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Abstract

Acquired Immuno-Deficiency Syndrome (AIDS) is a disease caused by
immunodeficiency viruses in human (HIV-1) and some animal species. The virus is a small
enveloped particle that has a single-strand RNA genome and belongs to the lentivirus genus
that belongs to the Retroviridae family. In human the virus infects and replicates mainly in cells
that express the CD4 on their surface. Since its apparition in human in 1982 the virus has
infected around 80 million individuals worldwide and caused the death of nearly half of them.
No vaccine exists but life expectancy of near half of HIV-1-infected individuals has been now
prolonged due to extensive highly active antiretroviral therapy (HAART). Because of the
complexity of the host/pathogen interactions that are associated with HIV-1 infection in human
and non-human primate models, a simple model system is strongly needed to ease the studies
aiming at better understanding the underlying mechanisms of increased pathogenesis of HIV-1
in human. A chimeric virus CAL-HIV-R1 was created in our laboratory by exchanging the long
terminal repeats (LTRs) of HIV with those of CAEV, a caprine lentivirus. Because these CAEV
LTRs have a constitutive promoter, which is independent of the trans-activator of transcription,
we expect that this chimeric virus should not undergo latency in memory CD4+ T cells. To
increase the potency of this chimera, serial passages on cultured human cells were performed.
Besides its primary receptor, CD4, HIV needs to interact with another molecule as a co-
receptor. Several infectious molecular clones of HIV-1 isolates pPDNAS containing the complete
proviral genomes were received from the NIH AIDS Reagent Program Repository. Three of
these, namely pNL4-3, p89.6 and pWARO, were used to produce virus stocks following
transfection in the human HEK-293T cell line and used to infect a variety of cell lines such as:
1) GHOST cells that were used to examine the tropism for the co-receptor that were X4, X4/R5
and R5 respectively; 2) M8166 a fusogenic indicator cell line to evaluate the replication
competency, 3) TZM-bl to determine the infectivity titers of the viruses by scoring the blue
cells enabled by infections. A vaccine based on a chimeric DNA vector, CAL-SHIV-IN", has
been developed in our laboratory and tested in macaques. A sero-neutralization assay was
performed on sera of macaques, which had been vaccinated with this vector and challenged in
parallel with control animals with a pathogenic virus. This assay was used to verify the presence

of neutralizing antibodies, but, unfortunately none could be detected



Résumé

Le syndrome d'immunodéficience acquise (SIDA) est une maladie provoquée chez
I'nomme par le virus de l'immunodéficience humaine (VIH), un lentivirus & ARN
monocaténaire qui infecte les cellules humaines qui expriment les CD4 a leur surface. Depuis
son apparition en 1982 chez I’homme, il y a eu environ 80 millions d'individus infectés dans le
monde et pres de la moitié d'entre eux sont déja décédés. Aucun vaccin n'existe actuellement
mais I'espérance de vie d’un grand nombre de patients est maintenant prolongée grace au
développement et la disponibilité d'un traitement antirétroviral hautement actif (HAART en
anglais). En raison de la complexité des interactions hote/pathogéne liées a l'infection par le
VIH-1 chez I'hnomme et les modeles primates non-humains actuels, le développement d’un
modéle plus simple est nécessaire pour étudier et mieux comprendre les mécanismes sous-
jacents de I'augmentation de la pathogenése du VIH-1 chez ’humain. Dans ce but, un virus
chimérique CAL-HIV-R1 a été construit dans notre laboratoire en échangeant les longues
séquences répétées terminales (LTR) du VIH par celles du CAEV, un lentivirus caprin. Parce
que ces LTR de CAEV ont un promoteur constitutif qui est indépendant du trans-activateur de
la transcription, ce virus chimeérique ne devrait pas subir de latence dans les cellules T CD4+
mémoire. Pour rendre son efficacité réplicative plus performante, cette chimere a subi plusieurs
passages successifs sur des cellules humaines en culture. En plus de la présence de son récepteur
primaire, la protéine CD4, le VIH doit interagir avec une seconde molécule co-réceptrice pour
entrer dans la cellule hote. Des clones moléculaires infectieux contenant des genomes proviraux
complets de plusieurs isolats de VIH-1 ont été recus de la banque de produits "NIH AIDS
Reagent Program Repository". Trois d'entre eux, a savoir pNL4-3, p89.6 et pWARO, ont été
utilisés pour produire des stocks de virus apres transfection des cellules de la lignée humaine
HEK-293T et utilisés pour infecter d’autres lignées cellulaires telles que : 1) des cellules
GHOST, utilisées pour examiner le tropisme des virus en fonction de leur utilisation des co-
récepteurs et qui sont respectivement X4, X4/R5 et R5; 2) la lignée cellulaire M8166, utilisée
comme cellules indicatrices du fait de ses propriétés fusogéniques, et qui sert a examiner les
capacités de réplication et enfin, 3) la lignée cellulaire TZM-bl utilisée pour évaluer le titre
infectieux des virus. Par ailleurs, un vaccin basé sur un vecteur ADN lentiviral chimérique, le
CAL-SHIV-IN", a été developpé au laboratoire et testé chez des macaques. Dans le cadre de
cette étude, un test de séro-neutralisation a été réalisé sur des échantillons de sérum des
macaques vaccinés avec ce vecteur, et des animaux témoins, pour examiner la présence
d'anticorps pouvant neutraliser le virus. Bien que des anticorps furent présents aucune capacité
neutralisante n'a pu étre détectée.



Abbreviations :

Ad5 Adenovirus serotype 5

AIDS Acquired ImmunoDeficiency Syndrome
AM Alveolar Macrophage

APC Antigen Presenting Cell

APOBEC3G Apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like 3G
ART Anti-Retroviral Therapy

BCFU Blue Cell Forming Units

BIV Bovine Immunodeficiency Virus
bNADbs Broadly Neutralizing Antibodies

BPS Bovine Paraplegic Syndrome

BST-2 Bone marrow Stromal antigen 2 (tetherin)
CA Capsid protein

CAEV Caprine Arthritis Encephalitis Virus
CCR5 C-C Chimiokine Receptor 5

CCR5-A32  CCR5 with gene deletion of 32 bp

CD4 Cluster of Differentiation 4

CmMvV Cytomegalovirus

CNS Central Nervous System

ConA Concanavalin A

CPE Cytopathic Effects

CSF Cerebral Spinal Fluid

CXCR4 Chemokine C-X-C motif Receptor 4
DCs Dendritic Cells

DMEM Dulbecco's Modified Eagle's Medium
DMSO Dimethyl Sulfoxide

DNA Deoxyribonucleic Acid

dsDNA Double-Stranded DNA

dscDNA Double-Stranded Complementary DNA
EDTA Ethylene Diamine Tetraacetic Acid
EIAV Equine Infectious Anemia Virus

ELISA Enzyme-Linked Immunosorbent Assay
Env Envelope glycoproteins

FBS Fetal Bovine Serum

FDA Food and Drug Administration

FDCs Follicular Dendritic Cells

FIV Feline Immunodeficiency Virus

Gag Group Antigens protein

GALT Gut-Associated Lymphoid Tissue

Gp Glycoprotein

HAART Highly Active AntiRetroviral Therapy
HEK Human Embryonic Kidney

HIV-1 Human Immunodeficiency Virus Type 1
HIV-2 Human Immunodeficiency Virus Type 2
HSPC Hematopoietic Stem Cells

HTLV-11I Human T-Lymphotropic Virus Type |11
ICTV International Committee on Taxonomy of Viruses

IFN Interferon
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I. Summary

Acquired Immuno-Deficiency Syndrome (AIDS) is a disease caused by
immunodeficiency viruses in human (HIV-1) and some animal species. The virus is a small
enveloped particle that has a single-strand RNA genome and belongs to the lentivirus genus
that belongs to the Retroviridae family. In human the virus infects and replicates mainly in cells
that express the CD4 on their surface. Since its apparition in human in 1982, the virus has
infected around 80 million individuals worldwide and caused the death of nearly half of them.
No vaccine exists but life expectancy of near half of HIV-1-infected individuals has been now
prolonged due to extensive highly active antiretroviral therapy (HAART). Because of the
complexity of the host/pathogen interactions that are associated with HIV-1 infection in human
and non-human primate models, a simple model system is strongly needed to ease the studies
aiming at better understanding the underlying mechanisms of increased pathogenesis of HIV-1
in human. A chimeric virus CAL-HIV-R1 was created in our laboratory by exchanging the long
terminal repeats (LTRs) of HIV with those of CAEV, a caprine lentivirus. Because these CAEV
LTRs have a constitutive promoter, which is independent of the trans-activator of transcription,
we expect that this chimeric virus should not undergo latency in memory CD4+ T cells. To
increase the potency of this chimera, serial passages on cultured human cells were performed.
Besides its primary receptor, CD4, HIV needs to interact with another molecule as a co-
receptor. Several infectious molecular clones of HIV-1 isolates pPDNAS containing the complete
proviral genomes were received from the NIH AIDS Reagent Program Repository. Three of
these, namely pNL4-3, p89.6 and pWARO, were used to produce virus stocks following
transfection in the human HEK-293T cell line and used to infect a variety of cell lines such as:
1) GHOST cells that were used to examine the tropism for the co-receptor that were X4, X4/R5
and R5 respectively; 2) M8166 a fusogenic indicator cell line to evaluate the replication
competency, 3) TZM-bl to determine the infectivity titers of the viruses by scoring the blue
cells enabled by infections. A vaccine based on a chimeric DNA vector, CAL-SHIV-IN", has
been developed in our laboratory and tested in macaques. A sero-neutralization assay was
performed on sera of macaques, which had been vaccinated with this vector and challenged in
parallel with control animals with a pathogenic virus. This assay was used to verify the presence

of neutralizing antibodies, but, unfortunately none could be detected.



I1. Introduction
11.1. HIVV/AIDS.
11.1.1. Nomenclature

Acquired ImmunoDeficiency Syndrome (AIDS) induced by the human
immunodeficiency virus type 1 (HIV-1) infection is one of the leading causes of death
attributable to infectious diseases in adults and infants worldwide [1-2]. HIV infection induces
a state of chronic immune activation that progressively erodes the immune defenses and
severely depletes the CD4+ T cells, culminating in the development of AIDS, characterized by
life threatening opportunistic infections [3]. The first report of AIDS was in June 1982 in
conjunction with a clinical outbreak of Pneumocystis pneumonia among homosexual men, in
the United States[4], though the virus at the origin of the syndrome was only isolated from a
patient’s lymph node in 1983 at the Pasteur Institute, as the first Lenti/retrovirus in human.
While initially termed lymphadenopathy-associated virus (LAV) or human T-lymphotropic
virus type 11 (HTLV-111) [5-6], the International Committee on Taxonomy of Viruses (ICTV)
recommended its current identification as human immunodeficiency virus HIV in 1986 [7].

11.1.2. Classification of HIV

HIV is a single-stranded RNA-enveloped virus that belongs to the Lentivirus genus of
the Orthoretrovirinae subfamily and the Retroviridae family (Figure 1). There are other
lentiviruses of this genus that infect other vertebrates: Bovine immunodeficiency virus (BIV),
Equine infectious anemia virus (EIAV), Feline immunodeficiency virus (FIV), Puma lentivirus
of lion and puma (PLV), Maedi-visna virus (MVV) of sheep, Caprine arthritis encephalitis virus
(CAEV) and a large variety of viruses in monkeys termed Simian immunodeficiency virus
(SIV) [8-9].

11.1.2.1 Retroviridae family

Retroviruses are small enveloped RNA viruses that are found in many vertebrate
animals such as birds, fish and mammals [10]. The diameter of a retroviral virion is
approximately 80-100 nm [11]. The outer layer of the virus is a lipid bilayer originated from
the host cell membrane [12]. It covers all the surface of the spherical capsid inside of which
two single strand genomic RNA molecules of the virus are located. They are positive-sense and
approximately contain 7-11 kb [13]. All replication-competent retroviral genomes have three

structural genes called gag, pol and env which are enclosed between two long terminal repeats
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(LTR) [14]. The (gag) gene encodes the matrix (MA), capsid (CA) and nucleocapsid (NC)
proteins of the virus [15]. The (pol) gene encodes the protease (PR), reverse transcriptase (RT)
and integrase (IN) [16]. The envelope (env) gene codes for the retroviral surface (SU) and

transmembrane (TM) proteins [17].

Family Sub-Family Genus Species

) (BIV) Bovin

i Alpharetrovirus Immunodeficiency virus
(CAEV) Caprine arthritis
Betarctrovirus encephalitis virus
(EIA) Equine infectious
Deltaretrovirus anemia virus

- Orthoretrovirinae | — (FIV) Feline
Epsilonretrovirus immunodeficiency virus
(HIV) Human

Gammaretrovirus immunodeficiency virus-1

(HIV) Human

L Lentivirus — | immunodeficiency virus-2

Retroviridae | — »
(PLV) Puma lentivirus

(SIV) Simian
immunodeficiency virus

(MVV) Visna/maedi
virus

- Spumaretrovirinag — Spumavirus

Figure 1. International Committee on Taxonomy of Viruses (ICTV) Lentiviruses’ taxonomy (from [18]).

11.1.2.2. Lentivirus of human and animals

Lentiviruses infect humans and other mammalian animals in which they cause a long
incubation period before inducing disease symptoms [19]. The bovine immunodeficiency virus
(BIV) is the natural lentivirus that persistently infects cattle [20]. While BIV is not highly
pathogenic in most of the cattle (Bos Taurus) raised in different part of the world. In contrast,
the BIV variant, Jembrana Disease Virus (JDV) causes severe disease and death in a different
breed of calves (Bos Jevanicus) raised in Bali [21]. BIV genome organization resembles that of
primate lentiviruses as shown in Figure 2. Like all lentivirus genomes, it includes the structural
gag and env, the enzyme pol and the regulatory/accessory genes. These latter regulate the
protein expression and the pathogenesis [22-23]. BIV causes persistent viral infection,
lymphadenopathy, lymphocytosis, lesions in CNS, weakness and bovine paraplegic syndrome
(BPS) [24-25].



11.1.2.3. Equine infectious anemia virus (EIAV)

EIAV is a lentivirus that causes infection in horses and induces chronic infectious
diseases including recurrent anemia, weakness, thrombocytopenia and in rare cases
encephalopathies [27]. Virus transmission occurs through infected cells in blood [28-29] by
Tabanus fuscicostatus fly [30]. Vertical transmission of EIAV from infected mares to their foals
occasionally causes abortion [31]. The virus does not induce immunodeficiency-like disease
although there are multi-organ inflammatory disorders [32]. Tumor necrosis factor receptor
(TNFR) has been identified as the primary EIAV receptor [33]. EIAV infects and replicates

exclusively in the cells of the monocyte/macrophage lineage in vivo [34].

11.1.2.4. Feline Immunodeficiency Virus (FIV and PLV)

FIV is the natural lentivirus that infects domestic and a variety of wild cats, inducing an
immunodeficiency syndrome in infected animals [35]. PLV is the puma lentivirus that is a
variant of FIV infecting wild feline bobcats (Lynx rufus) and mountain lions (Puma concolor)
[36]. Unlike FIV-infected cats, PLV-infected hosts do not undergo pathogenesis like many SIVs
in their natural hosts [37]. FIV was first identified in 1986 in California [38]. The virus is tropic
for T-cells and replicates in feline kidney cells in vitro, it is found in blood, CSF and saliva, but
not in milk or colostrum. The initial phase of the disease is characterized by loss of appetite and
weight, depression, fever, lymphadenopathy and neutropenia. The end stage of the disease
includes loss of immune cells and proliferation of opportunistic infections that are associated
with death of infected animals [39]. FIV uses the CXCR4, CCR3 and CCR5 chemokine
receptors as entry receptors on mononuclear cells [40]. In contrast to primate lentiviruses FIV
does not use the CD4 as primary receptor and CXCR4 is considered the primary receptor for

entry in cells [41].

11.1.2.5. Ovine Lentivirus (OLV)

OLV is the natural lentivirus that was isolated from sheep and described as ovine
progressive pneumonia virus (OPPV) [42], or Maedi Visna Virus (MVV). The pathological
characteristics associated with OLV infections were reported in the beginning of the last century
[43]. Following an introduction in 1933 of Karakul sheep in Iceland imported from Germany,
two types of lethal disease syndromes were observed in local breed of sheep: Maedi (dyspnea

“pneumonia”) and Visna (wasting). Both diseases were caused by a lentivirus called MVV [44].
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Figure 2. Genome organizations of lentivirus: equine (equine infectious anemia virus, EIAV), feline (feline
immunodeficiency virus, FIV), bovine (bovine immunodeficiency virus, BIV), caprine/ovine (caprine arthritis
encephalitis virus, CAEV, ovine maedi-visna virus, OMVV) (modified from [26]).

OLVs are macrophage-tropic lentiviruses that cause persistent infection in infected
sheep and the virus does not productively infect T lymphocytes [43, 45]. Infected sheep develop
interstitial progressive pneumonia, encephalitis, mastitis, arthritis and cachexia leading in some
cases to death because of prolonged starvation [46-47]. Virus transmission occurs mainly via

contaminated colostrum and milk from infected ewes to their newborn lambs [48].

SRLV
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5’LTR gag

HIV-1
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Figure 3. Physical maps of small ruminant and human lentivirus genomes (modified from [66]).The genomes
contain in their extremities the 5’ and 3> LTRs with the U3,R and U5 sequences that regulate the expression of
structural and regulatory/accessory genes represented in different colors and whose names are indicated.

11.1.2.6. Caprine Arthritis-Encephalitis Virus (CAEV)

CAEV is the second member of the small ruminant lentivirus group that was initially
reported in the late 1950s in Switzerland to be responsible of chronic arthritis in goats and then



years after it was associated disease in the central nervous system in CAEV-infected kids in
Germany [49]. Later on in the mid-1970s, Cork and colleagues described the disease in the
United States [50]. Later the virus was isolated from an adult goat suffering from chronic
arthritis, and described to be a retrovirus member of the genus Lentivirus [51]. The virus was
also simultaneously isolated from an encephalitis kid [52]. Like MVV in sheep, the productive
replication of CAEV is restricted in vivo to the monocyte/macrophage cell lineage and this
productive replication is dependent of the maturation of infected monocytes into macrophages
[53-54]. Although CAEV infection is subclinical, a small number of animals develop disease
syndromes including chronic polyarthritis in the joints and mastitis [55] but rarely encephalitis
in adults, whereas infected kids under six months develop encephalitis [56]. Dams transmit
CAEV to their kids via colostrum and milk [57-58]. The receptors and/or co-receptors of CAEV
are still unknown. CAEV is unable to infect human cells and the lack of functional receptors is
considered to be the main barrier that prevents CAEV from infecting human cells [59]. In
primate lentiviruses the functions of trans activating protein Tat have been well studied. This
protein is indispensable for the upregulation of transcription of the viral promoter in the LTR
and allowing the elongation of the transcripts [60-61]. In small ruminant lentiviruses including
CAEV, the LTR promoters were shown to induce virus expression constitutively and
independent from Tat transactivation [62]. The open reading frame previously called Tat of
CAEV and OLV/MVYV does not encode a regulatory trans-activator protein of the LTR but
rather for an accessory protein that is structurally and functionally close to Vpr of primate
lentiviruses (Figure 3) [63-64]. In addition to Vpr-like, CAEV genome encodes Vif and Rev
regulatory proteins and the three structural proteins of gag, pol and env genes common to all
retroviruses [65]. Vif is necessary for effective in vivo virus replication and pathogenicity [66].
Rev trans-activation binds to Rev Response Element (RRE) an RNA structure [67]. The gene
rev encodes Rev protein that is necessary for cytoplasmic transport of un-spliced and single

spliced viral mRNA that are sequestered in nucleus [68].

11.1.2.7. Simian immunodeficiency virus SIV

This is a group of lentiviruses that infect a variety of species of non-human primates
[69]. SIVs are thought to be an old natural lentivirus reservoir in non-human primates that has
been the source of the spill over to human generating HIV-1 and HIV-2 [70-71]. SIVcpz from
chimpanzees (Pan troglodytes) and SIVVgor from gorilla were found to be at the origin of the

cross species jumps to human generating HIV-1 [72-73], while SIVsmm from sooty mangabeys



(Cercocebus atys), generated HIV-2 [70]. SIVs are non-pathogenic in most of their own natural
hosts species [74] despite high levels of virus replication [75-76]. The mechanisms by which
these viruses remain non-pathogenic is unclear though several differences have been reported:
a) Natural hosts of SIV appear to limit immune activation [77] and the production of type | IFN
is limited to the early acute infection [78-79] which leads to b) an absence of chronic immune
activation and c¢) normal gastrointestinal homeostasis. Additional intriguing findings include
lower expression of CCR5 the SI1V co-receptor on T cells [80], differential regulation of T cell
anergy [81], differential regulation of a4B7 on T cells [82] and a restriction of SIV replication
to T cells in vivo [83]. Experimental infection of non-natural hosts such as macaque species
with select isolates of SIVs has the ability to generate simian SAIDS with high levels of viremia,
CD4 depletion, in particular depletion of mucosal CD4+ T cells [84], immune impairment,
wasting and the occurrence of opportunistic infections [85]. Surprisingly, SIVs naturally infect
only African Old World monkeys (OWM) and apes from sub-Saharan Africa, but SIVs have
not been found in either Asian OWMs or New World monkeys [86].

[1.2. History of HIV

It was believed that in 1960-1970, HIV-1 strains arrived in the USA from Congo. In an
early AIDS study, a Canadian airline steward referred to as "Patient 0" was thought to be
responsible for bringing HIV to North America [87]. However, data from a recent study indicate
that this is not the case [88]. The first case of HIV was declared in 1981. The virus inducing
AIDS was transmitted between homosexual men, who had begun dying of the disease [89].

[1.2.1. Origin of HIV-1 in humans

HIV-1 is a zoonotic infectious pathogenic virus that arose from cross species infections
of simian immunodeficiency viruses (SIVs) naturally existing in reservoirs that were identified
to be in chimpanzees and gorillas. The subspecies Pan Troglodytes is the one naturally infected
with SIVcpz and experimental infections of these animals has now demonstrated that both
SIVcpz and HIV-1 infections can be associated with pathogenicity [90]. Genome detection and
sequencing have established that the endemic SIVVcpz strains that P. t. troglodytes is a natural
reservoir of HIVV-1 ancestor in Cameroon, where prevalence rates were found to be around 29
to 35%. Anti-SIV antibodies and viral genomes were detected in fecal and urine samples of
wild chimpanzees [91-92]. Phylogenetic analyses of SIVVcpz sequences obtained from various

groups of chimpanzees have established that the infection has been present in this species for
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over two centuries (Figure 4) [93]. HIV-1 is comprised of four viral lineages, termed groups M,
N, O, and P. Each resulted from independent cross-species transmissions of SIVcpz and SIVgor
[94]. The first group, M, originating from SIVVcpz of Southern Cameroon is the cause of the
worldwide HIV-1 pandemic. Three other groups were then discovered in Cameroon; in 1990,
group O which represents less than 1% of global HIV-1 infections; in 1998, group N was
identified in a mere 13 cases. Finally, in 2009, group P was discovered in France, in a woman
and another person from Cameroon [93]. While HIV-1 group N is also from SIVcpz, the origin
of group O has been recently demonstrated to be from gorilla (SI\VVgor) from central Cameroon
and group P from SIVgor from southwestern Cameroon [95]. Previous studies have established

that SIVVgor arose from SIVVcpz [96].

Sykee’s monkey Sooty-mangabey
SIVsyk SIVsmm

~ ‘ P, i
: Mona monkey
- SIVgsm/SIVmus/SIV
Mantled guereza
SIVcol 'y
; ' £ XY

Chimpanzee

il / SIVepz

|

s
Red capped
mangabey

HIV-1
M&N
4 R 5 SIVrem e Wy
A | & . _4'_, HIV-1
4 ki £ . Oo&P
L’Hoest’s monkey Mandrill

SIViho SIVmnd Westselrcgg;:rilla

Vervet monkey
SIVver

4B

Figure 4. Simian virus (SIV) transmission is at the origin of the emergence of HIV-1 and HIV-2 in humans.
Many kinds of SIV naturally infect non-human primates, each bearing the name of the host (i.e. SIVmac for
macaques, SIVgor for gorillas) for which most of these viruses are non-pathogenic. However, the passage of these
to another species of monkey or human leads to the emergence of AIDS-inducing viruses including pathogenic
SIVmac in macaques as well as HIVV-1 and HIV-2 infections in man [93].

[1.2.2. Human immunodeficiency virus type 2 (HIV-2):

A second human retrovirus causing immunodeficiency emerged in the mid 1980's and
was first found in a patient from a West African origin. The virus called HIV-2 has a genome
structure similar to that of HIV-1, but with only about 40% nucleotide and amino acid sequence

similarity. It was established that this virus has a different origin than HIV-1 and it emerged



from a zoonotic cross species infection from sooty mangabey monkeys (SIVsmm) to human
[97-98]. HIV-2 is more commonly found in West Africa. In 1987, the first case in the United
States was in a West African woman diagnosed with central nervous system toxoplasmosis
[99]. There are eight HIVV-2 groups: types A to H. Groups A and B are endemic in West Africa.
Although HIV-2 is similar to HIV-1 in its genome organization and replication, it lacks the
HIV-1 accessory vpu gene but encodes vpx [8] that facilitates the infection of resting CD4+ T
cells, via degradation of Sterile Alpha Motif and HD domain-containing protein 1 (SAMHD1),
the cell factor that prevent viral replication [100-101]. However in the absence of treatment,
HIV-2 mediated progression to disease is slower than upon infection with HIV-1 and

characterized with lower viral replication levels [102-103].

11.3. HIV transmission

HIV is transmitted through the exchange of body fluids from an infected to a non-
infected person [104-105]. Fluids exchange during unprotected intercourse has been shown to
be the most common route of HIV transmission [106]. However, HIV is also transmitted
through injection with contaminated needles or syringes used by infected individuals for drug
injection [107]. The efficiency of HIV transmission depends on the viral load and the virus type,
and whether the infection in transmitted either directly into the blood or onto a mucous
membrane [108]. Mother-to-child transmission from an infected mother to her baby during
pregnancy, delivery, or via breast feeding [109] is also an important route of transmission
particularly in children [110]. Throughout the breast-feeding period, the colostrum and breast
milk contain a variety of HIV-infected cells including CD4+ T cells and mammary epithelial
cells that are involved in virus transmission [111]. Other routes of HIV transmission include:
receiving HIV contaminated blood or blood products [112], organ and tissue transplants [113]
and accidental manipulation of infected products.

I1.4.Epidemiology of HIV

Since the emergence of HIV-1 in human around 80 million individuals all over the world
were infected, nearly half of them have already died and the other half is living with the virus
[114-115]. The antiretroviral therapy (ART) helped not only HIV infected people to live longer,
to have a better quality of live, but also to decrease the transmission from HIV-positive to HIV
negative individuals. The great majority of HIV-infected individuals live in Sub Saharan Africa

and the accessibility of ART to these low-income countries has significantly slowed HIV
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diffusion (Figure 5). Many strategies were developed in developing countries, including male
circumcision to slow down HIV-1 transmission [116], use of HAART during the pregnancy
and after delivery decreased mother to child transmission [117]. In addition ART for pre-

exposure prophylaxis (PrEP) was shown to decrease the risk of HIV acquisition [118].

Adults and children estimated to be living with HIV, 2015
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Figure 5. Estimated number of people living with HIV in the world (taken from WHO).

©WHO 2016. All rights reserved.

[1.5. Structure of the viral particle and HIV Gene Structure

As shown in Figure 6A the HIV viral particle is roughly spherical and coated with a
lipid bilayer derived from the host cell plasma membrane [119] when the newly formed virus
particle buds from the cell. The viral Env glycoproteins inserted at the surface are produced as
a precursor (gp160) [120], which is cleaved into the external surface gpl20 (SU) and the trans-
membrane gp4l (TM) [121]. Both proteins remain linked by non-covalent bonds and are
assembled as a trimer at the surface of the viral particles. Immature virus particles also have an
inner shell of Gag (Pr55) and Gag-Pol (Prl60) precursor group antigen polyproteins that are

subsequently cleaved by protease into functional mature subunits (Figure 6B) [122].
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Figure 6. Schematic representation of (A) the structure and (B) the viral genome of HIV virion
(modified from [123]).

The cleavage of Gag (Pr55) precursor generates four functional domains (Figure 6B):,
the matrix protein (MA p17), capsid protein (CA p24), nucleocapsid proteins (NC p7 and p6)
which closes the narrow end of the viral core [124] that contains two identical molecules of
positive-sense strand genomic RNA [125]. The Gag-Pol (Prl60) precursor is subsequently
cleaved to produce the viral enzymes (Figure 6B): protease (PR pl0), reverse transcriptase (RT
p66/p51), and integrase (IN p32). Immature PR is less sensitive to protease inhibitors than free
mature PR enzyme [126].

Like all retroviruses, HIV encodes and incorporates into the virions enzymes that
convert the single stranded viral RNA into double stranded DNA which irreversibly integrates
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into the chromosomal DNA of infected cells [127]. The viral genome contains also regulatory
and accessory genes (tat, rev, nef, vif, vpr and vpu) that express the virus regulatory and
accessory proteins (Figure 6B). These proteins play determinant roles in the modulation of virus

replication in infected cells and the pathogenesis in infected hosts.

In addition to these structure regulatory and accessory genes, the RNA also contains
terminal sequences named long terminal repeat (LTR) (Figure 7). These are composed of the
unique U3 region, the repeat R element and the U5 region flanked by the transactivation
responsive element TAR and the primer-binding site in the 5’LTR. TAR is the target binding
sequence required for Tat transactivation activity [128]. The 3’LTR on the other hand is
preceded by the poly purine tract (PPT) [18]. This PPT segment is resistant to cleavage by
ribonuclease H and it serves as primer for the synthesis of the second DNA strand [129]. The
5' LTR harbors a promoter region for the polymerase Il complex that initiates transcription of
the provirus, whereas the 3' LTR is needed for polyadenylation of the proviral mRNA and

provides transcriptional termination [130].

S'LTR — — R

Transcription initiation

signals promoters Polyadenylation signal
—_ U3 il 0 — — NV - —
Enhancers Poly A addition site

Figure 7. Schematic representation of regions of 5’LTR and 3’LTR which flank the proviral
sequence [131].

11.5.1. Viral Enzymes:

The pol gene encodes a protein precursor of the three viral enzymes, which are the
reverse transcriptase, the integrase and the protease. This precursor is cleaved by the auto

processing of the protease.
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[1.5.1.1. Reverse transcriptase (RT)

This multifunctional enzyme contains two enzymatic activities [132]. HIV-1 RT is a
heterodimer composed of two subunits of 66-kDa (p66) and 51-kDa (p51) derived from the
Gag-Pol (Prl60) precursor protein. The p66 subunit is responsible for polymerase and RNase H
activities and shows this activity also in the absence of the p51 subunit that serves as a structural
support [133]. RT contains the DNA polymerase activity that can copy either a RNA or DNA
template (Figure 8). It also has a RNase H activity that cleaves the DNA strand from the sSRNA
template then degrades the RNA if the RNA is part of an RNA/DNA duplex [134]. The RT
converts the +ssRNA genome of the virus into a double-stranded DNA (dsDNA) that can be
integrated into the genome of the host cell [135]. Many drugs used currently to fight HIV
infection target the activity of the RT.

11.5.1.2. Integrase (IN)

HIV-1 integrase is the enzyme that specifically and reproducibly integrates the HIV
dsDNA into that of the host as a provirus. In the structure of IN one can distinguish three
domains, the N-terminal domain which chelates zinc [136], the core domain which contains the
enzymatic activity, and the C-terminal domain which nonspecifically binds to DNA [137]. In
the cytoplasm of cells, IN binds to the extremities of the viral dsSDNA at the specific sequences
of the attachment site located in the U5 and U3 at the ends of the 5” and 3” LTR regions [138].
This action is mediated by a stable nucleoprotein complex, the two ends of the viral DNA are
bridging by integrase making the synaptic complex [139]. Because of its N-terminal domain,
HIV-1 IN exists under several forms: monomer, dimer and tetramer [140]. The enzyme
undergoes two major catalytic activities: i) it processes the 3'-OH extremities of the viral
genome, ii) it inserts the viral DNA molecule into the infected host cellular chromosomal DNA.
Inserted DNA, called provirus, persists in the host cell serving as a template for viral gene
transcription followed by translation of viral proteins that are assembled to produce new
infectious virus particles [141]. As a reservoir, provirus can persist in a latent form lacking the

expression of any of the viral protein, making it incredibly difficult to fight [142-143].
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Figure 8. Schematic presentation of the process of reverse transcription. (A) Reverse transcription of RNA
genome is initiated when the tRNAY* molecule binds to the primer binding site (PBS) on the 5’ portion of the
genome in order to begin DNA synthesis (in red). RT elongates the tRNA primer creating a single-stranded DNA
(ssDNA). At the same time RNase H activity of RT degrades the 5’ end of the genomic RNA to free the ssSDNA.
(B) The ssDNA transfers and re-associates with the repeat element (R) sequence at the 3’ end of the viral genomic
RNA. (C) Elongation of the ssDNA continues while the RNase H digests the RNA template, with the exception
of the resistant polypurine tract (PPT). (D) The PPT sequence is used by the RT polymerase activity as primer to
initiate the positive strand DNA. (E) After addition of several nucleotides, the RNase H removes the PPT primer.
(F) The new +ssDNA is synthetized to the 5’ end of the —ssDNA, thus creating a double linear DNA with LTRs
[129].

11.5.1.3. Protease (PR)

The viral protease is encoded by the 5’ end of the HIV pol gene of the virus to give a
11-kDa protein [144]. Dimerization of the polyprotein precursor Gag-Pol (Prl60) results in auto
processing of the active protease [126]. In the mature virus, the protease exists as a symmetrical
homodimer and the active site lies along the interface between the two identical subunits [145].
This proteolytic enzyme has an obligatory role in HIV life cycle for the post-translational

processing of HIV precursor proteins and maturation of viral particles [146]. The activity of
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this enzyme is also essential for virus infectivity because without an effective protease, HIV
virions remain non-infectious [147]. Thus any mutation on functional domain or inhibition of
protease activity leads to disruption of replication and propagation of virus to other cells [148].
This central role of PR made it an attractive target for anti-HIV drugs, thus specific protease

inhibitors have been designed and are widely used to inhibit the protease [149].

11.5.2. Structural Proteins

11.5.2.1. Envelope glycoproteins (Env)

Envelope (Env) glycoproteins play a key role in HIV-1 diffusion of infection and
pathogenicity [150]. The envelope glycoprotein precursor 160 kDa (gp160) encoded by the env
gene from an unispliced RNA is cleaved by a cellular protease into two sub-units: the surface
glycoprotein of 120 kDa (SU gp120) and the transmembrane glycoprotein of 41 kDa (TM gp41)
[151]. Gp120 binds to the extracellular region of gp4l and is important for virus interaction
with the main CD4 receptor at the surface of target cells [152]. Gp120 contains also co-receptor

binding sites that determine the cell tropism of the virus [153].
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Figure 9. Schematic representation of the envelope glycoprotein trimer and interaction with receptors of
target CD4+ cells (A) The target CD4+ cell and the virion with the gp120 and gp41 before binding; (B) The gp120
first bind to the CD4 receptor via its CD4 binding site and then to the co-receptor, either CCR5 or CXCR4; (C)
following this double binding conformational changes in the gp41 lead to the fusion of lipid bilayer membranes
of virus and target cell (adapted from [154]).

HIV-1 Env proteins are assembled as trimers that bind to cell-surface receptors CD4 on target
cells and subsequently lead to conformational changes in the glycoproteins [155-156]. These
changes involve shift in the V1 and V2 variable regions exposing the V3 region that then binds
to the co-receptor (CXCR4 or CCR5). This last interaction induces conformational changes in

gp41 and causes the exposure of the fusion peptide (Figure 9). This leads to the fusion of lipid
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bilayer membranes of virus and target cell initiating the internalization of the capsid in the
cytoplasm of infected host cell [157]. Gp120 is considered the primary target of the humoral
immune response and specific neutralizing antibodies [158-159].

11.5.2.2. Group antigens (Gag)

Group antigen is the precursor of several major proteins: the matrix protein that lines
the inside of the viral envelope, capsid and nucleocapsid proteins that are important for genomic

RNA assembly and packaging (Figure 6).

Matrix (Ma) p17: This is a 17-kDa protein that originates from the cleavage of the amino-
terminal portion of the Gag precursor, Gag Pr55 at the early stage of infection [160]. The protein
is localized at the inner surface of the virion underneath the lipid bilayer membrane and has a
multifunctional crucial role for virion assembly [161]. It participates to the import of the pre-
integration complex (PIC) from the cytoplasm to the nucleus during the early stage of infection
[162]. It transports also the precursor Gag (Pr55) to the plasma membrane for virus assembly
[163].

Capsid (CA) p24: This is the major core protein of HIV that has a molecular weight of 24 kDa
and is also derived from Gag (Pr55). The capsid is a cone shape structure composed of about
250 hexamers of p24 and exactly 12 pentamers of the same protein at both conical ends [164].
Inside the capsid, there are the two strands of genomic viral RNA, the nucleocapsid (NC) and
all the enzymes necessary for replication [165]. The capsid p24 protein has been used as an
antiviral specific target and for HIV vaccine development [166]. HIV-1 Gag p24 antigen is
quantitatively the most abundant immunogenic element used for early stage diagnosis of HIV-
1 infection by enzyme-linked immunosorbent assay (ELISA) in the plasma [167].

Nucleocapsid (NC) p7: HIV-1 NC is a small 7-kDa protein, derived from the precursors Gag
(Pr55). NC sequence contains 55-amino acid with two zinc finger-binding domains. It is an
RNA-binding protein which facilitates both RNA rearrangements [168] and reverse
transcription [169]. The binding of NC with the viral RNA in the region of the psi (y) packaging
sequence leads to the incorporation of genomic viral RNA (gRNA) into the newly formed HIV-
1 particles [170]. For the initiation of the reverse transcription process, NC anneals the host cell
tRNAYS3 primer onto the primer binding site in the leader region of the genomic RNA [171].
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p6: The HIV-1 p6 is the carboxy-terminal of the cleaved precursors Gag (Pr55). It is involved
in the final separation step of nascent virions, where it facilitates virus release from the host
cells [172]. Gag p6 has also been found to be phosphorylated during HIV-1 infection and this
event may affect virus replication. Moreover, p6 mediates the incorporation of the viral Vpr

protein into new HIV-1 viral particles [173].

11.5.3. Accessory and Regulatory Proteins

11.5.3.1. Viral protein U (Vpu):

"Viral Protein Unique" is an 81 amino acids phosphorylated HIV-encoded accessory
protein with a molecular weight of 16 kDa. Vpu is a late viral protein expressed from a
bicistronic mMRNA that encodes also HIV-1 envelope glycoproteins [174-176]. This protein is
almost unique to HIV-1 among primate immunodeficiency viruses. One of the major functions
of Vpu is to prevent superinfection of infected cells by degrading the CD4 receptor,
downregulating the newly synthesized CD4 receptor and major histocompatibility complex
(MHC) class I via the endoplasmic reticulum proteasomal degradation pathway [177-178]. The
second function of Vpu is at the level of efficient virus maturation by enhancement and
regulation of the release of progeny virions from the external surface of infected host cells
[179]. Vpu downregulates the antiviral factor bone marrow stromal antigen 2 (BST-2/tetherin),
that prevents HIV-1 release from the cell surface, by interacting with tetherin to remove it from

the plasma membrane [180].

11.5.3.2. Viral protein R (Vpr):

"Viral Protein R" is a late virus protein produced from a spliced mRNA that encodes the
accessory genes expressing maturation proteins Vpu, Vpr and Vif proteins as well as Env
glycoproteins [181]. Vpr contains 96 amino acids and has a molecular weight of 14-kDa. It is
a virion-associated protein that has multiple functions on virus and infected cells [182]. In early
stages of infection, Vpr is part of the complex of nuclear import that interacts with HIV-1
reverse-transcription and migration of pre-integration complex that transports the newly
synthesized viral DNA genome from the cytoplasm into the nucleus [182-183]. In the
pathogenesis of HIVV-1 Vpr induces efficient replication of HIV-1 in non-dividing cells [184].
Vpr leads to cell arrest at the G2/M phase of cell division thereby inducing dysfunction and
apoptosis of infected cells [185]. Lack of Vpr or mutated Vpr that leads to decreased function
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is associated with a slow disease progression [186]. Other functions were ascribed to Vpr like
modulation of the fidelity of viral reverse transcription and transactivation of the HIV-1 LTR
promoter and cellular genes [187], induction of cellular differentiation [188] or its interaction

with the p6 ensuring efficient Vpr packaging [189].

11.5.3.3. Viral infectivity factor (Vif):

Vif is a regulatory protein that is coded by all known lentivirus genomes of human and
animals. HIV-1 Vif is a 23-kD protein. Vif is essential for viral fitness, pathogenicity,
replication and productive infection in non-permissive cells mononuclear cells, macrophages.
It is absolutely necessary for productive infection in primary CD4" T lymphocytes and
macrophages [190] where Vif interacts with the viral RNA and the NC for viral assembly and
packaging into viral particles [191]. Vif degrades and inhibits the enzymatic activity of the
cellular anti-viral enzyme apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like
3G (APOBEC 3G) mainly but also other APOBEC-3 from the cytoplasm of infected cells, and
packaging into virion [192-193]. APOBEC-3 family enzymes act as potent antiviral restriction
factors to inhibit HIV-1 and other retroviruses [194].

11.5.3.4. Negative regulatory factor (Nef):

During the early stages of cell infection HIV-1 Nef is one of the first protein expressed
from a multi-spliced mRNA [195]. Nef is a 27-kDa protein that has multiple functions both on
virus life cycle and on host cells. Nef has multiple localizations, it is found both in the cytoplasm
and nucleus compartments, and secreted in exosomes [196]. Although Nef-defective HIV-1 is
replication competent, Nef is necessary for efficient virus replication and disease progression
in vivo [197]. One of the main functions of Nef is to downregulate the expression of surface
CD4 and Major Histocompatibility Complex-I molecules [198]. Nef enhances Gag localization
at the cell membrane and viral particle assembly, and facilitates viral transfer from cell-to-cell
[199]. Nef also enhances HIV-1 infection and replication in primary CD4+ T cells [200]. Nef
is indispensable for progression to AIDS in HIV infected patients since individuals infected
with nef-defective HIV-1 mutants do not progress to AIDS [201], as also demonstrated with
the Sydney blood bank cohort [202].
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11.5.3.5. Regulator expression of viral protein (Rev):

This is a small 13 kDa phosphoprotein expressed from a multiply spliced virus mRNA.
Rev is a conserved regulatory protein that is essential for productive viral replication in HIV-1
but also all lentivirus genomes [203]. The protein is expressed from two exons producing the
N-terminal and the C-terminal domains (Figure 10A). Initially during the early phase, the multi-
spliced mRNA are exported from the nucleus to the cytoplasm by the same mechanism as
cellular mRNA [204], where Rev as well as Tat and Nef are translated as early products. In the
late phase Rev is essential and controls a critical step of export of unspliced and unispliced viral
MRNA from the nucleus to the cytoplasm where they will be translated into structural and
accessory proteins [205]. RRE, a segment present within the sequences of env gene, is the target
binding site of Rev necessary for its function. This interaction generates the Rev-RRE complex
that promotes the nuclear export of unispliced and unspliced viral mMRNA to the cytoplasm
(Figure 10B) [206-207].
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Figure 10. Schematic presentation of Rev/RRE function in HIV-1 life cycle. (A) Genome organization of HIV-
1 showing the location of the RRE. (B) During the early phase of the cycle viral transcripts are exported in a
Rev/RRE-independent manner. In the late phase, RRE interacts with Rev and the cellular nuclear-export
machinery to transfer transcripts to the cytoplasm where they are translated or packaged into new virions [204].
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11.5.3.6. Trans-activator of transcription (Tat)

HIV-1 tat gene expresses a regulatory protein that upregulates HIV genome
transcription. Tat, which contains 86 aa with molecular weight of 14 kDa, is translated from
two exons located upstream and within the env gene; the minor exon codes for 14 amino acids,
while the major exon encodes 72 amino acids [208]. Tat is an essential virus protein in absence
of which the viral genome lacks the capacity of expression. This protein is necessary for
transcription initiation under control of HIV-1 long terminal repeat (LTR) and elongation of
transcripts of viral genes [209]. HIV-1 DNA provirus transcription begins with cellular factors
(NF-kB, Sp1, the TATA box binding protein) and RNA polymerase 1l binding to the 5' LTR
promoter region, forming a transcription complex that allows a low level of viral transcripts
production, that then translates to Tat, one of the early viral proteins (Figure 11) [210].
Following the initiation of viral RNA transcription Tat binds to TAR hairpin located at the 5’
and of viral RNA. This binding helps to increase transcription initiation and enhancement of
viral gene expression by augmenting the transcription efficiency of the viral LTR promoter and
highly enhances the efficiency of viral RNA transcription elongation by the cellular RNA
polymerase Il [211]. Deletion or mutated genomes in tat gene or in the Tat target TAR
sequences dramatically decreases or cancels the transactivation activity of Tat and consequently

the virus replication.
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Figure 11. Structure of the TAR region from the 5’LTR. Upstream of the TATA box there are two
NF-kB binding sites followed by three SP-1 binding sites. Downstream of the TATA box there is the
TAR sequence that is critical for activation by the trans-activator Tat protein (adapted from [212].

Tat also has a dual role in apoptosis regulation. Interestingly, Tat was previously
described as an inductor of apoptosis, but further studies have demonstrated that Tat is also an
inhibitor of apoptosis. However this inhibition of apoptosis is cell type and concentration
(extracellular and intracellular) dependent [213]. HIV-1 infected cells release active soluble Tat
[214] in the extracellular medium. This exogenous Tat acts as a soluble pro-apoptotic factor on
neighboring non-infected cells [215]. In contrast, endogenous Tat protects HIV-infected T cells
from undergoing apoptosis by up-regulating growth factors and anti-apoptotic proteins [216]
that is the reason for the rare observation of apoptosis of HIV-1 infected cells. Also Tat
promotes nuclear translocation of tight junction protein such as zonula occludens protein-1
(Z0O-1) [217]. Tat upregulation of chemokines results in augmented chemo attraction for
monocytes, macrophages and dendritic cells; in addition Tat induces upregulation of CCR5,

CXCR4, and CCR3 expression on monocytes/macrophages and lymphocytes [218].
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I1.6. HIV receptors
11.6.1. CD4

CD4, the cluster of differentiation 4 receptor protein, was discovered in the late 1970s
and it was then called leu-3 and T4 [219]. This cell-surface glycoprotein contains four
immunoglobulin domains, a transmembrane hydrophobic segment and C terminal cytosolic part
[220]. The glycoprotein is present on the surface of white blood cells, T helper cells, T
lymphocytes, monocytes, macrophages and dendritic cells. CD4 receptor interacts directly with
the major histocompatibility complex class Il molecule (MHC class I1) on the surface of the
antigen-presenting cell (APC) and recognizes the foreign antigen, leading to T cell activation
[221]. CD4 serves as a human immunodeficiency virus (HIV) essential receptor for entry into
the host cell when its extracellular domain binds to gp120 the exterior protein of the envelope
surface [222]. This receptor is found on the surface of T helper cells, at all stages of
development, activation and function. Furthermore, after infection, the HIV accessory proteins

VpU and Nef downregulate CD4, thus preventing superinfection of infected cells [223].

11.6.2. CCR5

CCRb5, also known as CD195, is a seven transmembrane segments protein located at the
surface of white blood cells where it acts as a receptor for chemokines [224]. CCR5 was
identified as a major co-receptor for macrophage-tropic (M-tropic) viruses such as HIV that
initially use CCR5 to enter and infect host cells [225]. CCR5 is predominantly expressed on T
lymphocytes, macrophages, dendritic cells [226]. In certain individuals the CCR5 gene
expresses a CCR5 co-receptor protein that contains a deletion of 32bp (CCR5-A32) which
prevents expression of the protein at the cell surface [227]. People that are homozygous for
CCRS5A32 are less susceptible to HIV infection, while for heterozygous people, the single copy
of the mutated gene provides some protection against infection and makes the disease less

severe if infection occurs [228].

11.6.3. CXCR4

CXCR4, also known as CD184, is another member of the chemokine receptor protein
family. Like CCRS5, the protein has seven transmembrane regions but is located on the surface
of T cells [229]. This receptor, discovered in 1996, is expressed on leukocytes and

hematopoietic cells such as endothelial and epithelial cells [230]. It serves as co-receptor for T-
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tropic HIV infection into permissive cells. HIV strains with X4 tropism are typically found late
in infection. Furthermore, AIDS is caused by both R5 and X4 strains, but the presence of X4
strain have been shown to accelerate depletion of CD4+T cells [231].

11.6.4. HIV cellular tropism

The main target cells of HIV infection and replication in infected hosts are the CD4+ T
cells [232]. Although the great majority of these cells are T lymphocytes,
monocyte/macrophage and dendritic cells are also important target of the virus [233]. ‘Viral
tropism’ is the preference of the virus to bind with one co-receptor among the others co-
receptors, in addition to CD4 the main receptor on the host cell surface [154]. Two
subcategories of these target cells are distinguished: the CD4+ that co-express the CCR5
chemokine receptor (CD4+/CCR5) and those co-expressing the CXCR4 chemokine receptor
(CD4+/CXCR4). Actually several HIV can also use other co-receptors such as CCR1, CCR2b,
CCR3, CCR8, CCR9, CX3CR1/V28, STRL-33/BONZO/CXCR6, GPR1, GPR15/BOB, APJ,
ChemR23, RDC1, and Leukotriene B4 receptor [154]. While the virus uses the CD4+/CCR5
cells localized mainly in the tissues to initiate the infection in the body and cause the chronic
phase of the infection [234], in the late stages of infection (AIDS stage) the virus switches its
tropism toward CD4+/CXCR4 T lymphocytes localized mainly in peripheral blood [235]. The
great majority of CD4+/CCR5 T cells are localized in the gut-associated lymphoid tissue
(GALT) [236] where the founder virus starts its replication prior to crossing the epithelium and
migrating to the lymph nodes [237]. Heterosexual transmission of HIV-1 is initiated by a
selected transmitter/founder (T/F) virus that generally uses the CCR5 as co-receptor [238]. This
type of transmission acts as a genetic bottleneck selection of a single viral variant that replicates
in the abundant CD4+/CCR5+ memory T lymphocytes of the GALT and then across the
mucosa to disseminate in target organs of the body [239]. During the chronic infection, the
swarm of viruses generated continuously by accumulation of mutations in the envelope use
mainly the CD4/CCR5 receptor/co-receptor to replicate in the CD4+ cells [240]. After several
years of chronic replication, there is a switch from the CCR5 co-receptor usage to two types of
viruses: the dual tropic CXCR4/CCR5 and the CXCRA4 tropic [241]. This emergence is a result
of genetic variants that acquire amino acids in Env V3 loop that determine co-receptor usage
[242].
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Figure 12. Schematic representation HIV cellular tropism. At the early acute phase of HIV
infection, the transmitter/founder strains that initiate productive infection are R5-tropic strains that
bind to CCR5 co-receptor on macrophages and T lymphocytes. During the late chronic phase of
infection X4-tropic strains that bind to CXCR4 co-receptor on T lymphocytes and T cell line
become more predominant. Dual tropic R5X4 viruses that can infect all CD4 cell lines also appear
in the late chronic phase.

At the beginning of infection, while the CD4 count is still elevated, R5-tropic HIV is
dominant. Almost 90% of infected patients have the HIV R5 strain [154]. However, as infection
progresses and the CD4 count diminishes the X4 tropic virus becomes predominant [243]. The
emergence of the X4 strain, more pathogenic than the R5, causes dramatic wipe out of activated
naive CD4+T cells both in the peripheral blood and in tissue. This results in the apparition of
the clinical symptoms of AIDS (Figure 12). Some viruses show mixed tropism and are able to
use both co-receptors CCR5 and CXCRA4 to infect cells. These R5/X4 strains appear in the late-
stage of infection [244]. Moreover, the majority of R5X4 strains prefer the CXCR4 co-receptor,
as opposed to CCR5, to enter primary lymphocytes that express relatively low levels of CCR5
[245].

I1.7. HIV life cycle

HIV receptor/co-receptor interaction leading to entry of the virion is the first step of
HIV-1 replication cycle. This starts by the attachment of the viral gp120 SU protein with the
CD4 molecule on the surface of a CD4+ target cells (Figure 13). This binding is followed by

interaction with one of two co-receptors, either CCR5 or CXCR4, on the cell surface. This
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second event induces a conformational change in the gp41 TM protein that allows the cellular
membrane incorporated at the surface of the virus to fuse with the membrane of the target cell.
After fusion, HIV introduces its content into the cell cytoplasm. The capsid with its
components, sSRNA and viral enzymes, is internalized. The viral RT starts converting vsSRNA
into dsDNA [135]. This newly synthesized dsDNA interacts with the viral proteins MA, CA,
NC, IN and Vpr to form the reverse transcription complex (RTC). RTC is then transformed into
a pre-integration complex (PIC). This complex enters the cell nucleus via nuclear pores and IN
integrates the viral DNA into active regions of the host cellular chromosomes. Thus this
integrated DNA, called provirus, remains established for life. Once integrated, HIV can use
host cell machinery to make new HIV proteins and HIV RNA that are moved to the surface of
the cell and assemble into immature virions [246]. The newly formed noninfectious HIV buds
out of the host cell taking some cell membrane and selected associated host proteins with it.
Then the viral protease starts processing precursor proteins into individual proteins that
combine to make a new infectious virus. Several steps essential for the replication cyle of HIV
have been key targets of drug molecules aiming at inhibition of virus replication. The processes
targeted are binding, fusion, reverse transcription, integration and maturation, as shown in
Figure 13 [247].

Proteolytic
cleavage

Figure 13. HIV-1 replication cycle. Key processes targeted by anti-HIV drugs are
indicated in red boxes (adapted from [247]).
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11.8. Latency

Viral latency is defined as dormant viral DNA in infected cells in which the provirus in
chromosomal cellular DNA is not active for virus gene expression and replication. This results
in the lack of detection of latently infected cells by the immune system and inability of ART to
fully eliminate the infection [248], although the latently infected cells continue to proliferate
[249].

The incubation period that includes the clinical latency is the long lag time, as much as
ten years following the initial infection and development of AIDS. During the clinically
asymptomatic latent stage of infection infected patients can transmit the virus recipients
although with a lower efficacy than the initial phase or late AIDS phase associated with high
viremia [250]. Although virus replicates and mutates during clinical latency.

Remarkably, HIV-1 latency is an uncommon event that occurs at a low frequency, such
as one cell among 10%-107 infected cells [251-252]. As previously mentioned, HIV-1 replicates
productively in activated CD4+ T cells. Some of the infected CD4+T cells can revert-back to a
resting memory state, which have a long life (Figure 14). These cells are non-permissive to viral
gene expression; however, they allow viral persistence [253].

Latency is a complex process that involves both virus and cell components, but the full-
mechanisms involved are not well understood. Because the virus depends on the cell machinery
to replicate, latency of the virus can be caused by various limiting levels of cellular factors
influencing transcription as well as low levels of Tat activity [254]. The cells control the latency
when the infected cells transition from an active to a resting state. However, it was demonstrated
that in absence of cellular activation, the presence of synthetic Tat is sufficient to reactivate
expression of the latent virus [255].
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Figure 14. Latency in CD4+ T cells. In the early stage of infection, HIV enters CD4+ T cell and
its genome is integrated into the host DNA. The activated infected T cells allow viral transcription,
virion assembly and production of new virus particles able to propagate the infection. A small
proportion of infected cells undergo transition from an active to a resting state contributing to the
formation of the latent reservoir.

[1.8.1. General mechanisms of latency

There are two types of latency known for HIV-1 infection: the pre-integration latency
and the post-integration latency [256]. The pre-integration latency refers to the stage where
virus in infected cells undergo all the early stages of virus replication to produce the double-
stranded DNA but this latter fails to integrated into host genome and is not expressed as
extrachromosomal unit. This DNA will either be degraded or integrated later into the host cell
chromatin [257]. After HIV-1 enters host cell, the genomic viral RNA is converted into double-
stranded DNA Dby the reverse transcriptase, transported to the nucleus by the pre-integration
complex and integrated in the genome of host cell as a provirus. Therefore, pre-integration
latency may occasionally result from a defect of efficient reverse transcription activity,
inhibition of RT, ineffective transfer of PIC from the cytoplasm to the nucleus or by defect of
integration activity [258]. This type of pre-integration latency is very common in resting CD4+
T cells in untreated patients [259]. Pre-integration latency is influenced by interactions of host
restriction factors (RFs) including APOBECS3 that induces hypermutations in HIV genome G
to A [260]. To counteract this blocking activity to the virus replication, all lentiviruses including
HIV and SIV express Vif protein that promotes APOBEC3 degradation [193].
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Many cellular factors interfere with viral replication processes. Sterile alpha motif
domain and HD domain-containing protein-1 (SAMHDL) is a cellular enzyme that has recently
been discovered. This protein prevents HIV replication by depleting the pool of dNTPs
available to the reverse transcriptase for viral DNA synthesis [261]. However, SIVmac/HIV-2
express the Vpx protein which promotes SAMHD1 degradation, thus preventing decrease of
dNTP concentration available for reverse transcription [262]. Myxovirus resistance protein 2
(Mx2) inhibits HIV-1 after reverse transcription and before proviral integration into the host
genome, because Mx2 stimulate IFN production that is known to inhibit virus replication [263].

The most important mechanism of latency is the post-integration latency. Following
transport of neosynthesised dsSDNA by the pre-integration complex from the cytoplasm to the
nucleus, viral DNA integrates into the host genome as a provirus. The pre-integration complex
(PIC) consists of dsDNA, integrase (IN), reverse transcriptase (RT), matrix antigen (MA), viral
protein R (Vpr) and some host proteins like the transportins [264]. Following transport from
the cytoplasm to the nuclear pores, the viral DNA is translocated into the nucleus together with
the virus IN which will catalyze viral DNA integration into the host cell genome. In some
circumstances, in some cells the provirus stays dormant as a post-integration state of latency
[265].

Insertion of proviral HIVV-1 DNA into the heterochromatin region of host cell support
the latency because it is densely packed and transcriptionally inactive [266]. Furthermore, HIV-
1 latency is supported by several mechanisms implicating transcription factors and post-
translational histone modifications enzymes [267]. Indeed histone deacetylases and histone

methyltransferases have been shown to reinforce latency [268-269].

11.8.2. Cellular and Anatomical Reservoirs of HIV.

Viral latency establishes at the early stage during acute infection in two types of
sanctuaries: cellular and anatomical [270]. There are many cell types involved in the persistence
of HIV-1 reservoir, which remains the major barrier to HIV-1 cure. HIV-1 infected resting
memory CD4+T cells that hold the provirus in latent stage represent the most important cellular
reservoir [271]. Other cellular reservoirs of HIV are circulating infected monocytes that require
to be differentiated into macrophages in tissues to activate virus replication [272-273];
hematopoietic stem cells (HSPC) in bone marrow that are precursor cells associated with self-
renewal and differentiation; they are considered to be long-lived reservoirs [274]. Furthermore,

dendritic cells (DCs) and follicular dendritic cells (FDCs) are important HIV reservoirs because
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they have the ability to trap and store pathogens for long periods of time [275-276]. Other cell
types like epithelial cells (renal, mucosa and cervix), skin fibroblasts, bone marrow [277]
natural killer (NK) and memory stem cells [278] are also involved in latency and persistence of
HIV-1.

There are anatomical tissues serving as sanctuary reservoir compartments for HIV-1.
These tissues are immunologically protected and isolated by a barrier from the blood and the
lymphoid systems so that drugs used for treatment can poorly or cannot penetrate or metabolize
into active moieties [279]. Lymphoid organs, spleen, lymph nodes, and gut-associated
lymphoid tissues (GALT) are major sites of viral replication [280]. Liver, kidney, and lungs,
alveolar macrophages (AMs) in the respiratory tract are also suitable reservoirs for the virus as
they are infected early by HIV [281]. In the central nervous system (CNS) cell types like
mastocytes, astrocytes, and microglia are known to be infected. Microglia are brain resident
macrophages that are more resistant to apoptosis induced by HIV-1. They are important stable
hideouts for the virus, because of the long life span of macrophages compared to the short life
of activated CD4+ T cells, especially in the late stage of viral infection when CD4+ T cells are
largely depleted [282]. Furthermore, the blood-brain barrier limits the distribution of ART into
the CNS [283]. The genital tract is also one of the sanctuaries of HIV-1. In the male genital
tract, provirus DNA was detected in seminal cells [284]. The female reproductive tract is poorly
permissive to ART so that elimination of provirus from the female genital tract is inefficient
[285].

11.9. HIV vaccines

Since the discovery of HIV, many attempts to develop a safe, effective and durable
vaccine have been tried. So far, HIV vaccine preparations, either preventive or therapeutic, have
failed in part because of the complex biological properties of the virus [286]. Indeed, the life
cycle of the virus is associated with genetic and antigenic variabilities that render the host
adaptive immune response inefficient at controlling HIV infection [287]. In addition, the
integration/latency of HIV DNA ensure the persistence of virus infection and hiding to avoid
clearance by the immune system.

Several therapeutic or functional cure vaccines have been tested [288]. Some of these
are based on whole virus as an immunogen in its native structure but inactivated to render it
non-infectious [289]. One of these approaches uses inactivated HIV either by heat [290] or
chemical [291] treatment for killing the whole virus used as immunogen. Although the killed
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virus strategy is probably safe for human, it is no longer supported because of the low
immunogenicity induced by this vaccine [292]. Neither heat nor chemical inactivation of HIV
was found to be immunogenic enough to elicit immune responses capable of preventing HIV
infection. In addition, this low immunogenicity requires adjuvants that are associated with
undesirable effects [293]. The second approach is based on the use of a live-attenuated virus.
Despite the encouraging initial results showing high levels of animal protection [294], the
development of live attenuated HIV vaccine was not considered because of safety problems
associated with this vaccine. The vaccine integrates in the host’s genome and induces persistent
replication. This is associated with reversion and emergence of new forms of pathogenic viruses
in newborns and some of adults, as found in preclinical studies [295]. Other vaccines are based
on proteins or peptide segments from the virus [296]. These immunogens consist either of
recombinant native proteins, such as gp120 or gp41 from the viral surface or transmembrane
respectively, or as fusion proteins such as gp140 [297].

Several HIV vaccine candidates follow a strategy consisting of viral vectors: here copies
of HIV genes are inserted into an attenuated viral or bacterial vector. Thus, the vectors express
HIV genes into the body in order to induce an immune response, because these vaccines can
express different HIV antigens [298]. Several vaccine delivery vectors have been tested and
used in clinical studies for a number of HIV vaccine preparations. As shown in Table 1,
adenovirus serotype 5 (Ad5) has been used in the Step, the Phambili and HVTN505 trials, as
well as canarypox virus (ALVAC) for the RV144 study. Other vectors have been tried such as
modified vaccinia virus Ankara (MVVA), New York attenuated vaccinia virus (NYVAC) [299],
cytomegalovirus (CMV) [300] and vesicular stomatitis virus (VSV) [301]. The efficiency of
this strategy still remains to be fully proven (Table 1). Recently, RV144 was improved to
HVTN702 by changing env for that of clade C, which is predominant in Sub-Saharan Africa
and the south East Asia. In addition, the Alum adjuvant was replaced with the safer MF59
adjuvant that uses squalene. The phase Il clinical trial is currently been tested in South Africa
[302].
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. . . Trail
Study Vaccine Composition Location phase Outcome
VAX003 (subtype B/E) AIDSVAX gp120 gp120s in Alum adjuvant. Thailand drug user. 1l No efficacy
VAX004 (subtype B/B) US/Europe (MSM) No efficacy
HVTN502 (Step) Ad5-Gag-Pol-Nef rAD5-(gag/pol/nef) clade B us 1b Harmful
(increased
HVTNS503 (Phambili) South Africa infection in male)
HVTN505 DNA-Ad5-Env-Gag-Pol | Prime: DNA (gag/pol/nef) clade B, uU.s. 1b No efficacy
Envs clades A,B,C
Boost: rAD5- (gag/pol) clade B, Envs
clades A,B,C.
RV144* ALVAC-AIDSVAX Prime: ALVAC (vCP1521) vaccine Thailand 1l 31.2% protection
(two vaccines) (gag/pro/env)-canary pox vector
Boost: AIDSVAX B/E gpl20s in
Alum

Table 1. HIV vaccine efficacy trials [300, 303]. * This phase 11 clinical trial is currently retested in South Africa.

Recombinant plasmid DNA vaccine is an innovative strategy that has been developed
during these last decades using biotechnology tools. DNA vaccines are already used in
veterinary vaccine strategies [304] and many trials are ongoing against human infectious
diseases [305-306]. In HIV DNA vaccine strategies, the design of these vaccines allows
essential HIV genes to express important antigens in order to eliciting protective immune
responses. One such strategy has been developed by our laboratory. It was found that CAL-
SHIV-IN- DNA vaccine was safe and stimulates both cellular and humoral immune responses
in mouse and macaque models (Figure 15) [307-308]. All vaccinated macaques challenged with

the heterologous SIVmac251 controlled this pathogenic virus.

Antibody and T cell immune responses against viral antigens appear quickly in human,
following infection by HIV. Indeed, antibodies against viral proteins are detectable in serum
within a few weeks post-infection and remain for life. In addition, antigen-specific CD8+ T
cells appear early and can partly control virus replication. Within a few weeks, reduction of the
viremia is observed, but unfortunately this cellular response does not persist. In normal humoral
response, the antibodies produced can have non-neutralizing or neutralizing properties. Non-
neutralizing antibodies can bind to the virus but will not necessarily prevent infection. However,
they can reduce dissemination of infection by their action in a mechanism called antibody
dependent cell-mediated cytotoxicity. Some non-neutralizing antibodies might even have
opposite effects such as enhancing infection by facilitating entry through Fc receptors at the

cell surface or block interaction with neutralizing antibodies. In contrast, neutralizing antibodies
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are able to bind to the pathogens and block their entry into cells thus preventing infection of
target cells, but these neutralizing antibodies are often strain specific. Interestingly, a minority
of HIV infected individuals can develop, over time, broadly neutralizing antibodies (bNAD)
that are capable of neutralizing multiple strains of HIV. These bNAbs have the potential to
protect non-infected individuals as well as cure infected individuals; however, their
development is difficult and represent a challenge.[309]. One aim of vaccine development is to
induce production of bNADb in order to block virus infection at the entry, since passive
immunization with such bNAbs in animal models of HIV transmission have shown complete

prevention of infection.
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Figure 15. Chimeric lentivector DNA vaccine CAL-SHIV-IN . This lentivector is based on SHIV-
KU2 genome in the genetic background of SIVmac239. it is under the control of CAEV LTRs. the IN is
deleted to prevent viral DNA from integration in host cell genome thus it undergoes a single cycle
replication.

11.10. General aims

Altogether, these show clearly the complexity of the host/pathogen interactions that are
associated with HIV-1 infection and the need of simpler model systems to dissect and better
understand the underlying mechanisms of persistence and exacerbated pathogenesis. Since
HIV-1 infection is restricted to human and the great apes, there is a lack of useful model for
HIV-1 experimental infection to study direct HIV-1 induced pathogenesis and to evaluate the
protective efficacy of HIV vaccine prototypes. The Simian/Human Immunodeficiency Virus
(SHIV) has been developed as chimeric virus expressing both SIV and HIV genes to circumvent
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the restrictions of HIV-1 in macaque cells, thereby creating a new model for HIV pathogenesis
and vaccines [310-311]. The first SHIV genomes that have been developed were bearing the
HIV-1 envelope of CXCR-4 tropic isolates into the backbone of SIVmac [312-313]. These
chimeric genomes have provided the proof of the principle that these SHIVs do productively
and persistently infect a variety of macaques [314]. However, since the virus genomes were
bearing CXCR4 tropic envelopes from isolates that emerge at late stages of HIV infection
associated with AIDS replicate preferentially in activated CD4+ T cells in the periphery, these
SHIVs were found to induce rapid induction of late stage pathogenesis in macaques [315].
Indeed, infection of macaque with pathogenic CXCR4-tropic SHIV induces a rapid (2-3 weeks)
loss of all CD4+ T cells. This helped to elucidate many of the mechanisms involved in HIV-1-
induced depletion of CD4+ T cells both in the periphery and in tissues [316]. It helped also to
test the efficacy of some vaccine prototypes [314]. However, these genomes failed to help
dissect the early mechanisms of host pathogen interaction that are known to be initiated by R5-
tropic viruses or to test the efficacy of vaccine prototypes against the acquisition/transmission
of these viruses [317-318]. Moreover these CXCR4 SHIVs were found to be easy to neutralize
and do not mimic the mucosal bottleneck selection associated with the transmitter/founders.
Many efforts were then made and are ongoing to generate R5-tropic chimeric viruses that
efficiently initiate the early stages of HIV-1 infection to dissect the early mechanisms and to
evaluate the efficacy of vaccines prototypes to induce protective immunity that blocks the virus
entry into target cells [319]. Although there are limited numbers of CCR5-tropic SHIVs that
have been developed, most of these viruses are of the clade B that is not the most abundant and
not bearing envelopes of transmitter/founders [320] with the exception of one [321].

On another hand, since HIV-1 has developed many strategies to undergo latency in a
variety of target cell types in which expression of virus genome is blocked by both virus and
cellular factors and mechanisms, these studies are very difficult to conduct with HIV-1.
Therefore, there is a need of chimeric viruses that are unable to undergo latency or at least that
use less complex mechanisms, for better understanding and developing more efficient drugs
that will cure HIV-1 infection.

In this context, our lab has developed novel chimeric lentivirus genomes using properties
from non-primate animal lentiviruses. Indeed, earlier studies from members of our lab have
established that small ruminant lentivirus (SRLVS) genomes are driven by constitutive LTR
promoters that are independent from Tat-transactivation [62, 322]. Furthermore, a gene of
SRLVs first reported as tat was found to be a Vpr-like both at structural and functional levels

[63]. Since these viruses were never associated with induction of immunodeficiency in their
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hosts, even when they jump species in wildlife ruminant or in experimentally cross species
infected animals, they were defined as naturally attenuated lentiviruses [322-323]. Members of
our lab hypothesized that primate lentivirus genomes under transcriptional control of SRLV
constitutive LTR promoters will cause infection, replication, latency, persistence and
pathogenic properties different from the parental SIV. These properties will facilitate the studies
of primate lentiviruses and the development of innovative vaccines against HIV-1. In this
context, our lab has developed chimeric lentivector DNA vaccines under control of CAEV
LTRs and has shown that they are immunogenic both in mouse and macaque models of HIV
vaccines [307-308].

11.10.1. Specific Aim of the PhD

The main aim of this PhD project is to use the tools developed in our lab for studying
the host HIV-1 interactions leading to the complex pathogenesis. In addition, we wanted to
examine the humoral immune responses induced in macaques that have been vaccinated with a

lentivector DNA vaccine and challenged with a heterologous pathogenic SIVmac.
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I11. Material and methods

[11.1. Amplification of HIV-1 plasmid DNAs

This work was done mainly on fourteen HIV molecular clones received from the NIH
AIDS Reagent Program Repository. These plasmids contain the complete or partial proviral
genome of different isolates of HIV-1 with different properties. They have been isolated from
different patients in various parts of the world. These infectious molecular clones are: pLAI.2,
pLconsnefSN, p89.6, pNef-ER, pWCML249, pcDNA3.1SF2NefF195R, pZM249M,
pSTCOrl1, pWARO, pRGH-WT, pRGH-IntegraseD116A, pPRGH-CMV-ACMV, pRGH-CMV-
AU3, and pNL4-3. Each clone was transformed in E.coli JIM109 competent bacteria as follows.
In a 1.5 ml Eppendorf tube 45 pl of E.coli competent bacteria (JM109, >108 CFU/ug of uncut
plasmid DNA, Promega) were used for transformation with 5 pul (containing one ng) of plasmid
DNA. After incubation on ice for 30 min, a heat shock was performed by incubating the
bacterial suspension at 42°C for 90 sec. Following addition of 800 pl antibiotic-free LB, the
sample was put in a shaker incubator at 32°C for 1.5-2 h then centrifuged 3 min /5000 rpm. Part
of the supernatant (600 pl) was removed and the pellet resuspended. Volumes of 150 ul and 50
pl were plated on separate Luria broth (LB) agar plates containing suitable antibiotic and
incubated at 32°C for 24 h. Colonies were picked, transferred to 15 ml tubes that contained 5
ml LB with suitable antibiotic and incubated in a shaker incubator overnight at 32°C.

[11.2. Purification and control of plasmid DNA

The pDNA from three clones for each of the fourteen molecular clones was purified by
mini prep using NucleoSpin® Plasmid EasyPure Kit (MACHEREY-NAGEL) according to the
manufacturer instructions. Briefly, bacteria from 1.5 ml of overnight culture with the adequate
antibiotic were collected by centrifugation (11000 rpm for 30 sec) and resuspended into 150 pl
of the resuspension buffer Al supplemented with RNase. Cell suspension were lysed by
addition of 250 pl of lysis buffer A2, the tubes inverted five times and then incubated for 5 min
at RT. This lysis/denaturation step was stopped by adding 350 ul of the neutralization buffer
A3 and mixing thoroughly by inverting until the lysate turned “milky” colorless. The samples
were cleared by centrifugation at 11000 rpm for 3-5 min. The DNA containing supernatant was
loaded onto a NucleoSpin® Plasmid EasyPure column and centrifuged at 1000-2000 rpm for
30 sec. After washing with 450 ul 70% ethanol solution corresponding to wash buffer AQ, the
DNA was eluted with 50 pl of elution buffer AE, by centrifugation at 11000 rpm for 1 min.
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Each sample of DNA purified by mini prep was subjected to two selected digestions
with restriction enzymes (BamHI and EcoRlI) for characterization. Three samples (15 pl) were
used for each purified DNA: one is used as uncut control while two were digested with suitable
enzymes as follows. In an Eppendorf tube containing the DNA, we added 2 pl of 10x digestion
buffer (different for the different enzymes), H2O for a final volume of 19ul (2 pl) and 1 pl
restriction enzyme. After incubation for one hour at 37°C (temperature differs for different
enzymes), 4 ul of loading buffer (8 ml Tris-Acetate-EDTA buffer (TAE), 1 ml glycerol and a
2 ml of bromophenol blue solution) are added and the total volume is loaded on 1% agarose gel
in parallel with 1kb ladder marker DNA. The electrophoresis was performed at 100 volt for 30-
60 min and bands were visualized following staining with ethidium bromide. To choose the
bacteria that harbor the right clones, the band pattern obtained were compared with the

theoretical maps provided by the NIH AIDS Reagent Program.

I11.3. Large-scale purification of plasmid DNA

The chosen clones were grown overnight at 30-32°C in a shaker incubator in flasks
containing 500-1000 ml of LB medium supplemented with the antibiotic. Bacterial cultures
were harvested by centrifugation at 4500-6000 rpm for 15 min at 4°C. The cell pellets were
resuspended in 8-16 ml (for midi prep) or 12-24 ml (for maxi prep) of resuspension buffer that
contains RNase. Bacteria were lysed following addition of 8-16 ml (for midi) or 12-24 ml (for
maxi) of lysing buffer, homogenized gently and incubated for 5 min at RT. Neutralization buffer
was added (8-16 ml for midi or 12-24 ml for maxi), inverted three times and incubated on ice
for 5 min, then centrifuged at 12000 rpm for 10 min at 4°C. The supernatants were filtrated
gently on the NucleoBond® Xtra column filters previously equilibrated using buffer (15 ml for
midi, 35 ml for maxi). After the NucleoBond®Xtra cotton pre-filter was washed with 5 ml (for
midi) or 10 ml (for maxi) of filtration buffer, the pre-filter was discarded and 35 ml (for midi)
or 90 ml (for maxi) of Endo wash buffer were added. The DNA was eluted with 5 ml (for midi)
or 15 ml (for maxi) of elution buffer, precipitated with isopropyl alcohol (3.5 ml for midi, 10.5
ml for maxi) and collected by centrifugation at 15000 rpm for 30 min at RT. The DNA pellet
was washed with 70% ethanol (2 ml for midi, 5 ml for maxi), centrifuged at 15000 for 10 min
at RT and dried for 20-30 min. the DNA was solubilized in 200-800 pl (for midi) or 400-1000
pl (for maxi) of sterile H.O. The DNA concentration was determined by spectrophotometry at
260 nm (see Table 3). The integrity and quality of each purified DNA by midi prep was

evaluated using three selected endonuclease digestions with restriction enzymes (BamHl,
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EcoRlI and Pstl) and non-digested and digested samples of DNAs were separated in 1% agarose

gel.

111.4. Cell lines

Many cell lines were used in the study some of them are adherent others are non-

adherent as shown in the Table below.

: Culture .
Il in . T Descr n
Cell line medium ype escriptio
HEK-293T DMEM Adherent | Human Embryonic Kidney cell line
TZM-bl DMEM Adherent | HeLa cell line with luciferase and 8-
galactosidase genes under the
control of HIV-1 promoter. Indicator
cells to visualize virus infection in
neutralization assays
GHOST CCR5 DMEM Adherent Derived from human osteosarcoma
cells, express CD4 and relatively
high levels of CCR5
GHOST CXCR4 DMEM Adherent | Derived from human osteosarcoma
cells, express CD4 and CXCR4
. Highly susceptible and fusogenic
M8166 RPMI 1640 Suspension human CD4+ T lymphocytic cells,
express CXCR4
. Fusion product of human B cell line
EMx174 RPMI 164 .
CEMx 640 | Suspension and human CD4+ T cell line CEM
. CD4+ promonocytic human cell line
U937 RPMI 1640 | Suspension/ derived from an HIV-free
adherent | individual. Cells can be
differentiated into adherent
macrophages in culture
TIGEF DMEM Adherent | -immortalized goat embryo
fibroblast cell line

Table 2. List of cell lines used in this work, originating from the NIH AIDS Research and Reference Reagent

Program, Division of AIDS, NIAID, NIH.

111.5. Culture media

Fetal Bovine Serum (FBS) (Eurobio A°¥ or Gibco®) was heat inactivated prior to use

in cell growth medium. The bottle (500 ml) of FBS was transferred from -20°C freezer into 4°C
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refrigerator to thaw overnight. After mixing by inversion, the serum was incubated for 30 min
in a water bath at 56°C to inactivate heat-labile complement proteins, then cooled for 30 min at
RT and stored at 4°C or frozen at -20°C. Dulbecco's Modified Eagle Medium (DMEM)
containing 1.0 g/L glucose (Eurobio A"®) was supplemented with 10% FBS, 1%
Penicillin/Streptomycin (Eurobio A°®¥), 1% L-Glutamine 200 mM (Eurobio A°®¥). Minimum
Essential Media (MEM) (Eurobio A°©) was supplemented with 10% FBS, 1%
Penicillin/Streptomycin and 1% L-Glutamine. Roswell Park Memorial Institute (RPMI 1640)

medium (Gibco™) was supplemented with 10% FBS.

[11.6. Thawing and freezing of cell lines

The cryotubes (TM vial Nunc®) of frozen cells were transferred on ice from the liquid
nitrogen container and then partially thawed by incubation into a 37°C water bath. After partial
thawing the cell suspension, the outside of the vial was disinfected with 70% ethanol. Under a
biological hood, the cell suspension was transferred into a 15 ml conical sterile centrifuge tube
and the appropriate media was added drop wise into the cell suspension to dilute the freezing
medium at least 5 times. After centrifugation at 1500 RPM for 5-10 minutes, the pellet was re-
suspended into 5 ml complete culture medium and transferred into 25 cm? T flask and incubated
for growth in a tissue culture incubator. For cryopreservation the cell suspension is enumerated
and then centrifuged to remove the culture medium. The pellet of cells is re-suspended in FBS
or freezing medium at the indicated concentration, transferred into 1-2 ml cryotubes and
supplemented drop wise with 10% DMSO on ice. Cells were first placed in a -80°C for 24-48h
in a freezing box prior to transfer into liquid nitrogen storage. The freezing protocol followed

directions from the NIH AIDS Reagent Program.

111.7. Cell maintenance

Cell lines were grown using the appropriate culture medium in an incubator at 37°C in
5% CO.. For adherent cell lines, passage was achieved by discarding the old media and washing
the cells with PBS+2 mM EDTA, to remove any residual FBS media that block the trypsin
action. Then cells were detached by treatment with Trypsin 0.025%/2 mM EDTA solution, such
as 1 ml is used to cover the surface of a 25 cm? T flask, removed before cells start detaching
and then the flask was incubated for 3-5 min at 37°C. After observation of cell detachment
under the microscope, the flask was shaken to complete the detachment if necessary. Fresh

culture medium with FBS was added to the cells and the resuspension was completed by
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pipetting. Cells were centrifuged 1500 rpm/5 min, the pellet was re-suspended with suitable
medium and cells were cultured at the required density depending on the flask size for example
10° cells in a 25 cm? T flask containing 5 ml of medium. For non-adherent cell lines, passage
was performed by centrifuging the cells at 1500 rpm/5 min at RT. Then after discarding the old
media, the cell pellet was re-suspended with complete suitable growth medium and seeded at

the required density.

[11.8. Transfection of HEK-293T cell line for production of viral stock

Transfection or delivery of plasmid DNA into eukaryotic HEK-293T cells was
performed according to the manufacturer protocol using the cationic polymer polyethylene
amine, ExGen™500 (Euromedex, France). Briefly, 108 cells/well were seeded into 6-well
plates in DMEM and incubated overnight in a tissue culture incubator. The next day, when the
cell monolayer reaches approximately 80% confluency (i.e. the cells cover about 80% of the
surface of the well) the medium was changed with 3 ml of fresh DMEM. The transfection
mixture was prepared in a polystyrene tube, by mixing 350 pl 150 mM NaCl with 5 pg plasmid
DNA and 16.5 pl of ExGene™500 reagent. The mixture was incubated for 35 min at RT under
gentle manual mixing from time to time and the transfection mixture was added drop wise into
the 3 ml medium covering the HEK-293T cells and incubated. At 18-24 h post transfection, the
medium was removed, the cell monolayer rinsed once with PBS and then cells were incubated
in fresh 2 ml medium. The supernatant fluids were collected daily, for three successive days,
filtrated (0.45) um and titrated on M8166 and/or TZM-bl cells, and stored at -80°C for further

analyses.

111.9. Viral stock titration on M8166

M8166 cells, a highly fusogenic permissive human CD4+ T cell line, were used as
indicator cells because they undergo development of typical giant multinucleated cells as
cytopathic effect (CPE) upon infection. In order to quantify the amount of the virus causing
CPE in 50% of inoculated cells (TCIDso/ml), 1x10° M8166 cells/well were seeded in a 24-well
plate containing 400 pl/well of RPMI. Viral dilutions were prepared as follows: Six tenfold
dilutions of the viral stocks were inoculated on M8166 in quadruplicate. The plate was
incubated in a humidified incubator at 37°C with 5% CO.. After three days of incubation, the

observation of development of cytopathic effect was started. If the fifth row have two well of
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positive cytopathic effects (CPE), that reads as 10° TCIDso/ml and each one pl of the viral stock
have a 10? TCIDso.

111.10. Viral stock titration on TZM-bl cell line

The TZM-bl cell line was used as indicator to evaluate the titers of virus stock since
infection of these cells enables the expression of Lac Z gene, producing f-galactosidase that
generates blue cells in the presence of X-gal. The number of blue cells corresponds to the
number of infectious viral particles capable of forming blue cell per unit volume called blue
cell forming unit (BCFU). In order to achieve this, TZM-bl cells were seeded in 24-well plates
at about 1x10° cells/well in 500 pl of DMEM and grown overnight in an incubator. Next day
the medium was changed and the monolayers were inoculated with virus in serial dilutions.
After three to four days of incubation, monolayers of cells were stained in the plate with X-gal
and observed for BCFU. Briefly, after washing the cell monolayer twice with PBS containing
Caand Mg, cells were fixed with 4% paraformaldehyde (PFA) for 5-10 min at 4°C, rinsed twice
with PBS supplemented with 5 mM MgCI, and incubated for 10 minutes in this solution.
Finally, 500 pl of X-gal (Img/ml, in DMSO eurobio A°®) were added to each well and the
plate incubated for 1 hour at 37°C in a dry incubator. The number of infected cells, which
appeared blue in each well were counted under the microscope. The number of BCFU/mI were
calculated according to the dilution factors to determine the infectious titers. Graphic

presentation of the data was done using Microsoft Excel.

[11.11. Determination of viral tropism

GHOST CXCR4 and GHOST CCRS5 cell lines were used to determine the tropism of
the virus isolates [324]. GHOST cells (1x10° cells/well) were seeded in a 6-well plate
containing 2 ml/well of DMEM and incubated overnight. The virus stocks corresponding to the
supernatants of transfected HEK-293T with the plasmid DNA that were stored at -80°C were
used to inoculate GHOST cell monolayers and incubated at least three days until the
development of CPE and enabling of GFP expression were observed. The tropism is determined
by the ability to infect cells with a specific co-receptor. In the case of pNL 4-3, pWARO and
p89.6, the titer of the viruses was 10000 BCFU/mI, 2800 BCFU/ml and 12700 BCFU/ml

respectively.
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I11.12. Kinetics of HIV-1 replication in permissive T cell lines

In order to study the kinetics of replication of pNL 4-3 and p89.6 viruses, M8166 and
CEMx174 cell lines were inoculated at MOI1 0.1 (1 virus /10 cells), thus 100ul of 10® TCIDso/ml
contain 100.000 viral particles used to infect 10° cells in 1 ml of appropriate media. Then every
day supernatant fluids were collected for eight successive days and kept at -80°C. Viruses in
these supernatant fluids were titrated on TZM-bl for each time point. This experiment was
performed in triplicate. Graphic presentation of the data was done using Microsoft Excel.

The viruses used in these studies were: SHIV-KU2 (GenBank data base accession #
AY751799), SIVmac239 (# AY587015.1), NL4-3 (# AF324493), 89.6 (# U39362), WARO (5'
half-genome sequences: KC312330-KC312366 / 3' half-genome sequences: KC312367—
KC312398), STCOrl (5' half-genome sequences: KC312399-KC312433 / 3' half-genome
sequences: KC312434-KC312466), WCML249 (# AY445524), LAI.2.

I11.13. Sero-neutralization using TZM-bl X-gal assay

To investigate the presence of the neutralizing antibodies in the serum of macaques that
were vaccinated with the lentivector DNA vaccine and challenged with the pathogenic strain of
SIVmac251, we used the TZM-bl X-gal assay. The analysis include six vaccinated and six
control animals. The serum samples were already collected at a weekly time schedule and stored
frozen. The sero-neutralization experiments were performed using the chimeric SHIV-Ku2 with
the envelope of HIV-1 and SIVmac239. Two dilutions (1/5 and 1/20) of serum samples were
used in duplicate to assess the neutralizing activity of each serum. Suspensions of SHIV-ku2
and SIVmac239 for neutralization with macaques serum and SHIV-ku2 only for mouse sera,
were prepared separately by mixing 50 ul of virus suspension with 50 pl of dilutions of (1/5
and 1/20) serum samples in DMEM free of FBS. After incubation for 1 h at 4°C, the mixtures
were used to inoculate the TZM-bl cells in duplicate wells and incubated for 72 to 96 h in the
humidified incubator at 37°C with 5% CO2. The plates were stained with X-gal as described
above prior to observation under photonic microscope and scoring of BCFU. Graphic
presentation of the data was done using Microsoft Excel.

[11.14. Sero-neutralization using ONE-Glo™ Luciferase assay

The ONE-Glo™ Luciferase Assay System provides a highly sensitive, robust,
homogeneous assay for detection of firefly luciferase reporter gene expression in infected
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mammalian cells. The procedure was identical to the sero-neutralization, using TZM-bl X-Gal
assay, but without X-Gal staining. Instead, after removing the medium from the cell
monolayers, cells were rinsed with PBS, lysed with 100 pl of 1x Glo lysis buffer (Promega) at
RT for five minutes with gentle shaking. Samples were transferred (50 ul/sample) into a 96
wells plate (plate 96 W White solid F-Bot N-bind N) together with 50 pl/well of 1x ONE-Glo™
Luciferase Assay substrate (Promega). After incubating for five min at RT, the luciferase activity
was measured for 2 seconds using a luminometer (Berthold Technologies Centro LB 960). All

values are reported as relative luminescence units.

[11.15. CAL-HIV-R1 plasmid preparation

This chimeric plasmid is based on the genome of HIV-1 pNL4-3 infectious molecular
clone where the two LTRs were replaced with those of CAEV that have a constitutive, tat-
independent promoter. Using chimeric primers with HIVV-1 and CAEV sequences, we amplified
the chimeric LTR of CAEV having the extremities of HIV, PCR product was inserted in
PGEMT easy to generate pHICA clone 4. Briefly, the development of CAL-HIV-R1 required
five steps. The first step consisted in opening the pHICA clone 4. This plasmid was digested
with Hindll at the unique site in order to linearize the plasmid. For the second step, to isolate
the CAEV LTR from the plasmid, another pHICA clone 4 was also double digested with EcoRl
and Narl and the overhanging extremities were filled to blunt end with large fragment klenow
polymerase. In the third step, the resulting fragment, which contains the CAEV LTR, was
inserted into Hindl1 site of linear pHICA clone 4 to generate pHICA-2LTR a plasmid containing
two CAEV LTRs. In the fourth step, the LTRs from the HIV-1 pNL4-3 were removed by two
consecutive digestions with Blpl and Nar1 that are located upstream the 3’LTR and downstream
the 5S’LTR. Finally, the plasmid prepared in step three that contains the two LTRs from CAEV
and the plasmid prepared in step four containing pNL4-3 without its LTRs were ligated (Figure
16).

The ligated products were transformed into JM109 competent bacteria and selected
colonies were analyzed by restriction enzyme digestion using EcoRI, Hindlll, and Pstl. The
chosen clones that have the right digestion profiles were amplified in large scale and DNAs
were isolated by midi-prep. Purified DNA (5 ug each) was transfected in HEK-293T cells and
the filtrated supernatants containing virus were stored in -80°C as viral stocks. Aliquots (100
pl) were used to inoculate the permissive M8166 and CEMx174 cell cultures. Furthermore,
these cell lines were used for viral adaptation that was performed by co-culturing with
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transfected HEK-293T cells until appearance of CPE, i.e. fusion between M8166 indicator cells
with transfected HEK-293T cells. Then the non-adherent M8166 and CEMx174 cells, were
harvested, transferred to six-well plates and fresh cells were added. After CPE was clearly
observed (three days), 1 ml of supernatant was kept at -80°C and fresh cells were added to the
remaining cell suspension. This passage was performed 17 times. All collected supernatants
kept at -80°C were titrated on TZM-bl, while pellets of cells used to extract the provirus
genomic DNA. The presence of CAEV LTRs in these clones was confirmed by PCR on 1-2 pg
of genomic DNA.

HIV
5LTR gag CAEV
pol
EcoRI (53) EcoRI (53) Flanking SLIR
HICA chimLTR HICA chimLTR / Narl

Narl (578) Narl (578) pUC-18 - - oaw

Spel (594) Spel (594) AmpR \ 9 -

EcoRI (600) EcoRI (600)

PGEM-T EasyHICA Hindl (622 PGEM-T Easy HICA Hindll (622)
Chim LTR Chim LTR
3544 bp 3544bp L pNL 43
HICA have LTR of CAEV L 14s25bp
with HIV extremities Flanking -
inserted in pGEM-T

linearization isolate the CAEV LTR E’Lm
from the plasmid i \
l l/ p

Digestion with Blpl. Klenow treatment and
Digestion with Double digestion with digestion Narl and then purification 9kb
Hind I EcoRIand Narl (Klenow treatment to
obtain blunt ends)

N/

ligation
EcoRI (53)

EcoRI (53) ligation pGEM-T HICA chimLTR
HICA chim SLTR Narl (578)
Narl (578) Spel (1447)
Spel (594) gag
EcoRI (600)
HICA chim3'LTR PGEM-T EasyHICA
pGEM-T Easy HICA 2-LTR 3LIR 2 LTRNL4-3
4071bp EcoRI (8802) 12273bp

Digestion with Spel klenow treatment,
Narl digestion and dephosphorylation
with Calf Iintestinal Phosphatase any ‘

ECDRI(5683)

Figure 16. Organization of CAL-HIV-R1 pDNA. This plasmid contains all the genes of HIVV-1 pNL4-3, but
the LTRs were replaced by those of CAEV. The LTRs of CAEV have strong constitutive promoters. About 30
nucleotides of the termini of HIVV LTRs were introduced in each side of CAEV LTRs. These short nucleotide
sequences form the attachment site recognized by the HIV integrase to promote HIV-1 integration.
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[11.16. Data interpretation
Statistical analysis of the acquired data (mean and standard deviation) was performed

using GraphPad Prism 5.0 software
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V. Results and Discussion

IV.1. Tropism and infectivity
IV.1.1. Plasmids

The aim of this part of the work was to prepare appropriate reagents and tools with a
view to study the infectivity, the replication competence and the tropism properties of various
HIV-1 strains in comparison with our chimeric CAL-HIV-R1 genome. For this, we ordered and
received 14 clones from the NIH AIDS Reagent Program Repository as presented below and
after a first analysis, the work concentrated on the three virus pNL4-3, p89.6, and WARO.
Firstly, each one of the recombinant plasmid containing the viruses genomes of HIV-1 received
from NIH was introduced into JM109 E. coli by transformation and then triplicates of each
recombinant plasmid were screened by mini prep and for each plasmid, one clone was chosen
and amplified as described in Materials and Methods. DNA extracted (midi prep) and
quantification, three restriction enzymes (BamHI, EcoRI and Pstl) were used for
characterization. A brief description of the clones and the concentration of the DNA obtained

is presented in Table 3.

All clones gave the expected bands after restriction enzyme digestions according to the
theoretical maps. We chose to amplify six specific clones for further work: pNL4-3, pLAl.2,
p89.6, pSTCOrl, pWCML249 and pWARO.

Analyses of infectivity and replication properties of selected molecular clones: The
culture supernatant fluids of transfected HEK-293T cells with the six plasmid DNAs were
analyzed by serial infection of M8166 cells and examination of virus replication. Cells infected
with pNL4-3, pLAI.2, and p89.6 viruses developed clear CPE in each of the four rounds of
infection, while pSTCOrl produced only a weak CPE. In contrast, cells infected with
pWCML249 and WARO showed no CPE on these indicator M8166 CD4+ T cells. Typical
CPE appear as large cells with enlarged cytoplasm compartment housing numerous nuclei that
can easily be detected by microscopy. CPE is an indication of lentivirus infection and correlates

with the presence of virus production by infected cells, followed by cell depletion.
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Ref. Name Properties DNA
pg/ul

1. |2532 |pLAL2 !:ull-lgngth replication competent, 0.74
infectious, subtype B

Full-length, replication and infection
2. 1114 | pNL 4-3 competent chimeric DNA laboratory 3.8
adapted, infectious to a variety of cells as
well as human T4 cells

3. 3297 | pLconsnefSN. Full-length consensus nef gene derived 058
from 54 patient isolates

4. 3552 |p8a.6 Infectlou_s molecular clone, highly 058
cytopathic

5. | 6454 |pNef-ER Full-length nef of N_L4-_3 and the_ estrogen | , g
receptor hormone-binding domain fused
at the C terminus of nef

6. | 10776 | pWCML249 Infectious cl_oqe, s_ubtype D/C, does not 45
form syncytia in vitro

7. 111430 | pcDNA3.1SF2NefF195R | Full-length nef gene, subtype B 1.68

8. | 12416 | pzM249M Full-l«_angth replication competent, o5
infectious, subtype C

9. | 12417 |pSTCON Full-l«_angth replication competent, 0.78
infectious, subtype B

10| 12419 | pWARO Full-length replication competent, 0.46

infectious, subtype B

pLAI.2 based vector with a CMV-driven
11.1 12427 | pRGH-WT mCherry and a LTR-driven gag-iGFP 0.64
markers, AEnv

pPRGH-WT with inactive IN through

12.1 12428 | pPRGH-IntegraseD116A D116A mutation 0.5
13./ 12429 | pRGH-CMV-ACMV pRGH-WT, CMV promoter removed 134
14./ 12430 | pRGH-CMV-AU3 PRGH-WT, part of the U3 region (3 1.12

LTR) deleted, single cycle of replication

Table 3. Plasmids from the NIH AIDS Reagent Program Repository. All clones are Ampicillin resistant with the
exception of clone #8 (pZM249M) which is Kanamycin resistant.

M8166 cells, which are a human T-lymphoblastoid cell line, are able to amplify HIV-1 at
a good titer and have a high susceptibility to CPE syncytia formation [325]. The time needed
to detect the presence of CPE will vary depending on the type of virus and host cell. Generally,
M8166 cells infected with HIV-1 need three to six days to develop detectable CPE. In contrast,
cells infected with herpes simplex virus show CPE after about 24 hours, while this phenotype
is only visible after ten to thirty days in cells infected with cytomegalovirus [326].
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IV.1.2. Tropism

HIV binds to the host cell through its envelope protein gp120. This protein first interacts
with a main receptor, CD4, then with a co-receptor via its V3 loop at the protein surface. The
tropism of the virus is defined by this co-receptor usage, either CCR5 or CXCR4 [327]. To
verify the tropism of the viral strains chosen above, two GHOST cell lines bearing either CCR5
or CXCR4 co-receptors have been used to determine the tropism of the wild and mutated strains
[328]. GHOST CCRS expresses the co-receptor that binds R5-M-tropic viral strains and
GHOST CXCR4 expresses the co-receptor that binds X4-T-tropic viral strains, at their cell
surface. CCR5 co-receptor is present on macrophages, dendritic cells, microglial cells in brain
and memory T cells, while CXCRA4 co-receptor is present on naive activated and effector CD4+
T cells [329].

The results obtained using these cell lines are shown in table 4. The data indicated that
HIV-1 NL4-3 and LAI.2 have a tropism for X4, while WCML249, WARO and STCOr1 have
a tropism for R5, and HIV-1 89.6 display dual tropism for R5/X4.

Viruses NL4-3 LAI.2 89.6 WCML249 | WARO | STCOr1

CPE on infected +ve +ve +ve -ve -ve weak +ve
M8166

CPE on infected +ve +ve +ve -ve -ve -ve
GHOST CXCR4
CPE on infected -ve -ve +ve +ve +ve +ve
GHOST CCR5

Tropism X4 X4 X4/R5 R5 R5 R5

Table 4. The tropism of viral clones.

During mucosal transmission of HIV-1, there is a bottleneck selection for a transmitter
founder R5-tropic virus that initiates infection in the body. In the early stage of HIV-1,
dissemination R5 strains are predominant, while in the late stage, tropism usually changes to
include more X4 strains. Indeed the Food and Drug Administration (FDA) approved Maraviroc
(MVC) as an entry inhibitor that binds to CCR5 co-receptors thus blocking entry of R5 HIV
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strains by antagonism for the co-receptor. However, it was found that MVVC was not able to
block entry of HIV strains with X4-tropic or R5/X4 envelopes. So nowadays it is important to
use a combination of drugs to block entry of other tropic strains [330].

Based on these results, three infectious molecular clones were selected to continue the
study. Two molecular clones were mono-tropic for either CXCR4 (pNL4-3) or CCR5
(PWARO) and the third one was dual-tropic for both CXCR4 and CCR5 (p89.6), as shown in
Figure 17.

X4 Tropism R5X4 Dual Tropism R5 Tropism
pNL4-3 p89.6 pWARO

CXCR4 GHOST cells CXCR4 GHOST cells

CCRS GHOST cells CCRS GHOST cells CCRS GHOST cells

Figure 17. Infectivity assay of selected HIV-1 strains on GHOST cells using microscopy. Infectivity is
detected by CPE identified by formation of multinucleated syncytial giant cells. The NL4-3 strain shows CPE in
CXCR4 GHOST cells, but not in CCR5 GHOST cells; the 89.6 strain shows CPE in both CXCR4 and CCR5
GHOST cells; the WARO strain shows CPE only in CCR5 GHOST cells.

In order to maximize the treatment with ART it is best to assess the tropism of the
infecting HIV strain in the patient. This is possible using the commercial Trofile assay
(Monogram Biosciences), a phenotype and genotype test, but it is expensive, labor intensive
and time consuming [331]. Instead, we used the two GHOST/CDA4 cell lines, expressing CCR5
or CXCR4 that were infected separately with the HIV-1 viral strains. Then, depending on the
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phenotype changes observed in these cells after 5-8 days post-inoculation, HIV-1 strains were
classified into type R5, X4 or R5/X4 according to their ability to infect these indicator CD4+
cell lines. Another cell type could have been used such as described by Ceresola et al., where
U87/CD4 /CCR5 or U87/CD4 /ICXCRA4 cell lines were utilized as indicator cells [332].

IV.1.3. Infectivity

In order to evaluate the efficacy of the viruses to assemble into infectious particles,
HEK-293T cells were transfected with the three chosen clones and the supernatants were
collected each day for three days. The supernatants were titrated on TZM-bl cells. The results
shown in Figure 18 indicate that the two viruses pNL4-3 and p89.6 gave high titer, that
increased with time. These titers were comparable to values obtained for SHIV-ku2 (50000
BCFU/mI). In contrast, WARO gave low titer of about 1000 BCFU/m.

BCFU/ml Infectivity titers = NL-4-3

89.6
100000 = WARO

1

D1 D2 D3

Figure 18. TZM-bl titration of HIV-1 stocks produced at day 1, day 2 and day 3 post transfection in HEK -
293T cells.

Dilutions of virus stocks of NL-4-3, 89.6 and WARO produced in transfected HEK-
293T cells and harvested at days 1, 2 and 3 post transfection were used to inoculate duplicate
wells of TZM-bl monolayers in 24 wells plate. At 72 hours post-inoculation, cells were fixed
and X-gal stained as described in Materials and Methods. After 2-8 hours, X Gal solution was
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removed and cells rinsed with PBS and blue cell forming units scored, calculated/ml and used
to plot the graph. Each virus stock was aliquoted, stored at -80°C [333-334].

Despite following the same protocol of transfection for all three strains, WARO always
showed the lowest level of viral production. In addition, the production was followed during
three days for all strains. As shown in Figure 17, HEK-293T production of NL4-3 and 89.6
increased during the three successive days, while WARO did not show any increase remaining
very low compared with the other two strains. To overcome this problem we tried to inoculate
the U937 cells that are known to express CCR5 co-receptors at high level on their surface. This
monocytic cell line can be differentiated into macrophage using suitable concentrations of
phorbol myristate acetate (PMA). Thus, the differentiated macrophage should replicate
productively HIV, but the titration of WARO was still very weak. Therefore, dealing with U937
cell line to produce high enough titration of WARO was not pursued. A potential alternative
would have been to use the MOLT T-lymphoblastoid cell line, because these cells express high
level of both the CD4 receptor and the CCR5 co-receptor on their surface. It has been reported
in the literature that when MOLT-4 cells are infected with R5 HIV-1 viral strains such as JR-
FL or Ba-L, CPE was observed in the culture supernatants, indicating that this cell line might
be better suited for R5 HIV-1 strain expression [335-336].

IV.1.4. Production of viral stocks

Because of the efficiency of M8166 cells, they were chosen to amplify and produce
large stocks of infectious virus particles. Cells were infected for four days then the supernatants
were removed and replaced with fresh medium that was also collected 24 h later. These
supernatants were titrated on TZM-bl and M8166 cells to determine the BCFU/ml and HIV-1

TCIDso/ml respectively. The results obtained are shown in Table 5.
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Time of collection | Titration on M8166 Titration on TZM-bl Average

of viruses TCIDso/ml BCFU/mI BCFU/mI
NL4-3 SN (day 4) 10° 63800 52900 58350
NL4-3 SN (day 5) 10° 82000 87100 84550
89.6 SN (day 4) 10° 59800 66600 63200
89.6 SN (day 5) 106 73000 78000 75500

Table 5. Results of titration of viral stocks.

IV.2. Kinetics study of replication

With a view to amplify the virus stocks from the two infectious clones HIV-1 NL4-3
and HIV-1 89.6, both CEMx174 and M8166 cell lines were inoculated with the viruses from
transfected HEK-293T cells and the supernatant fluids from these two cell lines were harvested
daily during one week. Samples of these virus stocks were used to inoculate TZM-bl cells and
scored BCFU used to determine the infectious titers. The idea here was to determine which
cells are more suitable for virus replication and at what time viral production is optimal. The
results shown in Figure 19A and B clearly show that the production of infectious particles in
M8166 cell line for both two viruses was higher than their production in CEMx174.
Furthermore, the production of virus particles peaked at day four for the CEMx174 cells and at
day five for the M8166 cells. Altogether, these results indicate that M8166 cells are better suited
for our aim.

The viral production increased gradually until day four on CEMx174 cells or day five
on M8166 cells due to the viral replication by infecting new target cells and transfer from cell
to cell inducing CPE appearance and cell death at day seven. The viral infectivity of HIV-1
NL4-3 was higher than HIV-1 89.6, and the viral production from M8166 was higher than
CEMx174. Despite the fact that the human T-lymphoblastoid cell line has previously been used
to generate HIV-1 NL4-3 stock virus by transfection [337], we found that following infection
with virus stock from transfected HEK-293T cells, the human M8166 CD4+ cell line produces
this viral strain better than CEMx174. Although infected CEMx174 does not produce clear
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CPE, unlike M8166, the results of virus infectivity analyzed on TZM-bl cells provided the
demonstration that they are capable of viral production.

In this work, we used two cell lines while Cao et al. used many cell lines, M8166 and
CEMx174 being among them, to identify the optimal T-cell lines for the HIV-1 replication.
They also used MT-2 lymphoblasts that were produced by co-culturing normal human cord
leukocytes with leukemic T-cells from a patient with adult T-cell leukemia [338]. PM1 T-
lymphoid cells were derived from the neoplastic T-cell line Hut78; they have a unique
susceptibility to several primary HIV-1 isolates [339]. They found that MT-2 and PM1 cells
both supported high levels of virus replication of HIV-1 NL4-3 and NL4-3A Vif, by measuring
the viral replication using the TZM-bl cell system and measurement of 3-Gal induction at day
four post-infection [340].

BCFU/mI CEMXx174 cells A BCEU/mI M8166 cells B
100000 p89.6 100000 p89.6
pNL4-3 pNL4-3
10000 10000
1000 1000
100 100
10 10
D1 D2 D3 D4 D5 D6 D7 D8 DI D2 D3 D4 D5 D6 D7 D8

Figure 19. Synaptic study of replication in CEMx174 and M8166 cells. (A) CEMx174 and (B) M8166 cells
were infected with NL4-3 or 89.6 viruses. Supernatants were collected every day for eight days and titrated on
TZM-bl cells. Blue-cell forming units (BCFU/mI) were scored and values used to plot the graph.

IV.3. Study of the chimeric lentivirus CAL-HIV-R1
IV.3.1. Rationale and hypothesis

Because of the complexity of both host/pathogen interactions and pathogenesis induced
by primate lentiviruses, the PAVAL laboratory has been developing new model systems of
study that allow subsequent simplified analyses. One of these new tools is to create a chimeric
replication-competent full HIV-1 genome in a plasmid DNA, CAL-HIV-R1 (Figure 15). This
new chimeric lentiviral plasmid DNA, has been derived from the genome of pNL4-3 HIV-1
strain, genome in which the Tat-dependent LTRs have been removed and replaced with those

of CAEV that are Tat-independent constitutive promoters:
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Furthermore, a few nucleotides (about 30) from the LTRs of HIV have been kept and
fused to CAEV LTRs in order to promote integration. These should allow the formation of the
HIV-1 specific attachment sequence recognized by the HIV integrase that catalyzes dsDNA
integration into cell genome. As a consequence, we should observe a constitutive expression of
the virus in all infected cells.

Indeed, HIV infects human CD4+ T cells and monocyte-macrophage cell lineages both
in cell culture and in infected individuals, eventually causing AIDS. Like all HIV strains, the
HIV-1 pNL4-3 strain has LTRs that are dependent on Tat transactivation. In contrast, the
caprine arthritis encephalitis virus, CAEV, a natural lentivirus pathogen of goats, has an in vivo
tropism restricted to the monocyte/macrophage cell lineage. CAEV does not induce
immunodeficiency in his host but leads to arthritis and mastitis in infected adults, and under
some circumstances encephalitis in infected kids. The LTRs of CAEV have been shown to be
independent from Tat transactivation since they have strong constitutive promoters.
Furthermore, since the new CAL-HIV-R1 construct is derived from parental pNL4-3 HIV-1
strain, thus we expect tropism to be towards cells coexpressing the CD4 and the co-receptor
CXCR4.

IV.3.2. Objective

The main goal of this work was to study the biological and cytopathological properties
of this CAEV/HIV chimeric lentivirus DNA generated in the laboratory. More specifically, we
wanted to look into the properties of replication and cytotoxicity associated with virus
replication. Will this virus infect CD4 + T-lymphocyte bearing the CXCR4 co-receptor and
replicate productively in these cells, as is the case with the parental viruses. The study should
determine whether the replacement of LTRs is associated with a change in cell tropism, some
modification of the kinetics of gene expression and/or an alteration or loss of the
latency/persistence properties. The final aim is to be able to investigate potential modifications
of the replication and biopathogenic properties of this viral construct in animal models.

IV.3.3. Strategy

The DNA of CAL-HIV-R1 was amplified from three clones (clone 9, 24 and 34). After
purification of the plasmid, HEK-293T cells and the T-immortalized goat embryo fibroblast
cell line (TIGEF) were transfected with this chimeric DNA in order to produce the virus, while

TZM-bl cells were also transfected to verify that Tat is functional. The titration of transfected
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HEK-293T cell supernatants were performed by inoculating TZM-bl cell monolayers. M8166
and CEMx174-T4 cells were co-cultured on transfected HEK-293T cells, and then harvested
and used to perform serial passages by infecting M8166 to adapt the virus to the replication on

these cells.

Tat of this chimeric virus is expressed and functional because blue cells were observed
after staining the transfected TZM-bl cells. Surprisingly TIGEF was transfected with this
chimera and although that this cell line is of goat origin and our construct contain CAEV LTRs,
there was no viral production in the supernatant that was verified by infecting TZM-bl. Viral
production of the transfected HEK-293T cells was also very weak as shown at day one in Figure
19. Thus, we decided to try adapting the chimeric virus by serial passages in M8166 cells co-
cultured on transfected HEK-293T cells.

IV.3.4. Adaptation

As shown in Figure 20 titration of supernatants on TZM-bl cells indicates a small
increase in virus production over the first ten passages but then it started to decrease again
despite the daily addition of fresh M8166 cells.

Titration of adaptation by serial passages
BCFU/mI
180

160
140
120
100
80
60
40
20
0

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 Passages

Figure 20. Adaptation by serial passages of CAL-HIV-R1 clone 24 co-cultured on M8166
cells. Supernatants collected after each passage (three days) were titrated using TZM-bl
cells, blue-cell forming units (BCFU/mI) were scored and values used to plot the graph.

This was surprising, as increase of viral replication through adaptation performed by
serial passages has been used before. One such example can be found in Kwofie and Miura
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2013 [341], where the authors adapted the chimeric virus SHIV-NM-3rN to a monkey-derived
cell line by 20 serial passages getting viral progeny able to replicate much better than HIV-1
NL4-3 from which the HIV-1 env gene originated and SIVVmac239 parental viruses used as
backbone. First, they serially passaged SHIV-NM-3rN on the M8166 cell line for about 20
passages. Second, the progeny was passed serially on HSC-F T cell line derived from
Cynomolgus Monkey, originally immortalized by Herpesvirus saimiri, to increase the
replication and cytotoxicity rates of SHIV in HSC-F cells. This evolution perhaps is due to the
appearance of point mutations [341]. Another way for viral strain adaptation could also be

performed in vivo by serial passages in animal model, as for example in monkeys [342].

IV.4. Antibody responses induced by CAL-SHIV-IN

Beside the pathogenesis of HIV-1, PAVAL laboratory has focused for several years on
the study of lentivirus vaccine vectors. A novel HIV-based lentivector DNA vaccine, CAL-
SHIV-IN-, has recently been developed and tested in animal models. CAL-SHIV-IN" encodes
the complete genome of SHIV-ku2 without the integrase gene and both LTRs have been
replaced with those of CAEV, a naturally attenuated goat lentivirus. In contrast to SIV or HIV,
the CAEV LTRs present the advantage of having a constitutive promoter allowing a Tat
independent gene expression.

When administered alone and in a single dose injection, this novel lentivector DNA can
stimulate strong T-cell mediated and humoral immune responses against all antigens expressed
by the vaccine. Indeed, in a recent study conducted in our laboratory, six cynomolgus macaques
were vaccinated once with this DNA construct and were monitored longitudinally during 80
weeks for vaccine specific immune responses. Following this period, these six vaccinated
macaques together with six control animals were challenged by the rectal mucosal route with
repetitive low doses of a heterologous SIVmac251. Careful analysis of the peripheral blood
cells and serum indicated the presence strong vaccine-specific cellular and humoral responses
in all six vaccinated animals, and these responses were augmented following the injection of
the challenge virus. In contrast, no response was observed in any of the control animals before
the challenge, which induced classical seroconversion and antigen-specific T cell responses.
Interestingly, all animals of the vaccinated group had lower viremia at one-week post infection
and showed a lower peak of viremia than the non-vaccinated control animals. In addition, all
vaccinated animals progressively controlled the challenge virus to barely detectable levels of

viral genomes using the quantitative real-time RT-PCR. Altogether, these data enabled the
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question whether the vaccinated animals have raised neutralized antibodies that could have
participated in lowering the virus replication and the persistent control of viremia.

Because the presence of neutralizing antibodies blocks the virus at the entry portal and
has been correlated with protection against HIV-1 infection and progression to AIDS, the goal
of my study was to examine and evaluate whether among the antibodies elicited by this vaccine,
there are those with neutralizing activity against HIV-1 and/or SIV. The neutralization activity
was analyzed on serum samples from six immunized and six control animals. Samples were
taken at 1, 22, 26, 30, 42 and 46 weeks post rectal challenge with SIVmac251. We used the
TZM-bl/B-Galactosidase assay by scoring the blue cell forming units (BCFU). As shown in
Figure 21, no neutralizing antibody activity was detected during the entire time of experiment.
Further, we used the TZM-bl/luciferase assay and this analysis gave also negative results
confirming the B-Galactosidase results. The animals were euthanized shortly after week 46 in

order to perform further pathological and histological analyses.

There are several types of binding antibody responses to envelope glycoproteins; non-
neutralizing antibodies bind to Env but not with the trimer that is responsible of viral entry,
while strain-specific neutralizing antibodies (NAbs) and broadly neutralizing antibodies
(bNADbs) are able to bind to the native trimer gp Env [343].

In a previous study our laboratory proved the existence of antibodies both against Gag
and Env induced in mice or macaques following immunization of animals with the HIV
lentivector vaccine, CAL-SHIV-IN" plasmid [307-308]. The main objective here was to
examine whether injection of the replication competent challenge virus has activated
development of the neutralizing antibodies against either antigens expressed by the DNA
vaccine of those expressed by the challenge virus SIVmac251 strain. As shown in Figure 21,
none of the serum samples from the vaccinated or from the control animals was found to have
neutralizing activity against both virus stocks from the infectious molecular clones of SHIV-
KU2 (the parental virus of the vaccine) and of SIVmac239 (a clone derived from SIVmac251).
The lack of neutralizing activity was persistent during all 48 weeks post challenges in all
animals. This absence of Nabs is perhaps linked to the short period of time (less than one year)
of infection and the presence of these antibodies to develop needs more time post-infection.
The second possibility is that the virus in all infected animals did not replicate persistently at

very high titers enough to promote the emergence of such antibodies.
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Figure 21. Evaluation of sero-neutralization activity in serum of macaques challenged with SIVmac
251. Serum samples from vaccinated animals (in red) and from control animals (in green) were taken at
indicated weeks post infection with the challenge virus. Control with the challenge virus is shown in black.
In the left side are the sero-neutralization against SHIV-ku2 and in the right side against SIVmac239. Values
are numbers of blue cell forming units in each well.
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If one looks back at the history of neutralizing antibodies in HIV infected patients, it
appears that the initial neutralizing antibody response to this virus arises approximately 3
months, but can take years after transmission and this response is strain-specific [344]. The
initial antibody response is restricted to the T/F virus and it induces viral escape. The newly
generated virus mutants are resistant to neutralization by autologous plasma [345] and by the
time NADbs to these new isolates appear the virus has again escaped. This interplay between
antibodies and virus variants leads to accumulation of neutralizing antibodies that have poor
activity or these latter are restricted to limited isolates in the great majority of patients (~80%).
However in the remaining proportion (~20%) of patients the response induces antibodies with
a wide neutralization breadth: broadly neutralizing antibodies, bNADbs [346-347] However, this
takes about 2-4 years post-infection, therefore they don’t have a strong effect on virus control.
These bNADbs are often associated with high viral load, as detected by real-time RT-PCR, and
low counts of CD4+ T cells [348]. In these individuals, the autologous plasma viruses are
sensitive to NADbs neutralization, where the targets of these Abs are frequently either the CD4bs
or the V3 loop of HIV-1 Env [349]. Recently, there has been great interest in the use of bNADs,
isolated few years ago, for their notable therapeutic and prophylactic effectiveness in the animal
models [343]. Indeed, passive infusion of broadly-neutralizing antibodies isolated from HIV-
1-infected individuals were shown to be able to protect against SHIV acquisition in NHP
models [350-351].

58



V. Conclusions

The aim of this project was to prepare appropriate reagents and tools for studying the
host HIV-1 interactions leading to the complex pathogenesis. These reagents are needed to
characterize various DNA constructs generated in our laboratory to study host/pathogen
interactions. First, it was important to characterize properties of various HIV-1 strains by
studying replication competence and tropism, and verifying infectivity of viral particles. Second
work was perform to help prepare a new chimeric lentivirus that should not undergo latency
target cells. Finally, humoral immune responses induced in vaccinated macaques challenged

with a heterologous pathogenic SIVmac were analyzed.
Study of the replication competency

The replication competency of the X4- and R5/X4-tropic HIV-1 strains can be analyzed
by infecting M8166 T4 cells serially for many rounds, where these cells can develop clearly
visible CPE. However, the R5-tropic HIV-1 strains cannot replicate in M8166 cell line because
the cells lack expression of the CCR5 co-receptor at their surface. R5-tropic HIV-1 strains can
be studied by infecting cell line that coexpress both the main CD4 receptor and the CCR5 co-
receptor at their surface, such as the adherent GHOST Hi5 or the non-adherent MOLT-4 cell
line. While infection of GHOST Hi5 enables the expression of the endogenous GFP, infection
of MOLT-4 induces typical CPE by forming large syncytia detectable by microscopy, which

correlates with the productive replication of virus.
The tropism

From the above reported data, we conclude that there are three types of HIV viral strains
(X4, R5, R5/X4) depending on their tropism. We were able to distinguish the properties of each
strain by their ability to infect or not specific cell lines. Thus, the strain able to infect GHOST
CCR5 is an HIV-1 R5-tropic strain, while the strain able to infect GHOST CXCR4 is an HIV-
1 X4-tropic strain, and the strain capable of infecting both GHOST cell lines is an R5/X4-tropic
strain. It is also possible to use the U87/CD4 /CCR5 or U87/CD4 /CXCR4 cell lines as indicator
cells to study the tropism of HIV-1 strains.

Infectivity of viral particles

Two methods were used for viral titration: the TCIDso was assessed using the M8166

cell line and the BCFU using the TZM-bl cell line. The presence of infectious virus can be
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verified for all HIV-1 strains, either X4- or X4/R5- or even R5-tropic strain with TZM-bl cells,
while M8166 cells are only useful for titration of X4-tropic and X4/R5-tropic HIV-1 strains,
but not the R5-tropic HIV-1 strain. Thus, in order to determine the titers in TCIDso of the R5-
tropic strain, it is better to use the MOLT-4/CCRS5 cell line, which is highly susceptible to R5-
tropic HIV-1.

Viral amplification

The M8166 cell line is highly susceptible and therefore does replicate efficiently X4-
and R5/X4-tropic HIV-1 strains, but much less efficiently the R5-tropic strains. In addition, in
our hands using the monocyte U937 cell line to amplify R5-tropic HIV-1 strain was complicated
and insufficient, because monocytes undergo latency when infected with HIV-1 and need to be
differentiated into macrophages to productively replicate the virus. However, using PMA to
perform this process, we could not measure the efficacy of differentiation of cells into
macrophages and we did not obtain high virus production. Therefore, we concluded that it is
better to use another cell line, such as MOLT-4/CCRS, which is highly permissive for R5-tropic
HIV-1 replication, because cells of this line coexpress both CD4 and CCRS5 receptors at high
levels, and these non-adherent cells are highly susceptible to fusion and syncytium formation
upon infection. There also exists a MOCHA-4/CXCR4/CCRS5 cell line that is highly permissive
for both X4- and R5-tropic HIV-1 strain replication. Although R5 HIV-1 is the major viral
population transmitted by sexual intercourse and replicates during the asymptomatic stage in
infected individuals, R5-tropic HIV-1 does not replicate efficiently in vitro in human T-cell

lines and shows only weak cytopathogenicity [352].
Kinetic study of HIV-1 replication

The viral infectivity of the X4-tropic HIV-1 NL4-3 is higher than the X4/R5-dual tropic
HIV-1 89.6 strains and the viral production in M8166 is higher than CEMx174. Day four had
higher viral production of infected CEMx174, while day five had the higher viral production of
infected M8166 cells for the two viral strains. The infection is more effective when many viral
particles pass from the non-infected cell to the recipient non-infected target cell via viral
synapses attacking the non-infected healthy cells, infecting them and leading to cell depletion.
This cell-to-cell transmission can protect the viral particles from NAbs [353-354].
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Adaptation of chimeric virus in vitro

Adaptation of the chimeric virus CAL-HIV-R1 in vitro by serial passages on cell lines
resulted only in a small and transient increase of viral production during the first ten passages.
However, viral production did not continue and started to decrease. It might have been better
to passage the chimeric virus ex vivo in human PBMCs [355] or bone marrow that have CXCR4
co-receptor [356] or CD34+ cord cells using scid-hu-Thy/Liv mice that produces human

haematopoietic (CD34+) progenitor stem cells and mature human lymphocytes [357].
Neutralizing antibodies

Despite the fact that our experiment with infected macaques lasted 46 weeks, the
presence of the NAbs was not detected in the collected serum of the challenged and control
animals, even though production of antibodies against viral proteins was shown. Perhaps it
would have been better to keep the animals for a longer time to verify the presence of these
antibodies. Indeed, some HIV infected patients can produce bNAbs after 2-4 years. In our
neutralizing assay, we used SIVmac239 while the strain used for the challenge was SIVmac251.
The T/F SIVmac251 elicit NAbs after 5-8 months of infection, but in low titers. [358].
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VII. Summary in French.

Le syndrome d'immunodéficience acquise (SIDA) est induit par le virus de
I'immunodéficience humaine de type 1 (VIH-1). Le SIDA est une des principales causes de
mortalité dans le monde. L’infection par le VIH-1 induit une activation immunitaire chronique
entrainant une déplétion progressive des lymphocytes T CD4+ circulant et dans les organes, ce
qui provoque le développement du SIDA. Ce dernier est caractérisé par 1’apparition et la
prolifération de pathogenes infectieux opportunistes. Les premieres indications de cette maladie
remontent au début des années 1980 avec I’identification de la prolifération de pneumocystose
chez les homosexuels aux Etats Unis. En 1983, un retrovirus du genre lentivirus fut isolé par
des chercheurs de I'Institut Pasteur a partir du ganglion lymphatique d'un patient. Ce virus
associé a une lymphadénopathie fut initialement appelé virus T-lymphotrope humain de type
[l (ou HTLV-I1II en anglais). Cependant, en 1986, le Comité International de Taxonomie des

Virus a recommandé le terme de VIH-1 pour ce virus responsable du SIDA.

Le VIH-1 appartient au genre Lentivirus, de la sous-famille des Orthoretrovirinae et de la
famille des Retroviridae. En plus d’un second lentivirus VIH-2 chez I’homme, ce genre contient
des virus qui infectent les plusieurs especes de vertébrés. On trouve un groupe de virus de
I'immunodéficience simienne (SIV) qui infectent plusieurs espéces de primates non-humains ;
le virus de I'immunodéficience bovine (BIV) ; le virus de l'anémie infectieuse des équides
(EAIV) ; le virus de I'immunodéficience féline (FIV) : le lentivirus du puma (PLV), le virus
maedi-visna du mouton (MVM), le virus de l'arthrite et de I’encéphalite caprine (CAEV). Ces
deux derniers sont regroupés dans un sous-groupe appelé lentivirus des petits ruminants (SRLV
pour small ruminant lentiviruses) et il a été établi que les SIVcpz et SIVgor ont franchi la
barriere d’especes, du chimpanzé et du gorille vers I'hnomme respectivement, générant le VIH-
1. Le VIH-1 est constitué de quatre groupes : les groupes M et N résultent du virus de chimpanzé
(SIVcepz) tandis que les groupes O et P dérivent du gorille (SIVgor). Le virus de
I'immunodéficience humaine de type 2 (VIH-2) a d’abord été trouvé en Afrique de I'Ouest au
milieu des années 1980. Le réservoir naturel de ce virus est chez le singe Mangabey couronné
(STVsmm) qui apres passage et adaptation chez I’homme est devenu VIH-2. Le VIH-2 se réparti
en huit groupes distincts typés de A a H. Le génome du VIH-2 est similaire a celui du VIH-1
dans son organisation et sa réplication, avec 1’exception que le génome du VIH-2 porte un géne
accessoire vpx, absent dans celui du VIH-1 et a I’inverse le géne vpu, présent dans le génome
de VIH-1 est absent dans celui du VIH-2. La transmission interhumaine du VIH-1 s’effectue

essentiellement lors, de rapports sexuels non protéges entre personnes infectées et non-
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infectées, de l'injection de drogue avec des seringues/aiguilles souillées, de la transmission de
la mére au nouveau-né lors de la naissance et I’allaitement et de la transfusion de sang
contaminé. Depuis son apparition, environ 80 millions d'individus dans le monde entier ont été
infectés par le VIH-1 : prés de la moitié d'entre eux sont déja decédés et I'autre moitié vit avec
le virus. Cependant, les thérapies antirétrovirales récentes (ART) ont permis de réduire
fortement la mortalité en permettant aux personnes infectées de survivre plus longtemps, mais

aussi de réduire la transmission interhumaine.

Sur le plan structural, le VIH est un virus comportant deux molécules identiques d’ARN
monocaténaire logées dans une capside sphérique, qui elle-méme est entourée d’une bicouche
lipidique externe provenant de la membrane de la cellule héte. Le génome des rétrovirus
réplicatifs porte au moins trois genes dit de structure : gag, pol et env compris entre deux
longues séquences répétées terminales (LTR). Les protéines de la capside sont codées par le
géne gag, les glycoprotéines de 1’enveloppe sont codées par le géne env et les enzymes virales
de réplication sont codées par le géne pol. En plus de ces trois génes, le génome du VIH-1 porte
également des génes régulateurs et accessoires (tat, rev, nef, vif, vpr et vpu) qui expriment des
protéines qui régulent la réplication virale et la pathogenese.

Cycle de réplication du VIH : L’entrée du virus dans la cellule cible commence par
I’interaction de la glycoprotéine de surface SU du virus avec le récepteur membranaire CD4 de
la cellule hote. Cette premiére étape est suivie d'une seconde interaction avec un co-récepteur
(CCR5 ou CXCR4) induisant des changements de conformation dans la glycoprotéine
transmembranaire TM qui permettent de démasquer le peptide fusion de celle-ci qui permet au
virus de fusionner sa membrane glycoprotéique avec la membrane de la cellule cible. La capside
virale est alors internalisée dans le cytoplasme de la cellule infectée et la RT convertit 'ARN
en un ADN double brins borné par des séquences répétées terminales : les LTRs. Cet ADN est
transporté dans le noyau par le complexe de préintégration puis intégré par I’IN sous forme de
provirus dans le génome cellulaire. Le provirus utilise la machinerie cellulaire pour la
transcription et la traduction des genes, produisant les protéines virales qui s’assemblent avec
I'ARN viral et bourgeonnent hors de la cellule hote et maturent en particules infectieuses. Les
principales étapes du cycle de réplication du VIH-1, représentent les cibles essentielles des
médicaments développés pour combattre le virus. Un assemblage de ces médicaments est
aujourd’hui a la base d'un traitement antirétroviral hautement actif (HAART en anglais) qui

aide a la survie des patients infectés.
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La molécule CD4 est une glycoprotéine présente a la surface de certains globules blancs, tels
que certains lymphocytes T, les monocytes, les macrophages et les cellules dendritiques. Ce
récepteur CD4 interagit directement avec la molécule du complexe majeur d'histocompatibilité
de classe 11 (MHC classe I1) a la surface de la cellule présentatrice d'antigenes (CPA) pour la
reconnaissance de lI'antigéne étranger, conduisant a I'activation des lymphocytes T. Le VIH-1
utilise cette molécule comme récepteur principal pour I'entrée dans la cellule cible. Les
protéines virales Vpu et Nef exprimées par les cellules infectées diminuent la quantité de CD4
a la surface, empéchant ainsi la surinfection des cellules déja infectées. En plus de ce récepteur
principal le VIH-1 utilise des corécepteurs membranaires pour accomplir son entrée dans la
cellule cible. Les co-récepteurs utilisés principalement par VIH-1 sont les récepteurs aux
chimiokines : CCR5 et CXCRA4. Le tropisme viral indique la préférence du virus a se lier a un
des co-récepteurs de la cellule hdte. On distingue trois types de souches de VIH-1: la R5-
tropique utilise le co-récepteur CCR5, la X4-tropique utilise le co-récepteur CXCR4 et enfin la
X4/R5-tropique utilise soit I’un soit I’autre co-récepteur. La souche de type R5, responsable de
la dissémination de I’infection dans I’organisme est principalement trouvée au début

d'infection, alors gque les souches X4 ou R5/X4 apparaissent plus tardivement.

La latence définie I’ADN viral dormant dans les cellules infectées. Elle concerne une faible
proportion (1/10%-107) de cellules infectées, et a lieu soit avant I’intégration de I’ADN virale :
latence pré-intégration, soit aprés I’intégration : latence post-intégration. Cette derniére est la
plus fréquente. La latence s’établit an début de I'infection aigué pour établir le réservoir. Le
réservoir cellulaire le plus important est constitué de cellules T mémoires CD4+ qui
maintiennent le provirus sous forme latente. Les monocytes, les macrophages, les cellules
souches hématopoiétiques, et les cellules dendritiques contribuent également au réservoir
cellulaire du VIH-1. De plus, le foie, le systeme nerveux central, les reins, les poumons et les
organes génitaux représentent des tissus anatomiques sanctuaires pour le virus. Les organes
lymphoides, la rate, les ganglions lymphatiques et le tissu lymphoide associé au tube digestif
(GALT en anglais) sont des sites majeurs de la réplication virale. Malheureusement, la barriere
hémato-encéphalique limite ’entrée des agents utilisé dans le traitement HAART dans le
systéeme nerveux central. De méme le tractus reproducteur féminin est peu permissif a ces

agents et de ce fait il est donc difficile de purger complétement le virus de I’organisme.

Vaccins contre le VIH-1 : Depuis la découverte du VIH-1, des travaux trés importants ont été
réalisés pour développer un vaccin sdr, efficace et durable pour stopper le VIH. Mais jusqu'a

présent, les stratégies et les prototypes vaccinaux contre le VIH ont conduit a des échecs répétés
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a cause de la variabilité genétique du virus, de ses propriétés intégratives, de la latence et
persistance mais aussi a ses capacités a échapper aux attaques du systeme immunitaire. Les
premiers essais utilisant des préparations de virus inactive ont été arrétés a cause de leur faible
immunogénicité ainsi que le risque de contamination avec du virus infectieux. Les protéines
recombinantes ou les particules virales sans génome (VLPs) n’ont pas permis d’induire des
réponses humorales soutenues et fonctionnellement actives qui protégent contre le virus
infectieux. Par contre, les virus atténués obtenus par modification du génome ont montrés une
immunogénicité augmentée et une protection accrue contre les virus pathogéniques chez les
mod¢les animaux. Cependant, ils n’ont pu étre utilisés chez I’homme a cause de la pathogénicité
associé chez le nouveau-né et chez certains adultes. La vaccination avec I’ADN plasmidique
est une stratégie innovante qui est congue pour provoquer une réponse immunitaire cellulaire
et/ou humorale protectrices contre les agents pathogénes. Cette approche sécuritaire est
actuellement en cours d’essais cliniques contre plusieurs agents infectieux chez ’homme, mais
il n’existe pas encore de vaccin homologué chez ’homme. Toutefois il existe quatre pDNA

vaccins homologués dans le domaine vétérinaire.

Etude Vaccin Composition Localisation | Phase de | Résultat
Pessai
VAX003(sous-typeB/E) | SIDAVAX gpl20 | gpl20s dans I'adjuvant d'alun. Thailande 11 aucune efficacité
_ (toxicomanes)
VAX004(sous-typeB/B) Etats-Unis/Europe aucune efficacité
(HSH)
HVTN502 (Etap) Ad5-Gag-Pol- rAD5-(gag/pol/nef) clade B Etats-Unis 11b nocif
HVTN503 (Phambili) Nef Afrique du Sud (augmentation de
l'infection)
HVTN505 DNA-Ad5-Env— | Prime: ADN (gag/pol/nef) Etats-Unis. 11b aucune efficacité
Gag-Pol clade B, Envs clades A,B,C

Boost: rAD5- (gag/pol) clade B,
Envs clades A,B,C

RV144* ALVAC- Prime: ALVAC (vCP1521) Thailande 11 31.2% de
SIDAVAX vaccine (gag/pro/env)- vecteur protection

(Deux vaccins) canarypox

Boost: SIDAVAX B/E gp120sa

Alum

Tableau 1. Récapitulatif des phases cliniques Ilb et 111 conduites a ce jour. * Un essai
similaire au RV144 est actuellement en cours en Afrique du sud.

L’ensemble des données accumulées durant ces décennies aboutissent a la conclusion qu’un
vaccin contre VIH-1 qui protégerait contre I’acquisition du virus devrait induire la production

d’anticorps dotés d’un large spectre de neutralisation (bNAbs). Les anticorps a large spectre de
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neutralisation peuvent se développer naturellement chez une minorité de patients infectés par
le VIH-1 aprés plusieurs années d'infection. Ces bNAbs ont le potentiel de protéger les
individus non infectés contre 1’acquisition des virus pathogéniques ainsi que de bloquer la
propagation virale chez les individus infectés; cependant leur développement pour une

utilisation a large échelle chez I’homme reste un énorme challenge.

Les objectifs géneraux : En raison de la complexité des interactions hote/pathogéne qui sont
associées a l'infection par le VIH-1 chez I'héte naturel et les modéles animaux actuels, un
modele plus simple est jugeé necessaire pour faciliter les études afin de mieux comprendre les
mécanismes sous-jacents de la pathogenése exacerbée chez 1’homme. Etant donné que
I’infection par le VIH-1 est restreinte a I'homme et aux grands singes, il n‘existe pas de modele
animal simple et accessible pour conduire des études poussées en infection expérimentale. Un
virus chimérique entre les génomes des virus d’immunodéficience simienne et humaine (SHIV)
a été développé pour contourner les mécanismes de restriction liés a la réplication du VIH-1
dans les cellules de macaques. Ce virus chimeérique exprime a la fois des génes du SIV et du
VIH-1, créant ainsi un nouveau modeéle pour étudier la pathogenese du VIH-1 et tester des
vaccins chez des espéces de macaques qui sont reproduits en nombre dans les centres de
primatologie. Le SHIV-ku2 utilisé dans notre laboratoire est un des prototypes de ces virus
chimériques. Il produit les glycoprotéines d’enveloppe de type X4 du VIH-1 dans le génome
du SIVmac, et par conséquent, l'infection de macaques avec ce type de SHIV induit trés
rapidement (2-3 semaines) la phase dite tardive de la pathogenése du VIH-1 caractérisée par la
déplétion quasi-totale des cellules T CD4+. Notre laboratoire travaille a développer des virus
chimériques dotés du tropisme R5 qui devraient reproduire les premiers stades de l'infection
par le VIH-1. Ces virus constitueraient des outils essentiels pour évaluer I'efficacité des
prototypes de vaccins, mais aussi pour étudier les différentes propriétés réplicatives. En ce qui
concerne la latence du VIH-1, I'expression du génome viral est bloquée par des interactions
complexes de facteurs du virus et ceux de certaines cellules infectées. Cette complexité rend
difficile 1’é¢tude des mécanismes impliqués pour développer des thérapies appropriées. Par
conséquent il existe un réel besoin de créer des modeles dans lesquels le virus est incapable
d’effectuer la phase de latence. Notre laboratoire a développé de nouveaux génomes
chimériques de lentivirus utilisant une partie du génome de CAEV qui porte des LTRs dotés de

promoteurs constitutifs qui sont indépendants de la transactivation par Tat.

L'objectif principal de ce projet de thése est d'utiliser les outils développés dans notre

laboratoire pour étudier les interactions hote/VIH-1 qui, de l'infection conduisent a une

90



pathogénie complexe. Par ailleurs, nous voulions examiner la présence ou non de I’activité
neutralisante dans les réponses immunitaires humorales induites chez les macaques vaccinés
avec un lentivecteur 8 ADN et infectés au bout de 18 mois avec un virus d’épreuve SIVmac251

pathogene et hétérologue.

La stratégie du travail comporte la préparation d’outils appropriés pour étudier la capacité de
réplication, le tropisme et le pouvoir infectieux de trois souches VIH-1 : VIH-1 pNL4-3, VIH-
1 p89.6 et VIH-1 pWARO. Les ADNs plasmidiques portant les génomes complets de ces
souches ont été produits puis utilisés pour produire et amplifier des stocks viraux pour réaliser
une étude comparée avec notre génome chimérique CAL-VIH-R1. Ces trois souches ont été
choisies parmi plus d’une dizaine de clones moléculaires infectieux obtenus de la base de
données et de réactifs mis a disposition par le programme de réactifs SIDA du NIH. Les virus
produits par transfection de cellules HEK-239T ont été utilisés pour examiner leurs propriétés

réplicatives sur plusieurs lignées cellulaires.

Suite a I’infection des cellules T CD4+ de la lignée humaine M8166, les souches virales VIH-
1 pNL4-3 et p89.6 ont induit des effets cytopathiques typiques apres trois a six jours d’infection.
Ces resultats indiquent que ces cellules ont éte infectées par ces souches virales alors qu’au

contraire aucun signe d’infection n’a été observé sur les cellules inoculées avec la souche virale

VIH-1 WARO.

Pour caractériser d’avantage le tropisme de ces souches, nous avons utilis€¢ des cellules
indicatrices de type GHOST qui co-expriment le récepteur CD4 avec soit le co-récepteur CCR5
soit le CXCRA4. Si des cellules GHOST exprimant le co-récepteur CCR5 sont infectées par une
souche virale, ce virus est donc défini comme ayant un tropisme RS, et a ’inverse si des GHOST
exprimant le co-récepteur CXCRA4 sont infectées par une souche virale, celle-ci est alors définie
comme ayant un tropisme X4. Quand une souche infecte les deux types cellulaires
indifféeremment elle est définie comme ayant un double tropisme X4/R5. Les virus VIH-1 NL4-
3 et 89.6 ont causé des effets cytotoxiques sur les cellules GHOST CXCR4, et les souches VIH-
1 WARQO et 89.6 ont causé ces effets sur des cellules GHOST CCR5. Par conséquent, la souche
VIH-1 NL4-3 est définie de tropisme X4, la souche WARO est définie de tropisme R5, tandis
que la souche VIH-1 89.6 est définie de double tropisme R5 et X4.

Les titres infectieux des stocks viraux produits ont été évalués par inoculation de cellules TZM-
bl et évaluation du nombre de cellules bleues induites par infection, ou par 1’évaluation de la

TCIDso/ml en utilisant la lignée cellulaire indicatrice M8166. Les résultats de ces analyses ont
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montré que la production virale des souches VIH-1 NL4-3 et 89.6, contrairement a celle de la
souche VIH-1 WARO, a augmenté progressivement au cours des trois premiers jours. Afin de
préparer des stocks viraux, les cellules M8166 se sont avérées efficaces pour les souches VIH-
1 NL4-3 et 89.6, tandis que pour la souche VIH-1 WARO nous avons utilisé la lignée humaine
monocytaire U-937, que nous avons différenciée en macrophages mais 1’infection de cette
derniére s’est montrée inefficace. Il serait donc préférable d'utiliser la lignée de cellules

TCD4+/CCR5+ MOLT T pour résoudre ce probleme.

Les études de la cinétique de réplication des souches VIH-1 NL4-3 et 89.6 ont été effectuées
sur les cellules CEMx174 et M8166. Les surnageants des cellules infectées ont été recueillis
tous les 24h pendant huit jours puis les titres infectieux ont éte examinés sur des cellules TZM-
bl. La production virale a augmenté progressivement jusqu'au quatriéme jour sur les cellules
CEMXx174 et au jusqu’au cinquiéme jour post infection sur les cellules M8166. La mortalité
cellulaire est devenue trés importante au septiéme jour. Le titre infectieux du VIH-1 NL4-3 a
été trouvé supérieur a celui du VIH-1 89.6 et la production virale sur la lignée M8166 a été plus

élevée que celle sur la lignee CEMx174.

Le génome ADN double-brins du CAL-HIV-R1 comprend tous les genes du génome du VIH-
1 pNL4-3, cependant les LTRs ont été délétées et remplacées par celles du CAEV. Ces LTR
ont des promoteurs constitutifs qui expriment fortement les génes qu’ils contrdlent.
L’adaptation de la réplication virale par passages successifs du virus issu du clone moléculaire
de CAL-HIV-R1 a été tentée sur des cellules de la lignée M8166, puis les surnageant ont été
titrés en utilisant des cellules TZM-bl. Les résultats ont montré une légére augmentation de la
production de virus au cours des dix premiers passages, mais ensuite la production virale a

diminué.

Un dernier aspect du travail porte sur la détection et I’évaluation d'anticorps neutralisants dans
les échantillons d’animaux vaccinés avec le lentivecteur CAL-SHIV-IN" et non vaccinés, apres
infection avec un virus d’épreuve. Pour ce faire, des échantillons de sérum provenant d'animaux
vaccinés et d'animaux témoins ont été prélevés a raison de plusieurs semaines apres l'infection
avec le virus d’épreuve SIVmac251. Les échantillons de sérum prélevés aux semaines 1, 22,
26, 30 42 et 46 post-infection avec le virus d’épreuve ont été testés pour leur capacité a
neutraliser ’infection par séro-neutralisation réalisée contre les souches virales SHIV-ku2 et

SIVmac239. Dans le temps imparti pour cette expérimentation animale, la présence d’anticorps
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neutralisant n’a pu €tre mise en évidence bien qu’une étude paralléle ait démontré que tous les

animaux avaient développé des réponses immunes cellulaires et humorales spécifiques.

L’ensemble de ce travail a permis de tester des méthodes et de valider des outils indispensables
pour I’étude comparée des propriétés du nouvel virus chimérique dérivé du génome de VIH-1:
le CAL-HIV-IN" construit au laboratoire et dont la conception permettrait une expression

constitutive contrairement a I’expression Tat-dépendante du VIH-1.
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