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Abstract 
 
 
Characterizing how RNA elements and nucleotide biases in the HIV-1 

genome regulate replication is necessary for a complete understanding of the 

viral life cycle. To characterise how the RNA sequence in gag controls HIV-1 

replication, we codon modified an ~350nt region in this gene. These 

synonymous mutations inhibited viral replication by decreasing genomic RNA 

(gRNA) abundance, gRNA stability, Gag expression, virion production and 

infectivity. Using RNA-seq, we identified that the synonymous mutations 

activated a cryptic splice site that is the cause of the reduction in viral 

replication. 

 

There is a much lower than expected frequency of CpG dinucleotides in HIV-

1 and codon modification introduced a substantial increase in CpG 

abundance. To determine if CpG dinucleotides are necessary for inhibition of 

HIV-1 replication, codons introducing CpGs were mutated back to the wild 

type codon, which restored efficient Gag expression and infectious virion 

production. To determine if they are sufficient to inhibit viral replication, CpG 

dinucleotides were inserted into gag in the absence of other point mutations. 

The results showed that while viral replication is greatly decreased, Gag 

expression, and virion production levels are similar to wild type HIV-1. 

Interestingly, gRNA abundance was decreased in the cell lysate and the 

media.  

 

When we introduced CpG dinucleotides into nucleotides 22-1188 in gag we 

showed a reduction in viral replication that was the result of a decrease in 

Gag expression, virion production and infectivity. In addition, we showed that 

the inhibitory mechanism required the RNA-binding protein ZAP. 

 

In summary, we have used HIV-1 as a model system to understand how 

CpG dinucleotides can inhibit viral replication. Understanding the 

mechanisms underlying the reduction in viral fitness may be extrapolated to 

different RNA viruses and could result in many applications. 
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Chapter 1: Introduction 
	

Since the first clinical observations more than 3 decades ago, the human 

immunodeficiency virus (HIV) pandemic has caused more than 35 million 

deaths. Although highly active antiretroviral treatment (HAART) has reduced 

the number of acquired immune deficiency syndrome (AIDS) - related 

mortality, 37 million people are currently living infected with HIV-1 (1). Access 

to therapy has improved but is not universal, and prospects of curative 

treatments and an effective vaccine are uncertain. Thus, AIDS continues to 

pose one of the most challenging threats to public health (1-3). 

 

1.1 Origins of HIV-1 and AIDS 
 

AIDS was first recognised as a new disease in 1981 when increasing 

numbers of men having sex with men that contracted opportunistic infections 

with similar clinical observations were reported in the United States (4). In 

1983, a new human retrovirus was isolated from a patient and, within a year, 

similar viruses had been isolated from patients with AIDS, which confirmed 

that HIV causes AIDS (5-7).  

 

HIV-1 is a retrovirus. Reverse transcription and integration are defining 

features of retroviridae. These viruses use the virally encoded enzyme, 

reverse transcriptase (RT), to convert their RNA genomes into DNA and 

integrase (IN) to integrate it into the host genome.  Retroviruses are 

classified as simple and complex viruses: simple viruses encode for Gag, 

protease (Pro), polymerase (Pol) and envelope (Env) gene products and 

include alpharetroviruses, betaretroviruses and gammaretroviruses. Complex 

retroviruses comprise deltaretroviruses, epsiloretroviruses, spumaviruses 

and lentiviruses and they encode for an array of regulatory proteins in 

addition to the already mentioned gene products. HIV-1 belongs to the 

lentivirus genus. 
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Lentiviruses cause chronic persistent infection in various mammalian species 

such as horses (equine infectious anemia virus, EIAV), felines (feline 

immunodeficiency virus, FIV), and primates (simian immunodeficiency virus, 

SIV) (2). In addition, some lentiviruses have become endogenous in the past, 

such as the rabbit endogenous lentivirus type K (RELIK), which infiltrated the 

germ-line about 12 million years ago (8, 9). These endogenous lentiviruses 

are of particular interest to understand the timescale of lentivirus evolution. 

Studies carried out on SIV-infected monkeys showed that while most of the 

SIV transmissions occur within members of the same species, there is 

numerous evidence of cross-species transmission from SIV (2, 10, 11). 

 

It is now well established that HIV-1 is the result of a zoonotic transfer of 

viruses infecting primates in Africa, where SIV, which naturally infects 

primates, infected humans (2). While viral sequence comparisons between 

SIVmac (isolated from rhesus macaque) and HIV-1 did not show great 

similarity, comparisons to HIV-2 showed that these viruses are closely 

related. HIV-2 also induces AIDS-like syndrome in their host. Later, HIV-1 

specific antibodies were isolated from two wild common chimpanzees (Pan 

troglodytes troglodytes, p.t troglodytes) in Gabon (12-15). This virus is 

named SIVcpz, and the overall genetic organisation is closely related to HIV-

1 (12, 13). Determining Pan troglodytes as the natural reservoir of SIVcpz 

has been challenging. This is because common chimpanzees are an 

endangered species and studies were limited to captive-born apes (16, 17). 

SIVcpz was rarely found among captive chimpanzees because most of them 

had been imported and were members of the Pan troglodytes verus 

subspecies, which is not infected by this virus. This suggested that 

chimpanzees acquired the infection after their divergence into different 

subspecies (18). These findings also led to hypothesise that a cross-species 

transmission from SIVcpz resulted in HIV-1 infection in humans. HIV-1 

comprises 4 different lineages, each of which is the result of an independent 

cross-species transmission: group M, N, O and P. Group M was the first 

discovered and is the pandemic form of HIV-1 (19). Group O was isolated 

later in Cameroon and represents less than 1% of the HIV-1 infections 

worldwide (20). Following this lineage, infection caused by the group N (21) 
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was documented, and infection by group P has only been identified in two 

persons (22). The origins of group M and N are different from the origins of 

group O, and P. SIVcpz strains are now classified into two subspecies-

specific lineages, named SIVcpzPtt and SIVcpzPts. Phylogenetic analysis of 

the sequences has confirmed that M and N originated from SIVcpzPtt while 

O and P originated from cross-species transmission of SIVgor viruses from 

gorillas that are evolutionary related to SIVcpzPtt (2, 12-14) (Figure 1.1). 

Transmission of SIVcpzPts to humans has not been identified. HIV-1 group 

M is further classified into 9 subgroups (A-D, F-H, J and K). While subtype B 

is the cause of most of the infections in Europe and America, A, C and D 

predominate in Africa (2). 
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Figure 1.1. Origins of the different HIV-1 strains and the phylogenetic 
relationships of representative SIVcpzPtt, SIVcpzPts and SIVgor 
strains.  HIV-1 M and N pandemic strains originated from SIVcpzPtt, and 
HIV-1 O and P originated from cross-species transmission of SIVgor. Figure 
taken from (2) with the copyright permission from Cold Spring Harbor 
Laboratory Press. 
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1.2 AIDS pathogenesis 
 

HIV-1 is mainly a sexually transmitted disease although infection can also 

occur when the virus is in direct contact with the bloodstream (23, 24). The 

early events of HIV-1 infection are difficult to study in humans and therefore 

most of the knowledge describing this critical period has been studied in SIV 

infection in macaques. The initial target for viral infection is CD4+ T cells on 

the site of the exposure, usually cells in the damaged mucosa. In the case of 

vaginal transmission in SIVmac model, the virus specifically targets the Th17 

lineage (25). Although macrophages have been reported to express low 

levels of CD4 (26), infection of peripheral monocytes has been identified in 

vivo (27, 28). Infection starts with a single target cell being infected with a 

single virion. The SIVmac model has shown that when the viral concentration 

is high enough it diffuses to the adjacent cells and tissues such as CD4+ T 

cells in the gut-associated lymphoid tissue (GALT) (29) and then to systemic 

infection (30). The same model has also shown that productive infection in 

CD4+ T cells can be detected only after 2 days from the exposure and 

spread to the distal lymph nodes and other tissues occurs within a 2-week 

period (23, 24). 

 

The course of HIV-1 infection can be classified in three stages and is 

depicted in Figure 1.2. During the first stage or eclipse phase (weeks 1-3) the 

virus replicates locally within the mucosa, and the viral load is undetectable. 

In this phase, the viral reservoir is established, and IFN response is detected 

(31). Subsequently, viral dissemination via lymph nodes into tissues and 

organs leads to the acute infection (24, 32). Here, high levels of viremia 

(more than 107 copies of viral genomes per millimetre of blood) are detected, 

and a severe initial loss of CD4+ T cells is observed. This phase is 

accompanied by flu-like symptoms, where the severity of the symptoms 

correlates with the peak of viral load. An adaptive cytotoxic CD8+ T cell 

response results in partial control of viral replication, at the end of the acute 

phase, a sharp decline in viral load is observed (33, 34). This is followed by 

the chronic infection or clinical latency phase where a constant or slowly 
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increasing level of viremia is detected. Antiretroviral treatment (ART) 

prevents new cells from becoming infected but does not eliminate the virus 

from already infected cells. While patients are asymptomatic during this 

phase, a large number of CD4+ cells are being infected. In patients without 

ART, CD4+ T cell count declines to <200 cells per microliter and the immune 

system is no longer able to fight against pathogens. This phase is 

accompanied by opportunistic infections that can be fatal (23, 24). 

 

Infection of CD4+ T cells results in cell death, and this subsequently leads to 

AIDS. The mechanism by which the virus kills the infected cells, though, is 

still controversial. One possible mechanism suggests that CD4 T cells block 

viral replication, which results in an accumulation of incomplete DNA 

transcripts (35). These cytosolic DNA transcripts activate the innate immune 

response that triggers cell death. The host defence mechanism promotes 

proapoptotic and proinflammatory response, which involves caspase-3 and 

caspase-1 activation. Another proposed mechanism involves CD8+ T cell 

lymphocyte (CTL)-mediated killing of infected CD4+ T cells (36).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.2. Typical time-course on an HIV-1 infected patient. After 
infection the virus rapidly replicates in the first weeks and is accompanied by 
a large loss of CD4+ T cells. Following this phase viremia declines rapidly 
and also the rate at which CD4+ T cells are depleted. Figure taken from (36) 
with the copyright permission from Cold Spring Harbor Laboratory Press. 
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The innate immune response to viral infection is triggered upon sensing of 

the pathogen through pathogen-associated molecular patterns (PAMPs) in 

viral products by pathogen-recognition receptors (PRRs). As a result, the 

host cells initiates innate immune signalling, which leads to virus restriction 

(37). Virus-host interactions and sensing occurs in HIV-1-infected CD4+ T 

cells and culminates with the transcriptional activation and production of 

interferons (IFNs) (37, 38). IFNs are a family of pro-inflammatory and 

immune-modulatory cytokines that trigger an antiviral response through the 

upregulation of multiple genes named interferon-stimulated genes (ISGs) 

(37). There are 3 types of IFNs, but the antiviral state is mainly induced by 

type I IFN. 

 

Several host proteins have been identified as PRRs for HIV PAMPs. IFI16, 

one of the hundreds IFN-stimulated genes (ISGs), has been shown to sense 

HIV-1 through recognition of the viral reverse transcriptase products (35). 

IFI16 can recognise and bind both, DNA products of HIV reverse 

transcription and a segment of the HIV-1 long terminal repeat region (LTR). 

This results in IFN-stimulatory DNA response, which is dependent on the 

adaptor STING, the protein kinase TBK1 and the transcription factors IRF3 

and IRF7 (39). Interestingly, IFI16 has also been shown to produce 

inflammasome activation and inflammatory cell death of infected CD4+T cells 

(40). cGAS has also been identified as a PRR against HIV-1 infection and 

other retroviruses. This cytosolic protein is known to bind double-stranded 

DNA (dsDNA), which results in the production of cyclic GMP-AMP (cGAMP) 

(41). This dinucleotide product acts a second messenger that binds STING 

and thus, also results in TBK1 activation and downstream IRF3 and IRF7 

activation (42). While production of cGAMP is inhibited upon treatment of 

reverse transcriptase inhibitors, this does not happen upon treatment with 

inhibitors of later stages of the HIV-1 cycle, which suggests that cGAS also 

acts as PRR to DNA products of the reverse transcription. The result of HIV-

1-sensing by both IFI16 and cGAS is induction of type-1 IFN-mediated 

proinflammatory cytokines, characteristic of the acute phase of the HIV-1 

infection (38, 43). TLR7, on the other hand, is essential for HIV-1 sensing by 

pDCs (44). Recognition of viral genomic RNA by TLR7 occurs in endosomes 
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and leads to its activation (44, 45). This results in the recruitment of myeloid 

differentiation primary response gene 88 (MYD88), which induces IFNs and 

other cytokines through activation of IRF7 and NF-κB (46). Interestigly, 

depletion of pDCs prior to HIV-1 infection abolishes induction of IFN-I and 

ISGs during acute infection (47).  

1.2.1 HIV-1 prevention and treatment 
	
The use of condom has been a cornerstone of HIV prevention, although its 

effectiveness is limited to 70-80% (24, 48). Other prevention strategies also 

exist. Three randomised control trials have reported a 50-60% reduction in 

HIV-1 acquisition in circumcised men, although this measure does not 

reduce the risk of transmission to the female partners (24, 49). Mother-to-

child transmission is possible during pregnancy, labour, delivery and 

breastfeeding, but antiretroviral treatment (ART) of pregnant women can 

reduce transmission to <5% (24, 50). People with low levels of viremia are 

less likely than people with high viral loads to transmit the virus, and 

therefore, treatment with ART can greatly reduce HIV-1 transmission (24, 

51). Post-exposure prophylaxis, when started immediately or no longer than 

72h after exposure also maximises the chances of prevention. For individuals 

at high risk of becoming infected, pre-exposure prophylaxis can also provide 

protection (24). Regarding the development of a protective vaccine, several 

trials have reported some evidence of a reduction in HIV-1 acquisition (52), 

but new strategies that provide higher levels of protection are needed (24). 

 

The current treatment strategy is focused on slowing disease progression, 

and ART is very effective in suppressing viremia levels (24). Nevertheless, 

many patients fail to restore a normal immune function, some develop drug 

resistance, and toxicities can have a cumulative effect. These drugs target 

essential steps in the HIV-1 life cycle (described in section 1.4). Nucleoside 

reverse transcriptase inhibitors (NRTIs) are analogues of nucleosides and 

nucleotides that are preferentially used during reverse transcription, leading 

to the termination of the cDNA synthesis (24). Non-nucleoside reverse 

transcriptase inhibitors (NNRTIs) inhibit reverse transcription by producing a 
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conformational change in the reverse transcriptase (RT). Integrase inhibitors 

prevent the integration of the viral genome in the host cell (24). Protease 

inhibitors block maturation of the viral particle, resulting in a block of the HIV-

1 life cycle at a late stage. Entry inhibitors prevent the viral particle from 

entering the cell by binding to the co-receptor CCR5 or CXCR4 and fusion 

inhibitors such as T20 (enfurvitide) block membrane fusion by binding to 

gp41 (24, 53). 

 

1.3 Genomic organisation of the HIV-1 genome 
 

Expression of the HIV-1 genome is controlled by the 5’ long terminal repeat 

(LTR), which includes the HIV-1 promoter (54, 55). The 3’LTR, on the other 

hand, promotes polyadenylation of the newly synthesised transcripts, a 

process that is necessary for nuclear export and subsequent translation (54). 

 

The HIV-1 genome is a ~9kb single stranded RNA virus that encodes nine 

open reading frames (ORF)(56). HIV-1 extensively relies on polyprotein 

processing, alternative splicing, frameshifting, and leaky scanning in order to 

express all the proteins. The initial HIV-1 transcript is processed into 

completely spliced mRNAs and partially spliced mRNAs (57). The regulatory 

proteins Tat and Rev and the accessory protein Nef, are encoded in fully 

spliced mRNAs. Vif, Vpr, Vpu and Env are translated from incompletely 

spliced mRNAs and, finally, Gag-Pol polyprotein is encoded in an unspliced 

mRNA (58) (Figure 1.3). 
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Figure 1.3. The HIV-1 genome is processed into completely spliced 
mRNAs and partially spliced mRNAs.  
 
 

1.3.1 HIV-1 open reading frames 
 
HIV-1 pol encodes for several enzymes that are essential for HIV-1 

replication. Reverse transcriptase (RT) is responsible for the conversion of 

the genomic viral single-stranded RNA to double stranded cDNA. Integrase 

(IN) mediates the integration of the proviral DNA into the host genome. On 

the other hand, protease (PR) is required for the cleavage of the Gag 

precursor and is necessary for virion maturation (54). During or shortly after 

budding the 55 kDa Gag polyprotein is cleaved into the mature proteins 

matrix (MA), capsid (CA), nucleocapsid (NC), p6 and the spacer peptides 

SP1 and SP2. Gag contains all the domains necessary to assemble the viral 

particle (59, 60). The structural gene env encodes for Env. Env is 

synthesised in the rough endoplasmic reticulum (ER) from a singly spliced 

Vpu/Env bicistronic mRNA. Env is a 160 kDa polyprotein that is cleaved into 

a gp120 surface (SU) and gp41 transmembrane (TM) products and contains 
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the determinants to bind to the cellular receptor CD4, which together with the 

co-receptors CCR5 and CXCR4 enables the fusion with the plasma 

membrane. 

 

In addition to encoding for the structural proteins, the HIV-1 genome also 

encodes for the regulatory proteins Tat and Rev. Tat regulates transcriptional 

elongation by binding to TAR. HIV-1 must export intron-containing mRNAs to 

express the proteins encoded in the partially spliced (Vif, Vpu, Vpr, Env) or 

unspliced (Gag-Pol) transcripts. Eukaryotic cells, however, block the export 

of intron-containings mRNAs (61). Translation of Rev in the early stages of 

the HIV-1 life cycle is the mechanism by which the virus overcomes this 

restriction. After translation, Rev shuttles back to the nucleus and binds to 

the Rev response element (RRE) present in the unspliced transcripts 

facilitating their export to the cytoplasm (62). HIV-1 also encodes for four 

accessory proteins: Vif, Vpr, Vpu and Nef. The accessory proteins play an 

essential role in the regulation of host and adaptive immune response and 

evasion and will be discussed in more detail in section 1.5.  

 

Upon translation of the proteins described above, the HIV-1 viral particle is 

assembled to ensure the progression of the infection. The mature virion has 

a spherical shape and around 100nm in diameter and contains the conical 

capsid core where the ssRNA, the virally encoded enzymes (RT, PR and IN) 

and the accessory protein Vpr are harboured (63-67).  

 

1.3.2 HIV-1 cis-acting elements 
 

In addition to coding for the amino acids that are translated into proteins, the 

HIV-1 genome has incorporated several sequence elements that regulate the 

production of progeny virions at a different level. Many of these elements are 

included within the untranslated region of the genome: the 5’ untranslated 

region (5’UTR) is highly structured and regulates transcriptional elongation, 

splicing, genomic RNA dimerisation, packaging of full-length viral RNA, and 

reverse transcription (68). The 5´UTR contains the repeat region (R), U5 
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region and the leader region. The R region folds into the transactivation 

response region (TAR), that serves as binding site for Tat, and the polyA 

hairpins (54). The 3´UTR contains the U3 region and another R region. Long 

terminal repeats (LTR) are generated during reverse transcription and 

contain multiple regulatory elements that serve as binding for transcription 

initiation factors that regulate RNA synthesis (54). In addition to containing 

the HIV-1 promoter, the 4 stem-loop structures present in the 5’UTR (SL1, 

SL2, SL3 and SL4) regulate packaging of the gRNA into the virion. The 

dimerisation initiation signal (DIS) is also located in SL1 and provides a 

complementary sequence for the formation of a diploid RNA that is packaged 

into the virion (69). 

 

Other regulatory elements, however, are located in the translated region of 

the genome: there is a heptameric sequence where the ribosomal 

frameshifting occurs (FS). The Rev-responsive element (RRE), on the other 

hand, plays a major role in nuclear export and it will be discussed in detail in 

section 1.4.8 (70). 

 

In addition to these highly structured elements, the HIV-1 genome also 

contains other cis-acting signals that regulate viral replication and remain to 

be further characterised. Cis-acting repressive sequences (CRSs) are AU-

rich sequences that are present throughout the HIV-1 genome and contribute 

to the degradation of intron-containing mRNAs in the absence of Rev, but no 

consensus sequence has been defined yet (71-73). The nucleotide 

composition of the viral RNA may also play an important role in the regulation 

of HIV-1 replication (74). The HIV-1 genome is significantly enriched in 

adenosine (A). This feature contributes not only to under- and over-

representation of nucleotide frequencies but also to an unusual codon usage 

(74-76). 

1.3.3 Viral epitranscriptome 
	

Post-transcriptional modifications of the viral RNA transcripts have also been 

reported to be functionally relevant in regulating viral replication. This area of 
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study has gained interest in recent years and is called viral 

epitranscriptomics (77, 78). These nucleotide modifications do not change 

the sequence of the RNA. Some are located in the 5’ end of the transcript 

and include the 7-methylguanosine (m7G) (functional relevance is described 

in more detail in section 1.4.9), N6-methyladenosine (m6A), 2’-O-

methyladenosine (Am), N6-2-O-methyladenosine (m6Am), pseudouridine, 

and 5-methylcytosine (77, 78). Other modifications such as the poly(A) tail 

are found in the 3’end of transcripts (78). One of the most extensively studied 

modifications is the m6A and several recent studies have reported its 

functional relevance in mRNA function (77). 

 

m6A was first identified on cellular mRNAs, and it is now known to be more 

abundantly present in highly regulated genes (79, 80). Following this reports 

the presence of m6A in a wide range of different viral RNA species was 

characterised. RNA viruses such as Influenza A virus (IAV), Rous sarcoma 

virus (RSV) and HIV-1 and DNA viruses such as adenovirus and herpes 

simplex virus 1 (HSV-1) have been reported to contain m6A residues in their 

mRNAs (77). Regarding HIV-1, 10-14 m6A residues have been identified and 

suggested to play a role in gene expression and nuclear export (81, 82). 

 

The addition of m6A is mediated by the enzyme methyltransferase-like 3 

(METTL3) and it mainly occurs in the nucleus. Several cofactors such as 

METTL14, WTAP and KIAA1429 have also been reported to be involved in 

the inclusion of this nucleotide modification (77). After mRNAs with m6A 

residues are exported from the nucleus, the cytoplasmic proteins YTHDF1, 

YTHDF2 and YTHDF3 bind the RNA modification and mediate its effects in 

mRNA stability and translation (79, 80). The existence of an m6A-remover 

nuclear protein (ALKBH5) suggests that m6A can function as a dynamic 

mRNA modification that can be added or removed depending on the cellular 

environment (79, 80). Importantly, removal of m6A in plant embryos is lethal 

and has also been shown to be aberrant in the determination of sex in 

Drosophila, highlighting its potential functional relevance (77).  
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1.4 HIV-1 Life Cycle 
 

The HIV-1 life cycle starts with the binding of the viral particle to several 

proteins in the cellular membrane. After entry, the viral particle is partially 

uncoated and reverse transcribed. The viral cDNA is then imported to the 

nucleus where it is integrated into the host genome. Subsequently, the 

provirus serves as a template for the transcription of a full-length transcript 

that is processed into fully spliced, partially spliced, and unspliced RNAs. 

Since Rev is encoded in a fully spliced transcript is exported to the cytoplasm 

where it is translated into a protein. Once translated, it shuttles back to the 

nucleus and binds to intron-containing RNAs, permitting their export to the 

cytoplasm.  The unspliced gRNA serves as a template for the translation of 

Gag and is also the viral genomic RNA (gRNA) that is packaged into the 

nascent virion. During or shortly after budding, the HIV-1 protease catalyses 

virion maturation, rendering it fully capable of propagating the infection 

(Figure 1.4). 

 
Figure 1.4. Schematic representation of the HIV-1 life cycle. Steps 1-10 

are described in detail in sections 1.4.1-1.4.10.  
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1.4.1 Receptor binding and virus entry 
 
During viral entry, the genome is transferred from the viral particle into the 

host cell. Enveloped viruses, such as HIV-1, achieve this by encoding and 

expressing proteins in their membrane that can undergo conformational 

changes that cause the cellular membrane and the viral membrane to fuse 

(83). The entry process can be classified in three stages: attachment, a 

triggering event, and membrane fusion (Figure 1.4, step 1).  

 

During attachment, binding of HIV-1 to the primary receptor is fundamental. 

CD4 is the primary HIV-1 receptor and therefore this virus mainly infects 

CD4+ T cells or macrophages (84, 85). The primary receptor was discovered 

following observations that HIV-1 preferentially infected CD4+ cells and that 

expression of CD4 in non-permissive cells rendered cells susceptible to HIV-

1 infection (84, 85).  Viral attachment to the cellular membrane is mediated 

by the HIV-1 Env protein. Env is present in the HIV-1 particle surface as a 

trimer that contains three highly glycosylated gp120/gp41 heterodimers 

called Env “spikes” (86, 87). Studies in murine cells expressing CD4 showed 

that HIV-1 was able to bind the cell surface but unable to proceed with 

infection (85). These results led to the hypothesis that Env requires another 

protein to fuse with the cellular membrane (34). The gp120 subunit mediates 

the binding of the virus to CD4 in the cellular membrane, which leads to a 

conformational rearrangement that enables the second fundamental stage of 

binding, the co-receptor binding (88, 89). Co-receptor use is dependent on 

the V3-loop region within the gp120 subunit, and the most commonly found 

co-receptor in primary strains is CCR5, but some viruses also evolve to use 

CXCR4 (88). As a consequence of co-receptor binding, the gp41 subunit 

exposes a hydrophobic amino-terminal fusion peptide that interacts with the 

cell membrane through the formation of a 6-helix bundle, which brings the 

viral and cellular membranes together (53).  Folding of the fusion peptide 

(gp41), therefore, enables the fusion and formation of the pore from which 

the virus accesses the cytosol of the host cell (87, 90). In order to the fusion 
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pore to form, multiple CD4 receptors, 4-6 CCR5 co-receptors and 3-6 Env 

trimmers are needed (88). 

1.4.2 Uncoating 
 
After internalisation of the virus into the host cell the viral particle is partially 

uncoated (Figure 1.4, step 2). This process is necessary for the subsequent 

import of the reverse transcription complex (RTC) into the nucleus, as the 

capsid core is 50-60 nm (91) and does not fit through the nuclear pore 

complex (NPC), which has an upper limit of around 39 nm (92, 93). There 

are several models by which core disassembly may occur, and they might 

not be mutually exclusive since it may vary by cell type or activation state of 

the infected host cell (64).  

 

One mechanism supports the idea of a rapid core disassembly that happens 

immediately after viral entry. Several biochemical studies have shown 

absence of CA in comparison to MA or RT (94). Recent observations, 

however, have raised uncertainty around this model, given that the capsid 

core has been suggested to provide protection to the viral genome from 

antiviral cDNA sensor cGAS (41, 42). Besides, recent studies have shown 

that during uncoating a small amount of CA remains associated with the RTC 

(95) (Figure 1.5 A).  

 

Another model supports the lost of CA from the viral RTC while reverse 

transcription is being carried out and traffics towards the nucleus. The 

cytoplasmic uncoating has been suggested after studies that have 

demonstrated that HIV-1 gradually becomes insensitive to TRIM-Cyp 

restriction, suggesting that CA is gradually disassembled from the conical 

core (96, 97). This idea, however, does not take into account the function of 

the capsid core on protecting the viral genome from the host antiviral 

mechanisms (Figure 1.5 B). 

 

The last model supports that disassembly of the capsid core occurs during 

nuclear import of the viral RTC. This mechanism is mainly supported by the 
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fact that the viral cDNA generated during reverse transcription is not 

recognised by cytosolic DNA sensors (41, 42). Studies using electron 

micrographs have shown intact capsid cores at the NPC, supporting this 

mechanism (98). Nevertheless, these intact cores were found 48h post 

infection, a time-point that is later than core disassembly and reverse 

transcription, which suggests that this model requires further research to 

address this problem (Figure 1.5 C). In support with this model, single HIV-1 

live imaging has revealed that CA protects HIV-1 complexes from 

degradation and enables docking at the nuclear pore (99). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5. Models of uncoating. Schematic representation of the models 
described in section 1.4.2. A) Immediate uncoating B) Cytoplasmic uncoating 
C) NPC uncoating. Figure taken from (64) with the permission of Springer 
Nature, license number 4474701043924. 
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1.4.3 Reverse transcription 
 
Reverse transcription is carried out by the virally encoded RT and converts 

the viral RNA genome into DNA (Figure 1.4, step 3). HIV-1 RT is formed 

upon cleavage of the Gag-Pol polyprotein by the viral protease (100). 

Structurally, RT is composed of two heterodimer subunits p66, which has the 

two enzymatic activities and p51, which plays an important role in 

maintaining the structural composition of the enzyme (101). Within the p66 

subunit, the DNA polymerase activity copies either a DNA or RNA template 

and an RNase H degrades RNA when it is part of an RNA-DNA duplex (100). 

Several viral and cellular factors that facilitate the process, but the RT 

possesses the two enzymatic activities that are sufficient to complete the 

process. Although RT is sufficient to carry out reverse transcription in vitro, in 

vivo RT is part of the reverse transcription complex (RTC) (100). Several viral 

and cellular proteins have been proposed to be present in the RTC, but their 

relevance remains unknown (100, 102). 

 

HIV-1 uses tRNALys,3 as a primer, which is complementary to primer binding 

site (pbs) in the 5’ end of the viral genome and reverse transcription starts 

towards the 5’ end (Figure 1.6). Next, the RNase H degrades the viral RNA, 

exposing the newly synthesised minus-strand RNA. The ends of the viral 

RNA are direct repeats called R. These repeats allow the transfer of the 

newly synthesised minus-strand DNA to the 3’ end of the viral RNA, where 

the minus-strand synthesis continues along the length of the genome. As 

DNA synthesis proceeds, so does RNase H degradation. While the tRNA 

determines the origin of the minus strand, the origin of the plus-strand is 

determined by a polypurine tract (ppt), which is resistant to RNase H activity. 

HIV-1 possesses one near the 3’ end of the RNA and another one in the 

middle of the genome, where only the first one is essential for viral replication 

(103, 104). Synthesis of the plus-strand also leads to the generation of the 

first 18 nucleotides of the tRNALys,3 primer. In addition, reverse transcription 

produces a DNA product that is longer than the viral genome from which it 

has been transcribed, called long terminal repeats (LTR).  The LTR is formed 
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of the U3 (in the 3’ end) and the U5 (in the 3’end), and after integration, they 

flank either end of the ssgRNA provirus (U3-R-U5) (100) (Figure 1.6). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6. Schematic representation of HIV-1 reverse transcription. The 
tRNA primer base pairs near the 5’end and initiates conversion of the single-
stranded RNA genome while the RNase H activity degrades the RNA 
template (dashed line). Subsequently, minus-strand transfer occurs between 
the R sequences, allowing minus-strand DNA synthesis and further RNA 
degradation. The ppt next to the U3 is resistant to the RNase H activity and 
serves as a primer for the synthesis of the plus-strand. Figure taken and 
adapted from (100) with the copyright permission from Cold Spring Harbor 
Laboratory Press. 
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1.4.4 Nuclear import 
 
While most of the retroviruses require the breakdown of the nuclear envelope 

to infect cells, HIV-1 holds the capacity to access non-dividing cells (105) 

(Figure 1.4, step 4). Due to the size of the pre-integration complex (PIC) 

nuclear import is an energy-dependent active process that is facilitated by 

different viral and cellular factors (106, 107). Recent data shows that CA 

plays an important role in the nuclear import of the reverse transcribed viral 

genome (108). Moreover, multiple cellular proteins, including some 

components of the NPC have been shown to interact with CA (109-111). Not 

only this demonstrates that CA is necessary to drive critical steps during viral 

replication but confirms that CA remains associated with the RTC during 

nuclear import (112). Cellular factors such as the cleavage and 

polyadenylation specificity factor 6 (CPSF6), transportin 3 (TNPO3) and 

components of the NPC nucleoporin 358 (NUP358) and NUP153 have been 

described to be implicated in the process (102, 110).  

 

Genetic evidence demonstrates that CA is the major viral determinant in 

nuclear import. As for the cellular factors, NUP258, transportin 3 (TNPO3) 

and NUP153 have been identified in siRNA screens and shown to participate 

in nuclear import (109, 110, 113, 114). NUP358 (also called RANBP2) and 

NUP153 are components of the nuclear pore (115, 116). While NUP358 

projects towards the cytoplasm, NUP153 is localised towards the nuclear 

side of the NPC. NUP358 depletion inhibits viral replication by preventing 

efficient nuclear import of the RTC (106, 115, 116). This nucleoporin also 

contains a CypA-homology domain, which has been demonstrated to interact 

with CA. Cyclophilin A (CypA) is a peptidyl-prolyl isomerase that binds to an 

exposed loop on the surface of the capsid, and it has been suggested to 

direct the viral DNA into nuclear entry. The interaction between CA and 

NUP153, on the other hand, is mediated by binding pockets in CA that 

enable interactions with other nuclear-import pathway factors (117). 

Depletion of NUP153 has been associated with a reduction of 2-LTR circles, 

which are considered a sign of the arrival of PIC to the nucleus (117, 118). 
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TNPO3 is a member of the importin-β family of proteins. HIV-1 replication 

has also been shown to be dependent on TNPO3 by inhibiting 2-LTR circle 

formation (119), and CA is also a determinant of its function in nuclear import 

(120). CPSF6 is a mRNA-processing protein that shuttles between the 

nucleus and the cytoplasm. The role of CPSF6 in HIV-1 replication was 

identified on a study where a truncated form of CPSF6 was shown to 

attenuate infection by HIV-1 (121). HIV-1 acquires resistance to CPSF6 

action through a mutation in CA that impairs binding (122).  

 

1.4.5 Integration 
 
Integrase (IN) is encoded in the pol gene as a result of the Gag-Pol 

polyprotein cleavage by the viral protease. It is composed of three 

structurally and functionally distinct domains: the amino-terminal zinc-binding 

domain (NTD), the central catalytic core domain (CCD) and the C-terminal 

domain (CTD). As explained above, upon reverse transcription in the 

cytoplasm, the newly generated viral cDNA forms a PIC, which includes viral 

DNA, integrase, capsid proteins and some cellular proteins and is imported 

to the nucleus for its subsequent integration (Figure 1.4, step 5).  

 

Integration of retroviral genomes can theoretically happen throughout the 

host genome; nevertheless, certain regions are preferentially targeted.  High 

gene density and transcriptionally active genes, proximity to specific genomic 

elements (such as transcription start regions) and the primary DNA sequence 

itself are some of the determinants in the process of integration (123-125). 

Some host factors such as LEDGF (126) and CPSF6 (127) have also been 

shown to play an active part in the process by guiding integration towards 

highly spliced transcriptional units and intron-rich genes (123). Palindromic 

consensus sequences have also been proposed to present a target for 

integration (128-130). Conversely, a statistical analysis of palindromic 

consensus sequences throughout a population has shown that these 

sequences are not really representative of the population (131). It has been 

suggested that these palindromic sequences are instead sequences that 
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arise in ‘forward’ and ‘reverse complement’ orientations in the viral genome 

that form an integration site motif (131).  

 

Integrase carries out two essential enzymatic reactions: 3’end processing of 

the viral DNA and strand transfer reaction. In the PIC, IN multimerizes on the 

newly synthesised DNA to form the intasome, a functional integrase-viral 

DNA complex (132, 133). In the first step each end of the HIV-1 LTR is 

cleaved and in a region next to the invariant dinucleotide sequence d(C-A), 

generating a linear viral DNA and with reactive 3’-hydroxyl ends. After import 

into the cell nucleus, the intasome binds onto the target DNA to form a target 

capture complex (TCC) and proceeds with the second step of integration 

(133, 134). Integrase uses the 3’- hydroxyl groups on the ends of the viral 

DNA to attack a pair of phosphodiester bonds on opposite strands of the 

target chromosomal DNA, across the major groove. Complementary strands 

of viral DNA are then joined with the 5’phosphates at the ends of the target 

DNA. The resulting DNA recombination intermediate contains single-strand 

gaps and the two-nucleotide overhang at the 5’ends of the viral DNA, which 

must be repaired by cellular enzymes to complete integration (133, 134).  

 

1.4.6 Transcription 
 
The HIV-1 long terminal repeat (LTR) acts as the viral promoter and is 

segmented into the U3, R and U5 regions (54). The LTR contains several 

upstream DNA regulatory elements that serve as binding sites for cellular 

transcription initiation factors (54). The core promoter is a powerful and 

highly optimised promoter formed of three tandem SP1 binding sites (135), 

an efficient TATA element (136), and a highly active initiator sequence (137) 

(Figure 1.4, step 6). 

 

The requirement of Tat for HIV-1 gene expression came following 

experiments in which they showed that expression of reporter genes under 

the LTR promoter was dependent on a trans-acting factor, which was later 

named Tat (54, 138, 139). Deletion analysis of the LTR showed that, in order 
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to function, Tat had to bind to a regulatory element named the 

transactivation-responsive region (TAR), a ~50bp element located adjacent 

to the 3’ to the transcription start site. Moreover, other studies showed that 

mutations in TAR, while not interfering with Tat binding, they inhibited 

transactivation. These experiments led to hypothesise that Tat required an 

essential cofactor called the positive transcription elongation factor b (P-

TEFb(140)) (54). 

 

P-TEFb contains a kinase subunit called CDK9 and the cellular factor cyclin 

T1 (CycT1). Tat recruits P-TEFb by interacting with CycT1 and the kinase 

Cdk9 (58, 140). Binding of Tat to Cdk9 induces a conformational change that 

activates the kinase activity and results in the phosphorylation of several 

cellular factors. Some of the factors include inhibitors of transcription 

elongation, such as negative elongation factor (NELF), which upon 

phosphorylation dissociates from TAR enabling elongation (141). P-TEFb 

also phosphorylates the carboxy-terminal domain of the cellular RNA 

polymerase II (RNAP II), which transforms RNAP II into transcription 

competent, and promotes efficient transcription by the cellular RNAP II (58, 

142-144). The integrated HIV-1 genome is transcribed into a genome-length 

RNA (58, 61). 

 

1.4.7 RNA processing and alternative splicing 
 
The full-length ~9 kb viral genome is spliced inefficiently to produce the 

multiple transcripts that encode all the viral proteins (145-148). HIV-1 

employs alternative splicing to produce the transcripts that encode for the 

accessory proteins Vif, Vpr, Vpu, and Env, which are encoded in intron-

containing mRNAs. The structural protein Gag-Pol is encoded in an 

unspliced mRNA (54, 149) (Figure 1.4, step 7). 

 

Most HIV-1 strains use four different splice donor or 5’ splice sites (D1, D2, 

D3, D4) and eight different acceptor or 3’ splice sites (A1, A2, A3, A4a,b,c, 

A5 and A7) to produce more than 40 different spliced mRNA species in the 
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infected cell (54).  In each of the spliced mRNAs, the major splice donor (D1) 

is spliced to one of the 3’splice sites. As a result, all HIV-1 mRNAs include 

the highly structured noncoding exon 1 that extends from the 5’cap to 5’ss 

D1 while the different acceptor sites are used to generate the diverse pool of 

mRNAs encoding for the viral proteins Vif (A1), Vpr (A2), Tat (A3), Rev 

(A4a,b,c), Vpu/Env (A4a,b,c, and A5) and Nef (A5 and A7) (149, 150).  

Because 50% of the HIV-1 transcripts are required to remain unspliced so 

that they can encode for Gag and Pol and can provide the viral genomes, 

splicing is a substantially inefficient process (54, 151). Alternative splicing is 

carried out by the spliceosome, and the process is controlled by exonic 

splicing enhancers (ESEs) and intronic splicing enhancers (ISEs), which 

promote splice site recognition and are selectively bound by RNA binding 

proteins such as SR proteins family (152, 153). There are also intronic and 

exonic splicing silencers (ISSs and ESSs), which inhibit splicing and are 

typically bound by specific members of the heterogeneous ribonuclear 

protein family (hnRNPs) (54, 153). 

 

1.4.8 Nuclear export 
 
Almost all cellular mRNAs are transcribed as intron-containing pre-mRNAs. 

Eukaryotic cells, however, do not normally permit the export of intron-

containing mRNAs and are typically degraded in the nucleus. These introns 

are recognised by splicing factors that commit the pre-mRNA to the splicing 

pathway and prevent the pre-mRNAs from exiting the nucleus until the 

introns are removed (58, 154).  

 

HIV-1 mRNAs rely entirely on the cellular machinery to carry out splicing and, 

therefore, intron-containing transcripts are retained in the nucleus. The 

mechanism that HIV-1 has evolved to enable the export and synthesis of the 

proteins encoded in intron-containing mRNAs is dependent on Rev (Figure 

1.4, step 8), which is encoded in a fully spliced mRNA. After its synthesis in 

can shuttle back to the nucleus (155) where it binds to unspliced or partially 

spliced mRNAs to permit their export to the cytoplasm where they can be 
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translated (58). The binding is mediated by a highly structured RNA element 

of 351 nt located in the HIV-1 env gene called Rev-response element (RRE), 

and is present in all 9- and 4-kb mRNAs (70, 151, 152). The export to the 

cytoplasm is mediated by the binding of Rev to a cellular factor called CRM1 

through a 10 amino acid leucine-rich nuclear export signal (NES), which 

directs the HIV-1 transcripts to the nuclear pore complex (58). CRM1 binds 

its cargo in the nucleus in the presence of a GTP-bound form of the Ran 

GTPase. After nuclear export hydrolysis of the bound GTP to GDP causes 

disassembly of the complex and cytoplasmic release of the intron-containing 

mRNA. Conversely, simple retroviruses encode constitutive transport 

elements (CTEs) (156) that directly recruit components of the NXF1 mRNA 

nuclear export pathway. Interestingly, exchanging the canonical RRE HIV-1 

export pathway to the CTE/NFX1 pathway has been shown to restore 

efficient virion production in mouse cells. These results raise the possibility of 

modulating the cytosolic fate or activity of proteins through modification of the 

export pathway (157). 

 

1.4.9 Translation 
 
In eukaryotes, translation normally starts upon recognition of the start codon 

via scanning (Figure 1.4, step 9). This model states that recognition of the 

mRNA’s m7G cap structure by the initiation factor eIF4F, which consists of 

the cap-binding protein eIF4E, the RNA helicase eIF4A and eIF4G results in 

the initiation of translation (158, 159). The role of this third protein is to 

facilitate the recruitment of the 43S pre-initiation complex (PIC). The PIC is 

formed by the 40S ribosomal subunit, loaded with the Met-tRNA and other 

initiation factors (eIFs) and after binding the activated mRNA at the 5’end it 

migrates along searching for the translation initiation AUG codon (158). After 

scanning, the 60S ribosomal subunit joins the complex to form the 80S 

subunit leading to the start of elongation (57, 160). Cap-dependent 

translation is efficient in mRNAs with short, unstructured 5’ untranslated 

region (UTR).  The retroviral RNA can also interact with multiple cellular and 

viral co-factors that can enhance cap-dependent translation such as the post-
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transcriptional control element (PCE). Several proteins have been reported to 

promote HIV-1 translation through binding to its 5’UTR. Some of these 

proteins include TRBP, Staufen, DHX9 and DDX3 where the last two are the 

best characterised of all (159). DHX9 is an RNA helicase that binds to the 

post-transcriptional control element located in the 5’UTR and promotes 

polysome association of the HIV-1 gRNA and virion infectivity (161). RNAi 

knockdown of this protein results in decreased expression of Gag, Vif, Nef 

and Rev (162).  

 

HIV-1, however, contains a highly structured 5’UTR, which may impede 

ribosome scanning and reduce the efficiency of translation initiation. As a 

consequence, HIV-1 has evolved several strategies to enable the synthesis 

of all the proteins from a primary transcript. DDX3 is a DEAD-box RNA 

helicase that has been shown to unwind the 5’-terminal RNA structure. DDX3 

binds both TAR and the eIF4F complex, which allows the entry of the 43S 

PIC (159, 163, 164). Internal ribosome entry sequences (IRESes) constitute 

another mechanism by which HIV-1 may circumvent these obstacles (165). 

IRESes constitute an internal ribosome binding site that directly recruits the 

translation machinery (57, 166) and enables the binding of the translation 

initiation complex to the open reading frame in a cap-independent manner. 

Indeed, translation of Gag, Vif, Vpu, Vpr and Nef are expressed as a result of 

internal translation (167). Two different IRESes have been reported in the 

HIV-1 genome; one is located within the 5’UTR and another one in gag (159, 

168, 169).  

 

In order to express multiple viral proteins from a single initial transcript, HIV-1 

has evolved several mechanisms.  Leaky scanning provides HIV-1 Vpu and 

Env protein translation from a single bicistronic vpu-env mRNA, and there 

are currently two models explaining how these are translated. The first model 

states that Env is translated through leaky scanning because of a weak 

Kozak context around the vpu AUG and, therefore, initiation codon is passed 

by the ribosome to reach the AUG in env (159). The second model states 

that Env is the result of a ribosome shunt that induces discontinuous 

scanning (159). HIV-1 protease, integrase and reverse transcriptase, 
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however, are encoded in the Pol ORF and synthesise as a result of a 

frameshift. Both an upstream heptanucleotide slippery sequence 

(UUUUUUA) and an RNA stem-loop pseudoknot structure downstream of a 

stimulatory signal are necessary to induce the ribosome to shift to the 

overlapping pol ORF (a-1 reading frame change) (159) (Table 1.1). 

 

 

 
 

Table 1.1. Schematic summary of the mechanisms involved in the 
regulation of HIV-1 gene expression  

 

Mechanism 
 
Effect on translation 
 

 

Leaky scanning 

 

Readthrough of the upstream start codon 

(AUG) that allows initiation of translation of a 

downstream ORF. 

 

Frameshifting 

Prevents from terminating translation at the 

end of the open reading frame inducing 

ribosomes to shift into the overlapping ORF. 

 

 

Incomplete splicing 

Mechanism by which protein expression is 

regulated. In the process, splicing of the 

primary transcript occurs forming several 

distinct mRNAs that generates protein 

diversity. 

 

 

IRES 

Provides an internal ribosome binding site that 

circumvents the structural impediment that the 

HIV-1 5’UTR may present. 
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1.4.10 Virus assembly, release and maturation 
 
The assembled virion packages all of the components required for infectivity. 

These include two copies of the genomic RNA, cellular tRNALys,3, Env, Gag, 

and the three viral enzymes (protease, integrase and reverse transcriptase). 

HIV-1 virion assembly occurs at the plasma membrane and Gag plays a 

central role (170, 171) (Figure 1.4, step 10).  

 

The N-terminal MA domain binds to the plasma membrane where it recruits 

Env. This protein consists of an N-terminally myristoylated globular head and 

a largely a-helical stalk, which is responsible for directing Gag to the cell 

membranes. CA mediates the protein-protein interactions required for 

immature virion assembly and forms the capsid core (64, 91, 170, 171). CA 

comprises an N-terminal domain that is positioned on the outer face of the 

conical core and a C-terminal domain that is oriented in the inner face of the 

core. The N-terminal domain of CA contains three α-helices that stabilise the 

hexameric subunits of CA. In addition, CA-CA interactions further stabilize 

the subunits and lead to the formation of binding pockets that enable the 

interaction with several cellular factors that take part in viral replication (91, 

112). The conical core fulfils two major functions. First, it is essential to 

maintain the HIV-1 enzymes, the HIV-1 genome and the viral accessory 

proteins in a closed environment. Second, it protects the viral genome from 

host factors that recognise cytosolic DNA (64). The NC domain binds the 

RNA to enable its packaging into the nascent virion. Simultaneous 

interactions between a single RNA molecule and multiple Gag molecules 

help to drive Gag multimerisation. P6 contains docking sites for several 

proteins such as bind TSG101 and ALIX proteins from the ESCRT pathway. 

On the other hand, SP1 and SP2 help to regulate the conformational 

changes that accompany viral maturation (170, 171). 

 

A population of Gag monomers or oligomers are distributed in the cytoplasm 

and can diffuse or be transported to the cytoplasm. However, given that the 

plasma membrane represents only a small fraction of the total membrane 
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present in a cell there must be a signal that HIV-1 recognises for its 

assembly. Indeed, the plasma membrane contains a phosphoinositide called 

PI(4,5)P2 that is recognised by the globular head of MA (172). The interaction 

between MA and PI(4,5)P2 leads to a conformational change that favours the 

exposure of the MA myristate. Both, the binding to PI(4,5)P2 and the 

myristate exposure favour multimerisation and a series of protein-protein and 

protein-lipid interactions that stabilise Gag interaction with the membrane. 

These events result in a growing Gag protein shell at the plasma membrane 

(170, 171). 

 

In order to complete assembly, L-domains (late-budding domains) directly or 

indirectly bind to components of the ESCRT pathway, which enables virion 

scission. In HIV-1, Gag p6 domain contains the L domains and consists of 

peptide sequences PTAP and YPXL, which bind Tsg101 (173) (a component 

of ESCRT-1) and ALIX (an ESCRT-I And ESCRT-III-binding protein). L-

domain binding leads to a conformational change in ALIX, which induces 

dimerisation and activates ALIX for membrane binding and ESCRT-II 

recruitment (174, 175). Upon activation of ALIX, the Bro domain binds 

carboxy-terminal helices located within the tails of all three human CHMP4 

proteins (176). This binding relieves CHMP4 auto-inhibition, which results in 

polymerisation into filaments within the virion neck (174, 175, 177-179). 

Subsequently, CMPH4 recruits CHMP2 proteins (180), which as a result 

exposes the carboxy-terminal tail. This domain contains a helical sequence 

motif that binds the amino-terminal MIT domains of VPS4 ATPases (181-

183).  CHMP4 subunits together with CHMP2 and other ESCRT-III proteins 

form a ring filament within the neck of the budding virus, that as they spiral 

inward, they constrict the ring resulting in fission (170) (Figure 1.4, step 11). 

 
Finally, during or shortly after budding the HIV-1 protease cleaves the Gag 

and Gag-Pro-Pol polyproteins at ten different sites producing the fully 

processed MA, CA, NC, p6 and the viral enzymes PR, RT, IN proteins. Upon 

maturation, these proteins undergo a dramatic rearrangement that results in 

the mature infectious virus (Figure 1.7). While MA remains associated with 

the inner side of the viral membrane, approximately 1500 (65) copies of CA 



	 46	

form the outer conical capsid shell (170, 171). Cleavage of the p55Gag 

polyprotein by the HIV-1 protease also induces a conformational change in 

Env, which enables its full fusogenic potential (170, 184) (Figure 1.4, step 12 

and Figure 1.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. HIV-1 virion maturation. Schematic representation of the 
structural differences between a mature and an immature virion. Upon 
maturation, MA remains associated with the inner side to the plasma 
membrane and CA oligomerises to form a conical structure that serves as 
protection for the two copies of the gRNA, PR, RT, IN, Vpr and some cellular 
proteins. A) Cryoelectron tomogram and illustration of an immature virion B) 
Cryoelectron tomogram and illustration of a mature virion. Figure taken and 
adapted from (60) with the permission of Springer Nature, license number 
4474701466664. 
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1.5 HIV-1 accessory proteins and restriction factors 
 

HIV-1 requires the assistance of multiple cellular proteins at the different 

steps of the life cycle to achieve efficient replication (114). Conversely, host 

cells also express proteins that function as the initial line of defence against 

infection to suppress virus replication. These proteins are named restriction 

factors and usually are a component of the innate antiviral responses (185). 

However, HIV-1 is not capable of replicating in some nonhuman cells (e.g. 

rhesus) due to the presence of restriction factors, which marks these proteins 

as cross-species transmission determinants (2). The mechanism by which 

HIV-1 evades from restriction factors relies mostly on the accessory proteins 

encoded in the viral genome (Vif, Nef, Vpu and Vpr). 

 

1.5.1 APOBEC3G and Vif 
 

Apolipoprotein-B mRNA editing enzyme catalytic polypeptide-like 3G 

(APOBEC3G, A3G) is a cellular protein that inhibits HIV-1 replication and is 

counteracted by the HIV-1 accessory protein Vif (185, 186). A3G was 

discovered when viruses deficient in Vif (Δvif) were found non-infectious in 

non-permissive cells (primary human T cells, HUT78 and CEM). On the 

contrary, many other cell lines, such as SupT1, CEM-SS and 293T, support 

the production of fully infectious HIV-1 Δvif. These findings suggested the 

presence of an activity that inhibits HIV-1 replication in the absence of Vif 

(186, 187) and the hypothesis was later supported by experiments carried 

out with transient heterokaryons (187). The fusion of a non-permissive and a 

permissive cell resulted to be non-permissive to HIV-1 Δvif infection, which 

suggested the presence of a dominant cellular factor in non-permissive cells 

that was leading to the block in infection (187). This restriction factor was 

later identified as A3G (188). 

 

A3G is a member of a family of vertebrate proteins with polynucleotide 

cytidine deaminase activity that edits the nucleotide sequence. Structurally, 
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A3G contains five α helices including two that form the zinc-coordinating 

deaminase domain and are located over a platform of five β strands (189). 

While the C-terminal domain catalyses the hypermutation, the N-terminal 

domain’s activity is necessary to package A3G into HIV-1 virions. 

Incorporation of A3G in virions occurs during virion production from the host 

cell (185). Upon viral infection, the optimal location enables A3G  to edit up to 

the 10% of cytidines in the DNA. As a consequence of this activity, during 

RT, the C-to-U changes translate into the incorporation of A instead of G in 

the proviral plus-strand DNA genome (190), which can be deleterious to the 

virus. The excessive mutations result in substantially decreased dsDNA 

levels and ultimately in the inhibition of viral replication (188, 191). Moreover, 

other studies showed that A3G also inhibits the translocation of the RT along 

the RNA template thereby interfering with the processivity of reverse 

transcription (191, 192). Importantly, a recent study has brought new insight 

into the mechanism by which reverse transcription is inhibited proposing an 

interplay between A3G, RT and the cellular DNA repair machinery (193). 

More specifically, this new data has shown that inhibition of reverse 

transcription is site- and sequence-independent and that A3G directly 

interacts with the RT. They also propose that inefficient recognition of the 

deaminated cDNAs by the cellular uracil base excision repair (UBER) 

enzymes may suggest its role as a pathogen-associated molecular pattern 

(193). 

 

The viral accessory protein Vif antagonises the antiviral activity of A3G. Vif 

interacts with APOBEC3 proteins through its amino terminal domain and 

directs it to a cellular ubiquitin ligase complex, which results in 

polyubiquitination and proteasomal degradation (194). The interaction 

induces the recruitment of cullin 5 (CUL5) through to the cytokine suppressor 

signalling (SOCS) box and the substrate adaptors elongin B/C heterodimer 

(ELOB and ELOC) (195, 196), and its Z domain to cullin5 (185, 197, 198). 

Several members of the APOBEC protein family have been shown to inhibit 

HIV-1 replication upon overexpression. At more relevant levels of expression, 

however, only A3F, A3H and A3D have also been shown be packaged into 
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virions and to provoke a significant suppression of HIV-1 replication (199, 

200). 

1.5.2 TRIM5α and capsid 
 
Genetic studies of susceptibility of mice to MLV-induced pathogenesis 

identified Friend-virus susceptibility gene 1 (Fv1), which blocks replication at 

the early stages of the viral cycle. Although Fv1 is only present in mice, it 

later became clear the selective restriction activity towards MLV was present 

in other species, including humans (201). A screen for rhesus macaque 

genes that could inhibit HIV-1 infection when expressed in human cells 

resulted in the identification of TRIM5α (202). HIV-1 efficiently enters the 

cells of Old World monkeys but encounters a block before reverse 

transcription (203), whereas SIV can efficiently infect these cells. This 

suggests that TRIM5α proteins are poor inhibitors of retroviruses found 

naturally in the same host species, but they are quite often active against 

retroviruses that are found in non-natural species. Thus, TRIM5α functions 

as a good barrier to cross-species transmission of primate lentiviruses (204). 

This species-specific restriction is dependent on HIV-1 capsid (205). 

 

TRIM5α is one of a family of tripartite motif (TRIM)-containing proteins. The 

TRIM domain is composed of a RING domain and a B-box domain in the N-

terminal region. The C-terminal domain contains a PRYSPRY motif. Finally, 

a coiled-coil domain that enables the dimerisation links the amino- and 

carboxy-terminal domains. 

 

Although it has been shown that TRIM5α inhibits viral replication soon after 

viral entry, the mechanism by which this restriction is mediated is still unclear 

(202). It has been proposed that the PRYSPRY domain enables TRIM5α 

recognition and accelerated fragmentation of HIV-1 CA (206-208). 

Alternatively, it is possible that TRIM5α competes with cellular factors that 

promote infection for capsid binding. The abundant host cell chaperone 

protein, cyclophilin A (CypA) also binds CA and contributes to early events in 

viral replication. It has been shown that Cyp A is an auxiliary but not 
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necessary cofactor for the restriction of HIV-1 replication by TRIM5α (209, 

210). It has also been reported that TRIM5α accelerates uncoating in the 

post-entry phase of the viral cycle resulting in the disruption of the RTC 

architecture and inhibiting reverse transcription (185).  

 

In addition to blocking HIV-1 replication through the mechanisms described 

above, TRIM5α has also been shown to function as an innate immune 

sensor (211). Upon retroviral infection, TRIM5α interacts with the capsid 

lattice which leads to the synthesis of K63-linked ubiquitin chains that 

activate TAK1 and subsequently induce AP-1 and NFκN signalling. This 

signalling results in the activation of transcription of pro-inflammatory genes 

that further enhances the antiviral immune response (211). 

 

1.5.3 Tetherin and Vpu 
 

Viral protein U (Vpu) deficient HIV-1 showed significantly lower infectivity 

when compared to the WT counterparts (212). In the absence of Vpu, HIV-1 

particles undergo normal assembly and ESCRT-protein-mediated fission 

from the plasma membrane, but the virions remain sequestered at the 

surface of the infected cells (213). However, this observation was only true 

for some cell lines while in others Vpu was completely dispensable, which 

suggested that this phenotype was caused by a cellular protein (185). 

Tetherin was discovered upon gene expression analyses on RNA extracted 

from either restrictive or non-restrictive cell lines, in the presence or absence 

of IFN (214). This restriction factor was also discovered by another group as 

a result of a proteomics analysis where it had been shown to be the target of 

the Kaposi’s sarcoma-associated herpesvirus (KSHV) (215, 216).  

 

Tetherin is a type II single-pass transmembrane protein that contains a 

transmembrane anchor domain and a glycophosphatidylinositol (GPI). 

Tetherin arrests the virion in the cell surface by introducing the TM domain 

into the assembling virion while the GPI domain remains in the plasma 

membrane. Both domains are necessary for this inhibitory activity, and it 
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seems that the target of tetherin is a host-derived lipid envelope rather than a 

viral protein. The HIV-1 Vpu protein antagonises this restriction factor (214, 

216). Although the exact mechanism is still unclear, Vpu has been reported 

to colocalise and co-immunoprecipitate with tetherin. Although it has been 

proposed that Vpu reduces the level of tetherin in the cell surface (216) it is 

not clear whether it is being degraded (by the proteasome or the 

endolysosomal system) given that this down-regulation is modest in some 

cell types where Vpu is fully functional (185).  

 

In addition to its role in sequestering the nascent virion, tetherin has been 

shown to act as a sensor and signal to the immune system.  Upon restriction 

of Vpu-defective HIV-1, tetherin acts as a virus sensor and induces NF-κB-

dependent proinflammatory gene expression. Retention of the virions in the 

cell surfaces results in phosphorylation of Tyr residues in the CT domain of 

tetherin dimers. This results in the recruitment of spleen tyrosine kinase (Syk) 

which is required for downstream activation of NF-κB. This kinase triggers a 

pro-inflammatory signal cascade that involves TAK-1 and TRAF6 and ends 

with NF-κB activation (217, 218). 

 

In addition to enhancing the release of progeny virions from infected cells, 

Vpu also induces the degradation of the CD4 receptor. The accessory 

protein Nef also mediates the removal of CD4 in infected cells, although they 

function at different stages. While Nef operates in the early stages following 

infection, Vpu acts in the late stages. Vpu is expressed in the ER where it 

interacts with a membrane-proximal domain of the cytoplasmic tail of CD4 

(219). For degradation to occur, Vpu must be phosphorylated in its 

cytoplasmic tail, which facilitates the binding of βTrCP (220). These events 

subsequently result in the recruitment of Skp1-Cullin-F-Box (SCF) E3 

ubiquitin ligase complex, a member of the ubiquitination machinery that 

ubiquitines CD4 directing it to the proteasomes for degradation (62, 221). 

 

More recently, Vpu has also been shown to suppress the immune response 

to HIV-1 infection. In particular, it has been reported to inhibit the antiviral 

activity of NK cells and CD8+ cytotoxic T lymphocytes (CTLs) by interfering 
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with the activation of their cytotoxic function by multiple proteins, such as 

HLA-C, CD1d and CCR7 (222-224). Vpu mediated downregulation of HLA-C 

decreases the ability of HLA-C restricted CTLs to suppress viral replication of 

CD4+T cells (222). Inhibition of the surface expression of CD1d in infected 

DCs, on the other hand, is the result of a Vpu-mediated block in the recycling 

of CD1d in the endosomal compartments, which enables evasion of the 

immune response (223). The chemokine receptor CCR7 is also 

downregulated from the surface of CD4+ T cells and results in impaired 

migration and chemotactic signalling within CD4+ T cells (224).  

 

1.5.4 SERINCS and Nef 
 

SERINC3 and SERINC5 are members of a family of transmembrane 

proteins. SERINC3 was identified in a proteomic analysis of virions produced 

by cells infected with wild-type and Nef-defective viruses (225). SERINC5, on 

the other hand, was identified upon infections of 31 human cell lines with 

wild-type and Nef-defective HIV-1 and using a global transcriptome analysis 

(226). Subsequently, siRNA and CRISPR-Cas9 experiments resulted in 

increased infectivity of Nef-defective HIV-1, validating the results.  

 

The precise mechanism by which SERINC proteins mediate HIV-1 restriction 

remains to be characterised. Both proteins have been shown to mediate this 

effect since targeting SERINC3 and SERINC 5 enhanced the individual 

effects. Incorporation of these restriction factors into virions reduces viral 

infectivity by inhibiting the enlargement of the fusion pore, a process that 

might happen through inducing functional inactivation of some Env 

glycoproteins by SERINC5. SERINC5 is targeted to late endosomes together 

with Nef in an AP-2-dependent manner. Nef efficiently down-regulates both 

proteins from the cell surface, preventing their incorporation into the nascent 

virion, and therefore counteracting the inhibitory effect in viral replication 

(225, 226). In addition, it has been shown that Env proteins from some HIV-1 

strains are able to overcome SERINC5 inhibition without preventing 

SERINC5 incorporation into the virion. Introduction of SERINC5 into the 
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virions, however, makes HIV-1 more sensitive to broadly neutralising 

antibodies, which suggests that Nef might only be needed under this 

pressure (227, 228). 

 

Nef is a 27 kDa myristoylated protein that is abundantly produced during the 

early phase of the viral replication cycle and is highly conserved among 

primate lentiviruses (62). In addition to counteracting SERINC-mediated 

antagonism, Nef modulates the expression of the cell surface proteins CD4, 

CD8, CD28 (229), major histocompatibility complex class I (MHC-I) (230) and 

class II (MHC-II) proteins. Downregulation of CD4 and CD28  is mediated by 

an interaction between the dileucine-based motif in the second disordered 

loop of Nef and the adaptor protein (AP) which is part of the cellular 

endocytosis machinery (231). These surface proteins can also be 

downregulated by accelerated endocytosis via clathrin-coated pits followed 

by lysosomal degradation. Binding of Nef to the phosphofurin acidic cluster 

sorting protein 1 (PACS-1), on the other hand, facilitates the degradation of 

MHC-I (62, 232). This auxiliary protein also interferes with the cellular signal 

transduction pathways. The myristoyl on the N-terminal domain and the 

proline-rich SH3 domain mediate the association with lipid rafts, cholesterol-

rich microdomains that concentrate potent signalling mediators. Nef has also 

been found to interact with and activate serine/threonine protein kinase PAK, 

which might contribute to the activation of the infected cell (62). It has also 

been found to enhance virion infectivity (233) and viral replication by inducing 

actin-remodelling and promote the movement of the viral core to a potentially 

obstructive cortical actin barrier (62, 234). Finally, Nef also regulates 

cholesterol trafficking in infected cells, a lipid known to be important during 

HIV-1 assembly, budding and infection (235). Low cholesterol levels in the 

plasma membrane greatly reduce the formation of new viral particles; Nef 

can bind newly synthesised cholesterol and transport it to the plasma 

membrane where budding is occurring (62, 236). 
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1.5.5 SAMHD1 and Vpx 
 

HIV-1 Infection of monocytes, dendritic cells (DCs) or non-activated CD4+ T 

cells is non-permissive (237, 238). In contrast, HIV-2 and SIVmac can 

efficiently infect myeloid cells, and this is associated to the HIV-2 encoded 

viral protein X (Vpx) (239, 240), since infection with HIV-2 and SIVmac of 

myeloid cells, substantially increased in the presence of Vpx (43, 241, 242). 

Moreover, Vpx was shown to associate with an E3 ubiquitin ligase complex, 

which suggested that, like the HIV-1 accessory protein Vif, Vpx could target a 

cellular restriction factor to degradation (240). This discovery led to the 

search of a cellular restriction factor that is present in cells that are 

inefficiently infected by HIV-1 and is antagonised by Vpx. Sterile alpha motif 

domain and HD domain-containing protein-1 (SAMHD1) expression in 

myeloid cells was shown to be the cellular factor preventing these cells from 

HIV-1 replication. Expression of Vpx or silencing of SAMHD1 relieved the 

restriction to HIV-1 infection, which confirmed SAMHD1 as a restriction factor 

(243, 244).  

 

SAMHD1 is a restriction factor that is expressed in cells of the myeloid 

lineage that inhibits an early step of the viral life cycle (243). More 

specifically, SAMHD1 is a potent dGTP-stimulated triphosphydrolase that 

converts deoxynucleoside triphosphates to the constituent deoxynucleoside 

and inorganic triphosphate. Some studies have reported that as a 

consequence of the depletion of the majority of the cellular dNTPs, reverse 

transcription of the viral cDNA is inhibited, resulting in restriction of HIV-1 

replication (245, 246).  

 

Later findings, however, revealed that the ability of SAMHD1 to restrict 

infection is not related to its function on decreasing the cellular dNTP levels 

(43, 247). SAMHD1 is expressed in both dividing and non-dividing cells but 

the ability to restrict viral activity is limited to cycling cells. This difference in 

activity is modulated by the phosphorylation of residue T592 in the cdk1-

target motif. Phosphorylation has been shown to interfere with the restriction 
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of viral infection but does not affect the ability of SAMHD1 to decrease 

cellular dNTP levels (247).  

 

Mutations in SAMHD1 have been shown to be involved in Aicardi-Goutières 

syndrome (AGS), a genetic encephalopathy with symptoms mimicking 

congenital viral infection and it has been proposed to act as a negative 

regulator of the interferon response (248). AGS patients present mutations in 

genes involved in nucleic acid metabolism such as SAMHD1 and TREX and 

are characterised by high levels of pro-inflammatory cytokines (249). 

Interestingly, TREX has been shown to inhibit the innate immune response to 

HIV-1 by digesting the excess of viral DNA that would otherwise activate 

cGAS pathway (250). SAMHD1 restriction of HIV-1 replication in myeloid 

cells, on the other hand, is regulated by phosphorylation since SAMHD1 

phosphorylation-defective mutant was able to restrict viral replication. 

Moreover, phosphorylation is linked to the antiviral activity since treatment of 

cells with IFN-I reduced phosphorylation (251). 

 

HIV-2 overcomes SAMHD1-mediated restriction by expressing the accessory 

protein Vpx. Vpx directs SAMHD1 to degradation through the recruitment of 

an E3 ubiquitin ligase complex that contains cullin 4 (CUL4), DNA damage-

binding protein 1 (DCAF1) and DDB1-CUL4-associated factor 1 (DDB1). The 

resulting complex regulates the degradation of a large number of cellular 

DNA repair proteins, transcription factors and replication enzymes (241). 

Overall, these studies suggest that HIV-2 needs to block SAMHD1 function 

through Vpx in order to replicate efficiently. Intriguingly, SAMHD1 is not 

restrictive in activated CD4+ T cells (241), the main target of HIV-1 infection, 

and HIV-1 does not express an accessory protein that antagonises this 

restriction factor. 
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1.5.6 MX2 
 
Myxovirus resistance 2 (MX2 also called MXB) is an IFN-inducible dynamin-

like GTPase that localises to the nuclear envelope, NPCs and cytoplasmic 

punctae and inhibits HIV-1 replication (252-254). Multiple factors have been 

proposed to inhibit viral replication upon stimulation with type I IFN (255-

259). Treatment of macrophages, THP1 cells and primary CD4+ T cells with 

IFN-α, for example, inhibits infection whereas the block in CD4+ T cell lines, 

such as CEM-SS and Jurkat is minimal (257). Comparison of the inhibitory 

activity of IFN-α in the different cell lines and correlation of this phenotype to 

the interferon-induced expression of genes led to the discovery of MX2. In 

addition, shRNA –mediated depletion of MX2 also resulted in the loss of HIV-

1 inhibition, thus confirming the antiviral activity of this host protein and 

explaining part of the IFN block phenotype (252, 260).   

 

In contrast to the antiviral mechanisms described above, the restriction 

caused by MX2 occurs after the cDNA has been synthesised (257). It is 

known that the generation of HIV-1 minus strand DNA was not affected 

suggesting that reverse transcription occurs normally. The abundance of the 

2-LTR circular forms of HIV-1 DNA, however, decreases in MX2 expressing 

cells suggesting that MX2 may act by preventing nuclear accumulation of 

HIV-1 cDNA (252, 253). 

 

Structure-function studies have determined that monomeric MX2 does not 

possess the antiviral activity, but that lower-order oligomerisation is sufficient 

for effective viral inhibition (261). Although the mechanism of HIV-1 inhibition 

by MX2 is not clear, CA has been suggested to play an important role (252, 

253). In particular, a conserved single residue close to the N-terminal of MX2 

has been reported to determine antiviral specificity (262). Some studies have 

shown that viruses with mutations in CA preventing CypA binding were not 

affected by MX2 (260).  

 

Currently, several hypotheses have been proposed to explain the 

mechanism by which MX2 mediates HIV-1 restriction. One such hypothesis 
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postulates that MX2 directly interacts with CA and this results in the block of 

nuclear import of HIV-1 dsDNA (253, 263). On the other hand, it has also 

been proposed that MX2 may function at a post-nuclear import stage by 

altering the stability of the HIV-1 DNA or affecting integration (252, 253, 263).  

 
 

1.5.7 Interferon-inducible transmembrane proteins (IFITMs) 
 
One of the first host responses to HIV-1 infection is characterised by a 

cascade of systemic inflammatory cytokines driven by type 1 interferons 

(IFN-I) being detectable 7 days post-infection (31, 264). Both alpha and beta 

interferons induce transcription of interferon-stimulated genes (ISGs) by 

activating receptors IFNAR1/2 via the JAK/STAT pathway and induce 

activation of the systemic innate and adaptive immunity (264, 265). Some 

ISGs target different stages of viral replication showing direct antiviral activity 

(266). Importantly, ectopic expression of several ISGs have direct antiviral 

activity against HIV-1 (43). Treatment of CD4+ T cells or macrophages with 

IFN-I in culture, for example, reduces HIV-1 replication (43). Treatment of 

HIV-1-infected patients with pegylated-IFN, on the other hand, results in a 

temporary decrease in viral loads (259).  

 

The interferon-induced transmembrane (IFITM) proteins are an example of 

ISGs that target a specific step of viral replication. These proteins are a 

family of antiviral factors that inhibit viral fusion of not only HIV-1 to the target 

cells, but also a number of other viruses such as influenza A virus (IAV), 

Dengue virus (DENV), hepatitis C virus (HCV) and Ebola virus (EBOV) (267-

269). These proteins are mainly found in the plasma membrane or on 

endosomal membranes, which coincides with the entry pathways of most 

viruses (270). Five members of the IFITM family have been identified but 

only IFITM1, 2 and 3 response to IFN-I (264).  

 

Although IFITMs are known to impair viral fusion by changing the curvature 

or fluidity of the membranes, the complete mechanism by which IFITMs 

restrict viral replication has not been characterised (43, 271). Nevertheless, it 
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is known that expression of IFITMs in un-infected cells greatly increases 

resistance to HIV-1 infection (264, 269, 272). It has been suggested that HIV-

1 restriction by IFITMs was dependent on the HIV-1 co-receptor usage (272). 

IFITM1 was shown to better inhibit viral entry of those viruses that required 

CCR5 co-receptor in the plasma membrane while IFITM2 and 3 were found 

to mainly inhibit CXCR4-using viruses that were localised in endosomal 

compartments (272). Moreover, mutation of the AP-2 binding site (YXXF) or 

knockdown of same protein resulted in a change of the localisation of IFITMs 

and a switch in the restrictive activity.  

 

Intriguingly, transmitted/founder (TF) viruses exhibit a substantially higher 

resistance to the effects of IFN-I in their CD4+T cells than viruses isolated in 

later stages of the disease, showing that as infection progresses IFN-I 

resistance declines (272, 273). It is now clear that the acquired HIV-1 

sensitivity to IFN as the disease progresses is, at least in part, related to the 

mutations that Env acquires in the TF/6-months period. These mutations 

have also been shown to enable escape from early autologous 

neutralization, and if reverted, they prevent IFITIM-mediated HIV-1 restriction 

(272, 274). Interestingly, the env gene in TF HIV-1 viruses can also confer 

resistance to a late block induced by Type II IFN that is phenotypically 

different from the block induced by type I IFN (275). 

 

1.5.8 The role of Vpr 
 
Vpr functions in multiple steps of the viral replication and, interestingly, is the 

only accessory protein for which any counteraction function towards a host 

restriction factor has not been described. Vpr is also unique in comparison to 

the other accessory proteins in that is incorporated into the nascent virions, 

through residues in the p6 domain of Gag (276). The fact that is a virion-

associated protein suggests that Vpr is involved in the early stages of viral 

replication. Several roles have been attributed to HIV-1 Vpr such as 

apoptosis, nuclear import of viral DNA and the transcriptional regulation of 

viral and cellular genes (277).  
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An extensively studied function of Vpr is its ability to induce cell cycle arrest, 

thus blocking the proliferation of newly infected T cells. G2 arrest involves 

high levels of viral replication in human T cells, which correlates with HIV-1 

genome expression being more active in this phase (277, 278). Thus, Vpr 

arrests the cell cycle in this phase, where the LTR is most active so that virus 

production is maximised (278). Although the mechanism behind has not 

been fully characterised Vpr interacts with the DCAF-1-Cul4-DDB1 E3 

ubiquitin ligase complex and may lead to the degradation of a G2 arrest-

linked cellular protein (277). In fact, Vpr has been shown to recruit and 

degrade the human uracil DNA glycosylase 2 (UNG2), a DNA repair enzyme 

(277).  This result led to hypothesise that association of Vpr with this complex 

induces polyubiquitination of a cellular protein involved in DNA repair leading 

to its proteasomal degradation, which ultimately results in ATR-mediated G2 

cycle arrest (279). More recently, activation of the structure-specific 

endonuclease (SSE) regulator SLX4 complex (SLX4com) by Vpr has been 

shown to be essential in driving G2 arrest. The interaction between Vpr and 

SLX4 results in the recruitment of VPRBP and kinase-active PLK1 which 

promotes cleavage of DNA by SLX4- associated MUS81-EME1 

endonucleases (279, 280). Activation of these endonucleases has been 

proposed to result into an accumulation of DNA double strand breaks, which 

might be sensed by ATR and subsequently lead to cell cycle arrest (279, 

280). In addition, SLX4 was also shown to inhibit  type I IFN-mediated 

antiviral response, thus functioning as a regulator of innate immunity (279). 
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1. 6 Aims of the Thesis 
	
	
	
HIV-1 Gag is the protein necessary and sufficient to form the viral particle. As 

described above, Gag plays a major role in multiple steps of the viral cycle, 

and therefore, understanding the RNA elements that control Gag expression 

is important. The HIV-1 genome contains a much lower than expected CpG 

dinucleotide content, and the consequences of introducing additional CpGs 

have not been studied. Taken all together, the aims of the thesis are: 

	
	
	

1. To determine if RNA elements in gag regulate Gag expression and 

HIV-1 replication 

 

2. To characterise whether CpG dinucleotides are necessary and 

sufficient to induce inhibition of HIV-1 replication and provide 

mechanistic insight by which this occurs 
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Chapter 2: Materials and methods 
	

2.1 DNA methodology 

2.1.1 Plasmids 
	

The pHIV-1NL4-3 constructs used in this study contain the provirus sequence 

from pHIV-1NL4-3 (281) cloned into the KpnI and SalI sites of pGL4.10 

(Promega). pHIV-1 CM22-165, pHIV-1 CM166-261 were generated by 

overlapping PCR using pHIV-1 CM22-261 as template and have the 

designated sequences from pHDMHgpm2 (282). pGFP and pVSV-G have 

been previously described (283, 284) (Table 2.2) . 

2.1.2 DNA synthesis 
	

cDNAs were synthesised by GeneART (Life Technologies): For pHIV-1 

GagCM22-261, pHIV-1 GagCM22-378, pHIV-1 Gag∆22-261 and  pHIV-1 

Gag∆22-378 the HIV-1 gag ORF sequence contained within BssHII and SphI 

restriction site of HIV-1NL4-3 was synthesised by GeneART (Life 

Technologies) (281) and have the designated region in gag replaced with a 

XbaI site as in Reil et al (285) (Table 2.1 and 2.2) (Figure 2.1). For pHIV-1 

GagCM 22-261lowCpG and pHIV-1 GagCM22-378lowCpG, pHIV-1 GagCpG22-

261 and pHIV-1 GagCpG22-378, the sequences were synthesised by 

GeneART and cloned into pHIV-1NL4-3, using restriction sites BssHII and SphI 

(Table 2.1 and 2.2) (Figure 2.1). For pHIV-1 GagDC22-378, the sequence 

was synthesised by GeneART and cloned into pHIV-1NL4-3 using restriction 

sites BssHII and SphI. For pHIV-1 GagCpG22-1190, pHIV-1 GagCpG22-759 

and pHIV-1 GagCpG760-1190, the sequences were synthesised by 

GeneART and cloned into pHIV-1NL4-3 using restriction sites BssHII/ApaI, 

BssHII/SphI, and SphI/ApaI, respectively.  
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Figure 2.1. Schematic representation of the mutant viruses used in this 
project. The coloured region represents the codon modified region or the 

region where CpG dinucleotides have been introduced. The white areas 

within the grey dash lines represent the deleted regions. The green lollipops 

represent the CpGs. The number of CpG dinucleotides added is shown in 

dark blue.  
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Table 2.1. CpG dinucleotide and mutation number in each 
construct 

 Within the modified region 

 WT Mutant 

Virus Total CpGs Total CpGs Total mutations 

HIV-1 GagCM22-165 4 15 49 

HIV-1 GagCM22-261 4 22 80 

HIV-1 GagCM22-378 4 30 109 

HIV-1 GagCM22-261lowCpG 4 4 59 

HIV-1 GagCM22-378lowCpG 4 4 79 

HIV-1 GagCpG22-165 4 15 12 

HIV-1 GagCpG22-261 4 22 21 

HIV-1 GagCpG22-378 4 30 30 

HIV-1 GagCpG22-3785nt 4 30 71 

HIV-1 GagDC22-378 4 4 23 

HIV-1 GagCpG22-1188 9 71 73 

HIV-1 GagCpG22-654 4 36 37 

HIV-1 GagCpG658-1188 5 35 36 

    

HIV-1 EnvCpG87-561 1 37 43 
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Table 2.2 List of plasmids used in the project 

Plasmid Description Cloning/Source 

pCMS620 HIV-1NL4-3   HIV-1NL4-3 into pGL4 (Swanson Lab) 

pCMS308 GFP GFP into pcDNA3.1 (Swanson Lab) 

VSVG VSVG From (284) 

pIA16 CM22-261 Synthesised insert cloned with BssHII/SphI into 

pCMS620 

pIA24 CM22-165 Overlapping PCR cloned with BssHII/SphI into 

pCMS620 

pIA25 CM166-261 Overlapping PCR cloned with BssHII/SphI into 

pCMS620 

pIA18 CM22-378 Synthesised insert cloned with BssHII/SphI into 

pCMS620 

pIA15 Δ22-261 Synthesised insert cloned with BssHII/SphI into 

pCMS620 

pIA17 Δ22-378 Synthesised insert cloned with BssHII/SphI into 

pCMS620 

pIA30 CM22-261lowCpG Synthesised insert cloned with BssHII/SphI into 

pCMS620 

pIA32 CM22-378lowCpG Synthesised insert cloned with BssHII/SphI into 

pCMS620 

pIA35 CpG22-165 Synthesised insert cloned with BssHII/SphI into 

pCMS620 

pIA36 CpG22-261 Synthesised insert cloned with BssHII/SphI into 

pCMS620 

pIA34 CpG22-378 Synthesised insert cloned with BssHII/SphI into 

pCMS620 

pIA37 CpG22-2615nt Synthesised insert cloned with BssHII/SphI into 

pCMS620 

pMF11 EnvCpG87-561 Mattia Ficarelli (Swanson Lab) 

pIA43 GagDC22-378 Synthesised insert cloned with BssHII/SphI into 

pCMS620 

pIA40 GagCpG22-1188 Synthesised insert cloned with BssHII/ApaI into 

pCMS620 
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2.1.3 Polymerase chain reaction PCR  
	

pHIV-1 CM22-165 and pHIV-1 CM166-261 were generated in three steps 

comprising two standard PCR reactions and one overlapping PCR. The first 

two standard PCR reactions were carried out using a forward primer either in 

the 5’end of gag or in the region anchored in nt 165 of gag and reverse 

primers hybridized in the SphI restriction site and in nt 165 of gag, creating 

PCR products PCR1 and PCR2. The overlapping PCR reaction was 

performed using both PCR1 and PCR2 products as template and both 

forward primer containing the BssHII restriction site and the reverse primer 

containing the SphI restriction site. Phusion High-Fidelity DNA polymerase 

(New England Biolabs, NEB) was used according to the Phusion PCR 

protocol: 35µl of MiliQ H2O (34µl in overlapping PCR), 10µl High Fidelity 

Buffer, 1µl 10mM 4 dNTPs, 1.25µl 20 mM 5’ primer, 1.25µl 20mM 3’ primer, 

1µl DNA template (1µg/µl) (1µl of DNA template 1a/2a and 1b/2b in 

overlapping PCR), 0.5µl Phusion High-Fidelity DNA polymerase in a total of 

50µl reaction. 35 PCR cycles were performed (Table 2.3).  

 

 

 

pIA41 GagCpG22-654 Synthesised insert cloned with BssHII/SphI into 

pCMS620 

pIA42 GagCpG658-1190 Synthesised insert cloned with SphI/ApaI into 

pCMS620 

Table 2.3. PCR Phusion Protocol 

 Temperature (°C) Time 

Initial denaturation 98 30 s 

Denaturation 98 10 s 

Annealing 50 30 s 

Extension 72 20 s/ Kb 

Final extension 72 10 min 
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2.1.4 Extraction and Purification of DNA fragments 
	

The different DNA fragments were separated based on their molecular 

weight on a 1% agarose gel. The gel was prepared by mixing 0.5g of 

agarose (Fisher Scientific) and 1XTBE buffer (89mM Tris acetate, 2mM 

EDTA, 89mM boric acid, pH8.3) and heating until dissolved. After letting the 

mix cool down for few minutes, 3µl of ethidium bromide (Sigma) were added, 

poured into the gel base and left around 20 min to set at room temperature. 

After this time DNA samples were mixed with 6x loading dye (NEB) and 

loaded together with a 2-Log DNA or 1Kb DNA ladder (NEB B7025, NEB 

N3200S, 4µl). The gel was run during approximately 1h at 100V in 1X TBE. 

Next, separation of the DNA fragments were visualized under UV using the 

Chemi Doc UV system (Bio-rad). If the fragments were needed for 

subsequent purification they were visualized at longer wavelength (365 nm) 

and excised. DNA purification was carried out using the QIAquick Gel 

Extraction kit (QIAGEN) following manufacturer’s instructions. 

 

 

2.1.5 Restriction enzyme digestion of DNA 
	

DNA or PCR products were digested with different restriction enzyme sites to 

produce the inserts to clone into the vector pHIV-1NL4-3.  The constructs used 

in this study contain the provirus sequence from pHIV-1NL4-3 (281) cloned into 

the KpnI and SalI sites of pGL4.10 (Promega). All restriction enzymes (NEB) 

used on this project were incubated with the digestion products for 2h at 

37°C (except BssHII, which was incubated at 50°C for 1h) following the 

reaction mix on Table 2.4. In addition, CIP was added to the digestion mix 

containing the vector to prevent re-circularization of the plasmid during 

ligation. Upon digestion fragments were separated by electrophoresis and 

DNA purified as stated on section 2.1.4. 
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2.1.6 Ligation of inserts and vectors 
	

All the ligations were carried out using T4 DNA ligase in an overnight 

reaction (Table 2.5) at room temperature. Alongside all ligation reactions a 

negative control reaction that lacked the DNA insert was carried out. For 

most of the ligations a 1:5 vector to insert ratio was used. 

 

	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Table 2.4. Restriction digestion mix 

Reagent Volume (µl) 

ddH2O 47 

Buffer 6 

Restriction enzyme 1 1 

Restriction enzyme 2 1 

DNA 5 

 

Total Volume 60 

Table 2.5. Ligation reaction mix 

Reagent Volume (µl) 

ddH2O 2 

T4 DNA ligase buffer (NEB) 3 

T4 DNA ligase (NEB, 

400.000U/mL) 

1 

Insert DNA 20 

Vector DNA 4 

 

Total Volume 30 
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2.1.7 Transformation of plasmid DNA 
 

First, competent DH10 Escherichia coli (E. Coli) were thawed for 15 min on 

ice. Then, 5µl of ligation product was added into 50µl of competent cells and 

the mix was incubated in ice for 30min. Once the incubation time was 

completed the mix was heat-shocked for 45 seconds at 42°C and 

immediately after the samples were placed back into ice. Third, 300µl of 

Luria-Bertani (LB) broth (Miller) was added to the mix and incubated for 1h at 

the shaking incubator at 30°C. Last, 200µl of the culture were added onto LB 

agar plates containing ampicillin (100µg/ mL) and incubated at 30°C for 

about 16-18h. The following day individual colonies were picked and cultured 

in 5mL of LB broth containing ampicillin overnight at 30°C with shaking. The 

next day 1.5mL of the culture was pelleted and DNA extracted from the 

competent cells as explained on section 2.1.9.  

 

2.1.8 Preparation of chemically competent DH10 E. Coli 
 
Prior to the generation of competent DH10 E.Coli cells two filter-sterilised 

buffers were prepared (Table 2.6). E.Coli (Invitrogen) were used to inoculate 

an agar plate lacking any antibiotic. The following day 4 different colonies 

were inoculated into 50mL LB broth cultures and incubated at 30°C with 

shaking. Optical density was measured at 550 nm (OD550) regularly until it 

reached 0.45. Subsequently, the cultures were place in ice for 10 min after 

which the competent cells were centrifuged for 10 min at 3000 x g and 4°C. 

Pelleted competent cells were resuspended in 100 mL Buffer 1 and 

incubated 10 additional minutes on ice. After this incubation time, cells were 

newly pelleted following the instructions above and resuspended in 10 mL 

Buffer 2. Finally, the competent cells were divided into 200µl aliquots and 

stored at -80°C. 
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2.1.9 Miniprep 
 

1.5 mL of culture was centrifuged at 14.000rpm and the pellet resuspended 

in 150µl resuspension buffer (Macherey-Nagel). Next, 150µl of lysis buffer 

(Macherey-Nagel) were added to the mix and incubated for 5min after which 

150µl neutralization buffer were added (Macherey-Nagel). The mix was 

pelleted by spinning it for 15 min at 14.000 rpm and the supernatant 

transferred to a new tube containing 350µl of isopropanol. After mixing it by 

inverting the tube 5 times the samples were centrifuged for 30min at 

14.000rpm. The supernatant was then discarded and the pellet washed with 

70% ethanol for 5 min at 14.000rpm. Finally, the pellet was air-dried for 

30min and resuspended in 50µl EB buffer (QIAGEN). 

 

2.1.10 DNA sequencing 
	

Following DNA extraction DNA samples were first screened by restriction 

digestion and bands analysed in a 1% agarose electrophoresis gel. Based on 

these results the appropriate DNA plasmid was selected and around 50ng 

were sent to sequence with 10µM of the required forward and reverse 

primers (Eurofins Genomics or GeneWiz). Upon receiving the sequencing 

results the sequences were aligned to the maps using MacVector. 

Table 2.6. Buffer composition for the preparation of DH10 E.Coli 

Buffer 1 Buffer 2 

KAc (30nM) PIPES (10nm) 

RbCl (100nM) CaCl2 (75nm) 

CaCl2 (10nm) RbCl (10nm) 

MnCl2 (50nm) Glycerol (15%) 

Glycerol (15%)  



	 70	

 

2.1.11 Generation of plasmid DNA stocks 
 

The DNA product that resulted from the miniprep and was confirmed to have 

the correct sequence was retransformed by mixing 1µl of plasmid DNA into 

10µl of competent cells (and the protocol on section 2.1.7 was followed). 

Following re-transformation one of the colonies was inoculated into a starter 

culture containing 5mL LB and ampicillin (100mg/mL). Approximately after 5h 

of culture with shaking the started culture was transferred into a 1L 

Erlenmeyer flask containing 250mL of LB (previously sterilized) and 

ampicillin and incubated in shaking for at 30°C for ~16h. The following day 

the culture was centrifuged at 6000 x g for 15 min at 4°C. The supernatant 

was discarded and DNA extraction from the pellet was carried out using 

NucleoBond Xtra Maxi kit (Macherey Nagel) following manufacturer’s 

instructions. In the last step, DNA pellet was resuspended in 100-200µl of EB 

buffer, depending on the size of the pellet. Next, DNA concentration was 

measured using Nanodrop ND100 spectrophotometer, following 

manufacturer’s instructions (Labtech International). 

 

2.1.12 Sequence analysis of the HIV-1NL4-3 gRNA 
 

The “analyze base composition” tool in MacVector was used to calculate the 

mono- and di-nucleotide frequencies for the HIV-1NL4-3 gRNA (NCBI 

accession number M19921). The dinucleotide frequencies are calculated 

using the following formula:  number of dinucleotide occurrences / (frequency 

of base 1 in pair * frequency of base 2 in pair) where frequency of base is 

number of occurrences of base / total number of bases in sequence. 

WebLogo (286) was used to generate conserved nucleotides surrounding the 

CpG dinucleotides. 
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2.2 Cells methodology 

2.2.1 Cell culture  
	

Jurkat cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 

GlutaMAX Medium (Gibco) supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin-streptomycin and maintained at a concentration of 2x106 

cells every two days. Hela, TZM-bl and 293T cells were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10% 

FBS and 1% penicillin-streptomycin. HeLa and 293T cells were split every 

other day using a 1:7 or 1:8 dilution, depending on the confluence and TZM-

bl cells at a 1:5 or 1:6 dilution . Adherent cells were detached from the plate 

using 2mL of trypsin (TrypLE Express, Gibco). All cell lines were grown at 

37°C in a humidified atmosphere with 5% CO2.  

 

2.2.2 Generation of HIV-1 virus stocks and quantification of p24 by 
ELISA 
 
4 x 106 293T cells were seeded in 10cm plates and transfected with 10µg of 

pHIV-1 and 1.25µg of pGFP using poly(ethlyleneimine) solution (PEI) at a 

ratio of 10µl PEI per 1µg DNA. The following day media was aspired and 

replaced with fresh media. Approximately 48-hours post-transfection, the 

media was harvested, filtered through a 0.45 µm filter and frozen in nine 

aliquots of 1mL at -80°C. Gag p24 was quantified using a p24Gag enzyme-

linked immunosorbent assay (ELISA) (Perkin-Elmer) following 

manufacturer’s instructions. 

 

2.2.3 HIV-1 spreading infection assay 
	

A total of 2.5 x 105 Jurkat cells were plated in 1mL of medium per well in 48 

well plates and infected with 25ng of p24Gag of each virus. SupT1 cells were 

infected with 10ng of p24Gag for each virus. Collection of supernatants was 

initiated when syncitia were first observed in the culture infected with HIV-
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1NL4-3. The amount of infectious virus present at each time point was 

quantified by infecting the TZM-bl indicator cell line (287-289). Infectivity was 

measured by the induction of β-galactosidase using the Galacto-StarTM 

System (Applied Biosystems), as in section 2.2.5.  

 

2.2.4 Transient transfection 
	

HeLa cells were seeded in a 6 well plate so that the following day were at a 

70% confluence. Cells were transfected using TransIT®-LT1 (Mirus) 

according to the manufacturer’s instructions at the ratio of 3 µL TransIT®-LT1 

to 1µg DNA. For each transfection, 0.5µg pHIV-1 and 0.5µg pGFP or pVSV-

G was used. First, DNA conditions were prepared. 0.5µg of virus (HIV-1NL4-3 

or mutant viruses) and 0.5µg of condition (GFP or VSV-G) were mixed. 

Second, TransIT®-LT1 and OptiMem were mixed in a total volume of 200 µl 

and incubated for 5 min. Subsequently 200µl of the mix were added to the 

tubes containing the plasmid DNA and incubated for 30 min at room 

temperature, after which the volume was added drop-wise to the cells. 24h 

post-transfection the medium was aspired and replaced. Media was 

recovered approximately 48h post-transfection and filtered and pelleted 

through a 20% sucrose cushion for 2h at 20,000 x g. After centrifugation all 

the supernatant except 50 µl was aspired and another 50 µl of 2x 

dissociation buffer (60mM Tris-HCl (pH 6.8), was added to it. Cells were 

lysed in 500µl of radioimmunoprecipitation assay (RIPA) buffer (10mM Tris-

HCl, pH 7.5, 150mM NaCl, 1mM EDTA, 0.1% SDS, 1% Triton X-100, 

1%sodium deoxycholate).  The amount of infectious virus was quantified by 

using the TZM-bl indicator cell line (287-289) (see section 2.2.5). 

 

2.2.5 Single cycle infectivity assay 
	

Six-well plates of HeLa cells were transfected with 0.5µg pHIV-1 and 0.5µg 

pGFP or pVSV-G. Media was recovered approximately 48 h post-transfection 

and frozen at -80°C. TZM-bl cells were seeded in a 24 well plate so that next 
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day were at a 70% confluence. The following day 250µl of DMEM and 250µl 

of supernatant containing the viral particles were mixed and added to the 

cells. 24h post-transfection the medium was aspired and replaced. Cell 

lysates were collected with 100µl of Tropix Lysis Buffer (Applied Biosystems) 

approximately 48h post-transfection. 20µl of the cell lysates were then used 

to determine the infectivity of the virus by mixing them with 100µl of Galacto-

StarTM buffer and substrate (99µl and 1µl, respectively). Substrate typically 

reaches maximum in 60 minutes and exhibits lumino-kinetics for nearly one 

hour, therefore, we collected data at 4 different time-points and chose the 

maximum point of the curve for quantification. Quantification of infectious 

viral particles upon HIV-1 infection spreading assay (see section 2.2.3) was 

carried out by adding 10µl of media to a 100µl of cells in a 96 well plate. 

Cells were lysed with 20µl of Tropix Lysis buffer and β-galactosidase activity 

measeured in the VICTORTM XLight luminometer (PerkinElmer). 

 

2.2.6 CRISPR-Cas9 
 

 CRISPR-Cas9 cells used in this project were generated by Mattia Ficarelli 

(PhD student, Swanson Lab, KCL). 

 

 ZAP targeting guide sequences (Table 2.7), were inserted into a lentivirus-

based CRISPR plasmid (LentiCRISPRv2-puro) from Addgene (52961) as 

described in Sanjana et al. 2014 (290)  and were provided by Mr. Harry 

Wilson (Neil Lab, KCL). Bulk ZAP deficient cells were generated by 

transduction with the lenti-CRISPR vector followed by selection in 1µg ml−1 

puromycin (Sigma-Aldrich). HeLa single-cell clones were generated by 

limiting dilution. Cells were selected for puromycin resistance for 4 days after 

which surviving cells were counted, diluted to 0.3 cell/well in a 96-well plate 

and seeded in DMEM + 20% FBS. Selected single cell clones were 

expanded and maintained in the appropriate media with 1µg ml−1 puromycin. 

Loss of ZAP protein expression was confirmed by western blotting. 
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2.3 Protein methodology 

2.3.1 Analysis of protein expression by immunoblotting 
 

Approximately 48-hours post-transfection, HeLa cells were lysed in 

radioimmunoprecipitation assay (RIPA) buffer (10mM Tris-HCl, pH 7.5, 

150mM NaCl, 1mM EDTA, 0.1% SDS, 1% Triton X-100, 1%sodium 

deoxycholate). The media was clarified using a 0.45µm filter. Virions were 

pelleted through a 20% sucrose cushion in phosphate-buffered saline (PBS) 

solution for 2 hours at 20,000 x g. The pellet was resuspended in 2x loading 

buffer (60mM Tris-HCl (pH 6.8), 10% β-mercaptoethanol, 10% glycerol, 2% 

sodium dodecyl sulfate (SDS), 0.1% bromophenol blue). Cell lysates and 

virions were resolved by SDS-polyacrylamide gel electrophoresis and 

transferred to a nitrocellulose membrane. The primary antibodies used were 

specific to HIV-1 p24Gag (291), Hsp90 (sc7947: Santa Cruz Biotechnology), 

phosphoSTAT1 (612132: BD Transduction), IFIT1 (GTX118713-S: Insight 

Biotechnology) or β-actin (ac-15: Sigma).  DylightTM 800-conjugated 

secondary antibodies (5151S and 5257S: Cell Signaling) were used to detect 

the bound primary antibodies with the Li-CoR infrared imaging (LI-COR UK 

LTD). 

	

Table 2.7. CRISPR-Cas9 guides details 

Gene Target Guide name Guide sequence 

ZC3HAV1 

ZAP-1 5’-TCTGGTAGAAGTTATATCTG-

3’ 

ZAP-2 5’-ACTTCCATCTGCCTTACCGG-3’ 
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2.4 RNA methodology 

2.4.1 RNA extraction 
 

HeLa cells were transfected at a confluency of 70% in a 6 well plate (see 

section 2.2.1) and after 48h were lysed in 350µl RLT lysis buffer (QIAGEN) 

containing 1:10 β-mercaptoethanol (SIGMA). RNA was then homogenized 

using QiaShredder column (QIAGEN) and was frozen at -80°C when not 

extracted immediately after cell lysis. The supernatant was also collected and 

treated for 3h at 37°C with RQ1 DNase (Invitrogen) to avoid contamination 

with plasmid DNA. RNA extraction was carried out in the 10% decon-

sterilised hood designated for it, which was treated for 10 min with UV light 

prior to the procedure. RNA from the cell lysates was extracted using Rneasy 

Kit (QIAGEN) and RNA from the supernatant using the Viral RNA Extraction 

Kit (QIAGEN) following manufacturer’s instructions. RNA from the cell lysates 

was eluted in 50µl ddH2O and RNA from the supernatant was eluted by 

adding two times 40µl of ddH2O. The concentration of the RNA extracted 

from the cell lysates was measured with Nanodrop and the concentration of 

the RNA of the supernatants was measured using Qubit 3.0 (TermoFisher), 

following manufacturer’s instructions. 

 

2.4.2 cDNA synthesis 
 

The RNA extracted in section 2.4.1 was reverse transcribed using high-

capacity cDNA reverse transcription kit (ThermoFisher Scientific) following 

manufacturer’s instructions. First, a reverse transcription master mix was 

prepared for a total volume of 50µl per reaction (Table 2.8). We used 1µg as 

input for the reverse transcription of RNA from the cell lysates and 20ng of 

RNA extracted from the supernatant, and the volume made up with ddH2O to 

a total of 50µl. Last, 50µl of the reverse transcription mix and 50µl of the 

samples were mixed and RT performed following the program on Table 2.9. 

A negative control that lacked MultiScribe reverse transcriptase was carried 

out alongside all reactions.  
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2.4.3 Quantitative PCR 
 

qPCR was performed on the cDNA produced in section 2.4.2. For 

quantification of the RNA abundance of our samples we produced a standard 

curve formed by a 10-fold serial dilution of HIV-1NL4-3 (from 101 to 109). In this 

project two different primer and probe set were used, one measuring the 

gRNA and the other one measuring the total HIV-1 RNA. PCR reactions 

were performed in triplicate with Taqman Universal PCR mix using the 

Applied Biosystems 7500 real-time PCR system. HIV-1NL4-3 gRNA primers 

were GGCCAGGGAATTTTCTTCAGA / TTGTCTCTTCCCCAAACCTGA 

(forward/reverse) and the probe was FAM-

Table 2.8. Reverse Transcription reaction master mix 

Reagent Volume (µl) 

10X RT buffer 10 

25X dNTP Mix 4 

10X RT random primers 10 

MultiScribe reverse transcriptase 5 

RNase-free H2O 26 

 

Total 50 

Table 2.9. Reverse transcription reaction program 

 Step 1 Step 2 Step 3 Step 4 

Temperature (°C) 25 37 85 4 

Time (minutes) 10 min 2h 5 min ∞ 
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ACCAGAGCCAACAGCCCCACCAGA-TAMRA. HIV-1NL4-3 total RNA primers 

were TAACTAGGGAACCCACTGC/ GCTAGAGATTTTCCACACTG 

(forward/reverse) and the probe was FAM-

ACACAACAGACGGGCACACACTA-TAMRA. The qPCR reaction was 

performed using 2µl of sample and 8µl of qPCR mix, therefore on a total 

volume of 10µl (Table 2.10). The slope of the standard curve was used to 

quantify both, the absolute number of copies and the efficiency of the qPCR 

reaction (Table 2.11) All reactions carried out in this project were at an 

efficiency between 95%-105% (Table 2.11).  

 

 

 

 

 

 

 

 

 

 

Table 2.10. qPCR reagent master mix 

Reagent Final Concentration Volume 

2X Taqman universal PCR Mastermix  5 

Forward primer 9pM 1 

Reverse primer 9pM 1 

Probe 2.5pM 1 

DNA  2 

Total  10 

Table 2.11. Calculation for qPCR reaction efficiency 

Efficiency of amplification = ((10^(1/E) 1)*100) 

E= the slope of the standard curve generated using pHIV-1NL4-3 by qPCR 
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2.5 TLR and IFN stimulations, Sendai virus infection 
	

This experiment was performed by Charlotte Odendall (Lecturer at KCL) 

(Appendix 1) 

	

HeLa cells were stimulated with synthetic TLR ligands for 5h at the 

concentrations indicated.  Ligands supplied by Invivogen were polyIC : 

polyIC (tlrl-pic), Gardiquimod (tlrl-gdqs), CL075 (tlrl-c75), R848 (tlrl-r848), 

Pam3CSK4 (P3C. tlrl-pms), Ultrapure Flagellin (FliC-tlrl-epstfla-5). LPS was 

supplied by Enzo (ALX-581-012-L002). CpG DNA was synthesised by IDT 

and 23S ribosomal RNA by Sigma. Sendai Virus (SeV) was obtained from 

Charles River labs. IFN-β was purchased from Peprotech and was added to 

the culture for one hour to activate IFN signaling.  

 

2.6 Bioinformatic analysis  
 

The transcriptomic analysis was performed by Rupert Hugh-White (PhD 

student, Swanson and Schulz Labs, KCL)	

	
Adapter trimming was performed using BBDuk (https://jgi.doe.gov/data-and-

tools/bbtools/), and read pairs were merged with BBmerge 

(https://jgi.doe.gov/data-and-tools/bbtools/) in order to increase read length. 

Reads were then aligned to the human genome (hg38) and HIV NL4-3 

genomic RNA simultaneously using Hisat2 (292). HIV-mapping junction 

spanning reads were isolated using regtools 

(https://github.com/griffithlab/regtools) to allow per-junction read counting. To 

visualise junctions of interest, data from replicates were first merged using 

the Picard (http://broadinstitute.github.io/picard) MergeSamFiles function, 

followed by generation of sashimi plots using Gviz (293). 
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Chapter 3: Synonymous mutagenesis results in 
inhibition of viral replication 
	

3.1 Introduction  
	
 
The viral gRNA has three major functions. First, the gRNA is packaged into 

the nascent virion to ensure progression of the infection (294, 295). Second, 

it functions as the mRNA that encodes Gag (structural proteins) and Pol 

(enzymes) gene products (296). Third, it acts as the pre-mRNA for a pool of 

singly spliced or fully spliced gene products. HIV-1 splicing is incomplete; 

while the regulatory proteins Tat and Rev and the auxiliary protein Nef are 

encoded in fully spliced mRNA, the accessory proteins Vif, Vpr, and Vpu and 

Env are translated from singly spliced mRNAs (296). Around 50% of the 

initial transcript remains unspliced (151) but it is still exported to the 

cytoplasm where it is  translated into the Gag polyprotein and Pol (159, 297). 

 

The HIV-1 gRNA contains three different regions. First, a 336 nt 5’ 

untranslated region (UTR) that contains multiple cis-acting elements that are 

contained in complex-stem loop structures and are essential for viral 

replication (298). Second, an 8616 nt region that includes the ORFs (nt 

numbers according to HIV-1 NL4-3 strain (281)), and third, 219 nt 3’UTR. In 

addition to encoding the amino acids of the viral proteins, the RNA sequence 

underlying the open reading frames contain RNA elements that are essential 

to regulate key steps in HIV-1 replication. These include the programmed 

ribosomal frameshift in gag, which enables the translation of the Pol protein 

(299), splicing signals (151, 300), the Rev-response element in env, which 

permits the export of intron-containing mRNA to the cytoplasm (301) and the 

polypurine tracts in pol and nef that play a role in reverse transcription (302). 

Moreover, some of these elements are highly conserved and under purifying 

selection (303, 304). As mentioned in the introduction, IRESes and splicing 

signals also play a major role in the regulation of HIV-1 gene expression (see 

section 1.4.9). In addition to these extensively studied RNA elements, the 
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HIV-1 ORFs may contain other cis-acting elements that have not been 

identified yet.  

 

Besides the linear cis-acting elements, second order structures have also 

been proposed to be important for viral replication. In particular, the 5’ and 3’ 

ends of the HIV-1 RNA have been shown to interact, resulting in 

circularisation of the genome (305). The interaction has been defined to 

occur between complementary RNA sequences in the 600-700nt in the gag 

ORF and the terminal 123nt of the genomic RNA, which correlates with 

sequences flanking the 3’ TAR hairpin. Moreover, phylogenetic analyses 

have shown that this 5’/3’ interaction is conserved among all HIV-1 subtypes, 

suggesting an important role in the viral cycle (305). Circularisation of the 

HIV-1 genome has also been shown to be involved in reverse transcription. 

Mutagenesis experiments demonstrated that altering the extreme 3’end 

prevented the circularisation while introducing complementary mutations in 

the 5’ gag region could restore the interaction. This interaction has been 

shown to facilitate the first strand transfer during reverse transcription in vitro 

(306). A combination of a computational and experimental approach 

suggests an interaction between the region surrounding the AUG in gag and 

an upstream region that correlates with the U5 (307). Importantly, this 

interaction has been found to be conserved among distantly related human 

and animal retroviruses, thus suggesting an important role in HIV-1 

replication (308-310). RNA interactions within the HIV-1 genome have also 

been proposed to play a role in the selection of the gRNA during packaging, 

inhibition of the 5’polyadenylation signal and/or regulation of splicing. In this 

case, the interaction is mediated by a short sequence of nucleotides directly 

downstream of the poly(A) signal and a sequence in the MA region of gag 

(311). Other secondary and tertiary structural elements have also been 

identified, although the functional relevance remains unknown (309, 310, 

312, 313).  

 

The studies described above emphasise the importance of the RNA 

structures in the HIV-1 genome on regulating several steps of the viral cycle. 

Nevertheless, in addition to these extensively studied RNA elements, the 
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HIV-1 ORFs may contain other cis-acting elements that have not been 

identified yet. Characterising the full complement of RNA elements that 

regulate viral replication is necessary to fully understand the HIV-1 life cycle 

and may help in the development of new antiviral therapies (314).  

 

3.2 Results 
 

3.2.1 Codon modification of nucleotides 22-261 in gag inhibits 
viral replication 
 

To identify the presence of unknown RNA elements in the MA region in gag, 

we codon modified the RNA (CM) by changing the nucleotide sequence 

without changing the amino acid sequence. We introduced 80 synonymous 

mutations into nucleotides 22-261 of HIV-1 NL4-3 (HIV-1NL4-3) gag, creating 

HIV-1 CM22-261 (Figure 3.1 A). Taking advantage of the genetic code, 69 of 

the 80 codons altered. The mutations were derived from pHDMHgpm2, a 

codon optimized Gag-Pol construct in which many of the HIV-1 codons are 

replaced with codons that are frequently found in human mRNAs (315, 316). 

To further map the presence of cis-acting elements in gag HIV-1 GagCM22-

165 and GagCM166-261 were produced in which 49 and 31 synonymous 

mutations were introduced, respectively (Figure 3.1 A).  

 

We prepared virus stocks by transfecting 293T cells with each proviral DNA 

construct and we measured p24Gag concentration by ELISA. Figure 3.1 B 

shows that while HIV-1 CM22-261 had a ~ 65% decrease in p24Gag and HIV-

1 GagCM22-165 had a ~ 40% (Figure 3.1 B), which demonstrated a 

decrease in p24Gag on the producer cell. To analyse the replicative fitness of 

each virus we normalised the viral inoculum to 25ng so that Jurkat CD4 T 

cells were infected with the same amount of p24Gag. We started collecting 

supernatants upon observation of syncytia, around day 3 post-infection and 

we monitored replication for over two weeks. We then measured viral fitness 

by challenging TZM-bl indicator cells (287-289) with the collected 

supernatants. HIV-1 GagCM 22-261 replicated at almost background levels 
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and had >99.9% less infectivity than wild-type (WT) HIV-1NL4-3 on the last day 

of the assay (Figure 3.1 C). HIV-1 GagCM22-165 had slightly higher 

replication levels and infectivity was also greatly reduced when compared to 

WT levels on day 12 (>99%). HIV-1 GagCM166-261 although replication was 

delayed about three days when compared to the replication curve of the wild-

type virus, it plateaued at the same level. The representative figure of three 

independent experiments is shown in Figure 3.1 C, the rest of the 

experiments are shown in Figure 3.2. In order to confirm that these results 

were not dependent on the cell line, we carried out the same experiment in 

SupT1 CD4 T cells (Figure 3.2). In this case, cells were challenged with 10ng 

of p24Gag of the wild-type and mutated viruses, instead. Very similar results 

were obtained in both cell lines, and the only experimental difference relied 

on the delay of the appearance of syncytia (which correlates with the first 

collected sample) (Figure 3.2).  
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Figure 3.1.  Codon modification of nucleotides 22-261 in gag inhibits 
viral replication. A) Schematic representation of HIV-1 GagCM22-261, HIV-
1 GagCM22-165 and HIV-1 GagCM166-261. B) The amount of HIV-1 CA 
(p24Gag) in supernatants from 293T cells transfected with the viral mutants 
were quantified by p24Gag ELISA. The bar chart is the average of three 
independent experiments normalised to HIV-1NL4-3. Error bars represent 
standard deviation. C) Jurkat cells were infected with 25ng of p24Gag for each 
indicated virus. The amount of infectious virus present at each time point was 
measured in TZM-bl cells. This is representative of three independent 
experiments. 
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Figure 3.2.  Codon modification of nucleotides 22-261 in gag inhibits 
viral replication in Jurkat and SupT1 cells. SupT1 cells were infected with 
10ng of p24Gag for each indicated virus. The amount of infectious virus 
present at each time point was measured in TZM-bl cells. Three independent 
repeats for each cell line were carried out. Although repeat 2 in Jurkat cells is 
also shown in Figure 3.1, all repeats have been added to this figure to 
highlight the reproducibility of the experiments. 
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3.2.2. Codon modification of nucleotides 22-261 in gag inhibits 
infectious virus production 
 

To further characterise which step of the viral cycle was inhibited upon 

introduction of synonymous mutations, we used a single cycle infectivity 

assay. In addition to analysing whether the defect in replication was also 

visible in a single cycle, with this experiment we studied whether HeLa cells 

were non-permissive for the mutant viruses. HeLa cells were transfected with 

pHIV-1NL4-3, HIV-1 GagCM22-261, HIV-1 GagCM22-165 or HIV-1 

GagCM166-261 and the supernatant was harvested about 48h post-

transfection. Infectivity of the virions in the media was determined by using 

TZM-bl cells. Compared to the wild-type virus, infectivity of HIV-1 GagCM22-

261 was inhibited to the limit of detection of the assay (Figure 3.3 A). 

Infectivity of HIV-1 GagCM22-165 was decreased, indicating that this virus is 

also inhibited in HeLa cells. In order to characterise which steps of the viral 

cycle are inhibited upon introduction of the synonymous mutations, the cell 

lysate and the virions in the media were also collected to analyse protein 

expression by quantitative immunoblotting. Both virion production and 

intracellular Gag expression were decreased around 90% (Figure 3.3 B, C). 

For HIV-1 GagCM22-165 infectivity was decreased ~98% and intracellular 

Gag expression and virion production ~50% (Figure 3.3). HIV-1 GagCM166-

261 yielded similar amounts of infectivity, intracellular Gag expression and 

virion production than wild-type HIV-1 (Figure 3.3). Taking all together, for 

HIV-1 GagCM22-261 we observed a substantial reduction in infectivity, Gag 

expression and virion production and for HIV-1 GagCM22-165 the reduction 

is only considerable in the infectivity. 
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Figure 3.3. Codon modification of nucleotides 22-261 in gag inhibits 
infectious virus production. HeLa cells were transfected with pHIV-1NL4-3, 

pHIV-1 GagCM22-261, pHIV-1 GagCM22-165 or pHIV-1 GagCM166-261. A) 
Culture supernatants were used to infect TZM-bl reporter cells to measure 
viral infectivity. The bar charts show the average values of six independent 
experiments normalised to the value obtained for HIV-1NL4-3. The average 
relative light units (RLU) for HIV-1NL4-3 is 3,680,747. The dashed line 
represents 1000 RLU, which is approximately the limit of the assay for 
reproducible differential results. Error bars represent standard deviation. B) 
and C) Gag expression in the media (B) and cell lysate (C) was detected 
using quantitative immunoblotting. The bar charts show the average of four 
independent experiments normalised to HIV-1NL4-3. Error bars represent 
standard deviation. 
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3.2.3 Codon modification of nucleotides 22-261 in gag inhibits 
gRNA abundance in the cell lysates and media 
 

To determine whether the decrease in protein expression was due to a 

decrease in the gRNA abundance, we carried out quantitative RT-PCR (qRT-

PCR) using a primer-probe set that hybridises in a non-mutated region of gag 

(Figure 3.4 A, B). For this experiment, we transfected HeLa cells with pHIV-

1NL4-3, pHIV-1 GagCM22-261, pHIV-1 GagCM22-165 and pHIV-1 

GagCM166-261 and collected the cell lysate and the supernatant 

approximately 48h post-transfection. Next, RNA was isolated from both the 

cell lysate and the media. The gRNA abundance of HIV-1 GagCM22-261 

was reduced > 90% in the cell lysate and media compared with the wild type 

virus (Figure 3.4 A, B). HIV-1 GagCM22-165 gRNA was decreased ~ 70% in 

the cell and ~ 65% in the media. Regarding HIV-1 GagCM166-261, gRNA 

abundance in both cell lysates and media was very similar to the levels of 

wild-type HIV-1. Total RNA abundance was also decreased for HIV-1 

GagCM22-165 and HIV-1 GagCM22-261 (Figure 3.4 A). 
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Figure 3.4. Codon modification of nucleotides 22-261 in gag inhibits 
gRNA abundance in the cell lysates and media. HeLa cells were 
transfected with pHIV-1NL4-3, pHIV-1 GagCM22-261, pHIV-1 GagCM22-165 or 
pHIV-1 GagCM166-261. The bar charts show the average values of three 
independent experiments normalised to the value obtained for pHIV-1NL4-3. 
Error bars represent standard deviation. A) RNA was extracted from cell 
lysates and gRNA and total RNA were quantified by qRT-PCR. B) RNA was 
extracted from the virions in the media and gRNA was quantified by qRT-
PCR.  
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3.2.4 Codon modification of nucleotides 22-261 in gag inhibits 
infectivity when equivalent amount of viral genomes are added 
 

The decrease in infectivity could be explained on the basis of a decrease in 

the gRNA present in the media. To determine whether the defect in infectivity 

was persistent when the amount of gRNA was equivalent among all viruses, 

we measured infectivity/viral genome by infecting TZM-bl cells. For that, the 

input number of viral genomes was normalised based on the results obtained 

in Figure 3.4 B. Interestingly, HIV-1 GagCM22-261 infectivity was at the limit 

of detection of the assay. Infectivity of HIV-1 GagCM22-165 was decreased ~ 

98% and no defect was observed for HIV-1 GagCM166-261 (Figure 3.5). 

These results suggest that the decreased in infectious virus production is not 

due (or at least fully) to a decrease in the gRNA abundance in the media for 

HIV-1 GagCM22-261 and HIV-1 GagCM22-165 and it will be further 

discussed in chapter 5.2.4. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Codon modification of nucleotides 22-261 in gag inhibits 
infectivity when equivalent amount of viral genomes are added. 
Equivalent amounts of HIV-1 genomes were used to infect TZM-bl reporter 
cells to measure infectivity. The bar charts show the average values of three 
independent experiments normalised to the value obtained for HIV-1NL4-3. 
The average RLU for HIV-1NL4-3 is 1,146,196. The dashed line represents 
1000 RLU, which is approximately the limit of the assay for reproducible 
differential results. 
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3.3 Summary 
 

In this chapter, we have characterised that introduction of synonymous 

mutations within nucleotides 22-261 produces a large defect in viral fitness 

(Figure 3.1, HIV-1 GagCM22-261). Importantly, we have shown that these 

results are not dependent on the cell line (Figure 3.2). We have explained 

that the decrease in viral replication is caused by a decrease in the gRNA 

abundance (Figure 3.4), which results in decreased Gag expression and 

virion production (Figure 3.3). In addition, we have shown that the defect in 

infectivity is persistent when equivalent amounts of gRNA are used to infect 

the reporter cell line (Figure 3.5). Taken all together, we have shown that 

synonymous mutagenesis within nucleotides 22-261 inhibits infectious virus 

production. In the next chapter, we will focus on understanding the 

mechanism underlying this inhibition. 
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Chapter 4: Synonymous mutagenesis results in the 
introduction of inhibitory sequences 
	

4.1 Introduction 
	

Deletion and mutagenesis studies have widely been used in the literature to 

map essential regions required for HIV-1 replication (285, 317-321). Previous 

mutagenesis work on HIV-1 gag, for example, has highlighted the importance 

of the N-terminal region of MA in the regulation of viral replication (284). 

Indeed, deletion experiments have demonstrated that the N-terminal domain 

of Gag plays a major role in targeting Gag to the plasma membrane (321). 

Importantly, efficient HIV-1 replication is obtained even if the entire globular 

core of MA is missing, provided that the cytoplasmic tail of Env has been 

removed (285). These results suggest that neither the RNA sequence nor the 

protein within this region is necessary for efficient HIV-1 replication. 

 

The existence of the functionally relevant interaction between MA and the 

cytoplasmic tail of gp41 was also shown using site-directed mutagenesis. 

They showed that the block in the incorporation of Env into the virion upon 

introduction of mutations in MA could be rescued by deleting several 

residues in the cytoplasmic tail of (CT) of Env (317). The block in Env 

incorporation caused by a small alteration within the globular core of MA was 

also shown to be rescued by envelope glycoproteins with a short CT (322). 

Furthermore, truncation of the Env CT in mutants with small alterations in MA 

can replicate in MT4 cells, showing that MA is required for the incorporation 

of envelope into the nascent virion (285). Of note, pseudotyping with 

heterologous envelope glycoproteins, such as that from vesicular stomatitis 

virus (VSV-G), permit viral entry into the host cell. Taken all together, these 

studies emphasise the importance of the gag sequence in regulating multiple 

steps of the viral cycle that enable efficient viral replication. 
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Alternative splicing is another essential mechanism that plays a major role in 

the regulation of HIV-1 replication. HIV-1 can be processed into more than 70 

splice forms (323) and the gag-pol intron is spliced out through one 5’ splice 

site and six 3’ splice sites (150, 151). 3’ splice sites of the HIV-1 genome are 

relatively inefficient compared to those of cellular genes. tat coding exon, for 

example, contains two exonic splicing silencers that suppress A3 in the 3’ 

end, reducing the abundance of both spliced and singly spliced tat mRNA. 

Similarly, low vpr mRNA levels are the result of another splicing silencer in 

the 3’ end of the genome (54). Conversely, inefficient splicing signals such as 

A4c, A4a, A4b and A5 are greatly enhanced by a guanosine-adenosine-rich 

exonic splicing enhancer within exon 5. Recent studies have highlighted the 

importance of the HIV-1 RNA sequence and structure surrounding D1 (324) 

and a novel stem-loop that affects splicing has been defined using SHAPE 

analysis (309, 325). A tightly regulated splicing pattern is essential in order to 

maintain a balance between processed transcripts and viral gRNA 

production. Importantly, silent mutations have previously been shown to 

positively and negatively alter splicing (54, 149, 326).  
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4.2 Results 
 

4.2.1 Codon modification results in the introduction of inhibitory 
sequences in gag. 
 

We took advantage of the extensive analysis done on the HIV-1 Gag MA to 

further characterise the inhibitory phenotype that resulted from codon 

modification. When studying the importance of the MA sequence in the 

incorporation of Env into the virion Reil et al. showed that HIV-1 tolerates the 

deletion of the entire globular core of MA, provided that the cytoplasmic tail of 

TM has been removed (285). In this study amino acids 8-87, which correlate 

with nucleotides 22-261 in gag were deleted and we used this as a starting 

point in our analysis. 

 

To characterise whether codon modification of nt 22-261 in gag inserted 

inhibitory sequences or removed cis-acting elements that are necessary for 

HIV-1 replication, we generated an HIV-1NL4-3 GagΔ22-261 provirus construct 

(Figure 4.1 A) and compared it to HIV-1 GagCM22-261 in the presence or 

absence of VSV-G. In the absence of VSV-G, HIV-1 GagΔ22-261 Gag 

expression and virion production did not change when compared to wild-

type, indicating that the RNA sequence within that region is not essential for 

regulating those steps in the viral cycle (Figure 4.1). In contrast, codon 

modification of the same region resulted in inhibited Gag expression and 

virion production. Infectivity, however, was greatly decreased when nt 22-261 

were either deleted or codon modified. This can be explained on the basis of 

Env not being recruited by ΔMA when the cytoplasmic tail is intact. When the 

same viruses were pseudotyped with VSV-G the infectivity of HIV-1 GagΔ22-

261 was rescued almost to wild-type levels but infectivity HIV-1 GagCM22-

261 remained inhibited, with a >99.9% reduction when compared to wild-type 

(Figure 4.1). These results confirmed that the only defect of the HIV-1 

GagΔ22-261 in HeLa cells is the inability to incorporate Env. 
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Reil et al. (285) also removed amino acids 8-126 in MA to create HIV-1HXBH10 

Δ8-126/ΔCT, which lacks the globular head. These results showed that Δ8-

126/ΔCT, which lacks around 90% of MA, was still able to replicate with only 

moderate delayed kinetics. Matching this construct, we created HIV-1NL4-3 

provirus in which nt 22-378 were codon modified (GagCM22-378) or deleted 

(GagΔ22-378). Correlating with the results obtained for nt 22-261, GagΔ22-

378 did not affect Gag expression or virion production but codon modification 

of the same region (GagCM22-378) greatly inhibited intracellular Gag 

expression and virion production (Figure 4.1). As expected, in the absence of 

VSV-G these viruses were defective in infectivity. In the presence of VSV-G, 

however, infectivity of HIV-1 GagΔ22-378 was rescued but HIV-1 GagCM22-

378 had a > 99.9% reduction in infectious virus production. Thus, we 

concluded that codon modification of these regions in gag was more 

deleterious for viral replication than deleting them, suggesting that by 

introducing synonymous mutations we were also introducing inhibitory 

sequences into gag. 
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Figure 4.1. Codon modification but not deletion of nucleotides 22-261 or 
22-378 in gag inhibits infectious virus production. A) Schematic 
representation of the virus mutants B) and D) HeLa cells were transfected 
with pHIV-1NL4-3, pHIV-1 GagCM22-261, pHIV-1 GagΔ22-261, pHIV-1 
GagCM22-378 or pHIV-1 GagΔ22-378 and pGFP (B) or pVSV-G (D). The 
amount of infectious virus in the media was measured in TZM-bl cells. The 
average RLU for HIV-1NL4-3 + GFP and HIV-1NL4-3 + VSV-G is 13,701,427 and 
16,981,387, respectively. The dashed line represents 1000 RLU, which is 
approximately the limit of the assay for reproducible differential results. C) 
and E) Gag expression in the media and cell lysate were measured by 
quantitative immunoblotting. (B-E) The bar charts show the average of three 
independent experiments relative to HIV-1NL4-3. Error bars represent standard 
deviation. 



	 96	

4.2.2. Codon modification of nucleotides 22-261 and 22-378 in gag 
decreases gRNA abundance and stability 
	

One hypothesis that could explain the decrease in the abundance of viral 

RNA could be an altered RNA stability. In order to study whether the 

introduction of synonymous mutations was leading to the degradation of the 

RNA, we transfected HeLa cells with pHIV-1NL4-3, pHIV-1 GagCM22-261 or 

pHIV-1 GagCM22-378. Around 48h post-transfection RNA polymerase II-

dependent transcription was inhibited with actinomycin D and RNA was 

extracted at five different time points. The first time point was 0h, at which 

RNA was isolated immediately before the addition of the inhibitor into the 

media. Following this time point RNA was isolated 1h, 2h, 4h and 6h after 

inhibition of transcription and gRNA abundance was measured by qRT-PCR. 

The decrease in gRNA abundance of GagCM22-261 and GagCM22-378 was 

already evident at the 0h time point (Figure 4.2 A). RNA stability of MYC was 

used as a control, and therefore, its abundance was also analysed at each 

time point. It is known that MYC mRNA has a very short (<1h) half-life (327), 

which correlated with the rapid degradation that can be observed in Figure 

4.2 B. The relative (compared to 0h) gRNA abundance of pHIV-1NL4-3, HIV-1 

GagCM22-261 and HIV-1 GagCM22-378 at the 6h time-point decreased by 

~20, ~35 and ~70%, respectively (Figure 4.2 C). The decrease in gRNA 

abundance could be the result of the inhibitory sequences in the RNA being 

targeted to a degradation pathway or an increase in post-transcriptional 

splicing. 
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Figure 4.2. Codon modification of nucleotides 22-261 and 22-378 in gag 
decreases gRNA stability. HeLa cells were transfected with pHIV-1NL4-3, 

pHIV-1 GagCM22-261 or pHIV-1 GagCM22-378. A) RNA was extracted from 
cell lysates at the 0 hour time point and gRNA abundance was quantified by 
qRT-PCR. The bar charts show the average values of three independent 
experiments normalised to HIV-1NL4-3. Error bars represent standard 
deviation. B) and C) Actinomycin D was added to inhibit RNA polymerase II 
transcription and the abundance of MYC mRNA (B) or gRNA (C) was 
measured at 0, 1, 2, 4 and 6 hours post-addition. Each value is relative to the 
0-hour time point and is an average of three independent experiments. Error 
bars represent standard deviation. 
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4.2.3 Codon modification of nucleotides 22-378 results in an 
altered splicing pattern 
 

We speculated that synonymous mutagenesis could lead to a reduction in 

the gRNA abundance by introducing an intronic splicing enhancer (ISE) or 

removing an intronic splicing silencer (ISS) that could alter the splicing 

pattern. On the other hand, activation of a cryptic splice site (CSS) upon 

codon modification could also explain the phenotype. CSSs are 

disadvantageous or inefficient splice sites that are generally dormant unless 

activated as a result of a splice enhancer in the nearby region or as result of 

a mutation. 

 

To determine whether the decrease in the gRNA abundance is due to altered 

splicing, we transfected HeLa cells with pHIV-1NL4-3, pHIV-1 GagCM22-165, 

pHIV-1 GagCM22-261 or pHIV-1 GagCM22-378 and harvested the cell 

lysates ~48h post-transfection. We then quantified total HIV-1 RNA and 

compared it to HIV-1 gRNA (Figure 4.3). Total HIV-1 RNA was quantified by 

using a primer-probe upstream of the major 5’splice donor (SD1). HIV-1 

GagCM22-261 and HIV-1 GagCM22-165 had an ~80% and ~60% decrease 

in total HIV-1 RNA abundance (Figure 4.3). 
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Figure 4.3. Codon modification of nucleotides 22-261 in gag decreases 
gRNA and total HIV-1 RNA abundance. HeLa cells were transfected with 

pHIV-1NL4-3, pHIV-1 GagCM22-165, pHIV-1 GagCM22-261 or pHIV-1 

GagCM22-378. The bar charts show the average values of two independent 

experiments normalised to HIV-1NL4-3. RNA quantification of GagCM22-165 

and GagCM22-261 is also shown in Figure 3.4. 
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The RNA of the cell lysates were also sent for RNAseq and the reads were 

analysed using several bioinformatic programs (see section 2.6 for detailed 

description). The analysis showed that as a result of the synonymous 

mutagenesis a cryptic splice donor (CD1) is activated in position 718 

(nucleotide number correlates with the start of the 5’UTR), which leads to the 

incorporation of the gag start codon in every transcript (Figure 4.4). Table 4.1 

shows a switch in the percentage of splice sites used that correlates with the 

length of the codon modified region in gag: while the wild type virus does not 

use CD1 this percentage increases the longer the region codon modified. 

This start codon can result in inefficient translation of HIV-1 proteins, which 

can affect multiple steps of the HIV-1 cycle. In addition to inducing 

translocation of intron-containing mRNAs into the cytoplasm, Rev has been 

shown prevent nuclear degradation of pre-mRNAs (328). Quantification of 

mRNA in HIV-1 infected T cells expressing or lacking Rev showed that the 

half-life of the transcripts was unstable in the absence of Rev (328). Thus, a 

decrease in Rev abundance can lead to a decrease in RNA stability and 

therefore gRNA abundance. In summary, we hypothesise that the decrease 

in gRNA levels observed in Figure 3.3 may be caused by low Rev 

abundance as a consequence of the activation of CD1 (Table 4.1). 

 

Table 4.1 Percentage of junction observation for splice donor 1 (D1) or 
cryptic splice donor (CD). Nucleotide number correlates with the start of 

the 5'UTR. The cryptic donor is located in nucleotide 718. 

 

start end Splice	sites WT.1 WT.2 CM22-165.1 CM22-165.2 CM22-261.1 CM22-261.2 CM22-378.1 CM22-378.2
291 4460 D1-A1 11.92% 11.95% 3.05% 3.42% 2.45% 1.47% 0.18% 0.00%
291 4937 D1-A2 4.43% 4.44% 3.25% 3.32% 2.91% 2.12% 0.00% 0.00%
291 5324 D1-A3 2.98% 3.14% 3.42% 3.49% 3.99% 3.15% 0.00% 0.02%
291 5483 D1-A4c 1.19% 1.36% 0.63% 1.12% 0.06% 0.37% 0.00% 0.00%
291 5501 D1-A4a 4.11% 3.68% 1.91% 1.97% 1.60% 0.91% 0.00% 0.00%
291 5507 D1-A4b 2.22% 2.21% 1.65% 1.63% 1.08% 1.10% 0.27% 0.08%
291 5523 D1-A5 25.71% 26.17% 30.41% 33.30% 29.70% 26.17% 0.67% 0.90%
291 7916 D1-A7 0.94% 0.95% 0.90% 0.76% 0.00% 0.40% 0.00% 0.02%

718 4460 CD-A1 0.00% 0.00% 0.58% 0.41% 2.00% 1.47% 7.81% 7.43%
718 4937 CD-A2 0.00% 0.00% 0.00% 0.03% 0.51% 0.84% 1.72% 1.37%
718 5324 CD-A3 0.00% 0.00% 0.14% 0.13% 1.43% 1.15% 1.63% 1.81%
718 5501 CD-A4a 0.00% 0.00% 0.00% 0.00% 0.00% 0.13% 0.99% 1.16%
718 5507 CD-A4b 0.00% 0.00% 0.00% 0.00% 0.40% 0.38% 3.17% 3.02%
718 5523 CD-A5 0.00% 0.00% 0.20% 0.44% 4.68% 4.45% 24.94% 23.07%
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Figure 4.4. GagCM22-378 results in the activation of a cryptic splice 
donor. Relative usage of splice donor 1 and cryptic donor 1 upon codon 

modification of HIV-1. The 9173 nt HIV-1 genomic RNA and features are 

depicted in the “HIV-1 genome” track. Canonical donors (D1-4) and 

acceptors (A1-7), codon modification-induced-cryptic donor (CD1), and gag 

start codon (AUG) are shown in the “Splice Sites and Gag AUG” track. The 

numbers of reads supporting use of D1 (nt 291) or CD1 (nt 718) paired with 

any canonical or non-canonical acceptor and summed across duplicate 

samples is shown; depicted by line width (y-axis). Line height is arbitrary. 

Analysis carried out by Rupert Hugh-White (PhD student, Schulz and 

Swanson Labs, KCL). 
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4.3 Summary 
	

In this chapter, we have shown that synonymous mutagenesis results in the 

introduction of an inhibitory element within nucleotides 22-261 and 22-378 

(GagCM22-261 and GagCM22-378) (Figure 4.1). In addition, we have shown 

that the mechanism by which the inhibition occurs involves a reduction in the 

RNA levels (Figure 4.2). Importantly, we have characterised that codon 

modification leads to the activation of a cryptic splice site (CD1) that results 

in aberrant splicing (Figure 4.4), which we suggest explains the defect in 

infectivity. In the next chapter, we are going to focus on characterising the 

nature of the inhibitory element. 
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Chapter 5: CpG dinucleotides are necessary for the 
inhibition of infectious virus production 
	

5.1 Introduction 
 

The nucleotide composition of HIV-1 differs from the human in that is 

disproportionally A-rich and C-low. This distinctive feature is common in HIV-

1 groups M, N and O and is generally found in lentiviruses, but not in all 

retroviruses (74-76, 329-333). In the HIV-1 genome, A-rich content ranges 

from 35.1% to 40% (75, 330, 334, 335) while the C-count content is ~18%. 

The A-rich codon usage bias is apparent in each of HIV-1’s three major 

coding regions (gag, pol and env) but it is most pronounced in the pol gene 

(74, 76). Although HIV-1 is one of the most variable viruses known with 

regard to its nucleotide substitution rate, the base composition of the genome 

has surprisingly remained stable over the time of the epidemic (331). This 

suggests that the A-rich HIV-1 genome is preserved during evolution.  

 

Human APOBEC3 proteins are, at least in part, responsible for the A-

richness of the viral genome (336, 337). APOBEC3G is incorporated into the 

virion and triggers the deamination of cytosine to uracil on the negative 

sense single-stranded DNA that is generated upon reverse transcription, 

which results in inhibition of HIV-1 cDNA synthesis. In addition, human 

APOBEC3 proteins have also been proposed to induce subtle G-to-A 

mutations that contribute to the HIV-1 sequence variation. These alterations 

have been proposed to be beneficial for the virus as they could contribute to 

viral adaptation and evolution (338).  

 

This biased nucleotide composition affects the dinucleotide composition of 

the HIV-1 genome (339). While the most common dinucleotide is ApA (340), 

CpG is found at the least abundance (332, 334, 341-343) (Table 5.1) and 



	 104	

has been proposed to be under negative selection and linked to disease 

progression (344, 345). The fact that CpG dinucleotides are 

underrepresented in the HIV-1 genome suggests that there might be 

deleterious for viral replication. Importantly, it has been shown that the low 

CpG frequency is not due to the high abundance of A-nucleotide in the 

genome since CpG dinucleotides are suppressed but not GpC (346). This 

large bias in dinucleotide composition has been shown to be the result of a 

selection against CpGs according to a statistical codon-based model (347). 

They argue that the estimates of expected numbers of substitutions or 

synonymous to non-synonymous mutations that lead to CpG suppression are 

very low in comparison to the CpG-generating substitutions (347). In 

addition, it has been hypothesised that the negative selection against CpG 

dinucleotides might be related to DNA methylation. The newly reverse 

transcribed cDNA is not methylated previous to integration. Low CpG 

frequency, therefore, could be a protection mechanism against methylation, 

since this would lead to repression of the integrated provirus (342). 

Transcriptionally latent HIV-1 provirus, however, is methylated at two CpG 

motifs near the transcription start site, suggesting that methylation can 

repress transcription even when CpG abundance is low (348). Nevertheless, 

CpG suppression is also present in other RNA viruses that lack a DNA phase 

in their life cycle, which hints that DNA methylation is not the only reason that 

leads to CpG suppression (339, 343, 346, 349, 350). HIV-1 is not the only 

CpG-low RNA virus that replicates in vertebrates.  

 

Interestingly, although RNA or DNA viruses are obligate intracellular 

parasites, they do not share common features with the genomes of their host 

organism (343, 346, 351-353). It has been suggested that the CpG 

suppression in vertebrate viruses is the result of an evolutionary event where 

the viruses that have derived from host sources have acquired this feature 

(343). Intriguingly, evolutionary analysis of influenza A and influenza B 

viruses demonstrate the existence of evolutionary pressure that shapes the 

viral RNA towards patterns found in the host genome (349). Influenza A, 

which was originated in avian hosts and has been replicating in humans for 

around 90 years, has been shown to evolve towards a reduction in the CpG 
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content of the genome. Influenza B, a virus that has infected the human 

population for a longer time, has already adapted to the evolutionary 

pressure received from the human genome and contains a very low CpG 

dinucleotide content (349). 

 

Another RNA dinucleotide pattern that has previously shown to inhibit RNA 

virus replication is UpA. In the HIV-1NL4-3 gRNA the UpA dinucleotide 

frequency deviates from what is randomly expected and codon modification 

of the regions 22-261 and 22-378 greatly decreased the UpA abundance 

compared to the wild-type sequence (Table 5.1) (354). This shows that the 

inhibitory phenotype that we observe upon codon modification is not due to a 

change in the UpA content. Given that CpG dinucleotides are the only 

dinucleotide substantially suppressed we did not perform any experiments to 

study the UpA content of the HIV-1 genome (Table 5.1). 

	

The biased nucleotide composition also affects the codon bias, which refers 

to the different frequency that an organism has to use synonymous codons 

(355). The redundancy of the genetic code enables 61 codons to specify for 

20 amino acids. The usage of the synonymous codons is non-random and is 

mainly determined by the specific tRNA levels available during protein 

synthesis. The unusual nucleotide composition of the HIV genome results in 

a codon bias that is quite different from that of the human genome (74-76). 
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Table 5.1. HIV-1NL4-3 genomic RNA mononucleotide and 
dinucleotide frequencies 
 
Mononucleotide frequencies 

Base # Freq. % Obs./Exp. 
A 3281 0.358 35.8 1.43 
C 1635 0.178 17.8 0.71 
G 2216 0.242 24.2 0.97 
T 2041 0.223 22.3 0.89 
 
G+C 3851 0.420 42.0 0.84 
A+T 5322 0.580 58.0 1.16 
Total Positions = 9173 

Dinucleotide frequencies 
 
Base # Freq. % Obs./Exp. 
AA 1093 0.119 11.9 0.93 
AC 522 0.057 5.7 0.89 
AG 962 0.105 10.5 1.21 
AT 703 0.077 7.7 0.96 
CA 758 0.083 8.3 1.30 
CC 371 0.040 4.0 1.27 
CG 82 0.009 0.9 0.21 
CT 424 0.046 4.6 1.17 
GA 762 0.083 8.3 0.96 
GC 424 0.046 4.6 1.07 
GG 625 0.068 6.8 1.17 
GT 405 0.044 4.4 0.82 
TA 668 0.073 7.3 0.92 
TC 318 0.035 3.5 0.87 
TG 546 0.060 6.0 1.11 
TT 509 0.055 5.5 1.12 
Total Positions = 9172 
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Interestingly, increasing the CpG dinucleotide abundance has previously 

been shown to inhibit replication of several viruses. Replicative fitness of 

poliovirus, for example, was greatly decreased upon addition of CpG 

dinucleotides in the capsid region of the genome, which constitutes only a 

9% of the total genome (356). In addition, alteration of CpG dinucleotide 

abundance in the picornavirus echovirus 7 (E7) has also been shown to 

affect viral fitness. While increasing the CpG frequency in a segment of the 

E7 viral genome impaired replication kinetics, removal of CpGs turned in an 

enhance viral fitness (357). Viral attenuation upon altered codon pair (CP) 

frequencies leads to an unintended increase in the CpG frequencies in 

picornavirus. Importantly, reduced viral fitness was shown to be the result of 

increased CpG dinucleotides and not due to the use of disfavoured CPs or 

impaired translation efficiency (339). Inhibition of IRF3, an intermediary 

between pattern recognition receptors and interferon production pathways, 

had no effect on CpG-mediated reduction of viral replication. These results 

suggested that the IFN pathway is not involved in the enhanced innate 

immune response to viruses with elevated CpG frequencies (354). Similar 

results were obtained when maximised frequencies of the CpG dinucleotide 

were introduced into segment 5 of influenza A virus (IAV). Interestingly, this 

attenuation was also observed in vivo, where they found a 10-100 reduction 

in viral load in the lungs of mice infected with CpG-high mutants (358). Some 

deeper mechanistic analysis was carried out by Fros et al. (359), where they 

showed that the defect in replication upon artificially increasing the CpG 

abundance in E7 was the result of a block immediately after viral entry. 

Shortly after entry, high-CpG containing mutants showed a delay in the 

formation of replication complexes. They found no evidence of mutant 

viruses producing a reduction in translation efficiency since mutants in which 

CpGs were added in non-coding regions also showed a defect in replication. 

Similarly, the viral RNA was not sequestered in stress granules. Although 

none of the conventional antiviral mechanisms seems to be involved, they 
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propose that the inhibited replication of CpG-containing mutants is not an 

intrinsic defect of the virus but a consequence of the host cell defence (359).  

 

5.2 Results 
 

5.2.1 Decreasing the CpG abundance within HIV-1 GagCM22-261 
and HIV-1 GagCM22-378 restores infectious virus production 
 

HIV-1NL4-3 contains 4 CpGs within nt 22-261 in gag and the abundance raises 

up to 22 in the same region upon codon modification (Table 5.2). Similarly, 

for the region within nt 22-378 the CpG abundance increases from 4 (in the 

HIV-1NL4-3) to 30 in GagCM22-378 (Table 5.2).  

 

To test whether the increased CpG abundance is the responsible for the 

inhibition of the viral fitness we synthesised a HIV-1 gag sequence containing 

all of the synonymous mutations present in pHIV-1 GagCM22-261 with 

exception of the codon changes that introduced CpG dinucleotides and 

inserted it into pHIV-1NL4-3 to produce pHIV-1 GagCM22-261lowCpG. This 

provirus contains the same four CpG dinucleotides than the wild-type virus 

within this region and 59 other mutations, compared to HIV-1 GagCM22-261 

that has 22 CpGs and 80 mutations (Table 5.2). We transfected HeLa cells 

with pHIV-1NL4-3, HIV-1 GagCM22-261 and pHIV-1 GagCM22-261lowCpG and 

analysed infectivity in single round replication assays, Gag expression and 

virion production. Interestingly, infectious virion production was rescued upon 

lowering the CpG abundance to 4 in HIV-1 GagCM22-261lowCpG (Figure 5.1 

B, C). We also used the same strategy to produce GagCM22-378lowCpG, 

which contains 4 CpG dinucleotides and 79 mutations compared to the 30 

CpG dinucleotides and 109 mutations in HIV-1 GagCM22-378 (Table 5.2). 

Similar results were obtained when infectivity, Gag expression and virion 

production were measured, where infectious virion production of GagCM22-

378lowCpG was very similar to that of HIV-1NL4-3 (Figure 5.1 D, E). Of note, 

although codon modification of both regions in gag substantially decreased 

the A-rich content, removing the CpG dinucleotides in GagCM22-261 and 
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GagCM22-378 did not restore the A-rich bias for GagCM22-261lowCpG and 

GagCM22-378lowCpG. These data suggest that the decrease in infectious virus 

production is due to an increased CpG abundance and not to an altered A-

rich nucleotide bias. In summary, changing the codons that resulted in 

addition of CpGs into the region of interest back to the wild-type codon 

rescues Gag expression, virion production and infectivity, and determines 

that CpG dinucleotides are necessary to inhibit replication.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.2. Changes in nucleotide composition and total number of 
mutations for codon modification of regions 22-261 and 22-378 in gag 
 

Construct % A % C % G % T Total 
 UpA 

Total 
CpG 

Total number 
mutations 

relative to wild 
type 

WT 22-261 38 17 23 22 23 4  
GagCM22-261 18 36 32 15 3 22 80 

GagCM22-261lowCpG 24 27 34 15 5 4 59 
GagCpG22-261 32 25 22 21 19 22 21 

 
WT 22-378 42 17 24 18 29 4  

GagCM22-378 22 35 32 12 3 30 109 

GagCM22-378lowCpG 28 26 33 13 7 4 79 
GagCpG22-378 36 25 22 17 23 30 30 
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Figure 5.1. Decreasing the CpG abundance within HIV-1 GagCM22-261 
and HIV-1 GagCM22-378 restores infectious virus production. HeLa cells 
were transfected with pHIV-1NL4-3, pHIV-1 GagCM22-261, pHIV-1 GagCM22-
261lowCpG, pHIV-1 GagCM22-378 and pHIV-1 GagCM22-378lowCpG. A) 
Schematic representation of the virus mutants B) and D) The amount of 
infectious virus present in the media was measured in TZM-bl cells. C) and 
E) Virion production and intracellular Gag expression was measured using 
quantitative western blotting. The bar charts show the average of three 
independent experiments relative to HIV-1NL4-3. Error bars represent standard 
deviation. 
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5.2.2 Introduction of CpG dinucleotides into gag inhibits HIV-1 
replication in Jurkat cells 
 

To determine if the increased CpG abundance is sufficient to inhibit HIV-1 

replicative fitness we synthesised gag sequences in which only the codons 

that led to an addition of CpG dinucleotides in the codon modified sequence 

were changed. These sequences were also inserted into pHIV-1NL4-3 to 

generate pHIV-1 GagCpG22-165, pHIV1 GagCpG22-261 and pHIV-1 

GagCpG22-378 and viral fitness of the new mutant viruses was tested using 

a spreading infection assay in Jurkat cells. For that, we produced viral stocks 

by transfecting 293T cells with each proviral construct and we measured 

abundance of p24Gag by ELISA (Figure 5.2 B). While HIV-1 GagCp22-165 

and HIV-1 GagCpG22-261 produced similar amounts of virus than HIV-1NL4-3, 

HIV-1 GagCpG22-378 virus production was decreased by around 70%. The 

viral volume used to infect Jurkat cells was normalised so that 25ng of p24Gag 

were added and replication was monitored over 13 days (Figure 5.2 B). The 

replicative fitness of GagCpG22-165, which contains an additional of 11 

CpGs, was substantially decreased with >90% less infectivity on the last day 

of the spreading assay compared to HIV-1NL4-3. Neither HIV-1 GagCpG22-

261, which contains an additional of 18 CpGs nor HIV-1 GagCpG22-378, 

which contains an additional of 26 CpGs was able to replicate in Jurkat cells. 

Therefore, we concluded that addition of CpG dinucleotides is sufficient to 

attenuate HIV-1 replication in Jurkat cells.  
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Figure 5.2. Introduction of CpG dinucleotides into gag inhibits HIV-1 
replication in Jurkat cells.  A) The amount of HIV-1 CA (p24Gag) in 
supernatants from 293T cells transfected with pHIV-1NL4-3, pHIV-1 
GagCpG22-165, pHIV-1 GagCpG22-261 or pHIV-1 GagCpG22-378 were 
quantified by p24Gag ELISA. The bar chart is the average of three 
independent experiments normalised to HIV-1NL4-3. Error bars represent 
standard deviation. B) Jurkat cells were infected with 25ng of p24Gag for each 
indicated virus. The amount of infectious virus present at each time point was 
measured in TZM-bl cells. This is representative of three independent 
experiments. 
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5.2.3 Introduction of CpG dinucleotides into gag inhibits 
infectivity but not Gag expression or virion production 
	
To study which steps of the viral life cycle could be affected by the increased 

number of CpG dinucleotides and result in inhibited viral replication, HeLa 

cells were transfected with pHIV-1NL4-3, pHIV-1 GagCpG22-165, pHIV1 

GagCpG22-261 and pHIV-1 GagCpG22-378. 48h post-transfection cell 

lysates and media were harvested to analyse infectivity and protein and RNA 

abundance. Although there was no change in Gag expression or virion 

production for HIV-1 GagCpG22-165, GagCpG22-261 and GagCpG22-378, 

the latter one had a 99% decrease in infectivity in single round replication 

assays (Figure 5.3 B). HIV-1 GagCpG22-261 had a ~75% decrease in 

infectivity and infectivity of HIV-1 GagCpG22-165 was very similar to wild-

type (Figure 5.3 B). gRNA abundance of GagCpG22-165 and GagCpG22-

261 were also similar to HIV-1NL4-3. HIV-1 GagCpG22-378, however, had a 

~40% reduction in the cell lysate and ~80% reduction in the media (Figure 

5.4). In addition, we have also identified a processing defect upon 

introduction of CpGs within the nucleotides 22-378, where the p40 band is 

more intense when compared to HIV-1NL4-3 (Figure 5.3 C, * denotes a 

processing defect). In conclusion, introduction of 26 CpG dinucleotides into 

nt 22-378 of HIV-1NL4-3 greatly inhibits infectivity but does not change the 

intracellular Gag expression or virion production. Moreover, it is important to 

mention that in comparison to GagCM22-378, introduction of CpG 

dinucleotides in the absence of the other synonymous mutations produces a 

smaller reduction in infectivity. 
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Figure 5.3. Introduction of CpG dinucleotides into gag inhibits 
infectivity in HeLa cells. HeLa cells were transfected with pHIV-1NL4-3, pHIV-
1 GagCpG22-165, pHIV-1 GagCpG22-261 or pHIV-1 GagCpG22-378. A) 
Schematic representation of the virus mutants. B) Culture supernatants were 
used to infect TZM-bl reporter cells to measure viral infectivity. The bar 
charts show the average values of four independent experiments normalised 
to the value obtained for HIV-1NL4-3. C) Gag expression in the media and cell 
lysate was determined by quantitative immunoblotting. The star (*) denotes a 
defect in processing. The bar charts show the average of three independent 
experiments normalized to HIV-1NL4-3. Error bars represent standard 
deviation.  
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Figure 5.4. Introduction of CpG dinucleotides into nt 22-378 in gag 
inhibits gRNA abundance in HeLa cells. A) RNA was extracted from cell 
lysates and B) media and gRNA abundance was quantified by qRT-PCR. 
The bar charts show the average of three independent experiments 
normalised to HIV-1NL4-3. Error bars represent standard deviation. 
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5.2.4 The context surrounding the CpG dinucleotides determines 
the inhibition in Gag expression and virion production  
	

While HIV-1 GagCM22-378 and HIV-1 GagCpG22-378 have the same 26 

introduced CpGs, there is a much larger decrease in gRNA abundance for 

HIV-1 GagCM22-378 than HIV-1 GagCpG22-378. Thus, we hypothesised 

that the milder inhibition of viral replication could be explained on the basis of 

a context-dependent RNA binding site. Inhibition could be the consequence 

of an RNA-binding protein that recognises and binds CpG dinucleotides to 

mediate splicing. Importantly, the binding region might comprise not only the 

CpG but also the surrounding nucleotides. To test this hypothesis we used 

WebLogo (286) to align the sequences surrounding the CpG dinucleotides of 

HIV-1 GagCM22-378 and GagCpG22-378. We generated a 12nt sequence 

that encompassed the five nucleotides 5’ and 3’ of the CpG and the 

alignment showed that the region surrounding is more G/C-rich in the codon 

modified sequence than in the wild-type HIV-1 sequence (Figure 5.5). 

 

 

 
 
 
 
 
 
 
 
 
Figure 5.5. The CpG dinucleotide in the codon modified sequence is in 
a G/C-rich context. The sequence of the five nucleotides 5’ and 3’ to the 

CpG dinucleotides introduced into HIV-1 GagCM22-387 and HIV-1 

GagCpG22-387 were aligned and a graphical representation of the sequence 

conservation was generated by WebLogo.  
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In order to better understand whether the sequence immediately 

neighbouring the CpG dinucleotides was necessary to drive inhibition, we 

synthesised a new construct in which only around 5 nucleotides upstream 

and downstream of the CpGs were codon modified (sequence details on 

Appendix 3). HeLa cells were transfected with pHIV-1NL4-3, pHIV-1 

GagCpG22-378, pHIV-1 GagCM22-378 and pHIV-1 GagCpG22-3785nt and 

48h post-transfection cell lysates and media were harvested to analyse 

infectivity and protein expression. Of note, all HIV-1 mutants contained 26 

CpG dinucleotides. Interestingly, infectivity, virion production and intracellular 

Gag expression of pHIV-1 GagCpG22-2615nt was comparable to that 

obtained for HIV-1 GagCM22-378 (Figure 5.6). These results show that 

codon modifying the region surrounding the CpG dinucleotides in addition to 

the CpG change, is sufficient to produce a similar level of inhibition in Gag 

expression than the codon modified construct. To further study the 

mechanism by which pHIV-1 GagCpG22-3785nt inhibits infectious virus 

production, we measured Env expression and showed that either GagCM22-

378 or GagCpG22-3785nt greatly inhibit Env expression. This indicates that 

the region surrounding the CpG dinucleotide contributes to the mechanism 

by which HIV-1 replication is inhibited and the defect in infectious virus 

production of GagCpG22-3785nt is also probably due to a defect in splicing. 
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Figure 5.6. Codon modification of nucleotides surrounding the CpG 
dinucleotides inhibits infectious virus production. HeLa cells were 
transfected with pHIV-1NL4-3, pHIV-1 GagCM22-261, pHIV-1 GagCpG22-261 
or pHIV-1 GagCpG22-2615nt. A) Schematic representation of the HIV-1 
mutants constructs. The green lollipops represent CpG dinucleotides and the 
orange regions the codon modified nucleotides B) Gag and Env expression 
in the media (D) and cell lysate (B) was detected using quantitative 
immunoblotting. C) Culture supernatants were used to infect TZM-bl reporter 
cells to measure viral infectivity. The bar charts show the average values of 
three independent experiments normalised to the value obtained for HIV-
1NL4-3. Error bars represent standard deviation. 
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5.3 Summary 
 

In this chapter, we have identified CpG dinucleotides as the inhibitory 

element that is inducing the defect in viral replication. First, we have shown 

that as result of synonymous mutagenesis we have unintentionally added 

CpG dinucleotides into nucleotides 22-261 and 22-378 (Table 5.2). Upon 

lowering the CpG abundance to wild-type levels we have rescued infectious 

virus production (Figure 5.1). Moreover, adding CpG dinucleotides in the 

absence of other synonymous mutations has shown that CpGs are 

necessary to inhibit viral replication (Figure 5.2). Importantly, we have 

demonstrated that while adding 26 CpG dinucleotides greatly inhibits viral 

replication, this does not occur as consequence of a reduced gRNA 

abundance (Figure 5.4) and Gag expression or virion production (Figure 5.3), 

suggesting that the inhibitory mechanism is different from the one observed 

in chapter 4. Moreover, we have determined that the nucleotide sequence 

surrounding the CpGs is important to induce an inhibition in viral replication 

that involves a decrease in Gag expression and virion production (Figure 

5.6). 
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Chapter 6: The mechanism by which CpGs inhibit 
viral replication is position-dependent 
	

6.1 Introduction 
 

It is known that CpG dinucleotides are suppressed in RNA viruses (332, 341, 

342) and we have shown that introducing CpGs into the MA region of Gag 

inhibits viral replication. In addition, analysis of the sequences of HIV-1-

infected patients has highlighted the importance of CpG dinucleotides in vivo 

(344, 345).  Mutations that lead to an increase in the CpG dinucleotide 

abundance in pol has been shown to negatively affect viral fitness, in 

comparison to mutations that do not increase CpG dinucleotide abundance 

(345). On the other hand, patients with high-CpG content in HIV-1 env 

appear to present a slower-progression clinical course of the disease (344).   

 

The mechanism by which CpG dinucleotides repress viral fitness, however, 

is still unclear. Burns et al. (356) demonstrated that viral fitness of poliovirus 

could be reduced to the threshold of viability upon introduction of CpG 

dinucleotides in the capsid region of the genome, which constitutes only a 

9% of the total viral genome. Infectivity was shown to be inversely correlated 

with the number of CpGs that were added and they stated this was not a 

result of a defect in translation (356). Atkinson et al. (357) showed that 

decreasing CpG frequency of picornavirus echovirus 7 (E7) could increase 

viral replication. They showed a close correlation between the viral fitness 

and the number of CpGs removed. In addition, decreasing the number of 

CpG dinucleotides in different regions could lead to differences in enhanced 

replication as a reflection of the natural dinucleotide suppression of the 

region, where increasing the number of nucleotides could have a greater 

effect in those regions where CpG abundance was naturally lower (357). It is 

known that E7 effectively blocks IFNβ-mediated cellular responses in the 

infected cells. Treatment of the mutant viruses with C16, a generally 

considered protein kinase inhibitor, however, restored viral fitness levels. 

This results suggested that CpG-containing viruses are not defective itself, 
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but are likely to induce an innate immune response. Although initial 

experiments led to hypothesis that PKR was mediating the reduction in viral 

fitness, they failed to reproduce this results using siRNA or shRNA (357). 

Tulloch et al. (354) showed that attenuation of the replication of picornavirus 

with elevated CpG dinucleotide abundance was not the result of a defect in 

translation or altered codon pairs. Instead, they proposed to be mediated 

through an enhanced innate immune responses. They suggest that the viral 

attenuation is not due to the high-CpG viruses being defective but are more 

recognisable by the cell, which prevents replication (354). Gaunt el al. (358) 

showed that elevated CpG frequencies in segment 5 of influenza A also led 

to a decrease in viral fitness. Interestingly, viral attenuation was also 

observed in vivo where the viral load of mutant viruses was greatly reduced 

in the lungs of infected mice, which had a substantially milder clinical course. 

They stated that this difference in the induced pathogenicity suggests the 

existence of host factors that can induce different immune responses (358). 

 

Recently Takata et al. (360) showed that the zinc-finger antiviral protein 

(ZAP) inhibits replication of cells infected with high-CpG HIV-1. Specifically, 

the analysis of multiple mutant viruses resulted in the division of three 

phenotypic groups. Group 1 mutants showed near wild-type replication, 

Group 2 mutants showed severe splicing defect that resulted in attenuated 

replication and Group 3 mutants also showed defective viral replication but in 

the absence of an altered splicing pattern. Importantly, high-CpG content in 

env was shown to be essential to suppress HIV-1 replication (360). 

Moreover, they proved that ZAP selectively binds RNA sequences containing 

CpG dinucleotides and this recognition results in the degradation of high-

CpG viral RNAs.  Given that most cellular mRNAs are not affected by ZAP 

(361), they suggested that this antiviral protein exploits the low CpG 

abundance of the cellular genes to identify foreign RNA.   

 

ZAP was first discovered as a restriction factor in MLV (Obs/Exp CpG ratio 

0.51) as a result of a screen that targeted genes that prevent retrovirus 

infection (362). Later studies have also shown the involvement of ZAP in viral 

restriction of certain filoviruses (Ebola virus (Obs/Exp CpG ratio 0.60) and 
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Marburg virus, (Obs/Exp CpG ratio 0.53)) and alphaviruses (Sindbis virus 

(SINV Obs/Exp CpG ratio 0.90) and Semliki Forest virus (Obs/Exp CpG ratio 

0.89)) (363-366). ZAP inhibits viral replication by preventing accumulation of 

viral RNAs in the cytoplasm and binding of this cellular factor to viral RNA 

seems necessary to drive the restriction (367-369). ZAP contains four CCCH 

zinc finger motifs that enable the binding to RNA, but only the second and 

the fourth appear necessary for ZAP’s antiviral activity (367, 369). Depletion 

of the hRrp46p subunit of the exosome by siRNA substantially decreases 

ZAP’s restriction activity suggesting that ZAP might alter RNA stability by 

recruiting the exosome (370, 371). ZAP-induced RNA degradation starts with 

the recruitment of the cellular poly(A)-specific ribonuclease (PARN) which 

shortens the poly(A)A tail of the mRNA allowing the exosome to start 

degrading from the 3’ end (372). In addition, it has also been shown that ZAP 

enables 5’ degradation by recruiting the cellular decapping complex via its 

cofactor RNA helicase p72 (372). Although the human ortholog of ZAP is 

expressed as a short (ZAP-S) or a long (ZAP-L) isoform, ZAP-L shows 

stronger restriction against MLV and Semliki forest virus (373). The short 

isoform lacks the C-terminal poly(ADP-ribose) polymerase (PARP)-like 

domain. Interestingly, there are some viruses such as yellow fever virus and 

herpes simplex virus type 1 (HSV-1) and poliovirus that have been shown not 

to be restricted by ZAP (363). ZAP has also been proposed to inhibit wild-

type HIV-1 (372) although these results remain controversial since other 

groups have not been able to reproduce these results (360, 373).  
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6.2 Results 
 

6.2.1 Inhibition of infectious virus production upon introduction of 
CpG dinucleotides is ZAP-independent 
 

To analyse whether the CpG dinucleotides in HIV-1 GagCM22-378 and HIV-

1 GagCpG22-378 induce inhibition of Gag expression and infectious virus 

production through a mechanism related to ZAP, we generated CRISPR-

Cas9 ZAP knock out HeLa cells (Figure 6.1 A) and transfected them with 

pHIV-1NL4-3, pHIV1 GagCpG22-378, pHIV-1 GagCM22-378 and pHIV-1 

EnvCpG87-561 (Figure 6.1). Mutant L in Takata et al. (360) contains 37 

CpGs in env and these transcripts are recognised by ZAP and depleted. As a 

positive control we used EnvCpG87-561, which contains 36 CpGs and is an 

almost identical version of the L mutant that was shown to have a great 

reduction in viral replication (360). Around 48h post-transfection we collected 

the cell lysates to analyse the protein expression and the media to analyse 

virion production and infectivity in single round replication assays. In control 

HeLa cells Gag expression, virion production and infectivity were inhibited for 

HIV-1 EnvCpG87-561 and HIV-1 GagCM22-378 and also for HIV-1 

GagCpG22-378 (Figure 6.1). In ZAP KO cells, however, Gag expression, 

virion production and infectivity were rescued to wild-type levels for HIV-1 

EnvCpG87-561 but not for HIV-1 GagCM22-378. Gag expression and virion 

production of HIV-1 GagCpG22-378 was slightly increased in the ZAP-KO 

cells but not infectivity (Figure 6.1 B, C). These results suggest that 

introduction of CpG dinucleotides into gag leads to inhibition of viral 

replication in a ZAP-independent manner.  
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Figure 6.1. Inhibition of infectious virus production upon introduction of 
CpG dinucleotides is ZAP-independent. ZAP-KO HeLa cells were 
transfected with pHIV-1NL4-3, pHIV-1 EnvCpG87-561, pHIV-1 GagCM22-261 
or pHIV-1 GagCpG22-261. A) HeLa ZAP-KO cells with two different guides 
B) and D) Gag expression in the media (D) and cell lysate (B) was detected 
using quantitative immunoblotting. The bar charts show the average of four 
independent experiments normalised to HIV-1NL4-3. Error bars represent 
standard deviation. C) Culture supernatants were used to infect TZM-bl 
reporter cells to measure viral infectivity. The bar charts show the average 
values of three independent experiments normalised to the value obtained 
for HIV-1NL4-3. Error bars represent standard deviation. The ZAP KO cell lines 
and these experiments were generated by Mattia Ficarelli using constructs 
that I had cloned (PhD student, Swanson Lab, KCL).  
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6.2.2 Changing the codon to one that does not lead to the 
introduction of CpGs does not inhibit infectious virus production 
 

We have shown that viral attenuation upon introduction of 26 CpGs into HIV-

1 gag is driven by a mechanism that is independent of ZAP. One hypothesis 

that could explain a defect in viral replication is a defect in packaging. For 

some retroviruses, the packaging signal (ψ) is sufficient to direct 

encapsidation of the viral genome. HIV-1, however, requires not only ψ but 

also a minimal region in the 5’ leader and other poorly defined additional 

features such as initial gag coding sequences (68, 69, 374, 375).  In addition, 

it has been shown that the presence of the HIV-1 5’UTR together with the 5’ 

end of gag can mediate efficient packaging of non-viral RNAs (376). Other 

groups have also suggested the importance of the gag sequence in 

packaging, showing that alterations of the gag sequence such as codon 

modification could lead to poor packaging efficiency (377). It has been 

suggested that the introduction of synonymous mutations might induce 

misfolding of the upstream dimerisation and packaging signals and thus 

interfere with these processes (377).  

 

To determine if the introduced CpGs specifically induced the decrease in 

infectious virus production or whether a necessary cis-acting element in this 

region had been mutated, we changed the codon that led to an increase in 

the CpG abundance to a different codon (DC) producing pHIV-1 GagDC22-

378. This virus contains the 23 mutations and 4 CpG dinucleotides, like HIV-

1NL4-3 within the same region (Figure 6.2 A). We then transfected HeLa cells 

with pHIV-1NL4-3, pHIV-1 GagCM22-378, pHIV-1 GagCM22-378lowCpG, pHIV-1 

GagCpG22-378 and HIV-1 GagDC22-378 and harvested cell lysates and 

media ~48h post-transfection. Cell lysates were used to analyse protein and 

RNA abundance and media was used to analyse infectivity, virion production 

and RNA abundance. Gag expression, virion production and RNA in the cell 

lysates and media for HIV-1 GagDC22-378 were all shown to be at very 

similar levels than wild-type HIV-1NL4-3, GagCM22-378lowCpG and pHIV-1 

GagCpG22-378 (Figures 6.2 and 6.3). Infectivity of GagDC22-378 was 
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similar to HIV-1NL4-3 and GagCM22-378lowCpG (Figure 6.2 C). These results 

show that changing the codon in those specific positions does not alter the 

amount of gRNA that is being packaged into the virion, and therefore 

confirms that viral attenuation is the result of an increased CpG abundance 

and not due to altered packaging. 

 

Figure 6.2. Changing the codon to one that does not result in an 
increased number of CpGs does not inhibit infectious virus production. 
HeLa cells were transfected with pHIV-1NL4-3, pHIV-1 GagCM22-378, pHIV-1 
GagCM22-378CpGlow, pHIV-1 GagCpG22-378 or pHIV-1 GagDC22-378. A) 
Schematic representation of the HIV-1 mutants constructs. B) Gag 
expression in the media (D) and cell lysate (B) was detected using 
quantitative immunoblotting. C) Culture supernatants were used to infect 
TZM-bl reporter cells to measure viral infectivity. The bar charts show the 
average values of three independent experiments normalised to the value 
obtained for HIV-1NL4-3. Error bars represent standard deviation. 
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Figure 6.3. Changing the codon to one that does not result in an 
increased number of CpGs does not decrease gRNA abundance. HeLa 
cells were transfected with pHIV-1NL4-3, pHIV-1 GagCM22-378, pHIV-1 
GagCM22-378CpGlow, pHIV-1 GagCpG22-378 or pHIV-1 GagDC22-378. A) 
RNA was extracted from cell lysates B) and media and gRNA abundance 
were quantified by qRT-PCR. The bar charts show the average of three 
independent experiments normalised to HIV-1NL4-3. Error bars represent 
standard deviation. 
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6.2.3 Introduction of CpG dinucleotides into a longer region of gag 
inhibits infectious virus production in HeLa cells 
 

 

To better understand the mechanism by which an increased CpG abundance 

in gag can attenuate viral replication we cloned a larger region of high-CpG 

gag into pHIV-1NL4-3 to produce pHIV-1 GagCpG22-1188, which contains 62 

CpG dinucleotides. In addition, we produced pHIV-1 GagCpG22-654 and 

pHIV-1 GagCpG658-1188, which contain 30 and 32 CpGs, respectively 

(Figure 6.4 A). We transfected HeLa cells with HIV-1NL4-3 and the newly 

cloned constructs and collected the cell lysates and media ~48h post-

transfection. pHIV-1 GagCpG22-1188 and HIV-1 GagCpG22-654 produced a 

large inhibition in Gag expression, viral production and infectivity (Figure 6.4). 

Infectivity of HIV-1 GagCpG658-1188, however, was very similar to HIV-1NL4-

3 (Figure 6.4 C). Of note, while HIV-1 GagCpG22-654 and HIV-1 

GagCpG658-1188 have very similar amount of CpG dinucleotides, the later 

one does not inhibit viral infectivity, suggesting that the absolute number of 

CpGs added might not solely drive viral attenuation, and highlights the 

importance of the CpG dinucleotides position within the HIV-1 genome. 
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Figure 6.4. Introduction of CpG dinucleotides into nt 22-1188 in gag 
inhibits infectious virus production in HeLa cells. HeLa cells were 
transfected with pHIV-1NL4-3, pHIV-1 GagCpG22-1188, pHIV-1 GagCpG22-
654 or pHIV-1 GagCpG658-1188. A) Schematic representation of the mutant 
viruses. B) Gag expression in the cell lysate D) and in the media was 
determined by quantitative immunoblotting. C) Culture supernatants were 
used to infect TZM-bl reporter cells to measure viral infectivity. The bar 
charts show the average values of three independent experiments 
normalised to the value obtained for HIV-1NL4-3. 
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6.2.4 Inhibition of infectious virus production upon introduction of 
CpG dinucleotides into a longer region in gag is ZAP-dependent 
 

While introducing 26 CpGs into GagCpG22-278 did not inhibit HIV-1 

replication in a ZAP-dependent manner, reduction in infectious virus 

production upon introducing 36 CpGs into EnvCpG87-561 was rescued in 

ZAP KO cells. To determine whether introducing a higher number of CpGs 

into gag could inhibit HIV-1 replication in a ZAP-dependent manner we 

transfected HeLa ZAP-KO cells with HIV-1NL4-3, pHIV-1 EnvCpG87-561 and 

pHIV-1 GagCpG22-1188 and measured protein expression and infectivity. As 

observed previously, addition of 62 CpG dinucleotides into gag greatly 

inhibited Gag expression, virion production and infectivity. Intriguingly, the 

defect in Gag expression and virion production was greatly rescued in ZAP 

KO HeLa cells in levels comparable to the control HIV-1 EnvCpG87-561, 

showing that the replication defect produced by a higher number of CpG 

dinucleotides is ZAP-dependent (Figure 6.5).  Of note, infectivity of HIV-1 

GagCpG22-1188 was only slightly higher in ZAP KO cells. 
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Figure 6.5. Inhibition of infectious virus production upon introduction of 
CpG dinucleotides into nt 22-1188 in gag is ZAP-dependent. ZAP-KO 
HeLa cells were transfected with pHIV-1NL4-3, pHIV-1 EnvCpG87-561, or 
pHIV-1 GagCpG22-1188. A) and C) Gag expression in the media (C) and 
cell lysate (A) was detected using quantitative immunoblotting. B) Culture 
supernatants were used to infect TZM-bl reporter cells to measure viral 
infectivity. The bar charts show the average values of three independent 
experiments normalised to the value obtained for HIV-1NL4-3. Error bars 
represent standard deviation. The ZAP KO cells were generated by Mattia 
Ficarelli (PhD student, Swanson Lab, KCL). 
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6.3 Summary 
 

In this chapter, we have shown that codon modifying (GagCM22-378) or 

introducing CpGs (GagCpG22-378) within nucleotides 22-278 inhibits HIV-1 

replication in a ZAP-independent manner (Figure 6.1). In addition, we have 

shown that the introduction of synonymous mutations has not altered any 

necessary RNA element, confirming that CpG dinucleotides specifically 

induce the defect in replication (Figure 6.2). Importantly, adding a higher 

number of CpGs (GagCpG22-1188) into gag inhibits viral replication through 

reducing Gag expression and virion production (Figure 6.4). Intriguingly, 

while adding 26 CpG dinucleotides into GagCpG22-378 does not inhibit Gag 

expression and virion production, adding a 30 CpGs into a different region of 

gag inhibits infectious virus production through decreasing Gag expression 

and virion production (GagCpG22-654, Figure 6.4). Moreover, introducing 

CpGs into nucleotides 22-1188 (GagCpG22-1188) inhibits viral replication in 

a ZAP-dependent manner (Figure 6.5). 
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Chapter 7: Discussion 
 

Herein we have used synonymous mutagenesis to experimentally introduce 

CpG dinucleotides into HIV-1 gag. We have shown that CpG-mediated 

reduction in HIV-1 replication is carried out through at least 3 different 

mechanisms. First, we have shown that introducing CpG dinucleotides 

through synonymous mutagenesis (codon modification) inhibits viral 

replication by generating changes in the splicing pattern (GagCM22-378). 

Second, we have shown that adding CpG dinucleotides in the absence of 

other synonymous mutations also reduces viral infectivity through a 

mechanism that does not affect Gag and virion production but does produce 

a decrease in the gRNA abundance in the media (GagCpG22-378). Third, 

we have shown that introducing CpG dinucleotides into a longer region in 

gag inhibits viral replication in a ZAP-dependent manner (GagCpG22-1188). 

 

Synonymous mutagenesis has previously been used to induce viral 

attenuation. Although the decrease in viral replication was attributed to 

changes in codon pair bias (378, 379) or a decrease in the A-rich content of 

the HIV-1 genome (380), it is now known that CpG dinucleotides were 

unintentionally added into their viral constructs. Moreover, a more recent 

study has shown that changing the A-content in pol does not affect the viral 

fitness of HIV-1 (381) and CpGs are the underlying mechanism by which viral 

replication is inhibited in HIV-1 (360, 382).  

 

Coleman et al (379), for example, manipulated the poliovirus genome by 

synthesising a novel poliovirus with a modified codon pair bias. This group 

developed a computer algorithm that could recode the viral genome without 

altering other viral features that might be relevant for viral replication such as 

codon bias or the folding free energy of the RNA. While the amino acid 

sequence remained intact, they used rare codons to encode them (379). The 

strategy was named synthetic attenuated virus engineering (SAVE). Martrus 

et al. (378) strongly inhibited HIV-1 replication by introducing codon pairs that 

are underrepresented relative to human mRNAs into gag and pol (378). The 

repercussion that the introduction of synonymous mutations could have in 
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the abundance of CpG dinucleotides, however, was not studied. Indeed, the 

mutagenesis carried out in the study led to an increase in the number of CpG 

dinucleotides in gag from 15 to 118. Thus, we hypothesise that the inhibition 

in viral fitness observed could at least to a degree be a result of increasing 

CpG frequency instead of codon pair deoptimisation. Importantly, recent data 

has shown that codon pair bias is a direct consequence of nucleotide bias 

and codon pair deoptimisation increases CpG abundance (339, 354). 

 

Keating et al. (380) stated that HIV-1 relies on an A-rich sequence to support 

the synthesis of viral cDNA during reverse transcription. The study was 

carried out by codon modifying regions in gag and pol where they increased 

the number of codons that were C- and G-rich. They argued that 

manipulating the nucleotide content may inhibit reverse transcription through 

different mechanisms. First, the nucleotide changes could alter the RNA 

structure and inhibit the reverse transcription complex as a result of impaired 

interactions between the viral RNA and NC and other factors such as RNA 

helicase. Second, decreasing the A-richness in pol could increase RNA 

dimer stability and also result in impaired synthesis of viral cDNA. 

Alternatively, the inhibition of reverse transcription can also be due to 

changes in the RNA structure that alters the polymerase processivity (380). 

The source of the codon modified sequence used in this article, however, is 

phGag-Pol (383), which contains a substantially higher CpG dinucleotide 

abundance when compared to the wild-type region.  

 

Importantly, and as mentioned previously, lowering the A-content in a 493 

nucleotide region in pol by 15% or increasing it by a 5% has been 

demonstrated not to affect the replicative potential of HIV-1 (381). These 

results demonstrate that the A-rich signature is not essential for HIV-1 

replication. In sum, we highlight the importance of CpG dinucleotides as a 

potent tool to inhibit viral replication. 
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7.1 Introduction of CpG dinucleotides in the context of codon 
modification, inhibits HIV-1 replication through altering the 
splicing pattern 
 

The first inhibitory mechanism was characterised upon codon modifying 

nucleotides 22-261 in HIV-1 gag. Introducing CpG dinucleotides in the 

context of codon modification within the first~200 nucleotides in the 5’ 

(GagCM22-261) end of gag greatly inhibited viral replication (Figures 3.1 and 

3.2). We determined that the decrease in viral fitness was due to a decrease 

in the gRNA abundance, which leads to a decrease in Gag expression and 

virion production (Figures 3.3 and 3.4). RNA stability analysis showed that 

the more synonymous mutations were introduced into gag the less stable the 

RNA was (Figure 4.2). RNAseq analysis revealed that codon modification of 

nucleotides 22-378 activated a cryptic splice site (CD1) downstream of D1 

and altered the splicing pattern (Figure 4.4 and Table 4.1). We showed that 

as a result of that shift in the use of D1 towards the use of CD1 a new AUG 

was introduced upstream of gag in all the transcripts (Figure 4.4). These 

results demonstrate that by adding CpGs in the context of CM, we have 

either introduced an activator or removed a suppressor that enhances the 

utilisation of the cryptic splice site that plays a major role in regulating 

splicing. Alternatively, codon modification in gag might have altered a 

protein-binding site or a secondary structure that is normally suppressing the 

utilisation of the cryptic splice site. Efficient HIV-1 replication requires a 

balanced splicing, where alternative splicing regulatory signals play an 

important role in maintaining an adequate level of each pool of spliced and 

unspliced transcripts so that the necessary viral proteins are available. 

Importantly, the inclusion of the upstream start codon could reduce the 

efficiency at which Rev is translated. Rev functions not only in nuclear export 

but also in increasing the stability of the mRNA pool (328). Indeed, Rev-

deficient HIV-1 has previously been related to a decreased RNA stability of 

unspliced transcripts (328). Taken all together, we hypothesise that the 

altered splicing patterns can lead to a reduction in Rev expression, which can 

affect the stability of intron-containing mRNAs such as the gRNA and env. 
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Env abundance might be reduced not only as a consequence of a decrease 

in the env mRNA but also as a result of Env being less efficiently translated 

due to the AUG upstream. The decrease in relative infectivity/genome 

(Figure 3.4), therefore, could be at least partially explained on the basis of a 

decrease in Env expression. Supporting this hypothesis, a recent study has 

also shown the existence of multiple elements in gag that function to regulate 

HIV-1 alternative splicing (384). In particular, Group 2a mutants in this study, 

which exhibited replication defects accompanied by changes in RNA splicing, 

revealed the presence of an RNA element that is suppressing the use of a 

cryptic splice site in the 5’ end of the viral genome. In addition, they also 

showed that the introduction of synonymous mutations that targeted the 

central region of the genome resulted in the overuse of A1, A2 and A3 (384). 

In this project, in addition to identifying an altered splicing pattern, we have 

determined that this happens through a mechanism that is dependent on 

CpG dinucleotides. 

 

7.2 The region surrounding the CpG dinucleotides contributes to 
the mechanism by which HIV-1 replication is inhibited 
 

Second, we have also demonstrated that introduction CpG dinucleotides in 

HIV-1 gag, inhibits viral replication through a mechanism that is context and 

position dependent. It is important to highlight that although the same 

number of CpGs were added into GagCpG22-378 and GagCM22-378, the 

phenotype caused by these viruses is very different. By comparing the 

infectious virus production of HIV-1 mutants that lacked a region in gag or 

contained synonymous mutations in gag (GagCM22-378 and GagΔ22-378), 

we demonstrated that none of the RNA elements within nt 22-378 appears 

necessary for infectious virus production in HeLa cells (Figure 4.1). 

Moreover, these results showed that silent mutagenesis in the context of 

codon modification resulted in the introduction of inhibitory sequences. 

Indeed, we have shown that lowering the CpG-content to match the wild-type 

count (4 CpG) completely rescues infectious virus production. Besides, we 

added 18 (GagCpG22-261) or 26 CpG dinucleotides (GagCpG22-378) into 
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gag and resulted in a large inhibition of viral replication, which demonstrated 

that the decrease in viral fitness was due to an increase in the CpG 

abundance. These changes in the dinucleotide composition, however, did not 

substantially change Gag expression and virion production. As a result, we 

hypothesised that the sequence neighbouring CpG dinucleotides might play 

an important role in the CpG-mediated inhibition so we cloned a new virus 

mutant in which the 5 nucleotides upstream and downstream of the CpG 

dinucleotides were codon modified (GagCpG22-3785nt). Changing the 

sequence immediately surrounding the CpGs led to an inhibition that was 

comparable to that caused by GagCM22-378 (Figure 5.5). Therefore, these 

results highlighted the importance of the CpG-neighbouring sequence in the 

CpG-mediated restriction. Because the phenotype caused by GagCpG22-

3785nt and GagCM22-378 is very similar, both in regards to Gag expression 

and Env expression, we hypothesise that inhibition of infectious virus 

production of GagCpG22-3785nt is also a result of aberrant splicing. While the 

precise mechanism by which introducing CpG dinucleotides in gag 

(GagCpG22-378) leads to inhibition of HIV-1 replication remains to be fully 

characterised, we have shown that it does not decrease Gag expression and 

virion production but it leads to a decrease in the gRNA in the media (Figure 

5.3 and 5.4). Recently, the importance of posttranscriptional ribonucleoside 

modifications in the regulation of RNA structure and function has been 

highlighted. Acetylation of cytosine by the acetyltransferase NAT10 (ac4C), 

for example, was shown to enhance translation efficiency. Moreover, 

depletion of this protein has been shown to result in a decrease of mRNA 

stability (385). It is possible that the introduction of synonymous mutations 

has altered the epitranscriptome pattern and resulted in reduced viral fitness. 

 

Several studies have proposed that restriction of viral replication is the result 

of an antiviral mechanism that is activated in response to a sequence-

specific sensing (349, 354, 357, 386). Toll-like receptors (TLRs) are a family 

of transmembrane receptors that can be found in several immunologically 

relevant cells such as dendritic cells (DCs), macrophages and B cells (387, 

388). Four TLR family members have been implicated in nucleic acid 

recognition: TLR3, TLR7, TLR8 and TLR9 (389, 390). Generally, activation of 
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TLRs by recognition of endosomal RNA results in the production of 

cytokines, and upregulation of MHC and other co-stimulatory molecules than 

induce both innate immunity and activation of adaptive immunity, contributing 

to an antiviral mechanism (390).TLR9 is a pattern recognition receptor that 

can sensor methylated CpGs (349, 391). CpG dinucleotides are also 

suppressed in RNA viruses that do not have a DNA intermediate (343, 346, 

349-351), which indicates that CpG methylation cannot be the mechanism 

driving CpG-mediated suppression. Although TLR9 is not likely to be 

expressed in HeLa cells, we confirmed that STAT1 phosphorylation or IFIT1 

expression was not detected in response to CpG DNA (Appendix 1). 

 

Other studies carried out in the picornavirus echovirus 7 have also shown 

CpG-mediated inhibition of viral replication by a mechanism that was not 

related to an altered translation efficiency (354), an interferon-related 

pathway, PKR or through conventional pattern recognition receptors (357). 

Multiple studies have proposed the existence of an innate immune sensor 

that detects CpG dinucleotides in RNA viruses and decreases their viral 

fitness (339, 349, 354, 357, 358, 386, 392, 393). 

 

A recent publication has also reported inhibition of viral replication as a result 

of the introduction of CpG dinucleotides into the HIV-1 genome (360). In this 

study, CpGs were added into env and this resulted in a decrease in the 

gRNA abundance, Gag expression, Env expression and infectious virus 

production. Importantly, they showed that KO of the cellular RNA-binding 

protein ZAP rescues the infectivity of the viruses with a high-CpG count. 

Although the complete mechanism has not been defined yet, they have 

shown that ZAP directly binds HIV-1 RNA regions containing CpG 

dinucleotides. We tested whether the restriction observed upon introduction 

of CpG dinucleotides in gag was also the result of a mechanism mediated by 

ZAP (360). Infectivity of GagCpG22-378, however, was not rescued upon 

depletion of the RNA-binding protein, suggesting that the restriction we 

observe is independent of ZAP activity. 
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One more possible explanation that can explain the reduction in HIV-1 

GagCpG22-378 replication might be inhibition of packaging. We considered 

the possibility of having inhibited an essential packaging signal as a 

consequence of the silent mutagenesis. HIV-1 requires both cis-acting 

elements and the trans-acting elements in Gag in order to achieve efficient 

packaging, but the specific necessary sequence has not been defined yet. It 

is known that the major RNA elements that are necessary for packaging are 

located in the 5’UTR and they overlap with the dimerisation signal (394-398). 

Among these elements, the four stem-loops (SL1, SL2, SL3, and SL4) 

greatly contribute to efficient packaging (398, 399). SL3 is the loop containing 

the φ signal, also called packaging signal. The minimal necessary and 

sufficient sequence for packaging has been found in MLV since the insertion 

of this sequence into heterologous RNA sequence enables packaging (400). 

In the HIV-1 context, deletions have been made to map the minimal 

sequence necessary for packaging. This study has resulted in a minimal 159 

nucleotide sequence that includes SL1-SL3 through the U5:AUG stem, but 

does not include TAR, Poly(A) and the upper PBS hairpin (69). In addition, 

around 300 nucleotides in the beginning of the gag ORF has been shown to 

increase viral titre (294, 295). An approach based on probabilistic 

evolutionary models that quantify the synonymous mutations rate in the HIV-

1 genome has shown that the first 21 nucleotides of gag are under purifying 

selection (303, 304). Moreover, NMR structures have shown interactions 

between that region and the U5 of the 5’UTR that enable the formation of a 

dimerisation-competent conformation of the gRNA that is packaged into the 

nascent virion (298, 401). Although some necessary elements have been 

mapped, the minimal sequence required for HIV-1 gRNA packaging is 

unknown.  

 

We have shown that there are no essential cis-acting elements within nt 22-

378 (GagΔ22-278, Figure 4.1), but altering the RNA sequence could 

modulate the local RNA structure in ways that deletion does not (402). 

Therefore, to test whether the introduction of CpG dinucleotides was the 

cause of the defect in infectious virus production or whether synonymous 

mutagenesis altered an important cis-acting element that plays a major role 
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in packaging, we cloned a new virus in which the codons that led to CpGs 

were changed to a different codon (GagDC22-378). Since infectious virus 

production was of GagDC22-378 was comparable to that of the wild-type 

HIV-1 we concluded that inhibition of viral replication is not a result of 

mutating an essential cis-acting element in this region. 

 

7.3 Introduction of CpG dinucleotides into a longer region in gag 
inhibits HIV-1 replication in a ZAP-dependent manner 
 

The third mechanism by which CpG dinucleotides inhibit HIV-1 replication is 

ZAP-dependent. Intriguingly, Gag expression and virion production of the 

HIV-1 mutant containing 62 CpG dinucleotides (GagCpG22-1188) was 

greatly rescued when ZAP was depleted from HeLa cells, suggesting that the 

mechanism by which ZAP restricts HIV-1 replication of high-CpG viruses 

might be dependent on not only the number of CpGs but also on the position 

that these nucleotides take in the viral genome. It is important to highlight 

that introduction of CpG dinucleotides into env (360) or and to a lesser extent 

in pol (Appendix 2) leads to a ZAP-dependent restriction of viral replication. 

Introduction CpGs into gag, however, results in a restriction that varies 

depending on the location of the CpGs in the viral genome. It is worth 

emphasising on the fact that GagCpG22-378 contains 26 CpGs and 

GagCpG22-759 30 CpGs. Although GagCpG22-759 has a 50% longer 

sequence, and the CpG dinucleotide content only differs in 4, it causes a 

substantially more potent inhibition of Gag expression, virion production and 

infectivity (Figure 6.4). These results suggest that the frequency at which the 

dinucleotides are present in a sequence does not play a major role. Instead, 

the data emphasises the importance of the position of the CpGs in the HIV-1 

genome rather than the quantity. One possible explanation could rely on the 

secondary structure of the HIV-1 genome. We hypothesise that the local 

sequence surrounding the CpG dinucleotides plays an important role in 

inducing reduction of viral replication through different mechanisms. Whether 

inhibition in replication by GagCpG22-759 occurs in a ZAP-dependent or 

independent manner remains to be characterised. 
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Although we have not experimentally determined what makes some CpG 

dinucleotides more recognisable by ZAP than others, it is known that ZAP 

recognises high-CpG containing RNAs and targets them to a degradation 

pathway (360). Moreover, ZAP does not alter the abundance of cellular 

mRNAs, which suggests that specifically targets non-self viral RNAs with 

increased CpG abundance. Further research on characterising the 

degradation pathway that leads to a reduction CpG-containing viral RNA is 

needed. 

 

7.4 Clinical relevance of CpG-mediated inhibition of viral 
replication 
 
The evolutionary conservation of low CpG abundance in mammalian viral 

RNAs together with the fact that increasing the nucleotide content severely 

affects viral fitness suggest that CpG suppression constitutes a very 

important viral defence mechanism. Thus, understanding and exploiting the 

mechanisms by which CpG dinucleotides reduce viral replication can provide 

many possible applications. 

 

There is limited evidence that demonstrates the deleterious effect of CpG 

dinucleotides in natural isolates. Theys et al. (345) have calculated the 

fitness cost of individual HIV mutations in vivo. They focused their research 

on calculating the average frequency of transition mutations at 870 sites of 

the pol gene. The study was carried out using viral samples of 160 patients 

and they determined that mutations that result into the addition of a CpG 

dinucleotide negatively affect viral fitness (345). Besides, the CpG 

dinucleotide content has been proposed to be a factor that can predict 

disease progression (344). In this study, the relative CpG abundance in the 

HIV-1 env sequences from typical-progressors and from slow-progressors 

were analysed and compared. They showed that HIV-1 env sequences from 

slow-progressors contain a higher number of CpG dinucleotides when 

compared to the sequences of the typical-progressors. Moreover, slow-
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progressors exhibit this feature immediately after seroconversion. They 

propose that sequencing of patients at the early stage of the disease for 

analysis of CpG dinucleotide content presents a strong tool to predict HIV-1 

disease progression (344).  

 

One possible application is the use of CpG dinucleotides as a marker for 

prediction of disease progression. While long-term non-progressors (LNTPs) 

constitute only 1% of the HIV-1-infected patients, they have been widely 

used to understand the viral, host genetic and immunological factors that 

underlie this favourable course of the disease (403). These patients are 

capable of maintaining stable CD4+ T cell counts within the normal range 

during an extended period of time despite ongoing moderate viral replication. 

Elite controllers, on the other hand, maintain preserved CD4+ T cell count 

accompanied by low viral replication levels. These patients generally remain 

asymptomatic without antiretroviral treatment (ART) (403, 404). Although the 

mechanism underlying the non-progressive HIV-1 is most likely to be the 

result of a complex interplay between viral and host factors, multiple studies 

have identified HIV-1 genomic alterations that contribute to the clinical course 

of therapy-naïve individuals. In particular, point mutations, amino acid 

deletions, insertions or substitutions, the introduction of stop codons and 

polymorphisms in all structural, regulatory or accessory genes of HIV-1 have 

been associated with non-progressive HIV-1 disease (403). I believe that 

characterising the CpG content of LNTPs and elite controllers may bring 

insight into the mechanism underlying a favourable disease progression. In 

addition, our work supports the hypothesis presented by Theys et al. (345) 

where identification of high-CpG containing patients by deep sequencing can 

improve prediction of disease progression. The optimal time to start ART has 

been debated for many years (24). Some experts support initiation of therapy 

in people with high CD4+ T cell count, arguing that immediate treatment 

prevents irreversible harm to the immune system (405). Other groups believe 

that the potential toxicities associated with treatment could outweigh the 

benefits (406) and therapy in elite controllers, for example, is usually delayed 

(24). Therefore, understanding the virus-related factors that drive milder HIV-
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1 disease pathogenesis is of great importance and, might help in the 

development of patient-targeted treatment. 

 

Another possible application is the development of life attenuated viral 

vaccines. Development of a protective HIV-1 vaccine presents some 

limitations (404). Many details of the latent HIV-1 reservoir, for example, 

remain uncharacterised. In addition, clinical trials of vaccine-based strategies 

have been generally disappointing, with the exception of a combination HIV-1 

vaccine in Thailand where 31% reduction in infection acquisition was 

achieved (24, 52, 404). Nevertheless, CpG dinucleotides have already been 

shown to inhibit viral replication of a positive strand RNA virus such as 

picornavirus and negative strand RNA viruses such as influenza A or HIV-1 

(356-359, 378, 382, 384). Understanding the mechanisms by which 

introduction of CpG dinucleotides in HIV-1 reduces viral replication can be 

used as a model system to explore the possibility of using this as a strategy 

for attenuation of other RNA viruses. Large-scale synonymous mutagenesis 

in RNA virus genomes, therefore, can be functionally exploited to develop a 

novel and non-reverting safe strategy for the development of viral vaccines.  
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Chapter 8: Conclusions and future directions 
 

 

It is almost 30 years since it was identified that CpG dinucleotides are 

underrepresented in the HIV-1 genome. Although the selection against CpGs 

in the viral genome suggests a potential deleterious effect in viral replication, 

the consequences of increasing their abundance in the HIV-1 genome had 

not been studied when we started this project. Herein, we have shown that 

inhibition of viral replication by increasing the CpG dinucleotide abundance is 

mediated by at least three different mechanisms but further work needs to be 

done to completely characterise these.  

 

We demonstrate that introducing CpG dinucleotides by synonymous 

mutagenesis in HIV-1 GagCM22-378 inhibits viral replication through 

activating a cryptic splice donor that results in aberrant splicing. We 

hypothesise that the defect in splicing in addition to introducing an upstream 

AUG in each RNA transcript, can also affect the relative abundance of rev 

mRNA and in turn affect the abundance of mRNA encoding for Env. In order 

to further complete the research, we aim to confirm the decrease in Rev by 

immunoblotting the same cell lysates to quantify and compare the protein 

abundance in the presence and absence of the synonymous mutations. In 

addition, to test whether the defect in infectivity is due to a decrease in Env 

expression, we would also like to quantify the abundance of Env. Further 

work could also focus on identifying the cellular proteins that cause this 

effect, such as proteins that constitute the spliceosome. 

 

Inhibition of viral replication upon introduction of CpGs in HIV-1 GagCpG22-

378 happens through a different mechanism. Although we have shown that 

the difference in the phenotype is due to the importance of the nucleotide 

sequence surrounding the CpGs, further work needs to be done to 

specifically identify the mechanism by which viral fitness is reduced when 

only CpGs are introduced. A new line of work could focus on studying the 

post-transcriptional ribonucleoside modifications that have recently been 
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shown to add a layer of regulatory complexity to the RNA structure and 

function.  

 

Introduction of 62 CpGs into nucleotides 22-1188 (GagCpG22-1188) 

produces a larger inhibition of infectious virus production than introducing 26 

CpGs within nucleotides 22-378 (GagCpG22-378). Importantly, introducing 

30 CpGs into nucleotides 22-654 (GagCpG22-654) also results in a large 

reduction of infectious virus production. These results demonstrate that the 

number of CpG dinucleotides is not as important as the context by which 

these dinucleotides are surrounded. Future work should also focus on better 

characterising the position-dependent inhibition of CpG dinucleotides. For 

this, we have started introducing CpGs in different HIV-1 genes and we have 

shown that they inhibit viral replication in a position-dependent manner 

(manuscript under preparation). While we have shown that the defect in viral 

replication upon addition of 62 CpGs is dependent on ZAP (GagCpG22-

1188), we need to test whether adding 30 CpGs (GagCpG22-654) also 

inhibits viral replication in a ZAP-dependent manner.  

 

Takata et al. (360) showed that ZAP-binding to CpG dinucleotides leads to a 

decreased RNA cytoplasmic abundance. Although ZAP has been identified 

as the protein responsible for recognising CpG-containing viral mRNAs, the 

proteins involved in the degradation of these RNAs has not been 

characterised yet. We will also focus further research on studying potential 

candidates that might be involved in the degradation pathway. We have 

carried out some preliminary work on studying proteins involved in different 

RNA decay pathways, by siRNA. Some of the proteins studied are involved 

in the 5’-3’ RNA decay machinery. This degradation pathway localises to 

cytoplasmic P bodies, and has also been shown to inhibit viral replication of 

some viruses such as flavivirus or poliovirus (407-409). The RNA exosome, 

on the other hand, mediates 3’ to 5’ degradation and is localised to the 

cytoplasm. The complex forms an hexameric barrel that forms an internal 

channel that, due to its size, can enable the entry of ssRNA but not dsRNAs 

(409-411). The exosome has also been shown to be involved in antiviral 

defence. Some RNA-binding proteins, such as DDX17, have been shown to 
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immunoprecipitate with the exosome, suggesting it recruits and binds it to 

degrade the bound viral RNAs (409, 412). We have not identified any protein 

involved in CpG-mediated RNA degradation in this preliminary study yet. 

Taking all together, I believe that further work should be focused on 

identifying the proteins and pathways involved in the degradation of high-

CpG containing viral RNA. 
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Appendix 1 
	
	
	
	
	
	
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 1. CpG DNA does not stimulate STAT1 phosphorylation or 
ISG expression. HeLa cells were stimulated with TLR ligands for 5 h. 
TLR3 was targeted with 0.1, 1, 10µg/mL polyIC, TLR7 with 0.3, 3, 30 nM 

Gardiquimod (Gard), TLR8/7 with 0.3, 3, 30nM CL075, TLR7/8 with 0.01, 0.1, 

1µg/mL R848, TLR9 with 0.01, 0.1, 1µg/ml CpG DNA, TLR13 with 0.01, 0.1, 

1µg/mL 23S ribosomal RNA (rRNA). TLR 4, 2 and 5 were targeted with 0.1 

µg/mL LPS, Pam3Cys (P3C) or Flagellin (FliC), respectively. As controls for 

pattern recognition receptor signaling and JAK-STAT signaling, cells were 

infected with 50 HAU/mL Sendai virus (SeV) for 5 h or stimulated with 0.01 

µg/mL IFN-β for 1 h, respectively. Activation of IFN signaling was monitored 

by western immunoblotting against phosphorylated STAT1 (pSTAT1) or 

expression of the ISG IFIT1. Actin was used as a loading control. (* Denotes 

the molecular weight marker). Experiment performed by Charlotte Odendall 

(Lecturer, KLC).B 
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Appendix 2 

 

 
	
Appendix 2. Inhibition of viral infectivity upon introduction of CpGs into 
pol is ZAP-dependent. Introduction of CpGs into 795-1386 produces a mild 

inhibition of Gag expression, virion production and infectivity HeLa cells. 

Depletion of ZAP rescues infectious virus production. Experiment performed 

by Mattia Ficarelli (PhD student, Swanson Lab, KCL). 
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Appendix 3. Sequence alignment of HIV-1NL4-3 and HIV-1 GagCM22-3785nt. 

Alignment starts in the gag AUG. CpG dinucleotides are highlighted in red. 
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Increasing the CpG dinucleotide 
abundance in the HIV‑1 genomic RNA inhibits 
viral replication
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Abstract 

Background:  The human immunodeficiency virus type 1 (HIV-1) structural protein Gag is necessary and sufficient 
to form viral particles. In addition to encoding the amino acid sequence for Gag, the underlying RNA sequence could 
encode cis-acting elements or nucleotide biases that are necessary for viral replication. Furthermore, RNA sequences 
that inhibit viral replication could be suppressed in gag. However, the functional relevance of RNA elements and 
nucleotide biases that promote or repress HIV-1 replication remain poorly understood.

Results:  To characterize if the RNA sequence in gag controls HIV-1 replication, the matrix (MA) region was codon 
modified, allowing the RNA sequence to be altered without affecting the protein sequence. Codon modification of 
nucleotides (nt) 22-261 or 22-378 in gag inhibited viral replication by decreasing genomic RNA (gRNA) abundance, 
gRNA stability, Gag expression, virion production and infectivity. Comparing the effect of these point mutations to 
deletions of the same region revealed that the mutations inhibited infectious virus production while the deletions 
did not. This demonstrated that codon modification introduced inhibitory sequences. There is a much lower than 
expected frequency of CpG dinucleotides in HIV-1 and codon modification introduced a substantial increase in CpG 
abundance. To determine if they are necessary for inhibition of HIV-1 replication, codons introducing CpG dinucleo‑
tides were mutated back to the wild type codon, which restored efficient Gag expression and infectious virion pro‑
duction. To determine if they are sufficient to inhibit viral replication, CpG dinucleotides were inserted into gag in the 
absence of other changes. The increased CpG dinucleotide content decreased HIV-1 infectivity and viral replication.

Conclusions:  The HIV-1 RNA sequence contains low abundance of CpG dinucleotides. Increasing the abundance of 
CpG dinucleotides inhibits multiple steps of the viral life cycle, providing a functional explanation for why CpG dinu‑
cleotides are suppressed in HIV-1.

Keywords:  HIV-1, Genomic RNA, CpG dinucleotide, Viral replication
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Background
The HIV-1 genomic RNA (gRNA) has three major func-
tions in the viral life cycle [1]. First, it serves as the pre-
mRNA that is spliced into over 70 different transcripts 
[2–4]. Second, it acts as the mRNA for the Gag and Gag-
Pol polyproteins that comprise the structural and enzy-
matic proteins, respectively [5, 6]. Third, it is the genome 
that is packaged into virions and is reverse-transcribed 

upon infection of a new target cell [7, 8]. The gRNA can 
be divided into three regions: a 336 nt 5′ untranslated 
region (UTR), a 219 nt 3′ UTR, and an 8618 nt region 
that is densely packed with multiple open reading frames 
(nt lengths reference the HIV-1NL4-3 strain [9]). The 5′ 
UTR contains several cis-acting elements in complex 
stem-loop structures that regulate multiple stages of the 
viral life cycle including transcription, splicing, gRNA 
dimerization, encapsidation and reverse transcription [8, 
10]. The central 8618 nt region encodes nine open read-
ing frames: gag, pol, vif, vpr, tat, rev, vpu, env and nef.
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In addition to encoding the amino acids of the viral 
proteins, the RNA sequence underlying the open read-
ing frames could regulate multiple steps of the HIV-1 
life cycle including splicing, RNA stability, RNA nuclear 
export, translation and reverse transcription. Indeed, 
a large number of cis-acting RNA elements within the 
protein coding regions have been reported to regulate 
HIV-1 replication, some of which are highly conserved 
and under purifying selection [11, 12]. These include 
the programmed ribosomal frameshift sequence in gag 
for Pol translation [13], splicing signals in pol, vif, vpr, 
tat, rev and env [2, 3], the Rev-response element (RRE) 
in env [14] and the polypurine tracts in pol and nef that 
are necessary for reverse transcription [15]. There is 
also extensive secondary and tertiary RNA structure 
throughout the gRNA that could regulate viral replica-
tion [16–19].

Determining the full complement of cis-acting ele-
ments in the gRNA that regulate viral replication is 
necessary for a complete understanding of the HIV-1 
replication cycle and may aid in the development of 
novel antiviral therapies [20]. Furthermore, identifying 
and characterizing evolutionarily conserved cis-acting 
elements and structures is essential for understanding 
HIV-1 purifying and positive selection as well as recom-
bination events [11, 12, 21–24]. Gag consists of four pro-
tein domains and two spacer peptides that control virion 
assembly [25]. Matrix (MA/p17) mediates Gag traffick-
ing to the plasma membrane, capsid (CA/p24) forms the 
structure of the virion core, nucleocapsid (NC/p7) binds 
the genomic RNA to mediate encapsidation, and p6 
recruits the ESCRT complexes necessary for membrane 
fission during budding. Within the MA open reading 
frame, there are a large number of proposed cis-acting 
RNA elements that could be necessary for viral replica-
tion. These include a hnRNPA1 binding site that may 
regulate gRNA nuclear export [26], an intronic splice 
enhancer [27, 28], an internal ribosome entry site [29], 
instability sequences that lead to RNA degradation in the 
absence of Rev [30], sequences that base pair with the 5′ 
and 3′ UTRs [31–35], and elements that regulate encap-
sidation [7, 8]. However, the functional relevance of most 
of these elements for viral replication is unclear.

Some nucleotide patterns may also regulate HIV-1 rep-
lication and be under evolutionary selection. For exam-
ple, the base composition of HIV-1 deviates from that of 
the human genome. HIV-1 RNA has a high percentage 
of adenine (A, 36%) and low percentage of cytosine (C, 
18%) [36–43]. This nucleotide bias is found in groups 
M, N and O and is a general property of lentiviruses, 
though not all retroviruses [36, 38, 42, 44]. Even though 
HIV-1 has a very high nucleotide substitution rate and 
sequence diversity, the A-rich bias has been conserved 

during the HIV-1 pandemic [42]. There are two hypoth-
eses for why this has been maintained in the virus. First, 
the mutational pattern of reverse transcriptase or antivi-
ral APOBEC3 proteins could impose an A-rich nucleo-
tide bias [45–52]. Second, this bias could be required for 
viral replication and be under purifying selection [38, 53, 
54].

In addition to understanding the RNA elements that 
are necessary for viral replication, it is important to char-
acterize the motifs that are underrepresented and may 
be deleterious. HIV-1 has a much lower than expected 
frequency of the dinucleotide CpG [36, 40, 44, 55–57]. 
This has been proposed to be under negative selection 
and the CpG dinucleotide abundance in HIV-1 may be 
linked to disease progression [58]. However, the mecha-
nism by which CpG dinucleotides affect viral replication 
is unknown.

These nucleotide biases cause the HIV-1 open reading 
frames to have a codon usage pattern that differs sub-
stantially from that of human mRNAs [36–41, 43]. The 
genetic code is redundant in that there are 61 codons for 
20 amino acids and all of the amino acids except methio-
nine and tryptophan are encoded by at least two codons. 
The preferred codons in cellular mRNAs are thought to 
correlate with the availability of the aminoacyl-tRNAs 
but HIV-1 contains many rare codons [36–41].

In this study, we investigated whether RNA elements 
in the MA region of gag positively or negatively regulate 
HIV-1 replication. We initially focused on this region 
because of its high content of potential RNA regula-
tory elements (discussed above). To change the RNA 
sequence without altering the amino acid sequence, we 
codon modified this region by introducing large num-
bers of synonymous mutations. These mutations strongly 
inhibited viral replication by decreasing gRNA abun-
dance, gRNA stability, Gag expression, virion produc-
tion and infectivity. We found that CpG dinucleotides 
introduced during codon modification were necessary 
and sufficient to attenuate HIV-1 replication. This high-
lights the functional importance of the suppressed CpG 
abundance in HIV-1 [36, 40, 44, 55–57] and shows that 
increasing the number of CpG dinucleotides in the gRNA 
inhibits multiple steps of the viral life cycle.

Methods
Cell culture and transfections
Jurkat cells were cultured in RPMI 1640 GlutaMAX 
Medium (Gibco) supplemented with 10% fetal bovine 
serum (FBS) and 1% penicillin–streptomycin. Hela, 
TZM-bl and 293T cells were cultured in Dulbecco’s 
Modified Eagle Medium (Gibco) supplemented with 10% 
FBS and 1% penicillin–streptomycin. All cell lines were 
grown at 37 °C in a humidified atmosphere with 5% CO2.
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Plasmids
The pHIV-1NL4-3 constructs used in this study contain 
the provirus sequence from pHIV-1NL4-3 [9] cloned into 
the KpnI and SalI sites of pGL4.10 (Promega). pHIV-1 
CM22-261, pHIV-1 CM22-165, pHIV-1 CM166-261 
and pHIV-1 CM22-378 have the designated sequences 
from pHDMHgpm2 [59] chemically synthesized by Life 
Technologies and cloned into pHIV-1NL4-3. For pHIV-
1CM 22-261lowCpG and pHIV-1 CM22-378lowCpG, pHIV-1 
CpG22-261 and pHIV-1 CpG22-378, the sequences 
shown in Fig.  6 were synthesized by Life Technolo-
gies and cloned into pHIV-1NL4-3. pHIV-1 ∆22-261 and 
pHIV-1 ∆22-378 have the designated region in gag 
replaced with a XbaI site as in Reil et al. [60]. The modi-
fied sequences in these plasmids were verified by DNA 
sequencing (Eurofins). pGFP and pVSV-G have been pre-
viously described [61, 62].

HIV‑1 spreading infection assay
4 × 106 293T cells were seeded in 10 cm plates and trans-
fected with 10 μg of pHIV-1 and 1.25 μg of pGFP using 
poly(ethlyleneimine) solution (PEI) at a ratio of 5 μl PEI 
per 1  μg DNA. Approximately 48-h post-transfection, 
the media was harvested, filtered through a 0.45 μm fil-
ter and quantified using a p24Gag enzyme-linked immu-
nosorbent assay (ELISA) (Perkin-Elmer). A total of 
2.5 × 105 Jurkat cells were plated in 1 mL of medium per 
well in 48 well plates and infected with 25 ng of p24Gag 
of each virus. SupT1 cells were infected with 10  ng of 
p24Gag for each virus. Supernatants were first collected 
when syncytia were first observed in the culture infected 
with HIV-1NL4-3. The amount of infectious virus present 
at each time point was quantified by infecting the TZM-
bl indicator cell line [63–65]. Infectivity was measured by 
the induction of β-galactosidase using the Galacto-Star™ 
System (Applied Biosystems).

Single cycle infectivity assay
Six-well plates of HeLa cells were transfected using 
TransIT®-LT1 (Mirus) according to the manufacturer’s 
instructions at the ratio of 3 μL TransIT®-LT1 to 1  μg 
DNA. For each transfection, 0.5  μg pHIV-1 and 0.5  μg 
pGFP or pVSV-G was used. Media was recovered approx-
imately 48  h post-transfection and filtered through a 
20% sucrose cushion for 2 h at 20,000×g. The amount of 
infectious virus was quantified by using the TZM-bl indi-
cator cell line [63–65].

Analysis of protein expression by immunoblotting
Approximately 48-h post-transfection, HeLa cells were 
lysed in radioimmunoprecipitation assay (RIPA) buffer 
(10 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 
0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate). 

The media was clarified using a 0.45  μm filter. Virions 
were pelleted through a 20% sucrose cushion in phos-
phate-buffered saline (PBS) solution for 2 h at 20,000×g. 
The pellet was resuspended in 2× loading buffer (60 mM 
Tris–HCl (pH 6.8), 10% β-mercaptoethanol, 10% glyc-
erol, 2% sodium dodecyl sulfate (SDS), 0.1% bromo-
phenol blue). Cell lysates and virions were resolved by 
SDS–polyacrylamide gel electrophoresis and transferred 
to a nitrocellulose membrane. The primary antibodies 
used were specific to HIV-1 p24Gag [66], Hsp90 (sc7947: 
Santa Cruz Biotechnology), phosphoSTAT1 (612132: BD 
Transduction), IFIT1 (GTX118713-S: Insight Biotechnol-
ogy) or β-actin (ac-15: Sigma). Dylight™ 800-conjugated 
secondary antibodies (5151S and 5257S: Cell Signaling) 
were used to detect the bound primary antibodies with 
the Li-CoR infrared imaging (LI-COR UK LTD).

Quantitative RT‑PCR
Hela cells were washed with 1xPBS and the RNA was 
extracted using the RNeasy kit (Qiagen) following the 
manufacturer’s instructions. 1  μg of RNA was reverse 
transcribed to cDNA using the High Capacity cDNA 
archive kit (Applied Biosystems). RNA from virions 
was isolated using QIAamp viral RNA mini kit follow-
ing the manufacturer’s instructions. Because carrier 
RNA is added to the lysis buffer, the total RNA isolated 
was quantified using a Qubit 3.0 fluorometer (Ther-
moFisher) and normalized so that 20  ng of RNA from 
each sample was reverse transcribed using the High 
Capacity cDNA archive kit (Applied Biosystems). PCR 
reactions were performed in triplicate with Taqman 
Universal PCR mix using the Applied Biosystems 7500 
real-time PCR system. HIV-1NL4-3 gRNA primers were 
GGCCAGGGAATTTTCTTCAGA/TTGTCTCTTCC-
CCAAACCTGA (forward/reverse) and the probe was 
FAM-ACCAGAGCCAACAGCCCCACCAGA-TAMRA. 
HIV-1NL4-3 total RNA primers were TAACTAGG-
GAACCCACTGC/GCTAGAGATTTTCCACACTG 
(forward/reverse) and the probe was FAM-ACACAA-
CAGACGGGCACACACTA-TAMRA. To analyze gRNA 
stability, 1  µg/ml Actinomycin D (Sigma Aldrich) was 
added to HeLa cells ~ 45 h post-transfection. RNA was 
isolated at the designated timepoints and gRNA abun-
dance was measured.

TLR and IFN stimulations, Sendai virus infection
HeLa cells were stimulated with synthetic TLR ligands 
for 5 h at the concentrations indicated. Ligands supplied 
by Invivogen were polyIC: polyIC (tlrl-pic), Gardiquimod 
(tlrl-gdqs), CL075 (tlrl-c75), R848 (tlrl-r848), Pam3CSK4 
(P3C. tlrl-pms), Ultrapure Flagellin (FliC-tlrl-epstfla-5). 
LPS was supplied by Enzo (ALX-581-012-L002). CpG 
DNA was synthesised by IDT and 23S ribosomal RNA 
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by Sigma. Sendai Virus (SeV) was obtained from Charles 
River labs. IFN-β was purchased from Peprotech and was 
added to the culture for 1 h to activate IFN signaling.

Sequence analysis of the HIV‑1NL4‑3 gRNA
The “analyze base composition” tool in MacVector was 
used to calculate the mono- and di-nucleotide frequen-
cies for the HIV-1NL4-3 gRNA (NCBI accession number 
M19921). The dinucleotide frequencies are calculated 
using the following formula: number of dinucleotide 
occurrences/(frequency of base 1 in pair  ×  frequency 
of base 2 in pair) where frequency of base is number of 
occurrences of base/total number of bases in sequence. 
WebLogo [67] was used to generate conserved nucleo-
tides surrounding the CpG dinucleotides.

Results
Synonymous mutations in gag inhibit HIV‑1 replication
To analyze the functional relevance of RNA elements and 
nucleotide bias underlying the MA domain in Gag, we 
introduced 80 synonymous mutations into nt 22-261 of 
HIV-1NL4-3 gag (Fig. 1a). This codon modified (CM) pro-
virus, HIV-1 CM22-261, has 69/80 codons in this region 
altered without affecting the amino acid sequence. The 
mutations were derived from pHDMHgpm2, a codon 
optimized Gag-Pol construct in which many of the 
HIV-1 codons are replaced with codons used in highly 
expressed human mRNAs [59, 68]. In addition, nt 22-165 
or 166-261 in gag were codon modified to produce HIV-1 
CM22-165 and HIV-1 CM166-216, which have 49 and 31 
synonymous mutations, respectively. Virus stocks were 
prepared by transfecting 293T cells with each proviral 
DNA construct and the concentration of viral CA/p24Gag 
for each stock was measured by ELISA. HIV-1 CM22-
261 and HIV-1 CM22-165 had an  ~  65% and  ~  40% 
decrease in p24Gag concentration, respectively (Fig.  1b). 
To analyze the fitness of each virus, the viral inoculum 
was normalized so that Jurkat CD4 T cells were chal-
lenged with 25 ng of p24Gag for each virus (Fig. 1c). The 
amount of infectious virus in the culture supernatant 
was monitored over 2  weeks using TZM-bl indicator 
cells [63–65]. HIV-1 CM22-261 replicated at a very low 
but detectable level and at day 12 had > 99.9% less infec-
tivity than wild type virus. HIV-1 CM22-165 replicated 
slightly better than HIV-1 CM22-261, but was still > 99% 
lower than wild type HIV-1 at day 12. HIV-1 CM166-261 
plateaued at the same level as wild type HIV-1 but with 
a delay of ~ 3 days. Similar results were observed when 
SupT1 CD4 T cells were challenged with the wild type 
and mutated viruses (Additional file 1).

We then used a single cycle infectivity assay to deter-
mine if HeLa cells were non-permissive for HIV-1 CM22-
261, HIV CM22-165 or HIV-1 CM166-261 replication as 

well as to characterize which steps in the viral life cycle 
are inhibited by the synonymous changes in gag. HeLa 
cells were transfected with pHIV-1NL4-3, pHIV-1 CM22-
261, pHIV-1 CM22-165 or pHIV-1 CM166-261 and the 
media and cell lysates were harvested ~ 48 h later. HIV-1 
infectivity in the media was determined using TZM-bl 
cells and the abundance of virions in the media and Gag 
in the cell lysate was analyzed by quantitative immunob-
lotting. Compared with the wild type virus, HIV-1 CM22-
261 infectivity was decreased to the limit of detection of 
the assay (Fig.  2a), indicating that the virus is attenuated 
in HeLa cells. Virion production and intracellular Gag 
expression were decreased  ~  90% (Fig.  2b, c). For HIV-1 
CM22-165, the amount of infectious virus in the media 
was decreased ~ 98% with a < 50% decrease in Gag expres-
sion and viron production. HIV-1 CM166-261 consistently 
yielded similar amounts of infectivity, virions and intracel-
lular Gag expression as wild type HIV-1. Overall, there is 
a substantial reduction in infectivity for HIV-1 CM22-261 
and HIV-1 CM22-165. HIV-1 CM22-261 also has a sub-
stantial defect in Gag expression and virion production.

To determine if the decrease in infectious virus pro-
duction was due to a decrease in gRNA abundance, we 
performed quantitative RT-PCR (qRT-PCR) using a 
primer–probe set in a region of gag that was not mutated 
(Fig.  3a, b). pHIV-1NL4-3, pHIV-1 CM22-261, pHIV-1 
CM22-165 and pHIV-1 CM22166-261 were transfected 
into HeLa cells. RNA was isolated from the cell lysate and 
media ~ 48 h post-transfection. HIV-1 CM22-261 gRNA 
was reduced  >  90% in the cell lysate and media com-
pared with the wild type virus. HIV-1 CM22-165 gRNA 
was decreased ~ 70% in the cell and ~ 65% in the media. 
HIV-1 CM166-261 gRNA abundance was equivalent to 
wild type HIV-1 in the cell lysate and media. We then 
determined the effect of the synonymous mutations on 
infectivity/viral genome by infecting TZM-bl cells with 
an equivalent amount of viral genomes for each virus. 
When the input number of genomes was normalized 
based on the results in Fig. 3b, HIV-1 CM22-261 infectiv-
ity was at the limit of detection of the assay and HIV-1 
CM22-165 infectivity was decreased ~ 98% (Fig. 3c). This 
indicates that the decreased abundance of viral genomes 
in the media is not fully responsible for the loss of infec-
tivity for HIV-1 CM22-261 and HIV-1 CM22-165.

The HIV-1 gRNA can be spliced into over 70 differ-
ent transcripts [4] and the gag-pol intron can be spliced 
out through one 5′ splice site and six 3′ splice sites [2]. 
A potential explanation for the decrease in intracellu-
lar gRNA abundance is that the mutations in gag could 
affect intronic splicing silencer (ISS) sequences. If this 
occurred, gRNA abundance would decrease due to 
oversplicing but the total amount of HIV-1 RNA would 
stay the same. To test this, we determined the total 
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intracellular HIV-1 RNA abundance using a primer–
probe set upstream of the major 5′ splice donor (SD1). 
HIV-1 CM22-261 and HIV-1 CM22-165 had an  ~  80 
and  ~  60% decrease in total HIV-1 RNA abundance 
(Additional file  2). Since  ~  50% of the gRNA remains 
unspliced [2], this is consistent with a specific reduction 
in the gRNA and does not appear to be a consequence of 
oversplicing.

CpG dinucleotides are necessary for the inhibition 
of infectious virus production
The synonymous mutations introduced into gag could 
inhibit HIV-1 replication by inactivating essential cis-
acting RNA elements or introducing inhibitory elements. 
The region mutated in HIV-1 CM22-261 was designed to 
match the codons previously deleted by Reil et al. [60] in 
HIV-1HXBH10∆8-87/∆CT. In this virus, amino acids 8-87 

Fig. 1  Codon modification of nucleotides 22-261 in gag inhibits viral replication. a Schematic representation of p55Gag in HIV-1NL4-3, HIV-1 CM22-
261, HIV-1 CM22-165 and HIV-1 CM166-261. b The amount of HIV-1 CA (p24Gag) in supernatants from 293T cells transfected with pHIV-1NL4-3, pHIV-1 
CM22-261, pHIV-1 CM22-165 or pHIV-1 CM166-261 were quantified by p24Gag ELISA. The bar chart is the average of three independent experiments 
normalized to HIV-1NL4-3. Error bars represent standard deviation. c Jurkat cells were infected with 25 ng of p24Gag for each indicated virus. The 
amount of infectious virus present at each time point was measured in TZM-bl cells. This is representative of three independent experiments
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Fig. 2  Codon modification of nucleotides 22-261 in gag inhibits infectious virus production. HeLa cells were transfected with pHIV-1NL4-3, pHIV-1 
CM22-261, pHIV-1 CM22-165 or pHIV-1 CM166-261. a Culture supernatants were used to infect TZM-bl reporter cells to measure viral infectivity. 
The bar charts show the average values of six independent experiments normalized to the value obtained for HIV-1NL4-3. The average relative light 
units (RLU) for HIV-1NL4-3 is 3,680,747. The dashed line represents 1000 RLU, which is approximately the limit of the assay for reproducible differential 
results. Error bars represent standard deviation. b, c Gag expression in the media (b) and cell lysate (c) was detected using quantitative immunoblot‑
ting. The bar charts show the average of four independent experiments normalized to HIV-1NL4-3. Error bars represent standard deviation

Fig. 3  Codon modification of nucleotides 22-261 in gag decreases gRNA abundance. HeLa cells were transfected with pHIV-1NL4-3, pHIV-1 CM22-
261, pHIV-1 CM22-165 or pHIV-1 CM166-261. The bar charts show the average values of three independent experiments normalized to HIV-1NL4-3. 
Error bars represent standard deviation. a RNA was extracted from cell lysates and gRNA abundance was quantified by qRT-PCR. b RNA was 
extracted from the media and gRNA abundance was quantified by qRT-PCR. c Equivalent amounts of HIV-1 genomes were used to infect TZM-bl 
reporter cells to measure infectivity. The bar charts show the average values of three independent experiments normalized to the value obtained 
for HIV-1NL4-3. The average RLU for HIV-1NL4-3 is 1,146,196. The dashed line represents 1000 RLU, which is approximately the limit of the assay for 
reproducible differential results
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(nt 22-261) in Gag were deleted and a stop codon in Env 
removed the cytoplasmic tail domain. Because deletions 
in the globular core domain of MA prevent incorporation 
of Env with a full cytoplasmic domain [69], the truncated 
Env cytoplasmic tail is necessary for virion infectivity. 
However, pseudotyping with heterologous envelope gly-
coproteins, such as that from vesicular stomatitis virus 
(VSV-G), allow viral entry into a target cell. HIV-1HXBH10 
∆8-87/∆CT replicates as well as HIV-1HXBH10 ∆CT in the 
MT4 cell line [60], indicating that neither the protein or 
RNA sequences in this region are necessary for viral rep-
lication in these cells.

To determine whether the synonymous mutations 
inserted into nt 22-261 of gag removed essential cis-
acting elements or inserted deleterious sequences, we 
generated a HIV-1NL4-3 ∆22-261 provirus construct 
(Fig.  4a) and compared it with HIV-1 CM22-261 in the 
absence or presence of VSV-G. In the absence of VSV-
G, HIV-1 ∆22-261 produced very low levels of infec-
tious virus (Fig. 4b), which was expected due to the role 
of MA in recruiting Env with a full-length cytoplasmic 
tail. Gag expression and virion production were similar 
for wild type HIV-1 and HIV-1 ∆22-261 (Fig.  4c), indi-
cating that RNA or protein sequences in this region are 
not necessary for these steps of the viral life cycle. When 
the viruses were pseudotyped with VSV-G, HIV-1 ∆22-
261 infectivity was similar to wild type virus, confirming 
that the only functional defect for this virus in HeLa cells 
is Env incorporation. In contrast, HIV-1 CM22-261 was 
not rescued by VSV-G pseudotyping and had a > 99.9% 
reduction in infectivity (Fig. 4d).

Reil et  al. [60] also deleted amino acids 8-126 (nt 
22-378) in MA and found that HIV-1HXBH10 ∆8-126/∆CT 
replicated with moderately delayed kinetics compared 
to HIV-1HXBH10 ∆CT in MT4 cells. We produced HIV-
1NL4-3 provirus constructs in which this region was either 
deleted (HIV-1 ∆22-378) or codon modified (HIV-1 
CM22-378). VSV-G pseudotyped HIV-1 ∆22-378 had a 
small decrease in infectious virus production compared 
to wild type HIV-1 (Fig. 4d), which correlated with virion 
production (Fig.  4e). However, VSV-G pseudotyped 
HIV-1 CM22-378 had a  >  99.9% decrease in infectious 
virus production with Gag expression and virion produc-
tion near the limit of detection (Fig. 4d, e). Therefore, we 
concluded that codon modification of nt 22-261 or nt 
22-378 of gag introduced inhibitory sequences into the 
HIV-1 genome that reduce Gag expression, virion pro-
duction and infectivity.

To determine whether the synonymous mutations 
in gag altered the stability of the viral RNA, HeLa cells 
were transfected with pHIV-1NL4-3, pHIV-1 CM22-261 or 
pHIV-1 CM22-378 and,  ~  45  h post-transfection, RNA 
polymerase II-dependent transcription was inhibited 

by adding actinomycin D. RNA was isolated from the 
cells immediately before actinomycin D addition (0  h) 
and then 1, 2, 4 and 6 h thereafter. gRNA abundance at 
the 0 h timepoint was substantially decreased for HIV-1 
CM22-261 and HIV-1 CM22-378 (Fig.  5a) and corre-
lated with the length of codon modified sequence. Since 
MYC mRNA has a half-life of < 1 h [70], we used it as a 
control for RNA stability and analyzed its abundance at 
each timepoint. As expected, MYC mRNA was rapidly 
degraded (Fig. 5b). The gRNA abundance for HIV-1NL4-3, 
HIV-1 CM22-261 and HIV-1 CM22-378 decreased 
by  ~  20,  ~  35 and  ~  70%, respectively, at the 6  h time-
point relative to its abundance at 0 h (Fig. 5c). This indi-
cates that HIV-1 CM22-261 and HIV-1 CM22-378 gRNA 
is less stable than HIV-1NL4-3 gRNA. Comparing HIV-1 
CM22-378 gRNA abundance to that of HIV-1NL4-3 at the 
6 h timepoint, HIV-1 CM22-378 gRNA was ~ 60% lower 
than wild type virus gRNA. If the degradation rate is con-
stant, a 50% decrease every 6 h in gRNA abundance for 
HIV-1 CM22-378 relative to HIV-1NL4-3 would be com-
pounded to yield a 98.4% decrease after 36 h. This is con-
sistent with the ~ 98% decrease in steady state gRNA for 
HIV-1 CM22-378 that we observed ~ 45 h post-transfec-
tion (Fig. 5a). Overall, the synonymous mutations intro-
duced into gag appear to decrease the stability of the 
gRNA.

Two types of RNA dinucleotide patterns have previ-
ously been implicated in restricting RNA virus replica-
tion, UpA and CpG [71–74]. The observed/expected 
ratio for UpA in the HIV-1NL4-3 gRNA is 0.92 (Table  1) 
and the total number of UpA dinucleotides in nt 22-261 
and 22-378 decreased substantially in the codon modi-
fied sequence compared with the wild type sequence 
(Table  2). This indicates that UpA dinucleotide con-
tent is not causing the inhibitory phenotype. The CpG 
dinucleotide observed/expected ratio is 0.21 in HIV-
1NL4-3 and it is the only dinucleotide substantially sup-
pressed (Table  1). Within nt 22-261 of gag, wild type 
HIV-1 has 4 CpG dinucleotides and the codon modified 
sequence has 22 (Table  2). Similarly, codon modifica-
tion of nt 22-378 increased the number of CpGs from 4 
to 30. Because CpG dinucleotides are underrepresented 
in HIV-1 (Table 1) [40, 44, 55–57] and previous reports 
have shown that increasing the CpG dinucleotide abun-
dance inhibits picornavirus and influenza virus replica-
tion [71–74], we hypothesized that the increased number 
of CpG dinucleotides in HIV-1 CM22-261 and HIV-1 
CM22-378 could cause the decrease in HIV-1 infectious 
virion production.

To test this hypothesis, we synthesized a HIV-1 gag 
sequence containing all of the synonymous muta-
tions present in pHIV CM22-261 with the exception of 
the codon changes that introduced CpG dinucleotides 
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Fig. 4  Codon modification but not deletion of nucleotides 22-261 or 22-378 in gag inhibits infectious virus production. a Schematic representation 
of p55Gag in HIV-1NL4-3, HIV-1 CM22-261, HIV-1 Δ22-261, HIV-1 CM22-378 or HIV-1 Δ22-378. b, d HeLa cells were transfected with pHIV-1NL4-3, pHIV-1 
CM22-261, pHIV-1 Δ22-261, pHIV-1 CM22-378 or pHIV-1 Δ22-378 and pGFP (b) or pVSV-G (d). The amount of infectious virus in the culture super‑
natants was measured in TZM-bl cells. The average RLU for HIV-1NL4-3 + GFP and HIV-1NL4-3 + VSV-G is 13,701,427 and 16,981,387, respectively. The 
dashed line represents 1000 RLU, which is approximately the limit of the assay for reproducible differential results. c, e Gag expression in the media 
and cell lysate were measured by quantitative western blotting. b–e The bar charts show the average of three independent experiments relative to 
HIV-1NL4-3. Error bars represent standard deviation
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(Fig. 6) and inserted it into pHIVNL4-3 to produce pHIV-1 
CM22-261lowCpG. Within nt 22-261 of gag, HIV-1 CM22-
261lowCpG has the same four CpG dinucleotides as wild 
type HIV-1 and 59 mutations, compared with HIV-1 
CM 22-261 that has 22 CpG dinucleotides and 80 muta-
tions (Fig.  6, Table  2). pHIV-1NL4-3, pHIV-1 CM22-261 
and pHIV-1 CM22-261lowCpG were transfected into HeLa 
cells and single round infectivity assays were performed. 
In contrast to HIV-1 CM22-261, HIV-1 CM22-261lowCpG 
infectivity, Gag expression and virion production was 
similar to HIV-1NL4-3 (Fig. 7a, b). We also cloned pHIV-1 
CM22-378lowCpG, which has four CpG dinucleotides and 
79 mutations compared with the 30 CpG dinucleotides 
and 109 mutations in HIV-1 CM22-378 (Fig. 6, Table 2). 
In a single round infectivity assay, HIV-1 CM22-378lowCpG 

also had similar levels of infectivity, intracellular Gag 
expression and virion production as HIV-1NL4-3 (Fig. 7c, 
d). While codon modification of nt 22-261 and 22-378 in 
gag substantially decreased the A-rich nucleotide bias of 
these regions, eliminating only the CpG dinucleotides in 
the codon modified sequence did not restore the A-rich 
bias for HIV-1 CM 22-261lowCpG and HIV-1 CM22-
378lowCpG (Table 2). This supports the hypothesis that the 
decrease in infectivity for HIV-1 CM22-261 and HIV-1 
CM22-378 is due to the introduced CpG dinucleotides 
and not changes in the A-rich nucleotide bias. In sum, 
changing the codons that introduced CpG dinucleotides 
in nt 22-261 or nt 22-378 back to the wild type HIV-1 
codons while maintaining all of the other mutations in 
these regions restored infectious virus production.

Toll-like receptor 9 (TLR9) recognizes unmethylated 
CpG DNA motifs in endolysosomes within plasmacy-
toid dendritic cells, macrophages, and B cells [75]. Upon 
ligand binding, TLR9 signaling stimulates interferon 
alpha (IFN-α) production, which binds the interferon 
alpha and beta receptor (IFNAR) and induces interferon 
stimulated gene (ISG) expression via the JAK-STAT 
signaling pathway. To determine whether HeLa cells are 
responsive to CpG DNA or other TLR ligands, we tested 
a panel of ligands for TLR2, TLR3, TLR4, TLR5, TLR7, 
TLR8, TLR9 and TLR13 (Additional file  3). As positive 
controls, HeLa cells were infected with Sendai virus, 
which activates the cytoplasmic RNA sensors RIG-I and 
MDA5 (RIG-I-like receptors, RLR), or were treated with 
interferon beta (IFN-β), which also binds IFNAR. Both 
Sendai virus and IFN-β stimulated STAT1 phosphoryla-
tion and IFIT1 expression, which is an ISG. CpG DNA 
did not stimulate STAT1 phosphorylation or IFIT1 
expression. The only TLR ligand that stimulated the 
cells was poly(I:C), which is structurally similar to dou-
ble stranded RNA and can also signal via RLRs. There-
fore, it is unlikely that the additional CpG dinucleotides 
in HIV-1 CM22-261 and HIV-1 CM22-378 inhibit viral 
replication via TLR9 or other TLRs in HeLa cells.

Increased abundance of CpG dinucleotides is sufficient 
for inhibition of viral replication
To determine if increasing the abundance of CpG dinu-
cleotides is sufficient to inhibit HIV-1 replication, we 
synthesized gag sequences in which only the codons 
that introduced CpG dinucleotides in the codon modi-
fied sequence were changed (Fig. 6). These were inserted 
into pHIVNL4-3 to produce pHIV-1 CpG22-165, pHIV-1 
CpG22-261 and pHIV-1 CpG22-378. We then used a 
spreading infection assay in Jurkat cells to analyze the 
effect of the increased CpG abundance. 293T cells were 
transfected with each proviral construct to produce 
stocks of each virus and the abundance of p24Gag was 

Fig. 5  Codon modification of nucleotides 22-261 and 22-378 in gag 
decreases gRNA abundance and stability. HeLa cells were transfected 
with pHIV-1NL4-3, pHIV-1 CM22-261 or pHIV-1 CM22-378. a RNA was 
extracted from cell lysates at the 0 h timepoint and gRNA abundance 
was quantified by qRT-PCR. The bar charts show the average values 
of three independent experiments normalized to HIV-1NL4-3. Error 
bars represent standard deviation. b, c Actinomycin D was added 
to inhibit RNA polymerase II transcription and the abundance of 
MYC mRNA (b) or gRNA (c) was measured at 0, 1, 2, 4 and 6 h post-
addition. Each value is relative to the 0 h timepoint and is an average 
of three independent experiments. Error bars represent standard 
deviation
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measured for each by ELISA. HIV-1 CpG22-165 and 
HIV-1 CpG22-261 produced similar amounts of virus 
to HIV-1NL4-3 while HIV-1 CpG22-378 virus production 
was decreased by ~ 70% (Fig. 8a). The viral inoculum was 
normalized so that Jurkat cells were infected with 25 ng 
of p24Gag for each virus and replication was monitored 

over ~ 2 weeks. There are an additional 11 CpG dinucleo-
tides in HIV-1 CpG22-165 and its replication was sub-
stantially reduced, with  >  90% less infectivity at Day 13 
compared to HIV-1NL4-3 (Fig. 8b). HIV-1 CpG22-261 has 
an additional 18 CpG dinucleotides and HIV-1 CpG22-
378 has an additional 26 CpG dinucleotides. Neither 

Table 1  HIV-1NL4-3 genomic RNA mononucleotide and dinucleotide frequencies

Base # Freq. % Obs./Exp.

Mononucleotide frequencies

 A 3281 0.358 35.8 1.43

 C 1635 0.178 17.8 0.71

 G 2216 0.242 24.2 0.97

 T 2041 0.223 22.3 0.89

 G + C 3851 0.420 42.0 0.84

 A + T 5322 0.580 58.0 1.16

Total positions = 9173

Base # Freq. % Obs./Exp.

Dinucleotide frequencies

 AA 1093 0.119 11.9 0.93

 AC 522 0.057 5.7 0.89

 AG 962 0.105 10.5 1.21

 AT 703 0.077 7.7 0.96

 CA 758 0.083 8.3 1.30

 CC 371 0.040 4.0 1.27

 CG 82 0.009 0.9 0.21

 CT 424 0.046 4.6 1.17

 GA 762 0.083 8.3 0.96

 GC 424 0.046 4.6 1.07

 GG 625 0.068 6.8 1.17

 GT 405 0.044 4.4 0.82

 TA 668 0.073 7.3 0.92

 TC 318 0.035 3.5 0.87

 TG 546 0.060 6.0 1.11

 TT 509 0.055 5.5 1.12

Total positions = 9172

Table 2  Changes in  nucleotide composition and  total number of  mutations for  codon modification of  regions 22-261 
and 22-378 in gag

Construct % A % C % G % T Total UpA Total CpG Total number mutations relative to wild type

WT 22-261 38 17 23 22 23 4

CM 22-261 18 36 32 15 3 22 80

CM 22-261lowCpG 24 27 34 15 5 4 59

CpG 22-261 32 25 22 21 19 22 21

WT 22-378 42 17 24 18 29 4

CM 22-378 22 35 32 12 3 30 109

CM 22-378lowCpG 28 26 33 13 7 4 79

CpG 22-378 36 25 22 17 23 30 30
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of these viruses replicated in the Jurkat cells (Fig.  8b). 
Therefore, introducing CpG dinucleotides into HIV-1 gag 
is sufficient to strongly attenuate viral replication in Jur-
kat cells.

To analyze the steps of the HIV-1 life cycle that were 
inhibited by the CpG dinucleotides, HeLa cells were 
transfected with pHIVNL4-3, pHIV-1 CpG22-165, pHIV-1 
CpG22-261 or pHIV-1 CpG22-378.  ~  48  h later, the 
media and cell lysates were harvested for infectivity, pro-
tein or RNA analysis. In this single cycle assay, HIV-1 
CpG22-378 infectivity was decreased  ~  99% (Fig.  9a). 
While there was no change in Gag expression or virion 
production (Fig.  9b), HIV-1 CpG22-378 gRNA was 

decreased ~ 40% in the cell lysate and ~ 80% in the media 
(Fig. 9c, d). HIV-1 CpG22-261 had a ~ 75% decrease in 
infectivity with no difference in Gag expression, virion 
production or gRNA abundance (Fig.  9a–d). There was 
no decrease in infectious virus production for HIV-1 
CpG 22-165. Overall, introducing 26 CpG dinucleo-
tides into HIVNL4-3 decreased infectious virus produc-
tion by ~ 99%, though this is a smaller attenuation than 
viruses containing CpG dinucleotides in the context of 
the codon modified sequence (Figs. 2, 4, 7).

One potential explanation for why HIV-1 containing 
CpG dinucleotides in a codon modified context produce 
less infectious virus in HeLa cells than HIV-1 in which 

Fig. 6  Schematic representation of nucleotides 1-420 in gag for HIV-1NL4-3, HIV-1 CM22-261, HIV-1 CM22-165, HIV-1 CM166-261, HIV-1CM22-261low‑

CpG, HIV-1 CM22-378 and HIV-1 CM22-378lowCpG. Mutations that are the result of codon modification and do not introduce CpG dinucleotides are 
highlighted in turquoise. CpG dinucleotides present in HIV-1NL4-3 are highlighted in yellow and CpG dinucleotides introduced by codon modification 
are highlighted in red
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only CpG dinucleotides have been added is that a nucleic 
acid binding protein could bind the CpG dinucleotide to 
mediate antiviral activity. If a protein does directly bind 
the CpG dinucleotide, its binding site may encompass 
more than just the CpG and the surrounding nucleotides 
may affect binding. Therefore, the five nucleotides 5′ and 
3′ of the introduced CpG in HIV-1 CM22-378 and HIV-1 

CpG22-378 were used to generate a 12 nt sequence. 
These were aligned and conserved nucleotides were iden-
tified using WebLogo [67]. Interestingly, the nucleotides 
surrounding the CpG in the codon modified sequence 
are more G/C-rich than in the wild type HIV-1 sequence 
(Additional file 4A and B).

Fig. 7  Decreasing the CpG abundance within HIV-1 CM22-261 and HIV-1 CM22-378 restores infectious virus production. HeLa cells were trans‑
fected with pHIV-1NL4-3, pHIV-1 CM22-261, pHIV-1 CM22-261lowCpG, pHIV-1 CM22-378 and pHIV-1 CM22-378lowCpG. The bar charts show the average 
of three independent experiments relative to HIV-1NL4-3. Error bars represent standard deviation. a, c The amount of infectious virus present in the 
media was measured in TZM-bl cells. b, d Virion production and intracellular Gag expression was measured using quantitative western blotting
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Discussion
Herein, we show that introducing CpG dinucleotides into 
the HIV-1 genome inhibits viral replication. When only 
11 CpG dinucleotides are inserted into gag in the con-
text of the codon modified sequence (HIV-1 CM22-165), 
there is a large decrease in infectivity without a substan-
tial loss of gRNA abundance, Gag expression or virion 
production (Figs.  2, 3). When 18 or 26 CpG dinucleo-
tides are added (HIV-1 CM22-261 and HIV-1 CM22-378, 
respectively), the intracellular gRNA stability and abun-
dance is decreased which leads to reduced Gag expres-
sion and virion production (Figs. 2, 3, 4, 5). In addition, 
there is a defect in the pre-integration steps of the viral 
life cycle that is apparent when equivalent numbers of 
genomes are used to infect target cells (Fig.  3c). Thus, 
manipulating the CpG abundance in gag can impart both 
producer and target cell defects in replication. Determin-
ing whether these deficiencies are underpinned by a com-
mon mechanism such as shared host factors, or whether 
they are distinct from each other, will be an important 
direction of our future work.

Remarkably, none of the proposed cis-acting elements 
in nt 22-378 of gag appear to be necessary for infectious 

virus production in HeLa cells. We demonstrated this 
by comparing viruses that have nt 22-261 or nt 22-378 
codon modified or deleted (Fig.  4). While codon modi-
fication of these regions inhibited HIV-1 infectivity, 
deletion of the same region did not substantially impair 
infectivity in a single round assay. Furthermore, removing 
the introduced CpG dinucleotides in HIV-1 CM22-261 
and HIV-1 CM22-378 while maintaining either 59 or 79 
other nucleotide changes, respectively, almost completely 
restored HIV-1 infectious virus production (Fig. 7). This 
supports the observation by Reil et al. [60] that the glob-
ular head of MA can be deleted in the context of Env 
with a truncated cytoplasmic domain without substan-
tially impairing viral replication in the MT4 T cell line or 
virion production in HeLa cells.

One of the cis-acting elements proposed to be in the 
gag region that we have mutated is the gRNA packag-
ing signal. While a relatively short sequence sufficient 
for packaging heterologous transcripts into virions has 
been identified for rous sarcoma virus and murine leuke-
mia virus, delineation of the HIV-1 RNA sequence that is 
sufficient for packaging has been more controversial [7, 
8]. The core packaging signal for HIV-1 is in the 5′ UTR; 
however, approximately 300 nt of the 5′ end of gag has 
been proposed to improve viral titre [7, 8]. We did not 
codon modify the first 21 nt of gag because this region 
is under purifying selection [11, 12] and NMR structures 
have shown that it base pairs with the U5 region of the 5′ 
UTR to form the dimer promoting conformation of the 
gRNA that is packaged into virions [10, 76]. However, the 
relative importance of the sequence in gag beyond the 
first 21 nt for packaging the full-length HIV-1 gRNA, as 
opposed to heterologous transcripts, is unclear. Mapping 
Gag binding sites on the gRNA in living cells showed that 
the RNA elements most frequently crosslinked to Gag 
were in the 5′ UTR and the RRE [77]. In the context of 
the full-length virus, our data indicates that nt 22-378 in 
gag appear to have only a small effect on viral infectiv-
ity when this region is deleted or mutated without add-
ing CpG dinucleotides (Figs.  4, 7). The requirement for 
this region for gRNA packaging may be different in the 
context of lentiviral vector genomes, which contain only 
a small portion of the HIV-1 gRNA [78].

In principle, codon usage changes in gag could affect 
gRNA translation [79]. However, the translation effi-
ciency of a codon optimized gag mRNA is only  ~  1.6-
fold higher than wild type gag mRNA that contains 
theoretically suboptimal codon usage [80]. Our data 
indicate that gRNA translation efficiency is not substan-
tially affected by the changes in codon usage for HIV-1 
CM22-261 since Gag expression (Fig. 2c) and intracellu-
lar gRNA abundance (Figs.  3c, 5a) were both decreased 
by ~ 90%. Changing the RNA sequence could also affect 

Fig. 8  Introduction of CpG dinucleotides into gag inhibits HIV-1 
replication in Jurkat cells. a The amount of HIV-1 CA (p24Gag) in 
supernatants from 293T cells transfected with pHIV-1NL4-3, pHIV-1 
CpG22-165, pHIV-1 CpG22-261 or pHIV-1 CpG22-378 were quantified 
by p24Gag ELISA. The bar chart is the average of three independent 
experiments normalized to HIV-1NL4-3. Error bars represent standard 
deviation. b Jurkat cells were infected with 25 ng of p24Gag for each 
indicated virus. The amount of infectious virus present at each time 
point was measured in TZM-bl cells. This is representative of three 
independent experiments
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the secondary or tertiary structure of the gRNA. While 
the amount of RNA structure in the MA region of gag 
is much lower than that of the 5′ UTR [32], we cannot 
exclude that the synonymous mutations in gag have not 
altered nearby structures. The known structures in the 
nucleotides that we have mutated are the IRES [29, 53, 
81, 82] and the region that base pairs with the 3′ end of 
the genome [33, 35]. In the context of single cycle infec-
tivity assays in HeLa cells (Fig. 4) and replication in MT4 
cells [60], neither the IRES nor circularization of the 
HIV-1 gRNA appear to be necessary because the region 

containing these elements can be deleted. However, it is 
possible that the phenotype for mutating an RNA struc-
ture may not be the same as deleting it [83] and these 
structures could be necessary under conditions not 
tested in this study, such as cellular stress or the innate 
immune response [6].

Two previous reports have shown that introduc-
ing synonymous mutations into gag or pol attenuates 
HIV-1 replication [54, 84]. Martrus et al. [84] introduced 
codon pairs into gag or pol that are underrepresented 
relative to human mRNAs, which strongly inhibited viral 

Fig. 9  Introduction of CpG dinucleotides into gag inhibits infectious virus production in HeLa cells. HeLa cells were transfected with pHIV-1NL4-3, 
pHIV-1 CpG22-165, pHIV-1 CpG22-261 or pHIV-1 CpG22-378. a Culture supernatants were used to infect TZM-bl reporter cells to measure viral infec‑
tivity. The bar charts show the average values of four independent experiments normalized to the value obtained for HIV-1NL4-3. b Gag expression 
in the media and cell lysate was determined by quantitative immunoblotting. The bar charts show the average of three independent experiments 
normalized to HIV-1NL4-3. Error bars represent standard deviation. RNA was extracted from cell lysates and media (c, d) and gRNA abundance was 
quantified by qRT-PCR. b–d The bar charts show the average of three independent experiments normalized to HIV-1NL4-3. Error bars represent stand‑
ard deviation
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replication. However, codon pair bias in RNA viruses has 
recently been shown to be due CpG and UpA dinucleo-
tide suppression and codon pair deoptimization increases 
CpG abundance [74, 85]. While not discussed in their 
study, the synonymous mutations that Martrus et  al. 
introduced increased the number of CpG dinucleotides 
in gag from 15 to 118. Therefore, we hypothesize that the 
decrease in viral replication observed in this study is at 
least partially a result of increasing the CpG frequency 
instead of codon pair deoptimization. To analyze the 
role of the A-rich RNA sequence for HIV-1 replication, 
Keating et al. [54] codon modified regions within gag and 
pol by increasing the number of C- and G-rich codons, 
which also inhibited HIV-1 replication. phGag-Pol [86] 
was used as the source of codon modified sequence and 
this has a large increase in CpG dinucleotide abundance 
compared with the wild type sequence. These addi-
tional CpG dinucleotides could be responsible for viral 
attenuation instead of altering the A-rich codon bias. 
Supporting this hypothesis, Klaver et  al. [87] used phy-
logeny-instructed mutagenesis to increase or decrease 
the A-rich codon bias in an ~ 500 nt region of pol. In this 
study, the CpG dinucleotide abundance was decreased 
by one in the A-Max mutant virus and only increased by 
four in the A-Min mutant virus. Substantially increasing 
or decreasing the number of A nucleotides did not affect 
HIV-1 replication, demonstrating that it is important to 
avoid introducing suppressed dinucleotides such as CpG 
in mutagenesis studies analyzing the functional relevance 
of nucleotide or codon bias.

While CpG dinucleotides appear to be under negative 
selection in HIV-1 [36, 40, 44, 55–57], the specific selec-
tion pressure has been unclear. There are at least four 
potential causes for the suppressed abundance of CpG 
dinucleotides in HIV-1. First, this could be due to a muta-
tional bias caused by cytosines in a CpG context in the 
proviral DNA becoming methylated and then undergo-
ing rapid spontaneous deamination. However, we have 
shown that increasing the abundance of CpG dinucleo-
tides inhibits viral replication, even in a single round 
assay (Figs. 1, 2, 8, 9). Second, CpG methylation-induced 
transcriptional silencing could inhibit HIV-1 gene 
expression [36, 40, 44, 55–57, 88]. However, this cannot 
cause the inhibition in the single cycle infectivity assays 
because the transfected proviral plasmids were amplified 
in bacteria, which does not methylate CpG dinucleotides. 
Importantly, when an unmethylated plasmid is trans-
fected into mammalian cells, the CpG dinucleotides are 
not methylated [89–91]. Third, unmethylated CpGs in the 
DNA could be recognized by TLR9 [88, 92]. This pattern 
recognition receptor is expressed in plasmacytoid den-
dritic cells, macrophages, and B cells [75] and therefore 
is unlikely to be expressed in HeLa cells. We confirmed 

that HeLa cells do not induce STAT1 phosphorylation 
or IFIT1 expression in response to CpG DNA (Addi-
tional file 3). In addition, IFN-α does not inhibit wild type 
HIV-1 infectious virus production in HeLa cells at most 
concentrations (10–1000  U/ml) and only has moderate 
inhibition at very high concentrations (10,000 U/ml) [93]. 
Therefore, the inhibition that we observe in response to 
introducing CpG dinucleotides into HIV-1 is unlikely to 
be due to the production of type I interferon.

The fourth possibility is that CpG dinucleotides in 
the viral RNA could induce an antiviral response that 
restricts HIV-1 replication. The frequency of CpG 
dinucleotides is suppressed in many RNA viruses that 
do not have a DNA intermediate [57, 92, 94–96], indi-
cating that CpG DNA methylation or activation of 
TLR9 cannot be responsible for CpG suppression in 
all viruses. Introduction of CpG dinucleotides into 
picornaviruses or influenza A virus inhibits viral rep-
lication [71–74]. It is unclear how CpG dinucleotides 
restrict RNA virus replication but, for the picornavi-
rus echovirus 7, it is not due to stimulating the inter-
feron pathway, PKR, conventional pattern recognition 
receptors or altering the translation efficiency of viral 
proteins [71, 74]. It has been hypothesized that there is 
an innate immune sensor that detects CpG dinucleo-
tides in viral RNA and leads to the inhibition of viral 
replication, though the molecular details are unknown 
[71, 73, 74, 85, 92, 97–99]. We favor the hypothesis 
that the proposed active restriction pathway targeting 
CpG dinucleotides in RNA viruses inhibits HIV-1 with 
an increased CpG abundance. When 26 CpG dinu-
cleotides were added within nt 22-378 of gag (HIV-1 
CpG22-378), which is  <  5% of the HIV-1 gRNA, viral 
replication was inhibited in Jurkat cells (Fig.  8) and 
infectivity was decreased by  ~  99% in a single round 
assay (Fig. 9). This indicates that the CpG dinucleotides 
induce a potent restriction.

While this manuscript was under review, Takata et al. 
[100] reported that introducing CpG dinucleotides 
into env inhibited HIV-1 replication by decreasing the 
abundance of cytoplasmic gRNA, Gag expression, Env 
expression and infectious virus production. They also 
demonstrated that depleting the cellular RNA binding 
protein ZAP rescues replication of HIV-1 with increased 
CpG abundance and ZAP directly binds HIV-1 RNA 
regions containing CpG dinucleotides. This indicates that 
ZAP restricts replication of HIV-1 containing increased 
CpG abundance, though it is unclear how ZAP promotes 
viral RNA degradation. Interestingly, we and others have 
shown that Gag is efficiently expressed from mammalian 
expression vectors that encode codon-optimized gag or 
gag-pol cDNAs containing large numbers of CpG dinu-
cleotides [61, 68, 86, 101, 102]. Therefore, it appears that 
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CpG dinucleotides in the context of full length HIV-1 is 
more deleterious for protein expression than CpGs in the 
context of mammalian expression vectors. How the spe-
cific context of CpG dinucleotides affects ZAP binding to 
RNA or modulates its activity will be an exciting area of 
future research.

Conclusions
The HIV-1 RNA sequence contains specific nucleotide 
features such as a low abundance of CpG dinucleotides. 
Our data shows that introducing CpG dinucleotides into 
HIV-1 inhibits viral replication by affecting multiple 
steps of the life cycle. This provides a functional explana-
tion for why CpG dinucleotides are suppressed in HIV-1 
and we speculate this dinucleotide is under negative 
selection to avoid an active restriction system that may 
require ZAP. Understanding how this restriction system 
inhibits replication of HIV-1 with increased CpG abun-
dance may provide insight into how other RNA viruses, 
such as picornaviruses and influenza A virus, are attenu-
ated when CpG dinucleotides are introduced.

Authors’ contributions
IAA designed and performed all of the HIV-1 experiments under the supervi‑
sion of CMS. IAA also prepared the figures. CM aided in experimental design, 
cloning and training. LAG performed preliminary experiments analyzing 
codon modification on HIV-1 gene expression. CO analyzed the effect of TLR 
ligands on HeLa cells. The manuscript was written by CMS with all authors 
contributing to the text. All authors read and approved the final manuscript.

Additional files

Additional file 1. Codon modification of nucleotides 22-261 in gag 
inhibits viral replication in SupT1 cells. SupT1 cells were infected with 10 
ng of p24Gag for each indicated virus. The amount of infectious virus pre‑
sent at each time point was measured in TZM-bl cells. This is representa‑
tive of three independent experiments.

Additional file 2. Codon modification of nucleotides 22-261 in gag 
decreases total HIV-1 RNA abundance. The RNA that was extracted from 
cell lysates as described for Fig. 3a was quantified for total HIV-1 RNA by 
qRT-PCR.

Additional file 3. CpG DNA does not stimulate STAT1 phosphorylation or 
ISG expression. HeLa cells were stimulated with TLR ligands for 5 h. TLR3 
was targeted with 0.1, 1, 10 μg/ml polyIC, TLR7 with 0.3, 3, 30 nM Gardiqui‑
mod (Gard), TLR8/7 with 0.3, 3, 30 nM CL075, TLR7/8 with 0.01, 0.1, 1 μg/
ml R848, TLR9 with 0.01, 0.1, 1 μg/ml CpG DNA, TLR13 with 0.01, 0.1, 1 μg/
ml 23S ribosomal RNA (rRNA). TLR 4, 2 and 5 were targeted with 0.1 μg/ml 
LPS, Pam3Cys (P3C) or Flagellin (FliC), respectively. As controls for pattern 
recognition receptor signaling and JAK-STAT signaling, cells were infected 
with 50 HAU/ml Sendai virus (SeV) for 5 h or stimulated with 0.01 μg/
ml IFN-β for 1 h, respectively. Activation of IFN signaling was monitored 
by western immunoblotting against phosphorylated STAT1 (pSTAT1) or 
expression of the ISG IFIT1. Actin was used as a loading control. (* Denotes 
the molecular weight marker).

Additional file 4. The CpG dinucleotide in the codon modified sequence 
is in a G/C-rich context. The sequence of the five nucleotides 5′ and 3′ 
to the CpG dinucleotides introduced into HIV-1 CM22-387 and HIV-1 
CpG22-387 were aligned and a graphical representation of the sequence 
conservation was generated by WebLogo.

Acknowledgements
The following reagents were obtained through the NIH AIDS Research and 
Reference Reagent Program, Division of AIDS, NIAID, NIH: TZM-bl from Dr. 
John C. Kappes, Dr. Xiaoyun Wu and Tranzyme Inc; HIV-1 p24 Hybridoma 
(183-H12-5C) from Dr. Bruce Chesebro. We thank Jonathan Sumner in Dr. 
Stuart Neil’s lab for assistance in setting up the spreading infection assay and 
Professor Michael Malim for helpful discussions. We also thank Professor Juan 
Martin Serrano, Professor Michael Malim and Dr. Hendrik Huthoff for critically 
reading the manuscript.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding
CMS was funded by Medical Research Council Grants MR/K000381/1 and MR/
M019756/1. IAA and LAG were supported by the King’s Bioscience Institute 
and the Guy’s and St Thomas’ Charity Prize Ph.D. Programme in Biomedical 
and Translational Science. CO was supported by a King’s College London Prize 
Fellowship and a Sir Henry Dale Fellowship from the Royal Society and the 
Wellcome Trust (206200/Z/17/Z). This work was also supported by the Depart‑
ment of Health via a National Institute for Health Research Comprehensive 
Biomedical Research Centre award to Guy’s and St. Thomas’ NHS Foundation 
Trust in partnership with King’s College London and King’s College Hospital 
NHS Foundation Trust.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Received: 12 September 2017   Accepted: 1 November 2017

References
	 1.	 Leblanc J, Weil J, Beemon K. Posttranscriptional regulation of retroviral 

gene expression: primary RNA transcripts play three roles as pre-mRNA, 
mRNA, and genomic RNA. Wiley Interdiscip Rev RNA. 2013;4:567–80.

	 2.	 Stoltzfus CM. Chapter 1. Regulation of HIV-1 alternative RNA splicing 
and its role in virus replication. Adv Virus Res. 2009;74:1–40.

	 3.	 Tazi J, Bakkour N, Marchand V, Ayadi L, Aboufirassi A, Branlant C. Alterna‑
tive splicing: regulation of HIV-1 multiplication as a target for therapeu‑
tic action. FEBS J. 2010;277:867–76.

	 4.	 Sherrill-Mix S, Ocwieja KE, Bushman FD. Gene activity in primary T 
cells infected with HIV89.6: intron retention and induction of genomic 
repeats. Retrovirology. 2015;12:79.

	 5.	 Rojas-Araya B, Ohlmann T, Soto-Rifo R. Translational control of the HIV 
unspliced genomic RNA. Viruses. 2015;7:4326–51.

	 6.	 Hidalgo L, Swanson CM. Regulation of human immunodeficiency virus 
type 1 (HIV-1) mRNA translation. Biochem Soc Trans. 2017;45:353–64.

	 7.	 Kuzembayeva M, Dilley K, Sardo L, Hu WS. Life of psi: how full-length 
HIV-1 RNAs become packaged genomes in the viral particles. Virology. 
2014;454–455:362–70.

	 8.	 Lu K, Heng X, Summers MF. Structural determinants and mechanism of 
HIV-1 genome packaging. J Mol Biol. 2011;410:609–33.

	 9.	 Adachi A, Gendelman HE, Koenig S, Folks T, Willey R, Rabson A, et al. 
Production of acquired immunodeficiency syndrome-associated 
retrovirus in human and nonhuman cells transfected with an infectious 
molecular clone. J Virol. 1986;59:284–91.

https://doi.org/10.1186/s12977-017-0374-1
https://doi.org/10.1186/s12977-017-0374-1
https://doi.org/10.1186/s12977-017-0374-1
https://doi.org/10.1186/s12977-017-0374-1


Page 17 of 18Antzin‑Anduetza et al. Retrovirology  (2017) 14:49 

	 10.	 Keane SC, Summers MF. NMR studies of the structure and function of 
the HIV-1 5′-leader. Viruses. 2016;8:338.

	 11.	 Mayrose I, Stern A, Burdelova EO, Sabo Y, Laham-Karam N, Zamostiano 
R, et al. Synonymous site conservation in the HIV-1 genome. BMC Evol 
Biol. 2013;13:164.

	 12.	 Ngandu NK, Scheffler K, Moore P, Woodman Z, Martin D, Seoighe C. 
Extensive purifying selection acting on synonymous sites in HIV-1 
Group M sequences. Virol J. 2008;5:160.

	 13.	 Brierley I, Dos Ramos FJ. Programmed ribosomal frameshifting in HIV-1 
and the SARS-CoV. Virus Res. 2006;119:29–42.

	 14.	 Pollard VW, Malim MH. The HIV-1 Rev protein. Annu Rev Microbiol. 
1998;52:491–532.

	 15.	 Le Grice SF. Human immunodeficiency virus reverse transcriptase: 
25 years of research, drug discovery, and promise. J Biol Chem. 
2012;287:40850–7.

	 16.	 Lavender CA, Gorelick RJ, Weeks KM. Structure-based alignment and 
consensus secondary structures for three HIV-related RNA genomes. 
PLoS Comput Biol. 2015;11:e1004230.

	 17.	 Pollom E, Dang KK, Potter EL, Gorelick RJ, Burch CL, Weeks KM, et al. 
Comparison of SIV and HIV-1 genomic RNA structures reveals impact 
of sequence evolution on conserved and non-conserved structural 
motifs. PLoS Pathog. 2013;9:e1003294.

	 18.	 Siegfried NA, Busan S, Rice GM, Nelson JA, Weeks KM. RNA motif dis‑
covery by SHAPE and mutational profiling (SHAPE-MaP). Nat Methods. 
2014;11:959–65.

	 19.	 Watts JM, Dang KK, Gorelick RJ, Leonard CW, Bess JW Jr, Swanstrom 
R, et al. Architecture and secondary structure of an entire HIV-1 RNA 
genome. Nature. 2009;460:711–6.

	 20.	 Le Grice SF. Targeting the HIV RNA genome: high-hanging 
fruit only needs a longer ladder. Curr Top Microbiol Immunol. 
2015;389:147–69.

	 21.	 Mayrose I, Doron-Faigenboim A, Bacharach E, Pupko T. Towards realistic 
codon models: among site variability and dependency of synonymous 
and non-synonymous rates. Bioinformatics. 2007;23:i319–27.

	 22.	 Sanjuan R, Borderia AV. Interplay between RNA structure and protein 
evolution in HIV-1. Mol Biol Evol. 2011;28:1333–8.

	 23.	 Simon-Loriere E, Martin DP, Weeks KM, Negroni M. RNA structures 
facilitate recombination-mediated gene swapping in HIV-1. J Virol. 
2010;84:12675–82.

	 24.	 Snoeck J, Fellay J, Bartha I, Douek DC, Telenti A. Mapping of positive 
selection sites in the HIV-1 genome in the context of RNA and protein 
structural constraints. Retrovirology. 2011;8:87.

	 25.	 Freed EO. HIV-1 assembly, release and maturation. Nat Rev Microbiol. 
2015;13:484–96.

	 26.	 Najera I, Krieg M, Karn J. Synergistic stimulation of HIV-1 rev-dependent 
export of unspliced mRNA to the cytoplasm by hnRNP A1. J Mol Biol. 
1999;285:1951–64.

	 27.	 Schaub MC, Lopez SR, Caputi M. Members of the heterogeneous 
nuclear ribonucleoprotein H family activate splicing of an HIV-1 splicing 
substrate by promoting formation of ATP-dependent spliceosomal 
complexes. J Biol Chem. 2007;282:13617–26.

	 28.	 Asang C, Erkelenz S, Schaal H. The HIV-1 major splice donor D1 is acti‑
vated by splicing enhancer elements within the leader region and the 
p17-inhibitory sequence. Virology. 2012;432:133–45.

	 29.	 Buck CB, Shen X, Egan MA, Pierson TC, Walker CM, Siliciano RF. The 
human immunodeficiency virus type 1 gag gene encodes an internal 
ribosome entry site. J Virol. 2001;75:181–91.

	 30.	 Schwartz S, Felber BK, Pavlakis GN. Distinct RNA sequences in the 
gag region of human immunodeficiency virus type 1 decrease RNA 
stability and inhibit expression in the absence of Rev protein. J Virol. 
1992;66:150–9.

	 31.	 Paillart JC, Skripkin E, Ehresmann B, Ehresmann C, Marquet R. In vitro 
evidence for a long range pseudoknot in the 5′-untranslated 
and matrix coding regions of HIV-1 genomic RNA. J Biol Chem. 
2002;277:5995–6004.

	 32.	 Wilkinson KA, Gorelick RJ, Vasa SM, Guex N, Rein A, Mathews DH, et al. 
High-throughput SHAPE analysis reveals structures in HIV-1 genomic 
RNA strongly conserved across distinct biological states. PLoS Biol. 
2008;6:e96.

	 33.	 Ooms M, Abbink TE, Pham C, Berkhout B. Circularization of the HIV-1 
RNA genome. Nucleic Acids Res. 2007;35:5253–61.

	 34.	 Damgaard CK, Andersen ES, Knudsen B, Gorodkin J, Kjems J. RNA 
interactions in the 5′ region of the HIV-1 genome. J Mol Biol. 
2004;336(2):369–79.

	 35.	 Beerens N, Kjems J. Circularization of the HIV-1 genome facilitates 
strand transfer during reverse transcription. RNA. 2010;16:1226–35.

	 36.	 Bronson EC, Anderson JN. Nucleotide composition as a driving force in 
the evolution of retroviruses. J Mol Evol. 1994;38:506–32.

	 37.	 Sharp PM. What can AIDS virus codon usage tell us? Nature. 
1986;324:114.

	 38.	 van Hemert FJ, Berkhout B. The tendency of lentiviral open reading 
frames to become A-rich: constraints imposed by viral genome organi‑
zation and cellular tRNA availability. J Mol Evol. 1995;41:132–40.

	 39.	 Kypr J, Mrazek J. Unusual codon usage of HIV. Nature. 1987;327:20.
	 40.	 Kypr J, Mrazek J, Reich J. Nucleotide composition bias and CpG dinu‑

cleotide content in the genomes of HIV and HTLV 1/2. Biochim Biophys 
Acta. 1989;1009:280–2.

	 41.	 Grantham P, Perrin P. AIDS virus and HTLV-I differ in codon choices. 
Nature. 1986;319:727–8.

	 42.	 van der Kuyl AC, Berkhout B. The biased nucleotide composition of the 
HIV genome: a constant factor in a highly variable virus. Retrovirology. 
2012;9:92.

	 43.	 Berkhout B, van Hemert FJ. The unusual nucleotide content of the 
HIV RNA genome results in a biased amino acid composition of HIV 
proteins. Nucleic Acids Res. 1994;22:1705–11.

	 44.	 Berkhout B, Grigoriev A, Bakker M, Lukashov VV. Codon and amino acid 
usage in retroviral genomes is consistent with virus-specific nucleotide 
pressure. AIDS Res Hum Retroviruses. 2002;18:133–41.

	 45.	 Vartanian JP, Plikat U, Henry M, Mahieux R, Guillemot L, Meyerhans A, 
et al. HIV genetic variation is directed and restricted by DNA precursor 
availability. J Mol Biol. 1997;270:139–51.

	 46.	 Mansky LM, Temin HM. Lower in vivo mutation rate of human immuno‑
deficiency virus type 1 than that predicted from the fidelity of purified 
reverse transcriptase. J Virol. 1995;69:5087–94.

	 47.	 Martinez MA, Vartanian JP, Wain-Hobson S. Hypermutagenesis of 
RNA using human immunodeficiency virus type 1 reverse tran‑
scriptase and biased dNTP concentrations. Proc Natl Acad Sci USA. 
1994;91:11787–91.

	 48.	 Vartanian JP, Meyerhans A, Sala M, Wain-Hobson S. G–>A hypermuta‑
tion of the human immunodeficiency virus type 1 genome: evidence 
for dCTP pool imbalance during reverse transcription. Proc Natl Acad 
Sci USA. 1994;91:3092–6.

	 49.	 Harris RS, Bishop KN, Sheehy AM, Craig HM, Petersen-Mahrt SK, Watt 
IN, et al. DNA deamination mediates innate immunity to retroviral infec‑
tion. Cell. 2003;113:803–9.

	 50.	 Zhang H, Yang B, Pomerantz RJ, Zhang C, Arunachalam SC, Gao L. The 
cytidine deaminase CEM15 induces hypermutation in newly synthe‑
sized HIV-1 DNA. Nature. 2003;424:94–8.

	 51.	 Mangeat B, Turelli P, Caron G, Friedli M, Perrin L, Trono D. Broad antiretro‑
viral defence by human APOBEC3G through lethal editing of nascent 
reverse transcripts. Nature. 2003;424:99–103.

	 52.	 Kim EY, Lorenzo-Redondo R, Little SJ, Chung YS, Phalora PK, Maljkovic 
Berry I, et al. Human APOBEC3 induced mutation of human immunode‑
ficiency virus type-1 contributes to adaptation and evolution in natural 
infection. PLoS Pathog. 2014;10:e1004281.

	 53.	 Deforges J, de Breyne S, Ameur M, Ulryck N, Chamond N, Saadi A, 
et al. Two ribosome recruitment sites direct multiple translation 
events within HIV1 Gag open reading frame. Nucleic Acids Res. 
2017;45:7382–400.

	 54.	 Keating CP, Hill MK, Hawkes DJ, Smyth RP, Isel C, Le SY, et al. The A-rich 
RNA sequences of HIV-1 pol are important for the synthesis of viral 
cDNA. Nucleic Acids Res. 2009;37:945–56.

	 55.	 Ohno S, Yomo T. Various regulatory sequences are deprived of their 
uniqueness by the universal rule of TA/CG deficiency and TG/CT excess. 
Proc Natl Acad Sci USA. 1990;87:1218–22.

	 56.	 Shpaer EG, Mullins JI. Selection against CpG dinucleotides in lentiviral 
genes: a possible role of methylation in regulation of viral expression. 
Nucleic Acids Res. 1990;18:5793–7.

	 57.	 Karlin S, Doerfler W, Cardon LR. Why is CpG suppressed in the genomes 
of virtually all small eukaryotic viruses but not in those of large eukary‑
otic viruses? J Virol. 1994;68:2889–97.



Page 18 of 18Antzin‑Anduetza et al. Retrovirology  (2017) 14:49 

	 58.	 Wasson MK, Borkakoti J, Kumar A, Biswas B, Vivekanandan P. The CpG 
dinucleotide content of the HIV-1 envelope gene may predict disease 
progression. Sci Rep. 2017;7:8162.

	 59.	 Lee JS, Gray J, Mulligan R. Packaging cells comprising codon-optimized 
gagpol sequences and lacking lentiviral accessory proteins. Google 
Patents; 2006.

	 60.	 Reil H, Bukovsky AA, Gelderblom HR, Gottlinger HG. Efficient HIV-1 
replication can occur in the absence of the viral matrix protein. EMBO J. 
1998;17:2699–708.

	 61.	 Swanson CM, Sherer NM, Malim MH. SRp40 and SRp55 promote the 
translation of unspliced human immunodeficiency virus type 1 RNA. J 
Virol. 2010;84:6748–59.

	 62.	 Fouchier RA, Meyer BE, Simon JH, Fischer U, Malim MH. HIV-1 infection 
of non-dividing cells: evidence that the amino-terminal basic region 
of the viral matrix protein is important for Gag processing but not for 
post-entry nuclear import. EMBO J. 1997;16:4531–9.

	 63.	 Derdeyn CA, Decker JM, Sfakianos JN, Wu X, O’Brien WA, Ratner L, et al. 
Sensitivity of human immunodeficiency virus type 1 to the fusion 
inhibitor T-20 is modulated by coreceptor specificity defined by the V3 
loop of gp120. J Virol. 2000;74:8358–67.

	 64.	 Wei X, Decker JM, Liu H, Zhang Z, Arani RB, Kilby JM, et al. Emergence 
of resistant human immunodeficiency virus type 1 in patients receiving 
fusion inhibitor (T-20) monotherapy. Antimicrob Agents Chemother. 
2002;46:1896–905.

	 65.	 Platt EJ, Wehrly K, Kuhmann SE, Chesebro B, Kabat D. Effects of CCR5 
and CD4 cell surface concentrations on infections by macropha‑
getropic isolates of human immunodeficiency virus type 1. J Virol. 
1998;72:2855–64.

	 66.	 Chesebro B, Wehrly K, Nishio J, Perryman S. Macrophage-tropic human 
immunodeficiency virus isolates from different patients exhibit unusual 
V3 envelope sequence homogeneity in comparison with T-cell-tropic 
isolates: definition of critical amino acids involved in cell tropism. J Virol. 
1992;66:6547–54.

	 67.	 Crooks GE, Hon G, Chandonia JM, Brenner SE. WebLogo: a sequence 
logo generator. Genome Res. 2004;14:1188–90.

	 68.	 Mostoslavsky G, Kotton DN, Fabian AJ, Gray JT, Lee JS, Mulligan RC. 
Efficiency of transduction of highly purified murine hematopoietic 
stem cells by lentiviral and oncoretroviral vectors under conditions of 
minimal in vitro manipulation. Mol Ther. 2005;11:932–40.

	 69.	 Mammano F, Kondo E, Sodroski J, Bukovsky A, Gottlinger HG. Rescue 
of human immunodeficiency virus type 1 matrix protein mutants 
by envelope glycoproteins with short cytoplasmic domains. J Virol. 
1995;69:3824–30.

	 70.	 Wisdom R, Lee W. The protein-coding region of c-myc mRNA contains a 
sequence that specifies rapid mRNA turnover and induction by protein 
synthesis inhibitors. Genes Dev. 1991;5:232–43.

	 71.	 Atkinson NJ, Witteveldt J, Evans DJ, Simmonds P. The influence of CpG 
and UpA dinucleotide frequencies on RNA virus replication and charac‑
terization of the innate cellular pathways underlying virus attenuation 
and enhanced replication. Nucleic Acids Res. 2014;42:4527–45.

	 72.	 Burns CC, Campagnoli R, Shaw J, Vincent A, Jorba J, Kew O. Genetic 
inactivation of poliovirus infectivity by increasing the frequencies of 
CpG and UpA dinucleotides within and across synonymous capsid 
region codons. J Virol. 2009;83:9957–69.

	 73.	 Gaunt E, Wise HM, Zhang H, Lee LN, Atkinson NJ, Nicol MQ, et al. Eleva‑
tion of CpG frequencies in influenza A genome attenuates pathogenic‑
ity but enhances host response to infection. Elife. 2016;5:e12735.

	 74.	 Tulloch F, Atkinson NJ, Evans DJ, Ryan MD, Simmonds P. RNA virus 
attenuation by codon pair deoptimisation is an artefact of increases in 
CpG/UpA dinucleotide frequencies. Elife. 2014;3:e04531.

	 75.	 Pandey S, Kawai T, Akira S. Microbial sensing by Toll-like receptors 
and intracellular nucleic acid sensors. Cold Spring Harb Perspect Biol. 
2014;7:a016246.

	 76.	 Lu K, Heng X, Garyu L, Monti S, Garcia EL, Kharytonchyk S, et al. NMR 
detection of structures in the HIV-1 5′-leader RNA that regulate 
genome packaging. Science. 2011;334:242–5.

	 77.	 Kutluay SB, Zang T, Blanco-Melo D, Powell C, Jannain D, Errando M, et al. 
Global changes in the RNA binding specificity of HIV-1 gag regulate 
virion genesis. Cell. 2014;159:1096–109.

	 78.	 Naldini L, Blomer U, Gage FH, Trono D, Verma IM. Efficient transfer, 
integration, and sustained long-term expression of the transgene in 

adult rat brains injected with a lentiviral vector. Proc Natl Acad Sci USA. 
1996;93:11382–8.

	 79.	 Brule CE, Grayhack EJ. Synonymous codons: choose Wisely for expres‑
sion. Trends Genet. 2017;33:283–97.

	 80.	 Ngumbela KC, Ryan KP, Sivamurthy R, Brockman MA, Gandhi RT, 
Bhardwaj N, et al. Quantitative effect of suboptimal codon usage on 
translational efficiency of mRNA encoding HIV-1 gag in intact T cells. 
PLoS ONE. 2008;3:e2356.

	 81.	 Locker N, Chamond N, Sargueil B. A conserved structure within the 
HIV gag open reading frame that controls translation initiation directly 
recruits the 40S subunit and eIF3. Nucleic Acids Res. 2011;39:2367–77.

	 82.	 Weill L, James L, Ulryck N, Chamond N, Herbreteau CH, Ohlmann T, et al. 
A new type of IRES within gag coding region recruits three initiation 
complexes on HIV-2 genomic RNA. Nucleic Acids Res. 2010;38:1367–81.

	 83.	 Das AT, Vrolijk MM, Harwig A, Berkhout B. Opening of the TAR hairpin in 
the HIV-1 genome causes aberrant RNA dimerization and packaging. 
Retrovirology. 2012;9:59.

	 84.	 Martrus G, Nevot M, Andres C, Clotet B, Martinez MA. Changes in codon-
pair bias of human immunodeficiency virus type 1 have profound 
effects on virus replication in cell culture. Retrovirology. 2013;10:78.

	 85.	 Kunec D, Osterrieder N. Codon pair bias is a direct consequence of 
dinucleotide bias. Cell Rep. 2016;14:55–67.

	 86.	 Huang Y, Kong WP, Nabel GJ. Human immunodeficiency virus type 
1-specific immunity after genetic immunization is enhanced by modifi‑
cation of Gag and Pol expression. J Virol. 2001;75:4947–51.

	 87.	 Klaver B, van der Velden Y, van Hemert F, van der Kuyl AC, Berkhout B. 
HIV-1 tolerates changes in A-count in a small segment of the pol gene. 
Retrovirology. 2017;14:43.

	 88.	 Alinejad-Rokny H, Anwar F, Waters SA, Davenport MP, Ebrahimi 
D. Source of CpG depletion in the HIV-1 genome. Mol Biol Evol. 
2016;33(12):3205–12.

	 89.	 Kass SU, Goddard JP, Adams RL. Inactive chromatin spreads from a focus 
of methylation. Mol Cell Biol. 1993;13:7372–9.

	 90.	 Hsieh CL. Dependence of transcriptional repression on CpG methyla‑
tion density. Mol Cell Biol. 1994;14:5487–94.

	 91.	 Hsieh CL. Stability of patch methylation and its impact in 
regions of transcriptional initiation and elongation. Mol Cell Biol. 
1997;17:5897–904.

	 92.	 Greenbaum BD, Levine AJ, Bhanot G, Rabadan R. Patterns of evolu‑
tion and host gene mimicry in influenza and other RNA viruses. PLoS 
Pathog. 2008;4:e1000079.

	 93.	 Neil SJ, Sandrin V, Sundquist WI, Bieniasz PD. An interferon-alpha-
induced tethering mechanism inhibits HIV-1 and Ebola virus particle 
release but is counteracted by the HIV-1 Vpu protein. Cell Host Microb. 
2007;2:193–203.

	 94.	 Simmonds P, Xia W, Baillie JK, McKinnon K. Modelling mutational and 
selection pressures on dinucleotides in eukaryotic phyla–selection 
against CpG and UpA in cytoplasmically expressed RNA and in RNA 
viruses. BMC Genom. 2013;14:610.

	 95.	 Rima BK, McFerran NV. Dinucleotide and stop codon frequencies in 
single-stranded RNA viruses. J Gen Virol. 1997;78:2859–70.

	 96.	 Auewarakul P. Composition bias and genome polarity of RNA viruses. 
Virus Res. 2005;109:33–7.

	 97.	 Vabret N, Bhardwaj N, Greenbaum BD. Sequence-specific sensing of 
nucleic acids. Trends Immunol. 2017;38:53–65.

	 98.	 Sugiyama T, Gursel M, Takeshita F, Coban C, Conover J, Kaisho T, et al. 
CpG RNA: identification of novel single-stranded RNA that stimulates 
human CD14 + CD11c+ monocytes. J Immunol. 2005;174:2273–9.

	 99.	 Tanne A, Muniz LR, Puzio-Kuter A, Leonova KI, Gudkov AV, Ting DT, et al. 
Distinguishing the immunostimulatory properties of noncoding RNAs 
expressed in cancer cells. Proc Natl Acad Sci USA. 2015;112:15154–9.

	100.	 Takata MA, Goncalves-Carneiro D, Zang TM, Soll SJ, York A, Blanco-Melo 
D, et al. CG dinucleotide suppression enables antiviral defence target‑
ing non-self RNA. Nature. 2017;550:124–7.

	101.	 Kotsopoulou E, Kim VN, Kingsman AJ, Kingsman SM, Mitrophanous KA. 
A Rev-independent human immunodeficiency virus type 1 (HIV-1)-
based vector that exploits a codon-optimized HIV-1 gag-pol gene. J 
Virol. 2000;74:4839–52.

	102.	 Swanson CM, Puffer BA, Ahmad KM, Doms RW, Malim MH. Retroviral 
mRNA nuclear export elements regulate protein function and virion 
assembly. EMBO J. 2004;23:2632–40.


	Thesis corrected 260419
	Antzin-Anduetza et al
	Increasing the CpG dinucleotide abundance in the HIV-1 genomic RNA inhibits viral replication
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Cell culture and transfections
	Plasmids
	HIV-1 spreading infection assay
	Single cycle infectivity assay
	Analysis of protein expression by immunoblotting
	Quantitative RT-PCR
	TLR and IFN stimulations, Sendai virus infection
	Sequence analysis of the HIV-1NL4-3 gRNA

	Results
	Synonymous mutations in gag inhibit HIV-1 replication
	CpG dinucleotides are necessary for the inhibition of infectious virus production
	Increased abundance of CpG dinucleotides is sufficient for inhibition of viral replication

	Discussion
	Conclusions
	Authors’ contributions
	References





