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Anti-47 monoclonal antibody–conjugated
nanoparticles block integrin 47 on intravaginal T cells
in rhesus macaques
Sidi Yang1, Geraldine Arrode-Bruses2, Ines Frank2, Brooke Grasperge3, James Blanchard3,
Agegnehu Gettie4, Elena Martinelli2*†, Emmanuel A. Ho1*†

INTRODUCTION

Integrins are a group of transmembrane cell adhesion receptors that
facilitate cell attachment to extracellular ligands and trigger intracellular signaling pathways (1). The integrin family consists of
24 heterodimeric proteins, and each protein contains  and  subunits
that are noncovalently bonded together (1). Integrin 47 (47) is a
gut mucosal homing receptor that is responsible for peripheral
T cell homing into gut-associated lymphoid tissues (GALT) through the
interaction with mucosal vascular addressin cell adhesion molecule-1
(MAdCAM-1), which is mainly expressed on GALT and intestinal
lamina propria (2–4). 47 has been proposed to play an important
role in contributing to the pathogenesis of HIV by interacting with
gp120 and assisting with the attachment of HIV to CD4+ T cells to promote the formation of synapses between virus and cells (5). Notably,
a subset of CD4+ T cells expressing high levels of 47 is highly susceptible to HIV-1 infection (6), and availability of 47+ memory CD4+
T cells correlates with HIV acquisition and pathogenesis (7, 8). Moreover, 47+ memory CD4+ T cells are preferentially infected during
early and acute HIV infection (9), and studies have shown that the
administration of an anti-47 monoclonal antibody (47 mAb) at a
dose of 50 mg/kg just before and during repeated low-dose challenges
in rhesus macaques prevented or delayed vaginal simian immuno
deficiency virus (SIV)/simian-human immunodeficiency virus (SHIV)
infection and protected the GALT (10–12). These findings suggest
that 47 could be targeted in the female genital mucosa to develop
new strategies for the prevention of HIV vaginal transmission.
Notably, Entyvio (vedolizumab), a commercially available humanized mAb approved by the Food and Drug Administration (FDA)
for the treatment of inflammatory bowel disease (IBD), has the
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same antigen-binding region as the anti-47 antibody (13). Vedolizumab was shown to decrease lymphoid aggregates in HIV+ patients
with IBD (14). Although one clinical trial reported that vedolizumab
did not increase the time to viral rebound after analytical treatment
interruption in HIV+ patients (15), preliminary data from a different
trial (NCT03577782) suggest that it may have an impact on HIV
rebound kinetics (McGiunty, Cameron, CROI 2019). As a mAb,
this medication has to be administered intravenously and closely
monitored during infusion. Adverse effects may occur including
common flu-like symptoms (headache, sore throat, nasal congestion,
sneezing, chills, fever, body pain, and tiredness), skin rash, gastrointestinal upset, and other rare effects like anaphylaxis and elevation
of hepatic enzymes (16). The invasive administration route and the
potential for systemic adverse effects of vedolizumab prompted our
group to develop new formulations for vaginal delivery of the
anti-47 mAb as an HIV prophylaxis.
Nanoparticles (NPs) have small sizes within the range of 1 to
500 nm (17), allowing NPs to target the site of treatment more efficiently, thus enhancing local drug concentration while reducing
systemic side effects (18). The larger surface area of NPs enables
them to be modified with various functional molecules, including
polymers, antibodies, aptamers, and proteins/peptides (18). These
surface modifications endow NPs with additional beneficial properties such as cell targeting (18) and mucus penetration (19), facilitating further improvement in therapeutic efficacy. A wide range of
novel intravaginal NP formulations have been developed to promote the delivery of small molecules (20), proteins/peptides (21),
antigens (22), and nucleic acids (23) to prevent sexually transmitted
infections including HIV, human papillomavirus, herpes simplex
virus, and chlamydia trachomatis. Antibody- or antigen-conjugated
NPs have gained increased attention in intravaginal drug delivery
because of their abilities in facilitating targeted drug delivery (24), in
induction of vaginal immunity (22), and as a diagnostic tool for vaginal
infections (25). Intravaginal delivery of free antibodies has been a
challenge because antibodies can tightly bind to cervicovaginal
mucus (26), resulting in inefficient delivery to the target site. As a
result, using NPs as a delivery vehicle for antibodies may be an
option to overcome these obstacles.
1 of 9

Downloaded from http://advances.sciencemag.org/ on January 19, 2021

Intravenous administration of anti-47 monoclonal antibody in macaques decreases simian immunodeficiency
virus (SIV) vaginal infection and reduces gut SIV loads. Because of potential side effects of systemic administration, a
prophylactic strategy based on mucosal administration of anti-47 antibody may be safer and more effective.
With this in mind, we developed a novel intravaginal formulation consisting of anti-47 monoclonal antibody–
conjugated nanoparticles (NPs) loaded in a 1% hydroxyethylcellulose (HEC) gel (NP-47 gel). When intravaginally
administered as a single dose in a rhesus macaque model, the formulation preferentially bound to CD4+ or CD3+
T cells expressing high levels of 47, and occupied ~40% of 47 expressed by these subsets and ~25% of all cells
expressing 47. Blocking of the 47 was restricted to the vaginal tract without any changes detected systemically.
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RESULTS

Particle size and zeta potential
Previous studies have reported that the vaginal pH in macaques is
~6.0 to 7.0 because of lack of dominant lactobacilli in the microbio-

ta, while the human vaginal pH is ~3.2 to 5.0 because of the massive
presence of lactobacilli (38). Therefore, the NPs were characterized
in two different types of medium: NaH2PO4 (pH 7.0) or vaginal
fluid simulant (VFS; pH 4.2), to mimic the vaginal environment of
macaques and humans, respectively. The average particle size for
NP-47 was found to be within the range of 200 to 300 nm (Table 1).
In neutral solution mimicking the vaginal environment of macaques,
the average NP size was smaller in comparison to NPs suspended in
VFS (pH 4.2). Zeta potential was also influenced by the medium the
NPs were measured in. Acidic pH contributed to slightly higher
zeta potential (1.68 ± 0.20 mV) compared with neutral pH
(−0.01 ± 0.03 mV), but the zeta potentials in both medium were
measured to be close to neutral for NP-47.
Antibody conjugation efficiency and antibody loading
Antibody conjugation efficiency and concentration of antibody
loading onto the NPs are shown in Table 2. Three different concentrations of 47 antibody (0.7, 1.4, and 3.4 mg/ml) were evaluated
during the formulation optimization process. The data showed that
the antibody conjugation efficiency decreased as the input concentrations of 47 antibody increased, resulting in an antibody conjugation efficiency of 45.7 ± 1.1%, 32.6 ± 0.5%, and 12.3 ± 0.2%,
respectively. However, the antibody loading onto the NPs (g Ab/mg
NPs) increased as the input concentrations of 47 antibody increased, with a maximum loading capacity of 43.4 ± 0.7 g Ab/mg
NPs achieved at 1.4 mg/ml. Further increase in 47 antibody concentrations beyond 1.4 mg/ml did not further promote antibody
loading onto the NPs. As a result, 1.4 mg/ml of 47 antibody was
the optimal conjugation concentration to achieve the highest antibody loading onto the NPs.
In vitro NP-47 gel cell-binding studies
Next, we evaluated whether conjugating antibody to NPs and loading NP-47 into 1% HEC gel would affect the binding affinity of
the antibody. An in vitro study comparing the antibody binding
efficiency of free antibody and anti-47 mAb–conjugated NPs
loaded in 1% HEC gel was conducted using RPMI 8866, a human
lymphoblastoid cell line expressing high levels of 47. To detect the
antibody bound onto the surface of RPMI 8866 cells, phycoerythrin
(PE)–labeled anti-47 mAb was conjugated to NPs during preparation. Cells treated with phosphate-buffered saline (PBS) and
NP–immunoglobulin G (IgG) gel were used as control groups
(Fig. 1, A and B). Formulations of NP-47 with two different antibody loadings (30.5 g Ab/mg NPs and 43.4 g Ab/mg NPs) were
used to treat cells at the same concentration, resulting in corresponding PE+ anti-47 antibody concentrations of 1.2 and 1.8 g/ml,
respectively. Because PE+ anti-47 antibody accounts for 2% of the
total antibody conjugated to NPs, the total antibody concentrations
were about 60 and 90 g/ml in the above treatment groups. Cells

Table 1. Particle size and zeta potential in different media. Values represent means ± SD, n = 3.
NaH2PO4, pH 7.0

VFS, pH4.2

Size (nm)

PDI

Zeta potential
(mV)

Size (nm)

PDI

Zeta potential
(mV)

NPs

231.6 ± 15.0

0.254

−7.29 ± 1.87

232.8 ± 6.8

0.247

1.22 ± 1.14

NPs-47 Ab

250.9 ± 3.0

0.328

−0.01 ± 0.03

262.5 ± 4.0

0.167

1.68 ± 0.20
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Poly(lactic-co-glycolic acid) (PLGA) is the most extensively used
polymer for the development of intravaginal NP formulations.
PLGA is an FDA-approved polymer and has many attractive properties, including biodegradability, biocompatibility, and versatility for
encapsulating small and large molecules, achieving sustained drug
release and surface modifications (27). Polyethylene glycol (PEG) is
also an FDA-approved polymer, and its applications have been seen
in many of the FDA-approved medications, including intravenous
injections and liposomal formulations (28, 29). PEG in intravaginal
formulations has been shown to improve the penetration of polymeric NPs through cervicovaginal mucus (19). Polyethylenimine
(PEI) is a cationic polymer that has been widely studied for its
applications in gene delivery (24), NP preparation (30), and surface
coating (31). It has also been approved by the FDA for clinical use
in pharmaceuticals and medical devices (32).
Gels prepared with bioadhesive polymers can adhere to tissues
for prolonged durations compared with nonadhesive liquid preparations and increase the exposure period of tissues to active ingredients in gels (33). They have been widely used as intravaginal drug
delivery systems for therapeutic proteins/peptides (34), antigens (35),
and NPs (36). Hydroxyethylcellulose (HEC) is an FDA-approved polymer that is widely used in pharmaceutical manufacturing. Gels made
from HEC are transparent, nonirritating, pharmacologically inactive,
and compatible with a wide variety of therapeutic ingredients (37).
Herein, we describe the development and in vitro, ex vivo, and
in vivo evaluation of a novel vaginal gel consisting of anti-47
mAb–conjugated NPs (NP-47 gel) for the delivery of therapeutic
antibodies into the vaginal mucosa as a potential strategy for preventing vaginal transmission of HIV-1. The NP system is composed
of PEI and PLGA-PEG prepared by a double emulsion (w/o/w)
evaporation method. The anti-47 mAb is covalently conjugated
on the surface of the NP by forming a covalent bond between the
amine group of the antibody and the carboxyl group of the PLGA-PEG
through chemical conjugation. Afterward, the NP-47 is loaded
into a 1% HEC gel to prolong the contact time of NP-47 with the
intravaginal lumen and provide ease in self-administration of the
NPs. The NP-47 has optimal particle size and surface charge
properties for mucus penetration and can efficiently block 47 on
immune cells in vitro and ex vivo. When intravaginally administered as a single dose in a rhesus macaque model, the formulation
preferentially bound to CD4+ or CD3+ T cells expressing high levels
of 47. Blocking of the 47 was restricted to the vaginal tract without
any changes detected systemically.
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Table 2. Antibody conjugation efficiency and antibody
loading. Values represent means ± SD, n = 3.
Concentration of 47
Ab (mg/ml)

Ab conjugation
efficiency

Ab loading
(g Ab/mg NPs)

0.7

45.7 ± 1.1%

30.5 ± 0.7

1.4

32.6 ± 0.5%

43.4 ± 0.7

3.4

12.3 ± 0.2%

41.1 ± 0.7
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were incubated with formulations for 2 and 24 hours and analyzed
immediately for antibody binding efficiency. Results showed that
after 2 hours of incubation, more than 85% (mean ± SD, 87.0 ± 1.5%)
of cells were detected to be PE+ in the group dosed with the low
antibody loading formulation (Fig. 1C). After 24 hours of incubation, more than 90% (mean ± SD, 92.6 ± 1.5%) of cells were PE+
(Fig. 1E), reaching similar levels as the group incubated with free
antibody (Fig. 1G). Similar results also appeared in the group treated
with the high antibody loading formulation, but maximum binding
could be achieved as early as 2 hours (mean ± SD, 92.3 ± 0.9%)
(Fig. 1D), and this effect was maintained until the 24-hour time
point (mean ± SD, 92.2 ± 1.7%) (Fig. 1F).
Ex vivo blockage of 47 on cells in vaginal explants by
NP-47 gel
After confirming the in vitro binding affinity of 47-NP gel, we
evaluated the formulation in an ex vivo polarized macaque vaginal
explant model (39). Formulation with the same antibody loading
(43.4 g Ab/mg NPs) was used to dose vaginal explant tissues at two
different antibody treatment concentrations (0.3 and 1.5 mg/ml) to
compare the blockage of 47. After 1 hour of incubation, the explant
was washed and digested into a single-cell suspension. The cell
suspension was stained with PE-labeled anti-47 mAb to identify
47 that was not blocked by the formulation. A previous validation
experiment demonstrated that the washing and digestion steps did
not alter the binding of 47 antibody and NP-47 to the 47-
expressing RPMI 8866 cell line. Compared with NP-IgG gel, the
NP-47 gel could block more than 75% (P = 0.0007) of 47 on
CD4+ T cells at an antibody treatment concentration of 1.5 mg/ml
after only 1 hour of incubation, while the blockage efficiency at an
antibody treatment concentration of 0.3 mg/ml was slightly lower
at ~65% (P = 0.0013) (Fig. 2).
In vivo blockage of 47 in macaques after treatment
with NP-47 gel
Last, we evaluated the in vivo blocking ability of NP-47 gel after a
single intravaginal administration of the formulation in a rhesus
macaque model. Baseline blood, vaginal, rectal, inguinal lymph
node, and ectocervix biopsies were collected before and after the
treatment (Fig. 3). Six macaques were treated with the NP-47 gel,
and four were treated with a control NP-IgG gel. Baseline samples
from one NP-47 gel–treated animal were lost, so the data from
this animal were excluded from the analysis. Because the expression
level of 47 varies within each individual animal, the results were
normalized to pre-NP gel administration levels. We primarily
focused on the blockage of 47 on T cells from vaginal tissue. However, the potential distal effect at other anatomical sites including
peripheral blood mononuclear cells (PBMCs), rectum, inguinal
Yang et al., Sci. Adv. 2020; 6 : eabb9853
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Fig. 1. In vitro cell-binding study with NP-47 gel. One-percent HEC gel loaded
with 30.5 or 43.4 g Ab/mg NPs (NP-47 gel) was used to treat cells for 2 and 24 hours.
The C47 shown in the graph represents the concentration of PE+ anti-47 antibody.
The data show representative histograms from a measurement of n = 3. The Y axis
represents the number of cells/events, and the X axis represents the fluorescence
intensity. The number above the gating line represents the percentage of PE+ RPMI
8866 cells in each histogram. (A) Unstained control. (B) cells treated with NP-IgG gel.
(C) cells treated with NP-47 gel (C = 1.2 g/ml) for 2 hours. (D) cells treated with
NP-47 gel (C = 1.8 g/ml) for 2 hours. (E) cells treated with NP-47 gel (C = 1.2 g/ml)
for 24 hours. (F) cells treated with NP-47 gel (C = 1.8 g/ml) for 24 hours. (G) cells
treated with 47 Ab (C = 1.2 g/ml) for 2 hours. (H) cells treated with 47 Ab (C =
1.8 g/ml) for 24 hours. C, the concentration of PE+ 47 Ab.
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lymph nodes, and ectocervix was explored to evaluate if the antibody was distributed systemically. Two-way analysis of variance
(ANOVA) was used for data analysis (details explained below). On
the basis of the vaginal tissue results (Fig. 4, A to D), there was
statistical significance between NP-47 gel– and NP-IgG gel–treated
groups in terms of 47 blockage on memory 47high CD4+ T cells
(P = 0.0013), total 47+ CD4+ T cells (P = 0.0006), 47high CD3+
T cells (P = 0.0004), and total 47+ CD3+ T cells (P < 0.0001). When
compared with the baseline level, NP-IgG gel did not show any 47
blockage effect, while the NP-47 gel decreased approximately 40%
of 47 on 47high CD4+ T cells 4 hours after administration
(P = 0.0187) (Fig. 4A), and the effect lasted for 24 hours after treatment (P = 0.0184) and similar effects were seen in 47high CD3+
T cells as well (P = 0.0112 for 4 hours and P = 0.0468 for 24 hours)
(Fig. 4C). Around 25% reduction in 47 on total 47+ CD4+ T cells
was also observed in the NP-47 gel–treated group 24 hours after
treatment (P = 0.0117) (Fig. 4B). Longer-lasting blockage effects of
47 generated by NP-47 gel were observed in total 47+ CD3+
T cells, as a significant reduction in 47 (~23%) was maintained
until 72 hours after treatment (P = 0.0111 for 4 hours, P = 0.0016 for
24 hours, and P = 0.0015 for 72 hours) (Fig. 4D). When we expanded
the population of cells to 4+ CD4+ T cells and 4+ CD3+ T cells, the
blockage effects were not seen (Fig. 4, E and F). As a result, the
NP-47 gel specifically masked the 47 on CD4+ or CD3+ T cells.
Minor reductions in 47 were observed in 47high CD4+ T cells
and 47+ CD4+ T cells in PBMC 4 hours after treatment with
NP-47 gel; however, similar reduction trends were also seen in
the group of animals treated with NP-IgG gel (Fig. 4, G and H).
Therefore, it is likely that these changes were because of the fluctuation of 47 expression level rather than the blockage effect of
NP-47 gel. The 47 blockage effect of the NP gel formulation was
restricted to the vaginal tissues because no significant decrease in
the levels of 47 in CD4+ T cells and/or CD3+ T cells was detected
Yang et al., Sci. Adv. 2020; 6 : eabb9853
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in rectal tissue (Fig. 4, I and J), inguinal lymph nodes (Fig. 4, K and L),
or ectocervix (Fig. 4, M to P).
DISCUSSION

The female genital tract consists of a complex environment that can
affect intravaginal drug delivery (40). The vaginal tract is covered by
a thin layer of mucus that serves as a barrier to trap external invading
pathogens, while also limiting drug penetration (40). The cervicovaginal mucus is composed of 95% water, 2% to 5% mucin fibers,
and trace amounts of lactic acid, lipids, salts, proteins, enzymes, and
cells (41). Mucin fibers, the main component, are large molecules
formed by the linking of numerous mucin monomers (42, 43). They
are negatively charged due to the presence of carboxyl or sulfate
groups on mucin proteoglycans (44). Disulfide bond–stabilized
globular regions are also present along mucin fibers, which contributes to their hydrophobicity nature (44). Mucin fibers cross-link
into tiny nets in which water is trapped, forming thousands of
microscale watery channels (19, 45). The physical contacts between
drug molecules/drug vectors and mucin fibers generate multiple
adhesive interactions, including physical entanglement, hydrophobic interaction, and electrostatic attraction (46). As a result, compounds or systems having a too small or too large size (as discussed
in details below), are hydrophobic in nature, or having a positive-
charged surface will be notably trapped in cervicovaginal mucus.
Even though the mesh pore size of the mucin network is 3 to 10 m,
the size of particles that can penetrate mucus is much smaller than
that (46). It has been reported that the optimal size of nonadhesive
particles for mucus penetration is 200 to 500 nm (46). Larger particles (>500 nm) are trapped in the apical layer of the vagina, while
smaller particles (<200 nm) are trapped within the deeper layers of
the vagina due to “dead-end” channels within the mucin network
(46). Adhesive particles are largely trapped in the mucus regardless
of size (46). The functionalization of NPs with low molecular weight
(MW), hydrophilic polymer, and PEG (MW, ~2000) has been used
to fabricate nonadhesive particles (19). Therefore, in our study,
we used PLGA-PEG (10,000–2000) to fabricate NP with optimal size
(~250 nm), close to neutral surface charge (zeta potential, ~0 mV),
and is hydrophilic in nature (PEG on the surface) for enhanced
mucus penetration and improved delivery of antibody to the epithelial layer in the vaginal mucosa.
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Fig. 2. Ex vivo blockage of 47 on CD4+ T cells in rhesus macaque vaginal
explants by NP-47 gel at two different antibody concentrations (0.3 and
1.5 mg/ml). The graph shows the percentage of unblocked 47 on cells in vaginal
explant, quantified by staining the unblocked 47 with PE+ anti-47 antibody.
One-percent HEC gel loaded with 43.4 g Ab/mg NPs (NP-47 gel) was used for
treatment. One-percent HEC gel loaded with 43.4 g Ab/mg NPs (NP-IgG gel) was
used as a control. The mean fluorescence intensity of PE+ anti-47 antibody for
each treatment group was normalized to the control group. Values represent
means ± SD, n = 4. ***P < 0.001 and **P < 0.01 compared with NP-IgG gel.

Fig. 3. Schematic illustration of the treatment and sampling schedule for rhesus
macaques. D, day; Bx, biopsy. Photo credit: the photo “Rhesus macaques—Lion Hill,
Hong Kong” was taken by cattan2011, acquired from Creative Commons, licensed
under CC BY2.0 (free to share and adapt for any purpose, even commercially), and
used without any modification. Photo link: https://ccsearch.creativecommons.org/
photos/b4e1870b-7d54-485a-81d4-3c9e0fbc2137; license link: https://creativecommons.
org/licenses/by/2.0/?ref=ccsearch&atype=rich.
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Fig. 4. In vivo blockage of 47 on tissues by NP-47 gel at an antibody concentration of 1.5 mg/ml in a rhesus macaque model. One-percent HEC gel loaded with 43.4 g Ab/mg NPs (NP-47 gel) was used for treatment. One-percent HEC
gel loaded with 43.4 g Ab/mg NPs (NP-IgG gel) was used as a control. BL, baseline.
(A to F) Vagina, (G and H) PBMC, (I and J) rectus, (K and L) inguinal lymph nodes,
(M to P) ectocervix. P < 0.05 or P < 0.01 compared with baseline. (A to P) n = 4 for
NP-IgG gel–treated group, n = 5 for NP-47 gel–treated group (one of the rhesus
macaques, IK06, was excluded because no cells were recovered at the time point of
0 for flow cytometry analysis).

Previous literature has indicated that PEI can be coated onto the
surface of PLGA NPs through the cationic-anionic interaction
between PEI and PLGA by incubating PLGA NPs in a certain concentration of PEI aqueous solution (31). Other literature have reported that PEI could form coatings onto the surface of PLGA–egg
phosphatidylcholine NPs through electrostatic interaction when
PEI is dissolved in the aqueous phase and PLGA–egg phosphatidylcholine is dissolved in the acetone-methanol phase for NP preparation through nanoprecipitation (47). In our system, we performed
the opposite by dissolving PEI in the most inner aqueous phase (w1)
and the PLGA-PEG in the oil phase (o; methylene chloride). After
the formation of a double emulsion (w1/o/w2) via sonication, PEI in
the primary aqueous phase (w1) will facilitate the electrostatic assembly of PEI (cationic)–PLGA (anionic) building block in the core
of NPs. As the oil phase is evaporated off, PLGA is exposed to the
primary aqueous phase. At the same time, the hydrophilic PEG end
in PLGA-PEG polymer will align toward the secondary aqueous
phase [w2; polyvinyl alcohol (PVA) solution] forming PLGA-PEG
NPs with the PLGA end facing the inner core and the PEG end facing
the outer surface. This orderly alignment of PLGA-PEG will allow
more PEG to be arranged on the surface to promote NP penetration
through the cervicovaginal mucus for improved intraepithelial drug
delivery.
Gel loaded with NPs has enhanced rheological properties; therefore, under certain shear stress, improvement to viscosity can be
achieved with NP-loaded gel compared with the blank gel (20).
With increased viscosity, prolonged residence time of NP-loaded
gel would be expected when the gel is applied intravaginally. However, increased viscosity can act as a double-edged sword for the
delivery of NPs. On the one hand, the increased viscosity can prolong direct contact between NPs and the vaginal compartment for
enhanced drug delivery. On the other hand, increased viscosity may
inhibit the release of NPs from the gel. As a result, the loading density
of NPs into the gel and the concentration of polymer used for formulating the gel should be carefully designed and evaluated to
achieve the optimal NP gel system.
Increased concentration of antibody enhanced the interaction
between activated NPs and antibody, resulting in improved
amounts of antibody conjugated onto the surface of NPs. However,
as the concentration of antibody increased, the surface of NPs that
could react with the antibody started to reach saturation, resulting
in decreased conjugation efficiency. Here, we have shown that the
conjugation of anti-47 antibody to NPs and formulation into a gel
dosage form do not alter its binding efficiency to 47 in comparison to free antibody as determined in vitro using RPMI 8866 cells
expressing high levels of 47. The percentage of PE+ cells did not
reach 100% in either case probably because of a small percentage of
the antibody being taken up into the cells. In the ex vivo vaginal
explant model, greater than 75% of  4 7 expressed on the cell
surface was blocked by the NP-47 gel within 1 hour, indicating a
rapid and efficient blocking ability of the conjugated antibody. The
percentage of 47 blocked on cells from vaginal explant tissue did
not reach 100% possibly because (i) the incubation period was too
short (1 hour) and no shear stress was present to help the gel formulation completely release all of the NPs, or (ii) the formulation has
limited ability in blocking cells in explant tissues that express low
levels of 47, or (iii) the formulation could not completely penetrate into the tissues because of the tight junction of the intravaginal
epithelium.
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In summary, the anti-47 mAb–conjugated NPs described here
present a novel strategy to deliver the anti-47 antibody intravaginally. The ability to block integrin 47 directly and exclusively on
vaginal T cells may offer a new approach toward preventing the
vaginal transmission of HIV-1 and suggests that NPs may be an
effective way to deliver therapeutic antibodies that target molecules
on the surface of immune cells.
MATERIALS AND METHODS

Ethics statement
Ten female Indian-origin rhesus macaques (Macaca mulatta; mean
age, 8.3 years; range, 5.8 to 17 years; mean weight, 8.4 kg; range,
5.4 to 10.65 kg) were used in compliance with the regulations under
the Animal Welfare Act, the Guide for the Care and Use of Laboratory
Animals, at Tulane National Primate Research Center (TNPRC;
Covington, LA). Animals were socially housed indoors in climate-
controlled conditions with a 12/12-light/dark cycle.
All animals in this study were monitored twice daily to ensure
proper welfare. Any abnormalities, including those related to appetite, stool, or behavior, were recorded and reported to a veterinarian.
The animals were fed with commercially prepared macaque chow,
twice daily. Supplemental food was provided in the form of fruit,
vegetables, and foraging treats as part of the TNPRC environmental
enrichment program. Water was available at all times through an
automatic watering system. The TNPRC environmental enrichment
program is reviewed and approved by the Institutional Animal Care
and Use Committee semiannually. Veterinarians at the TNPRC
Division of Veterinary Medicine have established procedures to
minimize pain and distress through several means. Macaques were
anesthetized with ketamine-HCl (10 mg/kg) or tiletamine/zolazepam
(6 mg/kg) before all procedures. Preemptive and postprocedural
analgesia (buprenorphine 0.01 mg/kg) was required for procedures
that would likely cause more than momentary pain or distress in
humans undergoing the same procedures. The above listed anesthetics and analgesics were used to minimize pain or distress associated with this study in accordance with the recommendations of
the Weatherall Report. All studies were approved by the Animal
Care and Use Committee of the TNPRC (OLAW assurance #A4499-01)
and in compliance with animal care procedures. TNPRC is accredited
by the Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC #000594).
Preparation of vaginal gel loading anti-47 mAb–
conjugated NPs
NPs were fabricated with PEI (branched, MW 25K) (Sigma-Aldrich,
Ontario, Canada) and PLGA-PEG (PLGA-PEG-COOH; 10K-2K)
(Advanced Polymer Materials, Quebec, Canada) by a double emulsion
evaporation method reported previously (51). In brief, 150 l of
tris-EDTA (ThermoFisher Scientific, Ontario, Canada) buffer was
mixed with equal volume of PEI (0.372 mg/ml) followed by the
addition of 600 l of PLGA-PEG-COOH (10 mg/ml) (dissolved in
methylene chloride, high-performance liquid chromatography grade,
ThermoFisher Scientific, Ontario, Canada). The mixture was emulsified by sonication for 15 s, and the primary emulsion was combined with 4.3 ml of 2% PVA (MW, 31K-50K; Sigma-Aldrich,
Ontario, Canada) and sonicated for another 2 min. The resulting
emulsion was stirred at 4°C for more than 3 hours to evaporate the
organic solvent and harden the particles. The NPs were collected by
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As a result, our next step was to evaluate the formulation in a
nonhuman primate model. The NP-47 loaded in 1% HEC gel
preferentially bound to T cells expressing high levels of 47 in the
vagina with significant blockage observed within 72 hours after
administration of a single dose. It appears that penetration of NPs
across vaginal tissue requires a few days to accomplish. The overall
blockage of 47 among intravaginal cells (high and low expression
of 47) was not as high as that of 47high T cells, indicating a limited
binding ability of the formulation to cells expressing a low level of
47. Therefore, a multiple dosing regimen may be considered to
achieve optimal receptor coverage. In addition, therapeutic efficacy
may be improved in future formulations by using directional antibody conjugation (48–50). This orients the Fc region of the antibody to be conjugated to NPs, exposing the antigen-binding sites.
This can be achieved by using specific chemical linkers between the
antibody and NPs. Furthermore, directional antibody conjugation
will increase homogeneity of synthesized NPs, maximize antigen-
binding efficiency, minimize antigen-binding variations among
different batches of NPs, and reduce dosing. All of this will improve
the safety of NPs by minimizing adverse effects. Previous studies
have shown that small interfering RNA (siRNA)–loaded PLGA NPs
with a particle size of about 200 nm could penetrate approximately
75 m into the intraepithelium of mouse vagina and achieve sustained gene knockdown (51). Our NPs blocked 47 on the immune
cells within the epithelium and, perhaps, even within the mucosal
layer (vaginal biopsies include both epithelium and mucosa). Thus,
we can conclude that our NP-47 successfully penetrated the
epithelial layer. However, future studies should address the exact
depth of penetration. In rhesus macaques, infusion of two doses of
anti-47 mAb at 50 mg/kg resulted in more than 99% coverage of
the 47 on CD4+ T cells in the cervicovaginal compartment (11). In
comparison, the blocking efficiency is much lower with our NP-47.
However, additional dosing and use of site-specific conjugation
techniques may improve coverage. Ultimately, future work will
need to determine the degree of 47 blockade required for protection against HIV-1 vaginal infection. A major advantage of this topical
formulation is that the 47-blocking effects were restricted to the
vaginal tract (e.g., the site of HIV transmission). In comparison to
the intravenous formulation, this topical formulation should minimize systemic and off-target side effects, and this will need to be
evaluated in the future. We observed fluctuations in the intravaginal
47-blocking effects in macaques. This may possibly be attributed
to two reasons. First, the in vivo study was performed under natural
menstruation cycling (macaques were not injected with Depo-Provera).
The thickness of the vaginal epithelium and the discharge of cervicovaginal fluid are significantly influenced by menstrual cycles
(52, 53). As a result, different stages of the menstrual cycle may
cause fluctuations of NP penetration ability into vaginal tissues.
Second, different macaques may express significantly different
levels of 47 in vaginal tissues; therefore, those expressing low
levels of 47 may exhibit weaker blocking effects when treated with
NP-47 gel. In the future, further in vivo studies could be proposed
to address these points to get a better understanding of the therapeutic efficacy. For example, it would be interesting to determine
whether intravaginal treatment of macaques with free 47 antibody
gel is effective in blocking 47 on the surface of vaginal lymphocytes.
Future studies should also evaluate the duration of the blocking
effect and the safety profile, e.g., measuring the cytokine levels in
the vaginal lumen.
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Characterization of NP-47
For measuring particle size and zeta potential, NPs were resuspended
in NaH2PO4 (pH 7.0) or VFS (pH 4.2) at a concentration of 25 g/ml.
Particle size was determined by dynamic light scattering (DLS)
using ZetaPALS (Brookhaven Instruments, New York, USA). Zeta
potential was also determined using DLS under Smoluchowski mode.
Samples were analyzed in triplicate for three runs at 2 min each.
In vitro NP-47 cell-binding studies
RPMI 8866, a human lymphoblastoid cell line expressing high levels
of 47, was purchased from Sigma-Aldrich (Ontario, Canada) and
maintained in RPMI 1640 containing 2 mM glutamine (Corning,
Ontario, Canada) supplemented with 10% fetal bovine serum (FBS;
ThermoFisher Scientific, Ontario, Canada). PE-labeled anti-47 mAb
(2% of the total antibody for conjugation) was used for cellular detection. NP-47 with an antibody loading of 30.5 and 43.4 g Ab/mg
NPs (as indicated in Table 2) was prepared and formulated into 1%
HEC gel following the method mentioned above. On the day of the
experiment, approximately 3 × 105 cells were seeded onto 24-well plates
in 500 l of culture medium per well. Cells were incubated with 1%
HEC gel loaded with NP-47 containing two different antibody
loadings for 2 and 24 hours. The final concentrations of PE-labeled
anti-47 antibody in each group were about 1.2 and 1.8 g/ml. Cells
were collected and washed with cold PBS (ThermoFisher Scientific,
Ontario, Canada) and analyzed using flow cytometry (Canto II, BD,
Ontario, Canada) immediately to quantify the percentage of PE+ cells.
Ex vivo vaginal explant studies
Macaque vaginal tissue biopsy samples were collected using a biopsy
punch (5 mm by 5 mm; two pieces; ThermoFisher Scientific, Massachusetts,
Yang et al., Sci. Adv. 2020; 6 : eabb9853
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USA) and placed on ice in L15 medium (ThermoFisher Scientific,
Massachusetts, USA) containing 10% FBS (ThermoFisher Scientific,
Massachusetts, USA), penicillin (100 U/ml), and streptomycin
(100 g/ml) (ThermoFisher Scientific, Massachusetts, USA). Tissues
were extensively washed with PBS and placed onto a 24-well
Transwell insert (3-mm pore size; Corning, New York, USA) with
the mucosa side facing up. The epithelium was surrounded with 3%
agarose, and the basolateral chamber was filled with Dulbecco’s
modified Eagle’s medium (ThermoFisher Scientific, Massachusetts,
USA) supplemented with 10% FBS, penicillin (100 unit/ml), streptomycin (100 g/ml), and nonessential amino acids. A dose of 20 or
100 l of 1% HEC gel loaded with NP-47 (43.4 g Ab/mg NPs)
was added to the tissues, resulting in two different antibody concentrations (0.3 and 1.5 mg/ml). The tissues were incubated at 37°C,
5% CO2 in a humidified incubator for 1 hour. At the end of treatment, tissues were removed from the insert and extensively washed
with PBS. For digestion, the washed tissues were cut into small pieces
in a small petri dish containing collagenase IV (Worthington
Biochemical, New Jersey, USA), Hanks’ balanced salt solution
(HBSS) buffer (ThermoFisher Scientific, Massachusetts, USA) and
incubated for 40 min at 37°C on a shaking platform. Digested tissues were then passed through a 40-micrometer cell strainer. Cell
suspensions were stained with the viability dye LIVE/DEAD Aqua
dye (Molecular Probes, Massachusetts, USA) before being incubated
with a combination of anti-CD4 (H7), anti-CD3 (V450), and anti-47
(PE) antibodies from BD Biosciences (California, USA). Cells were
incubated with the antibodies for 20 min at 4°C, washed, and fixed
in 2% paraformaldehyde (BD Biosciences, California, USA). Samples
were analyzed on a BD LSRII Flow Cytometer.
Rhesus macaque 47-blocking studies
For the in vivo study, 1% HEC gel loaded with NP-47 or NP-IgG
(43.4 g Ab/mg NPs) was used to dose the animals. Ten rhesus
macaques were divided into two groups and administered intravaginally with either 3 ml of NP-47 gel (Canti-47 antibody = 1.5 mg/ml;
six animals) or 3 ml of NP-IgG gel (CIgG antibody = 1.5 mg/ml; four
animals) after anesthesia administration (animals were anesthetized
for 40 min for the procedure and to allow absorption). Samples
were collected at baseline (7 days before treatment), 4, 24, and
72 hours after treatment as indicated in the sampling schematic
(Fig. 3). Depot medroxyprogesterone acetate was not administered,
and the menstrual cycle of these macaques was not monitored.
Blood and various tissues, including inguinal lymph nodes and
mucosal tissues (rectal, vaginal, and ectocervix), were collected.
Mucosal tissues were cut into small pieces and washed in HBSS
with Ca2+/Mg2+ and digested for 45 min in HBSS supplemented
with collagenase IV (1 mg/ml) and human serum albumin (1 mg/ml)
(ThermoFisher Scientific, Massachusetts, USA) on a shaking platform at 37°C. Cell suspension was then passed through a 40-m
nylon cell strainer. Lymph nodes were cut into small pieces and
passed directly through a 40-m cell strainer. PBMCs were isolated
using Ficoll-Hypaque density gradient centrifugation.
Cell suspensions were stained with the viability dye LIVE/DEAD
Aqua dye (Molecular Probes, Massachusetts, USA) before being
incubated with a combination of anti-CD4 (BUV395), anti-CD3
(V450), and anti-CD95 (PerCP-Fluor 710) antibodies from BD
Biosciences (California, USA). Cells were also stained with anti-
CD49d (integrin alpha 4, NovusBio) and anti-47 (PE, nonhuman
primate repository, Beth Israel Medical Center, Massachusetts,
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centrifugation and washed with double-distilled water to remove
excess PVA. Approximately, 6 mg of NPs was resuspended in 1.7 ml of
0.1 M 2-(N-morpholino) ethanesulfonic acid (Sigma-Aldrich, Ontario,
Canada) buffer (pH 6.0), then 200 l of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC; 200 mg/ml; G-Biosciences, Missouri, USA)
and 100 l of N-hydroxysuccinimide (NHS; 275 mg/ml; G-Biosciences,
Missouri, USA) were added to the suspension. The mixture was
stirred at room temperature for 1 hour to activate the carboxyl
group, and then, the activated NPs were collected by centrifugation
to remove excess EDC and NHS. The NPs were then resuspended
in 0.1 M NaH2PO4 (ThermoFisher Scientific, Ontario, Canada) buffer
(pH 7.4), and anti-47 mAb (47 Ab, MassBiologics, Massachusetts,
USA) was added to the suspension, resulting in a final volume of
290 l. Three different concentrations of 47 Ab (0.7, 1.4, and
3.4 mg/ml) were evaluated for conjugation efficiency and antibody
loading during the optimization stage. The mixture was stirred at
room temperature for 4 hours to facilitate antibody conjugation.
Antibody conjugation efficiency was measured by directly quantifying
the antibody on NPs using the BCA kit (ThermoFisher Scientific,
Ontario, Canada). Last, the NP-47 was separated from unconjugated antibody by centrifugation and formulated into a 1% HEC
(250 HX Pharma, Ashland, Kentucky, USA) gel. Initially, a 2% HEC
gel was prepared by dissolving HEC in 0.1 M NaH2PO4 buffer (pH 7.4),
and the final pH was adjusted to 7.0. The resulting NP-47 was
then resuspended in 0.1 M NaH2PO4 buffer (pH 7.0), and equal volumes
of 2% HEC gel and NP-47 suspension were combined together
and mixed to obtain a homogenous formulation of 1% HEC gel
loaded with NP-47.

SCIENCE ADVANCES | RESEARCH ARTICLE
USA). Cells were incubated with the antibodies for 20 min at 4°C,
washed, and fixed in 2% paraformaldehyde. Greater than 200,000
events were acquired in the lymphocyte live cell gate using the BD
LSRII Flow Cytometer. Data were analyzed with FlowJo 9.9.4.
Statistical analysis
One-way ANOVA test was used to compare the statistical significance between NP-IgG gel and NP-47 Ab gel in the ex vivo study
(Fig. 2),  = 0.05. Two-way ANOVA test was used to compare the
statistical significance between NP-IgG gel and NP-47 Ab gel in
the in vivo study (Fig. 4),  = 0.05. Tabular results and Dunnett’s
multicomparison results were reported.
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