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ABSTRACT 

The dense glycosylation of the human immunodeficiency virus (HIV) envelope protein (Env) 

impedes viral recognition by neutralizing antibodies and thereby complicates the development 

of an effective HIV vaccine. The virus producing cell determines the composition of this so-

called glycan shield and macrophages and T cells, the major target cells of HIV, glycosylate 

the virus differently. However, the impact of these host cell-specific glycosylation differences 

on viral spread and transmission has been largely unclear. The aim of this thesis was to 

determine the composition of the macrophage- and T cell-derived Env glycan shield on a 

molecular level and to assess how glycosylation differences impact viral infectivity, 

neutralization sensitivity and mucosal transmission. For this, the simian immunodeficiency 

virus (SIV)/rhesus macaque model of HIV infection of humans was employed.  

The Env proteins of isogenic SIVs produced in rhesus macaque macrophages (M-SIV) or T 

cells (T-SIV) were found to be modified with largely comparable glycan species. However, 

the relative quantities of the attached glycan species frequently differed and, most notably, T-

SIV Env contained markedly more oligomannose glycans than M-SIV Env. T-SIV was less 

infectious than M-SIV and more susceptible to neutralization by soluble, mannose-specific 

lectins, in keeping with its glycan profile. In contrast, T-SIV was better protected against 

antibody-mediated neutralization than M-SIV, and differences in the glycan shield might be 

responsible. Finally, M-SIV was better transmitted than T-SIV by mucosal lectins in cell 

culture but both viruses were transmitted comparably through the rectal mucosa of rhesus 

macaques. In order to further determine how oligomannose glycans impact the biological 

properties of SIV, isogenic SIVs were produced, which either exclusively harbored 

oligomannose glycans or a mixture of oligomannose, hybrid and complex glycans. The 

exclusive modification of Env with oligomannose glycans markedly reduced SIV infectivity 

and Env incorporation into virions and was not compatible with mucosal transmission, despite 

augmented capture by mannose-specific mucosal lectins in cell culture. Collectively, the 

observations indicate that host cell-dependent glycosylation differences impact SIV 

infectivity, sensitivity to antibody- and lectin-mediated neutralization and transmission by 

mucosal lectins.  

 

 

 



 

 
 

ZUSAMMENFASSUNG  

Das Hüllprotein (envelope protein, Env) des humanen Immundefizienz-Virus (HIV) ist stark 

glykosyliert und dieses sogenannte Glykanschild erschwert die Erkennung des Virus durch 

neutralisierende Antikörper und somit die Entwicklung eines wirksamen HIV-Impfstoffs. 

Makrophagen und T-Zellen, die wichtigsten Zielzellen von HIV, glykosylieren Env 

unterschiedlich, jedoch ist nicht hinreichend erforscht wie sich diese 

Glykosylierungsunterschiede auf die Ausbreitung und Übertragung von HIV auswirken. Das 

Ziel dieser Arbeit war es daher die  Zusammensetzung des in Makrophagen- und T-Zellen 

generierten Glykanschilds auf molekularer Ebene zu bestimmen und festzustellen, ob 

wirtszellspezifische Glykosylierungsunterschiede die virale Infektiosität, 

Neutralisationssensitivität und Schleimhautübertragung beeinflussen. Hierfür wurde das 

simiane Immundefizienz-Virus (SIV)/Rhesusaffen Model der HIV-Infektion des Menschens 

eingesetzt. 

Es konnte gezeigt werden, dass die Env-Proteine von isogenen SIVs, produziert in 

Makrophagen (M-SIV) oder T-Zellen (T-SIV) von Rhesusaffen, größtenteils mit denselben 

Glykanspezies besetzt sind. Es wurden jedoch quantitative Unterschiede im Einbau 

bestimmter Glykane beobachtet, so zeigte T-SIV einen deutlich stärkeren Besatz mit 

Oligomannose-Glykanen als M-SIV. T-SIV war weniger infektiös als M-SIV und, wie 

erwartet aufgrund des Glykanprofils, besser durch lösliche, Mannose-spezifische Lektine zu 

inhibieren. Im Gegensatz dazu war T-SIV besser gegen die Neutralisation durch Antikörper 

geschützt als M-SIV, vermutlich aufgrund von Unterschieden im Glykanschild. Schließlich 

wurde M-SIV in Zellkultur besser durch Lektine von Schleimhautzellen übertragen als T-SIV, 

während die Übertragung beider Viren nach rektaler Exposition von Rhesusaffen vergleichbar 

war. Um den Einfluss von Oligomannose-Glykanen auf die biologischen Eigenschaften von 

SIV genauer zu untersuchen, wurden isogene SIVs hergestellt, die nur Oligomannose-

Glykane trugen oder eine Mischung aus verschiedenen Glykantypen. Die ausschließliche 

Modifikation von Env mit Oligomannose-Glykanen reduzierte die SIV-Infektiosität und die 

Virus-Inkorporation von Env und war unvereinbar mit der Schleimhautübertragung, obwohl 

diese Glykane die SIV-Übertragung durch Mannose-spezifische Lektine in Zellkultur 

verbesserten. Insgesamt weisen diese Ergebnisse darauf hin, dass wirtszellabhängige 

Glykosylierungsunterschiede die SIV-Infektiosität, Neutralisations-sensitivität und 

Übertragung durch Lektine von Schleimhautzellen beeinflussen können.  
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A. INTRODUCTION 

1. Impact of human immunodeficiency virus (HIV) infection on global health  

1.1. HIV 

HIV is an enveloped single-stranded, positive-sense RNA virus that belongs to the genus 

lentivirus of the family of Retroviridae. It has been isolated first in 1983 by Franҫoise Barré-

Sinoussi, Luc Montagnier and colleagues at the Pasteur Institute in Paris, France, from a 

patient with lymphadenopathy [5]. In 1984, HIV was confirmed to be the causative agent for 

the acquired immunodeficiency syndrome (AIDS) [6-9], a fatal disease that is estimated to be 

responsible for 36 million deaths so far [10]. In 2012, 35.3 million people were living with 

HIV worldwide (Fig. 1). The most affected region is Sub-Saharan Africa which is the home of 

69 % of all infected persons with nearly one in every twenty adults being infected [10]. 

 

Fig. 1 Estimated numbers of adults and children living with HIV in 2012. Adapted from the Joint United 

Nations Programme on HIV/AIDS, 2014 [11]. 

HIV is transmitted sexually, from mother to child and through contaminated blood products 

and once an infection is established it is persistent for life. Tremendous global research and 

political efforts have been made resulting in a drop in the numbers of newly infected per year 

and the development of antiretroviral therapy has greatly enhanced the patient´s life quality 

and length. However, HIV can become resistant to drugs and drug accessibility is limited so 

that in 2012 only 35.8 % of persons living with HIV in Africa were receiving anti-HIV 

treatment [12]. The search for a cure for HIV infection has also proven to be very difficult and 
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so far only one person, the so-called “Berlin patient”, is believed to have been able to defeat a 

HIV infection. In this special case the treatment included transplantation of bone marrow from 

a rare HIV resistant donor [13]. Unfortunately, this is a risky procedure and not applicable to 

treat larger patient numbers. With regard to the problems of HIV treatment and the research 

for a cure, the development of a vaccine will be the key to prevent HIV infection and to 

control and ultimately end the pandemic. 

1.2. HIV pathogenesis and AIDS 

A hallmark of lentiviral infection is a slow progression to disease. Lentiviruses can cause 

immune deficiency, disorders of the hematopoietic and central nervous system and 

occasionally arthritis and autoimmunity [14, 15]. HIV infection can be divided into three 

stages: An acute phase, an asymptomatic phase of clinical latency and a systematic phase with 

the development of AIDS (Fig. 2). During the acute phase within the first days after virus 

transmission, the virus replicates in activated lymphocytes of the lymph nodes, which might 

result in lymph node swelling or flu-like symptoms [16]. High viral loads can be detected in 

the blood and at the same time gut CD4
+
 T cells are depleted due to virus infection [17, 18]. 

Viral reservoirs are formed in long-lived memory T cells, which do not produce progeny virus 

from the integrated proviral genome until they become activated at a possibly much later time 

point [19, 20]. Macrophages might also serve as a reservoir [21, 22]. With declining numbers 

of susceptible T cells being available in the blood, viral titer decreases and the immune 

response is activated. As a consequence, the number of cytotoxic T cells increases and is 

followed by the production of neutralizing antibodies (nAbs). At week ten post infection 

(p.i.), the number of CD4
+
 T cells in the blood is partially restored [23].  

Three to four months p.i., in the asymptomatic phase, viral replication is controlled by the 

immune system to a certain level and the number of viral copies present in the peripheral 

blood at this time is termed virologic set-point [24]. The virologic set-point predicts how fast 

patients progress towards AIDS [25]. In the following years the number of cytotoxic T cells 

remains elevated, the virus population is diversified due to its error-prone genome replication 

mechanism and CD4
+
 T cell numbers slowly decline [23, 26]. The symptomatic phase usually 

sets in when CD4
+
 T cell counts fall below 500 CD4

+
 T cells/µl plasma [27]. At the same time 

the HIV-specific and general numbers of cytotoxic T cells decline and with the destruction of 

the immune system correlates strong virus replication [23]. Within ten years p.i., 50 % of the 

untreated HIV-infected adults have progressed to AIDS [27]. AIDS, as defined by the criteria 

of the American Center for Disease Control, is established when the number of CD4
+
 T cells 
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Fig. 3 Phylogenetic relationship of HIV-1 groups and SIV isolates from chimpanzees and gorillas. The 

phylogenetic tree depicts a maximum likelyhood analysis based on glycoprotein 41 (gp41) sequences of HIV-1 

group reference strains and SIV isolates from the chimpanzee subspecies Pan troglodytes troglodytes 

(SIVcpzPtt) and schweinfurthii (SIVcpzPts) as well as western lowland gorillas (SIVgor). The scale indicates 0.1 

substitutions per site for horizontal branches and asterics bootstrap values over 80 %. The upper map depicts the 

geographical distribution of the four chimpanzee subspecies found in western Central Africa and the lower map 

the distribution of gorilla species and bonobos in this area. DRC: Democratic Republic of Congo. Adapted from 

Peeters and Delaporte, 2012 [42]. 

The transmission event of HIV-1 group M most likely occurred around 1910 to 1930 in 

Leopoldville, which is nowadays Kinshasa in the Democratic Republic of the Congo, and 

spread from there worldwide [43]. In contrast group O viruses, which include a number of 

low prevalence viruses endemic in Central Africa, are most closely related to SIV found in 

western lowland gorillas (SIVgor, Gorilla gorilla gorilla) in Cameroon [44, 45]. Group P, 

currently consisting of a single virus isolate detected in a Cameroonian woman, probably also 

originates from SIVgor [40]. It is assumed that SIVcpz was introduced into the chimpanzee 

population by preying on smaller primates since it is a recombinant virus of SIV from red-

capped mangabeys (SIVrcm, Cercocebus torquatus) and from greater spot-nosed monkeys 

(SIVgsn, Cercopithecus nictitans) [46]. SIVgor on the other hand, originates from SIVcpz and 

because gorillas are strictly herbivore and have not been observed to have physical encounters 

with chimpanzees, the route of transmission is still unclear [44]. HIV-2 virus strains segment 

into eight different groups with each group being the result of a single transmission event of 

SIV from sooty mangabeys (SIVsmm, Cercocebus atys) to humans [47]. The cross-species 
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whose composition depends on the type of the virus-producing cell. The role of these proteins 

is largely unclear although some seem to promote binding to cells and to support HIV 

functions at the early post-entry stage [54]. 

3. Replication of HIV-1 

The HIV-1 replication cycle starts with the binding of Env protein to the receptor CD4 and a 

coreceptor, either the chemokine (C-C motif) receptor 5 (CCR5) or the chemokine (C-X-C 

motif) receptor 4 (CXCR4) on macrophages and T cells (Fig. 5). Binding to receptor and 

coreceptor induces conformational changes in Env, which result in the fusion of the viral 

membrane with the host cell membrane [55]. As a consequence, the viral capsid is released 

into the cytoplasm where incompletely defined stimuli trigger uncoating (i.e. disassembly of 

the capsid). In parallel, the viral RNA genome is reverse transcribed into linear, double-

stranded complementary DNA (cDNA). Subsequently, the preintegration complex (PIC) is 

assembled, which consists of IN, cDNA as well as MA, Vpr and cellular proteins [56, 57]. 

Vpr is a not very well characterized viral protein that additionally enhances HIV-1 infection in 

macrophages and triggers G2 cell cycle arrest in dividing cells for an unknown reason [58]. 

The PIC is transported into the nucleus where IN inserts the cDNA into the host cell genome 

to form a provirus [56, 57]. Upon integration, the proviral genome is either transcribed by the 

host cell machinery or remains silent until the infected cell is stimulated. Cells harboring 

silent proviral genomes are termed latent reservoirs [59]. 

In a productively infected cell the host encoded RNA polymerase II binds to the LTRs of the 

HIV-1 provirus and initiates transcription. However, the processivity of the enzyme is low 

and mostly short transcripts are generated. When transactivating protein (Tat) is expressed, it 

binds to the trans-activating response element of actively transcribed RNAs, which triggers 

the phosphorylation of the C-terminal domain of the RNA polymerase II and thereby 

increases processivity, allowing the formation of full lengths RNA transcripts. The RNAs are 

modified by the addition of a 5´cap and a poly(A) tail and might undergo splicing. Tat, 

regulator of virion expression (Rev) and negative factor (Nef) are generated from fully spliced 

RNAs, which are produced early in the replication cycle. Env, viral infectivity factor (Vif), 

Vpr and viral protein u (Vpu) are generated from singly spliced RNAs. Unspliced RNA can 

serve as genome of progeny virions or be translated into the polyproteins Gag and upon a 

ribosomal frameshift into Gag-Pol. While fully spliced RNA transcripts are directly 

transported out of the nucleus by the host cell machinery to become translated, intron 
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containing RNA species require binding of Rev to the Rev response element, which is located 

within the Env coding region [60].  

Env RNA is translated into the precursor protein glycoprotein 160 (gp160) by ribosomes at 

the endoplasmic reticulum (ER). The nascent polypeptide is transported into the ER lumen 

due to a N-terminal signal sequence until it is anchored in the ER membrane via its 

transmembrane domain. As soon as gp160 enters the ER lumen, it is N-glycosylated which is 

a requirement for the subsequent protein folding [61-63]. Gp160 oligomerizes into trimers 

that are transported through the Golgi to the plasma membrane [64]. On their way through the 

Golgi the N-glycosylation of the Env spike is further processed, O-linked glycans can be 

attached and the protomers are cleaved by furin or furin-like proteases into gp120 and gp41 

which remain non-covalently associated [65-69]. Cleavage liberates the fusion peptide of 

gp41, a key player in the membrane fusion reaction, and is therefore essential for viral 

infectivity. To avoid premature binding of Env spikes to CD4 in the secretory pathway, Vpu 

down-regulates CD4 expression by targeting it for proteasomal degradation [70]. 

The Gag and Gag-Pol encoding RNAs are translated in the cytosol by free ribosomes and the 

produced proteins traffic to the cellular membrane. The matrix domain of the Gag polyprotein 

directs Gag transport while the nucleocapsid domain binds to genomic RNA. Gag proteins are 

myristoylated in the matrix domain and therefore preferentially associate in membrane 

microdomains that are rich in cholesterol and glycolipids. At the plasma membrane, immature 

HIV-1 particles are formed by Gag, Gag-Pol and Env and two viral genome copies as well as 

Vpr are incorporated into the particles [71]. In some cell types including primary T cells and 

macrophages, release of infectious particles depends on the action of Vif, which prevents 

virion incorporation of Apolipoprotein B-editing catalytic polypeptide (APOBEC) proteins by 

targeting these factors for proteasomal degradation. Otherwise the incorporated APOBEC 

proteins will hypermutate the viral cDNA during reverse transcription and thereby prevent the 

productive infection of target cells [72]. To facilitate release of progeny HIV-1 particles from 

the plasma membrane of infected cells, the p6 domain of Gag hijacks the host cell endosomal 

sorting complex required for transport (ESCRT) machinery [71]. In addition, Vpu promotes 

particles release from infected cells by down-regulating the surface expression of the host cell 

restriction factor tetherin which would otherwise tether newly generated virions to the virus- 

producing cell [73]. At the same time the multifunctional viral protein Nef facilitates budding 

and prevents super-infection through reduction of CD4 cell surface expression. Additionally, 

Nef impairs the recognition of the infected cell by the immune system via down-regulation of 
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Fig. 5 Replication cycle of HIV-1. Adapted from Steffen, 2010 [74]. 

major histocompatibility complex (MHC) class I and other immune receptors and contributes 

to viral infectivity in an incompletely understood manner [75]. While for T cells the plasma 

membrane is the accepted target site of HIV-1 budding, in macrophages the HIV-1 budding 

process is less clear. In these cells HIV-1 seems to bud into intracellular virus containing 

compartments, which might be multivesicular bodies, late endosomes or invaginations of the 

plasma membrane connected through thin micro-channel conduits, and is from there released 

into the extracellular lumen [76-81]. 

Within the immature HIV-1 particle, PRO is released from the Gag-Pol polyprotein, due to 

autocatalytic activation, and then generates the mature structural proteins and enzymes from 

the Gag and Gag-Pol precursors in a time-ordered fashion. Subsequently, NC encloses the 

viral genome and SP2 stabilizes it, the conical capsid structure is formed by the CA proteins 

with support of SP1, and MA proteins form an inner layer at the viral membrane, resulting in 

the generation of mature, infectious particles [53, 82]. 
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4. Cellular entry of HIV-1 

Binding of HIV-1 to attachment factors can concentrate virions onto the cell surface and can 

thereby increase the chance of Env to subsequently bind to CD4 and coreceptors. However, 

HIV-1 binding to attachment factors is not a prerequisite to infectious viral entry. HIV-1 

interactions with attachment factors are frequently less specific than interactions with receptor 

and coreptor and can be mediated by Env or by cellular factors incorporated into the viral 

envelope. For instance, positively charged residues in Env can interact with negatively 

charged heparan sulfate proteoglycans on the cellular surface and intercellular adhesion 

molecule-1 (ICAM-1) incorporated into the viral envelope can bind to its ligand lymphocyte 

function-associated antigen-1 (LFA-1) present on the target cell surface [83, 84]. 

Additionally, lectins like dendritic cell (DC)–specific intercellular adhesion molecule-3-

grabbing non-integrin (DC-SIGN, CD209) can bind to glycans presented on the Env surface 

[85]. Invariably, these interactions promote binding of HIV-1 to cells and can thereby increase 

the efficiency of viral entry.  

 

Fig. 6 Entry process of HIV-1. Adapted from Connell and Lortat-Jacob, 2013 [86]. 

The interaction of Env spikes with receptor and coreceptor is the first indispensable step of 

the entry cascade (Fig. 6). The Env spike binds to CD4 receptor via its gp120 subunit [87, 88]. 

This triggers Env rearrangements in gp120 that allow the binding of a chemokine coreceptor 

[89, 90]. Viruses either bind CXCR4 (X4 viruses) or CCR5 (R5 viruses) or are able to interact 

with both receptors (X4R5 viruses) and the coreceptor choice determines cell tropism. Thus, 

viruses that infect T cell lines utilize CXCR4 whereas viruses that infect macrophages use 

CCR5 and with rare exceptions, the viruses can use both CCR5 and CXCR4 for the infection 

of primary T cells [91-97]. After coreceptor binding, the Env spike enters a fusion-active state 

and viral particles are transported to suitable sites for membrane fusion on the cellular 

membrane by the host cell machinery [98-100]. Membrane fusion starts with the insertion of 

the N-terminal hydrophobic fusion peptide of gp41 into the host cell membrane. 
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Subsequently, two heptad repeats (HR) in gp41 fold back onto each other, resulting in the 

formation of a six-helix bundle structure. As a result of the six-helix bundle formation, the 

viral and host membranes are brought into close proximity which induces membrane fusion 

[55, 101-103]. However, the exact cellular location of the membrane fusion reaction is not 

fully understood and recent studies suggest that fusion takes place in endosomal 

compartments [55, 104].   

5. HIV-1 Env structure and function 

Every HIV-1 particle incorporates 14 ± 7 Env spikes into its membrane, which tend to form 

irregular clusters [105]. Sequence analysis identified five variable regions, V1-V5, within 

gp120 and five interspersed constant regions, C1-C5 (Fig. 7) [106, 107]. These regions are 

contained within an inner domain (formed by C1 and V1-2) and outer domain (consisting of 

V3-5, C3-4), with respect to the C- and N-terminus of gp120. In addition, a bridging sheet, 

which separates the inner and outer domain, is formed upon Env binding to CD4 [90]. In 

more detail, V1/V2, V3, V4 and V5 build up variable loops due to disulfide bridges that are 

formed between highly conserved cysteine residues [108]. V4 and V5 provide flexibility to 

the CD4 binding site, which is in the liganded state a cavity at the intersection of all three 

gp120 domains, formed by conserved residues of C1, C3 and C4 [109-111]. In the unbound 

Env spike V1/V2 and C2 partially overlap V3 and thereby protect it from recognition by 

nAbs. Upon CD4 binding structural rearrangements uncover V3 so that the loop protrudes 

towards the target cell membrane and is available for coreceptor binding [89, 112, 113]. 

Subsequently, the base of V3 binds to the N-terminus of the coreceptor and the crown of the 

V3 loop, which contains a highly conserved GPGR/Q motif, interacts with the extracellular 

loops of the coreceptor [114-119]. The general principles for coreceptor tropism are not fully 

understood. However, the presence of positively charged amino acids in the V3 loop at 

position 11 and either 25 or 28 are sufficient for a switch in tropism of HIV-1 from CCR5 to 

CXCR4 (HXB-2 numbering) [120, 121]. Further, macrophage tropic HIV-1 strains are 

potentially more efficient to form the bridging sheet after CD4 binding, which would facilitate 

coreceptor binding [122].  

Gp41 is divided into an ectodomain, a transmembrane domain and a cytoplasmic tail (Fig. 7). 

The ectodomain contains a N-terminal fusion peptide, the two heptad repeats HR1 and HR2 

and the membrane-proximal region (MPER) and mediates trimerization of the Env spike, 

gp120 binding and membrane fusion [123]. Upon gp120 binding to CD4 the fusion peptide is 
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Fig. 7 Segments of gp160 and domain structure of gp120. The upper panel depicts the segments of gp160, the 

precursor protein of gp120 and gp41, with tree-like structures indicating the presence of potentially glycosylated 

sequons in the gp160 sequence. F: fusion peptide; C-C loop: loop with conserved disulfide bond; TM: 

transmembrane domain; CT: cytoplasmic domain. The lower panel shows the domain structure of a CD4 and 

antibody bound, monomeric core HIV-1 gp120 lacking V1/V2. Adapted from Frey et al., 2008 [124, 125] and 

Guttman et al., 2012 [126]. 

exposed and upon subsequent Env binding to a coreceptor the fusion peptide is inserted into 

the target cell membrane. Thereafter, HR1 and HR2 fold on top of each other like the blades 

of a closing scissor, resulting in the formation of the six-helix bundle. In this structure, the 

distance between viral and target cell membranes is critically reduced and the membranes fuse 

[127]. The MPER and the transmembrane domain also contribute to membrane fusion [128-

133]. The cytoplasmic domain of Env has a variety of functions. It has been found to be 

important for replication of some HIV-1 strains, it can regulate the clathrin-mediated 

endocytosis and intracellular trafficking of Env and it facilitates Env incorporation into viral 

particles. Further, the cytoplasmic domain can activate the cellular transcription factor nuclear 

factor κB (NF-κB) and might induce cytotoxicity and apoptosis [134]. Activated NF-κB can 

bind to NF-κB-binding sites within the LTRs and thereby strongly increase transcription of 

the viral genome [135]. 

Recently, several groups have been able to model the structure of virion-associated Env spikes 

by cryo-electron tomography [105, 136-141]. Two groups proposed that the three gp41s form 

a tripod-like structure bound to three distally directed and slightly rotated gp120 subunits. 

Further, they identified a low-density region beyond the apex of the trimer, which was not 

detectable in cryo-electron models with a lower resolution [105, 140]. However, higher 
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Fig. 8 CD4-binding induced conformational changes of the Env spike. Depicted are density maps based on 

cryo-electron tomography analysis of native HIV-1 spikes in the unbound state (left panel) or bound to soluble 

CD4 (right panel) from the top (left) and side view (right). The arrows indicate the movement of the gp120 

proteins to enter the CD4 bound state. The crystal structures of monomeric core gp120 (red ribbon structures), 

which lacks most of the loops V1-3 and some sequences of the N- and C-terminus, were fitted into the model. 

The position of their V1/V2 stumps are depicted as red ovals and the propable position of the loops after binding 

to soluble CD4 (yellow) is marked by asterics. Adapted from Tran et al., 2012 [141]. 

resolution tomography and comparative studies remodeling the previous findings now 

indicate that in the unliganded Env spike gp41 forms a compact spike stem instead of a tripod-

like structure (Fig. 8). On top of this stem, the three gp120 subunits protrude to the exterior to 

form a propeller-like shape. In addition, these studies could confirm the presence of an empty 

space under the spike apex along the trimer axis [138, 139, 141]. It is generally accepted that 

upon CD4-binding the Env spike rearranges into a more open configuration that exposes the 

coreceptor binding site. Interestingly, this open configuration was also found to be the native 

state of unliganded Env spikes of a SIV strain that can enter cells by directly binding to the 

coreceptor without previous contact to CD4 [139]. 

6. HIV-1 Env glycosylation 

6.1. Types of human glycosylation 

In humans, more than 50 % of all proteins are predicted to be glycosylated and two major 

types of protein glycosylation have been described: N-linked glycosylation and O-linked 

glycosylation. Glycosylation is recognized as one of the most complex protein modification 

mechanism that greatly enhances the diversity of the human proteome [142]. The N-linked 

glycosylation pathway starts with the generation of a glycan precursor bound to the ER 

membrane lipid dolichol. In the beginning, two N-acetylglucosamine (GlcNAc) residues are 

attached to dolichol on the cytoplasm site of the ER, followed by five mannose (Man) 

glycans. Then the structure is transported through the ER membrane to the luminal side of the 

ER. The addition of four more Man and three glucose (Glc) residues completes the N-glycan 

precursor (Glc3Man9GlcNAc2) [143-145]. Oligosaccharyltransferase recognizes N-linked 
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Fig. 9 N- and O-linked glycan structures. The left panel depicts the three types of N-linked glycans: complex 

glycans, hybrid glycans and oligomannose (high mannose) glycans. The right panel shows the core structures of 

mucin-type glycosylation. Adapted from Nettleship, 2012 [2, 146]. 

glycosylation sites on nascent proteins that are transported into the ER and binds the N-glycan 

precursors en bloc to them [147]. Attachment sites for N-linked glycans, so-called sequons, 

consist of an asparagine-X-serine/threonine consensus sequence where X is any amino acid 

except proline and the asparagine serves as acceptor for the glycan precursor GlcNAc [148]. 

Two Glc residues are removed from the glycoprotein before it is folded by the chaperones 

calnexin or calreticulin. Removal of the last Glc residue detaches the glycoprotein from the 

chaperones [149]. If it is folded correctly, the glycoprotein is transported to the Golgi for 

further processing. Otherwise, the glycoprotein is reglucosylated and rebinds a chaperone 

protein or it undergoes ER-associated degradation [150]. In the ER and within the Golgi the 

glycans (Man9GlcNAc2) can undergo trimming by mannosidases resulting in the generation of 

Man5-8GlcNAc2 [151]. Man5-9GlcNAc2 glycans are designated as oligomannose-type glycans 

(Fig. 9). While all types of N-linked glycans share the same glycan core structure 

(Man3GlcNAc2), in oligomannose glycans the antennae of the core structure are exclusively 

decorated with mannose residues. In the Golgi, the Man5GlcNAc2 structure can be extended 

on one antenna by the attachment of a non-mannose glycan to create a hybrid-type glycan. 

Removal of all mannose residues bound to the core structure and attachment of non-mannose 

glycans like GlcNAc, galactose (Gal), fucose (Fuc) and sialic acid can create complex 

glycans, the third and most processed type of N-linked glycans [152, 153].  

O-linked glycosylation is a posttranslational modification of glycoproteins in the Golgi and is 

less well investigated than N-linked glycosylation. The most common O-linked glycosylation 

pathway generates O-glycans of the mucin-type by the attachment of a single N-
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acetylgalactosamine (GalNAc) unit to a serine or threonine, which generates the so-called Tn 

antigen (Fig. 9) [69]. The Tn antigen can give rise to eight different core structures by the 

addition of Gal, sialic acid, GlcNAc and Fuc but not Man, Glc, or xylose. These core 

structures can then be branched and further elongated and become part of O-linked glycan 

clusters in serine/threonine rich peptide stretches [154, 155]. In general, the presence of a 

serine, a threonine or a sequon does not guarantee glycosylation [69, 142]. Factors like the 

amino acid context of the glycosylation site, the glycosylation site accessibility to 

glycosidases and glycosyltransferases and the availability of glycan substrates can hinder 

glycosylation or lead to an extensive microheterogeneity in the attached glycans [153, 155-

157].  

6.2. Glycosylation of HIV-1 Env 

HIV-1 Env is one of the heaviest glycosylated proteins known and 50 % of its molecular mass 

is due to N-linked glycans [152, 158]. The intensive N-linked glycosylation of HIV-1 gp120 

is mainly derived from 18-33 sequons with a median value of 25, which are encoded in the 

Env sequence [159, 160]. Moreover, gp41 contains 2-6 sequons, which also contribute to the 

heavy glycan load [161]. The distribution of sequons in HIV Env is not random and the 

pattern of sequons is conserved within HIV subgroups [160]. While the position of some 

sequons is fixed, the position of others is highly variable and these are called shifting sequons 

(Fig. 16) [162]. Most of the shifting sequons have been identified in the variable loops of 

gp120 except for V3. However, some shifting sequons were also found in the constant regions 

C3 and C4 [160, 162-164]. Shifting sequons tend to be decorated with complex glycans, while 

the majority of oligomannose glycans is attached to fixed sequons [160].  

Oligomannose glycans are rarely found on mammalian proteins but are attached in high 

amounts to HIV-1 gp120 [165-167]. This discrepancy is explained by the dense spatial 

orientation of sequons in HIV-1 Env, which renders some glycans inaccessible to complete 

processing by ER and Golgi α-mannosidases. As a consequence the outer domain of gp120 

contains an “intrinsic” mannose patch consisting of Man5-9GlcNAc2 (Fig. 10) [158, 166, 167]. 

A second glycan cluster on the outer domain of gp120 is formed near the receptor binding site 

and consists of complex glycans bound to sequons, which are more spaciously distributed 

[158]. When recombinant gp120 monomers are analyzed for their overall glycan content, a 

higher proportion of complex glycans (70 %) is detected in comparison to gp120 derived from 

virus-associated Env spikes (31-38 %) [166]. This observation is accounted for by sterical 
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Fig. 10 Distribution of glycan clusters on monomeric and trimeric HIV-1 gp120. Adapted from Burton et al., 

2012 [168]. 

constrains of the Env trimer interface that hinder glycan maturation and result in a second 

“trimer-induced” oligomannose glycan cluster near the trimer interface [166, 167, 169]. 

Regarding Env trimers, only the overall glycan composition could be analyzed so far due to 

the low number of Env spikes incorporated per viral particle that limits the amount of protein 

available for analysis. However, for recombinant monomeric gp120, a substantial 

microheterogeneity in the glycan species attached to specific HIV-1 gp120 sequons is 

observed [158]. On average, five major glycan species are annotated for each sequon, which 

results, assuming independent variance for 25 sequons in gp120, in a maximum of 5
25

 

different gp120 glycoforms [152]. 

HIV-1 gp120 also bears O-linked glycans albeit their contribution to the overall Env 

glycosylation is small compared to that of N-linked glycans [170]. The presence of mucin-

type glycans in gp120 has been shown by digest with glycosidases as well as by inhibition of 

HIV-1 infection with O-linked glycan-specific antibodies and lectins [65, 154, 171-175]. The 

number of attachment sites for O-linked glycans for most Env sequences is predicted to be 1-2 

with accuracy of 76 % [176]. Recently, the site-specific O-linked glycosylation of 

recombinant gp120 was determined and one threonine in the constant region C5 was found to 

be decorated with an O-linked glycan. Like observed for N-linked glycans, the attached 

glycan species was highly heterogenic, with up to 13 different glycan variants being attached 

to gp120 produced in 293T cells [177]. 

6.3. Impact of the virus producing cell on HIV-1 glycosylation 

Glycosylation of proteins is not only determined by features of the protein but also by the 

virus-producing cell and its metabolic state (Fig. 11) [3]. For most experimental applications, 
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infection might change the cellular state. Therefore, the analysis of Env glycosylation derived 

from infected macrophages and T cells is especially relevant for research. 

7. Functions of HIV-1 Env glycosylation 

7.1. Glycosylation and Env processing 

Glycosylation has been found to be important for two steps during Env processing. First, 

glycosylation was found to be a prerequisite for correct folding of Env and second, Env 

glycans impact Env trafficking to the compartment, where Env is cleaved. The first 

experiments that revealed an important role of Env glycosylation in HIV-1 biology analyzed 

the impact of glycosylation inhibitors on virus-induced syncytium formation, which requires 

binding of Env on the surface of HIV-1 infected cells to CD4 expressing cells. Inhibitors of 

the oligosaccharide precursor formation, glucosidase I and mannosidase I decreased syncytia 

formation, attenuated HIV-1 infectivity and reduced CD4 binding [183-189]. However, 

deglycosylation of gp120 and gp160 did not result in any conformational changes and had no 

effect on CD4 binding [190-192]. This seemingly contradictory result was explained when 

time course experiments showed that glycosylation precedes proper gp120 folding that allows 

CD4 interaction [189]. 

The use of glycosylation inhibitors also rendered Env spike cleavage less efficient. The 

inhibition of glucosidase I but not of mannosidase I and mannosidase II resulted in reduced 

gp160 processing indicating that the removal of Glc is essential for proteolytic processing of 

gp160 [184, 187]. Treatment of cells with monensin, an inhibitor of protein transport in the 

Golgi and the formation of complex glycans, also decreased Env cleavage. Gp120 but not 

uncleaved gp160 was decorated with sialic acids suggesting that these proteins do not share 

the same transport pathway [188, 193]. This hypothesis was supported by experiments with 

mutated HIV-1 in which three conserved cluster-forming sequons in gp41 (N621, N630 and 

N642) were deleted. The resulting Env mutant was able to bind CD4 but gp160 processing 

was impaired. The mutated, uncleaved gp160 was slowly transported from the cis- to the 

medial-Golgi and digest with glycosidases implied that it by-passed the trans-Golgi [194]. 

Uncleaved gp160 is not fusogenic but can be incorporated into virions and has thus been 

designated as a form of junk Env [195, 196]. Besides this as “mature” form of gp160 

designated Env, another form of monomeric junk Env was recently identified: gp160ER is 

exclusively decorated with oligomannose glycans and can also be incorporated into viral 

particles. The exclusive decoration of gp160ER with oligomannose glycans is proposed to be 
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the consequence of a premature ER export of gp160ER due to ER stress. The ER stress likely 

results from the accumulation of gp160 in the ER due to slow transport pace, which is 

observed for a vast amount of gp160 proteins and might be caused be suboptimal 

glycosylation [194, 195]. In summary, the glycosylation of Env and in particular gp41 is 

important for correct Env trafficking to the trans-Golgi which is essential for cleavage, a 

prerequisite for Env-driven membrane fusion.  

7.2. Glycan shield of HIV-1 

HIV-1 Env is the only viral protein on the surface of the virus and therefore poses the sole 

target for nAbs. The surfaces of gp120 have been proposed to form three different antigenic 

faces: A non-neutralizing, a neutralizing and a silent face (Fig. 12) [197]. The non-

neutralizing face contains the gp120 surface along the trimer interface, which is inaccessible 

to antibodies due to steric constraints, but can raise an antibody response when recombinant 

monomeric gp120 is used as an antigen or gp120 sheds from virus-associated Env spikes 

[197-199]. The neutralizing face includes the CD4 binding site and other conserved, 

discontinuous epitopes, which are induced upon CD4 binding [197]. For these epitopes 

antibodies with broadly neutralizing activity (bnAb) were isolated but so far it was not 

possible to induce such antibodies in vaccine studies [200-202]. On the contrary, potential 

epitopes of the silent face, which roughly corresponds to the outer domain of gp120, are 

protected from recognition by antibodies due to the dense glycosylation [197]. This so-called 

glycan shield covers most of the accessible surface of the Env spike and adapts to antibody-

mediated immune pressure via changes in the number and position of sequons [203]. The 

quality of protection by the glycan shield against a specific antibody also depends on the 

glycan composition derived from the virus-producing cell [3, 177, 180, 204-207]. The only 

study that compared the antigenic properties of HIV-1 produced in more natural target cells 

demonstrated that virus produced in MDMs is less sensitive to neutralization by serum of a 

HIV-1 positive chimpanzee than virus generated in PBMCs [180].  

The presence of the glycan shield of HIV-1 Env also influences other viral functions than 

neutralization sensitivity like entry and infectivity: The less dense cluster of complex glycans 

on the outer domain is believed to be a trade-off between the protection mediated by the 

glycan shield and a reduction in the attached glycans to render gp120 flexible enough for the 

changes induced by receptor binding and fusion [208]. Further, the deletion of a sequon in 

V1/V2 allows CD4 independent entry and the presence of a specific sequon in V3 but also  
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Fig. 12 The antigenic faces of HIV-1 gp120. The left panel serves for orientation and shows a modeled, 

glycosylated surface for a crystalized gp120 core protein lacking the variable regions V1-V3 and residues of the 

N-and C-terminus. The middle panel depicts the position of the CD4 binding site (CD4BS), epitopes, which are 

induced or exposed upon CD4 binding (CD4i) and residues targeted by the glycan-specific antibody 2G12. The 

right panel indicates the distribution of the antigenic surfaces of gp120. Adapted from Wyatt et al., 1998 [197]. 

other sequons near and within the V1-V5 loop regions impacts coreceptor tropism [3, 160, 

209-213]. Furthermore, in most cases the deletion of sequons within V1/V2 and V3 decreases 

viral infectivity [214-216]. Finally, sialic acids strengthen the glycan shield but decrease viral 

replication because their negative charge increases the net negative charge on the surface of 

virions and thereby enhances the threshold binding energy required to overcome the repulsive 

electrostatic forces between viral and cellular membranes [217-219]. 

8. Mucosal transmission of HIV-1  

The human mucosa poses a powerful immune barrier against pathogens [220]. However, it is 

also the entry site for sexually transmitted viruses like HIV-1 and sexual encounters are 

responsible for 70 % of the HIV-1 infections worldwide [221]. The mucosal surfaces that can 

be found in the genital tracts need to be overcome by HIV-1 to establish infection and can be 

divided into type 1 and 2 epithelium (Fig. 13) [222]. Type 2 is a stratified squamous 

epithelium that is formed by multiple layers of karatinocytes in close density connected with 

tight junctions. This type is found in vagina, endocervix and anus. It is connected via a 

transitional zone, the squamocolumnar junction, to type 1 columnar epithelium in the rectum 

and endocervix [222]. The preferred target cells of HIV-1, CD4
+
 T cells and macrophages, are 

found in the connective tissues dermis or lamina propia below the squamous and columnar 

epithelium and T cells additionally within the squamocolumnar junction [223-225]. Therefore 

the virus needs to transfer through the epithelium to establish a productive host infection. This 

is possible either through microabrasions in damaged epithelium which can occur during 

sexual intercourse or by contact with DCs [85, 226-228]. DCs can be differentiated into 

subsets by their marker expression [229]. At least four subsets of DCs can be found in type II 
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Fig. 13 Mucosal transmission of HIV-1. Adapted from Harman et al., 2013 [222]. 

mucosal tissue and Langerin (CD207) expressing DCs are the only DCs identified so far 

which are located within the squamous epithelium [230-234]. In type I mucosal tissue only 

one type of DCs resides in the lamina propria, which expresses DC-SIGN [85, 222].  

Langerin and DC-SIGN are C-type lectins and contain a cytoplasmic domain involved in 

antigen internalization, a transmembrane domain as well as the extracellular domains repeat 

domain mediating oligomerization and carbohydrate-recognition domain (CRD), which can 

recognize structures in the glycan coat of HIV-1 [235, 236]. The interaction between DCs 

expressing these mucosal lectins and HIV-1 can either result in virus degradation or 

transmission of the virus to T cells, and for example the outcome of HIV-1 interaction with 

DC-SIGN depends on the oligomannose content of HIV-1 gp120, with an exclusive 

oligomannose glycosylation resulting in facilitated virus degradation [228, 237-239]. DCs 

transmit HIV-1 to T cells in the submucosa or lymph nodes either after transport of the virus 

on the cellular surface, virus internalization into microvesicular bodies and subsequent 

exocytosis or a productive infection resulting in the spread of progeny virus [240]. An 

infected founder cell population is formed, which propagates the virus so that it can spread 

from the lymphatic system to the blood stream and establish a system-wide infection [241].  

Albeit HIV-1 demonstrates an extreme sequence diversity in one individual, which can be as 

large as observed for the yearly worldwide seasonal influenza pandemic, 60-80 % of all 

infections are caused by a single transmitted founder virus [159, 242]. This phenomenon is 
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referred to as “genetic bottleneck”, a restrictive selection process that allows the passage of 

only one or a few viruses which give rise to the founder cell population in a newly infected 

person [243-246]. Genomic analysis of transmitted founder viruses has demonstrated that Env 

proteins of transmitted founder viruses in comparison to chronic isolates have shorter variable 

loops, encode less sequons and contain specific amino acid signatures, one of which having a 

positive effect on envelope protein expression [242, 247-252]. On the functional level 

transmitted founder viruses were found to nearly exclusively utilize CCR5 as coreceptor and 

to infect T cells but not macrophages [253, 254]. In addition, a recent study which used the 

advanced technique of single-viral-genome sequencing to calculate the consensus sequence of 

a complete presumable transmitted founder virus showed that transmitter founder viruses are 

1.7-fold more infectious and incorporated 1.9-fold more Env into virions than chronic 

isolates. Further, transmitted founder viruses replicated better in the presence of interferon 

alpha and bound better to monocyte-derived dendritic cells (MDDCs) in comparison to 

isolates from chronically infected individuals [255].  

9. Targeting the HIV-1 glycan shield  

Since the induction of Env specific antibodies has proven to be difficult because of the 

protective glycan shield, efforts have been made to target the glycan shield itself. 

Carbohydrate-binding agents (CBAs) can inhibit viral entry by binding to the envelope 

glycans [256]. Further, CBAs can reduce DC-mediated, lectin-dependent HIV-1 transmission 

to T cells [257-259]. HIV-1 can acquire resistance to CBAs by deletion of sequons [260-262]. 

This can render Env more accessible to antibody mediated neutralization and therefore CBA 

treatment could facilitate the induction of an immune response in vivo or contribute to 

successful combinational therapy [263-265]. Effective inhibition of HIV-1 infection by CBAs 

seems to require multivalent binding to Env glycans, which was observed for all structurally 

investigated CBAs so far, and the majority of CBAs binding to HIV-1 targets oligomannose 

glycans, which are found in the intrinsic mannose cluster of Env [266, 267]. 

The most investigated types of CBAs, which can inhibit HIV-1, are glycan-specific antibodies 

and lectins. Several antibodies targeting N- and O-linked glycans were identified but only for 

the bnAb 2G12 the structure was determined [172, 173, 268]. 2G12 is an immunoglobulin G 

(IgG) 1 antibody, which has an unusual domain-exchanged structure that allows trivalent 

binding of Manα1,2Man containing glycans attached to highly conserved sequons (N332, 
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N339 and N392, located in C3-V4) within the oligomannose glycan cluster of the silent face 

of Env [267-269]. Recently, a number of new, highly potent bnAbs targeting mixed protein-

glycan epitopes were isolated [270, 271]. This showed that attachment to conserved glycan 

motifs can also enable an antibody to penetrate the glycan shield and to bind to underlying 

protein epitopes [272-274]. The target of many of these newly identified bnAbs included 

again N332, which was bound in distinct modes [274, 275]. This finding and the identification 

of bnAbs, which are to a certain degree flexible in their choice of sequon included in their 

target motif and in the glycan species attached to the sequons, demonstrated that glycan-

specific antibodies can neutralize HIV-1 in different ways and might be in some cases tolerant 

to evolutionary changes in the viral glycan shield [276, 277]. 

To identify anti-HIV-1-specific lectins plants, cyanobacteria, sea corals, fungi, algae, 

invertebrates and vertebrates were screened [266]. This resulted in the identification of 

numerous antiviral proteins, including the Man-specific lectins Galanthus nivalis agglutinin 

(GNA), cyanovirin-N (CV-N) and griffithsin (GRFT), which have been investigated in more 

detail. The plant lectin GNA is a tetramer in which every protomer has a size of 13 kilodalton 

(kDa) and bears three carbohydrate binding sites (CBS) that allow theoretically the parallel 

binding of 12 glycan residues [278, 279]. GNA binds to terminal Man with differing 

preferences (Manα1,6Man>Manα1,3Man>Manα1,2Man) but the exact binding site in Env 

could not be identified [280]. The block of HIV-1 infection by GNA does not affect receptor 

or coreceptor binding and also does not include binding to the membrane of uninfected cells 

[281-283]. CV-N was isolated from a cyanobacterium and is an 11 kDa monomer with two 

domains, each carrying a CBS. It can form domain-swapped dimers which increases the 

number of potential CBS [284-286]. CV-N binds specifically to Manα1,2Manα in Man8-

9GlcNAc2 glycans on HIV-1 Env and the sequons N234 and N295 (both C2) are essential for 

CV-N binding [263, 287-289]. CV-N seems to inhibit CD4 binding and Env-driven 

membrane fusion without direct blockage of the CD4 binding site [290, 291]. GRFT is 

currently one of the most promising antiviral CBAs because it inhibits HIV-1 in the 

nanomolar range and exerts minimal unwanted toxicity in rodents [292, 293]. GRFT is a 

dimeric algae lectin composed of two 12.7 kDa monomers, each of which can bind to HIV-1 

with three CBS [292, 294-297]. Identical to CV-N the inhibitory effect of GRFT is 

diminished when no glycans are incorporated into the sequons N234 and N295 [289, 298]. 

However, the mechanism underlying the antiviral activity of GRFT is different. GRFT 

enhances the exposure of the CD4 receptor binding site via interactions with the glycan 
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10.2. Differences between HIV and SIV on the genome, protein and glycan level 

SIVmac was found to share a comparable genomic structure relative to HIV-1 (40 % amino-

acid identity) and especially HIV-2 (75 % amino-acid identity), which resulted from SIVsmm 

transmission to humans (Fig. 15) [34, 47]. However, viruses related to SIV from the African 

green monkey (SIVagm) do not encode vpu, like HIV-1 and SIVcpz, and SIVsmm-related 

viruses including HIV-2 and SIVmac encode another gene named vpx instead of vpu [309]. 

The gene vpx has been suggested to be the result of a duplication of the vpr gene [310]. Its 

gene product, viral protein x (Vpx), is packaged into the viral particles and counteracts the 

restriction factor SAM domain- and HD domain-containing protein 1 (SAMHD1), which 

would otherwise abrogate reverse transcription of SIV in macrophages through lowering the 

cellular level of deoxynucleoside triphosphates [311-313]. HIV-1 is also restricted by 

SAMHD1 in resting T cells and DCs and an HIV-1 encoded, SAMHD1 counteracting activity 

has not been identified [314-316]. SAMHD1 seems to be also operative in macrophages and 

macrophage-trophic HIV-1 strains manage to overcome this restriction in a way that cannot 

be fully explained by the well-established Vpr-mediated enhancement of viral replication in 

macrophages [314, 316-318].  

While the majority of other proteins encoded in SIV seem to fulfill the same functions as in 

HIV, there are a few exceptions. Counteraction of the antiviral host cell factor tetherin is 

mediated by HIV-1 Vpu and by HIV-2 Env [319-321]. Differently, most SIV strains including 

SIVmac use Nef to counter tetherin, although tetherin antagonism by SIV Env from tantalus  

 

Fig. 15 Genome structure of HIV and SIV. SIVsm = SIVsmm. Adapted from Beer et al. 1999 [309]. 
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sequons is more variable in HIV-1 and HIV-2 as well as SIVcpz in comparison to SIVsmm 

and SIV from the SIVagm (Fig. 16) [160]. Only very few studies investigated the glycan 

composition of SIV Env and their findings indicate that SIVsmm/mac and HIV-2 gp120 

produced in 293T cells incorporate less N-glycans of the oligomannose-type than SIVcpz and 

HIV-1 gp120 [329]. Furthermore, SIVsmm/mac gp120 produced in 293T cells but not HIV-1 

or SIVcpz gp120 was found to bind to jacalin, a lectin specific for mucin-type glycosylation, 

and SIVmac but not HIV was sensitive to inhibition by this lectin [154]. These observations 

indicate subtle, but detectable differences in the glycan composition between HIV and 

different SIV strains, although their magnitude might vary when other producer cell lines are 

used. Importantly, the biological functions of SIV Env glycans are identical to that of their 

HIV counterparts: Glycans shield SIV Env from attack by nAbs [330-336], can be the target 

of glycan-specific antibodies [337] and interact with immune cell lectins like DC-SIGN in 

transmission experiments [338, 339]. Taken together, SIV and HIV share similar features on 

the genomic, functional and glycan level.  

10.3. Mucosal SIV transmission 

After the first observation that SIV can infect rhesus macaques of Indian origin and induce 

SAIDS, efforts to establish SIV/macaques as an animal model for HIV-1 infection of humans 

focused on this species of macaques [303]. Other rhesus macaque species were also 

investigated, but substantial differences in SIV pathogenesis were observed [340]. HIV-1 

infection of humans and SIV infection in rhesus macaques share many key features, including 

the depletion of CD4
+
 T cells, particularly in the gut, although infected macaques develop 

immunodeficiency much faster than humans [17, 341, 342]. However, some differences that 

might impact the efficiency of mucosal transmission were identified. It was demonstrated that 

non-human primate and human DCs vary in their maturation profile, strength of 

allostimulation and expression of surface markers [343, 344]. Furthermore, the rhesus 

macaque genome encodes the DC-lectin DC-SIGN but not its homologue DC-SIGN related 

(DC-SIGNR, L-SIGN, CD209L) [345]. Upon engineered expression in cell lines, human and 

rhesus macaque DC-SIGN can capture and efficiently transmit HIV-1 and SIV to CD4
+
 T 

cells, respectively. Nonetheless, only human but not rhesus macaque MDDCs express high 

amounts of DC-SIGN and SIV transfer from rhesus macaque MDDCs to T cells is not 

inhibited by DC-SIGN-specific antibodies [346]. This implies that although both human and 

rhesus macaque DCs can transfer virus to adjacent T cells, trans-infection by these cells might 

proceed via a different mechanism. As observed in humans SIV transmission is restricted by a 
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genetic bottleneck and the diversity of viral genome sequences early after transmission is 

comparable between SIV and HIV-1 [253, 347-349]. 

To model sexual transmission of HIV-1, SIV can be applied to rhesus macaques via the 

vagina or the rectum. Similar as for humans, the vaginal and ectocervical mucosa of rhesus 

macaques is a multi-layered squamous epithelium, which undergoes changes with the 

progression of the menstrual cycle [350, 351]. The endocervix is a single columnar epithelial 

layer that is covered with high amounts of mucus that vary with the stage of the menstrual 

cycles and can entrap virus or slow down viral transport [241, 352]. Through the 

administration of hormones the epithelium can be artificially hindered to change its thickness 

or female animals can be synchronized in their menstrual cycles prior to viral challenge [350, 

353, 354]. Despite these measures, the efficiency of SIV transmission upon vaginal challenge 

is lower and more variable than upon rectal challenge and because non-human primate 

experiments are often carried out in small animal groups this can have a great impact on 

statistics [355]. Sexual transmission of HIV-1 is most efficient via the rectal route, which is 

probably due to the fact that in the rectum a single line of columnar epithelial cells forms the 

border between incoming pathogens and potential target cells in the submucosa [221, 355]. 

Therefore, this transmission route is especially interesting and additionally provides the 

advantages of less varying results in a higher number of available animals. In conclusion, key 

aspects of mucosal HIV-1 transmission can be recapitulated in the SIV/rhesus macaque 

model. For these reasons, the experimental infection of rhesus macaques with SIV is currently 

one of the best animal models for HIV-1 infection of humans.  

11. Properties of SIVmac239/316Env 

SIVmac239/316Env is a virus chimera generated by exchanging the SIVmac239 envelope 

protein by the envelope protein of SIVmac316 [356]. The first precursor virus, SIVmac239 

was isolated from the blood of rhesus macaques infected with the serially passaged swarm 

virus SIVmac251 showing symptoms of an AIDS-like disease by cocultivation of serum with 

a human T cell line [303]. The proviral clone of SIVmac239 was found to induce AIDS 

symptoms like depletion of CD4
+
 and lymphoid cells, opportunistic infections, encephalitis 

and emaciation after infection of rhesus macaques [357]. From the infected animals 40 % died 

of AIDS within six month whereas the rest of the animals experienced a protracted course of 

disease similar to AIDS in humans [358]. Today, SIVmac239 infection of Indian rhesus 

macaques is a well-established model for HIV-1 pathogenesis studies [359].  
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The second precursor virus of SIVmac239/316Env, SIVmac316, was isolated from the blood 

of a SIVmac239 infected rhesus macaque with progressed SAIDS symptoms associated with 

macrophage infection by cocultivation of blood cells with rhesus macaque alveolar 

macrophages. In contrast to SIVmac239, SIVmac316 replicates very well in macrophages 

[358, 360]. The macrophage-tropism was found to correlate with CD4-indepent viral entry 

and high sensitivity to neutralization in comparison to SIVmac239 [361-363]. CD4-

independent entry is advantageous for infection of macrophages which express only low 

levels of CD4 [325]. Since macrophage-tropic variants of SIV have been isolated during late 

stage progressed SAIDS in rhesus macaques, the higher neutralization sensitivity might be a 

result of a lack in virus adaption to immune pressure that cannot be provided anymore by the 

comprised immune system of the animals or propagation of the virus in immune-privileged 

sites like the brain [362].  

SIVmac316 has been mainly used to study macrophage-tropism of SIV and the virus chimera 

SIVmac239/316Env was generated in an attempt to identify the responsible determinants that 

mediated the switch from T cell tropism of SIVmac239 to macrophage tropism of 

SIVmac316. The exchange of the envelope protein was sufficient to render SIVmac239 a 

macrophage-trophic virus that replicated well in macrophages and with similar extends to 

SIVmac239 in rhesus macaque peripheral blood lymphocytes in vitro. At least five of the nine 

amino acids which differ from the SIVmac239 envelope were shown to contribute to 

macrophage-tropic phenotype. Three of them were found in gp120 and two of them in gp41 of 

which one of them introduced a premature stop codon at aa 767 that increased Env 

incorporation into viral particles [356, 364]. Of note, one mutated amino acid at aa 199, an 

aspargine to aspartic acid exchange, was not important for the coreceptor specificity but 

changed the second position of one of the 26 shared sequons, which reduced the probability of 

glycoslation of this sequon [156]. Whereas in vitro SIVmac239/316 was characterized as 

macrophage-tropic virus, intravenously infection of rhesus macaques SIVmac239/316Env 

without the truncation in gp41 was found to primarily infect T cells [365]. 

SIVmac239/316Env has rarely been used as a challenge virus in the rhesus macaque model 

but it offers a unique combination of advantages over more commonly used challenge viruses: 

(i) it is a molecular clone and not a swarm virus which ensures homogenous virus 

productions, (ii) it is a close derivative of SIVmac239, one of the best characterized viruses 

used for rhesus macaque infection, and most importantly (iii) it successfully replicates in both, 

macrophages and T cells. 
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12. Aims of the study 

The glycan shield of the HIV-1 Env protein protects the virus from recognition by nAbs and 

thus poses a major obstacle to the development of an effective HIV-1 vaccine. The 

composition of the HIV-1 glycan coat depends on the virus-producing cell and macrophages 

and T cells, the major target cells of HIV-1, glycosylate the virus differently. However, a 

detailed molecular analysis of the macrophage- and T cell-derived glycan shield is still 

missing and it is incompletely understood whether host cell specific glycosylation differences 

influence viral infectivity, neutralization sensitivity and mucosal transmission. 

The high density of glycans on HIV-1 Env leads to the formation of oligomannose glycan 

clusters that are rarely found on host proteins. These clusters can be the target of CBAs and 

exclusive decoration of HIV-1 with oligomannose glycans reduces DC mediated transmission 

in vitro. However, a comprehensive study examining the effect of oligomannose glycans on 

infectivity, neutralization sensitivity and mucosal transmission remains to be undertaken.  

The present thesis focused on two goals: First, the differences of macrophage- and T cell-

derived Env glycosylation were to be analyzed on a molecular level and their impact on viral 

infectivity, neutralization sensitivity and mucosal transmission were to be invested. Second, 

the importance of oligomannose glycans for SIV infectivity, neutralization sensitivity and 

transmission were to be analyzed by the characterization of viruses bearing exclusively 

oligomannose glycans. For these studies, the SIV/rhesus macaque model for mucosal HIV-1 

transmission in humans was to be employed. 
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B. MATERIAL AND METHODS 

1. Reagents and Chemicals 

Standard chemicals and reagents were bought from Carl Roth (Germany), Fermentas (Germany) 

Qiagen (Germany) and Sigma-Aldrich (Germany). For uncommonly used reagents the source will 

be explicitly named. 

1.1. Cell lines 

Name Description Reference 

293 
Human embryonic kidney cells with epithelial 

morphology which were immortalized using human 

adenovirus type 5 DNA fragments. 

[366] 

293T 
Derivative of 293 cells containing the SV40 T-antigen 

that allows replication of transfected plasmids with 

SV40-region. 

[367] 

HEK293S GnTI
- 

(GNTI) 

Derivative of 293 cells adapted to grow in suspension 

which exclusively produce N-linked glycans of the 

oligomannose-type due to a mutation of the N-acetyl-

glucosaminyltransferase I. 

[368] 

TZM-bl 

Derivative of HeLa cells, a human epithelial cell line 

from cervical tissue of a patient with adenocarcinoma. 

The cells stably express CD4 and CCR5 and encode 

firefly luciferase and ß-galactosidase genes under 

control of the HIV-1 promoter. 

[369-373] 

C8166 

Human umbilical cord blood lymphocytes with T cell 

morphology immortalized by cocultivation with T cells 

from a patient infected with the human T cell leukemia-

lymphoma virus. 

[374] 

Raji 
Human B cell line, previously designated as B-THP-1, 

derived from a patient with Burkitt´s lymphoma. The 

cell line is infected with the Epstein-Barr virus. 

[375] 

Raji DC-SIGN 
Raji cells transduced with a murine leukemia virus 

vector to express human DC-SIGN. They were 

previously designated as B-THP-1/DC-SIGN. 

[375] 

Raji DC-SIGNR Raji cells transduced with a lentiviral construct 

encoding human DC-SIGNR. 
[376] 

CEMx174 R5 

Hybrid cell line of the human T cell line CEM and the 

human B cell line 174. The cells express CD4 and 

CCR5 and encode the green fluorescent protein (GFP) 

and luciferase under the control of a HIV-1 promoter.  

[377] 

GNTI cells were a generous gift of Rogier Sanders, Weill Medical College of Cornell 

University, New York, USA and Department of Medical Microbiology, Academic Medical 

Center, Amsterdam, Netherlands. The following reagents were obtained through the National 

Institutes of Health (NIH) AIDS Reagent Program, Division of AIDS, National Institute of 

Allergy and Infectious Diseases (NIAID), NIH: B-THP-1 and B-THP-1/DC-SIGN from Drs. 
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Li Wu and Vineet N. KewalRamani as well as TZM-bl cells from Dr. John C. Kappes, Dr. 

Xiaoyun Wu and Tranzyme Inc.  

 

1.2. Bacteria 

For all transformations was the Escherichia coli (E.coli) strain DH10B (Invitrogen, Germany) 

used which has the following genotype: F– mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 

ΔlacX74 recA1 endA1 araD139 Δ(ara leu) 7697 galU galK rpsL nupG λ–.  

 

1.3. Expression plasmids 

Name Encodes 
Reference or 

Distributor 

pcDNA3.1/Zeo(+) Empty expression vector 
Life Technologies, 

Germany 

pLEGFP-N1 Enhanced GFP Clontech, USA 

pMD.G 
G protein of the vesicular stomatitis virus 

(VSV-G) 
[378] 

All plasmids provide ampicillin resistance to E.coli hosts. 

 

1.4. Proviral vectors 

Name Encodes Reference 

pBR NL4-3 HIV-1 NL4-3 [379] 

pBR322-HIV1-JRCSF HIV-1 JR-CSF [380] 

NL4-3 Env* Nef* Luc 

HIV-1 NL4-3 but Env was inactivated by a 

frameshift mutation and Nef was replaced by a 

firefly luciferase gene 

[381] 

SIVmac239 + Xho 
SIVmac239 with an silent nucleotide exchange 

creating an Xho restriction site in Env  
[382] 

pcDNA3.1_SIV316 SIVmac239/316Env [356] 

All proviral vectors provide ampicillin resistance to E.coli hosts. The pBR322-HIV1-JRCSF 

and pcDNA3.1_SIV316 construct was a kind gift of Jan Münch, Institute of Molecular 

Virology, Ulm University Hospital, Germany. 
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1.5. Antibodies 

Primary antibodies: 

Name Antigen Species 
Polyclonal/ 

Monoclonal 
Dilution Reference 

HT3 HIV gp160 Goat Polyclonal 1:2,000 [66-68] 

DA6 SIV gp160 Mouse Monoclonal 1:2,000 [69] 

2F5 HIV gp41 Human Monoclonal 1:1,000 [70-72] 

4B2 SIV gp41 Rhesus macaque Monoclonal 1:2,000 [73] 

183-H12-5C   HIV p24 Mouse Monoclonal 1:2,000 [74-76] 

55-2F12 SIV p27 Mouse Monoclonal 1:100 [383] 

S1604 SIV Rhesus macaque Polyclonal 1:3,000 
Produced  

in-house 

The following antibodies and antisera were obtained through the NIH AIDS Reagent 

Program, Division of AIDS, NIAID, NIH: HT3 from Repligen, Waltham, USA, 2F5 from Dr. 

Hermann Katinger, 4B2 from Dr. Ronald Desrosiers, 183-H12-5C from Dr. Bruce Chesebro 

and Kathy Wehrly and 55-2F12 from Dr. Niels Pedersen. The DA6 antibody was a generous 

gift from Dr. Ronald Desrosiers, University of Miami Miller School of Medicine, USA.  

 

Horse-radish peroxidase (HRP)-labeled polyclonal secondary antibodies: 

Order 

number 
Species Antigen 

305-035-003 Rabbit Goat IgG (H+L) 

115-035-003 Goat Mouse IgG (H+L) 

109-035-003 Goat 
Human and rhesus macaque IgG 

(H+L) 

All secondary antibodies were purchased from Dianova, Germany and used for western blot 

in a 1:5,000 dilution or in a 1:1,000 dilution for intracellular staining of SIV antigens. 

 

Directly labelled monoclonal antibodies against rhesus macaque antigens: 

Name Antigen Fluorophore Dilution Distributor 

SP34-2 CD3 Alexa Fluor 700 1:120 BD Bioscience, USA 
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L200  CD4 V450 1:120 BD Bioscience, USA 

ICRF44 CD11b PE 1:120 BD Bioscience, USA 

3G8 CD16 FITC 1:60 BD Bioscience, USA 

L27 CD20 PE-Cy7 1:240 BD Bioscience, USA 

3B5 CD8 Pacific Orange 1:240 Invitrogen, USA 

RMO52 CD14 ECD 1:60 Beckman Coulter, Germany 

All antibodies are derived from mouse.  

 

1.6. Lectins 

Name Distributor References 

Ulex europaeus agglutinin I Eylabs, USA [384] 

Galanthus nivalis agglutinin Sigma-Aldrich, Germany [385] 

Cyanovirin-N Kirk Gustavson [386] 

His-tagged griffithsin NIH, USA 
[292, 295, 

296, 387] 

Concanavalin A Serva, Germany [388] 

The following reagents were obtained through the NIH AIDS Reagent Program, Division of 

AIDS, NIAID, NIH: His-tagged griffithsin (Cat #11610) from Drs. Barry O´Keefe and James 

McMahon. Cyanovirin-N was a generous gift of Kirk Gustafson, PhD from the Molecular 

Targets Laboratory, National Cancer Institute, United States.  

 

2. Procaryotic culture methods 

2.1. Procaryotic culture conditions 

Luria-Bertani (LB) medium or LB agar plates supplemented with ampicillin were inoculated 

with bacteria from frozen or liquid stocks. Bacteria containing protein expression plasmids or 

proviral vectors were cultivated overnight at 37 °C or 30 °C for 24 h respectively. LB medium 

cultures were kept under shaking at 220 rpm. For cryoconservation 300 µl sterile 80 % 

glycerol was added to 700 µl of bacteria culture and stored at -80 °C.  
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Media and solutions for culture of prokaryotes 

LB medium: 10 g/l tryptone, 5 g/l yeast extract and 5 g/l NaCl, pH 7.5, autoclaved 

LB agar: 15 g/l agar in LB medium, pH 7.5, autoclaved 

Ampicillin (1,000x), 100 mg/ml in 70 % EtOH, sterile filtered (Carl Roth, Germany) 

 

2.2. Production of competent cells 

The generation of competent bacteria for transformation was carried out as described before 

[389]. A 5 ml overnight culture of E.coli DH10B in LB media was prepared from a frozen 

stock, used to inoculate 500 ml of fresh LB media supplemented with 20 mM MgSO4 and the 

new culture was grown to optical density 0.4-0.6. All subsequent steps were carried out a 4 °C 

with prechilled solutions. The bacteria were pelleted by centrifugation (4,500 g, 5 min), 

resuspended in 200 ml TFB1 buffer and incubated for 5 min. The cells were again centrifuged 

and the pellet dissolved in 20 ml TFB2 buffer. After an incubation of 45 min the bacteria were 

aliquoted at 100 µl per tube and shock frozen by a dry ice/isopropanol bath. The competent 

cells were stored at -80 °C used within one year after production. 

Buffer for the generation of competent cells 

TFB1:  30 mM Kac, 10mM CaCl2, 50 mM MnCl2, 100mM RbCl and 15 % glycerol in 

ddH2O, pH 5.8, sterile filtered 

TFB2: 100 mM MOPS, 75 mM CaCl2, 10 mM RbCl and 15 % glycerol, pH 6.5, sterile 

filtered  

  

2.3. Transformation 

For bacterial transformation an aliquot of competent bacteria was thawed on ice and mixed 

with 0.1 ng of plasmid DNA. After 45 min incubation on ice the cells were exposed to a 1 min 

heat shock in a water bath at 42 °C followed by a second incubation on ice for 2 min. Then, 

900 µl LB medium was added to the bacteria and the cells were shaked for 45 min at 37 °C. 

At least 100 µl of the bacterial culture was plated on LB agar plates supplemented with 

ampicillin and incubated overnight.  
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3. Molecular biology methods 

3.1. Isolation of plasmid DNA 

All DNA was prepared from bacterial cultures using the NucleoBond PC 500 kit (Macherey-

Nagel, Germany) according to the manufacturer´s protocol and measured for DNA 

concentration using a NanoDrop photometer (Thermo Scientific, USA). 

 

3.2. Isolation of viral RNA 

For the preparation of viral RNA, plasma was generated from rhesus macaque blood samples 

by collection of the supernatant after centrifugation of the blood sample for 10 min at 3,000 

rpm. Then, the viral RNA was isolated using the QIAamp viral RNA Mini kit (Qiagen, 

Germany). 

 

3.3. Detection of SIV plasma viral load by quantitative real-time polymerase 

chain reaction (RT-PCR) 

RT-PCR quantification of plasma viral loads was conducted using the QuantiTect Probe RT-

PCR kit and a Rotor-Gene Q cycler (both Qiagen, Germany) according to the manufacturer´s 

protocol and as described before [390]. Briefly, 1 pg to 500 ng viral RNA was transcribed into 

cDNA (30 min, 50 °C) using a forward and reverse primer at a concentration of 900 nM 

specific for a 77 bp region within SIVmac239/316Env gag. Potential DNA contaminations in 

the sample were eliminated by uracil N-glycosylase digestion (2 min, 50 °C). Then, the 

polymerase for the RT-PCR reaction was activated (10 min, 95 °C) and the amount of viral 

RNA detected using a dual-labeled Taqman probe at a concentration of 180 nM (45 cycles: 15 

s, 95 °C, 1 min, 60 °C). All samples were analyzed in single values and RNA-positive 

samples were confirmed in by a second RT-PCR.  

Oligonucleotides for the detection of SIVmac239/316Env RNA 

Taqman probe: 5′-TGTCCACCTGCCATTAAGCCCGAG-3′, labeled at the 5′ end with a                                                

reporter fluorochrome FAM (6-carboxyfluorescein) and at the 3′ end with 

the quencher dye TAMRA (6-carboxytetramethylrhodamine), binds to 

nt580-603 

  

Forward primer: 5′-ACCCAGTACAACAAATAGGTGGTAACT-3′, binds to nt552-578 
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Reverse primer: 5′-TCAATTTTACCCAGGCATTTAATGT-3′, binds to nt629-605 

 

4. Eukaryotic cell culture methods  

4.1. Eukaryotic cell culture conditions 

All cell culture work was conducted under strictly sterile conditions and all cells were 

incubated at 37 °C and 5 % CO2. The adherent cell lines (293, 293T, TZM-bl and GNTI) were 

propagated in Dulbecco´s modified Eagle medium (DMEM) supplemented with 10 % fetal 

calf serum (FCS), penicillin and streptomycin (P/S) and in the case of GNTI cells also 1 mM 

sodium pyruvate. The suspension cell lines (Raji, Raji DC-SIGN, Raji DC-SIGNR and 

CEMx174 R5) were kept in Roswell Park Memorial Institute media 1640 (RPMI-1640) 

supplemented with 10 % FCS and P/S. Cells were passaged when they reached 80 % density. 

For this, all suspension cells were diluted in fresh media. Adherent cells were detached by 

tapping against the cell culture flask, except for TZM-bl cells which were washed with PBS 

and then incubated for five minutes with trypsin/EDTA.  

Media and solutions for cell culture work 

DMEM with 4.5 g/l Glc, L-Glutamine and 3.7 g/l NaHCO3 (PAN-Biotech, Germany) 

RPMI-1640 with L-glutamine and 2 g/l NaHCO3 (PAN-Biotech, Germany) 

FCS, inactivated for 30 min at 56 °C (Biochrom, Germany) 

Sodium pyruvate, 100 mM (PAA, USA) 

P/S, 100 U/ml penicillin and 100 µg/ml streptomycin (PAN-Biotech, Germany) 

PBS: 7.2 g/l NaCl, 2.48 g/l Na2HPO4 and 0.34 g/l KH2PO4 in ddH2O, pH 7.2 

Trypsin/EDTA, 0.25 %/0.02 % in PBS without Ca
2+

 and Mg
2+

 (Biochrom, Germany) 

 

4.2. Isolation of rhesus macaque PBMCs 

To isolate primary rhesus macaque PBMCs ficoll density gradient centrifugation was 

employed. The collected blood was diluted fourfold in PBS and 35 ml of the diluted blood 

were laid on top of 15 ml ficoll in a falcon. The cells were centrifuged (30 min, 2,000 rpm, no 

break) in a swinging-bucket rotor. The buffy coat was transferred into a new 50 ml falcon and 

the falcon was filled-up with PBS. The cells and PBS were mixed by inverting the falcon 

before they were centrifuged (10 min, 1,500 rpm, no break) again. To remove platelets the 
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pellet was resuspended in 50 ml PBS and centrifuged (10 min, 1,200 rpm, no break). For 

further processing, the PBMC pellet was resuspended in PBS and the cells counted.  

Reagents for isolation of PBMCs 

Ficoll, Biocoll 1.077 g/ml (Biochrom, Germany) 

  

4.3. Production of primary rhesus macaque CD4
+
 T cells 

Rhesus macaque CD4
+
 T cells were prepared using a kit for negative depletion of T cells 

according to the manufacturer´s protocol. In brief, all PBMCs except for CD4
+
 T cells were 

labeled in a two steps process, first by specific antibodies and subsequently these antibodies 

were bound to magnetic beads. The cells were separated over a filter and added to a column in 

a magnetic stand. Unlabeled CD4
+
 T cells were washed off the column using MACS buffer. 

The cells were pelleted (1,200 rpm, 5 min) and incubated at a density of 2x10
6
 cells/ml in 

RPMI-1640 supplemented with 20 % FCS, P/S and 10 µg/ml concanavalin A (ConA) for 24h. 

Each 2-3 days, the medium was replaced by RPMI-1640 supplemented with 20 % FBS, P/S 

and 100 U/ml recombinant human interleukin-2 (IL-2).  

Reagents for the preparation of CD4
+
 T cells 

Filter, Pre-separation filter (Miltenyi Biotech, Germany) 

Columns, LS columns (Miltenyi Biotech, Germany) 

Magnetic beads, CD4
+
 T cell isolation kit, non-human primate (Miltenyi Biotech, Germany) 

MACS buffer: 0.5 % bovine serum albumin (Carl Roth, Germany) and 2mM EDTA in PBS 

Human IL-2, human rIL-2* 

*The following reagent was obtained through the NIH AIDS Reagent Program, Division of 

AIDS, NIAID, NIH: Human rIL-2 from Dr. Maurice Gately, Hoffmann – La Roche Inc [391]. 

 

4.4. Production of primary rhesus macaque macrophages 

Primary rhesus macaque monocytes were purified from PBMCs by positive selection of 

CD14
+
 cells with magnetic beads using a kit according to the manufacturer´s protocol. 

Briefly, the monocytes were labeled with magnetic beads, separated over a filter and 

transferred on a column in a magnetic stand. All unlabeled CD14
-
 cells were removed by 

rinsing of the column with MACS buffer. Afterwards, the column was removed from the 

magnetic field and the CD14
+
 cells were collected by another addition of MACS buffer to the 

column. The monocytes were seeded at a density of 3x10
5
 cells/ml in differentiation medium 
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(RPMI-1640 supplemented with 20 % FBS, 10 % human AB serum and 10 ng/ml 

recombinant human macrophage colony stimulating factor (M-CSF)). The differentiation 

media was renewed every 2-3 d for 5 d. Then, the MDMs were cultivated in RPMI-1640 

supplemented with 20 % FCS.  

Reagents for the preparation of MDMs 

Filters, columns and MACS buffer as described in the previous chapter 

Magnetic beads, CD14 MicroBeads, non-human primate (Miltenyi Biotech, Germany) 

Human AB serum (Sigma-Aldrich, Germany) 

Human M-CSF (Peprotech, Germany) 

 

4.5. Cryoconservation of cell lines 

The cells of a T-75 cell culture flask were detached and centrifuged (5 min, 1,200 rpm). The 

pellet was resuspended in 2.7 ml FCS with 300 µl DMSO, aliquoted a´ 1 ml in 

cryoconservation tubes and stored at -80 °C. For recultivation 1 ml of cells was thawed at 37 

°C in a waterbath and washed to remove DMSO by the addition of 9 ml of the respective 

culture medium (5 min, 1,200 rpm). The pellet was resolved in 5 ml cell culture medium and 

cultivated in a T-25 culture flask until the cell density allowed a transfer of the cells into a T-

75 cell culture flask.   

4.6. Transient transfection 

Cells were seeded at a density of 2x10
5 

cells/ml a T-25 cell culture flasks 15 hours in advance. 

Per T-25 cell culture flasks 12 µg DNA were diluted in a total volume of 200 µl ddH2O and 

50 µl of 2.5 M CaCl2 were mixed with 250 µl 2x HBS buffer. Both solutions were combined, 

extensively mixed, and incubated for 5 min before addition to the cells. The transfection mix 

was removed from the cells after 6-7 h and replaced by fresh cell culture medium. Three days 

post transfection, the transfection efficiency was controlled by the visual inspection of GFP 

expression in pLEGFP-N1 transfected cells. Afterwards, the cells or the cellular supernatant 

were processed for subsequent experiments. 

Reagents for transient transfection 

2x HBS buffer: 16.4 g/l NaCl, 11.9 g/l HEPES, 0.21 g/l Na2HPO4 in ddH2O, pH 7.05-7.13 
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4.7. Flow cytometry 

To analyze cells by flow cytometry 50,000-500,000 cells were pelleted (1,200 rpm, 5 min) 

and stained in a total volume of 120 µl PBS using a mixture of the appropriate antibodies for 

30 min at room temperature in the dark. Unstained antibodies were removed by washing the 

cells with staining buffer (1,200 rpm, 5 min). The cells were resuspended in 250 µl staining 

buffer by vortexing and fixed for seven minutes with by addition of one volume 4 % 

paraformaldehyde solution. After the washing step was repeated, the cells were measured 

using a custom-made LSRII cytometer (BD Biosciences, USA). Beads labeled with a single 

antibody were used to calculate the compensation with the FACS DIVA software 6.1.3 and 

for data analysis the software FlowJo 9.6 (Treestar, USA) was employed. 

Reagents for flow cytometry 

Antibodies, for dilutions please view chapter B.1.5 

Staining buffer: 5 % FCS in PBS 

Beads, SPHERO COMPtrol kit (SpheroTech, USA)  

 

5. Biochemical methods 

5.1. Ultracentrifugation 

Concentration of virus volumes of more than 2 ml was conducted by ultracentrifugation. For 

this, 3.8 ml sucrose cushion was filled into a 38.5 ml ultracentrifugation tube, the virus was 

loaded on top of the sucrose cushion and the tube was filled up with PBS. The virus was 

concentrated in a WX Ultra80 ultracentrifuge (Thermo Fisher, USA) with a Surespin 630 

rotor (Sorvall, Germany) for 1.5 h at 4 °C and 25,000 rpm. Subsequently, all supernatant was 

removed and the pellet was dissolved in 1 ml DMEM for subsequent processing (chapter 

B.5.2).  

Reagents for ultracentrifugation 

Tubes, 38.5 ml thinwall ultracentrifugation tubes (Herolab, Germany) 

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

Sucrose cushion: 20 % sucrose in TNE buffer 
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5.2. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

To generate samples for SDS-PAGE, the virus was concentrated by centrifugation through a 

sucrose cushion (2 h, 17,000 rpm, 4 °C) in a 9:1 volume ratio using a 2 ml reagent tube. As a 

negative control for subsequent Coomassie staining or western blot, media or supernatant of 

pcDNA3.1/Zeo(+) (mock) transfected cell lines was equally processed. All supernatant was 

removed, the pellet dissolved in loading buffer diluted with PBS and the sample denatured by 

boiling for 30 min at 95 °C. For SDS-PAGE gel preparation and gel run the Mini Protean 

Tetra Cell (Biorad, Germany) system was used. Resolving gels were poured, left for 

polymerization and overlayed with stacking gels. The gels were fixed in a tank filled with 

SDS-PAGE electrophoresis buffer and the samples loaded along with a protein marker for 

size comparison. Electrophoresis was performed at 35 milliampere per gel for approximately 

1 h until the best possible protein resolution was achieved. 

Reagents for SDS-PAGE 

Resolving gel 

(6 %, 2 gels): 

3 ml 30 % acrylamide, 1 ml 2 % bisacrylamide, 2.7 ml 2 M Tris pH 

8.8, 0.15 ml 10 % SDS, 8.1 ml ddH2O, 56.2 µl 10 % APS and 11.25 

µl TEMED 

  

Resolving gel 

(12.5 %, 2 gels): 

6.35 ml 30 % acrylamide, 1 ml 2 % bisacrylamide, 0.15 ml 10 % 

SDS, 2.8 ml 2 M Tris pH 8.8, 4.8 ml ddH2O, 56 µl 10 % APS and 

11.25 µl TEMED 

  

Stacking gel  

(5 %, 2 gels): 

0.85 ml 30 % acrylamide, 0.35 ml 2 % bisacrylamide, 0.62 ml 1 M 

Tris  

pH 6.8, 3.15 ml ddH2O, 25 µl 10 % APS and 10 µl TEMED 

  

Electrophoresis 

buffer (10 x): 
30.3 g/l Tris and 143 g/l Glycin in dH2O 

  

SDS-PAGE 

electrophoresis 

buffer: 

100 ml 10 x Electrophoresis buffer and 10 ml 10 % SDS, add 1 l 

dH2O 

  

Loading buffer (2 x): 
30 mM Tris pH 6.8, 10 % glycerol, 2 % SDS, 5 % β-

Mercaptoethanol, 0.1 % Bromphenolblue, 1 mM EDTA in ddH2O 

  

Marker: Pageruler Prestained Protein Ladder (Fermentas, Germany) 

 

5.3. Coomassie staining 

Coomassie staining of SDS-PAGE gels was performed on a slow rocking shaker. The gels 

were washed for 10 min in ddH2O and then covered with Coomassie staining solution for 30 
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min. To remove excess Coomassie, the gels were washed two times for 10 min in ddH2O and 

further destained overnight at 4 °C. 

Reagents for Coomassie staining 

Coomassie staining solution, GelCode Blue Stain Reagent (Thermo Fisher, USA) 

 

5.4. Western blot 

To detect proteins separated by SDS-PAGE in western blot the Mini Trans Blot Cell system 

(Biorad, Germany) was used. The proteins were transferred to a nitrocellulose membrane at 

350 mA for 1 h in ice-cold blotting buffer. Subsequently, the membrane was blocked and 

immunostained in a total volume of 5 ml in a 50 ml falcon under permanent rotation. The 

membrane was saturated in milk solution for 30 min and incubated with the primary antibody 

overnight at 4 °C. The membrane was washed three times for 5 min in PBS-T before 

incubation with the respective HRP-labeled secondary antibody for 1 h at room temperature. 

Unbound antibodies were removed by washing three times for 10 min with PBS-T. For 

detection the membrane was covered with HRP substrate and immunoreactive bands were 

detected with a Chemostar Imager (Intas, Germany). Quantification of band signal intensity 

was performed with the software ImageJ [392].  

Reagents for western blot: 

Blotting buffer: 700 ml dH2O, 100 ml 10 x electrophoresis buffer, 200 ml methanol  

Membrane, Whatman transfer membrane (Hartenstein, Germany) 

PBS-T: 0.1 % Tween 20 in PBS 

Milk solution: 5 % milk powder in PBS-T 

Antibodies, diluted in 5 ml milk solution, for dilutions please view chapter B.1.5 

Substrate, ECL Prime Western Blotting Detection Reagent, 1 ml/membrane (GE Healthcare, 

USA) 

 

5.5. Digest of virus with glycosidases 

To analyze virus envelope protein glycosylation in western blot the virus was enzymatically 

digested after the step of virus concentration through a sucrose cushion in the SDS-PAGE 

protocol (chapter B.5.2). For this, the samples were mock treated without the addition of 

enzymes or digested with peptide-N-glycosidase F (PNGase F) or endoglycosidase H (Endo 

H) (both New England Biolabs, UK) for 30 min as described in the manufacturer´s protocol.  
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5.6. Enzyme-linked immunosorbent assay (ELISA) 

To detect the CA protein content of HIV and SIV commercially purchased p24- or p27-

antigen capture ELISAs (Advanced Bioscience Laboratories, USA) respectively were 

performed according to the manufacturer´s instructions.  

 

6. Virological methods 

6.1. Production of virus and pseudotypes 

HIV-1 NL4-3, HIV-1 JR-CSF, SIVmac239 and SIVmac239/316Env were produced by 

calcium phosphate transfection of 293 or GNTI cells. HIV-1-based pseudotypes bearing VSV-

G were generated by cotransfection of the plasmids NL4-3 Env* Nef* Luc and pMD.G in 

293T cells in a 1:1 ratio. The cellular supernatant was collected 3 d post transfection and 

cleared from cellular debris by centrifugation (5 min, 4,000 rpm) and filtration through a 0.45 

µm filter. Subsequently, the virus was aliquoted and stored at -80 °C. 

 

6.2. Propagation of SIV in macrophages and CD4
+
 T cells 

To generate SIVmac239/316Env in CD4
+
 T cells, the cells were pelleted by centrifugation (5 

min, 1,200 rpm) and resuspended in 1 ml RPMI-1640 supplemented with 20 % FCS and P/S. 

For infection SIVmac239/316Env produced in 293T was added to the T cells at a multiplicity 

of infection (MOI) of 0.1. For 1.5 h the cells were incubated at room temperature under 

occasional shaking. Then, the original cell media volume was restored and completed with 

100 U/ml IL-2. After a 2 d incubation period the cells were washed twice with 5 ml medium 

to remove input virus and transferred into a new cell culture flask. For the next two weeks, 

every 2-3 d supernatants were collected and the cells resuspended in in fresh complete 

medium at a density of 2x10
6
 cells/ml. The supernatants were purified from cellular debris as 

described in the previous chapter and stored at -80 °C. One aliquot from each supernatant was 

tested in ELISA for the presence of CA protein. The T cell-derived SIVmac239/316Env virus, 

which is designated T-SIV in this thesis, was generated by pooling the virus positive 

supernatants of several virus productions of cells from nine rhesus macaques. Macrophage-

derived SIVmac239/316Env (M-SIV) was produced from the cells of eight different animals 

similarly as described for T-SIV. However, MDMs were not detached from the cell culture 

flask for the washing steps or harvest of supernatants and no IL-2 was added to the medium. 
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6.3. Titration of SIV on C8166 

The infectious units (IU) of a virus isolate were determined by titration on C8166 cells with 

subsequent intracellular staining of SIV antigens. For the titration, 1 ml 10
-1 

– 10
-5

 dilutions of 

the virus were prepared in RPMI-1640 supplemented with 10 % FCS and P/S. Then, 100 µl of 

each dilution or media were transferred into eight wells of a 96-well cell culture plate. To 

every well 50 µl of C8166 at a concentration of 6x10
5
 cells/ml were added. The cells were 

incubated for 7 d at 37 °C in a humidified incubator. On day three 50 µl of fresh medium was 

replenished. 

For intracellular staining of SIV antigens in infected cells 96-well cell culture plates were 

blocked with 200 µl RPMI-1640 supplemented with 10 % FCS and P/S first for 1 h at room 

temperature and second at 4 °C overnight. The plates were washed twice (200 µl PBS per 

well) and coated with 50 µl ConA per well for 1 h at room temperature. The ConA was 

removed and two washing steps were conducted. Then, the C8166 used for titration were 

transferred into a coated plate and allowed to attach to the plate during 1 h incubation at 37 °C 

in a drying chamber. The medium was carefully removed from the cells and replaced by 200 

µl prechilled methanol and the cells permabilized for 15 min at -20 °C. Afterwards, the cells 

were washed three times and blocked with 100 µl milk solution for 1h at room temperature. 

The supernatant was replaced by 50 µl of the diluted primary antibody serum S1604 and the 

cells were incubated for 30 min. Subsequently, the unbound primary antibody was removed 

by three washing steps and replaced by 50 µl of the diluted secondary HRP-labeled antibody. 

The cells were incubated for 30 min and then washed three times. For the detection of SIV 

infected cells, 50 µl substrate was added per well and the cells incubated for 20 min at room 

temperature. Then, the cells were washed two times and fixed with 50 µl glycerol per well. To 

determine number of IU the tissue culture 50 % infectious dose (TCID50) per ml was 

calculated using the formula of Spearman and Karber [393, 394]. 

Reagents for intracellular staining of SIV antigens 

ConA, 0.5 mg/ml in PBS 

Milk solution, 2 % milk powder in PBS 

Antibodies, diluted in milk solution, for dilutions please view chapter B.1.5 

Glycerol, 20 % glycerol in PBS 
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Substrate (for one plate):  2 mg AEC, 300 µl DMF, 25 µl 3 % H2O2 in ddH2O, 5 ml 50 mM 

sodium acetate in PBS 

 

6.4. Infection assay, lectin inhibition assay and neutralization assay 

The standard infection assay was prepared by seeding 1x10
4
 TZM-bl cells per well of a 96-

well cell culture plate 2 h before infection. The virus was normalized either for equal MOI, 

infectivity on target cells or CA content and infection was carried out in a total volume of 100 

µl. The infection process was enhanced by a spin-centrifugation step (2 h, 2,000 rpm) prior to 

a 3-4 h incubation of the cells at 37 °C in a humidified incubator. Then, unbound virus was 

removed and replaced by 200 µl of fresh medium. After 72 h β-galactosidase activity in the 

cell lysates was monitored using a commercially available kit according to the manufacturer´s 

protocol. For lectin inhibition assays, the standard infection assay was performed except that 

the viruses were preincubated with PBS or lectins for 15 min at 37 °C and subsequently the 

virus-lectin mix used for infection of TZM-bl cells. Neutralization assays were performed like 

lectin inhibition assays but instead of lectins sera of SIVmac239 positive rhesus macaques 

were used. Significance of results was calculated using a paired two-tailed Student´s t-test. 

Reagents for infection assays 

Lectins, please view chapter B.1.6 

Sera, heat inactivated for 30 min at 56 °C 

β-galactosidase detection, Gal-Screen β-Galactosidase Reporter Gene Assay System for 

Mammalian Cells (Applied Biosystems, USA)  

 

6.5. Transmission assay 

To simulate viral transmission 30,000 Raji, Raji DC-SIGN or Raji DC-SIGNR cells were 

preincubated for 2-3 h at 37 °C with virus normalized for equal infectivity on the target cell 

line CEMx174 R5. The cells were washed (5 min, 1,200 rpm) twice with 5 ml PBS to remove 

unbound virus. Afterwards, they were added to 30,000 CEMx174 R5 target cells in a 96-well 

cell culture plate and cocultivated in RPMI-1640 in a total volume of 100 µl. Two days post 

cocultivation 50 µl of the medium was replaced by fresh media. One day later the cells were 

lysed and the luciferase activity was measured using a commercially available kit. As a 

control for background signal from the transmitter cells and to control the equal infectivity of 

the viruses for the target cell line, all cell lines were directly infected without the subsequent 

washing step. Significance of results was calculated using a paired two-tailed Student´s t-test. 



MATERIAL AND METHODS 

 

 

-45- 
 

Special reagents for the transmission assay 

Lysis buffer, luciferase lysis 5x reagent (Promega, Germany), 50 µl/well 

Luciferase activity detection, luciferase assay system (Promega, Germany), 50 µl/well 

 

7. Multiplexed capillary gel electrophoresis with laser induced fluorescence 

detection (xCGE-LIF) 

For the analysis of viral protein glycosylation by xCGE-LIF the virus was concentrated by 

ultracentrifugation and SDS-PAGE was performed. Each sample was loaded twice on the gel 

and after the run the gel was split in two halfs. One half was used for western blot to identify 

the position of the protein of interest, the other half was stained by Coomassie and the band 

corresponding to the respective height of the protein of interest was excised. The N-linked 

glycans were released by in-gel PNGase F digest and extracted by sonification in ddH2O as 

described before [395, 396]. The glycans were fluorescently labeled with APTS and purified 

from unbound marker by hydrophilic interaction solid phase extraction [397]. Multiplexed 

capillary gel electrophoresis was used to separate the glycans by electropherograms which 

were measured via laser induced fluorescence [398]. The software glyXtool was used for data 

processing and normalization of migration times to an internal standard [399]. Glycan peaks 

were annotated by comparison against an in-house N-linked glycan database.  

 

8. Animal studies 

In all experiments rhesus macaques (Macaca mulatta) of Indian origin were used which were 

bred and housed at the German Primate Center in accordance with the German Animal 

Welfare Act and in compliance with the European Union guidelines on the use of nonhuman 

primates for biomedical research. The study was approved by an ethics committee authorized 

by the Lower Saxony State Office for Consumer Protection and Food Safety.  

The animals chosen for the experiments groups were selected by age and genotyped for MHC 

class I (Table 1). The presence of the MHC-I allele Mamu-A*01 which reduces viral load in 

infected animals is indicated [400]. Blood was drawn ex vivo from animals which were 

anesthetized intramuscularly with 10–15 mg ketamine per kg body weight from the femoral 

vein employing the Vacutainer system (BD Biosciences, USA). For virus challenges, the 

animals were anesthetized intramuscularly with a mixture of 5 mg ketamine, 1 mg xylazin and 
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0.01 mg atropine per kg body weight. The virus was introduced up to ten centimeters into the 

rectum of the animals using a catheter (Urotech, Germany). During the procedure and for the 

following 30 min the animal was kept in a ventral position with an elevated pelvic. Every two 

and three weeks post challenge, the animals were monitored for the establishment of an 

infection by RT-PCR. 

 

Table 1 Overview about the animals used within the experiments. 

Challenge 

virus 

Rhesus 

macaque 

number 

Sex Age (years) Weight (kg) 
Mamu-

A*01 

T-SIV 
2466 Male 5.7 7.4 Yes 

13892 Male 6.5 9 No 

M-SIV 
2437 Female 6.5 5.4 No 

14960 Male 5.4 7.7 Yes 

293-SIV 

2357 Male 8.3 7.2 No 

13441 Male 7.7 7.9 Yes 

13677 Male 7.4 7.2 Yes 

GNTI-SIV 

2342 Male 8.6 9.5 No 

13676 Male 7.5 9.3 No 

13721 Male 7.2 9.2 No 
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C. RESULTS 

1. Impact of macrophage- and T cell-derived glycosylation on SIV infectivity, 

neutralization sensitivity and transmission 

Macrophages and T cells are the major target cells of HIV-1 and SIV infection and the glycan 

coats of the viruses derived from these cells differ substantially. However, the implications of 

these host cell-specific glycosylation differences for viral infectivity, neutralization sensitivity 

and mucosal transmission are largely unknown and were investigated within the first part of 

this thesis. 

1.1. Macrophage-derived SIV (M-SIV) is more infectious than T cell-derived 

SIV (T-SIV) 

In order to investigate whether the producer cell type impacts the biological properties of SIV, 

SIVmac239/316Env was produced in rhesus macaque CD4
+
 T cells and rhesus macaque 

MDMs. For this, rhesus macaque monocytes were isolated from PBMCs by positive selection 

using CD14-specific magnetic beads. Subsequently, the monocytes were differentiated into 

MDMs for 5 d using M-CSF and human serum. In order to produce T cells, CD4
+
 T cells 

were purified from PBMCs by negative selection with magnetic beads, stimulated with ConA 

for 1 d and cultivated in the presence of IL-2. The differentiation status of MDMs and the 

purity of stimulated CD4
+
 T cells were analyzed by flow cytometry (Fig. 17). The measured 

MDM population showed a high proportion of cells expressing the macrophage-specific 

markers CD11b (97 %), CD14 (98 %) and CD16 (99 %) in comparison to unstimulated 

PBMCs obtained from a heterologous donor animal (CD11b (7.7 %); CD14 (7.3 %); CD16 

(5.4 %)) (Fig. 17, upper panel). In contrast, no expression of the T cell-specific marker CD3 

or the B cell-specific marker CD20 was detectable on MDMs. The isolated and stimulated T 

cell population was enriched in the number of cells expressing the T cell-specific marker CD3 

(78 %), nearly completely positive for CD4-marker expression (97 %) but negative for CD8 

(0.4 %) in comparison to unstimulated PBMCs from a heterologous donor animal (CD3 (64 

%); CD4 (79 %); CD8 (19 %), respectively) (Fig. 17, lower panel). These results indicated 

that the CD4
+
 T cell and MDM populations were highly pure and thus suitable for SIV 

propagation. 

For production of SIVmac239/316Env stocks, T cell and MDM cultures obtained from 

different donor animals were infected with virus produced in 293T cells. The inoculum was 
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already at low lectin concentrations of 0.15 and 0.55 µg/ml, respectively. In sum, these results 

indicate that the higher incorporation of oligomannose glycans into T-SIV relative to M-SIV 

renders the former more sensitive to inhibition by Man-specific lectins. 

1.6. M-SIV is better transmitted by mucosal lectins than T-SIV 

DCs situated in the host mucosa can bind HIV-1 and SIV by various lectins expressed on the 

cellular surface. This might promote transport of the virus through the mucosal barrier and 

spread of infection by transmission of the virus from DCs to CD4
+
 T cells [222]. Since lectins 

recognize specific glycans, differences between M-SIV and T-SIV glycosylation might 

impact viral transmission by mucosal lectins like DC-SIGN or its homologue DC-SIGNR. To 

test this hypothesis, a transmission assay was conducted in which Raji cells expressing no 

additional lectin, DC-SIGN or DC-SIGNR served as transmitter cells modeling the role of 

DCs and CEMx174 R5 cells, expressing luciferase upon infection, served as target cells (Fig. 

25). Direct infection of the target cells with M-SIV and T-SIV normalized for equal 

infectivity on target cells resulted in comparable luciferase activities while background signals 

were measured upon direct infection of the Raji cell lines, which do not harbor an indicator 

gene. Transmission of M-SIV and T-SIV by Raji cells expressing no additional lectin was 

inefficient and transmission efficiency was markedly enhanced upon lectin expression, as 

expected. Notably, M-SIV transmission by DC-SIGN and DC-SIGNR (DC-SIGN/R) 

expressing cells was more efficient than transmission of T-SIV. Therefore, host cell-

dependent glycosylation differences of SIV impact the interaction with mucosal lectins and 

macrophage-derived glycosylation enhances transmission of SIV by DC-SIGN/R. 

1.7. M-SIV and T-SIV are comparably transmitted in vivo 

To test if M-SIV and T-SIV differ in their ability to establish an infection upon mucosal 

transmission, the rhesus macaque model was employed. For this, two animals per virus were 

rectally challenged with 3 ng CA protein per virus stock every three weeks up to six times 

(Fig. 26 left panel). Both viruses could establish infection, with T-SIV infecting the animals 

after two or four challenges, respectively. M-SIV on the other hand, infected one animal 

directly after the first challenge whereas the second one was not infected after six challenges. 

In the infected animals, viral RNA was detectable by RT-PCR at one to two weeks p.i. (Fig. 

26 right panel). Peak viral replication was measured at week three p.i. for the T-SIV-positive 

animals and at week five for the M-SIV-positive animal. In sum, M-SIV and T-SIV 

transmitted comparably well through the rectal mucosa. 
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2. Impact of oligomannose glycans on SIV infectivity, neutralization sensitivity 

and transmission 

The majority of glycans incorporated into HIV-1 Env are oligomannose glycans and clusters 

of this glycan type are characteristic for the HIV-1 glycan shield but are rarely found in nature 

[165-167]. The specific role of oligomannose glycans for HIV-1 viral functions has not been 

investigated in detail but is of high interest since oligomannose glycans can be the target of 

CBAs which might serve as antiviral therapeutics in the future. Therefore, the importance of 

oligomannose glycans for SIV biological properties including infectivity, neutralization 

sensitivity and transmission was investigated in the second part of this thesis. 

2.1. Oligomannose glycans negatively impact SIV and HIV-1 infectivity 

The majority of glycans incorporated into HIV-1 Env are oligomannose glycans, which can 

serve as a target for antibodies and ligands for lectins [152, 166]. While studies using HIV-1 

LAI and JR-CSF produced in GNTI cells showed no impact of oligomannose-only 

glycosylation on viral infectivity [169, 239], the removal of mannose glycans by enzymatic 

digest from SIVmac316 enhanced viral infection [181]. To compare the impact of 

oligomannose glycosylation on HIV-1 and SIV infectivity, HIV-1 NL4-3, HIV-1 JR-CSF and 

SIVmac239 produced in 293 or GNTI cells were used to infect TZM-bl indicator cells with 

virus stocks normalized for equal amounts of CA proteins (Fig. 27). For simplicity, in all 

following descriptions viruses or proteins produced in 293 or GNTI cells will be designated 

with the prefix 293 or GNTI respectively. For HIV-1 NL4-3 and SIVmac239 viral infectivity 

was significantly decreased when the viruses were produced in GNTI cells and thus 

exclusively decorated with oligomannose glycans. In contrast, HIV-1 JR-CSF stocks 

produced in 293 and GNTI cells showed comparable infectivity, indicating that exclusive 

incorporation of oligomannose glycans in the HIV-1 JR-CSF Env was compatible with robust 

infectivity, in keeping with previously published data [169, 239]. Therefore, production of 

virus in GNTI cells compared to control 293 cells can reduce infectivity of SIV and of some 

but not all HIV-1 strains. Additionally, the impact of oligomannose glycans on 

SIVmac239/316Env infection was tested employing the same assay (Fig. 28). As a control for 

the accuracy of the assay 293- and GNTI-SIVmac239/316Env was normalized for equal MOI 

for infection. As expected no differences in infectivity were observed. In contrast, 

normalization of both viruses for equal CA protein content demonstrated a significant 

negative influence of oligomannose glycans on SIVmac239/316Env infectivity. The observed 

effect was twice as strong as that detected for SIVmac239, the parental virus that differs from 
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bands were observed. They migrated in a very close proximity and therefore were hardly 

resolvable by western blot but detectable as a two peaked curve by ImageJ analysis (data not 

shown). GNTI-HIV-1 JR-CSF also incorporated more gp160 than 293-HIV-1 JR-CSF but the 

amount of incorporated gp120 was comparable between the two viruses. The gp160 proteins 

produced in both cell types migrated comparably for at present unclear reasons whereas 

GNTI-gp120 migrated faster than 293-gp120, as expected. For SIV only a single gp160 and 

gp120 protein was observed. GNTI-SIVmac239 incorporated less gp160 but comparable 

amounts of gp120 in comparison to 293-SIVmac239. As observed for HIV-1 JR-CSF, 293- 

and GNTI-gp160 migrated similarly but GNTI-gp120 migrated faster than 293-gp120. GNTI-

SIVmac239/316Env incorporated comparable amounts of gp160 but a reduced number of 

gp120 proteins relative to 293-SIVmac239/316Env. Comparably to HIV-1 NL4-3, GNTI-

gp160 and –gp120 migrated faster than 293-gp160 and -gp120. 

2.3. SIV produced in GNTI cells incorporates exclusively oligomannose glycans 

SIV produced in GNTI cells should exclusively bear oligomannose glycans whereas the virus 

produced in parental cell line 293 should also incorporate complex glycans into gp120. To 

confirm this, 293- and GNTI-SIVmac239/316Env Env glycosylation was analyzed by digest 

with glycosidases. 293- and GNTI-SIV were concentrated by centrifugation through a sucrose 

cushion and then either mock treated or digested with Endo H or PNGase F. The migration 

pattern of Env was analyzed by western blot (Fig. 30). Two bands were detectable by a 

gp120-specific antibody and these bands could be identified in samples of undigested virus as 

the precursor protein gp160 and gp120 by immunostaining against gp41 (data not shown). 

The incorporation of unprocessed junk gp160 into viral particles produced in 293-derived cell 

lines was previously described by others [195, 402, 403]. The enzymatic digestion shows that 

undigested 293-gp120 and -gp160 migrate slower than GNTI-gp120 and –gp160 which 

indicates differential glycosylation. After PNGase F digest the proteins of both viruses 

migrated identically, confirming that differential decoration with N-linked glycans as the 

reason for the differential migration pattern. When oligomannose and hybrid glycans were 

removed from 293-Env by Endo H digest, a diffuse migration pattern with three distinct bands 

became visible. The middle band had the same height as undigested gp120 and therefore 

probably represents gp120 that is not sensitive to Endo H digest due to a high presence of 

complex glycans. The lowest band has the same height as Endo H treated GNTI-gp160. This 

implies that this band is gp160ER which should be highly decorated with oligomannose 
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VSV-G were sensitive to inhibition by the oligomannose-specific lectin CV-N. Only slight 

differences were observed between 293- and GNTI-SIV, which were statistically not 

significant. Both viruses were already sensitive to inhibition by low concentrations of CV-N, 

with 0.25 µg lectin/ml resulting in strong inhibition. The Man-specific lectin GNA also 

inhibited HIV-1 and SIV but not HIV-1 pseudotyped with VSV-G at high lectin 

concentrations (50-200 µg/ml). GNTI-SIV was more sensitive to GNA than 293-SIV and 

already completely inhibited by the lowest lectin concentration tested (50 µg/ml). This data 

indicates that GNTI-SIV is slightly more sensitive to neutralization by Man-specific lectins 

than 293-SIV. 

2.6. Oligomannose glycans in SIV Env enhance viral transmission by lectins 

Oligomannose glycans as well as some types of complex glycans are ligands of the lectin DC-

SIGN which can promote HIV-1/SIV transmission [407]. To analyze which type of 

glycosylation is favorable for SIV transmission by DC-SIGN/R, transmission assays using 

SIVmac239/316Env produced in 293 and GNTI cells normalized for equal infectivity on 

CEMx174 R5 cells were conducted (Fig. 34) as described previously (chapter C.1.5). Both 

viruses infected CEMx174 R5 indicator cells with similar efficiency while only background 

signals were measured upon infection of Raji cells, which do not harbor a reporter gene. For 

analysis of transmission, Raji cells were pulsed with virus, unbound virus was removed by 

washing and the Raji cells were cocultivated with CEMx174 R5 target cells. Transmission of 

SIV from Raji cells to CEMx174 R5 cells was greatly enhanced upon expression of DC-

SIGN/R, as expected. Notably, SIV produced in GNTI cells was more efficiently transmitted 

than virus produced in 293 cells, despite equal infectivity of these viruses for CEMx174 R5 

cells, suggesting that exclusive decoration of SIV Env with oligomannose glycans increases 

transmission by DC-SIGN/R. 

2.7. SIV produced in GNTI cells is not transmittable through the rectal mucosa 

in vivo 

GNTI-SIVmac239/316Env was less infectious but better transmittable by mucosal lectins in 

the conducted in vitro experiments than 293-SIVmac239/316Env. To evaluate if these results 

are representative for the in vivo situation, 293- and GNTI-SIVmac239/316Env were used in 

rectal challenge experiments employing the rhesus macaques model (Fig. 35). For the 

complete experiment 293-SIV and GNTI-SIV from a single virus production was used. 

Characterization of both viruses for CA content by ELISA and IU by titration on C8166 cells 

revealed concentrations of 218.958 and 340.625 ng p27-CA protein/ml and 63,096 and 1,000 
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D. DISCUSSION 

1. Impact of macrophage- and T cell-derived glycosylation on SIV infectivity, 

neutralization sensitivity and transmission 

In the subsequent sections, the results of the experiments performed to investigate the impact 

of macrophage- and T cell-derived SIV glycosylation on viral infectivity, neutralization 

sensitivity and transmission will be discussed. To summarize the obtained results, M-SIV was 

more infectious on TZM-bl indicator cells than T-SIV (chapter C.1.1), which incorporated 

only 40 % gp120 per p27-CA signal in comparison to M-SIV (chapter C.1.2). M-SIV and T-

SIV gp120 were found to be modified with a largely comparable composition of glycan 

species but their quantities differed between both viruses (chapter C.1.3). T-SIV gp120 

contained more oligomannose glycans and seemed to exclusively incorporate high amounts of 

Man5GlcNAc2, while M-SIV gp120 was predominantly decorated with complex glycans and 

seemed to attach exclusively a monosialylated 1,6 fucosylated biantennary complex glycan. 

M-SIV was consistently more sensitive to antibody-mediated neutralization than T-SIV, albeit 

the trend was statistically insignificant (chapter C.1.4). In contrast, T-SIV infection was 

stronger reduced by Man-specific lectins than M-SIV infection (chapter C.1.5). The 

transmission of M-SIV by the mucosal lectins DC-SIGN/R was increased in vitro in 

comparison to T-SIV (chapter C.1.6). Finally, no major differences in mucosal transmission 

of T-SIV and M-SIV were noted in the rhesus macaque model (chapter C.1.7). 

1.1. Differences in macrophage- and T cell-derived glycosylation of SIV gp120 

The digest of T-SIV and M-SIV with glycosidases prior to a subsequent western blot analysis 

showed that T-SIV incorporates more oligomannose glycans than M-SIV and that the glycan 

composition of M-SIV is generally more heterogenic (chapter C.1.3). This is in accordance 

with previous studies which found a high incorporation of oligomannose glycans into HIV-1 

Env derived from PBMCs or a T cell line and a more heterogenic glycan composition 

including non-oligomannose glycans of HIV-1 Env produced in MDMs [3, 167, 180].  

The detailed molecular analysis of the T-SIV and M-SIV gp120 glycosylation via xCGE-LIF 

demonstrated that largely comparable glycan species of the oligomannose and complex 

glycan type were incorporated into these proteins (chapter C.1.3). Similarly, HIV-2 gp120 

derived from infected MDMs and PBMCs was found to attach glycans build of the same 

components and, as observed for M-SIV and T-SIV, did not contain any bisecting GlcNAc 
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[179]. Only few exceptions to the observation of a shared glycan composition between M-SIV 

and T-SIV were observed and could be annotated: T-SIV seems to incorporate exclusively 

high amounts of Man5GlcNAc2 and M-SIV a monosialylated 1,6 fucosylated biantennary 

complex glycan.  

The glycans attached to T-SIV and M-SIV gp120 differ in their quantities: T-SIV gp120 bears 

more oligomannose glycans than M-SIV except for Man7GlcNAc2, which is equally 

incorporated into gp120 of both viruses, and potentially Man9GlcNAc2, which could not be 

distinguished from a complex glycan peak in the present analysis. The most abundant glycans 

decorating T-SIV gp120 were in descending order i) a potentially complex glycan, ii) 

Man5GlcNAc2 and iii) a sialylated biantennary or triantennary 1,6-fucosylated complex 

glycan. In accordance to this finding, HIV-1 gp120 derived from infected PMBCs bears 

likewise high amounts of Man5GlcNAc2, which represents the most incorporated glycan 

species of the PBMC-derived gp120 glycan shield [167]. The most abundant glycan species 

carried by M-SIV gp120 in descending order are i) a potentially complex glycan, ii) a 1,6-

fucosylated biantennary complex glycan with one antenna terminating in sialic acid and iii) 

another unidentified possibly complex glycan. In conclusion, the glycan detailed analysis 

revealed that T-SIV bears mostly oligomannose glycans and exclusively incorporates high 

amounts of Man5GlcNAc2, while M-SIV seems to carry mostly complex glycans, an 

observation that confirms and extends previous results [3, 167, 180]. 

The higher content of oligomannose glycans incorporated into T-SIV gp120 in comparison to 

M-SIV gp120 could be the result of differential expression of glycosyltransferases and 

glycosidases between both cell types since in uninfected rhesus macaque MDMs and T cells 

54 genes encoding for enzymes of the glycosylation pathway were identified that differed at 

least two-fold in their expression [181]. A higher expression of protein components of the 

oligosaccharyltransferase complex could increase the number of attached oligosaccharide 

precursors to gp120. Consequently, processing of single glycans might be complicated due to 

enhanced steric hindrances, which could enhance the overall oligomannose glycan content. A 

reduced expression of GNTI in T cells could also result in a reduced processing of 

oligomannose glycans to complex glycans and could explain the high amounts of 

Man5GlcNAc2 attached to T-SIV gp120. Indeed, the respective gene is 3.3-fold more 

expressed in uninfected rhesus macaque MDMs than in T cells [181]. However, N-

acetylneuraminate pyruvate lyase, which reversibly reduces the cellular level of sialic acid, is 

77.1 times more expressed in uninfected rhesus macaque MDMs and no obvious difference 
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can be observed in the amount of sialylated glycans of M-SIV gp120 in comparison to T-SIV 

gp120 [181]. The discrepancy between these findings and the present glycan analysis of M-

SIV and T-SIV gp120 is probably due to use of uninfected instead of infected cells in the gene 

array analysis, since infection of HIV and other viruses can change the O-linked glycosylation 

of the host cell and might also modulate N-linked glycosylation [181, 408, 409]. Differences 

in the localization of glycosyltransferases within the Golgi, protein transport rates or substrate 

availability might also account for the observed differences and the latter was observed 

between HIV-1 infected T cells and chronically infected macrophages, which were obtained 

by differentiation of a monocytic cell line [153, 410]. 

1.2. Positive influence of macrophage-derived glycosylation on SIV infectivity  

The titration of M-SIV and T-SIV on C8166 cells and the infection assays performed on 

TZM-bl cells showed that M-SIV was 19- and 64-fold more infectious than T-SIV, 

respectively (chapter C.1.1). This finding is in accordance with a previous study 

demonstrating an enhanced infectivity of rhesus macaque MDM-derived SIVmac316 and 

SIVmac129 in comparison to the isogenic viruses generated in rhesus macaque T cells, as 

determined by analysis of infection of different primary cell types and indicator cell lines 

[181]. Since the main difference between M-SIV and T-SIV gp120 glycosylation is the 

increased incorporation of oligomannose by T-SIV in comparison to M-SIV, oligomannose 

might have a negative impact on SIV infectivity (chapter C.1.3). Indeed, a removal of Man by 

glycosidase digest can slightly enhance rhesus macaque MDM-derived SIV infectivity and to 

a larger extend rhesus macaque T cell-derived SIV infectivity [181]. Alternatively, the 

possibly less dense glycan shield of M-SIV in comparison to T-SIV might positively impact 

M-SIV entry, since the deletion of sequons in the variable loops can modulate receptor and 

coreceptor interactions (chapter D.1.6) [3, 160, 209-213]. Adding to this idea, a reduced 

glycosylation of M-SIV gp120 could provide a higher flexibility to changes induced by 

receptor binding and fusion and thereby result in a more efficient entry process [208]. 

However, the deletion of most glycans within V1/V2 and V3 results in a reduction of HIV-1 

infectivity [214-216]. Therefore, specific unoccupied sequons might be responsible for the 

increased infectivity of M-SIV in comparison to T-SIV or the overall glycan composition of 

M-SIV could be especially advantageous for the SIV entry process for a so far unknown 

reason.  

Other factors than Env glycosylation might also be responsible for the increased infectivity of 

M-SIV in comparison to T-SIV including the amount of Env incorporated into viral particles 
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as well as a different composition of host cell-derived proteins incorporated into the virions. 

In western blot analysis T-SIV carried 40 % less gp120 per p27-CA signal relative to M-SIV 

(chapter C.1.2). However, the 2.5-fold difference in Env incorporation between both viruses is 

unlikely to explain the 64-fold higher infectivity on average on TZM-bl cells of M-SIV in 

comparison to T-SIV. Additionally, in another study SIVmac316 produced in rhesus macaque 

MDMs or T cells was found to incorporate similar Env to Gag ratios and the infectious 

capacity of MDM-derived SIV was also increased in comparison to virus generated in T cells 

[181]. The host cell protein composition of the HIV-1 core differs between HIV-1 produced in 

macrophage-like cells differentiated from a monocytic cell line and virus derived from a T 

cell line [54]. Nevertheless, for MDM-derived SIVmac316 produced in T cells, potential 

differences in the host cell protein composition of the viral particles had no impact on viral 

attachment to target cells [181]. Collectively, differences in Env glycosylation between M-

SIV and T-SIV are probably responsible for the difference in viral infectivity. However, the 

unequal virion incorporation of Env could contribute to the observed phenotype and host cell-

derived proteins might influence viral entry at a post-attachment step. 

1.3. M-SIV is easier neutralized by serum than T-SIV  

M-SIV was more sensitive to neutralization by sera of SIVmac239-positive rhesus macaques 

than T-SIV, although these observed differences were not statistically significant (chapter 

C.1.4). The results indicate that the glycan shield of T-SIV provides a better protection of 

underlying protein epitopes from nAbs than the M-SIV glycan coat. Similarly, the HIV-1 

gp120 glycan coat produced in PBMCs or T cell lines was previously found to provide 

enhanced protection against serum of HIV-1-positive individuals or bnAbs in comparison to a 

glycan coat produced in 293T cells [3, 205-207]. Possibly, the heterogenous glycosylation 

produced in MDMs results in a glycan composition or distribution, which provides an 

inefficient protection against antibodies, while the relatively homogenous glycan modification 

of Env from T cell-derived viruses might result in a denser and thus more protective glycan 

shield.  

In contrast to the above discussed results, a previous study found that HIV-1 produced in 

human PBMCs was 8-10 times more sensitive to neutralization by a chimpanzee-derived 

serum against the identical virus than isogenic HIV-1 produced in human MDMs [180]. The 

neutralizing activity of the serum used in this study targets one or several conformational 

epitopes, which include elements of all variable regions of Env [411]. The mechanisms to 

induce a specific antibody response against HIV are not well understood and multiple factors 
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including the used antigen, the glycosylation of the antigen during the immunization or the 

time point of serum collection after challenge can impact the character of the humoral 

immune response [203, 412, 413]. For this reason, the serum of the chimpanzee might contain 

potent nAbs directed against oligomannose, which are found in a majority of patients with a 

bnAb response [414]. These antibodies could lead to a better neutralization of the 

oligomannose-enriched PBMC-derived HIV-1 in comparison to HIV-1 produced in MDMs 

[180]. Alternatively, the antibodies of the chimpanzee serum might target other epitopes than 

the antibodies found in the rhesus macaque sera and these epitopes might be better protected 

by the Env glycosylation generated by MDMs instead of PBMCs.  

1.4. Natural target cell-derived glycosylation and CBA therapy 

In lectin inhibition assays, T-SIV was significantly more sensitive than M-SIV to inhibition 

by the Man-specific lectins GNA, CV-N and GRFT (chapter C.1.5). This indicates that the 

higher oligomannose content of T-SIV facilitated binding of CBAs and thereby the inhibition 

of T-SIV. The increased oligomannose content in the T-SIV shield could lead to an extension 

of the oligomannose cluster on the outer domain, which might result in the formation of 

additional CBA motifs. However, the reduced oligomannose content in M-SIV could also be 

explained by a less dense glycan shield resulting in a better processing of the attached glycans 

to complex glycans and an increase in unoccupied sequons. Both CV-N and GRFT require for 

anti-HIV activity the presence of glycans at the sequons N234 and N295 (both C2) [289, 298]. 

If the corresponding sequons in M-SIV are not decorated with glycans, this could reduce or 

abrogate CV-N and GRFT binding. Further, a reduced glycan shield would also decrease the 

number of possible other oligomannose motifs, which in the case of GRFT need to consist of 

a cluster of six glycans [300]. The observed differences in CBA sensitivity of M-SIV and T-

SIV raises the question how an effective CBA needs to be designed to target efficiently virus 

of both cell types. The intrinsic mannose patch is theoretically conserved between all viral 

isolates and suitable for multivalent binding and thus a promising target, which is supported 

by the observation that most anti-HIV acting CBAs target oligomannose glycans [266, 267]. 

However, other suitable motifs including or consisting of complex glycans for CBAs targeting 

virus produced in both cell types might exist, since both the M-SIV and T-SIV glycan shield 

consist of a similar composition of glycan species (chapter C.1.3).   

1.5. Mucosal transmission of M-SIV and T-SIV 

The conducted in vitro transmission assays showed an increased transmission of M-SIV in 

comparison to T-SIV by the mucosal lectins DC-SIGN and especially DC-SIGNR, in which 
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case the transmissibility between M-SIV and T-SIV differed significantly (chapter C.1.6). In 

contrast to these results, a previous study reported that DC-SIGN/R bound well to PBMC- or 

T cell line-derived HIV-1 Ba-L while both proteins did not interact with HIV-1 gp120 

generated in MDMs [415]. Further, DC-SIGN could enhance infection of HIV-1 generated in 

PBMCs or a T cell line but not of MDM-derived HIV-1 [415]. This indicates that HIV-1 Ba-L 

gp120 produced in human MDM bears less glycan structures suitable for DC-SIGN 

interaction than rhesus macaque MDM-derived SIVmac239/316Env.   

Differences in the composition of glycan structures attached to M-SIV and T-SIV are most 

likely the basis for the enhanced transmission of M-SIV in comparison to T-SIV by DC-

SIGN/R and the responsible glycan species might be narrowed down by analyzing the glycan 

target structures of DC-SIGN/R. The CRDs of DC-SIGN/R can bind to core Man of 

oligomannose glycans using different modes of binding depending on the glycan species, and 

binding affinity increases with the number of 1,2-linked Man glycans present [407, 416-419]. 

For DC-SIGN it could be further demonstrated that it interacts with Fuc-containing structures 

including LDNF and the blood-type antigens H, A, B, Le
a
, Le

b
 Le

x
, Le

y
, sialyl-Le

a
, sulfated 

Le
a
, and sulfated Le

x
 (please view list of abbreviations (page 110ff.) for structure 

explanations) [407, 420-423]. Additionally, DC-SIGN was found to interact with non-

sialylated diantennary complex glycans bearing Le
x
 or LDNF on both antennas [407]. DC-

SIGNR also binds the Lewis antigens Le
a
, Le

b
, and Le

y
 but differently to DC-SIGN not Le

x
 

[424]. Finally, DC-SIGN does not interact with glycans bearing α1,3- or α1,6-linked core Fuc 

or sialylated Le
x
 [407, 420]. The preferential transmission of M-SIV by DC-SIGN/R cannot 

be directly explained by the glycan ligand preferences of DC-SIGN/R. T-SIV bears more 

oligomannose glycans than M-SIV and both viruses incorporate comparable amounts of 

potentially complex glycans bearing Lewis antigens (213 and 283 MTU”) (chapter C.1.3). 

Further, no obvious difference in number and amount of core fucosylated glycan species of 

M-SIV and T-SIV was detected, which might have a negative influence on T-SIV 

transmission. However, the glycan species of the highest abundance in M-SIV and T-SIV 

gp120 could not be annotated and both viruses might carry undetected N- and O-linked 

glycans containing LDNF or blood group antigen structures responsible for the difference in 

transmission by DC-SIGN/R.    

The repeat domain of DC-SIGN, which is required for tetramerization, was found to be 

essential for HIV-1 transmission by DC-SIGN suggesting that DC-SIGN binding with 

multiple CRDs is required for transmission [338, 417]. The differences in viral transmission 
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by DC-SIGN/R might therefore also be the result of a differential affinity for glycan clusters 

[417, 425]. The quantitative differences in the M-SIV and T-SIV glycan shield composition as 

well as the possible presence of single glycan species in only one of the glycan shields might 

change the number and composition of possible motifs for DC-SIGN/R (chapter C.1.3). 

Following this hypothesis, M-SIV might bear DC-SIGN/R glycan cluster motifs, which 

support a higher affinity binding and/or a higher number of glycan cluster motifs than T-SIV. 

In contrast to the in vitro transmission experiments, in the in vivo studies using the rhesus 

macaque/SIV model M-SIV and T-SIV were comparably well transmitted through the rectal 

mucosa (chapter C.1.7). T-SIV established infection after the second and forth challenge, 

while M-SIV infected only one out of two animals after the first of in total six challenges. 

Further, peak viral replication of T-SIV was not delayed in comparison to M-SIV. However, 

this was an explorative animal study with low animal numbers. Usage of an increased number 

of animals might still demonstrate a better mucosal transmission of M-SIV if animal 14960 

proves to be an outlier or the challenge dose is reduced. Possibly, a more subtle impact of 

macrophage- and T cell-derived glycosylation differences on in vivo mucosal transmission 

might be observed since both T-SIV and M-SIV were able to infect animals. Taken together, 

macrophage- and T cell-derived glycosylation differences of SIV have an impact on SIV 

transmission in vitro but it is possibly less pronounced in the in vivo situation. 

1.6. Is the glycan coat of macrophage-derived SIV gp120 less dense than its 

counterpart in T cell-derived SIV? 

Four observations indicate that in M-SIV gp120 less sequons might be occupied by glycans in 

comparison to T-SIV gp120: (i) M-SIV incorporates more complex glycans than T-SIV, 

which implies that the attached glycan precursors are well accessible to enzymatic processing 

(chapter C.1.3), (ii) M-SIV is more infectious than T-SIV and specific unoccupied sequons 

impact receptor and coreceptor usage as well as potentially facilitate the conformational 

changes in Env upon receptor binding and fusion, which might result in an overall more 

efficient viral entry by M-SIV [3, 160, 208-213] (chapter C.1.1), (iii) M-SIV is more sensitive 

to neutralization by sera than T-SIV, suggesting that M-SIV epitopes are more accessible to 

binding by nAbs (chapter C.1.4), and (iv) M-SIV is less sensitive to neutralization by Man-

specific CBAs indicating a reduction in glycan clusters that could serve as CBA targets 

(chapter C.1.5). Thus, the glycan shields of M-SIV and T-SIV might not only differ by 

variations of the glycan species composition and their quantitative incorporation into viral 

particles, but also in regard to their density.     



 DISCUSSION 

 

 

 -76- 

 

 

1.7. Is there a preferential SIV glycosylation for mucosal transmission? 

The western blot and xCGE-LIF analysis clearly demonstrated that the glycosylation of M-

SIV and T-SIV gp120 differs, and M-SIV was better transmitted by mucosal lectins than T-

SIV in vitro (chapter C.1.3 and C.1.6). Since the explorative animal study was inconclusive to 

whether these glycosylation differences matter in vivo, further investigation will be required 

to clarify this question (chapter C.1.7). However, since the interaction with DC lectins is 

assumed to mediate mucosal transmission, an impact of these glycosylation differences in 

vivo seems probable [222, 426]. It was published recently that transmitted founder viruses are 

more infectious, incorporate more Env and bind better to MDDCs than chronic isolates [255]. 

These properties resemble the findings of the present study: M-SIV was more infectious than 

T-SIV, incorporated more Env and was better transmitted by mucosal lectins in vitro (chapter 

C.1.1, C.1.2 and C.1.5). Further, transmitted founder viruses tend to encode less sequons, 

which might enhance the proportion of complex glycosylation due to a better enzymatic 

processing [242, 247-252]. M-SIV carries a higher content of complex glycans and the 

experimental results presented in this thesis suggest a potentially less dense glycan coat 

(chapter C.1.3 and D.1.6). Therefore, it is imaginable that a macrophage-derived 

glycosylation might enhance in vivo transmission and due to the increased infectivity 

observed for M-SIV in comparison to T-SIV also allows a more successful infection of a 

founder cell population. After crossing of the mucosal barrier, the infection of T cells would 

then result in virus carrying a glycosylation similar to T-SIV, which might provide a better 

protection against the humoral immune response. Similarly to T-SIV, chronic isolates carry 

more oligomannose glycans and might also bear a more dense glycan coat since they encode 

more sequons than transmitted founder viruses [331, 427-429].  

The suggestion that macrophage-derived virus might be crossing the mucosal barrier 

contradicts the expected T cell tropism of transmitted founder virus isolates [253, 254]. 

Although new techniques have greatly improved the accuracy of the prediction of transmitted 

founder virus sequences from early isolates, it is not possible so far to isolate the exact virus 

that made the transfer. Further, HIV-1 productions from expression plasmids encoding one of 

the few predicted transmitted founder virus full genome sequences was not tested on tissue 

macrophages for macrophage tropism but on MDMs, which differ to these cells in their HIV-

1 permissiveness [430-432]. Since in most cases, the transmission of only one virus is 

sufficient to establish a successful infection in a host, a minimal viral ability to replicate in 
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macrophages might be sufficient to produce a virus with a preferential glycan shield for 

mucosal transmission [243-246].     

1.8. Outlook  

The compositions of glycans attached to M-SIV and T-SIV was markedly different for at 

present unknown reasons but comparative DNA-microarrays of infected macrophages and T 

cells might reveal differential expression of glycosyltransferases and glycosidases. However, 

the results of this thesis help to identify cell lines for virus and antigen production, which 

produce a more macrophage- or T cell-like SIV gp120 glycosylation than 293 or CHO cells. 

Unfortunately, production of sufficient amounts of SIV in rhesus macaque primary cells for 

glycan analyses is difficult due to a limited availability of blood samples. Therefore, 

unannotated peaks could not be identified by glycosidase digests of additional samples prior 

to xCGE-LIF analyses, which might for example reveal candidate glycan structures 

responsible for the differential transmission of M-SIV and T-SIV by DC-SIGN/R. 

Substantially larger samples sizes would also allow to determine the predominant glycan 

species attached to specific gp120 sequons, employing mass spectrometric analyses of 

glycopeptides, and enable a subsequent computational analysis of the likely shape of the Env 

glycan shield. This could clarify if the M-SIV glycan shield indeed consists of a smaller 

number of glycans than the T-SIV glycan shield and reduced protection of gp120 regions 

could be confirmed with antibody inhibition assays. Further, it would be interesting to 

determine whether SIVmac239/316Env mutants, which lack sequons frequently unoccupied 

in M-SIV Env and were produced in T cells, might display a more M-SIV-like phenotype and 

thus reveal if the lack of Env glycosylation at specific sequons is responsible for the observed 

differences between M-SIV and T-SIV. The models of the T-SIV and M-SIV Env glycan 

coats would also reveal to which extend the intrinsic mannose patch is conserved between 

these Env proteins and if glycan motifs not exclusively consisting of oligomannose glycans 

could exist, which might serve for the screening of SIV-specific CBAs.  

M-SIV and T-SIV established comparably well infection in rhesus macaques after rectal 

challenge, although one should note that 2/2 animals were infected with T-SIV while M-SIV 

was transmitted to one out of two animals challenged. While this result showed that both 

viruses can be transmitted via the rectal mucosa, future experiments must reveal whether there 

are potential difference in the transmissibility of M-SIV and T-SIV, which are associated with 

a certain glycosylation pattern. Such differences will only be detectable when higher numbers 

of animals and/or different virus concentrations are analyzed. However, the preferential 
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transmission of M-SIV by mucosal lectins in comparison to T-SIV should be confirmed in 

more relevant cell culture systems than the Raji cell-based transmission assay before more 

animal experiments are conducted. Most importantly, the interaction of M-SIV and T-SIV 

with rhesus macaque DCs should be evaluated and the ability to infect rectal biopsies should 

be tested. Finally, instead of SIVmac239/316Env a chimeric SIV strain bearing the HIV-1 

envelope protein (SHIV) could be used to better mirror HIV-1 glycosylation.  

In sum, the experiments described in this part of the thesis demonstrate that macrophage- and 

T cell-derived SIV glycosylation differs and that the differences may impact viral infectivity, 

neutralization sensitivity and potentially mucosal transmission. Further, the data suggest that 

macrophages decorate SIV Env with a less dense glycan shield in comparison to T cells. 

These findings underline the importance of SIV glycosylation for essential viral functions and 

strongly encourage further investigations regarding the structural differences of natural 

producer cell glycan coats as well as the impact of host cell-specific glycosylation differences 

on the interaction of SIV with rhesus macaque DCs. 

2. Impact of oligomannose glycans on SIV infectivity, neutralization sensitivity 

and transmission 

The influence of oligomannose glycans on SIV infectivity, neutralization sensitivity and 

transmission was analyzed in the second part of this thesis. The results of these studies will be 

summarized in this passage and discussed in the subsequent chapters. To evaluate the 

importance of oligomannose glycans for HIV-1 and SIV infection viruses were produced in 

293 and GNTI cells, which can only produce oligomannose glycans. Analysis of viral 

infectivity revealed that GNTI-SIVmac239 and GNTI-SIVmac239/316Env were less 

infectious than the isogenic viruses produced in 293 cells, suggesting that oligomannose 

interferes with SIV infectivity (chapter C.2.1). For HIV-1, the effects of exclusive 

oligomannose glycosylation were strain-dependent: Production of HIV-1 JR-CSF in GNTI 

cells did not reduce infectivity while GNTI-HIV-1 NL4-3 was less infectious compared to 

virus produced in 293 cells. Analysis of the Env incorporation into viruses produced in 293 

and GNTI cells generally revealed the presence of unprocessed gp160, in keeping with 

previous studies, and that the quantities of incorporated gp160 and/or gp120 change in strain-

dependent pattern upon virus production in GNTI cells (chapter C.2.2) [188, 195, 402]. 

Notably, GNTI-SIVmac239/316Env and GNTI-HIV-1 NL4-3 incorporated less gp120 than 

the isogenic viruses generated in 293 cells, which might contribute to the reduced infectivity 
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observed for these strains upon virus production in GNTI cells. All subsequent assays were 

performed with SIVmac239/316Env to facilitate comparisons to the data received for M-SIV 

and T-SIV. For GNTI-SIV, the exclusive presence of oligomannose glycans was confirmed 

by glycosidase digest and western blot as well as xCGE-LIF analysis (chapter C.2.3). In 

neutralization assays the exclusive oligomannose glycosylation of GNTI-SIV had no impact 

on the protective function of the glycan shield (chapter C.2.4), and GNTI-SIV was only 

slightly more sensitive to inhibition by Man-specific lectins than 293-SIV in lectin inhibition 

assays (chapter C.2.5). The transmission by the mucosal lectins DC-SIGN/R to target cells in 

cell culture was more efficient for GNTI-SIV than 293-SIV (chapter C.2.6). However, while 

293-SIV transmitted successfully to all three rhesus macaques tested, GNTI-SIV was not 

transmittable through the rectal mucosa despite the use of high challenge doses, which 

corresponded to a higher number of IU than the minimal infectious dose of 293-SIV (chapter 

C.2.7).  

2.1. Oligomannose glycans reduce SIV infectivity 

The impact of exclusive oligomannose glycosylation on HIV-1 and SIV infectivity was 

investigated in infection assays with TZM-bl cells using viruses produced in 293 and GNTI 

cells (chapter C.2.1). Viral infectivity was significantly reduced for GNTI-

SIVmac239/316Env and to a lesser extend for GNTI-SIVmac239 in comparison to viruses 

generated in 293 cells. These results indicate a negative impact of oligomannose on SIV 

infectivity, as suggested by others, who demonstrated that the removal of mannose can 

enhance the infectivity of SIVmac316 [181, 433]. The more pronounced phenotype observed 

for SIVmac239/316Env in comparison to SIVmac239 could be due to a markedly reduced 

incorporation of gp120 into GNTI- but not 293-SIVmac239/316Env, since a positive 

correlation between the number of Env proteins of a virion and viral infectivity has been 

suggested (chapter C.2.2) [364, 434]. However, not only the amount but also the distribution 

of Env spikes on the viral surface is important for viral entry and low numbers or possibly 

even a single functional Env spike should be sufficient to render a virus infectious [434-437]. 

Hence, oligomannose glycans negatively impact SIV infectivity but in the case of GNTI-

SIVmac239/316Env the lower number of gp120 proteins might further strengthen the 

observed phenotype. Differently to SIV, HIV-1 JR-CSF infection was robust despite 

exclusive oligomannose glycosylation, as published for this strain and HIV-1 LAI before, 

while HIV-1 NL4-3 infectivity was reduced upon virus production in GNTI cells (chapter 

C.2.1) [169, 239]. These results indicate that oligomannose glycans reduce infectivity of some 
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but not all HIV-1 strains. However, GNTI-HIV-1 NL4-3 also incorporated less gp120 into 

virions than 293-HIV-1 NL4-3, which was not the case for HIV-1 JR-CSF (chapter C.2.2). 

Consequently, it cannot be discriminated if the reduced infectivity was due to oligomannose 

glycosylation, reduced amounts of gp120 incorporated into virions or both.  

The impact of glycosylation on viral entry has so far mostly been analyzed by addressing the 

importance of specific sequons, instead of investigating whether a certain glycan species 

attached to a sequon can modulate entry efficiency. In the context of HIV-1 entry, a role of 

specific sequons in CD4 independence, coreceptor tropism and fusion competence has been 

described [3, 160, 209-213, 438, 439]. The mutation of sequons results in the depletion of the 

attached glycan but it might also change the glycan species attached to other sequons, which 

may become more accessible to enzymatic processing. Therefore, Env functions dependent on 

specific sequons might also react to the exclusive incorporation of oligomannose glycans. 

Exclusive oligomannose glycosylation should also reduce the net negative charge of HIV-1 

and SIV due to the lack of sialic acids, which should facilitate fusion with the negatively 

charged cell membrane [217-219]. Yet, a potential augmented entry efficiency in GNTI-

viruses but not 293-viruses was not able to compensate the negative influence of 

oligomannose glycosylation on other aspects of SIV and potentially HIV-1 NL4-3 entry. In 

conclusion, oligomannose glycosylation lowers the infectivity of SIV and possibly some 

HIV-1 strains and reduced gp120 incorporation might contribute to this phenotype. How 

oligomannose glycans decrease viral infectivity remains to be clarified but several aspects of 

the viral entry process might react to changes in the glycan composition.  

2.2. Oligomannose glycosylation and HIV-1/SIV Env incorporation 

The analysis of Env incorporation of HIV-1 and SIV strains produced in 293 or GNTI cells 

revealed that (i) uncleaved Env precursor protein, gp160, is incorporated into viral particles 

produced from these cell lines, and (ii) the amount of incorporated gp160 and/or gp120 differs 

between virions produced in 293 and GNTI cells (chapter C.2.2). The insertion of gp160 into 

HIV-1 produced in cell lines has been observed before but was not found for 

SIVmac239/316Env generated in primary cells (chapter C.1.3) [188, 195, 402]. In GNTI cells 

the two known gp160 forms, mature gp160 and gp160ER, would migrate as one band since 

the exclusive oligomannose glycosylation of this cell line diminishes the glycosylation-based 

differences between these two Env forms [195]. This was observed for SIVmac239/316Env 

indicating that mature gp160 and gp160ER are incorporated into viral particles of this strain 

produced in 293 cell lines (chapter C.2.2). In contrast, both gp160 bands detected for HIV-1 
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NL4-3 and HIV-1 JR-CSF migrated separately in GNTI cells, indicating that at least one of 

the gp160 proteins is neither mature gp160 nor gp160ER but another form of junk Env. The 

migration patterns of HIV-1 JR-CSF and SIVmac239 gp160 were unaffected by the exclusive 

decoration with oligomannose glycans. In contrast, GNTI-SIVmac239/316Env gp160 

migration changed upon virus generation in GNTI cells, although the Env protein of 

SIVmac239/316Env differs in only nine different amino acids and a truncated cytoplasmic 

domain from SIVmac239 Env [356]. This indicates that genetic differences determine 

whether or not SIV Env migration patterns are sensitive to changes in Env glycosylation and 

since only gp160 but not gp120 demonstrated this unexpected migration pattern, the 

responsible determinants should be located in gp41.   

Regardless of the virus isolate, in all cases production of HIV-1 or SIV in GNTI cells changed 

the amount of incorporated gp160 and/or gp120 into viral particles in comparison to virus 

derived from the parental cell line (chapter C.2.2). However, no consistent pattern was 

detected for HIV-1 or SIV strains and Env protein incorporation varied to a large extend 

between different virus productions. The latter was potentially due to differences in 

transfection efficiency of proviral DNA resulting in a differential Env protein burden for the 

constitutive secretory pathway. In general, the exclusive oligomannose glycosylation in GNTI 

cells could either act directly on Env transport or indirectly by acting on functionally 

important components of the secretory system. If the exclusive oligomannose glycosylation of 

Env is directly responsible for the changed Env incorporation into particles, the modified 

glycosylation of the HIV-1 and SIV gp41 glycan cluster might be of special importance: 

Mutation of sequons in this cluster was found to reduce the transport pace of gp160 from the 

cis- to the medial-Golgi and to seemingly redirect gp160 transport to bypass the trans-Golgi 

[194]. Further, lack of HIV-1 gp41 glycosylation decreased proteolytic cleavage of gp160 and 

might thus contribute to the virion incorporation of unprocessed Env precursors [194, 438]. 

To summarize, HIV-1 and SIV produced in 293-derived cell lines incorporates besides gp120 

multiple forms of gp160, including mature gp160 and gp160ER and likely other forms of junk 

Env. In addition, the exclusive oligomannose glycosylation in GNTI cells can modulate the 

efficiency of Env incorporation into HIV-1 and SIV particles and in particular altered gp41 N-

linked glycosylation might contribute to this phenotype.  

2.3. Oligomannose glycan content of SIV has no impact on serum neutralization 

Neutralization assays demonstrated that 293- and GNTI-SIVmac239/316Env were 

comparably sensitive to neutralization by sera of three SIVmac239 infected animals (chapter 
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C.2.4). This observation is in keeping with the finding that HIV-1 pseudotypes produced in 

293 or GNTI cells are comparably sensitive to neutralization by nAbs directed against 

epitopes in MPER, the CD4 binding site or epitopes induced after CD4 binding [208]. Only 

neutralization by nAbs targeting V3 was modulated by the Env glycosylation status, with 

virus from GNTI cells being more sensitive to neutralization [208]. Further, it should be noted 

that the presence of sialic acids in the glycan shield of 293-SIV did not endow the virus with 

relative resistance against neutralization, although this has been previously suggested by 

others [208, 219, 433]. These findings indicate that only for some epitopes, e.g. in V3, the 

glycan composition is important for protection against antibodies, possibly because these 

epitopes are structurally distant from the next occupied sequons and therefore are exclusively 

protected by large complex glycans. However, for the protection of the majority of epitopes 

the general occupation of sequons might be more relevant than the specific glycan species 

attached to the sequons. Since GNTI cells were derived from 293 cells, the addition of glycan 

precursor structures to sequons should be comparable and therefore also the basic density of 

the glycan shield, which in consequence might result in a similar protection of most Env 

epitopes against nAbs.    

2.4. Exclusive oligomannose glycosylation of SIV Env and viral sensitivity to 

CBAs 

The influence of an exclusive oligomannose glycosylation of SIV on neutralization by the 

soluble lectins UEA, CV-N and GNA was analyzed in lectin inhibition assays (chapter C.2.5). 

The Fuc-specific lectin UEA did not neutralize infection of the control viruses HIV-1 NL4-3 

and env-defective HIV-1 NL4-3 pseudotyped with VSV-G but slightly increased infection of 

293- and GNTI-SIVmac239/316Env, suggesting the effects were SIV specific. On the other 

hand, M-SIV and T-SIV infection was not enhanced by UEA, arguing against a virus-specific 

effect and pointing towards a role of SIV production in 293 cell lines (chapter C.1.5). Since 

GNTI-SIV infectivity is increased even though UEA binds to terminal fucose, which is not 

generated by the GNTI glycosylation machinery, other components of the viral membrane 

than glycoproteins might be responsible for the increase in viral infectivity [440]. For 

example, a non-fucosylated glycosphingolipid, which might be specifically incorporated into 

SIV but not HIV-1 membranes in 293-derived cell lines, was identified before to be a target of 

UEA [441].  

CV-N inhibited HIV-1 NL4-3, 293-SIV and GNTI-SIV but only to a minor extend HIV-1 

NL4-3 pseudotyped with VSV-G (chapter C.2.5). GNTI-SIV was slightly more sensitive to 
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neutralization by CV-N but the effect was non-significant. Since GNTI-SIV exclusively 

incorporates oligomannose glycans, a larger difference in the sensitivity to CV-N inhibition 

between 293- and GNTI-SIV might be expected. The target glycan structures of CV-N consist 

of Manα1,2Manα in Man8-9GlcNAc2 attached to HIV-1 Env and these glycan species should 

result from inefficient processing by glycosidases as observed in the intrinsic mannose patch 

[287, 288]. These glycans are presumably equally inaccessible in 293- and GNTI-SIV, while 

the majority of other glycans attached to GNTI-SIV gp120 are processed to Man5GlcNAc2, 

which is not targeted by CV-N (chapter C.2.3) [169, 368, 405]. Therefore, the Man8-9GlcNAc2 

content of both viruses should be roughly comparable resulting in the only slight differences 

in CV-N inhibition between 293- and GNTI-SIV. While the amount of incorporated 

Man9GlcNAc2 could not be unambiguously determined due to an equally fast migrating 

complex glycan in the xCGE-LIF analysis, the Man8GlcNAc2 content is indeed comparable 

between 293- and GNTI-SIV (chapter C.2.3).  

The second Man-specific lectin, GNA, inhibited HIV-1 NL4-3 and SIV but not HIV-1 NL4-3 

pseudotyped with VSV-G (chapter C.2.5). GNTI-SIV was significantly easier neutralized by 

GNA than 293-SIV and the lowest lectin concentration analyzed already completely 

abrogated infection. Since GNA preferably binds to terminal Man with α1,6- or α1,3-linkage 

and GNTI-SIV was found to incorporate predominantly Man5GlcNAc2, the increased 

sensitivity of GNTI-SIV to GNA in comparison to 293-SIV fits to the incorporation of higher 

amounts of GNA target structures into GNTI-SIV (chapter C.2.3) [280]. Collectively, the 

results of the lectin inhibition assays using UEA implied the incorporation of an unknown 

UEA target molecule into the envelope of SIV produced in 293-derived cell lines. Further, 

GNTI-SIV was found to be slightly more sensitive to neutralization by Man-specific lectins 

CV-N and GNA, and the assays using these lectins indicated that the complex glycans of 293-

SIV are replaced by Man5GlcNAc2 in GNTI-SIV, while the majority of Man8-9GlcNAc2 

glycans seems to be conserved between 293- and GNTI-SIV.     

2.5. SIV produced in GNTI cells is not transmittable in vivo 

Cell lines engineered to express membrane-associated lectins found on immune cells in the 

anogenital mucosa bind and transmit HIV-1 and SIV to adjacent T cells in a lectin-dependent 

manner and can be used to model interactions of these viruses with mucosal cells. In the 

performed transmission assays, SIVmac239/316Env decorated exclusively with oligomannose 

glycans was significantly better transmitted by DC-SIGN/R than virus produced in 293 cells, 

as expected due to the high affinity of DC-SIGN/R to oligomannose glycans (chapter C.2.6) 
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[239, 415]. Similarly, Raji cells engineered to express DC-SIGN were shown to transmit 

HIV-1 Ba-L 2,560-fold more efficiently than control cells when virus exclusively harboring 

Man9GlcNAc2 glycans was examined, while transmission of a control virus was only 20-fold 

increased [415]. In contrast, another study demonstrated that GNTI-HIV-1 LAI and GNTI-

HIV-1 JR-CSF were less efficiently transmitted by Raji DC-SIGN cells than the isogenic 

viruses produced in 293 cells, albeit both HIV-1 strains produced in GNTI cells bound well to 

DC-SIGN [239]. This suggest that differences in the oligomannose composition of the glycan 

shield or HIV-1 strain-specific differences might exist, which determine whether or not virus 

is released to target cells after binding to DC-SIGN.  

In contrast to the in vitro results, no transmission through the rectal mucosa of rhesus 

macaques was observed for GNTI-SIVmac239/316Env, albeit 293-SIVmac239/316Env was 

successfully transmitted in all three animals tested and challenge doses of GNTI-SIV were 

used, which corresponded to a number of IUs within the range resulting in transmission of 

293-SIV (chapter C.2.7). The contrary results of a significantly enhanced transmission of 

GNTI-SIV in comparison to 293-SIV in vitro but the lack of detectable transmission of 

GNTI-SIV in vivo can be resolved with respect to the transmission mediating cells in the 

experiments. DCs, which should transmit the virus in the animal study, prefer to bind HIV-1 

bearing mainly Man9GlcNAc2 glycans over 293-HIV-1 and faster subject the virus with the 

high oligomannose content to degradation [239]. In contrast, Raji cells are unable to 

internalize HIV-1 after binding to DC-SIGN [442, 443]. Therefore, the facilitated binding of 

GNTI-SIV to DC-SIGN/R probably resulted in an efficient transmission that was detected in 

the in vitro experiments while DCs in the animal study might have collected more easily and 

subsequently degraded GNTI-SIV than 293-SIV rendering GNTI-SIV not transmittable 

through the rectal mucosa.  

Rhesus macaque DCs express low levels of DC-SIGN and transmit SIV in a DC-SIGN-

independent manner to T cells, thus other attachment factors than DC-SIGN might account for 

the lack of GNTI-SIV transmission and a potential virus degradation by DCs [346]. In 

addition, mucosal transmission of GNTI-SIV might be halted at steps after attachment. For 

instance, the negative impact of oligomannose glycans on GNTI-SIV infectivity might impede 

the formation of a founder cell population in the host (chapter C.2.1). Finally, the reduced 

incorporation of gp120 into GNTI-SIV in comparison to 293-SIV could negatively impact 

mucosal transmission (chapter C.2.2). In sum, DC-SIGN/R can efficiently transmit SIV to 

target cells in vitro when cells are used for DC-SIGN/R expression, which are unable to 
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perform SIV uptake. In vivo, SIV produced in GNTI cells is not transmitted through the rectal 

mucosa, possibly due to viral degradation by DCs.  

2.6. Outlook 

Exclusive oligomannose glycosylation had a negative impact on SIVmac239 and 

SIVmac239/316Env infectivity. However, the observed effect was more pronounced for 

GNTI-SIVmac239/316Env, which also incorporated less gp120 into virions in comparison to 

the 293-SIVmac239/316Env. To investigate which step of viral entry is hindered by 

oligomannose glycans without the potentially confounding effect of reduced virion 

incorporation of Env, SIVmac239 should be used. Alternatively, SIVmac239/316Env 

produced in 293 and GNTI cells with comparable levels of gp120 should be examined. These 

viruses can be produced by cotransfecting titrated amounts of Env expression plasmids. 

Infection of other cell lines than TZM-bl cells and the addition of Man to the cells in infection 

assays could clarify whether cell line-specific host proteins or Man-specific attachment 

factors contribute to the reduced infectivity of SIV strains produced in GNTI cells. Further, 

coreceptor binding studies and virus-cell fusion assays could be conducted to test for a 

potential influence of oligomannose glycosylation at these post-attachment steps of viral 

entry, which have been shown before to be sensitive to the deletion of Env sequons [209-212, 

438, 439].    

The generation of HIV and SIV in GNTI cells also changed the Env incorporation into viral 

particles. The reduced incorporation of gp120 into GNTI-SIVmac239/316Env but not into 

GNTI–SIVmac239 in comparison to the isogenic viruses generated in 293 cells indicated that 

genetic differences in the Env sequence are responsible for this phenotype. 

SIVmac239/316Env mutants, in which the nine amino acids that differ between the Env 

proteins of SIVmac239/316Env and SIVmac239 were exchanged, have already been 

produced by others and expression of these mutants in 293 and GNTI cells with subsequent 

gp120 incorporation analysis could reveal the genetic determinants that render gp120 

incorporation sensitive upon virus production in GNTI cells [356]. Further, it would be 

interesting to determine whether the Env glycosylation and/or the glycosylation of host cell 

proteins involved in the Env transport pathway contributes to the decreased gp120 

incorporation into GNTI-SIVmac239/316Env. The HIV-1 gp160 transport was found to be 

slowed down and redirected upon deletion of sequons in the conserved gp41 glycan cluster. 

Thus, the analysis of such SIVmac239/316Env mutants might give first insights into whether 

or not appropriate Env glycosylation is important for gp120 incorporation in GNTI cells 
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[194]. Finally, western blot analysis could demonstrate if cleaved SIVmac239/316Env Env 

proteins in GNTI cells are faster degraded than uncleaved Env proteins and microscopic 

studies could indicate whether gp120 is redirected to compartments away from the viral 

budding site or is more easily endocytosed from the cellular surface.   

To investigate whether GNTI-SIVmac239/316Env was not transmitted in vivo due to an 

increased degradation by DCs, 293- and GNTI-SIV p27-CA content associated with DCs after 

removal of unbound virus could be measured over time and colocalization of the viruses with 

endocytic compartments could be analyzed. The addition of anti-DC-SIGN/R antibodies in 

transmission assays performed with rhesus macaque DCs could confirm that these cells can 

transmit SIV independently from DC-SIGN/R and could also clarify if differences in the SIV 

glycan coat composition can increase the contribution of DC-SIGN/R to SIV transmission by 

rhesus macaque DCs [346]. To further evaluate whether or not the gp120 content is important 

for viral transmission by DC-SIGN/R, Raji transmission assays could be repeated with 293- 

and GNTI-derived SIVmac239 or SIVmac239/316Env with matched gp120 levels. Finally, it 

is unclear at which step mucosal transmission of GNTI-SIV fails in vivo. This could be 

investigated by parallel application of SIV produced in 293 and GNTI cells and containing 

different fluorescent tags onto biopsies of the rectal mucosa. Subsequent microscopy studies 

could then reveal where GNTI-SIV transmission in comparison to 293-SIV transmission is 

abrogated: At the mucosal surface, during the crossing of the mucosa or during the 

establishment of a founder cell population.  

Taken together, the experiments described in this part of the thesis demonstrated that 

oligomannose glycosylation reduces SIV infectivity, changes Env incorporation into viral 

particles and is not compatible with mucosal transmission, despite enhanced transmission by 

Man-specific mucosal lectins in cell culture. Further, the data suggested that the general 

presence of glycans at specific sequons is of higher importance for the viral protection against 

nAbs than the glycan species composition of the glycan shield. Oligomannose glycans thus 

indeed impact SIV biology and their specific role for SIV infectivity, Env incorporation and 

virus interaction with DCs should be further investigated.  
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F. APPENDIX 

1. List of abbreviations 

293- prefix for viruses or proteins produced in 293 cells 

A blood group antigen A, (GalNAc1,3(Fucα1,2)Galβ) 

AEC 3-amino-9-ethylcarbazole 

AIDS acquired immunodeficiency syndrome 

APOBEC Apolipoprotein B-editing catalytic polypeptide 

APTS 8-aminopyrene-1,3,6-trisulfonic acid 

B blood group antigen B, (Galα1,3(Fucα1,2)Galβ) 

bnAb broadly nAb 

C1-C5 constant region 1-5 

CA capsid protein 

CBA carbohydrate binding agents 

CRD carbohydrate-recognition domain 

CCR5 chemokine (C-C motif) receptor 5 

cDNA complementary DNA 

c.p.s. counts per second 

CRPRC California Regional Primate Research Center 

CXCR4 chemokine (C-X-C motif) receptor 4 

ConA concanavalin A 

CV-N cyanovirin-N 

DC dendritic cell 

DC-SIGN DC-specific intercellular adhesion molecule-3-grabbing non-integrin 

DC-SIGNR DC-SIGN related 

DC-SIGN/R DC-SIGN and DC-SIGNR 

(d)dH2O (double-)distilled water 

DMEM Dulbecco´s modified Eagle medium 

DMF N,N dimethylformamide 

DMSO dimethyl sulfoxide 

DNA desoxyribonucleic acid 

DRC Democratic Republic of Congo 

E.coli Escherichia coli 
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EDTA ethylenediaminetetraacetic acid 

ELISA enzyme-linked immunosorbent assay 

Endo H endoglycosidase H 

Env envelope protein 

ESCRT endosomal sorting complex required for transport 

ER endoplasmic reticulum 

FCS fetal calf serum 

Fuc fucose 

Gag group-specific antigen 

Gal galactose 

GalNAc N-acetylgalactosamine 

GFP green fluorescent protein 

GNA Galanthus nivalis agglutinin 

Glc glucose 

GlcNAc N-acetylglucosamine 

GNTI- prefix for viruses or proteins produced in GNTI cells 

GNTI HEK293S GnTI
- 
cell line 

gp41 glycoprotein 41 

gp120 glycoprotein 120 

gp160 glycoprotein 160 

GRFT griffithsin 

H blood group antigen H, (Fucα1,2Galβ) 

HIV human immunodeficiency virus 

HR heptad repeats 

HRP horse-radish peroxidase 

ICAM-1 intercellular adhesion molecule-1 

IgG immunoglobulin G 

IN integrase 

IL-2 interleukin-2 

IU infectious units 

kDa kilodalton 

LB Luria-Bertani 

LDNF fucosylated lacdiNAc (GalNAcβ1,4(Fucα1,3)GlcNAc) 
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Le
a
 Lewis

a
, (Galβ1,3(Fucα1,4)GlcNAc) 

Le
b
 Lewis

b
,
 
(Fucα1,2Galβ1,3(Fucα1,4)GlcNAcβ) 

Le
x
 Lewis

x
, (Galβ1,4(Fucα1,3)GlcNAcβ) 

Le
y
 Lewis

y
, (Fucα1,2Galβ1,4(Fucα1,3)GlcNAc) 

LFA-1 lymphocyte function-associated antigen-1 

LTR long terminal repeat 

MA matrix protein 

Man mannose 

M-CSF macrophage colony stimulating factor 

MDDC monocyte-derived DC 

MHC major histocompatibility complex 

MDM monocyte-derived macrophages 

MPER membrane-proximal region 

MOI multiplicity of infection 

M-SIV pooled SIVmac239/316Env virus produced in rhesus macaque MDMs 

MTU” normalized migration time unit 

nAb neutralizing antibodies 

NC nucleocapsid 

Nef negative factor 

NERPRC New England Regional Primate Research Center 

NF-κB nuclear factor κB 

NIAID National Institute of Allergy and Infectious Diseases 

NIH National Institutes of Health 

P/S penicillin and streptomycin 

PBS phosphate buffered saline 

p.i. post infection 

PIC preintegration complex 

PBMCs peripheral blood mononuclear cells 

PNGase F peptide-N-glycosidase F 

Pol polymerase 

PRO protease 

UEA Ulex europaeus agglutinin I 

Rev regulator of virion expression 

RNA ribonucleic acid 
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rpm revolutions per minute 

RPMI-1640 Roswell Park Memorial Institute medium 1640 

RT reverse transcriptase 

RT-PCR real-time polymerase chain reaction 

SAIDS simian AIDS 

SAMHD1 SAM domain- and HD domain-containing protein 1 

SD standard deviation 

SDS sodium dodecyl sulfate 

SDS-PAGE SDS polyacrylamide gel electrophoresis 

SHIV chimeric virus of SIV and HIV 

SIV simian immunodeficiency virus 

SP spacer peptide 

Tat transactivating protein 

TCID50 tissue culture 50 % infectious dose 

TEMED tetramethylethylenediamine 

T-SIV pooled SIVmac239/316Env virus produced in rhesus macaque CD4
+
 T cells 

V1-V5 variable regions 1-5 

Vif viral infectivity factor 

Vpr viral protein r 

Vpu viral protein u 

Vpx viral protein x 

VSV-G G protein of the vesicular stomatitis virus 

xCGE-LIF multiplexed capillary gel electrophoresis with laser induced fluorescence 

detection 

wpi weeks p.i. 
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