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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
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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.
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INTRODUCTION

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 bNADbs [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 bNAD 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
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of bNAbs in more convenient or longer-lived for-
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
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Antibody interventions in HIV

KEY POINTS

o Different gene-based delivery approaches have been
developed for the expression of broadly neutralizing

antibodies (bNAbs).
e The administration of bNAbs through DNA-based

platforms has proven to be effective in animal models
due fo its simplicity, rapid manufacturing, and the lack
of vector-directed immune responses.

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

o AAV mediated bNAb delivery has achieved longterm
antibody expression in humans and is the furthest
developed approach.

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

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 nucleicacid injected into skeletal muscle
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

A single DNA vector backbone can be re-adminis-
tered repeatedly for the delivery of either the same or
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].
DMADs 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 DMAD 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 DMADs 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 3 pg/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-Ebola mono-
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
DMADs resulted in months of expression, achieving
48 pg/ml peak serum concentration and providing
single-dose protection against Ebola challenge in
animals. As a response to Zika infection, a potent
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Antibody interventions in HIV

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/c mice induced peak expression of 5-50 ng/
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 200 days, 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 DMADb approach has moved
into a human clinical trial (NCT05293249). This
study could provide important information on the
safety, deliverability, and expression levels of the
DMAD 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, VRCO1, and PGT151) selected from a
larger panel in DMADb 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 ICs, levels below 0.1 pg/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 6-34 pg/ml and
no safety concerns being reported in NHPs. These
studies demonstrate that the in vivo produced
DMADs retained neutralization properties equiva-
lent to the original bnAbs [29]. These studies serve
as a stepping stone for further development of
bnAbs as DMADbs. 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

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 dit-
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 of mRNA 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 VRCO1, a bNAb targeting the CD4
binding site of the HIV envelope (Env), was achieved
in vivo by lipid nanoparticle (LNP)-encapsulated and
nucleoside-modified mRNA. The antibody levels
achieved by a single injection of 30 pg of mRNA
resulted in higher levels of circulating antibodies
than those detected for a single administration of
600 pg of recombinant VRCO1, culminating in the

Volume 18 o Number 4 o July 2023

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved.



Delivery platforms for broadly neutralizing antibodies Joshi et al.

220T "[p 4o 1pnyy

£20T "o 4 |oeQ

£10T "[p 4o uoiyl

/10¢ ?\O e EULr_._.

0¢0¢
"'[D 4o 9090 UDA

810¢C "[o 4o siugpg

¢eoe
"“|o jo UDUDADIDN|

020z “[p 4o Apspun]
R _.ON ?\U e EO\F_._.

£10T "[p 4o 1ping

220z P e usyd

uoyoajul

[P41A ysuipBo osjoid of Ajeyijun SDM Bjpjs JuLLIND

sy ul Adpiay ayy ‘suoyosloid |pouidwe uo paspq

"I9ASMOH “XIW \YNYW 8y} Jo uonoalul ‘w't uodn
Ajiupjiwoouod pessaidxe aq p|nod seIpPOquUD 981y ||y

‘901W 2

/91vg u! utejoid jupuiquiodas sy} Ioj papiodal ssoyy

so CO_._.Uw._.O‘_Q “_O m_®>®_ \_U_

Is o} pa| Adpiayy siy)

VYNYW 8y4 Jo uoypysiuiwpp ‘Al uodn paasiyop som
urgjoud | 6|y up so Apoguup siyy jo uoissaidxs ay)

‘sixpjAydoud sinsosdxeysod
SD USA® UOID9)UI [DJIA WOJj Wayy pajoajoid yoiym
‘901w OUIq|y-SSIMS Ul Yz SO A[0a so Apoquup sy

Jo uoissaidxa ayy o} pa| YNYW Yy} Jo uonoslur “w't ay|

“uoyosjul [pye| woyy yosjoud jou pinod Adpisyy sty

"ISASMOH "3D1W OUIG|\-SSIMG

ur Apoquuo Buyojnoid

jo |w/Brl Z o) dn o} pa| uoupysIUILPD YNYW Al BY]|

9/19/8D PUP 2/41vd

ul YNYW 8y} jo uoypysiuiwpo 1 uodn papodal
SDM uoldByul [DUIA JsulDBD saunjpsy eAldsjold
Yim (SHHA) Apogoupu oyioadsiq jo uoissaidxe ay|

06102 yNyw sy} woy uoissaidxe Apoquuo
pasoaioul of P3| dN1 paroidwil Jo uoisnyul A’ 8Y]

z€B] u1 Aousjod uoypzipuynau Bujuipiel
SOIPOQHUD 24-A40S JO UOISsaIdX JUDJIWOOUOD
Sy} Of P3| UNIXIW YN[YW Y} JO UOHDISIUIWPD “A’l BY]

ooy} eAonpoudal sy ul uipyd AApay
Ajuo 1o yiBus|nj so Jayiie WYNYW ayy jo AisAljep
|ososep uodn uoisseidxe Apoquuo peyiow b som aiay|

oA ul urejoid jupuiquiodal o sjgpipdwod Aousjod
Buizijouynau pajiqiyxs Apoquup passaidxe-yNyw ay]

"80lw |1g 40 9/gTyg Ul S8IpOqUUD JO
|w/B /| JoA0 Of pa| UOHDUSIUIWPD WNYW Al 8y

‘uoyp|N211> wouy susbyup 0 80UDIDB|D WIS}
HoINS! 1 ! aH J _

-Buo| o} pa| @21w 9,/19/GD OF YNYW 8y} jo uoydslul
‘Al uodn salpoquUD 3.y} 958y} Jo uoissaldxe ay]

"uoissaldxe

Apoquup pup uoypIsIUIWPD YNYW uodn

siqqoy

asnow

{sNOoW

asnow

asnow

dHN

asnoy

dHN pup daayg

s} MHg

asnowy

asnow

(A3

£EV-1uo) DY pup

‘(A3 gg-uup) ygo
(AW LTHuD) | 1@z2

E00WVD

£50S

€€08d0

34'geqny
y pzZUaNju|
-juo 5B upwnpy

LC119d
puP ‘00% LWADd ‘9N

LC119d

LODYA

9Bz 19 puo 24
AJOSZ LD ‘MPST LD

(AW)

SUOLIIA @Injow pup
(A3) suouia padojeauy

(rusuodwioo
wiyolq) Isd

urejoidooA|B o

VH

AI§A24 pup azw

usbByup v pzuanjjuj

urejoud adojeauy

susByuo soppns AGH

S8SNIIAXOd

psoulBbniap

saIqpy

g pzuanyu

V pzusnjju|

AIH

snuIA g syyodey

120z “[o 4o Jsnbny uolosjul JsulbBo uoloejoid smoys pjop |d1UlI4 ‘subwny puo (r661 usBoyjod
PUD 410 [P 4 80y "qQyN] Passeldxa-yNyW Up 10} [DLy [DDIUID JaAS sl ‘4HN ‘esnoyy VNYW) 7ZAMHD urejoidooA |6 73 pAunBunyIyD snoydsyu|
sadua.9)9Y sjuswwo) paiso4 passaadxa 496up) aspasiq oasnasip
wsiunbiQ salpoquuy jo ad4K)

saipoquup o Asaaljep YNYW Joj sayonoiddo jusiin) g ajqpL

Downloaded from http://journals.lww.com/co-hivandaids by BhDMf5ePHKav1zEoum1tQfN4a+kJLhEZgbsIHo4XMi0
hCywCX1AWnYQp/lIQrHD3i3D00dRYi7TvSFI4Cf3VC1y0abggQZzXdgGj2MwlZLel= on 11/01/2023

197

www.co-hivandaids.com

1746-630X Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved.



in HIV

ons Iin

Antibody intervent

‘|oAIAINS paAoidul
Yim ‘siowny aAlisod-zyIH Jo UouoNpal SAOSes

6102 D pup Apoquup 8y} Jo uoissaidxa Jo sjaAs| ybiy
““|p jo PAOYOGAY  Of P3| YNYW 8yt Jo 8o1W 9/19/GD O) uoudslul A1 ay| asnoyy qownznisol| (zag¥3) z-¥3aH 19oUDDd Jspalg
(WvDd3
puo ‘2°8 INQ1D
‘uisjoud Jupuiqwodal sy} b A[oAlOSYS SO Jown; ‘ONa1D)
PoUDAPD pPaibajo 821w HSN| Of A4S oydadsiq sqywoqry sutejoid pajoI1oossD
/10T “|p 4o Jo|ppig 953y} 10} Buipoous \yN[YW JO UOHDLSIUILPD “A'l 8] asnoyy jusieyip @a1y] Jownj puo ¢qD)  Plwayna| olspjqoydwiA]
VNYW 8y} Jo uoypsiuiwpD
‘A"t uodn 921w QIDS/AON U! Yimoib towny
/107 P42 Uupiy| 4O juswysijogp JO uouDIS|Edp JupdHIUBIS D SPM B18Y| asnoyy qowixniiy 0za> pwoydwA| upyBpoyuoN| J92UpD)
[oysa] woyy papsjoid 9/1g/6D oF YNYw Buidy
0Z0Z [P 4o snwspig -J|es jo uoypysiuiwpo “w't ainsodxsjsod o aid 8y asnoyy /1L LANIZ urejoid adojeAuy oyiZ
*SJUDIIDA UOIDIWQ
puD ‘Dwwps) ‘D ‘Dlog Jsuipbo pajosjoid sejswiny
€202 "o 4o Bunyz UDLIAG o} paisjsiuiwpo-u‘l yYNYw Buypoidaryes siy| Jojswop 83¢ IDVY
"TACDSHVS
woyy sisjswpy uplAg papsjold Ajupoyiubis yNyw L7OLHA
220T "[p 4o JonouDA 8y} jo uoypusiuiwpp duopjAydoud paziingsu sy Jajswop puo z£8Z-2A0D
“Isjswoy
UDLIAG puD 921w 5/g1yg Ul Uoyoajul woly uoyosjoid
wis}-Buo| of pa| YNYW 8y} Jo uoupysIuIWPD
<Al "s|pLI} upwiny Ul paysa} Buleq Apuaiind Jojswpy
2202 "o 48 Bua( s (Adpisyy Buisseidxe-yNyw oy} jou) Apoguuo siy| pup asnoyy /T9H
i)
/91vg ul uoyoajul oA jsuipBo uoydsjold pajiqiyx]
120z “jo 4o 11 "palsisiulwpp Ul Ny Bunooidaiyjes jo Bunss| asnopy 99D (aqgy) utejoud axyidg Z-AODSYVS
‘utejoud jupuiquiodal sy} Joj pajiodal asoy} SO S[OA9)
Io|iWis O} UoKOByUI WOy 821w O/gTyg petosiold
ya1ym ‘gBly up so Apoquuo siy} jo uoissaidxe wnunwiydA|
€20Z "o 4o |pe( 3y} O} Pa| YNYW By} JO UOHDUSIUILPD A’ 8Y] asnoyy IS Sd1 Jo uebyuo-gO D2LIBjUS DjjeUOW|DG
(HHAPASY)
Apoquup pijpwod
"9SDSIP 9I9ASS HHA Buizijounau
pajuareld pup spoO| [DJIA pednpal 921w 2 /g1vg -ASY puD (1jods)
8102 “[p 4o 1upMmI| 0} YNYW 8y} Jo uoyousiutwpn 41 oyopjAydoud ay) 9SNOW  DWINZIAIDY PoJeI09g urejo1dooA|B uoisnyg ASY
saduaJa)ay sjusawwo) paisai passaidxa 1964p) aspasiq aspasip
wsiupBiQ saipoquuy jo ad4K)

(panuyuo)) T alqpL

Downloaded from http://journals.lww.com/co-hivandaids by BhDMf5ePHKav1zEoum1tQfN4a+kJLhEZgbsIHo4XMi0

hCywCX1AWnY Qp/IlQrHD3i3D00dRYi7 TvSFI4C3VC1y0abggQZXdgGj2MwliZLel= on 11/01/2023

www.co-hivandaids.com Volume 18 o Number 4 o July 2023

198

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved.



Delivery platforms for broadly neutralizing antibodies Joshi et al.

‘sslpoquup Buizijpynau A|pooiq ‘ sqyNQ ‘SNIIA PajpId0ssD-0uspD ‘AYY

“uixo} 7 adAjoues jo sesop
[Pyke] yBy wouy ed1w o/g1yg perosioid Apogounpu

€207 "'|o 4o pAOuDY Buissaidxa-yNyW 8y} Jo UOHDISIUIWPD W'l 8Y] asnoy 24119 VINOg
‘paisay suixoj
Jo sadAjouas ||o 1o} saSOp UIXO} [oYie] WOl 921w | D
2202 pajosjoid pup Ajusiolye passaidxe Jswpxsyolsjay J1INog
o o saliayynyy Buissaidxa-yN YW Y4 Jo UoHpLSIUIWPD "W'l 8Y] asnoyy  HHA Jowpxayolsjey  pup ‘gINog ‘VINog
"90lw | @D ul passaidxe aq upd VL1uog-(WNA)
pup uisjoid jubuiquodal ayy of 8|qrIodwod s|eA’) o} jusbo Buizipynau (VLINog) Vv odAjolses
/10T "[o 4o Uupiy]  ouiA ul YINOg POZI[oUnau YNA Passaidxa-yNyw ay] asnow pasDC-UIDWOP HA  UIXOjoInau wnuljnjog wnuinjoq Wnip1YsojD
"9dlw | (@D ul passaidxe
aq upd pup (Zxig) g uixol pBIyg JsuIbo Ayjigoia (ZH
/102 "o 4o ubiy] |92 patoajoid yNIA 2y Jo uoissaidxs yYNYW ay] asnow ZXISVYNA (2x15) Z uixoy LBIYS /G| Q) Ij02 PIYdLIBYDST suIxo|
"901W HGN Ul Aopdiye Jownyiup paAl-Buo) Apoquup (3]1q)
pup payiow o ul pajjnsal osp Adoisyj siy] “uiejoid BuiBoBus |80
jubuIqodal 8y} 0} paIndwod i[Oy PIPUSIXS YHM oyoadsiq @D pup pwoub[aW
‘uoissaidxa syl Jo sjoA9] ybiy o} ps| Apoquup J)ig (9£2ad 1o sH/4) sNosUPJNOgNG pup
£20C "|o 4o uony 3y} Joj Buipoo yNYW Sy} JO UOHDUSIUIWPD A’ BY ] asnoyy  uisjoud ¢ Bojowoy /g €H/G PUD €QD  Dlwayns| plojeAw ajnoy/
“[pAIAINS 921U QIDS/AON 9/18/5D pareidu puo
yimouB Jowny [pulsajul padnpal Aj9Alae Apoquup
220T "o 12 NAA Sy Joj Buipod yN[YW Sy JO UOHDUSIUILPD “A'l 8] asnoyy gownzijoiquiag 1-ad
1w IDS/AON ©f pajup|du
s|[92 8EDW JO UouIqIyul YimolB Jowni payiow
D Os|D SPM 818Yy] “®dIW J|DS/AON PUP 9/19/5D
ur Buipod yNyw ey} jo uondslur A1 uodn uses
1Z0Z [P 18 NAA som Apoquup oyioadsiq siy} jo uoissaidxe payiow v asnow VX 11-ad pue |-ad DWOUIDIDD UOj0D)
"DWOUIDIDD Jb|n|[@20jpday
pazispisojew olpalound pup ‘|pjosiojod ‘Aipwiid
YHM 901w 2/gTvg PUP 9/19/5dD JO [PAIAINS Wi}
-Buoy| o} pa| Apoquup HA uibwop-s|Buls oyioadsiq DWOUIDIDD
LZ0T [ 4o Buom S14i 10§ BuIpOd YN 3y} O UOHOUSIUIWPD “A'l BY) 8snow 16/2100s!9 10D [BY2 @110 1ojnjj@o04oday
sadualayay sjuswwod paiso} passaadxa 19bup) aspasiq aspasip
wsiunbiQ salpoquuy jo ad4K)

(penuiyuod) T 9|91

Downloaded from http://journals.lww.com/co-hivandaids by BhDMf5ePHKav1zEoum1tQfN4a+kJLhEZgbsIHo4XMi0
hCywCX1AWnYQp/lIQrHD3i3D00dRYi7TvSFI4Cf3VC1y0abggQZzXdgGj2MwlZLel= on 11/01/2023

199

www.co-hivandaids.com

1746-630X Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved.



137ZIMNZIDBPX ZOBBAeOATOAEIDYIASALLIAIPO0AEIEAHION/AD AUMY TXOMADY

OIAIXYOHISABZIY 10 +eyNIOITWNOTZTABMHBSHNAUE AQ SPrepuBAIy-00/Wod° M| Sfeulnol//:dny wouy papeojumod

€20¢/T0/TT U0

Antibody interventions in HIV

protection of two humanized mouse models from
infection with HIV-1 [59]. Antibody levels following
mRNA administration peaked at 24 h, 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 28 days [60]. A recent study by Narayanan et al.
[61] sought to induce the simultaneous expression
of three bNAbs, PGDM1400, PGT121, and NG¢,
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 an mRNA
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. [SO*™] 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 bNADs is clearly warranted.

200 www.co-hivandaids.com

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 6 months. 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 bNADb 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 (20-250 pg/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 immunoadhesin mol-
ecules in monkeys resulted in long-term (>1 year)
expression of the biologically active protein that
blocked SIV challenge. Saunders et al. [92] were
the first to demonstrate delivery of an HIV bNAb
(VRCO7) in the NHP model, however these efforts
yielded short-lived expression and significant anti-
drug antibodies (ADA) targeting the simianized
VRCO7 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
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using AAV, persisting levels of antibodies were
achieved ranging from 1-270 pg/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 (270 png/ml of
S5L7) in serum completely resisted six successive
HIV i.v. challenges. Recently, the authors reported
that this monkey maintained 240-350 pg/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-ADS8 chal-
lenges than their IgG1-Fc counterparts in the NHP
model [97]. However, a recent study reported that
VRCO07-IgG2 exhibited reduced protection com-
pared to other IgG subclasses in BLT mice. In fact,
VRCO07-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
(17-77 pg/ml) was obtained in these animals, which
were protected from multiple infectious challenges
with SHIV-ADS. In a follow-up study, the authors
reported that AAV1 inoculation of th-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-ADS, that a combination of AAV1s encoding
three bNAbs (3BNC117, 10-1074, and 10ES),
resulted in one monkey exhibiting 50-150 pg/ml
of 3BNC117 and 10-1074 for over 2years. Impres-
sively, plasma viremia remained undetectable in
this monkey for over 3years. The authors then
extended this study with 12 monkeys 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 reserved.

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 from preclinical 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 18-45 years were given an i.m.
injection of AAV1 expressing PG9 [102]. Four differ-
ent doses of AAV1-PG9 were tested, the lowest being
4 x 10" vector genome copies and the highest being
1.2 x 10" 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-
PGY 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
2.5 pg/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 AAVS8-VRCO7 have
recently been published [95™]. In this study, eight
adults living with HIV on a stable antiretroviral regi-
men were enrolled and remained on ART throughout
the study period. The participants received one of the
three doses 5 x 10'° or 5 x 10! or 2.5 x 10'? vector
genome copies/kg intramuscularly. All eight individ-
uals produced measurable amounts of serum VRCO07,
and in three individuals, the VRCO07 concentration
was >1 ug/ml. One participant receiving 5 x 10'% ug/
kg achieved a VRCO7 concentration of 3.3 pg/ml
1.5years after AAV administration. In six of eight
individuals, VRCO7 concentrations remained stable
near maximal concentration for up to 3years of
follow-up. The neutralizing activity of VRCO07 in
the serum was found to be equivalent to that of
VRCO7 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 VRCO7. Interestingly, one of these
individuals continued to express VRCO7 despite
ADA, suggesting that these are not necessarily
directly responsible for the loss of transgene
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expression. As in preclinical NHP studies, the choice
of vector and transgene can influence ADA responses,
perhaps explaining the less frequent ADA observed in
the VRC 603 trial that employed AAV8-VRCO7 as
compared to the IAVI trial that used AAV1-PG9Y.
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 bNADbs,
b12. This transduction led to the secretion of over
1 pg/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 ef 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
VRCO1 [112,113]. These cells accumulated in

204 www.co-hivandaids.com

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 aureus Cas9 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 2 pg/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 EpnB29, 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
10 ng/ml of VRCO1 [5]. Similarly, a successful
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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.

Acknowledgements

This work was supported by NIAID K22A1102769
to A.B.B., NIDA Avenir New Innovator Award
DP2DA040254 to A.B.B., the MGH Transformative
Scholars award to A.B.B., and funding from the Charles
H. Hood Foundation to A.B.B. This independent research
was supported by the Gilead Sciences Research Scholars
Program in HIV to A.B.B. Subaward to DBW on UM1
Al164570 co-funded by NHLBI, NINDS, NIDDK,
NIDA; WW Smith distinguished professor in cancer
research to D.B.W. and NIAID/ Martin Delaney Collab-
oratories for HIV Cure Research (UM1AI126620) and
NIH RO1 AlI141236 to D.B.W.

Financial support and sponsorship
None.

Conflicts of interest

A.B.B. is a named inventor on patent US9527904B2
held by the California Institute of Technology describing
AAV-mediated antibody delivery and holds equity in the
following commercial partners: Cure Systems (Founder).
D.B.W. has received grant funding, participates in indus-
try collaborations, has received speaking honoraria, and
has received fees for consulting, including serving on
scientific review committees. Remunerations received
by D.B.W. include direct payments and equity/options.
D.B.W. also discloses the following associations with
commercial  partners: Geneos (consultant/advisory
board), AstraZeneca (advisory board, speaker), Inovio
(board of directors, consultant), Sanofi (advisory board),
BBI (advisory board), Pfizer (advisory board), Flagship
(consultant), and Advaccine (consultant). The other
authors declare that they have no competing interests.

REFERENCES AND RECOMMENDED
READING

Papers of particular interest, published within the annual period of review, have
been highlighted as:

m  of special interest

mm  of outstanding interest

1. Haynes BF, Wiehe K, Borrow P, et al. Strategies for HIV-1 vaccines that
induce broadly neutralizing antibodies. Nat Rev Immunol 2023; 23:142-
158.

2. Kumar S, Singh S, Luthra K. An overview of human anti-HIV-1 neutralizing
antibodies against diverse epitopes of HIV-1. ACS Omega 2023; 8:7252—
7261.

3. Corey L, Gilbert PB, Juraska M, et al. Two randomized trials of neutralizing
antibodies to prevent HIV-1 acquisition. N Engl ) Med 2021;384:1003-1014.

206 www.co-hivandaids.com

10.

11.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Julg B, Barouch DH. Neutralizing antibodies for HIV-1 prevention. Curr Opin

HIV AIDS 2019; 14:318-324.

. Gilbert PB, Huang Y, deCamp AC, et al. Neutralization titer biomarker for

antibody-mediated prevention of HIV-1
28:1924-1932.

acquisition. Nat Med 2022;

. Caskey M, Klein F, Lorenzi JCC, et al. Viraemia suppressed in HIV-1-infected

humans by broadly neutralizing antibody 3BNC117. Nature 2015; 522:
487-491.

. BarKJ, Sneller MC, Harrison LJ, et al. Effect of HIV Antibody VRCO1 on Viral

Rebound after Treatment Interruption. N Engl J Med 2016; 375:2037—
2050.

. Caskey M, Schoofs T, Gruell H, et al. Antibody 10-1074 suppresses viremia

in HIV-1-infected individuals. Nat Med 2017; 23:185-191.

. Mendoza P, Gruell H, Nogueira L, et al. Combination therapy with anti-HIV-1

antibodies maintains viral suppression. Nature 2018; 561:479-484.
Danko I, Wolff JA. Direct gene transfer into muscle. Vaccine 1994;
12:1499-1502.

Wolff JA, Malone RW, Williams P, et al. Direct gene transfer into mouse
muscle in vivo. Science 1990; 247:1465-1468.

Sung Y, Kim S. Recent advances in the development of gene delivery
systems. Biomater Res 2019; 23:8.

Gary EN, Weiner DB. DNA vaccines: prime time is now. Curr Opin Immunol
2020; 65:21-27.

Blakney AK, Bekker L-G. DNA vaccines join the fight against COVID-19.
Lancet 2022; 399:1281-1282.

Flingai S, Plummer EM, Patel A, et al. Protection against dengue disease by
synthetic nucleic acid antibody prophylaxis/immunotherapy. Sci Rep 2015;
5:12616.

Aihara H, Miyazaki J. Gene transfer into muscle by electroporation in vivo. Nat
Biotechnol 1998; 16:867-870.

Perez N, Bigey P, Scherman D, et al. Regulatable systemic production of
monoclonal antibodies by in vivo muscle electroporation. Genet Vac Ther
2004; 2:2.

Sheets RL, Stein J, Manetz TS, et al. Toxicological safety evaluation of DNA
plasmid vaccines against HIV-1, Ebola, severe acute respiratory syndrome, or
West Nile Virus is similar despite differing plasmid backbones or gene-
inserts. Toxicol Sci 2006; 91:620-630.

Morrow MP, Pankhong P, Weiner DB. Design and characterization of a
plasmid vector system capable of rapid generation of antibodies of multiple
isotypes and specificities. Biotechnol Lett 2009; 31:13-22.

Yamazaki T, Nagashima M, Ninomiya D, et al. Passive immune-prophylaxis
against influenza virus infection by the expression of neutralizing antihemag-
glutinin monoclonal antibodies from plasmids. Jpn J Infect Dis 2011;
64:40-49.

Lopes A, Vanvarenberg K, Préat V, Vandermeulen G. Codon-optimized P1A-
encoding DNA vaccine: toward a therapeutic vaccination against P815
mastocytoma. Mol Ther Nucleic Acids 2017; 8:404-415.

Andrews CD, Luo Y, Sun M, et al. In vivo production of monoclonal antibodies
by gene transfer via electroporation protects against lethal influenza and
ebola infections. Mol Ther Methods Clin Dev 2017; 7:74-82.

Elliott STC, Kallewaard NL, Benjamin E, et al. DMAb inoculation of synthetic
cross reactive antibodies protects against lethal influenza A and B infections.
npj Vaccines 2017; 2:18.

Patel A, Park DH, Davis CW, et al. In vivo delivery of synthetic human dna-
encoded monoclonal antibodies protect against ebolavirus infection in a
mouse model. Cell Rep 2018; 25:1982-1993; e4.

Wang Y, Esquivel R, Flingai S, et al. Anti-OspA DNA-encoded monoclonal
antibody prevents transmission of spirochetes in tick challenge providing
sterilizing immunity in mice. J Infect Dis 2019; 219:1146-1150.

Esquivel RN, Patel A, Kudchodkar SB, et al. In vivo delivery of a DNA-
encoded monoclonal antibody protects nonhuman primates against zika
virus. Mol Ther 2019; 27:974-985.

Andrews CD, Huang Y, Ho DD, Liberatore RA. In vivo expressed biologics for
infectious disease prophylaxis: rapid delivery of DNA-based antiviral anti-
bodies. Emerg Microbes Infect 2020; 9:1523-1533.

Choi H, Kudchodkar SB, Reuschel EL, et al. Synthetic nucleic acid antibody
prophylaxis confers rapid and durable protective immunity against Zika virus
challenge. Hum Vaccin Immunother 2020; 16:907-918.

Wise MC, Xu Z, Tello-Ruiz E, et al. In vivo delivery of synthetic DNA-encoded
antibodies induces broad HIV-1-neutralizing activity. J Clin Invest 2020;
130:827-837.

McNee A, Smith TRF, Holzer B, et al. Establishment of a pig influenza
challenge model for evaluation of monoclonal antibody delivery platforms.
J Immunol 2020; 205:648-660.

Muthumani K, Flingai S, Wise M, et al. Optimized and enhanced DNA plasmid
vector based in vivo construction of a neutralizing anti-HIV-1 envelope
glycoprotein Fab. Hum Vaccin Immunother 2013; 9:2253-2262.
Muthumani K, Block P, Flingai S, et al. Rapid and long-term immunity elicited
by DNA-encoded antibody prophylaxis and DNA vaccination against chi-
kungunya virus. J Infect Dis 2016; 214:369-378.

Patel A, DiGiandomenico A, Keller AE, et al. An engineered bispecific DNA-
encoded IgG antibody protects against Pseudomonas aeruginosa in a
pneumonia challenge model. Nat Commun 2017; 8:637.

Volume 18 o Number 4 o July 2023

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved.



£202/TO/TT U0 =37ZIMNZIDBPXZOBBAe0ATOAEIDYIASALLIAIPO0AEIEAHION/AOAUMY TXOMADY

OIAIXYOHISABZIY 10 +eyNIOITWNOTZTABMHBSHNAUE AQ SPrepuBAIy-00/Wod° M| Sfeulnol//:dny wouy papeojumod

Delivery platforms for broadly neutralizing antibodies Joshi et al.

34.

35.

36.

37.

This

Patel A, Park DH, Davis CW, et al. In vivo delivery of synthetic human DNA-
encoded monoclonal antibodies protect against ebolavirus infection in a
mouse model. Cell Rep 2018; 25:1982-1993; e4.

Schultheis K, Pugh HM, Oh J, et al. Active immunoprophylaxis with a
synthetic DNA-encoded monoclonal antirespiratory syncytial virus scFv-Fc
fusion protein confers protection against infection and durable activity. Hum
Vaccin Immunother 2020; 16:2165-2175.

Parzych EM, Gulati S, Zheng B, et al. Synthetic DNA delivery of an optimized
and engineered monoclonal antibody provides rapid and prolonged pro-
tection against experimental gonococcal infection. mBio 2021; 12:
e00242-e321.

Tursi NJ, Reeder SM, Flores-Garcia Y, et al. Engineered DNA-encoded
monoclonal antibodies targeting Plasmodium falciparum circumsporozoite
protein confer single dose protection in a murine malaria challenge model.
Sci Rep 2022; 12:14313.

study highlights expression by dual plasmids and demonstrates in silico

modifications of dMAbs for high titer systemic human IgG expression of gene-
encoded antibodiesdemonstrating sterile protection similar to or better than
recombinant mAb against P. falciparum.

38.
[T

Parzych EM, Du J, Ali AR, et al. DNA-delivered antibody cocktail exhibits
improved pharmacokinetics and confers prophylactic protection against
SARS-CoV-2. Nat Commun 2022; 13:5886.

This study illustrates development of dual anti- CoV2 plasmids, demonstrating
long-term expression and protection in challenge. The study reports the first ever
cryo-EMstructure of polyclonal in vivo produced DMADbs.

39.

40.

41.

42,

43.

44.

45.

46.

Kim H, Danishmalik SN, Hwang H, et al. Gene therapy using plasmid DNA-
encoded anti-HER2 antibody for cancers that overexpress HER2. Cancer
Gene Ther 2016; 23:341-347.

Hollevoet K, De Smidt E, Geukens N, Declerck P. Prolonged in vivo
expression and antitumor response of DNA-based anti-HER2 antibodies.
Oncotarget 2018; 9:13623-13636.

Perales-Puchalt A, Duperret EK, Yang X, et al. DNA-encoded bispecific T cell
engagers and antibodies present long-term antitumor activity. JCI Insight
2019; 4:e126086.

Bordoloi D, Bhojnagarwala PS, Perales-Puchalt A, et al. A mAb against
surface-expressed FSHR engineered to engage adaptive immunity for ovar-
ian cancer immunotherapy. JCI Insight 2022; 7:¢162553.

Muthumani K; Marnin L, Kudchodkar SB, et al. Novel prostate cancer immu-
notherapy with a DNA-encoded antiprostate-specific membrane antigen
monoclonal antibody. Cancer Immunol Immunother 2017; 66:1577—-1588.
Duperret EK, Trautz A, Stoltz R, et al. Synthetic DNA-encoded monoclonal
antibody delivery of anti-CTLA-4 antibodies induces tumor shrinkage in vivo.
Cancer Res 2018; 78:6363-6370.

Hollevoet K, Thomas D, Compernolle G, et al. Clinically relevant dosing and
pharmacokinetics of DNA-encoded antibody therapeutics in a sheep model.
Front Oncol 2022; 12:1017612.

Park DH, Liaw K, Bhojnagarwala P, et al. Multivalent in vivo delivery of DNA-
encoded bispecific T cell engagers effectively controls heterogeneous GBM
tumors and mitigates immune escape. Mol Ther Oncolytics 2023; 28:249—
263.

This study demonstrates advantage of multivalent in vivo delivery of synthetic DNA-
encoded bispecific T cell engagers (DBTEs) supporting the importance of
combinationapproaches targeting multiple tumor antigens. Combinations as illu-
strated could be expanded to therapy by synthetic DNA-encoded bispecific T cell
engagers (DBTEs) targetingHIV-1 for limiting viral escape.

47.

48.

49,

50.
[T

Bhojnagarwala PS, O’Connell RP, Park D, et al. In vivo DNA-launched
bispecific T cell engager targeting IL-13Ra2 controls tumor growth in an
animal model of glioblastoma multiforme. Mol Ther Oncolytics 2022;
26:289-301.

Barbier AJ, Jiang AY, Zhang P, et al. The clinical progress of mMRNA vaccines
and immunotherapies. Nat Biotechnol 2022; 40:840-854.

Chaudhary N, Weissman D, Whitehead KA. mRNA vaccines for infectious
diseases: principles, delivery and clinical translation. Nat Rev Drug Discov
2021; 20:817-838.

Deal CE, Richards AF, Yeung T, et al. mRNA delivery of dimeric human IgA
protects mucosal tissues from bacterial infection. bioRxiv 2023.01.
03.521487; doi: https://doi.org/10.1101/2023.01.03.521487.

This was the first use of mMRNA to express dimeric IgA antibody.

51.

52.

53.

54.

55.

56.

1746-630X Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved.

Fortner A, Bucur O. mRNA-based vaccine technology for HIV. Discoveries
(Craiova) 2022; 10:e150.

Nelson J, Sorensen EW, Mintri S, et al. Impact of mRNA chemistry and
manufacturing process on innate immune activation. Sci Adv 2020; 6:
eaaz6893.

Alexopoulou L, Holt AC, Medzhitov R, Flavell RA. Recognition of double-
stranded RNA and activation of NF-kB by Toll-like receptor 3. Nature 2001;
413:732-738.

Rehwinkel J, Gack MU. RIG-I-like receptors: their regulation and roles in RNA
sensing. Nat Rev Immunol 2020; 20:537-551.

Duic I, Tadakuma H, Harada Y, et al. Viral RNA recognition by LGP2 and
MDAS5, and activation of signaling through step-by-step conformational
changes. Nucleic Acids Res 2020; 48:11664-11674.

Houseley J, Tollervey D. The many pathways of RNA degradation. Cell 2009;
136:763-776.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Kim SC, Sekhon SS, Shin W-R, et al. Modifications of mRNA vaccine
structural elements for improving mRNA stability and translation efficiency.
Mol Cell Toxicol 2022; 18:1-8.

Zhang C, Maruggi G, Shan H, Li J. Advances in mRNA vaccines for infectious
diseases. Front Immunol 2019; 10:594.

Pardi N, Secreto AJ, Shan X, et al. Administration of nucleoside-modified
mRNA encoding broadly neutralizing antibody protects humanized mice from
HIV-1 challenge. Nat Commun 2017; 8:14630.

Lindsay KE, Vanover D, Thoresen M, et al. Aerosol delivery of synthetic nRNA
to vaginal mucosa leads to durable expression of broadly neutralizing anti-
bodies against HIV. Mol Ther 2020; 28:805-819.

Narayanan E, Falcone S, Elbashir SM, et al. Rational design and in vivo
characterization of mrna-encoded broadly neutralizing antibody combina-
tions against HIV-1. Antibodies 2022; 11:67.

Kose N, Fox JM, Sapparapu G, et al. A lipid-encapsulated mRNA encoding a
potently neutralizing human monoclonal antibody protects against chikun-
gunya infection. Sci Immunol 2019; 4:eaaw6647.

August A, Attarwala HZ, Himansu S, et al. A phase 1 trial of lipid-encapsu-
lated mRNA encoding a monoclonal antibody with neutralizing activity
against Chikungunya virus. Nat Med 2021; 27:2224-2233.

Chen B, Chen Y, Li J, et al. A single dose of anti-HBsAg antibody-encoding
mRNA-LNPs suppressed HBsAg expression: a potential cure of chronic
hepatitis B virus infection. mBio 2022; 13:e0161222.

Thran M, Mukherjee J, Pénisch M, et al. nMRNA mediates passive vaccination
against infectious agents, toxins, and tumors. EMBO Mol Med 2017;
9:1434-1447.

Sabnis S, Kumarasinghe ES, Salerno T, et al. A novel amino lipid series for
mRNA delivery: improved endosomal escape and sustained pharmacology
and safety in nonhuman primates. Mol Ther 2018; 26:1509-1519.

Van Hoecke L, Verbeke R, De Vlieger D, et al. nRNA encoding a bispecific
single domain antibody construct protects against influenza A virus infection
in mice. Mol Ther Nucleic Acids 2020; 20:777-787.

Mucker EM, Thiele-Suess C, Baumhof P, Hooper JW. Lipid nanoparticle
delivery of unmodified mRNAs encoding multiple monoclonal antibodies
targeting poxviruses in rabbits. Mol Ther Nucleic Acids 2022; 28:847-858.
Tiwari PM, Vanover D, Lindsay KE, et al. Engineered mRNA-expressed
antibodies prevent respiratory syncytial virus infection. Nat Commun
2018; 9:3999.

Li J-Q, Zhang Z-R, Zhang H-Q, et al. Intranasal delivery of replicating mRNA
encoding neutralizing antibody against SARS-CoV-2 infection in mice. Signal
Transduct Target Ther 2021; 6:369.

Deng Y-Q, Zhang N-N, Zhang Y-F, et al. Lipid nanoparticle-encapsulated
mRNA antibody provides long-term protection against SARS-CoV-2 in mice
and hamsters. Cell Res 2022; 32:375-382.

Vanover D, Zurla C, Peck HE, et al. Nebulized mRNA-encoded antibodies
protect hamsters from SARS-CoV-2 infection. Adv Sci (Weinh) 2022; 9:
€2202771.

Zhang Y-N, Zhang H-Q, Wang G-F, et al. Intranasal delivery of replicating
mRNA encoding hACE2-targeting antibody against SARS-CoV-2 Omicron
infection in the hamster. Antiviral Res 2023; 209:105507.

Erasmus JH, Archer J, Fuerte-Stone J, et al. Intramuscular delivery of replicon
RNA encoding ZIKV-117 human monoclonal antibody protects against zika
virus infection. Mol Ther Methods Clin Dev 2020; 18:402—-414.
Mukherjee J, Ondeck CA, Tremblay JM, et al. Intramuscular delivery of
formulated RNA encoding six linked nanobodies is highly protective for
exposures to three Botulinum neurotoxin serotypes. Sci Rep 2022;
12:11664.

Panova EA, Kleymenov DA, Shcheblyakov DV, et al. Single-domain antibody
delivery using an mRNA platform protects against lethal doses of botulinum
neurotoxin A. Front Immunol 2023; 14:1098302.

Stadler CR, Béhr-Mahmud H, Celik L, et al. Elimination of large tumors in mice
by mRNA-encoded bispecific antibodies. Nat Med 2017; 23:815-817.
Rybakova Y, Kowalski PS, Huang Y, et al. nRNA delivery for therapeutic anti-
HER2 antibody expression in vivo. Mol Ther 2019; 27:1415-1423.
Wang Y, Tiruthani K, Li S, et al. mRNA delivery of a bispecific single-domain
antibody to polarize tumor-associated macrophages and synergize immu-
notherapy against liver malignancies. Adv Mater 2021; 33:62007603.

Wu L, Wang W, Tian J, et al. Engineered mRNA-expressed bispecific
antibody prevent intestinal cancer via lipid nanoparticle delivery. Bioengi-
neered 2021; 12:12383-12393.

Wu L, Wang W, Tian J, et al. Intravenous delivery of RNA encoding anti-PD-1
human monoclonal antibody for treating intestinal cancer. J Cancer 2022;
13:579-588.

Huang C, Duan X, Wang J, et al. Lipid nanoparticle delivery system for mMRNA
encoding B7H3-redirected bispecific antibody displays potent antitumor
effects on malignant tumors. Adv Sci (Weinh) 2023; 10:€2205532.

Krah S, Kolmar H, Becker S, Zielonka S. Engineering IgG-like bispecific
antibodies—an overview. Antibodies 2018; 7:28.

Lewis AD, Chen R, Montefiori DC, et al. Generation of neutralizing activity
against human immunodeficiency virus type 1 in serum by antibody gene
transfer. J Virol 2002; 76:8769-8775.

Fang J, Qian J-J, Yi S, et al. Stable antibody expression at therapeutic levels
using the 2A peptide. Nat Biotechnol 2005; 23:584-590.

www.co-hivandaids.com 207

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved.


https://doi.org/10.1101/2023.01.03.521487

£202/TO/TT U0 =37ZIMNZIDBPXZOBBAe0ATOAEIDYIASALLIAIPO0AEIEAHION/AOAUMY TXOMADY

OIAIXYOHISABZIY 10 +eyNIOITWNOTZTABMHBSHNAUE AQ SPrepuBAIy-00/Wod° M| Sfeulnol//:dny wouy papeojumod

Antibody interventions in HIV

86.

87.

88.

89.

Fang J, Yi S, Simmons A, et al. An antibody delivery system for regulated
expression of therapeutic levels of monoclonal antibodies in vivo. Mol Ther
2007; 15:1163-1159.

Balazs AB, Chen J, Hong CM, et al. Antibody-based protection against HIV
infection by vectored immunoprophylaxis. Nature 2011; 481:81-84.
Balazs AB, Ouyang Y, Hong CM, et al. Vectored immunoprophylaxis protects
humanized mice from mucosal HIV transmission. Nat Med 2014;20:296 -300.
Brady JM, Phelps M, MacDonald SW, et al. Antibody-mediated prevention of
vaginal HIV transmission is dictated by IgG subclass in humanized mice. Sci
Transl Med 2022; 14:eabn9662.

First use of AAV to deliver different IgG subclasses in vivo which demonstrated the
contribution of innate immunity towards HIV prevention in humanized mice.

90.

91.

92,

93.

94.

95.
[T

Horwitz JA, Halper-Stromberg A, Mouquet H, et al. HIV-1 suppression and
durable control by combining single broadly neutralizing antibodies and
antiretroviral drugs in humanized mice. Proc Natl Acad Sci USA 2013;
110:16538-16543.

Johnson PR, Schnepp BC, Zhang J, et al. Vector-mediated gene transfer
engenders long-lived neutralizing activity and protection against SIV infection
in monkeys. Nat Med 2009; 15:901-906.

Saunders KO, Wang L, Joyce MG, et al. Broadly neutralizing human im-
munodeficiency virus type 1 antibody gene transfer protects nonhuman
primates from mucosal simian-human immunodeficiency virus infection. J
Virol 2015; 89:8334-8345.

Fuchs SP, Martinez-Navio JM, Piatak M, et al. AAV-delivered antibody
mediates significant protective effects against SIVmac239 challenge in
the absence of neutralizing activity. PLoS Pathog 2015; 11:e1005090.
Martinez-Navio JM, Fuchs SP, Mendes DE, et al. Long-term delivery of an anti-
siv monoclonal antibody with AAV. Front Immunol 2020; 11:449.
Casazza JP, Cale EM, Narpala S, et al. Safety and tolerability of AAV8 delivery
of a broadly neutralizing antibody in adults living with HIV: a phase 1, dose-
escalation trial. Nat Med 2022; 28:1022-1030.

This was the first human study (VRC603) to demonstrate sustained expression of a
broadly neutralizing antibody in humans. This was achieved using a single admin-
istration of AAV8 expressing VRCO7 which reached up to 3 pg/miL for at least

three
96.

97.

98.

99.

208

years.

Martinez-Navio JM, Fuchs SP, Pedrefio-Lopez S, et al. Host antiantibody
responses following adeno-associated virus-mediated delivery of antibodies
against HIV and SIV in rhesus monkeys. Mol Ther 2016; 24:76-86.
Gardner MR, Fetzer |, Kattenhorn LM, et al. Anti-drug antibody responses
impair prophylaxis mediated by AAV-delivered HIV-1 broadly neutralizing
antibodies. Mol Ther 2019; 27:650-660.

Fuchs SP, Martinez-Navio JM, Rakasz EG, et al. Liver-directed but not
muscle-directed AAV-antibody gene transfer limits humoral immune re-
sponses in rhesus monkeys. Mol Ther Methods Clin Dev 2019; 16:97-102.
Gardner MR, Kattenhorn LM, Kondur HR, et al. AAV-expressed eCD4-lg
provides durable protection from multiple SHIV challenges. Nature 2015;
519:87-91.

www.co-hivandaids.com

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Gardner MR, Fellinger CH, Kattenhorn LM, et al. AAV-delivered eCD4-lg
protects rhesus macaques from high-dose SIVmac239 challenges. Sci
Transl Med 2019; 11:eaau5409.

Martinez-Navio JM, Fuchs SP, Pantry SN, et al. Adeno-associated virus
delivery of anti-HIV monoclonal antibodies can drive long-term virologic
suppression. Immunity 2019; 50:567.e5-575.€5.

Priddy FH, Lewis DJM, Gelderblom HC, et al. Adeno-associated virus
vectored immunoprophylaxis to prevent HIV in healthy adults: a phase 1
randomised controlled trial. Lancet HIV 2019; 6:6230-e239.

Luo XM, Maarschalk E, O’Connell RM, et al. Engineering human hemato-
poietic stem/progenitor cells to produce a broadly neutralizing anti-HIV
antibody after in vitro maturation to human B lymphocytes. Blood 2009;
113:1422-1431.

Fusil F, Calattini S, Amirache F, et al. A lentiviral vector allowing physiolo-
gically regulated membrane-anchored and secreted antibody expression
depending on B-cell maturation status. Mol Ther 2015; 23:1734-1747.
Hung KL, Meitlis I, Hale M, et al. Engineering protein-secreting plasma cells
by homology-directed repair in primary human B cells. Mol Ther 2018;
26:456-467.

Hale M, Mesojednik T, Romano lbarra GS, et al Engineering HIV-
resistant, anti-HIV chimeric antigen receptor T cells. Mol Ther 2017,
25:570-579.

Sather BD, Romano Ibarra GS, Sommer K, et al. Efficient modification of
CCRS5 in primary human hematopoietic cells using a megaTAL nuclease and
AAV donor template. Sci Transl Med 2015; 7:307ra156.

Dever DP, Bak RO, Reinisch A, et al. CRISPR/Cas9 B-globin gene targeting
in human haematopoietic stem cells. Nature 2016; 539:384-389.
Greiner V, Bou Puerto R, Liu S, et al. CRISPR-mediated editing of the B cell
receptor in primary human B cells. iScience 2019; 12:369-378.
Kuhlmann A-S, Haworth KG, Barber-Axthelm IM, et al. Long-term persistence
of anti-HIV broadly neutralizing antibody-secreting hematopoietic cells in
humanized mice. Mol Ther 2019; 27:164-177.

Hartweger H, McGuire AT, Horning M, et al. HIV-specific humoral immune
responses by CRISPR/Cas9-edited B cells. J Exp Med 2019; 216:
1301-1310.

Nahmad AD, Raviv Y, Horovitz-Fried M, et al. Engineered B cells expressing
an anti-HIV antibody enable memory retention, isotype switching and clonal
expansion. Nat Commun 2020; 11:5851.

Huang D, Tran JT, Olson A, et al. Vaccine elicitation of HIV broadly
neutralizing antibodies from engineered B cells. Nat Commun 2020;
11:5850.

Nahmad AD, Lazzarotto CR, Zelikson N, et al. In vivo engineered B cells
secrete high titers of broadly neutralizing anti-HIV antibodies in mice. Nat
Biotechnol 2022; 40:1241-1249.

Vamva E, Ozog S, Leaman DP, et al. A lentiviral vector B cell gene therapy
platform for the delivery of the anti-HIV-1 eCD4-lg-knob-in-hole-reversed
immunoadhesin. Mol Ther Methods Clin Dev 2023; 28:366-384.

Volume 18 o Number 4 o July 2023

Copyright © 2023 Wolters Kluwer Health, Inc. All rights reserved.





