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Abstract

The human immunodeficiency virus (HIV) envelope protein (Env) mediates viral entry into

host cells and is the primary target for the humoral immune response. Env is extensively gly-

cosylated, and these glycans shield underlying epitopes from neutralizing antibodies. The

glycosylation of Env is influenced by the type of host cell in which the virus is produced.

Thus, HIV is distinctly glycosylated by CD4+ T cells, the major target cells, and macro-

phages. However, the specific differences in glycosylation between viruses produced in

these cell types have not been explored at the molecular level. Moreover, it remains unclear

whether the production of HIV in CD4+ T cells or macrophages affects the efficiency of viral

spread and resistance to neutralization. To address these questions, we employed the sim-

ian immunodeficiency virus (SIV) model. Glycan analysis implied higher relative levels of oli-

gomannose-type N-glycans in SIV from CD4+ T cells (T-SIV) compared to SIV from

macrophages (M-SIV), and the complex-type N-glycans profiles seem to differ between the

two viruses. Notably, M-SIV demonstrated greater infectivity than T-SIV, even when

accounting for Env incorporation, suggesting that host cell-dependent factors influence

infectivity. Further, M-SIV was more efficiently disseminated by HIV binding cellular lectins.

We also evaluated the influence of cell type-dependent differences on SIV’s vulnerability to

carbohydrate binding agents (CBAs) and neutralizing antibodies. T-SIV demonstrated

greater susceptibility to mannose-specific CBAs, possibly due to its elevated expression of

oligomannose-type N-glycans. In contrast, M-SIV exhibited higher susceptibility to neutraliz-

ing sera in comparison to T-SIV. These findings underscore the importance of host cell-
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dependent attributes of SIV, such as glycosylation, in shaping both infectivity and the poten-

tial effectiveness of intervention strategies.

Author summary

The human immunodeficiency virus (HIV) is the causative agent of the acquired immu-

nodeficiency syndrome (AIDS), a lethal condition that necessitates life-long antiretroviral

therapy for prevention. The envelope protein (Env) of HIV mediates the viral entry into

host cells and is the sole target for the immune system on the surface of the virus. Env’s

extensive modification with sugars, so called N-glycans, shields crucial epitopes from neu-

tralizing antibodies. Interestingly, key HIV producing cell types, such as CD4+ T cells and

macrophages, modify Env with distinct N-glycosylation patterns. However, the specific

molecular disparities in N-glycosylation between viruses from these cell types are unex-

plored, and whether the producer cell type impacts the viral spread and resistance to neu-

tralization is incompletely understood.

Utilizing the simian immunodeficiency virus (SIV) as a model for HIV, our study

revealed differing N-glycan profiles between SIV Env produced in CD4+ T cells (T-SIV)

and macrophages (M-SIV), with T-SIV incorporating more N-glycans of the oligoman-

nose-type into Env than M-SIV. M-SIV displayed enhanced infectivity and transmissibil-

ity in in vitro studies. Additionally, M-SIV exhibited greater susceptibility to neutralizing

sera compared to T-SIV, while T-SIV showed heightened susceptibility to mannose-spe-

cific carbohydrate-binding agents. These findings emphasize the critical role of host cell-

dependent attributes in shaping N-glycosylation of Env as well as viral infectivity and

spread. These findings have important implications for the development of new biomedi-

cal interventions against HIV.

Introduction

More than four decades since its discovery, the human immunodeficiency virus (HIV) and the

associated disease, acquired immunodeficiency syndrome (AIDS), remain a significant global

health challenge. In 2021, UNAIDS reported that 1.3 million individuals contracted HIV, and

630,000 AIDS-related deaths were observed [1]. To combat this ongoing crisis, the develop-

ment of vaccines and innovative antiviral strategies is crucial. The success of these initiatives

will be based on a profound understanding of the complex interplay between HIV and its pri-

mary host cells, CD4+ T cells and macrophages.

The viral envelope protein, Env, mediates entry of HIV into host cells and constitutes the

sole target for neutralizing antibodies [2]. Env is synthesized as an inactive precursor protein,

gp160, in the secretory pathway of infected cells. During its trafficking through the Golgi appa-

ratus, gp160 is proteolytically cleaved by furin into the surface unit, gp120, and the transmem-

brane unit, gp41 [3], which remain non-covalently associated. For host cell entry, gp120 binds

to the CD4 receptor and a chemokine coreceptor, usually C-C motif chemokine receptor 5

(CCR5) and/or C-X-C motif chemokine receptor 4 (CXCR4). Binding to receptor and core-

ceptor activates gp41, which drives the fusion of the viral and the target cell membranes,

enabling the delivery of the viral genetic information into the host cell cytoplasm [4].

A hallmark of Env, a trimeric type I transmembrane protein, is its extensive glycosylation,

particularly of gp120, accounting for roughly 50% of the molecular mass [5]. The glycans play
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a key role in viral spread: they shield underlying epitopes from attack by neutralizing antibod-

ies [6] and facilitate viral capture by immune cell lectins like dendritic cell-specific intercellular

adhesion molecule-grabbing nonintegrin (DC-SIGN) [7], which likely play an important role

in mucosal transmission. The fundamental importance of the glycan shield is underscored by

its adaptation in response to the humoral immune response [6], and disrupting N-glycosyla-

tion signals of Env can render HIV [8–10] and the closely related simian immunodeficiency

virus (SIV) susceptible to neutralization [11,12].

The process of N-glycosylation involves the transfer of a preformed oligosaccharide precur-

sor linked to dolichol-phosphate (Dol-P-P-GlcNAc2Man9Glc3) onto asparagine residues

within the consensus sequon Asn-X-Ser/Thr of nascent Env by the ER-localized oligosacchar-

yltransferase [13]. Following precursor attachment, initial trimming steps carried out by highly

conserved ER resident glycosidases occur, which together with the action of glycosyltransfer-

ase, play pivotal roles in the regulation of Env folding and transport [13]. Only the fully folded

trimeric Env enters the Golgi apparatus, where oligomannose-type glycans, generated in the

ER, undergo further trimming and extension into hybrid and complex forms, potentially con-

taining fucose, galactose, N-acetylglucosamine (GlcNAc), sialic acids (e.g. N-acetylneuraminic

acid, N-glycolylneuraminic acid) [13], and structures like N-acetylgalactosamine (GalNAc)β1–

4GlcNAc (LacdiNAc) (Fig 1A). However, the level of N-glycan processing depends on the qua-

ternary structure of Env and more than half of the N-glycans are not fully accessible to enzy-

matic processing due to their recessed location or to extremely dense glycan packaging, and

thus remain in the oligomannose-type state [5,14].

Glycosylation of Env and cellular proteins is a cell type-dependent process [15–18] and dif-

ferences in N-glycosylation of the viral Env protein have been observed upon production of

HIV and SIV in the viral target cells, CD4+ T cells and macrophages [15,19]. Further, viruses

from macrophages and T cells seemed to differ in infectivity [19, 20], neutralization sensitivity

[15,20] and lectin reactivity [20,21]. Despite their importance in virus-host cell interactions

and immune control, host cell-specific glycosylation differences have not been determined for

HIV or SIV at a molecular level. Furthermore, a detailed comparative analysis of the biological

properties of isogenic HIV and SIV produced in macrophages and CD4+ T cells has been lack-

ing. In this study, we aim to address these knowledge gaps by strategically investigating the

influence of macrophage or CD4+ T cell origin on the significance of Env glycosylation, viral

spread, and neutralization sensitivity, using SIV as a model for HIV.

Results

Production of SIV in macrophages and CD4+ T cells

To produce isogenic SIV in CD4+ T cells and macrophages, it was imperative to employ a

molecularly cloned SIV variant capable of robust replication in both cell types. Our choice for

this purpose was a SIVmac239 variant, specifically SIVmac239/316 Env, characterized by nine

amino acid substitutions within Env in comparison to the parental strain [22,23]. These substi-

tutions facilitate efficient utilization of CCR5 in the absence of or at very low levels of CD4

expression [24], a condition observed in rhesus macaque macrophages [25]. For the prepara-

tion of SIVmac239/316 Env stocks, CD4+ T cells and macrophages were generated from rhesus

macaque peripheral blood mononuclear cells (PBMCs) and their identity was confirmed by

analysis of cell surface marker expression via flow cytometry (S1 Fig). Subsequently, CD4+ T

cell and macrophage cultures were infected with SIVmac239/316 Env, input virus was

removed, and the culture supernatants harvested over a two-week period. Supernatants con-

taining more than 10 ng p27/ml were pooled to generate SIV stocks from macrophages

(M-SIV) or CD4+ T cells (T-SIV). The resulting M-SIV and T-SIV stocks featured a
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Fig 1. CD4+ T cell-derived simian immunodeficiency virus (T-SIV) gp120 carries more oligomannose-type glycans than gp120 of

macrophage-derived SIV (M-SIV). A) Depiction of the different types of N-linked glycans and legend for the glycan moieties shown in Figs 1

and S2. Each N-glycan core consisting of two N-acetylglucosamine and three mannose residues is anchored to the asparagine of an N-linked

glycan binding site. The core’s mannose residues are directly extended by either exclusively mannose (oligomannose-type), only glycan

moieties that are not mannose (complex-type), or a mixture of both (hybrid-type). B) T-SIV and M-SIV viral stocks were normalized for

comparable gp120 content and concentrated. The viruses were subjected to mock treatment or enzymatic digestion with endoglycosidase H
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p27-concentration of 7.9 and 52.2 ng/ml, RNA genome copies of 2.98 x 107 and 2.13 x 108/ml,

and a TCID50 of 80.353 and 28.184, respectively. Finally, sequencing of env, which was ampli-

fied through reverse transcriptase-polymerase chain reaction (RT-PCR) from the culture

supernatants, provided confirmation that no genetic mutations were introduced into M-SIV

or T-SIV throughout the in vitro propagation process.

The quantity of oligomannose-type and certain complex N-glycans of

gp120 differs between M-SIV and T-SIV

The glycan shield of both HIV and SIV plays a pivotal role in immune evasion and mediating

lectin-dependent interactions with immune cells. It is plausible that these functions could be

modulated by cell type-specific alterations in the glycosylation pattern. To determine whether

M-SIV and T-SIV differed in the N-glycosylation of the viral Env protein, we subjected con-

centrated virions to enzymatic digestion using endoglycosidase H (Endo H), which selectively

removes oligomannose-type and certain hybrid-type N-glycans, and peptide-N-glycosidase F

(PNGase F), which eliminates all N-linked glycans. The band shift upon Endo H digestion was

more pronounced for T-SIV than M-SIV suggesting that T-SIV gp120 is adorned with a higher

proportion of oligomannose-type glycans compared to M-SIV gp120 (Fig 1B). These findings

align with previously published data [15,19,21] but do not offer insights into the specific struc-

tures of the differentially incorporated N-glycan species.

To address the latter question, we performed N-glycan analytics of T-SIV and M-SIV gp120

by multiplexed capillary gel electrophoresis with laser-induced fluorescence detection (xCGE-

LIF). Further, the identity of the proteins subjected to N-glycan analytics was confirmed by liq-

uid chromatography-tandem mass spectrometry (LC-MS/MS). The xCGE-LIF fingerprints of

N-glycans derived from M-SIV and T-SIV gp120 show considerable differences in the relative

intensities of the detected peaks suggesting quantitative differences in the incorporated glycan

species (Figs 1C and S2).

A relative quantification of N-glycan signal intensities was performed. For this, the total

peak intensity (tpi) of a peak was allocated to all N-glycan groups of the analysis, for which the

assigned single or multiple glycan species met the criteria. This analysis revealed the following:

T-SIV exhibited increased relative levels of oligomannose structures on gp120 compared to

M-SIV (Fig 1D, 16.7% vs. 9.6% of tpi); in alignment with the results from glycosidase digestion

and subsequent western blot analysis (Fig 1B). Additionally, profiles of complex-type N-gly-

cans differed between the two viruses (Fig 1E–1G). M-SIV gp120 displayed more extensive

branching of complex glycans, with a higher proportion featuring four antennae rather than

three, in comparison to T-SIV (23.2% vs. 17.5% tpi) (Fig 1E). An overall assessment of fucose,

sialic acid, and LacdiNAc content revealed that T-SIV gp120 harbors increased levels of N-

(Endo H) or peptide-N-glycosidase F (PNGase F), followed by western blot detection of the envelope protein (Env). Consistent results were

obtained across three independent experiments. C-G) Differences in the relative distribution of N-glycans from gp120 of M-SIV and T-SIV

were determined by multiplexed capillary gel electrophoresis with laser-induced fluorescence detection (xCGE-LIF). C) The electropherogram

region with the most striking differences between M-SIV and T-SIV is plotted (140–380 migration time units (MTU")). Peak intensities are

presented as percentage of the total peak height to obtain the relative signal intensity (in %) for each peak (representing at least one N-glycan

structure). A selection of distinct N-glycan structures enriched in T-SIV are denoted with green boxes, while those enriched in M-SIV are

marked with blue boxes. D-G) To delve deeper into the distinctions in the N-linked glycan profile of M-SIV and T-SIV gp120, we aggregated

the xCGE-LIF signal intensities of peaks corresponding to glycan species associated with specific groups to calculate the total % signal intensity.

These data were calculated based on the information provided in S2 Fig. D) illustrates the distribution of annotated glycan species across

various glycan types, while E-G) categorizes complex glycans based on their distinct features. Numbers at the end of bars give the exact total %

signal intensity for the specific glycan group. Oligom. = oligomannose. Symbolic representation of N-glycan structures in the figure were

drawn with the software GlycanBuilder2 [61]: green circle, mannose; yellow circle, galactose; blue square, N-acetylglucosamine; diamonds,

sialic acid (pink: N-acetylneuraminic acid, white: N-glycolylneuraminic acid); red triangle, fucose.

https://doi.org/10.1371/journal.ppat.1012190.g001
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glycan species carrying fucose (34 vs. 29.8 tpi) and sialic acid (51.7 vs. 48.8 tpi) compared to

M-SIV; while the latter exhibited more LacdiNAc (11.8 vs. 7.4 tpi) containing structures (Fig

1F). A more detailed analysis of the complex-type glycan species revealed a more nuanced pat-

tern: M-SIV complex glycans tended to feature either both fucose and sialic acid residues (23.8

(M-SIV) vs. 18.6% tpi (T-SIV)) or neither (8.7 (M-SIV) vs. 4.6% tpi (T-SIV)). Differently,

T-SIV complex glycans tended to have either fucose (12.5 (T-SIV) vs. 5.7% tpi (M-SIV)) or

sialic acid (33.1 (T-SIV) vs. 25% tpi (M-SIV)) but not both (Fig 1G). Our study revealed for the

first time that despite an overall similar N-glycome, M-SIV and T-SIV gp120 differ in their oli-

gomannose-type N-glycan content and complex N-glycan profiles, although due the use of a

single pooled virus stock for M-SIV and T-SIV throughout the whole study our analysis was

insufficiently powered to determine whether these differences were statistically significant.

M-SIV is better equipped for both direct and indirect viral spread

compared to T-SIV

The revelation that M-SIV and T-SIV exhibit disparities in glycan coat composition raised the

question of whether the differential origin of M-SIV and T-SIV is also linked to variations in

other SIV characteristics pertinent to viral dissemination. To investigate this possibility, our

initial focus was on viral infectivity. When TZM-bl indicator cells were exposed to viruses nor-

malized for p27-capsid content, it became evident that M-SIV exhibited significantly higher

infectivity than T-SIV (Fig 2A, left panel, 2-way ANOVA, p = 0.03). However, both viruses

exhibited in vivo infectivity and replicated to comparable levels (S3 Fig), and when we equal-

ized for the infectivity of M-SIV and T-SIV stocks, the infection efficiency on TZM-bl cells

was found to be similar (Fig 2A, right panel). These results underscore that the infectivity of

M-SIV per ng capsid antigen surpasses that of T-SIV, confirming the findings previously

obtained for SIV [19] and dual-tropic HIV [20].

Glycosylation also affects HIV Env incorporation into viral particles [26]. To clarify

whether the increased M-SIV infectivity in comparison to T-SIV could be attributed solely to

disparities in Env incorporation, we subjected p27-capsid normalized quantities of both

M-SIV and T-SIV to western blot analysis to assess their gp120 and p27 content, and quanti-

fied the signal using the software ImageJ (Fig 2B and 2C). A visual examination already

revealed that the less infectious T-SIV exhibited lower levels of gp120 incorporation compared

to the more infectious M-SIV (Fig 2B). Following quantification and subsequent normaliza-

tion of the gp120 signal to the p27-capsid signal, the data indicated a noteworthy 62% reduc-

tion in Env incorporation for T-SIV when compared to M-SIV (Fig 2C, t-test, p = 0.0051).

While this effect is significant, the disparities in infectivity between the two viruses (Fig 2A, left

panel, 55-fold at 6 ng p27/ml) surpasses the differences in Env incorporation. More research is

needed to confirm a linear relationship between Env incorporation and SIV infectivity, how-

ever, these data imply a broader impact of the virus-producing cell on SIV infectivity beyond

its influence on Env incorporation.

Lectins modulate HIV and SIV transmission to susceptible cells in vitro [7,27–29], a process

possibly relevant for early viral spread after transmission in vivo [30]. Since both M-SIV and

T-SIV were found to be infectious in rhesus macaques via the rectal route (S3 Fig), the ques-

tion arose whether the cell type-dependent differences in these viruses influence their engage-

ment of lectin receptors. Specifically, the interactions of M-SIV and T-SIV with the lectins

with potential positive (DC-SIGN [7], DC-SIGN related protein (DC-SIGNR) [29]) or nega-

tive (Langerin [28]) influence on HIV/SIV viral spread were investigated. For this purpose a

previously published transmission assay was employed [31]. CEMx174 R5 target cells were

infected in two ways: directly with either virus, normalized for equal infectivity, or indirectly
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via co-culture with Raji transmitter cells bearing either no lectin or the aforementioned lectins

(Fig 2D). While direct infection of target cells confirmed the equivalent infectivity of M-SIV

and T-SIV, and co-culturing the virus with transmitter cells in the absence of target cells

yielded only background signals, a significant difference emerged. M-SIV was more efficiently

Fig 2. M-SIV is more infectious and better transmitted by cellular lectins than T-SIV. A) TZBM-bl indicator cells were exposed to

equal volumes of M-SIV and T-SIV stocks, normalized for p27-capsid protein (left panel) or infectious units (right panel). Following

virus removal at 5–6 hours post-infection, β-galactosidase activity was measured in cell lysates 72 hours post-infection. The grand mean

of three experiments performed in triplicates (left panel) or quadruplicates (right panel) are shown with the standard error of the mean

(SEM). Statistical significance between datasets determined by two-way ANOVA (*, p� 0.05). B-C) B) M-SIV and T-SIV normalized

for equal amounts of p27 were concentrated, resolved using SDS-PAGE, and analyzed by western blot for gp120 and p27. Consistent

outcomes were observed across three independent experiments. C) The software ImageJ [55] was utilized to quantify gp120 and p27

signal intensities obtained in B). The gp120 signal per p27 signal ratio was calculated, and values were plotted, with M-SIV set as 100%.

Presented is the grand mean with SEM. Paired t-test was applied to assess statistical differences between groups (**, p� 0.01). D)

M-SIV and T-SIV normalized for comparable infectivity on CEMx173 R5 target cells were incubated with Raji cells expressing no

additional lectin, dendritic cell-specific intercellular adhesion molecule-grabbing nonintegrin (DC-SIGN), DC-SIGN related protein

(DC-SIGNR) or Langerin. Unbound virus was removed and the transmitter cells were co-cultured with CEMx174 R5 target cells.

Infection of target cells was detected by the measurement of luciferase activity in cell lysates 72 h post infection. Direct infection of

CEMx174 R5 cells served as positive control, while negative controls consisted of Raji cells incubated without target cells. The signals

obtained for the transinfection using transmitter cells expressing no lectin were subtracted as background signal. The grand mean of

three independent experiments conducted in triplicates with SEM is depicted. Statistical differences between M-SIV and T-SIV for

each transmitting lectin were calculated by t-test (*, p< = 0.05; ***, p< = 0.001). C.p.s.: counts per second.

https://doi.org/10.1371/journal.ppat.1012190.g002
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transferred to target cells by DC-SIGN compared to T-SIV (t-test, p = 0.01). This observation

is consistent with previous findings related to the transmission of dual-tropic HIV produced

in macrophages versus CD4+ T cells through DC-SIGN [20]. Similarly, DC-SIGNR and Lan-

gerin preferentially transferred M-SIV in comparison to T-SIV (t-test, p = 0.0001, 0.0003).

These findings suggest that SIV replication in macrophages produces viral particles with dis-

tinctive characteristics that confer a clear advantage in direct and possibly indirect viral spread

via lectins compared to viruses originating from CD4+ T cells.

Host cell-dependent features of SIV define the sensitivity to carbohydrate

binding agents (CBAs) and neutralizing antibodies

CBAs bind glycan structures, such as those present on viral envelope proteins. Within the

realm of antiviral activity against HIV, CBAs encompass a range of compounds including lec-

tins, certain glycan-binding broadly neutralizing antibodies, and the nonpeptidic antibiotic

Pradimicin A [32]. Consequently, next to non-glycan dependent broadly neutralizing antibod-

ies, CBAs are viewed as promising biomedical treatments for preventing the transmission of

HIV [32,33]. Due to the observed differences in N-glycomes between M-SIV and T-SIV, it was

plausible that host cell-derived features of SIV Env might influence the effectiveness of CBAs

and neutralizing antibodies. To explore this hypothesis, we examined the ability of CBAs to

inhibit SIV infection of TZM-bl cells, the standard indicator cell line for neutralization assays

in the field of HIV research [34]. In these experiments, we focused on two glycan species

groups: oligomannose-type glycans and core fucosylated complex-type glycans, which were

incorporated in different quantities into M-SIV and T-SIV gp120 (Fig 1D). In these experi-

ments, we included HIV-1 Env as a reference protein and the vesicular stomatitis virus glyco-

protein (VSV-G), which contains only two N-glycosylation signals per protomer [35] and thus

should be non- or little sensitive to inhibition by CBA. VSV-G further differs from HIV/SIV

Env by mediating fusion with the endosomal and not the plasma membrane [36]. In our

experiments, the pre-treatment with ulex europaeus agglutinin (UEA), a lectin against core

fucose, did not interfere with the infection of TZM-bl cells by controls (HIV-1 or VSV-G pseu-

dotyped viruses) or SIV (Fig 3A) as expected [37]. As anticipated, HIV-1 was highly sensitive

to inhibition by mannose-specific lectins cyanovirin-N (CV-N, target: Manα1–2) or galanthus

nivalis agglutinin (GNA, target: Manα1–3, Manα1–6), while there was significantly less inhibi-

tion of infection by pseudotypes bearing the minimally glycosylated protein VSV-G [38,39].

Consistent with the western blot and xCGE-LIF data (Fig 1B and 1D), T-SIV with its appar-

ently higher oligomannose content in gp120 was more strongly inhibited than M-SIV in a con-

centration-dependent manner (Fig 3A), and these differences were statistically significant (Fig

3B, t-test, CV-N: p = 0.0032, GNA: p = 0.008). Thus, the producer cell type can influence SIV

susceptibility to inhibition by mannose-specific CBAs.

To investigate whether cell type-dependent differences in SIV impact antibody neutraliza-

tion effectiveness, we conducted infections of TZM-bl cells with HIV, M-SIV, and T-SIV in

the presence of neutralizing sera. These sera were obtained from rhesus macaques infected

with SIVmac239, the parental strain of SIVmac239/316 Env used for producing M- and

T-SIV. This parental virus differs in nine amino acids, making it more resistant to antibody

neutralization [24]. Using four different sera, we observed some inhibition of HIV (Fig 3C).

Intriguingly, M-SIV was neutralized more efficiently than T-SIV. These effects were concen-

tration-dependent (Fig 3D) and statistically significant (Fig 3E, paired t-test, p = 0.013). In

light of these findings, we conclude that differences originating from the virus-producing cell

can influence the efficacy of CBA and antibody neutralization, and thus might have relevance

for the development of biomedical interventions based on these scaffolds.
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Discussion

Here, we analyzed whether isogenic macrophage-tropic SIV produced in primary rhesus

macaque macrophages (M-SIV) or CD4+ T cells (T-SIV) differs in Env glycosylation, viral

spread and neutralization sensitivity. We found that the overall glycan landscape of M-SIV

and T-SIV gp120 shared similarities; however, different quantities of the glycan species were

incorporated. Oligomannose-type N-glycans were more frequent in T-SIV gp120 and the

Fig 3. T-SIV is more sensitive to inhibition by mannose-specific lectins, while M-SIV is more efficiently

neutralized by sera. A) Infectivity-normalized M-SIV, T-SIV, HIV-1 NL4-3 and env-defective HIV-1 NL4-3

pseudotyped with vesicular stomatitis virus glycoprotein (VSV-G) were preincubated with the indicated

concentrations of ulex europaeus agglutinin (UEA), cyanovirin-N (CV-N), or galanthus nivalis agglutinin (GNA),

before addition to TZM-bl indicator cells. Virus was removed at 5–6 h post infection and β–galactosidase activity was

measured in cell lysates at 72 h post infection. Presented are the grand mean values with SEM normalized to lectin-free

conditions from two independent experiments conducted in triplicates for all lectin concentrations. B) Plotted are the

results obtained in A) for M-SIV and T-SIV using a lectin concentration of 100 μg/ml. Statistical differences between

M-SIV and T-SIV were calculated for each lectin using a paired t-test (**, p� 0.01). C) Infectivity-normalized M-SIV,

T-SIV, and HIV-1 NL4-3 were preincubated with sera from SIVmac239-infected rhesus macaques at varying dilutions

prior to infection of TZM-bl indicator cells. Incubation of virus with medium alone served as negative control. Virus

removal occurred at 5–6 hours post-infection, with β-galactosidase activity measured in cell lysates at 72 hours post-

infection. Shown is the grand mean with SEM from two independent experiments conducted in triplicates at a serum

dilution of 1:20,000. Infection in the absence of serum was normalized to 100%. D) The titration curve for serum 3

from C) is presented as grand mean with SEM. E) Data for sera 1–4 from C), all at a 1:20,000 dilution, are directly

compared. Paired t-test was applied to assess differences in means between groups (*, p� 0.05).

https://doi.org/10.1371/journal.ppat.1012190.g003
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complex glycan profiles between both viruses varied considerably, although our study was

insufficiently powered to determine whether these differences were statistically significant.

The producer cell type influenced viral infectivity, with M-SIV being more infectious and

being better transmitted by lectin-expressing cells as compared to T-SIV. The host cell type

also affected viral sensitivity to CBAs and neutralizing antibodies, with T-SIV showing greater

sensitivity to inhibition by mannose-specific lectins and M-SIV being more efficiently neutral-

ized by antibodies.

CD4+ T cell-derived viruses exhibit a greater prevalence of oligomannose structures in

gp120 [19,21] but less LacdiNac residues in comparison to virus originating from macrophages

[15]. By providing the first comparative molecular analysis of gp120 glycosylation of primary

host cells, we corroborate and expand upon these earlier observations. Our xCGE-LIF analysis

indicated an increased presence of oligomannose-type N-glycans with 5, 6, and 8 mannose res-

idues on T-SIV-derived gp120 in comparison to M-SIV-derived gp120. The signature for the

oligomannose-type N-glycan with 9 mannose residues (Man9) also appeared to be elevated in

T-SIV versus M-SIV. However, it is important to note that this study did not allow for a defini-

tive conclusion due to the potential co-migration of Man9 with another N-glycan structure

(FA2G2). Nevertheless, other studies indicated that Man9 is a frequently incorporated glycan

species, or even the predominant one, in CD4+ T cell-derived HIV gp120 [40,41]. Beyond dif-

ferential LacdiNac incorporation, we observed additional variations in the complex glycan

profiles of T-SIV and M-SIV, which align with the expectations generated by an mRNA analy-

sis of more than 20 glycosylation-related enzymes in CD4+ T cells and macrophages [19]. Spe-

cifically, rhesus macaque CD4+ T cells exhibit elevated expression levels of genes that

potentially enhance core fucosylation (FUT8) and sialylation (ST6Gal1), while rhesus macaque

macrophages express higher levels of genes that promote the conversion of oligomannose to

complex glycans (MGAT1), a reduction in sialic acid (NPL), and high-level branching

(MGAT4B) [19].

The advantages observed for M-SIV over T-SIV in terms of direct and indirect viral spread

prompt the question of whether these differences could lead to more efficient in vivo transmis-

sion of macrophage-derived viruses. It is noteworthy that SIVmac239/316 Env produced in

macrophages exhibited traits similar to those reported for HIV-1 transmitted founder viruses

when compared to unmatched chronic isolates. In this study, transmitted founder viruses

showed increased Env incorporation, higher infectivity, and enhanced transfer to target cells

by DCs in comparison to chronic viral isolates [42]. Similarly, SIVmac239/316 Env replicated

to higher levels in CD4+ T cells as compared to macrophages and M-SIV incorporated more

Env, was displaying higher infectivity, and was better transmitted by (DC) lectins than T-SIV.

This suggests that macrophage origin might strengthen viral characteristics associated with

successful viral transmission. Furthermore, one of our previous studies using SIVmac239/316

Env and the rhesus macaque model indicated that exclusive oligomannose glycosylation of

Env completely prevents in vivo SIV transmission [37], suggesting that the oligomannose gly-

can content of CD4+ T cell-derived HIV and SIV may be unfavorable during sexual transmis-

sion. While our exploratory animal experiment showed that the oligomannose profile of

T-SIV Env did not have the same detrimental effect on virus transmission as observed for

exclusive oligomannose glycosylation, larger animal studies might decipher potential differ-

ences in the in vivo transmissibility of macrophage and CD4+ T cell-derived viruses. Thus,

macrophage-dependent viral traits such as the Env glycosylation profile might booster virus

dissemination.

Our results support the conclusions of others that cell type-dependent differences in HIV

and SIV influence the sensitivity towards potential biological interventions including lectins

and antibodies [15,16,20]. In contrast to our results, two other studies determined
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macrophage-derived HIV to be more neutralization sensitive than viruses produced in CD4+

T cells [15,20]. While one study utilized HIV and 2G12, a mannose-only binding neutralizing

antibody, for their investigations [20], the other study made this conclusion by using sera of an

HIV infected chimpanzee [15]. This suggests that whether macrophage or CD4+ T cell-derived

traits provide protection for the virus in vivo, is likely dependent on the specific antibody pro-

file of the host. Although host cell-dependent differences appear to be important for antibody

and lectin interactions in vitro, these might have a negligible relevance in vivo, considering

that CD4+ T cells are likely the main virus producing cells over the course of infection [43].

Future research must determine whether host cell-dependent viral distinctions should factor

into the selection of candidate therapeutics and the design of strategies to address the chal-

lenges posed by the extensive diversity of HIV.

One limitation of this study is the use of a single SIV strain, which was carefully chosen

from the few available macrophage-tropic SIV proviruses previously used in studies with rhe-

sus macaques. Since the completion of our study, HIV strains were found to differ in their sen-

sitivity to host cell-derived modifications of their traits [20], emphasizing the need for testing

multiple viral strains for more comprehensive conclusions. Additionally, limited blood avail-

ability from rhesus macaques constrained the production of sufficient virus for extended gly-

can analysis, preventing the identification of overlapping peaks in xCGE-LIF annotations via

glycosidase digest. Finally, host cell-dependent glycosylation differences in Env might explain

the observed variations in viral functions [19–21]. However, other factors such as viral surface

glycosylation beyond Env [44], host cell protein incorporation [45,46], and virus stock impuri-

ties like exosomes [47] could have influenced the presented results.

In summary, using SIV as a model for HIV we provide the first detailed molecular charac-

terization of gp120 N-glycomes as derived by the target cells macrophages and CD4+ T cells.

Further, our findings highlight the significance of host cell-dependent differences, affecting

viral spread and neutralization sensitivity. Overall, our findings might have broader implica-

tions for the successful development of innovative strategies for HIV prevention and therapy.

Material and methods

All data underpinning this study, which is not already included in the manuscript, are publicly

available at Dryad (https://datadryad.org/stash) with the identifier doi:10.5061/dryad.

hmgqnk9rm [48].

Ethics statement

The animal studies were conducted at the German Primate Center, which has the permission

to breed and house non-human primates under license number 392001/7 granted by the veter-

inary office of the city Göttingen and conforming with x 11 of the German Animal Welfare

act. Approval was obtained from the ethics committee of the Lower Saxony State Office for

Consumer Protection and Food Safety with the project license 33.14-42502-04-11/026. All ani-

mals were bred, cared for by qualified staff and, housed at the German Primate Center adher-

ing to the German Animal Welfare Act and complying with the European Union guidelines

for the use of nonhuman primates in biomedical research.

Animal studies

In total, eight male and one female Indian-origin rhesus macaques (Macaca mulatta) were

assigned to experimental groups based on their age (4 to 7 years). A maximum of 5–6 ml

blood per kg bodyweight was drawn ex vivo from animals, which were anesthetized intramus-

cularly with 10 mg ketamine per kg body weight from the femoral vein employing the
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Vacutainer system (BD Biosciences). For virus challenges, animals were anesthetized intra-

muscularly with a mixture of 5 mg ketamine, 1 mg xylazin, and 0.01 mg atropine per kg body

weight. Virus introduction occurred up to ten centimeters into the rectum using a catheter

(Urotech). During the procedure and for the subsequent 30 minutes, the animals were main-

tained in a ventral position with an elevated pelvis. Monitoring for infection establishment by

RT-PCR took place every two and three weeks post-challenge.

All data underpinning this study, which is not already included in the manuscript, are pub-

licly available at Dryad (https://datadryad.org/stash) with the identifier doi:10.5061/dryad.

hmgqnk9rm [48].

Plasmids

The plasmids encoding HIV-1 NL4-3 [27], SIVmac239/316 Env [22], the HIV-1 NL4-

3-derived vector pNL4-3.Luc.R-E- [49], and the vesicular stomatitis virus glycoprotein [50]

have been previously described.

Cell culture

293T and TZM-bl cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; PAN--

Biotech) supplemented with 10% fetal bovine serum (FBS, Biochrome), 100 U/ml penicillin,

and 100 μg/ml streptomycin (P/S; PAN-Biotech). The suspension cell lines (C8166, CEMx174

R5, Raji, Raji DC-SIGN/DC-SIGNR/Langerin) were cultured in RPMI 1640 supplemented

with L-glutamine (PAN-Biotech), 10% FBS, and P/S. For the isolation of rhesus macaque pri-

mary CD4+ T cells and macrophages, PBMCs were isolated from whole blood using ficoll (Bio-

chrom) density gradient centrifugation. CD4+ T cells were purified by negative depletion

using magnetic microbeads (Miltenyi Biotech) following the manufacturer’s protocol and cul-

tured in RPMI 1640 supplemented with 20% FBS, P/S and 10 μg/ml concanavalin A (Sigma-

Aldrich) for 24 h at a density of 2 x 106 cells/ml. Following that, CD4+ T cells were cultured in

RPMI 1640 supplemented with 20% FBS, P/S and 100 U/ml recombinant human interleukin-2

(IL-2). For the generation of macrophages, monocytes were purified from PBMCs by positive

selection for CD14+ cells with magnetic microbeads (Miltenyi Biotech) following the manufac-

turer’s protocol. For differentiation into macrophages, monocytes were seeded at a density of 3

x 105 cells/ml in RPMI 1640 medium supplemented with 20% FBS, 10% human AB serum

(Sigma-Aldrich), and 10 ng/ml recombinant human macrophage colony stimulating factor

(Peprotech). The medium was replenished after 2 d and the cells differentiated for a total of 5

d. Subsequently, macrophages were cultured in RPMI 1640 supplemented with 20% FBS. All

cells were grown in a humidified atmosphere at 37˚C with 5% CO2.

Flow cytometry

For flow cytometric analysis of marker expression, 50,000 to 500,000 PBMCs and the above

mentioned cell subsets were stained for 30 min at room temperature (RT) with mixtures of

monoclonal antibodies (mAb) reactive against CD3 (SP34-2, Alexa Fluor 700), CD4 (L200,

V450), CD11b (ICRF44, PE), CD16 (3G8, FITC) and CD20 (L27, PE-Cy7) all from BD Biosci-

ences, as well as CD8 (3B5, Pacific Orange, Invitrogen), and CD14 (RMO52, ECD, Beckman

Coulter) diluted in staining buffer (phosphate-buffered saline with 5% FBS). Subsequently,

cells were washed with staining buffer, and fixed with 4% paraformaldehyde solution for seven

minutes. After an additional washing step, the cells were analyzed using a LSRII cytometer

(BD Biosciences) equipped with three lasers. Compensation was calculated by FACS DIVA

software 6.1.3 using appropriate single antibody labeled compensation beads from Sphero-

Tech. Data analysis was performed using FlowJo software v9.6 (Treestar).
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Production of viruses and pseudotyped viruses

To generate virus stocks of HIV-1 NL4-3 and SIVmac239/316 Env, 293T cells were seeded

into T25-cell culture flasks and transfected with 12 μg of plasmids encoding proviral DNA

using calcium phosphate. For pseudotype production, 293T cells were cotransfected with plas-

mids encoding pNL4-3.Luc.R-E- and VSV-G. The culture medium was exchanged at 6–7 h

post transfection, and the cellular supernatant was harvested at 72 h post transfection. The

supernatants were clarified from debris by centrifugation (5 min, 3488 x g, RT) filtered

through a 0.45 μm filter, aliquoted and stored at -80˚C.

Amplification of SIV in T cells and macrophages

To produce SIVmac239/316 Env in CD4+ T cells, the concanavalin A stimulated cells were

infected with SIVmac239/316 Env generated in 293T cells at a multiplicity of infection (MOI)

of 0.1 in RPMI 1640 medium supplemented with 20% FCS and P/S at RT under occasional

shaking. Subsequently, the cells were grown in medium supplemented with IL-2 and incubated

for 48 h. The cells were then washed twice with 5 ml of culture medium, transferred to a new

cell culture flask, and cultured for 2 weeks. Every 2–3 d, the cells were pelleted, the supernatant

was harvested and the cells were dissolved in fresh media at a density of 2 x 106 cells/ml. The

supernatants were processed as described above for pseudotypes and viral capsid protein con-

centration determined by a p27-antigen capture enzyme linked immunosorbent assay (ABL),

following the manufacturer’s instructions. The p27-antigen-positive supernatants from CD4+

T cell cultures obtained from 9 donor animals were pooled to create the stock of CD4+ T cell-

derived SIVmac239/316 Env, referred to as T-SIV throughout the manuscript. To generate

SIVmac239/316 Env in macrophages (M-SIV), the same procedure as described above was fol-

lowed, except that washing and harvesting of the cells were conducted without detaching the

cells from the cell culture flask, and no IL-2 was added to the cell culture medium. The M-SIV

virus stock was derived from infected cultures established from eight donor animals. To con-

firm the absence of mutations in env introduced during virus replication, we isolated RNA

from M-SIV and T-SIV using the High Pure Viral RNA Kit (Roche), converted it to cDNA

with the Cloned AMV First-Strand cDNA Synthesis Kit (Invitrogen), and then sequenced it

after PCR amplification. The viral stocks were further characterized for p27-capsid content, as

described above, and for infectious units/ml by titration on C8166 cells as described before

[51].

Infectivity assays

For the determination of virus stock infectivity, TZM-bl cells, the standard indicator cell line

for neutralization assays using clinical samples [34], were utilized. The cells were seeded at a

density of 10,000 cells per well in a 96-well cell culture plate and allowed to adhere for 2 hours

prior to infection. Infection was carried out using p27-capsid protein or MOI normalized SIV-

mac239/316 Env in a total volume of 100 μl. After 2 h of spin-oculation (870 x g, RT) [52], the

infection was allowed to continue for 3–4 h at 37˚C. Thereafter, the infection medium was

replaced by 200 μl of fresh culture medium and the cells were cultured for 72 h. Subsequently,

the cells were lysed and beta-galactosidase activity in lysates was detected using a commercially

available kit (Applied Biosystem) following the manufacturer’s protocol. For lectin inhibition

assays, infectivity normalized M-SIV, T-SIV, HIV-1 NL4-3 and env-defective NL4-3 pseudo-

typed with VSV-G were preincubated with PBS or the lectins UEA (Eylabs), GNA (Sigma), or

CV-N [38] for 15 min at 37˚C. Subsequently, the lectin-virus mix was added to TZM-bl cells

for infection, and the infection efficiency was determined as described earlier. To assess anti-

body-mediated neutralization, a similar experimental procedure as the lectin inhibition assay
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was carried out, except that sera obtained from SIVmac239-infected rhesus macaques were

used instead of lectins. Before use, the sera were heat-inactivated for 30 minutes at 56˚C.

Transmission assays

To model viral transmission we followed a previously published protocol [31]. Briefly, 30,000

Raji, Raji DC-SIGN, Raji DC-SIGNR, or Raji Langerin cells were preincubated for 2–3 h at

37˚C with virus adjusted to ensure equivalent infectivity on the CEMx174 R5 target cell line.

Subsequently, the cells underwent two washes with 5 ml PBS each (270 x g, 5 min) to eliminate

unbound virus. Following this, the cells were co-cultured with 30,000 CEMx174 R5 target cells

in 100 μl of RPMI-1640 medium in a 96-well cell culture plates. After two days, 50 μl of the

medium was replaced with fresh media. One day thereafter, the cells were lysed, and luciferase

activity was quantified utilizing a commercially available assay kit (Promega). In addition, all

cell lines were infected directly without subsequent removal of unbound viruses to control the

uniform infectivity of viruses and background signals of transmitter cell lines.

Western blot

For the analysis of viral particle content, the virus was concentrated through a 20% sucrose

cushion in TNE buffer (0.01 M Tris-HCl pH 7.4, 0.15 M NaCl and 2 mM EDTA in ddH2O)

using centrifugation. The proteins from the pelleted virions were then separated using

SDS-PAGE and subjected to western blot analysis. SIV gp120 was detected using the mouse

monoclonal gp120-specific antibody DA6 [53] at a dilution of 1:2,000, while the mouse mono-

clonal p27-specific antibody 55-2F12 [54] was employed at a dilution of 1:100 for the detection

of p27-capsid protein. As a secondary antibody, a horseradish peroxidase-labeled antibody of

appropriate species specificity from Dianova was employed at a dilution of 1:5,000. In order to

examine the glycosylation of gp120, the concentrated virus was treated with either Endo H or

PNGase F from New England Biolabs, for 30 min prior to SDS-PAGE. Signal intensities of

western blot bands were quantified using the software ImageJ [55].

Glycoprofiling by xCGE-LIF

To investigate the N-glycosylation of gp120 from M- and T-SIV, sample preparation and anal-

ysis were performed as described before [56]. Briefly, the virions were concentrated by ultra-

centrifugation through a sucrose cushion and the viral proteins were separated by SDS-PAGE.

The gp120 protein bands were excised from the Coomassie Blue-stained SDS-polyacrylamide

gels, destained, reduced, and alkylated. The attached N-glycans were then released by in-gel

incubation with PNGase F, and the released N-glycans were extracted with water. Next, the N-

glycans were labeled with 8-aminopyrene-1,3,6-trisulfonic acid (APTS), and any excess label

was removed using hydrophilic interaction solid phase extraction. The fluorescently labeled

N-glycans were separated and analyzed by xCGE-LIF. The glyXtoolCE software (glyXera) was

utilized to process the data generated by xCGE-LIF, including the normalization of migration

times to an internal standard. This resulted in the creation of N-glycan "fingerprints" where

the signal intensity in relative fluorescence units (RFU) was plotted on the y-axis against the

aligned migration time in aligned migration time units (MTU") on the x-axis. The high repro-

ducibility of aligned migration times allowed for the comparison of N-glycan "fingerprints"

between different samples. To elucidate the N-glycan structures and annotate the peaks, an in-

house N-glycan database was used. For quantitative comparison, the relative peak height,

which represents the ratio of the peak height to the total height of all peaks, was calculated for

each peak and sample.
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LC-MS/MS and automated MS data analysis

After the in-gel release of N-glycans by PNGase F treatment proteins were digested with tryp-

sin according to the method outlined by Shevchenko et al. [57]. The procedure involved reduc-

ing the proteins with 10 mM DTT (Sigma-Aldrich), followed by carbamidomethylation with

100 mM iodocetamide (Sigma-Aldrich), and subsequent digestion with sequencing-grade

trypsin (Promega). To extract the resulting peptides, acetonitrile was used, and the samples

were then dried in a vacuum centrifuge before being dissolved in a solution containing 2% (v/

v) acetonitrile and 0.1% (v/v) trifluoroacetic acid (Sigma-Aldrich) for subsequent LC-MS/MS

analysis. The analysis was performed using a LTQ-Orbitrap Velos mass spectrometer (Thermo

Fisher Scientific) coupled online to a nano-flow ultra-high-pressure liquid chromatography

system (RSLC, Thermo Fisher Scientific). Reverse-phase chromatography and mass spectrom-

etry was carried out as described previously [58]. For data analysis, the MaxQuant proteomics

software suite version 1.2.2.5 [59] was utilized, and peak lists were searched against the SIV-

mac239/316 Env sequence using the Andromeda search engine version 1.1.0.36 [60].

Software

Graphs and statistics were conducted using the GraphPad Prism 9 (Dotmatics) software unless

stated otherwise. The text of this manuscript was subjected to rephrasing using ChatGPT

(OpenAI) to enhance its linguistic quality.

Supporting information

S1 Fig. Exemplary flow cytometric validation of purified CD4+ T cells and macrophages.

A) Rhesus macaque PBMCs and monocyte-derived macrophages were flow cytometrically

stained using antibodies targeting macrophage (CD11b, CD14, CD16), T cell (CD3), and B

cell (CD20) markers. Representative data from four different experiments are presented. B)

Rhesus macaque PBMCs or purified CD4+ T cells were stained for flow cytometry using anti-

bodies specific for T cells (CD3) or T cell subpopulations (CD4, CD8). Representative data

from two independent experiments are shown. For A) and B), the y-axis represents the cell

count, while the x-axis indicates marker signal intensity. Proportions of cells within gates are

denoted above the bars.

(TIF)

S2 Fig. Structures and relative intensities of N-glycans derived from M-SIV and T-SIV,

analyzed by xCGE-LIF. Relative peak abundances are presented as percentages of the total

peak intensity (peaks 1–96 = 100%). N-glycan structures were assigned to peaks based on

migration times matching the entries of an in-house N-glycan database. Symbols used to

depict N-glycan structures are given in Fig 1A.

(TIF)

S3 Fig. Both M-SIV and T-SIV are infectious in vivo. A) Rhesus macaques (n = 4–5 per

group) were rectally challenged with 3 ng p27-capsid-protein of M-SIV or T-SIV diluted in

PBS. The challenges were repeated every three weeks until the animals became infected (indi-

cated by black filled symbols) or up to six challenges. Infection was determined by detection of

SIV RNA in the peripheral blood by quantitative reverse transcriptase-polymerase chain reac-

tion (RT-PCR). Animal identifiers are indicated on the y-axis. B) Plasma viral load of rhesus

macaques infected with M-SIV or T-SIV was measured as RNA copies/ml from the day of

challenge (day 0) up to 10 weeks post infection (wpi). At 3 wpi with SIVmac239/316 Env, ani-

mal 13057 underwent an additional challenge with SIVmac251 as part of a separate
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experiment, which was not part of this study.

(TIF)
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Project administration: Christina B. Karsten, Udo Reichl, Erdmann Rapp, Christiane Stahl-

Hennig.

Resources: Rita Gerardy-Schahn, Erdmann Rapp, Christiane Stahl-Hennig.

Supervision: Rita Gerardy-Schahn, Stefan Pöhlmann.
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