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Retroviruses including HIV-1 infect primates in a highly species specific 

manner and are specifically adapted to utilize the host cell machinery for 

their replication. Recently, genome wide siRNA screens have identified 

numerous cellular host factors that are essential for replication 1-3. 

Primate genomes contain large proportions of retroviral sequences and 

transposable elements. This indicates that primate species have 

encountered retroviruses on multiple occasions in the past, which might 

drive evolution of host genes that interfere with retroviral replication and 

zoonotic transfer of retroviruses. In the recent years several inhibitory 

factors like Fv1, Apobec, CD317 and the tri-partite containing motif 

(Trim) 5α have been identified that restrict retroviruses at multiple steps 

in their replication cycle 4-8. Although identified only recently, it is 

already firmly established that restriction factors have an important role 

in protection against viruses, suggesting that they are part of the 

conventional immune system. An important feature is the Interferon 

mediated transcriptional regulation. CD317 was identified by its potent 

up regulation in response to IFN-α 8 and many Trim family members, 

including Trim5α, have been reported to be regulated by IFNs in 

immune cells 9 (this thesis), a property that links them directly to innate 

immune responses.  

 

Several members of the large Trim family are thought to have a role in 

immunity related processes 10,11. Several Trims are involved in antiviral 

activity; notably, the anti retroviral activity of Trim1 strongly affects N-

MLV replication 12, Trim22 inhibits HIV-1 replication, although the stage 

at which it inhibits is unsure 13-15. Trim28 restricts MLV LTR driven 

transcription in murine embryonic cells 16. Additionally, an extensive 

screen for antiviral activity among Trim proteins suggested that Trim11, 

Trim31 and Trim62 could interfere with various stages of MLV and HIV-1 

replication 17. 

Besides the IFN mediated regulation of transcription, a number of 

additional features suggest a substantial role for Trim5α in anti retroviral 

immunity. First, elevated levels of non-synonymous substitutions in 

Trim5α relative to other host cellular factors indicate that the pressure 

for adaptation is high 18, a feature that is observed more often in host 

factors that directly interact with the pathogen. Second and more 

elusive, there is remarkable similarity in the ability to interact with 

structured pathogen associated complexes, reminiscent of the pattern 

recognition receptors, also known as Toll-like receptors (TLR). TLRs are 
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important mediators of immune responses and are required for full 

immunogenic potential 19. Similar as how TLRs recognize particular 

patterns specifically associated with pathogens, Trim5α recognizes and 

binds the assembled retroviral core complexes. Finally, Trim5α interacts 

by association of the B30.2 domain to the core particle. Structural 

predictions of the B30.2 domain suggested resemblance to the folding of 

immuno globulin, consisting of layered antiparallel β-sheets 20.  

  

The molecular mechanism by which Trim5α mediates restriction is 

unknown. Viral cores are subject to increased destabilization when 

sufficiently bound by Trim5α 21,22. The premature destabilization or 

uncoating could have several effects, including exposure of cDNA to 

factors present in the cytoplasm or degradation of the core protein 

complex by Trim5α induced proteasome mediated mechanisms.  

 

Evolutionary battles between host and pathogen 

For some restriction factors CD317 and Apobec3G, complex retroviruses 

have adopted accessory proteins, Vpu and Vif respectively, that interfere 

with the imposed restriction. Although the molecular mechanism by 

which Vpu interferes with CD317 is largely unknown, it is known that Vif 

directly interacts with Apobec3G and targets it for proteasome mediated 

degradation 23. On a molecular evolutionary level, ultimately Vif’s goal is 

to strengthen the interaction with Apobec3, while Apobec’s ultimate goal 

is to escape the inhibition mediated by the Vif protein. Similarly, Trim5α 

interacts with the retroviral capsid, the affinity of which largely 

determines the strength of inhibition 21. Retroviruses can escape from 

Trim5α mediated restriction by sequence variation in capsid, resulting in 

a loss of recognition.  

On an inter-species level, it is often observed that one or the other has 

the advantage. Indeed, a high level of species-specific infection of 

retroviruses is observed which is imparted to some extent to the 

inhibitory effects of restriction factors. The simian Trim5α interacts with 

the HIV-1 capsid with much higher affinity when compared to its human 

orthologue 21, and the restricting activity is consequently very high. This 

is specified by sequence variation in the variable regions on the B30.2 

domain of Trim5α 24. The variation largely specifies the highly species 

and virus specific response. 
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Interestingly, the adaptation of Trim5α to inhibit one retrovirus can lead 

to inability to resist other retroviruses. Human ancestors have been 

infected by retroviruses for millions of years. In that regard, HIV-1 is a 

rather new human pathogen; host defenses have not been selected to 

inhibit HIV-1, but are probably adapted to inhibit more ancient retroviral 

infections. Notably, the potent restriction of a chimpanzee endogenous 

retrovirus, which is absent from the human genome, by the human 

Trim5α suggests that Trim5α had an important role in the protection 

against this retrovirus 25. Indeed, the adaptation of the human Trim5α to 

past retroviral episodes could have selected for Trim5 variants that 

have now demonstrated reduced ability to inhibit HIV-1. 

 

In addition to Trim5α, cyclophilin A (CypA) was identified previously as a 

binding partner for the HIV-1 capsid 26. CypA is a highly versatile protein, 

which results in species specific phenotypes of HIV-1 infection. It acts as 

a cofactor for HIV-1 in human cells 26, in which it was suggested to 

participate in the regulated process of uncoating, while in some non-

human primate species, CypA functions as a cofactor for Trim5α 

mediated inhibition of HIV-1 (chapter 2)27,28. 

CypA interacts specifically with the capsid protein of different 

lentiviruses, like FIV, SIVagmTAN, SIVcpz, and HIV-1 29, indicating that 

CypA binding is a rather common phenomenon among lentiviruses. It is 

hard to say whether this property arose independently in these separate 

lineages, or whether a common ancestor was able to bind CypA and that 

this property was lost in other lentiviruses like SIVs. The ability for a 

lentivirus to interact with CypA could also be evolutionary dynamic and 

might be changed or lost upon adaptation to a new host. 

 

 

Cyclophilin A modulates HIV-1 infectivity 

The HIV-1 capsid protein between helices 4 and 5 (CypA binding region) 

and the residues G89 and P90 are critical for the interaction with CypA 
30-32. Disruption of this interaction by cyclosporin A (CsA) or mutation of 

critical residues in this loop that inhibits CypA binding, results in 

inhibition of HIV-1 replication at an early post entry step 31-38.  

 

It has been suggested that the conformation of the CypA binding region 

is important for viral fitness and CypA has been implicated to be 

responsible for maintaining the conformation of the CypA binding region 
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39. However, CypA binding to the HIV-1 capsid catalyzes cis-trans 

isomerization and structural changes in the capsid protein have been 

observed 40-43. In continuation of these observations, we employed a so 

called ‘fate of capsid’ assay, described in chapter 3, to analyze potential 

differences in core structure during an infection, regarding the presence 

of CypA. We observed that CypA could potently modify the structural 

organization of the assembled HIV-1 core, which suggests that CypA can 

change core conformation and assembly of the HIV-1 core. This 

suggests that CypA is involved in HIV-1 uncoating. 

 

 

Mutations in the HIV-1 capsid have diverse effects on infectivity 

Although most primary HIV-1 isolates require CypA binding for optimal 

replication, CypA independent replication of HIV-1 group M variants has 

also been reported 44,45. Indeed, naturally occurring variations in the 

CypA binding region of capsid have been identified in primary isolates 
46,47. All identified virus variants retained the central glycine-proline 

motif and variation was observed primarily at amino acid positions V86, 

H87, I91, and M96. In addition, other HIV-1 groups and HIV-2 show 

sequence diversity in the CypA binding region at positions proximal and 

distal to the conserved glycine-proline motif, indicating that sequence 

variability is well tolerated in this region. 

 

The naturally occurring substitutions identified in the HIV-1 group M 

variants were reduced in affinity for CypA but this did not noticeably 

lead to alterations in infectivity (this thesis), suggesting that the CypA 

binding loop adopts a particular configuration that allows for CypA 

independent HIV-1 infection. The independency was mostly associated 

with residues proximal to the central glycine-proline motif in the CypA 

binding region. More specifically, an H87Q/P largely reproduced the 

CypA independent infectivity phenotype 48 (this thesis), suggesting a 

crucial interaction for the histidine at position 87 in CypA modulated 

infectivity.  

Mutations that render HIV-1 infection CypA independent also appear to 

be able to compensate for mutations in the capsid protein that have 

been demonstrated to impact the stability of the assembled core particle. 

For example, the T110N escape mutation in the TW10 epitope presented 

by HLA-B57/5801 is frequently observed in HIV-1 positive carriers of the 

HLA-B57/5801 allele and has important consequences on core stability. 
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This substitution in the capsid protein is often associated with upstream 

mutations at residues H87, I93 and M96 in the CypA binding region, 

which partially restores the defect induced by T110N mutation 49. The 

compensatory mutations reduce the affinity for CypA and consequently 

display a higher stability of the core protein complex and regain of 

infectivity.  

 

In contrast to the CypA independent infection observed by introduction 

of mutations proximal to the CypA binding region, CypA hypersensitivity 

has been recognized which mapped to mutations distal from the CypA 

binding region 35,50. Mutations in the distal region of the CypA binding 

site render HIV-1 replication CsA-dependent. Introduction of these 

substitutions have no apparent effect on CypA affinity for the HIV-1 

capsid. Given the potent effects of CypA on infectivity of these HIV-1 

variants, this suggests that the effects of CypA on these HIV-1 mutants 

might have structural consequences. Nuclear magnetic resonance (NMR) 

indicated that the flexible proline-rich loop was altered by mutations in 

the distal region of the CypA binding region, probably through 

perturbation of the Type II tight turn in the CypA binding region 50,51. 

This might result in the increased response to CypA by alteration of the 

loop flexibility, leading to yet unknown effects on capsid structure and 

stability.  

Interestingly, substitutions of residues at distant positions in the HIV-1 

capsid protein have also been implicated in CypA hyper responsiveness. 

The T54A substitution, located in the alpha helix 3 of capsid, also 

renders HIV-1 CsA-dependent and thus resembles the phenotypes 

observed with HIV-1 mutants altered in the CypA binding region 52. In 

addition, consequences of R132K mutation in the KK10 epitope 

presented by carriers of the HLA B27 also result in particles that are 

non-infectious, but could be rescued by CsA treatment 53.  

 

Combined, these data suggest that CypA can induce substantial 

structural changes and has an effect on capsid regions that appear to be 

involved in global core stability. Notably, some of the CsA dependent 

phenotypes could be rescued to some extent by introduction of 

compensatory mutations that render HIV-1 infection CypA independent, 

leading to regain of infectivity. It is tempting to speculate that the 

affinity of CypA for the capsid protein combined with the CypA 

expression levels in the target cell can explain the observed infectivity. 
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Detailed analysis of HIV-1 infectivity in cells with varying expression of 

CypA indicated that the effects of CypA on wild type HIV-1 infection 

appear to be bimodal and infectivity phenotypes of mutants having 

altered CypA dependence could largely be ascribed to CypA expression 

levels 39,54,55. This indicates that there is a fine balance between CypA 

expression levels and CypA affinity for capsid in HIV-1 infection; high 

expression levels of CypA may increase capsid destabilization resulting 

in reduced replication. On the other hand, low levels of CypA might 

tighten capsid-capsid interaction thereby preventing proper core 

uncoating and reducing virus replication.  

 

The observation that residues at distant positions in the capsid protein 

can alter CypA sensitivity indicates that both CypA affinity for the capsid 

protein as well as structural consequences upon CypA binding lie at the 

heart of CypA induced HIV-1 infectivity, being able to alter core 

structure and stability. In addition, the interaction with one particular 

host factor could result in altered recognition by yet other host factors. 

The hereafter-discussed CypA-enhanced Trim5α mediated restriction 

observed in many non-human primates is an example of such a 

mechanism. 

 

 

CypA acts as a Trim5α cofactor in many non-human primates 

Many African green monkeys and rhesus macaques are highly refractory 

to HIV-1 infection, which can largely be ascribed to the inhibitory 

activity of Trim5α from these species 7. Although the exact binding site 

for Trim5α in the HIV-1 capsid is not known, the CypA binding region 

has been identified to be an important viral determinant in HIV-1 

restriction in these cells 44,47 (chapter 2). The CypA enhanced sensitivity 

for these non-human primate Trim5α orthologues largely coincided with 

the CypA dependence of HIV-1 infection in human cells (chapter 2). 

HIV-1 containing mutations proximal to the central glycine-proline motif 

can lead to circumvention of Trim5α mediated restriction in simian cells 
44,47 (chapter 2). Indeed, HIV-1 sensitivity to Trim5α decreased in 

mutants that were able to infect human cells in a CypA independent 

manner 27,28,44,56 (chapter 2). CypA most likely promotes Trim5α 

mediated restriction in these simian species by effects on the capsid 

protein rather than on Trim5α directly, since CypA has no influence on 
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the Trim5α mediated restriction of retroviruses like MLV that do not 

interact with CypA.  

 

Co-infection experiments performed in simian cell lines demonstrated 

that CypA independent HIV-1 variants were unable to efficiently saturate 

the restriction of wild type HIV-1 in these cells 44,45(this thesis). This 

observation suggested that Trim5α did not recognize these mutant viral 

capsid proteins. However, Stremlau et al demonstrated that HIV-1 core 

particles with the H87Q substitution were still susceptible to Trim5α 

mediated destabilization when rhesus macaque Trim5α was 

overexpressed 21, indicating that these mutants are still recognized and 

sensitive to Trim5α mediated inhibition.  

Co-infection experiments performed to establish whether or not 

particular virus variants are sensitive to the same restriction must be 

interpreted with great care. The effects of mutations on capsid stability, 

but also possible differences in recognition by CypA, Trim5α and other 

thus far unknown factors that have altered interactions or consequences 

induced by the interaction could mystify the interpretation. In this 

respect, Forshey et al observed reduced ability to saturate the 

restriction in simian cells when the stability of the HIV-1 capsid was 

altered 57,58. The mutations that were introduced were not located in the 

exposed loops but did impair the stability of the cores.  

Speculatively, the particles having altered stability could be impaired in 

efficient processing kinetics. Altered processing may also explain part of 

the inability for chimeric HIV-1 to saturate for the restriction. We 

observed increased amounts of core protein retained in the cytoplasm of 

infected cells when CypA was inhibited (chapter 3). The assay we 

employed to quantify dissolution of capsid from whole particles fails to 

discriminate between uncoating/destabilization and disappearance, e.g. 

by proteasome mediated degradation. The retention of large amounts of 

particles in the cytoplasm might result in alterations in core processing 

kinetics.  

 

The stimulatory effects of CypA on HIV-1 infectivity in many human cells 

initially led to the suggestion that CypA protected the HIV-1 core from 

the human Trim5α orthologue 38. However, the human Trim5α 

orthologue does not appear to respond to the presence of CypA since 

knock-down and over expression experiments demonstrated that CypA 

and Trim5α influence HIV-1 infectivity independently 28,37,59.  
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Host genetic variation influences disease progression and susceptibility 

to HIV-1 

Cellular factors like CypA and Trim5α have a direct effect on HIV-1 

replication and therefore genetic variations in these genes might also 

have an effect on HIV-1 susceptibility and the clinical outcome of the 

disease. Genetic variation in genes that encode for HIV-1 cofactors or 

restriction factors can have a strong impact on the outcome of disease. 

For example, carriers of a 32bp deletion in the chemokine coreceptor 

renders these individuals highly refractory to infection with HIV-1 and 

individuals that are heterozygous for this deletion have a slower disease 

progression 60-62.  

The polymorphisms identified in Trim5α and CypA did not strongly 

predict the clinical course of HIV-1 infection, and the variation in clinical 

course of HIV-1 infection was observed largely during the late stages of 

disease.   

Two single nucleotide polymorphisms in the regulatory region of the 

CypA gene were analyzed for their effects on HIV-1 susceptibility and 

disease progression (chapter 4). C1604G and A1650G are located in the 

regulatory region of CypA gene. Increased CypA expression was 

observed in purified cells of 1604G, however, no difference in in vitro 

replication of HIV-1 was observed in purified cells from genotyped 

donors (chapter 4).  

Notably, we observed an accelerated increase in viral load in carriers of 

the C1604G minor allele in a cohort of injecting drug users (IDU), but 

not MSM. However, differential effects of genetic polymorphisms on the 

clinical course of infection in IDU and MSM have been described before, 

specifically for the effect of a heterozygous CCR5-Δ32 genotype 63. 

 

 

A future for therapy? 

The existence of restriction factors that inhibit the most basic aspect of 

the HIV-1 replication cycle sparkles the imagination considering the 

application of therapeutic intervention. One could consider the 

therapeutic use of a highly restricting simian Trim protein as a transgene 

in an ex-vivo gene therapy setting. Inhibitors of the HIV-1 accessory 

proteins Vif and Vpu could reduce their capacity to interfere with the 

potent inhibition posed by Apobec3G and CD317 respectively.  
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During the course of our investigation, it became clear that inhibitors for 

capsid assembly and disassembly, as well as non-immunogenic CypA 

inhibitors such as Debio-025 could be highly beneficial in reducing HIV-1 

replication. Some promising candidates are being developed 48,64 that 

target CypA and/or capsid and may interfere with the regulated process 

of uncoating. Such therapy may prove beneficial in the outcome of the 

clinical course of infection for HIV-1 infected individuals.  
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