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The Env glycoprotein is one of the key proteins used by HIV-1 to mediate its 

pathogenicity. The sequence of the env gene is important to encode the Env 

glycoprotein but also for the secondary structure of the RRE that harbor its transcripts. 

The relevance of both elements has been extensively proved, although functional assays 

were needed in both cases to study the impact of specific changes. Treatment with the 

fusion inhibitor T-20 in patients infected with HIV-1 select resistant viruses to this drug 

after acquiring changes in their env gene. Therefore, we decided to use T-20-associated 

changes in order to functionally study relevant in vivo env variants. Predictions of the 

RRE secondary structures showed alterations when they were encoding for the changes 

G36V/D, V38A, Q40H and L45M, but not when harboring N43D and Q40H-L45M. 

Functional data showed that only the mutants harboring the L45M mutation had 

impairments in their binding capacity to Rev when this protein was at low 

concentrations, suggesting that the nucleotide changes affecting the encoding of the 

amino acid 45 in gp41 plays a role in Rev binding. However, none of the RRE variants 

were affected in their ability to being transported to the cytoplasm. Thus, it was found 

that alterations in RRE secondary structures predicted from nucleotide sequences might 

not necessary imply functional impairments and that the L45M change was not 

incorporated as a secondary mutation due to a restoration of the RRE functions. As it is 

important to functionally characterize patient-derived Envs to understand their in vivo 

pathogenesis, we established a complete methodology to study them by focusing on the 

main role of the subunit gp41. Based on our results, the correct selection of the effector 

cell line is essential to optimize the sensitivity of the assays. The 293T cell line might be 

used for fusogenic experiments and the HeLa for analyzing death parameters. Clinical 

trials had suggested that V38A viral mutants arising in an Env context containing the 

N140I polymorphism, were low pathogenic due to they were associated with virological 

failure and immunologic benefits. In order to understand these in vivo discordant data, 

we used our complete methodology to analyze patient-derived Envs that harbored these 

changes. We found that the V38A mutant Envs that were arisen in a N140I context were 

less able to induce single-cell death to target cells despite not having an altered 

fusogenic capacity. Thus, these data supports the importance of the Env context and the 

main role of gp41 in HIV-1 pathogenesis. 
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La glicoproteïna de l’envolta (Env) és una de les proteïnes claus del VIH-1 en 

patogènesi. La seqüència del gen env és important per a codificar l’Env però també per 

les estructures secundàries dels RREs que contenen els seus trànscrits. La rellevància 

dels dos elements s’ha comprovat extensament, tot i que assajos funcionals són requerits 

en ambdós casos per estudiar l’impacte de canvis específics. El tractament amb 

l’inhibidor de fusió T-20 selecciona virus resistents després d’adquirir canvis al gen env. 

Per estudiar variants funcionalment rellevants d’env que es trobessin in vivo vam decidir 

utilitzar mutacions associades a T-20. Les prediccions de les estructures secundàries 

dels RRE van resultar alterades en els canvis que codificaven per G36V/D, V38A, 

Q40H i L45M, però no per N43D o Q40H-L45M. Funcionalment vam demostrar que 

només els mutants que presenten el canvi L45M a la seva seqüència pateixen un 

impacte en la capacitat d’unir-se a la proteïna viral Rev quan aquesta es troba en baixes 

concentracions, suggerint que els canvis nucleotídics que afecten a la formació de 

l’aminoàcid 45 de gp41 juguen un paper en la unió a Rev. De totes maneres, ninguna 

variant d’RRE va ser afectada en la seva capacitat per a ser transportada al citoplasma. 

Per tant, alteracions en les prediccions d’estructures secundàries a partir de seqüències 

nucleotídiques no necessàriament impliquen impactes funcionals i la mutació L45M no 

s’incorpora com a mutació secundària degut a un restaurament de les funcions del RRE. 

Com que és important caracteritzar funcionalment Envs derivades de pacients per a 

estudiar la seva patogenicitat, vam establir una metodologia completa per a estudiar-les 

basant-nos en el paper principal que hi juga la subunitat gp41. Els resultats demostren 

que la selecció de la línia cel!lular efectora és essencial per optimitzar la sensibilitat dels 

assajos. La línia cel!lular 293T hauria de ser utilitzada per experiments fusogènics i la 

HeLa per analitzar paràmetres relacionats amb la mort. Estudis clínics havien suggerit 

que virus que contenien la mutació V38A i que havien aparegut sota un context que 

tinguessin el polimorfisme viral N140I eren menys patogènics degut a que estaven 

associats amb fallada virològica i beneficis immunològics. Per tal d’entendre aquestes 

dades discordants vam basar-nos en la nostra metodologia per a analitzar Envs 

derivades de pacients que tinguessin aquests canvis. Aquestes Envs V38A-N140I van 

resultar tenir menys capacitat per induir la mort per cèl!lula individual tot i no veure’s 

alterada la seva capacitat fusogènica, remarcant la importància del context de l’Env i el 

paper central de gp41 a la patogènesi del VIH-1. 
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La glicoproteína de la envuelta (Env) es una de les proteínas claves del VIH-1 en 

patogénesis. La secuencia del gen env es importante para codificar la Env pero también 

para las estructuras secundarias de los RREs presentes en sus tránscritos. La relevancia 

de estos dos elementos ha sido comprobada extensamente, pese a que ensayos 

funcionales aún son requeridos en ambos casos para estudiar el impacto de cambios 

específicos. El tratamiento con el inhibidor de fusión T-20 selecciona virus resistentes 

después de adquirir cambios en el gen env. Para estudiar variantes funcionalmente 

relevantes de env que se encontraran in vivo decidimos utilizar mutaciones asociadas a 

T-20. Las predicciones de las estructuras secundarias de los RRE resultaron alteradas en 

los cambios que codificaban para G36V/D, V38A, Q40H y L45M, pero no para N43D o 

Q40H-L45M. Funcionalmente demostramos que sólo los mutantes que presentan el 

cambio L45M en su secuencia sufren un impacto de unión a la proteína viral Rev 

cuando ésta se encuentra en bajas concentraciones, sugiriendo que los cambios 

nucleotídicos que afectan a la formación del aminoácido 45 de gp41 juegan un papel en 

la unión a Rev. No obstante, la capacidad de transporte al citoplasma de estos RRE no 

está afectada. Por lo tanto, alteraciones en las estructuras secundarias predictivas a partir 

de secuencias nucleotídicas no necesariamente implican impactos funcionales y la 

mutación L45M tampoco se incorpora como mutación secundaria debido a la 

restauración de las funciones del RRE. Como es importante caracterizar funcionalmente 

Envs derivadas de pacientes para estudiar su patogenicidad, establecimos una 

metodología completa basándonos en el papel principal de la subunidad gp41. Los 

resultados demostraron que la línea celular efectora es esencial para optimizar la 

sensibilidad de los ensayos. La línea celular 293T debería utilizarse para experimentos 

de fusión y la HeLa per analizar parámetros de citopaticidad. Estudios clínicos habían 

sugerido que virus que contenían la mutación V38A y el polimorfismo viral N140I 

estaban asociados a una fallo virológico y beneficios inmunológicos del paciente debido 

a que eran menos patogénicos. Para entender estos datos discordantes analizamos Envs 

derivadas de pacientes y vimos que cuando éstas tenían los cambios V38A-N140I 

tenían menos capacidad para matar células diana de forma individual pese a no tener 

alterada su capacidad fusogénica. Estos datos remarcan la importancia del contexto de 

la Env y el papel central de gp41 en la patogénesis del VIH-1. 
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Lots of efforts have been done to characterize the causative agent of the Acquired 

Immunodeficiency Syndrome (AIDS) since the first detected cases in 1981 [2]. Its first 

isolation in 1983 [3], further confirmed by other research groups [4,5], identified the 

infective agent as a novel human retrovirus, which later was officially designated as the 

Human Immunodeficiency Virus (HIV) by the International Committee on the 

Taxonomy of Viruses [6]. The five identified cases in Los Angeles in 1981 raised to 

33.3 million cases estimated worldwide in 2010, according to the last report of the Joint 

United Nations Program on HIV/AIDS [7], converting HIV as one of the major 

threatening diseases known by mankind. 

 

0&'( 1*23.+*,/(456(-.*7*5+(

HIV is a Lentivirus that belongs to the Retrovirus family and can be divided into two 

different types: the worldwide predominant HIV-1 and the HIV-2 [8], which is mainly 

concentrated in West Africa. HIV-1 is further subdivided into 3 distinct groups and 11 

different clades. Phylogenetic analyses have identified the M group as the major 

responsible for the epidemic, and within this group the sub-type B is the clade that 

infects the majority of people with AIDS in America, Europe, Asia and Australia [9]. 

 

HIV is thought to have originated through a cross-species transmission (zoonosis) of the 

Simian Immunodeficiency Virus (SIV). The three different groups of HIV-1 are thought 

to have arisen as a consequence of independent transmissions from a subspecies of 

Chimpanzee (Pan troglodytes troglodytes) [10], being estimated that the founder virus 

of the M group might have originated somewhere between 1915 and 1941, as predicted 

by genetic divergence models [11]. However, HIV-2 is thought to have been transmitted 

from Sootey mangabeys (Cercocebus atys) [12], which is a species of African primate 

that is endemic of West Africa. 
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HIV-1 infects a variety of cells of the immune system, including CD4+ T lymphocytes, 

macrophages and dendritic cells [13]. This infection is characterized by a profound 

depression of protective immunity and the appearance of opportunistic infections, 

malignant tumors and central nervous system degeneration, which ultimately may lead 

to AIDS. HIV-1 is transmitted by sexual contact, mother-to-child (in utero, during 

delivery or through breast milk) and through blood inoculations. 

 

8&"&'( ;-.<=->-7/(

The mature HIV-1 virions have spherical shapes with average diameters of 110 nm and 

consist of an exterior lipid bilayer and a conical capsid core in which the viral genome is 

located (Figure 1). 

   
D*YZ.&" 9[" AM.0\M#MY]" M(" $-" G3H:9" '*.*M-P" 0#C(+71&#! '(3'(4(,171&-,! -.! 7! +71%'(!

M&'&-,!)&4357/&,2! &14!2(,-+&#!XY"!7,)!1C(!.-55-O&,2!M&'75!3'-1(&,4d!L,M(5-3(!@239<=!

7,)! 23A9Bf! V"d! V71'&Kf! 8"d! 01'%#1%'75! 8734&)f! Y8d! Y%#5(-#734&)f! XQd! X(M('4(!

Q'7,4#'&3174(f!ZXd!Z'-1(74(f!*Yd!*,1(2'74(]"gah"

 

The surface of the virions contains an average of 14 envelope glycoproteins (Env) [14], 

each of them formed by two different subunits: the surface glycoprotein (gp120, SU) 

and the transmembrane glycoprotein (gp41, TM), which is anchored into the viral 

membrane. Besides, internally, the viral membrane is coated with a shell formed with 

approximately 2000 copies of the matrix protein (MA, p17). 
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The conical capsid core is formed by 2000 copies of the capsid protein (CA, p24) and is 

situated in the center of the virus particle. HIV genomic RNA is found encapsidated 

inside this core as two copies of single-stranded RNA (diploid genome) and stabilized 

with 2000 copies of the nucleocapsid protein (NC, p7). The viral enzymes: protease 

(PR, p11), reverse transcriptase (RT, p51 and p66) and integrase (IN, p32); the 

accessory proteins: Nef, Vif and Vpr; and p6, which help the incorporation of Vpr into 

the viral particles; are also thought to be packed into the capsid core (Figure 1). The 

regulatory proteins Rev and Tat and the accessory protein Vpu are not packed into the 

virions although they have functions in the infected cell [15]. 

 

8&0&'( ?35-@3(

The HIV-1 genome encodes nine open reading frames in a ~9-kb molecule of RNA 

delimitated by the 5’ and 3’ LTRs (Long terminal Repeats), which serve some structural 

and regulatory functions (Figure 2). The three major polyproteins encoded are Gag, 

Gag-Pol and Env. The structural components: MA, CA, NC and p6 are derived from 

Gag polyproteins and the three HIV-1 enzymes, PR, RT and IN from the Gag-Pol 

polyprotein. The gp120 and gp41 glycoproteins are encoded by the Env polyproteins. 

The rest of the genes encode for the regulatory proteins, Tat and Rev, and the accessory 

proteins Vif, Vpr, Vpu and Nef. 
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The sequential steps that represent the life cycle of HIV-1, which span from the initial 

infection of a host cell to the viral replication and release of the new virion, and the 

targets for antiviral intervention are described below (Figure 3): 

!"!"#"$ ;4(>?%C17(-%

HIV-1 particles bind to target cells through the Envs. These glycoproteins are embedded 

into the viral membrane and are able to bind to specific receptors and coreceptors 

located on the surface of the target cells. These interactions lead to conformational 

changes of the Env and enable the fusion between the viral and the target cell 

membranes. The merge of both membranes triggers the release of the capsid core into 

the host cell cytoplasm. This first step in the replication cycle of HIV-1 can be inhibited 

by coreceptor antagonists, such as the CCR5 antagonist Maraviroc, and by fusion 

inhibitors, such as Enfuvirtide (T-20). 

!"!"."$ Y15'6741,%'8%7*0%56)?4<%5'(0Z%(0=0(?0%7(61?5(4)74'1Z%1>5+06(%42)'(7%

61<%4170,(674'1"%

The virion core is then uncoated and the viral proteins and the genomic RNA are 

released to the cytoplasm. The single-stranded RNA is retro-transcribed by the RT into 

a double-stranded DNA. Then, is helped to enter into the nucleus by binding to Vpr, 

MA [17] and host proteins. The RT process can be inhibited using non-nucleoside 

reverse transcriptase inhibitors (NNRTIs) and nucleoside reverse transcriptase inhibitors 

(NRTIs). Finally, the random integration into the host genome is catalyzed by IN and 

LTRs, generating the integrated form of HIV, called provirus. Integrase inhibitors can 

inhibit this latter step. 

!"!"!"$ A(61?5(4)74'1%61<%7(61?+674'1%

Initiation of the HIV gene transcription is associated with the activation state of the cell. 

Therefore, the provirus may remain transcriptionally inactive if the cell is not activated, 

producing few or no new viral proteins, and hence, virions. Conditions that restrict 

transcription initiation may induce that these proviruses stay latent and that remain 

invisible for the immune system. If the cells are stimulated with antigens, cytokines or 
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other cellular factors [19] the expression of the viral transcripts begins. The generated 

transcripts will be exported to the cytoplasm where they will be translated into viral 

proteins (see section 4). 

!"!"#"$ %&&'()*+,-).//012-31/-4567'6*+708-(37.537061-

The viruses assemble into immature virions after recruiting the newly produced viral 

proteins and two copies of the viral genomic RNA (Figure 4A and 4C). A layer of Gag 

proteins is associated with the inner viral membrane and upon budding from the plasma 

membrane immature particles dramatically rearrange to form mature, infectious virions 

(Figure 4B and 4D). This is done through the activation of the PR, which cleaves Gag 

to generate MA, CA, NC and p6 [20]. Mature virions then are ready to initiate a new 

viral cycle by infecting new target cells. An infected cell produces many virions, each 

one capable of infecting a new cell, thereby amplifying the infectious cycle. Protease 

inhibitors can block the catalytic activity of the PR, allowing only the production of 

immature noninfectious viral particles [21]. 
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The HIV-1 primary transcript contains multiple splice donors (5' splice sites) and splice 

acceptors (3' splice sites) that can be processed to yield more than 40 different spliced 

mRNAs species in infected cells [22,23](Figure 5). Many of the mRNAs are 

polycistronic; i.e., they contain different open reading frames that encode for more than 

one protein. HIV-1 mRNAs fall into three size classes: an unspliced mRNA, which is the 

9-kb primary transcript that generates the Gag and Gag-Pol precursor proteins or that is 

used to be directly packaged into virions to serve as the genomic RNA; Incompletely 

spliced mRNAs (singly spliced), which are produced after using the splice donor site 

located nearest the 5' end of the HIV RNA genome in combination with any of the 

splice acceptors located in the central region of the virus. These heterogeneous mRNAs 

are 4- to 5-kb long and can potentially express Env, Vif, Vpu, Vpr, and the single-exon 

form of Tat; and fully spliced mRNAs, which have also spliced out the fragment between 

the splice donor site located nearest the 3’ end of the transcript and the last splice 

acceptor of HIV and have the potential to express Rev, Nef, and the two-exon form of 

Tat. These heterogeneous mRNAs do not require the action of the Rev protein like the 

other two types to being exported to the cytoplasm, and are about 1.8-kb long. 
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The HIV-1 gene transcription is highly regulated and the HIV-1 mRNA expression can 

be divided into two phases (Figure 6): [22]:  

o Early phase of mRNA expression 

The 5’ long terminal repeat acts as the HIV-1 viral promoter. Normally, intron-

containing mRNAs are completely spliced before they can exit the nucleus. This 

regulation is essential because it prevents the translation of intronic sequences contained 

in partially spliced mRNAs. For this reason, only the short completely spliced mRNAs 

that are encoding the viral regulatory proteins: Tat, Rev and Nef, are exported outside 

the nucleus by an endogenous cellular pathway (Figure 3 and 6A). Subsequently, the 

encoded regulatory proteins are imported again into the nucleus through interactions 

with cellular proteins to control the complex pattern of gene expression. 

o Late phase of mRNA expression 

At this phase, Tat promotes the transcription of the long HIV-1 mRNAs by interacting 

with the transactivation-response region (TAR), a secondary structure that lays 

downstream to the transcription initiation, to stimulate their elongation. These mRNA 

species correspond to the unspliced and singly spliced transcripts, which encode for the 

rest of the viral proteins. Both mRNAs have a highly structured RNA element situated 

in the env gene and referred to as the Rev-responsive element (RRE) that allows their 

nuclear export by Rev [24] (Figure 6B). The Rev protein binds to the RRE and directs 

the export of these unconventional viral mRNAs to bypass the normal "check point" of 

RNA splicing. Certain threshold levels of Rev are necessary to export intron-containing 

HIV mRNAs, explaining why these transcripts encode the viral late gene products. 

Once in the cytoplasm, viral transcripts will be translated into the viral proteins and new 

viral particles will be produced. 
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As noted above, HIV-1 encodes six regulatory and/or accessory genes in addition to 

gag, pol, and env. One of the first to be identified was tat, which encodes the viral 

protein Tat, whose function is to potently trans-activate the expression of all viral genes 

[25,26]. Disruptions of neighboring sequences of the tat gene were shown to gave rise 

to viruses that still expressed Tat but were unable to express Gag, Pol, or Env and were 

therefore unable to replicate [27,28]. A gene that overlaps with tat was immediately 

recognized and in accordance with its initially described function, this essential gene 

was termed rev (an acronym for regulator of expression of virion proteins). 

7"@"#$ $&3;$

HIV-1 Rev protein is encoded by two exons and is produced from fully spliced mRNAs. 

This sequence-specific RNA binding protein consists in 116 amino acids and 

accumulates within the nuclei of infected cells [29] to induce the transition from the 

early to the late phase of HIV gene expression [30]. Rev has three main functional 

domains [1] (Figure 7A): an arginine-rich sequence that serves as nuclear localization 

signal (NLS) and as RNA-binding domain (RBD) [31]; a multimerization domain 

[32,33]; and a leucine-rich effector domain, which works as a nuclear export signal 

(NES) [34,35]. 

 

Once Rev is translated in the cytoplasm, it binds to the nuclear import factor, importin-

!, through its NLS and it is translocated into the nucleus, where an interaction with the 

molecule Ran-GTP will disassemble the Rev/Importin-! complex (Figure 7D). Because 

the NLS domain also functions as the RBD, the dissociation of the complex results in 

Rev becoming available for binding to the RRE [24]. Rev is absolutely required for 

HIV-1 replication: proviruses that lack Rev function are transcriptionally active but do 

not express viral late genes and thus do not produce virions. 

 

7"B"#$ 893$&3;$*3-01,-/;3$363%3,)$C&&<D$+,2$/)-$/,)3*+.)/1,$E/)9$&3;$

The RRE is a large RNA stem-loop structure of ~350 nt [1,36] (nts 7710-8061) that 

resides within the env gene (expands from the end of gp120 to the loop of gp41) and 

thus, is present in all !9-kb and !4-kb HIV-1 mRNAs (Figure 5). This RRE is well 

conserved across all subtypes of the major group M, highlighting its importance in HIV-
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1 pathogenesis. This element is characterized by a highly branched secondary structure 

with multiple stem-loops and bulges that are important for the recognition and binding 

of the viral regulatory Rev protein, which allows the exportation of the non-completely 

spliced viral transcripts outside the nucleus [37-39]) (Figure 7B). 

 

Specific sequences within the RRE that determine Rev responsiveness are surprisingly 

limited. In fact, recognition by Rev appears to be controlled by the presence of a single 

high-affinity binding site. This fragment contains a "bubble" structure constituted by a 

non-Watson-Crick G-G base pair [40]), known as the Rev high affinity binding site, 

which is located at the base of the stem loop IIB [41] (Figure 7B). Following this RRE-

Rev first interaction in the stem IIB, a conformational change occurs allowing the 

binding of additional Rev monomers that oligomerize on the RRE along stems IIA and I 

[31,42-50], a fact that is directly correlated with its export competence [33,51-53]. Rev 

assemble cooperatively on the RRE in a symmetrical tail-to-tail and head-to-head 

protein-protein interactions [48], which was confirmed by the crystal structure obtained 

of a Rev dimer [54]. This high stoichiometry of Rev monomers bound on the RRE turns 

these complexes into export-competent [51]. The ratio Rev:RNA for these complexes is 

variable between the different reports, although the most accurate appears to be 4 

[50,55]. However other assays have also showed ratios Rev:RNA of 8 [44] or 13 [52]. 

 

Subsequently, these Rev/RRE complexes can interact with Crm1 (exportin 1) through 

the NES domains of the Rev proteins (Figure 7C) and can be transported to the 

cytoplasm through the nuclear pore complexes (Figure 7D). There, the complex is 

destabilized and all factors release from the RRE. Then, transported mRNAs can be 

translated or directly assembled into nascent virions; on the other hand, Rev proteins are 

able to reenter into the nucleus by binding other importin-! and reenter into the nucleus 

[24,56]. 
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The CD4 cell surface receptor is mainly expressed in CD4+ T cells, but also at low 

levels in monocytes, macrophages, dendritic cells and microglia in the central nervous 

system. This CD4 receptor molecule is the main receptor of HIV and is required for 

productive HIV infection. The first interaction between the gp120 subunit from the Env 

glycoprotein and the CD4 receptor promotes conformational changes that allow the 

interaction of gp120 with the viral coreceptor, which in turn will induce an additional 

refolding of the Env structure to promote the gp41-mediated fusion [57,58]. 

 

The chemokine receptors CCR5 and the CXCR4 are the main coreceptors involved in 

HIV-1 entry. Depending on the amino acid composition of the Env, the different HIV-1 

strains will use CCR5, CXCR4 or both to enter into target cells. According to the 

capacity to use each of the coreceptors, HIV strains can be referred as X4 (X4-tropic) if 

they only infect cells that express CXCR4; R5 (R5-tropic) if they only use CCR5; or 

R5X4 (dual tropic) if they can use both CCR5 and CXCR4, although one co-receptor 

may be favored. Different mixtures of R5, X4 and R5X4 virus strains may be present in 

HIV-infected individuals and in these cases the virus populations are described as being 

mixed tropic. The viral tropism is also a marker of disease status. The HIV-1 population 

in infected individuals is mainly composed of R5-tropic strains at primary stages of 

HIV-1 infection, while X4-using strains appear at the late stages and when there is a 

sharp decline in CD4+ T cell counts. However, it is not clear if this is a consequence of 

disease progression and immunological deterioration, or its cause. 

 

 $
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The amount of T lymphocytes in the human body remains constant by homeostatic 

mechanisms. However, these mechanisms fail after HIV-1 infection, which induces a 

progressive immune deficiency caused by the loss of CD4+ T cells and systemic 

immune activation. 

 

The HIV infection can be divided in two main phases:) 

9":";"$ %8.7'-4<3&'-

The infection of HIV-1 in a new host displays a characteristic initial peak of viraemia 

followed by a decline of the virus replication in peripheral blood because of the 

emergence of HIV-specific humoral and cell-mediated immune responses. Neutralizing 

antibodies generally develop within the first 6 months after the initial HIV infection 

[59]. In this acute phase there is a dramatic loss of the CD4+ T cells that reside in 

mucosal tissues during this primary HIV-1 infection, especially in the gastrointestinal 

(GI) tract, and this depletion is correlated with the high levels of viraemia that is 

observed before the onset of antiviral immune response. Contrasting to the gradual 

depletion of the CD4+ T cells observed in peripheral blood, 90% of the CD4+ T 

lymphocytes in the gut-associated lymphoid tissue (GALT) are destroyed independently 

of the transmission route [60] during the first 2 weeks after infection [61,62]. 

9":":"$ =<56108-4<3&'-

The emergence of potent, but ultimately ineffective, cell-mediated and humoral 

responses to HIV leads to the chronic phase of infection, which is characterized by 

partial control of viral replication, chronic immune activation, progressive decline of the 

naïve and memory T-cell pool, and systemic CD4+ T-cell depletion in the periphery. 

This impairment in the homeostasis is partially driven by a reduction in the input of 

naïve CD4+ T cells produced in the thymus and spilled into the peripheral naïve T cell 

pool [63]. The thymus is the primary organ of thymopoiesis and is severely damaged 

upon HIV infection. Then, when the individuals infected with HIV-1 develop AIDS, 

this decline is accelerated. Currently, the loss of CD4+ T cells can be partially reversed 

by successful antiretroviral treatments, although unfortunately these drugs are not able 

to reach the level of a cure. 
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The mechanism used by HIV-1 to massively destroy CD4+ T cells, remains unknown. 

The cell depletion can be produced by virus-mediated cytolysis, elimination of infected 

cells through cellular responses triggered by the immune system, syncytium formation 

or an indirect killing of bystander cells through apoptosis. In the GALT, several 

mechanisms have been described as responsible for the massive loss of cells. Mattapallil 

et al. showed that the cellular depletion was mediated by a direct cytopathic effect 

executed by the virus, because a 60% of the CD4+ T cells of the tissue were infected, 

while Li’s study showed that only a 7% of the CD4+ T lymphocytes were infected and 

that majority of the lymphocytes were dying through apoptosis. 

 

Apoptosis was proposed as a potential mechanism of destruction of T cells in 

individuals infected with HIV-1 in 1991. Since that link was described, the study of the 

mechanisms that HIV-1 uses to induce apoptosis has been in a key field of basic 

research. Multiple mechanisms have been postulated that would contribute to the 

bystander cell death: a mechanism associated with cellular factors such as the tumor 

necrosis factor (TNF), Fas and TRAIL ligands, or associated with soluble viral factors 

like the proteins: Tat, Vpr and Nef, which would be released by the infected cells [64]. 

In addition, another mechanism of indirect cell death has recently been described, the 

abortive infection. This mechanism is based on the fact that naïve CD4+ T cells in tissue 

are refractory to productive HIV infection [65]. The viruses can enter into these cells 

but are not able to complete the reverse transcription and hence, prematurely finishes 

the transcription and abort their infection [66]. Accumulation of these incomplete 

reverse transcripts in the cytoplasm of the uninfected cell finally leads to their death 

through proapoptotic and proinflammatory responses [67]. However, over the past few 

years it has been established that one of the main determinants of HIV-1-induced 

apoptosis is the viral Envelope (Env) glycoprotein [68,69]. 
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Envelope glycoproteins are expressed on the surface of HIV-1 virions and on the 

plasma membrane of infected cells. Although the function of the HIV-1 envelope 

glycoprotein complex (gp120/gp41, Env) is to facilitate the entry of the viral 

nucleocapsid into the target cell by mediating fusion of the viral and cellular 

membranes, it has also been shown that this glycoprotein plays a crucial role in the 

depletion of CD4+ cells. 

9"!";"$ >+17<'&0&-

Envs are synthesized as polyprotein precursors (gp160) on the rough endoplasmic 

reticulum (RER) [70], where they are glycosylated and trafficked to the Golgi complex. 

In the secretory pathway the glycosylated gp160 acquire further complex modifications 

and are proteolytically cleaved by cellular furin or furin-like proteases, yielding the 

mature surface glycoprotein (gp120) and the transmembrane glycoprotein (gp41). Both 

subunits remain associated by non-covalent interactions and are anchored to the 

membrane through gp41. The Env, consistent of both gp41 and gp120 subunits, are 

bound by non-covalent interactions and oligomerize in homotrimers to form the Env 

spikes. Part of the Env spikes when reach the plasma membrane are rapidly recycled via 

endocytosis, which contribute to the relatively low incorporation of Env into the virus 

particles and helps HIV-1 evade the host immune response [70]. 

9"!":"$ >75.87.5'-
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Gp120 is characterized by a high degree of genetic variability between HIV-1 isolates. 

However, the amino acid changes are not distributed homogenously along the whole 

subunit. Amino acid alignments of the viral isolates led to the identification of 5 

variable protein domains (V1-V5) that are separated with 5 constant segments (C1-C5) 

[71,72] (Figure 8). 

 

Gp41 is organized into three major domains: an extracellular domain (ectodomain), a 

transmembrane domain (TMD) and an intracellular domain (endodomain or 

cytoplasmic tail, CT) (Figure 8). The ectodomain consists in different subdomains: an 

hydrophobic region known as the fusion peptide (FP), which is located at the N-

terminus; two hydrophobic regions that form "-helical coiled-coil structures referred to 
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as the heptad-repeat regions HR1 and HR2 (N- and C-heptad repeat, respectively; also 

designated as NHR and CHR) that are separated by a loop region, which harbors two 

importantly conserved cysteines [73]; and the membrane-proximal external region 

(MPER). 
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Gp120 is the subunit that enables host tropism and gp41 is the responsible for the fusion 

development. The formation of the tertiary structure of the Env is maintained through 9 

important disulfide bonds in gp120 that are formed by 18 covalently bound cysteine 

residues [74]. The five variable domains that are encoded by gp120 are located near the 

surface of the molecule and are heavily glycosylated. These Env glycosylations, which 

account for half of the molecular mass of gp120 [75], mask Env from immune 

recognition [76,77] by creating a “glycan shield” that prevents recognition by most 

antibodies [78], help Env to correctly fold [79] and help virions to bind host cell 

membranes [79,80]. The Env evolved to admit a number of sequence variations and to 

keep key functional domains hidden from host immune responses to efficiently escape. 

The gp41 ectodomain seems to be necessary for the trimeric oligomerization of the 

Envelope spikes [81] and it is also glycosylated (Figure 9); however, the four 

glycosylations located in this domain appear to be dispensable for viral replication [82]. 

The CT also influences multiple properties of Env, such as the incorporation into virus 

particles, virus infectivity, cell-surface Env expression, gp120 shedding and Env-

induced fusion [70]. 
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During the entry process mediated by Env, this glycoprotein adopt three main states 

[84]: 

 

o F370@'-GF61$B.&62'108-&737'H-

This is the native conformation. Gp41 subunits stay in the inner part of the spike 

and are being shield by gp120 (Figure 9 and 10A). 

 

o EI7'1/'/-45'$<305401-G017'5('/037'-&737'H-

This intermediate state is reached after the binding of gp120 to cellular receptors 

(Figure 10A). The residues of gp120 that allow the binding to the CD4 receptor are 

folded into proximity in the inner side of the Env tertiary structure and are located 

mainly in C1, C3 and C4 domains [85]. Subsequently to the interaction with this 

receptor, gp120 refolds and this conformational change exposes a new surface that 

is able to bind to the HIV-1 coreceptors [86], [87]. After coreceptor binding, gp41 

Introduction 



 36 

is released in an extended conformation, exposing HR1 and HR2, and inserting the 

FP into the membrane of the target cell (Figure 10A and 10B). 

 

o J305401-GB.&62'108-&737'H 

The fusogenic ability of the Env glycoprotein is acquired when, after reaching an 

extended conformation, the three gp41 subunits that form the spike fold into a six-helix 

bundle structure, also called the core structure. This stable structure, which is essential 

for the fusion process, is reached when the gp41 heptad repeat domains interact with 

each other (HR1-HR2). The six-helix bundles help to bring the cellular and viral 

membranes in a sufficient close proximity to enable membrane fusion (Figure 10A and 

10B). Subsequent higher-order clustering of additional Envs also at the fusogenic state 

is needed to facilitate membrane fusion [88] (Figure 10C). The first fusion event that is 

reached is hemifusion, which is a fusion intermediate characterized by the mixing of the 

outer leaflets of both viral and target cell lipid bilayers without progression to fusion 

pore formation [89], and hence, without cytoplasmic content exchange (Figure 10A and 

10C). At this point, distal membrane leaflets remain separated and progression to the 

fusion pore formation can be stopped and reversed. The rate-limiting step of the fusion 

process is overcoming this hemifusion stage, because it is highly energy-demanding 

[90]. The productive fusion requires overpassing this hemifusion intermediate and 

performing a transition to a posthemifusion intermediate. If these posthemifusion 

intermediates are formed, then fusion can be facilitated. Triggering of these fusion pores 

might be done by multiple adjacent coreceptor interactions and gp41 rearrangements, 

which will finally irreversibly lead to the content exchange [91].Factors that might 

regulate the formation of a wide fusion pore might be the number of receptors and 

gp120 molecules and the degree of fluidity of the target membrane [92]. Furthermore, 

cellular components [93], such as caveolin or tetraspanins, have been shown to 

modulate the ability of Env to mediate hemifusion and induce fusion by interacting with 

gp41 [94] and also to reduce the budding efficiency [95]. This highlights the importance 

of cellular factors in the process of HIV infection. 
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The HIV-1 Env can induce the depletion of CD4+ T cells through different mechanisms 

depending on its presentation. Env can kill target cells when the gp120 subunits are 

presented dissociated in the medium or when the Env trimers are expressed on the viral 

surface or on the plasma membrane of infected cells. 

 

!"#"$"5"%/ 627897*/305:;/4898',.4/

Soluble gp120 subunits resulting from shedding of the surface of the viral particles or 

infected cells are toxic to cells when they interact with the cellular coreceptors (Figure 

11A). These dissociated gp120 induce apoptosis in a caspase-9-dependent form [97] 

and they also are able to downregulate CD4 receptors [98]. 
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o C,=*?./D,77,'3/

Cell-free viruses infect target CD4+ T cells and induce their death in a so-called “direct 

killing”. HIV-1 infected cells can also mediate a “direct killing” of target cells by fusing 

with them via their cell-surface expressed Envs (Figure 11C). The joining of both 

membranes produces multinucleated cells, syncytia, which will die in a p53-dependent 

manner. A small number of reports showed multinucleated cells in in vivo samples [99-

102], suggesting that although some small syncytia could be viable and functional 

[103], the vast number of multinucleated cells might be condemned to die due to 

genomic instability [104,105]. 
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HIV-1 infected cells can also interact with bystander target cells without developing 

complete fusion. The interactions, which are gp41-dependent and stuck at the Hairpin 

(Figure 10A and dashed box of 10C), involve the development of hemifusion processes 

and the death of the target cells in a single-cell manner [68,106] (Figure 11B). The 

mixing of lipids between infected and uninfected cells, which is developed by these 

hemifusion processes, induces the death of the target cells through a rapid apoptotic 

pathway that is dependent on the activation of caspase-3. The in vivo relevance of each 

of these death mechanisms remains unknown, although it has been suggested that the 

Introduction 



 39 

bystander cell death could be playing an important role. The main reasons that support 

the relevance of the indirect cell killing are: 

- The low amount of productively infected cells that are observed in vivo, which 

cannot account for the huge depletion obtained in CD4+ T cell counts [107]. 

- Less than 1% of the circulating viruses seem to be infectious [108,109]. 

- Syncytia are rarely seen in vivo [99-102]. 

- The extent of apoptosis has been correlated with AIDS progression [110]. 

- The extent of apoptosis and the number of apoptotic cells greatly exceeds the 

number of HIV-1 infected cells, confirming that not only infected cells develop 

apoptosis [111]. 

- In situ labeling of lymph nodes showed that apoptosis occurs mainly in 

bystander cells but not in productively infected cells [112], which are more 

resistant to apoptosis [113] due to a modulation of the mitochondrial pathway 

that develops apoptosis [114]. 
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Therefore, research focused on the characterization of the Env-mediated pathogenesis is 

needed to understand its importance in vivo. The vast majority of the studies that 

evaluate the role of the Env in the HIV-1 pathogenicity are using full-length Env that 

are derived from laboratory-adapted HIV-1 strains and the main endpoint is the 

quantification of the fusion capacity. Because of the central role of gp41 in mediating 

CD4+ cell death, it is important to address the pathogenesis associated to the gp41 

subunit and especially, gp41 glycoproteins that are derived from patients. This would be 

useful in order to evaluate how changes present in gp41 glycoproteins of HIV-1 infected 

patients modify the pathogenesis of the Env glycoprotein. As the Env laboratory-

adapted strains are more capable to developing complete fusion and syncytia, the 

measurements of indirect cell death for these reports would be underestimated, because 

of the masking effects of complete fusion processes. Furthermore, because gp41 is 

involved in the depletion of CD4+ cells by different mechanisms, it seems important to 

evaluate not only the fusion capacity, but also killing potential (ability to induce CD4+ 
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T-cell loss or bystander death) in order to fully characterize the HIV-1 cytopathicity of 

patient-derived Env/gp41-glycoproteins. 
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Enfuvirtide (ENF, T-20) is an HIV fusion inhibitor, the first of a novel class of 

antiretroviral drugs used in combination therapy for the treatment of HIV-1 infection.  

This drug is a 36-amino acid peptide that was designed based on the amino acid 

sequence of the HR2 domain of the gp41 subunit (Figure 12A and 12B). This peptide 

prevents the HR1-HR2 interaction by binding to the HR1 domain and avoids the six-

helix bundle formation that are needed in the development of fusion and hemifusion 

processes [115-117] (Figure 12C). T-20 is indicated for the treatment of patients 

infected with HIV-1 who are multiresistant to antiretrovirals. Its administration is 

always in combination therapy with other drugs. The therapeutic benefits of T-20 

therapy have been demonstrated by increases in CD4+ T cell counts and a significant 

reduction in HIV RNA levels [118-120], although its high cost and inconvenient dosing 

regimen are factors that have limited its use in clinical practice to "salvage" therapy in 

patients with multi-drug resistant HIV. 

 

 /
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Several factors lead to the emergence of drug-resistant variants in patients infected with 

HIV-1 that are under the highly active antiretroviral treatment (HAART): rapid HIV-1 

turnover, huge viral productions for long periods of time, high error rate or the RT, 

recombination events between distinct isolates, incomplete suppression of viral 

replication in patients under HAART, low genetic barrier of antiretroviral drugs and 

poor adherences to treatments [121]. Drug-resistant variants may replicate in the 

presence of the antiretroviral drugs and may escape from their inhibitory effect. 

Alteration of the environment generated upon the introduction of a new drug induces a 

change in the quasiespecies distribution to favor viral variants with the best fitness 

[122]. While the predominant variants in the absence of antiretrovirals are wild type 

viruses (wt), in the presence of optimal drug concentrations, the main viral populations 

are mutants with advantages in fitness. If HAART is removed due to the presence of 

resistant mutants, the environment, in terms of fitness, might become better for wt 

viruses again. However, resistant mutants will not disappear in these conditions and will 

be still present, although at very low levels (minority variants). Thus, a rapid rebound of 

these mutant variants will be reached if the same drugs, and hence, the same 

environment, were introduced again. 

 

T-20-resistant HIV-1 variants rapidly emerge under drug pressure when virus 

replication is not completely suppressed [123-125]. Sequence analysis of T-20-resistant 

viral populations revealed the acquisition of mutations within the HR1 domain at 

positions 36-45, which were associated with a reduction in viral infectivity, probably as 

a consequence of an impaired interaction between HR1 and HR2 [126,127] (Figure 

12B). However, certain compensatory mutations within HR2 may arise and restore viral 

infectivity [128-131].  

 /
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Despite virological failure, specific changes (the cluster V38A+N140I) have been 

associated with an increase in CD4+ T cell counts in patients infected with HIV-1 and 

treated with T-20 [132-134]. The V38A correspond to a primary mutation located in the 

HR1 domain of gp41, while the N140I is a viral polymorphism placed in HR2. As 

explained, the Env glycoprotein plays a crucial role in the depletion of CD4+ T cells by 

inducing the death of single bystander cells, which is mediated by gp41 

[31,68,106,135]. Therefore, those changes in gp41 that emerge under T-20 pressure 

could induce a change in the viral pathogenicity. Previously, site-directed point 

mutations at position 38 in gp41 have been shown to exhibit deficiency in cell-to-cell 

fusion activity and apoptosis induction in vitro and in a humanized mouse model 

[136,137]. However, it is important to note that genetic context is extremely important 

in the characterization of the biological properties of Env. In the case of T20 resistance, 

previous studies have shown that the Env genetic background contributes to both the 

T20 resistance and to the function of Env. The selection for resistance is a 

coevolutionary process in which HR1 mutations are selected in combination with Env 

variants that permit optimal phenotypic expression of HR1 mutations [138]. It is well 

established that when HR1 mutations are introduced out of context (i.e., in a gp41 

where they were not originally found), they can reduce the rate of membrane fusion, but 

the introduction of changes in HR2, or even in gp120, can compensate for this defect 

[123,126,128-131,139] Point mutations introduced into gp41 may perturb the folding of 

the protein into a six-helix bundle along the HR1 and HR2 coiled-coil domains. In 

contrast, a native gp41 background may stabilize the fusogenic six-helix bundle with 

compensatory changes in the HR1 mutants, thereby minimizing the effect of the original 

mutation. Thus, highlighting the importance of assessing the pathogenicity of primary 

ENV/gp41 in which is maintained the genetic context and where changes have been 

generated. 
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The primary resistance mutations that appear in the HR1 domain of gp41 are not only 

affecting the Env glycoprotein but also the viral RNA secondary structure by altering 

the region where the RRE is localized (Figure 12A). The nucleotide changes emerge 

under drug pressure in the region that forms the RRE and can modify its conserved 

secondary structure, and consequently, affect the functions that develops in the viral 

transcription. The secondary structures of the RREs are usually determined through 

computational predictions based on their primary sequences and bioinformatics 

algorithms. More recently a new methodology has been developed and allowed to 

describe the secondary structure of the entire HIV-1 RNA genome [123,144-146]. 

These experiments of SHAPE (selective 2’-hydroxyl acylation analyzed by primer 

extension) are based on chemical reactions that determine the reactivity of each 

nucleotide in the analyzed RNA fragment and these values are subsequently converted 

into free energies, which are finally used to predict the secondary structures. Thus, these 

predictions give an idea of the overall RRE secondary structure conservation when 

compared to other predicted structures, but their alterations cannot be extrapolated to 

functional data. 
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The main studies performed analyzing nucleotide changes in the RRE have been 

focused on the characterization of the RRE-Rev binding, the multimerization of Rev 

and the identification of the regions that were important for these functions. All these 

reports have been centered studying the high affinity binding site (localized at the base 

of the stem IIB) and the relevance of the other stems (III, IV and V). Mutations in the 

high-affinity binding site of Rev showed disruptions in the predicted secondary 

structures of this region and involved a direct impact on Rev binding [31,147]. For the 

rest of the stems, big deletions or multiple mutations were shown to create non-

functional RREs [148,149]; however, few efforts have been done analyzing single 

nucleotide substitutions present in vivo in this region situated in the env gene.  

 

Two reports associated the decrease in replication capacities of viruses harboring 

primary resistance mutations to T-20 with alterations in the predicted secondary 

structure of their RREs [139,146,150,151]. However, these assays did not specifically 

test the functions of these mutated RREs, which might be the ability to interact with 

Rev and the ability to allow the transportation of long viral transcripts to the cytoplasm. 

Besides, the T-20 primary resistance mutations Q40H and L45M were suggested to be 

selected together in order to restore the RRE secondary structure, which was abrogated 

when the nucleotide substitutions that encoded for these changes were present alone 

[139]. These hypotheses were based on predicted secondary structures but functional 

impact of these changes, which were situated in the gp41 protein (env gene) have not 

been tested so far. 
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The secondary structure of the RRE is determined at the nucleotide level and has been 

shown to be important for the correct export of the HIV viral transcripts, and hence, 

viral replication. Nucleotide changes in the env gene have been associated with the 

emergence of drug resistance and alterations in the predicted secondary structure of the 

RREs, which could lead to changes in their replication capacity. However, the impact of 

these changes on the RRE functionalities has not been reported to date.  

" Objective 1.- To select nucleotide substitutions in the env gene (gp41/RRE) 

from patients receiving a T-20-containing salvage therapy and to analyze 

their impact on the RRE predicted secondary structures and functionalities. 

This objective is addressed in Chapter 1. 

 

The role of the Env/gp41 glycoprotein in HIV pathogenesis has been extensively 

studied in the last three decades. However, experiments were mainly based on the 

introduction of mutations by site-directed mutagenesis or the analysis of laboratory-

adapted HIV strains, which may not reflect exactly the in vivo phenotype due to the 

importance of the Env context for its function. The establishment of a methodology able 

to fully evaluate the Env pathogenicity would be a useful tool for the characterization of 

Env/gp41 isolated from patients.  

" Objective 2.- To establish an in vitro methodology to evaluate the 

pathogenicity of patient-derived Env glycoproteins. This objective is 

addressed in Chapter 2. 

 

Changes in gp41 associated with resistance to the fusion inhibitor T-20 have been 

correlated with immunological recovery, even after virological failure, suggesting that 

the acquisition of T-20 resistance alters gp41 pathogenicity.  

" Objective 3.- To analyze the pathogenicity of several patient-derived gp41 

glycoproteins isolated from patients receiving a T-20 containing therapy with 

changes at positions 38 and 140. This objective is addressed in Chapter 3. 

Hypotheses & Objectives 
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The fusion inhibitor C34 [152], the CXCR4-antagonist JM-2987 (hydrobromide salt of 

AMD-3100) [153] and the CCR5-antagonist TAK-779 [154,155] were obtained through the 

NIH AIDS Research and Reference Reagent Program (NIH ARRRP), Division of AIDS, 

NIAID, NIH. 

"#4#$! ,)*-5/6-&+!

The antibodies targeting CD4 (FITC-labeled) and CD3 (APC-Cy7-labeled) were obtained 

from BD Bioscience (San José, CA, USA). The anti-gp120 antibodies 2G12 and IgG1 b12 

were obtained from Polymun (Vienna, Austria) and through the NIH ARRRP, respectively. 

PE- and HRP-labeled secondary antibodies goat anti-Human IgG were obtained from Jackson 

ImmunoResearch Laboratories (Pennsylvania, USA). 

"#7#$! 81'+9-6+!

The Tat-expressing plasmid pcTat [142,156] was obtained from Dr. Abhay Patki and Dr. 

Michael Lederman through the NIH ARRRP. The pNL4-3 was obtained through the NIH 

ARRRP from Dr. Malcolm Martin [143,157]. The pLAI.2 was obtained through the NIH 

ARRRP from Dr. Keith Peden, courtesy of the MRC AIDS Directed Program [140]. The 

fusion defective mutant 41.2 was obtained from Dr. Eric O. Freed through the HIV Drug 

Resistance Program National Cancer Institute NCI-Frederick (Frederick, MD, USA). The 

luciferase-RRE expressing plasmid pDM628 was kindly provided by Dr. J. Kjems (Aarhus 

University, Denmark). 

"#:#$! ;&95.')&!')6!<&11!*.'<=&.+!

Dichloro-DimethylAcridin-One (DDAO) and the lipophilic probe Di1C18(3) (DiI) were 

purchased from Molecular Probes (Invitrogen, Madrid, Spain). 

"#>#$! ?*@&.!.&'(&)*+!

The cationic fluorescent dye propidium iodide (PI) and the potentiometric mitochondrial 

probe DiOC6(3) were purchased from Sigma-Aldrich and Invitrogen, respectively. Sterile 

phosphate buffered saline (PBS), low and high DNA mass ladders, DMSO, LB-Agar, LB-

liquid, Lipofectamine 2000, OPTIMEM, Versene, Trypsin, Dulbecco’s modified Eagle’s 
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medium (DMEM), RPMI 1640, fetal bovine serum (FBS), cell extraction buffer, NuPAGE® 

Bis-Tris mini gels 4-12% polyacrylamide and iBlot® Dry Blotting System, were obtained 

from Invitrogen. Calphos was purchased from Clontech Laboratories (Montain View, CA, 

USA). 96-well plates were purchased from BD Bioscience. Lymphoprep was purchased from 

Axis-shield (Oslo, Norway). Perfect-Count Microspheres were obtained from Cytognos 

(Salamanca, Spain). The BCA protein assay kit and the SuperSignal West Pico 

Chemiluminescent Substrate were purchased from Thermo Scientific Pierce (Madrid, Spain). 
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The primary human embryonic kidney 293T cell line was obtained from the American Type 

Culture Collection (ATCC, LGC Standards, Middlesex, UK). The human cervical epithelial 

carcinoma cell lines HeLa and TZM-bl were supplied by the NIH ARRRP. TZM-bl cells 

harbor an integrated copy of the luciferase gene under control of the HIV-1. The 

transactivation of the luciferase gene leads to the production of the Luciferase enzyme that in 

the presence of its specific substrate, D-luciferin, catalyzes the oxidation of specific 

substrates to produce light. 

 

Adherent cells were grown in DMEM supplemented with 10% of heat-inactivated FBS 

(referred from now on as D10) and maintained at 37ºC in a 5% CO2 incubator. Cells were 

subcultured twice a week using Versene and Trypsin. 

 

5=>=5=7 @%)1'-)#+-(8'00)(

MOLTNL4-3 is an X4-tropic HIV-1 chronically infected cell line previously generated in our 

laboratory through infecting the MOLTUninfected cell line with the NL4-3 viral strain by Dr. 

Julià Blanco. 

 

Cells were grown in suspension and were maintained in RPMI supplemented with 10% FBS 

(referred from now on as R10). Cells were subcultured twice a week. 

 

Materials & Methods 



 55 

4#4#$! 8.-9'.B!<&11+!

Fresh buffy coats, enriched fractions in leukocytes and erythrocytes of human peripheral 

blood, from healthy donors were obtained from a local blood bank (Banc de Sang i Teixits, 

BST, Barcelona, Spain). Purification of the PBMCs was performed by a density gradient 

centrifugation using Lymphoprep and subsequently used to purify primary CD4+ T 

lymphocytes. To purify CD4+ T cells we used the CD4+ T cell Isolation kit II (Miltenyi 

Biotec, Madrid, Spain), a negative selection kit to avoid undesired effects in activation or 

behavior in the target cells. Final preparations were >95% of CD4+ T cells, as determined by 

flow cytometry. The isolated CD4+ lymphocytes were incubated overnight at 37ºC in R10. 

 

7#$! 8'*-&)*+!

Previously, we characterized gp41 proteins derived from 13 heavily pre-treated HIV-1-

infected patients receiving an T-20-containing salvage therapy. Several drug-resistance 

mutations were detected along the entire gp41 ectodomain, mainly mapping in the HR1 

domain at positions 36, 38 and 43 [123](Table 1). Plasma samples from those characterized 

patients collected at different time points during the treatment were used to generate 

Envelope-expressing plasmids. 
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Full-length Env-expressing plasmids from patients 1, 5, 9 and 10 at baseline and at different 

time points during treatment were constructed. Viral RNA was isolated (QIAamp Viral RNA 

kit, QIAgen, Spain) following manufacturer’s instructions and a fragment corresponding to 

the rev, vpu and env genes was amplified through RetroTranscription-PCR using specific 

primers (NLEcoRIF and NLXhoIR, see Table 2) and the SuperScriptIII One-Step RT-PCR 

system with Platinium Taq High Fidelity (Invitrogen). The program used in the PCR was the 

following: First, 1 cycle of 30 min at 55ºC; 2 min at 94ºC. Second, 30 cycles of 1min at 94ºC, 

1min at 58ºC and 5min at 68ºC; and finally 1 cycle of 10 min at 68ºC. A nested PCR was 

carried out using Platinum Taq DNA Polymerase High Fidelity (Invitrogen) using the RNA-

NestedF and the RNA-NestedR primers (Table 2) to obtain the fragment that encodes the 

full-length Env protein (2951bp) in addition to the Rev and Vpu. The PCR program was: 1 

cycle of 5 min at 94ºC; 35 cycles of: 1 min at 94ºC, 1 min at 55ºC and 4 min at 68ºC; and 1 

cycle of 10 min at 68ºC. The purification of the PCR products was performed with the SNAP 

UV-free gel purification kit (Invitrogen) as described by the manufacturer and were 

subsequently directionally cloned into the expression vector pcDNA.3.1D/V5/His-TOPO 

(Invitrogen) in a 1:1 molar ratio of PCR product:TOPO vector (Figure 13A). 

 

The TOPO cloning reaction constructs were transformed into One Shot TOP10 chemically 

competent E.coli (Invitrogen) by heat shocking at 42 ºC for 30 seconds, spread on LB plates 

containing 100 µg/ml ampicillin (Sigma-Aldrich) and incubated overnight at 37ºC. The next 

day several individual colonies (between 30-60) were selected and analyzed by PCR, using a 

forward primer that hybridized within the insert (BGHR) and that were coupled with Egp41F 

to confirm the presence and the correct orientation of the insert into the vector (Table 2). The 

PCR products were analyzed by agarose gel electrophoresis and positive clones were selected 

and grown overnight at 37ºC in liquid LB medium containing 100 µg/ml ampicillin. Plasmids 

of each selected clone were isolated and purified using the QIAprep Spin Miniprep Kit 

(Qiagen) and glycerolates were stored at -80ºC to preserve the transformed cells. 

 

All Env-expressing plasmids were sequenced using 14 specific primers (RNA-NestedF, 

EnvF, 6855R, U6923, 7030R, U7316, L7344, L7692, Egp41F, Egp41R, RNA-NestedR, 

U6835, L7764 and EnvR) (Table 2). The regions corresponding to the first and the second 
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exons of Rev were also sequenced in some of the plasmids adding the T7promoter primer. 

The sequencing was performed using the Big Dye Terminator v3.1 cycle sequencing kit 

(Applied Biosystems) with a standard sequencing reaction procedure: 1 cycle of 95ºC for 5 

min and 35 cycles of: 95ºC for 30 secs, 56,5ºC for 15 secs and 60ºC for 3 min. DNA clean-up 

of the sequencing reactions was performed by centrifugation using absolute ethanol and 

EDTA. Purified DNA was subsequently sequenced using a 4-capillar automatic DNA 

sequencer (3100 Genetic Analyzer) and the sequences were aligned and edited using the 

Sequencher v4.7 (Gene Codes Corporation, Ann Arbor, MI) and the GeneDoc v2.6 (Nicholas 

Karl B et al 1997) programs. Full-length envelope clones were classified and used depending 

on their mutations. 
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:#4#$! 81'+9-6+!&EF.&++-)(!GB5.-6$D)0+!

Hybrid gp160 proteins were constructed with gp120 derived from an NL4-3 virus and gp41 

derived from the patients (Figure 13B). Full-length Env-expressing plasmids created 

previously (described above) from patients 1, 9 and 10, who had mutations associated with T-

20 resistance at position 38 in the gp41 viral protein but differed in the amino acid found at 

position 140, were selected to PCR-amplify the gp41 subunits using MluIF2 and RNA-

NestedR primers (Table 2).  In parallel, gp120 was PCR-amplified from pNL4-3 using the 

RNA-NestedF and MluIR2 primers (Table 2). Both PCR thermal cycle conditions were: 1 

cycle of 5 min at 94ºC; 35 cycles of 1min at 94º, 1 min at 58ºC and 3 min at 68ºC; and 1 

cycle of 10 min at 68ºC. 

 

The joining of the NL4-3-derived gp120 and the different patient-derived gp41 subunits was 

done using a strategy called overlapping PCR. This method benefits from an overlapping 

sequence between both subunits, since the primers MluIF2 and MluIR2 are complementary to 

each other. Both PCR products (gp120 and gp41), previously gel-purified, were mixed and 
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re-amplified to generate a final PCR product (an hybrid Env with gp120 from an NL4-3 virus 

and gp41 derived from patients). The PCR consisted in an initial cycle of denaturation at 

94ºC for 5 min and 15 cycles of: 94ºC 30 secs, 60ºC 30 secs and 68ºC 5min. These cycles 

were performed with all the reagents used in a standard PCR mix but without specific 

primers. Following these cycles the RNA-NestedF and the RNA-NestedR primers were 

added to the preparations and were used to exponentially amplify the recombinant hybrid 

envelopes (Table 2). A denaturation step of 15 min at 94ºC was followed by 20 cycles of: 

94ºC for 1 min, 60ºC for 1 min and 68ºC for 6 min; and 10 min at 68ºC. The PCR products 

were purified (Figure 14), cloned in the pcDNA.3.1D/V5/His-TOPO and sequenced as 

previously described. Forty-eight hybrid envelope clones with changes at positions 38 and 

140 were selected and characterized (Chapter 3). 

 

!"#$%&'(J*'6#<%,+&'#&A'&A&>0%,@.,%&+"+'+.,K"-#' 0.&'IH6' =%<#B&-0+' 0.<0'<AA,K&?'0.&'
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:#7#$! %%D$&EF.&++-)(!F1'+9-6+!H/.!-)!0-*./!%I,!F./63<*-/)!

RRE-expressing plasmids for in vitro RNA synthesis were constructed from full-length Env-

expressing plasmids that were derived from patient 10, who had mutations at positions 36, 38 

and 43. The fragment that corresponded to the RRE was PCR-amplified from the full-Env 

plasmids using RREF and RRER primers and the following thermal cycle conditions: 1 cycle 

of 5 minutes at 94°C; 35 cycles of: 1 min at 94°C, 1 min at 50°C and 3min at 68°C; and 10 
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min at 68°C (Table 2). PCR fragments of 329 bp were purified by gel-excision as described 

before and subsequently cloned into the pPCR-Script Amp SK(+) cloning vector (Cultek, 

Granollers, Spain) as described by the manufacturer (Figure 13C,). Several clones were 

selected and a PCR was performed using the primers T3Strata, which hybridized to the 

vector, and Ngp41F, to confirm the presence and the correct orientation of the insert (Table 

2). Plasmid isolation from positive clones was performed and 26 individual clones were 

selected after checking for the harbored mutations by sequencing analyses using primers that 

were flanking the insert, T7Strata and T3Strata (Table 2). Two plasmids containing each of 

the desired mutations were subsequently used for in vitro RNA production (Chapter 1). 

 

:#:#$! %%D$&EF.&++-)(!F1'+9-6+!*/!9&'+3.&!%I,!*.')+F/.*!

In order to perform an RNA transport assay to test the different RRE mutants, we selected the 

same full-length Env that were used to generate the RRE-expressing plasmids for the in vitro 

RNA production and we cloned their RRE fragments into the reporter vector pDM628!RRE. 

 

We constructed this reporter vector after modifying the preexistent pDM628, which was a 

Rev-dependent luciferase-based vector. PDM628!RRE was constructed by introducing into 

pDM628 two cleavage sites for the restriction enzymes XmaI and SpeI at the 5’ and 3’ ends 

of the RRE, respectively. The introduction of these enzymatic cleavage sites was performed 

by PCR using primers that added these cleavage sequences (SpeIRREFpDM628 and 

XmaIRRER) before and after of the RRE sequence that was present on the pDM628 (Table 

2). Subsequently to the digestion with these two enzymes, the polylinker 5'PO4 

CCGGGACCGGTGGCGCGCCACCGGTA was introduced into the modificated pDM628 

vector in order to close it in a circular form lacking the RRE. 

 

The RRE fragments were PCR-amplified from the full-length Env-expressing plasmids also 

using primers that harbored these enzymatic restriction sites (SpeIRREF and XmaIRRER) 

(Table 2). Then, both pDM628"RRE vector and RRE fragments were digested with SpeI 

and XmaI restriction enzymes and were purified. Finally, the inserts (533 bp) were cloned 

into the vector (Figure 13D), transformed into bacteria and the transformants were analyzed 

and sequenced as described before. These plasmids were subsequently used to measure the 

capacity of the mutant RREs to being transported to the cytoplasm (Chapter 1). 
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:#>#$! J-*&$6-.&<*&6!93*')*+!!

D589L Env-expressing plasmids were constructed by introducing a point mutation in two 

different envelopes, pNL4-3 and pLAI.2, by using the GeneTailor Site-Directed Mutagenesis 

Kit (Invitrogen) and specific primers. The originated full envelopes that harbored the D589L 

mutation in both viral strain backgrounds were subsequently cloned into a pcDNA3.1 vector 

as previously described. 

 

RRE-expressing plasmids having Q40H, L45M and 40Q-45L were generated by site directed 

mutagenesis, using the GeneTailor Site-Directed Mutagenesis Kit (Invitrogen), for in vitro 

RNA production and to perform a transport assay. Site-directed mutants were created using 

as a template a full Env-expressing plasmid that was derived from patient 5 and which 

harbored the double mutation Q40H-L45M. The RRE fragments generated after the site-

directed mutagenesis were subsequently cloned into the pPCR-Script Amp SK(+) cloning 

vector and into the pDM628!RRE, as previously described. 
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!"#$ %&'()*+,-$./,0'/0,&$1(*&2$+)+2-.3.$4(,$556$578.$

The secondary structures of the RREs harboring different nucleotide substitutions were 

predicted by bioinformatics tools using the sequences obtained from full-length Env-

expressing plasmids and from the ones produced for in vitro RNA production. To predict 

differences in the RNA folding of these RREs depending on the harbored mutations, it was 

used the RNA Fold server (Vienna RNA Webservers [158], http://rna.tbi.univie.ac.at/), which 

predicts the minimum free energy structures and base pair probabilities from single RNA 

sequences using dynamic programming algorithms [144]; and the MFold web server 

([147,158]; http://mfold.rna.albany.edu/?q=mfold/RNA-Folding-Form), which uses different 

algorithms than the RNA Fold program. In order to predict these secondary structures, 

sequences corresponding to the nts 7730-8058 (329 bp), which correspond to the positions 

relative to HXB2 genome start, were introduced to generate them. 

 

9"#$ 5&:$;3)*3)<$+..+-.$

Rev binding assays were performed in collaboration with Dr Nancy Beerens at the Aarhus 

University (Aarhus, Denmark). RRE RNA was generated through in vitro transcription by T7 

RNA polymerase and radiolabeled UTPs from the constructed RRE-expressing plasmids 

(Figure 13C). The RNA products were separated on a denaturing gel and the full-length 

products were isolated. After elution, the RNA was precipitated and the % of 32P-UTP 

incorporation was determined. Equal amounts of RNA were used for Rev binding assays. 

Recombinant Rev protein was produced in E.coli, purified, and then mixed with RNARRE. 

Then, the products were analyzed on a native gel (EMSA) and the gel shifts were quantified 

by phosphorimage. 

 

="#$ 5&:$&>?(,/3)<$+..+-.$

Rev exporting assays were performed in collaboration with Dr Nancy Beerens at the Aarhus 

University. 293T cells were cotransfected with pcRev and RRE-expressing plasmids, which 

were generated using the Rev-dependent luciferase-based pDM628!RRE, and luminescence 

was measured in order to determine the rate of exportation to the cytoplasm of the full-length 

transcripts using a kit of luciferase. 
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@"#$ A&B+$+)*$CDEF$/,+).4&'/3().G$6):#&>?,&..3)<$'&22.$

HeLa and 293T cells were plated at a density of 8x105 cells/well in six-well plates and 

allowed to grow overnight. Both cell lines were transfected with 1.3 "g of Env-expressing 

plasmids, for bystander apoptosis, absolute loss of CD4+ T cells and hemifusion analyses or 

cotransfected with the Env-expressing plasmids and 2.7 "g of pcTat for the fusion assays, to 

obtain Env+ cells. Transient transfections of subconfluent 293T cells were accomplished 

using the Calphos Mammalian transfection kit and confluent HeLa cells were transfected 

with the Lipofectamine 2000 kit, according to the manufacturer’s instructions. Twenty-four 

hours post-transfection, the cells were collected for further analyses. As negative controls, 

cells were mock-transfected (with the pcDNA 3.1 vector) or transfected with pcTat alone. 
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D"#$ H0+)/343'+/3()$(4$/I&$6):$&>?,&..3()$

D"J"#$ K2(L$'-/(1&/,-$

Detection of Envelope expression on the membrane of effector cells was performed through 

an indirect-staining by flow cytometry twenty-four hours post-transfection. To assess this, 

3x105 Env-transfected cells were incubated with the anti-gp120 monoclonal antibodies 2G12 

or IgG1 b12 (4µg/ml) for 20 min at 37ºC and after washing the cells with sterile PBS, 

incubated at RT for 15min with the PE-labeled goat anti-human IgG. Two more washing 

steps were performed and thereafter, the cells were fixed in formaldehyde 1%, acquired in a 

FACS LSRII flow cytometer and analyzed by the FACSdiva software (BD Biosciences). 

Mock-transfected cells were used as a negative staining control. The percentage of Env-

positive cells and the geometric mean fluorescence intensity (geoMFI) of these cells were 

considered as individual parameters or used to calculate the relative fluorescence intensity 

(RFI= % of Env-positive cells x geoMFI of Env-positive cells), as described previously 

[39,148]. MOLTNL4-3 and MOLTUninfected were used as positive and negative controls in each 

assay. 

D"C"#$ M&./&,)$N2(/$

293T and HeLa Env-transfected cells were lysed with cell extraction buffer (Invitrogen) 

following manufacturer’s instructions. Total protein amounts were quantified using the BCA 

protein assay kit (Thermo Scientific Pierce) and 20 "g of total protein for each sample were 

analyzed in SDS-PAGE using NuPAGE® Bis-Tris mini gels with 4 to 12% gradient of 

polyacrylamide concentration (Invitrogen). Proteins were transferred to a nitrocellulose 

membrane using the iBlot® Dry Blotting System (Invitrogen). Western blotting was 

conducted using anti-Env 2G12 antibody (Polymun) at 2 "g/ml for 2 hours at room 

temperature, followed by HRP-labeled anti-human IgG secondary antibody (Jackson 

Immunoresearch) at 1:5000 dilution for 1 hour at room temperature. Chemiluminescence was 

detected employing SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific 

Pierce). 
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JO"#$ P&22#/(#P&22$40.3()$+..+-.$

Twenty-four hours post-transfecting HeLa and 293T cells with Env-expressing plasmids and 

pcTat, 3x104 Env+Tat+ HeLa/293T cells were cocultured with 3x104 TZM-bl cells for 6 hours 

or in kinetic experiments for 2, 4, 6, 12, 24 and 52 hours in 96-well plates in the presence or 

absence of the CXCR4 and the CCR5 coreceptor inhibitors JM-2987 and TAK-779 (1 "g/ml) 

The fusion efficiency of each envelope clone was quantified by assessing the luminescence of 

the cocultures in each well (Britelite Luminiscence Reporter Gene Assay System, Perkin 

Elmer Life Sciences) with a Luminoskan Ascent luminometer (Labsystems, Spain). 

 

JJ"#$ 6):&2(?&#3)*0'&*$'-/(?+/I3'3/-$3)$PQRS$F$'&22.G$+;.(20/&$'&22$2(..$+)*$
;-./+)*&,$+?(?/(.3.$

Env-induced cytopathic effects on primary CD4+ T cells were evaluated after the coculture of 

these primary target cells with either Env-expressing HeLa cells or Env-expressing 293T 

cells, which acted as effector cells. The purified primary CD4+ T cells were stained with the 

far red cell tracker DDAO (10 "g/ml) for 1 hour at 37ºC, extensively washed with sterile PBS 

and maintained in R10 at 37ºC in a 5% CO2 incubator. The next day, 7.5x104 Env+ HeLa / 

293T cells were cocultured with 5x104 CD4+ DDAO+ T cells on 96-well plates in the absence 

and presence of the inhibitor JM-2987 (1"g/ml). After 24 hours, cells were collected and 

stained with DiOC6(3) (40 nM) and PI (5 µg/mL) for 1 hour at 37 ºC. Labeled MicroBeads 

(Perfect-Count Microspheres, Cytognos) were added to the stained coculture to quantify the 

absolute cell loss and samples were acquired in a FACS LSRII flow cytometer. The data were 

analyzed using the FACSdiva software (BD Biosciences). 

 

JC"#$ A&1340.3()$+..+-$

Twenty-four hours post-transfection, 293T and HeLa effector cells expressing NL4-3, D589L 

and 41.2 envelopes were labeled with 1µl of the lipophilic probe DiI (1mM) and incubated 

for five minutes at 37ºC prevented from light. Three washing steps with sterile Phosphate 

Buffered Saline (PBS) were performed to allow the clearance of the unbound probe prior a 

cellular suspension in complete medium. After 20 minutes of incubation at 37ºC to 

completely remove the excess of dye, another two final washing steps were performed before 

a final cellular suspension in complete medium. CD4+/DDAO+ cells were used as target cells 
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for the hemifusion assay cocultures. 7.5x104 effector cells were cocultured with 5x104 target 

cells in the presence or absence of the fusion inhibitor peptide C34 (5µg/ml), which was used 

to avoid Env-mediated membrane lipid transfer. After 24 hours at 37ºC, the cocultures were 

analyzed by flow cytometry and quantified by using the PE-labeled microbeads. 

 

JE"#$ %/+/3./3'+2$+)+2-.3.$

The data were compared using non-parametric Mann-Whitney tests. All of the statistical 

analyses were performed using GraphPad Prism, version 5.01, for Windows (GraphPad 

Software, San Diego, California, USA). A P-value of 0.05 was considered to be significant 

for these studies. 
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The secondary structure of the genomic viral RNA has been shown to be important for 

the correct processing and folding of the viral proteins and also for regulatory functions 

[47,146]. The Rev responsive element (RRE) is one of the most studied secondary 

structures of HIV-1 because of its importance in viral pathogenesis and its role in the 

exportation of viral mRNAs, although the conformation of these stem-loop structures is 

mainly determined by bioinformatics predictions. It has been shown that alterations in 

the configuration of the high affinity binding site or deletions of any of the stems 

abrogate the functions of the RREs. However, little is known about the impact of 

nucleotide substitutions that are present in vivo in the RRE sequences and how these 

substitutions are affecting not only the predicted secondary structure but also the 

functionalities of these elements. 

 

Previously it has been suggested that nucleotide substitutions that encode amino acid 

changes in gp41/RRE sequences were associated with resistance to T-20 and the 

improve of the viral replication capacity by increasing the structural stability of the RRE 

[150,151,159]. These data were based on analysis of viral replication kinetics; however, 

specific measurements of RRE functions were not analyzed. Another study also 

suggested that the conformation of the RRE was disrupted when single amino acid 

changes (Q40H or L45M) were selected under T-20 pressure but it was restored when 

both mutations were co-present[139], suggesting that this particular reestablishment in 

the secondary structure of this RRE was modulating the resistance pathways to  T-20. 

Nevertheless, no data on the impact of these changes on the functionality of the RRE 

have been published. 

 

The functionality of the RRE/Rev interaction of gp41/RRE sequence selected from 

patients receiving a T-20 containing salvage therapy was evaluated. Our results 

indicated that the predicted secondary structures of the RREs might not always reflect 

the real impact on the functionalities in the RRE suggesting that, the RRE has structural 

versatility and as long as the structural conformation is close to some consensus 

conformation the RRE is functional. 
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J"#$ T,&*3'/3()$(4$/I&$?+/3&)/#*&,3:&*$556$.&'()*+,-$./,0'/0,&.$

Full-length Env-expressing plasmids were constructed from two previously 

characterized heavily treated HIV-1 infected patients receiving a T-20-containing 

salvage therapy. A patient that harbored amino acid changes at positions 36, 38 and 43 

in gp41 (patient 10 in Table 1) and from another patient that harbored changes at 

positions 40 and 45 (patient 5 in Table 1). Interestingly, in the samples obtained from 

this latter patient we could only obtain plasmids with the Q40H change or with the 

double mutation Q40H-L45M, but none were found with the L45M present as a single 

substitution. In order to analyze both changes we created by site-directed mutagenesis 

from the full-length Env-expressing plasmid Q40H-L45M the plasmids encoding for the 

single Q40H, L45M and the wt 40Q-45L. 

 

As all these changes were situated in the region where the RRE is located, two different 

bioinformatics programs, RNA fold (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi, 

[158]) and Mfold (http://mfold.rna.albany.edu/?q=mfold/RNA-Folding-Form, [147]), 

were used to predict the secondary structures of the RREs present in some of our 

plasmids using their nucleotide sequences. The prediction of the RRE secondary 

structures obtained with those tools was based on the free energy minimization that was 

calculated using a loop-based energy model and a dynamic programming algorithm 

[157]. 

(
!

!

"#$%&'!()*!+,#$-.'-/!01!/2'!-%3,'0/#4'!5'6%'-3'5!01!/2'!778!1&9$.'-/5!%5'4!10&!

/2'!:&'4#3/#0-!01!/2'!5'30-49&;!5/&%3/%&'5<!""#$!%&'(!)*+,-.+!/!0-&-!)&'123-1!45!

$,+-61,&-3+-1!(2+*7-.-$,$!*.1!*8,7.-1!+'!+9-!38'.-!09,39!*(,.'!*3,1!(2+*+,'.$!0-&-!

&-:-&+-1!;7&*5!$9*1,.7<=!""#$! %&'(!)*+,-.+!>?!0-&-!*8,7.-1!+'!*!38'.-!1-&,:-1! %&'(!

+9-!4*$-8,.-!$*()8-!;7&*5!$9*1,.7<=!@-A2-.3-$!3'&&-$)'.1-1!+'!+9-!BCDE!.238-'+,1-!

%&*7(-.+!&*.7,.7!FG>/6G?>/!;E?>!.+$<H!09,39!-.3'1-1! %'&! +9-! %&*7(-.+! ,.! +9-!7)I>!

)&'+-,.! 4-+0--.! +9-! *(,.'! *3,1$! E?+9! *.1!GJ+9! ,.! +9,$! $242.,+=! D'K-$! 9,798,79+! +9-!

3'1'.$!+9*+!-.3'1-!%'&!)&,(*&5!L6E?!&-$,$+*.3-!(2+*+,'.$!,.!+9-!7)I>!)&'+-,.!;MJH!MG!

*.1!IM!%'&!)*+,-.+!>?N!*.1!I?!*.1!I/!%'&!)*+,-.+!/<=!L9-!.'(-.38*+2&-!'%!+9-!.*(-$!'%!

+9-!38'.-$!(-*.O!)*+,-.+!/P>?!;Q/PQ>?<H!0--R$!?H!I!'&!EI!'%!L6E?!+&-*+(-.+!;0?H!0I!

'&! 0EI<H! *(,.'! *3,1! (2+*+,'.$! 9*&4'&,.7! *.1! *! .2(-&*8! 3'&&-$)'.1,.7! +'! +9-!

,.1,:,12*8!.2(4-&!'%!+9-!38'.-=!
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The secondary structures obtained from the RRE-expressing plasmids constructed from 

the patient 10 baseline samples (wt), displayed the characteristic 5 stem-loop 

subdomains that are extensively believed to be important for the correct interaction and 

function of the Rev protein (Figure 16). The G36V, G36D, V38A, and N43D amino 

acid mutations derive from the nucleotide substitutions (in boldface) GGT to GTT, 

GGT to GAT, GTG to GCG, and AAT to GAT, respectively. These nucleotide 

substitutions are placed at positions 135 (G36V/D), 141 (V38A) and 155 (N43D) of the 

RRE sequence fragments (329 nts) that were used to analyze the secondary structures, 

and are highlighted in red (Figure 16A). 

 

Analyzing the different RREs derived from patient 10 (G36V, G36D, V38A and 

N43D), it was found that the sequences that were encoding for amino acid changes at 

positions 36 and 38 resulted in a change in the predicted secondary structure of the RRE 

(Figure 16A). G36D/V mutants showed an alteration of the secondary structure of the 

stem II (stem IIB and IIC) by disrupting a base pair located in the stem IIC. V38A 

mutants showed a more apparent impairment in the predicted secondary structure, with 

alterations in the stem II (stem IIA and IIB) and also in the stem III caused by a 

disruption of a base pair in the stem IIA. The RRE structures are altered in these clones 

because the change of nucleotides broke the conserved base pairs that were forming. 

However the RRE sequences that meant a change in the amino acid 43 did not modify 

the secondary structure of the RRE because the switched nucleotide lies in an external 

bulge of stem III and hence, the nucleotide substitution did not break any base pair. 

Although nucleotide substitutions that encode for G36D and G36V involve an alteration 

in the predicted structures of the RREs, these changes appear to be smaller than the ones 

induced by the V38A changes. Thus, it could be expected that RREs harboring the 

nucleotide substitutions encoding for the V38A mutation should be less functional than 

the RREs encoding for G36D/V changes, because of the difference in the magnitude of 

the predicted secondary structure alterations. 
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!"#$%&' ()*' +","-$-' .%&&' &,&%#/' 0&12,34%/' 05%$15$%&' 6%&3"15"2,0' 2.' 645"&,57

3&%"8&3'99:0;'<='!"#$%&'()*$"+&,+&#&-)()*.-"./"(-"0-#,1*$&2".+"#*-31&4#,1*$&2"'56!"
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In addition to changes at positions 36 and 38 of gp41, amino acid substitutions at 

positions 40 and 45 have previously also been associated with the modulation of the 

RRE structures. The secondary structure of the wt RRE (40Q-45L) generated by site-

directed mutagenesis appeared to have the stems IV and V equal to the structure that 

was predicted for the wt of patient 10, although the bases of these stems did not attach 

directly to the central loop where the rest of the stems converge, but are attached to a 

new structure formed from the one that is normally lying between stems III and IV. 

Despite this visual alteration, this is consistent with a previous report that suggested that 

the base of the stem IV was not confined to a secondary structure [39] and that the 

nucleotides that were located at the base of the stem V appeared to be more flexible[47]. 

The predicted secondary structures of the RREs that harbored the nucleotide 

substitutions encoding for the single mutations Q40H and L45M showed an alteration in 

the stem III. This change was generated by a disruption of a base pair in this subdomain. 

The consequences of this base pair disruption are observed as a little bulge in the RREs 

characterized by having the Q40H alone and as a complete disruption of the stem III for 

the ones that have the L45M alone. However, RREs having both changes (Q40H-

L45M) showed a restoration of the stem loop III and displayed a predicted RRE 

secondary structure identical to the one obtained with the wt plasmid 40Q-45L (Figure 
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16B). The nucleotides that are changed for the establishment of these particular 

mutations in vivo (CAG to CAT, for Q40H and CTG to ATG, for L45M) are forming a 

base pair in the stem III of the RRE structure. For this reason, the disruption of the base 

pair that is formed with the Q40H appeared to be restored in the presence of the L45M. 

The wt base pair is formed between G-C, while it is established between T-A when 

both Q40H-L45M are present. Analyzing the predicted secondary structures displayed 

from this sequences, it might be speculated that the Q40H mutants would have 

minimum functional impairments, while the L45M mutants might have the worst ability 

to develop its junctions accounting for the its huge disruption. In order to know the 

impact of all these changes in the RRE functions, Rev binding and Rev-dependent 

transport assays were performed.  

 !
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The ability of the Rev viral protein to interact with the different RREs harboring the 

selected nucleotide substitutions was analyzed. This capacity was examined by using a 

wt Rev protein and the RRE-expressing plasmids that were constructed into the pPCR 

Script Amp SK(+) vector (Figure 13C). Subsequently to the in vitro RNA production 

of the RRE fragments, these RNA molecules were tested for their binding capacity in 

increasing concentrations of Rev (Figure 17). The complexes PROTRev-RNARRE were 

separated depending on their size and the discrimination of the complexes that had 3, 2, 

1 or none Rev proteins attached to the RNARRE could be observed. The band shifts were 

analyzed by quantitative densitometry (Phosphorimager) of the gel. The quantification 

of the complexes RRE-Rev derived from patient 10 did not show any difference 

between the wt and the fragments harboring the G36V/D, V38A and N43D changes 

(Figure 17A). Thus, all of the RREs tested for patient 10 had the same ability to bind to 

Rev, irrespective of the nucleotide substitutions that they were harboring, and the 

predicted secondary structure they were displaying. 

 

However, the bands observed in the gel and the % of shift of the complexes formed with 

the RREs with changes at positions 40 and 45 and the viral Rev protein showed 

differences (Figure 17B). The RREs that was harboring the L45M change showed an 

impairment in the ability to bind the viral Rev protein when the concentrations of Rev 

were low/intermediate, which was correlated with the alteration observed in the 

secondary structure. However, that RRE-Rev binding was mainly recovered when 

higher concentrations of Rev were used. Unexpectedly, the double-mutant Q40H-L45M 

showed the same RRE-Rev binding profile than the single L45M mutant despite the 

differences in the predicted structures, in which the double-mutant appeared to restore 

the alterations caused by the single mutant. The RREs that had a sequence that encoded 

for the single change Q40H, showed the same ability than the wt RRE to bind Rev, in 

concordance with the predicted structure.   
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To examine if the capacity of Rev to shuttle the viral RNA to the cytoplasm was being 

affected by the nucleotide substitutions that were located in the gp41/RRE, a Rev-

dependent RNA transport assay was performed. In this case, the different RREs were 

studied after cloning them into the reporter pDM628!RRE vector (Figure 13D). After 

the transfection of a Rev-expressing plasmid and the pDM628-RRE expressing 

plasmids, the transcripts produced upon transcription consisted in fragments encoding 

for the luciferase gene and the RRE and in which both elements were situated between a 

splicing donor and a splicing acceptor. If these transcripts are not exported by Rev, the 
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luciferase gene and the RRE would be splice out and hence, cultures would not produce 

light. However, if Rev is able to interact with the RRE and mediate the export of the 

transcript to the cytoplasm, the cultures will show the production of light. The 

efficiency in the shuttle mediated by Rev to the cytoplasmic compartment was analyzed 

of the different RREs. To determine our background light due to Rev-independent 

export, a negative plasmid control lacking the RRE was used (pDM628!RRE). 

Analysis of the quantifications showed that there was not any Rev-dependent transport 

impairment, suggesting that the nucleotide substitutions tested, and therefore the 

different structural conformations observed, were not impacting the transport efficiency. 
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It has been suggested that changes in the RRE that appeared after T-20 treatment can be 

compensated by changes in the Rev protein [139]. Thus, in order to determine if any of 

our RREs were being associated with specific changes in the Rev protein that might 

regulate the functionality of the RREs, sequencing analyses of both exons of Rev were 

performed. Rev sequences obtained from full-length Env-expressing plasmids derived 
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from patient 10 and patient 5 were aligned (Figure 19). Plasmids derived from patient 

10 having the G36V, G36D, V38A or N43D mutations during the treatment were 

compared against the sequence at baseline treatment. Compensatory mutations in the 

rev gene in the sequences from patient 5 that harbored the G36V, Q40H and 

Q40HL45M mutants were also checked. The homomultimerization domains (HM; 

amino acids 18-26) of the Rev proteins were conserved between clones of the same 

patient, having only polymorphic changes that were not associated to specific resistance 

mutations located in the RRE (Figure 19A and B). At the Nuclear Localization 

Signal/RRE Binding site (NLS/RRE B; amino acids 34-50) only one change was 

present when comparing to the reference sequence of Rev, although this change was 

present in all the clones derived from both patients (Figure 19B). Finally, the Nuclear 

Export Signal (NES; amino acids 73-84) did not show any change in any of the clones 

derived from both patients (Figure 19B). The rest of the changes located outside these 

important domains were not associated neither to particular mutations. These data 

suggest that Rev is not exerting a role in the functionality of the RREs that were derived 

from the same virus and is not having a compensatory role. 
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Different strategies to study the cytopathicity of envelope glycoproteins have been 

developed by several groups until the date. However, most of the assays measure only 

fusion capacity and mainly laboratory-adapted or point mutant envelopes have been 

evaluated. Few efforts have been dedicated to measure clinically relevant envelopes, 

and no standard method is available to measure all the parameters involved in the 

envelope-induced cytopathicity. 

 

Because of the central role of gp41 in mediating CD4 cell death, it is important to 

address the pathogenesis of primary, rather than laboratory-adapted, gp41 proteins to 

evaluate how changes in gp41 could modify the pathogenesis of the envelope protein. 

Moreover, because gp41 is involved in CD4+ cell loss by different mechanisms, it is 

important to evaluate absolute loss and bystander CD4+ cell apoptosis together with 

fusion capacity in order to fully characterize gp41-induced cytopathicity. 

 

A methodological approach to study the biological properties of patient-derived 

Env/gp41 glycoproteins was evaluated using two envelope-expressing cell lines (293T 

and HeLa). The results showed a differential behavior when envelopes were expressed 

in each cell line, highlighting the relevance of the selection of the envelope-expressing 

cell line in in vitro assays and especially when the cytopathic properties of impaired or 

patient-derived gp41 glycoproteins are evaluated. 
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The development of this functional assay was performed using 48 hybrid-Envelope 

expressing plasmids (Figure 13B), constructed as described in the methodology section. 

Briefly, envelopes that were encoded by these plasmids consisted in a gp120 subunit 

that was derived from a wild type (wt) HIV-1 strain (NL4-3) and 48 distinct gp41 

subunits that were isolated from three different patients and which functionalities were 

unknown. All experiments were performed in parallel with two effector cell lines using 

the same hybrid-envelope expressing plasmids in each branch to compare the functional 

measurements in each condition. 
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The 293T [159] and, to a lesser extent, HeLa [135,136,160] cell lines have been 

previously used as effector cells in several cell-to-cell fusion assays, although an 

extensive comparison between both cellular models has never been made. The potential 

differences in transfection efficiency, Env processing, delivery of Env proteins to the 

cell-surface and other different cellular factors between these cell lines could turn one of 

them more suitable for the evaluation of the Env activity than the other one. 

 

Subsequently to the optimization of the transfection and the cell surface staining 

procedures for each cell line, both cell lines were transiently transfected with the same 

48 hybrid Env-expressing plasmids. Then, the cells were harvested and analyzed for 

Env expression. 
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To analyze the expression of these hybrid Envs we benefit from their common gp120 

subunit and we used the human monoclonal antibody 2G12, which binds to a 

glycosylation epitope in this region [161,162]. The binding capacity of the 2G12 

antibody was expected to be equal for all hybrid proteins because all of them were 

having the same amino acid sequence in the gp120 subunits, and hence, all hybrid 

proteins had the glycosylation sites conserved. Furthermore, we used an anti-gp120 
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antibody instead of an anti-gp41, to avoid problems in the recognition of the hybrid 

proteins because of the different changes in the patient-derived gp41 subunits. 

 

The data obtained by flow cytometry showed that the percentage of Env-transfected 

cells that were positive for the expression of hybrid Env on their plasma membrane, was 

different between both cell lines. The percentage of Env-positive cells for the tested 

Envs was significantly higher in HeLa than in 293T cells (P<0.0001) (Figure 20A). 

Similar statistically significant differences were observed when the Env expression 

levels were evaluated on these Env-positive populations, as measured by the geomean 

fluorescence intensity (Figure 20B) or by the relative fluorescence intensity, which is 

the measure of the total Env expression of the effector cells (Figure 20C). In addition, 

the presence of Env in both cell lines was further confirmed by Western blot analysis 

using the same 2G12 primary antibody that was used by flow cytometry (Figure 21). 
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The function of the HIV Env glycoprotein is to facilitate the entry of the viral 

nucleocapsid into the target cell. This process has an important role in HIV 

pathogenesis, and the fusogenic activity of HIV Env has long been associated with 

cytopathic effects [148,163] both in vitro and in vivo [164-166]. 

 

In this methodological approach the fusion capacity was evaluated using an HIV-LTR-

driven luciferase reporter gene assay using TZM-bl cells. Six hours after coculturing 

Env-expressing cells with reporter TZM-bl cells, luminescence was measured to 

quantify the fusion capacity of each hybrid envelope. This time point provides 

detectable levels of luciferase activity that are not influenced by the death of syncytia 

and are, hence, the direct result of fusion [159]. The capacity to mediate fusion of these 

Env was significantly different when they were expressed in the 293T cells or in the 

HeLa cells (P=0.018, Figure 22A, gray bars). The fusion values (RLU, relative 

luminescence units) were higher in the 293T cell subset and this finding was not due to 

a higher cell-surface expression because the expression in the 293T cells was 

significantly lower than in the HeLa cells (Figure 20). One possible explanation for the 

different values in absolute fusogenicities between both cell lines could be a difference 

in fusion kinetics. Thus, a faster fusion kinetic of the 293T cell subset expressing Env 

could have resulted in the observed higher luminescence values. However, when the 

fusion capacity was analyzed for two wild-type (wt) envelopes (NL4-3 and LaI) over 

time in a 52-hour coculture, the same kinetic was observed in both effector cell types. 

The fusion signal was detectable as early as 2 hours after beginning the cocultures of 

reporter and Env-expressing cells, and it reached a plateau at 12-24 hours (Figure 22B). 

Thus, despite displaying the same fusion kinetic as HeLa, Env-expressing 293T cells 

showed a higher ability to develop fusion during the entire 52-hour coculture. 
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The increased fusion efficiency in the 293T cells, as measured by luminometry, 

paralleled a higher syncytium formation in the culture, as determined by optical 

microscopy, with a destruction of most of the culture after 24 hours of coculture 

(Figure 23). 

 

To monitor the reproducibility of the fusion assays that were being performed at 6 hours 

between effector and reporter cells, a control envelope (the NL4-3 wt) was transfected 

in each cell line and was included in each experiment. Importantly, when the data of the 

patient-derived envelopes were normalized to the control values obtained in each 

experiment (100%), the fusogenicities obtained by both cell lines become not 

significantly different (P=0.915) (Figure 22A, white bars). To monitor for the 
specificity of the fusion assay, coreceptor inhibitors were used. Accordingly to the 
design of the hybrid clones, which had a common X4-tropic gp120 subunit, the tropism 
of all Envs was X4-tropic. Thus, the fusion values displayed by all recombinant clones 
was inhibited when the CXCR4 inhibitor, JM-2987, was added to the cocultures, but not 
when it was used the CCR5 inhibitor, TAK-779 (Figure 22A).!

 

The relevance of the differences in absolute fusion was evaluated using an Env mutant 

(D589L) described previously as defective in cell-to-cell fusion [135]. This mutation is 

located in the distal end of the HR1 and seems to affect the formation and dilation of 

fusion pores, being blocked the completion of the fusion process. To rule out the effect 

of other changes along the envelope sequence, this point mutation was introduced by 

site-directed mutagenesis into different backgrounds (NL4-3 and LaI) and complete 

fusion was evaluated in a 24-hour period when cocultured with reporter cells. At 6 

hours of coculture, neither of the two D589L variants (D589L-NL43 and D589L-LaI) 

showed a clear ability to fuse when the envelopes were expressed in HeLa cells (9% and 

14% when using the NL4-3 and the LaI variants, respectively), as was shown previously 

by another group [135] (Figure 24). At this time-point both variants (D589L-NL43 and 

D589L-LaI) showed fusion activities (43% and 27%, respectively) when 293T cells 

were used as effector cells. However, longer durations of the cocultures showed that the 

D589L mutants were fusogenic in both cell lines and that the fusion values of these 
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mutants were lower, but comparable, than their respective wt forms (Figure 24). Thus, 

these results highlight the importance of choosing the effector cell line in fusion 

readouts and suggest a higher sensitivity of the 293T-based fusion assay.  
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In addition to fusion, it has been shown that the Env glycoprotein plays an important 

role in the depletion of CD4+ T cells by inducing single bystander cell death [161]. The 

key role of the gp41 subunit in the induction of this bystander CD4+
 cell death 

[68,135,167] established the basis for our experimental design of the hybrid Envelopes 

and the use of gp41 subunits that were fully derived from HIV infected patients let us 

discriminate the functional effects of specific gp41 subunits. 

 

The cytopathic effects observed in primary CD4+
 T cells by these patient-derived 

envelopes were evaluated by quantifying the Env-induced single cell death. Cocultures 

of both Env-transfected 293T and HeLa cells with purified CD4+
 T cells were analyzed 

at 24 hours by flow cytometry after staining with Propidium Iodide and DiOC6(3), to 

determine plasma membrane function and mitochondrial transmembrane potential, 

respectively. The CD4+
 T cells that entered into the apoptotic pathway lose DiOC6(3) 

staining and gained Propidium Iodide staining because of the loss of mitochondrial 

transmembrane potential and a progressive loss of plasma membrane integrity (Figure 

25A) [164]. Apoptosis culminates in the development of secondary necrosis, which is 

characterized by Propidium Iodide-positivity and DiOC6(3)-negativity, similar to 

primary necrotic cells (Figure 25A). Each hybrid Env was analyzed in both effector cell 

lines in the absence and presence of JM-2987. The use of this anti-CXCR4 inhibitor let 

us discriminate between the background death due to in vitro coculture conditions and 

the specific Env/gp41-mediated single cell death of primary CD4+
 T cells 

[68,68,106,132,168]. Thus, the specific gp41-mediated apoptosis in CD4+
 T cells for 

each Env was individually calculated by the subtraction of the background death 

obtained in the presence of the JM-2987 to the total death detected in the absence of the 

inhibitor (Figure 25A). The Env/gp41-mediated bystander apoptosis analyzed for 37 

hybrid envelopes showed a significantly lower apoptosis induction when they were 

expressed on 293T cells than when they were expressed on HeLa cells (P<0.0001, 

Figure 25B). 
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To fully characterize the Env-induced cytopathicity, in addition to the Env-induced 

single cell death, the total destruction of CD4+
 T cells was evaluated by analyzing the 

disappearance of CD4+
 cells from the coculture due to syncytium formation. In this 

experimental approach, we used both effector cell lines and the same gating strategy as 

in the analysis of the Env-induced single cell death (Figure 25A). The absolute count of 

viable CD4+
 T cells remaining in the culture was quantified and the absolute cell loss 

was calculated by adding fluorescent-microbeads in each sample (Figure 25A). 

Contrary to the apoptosis induction but in correlation with the absolute fusion data, the 

absolute loss of CD4+
 cells was significantly higher when the envelopes were expressed 

on 293T cells (P=0.037) (Figure 25C), again suggesting a difference in the 

hemifusion/fusion processes between both cell lines. 
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The envelope-induced single cell death has been associated with a specific gp41-

mediated transfer of lipids from the membranes of Env-expressing cells to the 

membranes of target cells in the absence of detectable cell-to-cell fusion (hemifusion 

process) [68,135,148]. To further analyze the hemifusion processes mediated by the 

Env and to confirm the different observed behavior between these two processes 

depending on the effector cell line, the capacities to mediate hemifusion of different 

Envs were evaluated. Three Envs were used in this assay: the NL4-3 wt and two point 

mutant envelopes: the D589L Env-mutant, which was described previously as defective 

in cell-to-cell fusion but able to mediate hemifusion [135], and a 41.2 envelope, which 

could not fuse or hemifuse due to a mutation introduced at the second amino acid of 

gp41 (in FP) [169,170]. A lipophilic dye transfer assay was performed between each 

effector cell (Env-transfected 293T/HeLa cells), which were labeled with the cell 

tracker DiI, and primary CD4+ T cells, which acted as target cells and were stained with 

DDAO. Cocultures of both previously labeled cells were performed in the presence or 

absence of the fusion inhibitor, C34, which has been shown to inhibit hemifusion 

processes [68], and flow cytometry was used to analyze the transfer of lipids between 

cells. First, to determine this lipidic transfer, the primary CD4+ T cells that were 
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morphologically dead were identified and were specifically selected by their positive 

DDAO staining, which was their original cell tracker labeling. As expected, cocultures 

resulted in the appearance of double-labeled CD4+ T cells (DDAO+DiI+) in the 

morphologically dead population, which were the primary cells that hemifused and that 

partially mixed their membrane lipids with the Env-expressing cells (Figure 26A). As 

shown in Figures 26A and 26B, although both effector cells induced detectable levels 

of hemifusion, the dye’s transfer was higher in the cocultures performed with HeLa as 

effector cells than in the cocultures where the 293T cells were the effectors. The higher 

signal-to-noise ratio that was obtained when the HeLa-Env cells were used as effectors 

allowed the quantification of hemifusion events induced by the D589L mutant, but not 

when 293T-Env cells were used. Overall, these data suggested that HeLa-Env cells 

provide higher sensitivity in hemifusion assays. 
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The Env glycoprotein plays a crucial role in the depletion of CD4+ T cells by inducing 

the death of single bystander cells, which is mediated by gp41. Therefore, changes in 

gp41 that emerge under T-20 pressure could induce a change in the viral pathogenicity. 

Clinical findings have suggested that certain T-20-resistant mutants arising during 

salvage therapy, specifically those harboring the cluster V38A+N140I, are associated 

with an increase in CD4+ cell counts, even after virological failure [132,171]. Site-

directed point mutations at position 38 in gp41 have been shown to exhibit deficiency in 

cell-to-cell fusion activity and apoptosis induction in vitro. However, it is important to 

note that the genetic background is relevant for functional evaluation of T-20 resistant 

Envs due to they may accumulate compensatory changes to restore the infectivity of the 

virus. 

 

Using the methodological approach described in this thesis (Chapter 2), the 

pathogenicity of several patient-derived gp41 proteins isolated from highly experienced 

patients receiving a T-20-containing salvage therapy with changes at position 38 and 

140 were evaluated. 

 

Our results indicate that the primary gp41/Env proteins, with both V38A and N140I 

changes, induced lower levels of single cell death and depletion of CD4+ T cells, 

although they retained cell-to-cell fusion activity. However, the V38A mutation in 

context with a 140N or 140T change did not alter the Env functions, underscoring the 

importance of the Env genetic background in the modulation of the cytopathic effects of 

HIV-1 Env glycoproteins. 
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From our previously characterized heavily-pre-treated HIV-1 infected patients that 

received T-20 salvage regimens (Table 1), 48 hybrid-Env expressing plasmids were 

constructed. The constructions were made from three patients who had mutations 

associated with resistance to T-20 at position 38 of gp41 but differed in the amino acids 

found at position 140 (Tables 1 and 3 and Figure 27). Two plasma samples from each 

patient, which were collected at baseline and during treatment, were used to construct 

full-length Env-expressing plasmids. The selection of the plasmids expressing Env with 

the changes that were wanted to be test at positions 38 and 140 of gp41 was performed.  

 

 

 

Then, plasmids expressing hybrid Envelopes were constructed (all bearing gp120 

derived from an NL4-3 virus and gp41 derived from each of the patient’s sample). All 

hybrids Env expressed in the selected plasmids were fully sequenced to verify that the 

gp120 subunit had a conserved sequence among all clones and that the NL4-3 wt 

fragment remained unchanged (Figure 28A). All the clonal sequences had a gp120 

almost identical in all their nucleotides to the NL4-3’s subunit. Importantly, no changes 

were observed in the region coding for the Env signal peptide, in any of the five 

variable loops or elsewhere in this gp120 subunit (Figure 28A). Among these plasmids, 

13 clones were derived from patient 9, containing an asparagine at position 140 (140N) 

and the wild-type (wt) amino acid at position 38 (38V) or an alanine at position 38 

(38A) (n=5 and n=8, respectively); 19 clones were derived from patient 10, who 

contained the substitution N140T and the wt 38V (n=10) or the V38A mutation (n=9); 

and finally, 16 clones were derived from patient 1, who had the polymorphism N140I 

and the wt amino acid at position 38 (n=10) or the V38A mutation (n=6, Figure 28B).  

Since we cloned the full gp41 protein found in vivo, we were able to identify other 
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changes throughout the gp41 protein in addition to the changes at positions 38 and 140. 

Changes were found primarily in the HR2 domain, but also upstream and inside the 

HR1 domain and in the loop section. Most of the hybrid-Env expressing plasmids 

constructed from sequences obtained during T-20 treatment carried the V38A mutation 

as the only change associated with T-20 resistance, although four clones derived from 

the 140N patient carried the N42T mutation and three others showed the N126K 

mutation. The analysis of a caveolin-1 binding motif in the gp41 protein, which has 

been recently reported to affect HIV-1 pathogenesis [168,172], showed that only one 

plasmid from the patient harboring the 140N background carried an M to V substitution 

at position 115. The remaining plasmids constructed with sequences from this patient 

and all of the hybrid constructs from the other two patients showed no changes in this 

region before or after treatment (Figure 28B). 
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As HeLa cells provide higher sensitivity for the evaluation of cell death parameters, we chose 

this cell line to study the different behavior of all our constructed Env glycoproteins. Cells 

were transiently transfected with the 48 plasmids expressing the hybrid Env and 24 hours 

post-transfection, the cell surface expression of Env was analyzed using an anti-gp120 

antibody (2G12). All tested Envs were expressed on the cell surface with expression levels 

ranging from 2.7% to 29.9% of positive cells (Figure 29A and 29B). An inter-patient 

comparison between the grouped Envs derived from each patient irrespective of the sample’s 

time point, showed a percentage significantly different of positive Env-expressing cells 

between the two groups conformed by the plasmids derived from the 140N patient and the 

ones derived from the N140T patient (Figure 29A). The lowest percentage of Env-positive 

cells was observed for the 140N constructs (mean= 11.40 +/- 3.9), whereas the highest 

percentage of Env-expressing cells was observed for the N140T clones (mean= 15.91 +/- 

4.4). However, when we analyzed the percentage of cells expressing the Env constructs 

obtained from the same patient by comparing clones displaying or not the V38A mutation (an 

intra-patient comparison between the pre- and post-treatment samples, respectively), the Env 

expression was shown to be similar in all cases (Figure 29B). In addition to determine the 

percentage of positive cells, the Env expression levels, which could play an important role in 

Env pathogenesis, were evaluated. However, there were no differences in the levels of Env 

expression in intra-patient comparisons between constructs containing a 38V gp41 and those 

containing a V38A mutation, as determined by the geometric mean fluorescence intensities 

(Figure 29C), or the relative fluorescence intensities [38,148] (Figure 29D). Thus, the intra-

patient comparisons suggest that the expression of Env does not change upon acquisition of 

the V38A mutation, and hence, the levels of Env expression is an intrinsic characteristic of 
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the particular Env that carried each infected patient. Overall, these results allowed us to 

analyze the cytopathic effects of Env without correcting for the cell surface expression of 

each Env. 
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It has been described that single amino acid mutations in the ectodomain (V38A/E) or in the 

transmembrane region of gp41 reduce cell-to-cell fusion activity of the virus [136,173]. In 

order to characterize the fusion capacity of our hybrid-Env proteins, all the constructed Envs 

were first assayed for fusion activity in 293T cells, because as we have demonstrated, they 

are more sensitive for this evaluation than HeLa. Detectable fusion was observed in all of the 

Env, showing fusion levels over the 50% when compared with an NL4-3 wt Env. Given that 

all of our Env were functional, we used HeLa as the effector cell line for the cytopathicity 

evaluation of our constructs. Thus, these cells were transiently co-transfected with the Env- 

and the pcTat-expressing plasmids and cocultured with the reporter TZM-bl cells. After six 

hours of coculture, the luminescence of the samples was measured, and the relative fusion 

capacity of each hybrid Env was calculated in comparison to the fusion values obtained using 

the NL4-3 wt Env (100%). The levels of fusion of the Envs obtained from the different 

patients (inter-patient analysis) showed significant differences when compared between them, 

underscoring that the virus each patient carries may have an Env with a distinct fusogenic 

capacity, which in this case, is only determined by gp41 (Figure 30A). Differences in fusion 

were not correlated with the Env expression levels on the cell surface, because higher Env 

expression levels did not result in an increased fusion capacity (Figures 29 and 30). 

However, in contrast to previously published data [136,137], when intra-patient analyzes 

were performed, the fusogenic activities of the hybrid Envs from each patient were similar, 

indicating that in a full-length gp41 background, the V38A mutation did not impair the cell-

to-cell fusion activity of Env in the presence of the amino acids N, T or I at position 140 

(Figure 30B). 
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In addition to fusion activity, the cytopathic effects of our hybrid Envs were evaluated by 

quantifying the absolute loss of the purified primary CD4+ T cells that were cocultured with 

HeLa cells that expressed these Envs. Despite the similar observed fusogenic capacity of the 

wt Envs to those bearing mutations at position 38, the absolute loss of CD4+ T cells was 

significantly lower after their exposure to Envs containing the V38A mutation in a N140I 

background than after their exposure to 38V Env in that N140I background (18.1% and 

31.3%, respectively. P=0.022) (Figure 31A). In contrast, Env proteins containing either an N 

or a T at position 140 induced comparable levels of absolute CD4+ T cell loss, irrespective of 

the amino acid present at position 38 (33.4% 38V and 25.6% 38A in an 140N background 

and 15.8% and 17.0%, respectively, with a N140T change, Figure 31A). 

 

F"#$ @2,'8(0($1+$;2<#02:)-&:$98(>,2:&*$,/1/>1(0("$

HeLa cells expressing hybrid Envs were cocultured with primary CD4+ T cells. After 24 

hours, the culture was stained with propidium iodide (PI) and DiOC6(3). In an intra-patient 

analysis of this Env-mediated single cell death, only differences between the N140I 

recombinant clones were observed when they carried the V38A mutation or the wt form 38V. 

The clones bearing the amino acids N or T at position 140 showed similar apoptosis-inducing 

capacity when wt or V38A clones were compared (Figure 31B). Thus, the impaired ability to 

deplete CD4+ T cells by the recombinant Envs that contained the cluster of mutations 

V38A+N140I in the gp41 protein was associated with a significant reduction in apoptosis 

induction on primary cells (13.4% and 7.4% for baseline and with the cluster of mutation 

samples, respectively; P=0.031). 
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The HIV-1 Envelope (Env) glycoprotein is the most external viral protein in the 

virions and it plays a central role in HIV pathogenesis and in the primary steps of the 

viral life cycle. However, the envelope gene is not only important for the protein that 

is encoding, but also for the secondary structure that displays in the RNA transcripts 

where is present. This secondary structure is called the Rev responsive element (RRE) 

and is crucial for the proper translation of the viral proteins, the incorporation of the 

full-length genome into nascent virions and for the correct assembly of infectious 

virions. 

 

The RRE has a highly conserved stem-loop structure that is important for Rev binding 

[39,150] and that allows the development of its function [151,171]. Although this 

secondary structure is governed at the nucleotide level [132,172], the structure, rather 

than the sequence, appear to be necessary for Rev-RRE interactions [38,174]. Single 

nucleotide changes within this region could impair its functionality by disrupting 

conserved base pairs and hence, the secondary structure of the RRE. All the codons 

encoding the gp41 residues associated with T-20 primary resistance are localized 

within the RRE. Thus, changes selected upon T-20 treatment could be affecting the 

structure and the functions of this conserved region. Functional impairments may 

impact the Rev-RRE interaction, the multimerization of Rev proteins 

[39,47,48,51,52], the transport of non-completely spliced viral mRNAs to the 

cytoplasm and the viral replication capacity. 

 

Few reports have characterized the effects of T-20 treatment to the RRE functions. 

Nameki and colleagues [150] showed that changes developed after T-20 treatment at 

amino acid positions 36 and 38 of gp41 were predicted to alter the stability of the 

stem II, and substitutions at position 43 did not affect the overall structure. If the RRE 

functions were being affected by these secondary structure alterations, compensatory 

changes could appear in order to restore them. However, these nucleotide changes 

may not be noticed at the amino acid level because synonymous mutations could be 

promoting these compensatory effects. In fact, the importance of these changes was 

specifically demonstrated in the gp41/RRE sequences corresponding to the stem III, 

showing improvements in in vitro viral replication when were present together with 

changes that were developed after T-20 treatment [151]. The nucleotide substitution 

encoding for the T18A was suggested to compensate the V38A and to increase its 
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replication capacity by a restoration of the stem IIA; and hence, a possible 

stabilization of the interaction between RRE-Rev [132]. These suggestions were 

further confirmed after finding a compensatory evolution between both nucleotide 

changes in samples obtained from T-20 treated patients [174]. However, the 

functionalities of all these patient-derived RREs were not specifically tested and all 

the speculations were based mainly on models of the RRE structure. Therefore, in 

order to study the effect of different nucleotide substitutions associated with T-20 

treatment to the functionalities of the RRE, we purposed to measure them 

experimentally. To analyze if the predictions of secondary structures were mimicking 

the functionalities of the RREs we also modeled their structure. For the RRE 

functional analysis we measured: their capacity to interact with Rev and their ability 

to being shuttled to the cytoplasm. 

 

The analyses showed that the nucleotide substitutions that encoded the G36V/D 

(GGT to GTT/GGT to GAT), V38A (GTG to GCG) and N43D (AAT to GAT) 

amino acid changes do not affect specifically the RRE functions. These RREs 

displayed the same ability to bind Rev and this protein had the same capacity to 

shuttle them to the cytoplasm despite the alterations in the predicted secondary 

structures that were observed in the changes at positions 36 and 38 of gp41. Thus, 

changes in the predicted secondary structures do not always imply functional 

impairments. Taking into account the conserved secondary structure that was 

predicted for the N43D variant, it was expected a functional RRE. However, the 

alterations in the V38A and the G36D/V structural models suggested functional 

impairments that were surprisingly not reached in our experiments. The secondary 

structure alterations observed in the V38A variants were localized in the stems II and 

III, which had been shown to be important for Rev-binding and function 

[31,39,44,45,139,151]; and for variants encoding G36D/V changes, the altered stems 

were the IIB and IIC, which are mainly important for Rev-binding. Specifically, the 

RRE that encoded the V38A change was expected to have a more impacted function 

than the G36D/V RREs due to the degree of alteration that was observed in the 

predicted structure. However, these speculations did not fit with the functional data, 

as none of these RREs were functionally impaired. Thus, the properties accounting 

for the new amino acids might govern the impairment in replication kinetics that had 

been reported for these RRE variants [175,176]. 
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It has been extensively described that in patients treated with T-20, the L45M 

substitution appears mainly co-selected with other changes associated with resistance 

to that fusion inhibitor (Q40H, N42S, N42T) [132,133,175,177,178]. Besides, it has 

ben suggested that the L45M change was co-selected with the Q40H in T-20 treated 

patients to restore its impaired RRE secondary structure and functions [139]. To 

functionally test these hypotheses, we analyzed RREs derived from gp41 that 

harbored the changes Q40H, L45M or Q40H-L45M.  

 

The nucleotide substitutions that encode for Q40H (CAG to CAU) and L45M (CTG 

to AUG) amino acid changes are located in the stem-loop III of the RRE. The 

positions of these nucleotides originally form a base pair, but with either of these 

substitutions this base pair is disrupted and consequently the predicted secondary 

structures of these single mutants are altered. The RRE structures that harbored the 

nucleotides encoding for the Q40H substitution were less impacted than the ones 

encoding for the L45M change. The Q40H mutation created a small bulge in the stem 

III of the RRE, but the nucleotide encoding for the L45M disrupted completely the 

whole stem III in our predictions. Therefore, from these structure models it was 

expected a bigger impact in the functions of L45M variants due to the marked 

alterations that were observed in the structure. However, when both changes were co-

present in the same RRE this base pair was restored and the overall structure 

assembled as it was predicted in the wt sequence. Thus, as suggested previously 

[139], it was expected a restoration of the RRE functions when both changes were co-

present in the same fragment. 

 

The functional data revealed impairments in Rev binding to RREs that were derived 

from L45M-containing variants (L45M and Q40H-L45M), but not in the RREs that 

harbored nucleotide substitutions encoding for the single Q40H change. These results 

suggested a specific influence of the L45M change in the RRE-Rev interactions; 

especially at low levels of Rev due to the impact at high levels was not that 

remarkable. However, despite these differential phenotypes in Rev binding, it was not 

observed any impact in the Rev-dependent RNA transport, which showed comparable 

values between all RREs. Therefore, consistent with the results obtained with the 
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other RRE variants, assays analyzing the specific functions of the RREs are necessary 

to determine impairments in the RREs. 

 

Our data suggest that the nucleotides encoding for the L45M change in gp41 is 

impacting the Rev binding only when this protein is in low concentrations and hence, 

might not have a relevant impact in vivo. The accumulation of Rev proteins during the 

late phase of the mRNA transcription into the nucleus might increase the levels of 

Rev over the threshold that is needed for the Rev-dependent transport of L45M RRE 

variants. Thus, it could be suggested that with high amounts of Rev inside the 

nucleus, the binding capacity might be specific but less restricted than in relatively los 

amounts of Rev. Therefore, the overall RRE secondary structure might be important 

and needed to develop its function[36,149], but little changes outside the high-affinity 

binding site might be overcome in high levels of Rev proteins, which may imply 

certain plasticity that has not been suggested yet. This ability to overcome little 

impairments, may allow viruses to accumulate new changes, replicate and develop 

resistance to the antiretroviral drugs. 

 

Therefore, other reasons, rather than restoration of the functions of the RREs, appear 

to select together these Q40H and L45M changes. Properties of the new encoded 

amino acids could improve the functionality of the Env when co-present in the same 

glycoprotein after prolonged treatment with T-20. A selection of these double-mutants 

due to an increase in the T-20 resistance could also be applied due to the single 

mutants conferred moderate resistance and the double-mutants had strong resistance 

[151,179,180]. 

 

However, as the exportation process are interacting two elements from the virus (RRE 

and Rev), it could be possible to have a compensatory evolution between them [139]. 

The RREs that were harboring nucleotide substitutions encoding for the L45M and 

that were having an impairment at low concentrations of Rev, could be compensated 

by changes in Rev in order to restore them. The E57A change in the Rev protein was 

associated with the Q40H-L45M substitutions [139]; however, none of the Rev 

sequences were having this previously reported compensatory change or any other 

one. 
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Further functional approaches should be done in order to understand the limitations of 

mutated RRE or Rev proteins and in order to develop novel compounds to avoid viral 

replication by targeting their interactions or their functions [181,182]. As the accuracy 

of SHAPE analyses are thought to be greater than the bioinformatics tools used to 

analyze the secondary structures of the RREs, it would be interesting to study these or 

other nucleotide changes and compare the data between both techniques. Comparative 

data with functional analyzes, may determine if SHAPE is a good technique to 

analyze functions, although we might be skeptical taking into account our results. 

 

The main function of the env gene apart from the fact that is encoding for this 

secondary structure important for viral mRNA exportation, and hence, viral 

replication, is the encoding of the Env glycoprotein. This Env glycoprotein has been 

widely studied by numerous studies since the discovery of the virus due to its 

importance in viral entry into target host cells. However, the vast majority of the in 

vitro assays that have been performed to study the cytopathic mechanisms of the HIV-

1 Env glycoprotein used point mutant or whole laboratory-adapted HIV strains. In 

fact, few efforts have been dedicated to measure biological properties of the Envs that 

might be clinically relevant for physicians [183-185], which might be the ones 

derived from HIV infected patients. Moreover, until the date is lacking a standard 

methodology to follow in a single assay the measurements of all cytopathic-related 

properties of the Env. Therefore, in order to have a well-established methodology to 

functionally evaluate the Envs expressed in in vivo-circulating virions and in HIV 

infected cells, we developed an in vitro assay to measure the expression capacity of 

the Envs derived from patient samples and their ability to induce single cell death and 

fusion to target cells [186]. 

 

The experiments were based on the construction of hybrid envelopes (Envs) that were 

partially derived from viruses isolated from plasma samples. The strategy to use a 

wild type (wt), instead of a homologous gp120, was devised to avoid gp120 

interferences in the functional evaluations of patient-derived gp41 due to 

polymorphisms or distinct genetic contexts in these subunits between the patients. 

Our experiments were based on the functional study of the gp41 subunit due to this 

glycoprotein has been extensively proven to have an indispensable role in the 

pathogenesis of the Env [187] via its essential role in the development of single cell 
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death [68,69,106,161,167,188] and fusion [189,190] to target cells. Therefore, in 

order to avoid gp120-masking effects in these gp41 functional evaluations and to be 

able to associate clearly specific gp41 mutant subunits with their related biological 

properties, it was crucial the wt gp120 subunits in these hybrid Envs.  

 

Once we had the hybrid Envs, we wanted to check if the effector cell line affected the 

assay’s sensitivity. Thus, we decided to express the hybrid Envs in two cell lines that 

had already been used in the analysis of the HIV Env function, the 293T [159,191] 

and the HeLa [135,136,190,192]. Comparative analyses between the data obtained 

using each of the effector cells might uncover if the selection of the effector cell line 

is an important variable to take into account when designing this experiment. 

 

In the last decade, a number of different fusion assay systems have been described. 

The methods used in these reports include the evaluation of the syncytium formation 

by light microscopy [193] the analysis by flow cytometry of cell-to-cell cytoplasmic 

transference of fluorescent dyes [194-196] and the use of assays based on resonance 

energy transfer [197,198]. However, the light microscopy evaluations are prone to 

subjectivity and the rest of the mentioned assays are really time-consuming. These 

reasons led us to select the currently wide-used reporter genes for our assay, which 

are sensitive and quantitative [159,192,199], although do not permit a direct 

enumeration of the fusion events. 

 

Thus, the fusion capacity was chosen to be evaluated with the TZM-bl reporter cell 

line, which had a Tat transactivable reporter system that showed high sensitivities to 

infection with a wide dynamic range [159]. Consistently, in our assay, the fusion was 

detected after 2 hours of cell mixing and increased over time until a plateau was 

reached at 12-24 hours in both Env-expressing cell lines. Despite the lower levels of 

Env expression in the Env-293T, these effector cells were still able to display higher 

absolute fusion values (in relative luminescence units) than Env-HeLa. However, 

when fusogenic values were normalized to a NL4-3 reference envelope, which was 

used in each assay as an experimental control, the fusion values obtained by both 

types of Env-expressing cells became comparable, suggesting that there was an 

Discussion & Perspectives 

 



 131 

equivalent Env fusion behavior in both cell lines although the observed differences in 

absolute values. 

 

To evaluate if the differences observed in fusion between both effector cell lines were 

relevant for the characterization of this function in primary Envs we used a previously 

characterized Env point mutant that was described as defective in cell-to-cell fusion 

[73,135,190], the D589L envelope. This Env when was expressed in the HeLa cell 

line showed a highly impaired fusion in the standard 6-hours coculture, but was able 

to fuse when expressed in 293T cells. To further evaluate its ability to develop fusion, 

these cocultures were maintained for a long period of time and then, it was clearly 

demonstrated that the D589L mutant was able to fuse when expressed in both tested 

cell lines. Thus, these data suggested that in standard 6-hours cocultures the 

fusogenicities measured with HeLa cells as effector might miss-categorize fusion-

impaired Envs. Therefore, it should be more appropriate to study the fusion capacity 

with the 293T cell line due to it showed, for the same conditions, greater efficiencies 

than HeLa. Alternatively, fusion kinetic assays, although time consuming, may also 

be useful to accurately evaluate the fusion capacity of impaired Env glycoproteins or 

Envs derived from patients infected with HIV, which were not previously tested in a 

fusion assay. 

 

In addition to the fusion capacity, the Env-mediated cytopathicity induced in primary 

cells was also evaluated with each effector cell. To analyze this functionality, 

cocultures of Env-expressing cells and labeled primary CD4+ T cells were performed 

to evaluate the single cell death induction and the absolute cell loss of target cells. 

 

The analysis of the Env-mediated single cell death showed, unexpectedly, lower 

values when the cocultures were performed with Env-293T cells. This observation 

seemed to contradict the values obtained in the fusion assay, due to the single cell 

death had been widely associated with hemifusion processes, which is an intermediate 

step of the fusion procedure [200]. Thus, our data showed higher fusion levels using 

Env-293T cells despite displaying lower abilities to induce single cell death, 

presumably due to hemifusion processes. To further study this fusion intermediate 

step, it was performed a lipophilic dye transfer assay to quantify the amount of lipid 

mixing between the outer leaflets of the target and the effector cell membranes due to 
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hemifusion processes. Cells that underwent complete fusion were discarded 

morphologically by flow cytometry and only single nucleated cells were analyzed, 

which might be the cells that would die through single cell death if hemifused [68]. 

The results of our experiment showed lower quantities of lipid mixing between target 

cells and Env-293T cells, which correlated with the single cell death data. Therefore, 

Env-293T cells had a lower ability to induce single cell death due to a lower capacity 

to hemifuse with target cells, although having a huge capacity to undergo complete 

fusion. 

 

Complete fusion is not always reached when the fusion process is initiated and 

sometimes is interrupted at the hemifusion step. This situation could occur often, 

especially in vivo, where Env-induced syncytias are rarely seen [99-102]. In 

agreement with this, Env-293T cells seem to follow a major direct pathway [201], 

developing a direct transition to the formation of the fusion pore by generating high 

levels of fusion and lower levels of hemifusion, and hence, single cell death. And in 

contrast, Env-HeLa cells may mainly follow a slow indirect pathway and might fuse 

their external leaflets with target cells through a large contact area by inducing greater 

extents of hemifusion and single cell death while having a low capacity to develop 

complete fusion. 

 

The absolute cell loss of the target cells corresponds to the total death experienced in 

the cocultures, including the Env-mediated deaths promoted by both fusion and 

hemifusion processes. Despite the discrepancies between the fusion and the single cell 

death values, the Env-293T cells were able to kill globally more target cells, 

suggesting that the huge ability to promote complete fusion masked the lower ability 

to induce single cell death by this cell line. 

 

It has been described that the gp41-mediated hemifusion that do not progress to the 

formation of the fusion pore is both required and sufficient to induce apoptosis in 

bystander cells [68,106]. Furthermore, bystander cell death has been linked to the 

great depletion of uninfected CD4+ cells observed in HIV infected individuals, 

because of the low levels of productively infected CD4+ cells observed in vivo, which 

can not account for the massive target cell depletion observed [107]. Consequently, 

considering the importance of the single cell death in in vivo HIV pathogenesis, the 
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HeLa (or another cell line that would follow the same functional effector patterns) 

should be the preferred Env-expressing cell line to use in complete functional 

analyses of patient-derived Envs. Special attention on fusogenic assays must be paid 

if HeLa cells are used as effector in order to avoid the miss-categorization of impaired 

fusogenic envelopes into non-fusogenic. Thus, kinetic experiments could be 

performed when negative fusogenic results were acquired in the standard fusion 

experiment, to avoid false-negative results because of a lack of sensitivity at shorter 

times. If the experiments are performed only to analyze the development of fusion, 

the preferred cell line might be the 293T due to its higher sensitivity in fusion assays. 

However, a combination of assays should be the perfect recommendation to achieve a 

global characterization of Env-mediated cytotoxic events, especially when Envs with 

low fusogenic capacity or Envs derived from patients and that are not previously 

tested for fusogenicity are tested. Patient-derived and mutant Envs are thought to be 

less fusogenic than Envs derived from laboratory-adapted strain viruses, so the ability 

to accurately define the phenotype of these Envs should be of great importance. 

 

Based on our results, comparisons between experiments that use different effector cell 

lines might incorporate possible alterations in the ratio between hemifusion and fusion 

if the data are expressed in absolute values, so normalized data against the same Env 

control must be always necessary in order to be able to compare with other 

experiments. 

 

HeLa cells expressed higher levels of Env glycoproteins on their plasma membranes, 

but this fact did not affect the different biological properties measured in the assays. 

Although it has been previously associated higher surface densities of Env 

glycoproteins with an easy way to reach the threshold number needed to form of 

fusion-active complexes [202], our results did not reflect that. The higher levels of 

Env expression in HeLa did not result in higher fusogenicities, but only in higher 

single cell death induction. Thus, the distinct sensibilities showed in the assays with 

each effector cell line may account for the particular cellular properties. 

 

The trend of lipid bilayers to hemifuse and develop fusion pores has been reported to 

be highly dependent on lipid composition, cytoskeleton components and 

transmembrane osmotic pressures [89]. In addition to the necessary microclustering 
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recruitment of the CD4-CCR5 receptors in the target cell membrane to develop HIV 

fusion and infection [203-205], the Env mobility in the effector cells might also have 

severe consequences in fusion. It has been shown that cholesterol and sphingomyelin 

play a main role in HIV fusion by promoting the aggregation of the Env into ordered 

structures [206], and consistently, gp41 has been found to bind directly to cholesterol 

molecules [207]. After the establishment of the gp41 six-helix bundles, the target and 

the Env-expressing membranes become into close proximity. However, subsequent 

formation of highly ordered clusters of these six-helix bundles might be necessary to 

create the fusion pore that leads to the complete fusion between both membranes. The 

organization process of these structures depends on the lipid composition of the 

membrane [88]. Therefore, the lipid composition of the plasma membrane of the 

effector cells could be one of the factors that could be affecting to the 

Hemifusion:Fusion ratio. In fact, it has been shown that lipids that promote the 

hemifusion process, inhibits the pore formation, and vice versa, due to they induce 

different spontaneous curvatures to the membranes [89]. Consequently, we might 

speculate that the cell lines whose plasma membranes are enriched in phospholipids 

that preferentially promote fusion, may low the sensitivity for Env-mediated 

hemifusion processes, and vice versa. Thus, in an in vivo scenario where the target 

cells are distributed in different tissues and compartments and possibly having 

different cellular properties, it could be hypothesized that when become infected by 

HIV, these cells may also be preferentially prone to either induce single cell death or 

form multinucleated cells. 

 

Multinucleated giant cell formation has already been reported in in vivo samples of 

lymph nodes [99], spinal cord [100,101] and lymphoid tissues [102]. However, 

bystander cell death, and hence, hemifusion processes, would be the representative of 

the main death of target cells due to HIV pathogenesis in vivo, because multinucleated 

cells are rarely obtained from patients’ samples. It must be noted as well, that in an in 

vivo scenario several other factors like cell activation and cell densities of the target 

populations might also introduce variability to this ratio between hemifusion and 

fusion tendencies. 

 

Overall, the possibility to use this strategy in high-throughput screening assays for 

drug testing or to identify other low pathogenic Env variants uncover the potential 
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power of this assay in HIV research. Our assay is useful to analyze the cytopathicity 

of the viral Envs that are currently circulating in vivo in patients infected with HIV 

and, hence, to identify anti-retroviral treatments that induce the appearance of low 

pathogenic Env variants. Currently, it has been extensively suggested that the 

treatment of patients infected with HIV with the fusion inhibitor Enfuvirtide (T-20) 

can promote the appearance of low pathogenic resistance variants [132-

134,178,180,208,209]. One of the last clinical associations between certain T-20 

resistance mutants and low pathogenesis was requiring in vitro studies to evaluate at a 

clonal level this correlation [132], so we decided to functionally characterize these 

mutant Envs using our methodology in HeLa cells. 

 

The statistical analyses of that clinical trial showed that the in vivo CD4+ T cell counts 

benefit was associated with the concrete appearance of V38A mutants that had the 

N140I viral polymorphism. To test this correlation at a clonal level, we constructed 

the hybrid envelopes with the gp41 subunits that were derived from the patients that 

developed the V38A mutation and that were harboring different changes at the 

position 140. The comparisons of the functional data obtained with the hybrid 

envelopes that were constructed from baseline samples and after failing the treatment 

with T-20 (which selected the V38A resistance mutation), allowed us to measure the 

differences in the cytopathic ability specifically derived from the acquisition of the 

V38A primary mutation in each of the gp41 contexts (140N, N140T, N140I). 

 

The results of our in vitro study [210] were correlated with the previously reported in 

vivo clinical associations [132] and showed that the Envs harboring the V38A 

mutation in a N140I background were low pathogenic, because they killed less CD4+ 

T cells than the rest of the variants tested. These V38A-N140I resistant viruses were 

demonstrated to be less pathogenic because they were less efficient to induce 

bystander cell death to target cells than wild-type viruses (38V-140N, 38V-140T, 

38V-140I). V38A mutants with other polymorphisms in the amino acid position 140 

(V38A-140N, V38A-140T) did not show any functional impairment in the ability to 

induce bystander cell death when compared to their respective wild-type variants. 

This low ability to induce apoptosis by the V38A-N140I mutants was not due to a low 

ability to fuse with target cells or a low capacity to express the Env glycoproteins, 
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because both abilities were shown to be similar in all the Env variants tested in the 

assay. Therefore, the pathway that is impaired by the V38A-N140I mutants and that 

account for an in vivo low ability to kill CD4+ T cells, is the bystander cell death, 

which is dependent on the gp41-governed hemifusion processes and is culminated in 

a single cell death. Previous studies performed by site-directed mutagenesis of HIV at 

position 38 of gp41 suggested that the low ability to kill of V38A and V38E mutants 

was due to a lower ability to induce fusion [136]. However, these studies used site-

directed mutants, and they did not consider different polymorphisms or contexts 

where the mutations arise in vivo. Therefore, possible compensations or changes in 

the phenotype were not taken into account. In our studies, however, we could test for 

those native changes, and we saw that these mutants were not defective in fusion, but 

only in hemifusion processes and their ability to kill target cells by single cell death. 

These discrepancies between the results obtained in studies made with real contexts 

and site-directed mutants constructed in laboratory-adapted strains, underscores again, 

the importance of the context when analyzing the functionalities of the Env 

glycoprotein. Thus, our data demonstrates that polymorphisms in HR2 have an 

important role in the HIV pathogenesis. Nevertheless, a methodological limitation of 

our study was the relative small number of clones analyzed, which gave us a low 

statistical power. Therefore, further in vitro studies with larger sample sizes and Env 

variants, may complement our results to have a more accurate vision of the 

importance of viral polymorphisms in the HIV pathogenesis. 

 

The apoptosis of bystander CD4+ T cells is believed to be induced by soluble gp120 

[97,98] and due to membrane-expressed envelopes [104]. However, in our assay we 

only measured the functional differences that accounted for the Envs that were 

expressed on the plasma membrane of the effector cells. The trivial amount of soluble 

gp120 that could be in the medium of the cultures and that could be inducing 

apoptosis to target cells was subtracted from the apoptotic single cell death data by 

removing the background death obtained when cultured in the presence of a CXCR4 

inhibitor. Anyways, in our system, the gp120 subunit is not exerting a differential 

phenotype among the clones; due to all the hybrid Envs have a common NL4-3-

derived wild-type fragment. This characteristic is also useful to avoid functional 
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interferences due to different coreceptor usage of the patient-derived Envs, which is a 

major determinant of the Env pathogenicity both in vivo [168] and in vitro [69]. 

 

Furthermore, the analysis of the patient-derived gp41 sequences ensured that none of 

the hybrid-Env expressing plasmids obtained from the patient carrying the N140I 

mutation accumulated changes in the caveolin-1 binding region, which has been 

reported to modulate the gp41-induced bystander cell death [94]. 

 

Previous in vivo studies have also showed an association between the appearance of 

V38A mutants and immunological benefits, although in these reports they did not 

associate the phenotypic changes with specific viral polymorphisms outside the HR1 

region [133,134]. Taking into account our results and associations made by other 

groups of other specific primary mutations within HR1 and fitness compensatory 

mutations or polymorphisms in HR2 region [126,128,129,178,211-213], we strongly 

believe that the gp41 viral context is a really important factor that can affect the 

cytopathicity of this subunit. Therefore, we encourage other groups to perform future 

genotype-phenotype associations by focusing also in other regions outside HR1, 

although being this latter fragment the main responsible for the acquisition of 

resistance. 

 

The susceptibility to T-20 has been shown to be quite variable in T-20 naïve patients 

[214,215]. And this can be associated with the different envelope contexts of the 

patients due to the fragment of gp41 that represents the 90% [216] of the primary 

resistance mutations to T-20 (amino acids 36-45) has been shown to be highly 

conserved in non-treated patients. Mink and colleagues [177] also reported the 

importance of the viral context by showing that the T-20 susceptibility varied 

depending on the viral context were the primary resistance mutations were tested, 

being higher if the specific mutations were introduced into a NL4-3 background than 

if they were tested in their original context in clinical isolates. Despite these reports 

highlighting the importance of the envelope context, no clinical studies have been 

done examining the rate of emergence of specific resistance-associated mutations to 

T-20 depending on the specific viral genetic forms that were in the patients. These 

kinds of studies may help to evaluate the envelope background effects on the efficacy 

of the treatment with this fusion inhibitor.  
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As we have shown, the functionality of the HIV envelope is influenced by viral 

polymorphisms and the subunit context where the T-20 resistance mutations arise. 

The T-20-associated secondary mutations are amino acid compensations that are 

mainly selected in mutants because they restore interactions between HR1 and HR2 in 

the six-helix bundle formation [130,217], which is important for the development of 

fusion and hemifusion. As not all the associations between primary mutations in HR1 

and viral polymorphisms or changes in HR2 are reported to develop immunological 

benefits after a viraemia rebound as the V38A-N140I mutants, it could be important 

to previously sequence the viral bulk population of the patient in order to help the 

physician to make a decision about giving a salvage treatment with T-20 or not. 

Patients harboring viral populations with polymorphisms that have been shown to be 

beneficial for the immunological recovery, like N140I when is associated with the 

V38A mutations or N126K for G36V [132], should be preferentially treated with T-

20 before than patients harboring polymorphisms with bad prognosis or decrease in 

the CD4+ T cell counts after the virological failure, like T268A for Q40H-L45M 

mutants [132]. However, both types of patients might be more risky to develop an 

earlier T-20 resistant phenotype with a good fitness than patients that do not have a 

viral polymorphism that could act as compensatory. Further analysis of clinical data 

must be performed in order to establish the perceptual risk of failure of each group of 

patients. However, we could speculate that the better candidates for a T-20 salvage 

treatment would be the ones that did not have any viral polymorphism in HR2 that 

may favor the fitness of T-20 resistance mutants. The next group of patients to be 

preferentially treated with T-20 would be the ones that have polymorphisms 

associated with CD4+ T cell count benefits despite showing a restoration of the viral 

fitness, and hence, virological failure. And finally, the last option would be the group 

of patients that harbors viral populations with polymorphisms associated with a rapid 

depletion of the target cells after acquiring a virological failure phenotype. However, 

these are speculations based on reasonable thinking that have to be checked by in vivo 

data and a big cohort of patients. Thus, further research in the envelope context must 

be performed to understand, or even be able to predict at some extent, the rates of in 

vivo resistance and pathogenicity depending on certain viral populations. Also, it must 

be noted that the administration of T-20 is made intravenously, is very expensive and 

also that resistance mutations arise quickly after beginning the treatment, turning this 
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drug as one of the lasts options that the physician might give to the patient. However, 

this FDA-approved drug might be useful in cases where all the rest of the drugs are 

failing due to multi-resistant viruses. Other peptides with a higher genetic barrier than 

T-20, cheaper and with the possibility to being administered orally may turn this 

pathway one of the best candidates to efficiently block de novo infection. 
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1. Modeling secondary structures of RREs from nucleotide sequences does not reflect 

the real impact on their functionalities. 

2. Nucleotides that encode for the amino acid 45 in gp41 play a role in the RRE-Rev 

binding. 

3. RREs harboring the nucleotide substitutions that encode for the L45M change in gp41 

have an impact in Rev binding at low concentrations of this viral protein. 

4. Rev might perform exportation of RNA viral transcripts despite small impairments in 

its binding capacity to their RREs. 

5. The co-expression of the mutations Q40H and L45M is not acquired due to a 

restoration of the RRE functions. 

6. The sensitivity of in vitro assays used to measure the cytopathic capacities of Env 

glycoproteins is affected by the selection of the effector cell line. 

7. 293T cells used to express Env glycoproteins might be preferentially selected in order 

to perform fusogenic evaluations, while HeLa cells should be selected for the 

evaluation of cell death parameters. 

8. Patient-derived gp41 proteins with both V38A and N140I changes showed a reduced 

ability to induce single cell death and deplete CD4+ T cells despite maintaining fusion 

activity. 

9. The specificity of the phenotype associated with the changes V38A and N140I 

highlights the relevance of the genetic context in the cytopathic capacity of the Env. 

10.  T-20-resistance mutations modulate the viral pathogenicity in vivo, further supporting 

the hypothesis that gp41 is a critical mediator of HIV pathogenesis. 

 

Conclusions 
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Aquest treball no hagués estat possible si fa quatre anys la meva directora de tesi, la 
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Martas, Lucía e Isa, que siempre me habeis ayudado en todo. Las reuniones del grupo 

VIC siempre han sido increíblemente amenas, y sobretodo cuando alguien traía algo 
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