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ABSTRACT

The gp120/gp41 HIV-1 envelope glycoprotein (Env) is highly glycosylated, with up to 50% of its mass consisting of N-linked gly-
cans. This dense carbohydrate coat has emerged as a promising vaccine target, with its glycans acting as epitopes for a number of
potent and broadly neutralizing antibodies (bnAbs). Characterizing the glycan structures present on native HIV-1 Env is thus a
critical goal for the design of Envimmunogens. In this study, we used a complementary, multistep approach involving ion mo-
bility mass spectrometry and high-performance liquid chromatography to comprehensively characterize the glycan structures
present on HIV-1 gp120 produced in peripheral blood mononuclear cells (PBMCs). The capacity of different expression systems,
including pseudoviral particles and recombinant cell surface trimers, to reproduce native-like glycosylation was then assessed. A
population of oligomannose glycans on gp120 was reproduced across all expression systems, supporting this as an intrinsic
property of Env that can be targeted for vaccine design. In contrast, Env produced in HEK 293T cells failed to accurately repro-
duce the highly processed complex-type glycan structures observed on PBMC-derived gp120, and in particular the precise link-
age of sialic acid residues that cap these glycans. Finally, we show that unlike for gp120, the glycans decorating gp41 are mostly
complex-type sugars, consistent with the glycan specificity of bnAbs that target this region. These findings provide insights into
the glycosylation of native and recombinant HIV-1 Env and can be used to inform strategies for immunogen design and prepara-
tion.

IMPORTANCE

Development of an HIV vaccine is desperately needed to control new infections, and elicitation of HIV bnAbs will likely be an
important component of an effective vaccine. Increasingly, HIV bnAbs are being identified that bind to the N-linked glycans
coating the HIV envelope glycoproteins gp120 and gp41, highlighting them as important targets for vaccine design. It is there-
fore important to characterize the glycan structures present on native, virion-associated gp120 and gp41 for development of vac-
cines that accurately mimic native-Env glycosylation. In this study, we used a number of analytical techniques to precisely study
the structures of both the oligomannose and complex-type glycans present on native Env to provide a reference for determining

the ability of potential HIV immunogens to accurately replicate the glycosylation pattern on these native structures.

he HIV-1 envelope glycoprotein (Env) consists of a noncova-

lently linked trimer of gp120/gp41 heterodimers. Interaction
of this trimer with CD4 and its subsequent rearrangement is es-
sential for infection of target cells and therefore is the sole target
for broadly neutralizing antibodies (bnAbs). The surface protein,
gp120, is extensively modified with host-derived glycans, having a
median of 25 potential N-linked glycosylation sites (PNGSs) (1)
and thus making it one of the most densely glycosylated proteins
known. The transmembrane protein, gp41, is less densely glyco-
sylated, having a mean of 4 PNGSs. The N-linked glycans on Env
play important roles in correct protein folding, disease transmis-
sion through interaction with host receptors, and shielding con-
served regions of the protein from the immune system. It is im-
portant to characterize the glycosylation of virion-associated
gp120, as a large number of HIV-1 bnAbs are dependent on Env
glycans for neutralization (2-6).

It has been shown that glycosylation of gp120 is divergent from
that typically found on glycoproteins produced by the host cell
(7). Two main subpopulations of glycans have been identified on
gp120, underprocessed oligomannose glycans and processed
complex-type glycans (7-14). The dense clustering of glycans lim-
its the accessibility to the endoplasmic reticulum (ER) and Golgi
a-mannosidase enzymes, resulting in a patch of underprocessed
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oligomannose glycans which cannot be further processed to com-
plex glycans in the Golgi (7). This patch of oligomannose glycans
arising from steric restriction is referred to here as the intrinsic
mannose patch (IMP). We have previously shown that the IMP is
conserved across recombinant gp120, recombinant trimers (in-
cluding SOSIP trimers [14, 15]), pseudovirions, and human pe-
ripheral blood mononuclear cell (PBMC)-derived virions (7, 9).
The remaining processed complex-type glycans on Env are deter-
mined by the host cell glycosylation machinery and are therefore
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thought to be dependent upon the cell type used for production of
the recombinant protein or the virus.

Despite the glycans on Env often being referred to as the “gly-
can shield,” a number of HIV-1 bnAbs have been isolated that
bind to these glycans (3-5, 16-21). These bnAbs target three main
regions on Env, the N332 glycan (e.g., 2G12, PGT121, PGT128,
and PGT135) (3, 4, 16-18), the N160 glycan (e.g., PG9, PGT145,
and CHO04) (4, 5, 19, 20), and the glycans at the gp120-gp41
interface (e.g., PGT151) (21). Glycan microarray analysis has
shown these bnAbs to have differing specificities for N-linked
glycan structures; e.g., PGT128 is specific for MangGlcNAc,
and Many,GlcNAc, glycans (22), whereas PGT151 preferen-
tially binds «2,3-linked sialylated tri- and tetra-antennary
complex-type glycans (21). PGT151 has been shown to distin-
guish cleaved from uncleaved Env trimers and therefore pro-
vides a useful reagent to characterize the glycosylation of native
envelope spike from pseudovirions (21). A high-resolution
crystal structure of PGT151 in complex with its epitope has not
yet been solved, but mapping studies have suggested that the
epitope includes highly processed glycans on gp41 at positions
N611 and N637 (21, 23).

In this study, we used ion mobility mass spectrometry (MS),
negative-ion collision-induced dissociation (CID), and high-per-
formance liquid chromatography (HPLC) (24-26) to compare, in
detail, the glycan structures present on JR-CSF native Env from
two viral systems commonly used for determining HIV-1 bnAb
neutralizing activity (27) with a recombinant JR-CSF gp120 pro-
tein typically used in vaccine trials. We show that virion-associ-
ated gp120 produced in human PBMCs and gp120 isolated from
pseudoviral particles using cleavage-specific bnAb PGT151 bear
very similar glycosylation patterns. Using these systems, we
showed that native Env glycosylation includes a dominant popu-
lation of oligomannose-type glycans with a population of com-
plex-type glycans that are predominantly highly processed bi-,
tri-, and tetra-antennary sialylated structures. Interestingly, the
PBMC-derived material has predominantly «2,6-linked sialic ac-
ids, which have a strong immunomodulatory role (28), whereas
the HEK 293T produced pseudoviral material is entirely 2,3
linked. Recombinant gp120 produced in HEK 293T cells bears the
same oligomannose isomers as native Env but a different distribu-
tion of complex-type sugars. Finally, we showed using HPLC anal-
ysis that unlike for gp120, the glycosylation of virion-associated
gp41 is highly heterogeneous, with only a small population of
oligomannose glycans, suggesting that gp41 is not under the same
steric constraints as gp120 despite its close proximity to the mem-
brane. These results provide new insights into the relative contri-
butions of the producer cell and the intrinsic properties of Env in
determining native Env glycosylation, and they provide an impor-
tant reference for analyzing potential HIV-1 Env immunogens.

MATERIALS AND METHODS

PBMC virus preparation. Human PBMCs were obtained from healthy
donors and isolated and stimulated as previously described (29). HIV-1
JR-CSF virus was grown in and titers were determined on CD8-depleted
PBMCs (30). Virus production was monitored by p24 enzyme-linked
immunosorbent assay (ELISA) (Aalto Bioreagents, Dublin, Ireland).
Samples were obtained from The Normal Blood Donor service at The
Scripps Research Institute; sample collection and subsequent propagation
of HIV-1 was approved by the Institutional Review Board at The Scripps
Research Institute (protocol number HSC-06-4604).
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Pseudovirus production in 293T cells. Pseudovirus was generated in
HEK 293T cells as previously described (31). HEK 293T cells were
cotransfected with plasmids carrying the HIV backbone (pSG3AEnv) and
the envelope clone (pSVIII-JR-CSF) at a ratio of 2:1 (total DNA, 60 p.g)
using polyethylenimine (PEL; Polysciences Europe, GmbH) according to
the manufacturer’s instructions. Virus supernatant was harvested 72 h
later and filtered before concentration by ultracentrifugation. Virus titers
were determined on TZM-bl cells.

Env isolation. (i) bnAb cocktail. Concentrated virus was lysed in the
presence of protease inhibitor cocktail (Roche) with 1% NP-40. The lysate
was cleared by centrifugation and incubated with a cocktail of monoclonal
antibodies (5 g each of F425-b4e8, b6, b12, 4E10, and 2F5) for 4 hat 4°C.
Protein A beads were added and incubated at 4°C overnight. The beads
were washed and the protein was eluted by heating in loading buffer
(containing dithiothreitol) for 10 min at 100°C and resolved by SDS-
PAGE. The envelope bands were confirmed by Western blotting (primary
antibodies 2G12, b6, 2F5, 4E10, and F425-b4e8) and cut to use directly in
glycan analysis. Where discrete bands for gp160, gp120, and gp41 were
detected, each was analyzed separately.

(ii) PGT151 virus Env isolation. Concentrated virus was incubated
with PGT151 (at 10 wg/ml) for 4 h at 4°C. Virus was then lysed in the
presence of protease inhibitor cocktail with 1% NP-40. The lysate was
cleared by centrifugation and incubated with protein A beads at 4°C over-
night. The beads were washed and processed as described above.

(iii) PGT151 isolation of cell surface trimers. HEK 293T cells used for
preparing pseudovirus were washed and incubated with PGT151 (at 10
pg/ml) for 1 h at 4°C. The cells were washed with phosphate-buffered
saline (PBS) and lysed with 0.5% Triton-X in the presence of protease
inhibitor cocktail. The lysate was cleared by centrifugation and incubated
with protein A beads overnight at 4°C. The beads were washed and pro-
cessed as described above.

gp120 expression and purification. gp120 was expressed by transient
transfection in HEK 293T cells. Protein was purified by Galanthus nivalis
lectin (GNL) affinity chromatography followed by size exclusion chroma-
tography (SEC).

In-gel PNGase F release of N-glycans. N-glycans were released from
Env species following SDS-PAGE using peptide-N-glycosidase F (PNGase
F; New England BioLabs). Coomassie-stained gel bands were excised and
washed alternately with acetonitrile and water before being dried under
vacuum. Gel pieces were rehydrated in 20 mM sodium bicarbonate buffer,
pH 7.0, and incubated with PNGase F (1 pl) for 16 h at 37°C. Released
glycans were extracted from the gel matrix by 3 washing steps with water.

Ion mobility ESI-MS/MS analysis. All glycan samples were cleaned
with a Nafion 117 membrane as described earlier by Bérnsen et al. (32)
before examination by mass spectrometry (MS). They were then dissolved
in a solution of methanol-water (1:1, vol/vol) containing ammonium
phosphate (0.5 M, to maximize formation of [M+H,PO,] ™ ions, the ions
usually encountered from biological samples) and spun at 10,000 rpm
(9,503 X g) for 1 min to sediment any particulates. Traveling-wave ion
mobility spectrometry (TWIMS) experiments were carried out in nega-
tive-ion mode with a Waters Synapt G2 traveling-wave ion mobility mass
spectrometer (Waters MS-Technologies, Manchester, United Kingdom)
(33) fitted with an electrospray (ESI) ion source. Samples were infused
through Waters thin-wall nanospray capillaries. The ESI capillary voltage
was 1.2 kV, the cone voltage was 120 V, and the ion source temperature
was 80°C. The traveling (T)-wave mobility cell contained nitrogen and
was operated at a pressure of 0.55 mbar. The T-wave velocity was 450 m/s,
and the peak height was 40 V. Collision-induced dissociation (CID) was
performed after mobility separation in the transfer cell with argon as the
collision gas. The instrument was externally mass-calibrated with sialy-
lated N-glycans released from bovine fetuin. Data acquisition and pro-
cessing were carried out using the Waters DriftScope (version 2.1) soft-
ware and MassLynx (version 4.0). The scheme devised by Domon and
Costello (34) was used to name the fragment ions, with the exception that
the subscripts R and R-1 are used for the reducing-terminal and penulti-

jviasm.org 8933


http://jvi.asm.org

Pritchard et al.

mate GIcNAc residues of the di-N-acetylchitobiose core when the sub-
script numbers change as the result of differing chain lengths. Structural
determination from the negative-ion spectra was as described in earlier
publications (35-38).

Fluorescent labeling of N-glycans. N-Glycans released by PNGase F
were fluorescently labeled using 2-aminobenzoic acid (2-AA). The label-
ing mixture comprised 2-AA (30 mg/ml) and sodium cyanoborohydride
(45 mg/ml) dissolved in a solution of sodium acetate trihydrate (4%,
wt/vol) and boric acid (2%, wt/vol), in methanol. The labeling mixture
(80 1) was added to each sample (in 30 .l of water) and incubated at 80°C
for 1 h. Labeled oligosaccharides were purified using Spe-ed Amide-2
columns (Applied Separations, Allentown, PA) preequilibrated with ace-
tonitrile. Before loading, 97% acetonitrile (vol/vol) (1 ml) was added to
each sample. Loaded samples were then washed with 95% acetonitrile
(vol/vol) (2 ml) and eluted with water (1.5 ml). Glycans were dried under
vacuum prior to HPLC analysis or glycosidase treatment.

HPLC. Fluorescently labeled N-glycans were analyzed using a
LudgerSep N2 amide column (4.6 by 140 mm; Ludger Ltd., Abingdon,
United Kingdom) and an Alliance high-performance liquid chromatog-
raphy (HPLC) system (Waters, Elstree, United Kingdom) run using the
following gradient: time (¢) of 0 min, 35% solvent A and 65% solvent B; ¢
of 26 min, 46% solvent A and 54% solvent B; ¢ of 26.5 min, 80% solvent A
and 20% solvent B; t of 28.5 min, 80% solvent A and 20% solvent B; t of 30
min, 35% solvent A and 65% solvent B; and t of 46 min, 35% solvent A and
65% solvent B, at a flow rate of 1 ml/min, where solvent A was 50 mM
ammonium formate, pH 4.4, and solvent B was acetonitrile. Fluorescence
was measured using an excitation wavelength of 330 nm and a detection
wavelength of 420 nm.

Fractionation of charged and neutral N-glycans. Total pools of N-
glycans were separated into neutral and charged (sialylated) fractions by
anion-exchange chromatography as previously described (39). Briefly,
2-AA-labeled glycans in water were passed over QAE-Sephadex A-25 resin
and washed with water. Neutral glycans were first eluted with 2 ml of 0.5
M acetic acid, followed by elution of charged N-glycans using 2 ml of 0.5
M ammonium acetate. N-Glycans were dried by lyophilization and resus-
pended in water.

Glycosidase treatment of free N-glycans. Glycosidase digestions of
free N-glycans were performed to help with structural assignments of the
HPLC-resolved glycans. 2-AA-labeled glycans were resuspended in water
and digested with the relevant glycosidase in a total volume of 20 .l for 16
hat37°C. Digested glycans were purified using a polyvinylidene difluoride
(PVDF) protein-binding membrane plate prior to HPLC analysis. For
sialic acid linkage analysis, neuraminidase digestions were performed on
total glycan pools, or charged fractions only, using an a2,3-specific neur-
aminidase from Salmonella enterica serovar Typhimurium and a nonspe-
cific neuraminidase from Clostridium perfringens. Additionally, a B1,4-
galactosidase from Bacteroides fragilis and endoglycosidase H (Endo H)
from Streptomyces picatus (New England BioLabs) were used to help with
glycan assignments and quantitation.

RESULTS

Oligomannose isomers are the same on PBMC-derived Envand
recombinant gp120. CD4™ T cells are one of the main sources of
HIV-1 virions in infected patients, and therefore, viruses pro-
duced in human PBMCs are a good physiological representation
to study the glycosylation of native HIV-1 Env. We wanted to
compare this directly to the glycosylation of recombinant mono-
meric gp120, as this has been a common immunogen in vaccine
trials to date (40). Our previous matrix-assisted laser desorption
ionization (MALDI) analysis of glycans on PBMC-derived gp120
had not fully assigned the glycan structures present, as MALDI
provides only information on the overall composition of a glycan
and not structural information regarding linkage and stereochem-
istry of individual monosaccharides (7, 9). Therefore, we used ion
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mobility mass spectrometry (MS) and negative-ion collision-in-
duced dissociation (CID) to compare the isomers present on
physiologically relevant PBMC-derived virion-associated gp120
with those on recombinant gp120 prepared in HEK 293T cells. Ion
mobility MS facilitates analysis of low-abundance, complex mix-
ture samples by using ion mobility capability to separate sugars
based on shape, size, and charge (Fig. 1B). Specific populations of
ions can then be analyzed individually, as shown in Fig. 1D, giving
greater resolution compared to analyzing the full mixture. Fur-
thermore, negative-ion CID fragmentation discriminates between
isomers and allows characterization of some glycosidic linkages.

Replication-competent full-length JR-CSF was prepared in
CD8-depleted PBMCs and the Env isolated by immunoprecipita-
tion (IP) with a cocktail of bnAbs (b12, b6, F425-b4e8, 2F5, and
4E10). The sample was further purified by SDS-PAGE, revealing
one band corresponding to gp120 that was confirmed by Western
blotting (Fig. 1A; see also Fig. S1A in the supplemental material).
An in-gel PNGase F digest was used to release the N-linked gly-
cans; Fig. 1B shows the negative-ion plot of ion mobility drift time
against m/z of N-glycans from the PBMC-derived gp120 (see Fig.
S2 for recombinant gp120). The total negative-ion ESI spectrum is
shown in Fig. 1C, and the remaining graphs show the spectra of
the singly, doubly, and triply charged ions computationally ex-
tracted from the DriftScope plot (Fig. 1D), as outlined by the ovals
in Fig. 1B.

The oligomannose-type glycans on gp120 are the target of a
number of HIV-1 bnAbs (4, 16—18, 22). The masses of the
singly charged ions were typical of those from the oligoman-
nose glycans Man;GIcNAc, to Man,GIcNAc,, and as previ-
ously observed, these glycans were identified in both the re-
combinant and virion-derived PBMC samples. Analysis of the
fragmentation patterns in the negative-ion CID spectra (Fig. 2)
shows the same oligomannose isomers present in both sources.
The spectrum of MangGlcNAc, shows a single set of ions for the
D1, D3 isomer, consistent with the known preference for a-man-
nosidase I to remove the D2 mannose from Many,GlcNAc, during
biosynthesis of these glycans (Fig. 2D). However, the Man,
GlcNAc, spectrum (Fig. 2C) showed two sets of ions. The less
abundant set exhibited m/z values showing substitution of the
seventh mannose on D1 arm whereas the second, major, set
showed m/z values showing substitution on the D3 arm.
Man;GIcNAc,, MangGIcNAc,, and ManyGlcNAc, appeared to be
single isomers. In summary, the oligomannose isomers present on
recombinant gp120 and PBMC-derived Env are highly similar,
and therefore, recombinant gp120 produced in HEK 293T cells is
sufficient to reproduce the intrinsic mannose patch found on vi-
rion-associated gp120.

PBMC-derived Env has large highly sialylated structures. We
next analyzed the complex and hybrid-type glycans present on the
PBMC-derived Env and recombinant gp120. The use of negative-
ion MS allows the analysis of complex-type glycans displaying
sialic acid residues, whereas our previous MALDI analysis used
the positive mode. The masses of the singly charged ions were
typical of those from nonsialylated complex-type (mainly bian-
tennary) glycans, whereas those in the spectra of doubly and triply
charged ions corresponded to sialylated versions of bi-, tri-, and
tetra-antennary glycans together (Fig. 1). Analysis of the fragmen-
tation patterns showed that the complex-type glycans were mostly
al,6-core fucosylated on the reducing-terminal GlcNAc residue
(Fig. 3). The complex-type glycans present on recombinant gp120
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FIG 2 Oligomannose isomers are the same on PBMC-derived Env and recombinant gp120. Shown are negative-ion CID spectra of oligomannose glycans from
the recombinant gp120;_csp- The panels correspond to Man;GIcNAc, (A), Man,GIcNAc, (B), a mixture of Man,GIcNAc, isomers (C), MangGlcNAc, (D), and
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diagnostic region (m/z 450 to 1,000) from the virion-associated gp120 derived from PBMCs, confirming similarity in the glycans within the two samples.

were mostly similar to those on the PBMC-derived virion sample,
although differences in abundance could not be determined using
this method (see Fig. S2 in the supplemental material).
PBMC-derived Env has predominantly a-2,6-linked sialic
acids. The interaction of sialic acid residues with host receptors
can play an important role in immune modulation (28, 41),
and the linkage of sialic acid can impact its function (28). For
example, interaction of «2,6-linked sialic acid residues with
CD22 on the surface of B cells plays an important role in reg-
ulating multiple B cell functions, including cellular activation,
and B cell survival and homeostasis (28). The glycosylation of
HIV Env has also been shown to be important for complement-
mediated enhancement of HIV infection in cell lines (42, 43),
and disialylation with neuraminidase or using glycosidase in-
hibitors can lead to activation of the alternate complement
pathway (44, 45). However, the exact sialic acid linkages of
complex-type glycans on virion-associated gp120 prepared in
PBMC:s has not previously been reported (8, 10). Therefore, we
next characterized the linkage of the sialylated N-glycans on
PBMC-derived Env. The sialylated structures were of too low
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abundance to use CID for linkage analysis, so we used a com-
bination of high-performance liquid chromatography (HPLC)
and neuraminidase enzymatic digestion to assign sialic acid
linkage. The PNGase F-released N-linked glycans were fluores-
cently labeled using 2-AA and analyzed by HPLC. Peaks were
assigned by exoglycosidase digestion (see Fig. S3 in the supple-
mental material). This analysis of the released glycans con-
firmed a high proportion of oligomannose as observed in pre-
vious studies (7, 9) (Fig. 4A). Due to the limited sample and the
poor-quality trace baseline, a percentage of oligomannose-type
glycans could not be accurately determined; however, a partic-
ularly dominant peak corresponding to Man,GIcNAc, was ev-
ident.

To assess the linkage of the sialic acid residues present, the
charged fraction (containing sialylated glycans) was separated
from the neutral species using anion-exchange chromatography
(Fig. 4B and C). The charged fraction was treated with an «2,3-
specific neuraminidase, and HPLC analysis was used to look for
changes in glycan structure; however, very little change was ob-
served (Fig. 4C). Treatment with a general neuraminidase, which
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FIG 3 Example of negative-ion CID spectra of biantennary complex glycans from PBMC-derived Env sample. (a) Man;GlcNAc,Fuc;. (b) Gal,Man,GlcNAc,Fuc,. The
single set of D and D-18 ions (m/z 526 and 508, respectively) shows galactose substitution only on the 3-antenna. (c) Gal,Man;GlIcNAc,Fuc,. D and D-18 ions
are at m/z 688 and 670, respectively, reflecting the presence of the galactose residue in the 6-antenna. (d). Mixture of a bisected biantennary glycan and a
triantennary glycan. The bisected glycan produced the prominent D-221 ion at #/z 508, whereas the triantennary glycan produced the D, D-18, and D-36 triplet
at m/z 629, 611, and 693, respectively, together with the cross-ring cleavage ion at #1/z 627. These compounds did not separate by ion mobility. (e) Monosialylated
biantennary glycan Neu5Ac, Gal,Man;GlcNAc,Fuc,. The spectrum is similar to that of the biantennary glycan shown in panel ¢ with the fragments having lost

the sialic acid residue. This residue produced the B, fragment at 1/z 290.

cleaves a2,3-, a2,6-, and a2,8-linked sialic acid residues, resulted
in the majority of the peaks collapsing to 3 major peaks corre-
sponding to bi-, tri-, and tetra-antennary nonsialylated glycans.
As a2,8-linked sialic acids are mainly found in the brain (46),
these data indicate that the sialic acids present on PBMC-derived
Env are predominantly a2,6 linked.

Cleavage-specific PGT151-purified pseudovirion Env has a
glycan profile similar to that of the PBMC-derived gp120. We
next looked at the glycosylation of Env isolated from pseudoviri-

September 2015 Volume 89 Number 17

Journal of Virology

ons produced in HEK 293T cells, as this virus system is commonly
used to determine neutralization activity of HIV bnAbs (27). Our
previous studies had highlighted differences in the glycosylation
of PBMC-derived gp120 and pseudovirion-derived gp120 (7, 9).
However, a number of studies have also shown that pseudovirions
display not only native trimers but also various nonfunctional
forms, including uncleaved gp160 and gp41 stumps (47-51). As
mentioned above, the recently isolated bnAb PGT151 is able to
distinguish cleaved from uncleaved Env trimers (Fig. 5A) (21).
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FIG 4 Complex-type glycans on virion-associated gp120 produced in PBMCs have predominantly a2,6-linked sialic acids. (A) HPLC trace of bulk glycans
released from PBMC-derived gp120 using PNGase F. The bulk glycans were fractionated into neutral glycans (B) and charged glycans (C) for subsequent
neuraminidase digestion. The charged fraction was digested first with a2,3-specific neuraminidase and then with a general neuraminidase that cleaves a2,3-,
a2,6-, and «2,8-linked sialic acids. Analysis by HPLC showed that the sialic acids were predominantly «2,6 linked. Asterisks indicate peaks which have been
digested by the a2,3-specific neuraminidase and thus represent glycans containing at least one a2,3-linked sialic acid. Glycan structures were assigned using
exoglycosidase digestions (see Fig. S2 in the supplemental material). Although we used a general neuraminidase that cleaves «2,3-, a2,6-, and «2,8-linked sialic
acids, terminal a2,8-linked sialic acid linkages are found mainly in the brain (46) and were therefore not considered in this analysis.

Therefore, to further our understanding of native Env glycosyla-
tion, we used PGT151 to isolate only fully cleaved native trimers
from the pseudovirion surface and analyzed their glycosylation
compared to Env isolated using a cocktail of bnAbs (b12, b6,
F425-b4e8, 2F5, and 4E10). JR-CSF virus was incubated with
bnAb PGT151 before lysis with NP-40, and the Env-Ab complex
was then isolated with protein A beads. SDS-PAGE analysis of the
two IP conditions showed clear differences (Fig. 5B; see also Fig.
S1B and C in the supplemental material). PGT151 alone isolated
gp120 and gp41 bands that were confirmed with Western blot
analysis. Additionally, a very faint gp160 band was observed in the
Western blot (Fig. 5B, lane 2), which may have come from trimers
consisting of two cleaved protomers and one uncleaved protomer.
In contrast, the bnAb cocktail isolated gp120, gp41, and two dom-
inant species of nonnative gp160 (Fig. 5B, lane 3). The glycans
present on these samples were removed with PNGase F and ana-
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lyzed using HPLC, as this method provides the best overall quan-
titative analysis of different glycan types.

Glycosylation patterns of the gp120 bands were very similar,
consisting of predominantly oligomannose-type glycans (approx-
imately 60%) and a series of highly processed bi-, tri-, and tetra-
antennary glycans (Fig. 5C and D) similar to those seen on the
PBMC-derived sample (Fig. 4A). This differed from the complex-
type glycans found on recombinant gp120 that had a larger pop-
ulation of smaller, less processed complex-type glycans compared
to the highly processed complex-type sugars (Fig. 5F). The un-
cleaved gp160 band, observed as a very minor population in the
PGT151 IP, had a profile similar to that of pseudovirion gp120
(Fig. 5G). However, the nonnative uncleaved gp160 bands ob-
served from the bnAb cocktail IP had a greater abundance of oli-
gomannose-type glycans (>80%) (Fig. 5H and I). This pattern is
consistent with the observations by Crooks et al. of a predomi-

September 2015 Volume 89 Number 17


http://jvi.asm.org

HIV Virion-Associated Env Glycosylation

™~
on
9 | &l
R
A 100 R o o pua S HE M9
gp120 . .P:m -': Pseudoviral gp120
« PGT1511P
PGT151
epitope 0 T T T T T T T T T T T T T T T T T T 1
gp41 Dioo
--------------------- N Pseudoviral gp120
------------------------------ - bnAb IP
5
-~ 0 I 1 1] L] 1] 1 1] 1 1 T T T L] ] 1 1 T | ] 1
E
100
b . Cell surface gp120
.} & PGT151 1P
',
B Q 8
NN Q
& é\'@ )
N
LIL8
S §§°§ .s’§ Pseudoviral gp160
N . PGT151 1P
5 &35
(¢ 200 2 H. 0 I"""i"}"':' il N NS T NS WS NI A e
160 mi 100 .
00160 maior Pseudoviral gp160
o s B <—gp120 & (major)
bnAb IP
0° —=
I 100
. Pseudoviral gp160
- <«—Ab Heavy chain w (minor)
“gpd bnAb IP
0

6 7 8 9 10

11 12 13 14 15 16 17 18 22 23 24 25 26

Retention Time (min)

19 20 21

FIG 5 HPLC analysis of pseudovirion-associated gp120;_csr produced in HEK 293T cells. (A) Structural representation of the PGT151 epitope (23). (B)
Western blot analysis of Env proteins isolated using the methods described below. (C to I) HPLC traces for gp120 isolated by IP with cleavage-specific PGT151
(C), gp120 isolated by IP with a cocktail of bnAbs (b12, b6, F425-b4e8, 2F5, and 4E10) (D), cell surface-associated gp120 isolated by IP with cleavage-specific
PGT151 (E), recombinant gp120;;, g expressed in HEK 293T cells and GNL purified (F), gp160 isolated by IP with cleavage-specific PGT151 (G), and major (H)
and minor (I) populations gp160 isolated by IP with a cocktail of bnAbs (b12, b6, F425-b4e8, 2F5, and 4E10). The black line outlining the peaks represents all
N-linked glycans released after PNGase F digestion, and the gray dashed line shows the sample after Endo H digestion. Peak areas corresponding to oligoman-
nose-type glycans are colored in shades of green, with their abundances (% to total glycans) depicted in the pie charts. Remaining hybrid- and complex-type

glycans are presented in white.

nantly Endo H-sensitive gp160 species in pseudoviral particles
(47). This form of gp160 may bypass the normal processing path-
way through the Golgi and be trafficked directly from the ER to the
cell membrane (52, 53). The PGT151-reactive cell surface-associ-
ated Env was also isolated and analyzed (Fig. 5B, lane 1; see also
Fig. S1D in the supplemental material). The glycan profile of this
material was almost identical to that from the pseudoviral parti-
cles, also containing highly processed sialylated complex-type
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sugars (Fig. 5E). Overall, the glycosylations of native and nonna-
tive pseudovirion Env differ, and PGT151 is a useful tool for iso-
lating Env with a native-like glycosylation pattern from pseudovi-
rions and cell surface trimers.

We next performed neuraminidase digests to analyze and com-
pare the sialic acid residues present on the complex-type sugars of
pseudovirus with that of PBMC-derived Env. HEK 293T cells are
able to add both a2,3- and «2,6-linked sialic acids; however, it has
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been reported that the majority of HEK 293T expressed proteins
have mostly a2,6-linked sialic acids (54-57). When the glycans
released from gp120 were treated with the a2,3-specific neur-
aminidase, all sialylated glycans were shown to be sensitive and no
further trimming was observed upon treatment with a general,
non-linkage-specific neuraminidase (see Fig. S4 in the supple-
mental material). Therefore, in contrast to the PBMC-derived Env
that has predominantly a2,6-linked sialic acid residues, pseudo-
viral Env has a2,3-linked sialic acids. This difference highlights the
role of the producer cell in complex-type glycosylation.

Glycans decorating gp41 are mostly highly processed com-
plex-type sugars, with a small proportion of Endo H-sensitive
structures. There has been very little reported on the specific gly-
can structures present on gp41, with most information being pro-
vided by SDS-PAGE gel shift differences after enzymatic digestion
(58, 59). Pal et al. showed that gp41 from viruses prepared in
MOLT-3 cells was Endo H resistant, but when prepared in the
presence of an ER mannosidase inhibitor, 1-deoxymannojirimy-
cin, gp41 became sensitive to Endo H digestion (59). More recent
work by us and by Go and colleagues has shown that the gp41
glycans on recombinant gp140 trimers (13, 60, 61), including the
SOSIP trimer (14), are predominantly complex type and that
these structures are generally more dependent on producer cells.
In this study, we were able to record the chromatograms of labeled
glycans from PGT151-isolated pseudovirion-derived material
and cell surface-associated Env to provide a more detailed descrip-
tion of glycan structures present on native virion-derived gp41.
Unfortunately, we were unable to obtain equivalent spectra from
PBMC-derived gp41 due to a lack of sample abundance. The gly-
cans released from the gp41 band on PGT151-isolated pseudovi-
rion-derived material and cell surface-associated Env were found
to be predominantly complex type, although with a minor popu-
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lation of both oligomannose and hybrid-type glycans (Fig. 6).
HPLC analysis of the released glycans before and after Endo H
digestion showed very minor differences between the chromato-
grams of cell surface and virion-derived gp41. The glycans include
asignificant population of highly processed sialylated bi-, tri-, and
tetra-antennary complex-type glycans. The glycan profiles of
pseudovirion gp41 and cell surface-associated gp41 were very sim-
ilar, suggesting that the glycan processing of gp41 is not under the
same steric restriction as that on gp120. In fact, in the recent crys-
tal structures of the BG505 SOSIP.664 trimers, the N611 and N637
glycan sites were revealed to be adjacent in space but highly ex-
posed (62, 63).

DISCUSSION

As many of the most broad and potent HIV-1 neutralizing anti-
bodies bind to or are dependent on Env glycosylation, including
both gp120 and gp41, it is critical to characterize the glycan struc-
tures on native virion-associated Env to design immunogens that
accurately mimic the native trimer. In this study, we characterized
in detail the glycosylation of native Env from PBMC-derived virus
and determined the ability of different Env expression systems to
replicate certain aspects of native Env glycosylation. Although Env
is entirely processed by the glycosylation machinery of the host
cell, we show that there are various degrees of protein-directed
and cell-directed processing that determine the overall glycosyla-
tion profile of native Env. The data presented here represent a
reference to compare the glycosylation of potential HIV-1 im-
munogens and thus can be used to inform strategies for Env im-
munogen preparation.

The protein-directed element of Env glycosylation has previ-
ously been described (7, 9) and arises from the steric restriction of
glycan processing leading to the presence of oligomannose gly-
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cans, in particular MangGlcNAc, and ManyGlcNAc,, forming the
so-called IMP (14). These glycans are a key component of the
epitope of the N332-dependent bnAbs (4, 18, 22). Our CID anal-
ysis showed for the first time that identical isomers of the oligo-
mannose series exist on both recombinant gp120 prepared in
HEK 293T cells and virion-associated gp120 prepared in PBMCs.
Thus, HEK 293T cells are sufficient to recreate the IMP, confirm-
ing that this feature of Env glycosylation is consistent regardless of
producer cell. The ion mobility mass spectrometry of PBMC-de-
rived Env showed that the remaining glycans on gp120 were highly
processed di-, tri-, and tetra-antennary sialylated complex-type
sugars, and HPLC analysis confirmed their abundance. Using
PGT151, we were able to isolate a component of pseudovirion Env
that had a range of complex-type sugars similar to that isolated
from PBMC-derived Env, except for a different linkage of termi-
nal sialic acids. These highly processed complex-type glycans
might be indicative of a prolonged exposure in the Golgi or retro-
mer-mediated sorting of virion-associated Env from the cell sur-
face back to the Golgi, as has recently been demonstrated (64). In
contrast, recombinant gp120, which is not membrane bound, dis-
played an additional range of smaller complex-type glycans, sug-
gesting faster transit through the Golgi apparatus.

In contrast to that of gp120, the heterogeneous glycosylation of
gp41 indicates a lesser degree of protein-directed processing, pre-
sumably due to the lower density of glycans in this region. The
gp41 glycan structures are predominantly Endo H resistant, and
the complex-type glycans present are mostly sialylated tri- and
tetra-antennary glycans. PGT151 neutralization is dependent on
N611 and N637 and sensitive to changes in glycan structure, and
neutralization plateaus aslow as 50% have been observed for some
viruses (21). Furthermore, PGT151 has been shown to bind tri-
and tetra-antennary complex-type glycans on glycan microarrays
(21). These observations, in addition to the heterogeneous nature
of gp41, suggest that the incomplete neutralization of some strains
by PGT151 may arise from virus particles displaying glycans at
positions N611 and N637 that PGT151 cannot bind (although
incomplete site occupancy could also play a role). However, it
should be noted that PGT151 neutralizes JR-CSF to >95% and
will therefore have isolated the majority of native Env from JR-
CSF pseudovirions. As the glycan processing on gp41 is not under
the same steric restriction as that on gp120, this heterogeneity may
highlight a limitation of targeting the glycans on gp41 for vaccine
design.

The cell-specific influences on Env glycosylation for recombi-
nant gp120, gp140, and SOSIP trimers have been analyzed previ-
ously (14, 65, 66). However, these differences have not been ex-
plored in detail for virion-associated gp120, in particular the sialic
acid linkages of complex-type sugars. The cell-specific influences
on virion-associated gp120 are clearly evident in the differences
observed between sialic acid linkages for virion-associated gp120
derived in PBMCs, compared to pseudovirion material derived in
HEK 293T cells. This may have implications for the choice of cell
for vaccine production. Studies of both human and mouse CD4 ™"
T cells have shown that activation leads to a dramatic remodeling
of N-linked glycans (67). In contrast to freshly isolated cells that
have predominantly complex-type glycans with terminal «2,6-
linked sialic acids, activated cells exhibit a dramatic decrease in
sialylated glycans (67, 68). This has been correlated with a decrease
in ST6GAL1 mRNA. However, interestingly, we observed in this
study that activated HIV-1-infected CD4™ T cells produce virion-
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associated Env that contains highly sialylated complex glycans,
where the sialic acid is predominantly, but not exclusively, a2,6-
linked. This may suggest that HIV-1 infection can lead to a remod-
eling of cellular N-linked glycans, somehow reversing any down-
regulation of ST6GALL. Indeed, it has been reported that the
glycosylation of CD43 and CD45 is altered upon HIV-1 infection
(69). In contrast to the case with PBMC-derived gp120, the sialy-
lated complex-type sugars on pseudovirion gp120 are o2,3 linked.
Several studies have reported that some glycan-reactive bnAbs
bind specific sialic acid linkages. For example, both PGT121 and
PG9 have been shown to preferentially bind a2,6-linked bianten-
nary glycans (17, 57), whereas PGT151 preferentially binds «2,3-
sialylated tetra-antennary glycans (21). However, all bnAbs neu-
tralize both HEK 293T-derived pseudovirions and PBMC-derived
virus, with very similar potencies (17, 21, 57; unpublished data),
yet the implications for the difference in sialic acid preference have
not been addressed. Our data may indicate that in the context of a
glycan array, where bnAbs are relying on only a portion of their
full glycan-protein epitope for binding, the sialic acid linkage is
critical for binding affinity. However, when the complete and op-
timal epitope is present both sialic acid linkages can be tolerated,
allowing neutralization of both PBMC- and HEK 293T-derived
viruses. Although HEK 293T cells are sufficient to recreate the
mannose patch, they are unable to mimic the «2,6-linked sialic
acid extensions displayed by the PBMC-derived Env. However,
given that the HIV-1 bnAbs identified thus far tolerate both 2,3
and a2,6 linkages, this suggests that HEK 293T cells may still rep-
resent a suitable choice for vaccine production.

Our data support observations that pseudovirions display var-
ious forms of nonfunctional Env in addition to native Env trimers
(47) and further reveal differences in the glycosylation of the na-
tive and nonnative forms of Env. We isolated three forms of un-
cleaved gp160 using the different IP methods. The minor gp160
population isolated through IP with PGT151 has a glycan profile
similar to that of gp120 from cleaved, functional trimers, suggest-
ing that this form of virion-associated uncleaved Env is restricted
from the glycan processing machinery in the same way as fully
cleaved Env. Given that this species was isolated using PGT151,
this form of gp160 likely derives from a minor population of trim-
ers comprising cleaved and uncleaved protomers whose glycans
are processed similarly, but where furin cleavage is not 100% effi-
cient. The dominant gp160 forms on pseudovirions, isolated us-
ing the bnAb cocktail, have greatly increased levels of oligoman-
nose glycans compared to those of virion-associated gp120. This
additional level of oligomannose is unlikely to arise from steric
constraints of Man;GIcNAc, glycosyltransferase extension, as
these glycans are not similarly protected on the minor gp160 form.
As we have recently shown that uncleaved recombinant gp140
trimers have a much higher degree of processing than their cleaved
equivalents (14), the elevated level of oligomannose on these
membrane-bound gp160 forms may suggest that they bypass the
Golgi apparatus and are trafficked straight to the cell surface (52).
Indeed, alternate pathways of secretion of SIV Env have been ob-
served (53). Therefore, the glycosylation of pseudovirion nonna-
tive Env could also be impacted by how Env traffics from the ER to
the cell membrane. These forms of uncleaved Env were not ob-
served in the virus produced in PBMCs.

In summary, we have shown that the glycosylation of native
Env trimers isolated from PBMC-derived virions consists of pre-
dominantly protein-directed oligomannose glycans with a popu-
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lation of highly processed sialylated bi-, tri-, and tetra-antennary
glycans that are capped with mostly «2,6-linked sialic acids. We
have shown that HEK 293T cell-produced pseudoviral Env iso-
lated using PGT151 is largely capable of reproducing this glycan
profile; however, the sialic acid linkage of complex-type sugars
differs due to a dependence upon the host cell. As these differences
do not appear to impact bnAb recognition, PGT151 is therefore a
useful tool for isolating Env with a native-like glycosylation pat-
tern from pseudovirions. This will allow easier preparation of vi-
rion-associated Env for future glycan analysis and could be ap-
plied to purification of Env for vaccine development. Finally, we
show that the glycosylation of virion-associated gp41 is not under
the same steric constraints as that of gp120 and therefore is highly
heterogeneous, with a low abundance of oligomannose and hy-
brid-type glycans. Overall, the analyses presented demonstrate the
protein-directed and cell-directed effects upon native Env glyco-
sylation and provide an important reference for analyzing poten-
tial HIV-1 Env immunogens.
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