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Abstract

The a4p7 integrin present on host cells recognizes the V1V2 domain of the HIV-1 envelope
protein. This interaction might be involved in virus transmission. Administration of a4p7-specific
antibodies inhibit acquisition of SIV in a macaque challenge model. But the molecular details of
V1V2:a4f7 interaction are unknown and its importance in HIV-1 infection remains controversial.
Our biochemical and mutational analyses show that glycosylation is a key modulator of V1V2
conformation and binding to a4p7. Partially glycosylated, but not fully glycosylated, envelope
proteins are preferred substrates for a4f7 binding. Surprisingly, monomers of the envelope protein
bound strongly to a4p7 whereas trimers bound poorly. Our results suggest that a conformationally
flexible V1V2 domain allows binding of the HIV-1 virion to the a4p7 integrin, which might
impart selectivity for the poorly glycosylated HIV-1 envelope containing monomers to be more
efficiently captured by a4f7 integrin present on mucosal cells at the time of HIV-1 transmission.
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1. Introduction

The entry of viruses into a host cell is a complex and multistep process. While some viruses
might “land and enter”, most viruses probably use a “land and seek” approach. The virus
first attaches to a molecule that is either easily accessible or abundantly present on the cell
surface, then seeks a primary receptor to which it binds specifically, and finally enters the
cell (Boulant, Stanifer, & Lozach, 2015). This is perhaps best illustrated in the tailed
bacteriophage T4, which contains six long fibers attached to the base of a tail. The tips of the
fibers bind to lipopolysaccharide on the E. colisurface, allowing the virus to land on the host
cell (adsorption). By reversible attachment and detachment of the tail fibers, the virus, still
bound to the host cell, can move and scan for a specific and stable (irreversible) attachment
to the primary receptor(s) on the cell surface. This strategy allows for high efficiency of
infection which, in phage T4, reaches the theoretical maximum of one virus per host cell
(Goldberg, 1983).

Although the components and mechanisms vary, the basic “land and seek” strategy appears
well-conserved among viruses. Many mammalian viruses are known to move along the cell
surface before binding to primary receptor and entering into the host cell. For instance
murine leukemia virus (MLV) and vesicular stomatitis virus (VSV) have been described as
“surfing” along cellular filopodia prior to entry (Lehmann, Sherer, Marks, Pypaert, &
Mothes, 2005). This strategy is also essential for cell-to-cell transmission, an important
feature of HIV-1 life cycle. HIV-1 has been reported to interact with a number of surface
molecules that might aid in its attachment and entry into T-cells or cell-to-cell transmission
(Mothes, Sherer, Jin, & Zhong, 2010). These include C-type lectin receptors such as
dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN)
(Geijtenbeek et al., 2000) and dendritic cell immunoreceptor (DCIR) (Lambert, Gilbert,
Richard, Beaulieu, & Tremblay, 2008), heparin sulfate proteoglycan (HSPG) (Mondor,
Ugolini, & Sattentau, 1998), sialic acid-binding immunoglobulin-type lectin-1 (Siglec-1)
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(Izquierdo-Useros et al., 2012; Jobe et al., 2016), and a4p7 integrin (Arthos et al., 2008)
(Fig. 1A).

The a4p7 integrin is a particularly intriguing molecule. Projecting out to ~22 nm from the
cell surface, it has been implicated in enhancing the transmission competency of HIV-1 at
the site of exposure during sexual transmission (C. Cicala, Arthos, & Fauci, 2011). The
V1V2 domain, present at the apex of the HIV-1 envelope spike, is the site for a4p7 binding
(Fig. 1B and 1C) (Jelicic et al., 2013). Although not essential for HIV-1 infection, the
a4f7:V1V2 interaction has been reported to enhance the efficiency of infection /n vitro and
in vivo (Ansari et al., 2011; Li, 2015; Tjomsland et al., 2013). The RV144 trial, the only
HIV-1 vaccine trial that showed a modest 31% efficacy, demonstrated correlation between
elicitation of VV2-specific antibodies and protection against HIV-1 infection (Haynes et al.,
2012). In a macaque model of repeated low-dose vaginal challenge, animals treated with
anti-a4p7 antibodies were >60% less likely to become infected at any one challenge than
the untreated animals (Byrareddy et al., 2014). Furthermore, a direct correlation between the
expression of a4p7 and susceptibility and progression of disease has been observed
(Byrareddy et al., 2015). In the most recent study (Byrareddy et al., 2016), blocking of a 47
in SIV infected monkeys maintained undetectable viral loads and normal CD4* T cell counts
even after all anti-retroviral therapy (ART) treatment was withdrawn.

The primary receptor and co-receptors of HIV-1 are CD4 and CCR5 (or CXCR4),
respectively (Klatzmann et al., 1984; Rizzuto et al., 1998). Both receptors are reported to co-
localize with a4B7 on the surface of CD4+ T-cells in the mucosa (Claudia Cicala et al.,
2009). The trimeric envelope spike on the virion surface is the entry machine (Y. D. Kwon et
al., 2015; Pancera et al., 2014). Each subunit (protomer) of the spike is a hetero-dimer of the
glycoproteins gp120 and gp41 that are produced by cleavage of the envelope glycoprotein
(Env) precursor, gpl160. gp120 interacts with the CD4 receptor which causes a
conformational change that exposes the CCR5 binding site in the V3 domain. Upon binding
to CCR5, a series of conformational changes occur in the protomer, resulting in the insertion
of the gp41 fusion peptide into the host cell membrane (Klasse, 2012; Weissenhorn, Dessen,
Harrison, Skehel, & Wiley, 1997). The viral and host lipid bilayers fuse, resulting in entry of
the nucleocapsid core into the target cell.

The interacting regions of Env, CD4, and CCR5 have been elucidated in atomic detail
(Diskin, Marcovecchio, & Bjorkman, 2010; Y. D. Kwon et al., 2015; Kwong et al., 1998),
leading to the design of vaccine candidates and antiviral therapeutics that can interfere with
these interactions. However, it is unlikely that the HIV-1 virus lands on the CD4/CCR5
receptors. Nor is it likely that the virus can find the CD4 receptor by random interactions
with the cell surface, which contains an intricate maze of molecules in which CD4 is
probably buried. Therefore, attachment of HIV-1 virion to cell surface molecules such as
a4f7 through the V1V2 domain probably provides a mechanism for virus capture, and to
reach the CD4 receptor at the timescales of virus infection. However, very little is known
about these putative pre-CD4 V1V2:a4p7 interactions. The highly conserved LDI/V
tripeptide present at the junction of the C B-strand and the V2 loop (Fig. 1C and 1D) is
thought to be important for binding to a4p7 (Arthos et al., 2008). But it is not clear if LDI/V
is part of the binding site or if it is important for the conformation of the V1V2 domain
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(O’Rourke et al., 2010). Other residues of the V2 loop (Tassaneetrithep et al., 2014), and of
the V3 loop (Peachman et al., 2015), were also linked to a4p7 binding. Complicating the
issue is the glycosylation state of the V1V2 domain which contains a cluster of protein N-
glycosylation sites. Furthermore, the number of glycosylation sites vary greatly in different
strains and subtypes, and also depending on the length of the highly variable V1 and V2
loops. One or a very few transmitter/founder (T/F) viruses that establish the initial infection
during HIV-1 transmission are reported to be poorly glycosylated (Derdeyn et al., 2004; Ping
et al., 2013). How these T/F viruses are selected remained as an open question. If a4f7 were
to be important for transmission of HIV-1 at the mucosa, as the evidence implicates
(Byrareddy et al., 2014), a detailed understanding of the a4B7:V1V2 interactions is critical
to elucidate the mechanisms and to design effective HIV-1 vaccines.

Here, we examined the a 47 interaction of a series of HIV-1 envelope proteins (gp140)
from different subtypes and strains, in different glycosylation and oligomeric states, and
containing various mutations in the V1V2 domain. We found that glycosylation of the V1V2
domain affects the conformation, processing, and secretion of gp140. The fully glycosylated
envelope proteins showed the least binding whereas partially deglycosylated VV1V2 proteins
showed the strongest binding. A strong correlation between the extent of deglycosylation
and a4p7 binding was observed. Surprisingly, monomers of the envelope protein bound the
strongest whereas trimers bound poorly to a4p7. Our results suggest that a flexible
conformation of the V1V2 domain present at the apex of the trimer spike is essential for
interaction with a4p7. We speculate that these findings may have biological significance in
that the poorly glycosylated HIV-1 virions containing monomers of the envelope protein
may present conformations that could be efficiently captured by a4p7 integrin present on
the mucosal cells at the time of HIV-1 transmission.

2. Materials and methods

2.1. Cells and media

RPMI 8866 cells, a B lymphoid cell line (Sigma), were maintained in RPMI 1640 media
(Gibco) supplemented with 2mM Glutamine and 10% fetal bovine serum (FBS; Quality
Biologicals). HEK293F (Life Technologies) and HEK293S GnTI~ (ATCC CRL-3022) were
maintained in FreeStyle 293 expression medium (Life Technologies). GnTI™ cells were
supplemented with 1% FBS. All cells were grown in suspension on an orbital shaker (Infors
HT) at 120 RPM, at 37°C, 80% humidity, and 8% CO,.

2.2. Plasmids

The expression vector maps are shown in Fig 3. The furin-expressing plasmid, Furin:FLAG/
pGEM7Zf(+), was obtained from Dr. Gary Thomas (Vollum Institute, Portland, OR). The
furin fragment from this plasmid was subcloned into pcDNA3.1(-) (Life Technologies, Inc.)
using EcoRI and Hindlll restriction sites. gp140 clones were codon optimized and
constructed as previously described (AlSalmi et al., 2015). gp140 mutations described in the
“Results” were generated using NEB site-directed mutagenesis kit (NEB Q5) or by splicing
by overlap extension (SOE)-PCR in the pcDNA3.1(-) vector. For gp16-scaffolded clones for
mammalian expression, a modified gp16 pcDNA3.1 (=) vector was constructed with a Gluc
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(Gaussia Luciferase) signal peptide at the N-terminus followed by T4 gp16 small terminase,
a small SASA linker and a Twin StrepTag. Restriction sites EcoRI and BamH1 were
introduced between gp16 and the SASA linker. Codon optimized Zm249 and Zm?246
sequences were constructed using gene assembly PCR (AlSalmi et al., 2015) with the
appropriate restriction sites. The amplified DNAs were then digested with EcoR1 and
BamH1 and ligated with the linearized gp16-pcDNA3.1(-). Additional mutations described
in the “Results” were introduced by SOE-PCR and cloned into the pcDNA3.1(-) vector. The
E. coli-expressed gpl6-scaffold recombinants were constructed by SOE-PCR using primers
containing Ncol and Notl restriction sites. Mutations were introduced into these clones using
the NEB site-directed mutagenesis kit (NEB Q5) or by SOE-PCR.

2.3. a4p7 binding assay

Purified V1V2 and gp140 proteins were coated onto 96-well black, clear-bottom plate
(Greiner), 15 pmoles per well, for 1 hour. The wells were subsequently washed 3 times with
blocking buffer (ImM MnCl,, 0.1mM CaCl,, 10mM HEPES, 150mM NaCl, and 10% FBS)
and then incubated with the blocking buffer for 1 hour. Wells were then washed 3 times with
wash buffer (ImM MnCl,, 0.1mM CaCl,, 10mM HEPES, 150mM NacCl, and 1% FBS).
RPMI cells (50 pl/well of 4x10° cells per ml) were added in cell dilution buffer (wash buffer
containing 5% FBS) and allowed to bind for 1 hour. Wells were then washed 5 times with
wash buffer and the remaining bound cells were detected with the CellTiterGlo kit
(Promega) as per the manufacturer’s instructions.

For inhibition studies, the a4p7 blocking mAbs Act-1 and HP2/1 were used at 12ug/ml and
7ug/ml, respectively. Act-1 was obtained through the NIH AIDS Reagent Program, Division
of AIDS, NIAID, NIH: a4-g7 monoclonal antibody (cat#11718) from Dr. A. A. Ansari
(Lazarovits et al., 1984). HP2/1 was purchased from AbD Serotec.

2.4. Protein production and purification

2.4.1. Scaffolded V1V2 proteins (non-glycosylated)—The scaffolded V1V2
constructs were grown from a single £. coli colony in 5 ml LB media for overnight with
antibiotics (kanamycin 50 pg L1, chlorophenicol 34 ug L™1) at 37°C. Next day the culture
was diluted (1:50) in Moor’s media with antibiotics and grown at 37°C until the O.Dggg
reached to 0.6. The recombinant protein expression was induced by adding 0.85 mM IPTG
and the culture was grown at 20 °C for 5 hours. The cells were harvested at 7000 rpm for 15
minutes and were resuspended in Suspension buffer (50mM Tris-HCI pH 8, 300mM NacCl,
and 20mM imidazole). DNase | and protease inhibiter were added and cells were lysed using
French press (1000 psi). The lysate was centrifuged at 17,000 rpm for 30 minutes. The cell
debris was discarded and the supernatant was passed through a .22 pM filter. Ni-NTA resin
was added to the lysate and the mixture was incubated at 4°C in a rotating falcon tube for 1
hour. The Ni-NTA beads were collected in a column and were washed three times with Wash
buffer (50mM Tris-HCI pH 8, 300mM NacCl, and 20mM imidazole). Bound proteins were
subsequently eluted using the Elution buffer (50mM Tris-HCI pH 8, 250mM NacCl, and
250mM imidazole).
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2.4.2. Glycosylated V1V2 and gp140 proteins expressed in mammalian cells—
The V1V2 and gp140 proteins were produced in GnTI™ cells as previously described
(AlSalmi et al., 2015). For transfection, cells were grown overnight in 293 freestyle media to
a density of 1 x 108 cells/ml in the presence of 1% FBS. Two hours prior to transfection,
cultures were centrifuged at 100 x g for 5 min and resuspended in fresh medium to a density
of 2 x 10% cells/ml in the absence of FBS. In Optimem (Gibco), gp16-expressing plasmid
was added with polyethyleneimine (PEI25k, Polyscience Inc.) at a PEI/DNA (w/w) ratio of
3:1. After 5-minute incubation at room temperature, this mixture was added to cells. After
12 h, an equal volume of fresh medium and 1% FBS (v/v) was added. HyClone
SFM4HEK?293 medium was added to a final concentration of 10% and sodium butyrate was
added to a final concentration of 1ImM.

gp140 protomers were produced in 293F cells as previously described (AlSalmi et al., 2015).
Briefly, for transfection, cells were grown overnight in 293 freestyle media to a density of 1
x 10 cells/ml. Two hours prior to transfection, cultures were centrifuged at 100 x g for 5
min and resuspended in fresh medium to a density of 2 x 108 cells/ml in the absence of FBS.
The gpl40-expression plasmid was mixed with the furin-expression plasmid at a 1:3 ratio
and then it was mixed with OptiPro SFM (Invitrogen). In a separate tube, MAX transfection
reagent (Invitrogen) was diluted in OptiPro SFM. These two mixtures were immediately
combined and incubated at room temperature for 10 min and then added to the cells. After 4
hrs, ImM sodium butyrate (Sigma-Aldrich) and 10% HyClone SFM4HEK?293 (Hyclone
Laboratories Inc) were added.

For all proteins, the supernatant was harvested and clarified using a 0.2 um filter (Corning)
on day 5. Protease inhibitor tablets (Roche Diagnostics) and Bio-Lock biotin blocking
solution (IBA Life Sciences) were added to the supernatant containing the secreted proteins.
After 30 minutes at 4°C, Strep-Tactin beads (Qiagen) were added and allowed to rotate
overnight at 4 °C. The beads were pelleted at 200 rpm and then applied to a spin column
(Pierce). They were briefly centrifuged to remove residual supernatant, and then washed
twice with 50mm Tris-HCI, pH 8, and 300 mm NaCl. The bound gp140 or gp16-V1V2
proteins were eluted with Strep-Tactin elution buffer (2.5 mm d-desthiobiotin (Sigma), 25
mm Tris-HCI, pH 8, and 150 mm NaCl). The peak fractions were pooled and concentrated
using 100 kDa MWCO Amicon Ultra-4 centrifugal filter units (Millipore).

The protomers were further purified by size exclusion column chromatography using the Hi-
Load 16/600 Superdex-200 (prep-grade) column (GE Healthcare) equilibrated with the gel
filtration buffer (25 mM Tris-HCI, pH 8, 150 mM NaCl). Chromatography was done using
the AKTA FPLC system (GE Healthcare) and the separated trimer and monomer fractions
were collected, concentrated, and stored at —80 °C.

2.5. Protein gels

Proteins were separated on either 4-20% gradient Tris-glycine gels (Life Technologies) or
homemade 10% or 12% gels in the presence of DTT. The BLUEstain protein ladder 11-245
kDa (Gold Biotechnology) was used as a molecular weight marker. BN-PAGE was
performed using the Novex NativePAGE BisTris gel system in 4-16% gradient gels
according to the manufacturer’s instructions (Life Technologies). The NativeMark unstained
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protein standard (Life Technologies) was used as the molecular weight marker. All gels were
stained with Coomassie Blue R-250 solution.

2.6. Deglycosylation

For preparation of proteins to be used in a4f7 binding assays and for analysis on native
gels, the purified V1V2 and gp140 proteins were deglycosylated by treatment with 0.25U of
PNGase (NEB) per 52.5 pmoles of protein under non-denaturing conditions (50 mM sodium
phosphate, pH 7.5, and 5 mM DTT) and incubated overnight at room temperature. For
deglycosylation under denaturing conditions, the proteins proteins were treated with PNGase
(NEB) under denaturing conditions (0.5% SDS, 40 mM DTT, 50 mM sodium phosphate,
and 1% NP-40) and incubated for about 1 hr at 37°C.

For gradual deglycosylation, the purified gp140 monomers or trimers were treated with
0.05U of PNGase per ~0.8 ug of protein in 50 mM sodium phosphate buffer (pH 7.5) and 5
mM DTT. PNGase was inactivated at different time intervals by changing the temperature of
reaction mixture from 37°C to 3°C. The sample was split into two halves and one half (~4
ug) was used for SDS-PAGE to analyze the degree of deglycosylation and the other half for
a4f7 binding.

2.7. Western blotting

After separation by SDS-PAGE, proteins were transferred to a PVDF membrane using the
Trans-Blot® Turbo™ Transfer System and Trans-Blot® Turbo™ RTA Mini PVDF Transfer
Kit (Bio-rad Laboratories Inc) for 10 min at 25 volts. After protein transfer, using vacuum-
driven technologyUsing SNAP i.d 2.0 (EMD Milipore), blots were blocked for 30 s with 30
ml of 1% Bovine Albumin (Amresco LLC) followed by incubation with 5 ml of StrepMAB-
Classic HRP conjugated Ab (iba Life Sciences, dilution 1:10,000 in PBS) for 15 min. The
membrane was washed four times with 30 ml of wash buffer for 30 s (0.1% Tween-20 in 1x
PBS). Signal was detected using Clarity™ Western ECL Blotting substrate (Bio-rad
Laboratories Inc).

3. Results

3.1. Preparation of V1V2 recombinant proteins

To characterize the V1V2:a4p7 interactions, we have produced a large number of V1V2
recombinant proteins in two forms (Supplementary file 1: Supplementary Fig. S1A and
S1B): i) scaffolded V1V2 in which the V1V2 domain was fused to a self-assembling
bacteriophage T4 protein, gene product 16 (gp16), and ii) V1V2 domain as part of the entire
ectodomain of HIV-1 envelope glycoprotein, gp140. The latter contained gp120 and gp41
truncated at amino acid (aa) 664 (HXB2 numbering), which is at the junction of the
membrane proximal external region (MPER) and the transmembrane domain. Importantly,
V1V2 proteins from several HIV-1 subtypes including subtypes A (BG505), AE (FV40007,
FV40100), B (JR-FL, SF162), and C (ZM249, ZM246) were produced to determine their
ability to bind to a4p7, which also allowed inclusion of several internal controls to validate
the findings.
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The scaffolded V1V2 proteins were constructed by fusing the V1V2 domain (aa 118-207;
Fig. 1C and 1D) to the carboxy terminus of gp16 from phage T4. Also known as small
terminase (TerS), the 18 kDa protein is a DNA packaging protein that self-assembles into
stable 12-mers (and 11-mers) (Sun et al., 2012). Consequently, the oligomeric gp16-V1V2
would display a symmetric and high density array of V1V2 motifs for interaction with
a4p7(see below in Fig. 3C). The V1V2 domains from two subtype C founder viruses,
ZM249 and Zm246 (Salazar-Gonzalez et al., 2009), were produced either in the non-
glycosylated form by expression from a prokaryaotic expression vector or in the glycosylated
form a mammalian expression vector (Supplementary file 1: Supplementary Fig. S1A and
S1B). Either a hexa-histidine tag or a twin Strep-tag was added to the termini for rapid
purification of the recombinant proteins (see Materials and Methods for details).

The gp140 clones were constructed by inserting the gp140 sequences from BG505, SF162,
JR-FL, F\V40007, and FVV40100 into our mammalian expression vector (AlSalmi et al.,
2015) (Supplementary file 1: Supplementary Fig. S1C). The FV4007 and FV40100 gp140
sequences were from the CRF_01 subtype AE founder virus (FV) sequences isolated from
the early-capture RV217 trial patients 40007 and 40100, respectively (AlSalmi et al., 2015;
Robb et al., 2016). In-frame insertion of the gp140 DNA resulted in the fusion of human
CD?5 signal peptide at the N-terminus for secretion of gp140 into the culture medium
(AlSalmi et al., 2015; Ringe et al., 2013) and a twin Strep-tag at the C-terminus of gp140 for
rapid purification by Strep-Tactin chromatography (AlSalmi et al., 2015). In addition, the R6
mutation was introduced to enhance furin cleavage (Sanders et al., 2002) and the SOSIP
mutations to stabilize the gp140 structure through inter-subunit disulfide crosslinking
between gp120 and gp41 (Binley et al., 2000). The gp140 proteins were produced in
different glycosylated forms by transfecting the recombinant DNA into different mammalian
cell lines, 293F, GnTI~, or CHO. Secreted gp140 proteins were purified by passing the
culture medium through a Strep-Tactin affinity column followed by size-exclusion
chromatography where necessary (AlSalmi et al., 2015) (see Materials and Methods for
details).

Reactivity with well-characterized V1V2 monoclonal antibodies (mAbs) demonstrated that
the V1V2 domain of gp16-V1V2 and gp140 proteins displayed a “native-like”
conformation. First, CH58, a mAb that recognizes a linear epitope in the V2 domain (Liao et
al., 2013; Nicely et al., 2015) showed as strong reactivity with the gp16-V1V2 and the
FV40007 gp140, consistent with the fact that both the proteins retained nine of the ten
binding residues of the epitope (Fig. 2A and 2C). Both the non-glycosylated and
glycosylated gp16-V1V2 proteins bound well, in agreement with the previous report that
binding of CH58 mAb is not dependent on glycosylation (Liao et al., 2013). On the other
hand, JR-FL gp140 that contained only six of the ten binding residues bound poorly. Second,
CH59, a conformational V1VV2 mAb (Liao et al., 2013) bound only with the F\V40007 gp140
as it retained all four key aa residues that are essential for binding (Fig. 2B and 2D). X-ray
structure of the CH59-V2 complex showed that the residues K169 and H173 are critical for
binding (Liao et al., 2013). Both the gp16-V1V2 and FVV40007 gp140 in which H173 was
replaced by Y lost reactivity with CH59. Third, the quaternary broadly neutralizing antibody
(BnAb) PG9, which recognizes the mannose glycans at positions N160 and N156 and the
overall cationic nature of the C p-strand (McLellan et al., 2011) reacted with gp16-V1V2
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and FV40007 gp140 as both the proteins retained these features (Fig. 2A and 2E). But the
reactivity was lower than that reported with the gp140 trimers (Walker et al., 2009),
consistent with the fact that PG9 requires the quaternary (trimeric) structure for stable
binding. On the other hand, JRFL gp140 having an E mutation at K168 in the C B-strand lost
its reactivity, in agreement with the previous reports (Walker et al., 2009) (Fig. 2A and 2E).
None of the control proteins lacking V1V2 showed any reactivity with any of these
antibodies. Collectively, therefore, these sets of data indicated that our purified proteins
retained a “native-like” conformation of the V1V2 domain.

3.2. Specificity of interaction between the V1V2 domain and the a4p7 integrin

We have developed a high-throughput assay to analyze the V1V2:a4p7 interactions (Fig.
3A). MAACAM-1 (mucosal addressin cell adhesion molecule-1), the natural ligand for a4p7
(Berlin et al., 1993), was coated on a 96-well ELISA plate and incubated with RPMI-8866
B-cells (Matsuoka, Moore, Yagi, & Pressman, 1967) that constitutively express a4f7 on the
cell surface but not the HIV-1 primary receptor CD4 and co-receptor CCR5 (Peachman et
al., 2015). After washing off the unbound cells, the MAdCAM-1-bound cells were
quantified using the luciferase-based CellTiterGlo detection system (Fig. 3B; see Materials
and Methods for details). The specificity of binding was ascertained by the inhibition of
binding by a4p7-specific mAbs (Fig. 3B; see below). This direct binding assay is similar to
the one recently reported (Peachman et al., 2015) except that the luciferase system provided
a robust ~100-fold dynamic range to evaluate differences in a4p7 binding. In a typical
experiment, ~7.5 pmol (0.4pg) of MAdCAM-1 captured ~2 x 10° cells, generating a signal
of ~1 x 109 relative light units (RLU) (Fig. 3B). Negative controls lacking MAdCAM-1 or
wells blocked with FBS prior to adding MAdCAM-1 gave a background of ~104 RLUs. In
the subsequent experiments for testing V1V2:a4p7 binding, ~1ug of purified V1V2 proteins
were coated on a 96-well ELISA plate and compared with the MAdCAM-1 binding used as
a positive control.

We first tested the non-glycosylated scaffolded V1V2 domains from subtype C ZM249 and
ZM246 viruses for binding to a4p7 (Fig. 3C; see below for binding of the glycosylated
forms). Both the purified proteins (Fig. 3D) bound to a4f7 at slightly less but comparable
levels as its natural ligand MAdCAM-1 (Fig. 3E). The interaction was specific, as
established by several criteria. First, the negative controls, gp16 alone or FBS wells did not
show significant binding. Second, on a molar basis, binding of the gp16-V1V2 proteins is
comparable to that of MAJCAM-1. Third, pre-incubation of cells with a4p7-specific mAbs
ACT-1 and HP2/1 inhibited the binding of the gp16-V1V2 proteins to the a4p7-expressing
RPMI 8866 cells.

Significantly, we found that the antibody inhibition pattern of V1V2:a4B7 binding was
distinct from that of MAJCAM-1:a4B7 binding. HP2/1 inhibited V1V2:a4p7 binding more
strongly than Act-1, whereas the reverse was true for MAdCAM-1:a4p7 binding (Fig. 3E).
This was consistently observed for all the scaffolded VV1V2 and gp140 constructs tested in
this study (see below). X-ray structures of a4p7-Ab complexes have established that Act-1
recognizes the B7 subunit and sterically inhibits the binding of MAJCAM-1 whereas HP2/1
recognizes the a4 subunit with its epitope located on the opposite side of the a4p7 binding
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cleft (Yu, Schurpf, & Springer, 2013). This suggests that while both MAdCAM-1 and V1V2
domain interacted with a4p7, they did so in a different manner.

3.3. Deglycosylated, but not glycosylated, V1V2 domain binds a487

Structure-function studies have established that the V1V2 domain is heavily glycosylated
and glycosylation is essential for neutralization by several BnAbs, including the quaternary
BnAbs PG9 and PG16 (Doores & Burton, 2010). The ZM249 V1V2 domain contains seven
N-linked glycosylation motifs, NXT/S. (Fig. 1D). To determine the importance of
glycosylation in the V1V2:a4p7 interaction, gpl6-V1V2 proteins were expressed in GnTI™
cells, which add Mans_gGIcNACc2 to Asn of the N-glycosylation motif (Reeves, Callewaert,
Contreras, & Khorana, 2002). The glycosylated gp16-V1V2 proteins secreted into the
medium were purified by Strep-Tactin affinity chromatography and tested for binding to
a4f7. Surprisingly, the glycosylated gp16-V1V2 proteins did not show significant binding
to a4p7 (Fig. 4A, see ZM249 untreated). Similar results were obtained when the scaffold
proteins were produced in 293F cells that introduce complex glycosylations (Chang et al.,
2007) (data not shown; production of gp16-V1V2 proteins was low in 293F cells, hence
GnTI™ cells were used for further analyses).

We hypothesized that failure of the glycosylated V1V2 proteins to bind to a4f7 may be
because the glycans rigidified the V1V2 conformation and/or hindered a4f7’s access to the
V1V2 binding region. This was tested by deglycosylation of gp16-V1V2 recombinant
proteins (ZM249) with PNGase in the presence of 5mM DTT (non-denaturing
deglycosylation, no SDS was added) and evaluation of the deglycosylated proteins for
a4f7-binding. PNGase cleaves asparagine-linked complex glycans including the hybrid or
high mannose oligosaccharides, unless the core contains an a(1—3)-fucose linkage (Tretter,
Altmann, & Marz, 1991). That the glycans were removed by deglycosylation was confirmed
by gel analysis (Maley, Trimble, Tarentino, & Plummer, 1989). As shown in Fig. 4B, the
deglycosylated gp16-VV1V2 band under non-denaturing conditions (-SDS; lane 2) migrated
much faster than the glycosylated band (lane 3) but it migrated slightly above the fully
deglycosylated gp16-V1V2 band under denaturing conditions (+SDS; lane 1). Moreover,
deglycosylation did not cause de-oligomerization or alter the oligomeric state of the gp16-
dodecamer (Fig. 4C Blue-native gel, compare ZM249 lanes 3 and 4, + and — PNGase).
Similar pattern was observed with the other V1V2 and gp140 proteins (Fig. 4C and D; see
below, and data not shown). Thus, deglycosylation under non-denaturing conditions
removed most, but not all, of the glycans and retained the quaternary structure of the
envelope proteins. Importantly, with respect to binding to a4p7, in contrast to the
glycosylated V1V?2 that showed no significant binding, the deglycosylated V1V2 bound
strongly and this binding was inhibited by the anti-a4p7 mAbs, Act-1 and HP2/1 (Fig. 4A,
ZM249-PNGase bars), in a similar pattern as the £. coli produced nonglycosylated V1V2
proteins (Fig. 3E). These data confirmed the specificity of V1V2: a4p7 interaction.

To determine if the deglycosylation-dependent a 47 binding was also true for the V1V2 that
is naturally scaffolded as part of gp140 structure, the JR-FL and F\V40007 gp140 proteins
were expressed in 293F cells as these produced greater amounts of the recombinant proteins.
Purification by Strep-Tactin chromatography yielded gp140 protomers consisting of a
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mixture of monomers, dimers, and trimers (AlSalmi et al., 2015) (Fig. 4C Blue-native gel,
lane 1). The protomers were tested for a4p7-binding before and after non-denaturing
PNGase treatment, which resulted in removal of most of the glycans, as evident from the
mobility on SDS-gel (Fig. 4D, compare lanes with and without SDS), and retention of the
oligomeric state of the protomers, as evident from the mobility on native gel (Fig. 4C,
compare lanes 1 and 2). Similar to the scaffolded V1V2 domains, the glycosylated gp140
protomers did not bind to a4p7 (Fig. 4E and 4F, untreated bars), whereas the deglycosylated
ones bound strongly (PNGase bars). Furthermore, binding was inhibited by Act-1 and HP2/1
mADbs in a manner similar to that of gp16-V1V2 (greater inhibition by HP2/1 than by Act-1)
confirming the specificity.

To establish this point further, we generated purified gp140 protomers from several subtype
strains including BG505, SF162, and FVV40100 (Fig. 5A). In addition, we have also
produced the JR-FL gp140 protein in three different glycosylations states by expressing the
protein in 293F, GnTI~, or CHO cells (Fig. 5B). All the gp140 proteins regardless the
subtype or the type of glycosylation showed poor binding to a47 in the glycosylated form
and strong binding following deglycosylation, and binding was inhibited by the a 47 mAbs,
Act-1 and HP2/1. Overall, the scaffolded V1V2 domain and gp140 envelope proteins
exhibited comparable levels of a4p7 binding activity.

3.4. Glycosylation modulates V1V2 conformation and interaction with a4p7

A series of gp16-V1V2 and gp140 glycosylation mutants were constructed and the
recombinant proteins were purified to determine how glycosylation at different sites of the
V1V2 domain might affect a4f7 binding (Fig. 6A—C, Supplementary file 1: Supplementary
Fig. S2A-C). These studies led to several findings:

First, glycosylation of the V1 loop is essential for secretion of the HIV-1 envelope protein.
Mutation of the three N-linked glycosylation sites in the V1 loop (NV1Q) or deletion of the
entire V1 loop (AV1) resulted in poor production of gp16-V1V2 (Fig. 6A; compare lanes 2
with 3 and 4). Removal of all glycosylation in the V1 loop (AV1) (lane 4) and the V2 loop
(NV1V2Q) (lane 5) similarly reduced expression (Fig. 6A). This defect was specific to V1
loop because analogous mutations in the V2 loop, removal of all glycosylation sites (NV2Q)
or deletion of the entire V2 loop (AV2), did not impair protein production (lanes 6 and 7).
Likewise, removal of glycosylation sites in the B p-strand (NBQ) did not alter protein
production (Supplementary file 1: Supplementary Fig. S2A). Similar trends were also
observed when the glycosylation sites were mutated in the V1 loop of JR-FL (Fig. 6B) or
FV40007 gpl140s (Fig. 6C). However, the defect was less severe in the context of these
“gp140-scaffolded” V1V2 than the gp16-scaffolded V1V2. The defect appears to be due to
differences in post-translational processing because, unlike the WT protein, most of the
mutant protein remained associated with the cell pellet and failed to secrete into the culture
medium (Fig. 6D).

Second, mutations in the middle of the V1 loop appear to be more essential for secretion of
gp140. In particular, lack of glycosylation at residue 141 (N141Q) of FVV40007 gp140
resulted in near complete loss of gp140 production (Fig. 6C, lane 4).
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Third, glycosylation of V1 loop is essential for proper folding and conformation of the
V1V2 domain. In gp16-V1V2 mutant proteins lacking glycosylation sites in the V1 loop
(NV1Q), or the entire V1 loop (AV1), a4p7-binding activity was completely abolished (Fig.
6E; all the proteins were deglycosylated in order to detect a4p7 binding). Analogous
mutations in the V2 loop (NV2Q), however, did not affect a4p7 binding (Fig. 6E). These
results suggest that lack of V1 loop glycosylation in the scaffolded-VV1V2 severely impairs
the conformation of the V1V2 domain and renders it incompetent to bind to a4p7.

Fourth, mutation of some of the glycosylation sites in the background of gp140 differentially
modulates the V1V2 conformation (Fig. 6F and G, Supplementary file 1: Supplementary
Fig. S2B and S2C, and Supplementary file 1: Supplementary Fig. S3A and S3B). For
instance, in contrast to gp16-V1V2, removal of V1 loop glycosylation sites in JR-FL gp140
(Fig. 6F; NV1Q) resulted in 1.5 to 2-fold increase in its binding to a4p7 whereas a 50%
decrease was observed when the V1 loop was deleted (AV1). On the other hand, no
significant change in a4p7 binding was observed when similar mutations were introduced
into FVV40007 gp140, with the exception of a modest increase in the N141Q mutant (Fig.
6G). A series of glycosylation mutants in the V2 loop and the B p-strand of gp140 proteins
either showed no change or a modest increase in a4f7 binding (Fig. 6F and 6G,
Supplementary file 1: Supplementary file 1: Supplementary Fig. S3A and S3B).

Collectively, the above data showed that the V1V2 domain conformation is modulated by
glycosylation, which in turn affected post-translational processing, secretion, and a4p7
binding.

3.5. Degree of deglycosylation correlates with a4p7 binding

The above data showing that the deglycosylated gp140 proteins bound strongly to a4p7
integrin is consistent with the observation that the T/F viruses are poorly glycosylated and
contain shorter V1V2 loops when compared to chronic viruses (Chohan et al., 2005;
Derdeyn et al., 2004; Ping et al., 2013; Sagar, Wu, Lee, & Overbaugh, 2006). Thus, an
argument can be made that a HIV-1 virion containing a poorly glycosylated envelope would
be more efficiently captured by a4p7, leading to efficient transmission into the new host.
One way to address this question is to create an ensemble of glycosylation states by gradual
deglycosylation of gp140 and ask if a4p7 binding correlates with the degree of
deglycosylation.

Deglycosylation of gp140 was optimized by treatment of the purified gp140 proteins with
different concentrations of PNGase for different times. A PNGase concentration and a set of
time points that showed gradual removal of glycans were selected for each gp140 construct
by analyzing the samples on SDS and Blue native PAGE. The extent of deglycosylation was
characterized by the appearance of partially deglycosylated species which migrated as a
diffuse band. These species were converted to a single sharp fully deglycosylated band that
accumulated with time (Fig. 7A and 7B, Supplementary file 1. Supplementary Fig. S4D-F).
Testing of these samples for a4f7 binding showed that the binding activity increased
gradually with increasing deglycosylation, reaching a maximum when gp140 is nearly
completely deglycosylated (equivalent to poorly glycosylated). The same pattern was
observed with five different gp140 proteins belonging to three different HIV-1 subtypes
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(FV40007, Fig. 7C; JR-FL, Fig. 7D; FV40100, Supplementary file 1: Supplementary Fig.
S4A; BG505, Supplementary Fig. S4B; SF162, Supplementary Fig. S4C). These data
demonstrate that the a4p7 integrin preferentially binds to partially or poorly glycosylated
HIV-1 envelope proteins when compared to the fully glycosylated proteins.

3.6. Monomers, but not trimers, of gp140 bind to a4p7

Monomers of gp140 would expose the V1V2 domain better than the trimers. Trimers, due to
constraints imposed by the quaternary structure would be more rigid. In addition, trimers
would impose steric constraints in most angles for the approach of the 280 kDa a 4p7
towards the binding site located in the V1V2 domain. To determine if a4f7 discriminates
between monomers and trimers, gp140 monomers and trimers were prepared from five
different HIV-1 viruses (BG505, SF162, FVV40007, FVV40100, JR-FL), using our recently
described purification protocol (Supplementary file 1: Supplementary Fig. SSA-D, and data
not shown) (AlSalmi et al., 2015). These gp140 proteins are cleaved and stabilized by
SOSIP mutations and are in a “native-like” conformation, as determined by a series of
biochemical and antigenicity analyses(AlSalmi et al., 2015; Ringe et al., 2013). In addition,
we have also produced JR-FL gp140 trimers in both uncleaved and cleaved states to
determine if there is a difference in a4f7 binding between the uncleaved and cleaved
conformations. Surprisingly, the gp140 trimers showed poor, if any, binding to a4p7
whereas the monomers showed strong binding. All five monomer-trimer pairs exhibited the
same behavior, and no significant difference was observed between the uncleaved and
cleaved trimers (Fig. 8). The specificity of a4p7 binding was ascertained by inhibition with
the HP2/1 mAb.

4. Discussion

Efficient entry of a virus into a host cell requires that the virus be first captured on the cell
surface. Capture is often mediated by an attachment factor(s) that is abundantly present on
the surface, but one that might be different from the primary receptor (Geijtenbeek et al.,
2000; Izquierdo-Useros et al., 2014; D. S. Kwon, Gregorio, Bitton, Hendrickson, & Littman,
2002; Petrovic et al., 2004). This is especially critical for cell-to-cell transmission where a
virus binds to a host cell but does not enter that cell, a significant aspect of HIV-1 life cycle
(Stewart & Nemerow, 2007). The 22 nm-long a4p7 integrin present on CD4+ T-cells is
thought to be one such “capture receptor” for HIV-1 (C. Cicala et al., 2011; Claudia Cicala
et al., 2009). Studies indicate that it might be important for acquisition of HIV-1 during
sexual transmission (Ansari et al., 2011; Byrareddy et al., 2016; Byrareddy et al., 2014;
Byrareddy et al., 2015; Tjomsland et al., 2013). Furthermore, it has been demonstrated that
the a4P7 integrin recognizes the V1V2 domain of the HIV-1 envelope protein (Arthos et al.,
2008) but the molecular details of this interaction are unknown. Knowledge on the nature
and dynamics of this interaction could help design effective vaccines that can interfere with
this initial encounter between HIV-1 virus and host cell.

We have developed a high-throughput a4p7 binding assay and a series of VV1V2 constructs
to analyze the V1V2:a4p7 interactions. These include a number of gp140 proteins in which
the V1V2 domain is part of the ectodomain of the HIV-1 envelope glycoprotein, and a
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scaffolded V1V2 domain which is free of influence by the envelope protein structure. The
sequences were from seven different HIV-1 strains and four subtypes; subtypes A (BG505),
B (JR-FL, SF162), C (ZM249, ZM246) and CRF_01 AE (FV4007, FV40100). The gp140
proteins were prepared in different oligomeric states; monomers, protomers, and trimers, and
in different glycosylation states by expressing them in 293F, GnTI~, or CHO cell lines.
Being cleavage-proficient and stabilized by SOSIP mutations, these proteins exhibit a
native-like conformation (Ringe et al., 2013). Furthermore, their reactivity with various
mADbs that recognize linear (CH58), conformational (CH59), or conformational plus glycan-
specific (PG9) V1V?2 epitopes suggest that the V1V2 domain in these proteins are in a
native-like conformation. Additionally, several positive, negative, and internal controls
including the a4p7’s natural ligand MAdCAM-1 and two a4p7-specific mAbs Act-1 and/or
HP2/1 that inhibit binding were included in each experiment to validate the specificity of
binding. Finally, a number of mutations were introduced into the V1V2 domain and where
necessary, the same mutation(s) was introduced into three different versions to verify the
results.

Extensive analysis of the V1V2:a4p7 interactions using the above system showed that
glycosylation is a key and complex modulator of V1V2 conformation and a4p7 binding.
First, the mutant data show that glycosylation of V1V2 domain is important for processing,
secretion, and a4f7 binding properties of the HIV-1 envelope glycoprotein. This was most
strikingly observed with the scaffolded V1V2. While the a4p7 binding conformation was
preserved in the “wild-type” (WT) V1V2 domain, the NV1Q mutant that lacked
glycosylation in the V1 loop was severely impaired in processing, secretion, and a4p7
binding. On the other hand, mutating the V2 loop glycosylation sites including a deletion of
the loop did not lead to significant defects. In the context of the gp140 structure, analogous
glycosylation mutations in V1 loop showed variable effects. Some showed inefficient
processing, secretion and/or decreased a4f7 binding whereas others showed increased a4p7
binding. Analyses of a large collection of mutants suggest that the glycosylation pattern of
the V1V2 region, particularly the V1 loop, affects its conformation and efficiency of binding
to adp7.

Our data show that the poorly glycosylated envelope protein is the most preferred substrate
for a4p7 binding whereas the fully glycosylated protein is the least preferred. Indeed, a
striking correlation was observed between the degree of deglycosylation and a4p7 binding.
Gradual deglycosylation of an ensemble of gp140 protomers with time resulted in
progressive increase in a4p7 binding, regardless of the type of glycosylation, subtype, or
strain used. These data are consistent with the previous reports that synthetic (non-
glycosylated) peptides covering the V1V2 regions bound to a4p7 (Nawaz et al., 2011;
Peachman et al., 2015; Tassaneetrithep et al., 2014), and the 293F-glycosylated gp120
AN1(subtype B) did not bind to a4p7 whereas the gp120 produced in CHO lec1 cells
lacking complex glycosylation showed binding (Nawaz et al., 2011). Furthermore, the gp120
deglycosylated with endoglycosidase H showed the strongest a4f7 binding (Nawaz et al.,
2011). Our biochemical analyses showed that the deglycosylation done under non-
denaturing conditions did not affect the oligomeric state of gp140. This means that while
glycosylation of V1V2 domain is essential for achieving the right conformation necessary
for processing and secretion, removing the glycans after the envelope protein is matured did
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not destabilize the oligomeric structure. On the other hand, it apparently made the V1V2
domain conformationally more flexible to bind to the a4p7 integrin. Studies have shown
that glycosylation rigidifies protein conformation and deglycosylation increases flexibility
(Lee, Qi, & Im, 2015). Collectively, therefore, our data suggest that the partially or poorly
glycosylated envelope protein is efficiently captured by the a4p7 integrin.

To delineate if a4p7 binding is sensitive to the oligomeric state of gp140, the gp140
protomers were separated by size-exclusion chromatography and tested for a4f7 binding.
The results demonstrated, surprisingly, that the monomers, but not the trimers, bound to
a4f7. This was observed with five different monomer-trimer pairs produced from A, B, or
CRF_01 AE subtypes. Although it was generally assumed that the trimer spike present on
the HIV-1 envelope is the active structure involved in a//aspects of virus entry, from the
structural and conformational standpoint, the monomer would be better disposed to interact
with the a4p7 integrin. The V1V2 domain of monomeric gp140 would be more accessible
than the trimeric spike constrained by the quaternary structure. The SOSIP trimers might be
even more constrained because of the covalent disulfide bonds created between gp120 and
gp41l subunits (Beddows et al., 2005; Klasse et al., 2013; Sanders et al., 2004). Moreover,
our /n silico docking attempts indicate that approach of trimer towards a4p7 would likely
encounter clashes in almost every angle. These arguments are consistent with the discussion
above in that a conformationally flexible deglycosylated gp140 binds to a4p7.

It has been reported that the HIV-1 envelope contains a relatively small number of trimer
spikes, on average about fourteen. In addition, it also contains other forms of the envelope
protein, including monomers (Moore et al., 2006; Stieh et al., 2015; Yuan, Bazick, &
Sodroski, 2006). Indeed, the gp140 prepared from the CRF_01 AE T/F viruses F\VV40007
and FV40100 produced a large portion of the protein as monomers (in preparation). That
this apparently nonfunctional, i.e. fusion incompetent, form of the envelope protein was
efficiently captured by the cell-bound a4p7 integrin raises the possibility if the monomers
present in the HIV-1 envelope might play a role in HIV-1 capture by a4p7 integrin during
transmission. Coincidentally, it has been observed that the T/F viruses contain envelopes
with low levels of glycosylation and shorter V1V2 loops, which would also mean fewer
glycans (Curlin et al., 2010; Sagar et al., 2006). This type of capture by a4p7 might thus be
more relevant at the site of exposure where transmission competence of a variant at a fast
timescale would be critical to establish the initial infection. During chronic infection or in in
vitro experiments, however, this may not be important, as was observed in previous studies
(Parrish et al., 2012; Perez, Chen, Liao, & Montefiori, 2014) because the virus concentration
is high and the time available for infection is not as stringent. Our data, thus, suggest a
plausible linkage between poorly glycosylated envelope containing monomeric envelope
glycoprotein, capture of V1V2 domain by a4p7 integrin, and HIV-1 transmission. It is also
consistent with the observed correlation between certain V2 domain binding antibodies and
reduced risk of HIV-1 infection in humans in the RV144 vaccine efficacy trial (Haynes et al.,
2012) and in macaque SIV challenge trials (Vaccari et al., 2016) where monomeric gp120
envelope protein was used as an immunogen. These V2 antibodies might potentially
interfere with capture by a4p7 integrin. Experiments are underway to test this hypothesis.
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An alternative hypothesis is that poor, or near lack of, binding of trimers or glycosylated
envelope proteins to a4f7 integrin might mean that a 437 integrin plays no significant role
in HIV-1 infection, as was reported in studies where infectious molecular clones (IMCs) and
pseudoviruses were used for infection in /n vitro (Parrish et al., 2012; Perez et al., 2014).
However, two points should be kept in mind. First, our results would also predict this
because the virions produced by transfection of 293 cells /n vitro will contain glycosylated
envelopes, hence would not be able to interact with the a4p7 integrin. This does not
necessarily mean that the primary HIV-1 virions are not captured by a4p7 because the
pattern and degree of glycosylation of the envelope protein produced during a human
infection /n vivo might be different from that produced by 293 cells in vitro. Therefore, it is
critical to examine the role of a4p7 in HIV-1 infection using primary viruses produced by
PBMCs or isolated from patient sera. Such studies have not yet been performed. Second, our
assay can report only the strong interaction between a4p7 and envelope protein but not the
weak interactions. The weakly associated envelope protein would have been removed during
the washes. Therefore, lack of binding of trimers and glycosylated proteins under our assay
conditions does not necessarily mean that the envelope trimers do not dynamically interact
with a4p7 integrin through weak interactions, which might be very significant for virus
capture and entry at the time of transmission (see model below).

Finally, our findings and the above analyses on the envelope protein-a4f7 integrin
interactions suggest a speculative model for the capture of HIV-1 virions by host cells. The
V1V2 domain, located at the apex of the trimeric envelope spike, may have evolved as a
“capture domain” for attachment of HIV-1 to host cells through molecules such as a4p7
(Pena-Cruz et al., 2013), Siglec-1 (lzquierdo-Useros et al., 2014; Izquierdo-Useros et al.,
2012), and DC-SIGN (Geijtenbeek et al., 2000; D. S. Kwon et al., 2002). As demonstrated
in this study and others (Arthos et al., 2008; Hong, Nguyen, Young, Su, & Lee, 2007; Jobe
etal., 2016) (Fig. 1 and Fig. 9), these molecules recognize the V1V2 domain of the HIV-1
envelope protein. Hovering at about 20 to 30 nm from the host cell surface, these attachment
factors, unlike the much shorter 7 nm-long primary receptor CD4 are better disposed to
capture the HIV-1 virion. Capture is dependent on the conformational flexibility and
accessibility of the V1V2 domain, which, in the case of the a4B7 integrin, might be
efficicent if the HIV-1 envelope is poorly glycosylated and contains monomers. The virus
inoculum an individual is exposed to during transmission would contain a highly
heterogeneous mixture of chronic HIV-1 viruses with respect to length of the V1 and V2
loops, extent of glycosylation of the V1V2 domain, and ratio of monomers to trimers in the
envelope. Of these, according to this model, only a small fraction of the viruses are expected
to be efficiently captured by the a4B7 integrin.

Once captured (Fig. 9A), the local concentration of the virus in the microenvironment of the
primary CD4 receptor raises. Due to the multipoint attachments that are relatively weak and
reversible, the virus, still attached to the cell, could scan the cell surface (Fig. 9B) and find
the primary CD4 receptor (Fig. 9C). The curvature of the “spherical” HIV-1 virion might
also be a factor for movement of the virus and successful engagement with the receptor (c/s-
infection) (Fig. 9C). Alternatively, the virus could engage with a CD4 receptor on another
host cell resulting in cell-to-cell transmission (frans-infection) (Fig. 9D).
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This capture mechanism may also provide survival advantages to the virus, following the
initial infection, to adapt to host defenses and to different cellular environments. For
instance, if the host mounts an immune response to prevent capture, escape variants can be
selected, in which either the glycosylation pattern or the epitope signature is altered
rendering the virus resistant to the antibody but not necessarily perturbing the envelope
protein structure. Alternatively, the variant V12 conformation may be recognized by
another surface molecule, such as DC-SIGN, Siglec-1, or HSPG, and/or co-opt another entry
pathway such as endocytosis (Melikyan, 2014). Furthermore, efficient capture by these
capture molecules may no longer be essential to propagate the infection in the chronic state.
Given this promiscuity of HIV-1 virus, a combinatorial approach would be necessary to
design vaccines to effectively prevent HIV transmission. In addition to the BnAbs antibodies
that block CD4-mediated fusion and entry events, it may be necessary that the vaccine also
induce capture-blocking antibodies that can interfere with the pre-CD4 events that lead to
HIV-1 attachment and capture. The future vaccine approaches, therefore, should focus on
designing an envelope protein immunogen, or a cocktail of immunogens including the
monomeric envelope glycoprotein that can elicit both capture-blocking as well as entry-
blocking antibody responses.
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DC-SIGN dendritic cell-specific intercellular adhesion molecule-3-grabbing non-

integrin
DCIR dendritic cell immunoreceptor
HSPG heparin sulfate proteoglycan
mAbs monoclonal antibodies

MAdCAM-1Imucosal addressin cell adhesion molecule-1

Siglec-1 sialic acid-binding immunoglobulin-type lectin-1

TIF transmitter/founder

gpl6 gene product 16

MPER membrane proximal external region
FV founder virus

BnAb broadly neutralizing antibody
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Highlights

The V1V2 domain of HIV-1 envelope protein binds a4p7 integrin on host
cells

Glycosylated or trimeric envelope proteins bind poorly to a4p7 integrin
Deglycosylated envelope protein monomers efficiently bind to a4p7 integrin

HIV-1 virions having monomers may be efficiently captured during
transmission
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Fig. 1. Structure and function of the V1V2 domain of HIV-1 envelope glycoprotein
A, Attachment of HIV-1 virion to host cells may be mediated by interaction of Env V1V2

domain with different surface molecules (attachment factors) present on different host cells.
Siglec-1 binds sialic acid moieties on glycans in the V1V2 region. HSPG presented on
sydecan-3 binds the V3 loop and has a binding site in the C-strand of the V1V2 region. DC-
SIGN binds glycans on gp120 and enhancement of virus infection can be modulated by the
V1V?2 length, the overall V3 charge, and N-linked glycosylation patterns. One Env trimer of
HIV-1 virion is shown; V1V2 domain is shown in red, CD4 binding site in green, and V3
domain in blue. B, Structure of the HIV-1 trimer (PDB: 4NCO (Ringe et al., 2013) showing
the V1V2 domains at the apex. C, V1V2 domain is enlarged. V1 loop is shown in green, -
strands labeled A-D in orange, and V2 loop in blue. The residues missing in the structure
are modeled using Swiss-Model web-server by homology with PDB:4NCO. D, Sequence
alignment of the V1V2 domains used in this study. The B-strands are denoted as orange
arrows. Potential N-linked glycosylation sites (NXT/S) are shown in red. The variable loops
are boxed (colors correspond to C). The conserved LDI/V tripeptide is highlighted in blue.
The numbers correspond to amino acids in HXB2 envelope glycoprotein.
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Fig. 2. gp16-V1V2 scaffold and gp140 protomer proteins binding to CH58, CH59 and PG9
A, CH58 binding residues in V2 sequence (156-187) of JR-FL, F\V40007, Zm249 are

denoted with blue letters. B, CH59 binding residues in V2 sequence (164-187) of JR-FL,
FV40007, Zm249 is denoted with orange letters. C—£ gp16-V1V2 scaffold and gp140
protomer proteins binding to CH58 C, CH59 D, and PG9 £. The proteins used in binding are
gpl6 expressed in £. coli (pink line), Zm249 gp16-V1V2 expressed in £. coli (red line),
gpl6 expressed in GnTI™ (khaki line), Zm249 gp16-V1V2 expressed in GnTI™ (black line),
JR-FL gp140 expressed in 293F (blue line), and F\VV40007 gp140 expressed in 293F (green
line). Binding data are representative of at least three independent assays, done in triplicate.
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Fig. 3. Specificity of interaction between the V1V2 domain and the a.4f7 integrin
A, A schematic representation of the a4f7 binding assay. Wells of a 96-well plate are coated

with the MAdCAM-1 and blocked with FBS to prevent nonspecific binding. The a4p7-
expressing RPMI cells are added to the wells and the extent of binding is quantified by the
luciferase-based CellTiterGlo kit (Promega). See Materials and Methods for more details. B,
a4p7 binding of MAdJCAM-1 over a range of concentrations. Binding of MAdCAM-1 (light
blue bars) is specific as shown by the inhibition of binding by a4p7-specific mAbs, Act-1
(green bars) and HP2/1 (dark blue bars). C, A model depicting the multimeric display of the
V1V2 domain (colored as in Fig. 1B) fused to the dodecameric phage T4 gp16-scaffold
(yellow). The V1V2 domain is shown in ribbons and gp16 in surface view. D, SDS-PAGE
(4-20% gradient) analysis of the £. coli-produced gp16 and gp16-V1V2 proteins. Lane M
represents molecular weight markers. E, a4B7 binding activity of the proteins shown in D.
Specificity of V1V2 binding to a4p7 was determined by the decrease in relative
luminescence in the presence of the a4f7-specific mAbs, Act-1 (green bars) and HP2/1
(dark blue bars). Light blue bars show a4p7 binding activity in the absence of any mAb
inhibitor. Data are shown as mean +/— SEM and are representative of at least three
independent assays and three different preparations of proteins, done in triplicate.
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Fig. 4. Deglycosylated, but not glycosylated, V1V2 domain binds a.4p7
A, a4f7 binding of ZM249 gp16-V1V2 with (PNGase) and without (untreated) PNGase

treatment. B, SDS-PAGE (4-20% gradient) analysis of ZM249 gp16-V1V2 treated with
PNGase in the presence (+) or absence (=) of SDS. C, Native-PAGE (4-16% gradient)
analysis of JR-FL gp140 and ZM249 gp16-V1V2 with and without PNGase treatment. D,
SDS-PAGE (4-20% gradient) analysis of JR-FL and FVV40007 gp140s treated with PNGase,
with and without SDS. £ and F a4B7 binding activity of FV40007 £and JR-FL £~ gp140s
with and without PNGase treatment. Lanes M represents molecular weight markers. a4p7
binding assays in the absence of mAb inhibitor (light blue bars) or in the presence of Act-1
mADb (green bars) or HP2/1 mAb (dark blue bars) were performed as described in the Fig. 3
legend. Binding was expressed as percent of PNGase-treated gp140 from FVV40007 £ or JR-
FL F. Data are shown as mean +/— SEM and are representative of at least three independent
assays and three different preparations of proteins, done in triplicate.
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Fig. 5. The a4p7 integrin binds to deglycosylated (poorly glycosylated) gp140 HIV-1 envelope
protein, regardless of the type of glycosylation or the HIV-1 subtype

A, a4p7 binding with gp140 proteins of five strains of HIV-1 (BG505, FVV40007, FV40100,
JR-FL, and SF162). B, a4f7 binding activity of the JR-FL gp140 proteins produced in three
different cell lines (293F, CHO, and GnTI™). a4p7 binding activity in the absence of any
mADb inhibitor was shown in light blue bars. Specificity of V1V2 binding to a4p7 was
determined by the decrease in relative luminescence in the presence of the a4p7-specific
HP2/1 mAb (dark blue bars). Data are shown as mean +/— SEM and are representative of at
least three independent assays and three different preparations of proteins, done in triplicate.
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A-C, gDS—PAGE (12%) analysis of the glycosylation mutants of Zm249 gp16-V1V2 A, JR-
FL gpl140 B, and FV40007 gp140 C. D, Western blot analysis using gpl6-antibodies of the
soluble secreted protein (sol) and the insoluble cell pellet (insol) following transfection with
WT or various glycosylation mutants of ZM249 gp16-V1V2. £-G, a4p7 binding activity of
the glycosylation mutants of Zm249 gp16-V1V2 £, FV40007 gp140 £ and JR-FL gp140 G
after treatment with PNGase under non-denaturing conditions (no SDS). Lanes M represents
molecular weight markers. NV1Q and NV2Q refer to mutants in which all asparagine
residues were mutated to glutamine residues in the V1 or V2 loop, respectively, and
NV1V2Q refers to the mutant in which all asparagine residues were mutated to glutamine
residues in both the V1 and the V2 loops. AV1 refers to the deletion of the entire V1 loop.
a4p7 binding assays in the absence (light blue bars) or presence (dark blue bars) of HP2/1
mAb were performed as described in the Fig. 3 legend. Binding was expressed as percent of
PNGase-treated: ZM249 gp16-V1V2 E, WT JR-FL gp140 £ or WT FV40007 gp140 G.
Data are shown as mean +/- SEM and are representative of at least three independent assays
and three different preparations of proteins, done in triplicate.
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Fig. 7. Degree of deglycosylation correlates with a4B7 binding
Aand B, SDS-PAGE (4-20% gradient) analysis of F\V40007 gp140 A, and JR-FL gp140 B.

gp140 Env monomers were treated with PNGase for different time intervals (0 Min to 12
hr). Cand D, Binding of a4p7 to FV40007 gp140 C, and JR-FL gp140 D after
deglycosylation for the time intervals indicated in A and B. Lanes M represent molecular
weight markers. a4p7 binding assays in the absence of mAb inhibitor (light blue bars) or in
the presence of HP2/1 mAb (dark blue bars) were performed as described in the Fig. 3
legend. Data are shown as mean +/— SEM and are representative of at least three
independent assays done in triplicate.
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Fig. 8. Monomers, but not trimers, of gp140 bind to a4p7

a4p7 binding activity of the monomers and trimers of BG505, F\V40007, F\VV40100, JR-FL,
JR-FL CR and SF162 before and after PNGase treatment under non-denaturing conditions
(see Materials and Methods section for additional details). “M” represents monomers. “T”
represents trimers. “CR” represents cleavage resistant (uncleaved). All except JR-FL were
cleaved. See Supplementary file 1: Supplementary Fig. SSA-D for the purification profiles
of monomers and trimers. a4p7 binding in the absence of mAb inhibitor (light blue bars) or
in the presence of HP2/1 mAb (dark blue bars) were performed as described in the Fig. 3
legend. Data are shown as mean +/— SEM and are representative of at least three

independent assays done in triplicate.
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Fig. 9. A model for HIV-1 virion capture
A, HIV-1 virion attaches to host cell (1) through reversible multipoint attachment between

the V1V2 domain and a4p7 integrin, leading to virus capture. Other cell surface molecules
such as DC-SIGN, Siglec-1, and HSPG (Fig. 1A) might also serve as attachment factors
leading to virus capture by a variety of host cells. Poorly glycosylated envelope and presence
of monomers of the envelope protein enhance virion capture by a4p7 integrin. Patches of
red, green, and blue shown on the interacting envelope proteins represent V1V2 domain,
CD4 binding site, and V3 domain, which serve as binding sites for a4f7 integrin, CD4
receptor, and CCR5 receptor, respectively. Band C, Capture allows the virus to move on the
cell surface and find its primary receptor CD4 and co-receptor CCR5 while remained bound
to the host cell. The curvature of the virion might also be a factor in reaching the receptors
that may otherwise be buried in the surface maze (C). A series of conformational changes
follow resulting in membrane fusion and entry (c/s-infection). D, Alternatively, the virus
engages with the primary and co-receptors present on another host cell (2) resulting in cell-
to-cell transmission (#rans-infection).
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