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Chapter 1 11 

 
Retroviruses are enveloped positive strand RNA viruses that have the 

ability to reverse transcribe their genomic RNA into double stranded 

(ds)DNA. Another unique feature of retroviruses is that the viral dsDNA 

integrates into the host genome and can be passed on to subsequent 

daughter cells after cell division. If infection occurs in the germ line cell 

progenitor, then the viral genome may be inherited in a mendelian 

manner as an endogenous retrovirus.  

Retroviruses can be divided into two categories according to their 

genetic make-up: simple and complex. All retroviruses identified to date 

contain at least three major coding regions that hold the genetic 

information for the virion proteins; Group-specific Antigen (Gag) codes 

for the core and structural proteins, Envelope (Env) codes for the coat 

proteins and Polymerase (Pol) codes for the reverse transcriptase, 

protease and integrase. Complex retroviruses additionally carry genes 

that code for accessory proteins that aid in full infectivity and 

pathogenesis (figure 1). 

 

Seven major retroviral subfamilies can be distinguished based on 

sequence relatedness 1-3 The different genera show very little sequence 

similarity and even within subfamilies, genomic variation is extensive 

(figure 2). From the lentivirus subfamily, five groups have been 

recognized, infecting primates (Human Immune-deficiency Virus (HIV) 

and Simian Immune-deficiency Virus (SIV)), sheep and goat (Maedi-

Visna Virus (MVV)), horses (Equine Infectious Anemia Virus (EIAV)), 

cats (Feline Immune-deficiency Virus (FIV)) and cattle (Bovine Immune-

deficiency Virus (BIV)), causing immune deficiencies in their respective 

hosts. 

 

HIV-1 originates from a zoonotic transfer 

HIV-1 can be subdivided in three groups, Main (M), Outlier (O) and Not-

M Not-O (N) that are thought to represent three individual zoonotic 

transfers of SIV from primates to humans. HIV-1 from M-group 

originated from simian immunodeficiency virus (SIVcpz) in chimpanzee 

(Pan troglodytes troglodytes) 4,5 and it has been estimated that the 
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introduction of HIV-1 in the human lineage occurred in ~1931 6,7. M-

group HIV-1 is responsible for the current pandemic and is observed in 

over 90% of infections worldwide. Phylogenetic analysis identified 

different subgroups within the M-group, being subtypes A-K 3. 

Additionally, circulating recombinant forms (CRF) have been identified 

that most probably results from recombination after either co-infection 

or super-infection. O-group HIV-1 originated from an independent 

transfer from gorilla and is largely confined to West-Central Africa. The 

N-group was discovered in 1998 and is very rare. Besides HIV-1, HIV-2 

has arisen from transmissions of SIV from sooty mangabees to human 

and is largely confined to West-Africa 8.  

 

 

Disease and HIV-specific immunity 

HIV-1 was isolated in 1983 from biopsies from the lymph nodes of 

individuals who suffered from the acquired immune deficiency syndrome 

(AIDS) 9,10 and HIV-1 could indeed be linked to the disease. In 2007, an 

estimated 33 million people were living with HIV-1 while approximately 

2.7 million new infections occurred. The estimated number of people 

dying from AIDS was 2 million (source: www.who.com). The primary 

targets of HIV-1 are cells of the immune system that express CD4 and a 

chemokine coreceptor, (CCR5 and/or CXCR4), such as memory T cells 

and macrophages 11-13.  

Transmission of HIV-1 can occur horizontally, through unprotected 

sexual intercourse with an HIV-1 positive partner, needle sharing among 

HIV-1 positive drug users, or receiving contaminated blood products. 

Vertical transmission from HIV-1 positive mother to a child can also 

occur during pregnancy, birth or breast feeding. Most primary infections 

are initiated by CCR5-using viruses which persist throughout the 

infection 14-18.  

 

http://www.who.com/
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Figure 1: Genomic organization of HIV-1 and virion composition. The 

coding genes are flanked by long terminal repeats (LTR), which contain 

binding sites for many transcription factors like NFAT, NFkB and sp1. Reverse 

transcription initiates from the primer-binding site (PBS), resulting in 

transcripts that subsequently undergo differential splicing. Rev interacts with 

the Rev Response Element (RRE) to promote the export of unspliced mRNA. 

The major coding regions Gag, Pol, and Env are post-translationally cleaved, 

resulting in the individual building blocks of the virion. The accessory proteins 

Vif, Vpu, Vpr, Tat and Nef are involved in many cellular processes, ensuring 

optimal replication. 
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In approximately 50% of HIV-1 infected individuals, HIV-1 variants that 

can additionally use CXCR4 as a co-receptor emerge during the course 

of infection 13,19,20. Emergence of CXCR4 using HIV-1 variants in the 

natural course of infection is associated with a subsequent accelerated 

CD4+ cell decline and more rapid disease progression 21. 

 

After acquiring HIV-1, the clinical course of infection can be divided in an 

acute and chronic phase (figure 3). During the acute phase of infection, 

the viral load is very high 22,23 and as a result of immune activation, T 

cells start proliferating 24. During the first weeks of infection, most of the 

memory T cell pool in the gut is depleted 25,26, which may lead to loss of 

integrity of gut mucosa resulting in microbial translocation which may 

drive aberrant immune activation, affecting the subsequent chronic 

phase.  

 

 

 

Figure 2: Phylogeny of retroviruses.  Adapted from http://www. 

retrovirology.com/ The discovery of endogenous retroviruses. Retrovirology. 2006 

Oct 3;3:67. Review. PMID 17018135. 
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A relatively stable viral load characterizes the chronic phase while CD4+ 

cell numbers are gradually declining 27-30. Although the viral load is 

relatively stable during this period, the turnover of the HIV-1 quasi 

species is high. Indeed, every day 109 – 1010 new viral particles are 

regenerated and cleared 31,32. CD4+ T cells are depleted at great pace, 

due to several factors, which include direct killing of CD4+ T cells by the 

virus, CTL-mediated death of infected T cells and large scale apoptosis 

caused by the aberrant immune activation 33-35. In the absence of 

Figure 3: Clinical course of HIV-1 infection. During primary infection, the viral 

load is generally very high (solid line), which declines in response to immune 
pressure. The viral setpoint is predictive for the subsequent clinical latent 
phase. CD4+ T cells quickly decline as a result of viral replication (dashed line) 
during the acute phase of HIV-1 infection. During the subsequently clinically 
latent or chronic phase of infection, CD4+ T cell numbers slowly decline, which 
ultimately results in generalized immune deficiency and the occurrence of 
opportunistic infections like candidasis, Pneumocystis pneumonia, and 

Toxoplasmosis. 
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antiretroviral therapy, the continuing insult on the immune system leads 

to exhaustion of the immune system 36, the occurrence of opportunistic 

infections as a result of immune dysfunction and ultimately death of the 

host.  

 

During many viral infections the adaptive immune response consisting of 

cytotoxic T-lymphocytes and antibody mediated responses usually is 

very effective at neutralizing the infection. Unfortunately, the process of 

viral reverse transcription is highly error-prone by a lack of proofreading 

activity, resulting in the generation of an HIV-1 quasi-species that is no 

longer recognized by the immune system and thus escapes from 

immune surveillance 37,38.  

 

HIV-1 replication cycle 

The life cycle of HIV-1 is highly dependent on the action of multiple host 

proteins that are recruited by HIV-1 to accomplish several essential 

processes like entry, reverse transcription (RT), nuclear transport, 

integration, transcription, assembly and budding (figure 4).  

 

 

HIV-1 tropism and cellular entry  

Cellular tropism of HIV-1 is predominantly determined by the availability 

of the primary HIV-1 receptor CD4 and the chemokine coreceptors CCR5 

and CXCR4 that mediate viral entry 39-41. CCR5 and CXCR4 are 

expressed on subpopulations of CD4 memory T cells, explaining why 

these cells are major targets for HIV-1.  In contrast to CCR5 using 

variants (R5), the CXCR4 using variants (X4) can additionally infect and 

kill naïve CD4 T cells 39-42. This may interfere directly with T cell 

ontogeny which might explain the accelerated CD4 cell decline in the 

presence of X4 HIV-1 43-48.  

The HIV-1 envelope glycoprotein (gp120) interacts with the CD4 

receptor on the cellular membrane, which results in a conformational 
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change in gp120 exposing the variable domains essential for co-receptor 

binding 49,50. After binding of gp120 to the co-receptor CCR5 or CXCR4, 

gp41 will interact with the cellular membrane, which results in fusion of 

the virus envelope with the cellular membrane and release of the viral 

core in the cytoplasm.  

 

Active transport of core particles  

After fusion with the target cell, the viral core is delivered in the 

cytoplasm. RT initiates within the core, however some uncoating of the 

core appears to be needed for efficient progress of RT. Uncoating can be 

measured by the loss of capsid proteins 51,52 and results in the formation 

of an RT complex (RTC). The RTC consists of the RNA dimer associated 

with viral proteins necessary for reverse transcription, nuclear targeting 

and integration. 

 

When the viral RNA genome is reversed transcribed into the double 

stranded proviral DNA, the RTC is integration-competent and is called a 

pre-integration complex (PIC) that docks at nucleopore complexes 53. In 

contrast to MLV where the capsid protein remains associated with the 

PIC, during HIV-1 infection the capsid protein is found in RTCs early 

after entry but is at later time-points hardly detectable 53. In addition to 

viral proteins, cellular proteins like barrier to auto-integration (BAF), 

high-mobility group proteins (HMGs), Ku, lamina-associated peptide 

(LAP2a), and lens-epithelium-derived growth factor (LEDGF) have been 

found to be associated with retroviral PICs 54-59. These cellular proteins 

are recruited to aid in several aspects of the viral replication cycle.  

 

The cytoplasm of the cell is dense and transport of the RTC by diffusion 

seems unlikely since the complex is relatively large (~50nm in diameter) 
53. Instead, transport to the nucleus is an active process, mediated by 

actin- and microtubulin-dependent mechanisms 60-64. Indeed, studies 

using fluorescently labeled RTCs have indicated that core protein 

complexes accumulate at microtubule-organizing centers (MTOC) 61, 

which are located close to the nuclear periphery.  
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Nuclear entry and integration 

Simple retroviruses like MLV are dependent on cell proliferation for their 

replication and the PIC of simple retroviruses can only cross the nuclear 

membrane during mitosis 65-67. In contrast, more complex retroviruses 

like HIV-1 are able to infect non-dividing cells like macrophages, 

microglial cells, and artificially arrested cells 68 and therefore the PICs of 

complex retroviruses must be able to cross an intact nuclear membrane. 

Figure 4: Schematic representation of the HIV-1 replication cycle of HIV-1. 

The indicated restriction factors Trim5α, Apobec3G and CD317 can inhibit the 

replication cycle at different stages of the replication cycle. 
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The nuclear membrane consists of a two lipid bilayers 69, which are 

joined by nuclear pore complexes (NPCs) that allow trafficking between 

the cytoplasm and nucleus. The ability to infect non-dividing cells 

implies that the PIC must carry karyophilic signals that direct transport 

across the nuclear membrane 70. Both viral and cellular factors have 

been implicated in this process 68,71. In the viral matrix and Vpr, two 

nuclear localization signals (NLS) reside 72-74. Moreover, IN is recognized 

by members of the importin/karyophilin-a family via a NLS 75,76. 

Importin7 and Nup98 have been implicated in the nuclear import of HIV-

1 77,78. 

 

Upon entry in the nucleus, the viral cDNA is ligated to the chromosomal 

DNA of the host with the aid of the viral integrase protein (IN) and host 

factors like LEDGF that functions to tether the cDNA to the host DNA 
79,80. For HIV-1 it was shown that integration occurs preferably in 

transcriptionally active regions 81-83 where the chromosomal DNA has an 

open structure and access is relatively easy.   

 

Transcription, assembly and budding 

An integrated provirus can have different transcriptional activity states, 

allowing evasion from the immune system through latency. It can 

however readily be activated to initiate progeny virion production 84,85. 

Viral transcription is initiated by binding of transcription factors to the 

LTR, in which the binding sites for several transcription factors like NFAT, 

NF-kB and Sp1 are located. Transcription is enhanced by the viral Tat 

protein, which functions as a cofactor for RNA polymerase II 86,87. 

Transcription generates multiple spliced and unspliced mRNAs, which 

are translated into structural proteins for the formation of new virions. 

The viral Rev protein accommodates the nuclear export of unspliced and 

partially spliced viral RNA by binding to the Rev Response Element 

(RRE). Rev interacts with multiple cofactors like Rab/hRIP and carries a 

nuclear export signal, which is recognized by Crm1, the main nuclear 

export receptor for RNA 88-90 91-93. 
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Assembly of progeny virions and budding is promoted by small Gag 

encoded motifs, called ‘late domains’ that interact with components of 

the cellular Endosomal Sorting Complex Required for Transport (ESCRT) 

and ubiquitination machinery. For example, HIV-1 PTAP late domains 

recruit ESCRT through binding tumor susceptibility gene 101 (TSG101) 
94,95. However, when this late domain is rendered non-functional, HIV-1 

employs an additional domain that recruits ESCRT through ALG-2 

interacting protein X (Alix) 96,97. The ESCRT complex is essential for 

membrane budding process, including vesicle formation at the 

multivesicular body (MVB)/late endosome and retrovirus budding 98-100. 

 

The assembly and incorporation of HIV-1 envelope glycoproteins into 

virions is regulated by an interaction between matrix and the envelope 

gp41 cytoplasmic domain 101-103. The matrix protein is myristoylated, 

and this fatty acid group targets the Gag precursor to the membrane 104-

107 and lipid rafts 108. During assembly and budding, maturation of the 

core particle takes place by cleavage of Gag protein by the viral 

Protease. In the virion the Matrix protein remains attached to the viral 

lipid membrane, the nucleocapsid associates with the viral RNA genome 

and capsid condenses around the ribonucleoprotein complex to form the 

shell of the mature core. 

 

Host barriers to retroviral infection 

The sheer number of retroviral sequences found in the mammalian 

genome indicates a long-lasting evolutionary battle between 

transposable sequences and the host. Approximately 8% of the human 

genome consists of retroviral sequences 109. Given the extensive co-

evolution of retroviruses with mammalian hosts and the potent biological 

effects on the host, it is not hard to imagine that the host has acquired 

factors that interfere at crucial steps of the viral lifecycle. Several 

recently identified host gene products called restriction factors, have 

been identified and shown to dominantly restrict infection by 

retroviruses 110-115. These mechanisms include retention of newly 

assembled virions to the host cell membrane by CD317 116,117, mutation 
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of the newly generated cDNA by apolipoprotein B mRNA editing enzyme, 

catalytic polypeptide-like (Apobec) 3G 118,119 and recognition of the 

capsid protein by tri-partite containing motif (Trim) 5α leading to an 

early block to infection 120.  

Restriction factors inhibit retroviruses in a species and virus specific 

manner and as a consequence of evolution, complex retroviruses like 

HIV-1 harbor factors that counteract these inhibitions.  

 

The release of retroviruses and several other enveloped viruses like 

Ebola-, Lassa- and Marburg viruses is dominantly inhibited by CD317 
121,122. CD317 consists of a transmembrane domain, a GPI anchor and an 

extra-cellular domain that has the ability to dimerize 116,117. Newly 

assembled virions are tethered by dimerization of the extra-cellular 

domain which restricts virion release by retaining the assembled 

particles 116. The HIV-1 accessory protein Vpu interferes with this 

process by reducing the surface expression of CD317 123.  

 

Apobec3G is a member of the family of cytidine deaminases that 

mediates a potent block on viral infection of HIV-1, SIV, HTLV-1, many 

type C-retroviruses and hepatitis B virus but also retro-elements 124. 

Apobec3G can be incorporated in the virion during assembly and has the 

ability to deaminate cytosines in the nascent minus-strand DNA 125-127. 

The viral Vif protein binds Apobec3G and counteracts encapsidation by 

promoting the proteasome-mediated degradation of Apobec3G 128,129. 

Additionally, cellular Apobec3G restricts HIV-1 infection at a post-entry 

step in resting CD4+ T cells 130,  monocytes and macrophages 131,132. 

 

Capsid specific restrictions 

Over 50 years ago, Charlotte Friend observed species-specific 

differences in susceptibility to infection with the gamma-retrovirus MLV 
133. She described a transmittable, leukemia-like illness in mice of which 

the etiologic agent was dependent on the strain of mice examined. The 

mouse gene that controls the phenotype was termed Friends virus 

susceptibility factor (Fv) 134. The gene product was identified as an 
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endogenous retroviral capsid protein that blocks a step between virus 

entry and proviral integration 135. The viral determinant of restriction 

was located in the capsid protein and a single amino acid change at 

residue 110 in the capsid protein was sufficient to change the phenotype 

of the virus from susceptible to resistant 135.  

 

An analogous restriction to EIAV and N-MLV, but not B-MLV was 

observed in human cells 136,137. However, no closely related sequences 

to Fv-1 were identified in the genome of humans. Therefore, the 

observed restriction was denoted restriction factor-1 (ref-1). Similarly, 

many non-human primate cells from New and Old world monkeys can 

restrict the infection by various retroviruses, including HIV-1 138-140. The 

factor that was responsible was termed lentivirus susceptibility factor-1 

(Lv-1) 141,142.  

 

Similar as Fv-1, the viral determinant of ref-1 and Lv-1 mediated 

restriction was located in the capsid protein and blocks infection before 

reverse transcription 142-146. The restriction could be abrogated efficiently 

by saturating amounts of incoming viral particles 135,136,147-149. 

Interestingly, even distantly related viruses with very little amino acid 

similarity have the capacity to saturate the restriction factor. These 

findings suggest that a structurally conserved feature of the assembled 

capsid is recognized. In support of this notion, comparisons of divergent 

retroviral capsid indicate that the overall structure is relatively 

conserved 150-155. 

 

Trim5α  

In an effort to identify the gene that was responsible for the restriction 

of HIV-1 replication in simain cells, a screen using cDNA from a gene 

library that conferred resistance in otherwise permissive human cells 

was employed 120. This revealed that the Tri-partite motif protein (Trim) 

5α was responsible for the Lv-1 mediated restriction. Soon after its 

identification it was demonstrated that ref-1 was a species-specific 

variant of Trim5α 149,156-158. The human orthologue was responsible for a 
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potent restriction of N-MLV and EIAV but displayed only intermediate 

activity against HIV-1.  

 

Over 70 Trim proteins have been identified in the human genome 159,160. 

Trim family members are found in the genome of metazoan species and 

expanded in number during evolution. Although they all derive from a 

single ancestor, the different members are implicated in diverse 

processes, such as transcriptional regulation, apoptosis, inflammation, 

cell polarity determination, and anti-viral activities 159. 

The Trim5 gene resides in a cluster of closely related Trim genes on 

chromosome 11. Besides Trim5α, a number of other Trims have been 

reported to display antiviral activities. Primate Trim1 restricts N-MLV, 

but not HIV-1 161, Trim32 can interact with the activation domain of Tat 

proteins from HIV-1, HIV-2 and EIAV with high affinity, suggesting a 

role in transcriptional regulation of the viral genome 162, and trim22 has 

been reported to attenuate transcription directed by the LTR of HIV-1 
163,164. It can be expected that more Trim proteins are involved in anti-

viral activities, suggesting that Trim proteins represent a new family of 

proteins involved in the innate immune response. This is substantiated 

by the fact that Trim expression can be regulated by interferons 165-168, a 

hallmark cytokine for innate immunity. 

  

Members of the Trim family contain a RING (really interesting new gene) 

domain, one or two B-boxes and a Coiled Coil region, Trim5α 

additionally contains a C-terminal B30.2 domain 159,160. Trim proteins 

form discrete bodies or speckles in the cytoplasm, mediated by 

oligomerization through the Coiled Coil domain 159,169. Indeed, Trim5α 

was demonstrated to oligomerize by dimerization or trimerization 170-172. 

Trim5α levels in the cell are maintained by a continuous synthesis and 

rapid proteasome mediated degradation 173. Imbalances in the synthesis 

or processing of Trim5α results in oligomerization and formation of pre-

aggresomal structures, which are called ‘cytoplasmic bodies’ 173.  

Deletion studies have demonstrated that all domains of Trim5 

contribute to the restriction of retroviruses 174, however the B30.2 

domain is essential and specifies whether or not restriction commences 
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of a broad range of retroviruses 161,174-177. Trim5 orthologues are 

identified in the genome of many mammalian species and have been 

subject to extensive selection pressure, particularly in the exons that 

encode the B30.2 domain 178-180.  

 

HIV-1 is potently restricted by simian Trim5 but is much less affected 

by human Trim5α. Substitution of the positively charged arginine at 

position 332 for a proline, which is found in simian Trim5α, or any other 

negatively charged amino acid, confers potent restrictive activity on 

HIV-1 161. Remarkably, this amino acid change also leads to potent 

inhibition of SIVmac, while the rhesus macaque Trim5α does not restrict 

this virus. This suggests that Trim5α indeed is highly species-specific 

and that complex determinants in both capsid and Trim5α specify 

potential to inhibit infection. 

 

In Owl Monkey cells, the Lv-1 mediated restriction is dependent on the 

ability of incoming viral particles to bind Cyclophilin A (CypA). Cloning of 

the Owl Monkey Trim5 gene revealed the presence of a retro transposed 

CypA pseudogene within the Trim5 gene, resulting in a fusion protein 

TrimCYP 181. The HIV-1 restricting activity present in Owl monkeys, can 

be pharmacologically inhibited by cyclosporin A, a competitive inhibitor 

of CypA. CsA treated Owl Monkey Kidney cells are a 100-fold more 

susceptible to infection with HIV-1 182. 

 

The antiviral mechanism by which Trim5α mediates restriction is 

incompletely understood. Binding assays have indicated that the affinity 

of Trim5α for a capsid protein largely dictates the potency of restriction 
183. In assays designed to analyze the fate of incoming viral cores by 

measuring particle density, it was shown that Trim5α mediates 

destabilization of core particles 183, specifically inducing the degradation 

of capsid proteins 184. The presence of a RING domain implies an 

involvement of the proteasome in restriction. However, deletion of 

functionally important cysteine residues or deletion of the RING domain 

altogether does not result in a loss of restriction 169.  
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Cyclophilin A 

An important cofactor that is recruited by the capsid protein of HIV-1 is 

the peptidyl-prolyl isomerase CypA 185-187. Within the hydrophobic pocket 

of CypA, proline-containing proteins can bind, which are a substrate for 

cis-trans isomerization 188. Mutational analysis and structural studies 

demonstrated that the binding region in HIV-1 capsid was located from 

amino acid residues 87-92 (HAGPIA), which is part of a proline-rich 

region that forms a flexible loop in the N-terminal domain (NTD) of 

capsid. The interaction of CypA with the CypA binding region can lead to 

a conformational change in capsid proteins in vitro 189,190. 

 

The incorporation of CypA in virions does not appear to impact 

substantially on Gag polyprotein processing, RNA packaging, virion 

structure, or virion protein content and thus far no function for virion-

associated CypA has been described. The interaction of CypA with the 

capsid protein was demonstrated to impact on virion infectivity in the 

target cell rather than the producer cell, indicating that an early post-

entry step in the replication cycle is affected by CypA binding 145,182,191. 

The interaction can be disrupted by competitive inhibition of CypA with 

cyclosporin A (CsA) and derivatives thereof 192, or by mutating key 

residues in the CypA binding region. CsA treatment or mutation of these 

key residues in the CypA binding region attenuates infectivity in several 

human cell lines 182,186,191,193,194.  

An interaction between CypA and capsid proteins of SIVcpz, FIV, and 

SIVagmTAN has also been demonstrated while the gag proteins of other 

lentiviruses like HIV-2, SIVmac and SIVagmGRI are unable to interact 

with CypA 187. This indicates that CypA dependent replication is virus 

specific and might change after adaptation into a new host. 

 

Scope of this thesis 

The studies described in this thesis focus on the role of cellular factors 

that specifically interact with the capsid protein in HIV-1 replication. 

Previously, it was observed that Trim5 mediated restriction of HIV-1 
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replication in cells from simian species can be circumvented by 

mutations in the CypA-binding region in the viral Gag protein 145,195,196. 

In Chapter 2, a further delineation of the specific residues that are 

involved in the observed resistance to the Trim5α mediated restriction is 

described. In Chapter 3, a biochemical analysis is employed to explore 

the physical interactions between Trim5α, CypA and the HIV-1 capsid 

protein.  

In Chapters 4 and 5, the role of Trim5α and CypA in HIV-1 replication in 

vivo was studied. The effects of polymorphisms in the Trim5 gene and 

the CypA gene on disease progression was investigated in HIV-1 

infected participants of the Amsterdam cohort studies on HIV-1 infection 

and AIDS.  

Expression of several Trim proteins is regulated by interferons. In 

Chapter 6, we analyzed whether Trim proteins were involved in the 

interferon-induced blockade in HIV-1 replication in primary macrophages. 

In Chapter 7, the findings described in this thesis are discussed in light 

of the current views on the role of CypA and Trim5α mediated restriction 

in HIV-1 replication. 

 

 

References 
 

 

 1   Coffin JM. Genetic variation in AIDS viruses. Cell 1986; 46: 1-4. 

 2   Coffin JM. HIV population dynamics in vivo: implications for genetic variation, 

pathogenesis, and therapy. Science 1995; 267: 483-9. 

 3   Coffin JM. HIV viral dynamics. AIDS 1996; 10 Suppl 3: S75-S84. 

 4   Gao F, Bailes E, Robertson DL et al. Origin of HIV-1 in the chimpanzee Pan 

troglodytes troglodytes. Nature 1999; 397: 436-41. 

 5   Keele BF, Giorgi EE, Salazar-Gonzalez JF et al. Identification and characterization 

of transmitted and early founder virus envelopes in primary HIV-1 infection. Proc 

Natl Acad Sci U S A 2008; 105: 7552-7. 

 6   Korber B, Muldoon M, Theiler J et al. Timing the ancestor of the HIV-1 pandemic 

strains. Science 2000; 288: 1789-96. 

 7   Sharp PM, Bailes E, Chaudhuri RR et al. The origins of acquired immune 

deficiency syndrome viruses: where and when? Philos Trans R Soc Lond B Biol Sci 

2001; 356: 867-76. 

 8   Reeves JD, Doms RW. Human immunodeficiency virus type 2. J Gen Virol 2002; 

83: 1253-65. 



Chapter 1 27 

 
 9   Barre-Sinoussi F, Chermann JC, Rey R et al. Isolation of a T-lymphotropic 

retrovirus from a patient at risk for acquired immune deficiency syndrome. 

Science 1983; 220: 868-71. 

 10   Popovic M, Sarngadharan MG, Read E, Gallo RC. Detection, isolation and 

continuous production of cytopathic retroviruses ( HTLV-III ) from patients with 

AIDS and pre-AIDS. Science 1984; 224: 497. 

 11   Platt EJ, Wehrly K, Kuhmann SE, Chesebro B, Kabat D. Effects of CCR5 and CD4 

cell surface concentrations on infections by macrophage tropic isolates of human 

immunodeficiency virus type 1. J Virol 1998; 72: 2855-64. 

 12   Schuitemaker H, Kootstra NA, De Goede REY et al. Monocytotropic human 

immunodeficiency virus 1 (HIV-1) variants detectable in all stages of HIV infection 

lack T-cell line tropism and syncytium-inducing ability in primary T-cell culture. J 

Virol 1991; 65: 356-63. 

 13   Alkhatib G, Broder CC, Berger EA. Cell type-specific fusion cofactors determine 

human immunodeficiency virus type 1 tropism for T-cell lines versus primary 

macrophages. J Virol 1996; 70: 5487-94. 

 14   Zhu T, Mo H, Wang N et al. Genotypic and phenotypic characterization of HIV-1 in 

patients with primary infection. Science 1993; 261: 1179-81. 

 15   Schuitemaker H, Kootstra NA, Koppelman MHGM et al. Proliferation dependent 

HIV-1 infection of monocytes occurs during differentiation into macrophages. J 

Clin Invest 1992; 89: 1154-60. 

 16   Schuitemaker H, Kootstra NA, Groenink M et al. Differential tropism of clinical 

HIV-1 isolates for primary monocytes and promonocytic-cell lines. AIDS Res Hum 

Retroviruses 1992; 8: 1679-82. 

 17   Van 't Wout AB, Kootstra NA, Mulder-Kampinga GA et al. Macrophage-tropic 

variants initiate human immunodeficiency virus type 1 infection after sexual, 

parenteral and vertical transmission. J Clin Invest 1994; 94: 2060-7. 

 18   Zhang L, Huang Y, He T, Cao Y, Ho DD. HIV-1 subtype and second-receptor use. 

Nature 1996; 383: 768. 

 19   Tersmette M, De Goede REY, Al BJM et al. Differential syncytium-inducing 

capacity of human immunodeficiency virus isolates: frequent detection of 

syncytium-inducing isolates in patients with acquired immunodeficiency syndrome 

(AIDS) and AIDS-related complex. J Virol 1988; 62: 2026-32. 

 20   Koot M, Vos AHV, Keet RPM et al. HIV-1 biological phenotype in long term 

infected individuals, evaluated with an MT-2 cocultivation assay. AIDS 1992; 6: 

49-54. 

 21   Koot M, Van Leeuwen R, De Goede REY et al. Conversion rate towards a 

syncytium inducing (SI) phenotype during different stages of HIV-1 infection and 

prognostic value of SI phenotype for survival after AIDS diagnosis. J Infect Dis 

1999; 179: 254-8. 

 22   Clark JC, Saag MS, Decker WD et al. High titers of cytopathic virus in plasma of 

patients with symptomatic primary HIV-1 infection. N Engl J Med 1991; 324: 

954-60. 

 23   Daar ES, Moudgil T, Meyer RD, Ho DD. Transient high levels of viremia in patients 

with primary human immunodeficiency virus type 1 infection. N Engl J Med 1991; 

324: 961-4. 

 24   Roos MThL, De Leeuw NASM, Claessen FAP et al. Viro-immunological studies in 

acute HIV-1 infection. AIDS 1994; 8: 1533-8. 



28 General introduction 

 
 25   Brenchley JM, Schacker TW, Ruff LE et al. CD4+ T cell depletion during all stages 

of HIV disease occurs predominantly in the gastrointestinal tract. J Exp Med 2004; 

200: 749-59. 

 26   Guadalupe M, Reay E, Sankaran S et al. Severe CD4+ T-cell depletion in gut 

lymphoid tissue during primary human immunodeficiency virus type 1 infection 

and substantial delay in restoration following highly active antiretroviral therapy. 

J Virol 2003; 77: 11708-17. 

 27   Mellors JW, Rinaldo CR, Jr., Gupta P et al. Prognosis in HIV-1 infection predicted 

by the quantity of virus in plasma. Science 1996; 272: 1167-70. 

 28   De Wolf F, Spijkerman I, Schellekens PThA et al. AIDS prognosis based on HIV-1 

RNA, CD4+ T cell count and function: Markers with reciprocal predictive value over 

time after seroconversion. AIDS 1997; 11: 1799-806. 

 29   Douek DC, Betts MR, Hill BJ et al. Evidence for increased T cell turnover and 

decreased thymic output in HIV infection. J Immunol 2001; 167: 6663-8. 

 30   Douek DC, Picker LJ, Koup RA. T cell dynamics in HIV-1 infection. Annu Rev 

Immunol 2003; 21: 265-304. 

 31   Bonhoeffer S, May RM, Shaw GM, Nowak MA. Virus dynamics and drug therapy. 

Proc Natl Acad Sci U S A 1997; 94: 6971-6. 

 32   Ho DD, Neumann AU, Perelson AS et al. Rapid turnover of plasma virions and 

CD4 lymphocytes in HIV-1 infection. Nature 1995; 373: 123-6. 

 33   Aukrust P, Liabakk N, Muller F et al. Serum levels of tumor necrosis factor-alpha 

(TNF alpha) and soluble TNF receptors in human immunodeficiency virus type 1 

infection:correlations to clinical,immunologic, and virologic parameters. J Infect 

Dis 1994; 169: 1186-7. 

 34   Bass H, Nishanian P, Hardy W et al. Immune changes in HIV-1 

infection:significant correlations and differences in serum markers and lymphoid 

phenotypic antigens. Clin Immunol Immunopathol 1992; 64: 63-70. 

 35   Mahalingam M, Peakman M, Davies E et al. T cell activation and disease severity 

in HIV infection. Clin Exp Immunol 1993; 93: 337-43. 

 36   Sabin CA, Devereux H, Phillips AN et al. Course of viral load throughout HIV-1 

infection. J Acquir Immune Defic Syndr 2000; 23: 172-7. 

 37   Preston BD, Poiesz BJ, Loeb LA. Fidelity of HIV-1 reverse transcriptase. Science 

1988; 242: 1168-71. 

 38   Roberts JD, Bebenek K, Kunkel TA. The accuracy of reverse transcriptase from 

HIV-1. Science 1988; 242: 1171-3. 

 39   Feng Y, Broder CC, Kennedy PE, Berger EA. HIV-1 entry cofactor: functional cDNA 

cloning of a seven-transmembrane, G protein-coupled receptor. Science 1996; 

272: 872-7. 

 40   Dragic T, Litwin V, Allaway GP et al. HIV-1 entry into CD4+ cells is mediated by 

the chemokine receptor CC-CKR-5. Nature 1996; 381: 667-73. 

 41   Deng HK, Liu R, Ellmeier W et al. Identification of the major co-receptor for 

primary isolates of HIV-1. Nature 1996; 381: 661-6. 

 42   Berger EA, Murphy PM, Farber JM. Chemokine receptors as HIV-1 coreceptors: 

roles in viral entry, tropism, and disease. Ann Rev Immunol 1999; 17: 657-700. 

 43   Connor RI, Sheridan KE, Ceradini D, Choe S, Landau NR. Change in coreceptor 

use correlates with disease progression in HIV-1-infected individuals. J Exp Med 

1997; 185: 621-8. 

 44   Blaak H, Van 't Wout AB, Brouwer M et al. In vivo HIV-1 infection of 

CD45RA+CD4+ T cells is established primarily by syncytium-inducing variants and 



Chapter 1 29 

 
correlates with the rate of CD4+ T cell decline. Proc Natl Acad Sci USA 2000; 97: 

1269-74. 

 45   Schuitemaker H, Koot M, Kootstra NA et al. Biological phenotype of human 

immunodeficiency virus type 1 clones at different stages of infection: progression 

of disease is associated with a shift from monocytotropic to T-cell-tropic virus 

populations. J Virol 1992; 66: 1354-60. 

 46   Koot M, Keet IPM, Vos AHV et al. Prognostic value of human immunodeficiency 

virus type 1 biological phenotype for rate of CD4+ cell depletion and progression 

to AIDS. Ann Intern Med 1993; 118: 681-8. 

 47   Tersmette M, Gruters RA, De Wolf F et al. Evidence for a role of virulent human 

immunodeficiency virus (HIV) variants in the pathogenesis of acquired 

immunodeficiency syndrome: studies on sequential HIV isolates. J Virol 1989; 63: 

2118-25. 

 48   Richman DD, Bozzette SA. The impact of the syncytium-inducing phenotype of 

human immunodeficiency virus on disease progression. J Infect Dis 1994; 169: 

968-74. 

 49   Sattentau QJ, Moore JP. Conformational changes induced in the human 

immunodeficiency virus envelope glycoprotein by soluble CD4 binding. J Exp Med 

1991; 174: 407-15. 

 50   Sullivan N, Sun Y, Sattentau Q et al. CD4-induced conformational changes in the 

human immunodeficiency virus type 1 gp120 glycoprotein: Consequences for 

virus entry and neutralization. J Virol 1998; 72: 4694-703. 

 51   Bukrinsky MI, Sharova N, McDonald TL et al. Association of integrase, matrix, and 

reverse transcriptase antigens of human immunodeficiency virus type 1 with viral 

nucleic acids following acute infection. Proc Natl Acad Sci USA 1993; 90: 6125-9. 

 52   Fassati A, Goff SP. Characterization of intracellular reverse transcription 

complexes of human immunodeficiency virus type 1. J Virol 2001; 75: 3626-35. 

 53   Miller MD, Farnet CM, Bushman FD. Human immunodeficiency virus type 1 

preintegration complexes: studies of organization and composition. J Virol 1997; 

71: 5382-90. 

 54   Farnet CM, Haseltine WA. Determination of viral proteins present in the HIV-1 

preintegration complex. J Virol 1991; 65: 1910-5. 

 55   Llano M, Delgado S, Vanegas M, Poeschla EM. Lens epithelium-derived growth 

factor/p75 prevents proteasomal degradation of HIV-1 integrase. J Biol Chem 

2004; 279: 55570-7. 

 56   Vandegraaff N, Devroe E, Turlure F, Silver PA, Engelman A. Biochemical and 

genetic analyses of integrase-interacting proteins lens epithelium-derived growth 

factor (LEDGF)/p75 and hepatoma-derived growth factor related protein 2 (HRP2) 

in preintegration complex function and HIV-1 replication. Virology 2006; 346: 

415-26. 

 57   Li L, Yoder K, Hansen MS et al. Retroviral cDNA integration: stimulation by HMG I 

family proteins. J Virol 2000; 74: 10965-74. 

 58   Lee R, Kaushik N, Modak MJ, Vinayak R, Pandey VN. Polyamide nucleic acid 

targeted to the primer binding site of the HIV-1 RNA genome blocks in vitro HIV-1 

reverse transcription. Biochemistry 1998; 37: 900-10. 

 59   Lin CW, Engelman A. The barrier-to-autointegration factor is a component of 

functional human immunodeficiency virus type 1 preintegration complexes. J Virol 

2003; 77: 5030-6. 



30 General introduction 

 
 60   Bukrinskaya AG, Ghorpade A, Heinzinger NK et al. Phosphorylation-dependent 

human immunodeficiency virus type 1 infection and nuclear targeting of viral DNA. 

Proc Natl Acad Sci USA 1996; 93: 367-71. 

 61   McDonald D, Vodicka MA, Lucero G et al. Visualization of the intracellular behavior 

of HIV in living cells. J Cell Biol 2002; 159: 441-52. 

 62   Anderson JL, Hope TJ. Intracellular trafficking of retroviral vectors: obstacles and 

advances. Gene Ther 2005; 12: 1667-78. 

 63   Goff SP. Intracellular trafficking of retroviral genomes during the early phase of 

infection: viral exploitation of cellular pathways. J Gene Med 2001; 3: 517-28. 

 64   Taunton J. Actin filament nucleation by endosomes, lysosomes and secretory 

vesicles. Curr Opin Cell Biol 2001; 13: 85-91. 

 65   Temin HM, RUBIN H. Characteristics of an assay for Rous sarcoma virus and Rous 

sarcoma cells in tissue culture. Virology 1958; 6: 669-88. 

 66   Temin HM, RUBIN H. A kinetic study of infection of chick embryo cells in vitro by 

Rous sarcoma virus. Virology 1959; 8: 209-22. 

 67   Temin HM. Studies on carcinogenesis by avian sarcoma viruses. VI. Differential 

multiplication of uninfected and of converted cells in response to insulin. J Cell 

Physiol 1967; 69: 377-84. 

 68   Fassati A. HIV infection of non-dividing cells: a divisive problem. Retrovirology 

2006; 3: 74. 

 69   Gruenbaum Y, Margalit A, Goldman RD, Shumaker DK, Wilson KL. The nuclear 

lamina comes of age. Nat Rev Mol Cell Biol 2005; 6: 21-31. 

 70   Fouchier RA, Malim MH. Nuclear import of human immunodeficiency virus type-1 

preintegration complexes. Adv Virus Res 1999; 52: 275-99. 

 71   Suzuki Y, Craigie R. The road to chromatin - nuclear entry of retroviruses. Nat 

Rev Microbiol 2007; 5: 187-96. 

 72   Bukrinsky MI, Haggerty S, Dempsey MP et al. A nuclear localization signal within 

HIV-1 matrix protein that governs infection of non-dividing cells. Nature 1993; 

365: 666-9. 

 73   Heinzinger NK, Bukrinsky MI, Haggerty SA et al. The vpr protein of human 

immunodeficiency virus type 1 influences nuclear localization of viral nucleic acids 

in nondividing cells. Proc Natl Acad Sci USA 1994; 91: 7311-5. 

 74   von Schwedler U, Kornbluth RS, Trono D. The nuclear localization signal of the 

matrix protein of human immunodeficiency virus type 1 allows the establishment 

of infection in macrophages and quiescent T lymphocytes. Proc Natl Acad Sci USA 

1994; 91: 6992-6. 

 75   Gallay P, Stitt V, Mundy C, Oettinger M, Trono D. Role of the karyopherin pathway 

in HIV-1 nuclear import. J Virol 1996; 70: 1027-32. 

 76   Gallay P, Hope T, Chin D, Trono D. HIV-1 infection of nondividing cells through 

the recognition of integrase by the importin/karyopherin pathway. Proc Natl Acad 

Sci USA 1997; 94: 9825-30. 

 77   Zaitseva L, Cherepanov P, Leyens L et al. HIV-1 exploits importin 7 to maximize 

nuclear import of its DNA genome. Retrovirology 2009; 6: 11. 

 78   Ebina H, Aoki J, Hatta S, Yoshida T, Koyanagi Y. Role of Nup98 in nuclear entry of 

human immunodeficiency virus type 1 cDNA. Microbes Infect 2004; 6: 715-24. 

 79   Hombrouck A, De RJ, Hendrix J et al. Virus evolution reveals an exclusive role for 

LEDGF/p75 in chromosomal tethering of HIV. PLoS Pathog 2007; 3: e47. 

 80   Raghavendra NK, Engelman A. LEDGF/p75 interferes with the formation of 

synaptic nucleoprotein complexes that catalyze full-site HIV-1 DNA integration in 



Chapter 1 31 

 
vitro: implications for the mechanism of viral cDNA integration. Virology 2007; 

360: 1-5. 

 81   Schroder AR, Shinn P, Chen H et al. HIV-1 integration in the human genome 

favors active genes and local hotspots. Cell 2002; 110: 521-9. 

 82   Crise B, Li Y, Yuan C et al. Simian immunodeficiency virus integration preference 

is similar to that of human immunodeficiency virus type 1. J Virol 2005; 79: 

12199-204. 

 83   MacNeil A, Sankale JL, Meloni ST et al. Genomic sites of human immunodeficiency 

virus type 2 (HIV-2) integration: similarities to HIV-1 in vitro and possible 

differences in vivo. J Virol 2006; 80: 7316-21. 

 84   Han Y, Siliciano RF. Keeping quiet: microRNAs in HIV-1 latency. Nat Med 2007; 

13: 1138-40. 

 85   Bisgrove D, Lewinski M, Bushman F, Verdin E. Molecular mechanisms of HIV-1 

proviral latency. Expert Rev Anti Infect Ther 2005; 3: 805-14. 

 86   Cullen BR. trans-Activation of human immunodeficiency virus occurs via a 

bimodal mechanism. Cell 1986; 46: 973-82. 

 87   Kao SY, Calman AF, Luciw PA, Peterlin BM. Anti-termination of transcription within 

the long terminal repeat of HIV-1 by tat gene product. Nature 1987; 330: 489-93. 

 88   Fornerod M, Ohno M, Yoshida M, Mattaj IW. CRM1 is an export receptor for 

leucine-rich nuclear export signals. Cell 1997; 90: 1051-60. 

 89   Stade K, Ford CS, Guthrie C, Weis K. Exportin 1 (Crm1p) is an essential nuclear 

export factor. Cell 1997; 90: 1041-50. 

 90   Ossareh-Nazari B, Bachelerie F, Dargemont C. Evidence for a role of CRM1 in 

signal-mediated nuclear protein export. Science 1997; 278: 141-4. 

 91   Stutz F, Neville M, Rosbash M. Identification of a novel nuclear pore-associated 

protein as a functional target of the HIV-1 Rev protein in yeast. Cell 1995; 82: 

495-506. 

 92   Stutz F, Izaurralde E, Mattaj IW, Rosbash M. A role for nucleoporin FG repeat 

domains in export of human immunodeficiency virus type 1 Rev protein and RNA 

from the nucleus. Mol Cell Biol 1996; 16: 7144-50. 

 93   Fritz CC, Green MR. HIV Rev uses a conserved cellular protein export pathway for 

the nucleocytoplasmic transport of viral RNAs. Curr Biol 1996; 6: 848-54. 

 94   Bache KG, Brech A, Mehlum A, Stenmark H. Hrs regulates multivesicular body 

formation via ESCRT recruitment to endosomes. J Cell Biol 2003; 162: 435-42. 

 95   Bache KG, Raiborg C, Mehlum A, Stenmark H. STAM and Hrs are subunits of a 

multivalent ubiquitin-binding complex on early endosomes. J Biol Chem 2003; 

278: 12513-21. 

 96   Strack B, Calistri A, Craig S, Popova E, Gottlinger HG. AIP1/ALIX is a binding 

partner for HIV-1 p6 and EIAV p9 functioning in virus budding. Cell 2003; 114: 

689-99. 

 97   von Schwedler UK, Stuchell M, Muller B et al. The protein network of HIV budding. 

Cell 2003; 114: 701-13. 

 98   Morita E, Sundquist WI. Retrovirus budding. Annu Rev Cell Dev Biol 2004; 20: 

395-425. 

 99  Carlton JG, Martin-Serrano J. Parallels between cytokinesis and retroviral budding: 

a role for the ESCRT machinery. Science 2007; 316: 1908-12. 

 100   Hurley JH, Emr SD. The ESCRT complexes: structure and mechanism of a 

membrane-trafficking network. Annu Rev Biophys Biomol Struct 2006; 35: 277-

98. 



32 General introduction 

 
 101   Freed EO, Myers DJ, Risser R. Characterization of the fusion domain of the human 

immunodeficiency virus type 1 envelope glycoprotein gp41. Proc Natl Acad Sci 

USA 1993; 87: 4650-4. 

 102   Freed EO, Martin MA. Virion incorporation of envelope glycoproteins with long but 

not short cytoplasmic tails is blocked by specific, single amino acid substitutions 

in the human immunodeficiency virus type 1 matrix. J Virol 1995; 69: 1984-9. 

 103   Hourioux C, Brand D, Sizaret PY et al. Identification of the glycoprotein 41(TM) 

cytoplasmic tail domains of human immunodeficiency virus type 1 that interact 

with Pr55Gag particles. AIDS Res Hum Retroviruses 2000; 16: 1141-7. 

 104   Gheysen D, Jacobs E, de FF et al. Assembly and release of HIV-1 precursor 

Pr55gag virus-like particles from recombinant baculovirus-infected insect cells. 

Cell 1989; 59: 103-12. 

 105   Jacobs E, Gheysen D, Thines D, Francotte M, De Wilde M. The HIV-1 Gag 

precursor Pr55gag synthesized in yeast is myristoylated and targeted to the 

plasma membrane. Gene 1989; 79: 71-81. 

 106   Ono A, Huang M, Freed EO. Characterization of human immunodeficiency virus 

type 1 matrix revertants: effects on virus assembly, Gag processing, and Env 

incorporation into virions. J Virol 1997; 71: 4409-18. 

 107   Ono A, Freed EO. Binding of human immunodeficiency virus type 1 Gag to 

membrane: role of the matrix amino terminus. J Virol 1999; 73: 4136-44. 

 108   Ono A, Freed EO. Plasma membrane rafts play a critical role in HIV-1 assembly 

and release. Proc Natl Acad Sci U S A 2001; 98: 13925-30. 

 109   Belshaw R, Pereira V, Katzourakis A et al. Long-term reinfection of the human 

genome by endogenous retroviruses. Proc Natl Acad Sci U S A 2004; 101: 4894-

9. 

 110   Wolf D, Goff SP. Host restriction factors blocking retroviral replication. Annu Rev 

Genet 2008; 42: 143-63. 

 111   Takeuchi H, Matano T. Host factors involved in resistance to retroviral infection. 

Microbiol Immunol 2008; 52: 318-25. 

 112   Baumann JG. Intracellular restriction factors in mammalian cells--An ancient 

defense system finds a modern foe. Curr HIV Res 2006; 4: 141-68. 

 113   Lehmann-Che J, Saib A. Early stages of HIV replication: how to hijack cellular 

functions for a successful infection. AIDS Rev 2004; 6: 199-207. 

 114   Goff SP. Retrovirus restriction factors. Mol Cell 2004; 16: 849-59. 

 115   Bieniasz PD. Intrinsic immunity: a front-line defense against viral attack. Nat 

Immunol 2004; 5: 1109-15. 

 116   Neil SJ, Zang T, Bieniasz PD. Tetherin inhibits retrovirus release and is 

antagonized by HIV-1 Vpu. Nature 2008; 451: 425-30. 

 117   Van DN, Goff D, Katsura C et al. The interferon-induced protein BST-2 restricts 

HIV-1 release and is downregulated from the cell surface by the viral Vpu protein. 

Cell Host Microbe 2008; 3: 245-52. 

 118   Sheehy AM, Gaddis NC, Choi JD, Malim MH. Isolation of a human gene that 

inhibits HIV-1 infection and is suppressed by the viral Vif protein. Nature 2002; 

418: 646-50. 

 119   Bishop KN, Holmes RK, Sheehy AM, Malim MH. APOBEC-mediated editing of viral 

RNA. Science 2004; 305: 645. 

 120   Stremlau M, Owens CM, Perron MJ et al. The cytoplasmic body component 

TRIM5alpha restricts HIV-1 infection in Old World monkeys. Nature 2004; 427: 

848-53. 



Chapter 1 33 

 
 121   Kaletsky RL, Francica JR, grawal-Gamse C, Bates P. Tetherin-mediated restriction 

of filovirus budding is antagonized by the Ebola glycoprotein. Proc Natl Acad Sci U 

S A 2009; 106: 2886-91. 

 122   Jouvenet N, Neil SJ, Zhadina M et al. Broad-spectrum inhibition of retroviral and 

filoviral particle release by tetherin. J Virol 2009; 83: 1837-44. 

 123   Miyagi E, Andrew AJ, Kao S, Strebel K. Vpu enhances HIV-1 virus release in the 

absence of Bst-2 cell surface down-modulation and intracellular depletion. Proc 

Natl Acad Sci U S A 2009; 106: 2868-73. 

 124   Goila-Gaur R, Strebel K. HIV-1 Vif, APOBEC, and intrinsic immunity. Retrovirology 

2008; 5: 51. 

 125   Harris RS, Liddament MT. Retroviral restriction by APOBEC proteins. Nat Rev 

Immunol 2004; 4: 868-77. 

 126   Lecossier D, Bouchonnet F, Clavel F, Hance AJ. Hypermutation of HIV-1 DNA in 

the absence of the Vif protein. Science 2003; 300: 1112. 

 127   Mangeat B, Turelli P, Caron G et al. Broad antiretroviral defence by human 

APOBEC3G through lethal editing of nascent reverse transcripts. Nature 2003; 

424: 99-103. 

 128   Mehle A, Goncalves J, Santa-Marta M, McPike M, Gabuzda D. Phosphorylation of a 

novel SOCS-box regulates assembly of the HIV-1 Vif-Cul5 complex that promotes 

APOBEC3G degradation. Genes Dev 2004; 18: 2861-6. 

 129   Stopak K, de NC, Yonemoto W, Greene WC. HIV-1 Vif blocks the antiviral activity 

of APOBEC3G by impairing both its translation and intracellular stability. Mol Cell 

2003; 12: 591-601. 

 130   Chiu YL, Soros VB, Kreisberg JF et al. Cellular APOBEC3G restricts HIV-1 infection 

in resting CD4+ T cells. Nature 2005; 435: 108-14. 

 131   Stopak KS, Chiu YL, Kropp J, Grant RM, Greene WC. Distinct patterns of cytokine 

regulation of APOBEC3G expression and activity in primary lymphocytes, 

macrophages, and dendritic cells. J Biol Chem 2007; 282: 3539-46. 

 132   Thielen BK, Klein KC, Walker LW et al. T cells contain an RNase-insensitive 

inhibitor of APOBEC3G deaminase activity. PLoS Pathog 2007; 3: 1320-34. 

 133   FRIEND C. Leukemia of adult mice caused by a transmissible agent. Ann N Y Acad 

Sci 1957; 68: 522-32. 

 134   Lilly F. Fv-2: identification and location of a second gene governing the spleen 

focus response to Friend leukemia virus in mice. J Natl Cancer Inst 1970; 45: 

163-9. 

 135   Goff SP. Operating under a Gag order: a block against incoming virus by the Fv1 

gene. Cell 1996; 86: 691-3. 

 136   Hatziioannou T, Cowan S, Goff SP, Bieniasz PD, Towers GJ. Restriction of multiple 

divergent retroviruses by Lv1 and Ref1. EMBO J 2003; 22: 385-94. 

 137   Towers G, Bock M, Martin S et al. A conserved mechanism of retrovirus restriction 

in mammals. Proc Natl Acad Sci U S A 2000; 97: 12295-9. 

 138   Shibata R, Sakai H, Kawamura M, Tokunaga K, Adachi A. Early replication block of 

human immunodeficiency virus type 1 in monkey cells. J Gen Virol 1995; 76 ( Pt 

11): 2723-30. 

 139   Himathongkham S, Luciw PA. Restriction of HIV-1 (subtype B) replication at the 

entry step in rhesus macaque cells. Virology 1996; 219: 485-8. 

 140   Hofmann W, Schubert D, LaBonte J et al. Species-specific, postentry barriers to 

primate immunodeficiency virus infection. J Virol 1999; 73: 10020-8. 

 141   Besnier C, Takeuchi Y, Towers G. Restriction of lentivirus in monkeys. Proc Natl 

Acad Sci U S A 2002; 99: 11920-5. 



34 General introduction 

 
 142   Cowan S, Hatziioannou T, Cunningham T et al. Cellular inhibitors with Fv1-like 

activity restrict human and simian immunodeficiency virus tropism. Proc Natl 

Acad Sci U S A 2002; 99: 11914-9. 

 143   Owens CM, Yang PC, Gottlinger H, Sodroski J. Human and simian 

immunodeficiency virus capsid proteins are major viral determinants of early, 

postentry replication blocks in simian cells. J Virol 2003; 77: 726-31. 

 144   Owens CM, Song B, Perron MJ et al. Binding and susceptibility to postentry 

restriction factors in monkey cells are specified by distinct regions of the human 

immunodeficiency virus type 1 capsid. J Virol 2004; 78: 5423-37. 

 145   Kootstra NA, Munk C, Tonnu N, Landau NR, Verma IM. Abrogation of postentry 

restriction of HIV-1-based lentiviral vector transduction in simian cells. Proc Natl 

Acad Sci U S A 2003; 100: 1298-303. 

 146   Munk C, Brandt SM, Lucero G, Landau NR. A dominant block to HIV-1 replication 

at reverse transcription in simian cells. Proc Natl Acad Sci U S A 2002; 99: 

13843-8. 

 147   Duran-Troise G, Bassin RH, Rein A, Gerwin BI. Loss of Fv-1 restriction in Balb/3T3 

cells following infection with a single N tropic murine leukemia virus particle. Cell 

1977; 10: 479-88. 

 148   Sayah DM, Luban J. Selection for loss of Ref1 activity in human cells releases 

human immunodeficiency virus type 1 from cyclophilin A dependence during 

infection. J Virol 2004; 78: 12066-70. 

 149   Yap MW, Nisole S, Lynch C, Stoye JP. Trim5alpha protein restricts both HIV-1 and 

murine leukemia virus. Proc Natl Acad Sci U S A 2004; 101: 10786-91. 

 150   Shi J, Aiken C. Saturation of TRIM5 alpha-mediated restriction of HIV-1 infection 

depends on the stability of the incoming viral capsid. Virology 2006; 350: 493-

500. 

 151   Gamble TR, Yoo S, Vajdos FF et al. Structure of the carboxyl-terminal 

dimerization domain of the HIV-1 capsid protein. Science 1997; 278: 849-53. 

 152   Gitti RK, Lee BM, Walker J et al. Structure of the amino-terminal core domain of 

the HIV-1 capsid protein. Science 1996; 273: 231-5. 

 153   Jin Z, Jin L, Peterson DL, Lawson CL. Model for lentivirus capsid core assembly 

based on crystal dimers of EIAV p26. J Mol Biol 1999; 286: 83-93. 

 154   Khorasanizadeh S, Campos-Olivas R, Summers MF. Solution structure of the 

capsid protein from the human T-cell leukemia virus type-I. J Mol Biol 1999; 291: 

491-505. 

 155   Khorasanizadeh S, Campos-Olivas R, Clark CA, Summers MF. Sequence-specific 

1H, 13C and 15N chemical shift assignment and secondary structure of the HTLV-

I capsid protein. J Biomol NMR 1999; 14: 199-200. 

 156   Hatziioannou T, Perez-Caballero D, Yang A, Cowan S, Bieniasz PD. Retrovirus 

resistance factors Ref1 and Lv1 are species-specific variants of TRIM5alpha. Proc 

Natl Acad Sci U S A 2004; 101: 10774-9. 

 157   Keckesova Z, Ylinen LM, Towers GJ. The human and African green monkey 

TRIM5alpha genes encode Ref1 and Lv1 retroviral restriction factor activities. Proc 

Natl Acad Sci U S A 2004; 101: 10780-5. 

 158   Perron MJ, Stremlau M, Song B et al. TRIM5alpha mediates the postentry block to 

N-tropic murine leukemia viruses in human cells. Proc Natl Acad Sci U S A 2004; 

101: 11827-32. 

 159   Reymond A, Meroni G, Fantozzi A et al. The tripartite motif family identifies cell 

compartments. EMBO J 2001; 20: 2140-51. 



Chapter 1 35 

 
 160   Nisole S, Stoye JP, Saib A. TRIM family proteins: retroviral restriction and 

antiviral defence. Nat Rev Microbiol 2005; 3: 799-808. 

 161   Yap MW, Nisole S, Stoye JP. A single amino acid change in the SPRY domain of 

human Trim5alpha leads to HIV-1 restriction. Curr Biol 2005; 15: 73-8. 

 162   Fridell RA, Harding LS, Bogerd HP, Cullen BR. Identification of a novel human zinc 

finger protein that specifically interacts with the activation domain of lentiviral Tat 

proteins. Virology 1995; 209: 347-57. 

 163   Tissot C, Mechti N. Molecular cloning of a new interferon-induced factor that 

represses human immunodeficiency virus type 1 long terminal repeat expression. 

J Biol Chem 1995; 270: 14891-8. 

 164   Bouazzaoui A, Kreutz M, Eisert V et al. Stimulated trans-acting factor of 50 kDa 

(Staf50) inhibits HIV-1 replication in human monocyte-derived macrophages. 

Virology 2006; 356: 79-94. 

 165   Asaoka K, Ikeda K, Hishinuma T et al. A retrovirus restriction factor TRIM5alpha is 

transcriptionally regulated by interferons. Biochem Biophys Res Commun 2005; 

338: 1950-6. 

 166   Chelbi-Alix MK, Pelicano L, Quignon F et al. Induction of the PML protein by 

interferons in normal and APL cells. Leukemia 1995; 9: 2027-33. 

 167   Carthagena L, Parise MC, Ringeard M et al. Implication of TRIM alpha and 

TRIMCyp in interferon-induced anti-retroviral restriction activities. Retrovirology 

2008; 5: 59. 

 168   Rajsbaum R, Stoye JP, O'Garra A. Type I interferon-dependent and -independent 

expression of tripartite motif proteins in immune cells. Eur J Immunol 2008; 38: 

619-30. 

 169   Perez-Caballero D, Hatziioannou T, Zhang F, Cowan S, Bieniasz PD. Restriction of 

human immunodeficiency virus type 1 by TRIM-CypA occurs with rapid kinetics 

and independently of cytoplasmic bodies, ubiquitin, and proteasome activity. J 

Virol 2005; 79: 15567-72. 

 170   Mische CC, Javanbakht H, Song B et al. Retroviral restriction factor TRIM5alpha is 

a trimer. J Virol 2005; 79: 14446-50. 

 171   Langelier CR, Sandrin V, Eckert DM et al. Biochemical characterization of a 

recombinant TRIM5alpha protein that restricts human immunodeficiency virus 

type 1 replication. J Virol 2008; 82: 11682-94. 

 172   Kar AK, az-Griffero F, Li Y, Li X, Sodroski J. Biochemical and biophysical 

characterization of a chimeric TRIM21-TRIM5alpha protein. J Virol 2008; 82: 

11669-81. 

 173   Diaz-Griffero F, Li X, Javanbakht H et al. Rapid turnover and polyubiquitylation of 

the retroviral restriction factor TRIM5. Virology 2006; 349: 300-15. 

 174   Perez-Caballero D, Hatziioannou T, Yang A, Cowan S, Bieniasz PD. Human 

tripartite motif 5alpha domains responsible for retrovirus restriction activity and 

specificity. J Virol 2005; 79: 8969-78. 

 175   Stremlau M, Perron M, Welikala S, Sodroski J. Species-specific variation in the 

B30.2(SPRY) domain of TRIM5alpha determines the potency of human 

immunodeficiency virus restriction. J Virol 2005; 79: 3139-45. 

 176   Perron MJ, Stremlau M, Sodroski J. Two surface-exposed elements of the 

B30.2/SPRY domain as potency determinants of N-tropic murine leukemia virus 

restriction by human TRIM5alpha. J Virol 2006; 80: 5631-6. 

 177   Nakayama EE, Miyoshi H, Nagai Y, Shioda T. A specific region of 37 amino acid 

residues in the SPRY (B30.2) domain of African green monkey TRIM5alpha 



36 General introduction 

 
determines species-specific restriction of simian immunodeficiency virus SIVmac 

infection. J Virol 2005; 79: 8870-7. 

 178   Sawyer SL, Wu LI, Emerman M, Malik HS. Positive selection of primate 

TRIM5alpha identifies a critical species-specific retroviral restriction domain. Proc 

Natl Acad Sci U S A 2005; 102: 2832-7. 

 179   Song B, Gold B, O'hUigin C et al. The B30.2(SPRY) domain of the retroviral 

restriction factor TRIM5alpha exhibits lineage-specific length and sequence 

variation in primates. J Virol 2005; 79: 6111-21. 

 180   Si Z, Vandegraaff N, O'hUigin C et al. Evolution of a cytoplasmic tripartite motif 

(TRIM) protein in cows that restricts retroviral infection. Proc Natl Acad Sci U S A 

2006; 103: 7454-9. 

 181   Nisole S, Lynch C, Stoye JP, Yap MW. A Trim5-cyclophilin A fusion protein found 

in owl monkey kidney cells can restrict HIV-1. Proc Natl Acad Sci U S A 2004; 

101: 13324-8. 

 182   Towers GJ, Hatziioannou T, Cowan S et al. Cyclophilin A modulates the sensitivity 

of HIV-1 to host restriction factors. Nat Med 2003; 9: 1138-43. 

 183   Stremlau M, Perron M, Lee M et al. Specific recognition and accelerated uncoating 

of retroviral capsids by the TRIM5alpha restriction factor. Proc Natl Acad Sci U S A 

2006; 103: 5514-9. 

 184   Chatterji U, Bobardt MD, Gaskill P et al. Trim5alpha accelerates degradation of 

cytosolic capsid associated with productive HIV-1 entry. J Biol Chem 2006; 281: 

37025-33. 

 185   Luban J, Bossolt KL, Franke EK, Kalpana GV, Goff SP. Human immunodeficiency 

virus type 1 Gag protein binds to cyclophilins A and B. Cell 1993; 73: 1067-78. 

 186   Franke EK, Yuan HEH, Luban J. Specific incorporation of cyclophilin A into HIV-1 

virions. Nature 1994; 372: 359-62. 

 187   Lin TY, Emerman M. Cyclophilin A interacts with diverse lentiviral capsids. 

Retrovirology 2006; 3: 70. 

 188   Fanghanel J, Fischer G. Insights into the catalytic mechanism of peptidyl prolyl 

cis/trans isomerases. Front Biosci 2004; 9: 3453-78. 

 189   Bosco DA, Eisenmesser EZ, Pochapsky S, Sundquist WI, Kern D. Catalysis of 

cis/trans isomerization in native HIV-1 capsid by human cyclophilin A. Proc Natl 

Acad Sci U S A 2002; 99: 5247-52. 

 190   Bosco DA, Kern D. Catalysis and binding of cyclophilin A with different HIV-1 

capsid constructs. Biochemistry 2004; 43: 6110-9. 

 191   Thali M, Bukovsky A, Kondo E et al. Functional association of cyclophilin A with 

HIV-1 virions. Nature 1994; 372: 363-5. 

 192   Handschumacher RE, Harding MW, Rice J, Drugge RJ, Speicher DW. Cyclophilin: a 

specific cytosolic binding protein for cyclosporin A. Science 1984; 226: 544-7. 

 193   Hatziioannou T, Perez-Caballero D, Cowan S, Bieniasz PD. Cyclophilin interactions 

with incoming human immunodeficiency virus type 1 capsids with opposing 

effects on infectivity in human cells. J Virol 2005; 79: 176-83. 

 194   Sokolskaja E, Sayah DM, Luban J. Target cell cyclophilin A modulates human 

immunodeficiency virus type 1 infectivity. J Virol 2004; 78: 12800-8. 

 195   Chatterji U, Bobardt MD, Stanfield R et al. Naturally occurring capsid substitutions 

render HIV-1 cyclophilin A independent in human cells and TRIM-cyclophilin-

resistant in Owl monkey cells. J Biol Chem 2005; 280: 40293-300. 

 196   Ikeda Y, Ylinen LM, Kahar-Bador M, Towers GJ. Influence of gag on human 

immunodeficiency virus type 1 species-specific tropism. J Virol 2004; 78: 11816-

22. 




