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Abstract

Broadly neutralizing antibodies (bNAbs) represent a new generation of antiviral agents for the
prevention and treatment of human immunodeficiency virus 1 (HIV-1) infection. A better
understanding of the /n vivo efficacy of HIV-1 bNAbs, such as VRCO01, in preventing mucosal
transmission of HIV-1 has important implications for HIV-1 vaccine design. In this study, we
evaluated the efficacy of passively transferred VRCO1 antibody in preventing HIV-1 vaginal and
rectal transmission in humanized bone marrow/liver/thymus mice (hu-BLT mice). Mice were
subcutaneously injected with VRCO01 1gG, and 24 hours later, they were challenged intravaginally
or intrarectally with HIV-1a4,. All hu-BLT mice receiving VRCO1 IgG antibody were aviremic at
2 weeks after intravaginal (n=3) or intrarectal (n=6) challenge as measured by quantitative real-
time RT-PCR. In contrast, mice receiving control 1gG all became infected. By 5 and 6 weeks post-
challenge, some of VRCO1 aviremic mice in both the intravaginal and intrarectal challenge groups
became viremic. Our results suggest that VRCO1 antibody can be protective against HIV-1 vaginal
and rectal transmission; however, a single administration of VRCO1 cannot completely prevent
mucosal infection.
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Introduction

Neutralizing antibody is a critical protective component in most licensed vaccines; thus,
elicitation of such antibodies by a human immunodeficiency virus 1 (HIV-1) vaccine is
highly desirable, although it remains elusive. Recently, many broadly neutralizing antibodies
(bNAbs) with high potency against HIV-1 have been identified from chronically HIV-1-
infected individuals [1-11]. It has been demonstrated that passive transfer of bNAbs can
prevent HIV-1 mucosal transmission in the rhesus macaque-chimeric simian/human
immunodeficiency virus (SHIV) model [12-19] and in humanized mice generated by
injection of CD34* hematopoietic stem cells [20]. Although these experiments provided
important information, these models have certain limitations. There are a limited number of
SHIV challenge viruses available for rhesus macaque studies, and macaques cannot be used
to test the protection of bNAbs against HIV-1 directly [21, 22]. Humanized mice generated
by injection of CD34" hematopoietic stem cells (hu-HSC mice) have less robust human
immune system reconstitution than humanized bone marrow/liver/thymus (hu-BLT) mice
[23-26]. hu-BLT mice are a new generation of humanized mice in which human immune
cells are reconstituted within mucosal and secondary lymphoid tissues [24-26] and human T
lymphocytes undergo positive and negative selection in the human thymic organoid in the
context of autologous MHC restriction [24, 25]. Therefore, hu-BLT mice are one of the best
available small animal models to study mucosal transmission of HIV-1 and its prevention
[23, 26]. VRCO1 antibody is the prototype of the VRC antibody class, which can neutralize
the CD4 binding site (CD4bs) of HIV-1 gp120 envelope protein, and is the best
characterized bNAb in terms of neutralizing profile, structural recognition features, genetic
origin, affinity maturation pathways, and lineage evolution [3, 27-30]. Moreover, this bNAb
has advanced to clinical trials for the treatment of HIV-1 infection [31, 32]. HIV-1is
primarily transmitted through vaginal and rectal mucosal surfaces, and studying the
interaction between bNADb and HIV-1 at these mucosal sites is essential to aid HIV-1 vaccine
design. Using hu-HSC mice, the efficacy of vaginal topical administration of VRCO01 against
HIV-1 intravaginal infection has been demonstrated previously [20]; however, the efficacy of
parental administration of VRCO1 has not been reported. In this study, we demonstrate, by
using the hu-BLT mouse model of HIV-1 transmission, that VRCO1 antibody can delay
vaginal and rectal transmission of HIV-1; however, a single administration of VRCO1 cannot
completely prevent mucosal infection. Our results indicate that a combination of broadly
neutralizing antibodies may be required to achieve sterilizing protection against HIV-1
mucosal transmission.

Materials and methods

Hu-BLT mice

The hu-BLT mice were generated as described previously [33, 34] at the University of
Nebraska-Lincoln Life Sciences Annex. Briefly, 6- to 8-week-old female NSG mice (Cat#
005557, the Jackson Laboratory, Bar Harbor, Maine) received 12 cGy irradiation per gram
of body weight with an RS200 X-ray irradiator (RAD Source Technologies, Inc, GA) and
were then implanted with two pieces of human fetal liver and one piece of thymic tissue
fragments under the left kidney capsule, followed by intravenous injection of 1.5-5 x 10°
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CD34* hematopoietic stem cells isolated from human fetal liver. Human fetal liver and
thymus tissues were procured from Advanced Bioscience Resources (Alameda, CA). After
12 to 16 weeks, peripheral blood samples were collected for quantification of human
immune reconstitution using flow cytometry as described previously [33, 34]. All hu-BLT
mice used in VRCO1 protection experiments in this study had good human immune
reconstitution, with a ratio of peripheral blood hCD45" cells / (hCD45* cells plus mCD45*
cells) of 80.7+ 9.9% (mean £ SD) (Supplemental Table 1). Mice were randomly assigned to
control and VRCO1-treated groups with similar immune reconstitution.

VRCO1 antibody preparation

VRCO1 I1gG antibody was produced according to a published protocol [3]. Briefly, VRC01
1gG expression plasmids were provided by the NIH AIDS Reagent Program (Cat# 12035
and 12036), and plasmid DNA was extracted using an endotoxin-free Maxi Kit (QIAGEN).
Freestyle 293-F cells (Cat# R790-07, Thermo Fisher Scientific) were co-transfected using
293fectin (Cat# 12347-019, Thermo Fisher Scientific) at a final concentration of 5 pg/ml and
10 ug/ml of vector plasmids expressing the heavy chain and light chain of VRCO01,
respectively. After culturing for 5 days, cell culture supernatants were harvested and
analyzed for the presence of antibody by capture ELISA. Ab-containing culture supernatants
were filtered and purified by affinity chromatography using a Protein A column (Pierce) and
concentrated using a centrifugal filter (Millipore). The purified VRCO1 IgG sample was
subjected to SDS-PAGE and stained with Coomassie brilliant blue to check protein size and

purity.

Determination of the half-life of VRCO1 antibody in HIV-1-naive hu-BLT mice

To evaluate the half-life of VRCO1 antibodies, VRCO1 IgG (20 pg/g body weight) was
injected subcutaneously into three HIV-1-uninfected hu-BLT mice, and blood was collected
1, 3,7, 14, 23, and 29 days after antibody administration. To determine the VRCO01 IgG
concentration in plasma, HIV-1g,, gp120 protein (0.5 pg/ml in PBS, pH 7.4) was adsorbed
onto 96-well high-binding ELISA plates (Costar/Corning; Lowell, MA) at 4 °C. After
washing five times with PBS-Tween 20 (PBS-T), the plates were blocked with 10% non-fat
milk in PBS-T at 37 °C for 2 h. Serial dilutions of plasma and VRCO01 standard samples
were then incubated in plates at 37 °C for 1 h. After washing with PBS-T, the plates were
incubated with secondary antibodies, horseradish peroxidase (HRP)-conjugated goat anti-
human IgG1 antibodies (1:4000, Cat# 62-8420, Invitrogen) at 37 °C for 45 min. Finally, the
plates were developed by adding streptavidin-coupled peroxidase and 3, 3°, 5, 5°-
tetramethylbenzidine substrate (TMB, Sigma, USA), and development was stopped by
adding 50 pl of 2 M H,SO4. Finally, the optical density (OD) was read on an ELISA reader
at 450 nm, and 1gG concentrations were calculated based on standard curves and sample OD
values.

Challenge virus preparation

HIV-1,4, for inoculation was obtained from the NIH AIDS Reagent Program (Cat# 416)
and was further expanded in pooled PBMC from two healthy human donors. Cell-free

supernatant was harvested, filtered, and concentrated by ultracentrifugation, and the viral
titer was determined using TZM-bl cells. HIV-1 transmitted/founder (T/F) viruses (HIV-
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SUMA, HIV-WITO, HIV-1 RHPA, HIV-TRJO and HIV-REJO) were generated by
transfection of 293 T cells with infectious molecular clone pSUMA..c/2821, pWITO.c/2474,
pRHPA.c/2635, pTRJO.c/2851, and pREJO.c/2864 (cat#11748, 11739, 11744, 11747, and
11746, respectively, from Dr. John Kappes, obtained through the AIDS Research and
Reference Reagent program, Division of AIDS, NIAID, NIH) and expanded by co-culture in
pooled PBMCs from two healthy human donors. Cell-free supernatant was harvested,
filtered and concentrated by ultracentrifugation. Concentrated virus was resuspended in
RPMI, and the viral titer was determined in TZM-bl cells.

In vitro neutralization

VRCO1 antibody neutralization activity against five T/F viruses and HIV-1 544 Was tested in
a luciferase-based assay in TZM-bl cells as described previously [35]. Briefly, fivefold serial
dilutions of VRCO01 were performed in triplicate in a 96-well flat-bottom plate. One hundred
TCIDsq of virus and 50 pl of 10% DMEM growth medium containing DEAE-dextran
(Sigma) at a final concentration of 11 mg/ml were added to each well and incubated for 1
hour at 37 °C, and TZM-bl cells (1 x 10* per well in a 100-ul volume) were added. Assay
controls included TZM-bl cells alone (cell control) and TZM-bl cells with virus (virus
control). After a 48-hour incubation at 37 °C, culture medium was removed from each well,
and 40 pl of lysis buffer and 60 ul of Galacto-Star luciferase reagents (Applied Biosystems)
were added and luminescence was measured. The 1Cgg was calculated as the antibody
dilution that caused a 50% reduction in relative luminescence units (RLUs) compared to the
virus control after subtraction of cell control RLUSs.

Systemic administration of VRCOL1 to protect against vaginal and rectal transmission of
HIV-1 in hu-BLT mice

To evaluate the efficiency of protection of systemically administered VRCO1 against vaginal
and rectal transmission of HIV-1, each of the hu-BLT mice in the VRCO1 group (vaginal
n=3, rectal n=6) and control group (vaginal n=3, rectal n=6) was subcutaneously injected
with VRCO1 antibody at a dose of 20 mg/kg or the same amount of human control IgG
(SIGMA, Cat# 14506). Twenty-four hours later, all of the mice were challenged
intravaginally or intrarectally with 2.4 x 104 TCIDsq of HIV-1a4, under anesthesia with 10
ul of ketamine/xylazine solution (concentration of 10 mg/ml ketamine and 1.2 mg/ml
xylazine) per gram of body weight. After inoculation, mice were immediately kept in an
upside-down position for at least 20 minutes.

Viral load quantification

Statistics

Plasma viral loads in hu-BLT mice were determined at 2 weeks post-virus-challenge using
real-time qRT-PCR. Briefly, viral RNA was extracted using a QlAamp Viral RNA Mini Kit
(QIAGEN), and HIV RNA was amplified using a TagMan® One-Step RT-PCR Master M
Mix Reagents Kit (Life Technologies) using primers and conditions that have been
published previously [36]. The sensitivity of the assay was 800 copies/ml of plasma.

The Mann-Whitney test in R was used for statistical analysis.
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VRCO1 half-life in hu-BLT mice

After confirming that VRCO1 IgG antibody produced in 293-F cells had good purity and the
correct size (Fig. 1), we determined its half-life /n vivo. Three HIV-1-naive hu-BLT mice
were subcutaneously injected with VRCO01 IgG (20 pg/g body weight), blood was collected
atl, 3,7, 14, 23 and 29 days post-antibody-administration, and plasma VRCO1 levels were
quantified using an ELISA assay. As shown in Fig. 2, after administration, the plasma
VRCO1 levels gradually declined over the time, and the /in vivo half-life was calculated to be
8.93 days.

VRCO1 neutralizing activity against inoculating virus

Considering that /n vivo bNAb protection against HIV-1 mucosal transmission generally
correlates with its /n vitro neutralization activity [37-39], we first measured VRCO01
neutralization potency against the inoculating virus HIV-14, as compared with five
transmitted/founder (T/F) HIV-1 viruses in TZM-bl cells (Fig. 3, Table 1). VRCO01 at
different concentrations achieved 100% neutralization against HIV-154, and all five T/F
viruses; however, HIV-14, only achieved 100% maximum percent inhibition (MPI) at the
concentration of 50 pg/ml (Table 1), indicating that it is less sensitive to neutralization than
most T/F HIV-1 viruses. We therefore decided to use HIV-14, as the challenge virus.

Protection o f VRCO1 against vaginal transmission of HIV-1

To assess the efficacy of VRCO1 in preventing HIV-1 vaginal transmission, we first selected
HIV-1,4, as the challenge virus because it was less sensitive to VRCO1 neutralization, as
revealed in our neutralizing assay. As shown in Fig. 4, all of the mice (n=3) that were
subcutaneously injected with 20 mg of VRCO1 per kg at 24 hours before intravaginal
challenged with 2.4 x 104 TCIDs HIV-1a4,, Were aviremic at 2 weeks post-challenge, as
assessed by gRT-PCR (sensitivity <800 copies/ml), while all of the mice (n=3) that were
injected with the same amount of human control 1gG antibody were infected at 2 weeks
post-challenge. Two of the VRCO1-protected mice were later tested, and the plasma viral
load became positive at 5 weeks post-challenge (1.21 x 10° and 1.64 x 10° copies/ml).
Additionally, the viral load of the control mice remained positive and showed no significant
change.

Protection of VRCO1 against rectal transmission of HIV-1

To assess the potency of VRCO1 against rectal transmission of HIV-1, each of the hu-BLT
mice was subcutaneously injected with 20 mg of of VRCO1 antibody per kg (n=6) or the
same amount of human control 1gG (n=6). Twenty-four hours later, the mice in both groups
were challenged intrarectally with 2.4 x 104 TCIDsq of HIV-1a4,. All six hu-mice receiving
VRCO1 antibody were aviremic (Fig. 5) at 2 weeks post-challenge. In contrast, all of the
control hu-mice were infected (Fig. 5). Two of the VRCO01-protected mice were later tested,
and the plasma viral load became positive at 6 weeks post-challenge (7.21 x 104 and 6.07 x
10° copies/ml). Additionally, the viral load of control mice remained positive and showed no
significant change.
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Discussion

VRCO01 antibody is the prototypic bNAb targeting the CD4 binding site (CD4bs) of HIV-1
envelope protein gp120 [3, 27], and it has advanced to clinical trials for the treatment of
HIV-1 infection [32]. In this study, we first compared VRCO1 neutralizing activity against
HIV-1a44 and five T/F viruses by /n vitro neutralization assay. VRCO1 1gG effectively
inhibited infection of all of the viruses tested at 10 pug/ml or 50 pg/ml, and HIV-14, Was
shown to be the most resistant to neutralization (MPI = 100% at 50 pg of VRCO1 IgG per
ml). Based on these results, we tested the efficacy of VRCOL1 in preventing vaginal and rectal
transmission of HIV-1a4, in hu-BLT mice. VRCO1 administered systemically blocked
HIV-1,4, Vaginal infection at 2 weeks post-challenge: all three VRCO1-treated mice were
HIV-1 negative, while all three control mice became HIV-1 positive (P < 0.05). While the
vaginal route is a major HIV-1 transmission route for women, the anorectal route is an
important route of HIV-1 mucosal transmission for men who have sex with men. We then
tested VRCO1 administered systemically in preventing HIV-1 rectal transmission. All six hu-
BLT mice that received VRCO1 were aviremic at 2 weeks post-inoculation, while all six hu-
BLT mice in the control group were infected (£ < 0.01). Previously, it was reported that
vaginal topical administration of VRCO01 one hour before virus challenge protected against
intravaginal infection with HIV-1 Bal in RAG-humanized mice [20]. Furthermore, a
previous study showed that a high concentration of plasma VRCO1 expressed by adeno-
associated virus (AAV) encoding VRCO1-1gG protected hu-BLT mice from vaginal infection
with HIV-1 [40, 41]. Our study demonstrates that a single administration of VRCO01 through
the parenteral route can confer some protection against both vaginal and rectal HIV-1
transmission.

Virus neutralization is believed to occur when neutralizing antibody occupies a sufficient
number of epitopes on the viral surface. This “occupancy” model, also known as the “multi-
hit model” [42], suggests that the most important factor for neutralization is achieving a high
enough antibody concentration and density on the virion, leading to inhibition of viral
attachment to cellular receptors or the fusion processes [42]. When we tested some of these
VRCO01-protected aviremic mice at 2 weeks post-challenge after a single administration of
VRCO01, two VRCO1 mice in both the intravaginal and intrarectal challenge group became
viremic at 5 and 6 weeks post-challenge, respectively, indicating that a single administration
of VRCO01 cannot completely prevent mucosal transmission and that a decreased antibody
concentration over time may contribute to the reduction of epitope “occupancy” and loss of
neutralization capacity.

Taken together, our study demonstrates that VRC01 administered systemically can protect
against vaginal and rectal transmission of HIV-1. However, with a single administration of
VRCO01, some aviremic mice at 2 weeks post-challenge became infected at 5 or 6 weeks
post-challenge. While these findings provide further support for the possible use of VRC01
to prevent mucosal transmission of HIV-1 in humans and support the findings that the CD4
binding site is an important target for vaccine development, our study also suggests that
“neutralized virus” can regain its infectivity as antibody concentrations decrease over time,
and a combination of broadly neutralizing antibodies may be required to achieve sterilizing
protection against HIV-1 mucosal transmission.
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Fig. 1.

Expression and purification of VRCO01 1gG antibody. Polyacrylamide gel with Coomassie
blue staining. The antibody was purified using protein A as described in Materials and
methods. A total of 8 pg of purified protein was loaded onto this SDS-PAGE gel.
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24

Kinetics of VRCO01 antibody in HIV- 1-naive hu-BLT mice. VRCO1 concentrations in sera of

three hu-BLT mice after subcutaneous injection of 400 ug VRCO1 1gG antibody
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Fig. 3.

Cgmparison of the neutralizing activity of VRCO1 against HIV-1a4, and five transmitted/
founder (T/F) HIV-1 viruses. VRCO1 IgG antibody inhibited the infection with T/F HIV-1
viruses (TRJO, REJO, SUMA, WITO, and RHPA) and HIV-1aq4, /71 vitro. The neutralization
sensitivity of these six viruses to VRCO01 1gG antibody was tested. Each curve shows the
inhibition of the antibody against the indicated T/F virus or HIV-1aga.
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Protection of VRCO1 against vaginal transmission of HIV-1. VRCO01 IgG antibody (20 pg/g
body weight) was administered subcutaneously to three hu-BLT mice (VRCOL1 treatment
group), while the same dosage of human IgG was injected into another three mice (control
group), and 24 hours later, all of the mice were challenged intravaginally with 2.4 x 10*
TCIDsg HIV-1a4a,. Peripheral blood was collected 2 weeks after challenge, and viral loads in
plasma were quantified by qRT-PCR. *, P< 0.05
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Control

1
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Protection of VRCOL1 against rectal transmission of HIV-1. VRCO1 IgG antibody (20 pg/g

body weight) was administered subcutaneously to six hu-BLT mice (VRCO1 treatment

group), and human IgG was injected into another six mice (control group), and 24 hours
later, all of the mice were challenged intrarectally with 2.4 x 10% TCIDsg HIV-1aga-

Peripheral blood was collected 2 weeks after challenge, and viral loads in plasma were

quantified by qRT-PCR. **, £< 0.01
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