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SUMMARY

The HIV-1 envelope (Env) surface is shrouded with an assortment of oligomannose-, hybrid-, and com-

plex-type glycans that enable virus interaction with carbohydrate-recognizing lectins. This study

examined the importance of glycan heterogeneity for HIV-1 transmission through the trans-infection

pathway by the host mannose-binding lectin DC-SIGN. A diversity of glycan content was observed

among HIV-1 strains and associated with varying degrees of trans-infection via DC-SIGN and sensi-

tivity to trans-infection blockage by antiviral lectins. When Env glycans were modified to display

only the oligomannose type, DC-SIGN-mediated virus capture was enhanced; however, virus trans-

infection was diminished because of increased degradation, which was alleviated by incorporation

with hybrid-type glycans. Amino acid changes in the Env signal peptide (SP) modulated the Env glycan

content, leading to alterations in DC-SIGN-dependent trans-infection and virus sensitivity to antiviral

lectins. Hence, SP variation and glycosylation that confer varied types of oligosaccharides to HIV-1

Env are critical determinants for virus fitness and phenotypic diversity.

INTRODUCTION

HIV-1 envelope (Env) spikes, the only virus-encoded glycoproteins on the virion surface, mediate virus-host

interactions that are crucial for virus propagation and spread. The Env surface is densely shrouded by

N-linked glycans, which make up approximately 50% of Env mass (Lee et al., 2016; Rudd and Dwek,

1997; Stewart-Jones et al., 2016). These glycans promote occlusion of immunogenic epitopes, and virus

escape from antibody recognition (Binley et al., 2010; Crooks et al., 2015; Kumar et al., 2013; Sanders

et al., 2008; Townsley et al., 2016; Wei et al., 2003). N-glycan-induced structural alterations to Env also

have been shown to regulate the proteolytic processing of MHCII-restricted CD4 T cell epitopes (Li

et al., 2009). In addition, HIV-1 utilizes Env glycans to attach to carbohydrate-binding lectins on host cells,

such as the C-type lectin DC-SIGN expressed on dendritic cells and macrophages found at mucosal sites

(Garcia-Vallejo and van Kooyk, 2013; Geijtenbeek et al., 2000c). DC-SIGN is a type 2 C-type lectin with a

carbohydrate-recognition domain that binds fucose and high-mannose glycans on viruses and bacteria

in a Ca2+-dependent manner. DC-SIGN displays enhanced affinity specifically for high-mannose glycans

with terminal Mana1-2 structures on HIV Env (Feinberg et al., 2007; Mitchell et al., 2001). Although DC-

SIGN serves as a pattern recognition receptor that innate immune cells use to capture and internalize mi-

crobial pathogens for destruction and antigen presentation to T cells (Geijtenbeek et al., 2000a, 2000c),

HIV-1 can evade the cellular degradation machinery and exploit DC-SIGN for its transmission to CD4

T cells, the main cell type that hosts robust, productive HIV-1 replication (Baribaud et al., 2002; Geijtenbeek

et al., 2000b; Jan and Arora, 2017; Manel et al., 2010; van Montfort et al., 2011). DC-SIGN interaction with

HIV-1 is thus implicated in the initial stages of virus acquisition and spread from the mucosal site of virus

entry (Geijtenbeek and van Kooyk, 2003; Hertoghs et al., 2017).

HIV-1 is transmitted from dendritic cells to CD4 T cells through trans- or cis-infection pathways (Lekker-

kerker et al., 2006; Tsunetsugu-Yokota and Muhsen, 2013). Virus interaction with DC-SIGN typically leads

to trans-infection in the absence of virus replication in dendritic cells (Geijtenbeek et al., 2000b; Kwon

et al., 2002). Intact HIV-1 virions captured by mature dendritic cells have been shown to be endocytosed

to non-lysosomal tetraspanin-containing multivesicular bodies (Garcia et al., 2005), whereas in a more

recent study with immature monocyte-derived dendritic cells, HIV-1 virions were found to accumulate on

actin-rich dendrites near the plasma membrane to allow for efficient transfer to CD4 T cells; this process

involved the participation of tetraspanin 7 and dynamin 2, which controlled nucleation and cortical stabi-

lization of actin to limit virus endocytosis (Menager and Littman, 2016). Dendritic cells also may support a
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limited level of HIV-1 replication to produce infectious virions that are efficiently transmitted to CD4 T cells

through cis-infection (Burleigh et al., 2006; Tsunetsuguyokota et al., 1995). In addition to DC-SIGN, other

C-type lectins, such as Siglec-1 (sialic acid-binding immunoglobulin-like lectin-1) on mature dendritic cells

and DCIR (dendritic cell immunoreceptor) on immature dendritic cells, have been reported to participate in

the capture and trans-infection of HIV-1 (Izquierdo-Useros et al., 2012; Lambert et al., 2008; Perez-Zsolt

et al., 2019). DCIR is also implicated in cis-infection (Lambert et al., 2008). The relative importance of these

lectins in HIV-1 transmission remains controversial. In some studies, antibody blockage of DC-SIGN on

dendritic cells was found to reduce virus capture only up to 50% (Burleigh et al., 2006; Cambi et al.,

2004), but other studies have demonstrated 70%–75% inhibition of virus capture by immature monocyte-

derived dendritic cells (MDDCs) and almost complete blockage of transmission to CD4 T cells (van Mon-

tfort et al., 2007). siRNA knockdown in immature dendritic cells also decreased HIV-1 transfer to CD4

T cells by 75% (Arrighi et al., 2004). A side-by-side comparison of DC-SIGN and DCIR knockdown further

demonstrated a more significant contribution of DC-SIGN versus DCIR in HIV-1 capture and trans-infection

by immature dendritic cells (Jin et al., 2014).

This study was conducted to evaluate HIV-1 trans-infection by DC-SIGN and the capacity of soluble antiviral

lectins to block this mode of virus transmission. In particular, we postulated that the oligosaccharide

composition of HIV-1 Env glycans is a key factor determining DC-SIGN-mediated virus transmission and

virus resistance to antiviral lectins. Glycosylation adds a layer of diversity to the already extremely high level

of Env variation found among circulating HIV-1 isolates. At the genetic level, N-linked glycosylation is

dictated by the N-X-S/T motif, where X is any amino acid except P. Env proteins have varying numbers

of these potential N-glycosylation sites (PNGSs), ranging from 23 to 34 per gp160 protomer; the majority

of these are in the gp120 surface subunit, whereas only four to eight are in the external domain of the gp41

subunit (Go et al., 2017). Most PNGSs are not conserved. In fact, only six to eight PNGSs found in Env of

clades A, B, C, G, and CRF_01.AE are >90% conserved, and for several PNGSs, conservation is <20%

(Go et al., 2017; Pritchard et al., 2015). The PNGSs on HIV-1 Env are not fully occupied (Cao et al., 2018;

Struwe et al., 2018). The level of PNGS occupancy is dictated by site accessibility for a series of enzymes

participating in the glycan maturation process (Cao et al., 2017). The glycosylation pathway is initiated

by the addition of Glc3Man9GlcNAc2 en bloc onto a nascent protein in the ER (Figure 1). As the protein

is transported across the ER and the Golgi apparatus, the high-mannose structure is trimmed and subse-

quently elaborated with hybrid- and complex-type glycans. In contrast to cellular glycoproteins, which are

usually adorned with mature complex-type glycans, virus Env carries all three glycan types, including early

and intermediate high-mannose, intermediate hybrid, and mature complex glycans (Behrens et al., 2016;

Go et al., 2015; Kong et al., 2010). In fact, various glycan types and glycoforms are found in proportions that

vary depending on Env strain and host cell type (Bonomelli et al., 2011; Cao et al., 2018; Go et al., 2017;

Struwe et al., 2018; Torrents de la Pena et al., 2019). On soluble and membrane-anchored Env mimics,

high-mannose-type glycans range from �60%–70%, with the most prominent being the least processed

Man9GlcNAc2 glycans at 20%–40% (Behrens et al., 2017; Doores et al., 2010; Go et al., 2015). Analysis of

soluble, uncleaved, prefusion-optimized BG505 Env gp140 trimers produced in 293F cells similarly has

shown that 56% are high-mannose type composed of Man5 (6%), Man6 (3%), Man7 (6%), Man8 (15%), and

Man9 (26%) (He et al., 2018). When the same proteins were produced in ExpiCHO cells, the total oligoman-

nose content increased to 64%, with observable changes in glycoform proportions. Site-specific analysis

further revealed that each PNGS on gp120 incorporated multiple glycoforms of only the oligomannose

type or a mix of oligomannose type and complex type, whereas the gp41 PNGSs had mainly complex-

type glycoforms (Cao et al., 2017; He et al., 2018). Consistent with these findings, our previous study of vi-

rus-associated Env from a clade B infectious molecular clone REJO.c/2864 identified nine and three unique

glycoforms at positions 290 and 446, respectively, each of which included both high-mannose type and fu-

cosylated complex type (Upadhyay et al., 2018). Importantly, the proportion of glycoforms changed when

amino acid substitutions were introduced into the Env signal peptide (SP), demonstrating a genetic influ-

ence on Env glycan composition (Upadhyay et al., 2018).

Previous studies evaluating the effects of Env glycan composition have revealed the importance of glycan

types in modulating virus interactions with antibodies and lectins. In these studies, HIV-1 with Env bearing

only high-mannose-type glycans exhibited increased sensitivity to neutralizing antibodies against the

crown of the V3 loop (Binley et al., 2010; Kumar et al., 2013; Upadhyay et al., 2014) but increased resistance

to antibodies specific for V2i epitopes in the underbelly of the V1V2 beta-barrel domain (Upadhyay et al.,

2018). More refined changes of oligosaccharide contents that were induced by substitutions of the basic
414 iScience 21, 413–427, November 22, 2019



Figure 1. N-linked Glycan Processing

N-linked glycosylation is initiated by the addition of Glc3Man9GlcNAc2 en bloc onto a nascent protein in the ER. As the

protein is transported across the ER and the Golgi apparatus, the high-mannose structure is trimmed and subsequently

elaborated with hybrid- and complex-type glycans. HIV-1 Env is swathed with a dense array of N-glycans composed of

high-mannose, hybrid, and complex types. Glycosidase inhibitors and cells lacking a key enzyme for glycan maturation

are useful tools to experimentally modify the Env glycans and reduce glycan heterogeneity to certain glycoforms.

For example, kifunensine, which inhibits the ER and Golgi mannosidase I, retards glycosylation at the Man9GlcNAc2
stage, enriching for this particular high-mannose glycoform. In GnTI-deficient HEK293S cells (GnTI�/�), glycan
processing is arrested at theMan5GlcNAc2 structure. In contrast, treatment with swainsonine, an inhibitor of mannosidase

II in the Golgi, generates glycans of high-mannose type bearing Man5-to-9GlcNAc2 and hybrid type carrying

GlcNAcMan5GlcNAc2.
amino acid residues overrepresented in Env SP also rendered viruses more resistant to V2i-specific anti-

bodies (Upadhyay et al., 2018). Glycans were not part of the V2i and V3 crown epitopes; rather, SP muta-

tions changed the Env oligosaccharide composition, triggering structural alterations that affected the

accessibility of these epitopes. Consistent with these results, swapping Env SPs was also reported to

change the glycan content of recombinant Env gp120 proteins, with a resultant impact on antibody binding

to CD4-induced epitopes (Yolitz et al., 2018). Glycan composition also influences HIV-1 Env interactions

with DC-SIGN and other lectins from bacteria, algae, fungi, plants, and animals (Mitchell et al., 2017; Sharon

and Lis, 1989). HIV-1 enriched with high-mannose glycans was captured more efficiently by DC-SIGN and

shuttled toward a degradation pathway, which augmented MHCII-antigen presentation but impeded

trans-infection (van Montfort et al., 2011). Altering the ratio of high-mannose- and complex-type glycans

by swapping Env SP caused a dramatic switch in Env affinity for DC-SIGN and for plant lectins specific

for a-linked mannose or terminal galactose residues (Upadhyay et al., 2018; Yolitz et al., 2018). DC-

SIGN-dependent virus transmission was also reduced, to various extents, by Env SP mutations, although

the effect correlated mainly with lower Env incorporation into virions (Upadhyay et al., 2018).

Owing to their exquisite specificity and affinity for unique oligosaccharide configurations on HIV-1 Env gly-

cans, soluble lectins have been investigated for use as antiviral agents to prevent HIV-1 infection (Jan et al.,

2018; Jan et al., 2017; Koharudin and Gronenborn, 2014; Mitchell et al., 2017). One such lectin that has

advanced to human clinical trials as an anti-HIV-1 microbicide is griffithsin (GRFT), a lectin from the marine

red algae Griffithsia species, which is specific for the terminal Mana(1-2)Man residues forming the D1, D2,

or D3 arms of Man8/9 glycans (Moulaei et al., 2010; Ziolkowska et al., 2006) and shows efficacy across

different HIV-1 isolates and clades (Alexandre et al., 2013; Derby et al., 2018; Girard et al., 2018; Jan

et al., 2018; Lal et al., 2018; Mori et al., 2005; Xue et al., 2013). Another lectin with anti-HIV-1 activity,

GNA, is derived from snowdrop bulbs of Galanthus nivalis; this lectin also recognizes terminal oligoman-

noses but is specific for the Mana(1-3)- and Mana(1-6)-linked structures on Man5/6 glycans (Hester et al.,

1995; Shibuya et al., 1988). Nonetheless, the inhibitory potency of lectins against HIV-1 isolates varies
iScience 21, 413–427, November 22, 2019 415



greatly (Alexandre et al., 2013; Jan et al., 2018; Xue et al., 2013), and the role of glycan heterogeneity found

among these viruses warrants further investigation.

The current study evaluated the effects of HIV-1 Env glycan content on virus trans-infection by DC-SIGN

and virus sensitivity to transmission inhibition by antiviral lectins GRFT and GNA. Among different HIV-1

isolates, a diversity of Env glycan content was demonstrated by lectin probes and associated with variability

in DC-SIGN-dependent transmission and sensitivity to inhibitory lectins. To specifically delineate the

contribution of different glycan contents, viruses were generated with modifications specifically in their

Env glycan composition, using glycosidase inhibitors or a cell line lacking a key glycosyltransferase in

the glycosylation pathway, and introducing mutations to the Env signal peptide. Modifications in Env gly-

cans altered the balance between DC-SIGN-mediated virus degradation and trans-infection to CD4+ cells

and also influenced virus sensitivity to transmission inhibition by GRFT and GNA. The results provide direct

evidence for the importance of a heterogeneous Env glycan composition for HIV-1 fitness and phenotypic

variation. The findings also have important implications for the development of prophylactic vaccines and

microbicides, many of which specifically target HIV-1 Env glycans and thus are impacted by the variability of

glycan contents found among circulating HIV-1 isolates.
RESULTS

DC-SIGN-Mediated Transmission of HIV-1 Isolates with Varied Oligosaccharide Env Contents

To evaluate the variability in the Env oligomannose composition of different HIV-1 isolates, we determined

the binding of mannose-specific lectins GNA and GRFT with Env expressed by viruses that were all pro-

duced in transfected 293T cells. Four viruses pseudotyped with Env strains that belong to neutralization-

resistant tier 2 or tier 3 were subjected to SDS-PAGE and blotted and probed with GNA, GRFT, or

mAbs specific for gp120 or p24. The intensities of lectin bands were measured and normalized to the cor-

responding Env band. There was a tendency for higher GNA binding to PVO.4 and lower GNA binding to

YU-2 and 25710 as compared with JRFL (Figure 2A). In contrast, the relative levels of GRFT binding were

more invariant. A separate analysis of subtype B Env strains belonging to tier 1 and tier 2 based on neutral-

izing antibody sensitivity revealed a greater variability in GNA binding and GRFT binding (Figure S1). Env of

tier 1 viruses tended to be more reactive with GNA and GRFT than Env of tier 2 viruses, although the

differences between the two groups were not significant.

To determine virus interaction with DC-SIGN and virus trans-infection via this lectin, we evaluated transmis-

sion of different HIV-1 strains from DC-SIGN+ Raji cells to CD4+ TZM.bl cells. Expressing no CD4, DC-

SIGN+ Raji cells mediated only trans-infection of HIV-1. Treatment of DC-SIGN+ Raji cells with an

equivalent infectious dose of 25710, PVO.4, YU-2, and JRFL (�150,000 RLU) resulted in varying levels of

transmission to TZM.bl cells (Figure 2B).

We subsequently evaluated the relative sensitivity of a panel of subtypes B and C HIV-1 strains to

transmission inhibition by GNA and GRFT. Viruses known to be relatively sensitive (tier 1) or resistant

(tiers 2 and 3) to neutralizing antibodies were tested. GNA was effective mainly against tier 1 viruses

and failed to inhibit transmission of most tier 2 viruses except JRFL (IC50 ranging from 29 to

>50 mg/mL or 1.45 to >25 nM) (Figure 2C). These inhibitory potencies correlated with GNA binding levels

to the respective Env (r2 = 0.77, p = 0.05 by Spearman correlation). GRFT, on the other hand, inhibited

transmission of all viruses except CE1176, although IC50 values ranged widely from 1 to 69 ng/mL (0.078–

5 nM). CE1176 Env lacks specific PNGSs critical for interaction with GRFT (Alexandre et al., 2013; Xue

et al., 2013).

Variability was also observed with inhibition of transmission of different HIV-1 strains by mannan oligosac-

charides, which bind DC-SIGN and compete with HIV-1 Env. JRFL was inhibited by 29% at 100 mg/mL,

whereas REJO was inhibited by 58% (Figure 2D). We then reduced the heterogeneity of Env glycan by pro-

ducing JRFL and REJO viruses in the presence of a glycosidase inhibitor (kifunensine [KIF] or swainsonine

[SWA]) or in the 293S cell line lacking GlcNAc transferase I (GnTI�/�) (Kumar et al., 2013; Upadhyay et al.,

2018). KIF treatment stops the early step of glycan maturation in which a-mannosidase I trims Man9-
GlcNAc2, thus enriching the virus with high-mannose glycans with Man9GlcNAc2, whereas glycosylation

is arrested in GnTI�/� cells at the Man5GlcNAc2 stage (Figure 1). Both high-mannose-enriched KIF and

GnTI�/� viruses exhibited increased sensitivity and became equally sensitive to mannan inhibition (>65%

inhibition) (Figure 2D). Higher inhibition was also attained when the viruses were produced in the presence
416 iScience 21, 413–427, November 22, 2019
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Figure 2. HIV-1 Isolates Display Differences in Env Glycan Content that Influence Their Interaction with Lectins

and Transmission via DC-SIGN

(A) Oligomannose contents from HIV-1 expressing Env strains of 25710, PV0.4, YU-2, and JRFL as detected by

oligomannose-specific lectins GNA and GRFT. Virus lysates were prepared from sucrose-pelleted viruses and analyzed by

western blot with anti-gp120 mAb cocktail, GNA, GRFT, and anti-p24 mAb. The intensities of GNA and GRFT bands were

calculated as percentages of the corresponding anti-gp120 mAb bands. See also Figure S1.

(B) DC-SIGN-mediated transmission of HIV-1 isolates 25710, PV0.4, YU-2, and JRFL. DC-SIGN+ Raji cells were treated with

viruses containing an equivalent infectious dose (i.e., comparable infectivity upon titration in TZM.bl cells: �150,000 RLU)

for 2 h, washed to remove free virions, and co-cultured with TZM.bl cells. After 48 h, virus transmission to TZM.bl cells was

measured by luciferase activity (RLU). Statistical analysis was done using ANOVA (**p < 0.01, *p < 0.05, no asterisk

p R 0.05).

(C) Differential sensitivity of HIV-1 strains to transmission inhibition by GRFT and GNA as demonstrated by 50% inhibitory

concentration (IC50). To assess transmission inhibition by GRFT or GNA, virus was treated with titrated amounts of lectin

for 1 h and then incubated with DC-SIGN+ Raji cells for 2 h.

(D) Comparable sensitivity of HIV-1 JRFL and REJO to transmission inhibition by mannan oligosaccharides when viruses

were produced in kifunensine (KIF) or in GnTI�/� cells and expressed Env bearing homogenously high-mannose-type

glycans. Statistical analysis was done using unpaired t test (*p < 0.05, ns p R 0.05). For inhibition by mannan, DC-SIGN+

Raji cells were pretreated with mannan (100 mg/mL) for 1 h, washed, and incubated with virus for 2 h. After extensive

washing for free virus removal, treated Raji cells were co-cultured with TZM.bl cells, and virus transmission to TZM.bl cells

was detected by luciferase activity. All experiments were performed twice; averages and standard deviations of the two

experiments are presented.
of SWA, but a difference in mannan sensitivity between JRFL and REJO was retained. SWA targets a-man-

nosidase II in the later stage of glycosylation, permitting the accumulation of high-mannose glycans with

Man5-9GlcNAc2 and hybrid glycans bearing GlcNAcMan5GlcNAc2, but not of complex-type glycans. Unlike

KIF or GnTI�/� cells, treatment with SWA generates viruses that express a mix of high-mannose and hybrid

glycans and thus remain relatively heterogeneous in their Env glycan composition. These data demonstrate
iScience 21, 413–427, November 22, 2019 417



that heterogeneity in Env sugar composition is a key factor contributing to phenotypic differences in virus

sensitivity to trans-infection inhibition by glycan-targeting blockers.
Effect of HIV Envelope Glycan Modification on DC-SIGN-Mediated HIV-1 Capture and

Transmission

Although DC-SIGN is a lectin with the propensity for binding oligomannose glycans (Mitchell et al., 2001),

the composition of HIV-1 Env glycan optimal for virus interaction with DC-SIGN versus trans-infection to

CD4+ cells is not fully understood. To address this, JRFL and REJO pseudoviruses with global modifica-

tions in their Env glycan contents were produced in the presence of KIF or SWA or in the GnTI�/� cells.

Altered glycan contents of JRFL were verified in western blots probed with mannose-binding lectins

(GNA and GRFT) and mannose-specific mAb 2G12, along with anti-gp120 and anti-gp41 mAbs (Figures

3A, S2A, and S2C). As shown in Figure 3A, JRFL-KIF was more reactive with GRFT than was untreated

JRFL (denoted as WT), consistent with the enrichment of Man9GlcNAc2-bearing terminal Mana1-2, which

is recognized by GRFT. GNA showed a minimal change in binding to JRFL-KIF versus JRFL-WT. In contrast,

GNA was more reactive with JRFL-SWA and JRFL-GnTI�/� versus JRFL-WT, indicative of an increase in

Mana1-3 and Mana1-6 particularly in the lower Env bands of these glycan-modified viruses. Alterations

of oligomannose content were also evident from increased reactivity of JRFL-KIF and JRFL-GnTI�/�, but
not of JRFL-SWA, with mAb 2G12, further verifying that the Env of these viruses contained a distinct oligo-

mannose composition.

Western blot analysis also demonstrated that each of these glycan-modified viruses expressed Env with

lower molecular size as compared with WT in the following order: WT > SWA > KIF > GnTI�/�. The size

reduction was apparent for Env bands reactive with anti-gp120 and anti-gp41 mAbs (Figure S2A). Of

note, uncleaved gp160 and cleaved gp120 were detected. As compared with the gp120 bands, the

gp160 bands reacted more intensely with GNA, GRFT, and mAb 2G12, all of which recognize terminal

oligomannoses (Figure 3A). This pattern was seen with glycan-modified and WT viruses, indicating that

uncleaved gp160 and cleaved gp120 associated with these viruses displayed distinct glycan profiles. In

this study, Env was expressed on pseudotyped viruses under an exogenous CMV promotor; however,

similar findings were observed in our earlier study using full-length infectious molecular clones (Upadhyay

et al., 2018), demonstrating that uncleaved gp160 bearing more oligomannose glycoforms was also pre-

sent when Env was expressed under its own endogenous promotor.

The glycan-modified viruses were first compared with WT for DC-SIGN-mediated virus capture using DC-

SIGN+ Raji cells. Virus capture was assessed by measuring the total amount of cell-associated Gag p24 af-

ter treatment of DC-SIGN+ Raji cells with the same amount of p24 virus input. Virus-treated Raji-0 cells were

tested in parallel to establish the background control. Higher levels of virus capture were observed with

DC-SIGN+ Raji cells treated with each of the 3 glycan-modified viruses versus WT, with the KIF virus

captured at the highest level (Figure 3B). These results were consistently observed with JRFL and REJO

(Figure 3B) as well as with JRCSF and NL4-3 strains (Figure S3A). The enhanced capture of glycan-modified

viruses was likely due to preferential binding of DC-SIGN for oligomannoses that were enriched in these

viruses. It was not associated with increased Env incorporation into these viruses, as the levels of Env incor-

porated into glycan-modified viruses, measured by Env/p24 ratios, tended to be lower than that of WT Env

(Figure S2B (Jan et al., 2018)).

Subsequently, we evaluated transmission of these glycan-modified viruses from DC-SIGN+ Raji cells to

TZM.bl cells using an equivalent dose of virus input. Interestingly, although virus capture was enhanced

(Figure 3B), virus transmission was reduced, particularly for the high-mannose-enriched KIF and GnTI�/�

viruses (Figure 3C). In contrast, transmission of the SWA viruses bearing both high-mannose- and

hybrid-type glycans was comparable with that of WT. Similar results were also observed with glycan-modi-

fied viruses of JRCSF and NL4.3 (Figure S3B). The reduced transmission efficiency of KIF and GnTI�/� vi-

ruses, but not SWA virus, was also apparent when virus transmission was assessed from primary MDDCs

to primary CD4 T cells (Figure 3D).

The reduced transmission of glycan-modified viruses despite enhanced virus capture indicated that these

viruses were not released to the CD4+ target cells, possibly due to alteration in virus internalization or

degradation, as reported previously (van Montfort et al., 2011). To measure virus internalization, trypsin

was added to virus-treated MDDCs to remove surface-bound viruses, and the amounts of virus that
418 iScience 21, 413–427, November 22, 2019
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Figure 3. Glycan Composition Determines the Fate of HIV-1 upon DC-SIGN Interaction

(A) Changes in glycan composition of JRFL Env from sucrose-pelleted virions produced under different conditions (KIF, SWA, GnTI�/�), as detected using

oligomannose-specific lectins (GNA specific for terminal Mana1-3 and GRFT specific for terminal Mana1-2) or mAb 2G12. Virus lysates were run on SDS-

PAGE under reducing condition, blotted, and probed with an anti-gp120 mAb cocktail (anti-V3 2219, anti-V3 2558, anti-C2 841, anti-C2 1006-30D, anti-C5

722), GNA, GRFT, or 2G12. The reactivity of the upper and lower Env bands with lectins or 2G12 were quantified relative to the anti-gp120 mAb cocktail band

for each virus. A set of representative western blots is shown in Figure S2.

(B) DC-SIGN-mediated capture of glycan-modified HIV-1 JRFL and REJO. Raji cells with versus without DC-SIGN were treated with virus (10 ng p24/mL for

capture and 150,000 RLU for transmission) for 2 h. After extensive washing to remove free virus, cell-associated p24 protein was measured by ELISA. See also

Figure S3.

(C) Virus transmission was measured after Raji cells were co-cultured with TZM.bl cells for 48 h. See also Figure S3B.
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Figure 3. Continued

(D) Transmission of glycan-modified viruses from MDDCs to primary PHA-stimulated CD4 T cells.

(E) Virus internalization byMDDCs. Cells were incubated with glycan-modified JRFL viruses (20 ng p24/mL) for 4 h at 37�C. Surface-bound virus particles were

removed by treatment with 0.05% trypsin for 5 min, and internalized viruses were quantified by ELISA.

(F) Virus degradation by MDDCs. MDDCs were treated with glycan-modified viruses (10 ng p24/mL) for 2 h at 37�C, washed to remove unbound virus, then

incubated at 37�C for different time points. The amount of p24 associated with the cells over time was measured by ELISA and calculated relative to the p24

level at t = 0 (100%). The virus half-life (t1/2) was analyzed based on the one-phase decay model (GraphPad Prism 6).

Experiments were repeated independently two to three times. Means and standard deviations from all experiments are shown. Data were analyzed using

unpaired t test (*p < 0.05, **p < 0.01 versus untreated WT), except for (F), which was analyzed by two-way ANOVA. Differences with p R 0.05 are left

unmarked.
remained cell associated were detected by p24 ELISA. Figure 3E shows that comparable levels of internal-

ization were seen with glycan-modified versus WT viruses. However, the amounts of virus internalized were

very low (<5 pg of 20 ng p24 input), indicating that most WT and glycan-modified virions bound to cells

were not internalized.

Next, we examined whether the viruses differed in their sensitivity to degradation based on the amount of

p24 that remained over time. Virus-treatedMDDCs were incubated at 37�C up to 64 h, and the levels of p24

retention were measured periodically. The data showed that the half-life of JRFL WT was 22.5 h, whereas

the half-lives of KIF and GnTI�/� viruses were reduced to �2 h (Figure 3F). This remarkably faster degrada-

tion of oligomannose-enriched viruses elucidates the poor transmission of the otherwise efficient virus

capture by DC-SIGN. In contrast, the SWA virus had a half-life of 8.4 h, demonstrating that resistance to

degradation was increased by the incorporation of hybrid-type glycans, although the half-life of the

SWA virus remained lower than that of the WT. These results indicate that HIV-1 Env glycosylation that in-

corporates a mixture of high-mannose, hybrid, and complex glycans is beneficial for the virus; this feature is

necessary for HIV-1 evasion from degradation by dendritic cells, while allowing efficient DC-SIGN-medi-

ated virus capture and transmission to CD4 T cells.
DC-SIGN-Mediated Trans-infection of HIV-1 SP Mutants Expressing Env with Altered Glycan

Contents

Biosynthesis of HIV-1 Env is initiated by translation of the signal peptide (SP), which transports nascent pro-

tein to the ER and Golgi pathways. Notably, HIV-1 Env SP is highly variable and contains several basic res-

idues in its N-terminal region (Figure 4A); these features are unique to Env SPs and are not seen among SPs

of other viral or cellular glycoproteins (Li et al., 1994). We previously showed that SP sequences influence

HIV-1 Env glycosylation; particularly, mutations at SP positions 8, 12, and 15 were each found to change the

oligosaccharide contents of Env glycans, which, in turn, affected virus neutralization by antibody (Upadhyay

et al., 2018). Unlike the global shifts of glycan types incurred by glycosidase inhibitors, SP mutations

affected Env glycosylation in a more subtle but physiologic way, to result in altered proportions of glyco-

forms associated with Env. To examine whether such changes are sufficient to influence virus trans-infection

via DC-SIGN, HIV-1 JRFL pseudoviruses were generated with R8G, Y12Q, Y12R, and K15G mutations (Fig-

ure 4A). In contrast to alterations seen when they were introduced to full-length infectious clones (Upad-

hyay et al., 2018), the SP mutations did not affect pseudovirus infectivity, as measured in TZM.bl reporter

cells (Figure 4B). The mutations also did not change the level of Env incorporation, as indicated by compa-

rable intensities of Env bands detected by anti-gp120 mAbs in all four SP mutants versus WT (Figures 4C

and 4D). The intensity of the gp41 band was also similar for all viruses (not shown). To detect changes in Env

sugar composition, lectin-probed western blot analyses were performed using GNA (specific for terminal

Mana1-3 and Mana1-6) and GRFT (specific for terminal Mana1-2) on virus lysates from SP mutants versus

WT (Figure 4C). Distinct patterns of lectin binding were observed among different SP mutants and in those

of WT (Figures 4C and 4E). GNA reacted more to R8G and Y12R compared with WT and the other two SP

mutants. GRFT, on the other hand, showed slightly more binding with R8G, Y12Q, and Y12R compared with

WT, although a significant difference was attained only with Y12R.

Because GNA and GRFT binding data indicated that SP mutants expressed Env with altered compositions

of terminal oligomannoses, we postulated that, similar to the alterations in glycan-modified viruses studied

in Figure 3, the SP mutants would also display alterations in DC-SIGN interaction and transmission.

The data in Figure 5A demonstrate that, indeed, each of the four SP mutants showed reduced or

increased DC-SIGN-dependent trans-infection. Trans-infection of R8G was lower than that of WT, whereas

transmission of the remaining three SP mutants was higher. However, virus capture of these SP mutants by
420 iScience 21, 413–427, November 22, 2019
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Figure 4. Alterations of HIV-1 Env Glycan Contents by SP Mutations

(A) Sequence logo showing amino acid variability in the HIV-1 Env SPs from the Los Alamos HIV database. Letter size

indicates the frequency of each amino acid found at the particular position; basic, acidic, and neutral residues are shown

in blue, red, and black, respectively. Red arrows show the positions of amino acid substitutions evaluated in this study; the

position numbering is based on alignment with the HXB2 sequence. SP mutations (R8G, Y12Q, Y12R, and K15G) were

introduced to the HIV-1 JRFL Env.

(B) Infectivity of SP mutants versus WT in TZM.bl cells. Viruses were produced in transfected HEK293T cells, and viruses

with equivalent p24 contents were titrated and used to infect TZM.bl cells.

(C) Alterations in glycan contents of SP mutants versus WT as detected by oligomannose-specific lectins GNA (binding

terminal Mana1-3) and GRFT (binding terminal Mana1-2). Virus lysates (20 ng Env/mL) were analyzed by western blot with

anti-gp120 mAb cocktail, GNA, or GRFT.

(D and E) Quantification of Env-band density as probed with anti-gp120 mAbs (D) or lectins GNA and GRFT (E). Lectin

binding was calculated relative to the Env band density of each virus. All experiments were repeated twice; averages and

standard deviations from both experiments are presented. Data were analyzed using unpaired t test (*p < 0.05, **p < 0.01

versus WT; no asterisk indicates p R 0.05).
DC-SIGN+ cells was lower, except for Y12R, which was captured to a similar extent as WT (Figure S4).

Hence, changes in transmission of these viruses did not correlate with virus capture, similar to the lack

of correlation seen with glycan-modified viruses (Figures 3B and 3C). Of note, although the levels of alter-

ation were modest (only <30% decrease or increase), the changes were specifically incurred by SP muta-

tions. Mutations in the gp120 subunit outside the SP region (I184G, A204E, and M434G) did not cause

any changes in virus trans-infection via DC-SIGN (Figure 5B). These non-SP mutations are located at the

protomer Env interfaces (I184G) or in the gp120 hydrophobic core (A204E and M434G). Similarly, non-SP
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Figure 5. Effects of SP versus Non-SP Mutations on DC-SIGN-Mediated Virus Transmission and Virus Sensitivity

to Antiviral Lectins

(A) DC-SIGN-mediated trans-infection of SP mutants versus WT. Virus transmission was measured using DC-SIGN+ Raji

and TZM.bl cells as described in Figure 2. See also DC-SIGN-mediated capture of SP mutants versus WT in Figure S4.

(B) Trans-infection of viruses with gp120 mutations outside SP for comparison with the SP mutants.

(C) Trans-infection of viruses with single or double PNGS knockout mutations.

(D–F) Altered sensitivity of SP mutants but not gp120 mutants to transmission inhibition by oligomannose-binding lectins

GNA or GRFT. Viruses were treated with a final concentration of 25 mg/mL of GNA (D and F) or 0.1 mg/mL of GRFT (E) for

1 h and incubated with DC-SIGN+ Raji cells for another 2 h. Raji cells were then washed extensively to remove free virus

and lectin and co-cultured with TZM.bl cells. After 48 h, virus infection in TZM.bl cells was measured by luciferase activity

(RLU). GRFT was tested only with SP mutants. Percent inhibition was calculated based on co-cultures with no virus (100%)

and co-cultures with virus alone (0%).

All experiments were repeated twice; averages and standard deviations from both experiments are presented. Data were

analyzed using unpaired t test (*p < 0.05, **p < 0.01, ***p < 0.001 versus WT; no asterisk indicates p R 0.05).
mutations that removed 1 or 2 PNGSs from positions 160, 301, and 322 did not incur significant changes in

DC-SIGN-mediated trans-infection (Figure 5C). Each of these non-SP gp120 mutations in the inter-proto-

mer surface, the hydrophobic core, or PNGSs has been shown to expose the occluded Ab epitopes, thus

increasing virus sensitivity to neutralization by mAbs against the V3 crown, V2i epitopes, the CD4-binding

site, or CD4-induced epitopes (Powell et al., 2017; Zolla-Pazner et al., 2016).

Subsequently, SP mutants were compared with WT for sensitivity to transmission inhibition by GNA and

GRFT (Figures 5D and 5E). R8G and Y12R showed increased sensitivity to inhibition by GNA (Figure 5D),

consistent with higher binding of GNA to Env of these mutants (Figures 4C and 4E). In contrast, all four

SP mutants were more resistant to inhibition by GRFT compared with WT (Figure 5E). Notably, the non-

SP gp120 mutants I184G, A204E, and M434G did not display such changes; they were all equally resistant

to GNA and inhibited by <25%, similar to WT (Figure 5F). Hence, alterations of virus sensitivity to lectins

were induced by SP mutations but not by non-SP mutations examined here. Taken together, the data

demonstrate that modest shifts in HIV-1 Env glycoform contents—specifically the terminal oligomannose

structures induced as a result of SPmutations—can influence the efficiency by which HIV-1 is transmitted via

DC-SIGN and inhibited by antiviral lectins.
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DISCUSSION

This study demonstrates the importance of HIV-1 expression of Env with a heterogeneous glycan compo-

sition in exploitation of a DC-SIGN-mediated virus trans-infection pathway and promotion of virus resis-

tance to antiviral lectins. By testing viruses with defined glycan modifications, we revealed that virus Env

glycan contents determine the balance between DC-SIGN-mediated virus degradation and virus transmis-

sion. Viruses with homogenously high-mannose-type glycans, as a result of production in the presence of

KIF or in GnTI�/� cells, were found to be more efficiently captured, but they degraded faster and were

poorly transmitted to CD4 T cells, consistent with previously reported findings (van Montfort et al.,

2011). Such viruses were also more efficiently transcytosed across epithelial cells but displayed impaired

infectivity in explanted human intestinal mucosa (Shen et al., 2014). The current study further demonstrates

that the addition of hybrid-type glycans, as seen in viruses grown in the presence of SWA, reduced the rate

of virus degradation and increased the rate of virus transmission. However, the presence of all three glycan

types—high mannose, hybrid, and complex—normally decorating the HIV-1 Env conferred the highest

half-life and transmissibility, although requisite proportions for optimal virus transmission are yet to be

defined.

The mechanisms by which hybrid and complex glycans help HIV-1 evade degradation are not under-

stood. DC-SIGN, a pattern-recognition receptor with high affinity for oligomannoses, has been shown

to shuttle HIV-1 bearing high-mannose glycans to the degradative pathway, similar to other pathogens

with such glycans (van Montfort et al., 2011); this was indicated by an increased association with vesicles

containing early and late endosomal markers and by more efficient antigen processing and presentation

to MHCII-restricted CD4 T cells (Gringhuis et al., 2009; Jan and Arora, 2017; van Montfort et al., 2011).

This study demonstrates that HIV-1 evades this degradative pathway by incorporating host-like hybrid

and complex glycans into its Env glycoproteins. In fact, addition of the hybrid type alone is sufficient

to tip the balance from degradation to trans-infection. The presence of hybrid and complex glycans re-

duces DC-SIGN affinity for Env but may activate signals that prevent virus transport to endolysosomal

compartments and preserve infectious virions on dendrites to promote their transfer to T cells (Menager

and Littman, 2016). Indeed, DC-SIGN binding to fucose- versus mannose-expressing ligands has been

shown to elicit distinct responses. Interactions with mannose ligands on Mycobacterium tuberculosis

and HIV-1 recruited effector proteins to DC-SIGN signalosome and activated Raf-1, whereas fucose-

bearing pathogens such as Schistosoma mansoni and Helicobacter pylori dissociated the Raf-1 complex

from the signalosome (Gringhuis et al., 2009). Unlike mannose, engagement of fucose ligands by DC-

SIGN also favors the induction of Th2-type responses via activation of Bcl3 and IKKe (Gringhuis et al.,

2014a, 2014b). More recently, removal of sialic acid residues from Env gp120 proteins was found to

enhance the uptake of these proteins by bone marrow dendritic cells (Sun et al., 2018), although the ef-

fects of asialyation on DC-SIGN-mediated virus uptake and trans-infection are unknown. Hence, success-

ful evasion of DC-SIGN-dependent degradation and preservation of virus for transmission to CD4 T cells

may depend on specific monosaccharide or oligosaccharide moieties present on certain hybrid and/or

complex glycoforms.

The oligosaccharide composition of N-linked glycan is controlled post-translationally as a nascent glyco-

protein traverses through the ER and Golgi compartments; however, our understanding of the mecha-

nisms regulating Env glycan composition is incomplete. Only a fraction of Env glycans is adorned with

hybrid or complex oligosaccharides that are normally found on most other viral and mammalian glyco-

proteins (Behrens et al., 2017; Bonomelli et al., 2011; Doores et al., 2010; Go et al., 2013, 2015; Kong

et al., 2010; Raska et al., 2010). It is presumed that the dense glycosylation of Env, especially on the

gp120 subunit, imposes a steric hindrance to glycosyl transferases and glycosylases involved in sequen-

tial attachment, trimming, and addition of specific oligosaccharides, resulting in incomplete maturation

and leaving a substantial proportion of gp120 glycans to remain as high-mannose type. It is also unclear

how diversity in glycoform composition across different HIV-1 strains is regulated. We previously demon-

strated that amino acid substitutions in Env SP caused detectable changes in the proportions of Env

glycan types and glycoforms that affect virus neutralization by antibodies against the V1V2 region

(Upadhyay et al., 2018). Variability among SPs of circulating HIV-1 isolates further indicates that

Env SPs are under selective pressure and contribute to HIV-1 genetic variability (da Silva et al., 2011; Gna-

nakaran et al., 2011; Upadhyay et al., 2018). In the current study, we confirmed that mutations introduced

to Env SP, without any modifications to the mature Env sequence and the rest of the HIV-1 genome,

indeed affected the oligomannose contents of Env, as measured by interactions with lectins: three of
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the four tested SP mutations increased Env binding to Mana(1-3)-specific lectin GNA or to Mana(1-2)-

specific lectin GRFT. All four SP mutations also affected DC-SIGN-dependent virus capture and transmis-

sion to CD4 T cells and altered virus sensitivity to transmission inhibition by GNA and GRFT. Such alter-

ations were not seen when mutations were introduced to amino acid residues in the non-SP gp120 sub-

unit that increased the propensity of Env to adopt more open conformations; neither were they seen

when mutations removed one or two PNGSs from the gp120 subunit (Powell et al., 2017; Zolla-Pazner

et al., 2016). Of note, HIV-1 Env SP cleavage occurs late, after the full-length gp160 chain translation

is terminated and after a near-native folding of the gp120 subunit is attained, owing to the occlusion

of the SP cleavage site by a secondary structure formed by conserved SP residues and residues down-

stream of the cleavage site (Land and Braakman, 2001; Li et al., 1994, 2000; Snapp et al., 2017). Alto-

gether, these data corroborate that Env SP plays a role in regulating the post-translational glycosylation

of Env, which, in turn, influences virus interactions not only with antibodies but also with the host lectin

DC-SIGN believed to facilitate virus spread from the mucosal entry site. Moreover, Env SP affects virus

interactions with soluble lectins such as GNA and GRFT, which are being explored for potential use as

anti-HIV microbicides.

We observed a high degree of variability among different HIV-1 isolates in their sensitivity to lectins GNA

and GRFT. Interestingly, virus sensitivity to lectins correlated with virus neutralization by antibodies. Com-

parison of tier 1 with tier 2 and 3 viruses that are classified based on sensitivity to neutralizing antibodies

commonly produced by HIV-infected subjects showed that DC-SIGN-dependent transmission of tier 1 vi-

ruses was more sensitive to inhibition by GNA and GRFT than that of tier 2 and 3 viruses. Hence, GNA

blocked trans-infection of tier 1 viruses with amean IC50 of 37 mg/mL, whereas tier 2 and 3 viruses were high-

ly resistant to GNA, with IC50 > 50 mg/mL for all except JRFL. GRFT, one of the most potent lectins against

HIV-1, was able to inhibit tier 1, tier 2, and tier 3 viruses, but GRFT was on average�2x more potent against

tier 1 versus tier 2 and tier 3 viruses (IC50: 17.2 versus 36.7 mg/mL). In a recent study (Jan et al., 2018), we

tested direct neutralization of two tier 1 and two tier 2 viruses with GNA, GRFT, and other mannose-binding

lectins (SVN, CVN, HHA, and ConA) and observed a comparable pattern: tier 1 viruses SF162 and BaL were

more sensitive to neutralization by lectins (mean IC50: 0.97–2.4 mg/mL for all lectins tested) than tier 2 vi-

ruses JRFL and REJO (mean IC50: 9.25–14.55 mg/mL). The relative levels of virus sensitivity to lectin-medi-

ated inhibition are associated to some extent with the lectin-binding data, which infer that, as compared

with Env of tier 2 or tier 3 viruses, Env of tier 1 viruses expressed more terminal Mana1-3 and Mana1-6 tar-

geted by GNA and also more Mana1-2 targeted by GRFT. These terminal mannose configurations are

abundant on the less processed high-mannose-type glycans and some hybrid-type glycans, implicating

the enrichment of Env from tier 1 with these glycan types compared with that of tier 2 and 3 viruses. It should

be noted, however, that the presence of specific PNGSs is also critical for lectin recognition. Many subtype

C viruses, including CE1176, are relatively resistant to GRFT and other mannose-specific lectins owing to

the absence of critical PNGSs in C2, C3, V4, and/or C4 regions of Env gp120 (Alexandre et al., 2013; Xue

et al., 2013). Therefore, comprehensive analyses of both PNGSs and glycan contents from the array of circu-

lating HIV-1 isolates are needed to inform the potential application of GRFT and other lectins as anti-HIV

prophylactics for high-risk populations.

Limitations of the Study

This study examined DC-SIGN-mediated trans-infection of HIV-1 in vitro, using a DC-SIGN+ Raji cell line

and primary immature MDDCs. The findings are yet to be verified with DC-SIGN+ dendritic cells and other

cell types that participate in virus trans-infection in vivo in mucosal or lymphoid tissues. The study is also

limited to the evaluation of virus interaction with DC-SIGN, although a variety of C-type lectins, including

Siglec-1 and DCIR, are expressed along with DC-SIGN on dendritic cells and have been shown to partic-

ipate in capture and trans-infection of HIV-1 (Izquierdo-Useros et al., 2012; Lambert et al., 2008; Perez-Zsolt

et al., 2019). In addition, HIV-1 pseudoviruses generated from transfected HEK293T cells were used

throughout the study. Although this approach removed the confounding effects of the host cell and pro-

duction system variability, the glycan contents incorporated into HIV-1 Env can vary depending on how the

virions are produced (Bonomelli et al., 2011; Go et al., 2017; Struwe et al., 2018). Further investigation is thus

warranted to examine replication-competent HIV-1 isolates produced in primary cells from different do-

nors for their trans-infection efficiency and antiviral lectin sensitivity.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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TRANSPARENT METHODS 

Cell lines and lectins 

Cell lines 293T/17 and 293S GnTI-/- were obtained from the American Type 

Culture Collection (ATCC); TZM-bl cell line was obtained from Dr. John C. Kappes and 

Dr. Xiaoyun Wu, through the NIH AIDS Reagent Program (NARP), Division of AIDS, 

NIAID, NIH (Derdeyn et al., 2000). These cell lines were maintained in Dulbecco’s 

modified eagle medium containing 10% heat-inactivated fetal bovine serum (FBS), 

penicillin/streptomycin (100 U/mL), MEM nonessential amino acids (0.1 mM), 1M 

HEPES, and L-glutamine. Cell monolayers were disrupted at confluence by treatment 

with 0.25% trypsin in 1 mM EDTA. Parental Raji (Raji-0) and Raji cells expressing DC-

SIGN (DC-SIGN+ Raji), obtained through the NARP from Drs. Li Wu and Vineet N. 

Kewal Ramani, were cultured in RPMI1640 with 10% heat-inactivated FCS, MEM 

nonessential amino acids, and penicillin/streptomycin (both at 100 U/mL) (Wu et al., 

2004). 

GNA lectin was purchased from Vector Labs and checked for cell toxicity with 

Promega CellTiter Glo luminescent cell-viability assay prior to use in the study. GRFT 

was a gift from Dr. Barry O’Keefe (NCI, NIH) and also was obtained through the NARP 

(Mori et al., 2005). 

 

Viruses 

HIV-1 pseudoviruses expressing different Env strains were generated in 293T 

cells, as previously reported (Jan et al., 2018), by co-transfecting two plasmids: a 

plasmid encoding Env under a CMV promotor (pCAGGS-JRFL.JB) and the pNL4-



3.Luc.R-E- HIV-1 backbone plasmid. The pNL4-3.Luc.R-E- vector was obtained through 

the NARP from Dr. Nathaniel Landau (Connor et al., 1995). Glycan-modified 

pseudoviruses were produced in 293T cells in the presence of 25 µM kifunensine 

(Sigma Aldrich) or 20 µM swainsonine (Sigma Aldrich), or in 293S GnTI-/- cells. Viruses 

were checked for infectivity in TZM.bl cells. 

Single- or double-point mutations were introduced to Env in the pCAGGS-JRFL 

expression vector by a multi-step, overlapping PCR mutagenesis strategy (Heckman 

and Pease, 2007). The SP mutants were cloned into pCAGGS using KpnI and MfeI 

restriction enzymes. The glycan-knockout and other gp120 mutants (N160K, N301Y, 

N301YN332K, I184G, A204E, M434G) were generated similarly using KpnI and Xho I 

restriction sites. 

 

Primary cells 

CD4 T cells and monocytes were isolated from peripheral blood mononuclear 

cells (PBMCs) in leukopacks (purchased from the New York Blood Center) using the 

Stem Cell Technologies EasySep human CD4+ T cell isolation kit or the Miltenyi Biotec 

monocyte isolation kit, respectively. CD4 T cells were stimulated with PHA 

(phytohemagglutinin) and maintained in RPMI-1640 medium supplemented with IL-2 

(25U/mL). Monocytes were differentiated to monocyte-derived dendritic cells (MDDCs) 

by culturing in RPMI 1640 supplemented with 2mM L-glutamine, 5mM HEPES buffer, 

penicillin/streptomycin, 10% fetal bovine serum, recombinant human GM-CSF (20 

ng/ml; Peprotech), and 20 ng/mL recombinant human IL-4 (20 ng/mL; Peprotech) for 7 

days. MDDCs were analyzed for DC-SIGN expression by flow cytometry with FITC-



labeled mouse anti-human CD209 (DC-SIGN) or its isotype control. Similarly, levels of 

DC-SIGN expression on DC-SIGN+ Raji cells were also verified by flow cytometry 

before use. 

 

Virus capture and transmission 

For the virus capture assay, Raji-0 or DC-SIGN+ Raji cells (1×105/mL) were 

incubated with viruses (10 ng p24/mL) for 2 hours, washed to remove unbound viruses, 

and lysed in 1% Empigen for 1 hour at 56°C. After cell debris was removed by 

centrifugation, cell-associated p24 levels were determined by in-house p24 ELISA, as 

described in (Hioe et al., 1997). 

For transmission experiments, Raji cells or MDDCs (1×105 cells/mL) were treated 

with viruses (150,000 RLU) for 2 hours, washed extensively, and then co-cultured with 

CD4+ target cells (TZM.bl or CD4 T cells) for 48 hours. To assess transmission 

inhibition by GRFT or GNA, virus was pretreated with titrated amounts of lectin for 1 

hour and then incubated with DC-SIGN+ Raji cells for 2 hours. For inhibition by 

mannan, DC-SIGN+ Raji cells were pretreated with mannan (100 µg/mL) for 1 hour, 

washed, and incubated with virus for 2 hours. Virus transmission to CD4+ cells was 

detected by luciferase activity. 

 

Virus internalization and degradation by MDDCs 

MDDCs were incubated with virus (20 ng p24/mL) for 4 hours at 37°C, washed 

with warm PBS, and then treated with 0.05% trypsin for 5 minutes to remove surface-

bound viral particles. The cells were lysed with ThermoFisher RIPA buffer containing 



1% Triton X-100. Viral internalization was measured by quantifying p24 

concentrations in the cell lysates by p24 ELISA. 

To measure the kinetics of virus degradation, MDDCs were incubated with virus 

(10 ng p24/mL) for 2 hours at 37°C and washed 3 times with cold RPMI-1640 medium 

supplemented with 10% FBS to remove unbound virus. The cells were plated in 

triplicate in a 96-well plate at 3×105 cells/mL; the temperature was raised to 37°C, and 

virus degradation was determined at different time intervals by lysing the cells with 1% 

Empigen and measuring the amount of remaining p24 by ELISA. 

 

Lectin-probed Western blotting 

To evaluate the sugar composition of Env obtained from different viruses, 

Western blot analyses were performed with specific lectins and antibodies, as described 

(Upadhyay et al., 2018). Virus particles were pelleted through 20% sucrose by 

ultracentrifugation or concentrated using Lenti-X100 Concentrator (Clontech), treated 

with Laemmli buffer with 2-mercaptoethanol, and then boiled for 5 minutes. Virus 

lysates were resolved by Bio-Rad SDS-PAGE, blotted onto nitrocellulose membranes 

using the iBlot 2 Dry Blotting System from ThermoFisher, and then probed with 

antibodies or lectins. Env contents were estimated using a known amount of 

recombinant gp120 protein analyzed in the same blots. A cocktail of anti-human anti-

gp120 mAbs (anti-V3 2219, anti-V3 2558, anti-C2 841, anti-C2 1006-30D, anti-C5 722; 

1μg/mL each) and a cocktail of anti-gp41 MAbs (181-D, 240-D, 246-D, 167–7, 1367, 

2295, 2556; 1μg/mL each) were both used to detect Env. p24-specific mAb (91–5) was 

used to detect Gag p24. Env glycan contents were probed by mannose-specific lectins 



(biotinylated Galanthus nivalis GNA lectin or His-tagged GRFT lectin) or mAb 2G12, 

followed by HRP-tagged neutravidin, anti-His antibodies, or anti-IgG antibodies, and 

developed with a luminescence substrate (BioRad Clarity Max Western ECL Substrate). 

Band intensities were quantified using Image Lab Software Version 5.0 (Bio-Rad). 

Levels of GNA and GRFT binding to Env were calculated relative to the intensity of the 

corresponding Env band detected with anti-gp120 mAbs. 
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