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1. Introduction 

1.1 The human immunodeficiency virus and its replication cycle 

Human immunodeficiency virus (HIV) belongs to the family of retroviridae, 

which also includes the simian immunodeficiency virus (SIV) and viruses like the 

murine leukemia virus (MLV). HIV originated from SIV by cross-species transmission 

from non-human primates and has infected more than 78 million people worldwide 

until today (UNAIDS, 2015). It is the causative agent of the acquired 

immunodeficiency syndrome (AIDS) which is characterized by massive depletion of 

CD4 positive T lymphocytes, causing a profound immunosuppression, which renders 

patients vulnerable to opportunistic infections (Barré-Sinoussi et al., 1983; Piot and 

Quinn, 2013). Despite all scientific and social efforts to combat HIV, the AIDS 

pandemic is still spreading and there is no cure yet.  

To enter its main target cells, CD4+ T lymphocytes and macrophages, HIV 

utilizes its envelope protein (Env), a trimer consisting of the glycoproteins gp120 and 

gp41. Env binds to the cellular receptors CD4 and CXCR4 or CCR5 and mediates entry 

by direct fusion with the plasma membrane (Wyatt and Sodroski, 1998). This process 

allows the virus to release its capsid containing the viral RNA genome into the 

cytoplasm (Koch et al., 2009; Miyauchi et al., 2009).  

Reverse transcription of the RNA genome takes place during the uncoating 

process (Ambrose and Aiken, 2014) and the resulting viral DNA copies are then 

transported into the nucleus (Matreyek and Engelman, 2013). With the help of the 

viral integrase the DNA is integrated into the host genome, which allows the virus to 

exploit the cellular transcription and translation machinery to produce viral RNA and 

proteins (Mandal et al., 2009). The viral long terminal repeats (LTR) regulate 

expression of the viral genome encoding the essential proteins Gag, Pol and Env, 

regulatory factors Tat and Rev and accessory Proteins Vpu, Nef, Vpr and Vif (Knipe 

and Howley, 2013). 

The newly synthesized proteins either excert their functions in the cell or are, 

together with the genomic RNA of HIV, transported to the cell membrane, where 

progeny virions assemble and bud (Meng and Lever, 2013). The last step of the viral 

replication cycle takes place after budding and involves the cleavage of the structural 
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protein Gag by the viral protease. After this maturation step, the virions are infectious 

and can utilize their Env spikes to infect a new cell.  

 

 

 

1.2 HIV-1 Envelope Protein 

The envelope protein of HIV is expressed as a 160 kDa precursor (gp160) from a 

roughly 3 kb large bicistronic mRNA which contains the env gene downstream of the 

vpu gene. This gp160 precursor is processed by cellular furin-like proteases into gp120 

and gp41 (Scanlan et al., 2007) [Figure 2]. After cleavage, the subunits oligomerize and 

are shuffled together to the cell surface via the secretory pathway [Figure 2]. On the 

surface of the viral membrane, Env is present as a trimer of three non-covalently 

associated heterodimers of gp120 and gp41 (Merk and Subramaniam, 2013) [Figure 2]. 

The external gp120 glycoprotein interacts with the cellular receptors [Figure 1], 

Figure 1: HIV replication 

cycle  

Schematic presentation of 

individual steps of the HIV 

replication cycle. Depicted is the 

utilization of CD4 together with a 

co-receptor for entry (1) and the 

different steps leading up to the 

integration of the viral genome 

via the LTRs by the viral 

integrase (2-4). Further this 

shows the synthesis of new viral 

RNA and proteins (5) and the 

assembly, budding and 

maturation process of the 

progeny virus (6-7). (NIAD, 2015) 

CC-BY 2.0 

(https://creativecommons.org/lic

enses/by/2.0/legalcode) 
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whereas the transmembrane gp41 protein mediates fusion with the target cell (Coffin 

et al., 1997).  

 

 

 

Env is characterized by more than 30 sites for N- and O-linked glycosylation, 

most of which are found in the larger extracellular gp120 (Coffin et al., 1997). The 

initial glycosylation takes place inside the endoplasmic reticulum before the cleavage 

of gp160 into gp120 and gp41 (Scanlan et al., 2007). Further trimming and 

diversification, mainly the addition of complex sugars, of  the Env glycan shield 

happens in the Golgi Apparatus (Crispin and Doores, 2015) [Figure 2]. These 

carbohydrate chains cover a major part of the Env surface. Only the receptor-binding 

sites as well as the trimer interface are mostly devoid of this glycosylation (Zhu et al., 

2000). Env presents a major target for detection by the host’s immune system, since 

Figure 2: HIV Env processing  

Env is synthesized and glycosylated in 

the rough endoplasmic reticulum (RER) 

as a 160 kDa precursor protein (gp160), 

which oligomerizes predominantly into 

trimers. Oligomerized gp160 is trans-

ported to the Golgi and trans-Golgi 

network (TGN), where it is processed to 

yield gp120 and gp41. Further trimming 

and diversification of the Env glycan 

shield also takes place in the Golgi 

apparatus.  Complexes of gp120-gp41 

traffic through the secretory pathway to 

the plasma membrane and are 

incorporated as trimeric spikes into virus 

particles. Precursor Gag (Pr55Gag) is 

synthesized on cytosolic ribosomes and 

is directed to the plasma membrane 

where it multimerizes in lipid rafts (not 

shown) to form virus particles. (Checkley 

et al., 2011; Crispin and Doores, 2015) 

Reprinted and adapted from Checkley et 

al., 2011 , with permission from Elsevier.  
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it is present on the viral membrane and on the plasma membrane of infected cells. 

The glycan shield of gp120 is thought to protect HIV against detection by antibodies 

or cytotoxic T-lymphocytes (Sattentau, 2011; Scanlan et al., 2007).  

To further avoid recognition by immune cells and antibodies and especially to 

avoid an effective adaptive immune response by the host, Env is one of the most 

variable HIV proteins. Especially gp120, which is better accessible for the immune 

system than gp41, contains distinct variable domains such as the five variable loops 

V1-V5 (Sattentau, 2011). In contrast, the glycosylation sites as well as the receptor 

binding sites and the trimer interface are highly conserved (Knipe and Howley, 2013). 

Still, the accessibility of Env makes it a promising target for the generation and 

characterization of HIV-neutralizing antibodies. In the last years many broadly 

neutralizing antibodies targeting Env have been isolated, some with remarkable 

potency (Burton and Mascola, 2015). Even though animal studies with those 

antibodies guide therapeutic efforts in a new direction, it remains a challenging task 

to induce these antibodies in HIV patients. 

The fact that the adaptive immune system and all classical vaccination 

approaches largely failed to control HIV (de Goede et al., 2015; Loomis and Johnson, 

2015),  makes it particularly important to understand how HIV overcomes the first 

line of host defenses, the intrinsic and innate immune system (Altfeld and Gale, 2015). 

Intrinsic factors are constitutively expressed in the viral target cells and can 

immediately exert their defensive function. Innate immunity has to be induced by 

cytokines, such as interferons (IFN), through mechanisms like the sensing of viral 

components (Altfeld and Gale, 2015; Rall et al., 2015). However, many antiviral factors, 

so called restriction factors, are part of the intrinsic as well as the innate defense 

against HIV, as they are ubiquitously expressed but are also induced by IFN when 

cells enter an antiviral state (Simon et al., 2015). 

 

1.3 HIV Restriction Factors 

Restriction factors inhibit viral replication by interfering with various steps of 

the viral replication cycle (Malim and Bieniasz, 2012). They are often induced by IFN 

and many viruses have evolved means to directly antagonize or evade restriction 
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(Simon et al., 2015). This continuous evolutionary arms race between viruses and the 

host also explains why restriction factors often exhibit signs of positive selection 

(Daugherty and Malik, 2012).  

 

 

 

The best characterized restriction factors of HIV are apolipoprotein B mRNA-

editing enzyme-catalytic polypeptide-like 3G (APOBEC3G), Tetherin/bone marrow 

stromal cell antigen 2 (BST2), tripartite-motif-containing protein 5α (TRIM5α), and 

SAM domain and HD domain-containing protein 1 (SAMHD1) [Figure 3] (Kirchhoff, 

2010; Malim and Bieniasz, 2012). Additional factors with antiretroviral activity, such 

as the interferon-inducible myxovirus resistance protein B (MxB) (Kane et al., 2013), 

the glycoprotein 90K (Lodermeyer et al., 2013) have been described more recently. 

90K belongs together with the interferon-induced transmembrane (IFITM) proteins 

Figure 3: HIV restriction factors  

Schematic diagram showing some HIV restriction factors (red) known to restrict different steps of the HIV-1 

replication cycle. Viral proteins involved in the escape strategies or counteraction of the restriction factors 

are depicted in purple (Kirchhoff, 2010; Malim and Bieniasz, 2012; Rosa et al., 2015; Simon et al., 2015; 

Usami et al., 2015).  



Introduction 

 

 6 

2 and 3 (IFITM2, IFITM3) to a group of factors which specifically reduce 

infectiousness of progeny viruses (Lodermeyer et al., 2013; Lu et al., 2011; Yu et al., 

2015). This group was extended very recently by the restriction factors serine 

incorporator 3 and 5 (SERINC3 and 5), which are antagonized by the viral accessory 

protein Nef [Figure 3] (Rosa et al., 2015; Usami et al., 2015). 

APOBEC3G is incorporated into HIV particles and induces lethal deoxycytidine 

to deoxyuridine mutations in the retroviral genome in the absence of the viral 

infectivity factor (Vif) (Sheehy et al., 2002). APOBEC3G was found by comparing the 

transcriptomes of HIV permissive and non-permissive cells. A similar approach led to 

the discovery of Tetherin as a restriction factor. Tetherin inhibits the release of HIV 

and other enveloped viruses from infected cells by directly tethering budding progeny 

virions to the plasma membrane. It is induced by type I IFN and counteracted by the 

viral protein U (Vpu) (Van Damme et al., 2008; Neil et al., 2008). TRIM5α inhibits 

HIV by interfering with the uncoating process and thereby blocking the cDNA 

synthesis. HIV overcame TRIM5α-imposed restricition with escape mutations in its 

capsid protein that render it resistant to TRIM5α binding (Hatziioannou et al., 2006; 

Stremlau et al., 2004). 

During the last years, the field of HIV restriction factors has been widened 

significantly by the identification of SAMHD1, the IFITMs, 90K, MxB and the SERINCs 

as putative HIV restriction factors (Kane et al., 2013; Laguette et al., 2011; Lodermeyer 

et al., 2013; Lu et al., 2011; Rosa et al., 2015). SAMHD1 for example is a dNTPase 

inhibiting reverse transcription in macrophages and quiescent CD4+ T-cells by 

depleting the intracellular dNTP pools (Baldauf et al., 2012; Powell et al., 2011). 

Interestingly, Ryoo and colleagues recently proposed that not the dNTPase function 

is restricting HIV but a so far unknown RNase activity of SAMHD1 (Ryoo et al., 2014). 

Whereas HIV-1 does not encode an antagonist of SAMHD1, the second type of HIV 

(HIV-2) and many simian immunodeficiency viruses (SIV) counteract SAMHD1 by 

their viral proteins X (Vpx) or R (Vpr) (Lim et al., 2012). The role of MxB as a 

restriction factor is still under debate, but it is thought to target the viral capsid 

thereby blocking nuclear translocation of the preintegration complex (PIC) (Goujon 

et al., 2013; Kane et al., 2013) and/or viral integration (Liu et al., 2013). 90K uses yet 
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another mechanism to restrict HIV replication. It decreases infectivity of progeny 

virions by interfering with the processing of HIV Env and its incorporation into the 

budding virion (Lodermeyer et al., 2013). Other factors which reduce particle 

infectivity are IFITM2 and 3 (Lu et al., 2011). But rather than interfering with Env 

function, incorporation or processing, they are thought to be incorporated into the 

virion and affect membrane fusion (Yu et al., 2015). A similar mechanism is described 

for SERINC3 and 5, multipass membrane spanning proteins, which are incorporated 

into the virion and thereby restrict subsequent infection of a new cell (Rosa et al., 

2015). The restriction of SERINC3 and 5 seems to be rather potent, as HIV utilizes its 

Nef protein to antagonize them (Usami et al., 2015). This development of a viral 

antagonist or escape mechanism is also considered to be a hallmark of restriction 

factors (Kirchhoff, 2010). 

Many innate antiviral defense genes contain a limited number of motifs, which 

have undergone recurrent and convergent changes across the breadth of their 

phylogenetic tree. These changes indicate the evolutionary pressure on factors like 

TRIM5α or Tetherin, as the number of non-synonymous mutations in those genes 

and motifs is higher than the average number for the complete genome (Daugherty 

and Malik, 2012). The evolutionary and functional diversity of restriction factors is 

enormous, illustrating that the host tries to inhibit virus replication in various ways 

(Kluge et al., 2015). This makes it very likely that more antiviral factors remain to be 

discovered. To this end, we performed a genome wide screen using characteristics 

common to most known restriction factors to identify novel potential restriction 

factors (McLaren et al., 2015). All factors we identified are under positive selection 

with a non-synonymous to synonymous mutation rate above one. In addition to this 

evolutionary hallmark, the identified factors are either highly expressed in HIV-1 

patients or they have been shown to interact with viral components (McLaren et al., 

2015). One of the factors we identified was the large guanosine triphosphatase 

(GTPase) GBP5, which shows signs of positive selection and increased expression in 

HIV patients. 
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1.4 GBP5 

Guanylate-binding protein 5 (GBP5) is one of seven proteins belonging to the 

human guanylate-binding protein (GBP) family (Kim et al., 2012). Together with 

GBP1, it is mainly found in the Golgi apparatus of the cell (Britzen-Laurent et al., 

2010). GBP5 is, like all members of its family, a cytokine inducible large GTPase. 

Especially IFN-γ induces its expression, along with IL-1β and TNF-α (Shenoy et al., 

2012). Although GBPs in general are able to hydrolyze GTP into GDP as well as GMP, 

GBP5 only converts GTP into GDP (Vestal and Jeyaratnam, 2011). GBP5 has two 

isoforms: the 72 kDa main isoform called GBP5a/b and the C-terminally truncated 60 

kDa GBPta (∆C) isoform which lacks 97 amino acids. GBP5ta is associated with 

different tumors, as it is solely expressed in tumor tissues and  cell-lines, such as 

cutaneous T-cell lymphomas and melanoma cell-lines (Fellenberg et al., 2004). Due 

to its truncation, GBP5ta lacks the C-terminal isoprenylation site, which is found in 

some GBPs and is considered to be crucial for their membrane association and 

oligomerization (Vestal and Jeyaratnam, 2011). This isoprenylation has also been 

shown to be crucial for the correct subcellular localization of GBP5 in the Golgi 

apparatus (Britzen-Laurent et al., 2010). Of note, although oligomerization and Golgi 

localization are lost in GBP5ta, this isoform is still able to hydrolyse GTP (Shenoy et 

al., 2012; Wehner and Herrmann, 2010). GBP5a/b (henceforth called GBP5) on the 

other hand is not known to be associated with any disease but was described to be 

part of the nucleotide binding and oligomerization leucine-rich repeat protein 3 

(NLRP3) inflammasome (Shenoy et al., 2012).  

In macrophage-like cell lines, GBP5 might promote inflammasome assembly upon 

oligomerization via NLRP3-ASC (apoptosis-associated speck-like protein containing 

a CARD) complex formation as a response to bacteria and some soluble priming 

agents [Figure 4] (Shenoy et al., 2012). Inflammasome complexes play an essential role 

in cells of the myeloid lineage and are part of the innate immune system. They 

regulate pyroptosis, a process that involves caspase-1 dependent release of the 

proinflammatory cytokines interleukin 1β (IL-1β) and IL-18 (Rathinam et al., 2012). 

Inflammasome complexes are formed in response to components of different viral, 

bacterial and fungal pathogens as well as to amyloid aggregates or damage-associated 
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molecular pattern molecules (DAMPs) such as ATP [Figure 4] (Lamkanfi and Dixit, 

2014). Shenoy and colleagues demonstrated that live bacteria (Salmonella, Listeria), 

bacterial saccharides (LPS) or DAMPs, like muramyl dipeptide (MDP), activate the 

NLRP3 inflammasome in a GBP5 dependent manner  [Figure 4] (Shenoy et al., 2012). 

They also showed that NLRP3 activation via crystalline structures such as alum or a 

phagosome rupture is GBP5-independent [Figure 4] (Shenoy et al., 2012). The 

inflammasome activation by GBP5 is independent of its GTPase activity. 

Oligomerization via the protein’s C-terminus, however, is crucial (Shenoy et al., 2012). 

Recently, it has been shown that HIV-1 is able to induce NLRP3 inflammasome 

activation in human monocytic cells via its RNA and TLR8 (Guo et al., 2014). 

 

 

 

The accumulating evidence that GBPs have a versatile role in the host defense 

against various pathogens (Kim et al., 2012), the possible role of the inflammasome in 

an HIV infection (Guo et al., 2014) and the fact that GBP5 fulfils hallmarks of HIV 

restriction factors (McLaren et al., 2015), make GBP5 an interesting target for in depth 

analysis in context with HIV. 

  

Figure 4: 

Inflammasome 

activation 

Scheme of different 

inflammasome activation 

pathways and their 

dependency on GBP5. 

From (Shenoy et al., 2012). 

For detail see section 1.4 or 

list of abbreviations. 

(Reprinted with permission 

from AAAS.) 
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1.5 Scientific Aims 

Restriction Factors are important players of the innate immune response to HIV 

and show a high structural and functional diversity (Kirchhoff, 2010; Simon et al., 

2015). Nevertheless, they possess common characteristics, such as being under 

positive selection, inducibility by IFN, or the increased expression in infected 

individuals (Malim and Bieniasz, 2012). We recently used these hallmarks in a genome 

wide screen for potential antiretroviral restriction factors, among those was GBP5 

(McLaren et al., 2015). 

The aim of this study is a detailed characterization of GBP5 in context with HIV 

and to find out if GBP5 can be considered a HIV restriction factor. To address this, it 

will be tested if GBP5 restricts HIV, if HIV antagonizes GBP5 or has found an evasion 

mechanism and if GBP5 plays a role in primary HIV target cells. Further, the present 

thesis will investigate the possible restrictive mechanism of GBP5. 
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2. Material and Methods 

 

2.1 Material 

 Cell lines 

HEK293T:  Human embryonic kidney (HEK) derived cell line expressing the large T-

antigen of simian virus 40 (Graham et al., 1977). Obtained from ATCCTM.  

TZM-bl:  HeLa cell-derived cell line stably transfected with CD4 and CCR5 

expressing endogenous levels of CXCR4. Tat-driven luciferase and β-

galactosidase genes are expressed under the control of the HIV LTR-

promote (Platt et al., 2009). Obtained from Drs. Kappes and Wu and 

Tranzyme Inc. through the NIH AIDS Reagents Program. 

 Human primary cells 

PBMCs: Human peripheral blood mononuclear cells (PBMCs) were collected from 

the buffy coat of blood samples after density gradient centrifugation using 

lymphocyte Biocoll separation solution. 

CD4+ T-cells: Human CD4+ T-cells were isolated from buffy coat by negative 

selection. 

MDMs: Monocytes were separated from PBMCs by plastic adherence and 

differentiated into monocyte-derived macrophages (MDM) in the presence 

of 10% (v/v) AB-positive human serum and 15 ng/mL macrophage colony-

stimulating factor. 

 

 Bacteria 

Escherichia coli XL-2 blue™:  endA1 supE44 thi-1 recA1 gyrA96 relA1 lac  

[F’ proAB lacIqZΔM15 Tn10 (Tetr) Amy Camr] 

(Stratagene) 
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 Nucleic acids 

2.1.4.1 Synthetic oligonucleotides  

Oligonucleotides purchased from Biomers (Ulm) are listed in table 2.1. 

Table 2.1: Synthetic oligonucleotide pairs for amplification of human transcripts from 

cDNA and modification of GBP5 

Target gene Primer ID Sequence 5'-3' 

GBP5 
DS646 CGTCTAGACCATGGCTTTAGAGATCCACATGTCAG 

DS647 CTACGCGTTTAGAGTAAAACACATGGATCATCGTTATTAAC 

GBP5-KS51,52AA 
CK154 CACTGGCGCAGCCTACCTGATG 

CK155 CATCAGGTAGGCTGCGCCAGTG 

GBP5-T75S 
CK146 CAGTCTCACTCCAAGGGAATTTG 

CK147 CAAATTCCCTTGGAGTGAGACTG 

GBP5-D182N 
CK152 GACTCTGAGAAATTTCTGCTTAGGC 

CK153 GCCTAAGCAGAAATTTCTCAGAGTC 

GBP5-C583A 
DS646 CGTCTAGACCATGGCTTTAGAGATCCACATGTCAG 

CK132 CTACGCGTTTAGAGTAAAACAGCTGGA 

GBP5ta (ΔC) 
DS646 CGTCTAGACCATGGCTTTAGAGATCCACATGTCAG 

CK156 CTACGCGTTTACTTTTTCTTCTTTTTTTCCGTCTC 

GBP1 
CK157 CGTCTAGACCATGGCATCAGAGATCCACATGAC 

CK158 CTACGCGTTTAGCTTATGGTACATGCCTTTCGTCGTC 

 

Oligonucleotides purchased from MWG eurofins (Ebersberg) or Dharmacon are 

listed in table 2.2. 

Table 2.2: Synthetic RNA oligonucleotide pairs for silencing the target gene 

Target gene Sequence 5'-3' 

CTRL 

(scrambled) 

UUCUCCGAACGUGUCACGU 

UCGTGUCUCGTTCGGUGUU 

Anti-GBP5-1 
AGGCAAAGUACUAUCGGGA 

TCCCGUTUGTUCTTTGCCT 

Anti-GBP5-2 
GUCAAUGGAUCUCGUCUAA 

TTUGUCGUGUTCCUTTGUC 

Anti-GBP5-3 
GACAAAUGGAGAUAGCCAA 

TTGGCTUTCTCCUTTTGTC 

Anti-GBP5-4 
GCUGACAACAAGAAUGAUA 

TUTCUTTCTTGTTGTCUGC 
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2.1.4.2 Expression vectors and plasmids 

All used plasmids contain an ampicillin or kanamycin resistance gene for selection in 

bacteria. 

pBR_NL4-3_IRES_eGFP:  Proviral construct encoding the clone of HIV-1 M NL4-3 

and containing a functional nef gene followed by an 

internal ribosomal entry site (IRES) and the eGFP gene 

(Schindler et al., 2006). 

p_HIV-1_CH293:  Plasmid encoding the proviral clone of chronic HIV-1 M subtype 

C isolate (Parrish et al., 2013). 

p_HIV-1_CH167:  Plasmid encoding the proviral clone of chronic HIV-1 M subtype 

C isolate (Parrish et al., 2013). 

pXL-TOPO_CH198: Plasmid encoding the proviral clone of transmitted founder 

HIV-1 M subtype C isolate (Parrish et al., 2013). 

pXL-TOPO_CH077: Plasmid encoding the proviral clone of transmitted founder 

HIV-1 M subtype C isolate (Parrish et al., 2013) 

pXL-TOPO_CH058: Plasmid encoding the proviral clone of transmitted founder 

HIV-1 M subtype C isolate (Parrish et al., 2013) 

XL-TOPO_SIVagm_Sab92018:  Full-length clone of SIVagmSab transmitted founder 

virus (Gnanadurai et al., 2010). 

pBR_SIVmac239:  Plasmid encoding the proviral clone of SIVmac239 (Endres et al., 

1995). 

pHIT-G_VSVg:  Vector expressing Vesicular Stomatitis Virus glycoprotein (VSVg).  

pCG_GBP5_IRES_BFP: Bicistronic expression vector containing the cDNA 

sequence of human GBP5 (McLaren et al., 2015) or its 

mutants under the control of the CMV immediate early 

promoter and coexpressing BFP via an IRES. 

pCG_GBP5_IRES_BFP: Bicistronic expression vector containing the cDNA 

sequence of human GBP1 under the control of the CMV 

immediate early promoter and coexpressing BFP via an 

IRES. 
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pCG_tetherin: Bicistronic expression vector containing the cDNA sequence of 

human tetherin under the control of the CMV immediate early 

promoter. 

pCG_NL4-3_nef*_IRES_BFP: Bicistronic expression vector containing a 

nonfunctional HIV-1 nef gene under the control of the 

CMV immediate early promoter and coexpressing 

BFP via an IRES (Schindler et al., 2006). 

pYU2:  Plasmid encoding the proviral clone of brain-derived HIV-1 isolate YU2 

(provided by Oliver Keppler, Frankfurt). 

pHIV1-AD8:  Plasmid encoding the proviral clone of macropahge-tropic HIV-1 isolate 

AD8 (provided by Cathleen Collins, Ann Arbor) (Mashiba et al., 2014). 

pCAGGS_glycoprotein: Expression vector encoding for one glycoprotein of the 

following under the control of the CMV immediate early 

promotor. Used for HIV-1 NL4-3 env, HIV-1 O 97US08692A 

env, HIV-2 ROD10 env, HIV-2 7312A env, SIVsmm env or 

MLV env. 

 

2.1.4.3 Molecular weight size marker 

 
1kb Plus DNA Ladder was purchased from Life Technologies. 

 

2.1.4.4 Synthetic nucleotides 

 
dNTPs for Polymerase Chain Reaction were purchased from Life Technologies. 

 

 Enzymes 

 
Restriction endonucleases were purchased from New England BioLabs. 

EDTA-Trypsin was purchased from Life Technologies.  

Alkaline phosphatase was purchased from Roche. 
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 Media 

DMEM: Dulbecco’s Modified Eagle Medium (DMEM) was complemented with L-

glutamine (350 mg/mL), streptomycin (120 mg/mL), penicillin (120 mg/mL) 

and 10% (v/v) heat inactivated fetal calf serum (FCS). 

 

RPMI: Roswell Park Memorial Institute (RPMI) 1640 medium was complemented 

with L-glutamine (350 mg/mL), streptomycin (120 mg/mL), penicillin (120 

mg/mL) and 10% (v/v) heat inactivated FCS. 

 
Luria-Bertani (LB) medium: Bacto Tryptone (10 g/l), Bacto Yeast Extract (5 g/l), 

NaCl (8g/l), glucose (1 g/l), ampicillin or kanamycin 

(100 mg/l) 

LB agar: LB medium complemented with 1.5% (w/v) Bacto Agar. 

 

 Reagents and utilities 

Table 3: Reagents and utilities used in this work including their distributors. 

AB-positive human serum  Sigma-Aldrich 

Agarose Difco 

Ampicillin Bayer 

Annexin V binding buffer BD Biosciences 

Bacto tryptone  BD Biosciences 

β-mercaptoethanol Sigma-Aldrich 

BSA 10% KPL 

Buffers for restriction digestion  New England BioLabs 

Calciumchloride Sigma-Aldrich 

Cell culture flasks  Sarstedt 

Cell culture well plates  Greiner 

Cell scraper Sarstedt 

Complete ultra™ Tablets, Mini, EDTA free Roche 

Cryo tubes Sarstedt 

Dimethylsulfoxid Fluka 

Disodium hydrogen dehydrate phosphate   AppliChem   

Dithiotreitol Life Technologies 

Dulbecco's Modified Eagle Medium Gibco 

Ethanol Sigma-Aldrich 

Ethidium bromide Sigma-Aldrich 

Ethylenediaminetetraacetic acid Biochrom 

FACS clean solution BD Biosciences 

FACS flow solution BD Biosciences 
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FACS shutdown solution BD Biosciences 

FACS tubes BD Biosciences 

Falcon tubes Sarstedt 

Fetal calf serum  Life Technologies 

Ficoll separation solution  Biochrom 

Filtered tips Sarstedt 

Gal-screen™ substrate Applied Biosystems   

Gloves VWR 

L-Glutamine  Life Technologies 

HPLC water VWR 

Hydrochloric acid VWR 

Hydrogen peroxide VWR 

Immobilon-FL™ Transfer Membrane Millipore 

Incidin foam EcoLab 

Interferon-α A/D Sigma-Aldrich 

Interferon-γ Sigma-Aldrich 

Interleukin-2  Sigma-Aldrich 

Isopropanol  Merck 

Isopropyl β-D-1-thiogalactopyranoside Roche 

Magnesium chloride Sigma-Aldrich 

M-CSF R&D Systems 

Methanol  Sigma-Aldrich 

Microwell plates (white) Nunc 

Milk powder Merck 

M-PER™ Mammalian Protein Extraction Reagent Thermo Scientific 

MTT Thiazolyl Blue Tetrazolium Bromide Sigma-Aldrich 

NuPAGE™ Antioxidant Life Technologies 

NuPAGE™ MES SDS Running Buffer Life Technologies 

NuPAGE™ Novex 4-12% Bis-Tris Gel 1.0 mm Life Technologies 

Paraformaldehyde Merck 

PCR tubes Biozym 

Penicillin Gibco 

Phosphat buffered saline Gibco 

Phytohaemagglutinin  Murex 

Pipette tips Sarstedt 

Potassium chloride molecular biology grade Applichem 

Potassium dihydrogen phosphate BioChemica Applichem 

Poly-L-Lysine Sigma-Aldrich 

Precision Plus™ Protein Kaleidoskop Standard Bio-Rad 

Protein Loading Buffer LI-COR 

Reaction tubes Eppendorf 

Reagent reservoirs VWR 

Roswell Park Memorial Institute medium  Gibco 

Serological pipettes   Sarstedt 

SOC medium Gibco 

Sodium chloride Sigma-Aldrich 

Sodium hydroxide VWR 
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Sodiumdodecylsulfate Sigma-Aldrich 

Stericup Filter Unit 0.45 µm Millipore 

Syringe  BD Biosciences 

Tris  VWR 

Tryptone  Sigma-Aldrich 

Trypsin Gibco 

Triton X-100  Sigma-Aldrich 

Tween 20 Roth 

Whatman™ paper Bio-Rad 

Wipes Kimberly-Clark 

Yeast extract  BD Biosciences 

X-gal Roth 

 

 Kits 

Table 4: Commercial kits used in this work including their distributors. 

Annexin V detection Kit BD Biosciences 

Gal-Screen™ System Applied Biosytsems 

Gaussia luciferase System P.J.K. 

Human CD4+ T-cell Rosette Sep™ STEMCELL  Technologies 

Luciferase Assay System Promega 

Miniprep Kit  Qiagen 

NucleoBond™ Xtra Midi EF Macherey & Nagel 

Phire™ Hot Start DNA polymerase Kit Thermo Scientific 

Phusion™ HF PCR Kit Biozym 

Qiashredder™ Qiagen 

Rneasy™ Mini Kit Qiagen 

SuperScript™ III Reverse Transcriptase Kit Life Technologies 

TaqMan™ Fast Universal Master Mix Applied Biosystems 

Topo™ vektor Cloning Kit Life Technologies 

UltraClean™ 15 DNA purification Kit MoBio Laboratories Inc. 

Wizard™ Plus Midiprep Kit  Promega 

Zero Blunt TOPO™ PCR Cloning Kit  Invitrogen 

Lipofectamine RNAi-max Invitrogen 

Beta.Lactamase loading solutions Invitrogen 

DNA Ligation Kit Ver.2.1 Takara Bio Inc. 

 

 Buffers and solutions 

1x PBS: 140mM NaCl, 8.1mM Na2HPO4, 2.7mM KCl, 1.5mM KH2PO4, adjust pH to 7 

FACS buffer: PBS complemented with 1% FCS (v/v) 

Fixation buffer for flow cytometry: PBS with 1% FCS (v/v) and 2% PFA (w/v) 

Lysis buffer for Western Blot:  150 mM NaCl, 50 mM HEPES, 5 mM EDTA, 0.1% 

NP40, 500 µM Na3VO4, 500 µM NaF, pH 7.5 
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Antibody buffer for Western blot:  0.2% Tween 20 in PBS with 1% milk powder 

(w/v) 

Blocking buffer for Western blot:  0.2% Tween 20 in PBS with 5% milk powder 

(w/v) 

Transfer buffer for Western blot:  47.9mM Tris, 38.6mM glycine, 1.3mM SDS and  

20% methanol (v/v) in distilled water, adjust pH 

to 8.3 

ELISA/Western blot wash buffer: 0.05% Tween 20 in PBS 

Lysis solution for ELISA: 10% Triton X-100 in distilled water 

Blocking solution for ELISA: PBS with 10% FCS (v/v) 

Stop solution for ELISA: 1N HCl 

10x HBS: 8.18% NaCl (w/v), 5.94% HEPES (w/v) and 0.25% Na2HPO2 x 2H2O (w/v) in 

distilled water. For 2x HBS preparation, the 10x stock solution was diluted 

with distilled water (final pH 7.12) and sterilized by filtration. 

Calcium chloride for transfection: 2M CaCl2 in distilled water 

50x TAE buffer: 2M Tris-HCl, 1M acetic acid, 0.1M EDTA, adjust pH to 8.3 

Agarose gel loading buffer:  0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene  

cyanol, 30% (v/v) glycerol 

Gaussia substrate dilution buffer: 0.1M Tris, 0.3M sodium ascorbate, adjust pH to 

7.4 

 Antibodies 

Table 5: Antibodies used in this work including their distributors. 

Anti-caspase-1 Santa Cruz 

Anti-caspase-1-p10 Santa Cruz 

Anti-CD11c FITC BD Biosciences 

Anti-CD14 APC BD Biosciences 

Anti-CD4 PerCP BD Biosciences 

Anti-Env-16H3 NIAID, NIH  

Anti-GAPDH Novus Biologicals 

Anti-GBP1 Santa Cruz 

Anti-GBP5 Santa Cruz 

Anti-HIV-1 gp120 2G12 NIAID, NIH 

Anti-human Alexa633 Invitrogen 

Anti-mouse 800CW LI-COR 

Anti-mouse IgG1 APC BioLegend 
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Anti-mouse IRDye 680  LI-COR 

Anti-p24  Eurogentec 

Anti-p24 ab9071 Abcam 

Anti-rabbit 680 LI-COR 

Anti-rabbit IgG, Fc-HRP Dianova 

Anti-rabbit IRDye 800CW LI-COR 

Anti-tetherin Abnova 

Anti-β-actin Abcam 

Dynabeads™ CD3/CD28 Life Technologies 

Isotype control mouse IgG2b APC BD Biosciences 

 

 Equipment 

Table 6: Equipment used in this work including their distributors. 

Axiovert® 40 CFL Zeiss 

Belly Dancer® IBI Scientific 

Cell culture incubator STERI-CULT® Thermo Scientific  

Centrifuge 5417R Eppendorf  

Centrifuge 5810R Eppendorf  

Certomat® IS incubator shakers Satorius 

Compartment dryer Binder 

FACS Canto II® BD Biosciences 

Geldoc® XR Bio-Rad  

Nanodrop® 2000 spectrophotometer  Thermo Scientific  

Odyssey® Infrared Imaging System LI-COR  

Orion® II Microplate Luminometer  Berthold 

PAGE apparatus Life Technologies 

pH meter FiveEasy® Mettler Toledo 

Pump Welch 

Safety cabinet Thermo Scientific  

StepOnePlus® qPCR System Life Technologies 

Table centrifuge Bio-Rad  

Thermomax® microplate reader  Molecular devices 

Thermomixer Eppendorf  

Trans-Blot® SD Semi-Dry electrophoretic Transfer Cell Bio-Rad  

UV transilluminator, 366nm   Syngene  

Veriti® Thermal Cycler Life Technologies 

Voltage PowerPAC Basic Power Supply Bio-Rad  

Vortex-Genie 2® USA Scientific 
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 Software 

Table 7: Software used in this work including their distributors. 

CorelDRAW™ X4 Corel Corporation 

FACSDiva™ 6 BD Bioschiences 

FlowJo™ 7 Treestar 

Image Studio™ Lite LI-COR 

Office™ Professional Plus 2013 Microsoft 

Photoshop™ CS5.1 Adobe 

Prism™ 5 GraphPad  

Odyssey™ Infrared Imaging LI-COR 

Quantity One™ Bio-Rad 

Simplicity™ Simplicity Software Technologies Inc 

Softmax Pro™ Molecular Devices 

StepOnePlus™ Software v2.3 Life Technologies 

Windows™ 7 Microsoft 

Windows™ XP Microsoft 

 

 

2.2 Methods 

 Preparation of competent bacterial cells 

A volume of 50mL LB medium was inoculated with 500µL of an E.coli overnight 

culture and incubated at 37°C and 200rpm on a Certomat® IS incubator shaker 

(Satorius) until the OD600 reached 0.5-0.6. The bacteria were pelleted by 10min 

centrifugation at 4,000rpm and 4°C. The supernatant was discarded and the pellet 

was resuspended in 10mL ice cold 100mM MgCl2. Bacteria were incubated on ice for 

20min and pelleted for 10min at 4,000rpm and 4°C. The supernatant was discarded 

and the pellet was resuspended in 1mL of ice cold 100mM CaCl2 supplemented with 

15% glycerol. Aliquots of 100µL were stored at -80°C. 

 

 DNA methods 

2.2.2.1 Plasmid DNA preparation 

5mL (mini preparation) or 150mL (midi preparation) LB medium supplemented 

with ampicillin/kanamycin (100µg/mL) was inoculated and incubated at 37°C with 

vigorous shaking on a Certomat® IS incubator shaker (Sartorius) for 12-16h. For 
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propagation of proviral constructs, cultures were kept at 30°C to avoid recombinative 

events. Overnight cultures were used for plasmid DNA purification carried out as 

described in the general protocol for high-copy plasmids supplied with the Kit by the 

manufacturers. Plasmid DNA for cloning procedures was prepared using the Plasmid 

DNA Mini Prep Kit (Qiagen). For higher amounts, plasmid DNA was prepared 

utilizing the Wizard™ Plus Midiprep purification Kit (Promega) or NucleoBond™ Xtra 

Midi EF (Macherey & Nagel). DNA quality and concentrations were determined using 

the Nanodrop® 2000 spectrophotometer (Thermo Scientific). 

 

2.2.2.2 Restriction digestion 

1µg of plasmid DNA was digested by restriction endonucleases in supplied 

buffers (New England BioLabs) according to the manufacturer’s instructions in a final 

volume of 20µL. Digestions were performed at 37 °C for at least two hours using a 

thermomixer (Eppendorf). 

 

2.2.2.3 Agarose gel electrophoresis 

Gel electrophoresis of DNA was performed in 0.6-2% (w/v) agarose gels in 1xTAE 

buffer containing 0.2µg/mL ethidium bromide. DNA samples were mixed with 5x 

loading dye and agarose gel electrophoresis was carried out in 1xTAE at 140V for 

30min using Voltage PowerPAC Basic Power Supply (Bio-Rad). Imaging was 

performed using the high-resolution Geldoc® XR system and Quantity One™ software 

(Bio-Rad). Visualization at 366nm on a UV transilluminator (Syngene) allowed DNA 

band isolation using a scalpel. The DNA fragments were purified via the UltraClean™ 

15 DNA Purification Kit (MoBio Laboratories Inc.) according to the manufacturer’s 

protocol. 

 

2.2.2.4 DNA ligation 

Vector and insert DNA were mixed in a ratio of 1:2 and ligated using a DNA 

Ligation Kit Ver2.1 (TaKaRa) according to the manufacturer’s protocol. Ligation was 

performed at 16°C for at least four hours. 
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2.2.2.5 Transformation of competent bacteria 

DNA was incubated on ice with 12-15µL of competent E. coli XL2 Blue cells for 

20min in order to allow DNA uptake. After the cells were heat-shocked for 30s at 

42°C, cells were incubated on ice for 2.5min followed by the addition of 200μl SOC 

medium. The transformed cells were incubated at 37°C on a shaker (Eppendorf) for 

40min and spread on LB agar plates containing respective antibiotics (100µg/mL). The 

plates were kept at 37°C in a compartment dryer (Binder) for up to 16h to allow the 

formation of single bacterial colonies. In case of proviral constructs, the temperature 

was reduced to 30°C to avoid recombinative events.   

 

2.2.2.6 Polymerase chain reaction (PCR) 

All PCR reactions were performed with either Phire™ Hot Start DNA polymerase 

Kit (Thermo Scientific) or Phusion™ HF PCR Kit (Biozym) in a Veriti® Thermal Cycler 

(Life Technologies) in a total volume of 20µL. dNTPs were purchased from Life 

Technologies and the following PCR conditions were used:   

(1) Initial denaturation: 98°C, 1min   

(2) Denaturation: 98°C, 5s   

(3) Annealing: Tm-5°C, 5s                      35 cycles 

(4) Extension: 72°C (20s/kb) 

(5) Final extension: 72°C, 1 min. 

 

2.2.2.7 Generation of expression vectors 

Human transcripts were amplified from human cDNA generated from primary 

blood cells by a standard PCR reaction using primers (Table 2) introducing XbaI and 

MluI restriction sites flanking the transcript’s open reading frame. For non-human 

primate orthologue transcripts, the original stop codon was removed to introduce a 

C-terminal HA-tag (YPYDVPDYA). Orthologous transcripts were cloned via XbaI and 

NotI restriction sites. Digested PCR products were purified from agarose gels and 

inserted into the pCG_NL4-3_nef*_IRES_BFP expression vector by replacing the 



Material and Methods 

 

 23 

nonfunctional nef gene using standard cloning techniques. All PCR-derived inserts 

were sequenced to confirm their accuracy, silent mutations were accepted. 

 

2.2.2.8 DNA sequencing 

DNA sequencing was performed by Eurofins/MWG (Ebersberg). Sequences were 

analyzed using the Multalin online tool (http://multalin.toulouse.inra.fr/multalin/), 

sequence reverse complementor (http://bioinformatics.org/sms/rev_comp.html), 

and DNA/amino acid translation program (http://www.expasy.org/tools/dna.html). 

 

 Eukaryotic cell culture and transfection 

2.2.3.1 Adherent cell culture 

HEK293T and TZM-bl cells were maintained in supplemented DMEM culture 

medium. Cells were kept in T75 (15mL) or T175 (50mL) cell culture flasks (Sarstedt) 

suitable for adherent cell culture and incubated at 37°C, 90% humidity, and 5% CO2 

in a cell culture incubator STERI-CULT® (Thermo Scientific). According to cellular 

growth, cells were passaged two to three times per week. Adherent cells were 

detached from the culture vessel using 0.05% Trypsin/EDTA. After detachment, cells 

were resuspended in culture medium and passaged 1:5 or 1:10.   

 

2.2.3.2 Transfection of HEK293T cells 

HEK293T cells were transiently transfected using the calcium chloride 

precipitation method. For this purpose, HEK293T cells were seeded in 6-well plates 

and cultured overnight to obtain a cell density of 60-80% at the day of transfection. 

Prior to transfection, medium was replaced with 2mL of fresh complete DMEM per 

well. For transfection, 2.5 to 6µg of plasmid DNA was diluted in 13µL 2M CaCl2 and 

filled up with sterile water to a final volume of 100µL. The solution was mixed 

dropwise with an equal volume of 2x HBS followed by rigorous pipetting. The 

transfection cocktail was added dropwise to the cells. Medium was changed routinely 

after 6 to 16h, and 2ml fresh complete DMEM was added to the cells. 
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2.2.3.3 Isolation of human primary blood cells 

Human blood concentrates derived from 400 or 500mL whole blood and 

obtained from the blood bank (Ulm Medical Center), were diluted 1:3 with PBS. 

Biocoll separating solution (Biochrom) was overlaid with the diluted blood and 

centrifuged at 1200rcf for 20min without brakes at room temperature. The white 

interphase layer formed by PBMCs was transferred into a fresh tube and washed twice 

with PBS. After washing cells were cultured in supplemented RPMI-1640 medium. For 

viral infection, human PBMCs were prestimulated with 1μg/mL PHA and 10ng/mL IL-

2 for three days. 

 

2.2.3.4 Isolation and stimulation of human CD4+ T-cells 

Human CD4+ T-cells were isolated from buffy coat by negative selection using 

the RosetteSep™ Kit (STEMCELL Technologies). Buffy coat was diluted with PBS in 

2:3 ratio, and an enrichment antibody cocktail was added according to the 

manufacturer’s instructions. CD4+ T-cells were isolated using lymphocyte separation 

medium as described for PBMCs, and purity was checked by flow cytometric analysis. 

Enriched T-cells were cultivated in RPMI-1640 medium supplemented with 10% FCS, 

and stimulated via CD3/CD28 Dynabeads® (Life Technologies) in a ratio of 1:1 (cell to 

bead) in the presence of IL-2 (10ng/mL), IFN-α (500U/mL), or IFN-γ (200U/mL) for 

two days prior to analysis or infection. 

 

2.2.3.5 Differentiation of human macrophages 

6x106 PBMCs were cultivated in complete RMPI-1640 medium supplemented 

with 10% (v/v) AB-positive human serum (Sigma-Aldrich) and 15ng/mL macrophage 

colony-stimulating factor (R&D Systems) in 3mL per 6-well. Monocytes were allowed 

to differentiate into human monocyte-derived macrophages (MDM) for seven days. 

Medium was replaced routinely after three days and differentiation was controlled by 

flow cytometry. MDM were treated with IFN-α (500U/mL), or IFN-γ (200U/mL) for 

two days prior to analysis or transduction. 
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2.2.3.6siRNA transfection of human macrophages 

Differentiated human macrophages were transfected on day 6 and and 8 after 

isolation. Transfection was done with GBP5 specific or scrambled siRNA (45 nM) 

using Lipofectamine RNAiMax (Life technologies) according to the manufacturer’s 

instructions. 

 

 Virological methods 

2.2.4.1 Production of virus stocks 

HEK293T cells were transiently transfected using the calcium chloride 

precipitation method as described in section 2.2.3.2. 5µg of proviral DNA was 

delivered to the cells. For generation of VSVg-pseudotyped particles, 1µg of pHIT-

G_VSVg expression vector was included. Medium was changed routinely after 6 to 

16h, and fresh DMEM supplemented with 2.5% (v/v) FCS was added to the cells. 

Infectious supernatants were harvested 30 to 36h post transfection. To remove 

cellular debris, virus stocks were centrifuged at 2000rpm for 5min and stored at 4°C 

up to 2 weeks or at -80°C for long-term storage. HIV-1 Bal virus stocks were passaged 

on PM-1 cells (Lodermeyer et al., 2013). 

 

2.2.4.2 Infection of human PBMCs and CD4+ T-cells 

106 stimulated primary cells in FACS tubes were washed with PBS and incubated 

with 400µL of virus stock for 6h at 37°C. Cells were washed twice with PBS, and 

resuspended in 3mL complete RPMI-1640 medium supplemented with IL-2 

(10ng/mL) for three days at 37°C. 

 

2.2.4.3 Infectivity assay on TZM-bl reporter cell line 

The yield of infectious HIV-1 was determined by an infection assay using TZM-

bl indicator cells. One day prior infection, 6000 cells were seeded in flat bottom 96-

well dishes in a volume of 100µL complete DMEM. Infection was performed in 

triplicates with 10 or 100µL of  infectious  supernatant,  unless  indicated  otherwise. 
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Three  days  later infection  was determined by measuring Tat-driven LTR-dependent 

β-galactosidase expression using the Gal-screen Kit from Applied Bioscience as 

recommended by the manufacturer. Cell lysates were transferred into white 

microwell plates (Nunc), and β-galactosidase activities were quantified as relative 

light units per second (RLU/s) using an Orion© II Microplate Luminometer 

(Berthold). 

 

 Biochemical methods 

2.2.5.1 SDS polyacrylamide gel electrophoresis 

Cells were lysed in Western blot lysis buffer. Cell-free virions were pelleted by 

centrifugation of cell culture supernatants through a 20% sucrose cushion at 20,800 

g for 90 minutes at 4°C and lysed in Western blot lysis buffer. The protein amount 

was normalized by measuring protein concentrations with the Nanodrop® 2000 

spectrophotometer (Thermo Scientific). Lysates were mixed with 4x protein loading 

buffer (LI-COR) supplemented with 10% β-mercaptoethanol and heated for 5 min at 

95°C. 5µL of Precision Plus™ Protein Kaleidoskop Standard (Bio-Rad) and samples 

were loaded on NuPAGE™ Novex 4-12% Bis-Tris gels (Life Technologies) and run at 

150V for 90min using a Voltage PowerPAC Basic Power Supply (Bio-Rad). 

 

2.2.5.2 Western blot 

Separated proteins were blotted onto a methanol-activated polyvinylidene 

difluoride (PVDF) Immobilon-FL™ Transfer Membrane (Millipore) at 0.75mA/cm2 for 

two hours in Western blot transfer buffer. Membranes were blocked in PBS 

containing 5% non-fat dry milk for 30min at room temperature and then incubated 

overnight with primary antibodies (Table 5) diluted in PBS containing 1% non-fat dry 

milk at 4°C according to the manufacturers’ instructions. Unbound antibodies were 

removed by three washing steps with 0.05% Tween in PBS. Then, membranes were 

incubated with fluorophore- conjugated secondary antibodies (Table 5) diluted 

1:20,000 in 1% non-fat dry milk in PBS for 20min at room temperature. Membranes 

were washed three times with 0.05% Tween in PBS. Fluorescence signals were 
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detected with the Odyssey® Infrared Imaging System (LI-COR) and signal intensities 

were quantified by Image Studio™ Lite (LI-COR) using β-actin for normalization. 

 

2.2.5.3 Protein deglycosylation 

To investigate the effect of GBP5 on Env glycosylation, cells were lysed in 

Western blot lysis buffer followed by deglycosylation of the lysates using PNGase F 

(New England Biolabs). Deglycosylation was performed under denaturing reaction 

conditions according to the manufacturer’s instructions and the extent of 

declycosylation was monitored by Western blot analysis as described above. 

 

2.2.5.4 HIV-1 p24 antigen ELISA 

HIV-1 p24 capsid protein content was quantified using a homemade anti-p24 

ELISA system. Infectious supernatants or cells were lysed overnight with 1% Triton X-

100 at 4°C. Different dilutions of the lysed samples were transferred in p24-antibody 

coated and blocked Maxisorb flat bottom 96-well plates (Nunc). After overnight 

incubation in wet chambers at room temperature, unbound capsid proteins were 

removed by several washing steps. For the quantification of bound p24 antigen the 

“sandwich”-ELISA method was used. First, a rabbit anti-HIV-1 p24 antibody was 

added for one hour at 37°C, followed by incubation with a goat anti-rabbit antibody 

conjugated to horseradish peroxidase (HRP) for two hours at 37°C. TMB peroxidase 

substrate was added and the reaction was stopped with 1N HCl. The color intensity  

which  is  proportional  to  the  amount  of  p24  capsid  antigen was measured at 

450nm and 650nm with the Thermomax® microplate reader (Molecular devices). 

Between each step, wells were washed three times with 0.05% Tween 20 in PBS. 

 

2.2.5.5 IL-1β and caspase 1 measurement.  

IL-1β and caspase 1 measurement. Interleukin-1 beta (IL-1β) content in the 

supernatant of infected macrophages was determined using an IL-1β ELISA module 

set (eBioscience). The samples were tested untreated in a 1:2 dilution according to the 

manufacturer’s protocol using Nunc immuno maxi sorb surface 96-well plates. 
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Cleavage of procaspase 1 was determined by Western blot analysis of siRNA 

transfected MDM using caspase 1 and caspase 1 p10 antibodies (Santa Cruz). 

 

  Flow cytometric analysis 

2.2.6.1 Staining of CD4+ T-cells and macrophages 

106 human CD4+ T-cells were washed with 1mL cold FACS buffer in FACS tubes 

and stained with fluorochrome labeled antibodies (Table 5) in 100µL FACS buffer for 

one hour at 4°C. In case of unlabeled detection antibody, cells were incubated with 

an APC-conjugated secondary antibody in 100µL FACS buffer for 30min at 4°C under 

inclusion of the respective isotype control. Cells were washed with 1mL cold FACS 

buffer and fixed in 300µL fixation buffer. Adherent MDM were washed with cold PBS, 

incubated with 0.05% Trypsin/EDTA and carefully detached using a cell scraper 

(Sarstedt) prior to surface staining in FACS tubes. Flow cytometric analysis was 

performed with a FACS CANTO© II (BD Biosciences). Purity of negatively isolated 

CD4+ T-cells was routinely checked by surface staining of CD4 and counterstaining 

for CD11c. The differentiation of MDM was monitored by staining of CD14 surface 

expression including an unspecific APC-labeled mouse IgG2b antibody as isotype 

control. 

 

2.2.6.2 Detection of eGFP and BFP in HEK293T and primary cells 

Flow cytometric analysis of intracellular eGFP and BFP reporter expression in 

transfected/transduced HEK293T cells or infected/transduced primary cells was 

performed on a FACS CANTO© II (BD Biosciences). Cells were washed with 1mL cold 

FACS buffer in FACS tubes and fixed in 300µL fixation buffer for at least 20min at 4°C 

prior to analysis. For analysis of HEK293T cells cotransfected with 2.5µg vector 

expressing individual candidate genes and BFP, together with 2.5µg of proviral HIV-1 

IRES eGFP constructs or transduced by VSVg-eGFP reporter HIV-1, the percentage of 

eGFP+ cells within the BFP+ population was determined in relation to eGFP+ cell 

numbers within the BFP- population. In addition, the mean fluorescence intensity of 



Material and Methods 

 

 29 

eGFP within the BFP+ population was determined to monitor the impact on early viral 

gene transcription.   

 

2.2.6.3Fusion Assay 

The fusogenic capacity of particles produced in the presence or absence of GBP5 

was determined using a β-lactamase based assay, as previously reported (Cavrois et 

al., 2002). The assay was performed in CCR5 positive SupT1 cells and human PBMCs, 

using 0.2 µl CCF2 substrate for 500,000 cells. 

 

 RNA methods 

2.2.7.1 RNA extraction from primary cells 

Extraction of total cellular mRNA from primary cells was performed using the 

RNeasy™ Mini Kit (Qiagen) according to the manufacturer’s instructions. Cells were 

lysed in 350µL of the provided lysis buffer including β-mercaptoethanol. 

Contaminating DNA was removed by a recombinant DNase solution which was 

directly applied onto the silica membrane during the preparation. RNA was eluted in 

60µL RNase-free water. RNA concentrations were determined by the Nanodrop© 

2000 spectrophotometer (Thermo Scientific) and RNA was stored at -80°C if not used 

immediately. 

 

2.2.7.2 cDNA synthesis 

1µg of total mRNA was used for cDNA synthesis via the SuperScript™ III Reverse 

Transcriptase Kit (Life Technologies) according to the manufacturer’s instructions. 

Initial denaturation was performed for 5min at 65°C using a thermomixer 

(Eppendorf). cDNA synthesis was carried out via provided Oligo (dT)20 (50 

pmoles/reaction) for 50min at 50°C and reverse transcription was stopped by heat 

inactivation for 5min at 85°C. cDNA was used for amplification of human transcripts 

or applied in quantitative real time PCR.  
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  Statistical analysis 

For comparison between primary values student’s t-tests was performed. 

Evaluation of normalized values was done using the one-sample t-test or the 

Wilcoxon Signed Rank test. Correlation analyses were evaluated by Pearson r². ns = 

p > 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. 
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3. Results 

3.1 GBP5 reduces infectivity of different primate lentiviruses 

In a genome-wide screen for potential HIV-1 restriction factors, we recently 

identified the large GTPase GBP5 as an inhibitor of HIV-1. Cotransfection of GBP5 

with the lab-adapted HIV-1 strain NL4-3 strongly decreased infectious  virus 

production by HEK 293T cells but had no impact on the amount of capsid protein p24 

in the cells and only a modest effect on cell-free p24 levels (McLaren et al., 2015) 

[Figure 5a]. 

 

GBP5-dependent reduction of infectious virus yield was confirmed for different 

primary isolates of HIV-1, such as transmitted founder (TF) or chronic (CC) viruses 

[Figure 5b]. GBP5 also decreased the infectious virus yield of simian 

immunodeficiency viruses infecting rhesus macaques (mac) or African green 

monkeys (agm) [Figure 5b]. The restriction by GBP5 is dose dependent and already 

0.5 µg expression-plasmid can lead to a 50% reduction of infectious virus in the 

supernatant [Figure 5c]. All tested HIV and SIV strains were suceptible to GBP5 in 

this transient assay [Figure 5b,c]. 

Figure 5: GBP5 impairs infectious HIV-1 production 

a: HEK 293T cells were cotransfected with an HIV-1 NL4-3 (2.5 µg) construct and a GBP5 expression vector 

(2.5 µg). Shown are the quantities of cell-free (CF) or cell-associated (CA) p24 antigen, and levels of 

infectious HIV-1 in the culture supernatant at 40 h post-transfection. All panels provide mean values (±SEM; 

n=5) relative to those measured in HEK 293T cultures cotransfected with the control vector (100%). b: HEK 

293T cells were cotransfected with the indicated HIV and SIV proviral constructs (2.5 µg) and GBP5 (1 µg). 

At 40 h post-transfection, the culture supernatants were collected and the infectious virus yield determined 

by TZM-bl infectivity assay. Values are percentages relative to those measured in HEK 293T cultures 

cotransfected with the proviral constructs and the control vector only (100%). All bars provide mean values 

(±SEM; n=4-9). c: HEK 293T cells were cotransfected with increasing amounts of a GBP5 expression vector 

and the indicated HIV-1 or SIV proviral constructs. At 40 h post-transfection, the supernatants were collected 

and the infectious virus yield determined by TZM-bl infectivity assay. Values are percentages relative to 

those measured without GBP5 expression vector.  * ≙ p≤0.05, ** ≙ p≤0.01, *** ≙ p≤0.001 
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Further examination of GBP5 expression in HEK 293T cells by Western blot 

analysis revealed that GBP5 causes a clear shift in electrophoretic mobility of Env in 

cellular extracts [Figure 6a]. The severity of this shift becomes more obvious with 

increasing amounts of GBP5, as the proportion of altered Env increases. Notably, only 

the correctly sized forms of Env proteins were found in the released virions. However, 

the increase of GBP5 led to a decrease in gp120 and increase in uncleaved gp160 in 

progeny virions [Figure 6a]. Treatment of cellular extracts with PNGase-F in order to 

remove all N-linked oligosaccharides abolishes the GBP5-induced shift in 

electrophoretic mobility, suggesting that GBP5 interferes with N-linked glycosylation 

of Env glycoproteins [Figure 6b].  

 

 

Figure 6: GBP5 alters HIV-1 Env 

a: HEK 293T cells were cotransfected with constant quantities of proviral HIV-1 NL4-3 or CH058 constructs 

(2.5 µg) and different doses (0; 0.1; 0.25; 0.5; 1 or 2.5 µg) of GBP5 expression vector or an empty vector for 

control (Co). Expression of HIV-1 proteins, GBP5 and β-actin in cellular extracts and HIV-1 Env and Gag in 

sucrose gradient purified virus preparations in the culture supernatant was analyzed by Western blot. The 

upper panel shows infectious virus yield determined by infection of TZM-bl cells. Data shows mean 

percentages (± SEM; n=3) relative to those measured without GBP5 expression vector. b: HEK 293T cells 

were cotransfected with empty control or GBP5 expression vectors (0; 0.5 or 2.5 µg) and the HIV-1 NL4-3 

proviral construct were lysed and left untreated or incubated with PNGase F to remove all N-linked mannose, 

hybrid, and complex oligosaccharides. The results were confirmed in two independent experiments. 
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3.2 GBP5 interferes with retroviral Env glycoproteins and reduces 

their fusogenicity 

Changes in the glycosylation of Env might be the explanation for reduced 

infectious virus yield. Examination of the Env processing downstream from 

glycosylation, like transport to the cell surface or virion infectivity, may offer evidence 

for that.  

Analysis of Env surface expression on transfected HEK 293T cells showed that 

the presence of GBP5 not only alters the glycosylation but also reduces the surface 

expression of Env from different HIV-1 strains [Figure 7a, b]. Decreased surface 

expression [Figure 7a, b] and reduced incorporation of Env [Figure 6a] suggests that 

the reduction in infectivity of the progeny virus may be due to less Env spikes on the 

virion, leading to reduced fusogenic activity. Indeed, analysis of the fusion capacity 

of viruses produced in the presence or absence of GBP5 revealed that the impairment 

of infectivity was associated with a reduced number of fusion events (r²=0.7608 

p=0.0234). HIV-1 produced in the presence of GBP5 showed up to 70% less fusion 

events in SupT1 T-cells [Figure 7b,c] and up to 80% less fusion in human PBMC 

[Figure 7c] compared to virus produced in the absence of GBP5.  

GBP5 restricted HIV-1 pseudotyped with retroviral envelope proteins but had no 

effect when HIV-1 was pseudotyped with vesicular-stomatitis-virus glycoprotein 

(VSV-G) [Figure 7e]. This comparison shows that GBP5 targets not only HIV-1 group 

M Env proteins, but also HIV-1 group O, HIV-2, SIV and even MLV envelope proteins. 

However, its inability to target the VSV-glycoprotein suggests that it specifically alters 

retroviral envelope proteins [Figure 7e]. Indeed, in a comparative analysis of different 

glycosylated proteins in the presence or absence of GBP5, only the retroviral Envs 

exhibited a shift in the glycosylation pattern [Figure 8a], whereas the glycosylation of 

the heavily and diversely glycosylated viral restriction factor Tetherin was unchanged 

[Figure 8b].
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Figure 7: GBP5 targets different viral glycoproteins, reduces Env surface expression and 

impairs fusogenicity of HIV 

a & b: Representative primary data (a) and quantitative analyses (b) of Env cell surface expression in the 

presence and absence of GBP5. The dotted line indicates the isotype control. HEK 293T cells were 

cotransfected with the indicated proviral HIV-1 constructs (2.5 µg) and GBP5 or an empty vector control (1 

µg). At 40 h post-transfection the cells were harvested and analyzed for Env surface expression by flow 

cytometry. The bars shown mean values (±SEM, n=3) relative to those measured in the absence of GBP5 

(100%). c & d: Virus stocks of the indicated HIV-1 strains with incorporated BLAM-Vpr were produced in 

HEK 293Tcells in the presence or absence of GBP5 (1 µg) and normalized for their p24 content (evaluated 

by ELISA). Normalized virus stocks were used to infect (c), (d), CCR5+ SupT1 cells or (d), human PBMC 

for 3 to 6 h. Subsequently, the cells were incubated with the CCF2 substrate overnight, and analyzed for the 

number of fusion events by flow-cytometry. Panel (c) shows representative primary data, with the number 

of fusion events indicated. Panel (d) shows the mean percentages of fusion events (±SD, n=4 or 3) in the 

presence of GBP5 relative to those obtained using virus stocks produced in the presence of the control 

vector (100%). e: HEK 293T cells were cotransfected with GBP5 expression vector, an env-defective NL4-

3 proviral construct and plasmids expressing the indicated viral glycoproteins. Infectious virus yield was 

determined by infection of TZM-bl reporter cells and is displayed as percentage of empty vector control. 

Bars show mean values (±SEM; n=3-6). * ≙ p≤0.05, ** ≙ p≤0.01, *** ≙ p≤0.001 
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3.3 GBP5 is expressed in HIV target cells and restricts HIV-1 in 

macrophages  

To better asses the possible relevance of GBP5 in-vivo, its expression in primary 

HIV target cells was analyzed by Western blot. This revealed that GBP5 is expressed 

in CD4+ T-cells as well as in monocyte-derived macrophages (MDM) [Figure 9a].  

 

 

Figure 8: GBP5 specifically 

alters retroviral Env 

glycosylation  

a & b: HEK 293T cells were 

cotransfected with increasing 

doses of GBP5 (0, 0.5 and 2.5 

µg) and constant amounts of 

vectors expressing the indicated 

glycoproteins. 36 h post-

transfection cells were lysed for 

Western blot analysis. Besides 

the loading control actin and 

GBP5, either the retroviral 

envelope proteins were detected 

(a) or the host restriction factor 

Tetherin (b

 

Figure 9: GBP5 is expressed and can be further induced 

in primary HIV-1 target cells  

a: Representative Western Blot of GBP5 expression in human MDM 

and primary CD4+ T-cells. MDM were stimulated with IFNα (500 U/ml) 

or IFNγ (200 U/ml). CD4+ T cells were stimulated with IFNα (500 U/ml), 

IFNγ (200 U/ml), IL2 (10ng/ml) + CD3/CD28 beads (≙TCR) (1:2 ratio 

beads:cells), or IL2 alone. 3 days post-stimulation, cells were 

harvested and lysed for Western blot analysis. b: Expression levels of 

GBP5 in MDM and CD4+ T cells in the presence of the indicated stimuli 

relative to those measured in unstimulated cells (100%). Shown are 

mean values ±SEM derived from eight (MDM) or six (CD4+ T-cells) 

donors. * ≙ p≤0.05, ** ≙ p≤0.01, *** ≙ p≤0.001 
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Treatment with different stimulating factors showed that GBP5 is induced by 

IFN treatment as well as T-cell stimulation. In both cell types, IFNγ was the strongest 

inducer of GBP5 expression [Figure 9b], confirming published data (Kim et al., 2011, 

2012). GBP5 was more strongly induced in macrophages than in CD4+ T-cells [Figure 

9] and the variation of GBP5 expression between cells from different blood donors 

was high [Figure 10a]. This differing endogenous expression of GBP5 seemed to 

determine the infectious virus yield, since only donors with low GBP5 levels yielded 

large amounts of infectious virus [Figure 10a]. Strikingly, tests with macrophages from 

multiple donors (n=19) with the macrophage-tropic (M-Tropic) HIV-1 strain Bal 

revealed a strong inverse correlation between the endogenous GBP5 levels and 

infectious virus yield (r²=0.8100, p<0.0001) [Figure 10b].  

 

Figure 10: GBP5 restricts HIV-1 in primary human macrophages  

Primary human MDM were differentiated from PBMC using human serum (10% v/v) and M-CSF (15 ng/ml), 

transfected with scrambled (CTRL) or anti-GBP5 siRNA on days 6 and 10 and infected with M-tropic HIV 

strains or transduced with VSV-G pseudotyped X4-tropic HIV on day 11. Supernatants of the cell cultures 

were obtained three and six days post-infection and infectious virus production was determined by TZM-bl 

infection assay. Cells were harvested at the day of infection or six days post-infection and analyzed by 

Western blot. a: The lower panel shows Western blot analysis of GBP5 expression on the day of infection 

in MDM from 11 representative blood donors. The upper panel combines the quantified GBP5 expression 

levels (normalized to GAPDH) with the infectious virus yield from the MDM three days post infection, 

determined by TZM-bl infection assay. b: Correlation between the endogenous levels of GBP5 expression 

in human MDM and the infectious virus yield three days after infection with HIV-1 Bal. GBP5 expression 

levels at the day of HIV-1 infection were determined by Western blot analysis and normalized to the GAPDH 

signal. Each dot represents one of 19 individual MDM donors analyzed. The analysis includes the data from 

(a) plus 8 additional donors. c: MDM treated with control or anti-GBP5 siRNA were infected with HIV-1 Bal 

and analyzed for infectious virus production on days 14 (3 dpi) and 17 (6 dpi). Shown are mean percentages 

(±SEM; n=14) relative to those detected in the control samples (100%). d: p24 levels (determined by ELISA) 

in supernatants of MDM at 3 and 6 days post-transduction with VSV-G-pseudotyped NL4-3 after siRNA 

knockdown of GBP5. (±SD; n=9) e: infectious virus in supernatants of MDM at 3 and 6 days post-

transduction with VSV-G-pseudotyped NL4-3 after siRNA knockdown of GBP5. Shown are mean 

percentages (±SEM; n=9) (control samples = 100%). * ≙ p≤0.05, ** ≙ p≤0.01, *** ≙ p≤0.001 
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 SiRNA-mediated knockdown of GBP5 in macrophages showed that infectious 

virus yield was strongly increased (5-8 fold) when GBP5 levels were reduced (mean 

knockdown efficiency 67% ±21%) further supporting an inhibitory role of GBP5 

[Figure 10b]. Single-round infection of primary macrophages with a VSV-G 

pseudotyped CXCR4-tropic virus showed that a reduction in GBP5 expression levels 

only increases infectious virus yield and not the amount of released virions, as p24 in 

the supernatant stays constant [Figure 10d,e]. 

 

 

Detailed analysis of viral proteins in macrophages showed that GBP5 also has an 

impact on Env in primary HIV-1 target cells [Figure 11]. GBP5 knockdown increased 

all viral proteins, due to increased infectious virus yield [Figure 11a] and multiple 

rounds of infection. However, the amount of gp120 in the cells and the virions was 

Figure 11: GBP5 targets HIV-1 Env in MDM and HIV-1 infection induces GBP5 expression 

a: Representative Western blot and infectious virus production from human MDM transfected with 

scrambled (CTRL) or anti-GBP5 siRNA on days 6 and 10 and subsequently infected with HIV-1 Bal or AD8 

on day 11. Shown are the levels of viral and cellular protein expression in the cellular extracts and the viral 

supernatant at 6 days post-infection. The upper panel shows the infectivity of the MDM culture supernatants 

in TZM-bl cells. Arrowheards indicate altered glycosylation. b: Expression levels of the indicated viral 

proteins in GBP5 knock-down MDM infected with HIV-1 Bal relative to those measured in cells treated with 

the control siRNA (100%). Shown are mean percentages (±SEM; n=9). c: Expression levels of GBP5 in 

MDM infected with HIV-1 Bal or AD8. The cells were cultured in the presence of the protease inhibitor 

Darunavir (100 nM) after infection for three days and subsequently analyzed for GBP5 expression by 

Western blot. Each pair of dots represents one donor (n=9). * ≙ p≤0.05, ** ≙ p≤0.01, *** ≙ p≤0.001 
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increased significantly more than Gag [Figure 11b]. An altered glycosylation due to 

GBP5 knockdown was also observed, but seems to be Donor dependent [Figure 11a]. 

In further experiments, macrophages were treated with an inhibitor of the viral 

protease (Darunavir©) right after infection with the M-tropic viruses AD8 or Bal. This 

treatment inhibits the maturation of the viral Gag protein and therefore does not 

allow multiple rounds of infection in the culture. This showed that HIV infection of 

MDM itself induces GBP5 expression significantly [Figure 11c]. In addition these 

experiments demonstrate that after GBP5 knockdown in a single round infection, Env 

protein levels are increased, whereas Gag protein levels are similar to those in the 

control cells [Figure 12]. Thus, GBP5 restricts HIV in human macrophages by 

interfering with Env processing.  

 

 

3.4  GBP5 knockdown does not reduce inflammasome activation in 

macrophages 

Knockdown of GBP5 in macrophages possibly affects their state of activation, as 

GBP5 might be associated with inflammasome activation as a response to different 

pathogens (Shenoy et al., 2012). To evaluate if the siRNA knockdown of GBP5 affects 

inflammasome activation, IL-1β release from infected macrophages was measured. 

Interestingly, GBP5 knockdown even increased the levels of the inflammasome 

marker IL-1β culture supernatant [Figure 13a].  

Another marker of inflammasome activation, the cleavage of procaspase-1, was 

not significantly affected by GBP5 knockdown in infected macrophages but showed a 

Figure 12: GBP5 affects only Env but not 

Gag expression in MDM  

Expression levels of HIV-1 proteins after GBP5 

knockdown in MDM infected with HIV-1 Bal or 

AD8. The cells were cultured in the presence of 

the protease inhibitor Darunavir© (100 nM) after 

infection for 3 days and subsequently analyzed 

for protein expression by Western blot. (±SEM; 

n=6) * ≙ p≤0.05, ** ≙ p≤0.01, *** ≙ p≤0.001 
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trend towards more cleaved procaspase-1 in GBP5 knockdown cells [Figure 13b]. 

These results show that GBP5 knockdown increases infectious virus yield despite 

increased inflammasome activation.  

 

 

3.5 Vpu defective HIV strains are less susceptible to GBP5 

It has been shown that HIV is able to efficiently replicate in macrophages in vivo 

(Koppensteiner et al., 2012), even though GBP5 is present. This means that HIV is able 

to cope with the GBP5-mediated restriction in macrophages. Cotransfection 

experiments showed that increasing amounts of Env attenuate GBP5 inhibition 

[Figure 14a]. This finding raises the question, if HIV is able to increase the expression 

of its envelope protein. One possible way would be to influence env translation. 

Vpu and env are located on the same bicistronic mRNA [Figure 14b] and it was 

already postulated that changes in the vpu gene might affect Env expression (Schubert 

et al., 1999; Stephens et al., 2002). Disruption of vpu should lead to increased 

translation of the Env protein, due to reinitiation after the premature stop codon 

[Figure 14b] (Anderson et al., 2007). Indeed, Western blot analysis of different HIV-1 

strains showed that premature stop codons in the vpu gene significantly increased 

envelope protein expression in the tranfected cells as well as in the purified virions 

[Figure 14c]. This increase in Env rendered all tested HIV strains significantly less 

susceptible to GBP5 [Figure 15a]. Even though GBP5 still altered the Env glycosylation 

of the vpu-deficient viruses [Figure 14c].These results indicate a possible evasion 

mechanism HIV could use to overcome GBP5 restriction. It has been reported that 

Figure 13: GBP5 knockdown 

does not reduce inflammasome 

activation in MDM 

Levels of (a), IL1-β and (b), cleaved 

procaspase-1 in control and GBP5-kd 

MDM cultures. Primary human MDM 

treated with scrambled (CTRL) or anti-

GBP5 siRNAs and infected with HIV-1 

Bal. The levels of IL1-β in the culture 

supernatants were determined at 3 dpi 

by ELISA and the levels of cleaved 

caspase 1 in the cellular extracts were 

measured at 6 dpi by Western blot. 

Each pair of dots represents an 

individual donor (n=6 or 8).* ≙ p≤0.05 
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M-tropic HIV-1 strains show a high frequency of defective vpu genes, the most 

frequent mutation being  a disruption of the vpu-start codon (Schubert et al., 1999; 

Theodore et al., 1996; Thomas et al., 2007).  

 

 

Normally env translation relies on leaky-scanning, in which the ribosome misses 

the vpu-start codon and moves on to the env-start codon (Anderson et al., 2007). A 

Figure 14: Lack of Vpu expression leads to increased Env expression 

a: HEK 293T cells were cotransfected with constant amounts of an env-defective HIV-1 NL4-3 construct 

and a GBP5 expression (blue squares) or control (grey diamonds) vector and increasing amounts of plasmid 

expressing the HIV-1 NL4-3 Env (left) or VSV-G (right). Infectious virus production was determined by TZM-

bl infection assay. b: Schematic presentation of the bicistronic Vpu and Env encoding mRNA and of the 

potential effect of premature termination of the vpu ORF on Env translation through ribosomal reinitiation. 

c: Represantative Western Blot of HEK 293T cells, cotransfected with the indicated wt or vpu-defective  

proviral HIV-1 constructs and a GBP5 expression vector or an empty vector for control. Shown are levels of 

HIV-1 proteins, GBP5 and β-actin in cellular extracts and HIV-1 Env and Gag in sucrose gradient purified 

virus preparations of the culture supernatant. 
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missing start codon upstream of the env-start should therefore lead to an increase in 

Env protein translation, as the process is not depending on leaky-scanning anymore 

and the ribosomes just scans further and initiates Env translation [Figure 15b].  

 

 

Figure 15: Loss of vpu renders HIV-1 less susceptible to GBP5  

a: Infectious virus yield from HEK 293T cells cotransfected with GBP5 expression construct and the 

indicated wt or vpu-STOP HIV-1 proviral constructs relative to the yield obtained in the absence of GBP5 

(100%). Infectious virus production was determined by TZM-bl infection assay. b: Schematic presentation 

of how lack of a vpu initiation codon in the AD8 vpu gene may favor initiation of translation at the next AUG 

on the bicistronic mRNA. c: Represantative Western blot of HEK 293T cells, cotransfected with constant 

quantities of proviral HIV-1 AD8 constructs differing only in the vpu initiation codon, increasing doses (0; 

0.1; 0.25; 0.5; 1 or 2.5 µg) of GBP5 expression vector or an empty vector for control (Co). Shown are levels 

of HIV-1 proteins, GBP5 and β-actin in cellular extracts and HIV-1 Env and Gag in sucrose gradient purified 

virus preparations of the culture supernatant. d & e: Enhancement of infectious vpu+ and vpu- HIV-1 AD8 

(d) and YU2 (e) production by GBP5 knock-down in MDM. Shown are percentages of infectious virus yield 

increase relative to those detected in the control samples (100%). Each pair of dots represents an individual 

donor. * ≙ p≤0.05, ** ≙ p≤0.01, *** ≙ p≤0.001 
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Western blot analysis of two of these isolates, YU2 and AD8, showed that lack of 

the vpu-start codon is associated with increased Env expression [Figure 15c]. Further 

tests of virus pairs, containing intact or defective vpu genes, in macrophages show 

that GBP5 knockdown increases infectious virus yield of the vpu-repaired variants 

significantly more than it does for their vpu-deficient counterparts [Figure 15e,d]. 

Thus, higher Env translation counteracts GBP5 restriction.  

 

3.6 GTPase activity is negligible but C-terminal isoprenylation of 

GBP5 is required for anti-HIV activity 

A first step to unveil the mechanism by which GBP5 acts on HIV is to determine 

necessary motifs and functions within GBP5 by mutational analysis. This analysis 

showed that alterations reported to diminish GTPase activity or to reduce guanosine 

binding, KS51,52AA, T75S and D182N (Praefcke et al., 2004) [Figure 16a], do not impair 

the ability of GBP5 to restrict HIV-1 [Figure 16b]. However, a natural occurring C-

terminal truncated isoform of GBP5 (ΔC) (Wehner and Herrmann, 2010) was inactive 

against HIV-1, just as GBP1, the closest relative of GBP5 in the human GBP family 

[Figure 16b]. Structural analysis of the C-terminus of GBP5 showed that GBP5 

contains a C-terminal isoprenylation site, a CaaX motif at amino acid positions 583 to 

586 (Modiano et al., 2005) [Figure 16a]. Mutation of the cysteine in this motif 

disrupted the anti-HIV activity of GBP5 [Figure 16c]. 

Electrophoretic analysis of HIV-1 by Western blot after cotransfection with the 

described mutants confirmed the observation that anti-HIV activity of GBP5 leads to 

changes in the glycosylation of Env in the cells and increased incorporation of 

uncleaved gp160 in the virions [Figure 16c]. The restriction of HIV-1 was dose-

dependent for all active GTPase mutants of GBP5 [Figure 16d – upper panel], whereas 

GBP1, the ΔC isoform and the C583A mutant were inactive against HIV-1, even at the 

highest dose [Figure 16d – lower panel].  



Results 

 

 43 

 

  

Figure 16: GTPase activity of GBP5 is negligible for anti-HIV activity but C-terminal 

isoprenylation is neccessary  

a: Schematic presentation of GBP5 showing the amino acid substitutions tested. CTHD = C-terminal helical 

domain. b: Infectious HIV-1 production by HEK 293T cell cultures cotransfected with NL4-3 provirus (2.5 

µg) and the indicated GBP expression contructs (1 µg). Values are percentages relative to those measured 

in 293T cultures cotransfected with the proviral constructs and the control vector  (100%). All bars depict 

mean values (±SEM; n=3-9). c: Representative Western blot of HEK 293T cells cotransfected with HIV-1 

NL4-3 and vectors expressing wild-type or mutant GBP5 proteins or GBP1. Shown are the cellular extracts 

and viral particles obtained after sucrose gradient purification. The results were confirmed in independent 

experiments. The arrowhead indicates the shift in gp120 electrophoretic mobility. d: Infectious virus yield 

from HEK 293T cells following transfection with 2.5 μg of the proviral HIV-1 NL4-3 construct and increasing 

amounts of plasmids expressing the indicated GBPs. Infectious virus was determined by infection of TZM-

bl indicator cells and is shown as percentage of that detected in the absence of GBP5 expression. Values 

represent mean (±SEM) values from two to six experiments each with infections performed in triplicate.  

* ≙ p≤0.05, ** ≙ p≤0.01, *** ≙ p≤0.001 
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4. Discussion 

This dissertation explores the large GTPase GBP5 as a potential HIV restriction 

factor. GBP5 was shown to fulfill different criteria of a restriction factor, as it is IFN 

inducible, its expression is increased in HIV-1 patients and it shows evidence for 

positive selection pressure (McLaren et al., 2015). The present thesis shows that GBP5 

restricts HIV-1 in primary human macrophages by interfering with Env function. 

Transient expression of GBP5 in HEK 293T cells significantly reduced infectious 

virus yield of different HIV and SIV strains. Interestingly, neither the amount of cell-

free nor cell-associated virus are significantly reduced [Figure 5]. This suggests that 

GBP5 directly lowers the infectiousness of virions, but does not affect LTR-driven viral 

gene expression or viral protein synthesis. Viral infectivity is dependent on the 

envelope protein, making this the most likely target for GBP5. To evaluate this 

possibility, Env and other viral proteins were analyzed in the presence or absence of 

GBP5. This showed that GBP5 affects Env glycosylation but not Gag expression or 

processing. The Env protein gp120 shows a reduced molecular weight due to GBP5, 

and this difference is due to changes in the N-linked glycosides [Figure 6]. Seemingly, 

this altered glycosylation of Env increases virion incorporation of the uncleaved gp160 

while diminishing gp120 incorporation. It is noteworthy that incorporation of the 

altered gp120 was never observed [Figure 6]. Reduced incorporation of gp120 into the 

virions correlates strongly with the reduction of infectious virus yield (r²=0.940, 

p=0.0014). It is therefore plausible that the reduction of gp120 and the increase of 

gp160 in the virions is the reason for reduced particle infectivity due to GBP5.  

GBP5 decreased Env surface levels on virus producing cells [Figure 7a,b]. Less 

Env on the surface of an infected cell most likely explains the reduced Env 

incorporation observed in the presence of GBP5. Of note, this analysis by flow-

cytometry only allows the conclusion that GBP5 reduces the surface expression of the 

correctly glycosylated gp120. Nevertheless, the lowered Env surface expression links 

altered glycosylation to impaired particle infectivity.  

The reduced infectivity was confirmed by fusion assays. Viruses produced in the 

presence of GBP5 display significantly less fusion events in T-cells or PBMC than 

viruses, which were produced in the absence of GBP5 [Figure 7c,d]. Together these 
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results showed that GBP5 alters HIV-1 Env glycosylation resulting in reduced cell 

surface expression and virion incorporation of the correct form of gp120 and 

consequently reduced viral infectivity. That improper glycosylation of Env directly 

affects virion infectivity is known (Shen et al., 2014), but if GBP5 directly interacts 

with Env or if it affects it indirectly by altering some essential process in the ER or 

Golgi is not quite clear yet. The data suggests that it rather interferes with Env 

processing, as it leads to incorporation of uncleaved gp160 [Figure 6a]. The precursor 

protein gp160 is already heavily glycosylated in the ER and the TGN before furin-

cleavage into gp120 and gp41 (Checkley et al., 2011). If GBP5 alters glycosylation of 

gp160, it might reduce cleaving efficiency, thereby leading to gp160 incorporation. To 

address which step of the Env processing is targeted by GBP5 one could block certain 

steps of the Env maturation process, like furin-cleavage, N-linked glycosylation, 

diversification of the sugar chains, or trimming of those, and then test if GBP5 affects 

the outcome or not (Checkley et al., 2011; Hallenberger et al., 1992). 

Analysis of different Env proteins and other glycoproteins shows that the effect 

of GBP5 is – at least to some extent - specific for retroviral Envs. GBP5 alters the 

glycosylation of HIV-1 and MLV Env, but has no impact on the heavily glycosylated 

protein Tetherin [Figure 8]. Additionally, GBP5 reduced infectious virus yield of HIV 

pseudotyped with different lentiviral and retroviral Envs, but did not affect 

pseudotypes with the glycoprotein of the rhabdovirus VSV [Figure 7e]. Here a broader 

analysis with glycoproteins from different virus families could determine if GBP5 

restriction is retrovirus specific as the data suggests, or if other virus families are also 

affected. If it is retrovirus specific, it would differ from other factors, which affect Env 

incorporation or virion infectivity, like 90K, March8 or IFITIMs (Kluge et al., 2015; 

Tada et al., 2015). 90K for example has been shown to affect furin cleavage of the 

filovirus Ebola glycoprotein (Lodermeyer et al., 2013), or March8 seems to inhibit 

envelope-protein incorporation for broad range of enveloped viruses (Tada et al., 

2015). 

To play a noteworthy role in the immune reaction to HIV, GBP5 has to be present 

in HIV target cells. To test the expression of GBP5 in primary target cells, CD4+ T-

cells and monocyte-derived macrophages were analyzed in the presence or absence 
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of different stimuli. Western Blot analysis revealed that GBP5 is expressed in both cell 

types and is induced by type I and type II IFN as well as by T-cell stimulation via CD3 

and CD28 or IL-2 [Figure 9]. In both cell types IFN-γ was the strongest inducer of 

GBP5, confirming different other studies (Kim et al., 2011; Shenoy et al., 2012). The 

infection of macrophages with M-tropic HIV-1 strains also induced GBP5 expression 

[Figure 11c]. At first glance this argues against GBP5 as a HIV-1 restriction factor, 

because one could think HIV would avoid the induction of those factors. However, 

rather the opposite is the case. HIV positive patients show increased expression of 

restriction factors with increasing viral load (Rotger et al., 2010). This is explained by 

the immune reaction of the cells, that release IFN upon infection which leads to 

expression of IFN-stimulated genes such as Trim5α, IFITM3 or GBP5 (Bartha et al., 

2014).  

It became obvious that GBP5 expression varies substantially in macrophages 

from different donors [Figure 9a, 10c]. Infection of macrophages from 19 donors shows 

that their infectious virus yield, depends on the basal GBP5 expression, as a strong 

inverse correlation was observed (r²=0.8100, p<0.0001) [Figure 10a]. High variation in 

susceptibility to HIV-1 in MDM has already been described (Bleiber et al., 2005; Eisert 

et al., 2001; Fouchier et al., 1994). Only a minor part of this variation could be 

explained by the Δ32 deletion in ccr5 (Eisert et al., 2001) and it has been suggested 

that the differential expression of an innate antiviral factor might be responsible for 

this donor variability (Bol et al., 2009). The inverse correlation between infectious 

virus yield and GBP5 levels suggests that GBP5 is this elusive factor, suggesting that 

GBP5 may be an important determinant of HIV spread in compartments where 

macrophages play a major role, like the brain (Koppensteiner et al., 2012; Yadav and 

Collman, 2009).  

Knockdown of GBP5 further confirmed the importance of GBP5 in primary 

macrophages [Figure 10, 11]. Reduction of GBP5 levels in macrophages increases the 

infectious virus yield up to 8-fold and single-round transductions or infections also 

confirmed that the levels of released capsid were completely unaffected. This proves 

that already the endogenous level of GBP5 in primary macrophages has an impact 

HIV infectivity. 
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Analysis of viral proteins after GBP5 knockdown unveiled an altered 

glycosylation of gp120 in infected macrophages [Figure 11], but not in all cases. It 

further differed from the result of the transient assays, as less GBP5 also led to shift 

to a lower molecular mass. However, different studies have shown that the 

glycosylation process and the final form of a glycoprotein are strongly dependent on 

the cell type (Crispin and Doores, 2015). It has even been reported that the infectivity 

of progeny virus is dependent on the cell type in which the virus is produced, due to 

different glycosylation of the Env protein (Gaskill et al., 2007; Liedtke et al., 1994). For 

example leads a higher number of mannose residues on gp120 to reduced infectivity 

and an increase in complex sugar residues to higher infectivity (Gaskill et al., 2007; 

Willey et al., 1996). Considering this, it is not that surprising that the influence of 

GBP5 on Env glycosylation manifests itself differently in macrophages than in HEK 

293T cells.  

Nevertheless, the analysis of viral proteins in macrophages confirmed that GBP5 

affects Env processing. GBP5 silencing led to a 10-fold increase of gp120 in the cells 

and 15-fold more incorporated gp120 in the virions, when infected with M-tropic 

viruses [Figure 11b]. In the case of multiple rounds of infection, with M-tropic viruses, 

the capsid proteins were also increased by the GBP5 knockdown, but significantly less 

than gp120. If multiple rounds of infection were prevented by a viral-protease 

inhibitor only Env increased and not Gag [Figure 12]. This proves that GBP5 exerts its 

restrictive function via alteration of Env in primary macrophages which are 

considered to be a substantial viral reservoir (Koppensteiner et al., 2012). 

Macrophages are thought to play an important role in the HIV infection of the brain, 

which causes symptoms known as Neuro-AIDS (Burdo et al., 2013). Viruses which are 

associated with neuro-AIDS or a M-tropic phenotype have been found to often 

possess nonsense mutations or missing start codons in their accessory gene vpu 

(Theodore et al., 1996; Thomas et al., 2007). These mutations are thought to influence 

translation of the env gene, as vpu and env are translated from the same bicistronic 

mRNA. Due to immediate reinitiation of the translation or the uninterrupted 

scanning of the ribosome, env should be translated more (Anderson et al., 2007), if 

vpu is prematurely stopped, or if vpu translation is not  started at all respectively 
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[Figure 14b, 15b] (Schubert et al., 1999). Tests with increasing amounts of Env 

demonstrate that GBP5 restriction can be overcome by higher Env levels [Figure 14a]. 

Comparison of different HIV-1 strains, in which vpu was prematurely stopped or 

missing its start codon, with their vpu-intact counterparts, confirmed higher Env 

levels in the absence of vpu [Figure 14c,15c]. Even though GBP5 is still able to cause 

the glycosylation shift in vpu-deficient viruses, it restricts them significantly less due 

to their increased Env translation [Figure 15a]. 

The relevance of this was tested with two M-tropic brain-derived strains of HIV-

1, AD8 and YU2 (Li et al., 1991; Schubert et al., 1999). These isolates do not possess a 

vpu-start codon, resulting in higher Env translation than in a vpu “repaired” 

counterpart [Figure 15c]. If the missing start codon of vpu has a stronger effect on Env 

translation than the nonsense mutation in vpu remains to be determined. 

Nevertheless, the vpu-negative isolates have a high infectious virus yield in 

macrophages, resulting in a significantly weaker increase after GBP5 silencing [Figure 

15d,e], providing a plausible explanation for the frequent occurrence of vpu-defective 

macrophage-derived HIV-1 strains. This would mean that HIV can use the 

preservation of vpu as a “switch” to adapt Env translation. However, this would come 

at the cost of Vpu functions, such as Tetherin degradation, CD4 downmodulation or 

other immune evasion activities (Neil et al., 2008; Sauter et al., 2015; Willey et al., 

1992). Tetherin is expressed and restricts HIV in macrophages (Schindler et al., 2010). 

In contrast the necessity of CD4 degradation is presumably minimal in macrophages, 

as they only express low levels of this receptor (Koppensteiner et al., 2012). The 

immunomodulatory functions of vpu, like NTBA or CD1d downregulation (Sandberg 

et al., 2012; Shah et al., 2010), are considered to be less critical in the brain, where the 

most vpu-deficient isolates originate from (Koppensteiner et al., 2012). Considering 

the role macrophages play in the establishment of HIV infection in the brain and 

Neuro-AIDS (Burdo et al., 2013; Koppensteiner et al., 2012) and the fact that 

endogenous GBP5 level determine the infectious virus yield in macrophages, GBP5 

might very well be a key factor in the neuropathogenesis of HIV. Neuro-AIDS is 

characterized by high levels of inflammation in the brain (Burdo et al., 2013), which 

could be indirectly driven by GBP5. If vpu-defective viruses are selected to evade 
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GBP5, HIV infected cells would release increased levels of pro-inflammatory 

cytokines and drive systemic inflammation in the brain, since these viruses fail to 

inhibit NF-κB (Sauter et al., 2015). Whether this might help to delay or cure 

neuropathogenesis of HIV has to be investigated, but it certainly offers new insights 

into the interplay between virus and host in this body-compartment. However, 

further research has to be done to evaluate how brain-derived isolates deal with their 

loss of Vpu and if GBP5 is the driving force behind this. Experiments into this could 

include the knockdown of Tetherin together with GBP5 in macrophages with 

subsequent infection by the M-tropic HIV strains. Together with the measurement of 

NF-κB activation in those macrophages, these experiments could reveal what impact 

this proposed trade-off has for the virus and the cells. 

In the last 15 years, the IFN inducible GTPase superfamily has become a main 

focus of immunological, microbiological and virological research, as increasing 

evidence demonstrates a key role in the cell-autonomous defense against various 

pathogens (Kim et al., 2012). Among them is the GBP family, which restricts different 

intracellular pathogens. In contrast to other immune GTPases, GBPs are required for 

the innate defense against bacterial, protozoan and viral pathogens and are not 

specific for one class of pathogens. Isoforms of GBP1 and GBP3 for example, have been 

shown to inhibit Influenza A virus, but GBP1 also restricts Chlamydia trachomatis and 

other bacteria (Kim et al., 2011). GBP1 is the closest homolog of GBP5 and its structure 

has been extensively studied (Praefcke et al., 1999; Prakash et al., 2000). Sequence 

alignments and functional studies suggest that GBP5 has a very similar structure 

(Fellenberg et al., 2004; Shenoy et al., 2012; Vestal and Jeyaratnam, 2011; Wehner and 

Herrmann, 2010): Five GTPase domains in the N-terminal part of the protein, 

followed by the C-terminal helical domain with a CaaX motif for isoprenylation at its 

very end [Figure 16a]. Mutations in different active motifs gave first insights into the 

mechanism of HIV inhibition by GBP5. Different mutations have been described, 

which abrogate the GTPase activity of GBP1, the Lys/Ser to Ala/Ala mutation in the 

G1 motif and the Thr to Ser mutation in the G2 motif prohibit GTP hydrolysis, and 

the Asp to Asn mutation in the G4 domain significantly reduces guanosine binding 

(Wehner and Herrmann, 2010). The corresponding mutations in GBP5 revealed that 



Discussion 

 

 50 

the GTPase activity of GBP5 is not needed to restrict HIV-1 [Figure 16].  This is 

interesting, because some immune GTPases use the hydrolysis of GTP as their anti-

bacterial mechanism, e.g. to rupture vacuolar membranes (Pawlowski et al., 2011). The 

isoprenylation mutant, Cys to Ala in the CaaX motif, and the C-terminal truncated 

isoform of GBP5 (Fellenberg et al., 2004) show that C-terminal isoprenylation of GBP5 

is necessary for its anti-HIV activity, since the C583A mutation and the ∆C isoform 

are completely inactive [Figure 16]. This is in line with published data, as 

isoprenylation is necessary for dimerization and Golgi localization of GBP5 (Shenoy 

et al., 2012), and the Golgi apparatus is the cellular compartment in which HIV Env is 

subjected to mannose trimming and proteolytic cleavage. Therefore, it is conceivable 

that GBP5 interferes with those steps of the Env maturation process and thereby 

leading to differently glycosylated gp120 and incorporated gp160. One might argue 

that transient expression of any large Golgi-associated protein may lead to an effect 

like this. However, transfection of GBP1, which also localizes to the Golgi-apparatus 

due to its isoprenylation, did not affect infectious virus yield of HIV-1, adding further 

evidence that the anti-HIV activity of GBP5 is specific [Figure 16].  

It has been reported that GBP5 is involved in NLRP3 inflammasome activation, 

which is a process of immune-activation especially relevant in monocyte derived cells 

such as macrophages (Shenoy et al., 2012). Thus, silencing of GBP5 in primary human 

macrophages might attenuate expression of other antiviral factors. If this would be 

the case, the increased infectious virus yield after GBP5 silencing would only be an 

indirect effect due to less immune activation. However, this study shows that GBP5 

knockdown in infected macrophages leads to increased IL-1β release and more 

procaspase-1 cleavage, indicative of increased inflammasome activation [Figure 13]. 

An explanation for this might be that GBP5 knockdown has no effect on 

inflammasome activation in macrophages, but leads to more infected cells, as 

infectious virus yield is increased [Figure 10]. This in turn leads to higher immune 

activation, including the inflammasome. This finding seems to contradict the result 

of Shenoy et al., but their study was only conducted in immortalized monocytic cells 

and they never tested inflammasome activation in the context of HIV. These two 

differences make it difficult to compare both studies, but further experiments should 
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be conducted to test if the inflammasome pathway is involved in the antiviral activity 

of GBP5 at all. Nevertheless, this data allows the conclusion, that silencing of GBP5 in 

primary macrophages leads to increased infectious virus yield despite increased 

inflammasome activation. 

The inflammasome involvement is not the only question raised by this study. 

Most importantly, the role of GBP5 in CD4+ T-cells should be investigated. Even 

though, for example SAMHD1 is known to only effectively restrict HIV in myeloid 

cells (Laguette et al., 2011; Ryoo et al., 2014), the impact of GBP5 on HIV in T-cells 

should still be pursuit. A possible approach would be a GBP5 knockdown in CD4+ T-

cells, even though those are notoriously difficult. This study shows that GBP5 is 

strongly expressed in activated T-cells [Figure 9], but HIV is still able to replicate 

efficiently in these cells. Thus either GBP5 does not play a role in CD4+ T-cells, it is 

efficiently evaded by the virus or the residual infectivity of released virions is sufficient 

for the viral spread. A possible evasion mechanism could be investigated with the help 

of HIV mutants lacking individual genes, to see if they lose their ability to replicate 

in the presence of GBP5. Besides, the mechanism by which GBP5 interferes with Env 

should be examined. A comparison to other factors, like March8 or 90K might allow 

to narrow down at which step GBP5 acts (Lodermeyer et al., 2013; Tada et al., 2015). 

Further it would be crucial to find binding partners of GBP5 which allow it to interfere 

with glycosylation, with a protein pull-down assay for example.  

This thesis identifies GBP5 as a retroviral restriction factor with a key role in 

human macrophages. GBP5 impairs viral infectivity by interfering with Env 

processing and incorporation. This process is dependent on isoprenylation and 

possibly Golgi localization of GBP5, and may therefore take place within the Golgi-

apparatus, but is independent of GTPase activity. Furthermore, this study provides a 

plausible explanation for the high donor variation in macrophages when it comes to 

HIV-1 permissiveness as well as for the occurrence of vpu-defective isolates from 

macrophages or the brain.  
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5. Summary 

HIV is inhibited at multiple steps of its replication cycle by different cellular 

restriction factors, for instance APOBEC3G, Trim5α or Tetherin. HIV restriction 

factors share common characteristics, such as interferon inducibility and evolution 

under positive selection pressure. In a genome wide screen, we showed that the large 

guanosine triphosphatase (GTPase), guanylate binding protein 5 (GBP5) shares these 

signatures. GTPases have been found to inhibit a wide variety of intracellular bacteria, 

parasites and viruses. This study shows that GBP5 potently inhibits HIV-1, by 

interfering with the infectivity of progeny virus. GBP5 is expressed in CD4+ T-cells as 

well as in macrophages, the main target cells of HIV, and it is further induced by 

interferons, especially IFN-γ. It alters glycosylation and proteolytic processing of the 

HIV envelope protein (Env), thereby reducing Env incorporation and the fusogenic 

capacity of progeny virions. GBP5 is active against a variety of retroviral envelope 

proteins, including those of HIV-1, HIV-2, SIV and MLV, but it is inactive against 

rhabdoviral Envs, such as the vesicular stomatitis virus glycoprotein. Mutational 

analyses show that GTPase activity of GBP5 is not required for its anti-HIV activity. 

However, the isoprenylation of GBP5, which is associated with Golgi localization, is 

essential for restriction of HIV. The endogenous levels of GBP5 in macrophages show 

a high inter-donor variation. Analysis of macrophages from 19 donors revealed a 

striking inverse correlation between GBP5 levels and infectious HIV-1 yield. In 

addition, siRNA-mediated knockdown of GBP5 in those macrophages strongly 

increased the infectivity of progeny virus. Notably, naturally occurring mutations in 

the vpu gene of HIV led to partial resistance against GBP5, due to increased Env 

translation in those viruses.  

This thesis provides a plausible explanation for the pronounced donor variation 

in the susceptibility of macrophages to HIV-1 replication and the high frequency of 

disrupted vpu genes in macrophage-tropic HIV-1 strains. In conclusion, GBP5 is a 

novel cellular antiviral effector of the IFN response that impairs the infectivity of 

retroviral particles and is evaded by mutations in vpu increasing viral envelope 

glycoprotein expression. 
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