords

adeno-associated virus, B cell editing, broadly neutralizing antibodies, DNA-based therapies, HIV,
mRNA-based therapies, vectored immunoprophylaxis
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Since their initial discovery, broadly neutralizing
antibodies (bNAbs) targeting diverse HIV-1 isolates
have fundamentally altered the landscape of HIV
prevention and treatment research [1]. Given their
promise, significant effort has been focused on the
development of vaccine approaches capable of elic-
iting bNAbs [2]. Yet passive transfer of bNAb pro-
teins has shown significant effects in studies of
either prevention [3–5] or treatment [6–9] of HIV
infection. The relatively short half-life of passively
transferred monoclonal antibodies necessitates reg-
ular infusions to maintain functional circulating
titers, hindering the utility of bNAb passive transfer
for both treatment and prevention of HIV [5]. This
shortcoming has stimulated multiple lines of inves-
tigation into alternative approaches for the delivery
rs Kluwer Health, Inc. All rights rese

t © 2023 Wolters Kluwe
mats. These approaches include genetically encod-
ing bNabs for delivery as plasmid DNA, modified
mRNA, or adeno associated virus vectors, with the
most recent efforts aimed at genetically engineer-
ing host B cells. In this article, we review prior
rved. www.co-hivandaids.com
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KEY POINTS

� Different gene-based delivery approaches have been
developed for the expression of broadly neutralizing
antibodies (bNAbs).

� The administration of bNAbs through DNA-based
platforms has proven to be effective in animal models
due to its simplicity, rapid manufacturing, and the lack
of vector-directed immune responses.

� The COVID-19 pandemic resulted in rapid translation
of mRNA-mediated gene delivery for vaccination; this
technology is now being tested for bNAb expression.

� AAV mediated bNAb delivery has achieved long-term
antibody expression in humans and is the furthest
developed approach.

� Lentiviral- and CRISPR-mediated engineering of bNAb
expression by B cells leads to class switch
recombination and further affinity maturation.

Antibody interventions in HIV
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studies describing the use of each technology as a
means of delivering monoclonal antibodies, with
specific emphasis on approaches used for HIV bNAb
delivery.
DNA for delivery of broadly neutralizing
antibodies

The in vivo expression of recombinant proteins by
exogenous nucleic acid injected into skeletalmuscle
was reported for the first time in the early 1990s
[10,11]. In this approach, protein-coding expression
transgenes are encoded in plasmids or other DNA
forms for expression in vivo. Originally, DNA was
advanced as a delivery platform for diverse vaccine
and immunization strategies [12,13]. Numerous
clinical trials have been performed and several
are currently in progress evaluating DNA immuni-
zation against infectious diseases and cancers
(NCT04090528, NCT03110770, NCT04131413,
NCT04251117). During the recent severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) pan-
demic, India granted emergency authorization to
license ZyCoV-D (coronavirus disease DNA vaccine
developed by Cadila healthcare), a plasmid DNA
vaccine delivered by Jet injection for use in adults
and children of 12 years and older [14] for preven-
tion of SARS-CoV-2 infection. However, based on
improved for in vivo delivery, this approach is also
being studied. Conceptually, DNA biologics exhibit
important features relevant for globally distribut-
able products, including temperature stability, an
excellent safety profile and lack of vector-induced
immune responses allowing for repeat delivery.
192 www.co-hivandaids.com
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A single DNA vector backbone can be re-adminis-
tered repeatedly for thedeliveryof either the sameor
different genes without the induction of vector-
specific immunity. The approach has yielded
months-long expression from a single inoculation,
with a focus on intramuscular (i.m.) or intradermal
(i.d.) delivery to simplify use in the field. A major
goal for improvement of DNA platforms has been to
increase their expression levels and immunogenic-
ity when delivering vaccine antigens. Approaches
such as codon and RNA optimization, improved
leader sequences, improved delivery formulations
and delivery methods are under investigation
[14,15]. These approaches include needle-based
injections of naked DNA or ballistic DNA, forms
of jet delivery,multiple electroporation approaches,
sonoporation, and photoporation among others,
which can improve in vivo expression from gene-
encoded DNA cassettes [12,14].

Studies over the past decade have shown con-
tinued improvement in the expression levels
achieved with DNA-encoded monoclonal antibod-
ies (DMAbs) in animal studies [12,13,15–29].
DMAbs hold promise to accelerate the deployment
of new therapeutic interventions and provide pre-
clinical tools for rapid evaluation of biological prod-
ucts. DMAbs have been tested for IgG production
targeting prevention and treatment of diverse infec-
tious diseases [15,20,22,23,25,28–36,37

&

,38
&&

],
and cancer [39–45] (Table 1. Current approaches
for DNA delivery of antibodies). For example,
DV87.1, a dengue-specific neutralizing antibody,
was encoded as a DMAb for delivery of multisero-
type neutralizing antibodies produced in vivo upon i.
m. injection that was sufficient for protection in
animal challenges [15]. Studies have reported the
delivery of combinations of DMAbs resulting in
protection against viral or bacterial disease models.
For example, the concomitant use of two broadly
neutralizing DMAbs for H1 or H3 influenza viruses
resulted in a total of 3mg/ml of immunoglobulin G
(IgG) circulating antibodies, which were able to
protect against a lethal dose challenge with either
influenza strain, independently [23]. Studies also
focused on the engineering of V regions (among
others) as an important approach for increasing
serum concentrations from DMAb delivery. This
was first described using a panel of anti-Ebolamono-
clonal antibodies (mAbs), which were redeveloped
for enhanced in vivo expression using a pDNA
delivery format [24]. After enhancement, Patel
et al. demonstrated that a single injection with
DMAbs resulted in months of expression, achieving
48mg/ml peak serum concentration and providing
single-dose protection against Ebola challenge in
animals. As a response to Zika infection, a potent
Volume 18 � Number 4 � July 2023
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anti-Zika MAb, ZK-190, was studied first in mice and
then in nonhuman primates (NHPs) and was shown
to protect against viral challenge [26]. Through a
collaborative academic/industry partnership, two
potent SARS-CoV-2 mAbs were redesigned for
DNA delivery and advanced rapidly into clinical
studies as DMAbs. Administration of these DMAbs
to BALB/cmice induced peak expression of 5–50mg/
ml of circulating human IgG within 21days and
recapitulated the immune phenotype of the paren-
tal mAbs [38

&&

]. Expression from a single i.m. admin-
istration was confirmed for over 200days, showing a
prolonged slope of decay. These animals were pro-
tected from SARS-CoV-2 challenge, to a similar
degree as animals given passive transfer [38

&&

]. Clin-
ical testing of this dual DMAb approach has moved
into a human clinical trial (NCT05293249). This
study could provide important information on the
safety, deliverability, and expression levels of the
DMAb approaches for dual mAb delivery.

An important area for HIV research is the deliv-
ery of cocktails of broadly neutralizing antibodies
as a means of preventing infections or as therapy.
Wise et al. designed a large panel of DMAbs opti-
mized for in vivo expression and evaluated whether
these antibodies could be delivered in combina-
tions to neutralize a global viral HIV panel. Specific
combinations of 2�4 DMAbs (PGDM1400,
PGT121, VRC01, and PGT151) selected from a
larger panel in DMAb formats were tested in com-
binations of DMAb and found that cocktails were
able to neutralize the 12-member global panel. A
dramatic increase in neutralization breadth was
described, with IC50 levels below 0.1mg/ml for all
12 global panel viruses [29]. Two anti-HIV-1
DMAbs, PGDM1400 and PGT121 alone or in com-
bination, were also tested in NHPs, with peak serum
concentrations ranging between 6–34mg/ml and
no safety concerns being reported in NHPs. These
studies demonstrate that the in vivo produced
DMAbs retained neutralization properties equiva-
lent to the original bnAbs [29]. These studies serve
as a stepping stone for further development of
bnAbs as DMAbs. Future efforts are needed to
enhance their immunological properties as
well as their half-life, which would improve the
pharmacokinetic profile and reduce the need for
frequent infusions.

DNA as a gene delivery platform has unique
advantages, including its inherent stability and
simplicity of production, as well as the ease of
dissemination worldwide. The simplicity of com-
bining multiple therapeutic proteins/antibodies is
likely to be important for the successful applica-
tion of this approach, particularly for HIV and
other infectious diseases. Recent studies using
196 www.co-hivandaids.com

Copyright © 2023 Wolters Kluwer H
engineered forms of biologics, such as DMAb
encoded bispecific T cell engagers (BiTEs) to treat
diverse cancers, further support applications of the
DNA platform [42,46

&

,47]. Future investigations
focusing on the development and use of next-gen-
eration DNA in the context of HIV therapy and
other infectious diseases are potentially of global
importance.
Modified mRNA for delivery of broadly
neutralizing antibodies

The administration of exogenous mRNA for the
expression of proteins by the host has made great
strides in the last few years [48]. Notably, the
COVID-19 pandemic greatly accelerated the clin-
ical development and widespread use of mRNA-
based vaccines to induce the expression of SARS-
CoV-2 spike antigen, which stimulated an effective
immune response against this virus [49]. Rapid and
high-level expression, proven scalability, and an
inability to integrate into the host genome, are
among the significant advantages that mRNA has
over other platforms [50

&&

,51]. However, if deliv-
ered alone, mRNA can induce the activation of
Pattern Recognition Receptors (PRRs) [52], such
as toll-like receptor (TLR)-3, -7, and -8 [53]; retinoic
acid-inducible gene I (RIG-I) [54]; melanoma dif-
ferentiation-associated protein 5 (MDA-5) [55]. In
addition, mRNA molecules are degraded by intra-
and extra-cellular ribonucleases and cannot easily
enter the host cell [56], requiring the incorpora-
tion of modified nucleosides to side-step
these challenges [57]. Multiple mRNA formats
and routes of administration are currently being
studied [58].

The use ofmRNA to encode antibody transgenes
has been tested for a multitude of indications,
including pathogens [51,59–74], toxins [65,75,76],
and cancers [65,77–82] (Table 2. Current
approaches for mRNA delivery of antibodies).
Despite these promising reports, most studies of
mRNA relating to HIV have been focused on the
expression of recombinant viral antigens to pro-
mote adaptive humoral immunity rather than to
produce bNAbs. The first report on mRNA admin-
istration to induce the expression of bNAbs was
published in 2017 by Pardi et al. [59]. Therein, the
expression of VRC01, a bNAb targeting the CD4
binding site of theHIV envelope (Env), was achieved
in vivo by lipid nanoparticle (LNP)-encapsulated and
nucleoside-modified mRNA. The antibody levels
achieved by a single injection of 30mg of mRNA
resulted in higher levels of circulating antibodies
than those detected for a single administration of
600mg of recombinant VRC01, culminating in the
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protection of two humanized mouse models from
infection with HIV-1 [59]. Antibody levels following
mRNA administration peaked at 24h, with a gradual
decrease over five days and a sharp decrease on day
7. Subsequently, a report by Lindsay et al. [60]
showed that aerosol administration of synthetic
mRNA coding for an optimized PGT121, a bNAb
targeting the V3-glycan of HIV Env, led to high
expression levels in the reproductive tract of sheep
and rhesus macaques. This was sufficient to protect
against simian-human immunodeficiency virus
(SHIV) infection, with antibody expression lasting
up to 28days [60]. A recent study byNarayanan et al.
[61] sought to induce the simultaneous expression
of three bNAbs, PGDM1400, PGT121, and N6,
which also target HIV Env, using an mRNA-LNP
platform. Simultaneous expression of multiple anti-
bodies could lead to mismatched combinations of
heavy- and light-chains, thereby yielding aberrant
antibodies [83]. To prevent this, the authors engi-
neered single-chain (sc)Fv-Fc molecules in which
the heavy- and light-chain variable domains from
each antibody were bound by flexible linkers. This
construct was linked to an Fc constant region to
eliminate potential mismatches. While in vitro
expressed PGDM1400 and PGT121 scFv-Fc proteins
exhibited similar neutralizing potency as natural
antibodies, this strategy was not always effective,
requiring full-length IgG sequences for the N6 bNAb
to retain activity. In vivo administration of anmRNA
cocktail led to high expression levels of all three
antibodies in human neonatal Fc receptor (FcRn)
transgenic mice (Tg32), a model chosen to more
accurately predict the pharmacokinetics of human
antibodies [61].

Of note is the first report of LNP-mRNA encod-
ing IgA isotype antibodies targeting antigens from
Salmonella typhimurium and Pseudomonas aeruginosa
[50

&&

]. The report by Deal et al. [50
&&

] confirms the
successful production of dimeric IgA antibodies by
mRNA injection, which preferentially accumulates
at mucosal surfaces and exhibits a longer half-life
relative to its recombinant counterpart. This valua-
ble proof of concept demonstrates the versatility of
mRNA for antibody delivery. Clinically, an ongoing
phase 1 study for LNP-encapsulated mRNA encod-
ing for CHKV-24, a monoclonal neutralizing anti-
body against the Chikungunya virus, is of particular
interest [63]. This first-ever clinical trial of in vivo
expression of a monoclonal antibody through the
mRNA platform shows that administration of this
mRNA is safe and well tolerated, resulting in ther-
apeutically relevant concentrations and robust neu-
tralizing activity of the circulating antibody [63].
Translating this progress to the clinical use of mRNA
to encode HIV-targeting bNAbs is clearly warranted.
200 www.co-hivandaids.com
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Adeno associated virus for delivery of
broadly neutralizing antibodies
Vectored antibody delivery, or vectored immuno-
prophylaxis (VIP), has emerged as a promising tool
for the delivery of broadly neutralizing antibodies.
Adeno-associated virus (AAV) remains one of the
most widely used vectors for antibody delivery
(Table 3. Current approaches for AAV delivery of
antibodies). AAV-mediated antibody delivery has
several advantages over other approaches, including
very high expression levels, persistence of expres-
sion lasting for years, and clinically proven safety
and tolerability. The first demonstration of antibody
delivery using AAV was by Lewis et al. [84]. After
administering a single intramuscular injection of
rAAV vector expressing the HIV Env-binding anti-
body b12, they observed HIV-neutralizing activity
in the sera of mice for over 6months. Important
contributions were made by Fang et al., who signifi-
cantly optimized expression from AAV-based anti-
body delivery systems [85,86]. They showed that
antibodies could be expressed via a single open
reading frame by linking heavy and light chains
with a picornavirus-based 2A self-processing peptide
sequence [85]. We further improved this strategy to
achieve higher levels of bNAb using a muscle-opti-
mized CASI promoter and added a posttranscrip-
tional regulatory element (WPRE) downstream of
the transgene [87]. This optimized AAV expression
cassette resulted in several fold higher levels of bNAb
expression (20–250mg/ml) compared to nonopti-
mized vectors in both immunocompetent and
immunodeficient mouse models [87]. We have
shown that VIP is capable of protecting humanized
mice from intravenous [87] as well as repeated vag-
inal challenges with diverse HIV strains [88,89

&&

].
Others have shown that six out of seven humanized
mice could sustain suppression of HIV-1 using AAV8
to express 10-1074, an antibody targeting the V3
glycan in Env [90].

The efficacy of VIP has also been evaluated in
NHP models by several groups. Johnson et al. [91]
showed that a single intramuscular injection of an
AAV1 encoding antibody-like immunoadhesinmol-
ecules in monkeys resulted in long-term (>1year)
expression of the biologically active protein that
blocked SIV challenge. Saunders et al. [92] were
the first to demonstrate delivery of an HIV bNAb
(VRC07) in the NHP model, however these efforts
yielded short-lived expression and significant anti-
drug antibodies (ADA) targeting the simianized
VRC07 transgene. Immunosuppression with Cyclo-
sporine during VIP was found to improve expression
and reduce ADA responses [92]. When NHP-derived
immunoadhesins (5L7 and 4L6) were converted to
authentic IgG1 and delivered to rhesus monkeys
Volume 18 � Number 4 � July 2023
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using AAV, persisting levels of antibodies were
achieved ranging from 1–270mg/ml [93], but almost
all animals exhibited ADA responses against at least
one of the two antibodies. Notably, the monkey
with the highest level of antibody (270mg/ml of
5L7) in serum completely resisted six successive
HIV i.v. challenges. Recently, the authors reported
that this monkey maintained 240–350mg/ml of 5L7
antibody for over 6 years and still remains protected
despite receiving multiple SIVmac239 challenges
[94]. Reports from NHP have shown that host
ADA can limit the concentration of delivered anti-
bodies. The ADAs bind both heavy and light chains,
but they predominantly target variable regions of
delivered antibodies [95

&&

,96]. It has also been dem-
onstrated that the magnitude of the ADA response
correlates with the degree of sequence divergence of
the delivered antibody to the germline sequence
[96]. Interestingly, the isotype of the antibody has
also been shown to influence the ADA response, as
IgG2-Fc isotyped bNAbs induced significantly lower
ADA and better protection against SHIV-AD8 chal-
lenges than their IgG1-Fc counterparts in the NHP
model [97]. However, a recent study reported that
VRC07-IgG2 exhibited reduced protection com-
pared to other IgG subclasses in BLT mice. In fact,
VRC07-IgG1 provided better protection relative to
other IgG subclasses against vaginal challenge of
HIV in BLT mice [89

&&

]. Additionally, intravenous
administration of AAV8 using a liver-specific pro-
moter to direct expression of the transgene in the
liver has been reported to mitigate ADA response in
macaques [98]. In addition to bNABs, AAV has been
used to deliver eCD4-Ig, a fusion of CD4-Ig with a
small CCR5-mimetic sulfopeptide to rhesus maca-
ques [99]. Stable expression of rhesusized eCD4-Ig
(17–77mg/ml) was obtained in these animals, which
were protected from multiple infectious challenges
with SHIV-AD8. In a follow-up study, the authors
reported that AAV1 inoculation of rh-CD4-Ig pro-
vided complete protection of macaques from intra-
venous challenge with SIVmac239 [100]. However,
animals eventually succumbed to infection when
the challenge dose was escalated. Other studies have
also demonstrated long-term virologic suppression
using AAV-mediated bNAb delivery. Martinez-
Navio et al. showed in rhesus monkeys infected with
SHIV-AD8, that a combination of AAV1s encoding
three bNAbs (3BNC117, 10–1074, and 10E8),
resulted in one monkey exhibiting 50–150mg/ml
of 3BNC117 and 10–1074 for over 2 years. Impres-
sively, plasma viremia remained undetectable in
this monkey for over 3 years. The authors then
extended this studywith 12monkeys using different
combinations of antibodies and vectors. Long-term
virologic suppression was observed in two monkeys
1746-630X Copyright © 2023 Wolters Kluwer Health, Inc. All rights rese

Copyright © 2023 Wolters Kluwe
that received a cocktail of four bNABs (N6, 35022,
PGT128, and PGT145) delivered using AAV [101].
Overall, findings from the aforementioned NHP
studies highlight the possibility of achieving a con-
tinued viral suppression from a single AAV-bNAb
administration.

Based on the promising results of vectored
immunoprophylaxis obtained frompreclinical stud-
ies in mouse and NHP models, two Phase I clinical
trials have been conducted to evaluate its safety and
efficacy in humans. In the first human clinical trial,
16 healthy men aged 18–45years were given an i.m.
injection of AAV1 expressing PG9 [102]. Four differ-
ent doses of AAV1-PG9 were tested, the lowest being
4� 1012 vector genome copies and the highest being
1.2 � 1014 vector genome copies. No severe reac-
tions or adverse effects were observed in these indi-
viduals indicating that antibody-expressing vectors
are safe in humans. Although PG9 antibody was not
detectable in the serum of these individuals by
quantitative ELISA, the serum from four individuals
showed detectable neutralizing activity against HIV
pseudovirus. It is worth noting, however, that 10 out
of 16 (62.5%) recipients in this study developed anti-
PG9 antibodies, which could potentially have con-
tributed to low expression or clearance of the trans-
gene. It is also important to note that the lower limit
of quantification of the assay used in this study was
2.5mg/ml. It is plausible that some individuals may
have exhibited PG9 levels below the detection limit
and were therefore not measurable by the assay.

The results from a second Phase I clinical trial
(VRC 603), which utilized AAV8-VRC07 have
recently been published [95

&&

]. In this study, eight
adults living with HIV on a stable antiretroviral regi-
menwere enrolled and remainedonART throughout
the study period. Theparticipants received one of the
three doses 5 � 1010 or 5 � 1011 or 2.5 � 1012 vector
genome copies/kg intramuscularly. All eight individ-
uals producedmeasurable amounts of serumVRC07,
and in three individuals, the VRC07 concentration
was>1mg/ml. One participant receiving 5� 1012mg/
kg achieved a VRC07 concentration of 3.3mg/ml
1.5years after AAV administration. In six of eight
individuals, VRC07 concentrations remained stable
near maximal concentration for up to 3years of
follow-up. The neutralizing activity of VRC07 in
the serum was found to be equivalent to that of
VRC07 produced in vitro, indicating that antibodies
produced in vivo retained full biological activity. ADA
responses were observed in three of the eight partic-
ipants (38%), with responses primarily targeting the
Fab portion of VRC07. Interestingly, one of these
individuals continued to express VRC07 despite
ADA, suggesting that these are not necessarily
directly responsible for the loss of transgene
rved. www.co-hivandaids.com 203
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expression. As in preclinical NHP studies, the choice
of vector and transgene can influenceADAresponses,
perhaps explaining the less frequentADAobserved in
the VRC 603 trial that employed AAV8-VRC07 as
compared to the IAVI trial that used AAV1-PG9.
Although challenges associated with host immune
responses remain, these two human trials have
clearly demonstrated the feasibility of vectored
immunoprophylaxis as a means of producing long-
lived bNAb expression in humans.
B cells for delivery of broadly neutralizing
antibodies

Recent advances in genome engineering, largely
stemming from the widespread use of lentiviral
vectors and CRISPR-mediated gene targeting, have
created new avenues for the delivery of antibodies
by engineering the genome of B cells (Table 4.
Current approaches for B cell-mediated delivery of
antibodies).

In 2009, Luo et al. [103] reported the transduc-
tion of in vitro matured human B cells with lentivi-
ruses coding for one of the first-identified bNAbs,
b12. This transduction led to the secretion of over
1mg/ml of b12 in vitro. In 2015, Fusil et al. [104]
demonstrated that ex vivo lentiviral transduction of
B cells, and the subsequent adoptive transfer of these
cells into NSG mice, led to high levels of a hepatitis
C virus-specific antibody. Although these early steps
were promising, the efficiency of this approach
improved dramatically with the emergence of
CRIPSR-mediated gene targeting. In 2017, Hung
et al. reported the first ex vivo transduction of pro-
liferating B cells with CRISPR-Cas9 editing techni-
ques, leading to significant secretion of the
recombinant protein and the differentiation of
these cells into plasma cells [105].

These findings, along with several others in
hematopoietic stem cells, as well as primary human
T, and B cells [106–110], led to the first reports of
engineered human and mouse B cells expressing
HIV bNAbs through CRISPR editing [111–113].
Hartweger et al. [111] achieved the expression of
3BNC60 and 10–1074, both anti-HIV bNAbs, in
primary human and mouse B cells through
CRISPR-Cas9 editing. The adoptive transfer of these
cells back into B6 mice resulted in high serum con-
centrations of these antibodies that retained signifi-
cant neutralizing capacities. Nahmad et al. and
Huang et al. took these approaches a step further
and demonstrated the establishment of long-lasting
plasma cells, exhibiting affinity maturation, isotype
switching, and clonal selection after the adoptive
transfer of B cells engineered to express 3BNC117 or
VRC01 [112,113]. These cells accumulated in
204 www.co-hivandaids.com
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germinal centers and, upon exposure to their anti-
gen (HIV gp120), showed high rates of class switch
recombination and affinity maturation, an adaptive
immune response that was improved from that
originally conferred to the adoptively transferred
mice. This milestone for the induction of an evolv-
ing humoral response opened new possibilities for
the adaption of bNAbs and B cells into in situ
enhanced therapies [113,113].

Given that ex vivo transduction and adoptive
transfer of engineered B cells into humans presents
significant barriers to translation, Nahmad et al.
[114] used two different AAVs, one coding for the
Staphylococcus aureusCas9 and a guide RNA targeting
the IgH locus, and the other containing the
sequence for 3BNC117 flanked by homology arms
matching the IgH locus. This strategy led to the
expression of 3BNC117 as a membrane-bound
BCR of the transduced B cells. Joint administration
of these AAVs promoted the clonal expansion and
differentiation of bNAb-expressing B cells into
memory and plasma cells in C57BL/6 mice. Upon
immunization with the HIV gp120 antigen, circu-
lating 3BNC117 reached up to 2mg/ml. However, to
achieve these levels of transduction, B cells had to be
previously primed to induce their activation. Of
note, the authors reported unwanted cleavage of
off-target genome sites with this approach, albeit
at low frequency [114]. Finally, of significant note is
the lentiviral-mediated B cell transduction strategy
reported recently by Vamva et al. [115] to express the
eCD4-Ig immunoadhesin. Through the use of an
optimized lentivirus containing the B cell-specific
promoter EmB29, the authors achieved efficient
expression of this protein in human B cells, capable
of neutralizing HIV in vitro. Further studies are
needed to test the feasibility of this approach in vivo
and its protection efficacy [115]. While significantly
less mature than other platforms, the field of B cell
engineering is making rapid advances towards clin-
ical translation of these technologies.
CONCLUSION

Given the promise of bNAbs for HIV prevention and
therapy, multiple efforts are under development to
efficiently and conveniently deliver these proteins
to patients. Although each of the reviewed
approaches has intrinsic benefits, they will all need
to achieve certain parameters to be clinically useful.
A successful approach must be capable of eliciting
sufficiently high titers of antibodies to be clinically
useful. Recent studies of antibody-mediated preven-
tion in humans have suggested that this could
require a steady-state concentration of as much as
10mg/ml of VRC01 [5]. Similarly, a successful
Volume 18 � Number 4 � July 2023
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approach will need to provide bNAb expression
lasting substantially longer than what can be
achieved via passive transfer studies. Given the
remarkable safety of bNAb passive transfer, any
competing approaches will need to demonstrate
at least equivalent metrics before they can be
deployed widely.
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