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Abstract

Dendritic cells (DCs), macrophages as well as osteoclasts (OCs) are emerging as target
cells of HIV-1 involved in i) sexual transmission, ii) virus dissemination in different
tissues, and iii) establishment of persistent virus reservoirs. While the mechanisms of
virus cell-to-cell transmission toward these myeloid cells remain poorly understood, we
recently reported a novel very efficient mechanism for virus transfer and dissemination
in macrophages trough a two-step cell fusion process, leading to the formation of long-
lived and highly HIV-1-productive multinucleated giant cells (MGCs). In the work
presented here, we show that HIV-1 uses similar cell-fusion mechanisms for virus
transfer from infected T lymphocytes to macrophages, OCs and immature DCs (iDCs),
and subsequent dissemination in these target cells. The establishment of contacts with
infected T cells leads to heterotypic cell fusion for the fast and massive transfer of viral
material in macrophage, OC and iDC targets. This process subsequently triggers
homotypic fusion with non-infected neighboring macrophages (or OCs, or iDCs) for
intercellular virus dissemination. Both cell fusion steps are mediated by viral envelope-
receptor interactions, and are highly efficient for macrophage-tropic CCRS5- and
CXCR4-using viruses, dual-tropic R5X4 viruses, and to a lesser extent for non-
macrophage-tropic RS viruses, including transmitted/founder viruses. Interestingly,
these cell-to-cell fusion processes result in the formation of infected MGCs able to
produce fully infectious virus particles. Together, our results reveal original
mechanisms for viral transfer and dissemination in HIV-1 myeloid cell targets and for
the formation of the MGCs observed in vivo in lymphoid and non-lymphoid tissues of
HIV-1-infected patients. Thus far, numerous studies on HIV-1 co-receptor usage and
cellular tropism have been performed using cell-free virus particles only, however, our
data strongly indicate that the relationship between co-receptor usage and cellular
tropism should be revisited in the context of HIV-1 cell-to-cell transfer. They contribute
to a better understanding of the cellular processes involved in virus transmission,

dissemination, and formation of viral reservoir during HIV-1 infection.
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Résumé

Les cellules dendritiques (DCs), les macrophages ainsi que les ostéoclastes (OCs)
représentent des cellules cibles importantes du VIH-1 impliquées dans 1) la
transmission sexuelle, i1) la dissémination du virus dans différents tissus, et iii) la mise
en place de réservoirs tissulaires persistants de virus. Alors que les mécanismes de
transmission de cellule a cellule du virus vers ces cellules myéloides restaient mal
compris, nous avons récemment révélé un nouveau mécanisme tres efficace pour le
transfert et la dissémination intercellulaire du VIH-1 dans les macrophages par le biais
d'un processus de fusion cellulaire en deux étapes, conduisant a la formation de cellules
géantes multinucléées (MGC) hautement productives de virus. Dans le travail présenté
ici, nous montrons également que le VIH-1 utilise des mécanismes de fusion cellulaire
similaires pour le transfert de virus de lymphocytes T infectés vers des OCs et des CDs
immatures (iDC), puis leur dissémination dans ces cellules cibles. L'établissement de
contacts avec des cellules T infectées conduit a la fusion hétérotypique des cellules T
infectées avec les cibles macrophages, OCs et iDCs s permettant le transfert rapide et
massif de matériel viral. Ce processus déclenche ensuite une seconde étape de fusion
homotypique avec des macrophages (ou OCs, ou iDCs) voisins non infectés pour la
dissémination intercellulaire du virus dans ces cellules cibles myéloides. Les deux
¢tapes de la fusion cellulaire sont médiées par des interactions enveloppe virale-
récepteur et sont trés efficaces pour les virus utilisant CCRS et CXCR4 a tropisme pour
les macrophages, les virus a double tropisme pouvant utiliser CCR5 ou CXCR4 et, dans
une moindre mesure, pour les virus non-tropique pour les macrophages utilisant CCRS,
comme les virus transmis/fondateurs. Il est intéressant de noter que ces processus de
fusion de cellule a cellule aboutissent a la formation de MGCs infectés capables de
produire des particules virales totalement infectieuses. L'ensemble de nos résultats
révelent des mécanismes originaux pour le transfert et la dissémination viraux dans les
cellules cibles my¢loides du VIH-1 permettant la formation des MGC observés in vivo
dans les tissus lymphoides et non lymphoides de patients infectés par le VIH-1. Ils

permettent également de revisiter les notions de tropisme cellulaires et d'utilisation des
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souches virales qui avaient jusqu'a présent été étudiés uniquement dans le cadre
d'infections par des virus libres. Ces résultats contribuent a une meilleure
compréhension des processus cellulaires impliqués dans la transmission, la

dissémination et la formation d'un réservoir viral lors de l'infection par le VIH-1.

Mots clés : Transfert de cellule a cellule du VIH-1, fusion cellulaire, cellules T CD4+,

cellules my¢loides
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Chapter 1. The human immunodeficiency virus

Since the beginning of the pandemic, the human immunodeficiency virus (HIV),
the causative agent of acquired immune deficiency syndrome (AIDS), caused more than
75 million infections and approximately 32 million people have died from AIDS-
related diseases. There are now approximately 37.9 million individuals living with HIV
worldwide. In 2018, it has been estimated that around 1.7 million individuals were
newly infected with HIV, and the heterosexual transmission remains the predominant
mode of spreading of HIV-1 infection and accounts for approximately 85% of all HIV-
1 infections (De Cock et al., 2012; Pape et al., 1985). HIV infection continues to be one
of the major global public health issue, and AIDS is one of the leading causes of
mortality and morbidity worldwide.

1.1 HIV subtype diversity

The two types of HIV (HIV-1 and HIV-2) probably arise from different cross-
species transmission events from African monkeys (Keele et al., 2006) (Figure 1). The
HIV-1 pandemic has been phylogenetically divided into several distinctive groups,
including group M (for main), group O (for outlier), group N (for non-M/non-O) and
group P, each of which has been shown to results from a separate cross-species
transmission event (Aldrich and Hemelaar, 2012; Charneau et al., 1994; Plantier et al.,
2009; Robertson et al., 2000; Simon et al., 1998). The HIV-1 group M (main) represents
the predominant circulating HIV-1 strains found worldwide. This group has been then
further divided into genetically distinct clades (or subtypes), including clades A, B, C,
D, F, G, H, J, and K. Within some clades, high genetic variation leads to further
classification into sub-subtypes (Robertson et al., 2000). For example, clade F has been
subdivided into clade F1 and clade F2 (Lihana et al., 2012). In terms of viral diversity,
HIV-1 clade C continues to be the major subtype of HIV-1 and accounts for
approximately 50% of infections worldwide (Hemelaar et al., 2006; Thomson and
Najera, 2005). Moreover, the recombination between distinct HIV-1 clades has
generated numerous unique recombinant forms (URFs), some of which have

disseminated in the population and developed into circulating recombinant forms
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(CRFs). The HIV-1 group M and group N are closely related and have been shown to
originate from independent transmission events of simian immunodeficiency virus
(SIV) from chimpanzees of the subspecies Pan troglodytes troglodytes (SIVcpz) into
humans in West-Central Africa (Gao et al., 1999; Keele et al., 2006). HIV-1 group N
has been found in a small number of infected individuals in Cameroon. It has been
estimated that HIV-1 group O caused more than ten thousands of infections in West-
Central Africa (Bush and Tebit, 2015; Hemelaar, 2012). So far, HIV-1 group P has only
been identified in two infected individuals originating from Cameroon (Plantier et al.,
2009; Vallari et al., 2011). It has been indicated that HIV-1 group P is closely related to
SIV from gorillas (SIVgor), and probably results from gorilla-to-human transmission
(Plantier et al., 2009).
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Figure 1: Origins of human AIDS viruses.

Old World monkeys are naturally infected simian immunodeficiency viruses (SIVs) with a suffix to
indicate their primate species of origin (e.g., SIVagm from African green monkey). Several SIVs
crossed the species barrier to apes and humans, generating the human AIDS viruses. Adapted from
Sharp et al., 2011.

1.2 HIV transmission and the course of infection

Heterosexual transmission of HIV-1 is the predominant mode of spreading of HIV-
1 infection and is responsible for approximately 85% of all HIV-1 infections worldwide

(De Cock et al., 2012; Pape et al., 1985). Less frequent routes for HIV-1 transmission
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include exposure of blood via transfusions, maternal-infant transmission, transmission
via drug injection and men who have sex with men (MSM) (Beyrer et al., 2012).

To establish new infection in a naive host, either cell-free or cell-associated HIV
particles have to interact with epithelial cells and cross the mucosal barrier through
several pathways, including transcytosis, productive infection, or by endocytosis and
subsequent exocytosis (Hladik and McElrath, 2008). Interestingly, transcytosis of cell-
associated viruses secreted from HIV-1 infected seminal leukocytes seems to be much
more efficient than cell-free virions (Alfsen et al., 2005; Bomsel, 1997; Van Herrewege
et al., 2007). It has been reported that HIV-1 could also productively infect cervical
epithelial cells (Phillips et al., 1998; Trujillo et al., 2000), although this obeservation
remains controversial (Dezzutti et al., 2001; Greenhead et al., 2000; Ray et al., 1998).
Regardless of the mode, HIV-1 penetration through the cervicovaginal epithelium
occurs within 30-60 minutes after exposure (Hu et al., 2000). Compelling evidences
from non-human primate models and human tissue explant models indicate that vaginal
transmission leads to infection of small numbers of CD4+ T cells, Langerhans cells,
dendritic cells, and tissue macrophages located in the lamina propria (Haase, 2005,
2010; Hladik and McElrath, 2008; Pope and Haase, 2003). Langerhans cells are
permissive for HIV-1 infection and are able to traffic to the submucosa. The submucosa
of cervix and vagina contain dendritic cells, which are capable of capturing infectious
viral particles for subsequent transmission to CD4+ T cells (Boggiano and Littman,
2007; Boggiano et al., 2007; Hladik et al., 2007). Most Transmitted/Founder (T/F)
viruses can replicate efficiently in CD4+ T cells but poorly infect macrophages, raising
the question about the role of tissue macrophages in HIV-1 transmission (Salazar-
Gonzalez et al., 2009).
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Acute Asymptomatic but progressive AIDS
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Figure 2: The course of HIV-1 infection.

Plasma viraemia (top), and the dynamic changes of T-lymphocyte compartments (bottom). Primary
infection of HIV is characterised by the high plasma viraemia (red line, top), low CD4 cells (green
line, bottom), as well as absence of HIV-1 specific antibodies (orange line, bottom). Viraemia drops
when cytotoxic CD8+ T-lymphocytes develop (blue line, bottom), and viral-load set point is reached
during the chronic infection. Viral diversity increases throughout the disease progression (closed

circles, top). Adapted from Simon et al., 2006.

The initial viral replication is composed of few HIV-1 variants and occurs in the
draining lymph nodes. With the migration of infected CD4+ T cells or cell-free viral
particles into the bloodstream, HIV-1 replication is boosted in the spleen,
gastrointestinal tract and bone marrow, leading to massive infection of susceptible cells.

Approximately 2 to 4 weeks following HIV-1 transmission, most of the HIV-1
infected patients would experience an acute HIV syndrome (Figure 2). This acute
syndrome is characterized by high plasma viraemia and decrease of blood CD4+ T cells
due to massive viral replication. As the anti-HIV-1 specific immune response developed,
the plasma viraemia drops and reaches an individual viral-load set point. A progressive
depletion of activated and memory CD4+ T cells in the gut-associated lymphoid tissues
(GALT) could be identified early after infection and accompanied disease progression
(Mehandru et al., 2004; Simon et al., 2006).
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In the chronic phase of HIV-1 infection, viral replication continues in the lymph
nodes, while the level of plasma viraemia differs from the peak of the acute phase by
one or two orders of magnitude. This reduction of plasma viraemia is largely attributed
to the development of HIV-1 specific antibodies and cytotoxic CD8+ T cells response.

HIV-1 replication is dynamic and viral diversity increases in vivo throughout the
infection. The gradual destruction of both naive and memory CD4 T+ cells is one of
the hallmark of HIV-1 infection, with the number of blood CD4+ T cells below 200
cells/mm?, and AIDS developed in the last infection stage, when the loss of cytotoxic
CD8+ T cells response is also observed whereas the plasma viral load increases rapidly
(Simon et al., 2006; Swanstrom and Coffin, 2012). Then, severe immunodeficiency
results in opportunistic infections such as tuberculosis, neurological diseases,
pneumonia, and cancer, leading to the death of HIV-linfected patients (Deeks et al.,
2015; Simon et al., 2006).

1.3 Genomic organization of HIV
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Figure 3: Genomic organization of HIV.

The HIV-1 genome encodes three structural genes (Gag, Pol and Env). In addition, HIV-1 genome
also encodes for the regulatory and auxiliary proteins (Rev, Tat, Vif, Vpr, Vpu and Nef). Adapted
from Simon et al., 2006.

HIV is an enveloped retrovirus that can integrate viral DNA into host genome and
belongs to the lentivirus genus of Retroviridae family. The genome of HIV encodes

three major genes that have been found in all retroviruses, env, pol and gag, encoding
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for the viral envelope glycoprotein, the viral enzyme and the structural protein of viral
core and matrix, respectively (Figure 3). These proteins are initially synthesized as
polyprotein precursors and subsequently cleaved into mature, particle-associated
proteins. The 55-kD Gag precursor is cleaved by HIV protease into the capsid (CA/p24)
which encompasses the viral RNA and enzymes, nucleocapsid (NC/p7) and matrix
(MA /p17) which resides at the core of virus and bound to viral RNA. Other products
of Gag precursor include two spacer peptides SP1 and SP2, as well as p6 which is
essential for viral budding. The envelope glycoprotein (Env) is produced as a
polyprotein gp160, which can be cleaved by the cellular protease into surface gp120
and transmembrane gp41.The pol protein is initially produced as the gag-pol
polyprotein due to the overlapping of the po/ and gag open reading frames. The Pol
protein could be cleaved by the HIV protease to give rise to the heterodimeric RT, the
protease (PR), and integrase (IN) proteins. The HIV genome also contains nonstructural
genes encoding for regulatory proteins (Rev and Tat) and auxiliary proteins (Vpr, Vpu,
Vif and Nef). The Rev and Tat regulatory proteins are essential for the replication of
HIV in all cells, which serve to induce the transcription of proviral DNA and also to
transport viral RNA transcripts from nucleus to the cytoplasm, respectively. While the
accessory proteins, including Vif, Vpu, Nef, Vpx and Vpr, were found to be necessary

for HIV to replicate in some cell types.
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1.4 The HIV life cycle and host restriction factors
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Figure 4: HIV life cycle and host restriction factors.

The IFITM proteins and the newly discovered SERINC proteins could block viral entry into the
host cell by interfering viral fusion with target cells. Both IFITM proteins and SERINC proteins are
efficiently incorporated into virions and impair the fusion process. Nef could prevent the
incorporation of SERINC3 and SERINCS into HIV virions by mediating their re-localization to late
endosomes. After viral entry, APOBEC3 and SAMHDI interfere with the reverse transcription
(SAMHD1) or modify reverse-transcribed viral DNA (APOBEC3). Tetherin/BST2 could act late in
the viral replication cycle to prevent the release of virions. Vif could counteract the APOBEC3-
driven mutagenesis of viral genome, by preventing its packaging into viral particles. Vpx relieves
SAMHD1-mediated block to viral reverse transcription. Vpu could prevent BST2/tetherin from
holding on to the virions at the plasma membrane. SIVs and HIV-2 that lack Vpu could use Env and
Nef, respectively, to counteract BST2/tetherin by sequestering it intracellularly. Adapted from
Seissler et al., 2017.
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1.4.1 Entry

HIV-1 infection of host cells by cell-free virus particles initiates with the binding
of viral surface envelope glycoprotein gp120 (Env) to the cellular surface CD4 receptor,
which triggers a conformation change in Env and subsequently exposes the binding
sites for the co-receptor, either CCRS or CXCR4. Following interaction of CD4-bound
gp120 to the co-receptor, the fusion peptide of the transmembrane gp41 is exposed and
then inserts into the host cell plasma membrane, leading to the formation of fusion pore
that subsequently triggers the fusion between viral and cellular membranes, and
released of the viral contents into the host cell cytoplasm (Clapham and McKnight,
2001; Wilen et al., 2012).

The SERINC proteins are multipass transmembrane proteins and play a putative
role in the incorporation of serine into sphingolipids and phosphatidylserine (Inuzuka
et al., 2005). Among the five SERINC proteins, SERINC3 and SERINCS have been
identified as restriction factors for HIV-1, while the anti-viral activity of SERINCS is
more potent (Rosa et al., 2015; Usami et al., 2015). SERINC3 and SERINCS have been
shown to incorporate into virions and impair viral fusion with target cells (Rosa et al.,
2015; Usami et al., 2015). However, the auxiliary protein Nef could mediate the
endocytosis of SERINCS through interaction with clathrin adaptor complex AP2 (Craig
et al., 1998; Trautz et al., 2016; Usami et al., 2015). Recent studies have revealed that
the susceptibility of virions to SERINCS is also dependent on the envelope glycoprotein
since Ebola glycoprotein (GP), VSVG and envelope from certain HIV-1 isolates could
render viral particles resistant to the restriction imposed by SERINCS (Ahi et al., 2016;
Beitari et al., 2017).Thus, it appears that HIV-1 has developed two distinct strategies to
counteract the action of SERINC5-mediated by the auxiliary protein Nef or by the viral
Env glycoprotein(Firrito et al., 2018; Seissler et al., 2017).

The interferon-induced transmembrane (IFITM) proteins are expressed at a basal
level on multiple cell types and could be strongly induced by type I interferons. The
human IFITM family consists of five members, including IFITM1, IFITM2, IFITM3,
as well as IFITMS (Diamond and Farzan, 2013). IFITM1, 2, and 3 are members of
small interferon-stimulated genes (ISGs) and have been shown to restrict a large range
of enveloped viruses by preventing the fusion of viral envelopes with host cell
membranes(Shi et al., 2017; Zhao et al., 2018). IFITMS5 (also known as BRIL) is an
osteoblast-specific transmembrane protein, which has been shown to be involved in
osteoblast mineralization in vitro (Guillen-Navarro et al., 2014; Hanagata, 2016).
Moreover, a unique dominant mutation in the 5'UTR of IFITM5 is associated with
osteogenesis imperfect (OI) (Cho et al., 2012; Hanagata, 2016). The IFITM1-3 utilizes
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several mechanisms to inhibit virus infection of cells. The IFITM1 is mainly expressed
at the plasma membrane (Spence et al., 2019), whereas IFITM2 and IFITM3 localized
to specific intracellular compartments, such as late endosomes and lysosomes.
Therefore, IFITM1 could restricts enveloped viruses that enter host cells through the
plasma membrane, whereas IFITM2 and IFITM3 restrict enveloped viruses that enter
host cells through the acidic endosomes by interfering with the fusion of viral envelopes
with the membrane of endosome membrane(Amini-Bavil-Olyaee et al., 2013; Perreira
et al., 2013; Smith et al., 2019). Furthermore, IFITM1-3 could act cooperatively and
promote the shuttling of incoming virus particles to lysosomes for destruction (Spence
etal., 2019). Interestingly, several studies have suggested that the [IFITM proteins could
decrease membrane fluidity to prevent fusion of virus particles with host cell
membranes (Li et al., 2013; Lin et al., 2013). More recently, it has been shown that
IFITM proteins are also involved in syncytin-mediated fusion of trophoblast cells and
the formation of multinucleated syncytiotrophoblast (ST) layer (Buchrieser et al., 2019;
Kellam and Weiss, 2019). In addition to the role of IFITM proteins in blocking viral
entry through inhibition of membrane fusion, IFITM proteins provide additional
protective mechanisms. IFITM proteins could incorporate into the membrane of
nascent budding virions, the presence of IFITMs could reduce virion infectivity,
probably through a mechanism which alters membrane fusion dynamics (Compton et
al., 2014; Tartour et al., 2014; Tartour et al., 2017). Furthermore, IFITM proteins have
been shown to inhibit the processing of HIV-1 envelope glycoprotein, thereby

restricting viral infection (Yu et al., 2015).

1.4.2 Reverse transcription and integration

Once inside the cytoplasm, the viral RNA is then reverse transcribed into double-
stranded DNA by the reverse transcriptase (RT) enzyme. The synthesis of viral DNA
leads to the formation of a pre-integration complex (PIC) containing the newly made
DNA, cellular proteins, as well as viral proteins, such as the enzyme IN, Vpr and matrix
(MA). The PIC is then transported into the nucleus and integrated into the host genome.
Integration generally occurs at the transcriptionally active sites of host genome,
enabling efficient viral transcription.

The HIV genome initially enter the cytoplasm of host cells as part of the viral core,
which is surrounded by the viral capsid. The viral capsid facilitates reverse transcription,
shields the viral RNA from cytoplasmic sensors and also recruits host factors that
required for nuclear import of the viral DNA(Ganser-Pornillos and Pornillos, 2019).

TRIMSa could block retroviral infection through recognition and and inactivation of
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the viral capsid that protects the incoming retroviral core (Ganser-Pornillos and
Pornillos, 2019; Ohmine et al., 2010; Stremlau et al., 2004; Stremlau et al., 2006). The
Myxovirus resistance 2 (Mx2/B) could also restrict HIV-1 by recognizing the viral
capsid protein to prevent nuclear import and subsequent genome integration (Fribourgh
et al., 2014; Goujon et al., 2013; Liu et al., 2013).

After virus entry, the RT enzyme have to generate viral DNA using the pool of
dNTPs in the cytoplasm. The sterile alpha motif and HD-domain containing protein 1
(SAMHDI1) is a triphosphohydrolase enzyme with deoxynucleoside triphosphate
triphosphohydrolase (dNTPase) activity which maintains the intracellular level of
dNTPs (Ballana and Este, 2015). SAMHDI is highly expressed in resting T cells, as
well as myeloid cells, including monocytes, macrophages, dendritic cells, where it
localizes in both the nucleus and cytoplasm (Baldauf et al., 2012; Descours et al., 2012;
Laguette et al., 2011). The SAM domain—-and HD domain—containing protein 1
(SAMHD1) was identified as a restriction factor to block HIV-1 reverse transcription
(Hrecka et al., 2011; Laguette et al., 2011). SAMHDI1 can deplete dNTP pools, which
prevents HIV-1 reverse transcription. In the case of SIV or HIV-2 infection, the
auxiliary protein Vpx could be released from the viral particle and induce the
degradation of SAMHDI in the cytoplasm (Figure 4). The auxiliary protein Vpx could
counteract SAMHD1-mediated restriction of HIV infection by directly binding to the
C-terminal domain of SAMHDI1 and inducing the degradation of SAMHDI by the
proteasome. Furthermore, SAMHDI1 has been shown to restrict other retroviruses and
several DNA viruses, including hepatitis B virus, vaccinia virus, herpes simplex virus
type 1 (HSV-1), by limiting the intracellular deoxynucleoside triphosphate (ANTP)
pools (Gramberg et al., 2013; Hollenbaugh et al., 2013). SAMHDI habors a cyclin
binding motif which could interact with cyclin-CDK complexes and controls SAMHD 1
protein expression, phosphorylation and stability, as well as dNTPase activity and HIV-
1 restriction(St Gelais et al., 2016; St Gelais et al., 2018). Increased phosphorylation of
SAMHDI at threonine 592 (T592) due to high expression levels of the cyclin A-CDK
complexes during the S-phase of cell cycle is associated with increased permissiveness
of dividing cells to HIV-1 infection(Cribier et al., 2013; Pauls et al., 2014; St Gelais et
al., 2014; White et al., 2013).

The apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3G
(APOBEC3G), a member of single-stranded DNA cytidine deaminase enzyme family,
can potently block HIV-1 replication through cytidine deamination of viral genome,
leading to abortive reverse transcription (Harris et al., 2002; Sheehy et al., 2002). The
viral auxiliary Vif protein can counteract APOBEC3G and target it for proteasomal
degradation (Desimmie et al., 2014; Mariani et al., 2003).
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1.4.3 Transcription and nuclear export of viral RNA

The integrated provirus is subsequently transcribed into viral mRNA by the host
RNA polymerase II. The viral mRNAs are spliced into different alternatively spliced
RNA products, and the Rev protein is required for the nuclear transport of unspliced
and partially spliced RNA transcripts containing the rev-responsive element
(Blissenbach et al., 2010; Cochrane, 2014). The human schlafen 11 (SLFN11) could
block viral protein synthesis in a codon-usage-dependent manner in HIV-1 infected
cells (Li et al., 2012; Stabell et al., 2016).

1.4.4 Assembly, and budding and maturation

Translation of Gag-Pol, Gag and most of the auxiliary proteins takes place on the
cellular ribosomes, while the translation of Vpu and Env occurs on the rough
endoplasmic reticulum (ER). All viral proteins subsequently and a dimer of the full-
length genomic viral RNA traffic to the plasma membrane for viral assembly. Viral
assembly occurs at the lipid rafts, which are cholesterol and sphingolipid-rich
microdomains of the plasma membrane where the Gag protein precursor initiates the
assembly into immature virions (Benaroch et al., 2010; Carter and Ehrlich, 2008;
Sundquist and Krausslich, 2012). The auxiliary protein Vpr is incorporated into the
viral particle via interaction with the p6 C-terminal domain of Gag. The tetherin (also
known as BST2) is an IFN-inducible antiviral protein which tether nascent virus to the
plasma membrane. Tetherin can block virus release, activate the innate immune
response and is counteracted by the HIV-1 auxiliary Vpu protein (Varthakavi et al.,
2003). HIV-2 and most SIVs lack Vpu protein, but they can employe Env and Nef,
respectively, to counteract the tetherin restriction factor by intracellular sequestering
(Bour and Strebel, 1996; Jia et al., 2009; Lim et al., 2010; Zhang et al., 2009).

Membrane-associated RING-CH 8 (MARCHS) belongs to the MARCH family of
RING-finger E3 ubiquitin ligases (Bartee et al., 2004; Goto et al., 2003). MARCHS was
initially identified as the cellular homolog of viral RING-CH E3 ligases, such as the K3
of murine y-2 herpesvirus 68, the myxomavirus homolog M153R as well as the K3 and
K5 of Kaposi’s sarcoma—associated herpesvirus (KSHV)(Bartee et al., 2004; Goto et
al., 2003). The viral RING-CH proteins predominantly down-regulate the cell surface
expression of the major histocompatibility complex (MHC)-I molecules (Coscoy and

Ganem, 2000; Ishido et al., 2000; Stevenson et al., 2000). Similarly, MARCHS has been
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shown to down-regulate numerous transmembrane proteins, including CD44, CDS81,
CD86, CD98, Bap31l, MHC-II, TRAIL receptor 1 and IL-1 receptor accessory
protein5(Bartee et al., 2010; Eyster et al., 2011; Lapaque et al., 2009; Ohmura-Hoshino
etal., 2006; Tze et al., 2011; van de Kooij et al., 2013). MARCHS is also able to down-
regulate the cell surface expression of HIV-1 envelope glycoprotein and prevents its
incorporation into virus particles, thereby reducing the infectivity of virions (Tada et al.,
2015). More recently, it has been reported that MARCH1 and MARCH?2 could also
down-regulate viral envelope glycoproteins from the cell surface, leading to reduced
incorporation of HIV-1 envelope glycoproteins into nascent virions (Zhang et al., 2018;
Zhang et al., 2019).
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Chapter 2. Mononuclear phagocyte system in HIV-1 infection

The mononuclear phagocyte system (MPS) has been defined as the cell lineages
which comprise mainly dendritic cells (DCs), monocytes and macrophages (Gordon
and Taylor, 2005; Guilliams et al., 2014; van Furth et al., 1972). Cells of the MPS are
widely distributed in tissues throughout the body. In addition, osteoclasts (OCs) are
specialized phagocytic cells of the bones, originating from macrophage fusion, and
were also initially proposed as one of the members of MPS (van Furth et al., 1972).
Monocytes, DCs and macrophages originate from a common myeloid progenitor
termed myeloid blasts (Ly-6C+/CD31+) (Figure 5), and MPS cells of different
maturation stages are able to differentiate into OCs (de Bruijn et al., 1994), but myeloid
blasts were found to be more prone to differentiate into functional multinucleated
osteoclasts in the presence of the RANK ligand (RANKL) (de Vries et al., 2009).

Mononuclear phagocytes can be found in different tissue compartments, including
peripheral blood circulation, and play pivotal role in tissue homeostasis and exhibit
multiple functions in immunity. Monocytes represent a subset of circulating blood cells
which constitute around 10% of peripheral leukocytes in humans, and can further
differentiate into tissue macrophages and DCs. Monocytes as well as DCs and
macrophages play crucial role during pathogen invasion and inflammation, and DCs
and macrophages are also referred as antigen presenting cells (APCs) which mediates

adaptive host immune response by antigen processing and presentation.
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Figure 5: Lineage of mononuclear phagocytes.

Commitment to differentiation into the monocyte, dendritic cell (DC) or macrophage takes place at
the stage of the macrophage and DC progenitor (MDP). MDPs could give rise to monocytes or
common DC progenitors (CDPs). Monocytes can give rise to macrophages or some
CD11b+CD103— DCs. CDPs could give rise to both CD8— and CD8+ DCs in lymphoid tissues as
well as CD103+CD11b— DCs in the peripheral non-lymphoid tissues. HSC, haematopoietic stem
cell; CMP, common myeloid progenitor; GMP, granulocyte and macrophage progenitor. Adapted
from Chow et al., 2011.

Therefore, cells of MPS play important roles in both innate and adaptive immune
responses. In addition, they are also important host cell targets for HIV permissive for
HIV-1 infection and represent natural host cell targets of HIV-1 since they all express
the CD4 receptor and CCRS5 and CXCR4 co-receptors for virus entry. The role of the
mononuclear phagocyte system in HIV infection have been describled as early as
1990’s(Roy and Wainberg, 1988). In vivo, MPS cells could be involved in viral control,
but they also contribute to virus dissemination and cell-to-cell transmission (Connor
and Ho, 1994; Martin and Bandres, 1999; Orenstein et al., 1997; van't Wout et al., 1994).

2.1 Monocyte subsets and HIV-1 infection

Monocytes are crucial members of the MPS (Guilliams et al., 2014), and are
mobile mononuclear phagocytes originating from bone marrow myeloid precursors,
which circulate in blood for a few days and then migrate into tissues where they
differentiate into some tissue macrophages and DCs (Auffray et al., 2009). (Bain et al.,
2014; Ginhoux and Jung, 2014). Monocytes play an essential role in tissue development
and homeostasis, as well as host defense against pathogens (Serbina et al., 2008) and
are implicated in a wide range of inflammatory diseases (Libby et al., 2008).

Monocytes are heterogeneous and can be classified into different subsets based on
the expression of the lipopolysaccharide (LPS) receptor CD14 and the Fcylll receptor
CD16 (Passlick et al., 1989): these subsets include classical monocytes
(CD14++/CD16-), intermediate monocytes (CD14++/CD16+) and non-classical
monocytes (CD14+/CD16++) (Figure 6). The classical monocytes express high level
of CD14 but no CD16, and make up 80-90% of monocytes. The intermediate
monocytes show high level of CD14 expression and low CD16 expression, and the non-
classical monocytes express a high level of CD16 and low CD14 (Wong et al., 2012;
Ziegler-Heitbrock et al., 2010). The three monocyte subsets have distinct phenotypes
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and functions, and different abilities to produce cytokines. The classical monocytes are
highly phagocytic and can migrate rapidly to the sites of infection, where they recognize
and phagocytose pathogens, produce reactive oxygen species (ROS) and secrete pro-
inflammatory cytokines (Jakubzick et al., 2017; Serbina et al., 2008). The non-classical
monocytes exhibit patrolling behaviors on the endothelium and may have important
role in anti-viral responses (Auffray et al., 2007; Cros et al., 2010). Finally, the
intermediate monocytes are involved in antigen processing and presentation, T cell
stimulation and activation, as well as angiogenesis (Sampath et al., 2018; Wong et al.,
2011; Wong et al., 2012).

Monocytes can undergo transition from classical monocytes to non-classical
monocytes in human, and intermediate monocytes has been proposed as a monocyte
subset in transition from classical to non-classical monocytes. Recent findings suggest
that monocytes follows a linear differentiation pattern, a small population of classical
monocytes differentiate into circulating intermediate monocytes, whereas the majority
of circulating intermediate monocytes eventually mature into non-classical monocytes
(Patel et al., 2017; Tak et al., 2017). CD16+ monocytes has been shown to expand under
inflammatory conditions and during viral infection (Fingerle et al., 1993; Nockher and
Scherberich, 1998; Thieblemont et al., 1995).
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Figure 6: Gating strategy of monocyte subsets.

Flow cytometry dot plot shows the gating of classical, intermediate and nonclassical monocyte
subsets. The classical monocytes express high levels of CD14 but no CD16, intermediate monocytes
express high levels of CD14 and low CD16, while the non-classical monocytes express low CD14

but high CD16. Adapted from Wong et al., 2012.

Compared to CD4+ T cells, monocytes are much more resistant to HIV-1
productive infection owing to the high level expression of host cell restriction factors.

Monocytes, as well as macrophages and DCs, express differential restriction factors
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including SAMHDI, viperin and APOBEC variants which inhibit HI'V-1 replication at
different stages of the viral life cycle (Berger et al., 2011a; Berger et al., 2011b; Nasr et
al., 2012; Nguyen et al., 2014). Monocytes are relatively refractory to HIV-1 productive
infection in vitro (Sonza et al., 1996; Triques and Stevenson, 2004). However,
CD14+CD16+ monocytes likely play important roles in inflammatory responses during
HIV-1 infection, since they are significantly expanded in the peripheral blood and make
up to 20-60% of the monocytes in HIV-1 infected patients even under effective anti-
retroviral therapy (ART) (Kim et al., 2010; Pulliam et al., 1997; Williams et al., 2015).
Similarly, it has been shown that a significant expansion of intermediate monocytes and
increased levels of soluble CD14 in the peripheral blood occur during HIV-2 infection
(Cavaleiro et al., 2013). Importantly, the levels of HIV-1 co-receptor CCRS5 expression
is highest on the intermediate monocytes (Ancuta et al., 2003), and the infection and
expansion of CD16+ monocytes can be inhibited following treatment intensification
with the MVC CCRS antagonist (Ndhlovu et al., 2014). Moreover, monocyte
differentiation could enhance their permissiveness to HIV-1 infection (Ancuta et al.,
2006; Buckner et al., 2011; Triques and Stevenson, 2004). Indeed, it has been initially
shown that CCRS5 expression increases during monocyte differentiation into
macrophages and directly mediates macrophages susceptibility to HIV-1 infection (Naif
et al., 1998; Tuttle et al., 1998). Of note, CD16+ monocytes are considered to have a
more mature phenotype compatible with macrophages, which may partly explain for
their susceptibility to HIV-1 infection (Ellery et al., 2007; Jaworowski et al., 2007).
Thus, monocyte maturation and differentiation may differently regulate the
susceptibility of monocytes to HIV infection (Campbell et al., 2014; Wacleche et al.,
2018). Furthermore, the CDI14+CD16+ monocytes are more permissive to HIV
infection in vivo and can be found in the CNS of HIV-1-infected individuals (Buckner
et al., 2011; Burdo et al., 2010; Ellery et al., 2007; Fischer-Smith et al., 2001). It has
been proposed that CD14+CD16+ monocytes may indeed facilitate HIV-1 entry into
CNS, contributing to the development of HIV-associated neurocognitive disorders
(Williams et al., 2015; Williams et al., 2014), since HIV-1 infected CD14+CD16+
monocytes express increased levels of the JAM-A and ALCAM cell-adhesion
molecules on cell surface and preferentially transmigrate through the blood-brain
barrier (Veenstra et al., 2017). The activated leukocyte cell adhesion molecule
(ALCAM) and junctional adhesion molecule-A (JAM-A) are cell adhesion molecule
expressed on blood-brain barrier (BBB) endothelial cells and also leukocytes, and are
implicated in the processes of cell migration and adhesion (Lecuyer et al., 2017; Sugano
et al., 2008).
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2.2 Dendritic cells and HIV-1 infection

As the most powerful professional antigen-presenting cells, DCs have been
considered to be the ‘sentinels’ of the immune system. They also orchestrate the
immune response by bridging innate and adaptive immune systems. Immature DCs
(1iDCs) are distributed in peripheral tissues, where they recognize invading pathogens
and process antigens. The sensing of microbial components such as lipopolysaccharide
triggers the maturation of DCs for trafficking to the draining lymph nodes where they
present foreign antigens to naive CD4+ T cells and initiate adaptive immune responses.

Human DCs in blood have been classified into two main groups: plasmacytoid
DCs (pDCs) and ‘myeloid’ or ‘classical’ DCs. Myeloid or classical DCs were further
subdivided into two subsets, including CD141+ DCs (cDC1) and CDl1c+ DCs (cDC2)
(Haniffa et al., 2012; Mcllroy et al., 2001; Schlitzer et al., 2013; Segura et al., 2012;
Summers et al., 2001; Yu et al., 2013a; Ziegler-Heitbrock et al., 2010).

2.2.1 Plasmacytoid DCs (pDCs)

The pDCs represent only 0.2-0.5% of the circulating blood leukocytes and are
responsible for large quantities of type I interferon (IFN) production in response to viral
infection (Fitzgerald-Bocarsly et al., 2008). The pDCs can respond to a variety of
enveloped viruses, including HIV-1 and HCV, with production of type I interferon (IFN)
as well as type III interferon (IFN-A), which signal through the type III IFN receptor
(IFNLR) consisting of subunits IL-10R and IFNLR1 (Fitzgerald-Bocarsly et al., 2008;
Mesev et al., 2019). Furthermore, pDCs can also produce several pro-inflammatory
cytokines, such as TNF-a and IL-6, as well as a variety of chemokines, including CCLA4,
CCL5 and CXCL10, in response to viral stimulation (Megjugorac et al., 2004; Penna
et al., 2002a; Penna et al., 2002b).

The pDCs have been shown to be permissive to HIV-1 infection and are able to
produce IFN robustly in response to HIV-1 infection (An et al., 2007; Fong et al., 2002;
Smed-Sorensen et al., 2005; Yonezawa et al., 2003). In addition, the deficient in IFN-
alpha production is associated with progressive depletion of pDCs in blood of HIV-1-
infected individuals (Howell et al., 1994; Lopez et al., 1983). The mechanism for
significantly loss of circulating pDCs and their dysfunction in HIV-1 infected
individuals remain poorly understood. It has been suggested HIV-1 infection leads to

redistribution of pDCs to lymphoid organs, thus accounting for the depletion of
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circulating pDC in the blood; indeed, the significant loss of pDCs in the peripheral
blood of systemic lupus erythematosus (SLE) patients is due to redistribution of
circulating pDCs to lesions in the skin (Baccala et al., 2007). The redistribution of pDCs
to lymphoid organs has been observed in acute SIV infection of nonhuman primates
(Brown et al., 2009; Malleret et al., 2008; Wijewardana et al., 2009). Similarly, it has
been reported that pDCs and cDCs accumulated in the lymph nodes (LNs) of untreated,
asymptomatic HIV-1-infected patients when pDCs were modestly depleted in the
peripheral blood (Dillon et al., 2008; Lehmann et al., 2010). Furthermore, pDCs have
also been shown to accumulate in the lymphoid organs, such as spleen and LNs, of
chronically HIV-1-infected subjects (Foussat et al., 2001; Nascimbeni et al., 2009).
Another possibility that could explain the loss of blood pDCs in HIV-1-infected patients
is due to infection-induced cell death (Lehmann et al., 2010; Smed-Sorensen et al.,
2005). Interestingly, HIV-1 infection of pDCs results in the formation of multinucleated
giant cells in vitro and in vivo in tonsils from HIV-1 infected patients (Fong et al., 2002;
Schmidt et al., 2004). Upon HIV-1 infection, IFN secretion by pDCs could promote
maturation of pDCs and ¢DCs and also inhibit HIV-1 replication in CD4+ T cells (Li et
al., 2014; Miller and Bhardwaj, 2013; Royle et al., 2014). However, pDCs has been
shown to efficiently transmit viral particles to CD4 T+ cells, which may exacerbate T
cell depletion (Evans et al., 2011; Fong et al., 2002). Thus, pDCs may play different
roles in HIV-1 infection, and the redistribution and loss of pDCs at late stage of HIV-1

infection may contribute to immunodeficiency.

2.2.2 Conventional DC1 (¢DC1)

The human cDC1 corresponds to myeloid CD141+ DCs, or blood DC antigen3
(BDCA3+), which constitute approximately 0.03% of human PBMCs (Macri et al.,
2018). The myeloid CD141+ DCs can also be found in human LN, tonsil and spleen,
as well as non-lymphoid tissues, including skin, lung, liver and gut (Bamboat et al.,
2009; Haniffa et al., 2012; Jongbloed et al., 2010; Poulin et al., 2012; Poulin et al.,
2010). Human myeloid CD141+ DCs are considered to be human cross-presenting DCs,
which exhibit enhanced ability to take up necrotic or dead cells through CLEC9A
(Bachem et al., 2010; Sancho et al., 2009), sense viral nucleic acids and cross-present
foreign antigens to CD8+ T cells (Crozat et al., 2010; Haniffa et al., 2012; Jongbloed et
al., 2010; Poulin et al., 2010). Blood and skin CD141+ DCs are capable of secreting
CXCL10 and TNF-a upon stimulation (Haniffa et al., 2012; Jongbloed et al., 2010).
CD141+ DCs are the major producers of IFN-A in response to viral infection, such as
HCV (Yoshio et al., 2013).
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2.2.3 Conventional DC2 (cDC2)

The myeloid CD1c+ DCs corresponds to conventional DC2 (cDC2) and represent
approximately 1% of human PBMCs. The CDI1c+ DCs are also present in lymphoid
tissues, including lymph nodes, spleen, tonsils, liver, skin, lungs, kidneys and gut
(Mittag et al., 2011; Persson et al., 2013; Segura et al., 2012; Watchmaker et al., 2014).
Human blood cDC2 are also able to cross-present foreign antigens and are potent
stimulators of naive CD4+ T cells (O'Keeffe et al., 2015). Skin CD1c+ DCs could
secrete IL-8, IL-10, IL-23, and TNF-a upon stimulation(Haniffa et al., 2012; Morelli et
al., 2005).

Both human CD141+ ¢DCs and CD1c+ ¢DCs are present in blood and peripheral
tissues. Each subset in the blood is quite similar to its tissue counterpart but seems less
differentiated (Haniffa et al., 2012; Schlitzer et al., 2013; Segura et al., 2012). It has
been suggested that less differentiated blood cDCs migrate through the blood to
replenish the cDCs pool in peripheral tissues (Collin et al., 2011; Haniffa et al., 2013;
Segura et al., 2012).

Some studies have shown that cDCs can support some level of HIV-1 infection in
vitro (Cameron et al., 2007; Martin-Gayo et al., 2015; Smed-Sorensen et al., 2005).
However, the cytoplasmic protein SAM domain and HD domain-containing protein 1
(SAMHD1) is one of the major restriction factors that limits HIV-1 infection in cDCs.
SAMHDI is highly expressed in cDCs and can block viral replication through depletion
of endogenous intracellular pools of ANTPs, but also directly through degradation of
the viral RNA (Lahouassa et al., 2012; Ryoo et al., 2014). Furthermore, interaction of
DCs with CD4+ T cells leads to a significant down-regulation of SAMHDI1 expression
in DCs (Su et al., 2014), which may renders primary cDCs more permissive to HIV-1
infection (Hertoghs et al., 2015; Martin-Gayo et al., 2015). However, there are
paradoxical findings regarding the permissiveness of cDCs to HIV-1 replication.
Primary c¢DCs from elite controllers (ECs) patients are more permissive to HIV-1
replication, while cDCs from HIV-1 infected individuals with progressive infection are
much more resistant to HIV-1 infection. It has been suggested that SAMHD 1-dependent
restriction of viral replication in primary cDCs might benefits HIV-1 more than the host,
since restriction of HIV-1 replication by SAMHD1 may allow viral evasion from the
innate immune response and could also impair the ability of ¢cDCs to prime HIV-1-

specific T cells responses (Martin-Gayo et al., 2015).

41



Recent studies indicate that primary CD141+ ¢DCs and CD1c+ ¢cDCs may differ
in the susceptibility to HIV-1 replication. In this regard, CD141+ c¢DCs possess an
innate resistance to HIV-1 infection due to the constitutively expression of a vesicle-
trafficking protein Rab15 which prevents fusion of viral particles in CD141+ cDCs,
while CDlc+ ¢DCs are more susceptible to HIV-1 infection (Silvin et al., 2017).
Similar to pDCs, circulating cDCs are capable of capturing viral particles and transmit
to CD4+ T cells, a process called frans-infection (Groot et al., 2006). Consistent with
the role of cDCs in facilitating HIV-1 trans-infection in the lymphoid tissues, it has been
reported that depletion of endogenous ¢DCs from the tissue suspension cultures
significantly decreased the efficiency of HIV-1 infection of memory T cells (Reyes-
Rodriguez et al., 2016).

2.2.4 Langerhans cells (LCs)

Langerhans cells (LCs) are the major antigen presenting cells (APCs) in the
epidermis of human skin. LCs have been proposed as classical sentinels which are
frontier of contact with invading pathogens. However, the exact classification of LCs
is always controversial since their discovery in 1868. It has been heavily debated
whether LCs could be classified as macrophages or dendritic cells. Functionally
speaking LCs are more like DCs, since they pick up foreign antigens as efficiently as
DCs, and can migrate out of the epidermis to lymph nodes to present foreign antigens
to naive T cells. However, it has been evidenced that human LCs are capable of self-
renewing and persistence in epidermis of human skin, and can be repopulated from
bone marrow precursors after hematopoietic stem cell transplantation or during
inflammation (Collin et al., 2006; Czernielewski and Demarchez, 1987; Kanitakis et al.,
2011; Kanitakis et al., 2004). Thus, ontogenically speaking, they are more similar to
tissue resident macrophages, both LCs and macrophages arise from yolk sac-derived
myeloid precursors and are capable of self-renewing and persistence in tissues (Gomez
Perdiguero et al., 2015; Guilliams et al., 2016; Malissen et al., 2014; Mass et al., 2016;
Schulz et al., 2012). LCs have been characterized by the expression of CD1a and C-
type lectin Langerin (CD207), which functions as receptor for many invading microbial
pathogens (Cunningham et al., 2010). It has been reported that LCs are potent
stimulators of CD4+ T cell response and can induce their polarization to helper type 2
(Th2) T cells (Klechevsky et al., 2008). Furthermore, it has been shown that LCs are
able to present non-peptide antigens to T cells in a Langerin-dependent and CD]1a-

restricted pattern (Hunger et al., 2004).
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To establish successful infection in a naive host, HIV-1 has to penetrate the
mucosal barrier to gain access to its potential target cells, such as Langerhans cells,
CD4+ T cells, DCs and macrophages. LCs have numerous dendrites that could extend
through intercellular spaces of mucosa, and these dendrites could even reach up to the
outer surface of the epithelium, where HIV-1 could bind directly to them (Hladik and
McElrath, 2008; Miller et al., 1992; Nishibu et al., 2006). The expression of CD4,
CCRS5 and C-type lectin receptors on LCs in foreskin and endocervical mucosa has been
thought to the basis of preferential sexual transmission for CCR5-using viruses. Early
studies have shown that the LCs are permissive to HIV-1 infection both in vivo and ex
vivo, indicating a critical role of LCs in HIV-1 transmission (Berger et al., 1992;
Cimarelli et al., 1994; Dezutter-Dambuyant, 1995; Henry et al., 1994; Kawamura et al.,
2003; Kawamura et al., 2008; Peressin et al., 2011). Indeed, epidermal LCs could be
preferentially infected by CCR5-using viruses but not CXCR4-using viruses ex vivo,
and could produce high amount of infectious viral particles when co-cultured with
autologous CD4+ T cells (Kawamura et al., 2000; Ogawa et al., 2013). Monocyte-
derived LCs express CD4 as well as CCRS5 and are also readily permissive to infection
by RS HIV-1 (Kawamura et al., 2001). Furthermore, it has been evidenced that the
majority of initially infected cells were Langerhans cells in Rhesus macaques following
exposure to intra-vaginal SIV (Hu et al., 2000). Similarly, tt has also been shown that
epidermal LCs are initial targets for HI'V-1 using ex vivo human foreskin explants model
(Ganor et al., 2010; Zhou et al., 2011).

LCs may act as “Trojan horse” which carrying infectious viral particles for HIV-1
invasion of the mucosa barrier, and then migrate through epidermis and transmit HI'V-
1 to CD4+ T cells in the draining lymph nodes for efficient virus dissemination
(Cunningham et al., 2008; Kawamura et al., 2000).

2.2.5 In vitro monocyte-derived DCs (MDDCs)

Most of our knowledge on human DC functions has been obtained using
monocyte-derived dendritic cells (MDDCs) differentiated from blood monocytes in
vitro using GM-CSF and IL-4. MDDCs can undergo further maturation in the presence
of TNF-a or LPS, or the cytokine cocktail containing IL-1p, TNF-0, IL-6 and PEG2
(Sallusto and Lanzavecchia, 1994). Despite there are some overlaps in functions and
phenotypes between MDDCs and CDl1c+ DCs, the MDDCs are genetically distinct

from CD141+ DCs and CDIc+ DCs and arise from different bone marrow precursors
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(Haniffa et al., 2012; Lee et al., 2015; Robbins et al., 2008). Although the physiological
relevance of MDDC:s is currently unclear, it has been suggested that these MDDCs are
closely related to DCs found in vivo in inflamed tissues, namely inflammatory DCs
(Palucka et al., 1998; Sallusto and Lanzavecchia, 1994; Segura and Amigorena, 2013;
Segura et al., 2013; Xu et al., 2007). MDDCs has been broadly used in clinic, especially
as vaccines to induce immune response against tumors in cancer patients (Radford et
al., 2014).

The early observations of HIV-1 infection of DCs were constrained by the limited
availability of DCs, while culturing monocytes with GM-CSF and IL-4 provide an easy
way to generate large quantity of MDDCs that closely resembles DCs found in vivo.
Many studies using this in vitro model can recapitulate the results obtained using
primary DCs isolated from blood, namely MDDCs are permissive to HIV-1 infection
(Turville et al., 2004), and can transfer viral particles to CD4+ T cells independent of
HIV-1 infection, they can also transfer virus to CD4+ T cells when they are productively
infected (Blauvelt et al., 1997; Turville et al., 2004). MDDCs express high levels of the
C-type lectin DC-SIGN which can efficiently bind to viral envelope and play import
role in HIV-DC interaction (Geijtenbeek et al., 2000). Although SAMHD1 has been
reported to be a key restriction factor that limits HIV-1 replication in MDDCs and can
also inhibit HIV-1 cell-to-cell transmission from HIV-1 infected CD4+ T cells to
MDDCs (Hrecka et al., 2011; Puigdomenech et al., 2013), recent studies demonstrated
that the MDDCs do support productively HIV-1 infection to a certain degree, despite
high levels expression of SAMHDI1 (Hertoghs et al., 2015).

In general, HIV-1 replication is relatively inefficient in immature DCs, and mature
DCs are even more resistant to HIV-1productive infection (Izquierdo-Useros et al.,
2010; Steinman et al., 2003; Wu and KewalRamani, 2006), partially due to the high
expression of cellular restriction factors, such as SAMHDI1, TRIM5a, APOBEC3A
(Berger et al., 2011b; Laguette et al., 2011; Ribeiro et al., 2016; Stremlau et al., 2004).
It has been well proposed that DCs play a critical role early in HIV-1 primo-infection
since they are one of the first cell types which take up HIV-1 virus particles for
transmission to CD4+ T cells f (Boggiano and Littman, 2007; Boggiano et al., 2007,
Hladik et al., 2007; Wu and KewalRamani, 2006). It has been reported that DC-SIGN+,
CDla-sorted, HIV-1 exposed ¢DCs could survive and release fully infectious viral
particles for up to 45 days, and are still capable of transmitting viral particles to CD4+
T cells (Popov et al., 2005). Thus, HIV-1 infection of DCs could be essential for long-
term survival of the virus and may prolong the infection process, DCs could capture
viral particles and migrate to lymph nodes and became trapped in the lymph nodes,
viral particles in the VCCs of DCs can preserve for a long period and are still infectious
and can be transmitted to CD4+ T cells (Popov et al., 2005).

DCs were found to preferentially support productive infection by CCR5-using
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virus rather than by CXCR4-using virus (Granelli-Piperno et al., 1998; Pena-Cruz et al.,
2018). However, different DC subpopulations may differ in their permissiveness to
HIV-1 infection (Silvin et al., 2017). Even if our knowledge regarding the intrinsic
ability of ¢cDCs and pDCs to sense HIV-1 infection and stimulate innate immune
response has greatly improved during the last decade, to which degree individual DC
subsets could influence the effective immune response to HIV-1 infection and
contribute to viral control remains open questions and require further investigations.
The development of humanized animal models that could recapitulate human DCs

biology could be critical to characterize the complexity of HIV-DC interactions in vivo.

2.3 HIV-1 infection and macrophage polarization

Macrophages are heterogeneous mononuclear phagocytes, strategically
distributed throughout tissues where they display great functional diversity and play
key role in tissue homeostasis. Within a specific tissue, macrophages can differentiate
into specialized cells which perform distinct function from macrophages from other
tissues. For example, in a specialized tissue microenvironment, macrophages could
differentiate into osteoclasts (in bone), alveolar macrophages (in lung), microglial cells
(in brain), Kupffer cells (in liver) or histiocytes (within interstitial connective tissues).
Historically, it has been suggested that these tissue resident macrophages arise from
circulating adult blood monocytes produced in the bone marrow (van Furth et al., 1972).
However, it has then become evident that most tissue-resident macrophages in fact
develop during embryogenesis, and they arise from hematopoietic precursors in the
yolk sac and maintain themselves in tissues through adulthood by longevity and self-
renewal. (Epelman et al., 2014; Ginhoux et al., 2010; Ginhoux and Guilliams, 2016;
Perdiguero and Geissmann, 2016). During inflammation, tissue-infiltrating monocytes
could also contribute to tissue macrophage compartments. However, these monocyte-
derived macrophages display limited life spans in general. Of note, both embryonic-
derived macrophages and monocyte-derived macrophages can undergo proliferation
when given the certain stimulus.

Macrophages play key roles in the immune response as both modulator and
effector cells, since their activation is crucial for the immune system. In response to
microenvironmental stimuli, macrophages can undergo functional polarization for
initiation and orchestration of immune responses. Similar to Th1 and Th2 polarization
of T cells (Kapsenberg, 2003; Neurath et al., 2002), macrophages can undergo either
classical M1 polarization when stimulated by LPS and IFN-y, or alternative M2
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polarization when stimulated with anti-inflammatory cytokines such as IL-10, IL-4 or
IL-13 (Figure 7). The two groups of macrophages display distinct phenotypic and
functional characteristics. However, depending on the anti-inflammatory stimuli, M2
macrophages can be further classified into M2a macrophages (stimulated by IL-4 and
IL-13), M2b macrophages (stimulated by a combination of immune complexes and
TLR or IL-1R agonists) and M2c¢ macrophages (stimulated by IL-10) (Mantovani et al.,
2004). M1 macrophages are characterized by high production of cytokines IL-23, IL-
12, reactive oxygen species (ROS) and high antigen presentation feature. M2
macrophages are more heterogeneous than M1 macrophages, and participate in a wide
range of immune activities, including phagocytosis of pathogens, tissue repair,
suppressing inflammation and parasite elimination (Gordon, 2003; Mantovani et al.,
2004; Martinez et al., 2009). M1 macrophages are able to produce several inflammatory
cytokines such as IL-1, IL-6 and TNF-0, while M2 macrophages are characterized by
expression of specific cell surface markers including mannose receptor (MRC1),
transglutaminase 2 (TGM2), DC-SIGN, CD163 and CD23 (Gordon, 2003; Mantovani
et al., 2004; Martinez et al., 2009) (Figure 8).
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Figure 7: Macrophage polarization.

Mantovani and colleagues have proposed an M1-M2 macrophage model, in which M1

polarization included interferon-gamma (IFN-y) plus lipopolysaccharide (LPS) or tumor necrosis

factor (TNF), while M2 stimulation has been subdivided to interleukin-4 (IL-4) (M2a), immune

complex + Toll-like receptor (TLR) ligands (M2b), as well as IL-10 and glucocorticoids
(M2c)(Mantovani et al., 2004). Adapted from Martinez et al., 2014.
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Figure 8: Markers of M1 and M2 macrophages.

Markers of M1 and M2 phenotypes, adapted from Kim et al., 2009. Markers in bold are those

most commonly used.

HIV-1 could hide and thrive inside macrophages to evade immune surveillance,
since HIV-1-infected macrophages are resistant to viral cytopathogenic effect and can
survive for several months in vitro (Orenstein et al., 1988; Salahuddin et al., 1986;
Sattentau and Stevenson, 2016; Sharova et al., 2005; Swingler et al., 2007).
Furthermore, HIV-1 productively infected macrophages continuously produce high
amounts of infectious viral particles over long periods of time by assembling and
accumulating virus particles both in tetraspanin-enriched virus-containing
compartments (VCCs) and at the plasma membrane (Benaroch et al., 2010; Carter and
Ehrlich, 2008; Deneka et al., 2007; Mlcochova et al., 2013; Orenstein et al., 1988). Thus,
macrophages may contribute to the formation long term tissue reservoirs during HIV-1
infection (Carter and Ehrlich, 2008; Cohen et al., 2011; Goodenow et al., 2003; Herbein
and Varin, 2010).

Monocyte-derived macrophages (MDMs) are commonly used in vitro to
investigate the phenotypes and functions of macrophages. A wealth of studies have
investigated the effects of bacterial products and cytokines on the susceptibility of
MDMs to HIV-1 infection (Alfano et al., 2008; Brown et al., 2008; Herbein and Khan,
2008; Kedzierska and Crowe, 2001). M-CSF has been found to strongly induce the
expression of CD4 and co-receptor CCRS and CXCR4 on MDMs, while GM-CSF leads
to a marked reduction of CXCR4 expression on MDMs (Lee et al., 1999). However,
there is only a few studies having investigated the consequences of macrophages

polarization on viral infection (Brown et al., 2008; Cassol et al., 2009; Chan et al., 2008;
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Chan et al., 2009). In vitro, unpolarised MO MDMs are freshly differentiated
macrophages from monocytes using M-CSF and are relatively permissive to HIV-1
infection, whereas M1 or M2 macrophages are relatively more resistant to HIV-1
infection (Alfano et al., 2013; Cassol et al., 2010; Lugo-Villarino et al., 2011). HIV-1
replication typically drive macrophages toward a pro-inflammatory M 1-like phenotype
(Brown et al., 2008; Porcheray et al., 2006), and HIV-1 macrophages infection results
in an increased secretion of M1-associated pro-inflammatory chemokines, including
CCL3, CCL4 and CCL5, and significant down-regulation of M2-associated specific
markers, such as the mannose receptor CD206, CD163, IL-10 and CCL18 (Brown et
al., 2008; Porcheray et al., 2006) (Figure 9). Compared with unpolarized MDMs, short-
term exposure of MDMs to M1 (TNF-a plus IFN-y) or M2a (IL-4) stimuli prior to HIV-
1 infection led to a significant decreased capacity to support HIV-1 infection (Cassol et
al., 2009). TNF-a plus IFN-y-induced M1 polarization results in a significant reduction
of the CD4 and CXCR4 expression on macrophages. In addition, [FN-y stimulation of
MDMs has been found to induce an increased expression of several restriction factors
for HIV-1 infection, including cyclophilin A, APOBEC3G, TRIM22, TRIMS5a
(tripartite motif 5-a) and Bst-2/theterin (Cobos Jimenez et al., 2012). Thus, the M1-
dependent restriction of HIV-1 replication is associated with a more profound reduced
CD4 expression and a greater inhibition of virus replication compared with M2
macrophages. M1 restriction of HIV-1 infection is also associated with a significant
suppression of HIV-1 DNA synthesis, indicating that HIV-1 infection is inhibited at an
early pre-integration step of the virus life cycle (Cassol et al., 2009).

M2a polarization of MDMs with IL-4 leads to inhibition of HIV-1 replication.
However, since there is no detectable impairment of the viral DNA synthesis in M2a-
polarized MDMs, this indicates that HIV-1 inhibition then occurrs at a post-
transcriptional/post-translational step of the virus life cycle in M2a macrophages
(Cassol et al., 2009). Compared with unpolarised macrophages, M2 macrophages have
been shown to express high levels of C-type lectins, such as DC-SIGN (Gordon, 2003;
Gordon and Martinez, 2010), whereas this lectin is strongly down-regulated on M1
macrophages. Interestingly, M2a macrophages can efficiently transmit both R5 and X4
viruses to CD4+ T lymphocytes in a DC-SIGN-dependent manner in vitro (Cassol et
al., 2013). Collectively, all these studies indicate that macrophage polarization can
regulate and modulate macrophage susceptibility to HIV-1 infection and play an

important role in HIV-1 transmission and dissemination (Figure 10).
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M1- and M2a-polarized MDM have both shown decreased levels of CCRS5-dependent HIV-1
infection compared to unpolarized MDMs. This ultimate effect is likely due to differential and multi-
factorial effects triggered by the macrophage polarization, including upregulation of APOBEC-3G,
CCRS5-binding chemokines, as well as profound down-regulation of CD4 in M1-MDM but not in
M2-MDM (Cassol et al., 2009). A distinct regulation of DC-SIGN expression in M1-MDM versus
M2-MDM may differentially contribute to spreading of captured HIV-1 to CD4+ T cells and other
target cells. Adapted from Cassol et al., 2010.

2.4 Osteoclasts and HIV-1 infection

Osteoclasts (OCs) are multinucleated giant cells involved in bone resorption via
proteolytic degradation and acid decalcification, leading to maintenance of bone matrix
homeostasis and ensuring continuous remodelling of the bones. They are specialized
phagocytic cells of the bone, originating from macrophage fusion, and were initially
proposed as one of the members of mononuclear phagocyte system (van Furth et al.,
1972). Bone-resorbing OCs arise by fusion of haematopoietic stem cells-derived
monocytic precursors in the presence of RANKL and M-CSF (Ash et al., 1980; de
Bruijn et al., 1994; Gomez Perdiguero et al., 2015; Lacey et al., 1998; Shalhoub et al.,
2000), whereas myeloid blasts were found to be more prone to differentiate into
functional multinucleated osteoclasts (de Vries et al., 2009). Monocyte subpopulations
can first differentiate into multinucleated OCs and may contribute to the functional
properties of OCs. It has been suggested that classical monocytes (CD14++/CD16-) are
the major source of OCs, while intermediate monocytes (CD14++CD16+) could form
multinucleated OCs with high resorption potential under inflammatory conditions and
the non-classical monocytes (CD14+CD16++) could differentiate into non-resorbing
OC-like giant cells (Champion et al., 2018; Sprangers et al., 2016). Immature DCs are
also capable of differentiating into functional multinucleated OCs in the presence of M-
CSF and RANKL in vitro or through interactions with CD4+ T cells in vivo (Alnaeeli
etal., 2006; Miyamoto et al., 2001; Speziani et al., 2007; Wakkach et al., 2008). Finally,
differentiated macrophages still have the potential to fuse together and form
multinucleated OCs upon stimulation with RANK ligand and M-CSF (Udagawa et al.,
1990). However, recent studies revealed OC precursors that are independent from the
haematopoietic stem cell (HSC) lineage, and may originate from the embryonic
erythro-myeloid progenitor (EMP) lineage (Jacome-Galarza et al., 2019). It has been
shown that fetal bone-resorbing OCs arise from EMPs in the ossification centers, and

are essential for tooth eruption and normal bone development (Gomez Perdiguero et al.,
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2015; Jacome-Galarza et al., 2019; McGrath et al., 2015). However, the iterative fusion
of circulating HSC-derived blood leukocytes in long-lived multinucleated OCs in bones
contribute to the postnatal maintenance of bone-resorbing OCs and bone remodelling
(Jacome-Galarza et al., 2019).

Some viruses can directly infect bone cells and influence bone homeostasis. For
example, measles virus infection of bone-resorbing OCs has been involed in the
physiopathology of the Paget's disease, and persistent expression of the measles virus
nucleocapsid (MVNP) gene in OCs can induce Paget's disease-like bone lesions in vivo
in transgenic mice (Kurihara et al., 2000; Kurihara et al., 2006). Multinucleated OCs in
Paget's disease have shown to have significantly increased number of nuclei per cell,
markedly increased in cell size, and display enhanced bone resorption capacity
(Kurihara et al., 2000).

OCs has been shown to express CD4 and CCRS and CXCR4 coreceptors, and
support productive infection by HIV-1 (Gohda et al., 2015). HIV-1 infection of OCs
results in enhanced bone resorption capacity, and may contribute to bone loss and
osteoporosis observed in HIV-1-infected individuals (Raynaud-Messina et al., 2018).
Interestingly, activation of CCRS5 has been shown to positively regulate OC function,
indicating that HIV-1 may directly stimulate bone resorption capacity of OCs (Lee et
al., 2017). Moreover, it has also been reported that HIV-1 infection of macrophages
induces the formation of multinucleated giant cells (MGCs), and further stimulation
with RANKL significantly enhanced HIV-1-induced MGCs formation (Takeda et al.,
2015). These HIV-1-induced MGCs express tartrate-resistant acid phosphatase (TRAP),
a specific marker of OCs, suggesting a morphologically and functionally similarity to
OCs (Takeda et al., 2015).

Chapter 3: Co-receptor usage and HIV-1 tropism

The cell tropism of a certain virus is defined by the cell types which are able to
support productive infection by that virus. To fulfil a complete replication cycle, viruses
are largely dependent on host cellular pathways, including not only the cell surface
receptors for virus entry but also intracellular cofactors required for virus replication.
All viruses infect target cells depending on the presence of receptors expressed on the
host cell surface. In the case of HIV-1, the major receptor was discovered based on the
observation that HIV-1 infection leads to significant loss of CD4+ T helper cells in
patients and that specific antibody targeting the CD4 surface protein could efficiently
block HIV-1 infection (Dalgleish et al., 1984; Fahey et al., 1990; Klatzmann et al.,
1984).
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3.1 HIV-1 entry into host cells

Virus entry of cell-free HIV-1 particles into a specific host cell is mediated by the
sequential interactions of the viral surface protein, known as the viral Envelope (Env)
protein, the CD4 receptor and a seven transmembrane chemokine co-receptor CCRS or
CXCR4. Both CCR5 and CXCR4 are members of seven-transmembrane G-protein-
coupled receptor (GPCR) superfamily, and are structurally formed of a cytoplasmic C-
terminal tail, three intracellular loops, three extracellular loops (ECLs) and an
extracellular N-terminal segment. The viral envelope glycoprotein (Env) spikes the
exterior of virus particles and comprise both the outer surface glycoprotein gp120 (SU)
and the transmembrane glycoprotein gp41 (TM). The surface gpl120 SU and the
transmembrane gp4l TM are non-covalently associated and form a trimer of 3
molecules of gp120 and 3 molecules of gp41 on each spike of viral particles. Binding
of the viral gp120 to the cell surface receptor CD4 triggers a conformation change in
gp120 and subsequently expose the binding sites for the co-receptor, either CCRS or
CXCRA4. The third variable loop region (V3) of gpl120 is a key determinant of co-
receptor binding (Cardozo et al., 2007; Hoffman and Doms, 1999), and the overall
positive charged residues of the V3 loop significantly affects co-receptor binding
(Hartley et al., 2005). Following interaction of CD4-bound gp120 to the co-receptor,
the fusion peptide of the transmembrane gp41 is exposed and then inserts into the host
cell plasma membrane, leading to the formation of fusion pore that subsequently
triggers the fusion between viral and cellular membranes, and release of the viral
contents into the host cell cytoplasm (Clapham and McKnight, 2001; Wilen et al., 2012)
(Figure 11).
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Figure 11: Overview of HIV entry.

To deliver the viral content into host cells, HIV Env, expressed on the surface of virions and
comprised of gp120 and gp41 subunits (1), first attaches to the target cell, binding CD4 receptor (2).
This induces conformational changes in viral Env, allowing coreceptor binding, which is partially

mediated by the V3 loop of Env (3). This could initiate the membrane fusion process as the fusion
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peptide of gp41 inserts into the plasma membrane of the target cell, followed by the six-helix bundle

formation and complete membrane fusion (4). Adapted from Wilen et al., 2012.

3.2 HIV-1 co-receptor usage and cellular tropism

The co-receptor usage of HIV-1 has been defined as the ability of cell-free viruses
to use CCRS5 and/or CXCR4 for virus entry into target cells. Based on the co-receptor
usage, HIV-1 isolates were initially classified as RS viruses which use only CCRS5 co-
receptor for virus entry, X4 viruses using only CXCR4 co-receptor, and R5X4 viruses
that are able to use both CCR5 and CXCR4 co-receptors for virus entry (Berger et al.,
1998). Consequently, the terms RS5, X4 and R5X4 virus became surrogates for
functional characterization of cell-free HIV-1 cellular tropism as M-tropic
(macrophage-tropic), T-tropic (lympho-tropic), and Dual-tropic, respectively.
Although many M-tropic viruses utilize CCRS5 as co-receptor for HIV-1 entry, not all
RS viruses are M-tropic. In fact, most of RS viruses that are replication-competent in
primary CD4+ T cells cannot replicate in macrophages, thus they are considered as R5
T-tropic (or non-M-tropic) viruses (Sterjovski et al., 2010). In addition, a subset of
primary M-tropic viruses can utilize only CXCR4 for HIV-1 entry into macrophages
(Simmons et al., 1998; Yi et al., 1998). Although co-receptor usage is closely related to
HIV-1 cellular tropism, the level of CD4 expression on target cells is also associated
with viral tropism. It has been indeed shown that CD4+ T cells and monocytes-derived
macrophages (MDMs) differentiated using M-CSF express similar level of CD4
molecules on the cell surface (Lee et al., 1999), but the CD4 density (CD4/um?) on
MDMs is significantly lower than that of CD4+ T cells due to their larger cell size
(Joseph et al., 2014). Since macrophages express low density of CD4 molecules
compared to primary CD4+ T cells, M-tropic viruses are adapted to use low level of
CD4 for virus entry in macrophages. Thus, the ability of HIV-1 primary isolates to
utilize distinct density of CD4 receptor and CCRS5 or CXCR4 as co-receptor is a more
accurate predictor of macrophage tropism than co-receptor usage per se. Indeed, the
determinants of HIV-1 cellular tropism are more complicated than the co-receptor
specificity of HIV-1.

Actually, HIV-1 co-receptor usage is closely related to, but distinct from, cellular
tropism. The distinction between HIV-1 tropism and co-receptor usage is illustrated by
the functional studies of R5X4 dual-tropic viruses which utilize both CCRS and
CXCR4 for cell-free HIV-1 entry into target cells. Prototypic R5X4 viral strains such
as DH12 and 89.6 infect macrophages efficiently through both CCRS and CXCR4, but
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they are largely restricted to CXCR4-mediated entry into primary CD4+ T cells (Loftin
et al., 2011; Yi et al., 2005). However, analysis of a panel of R5X4 primary isolates
revealed that they can vary greatly in the ability to utilize either co-receptor for efficient
infection of CD4+ T cells (Loftin et al., 2010; Toma et al., 2010). Three different R5X4
HIV-1 subsets have been revealed that have preferential CCRS usage, preferential
CXCR4 usage, or have equivalent usage of either co-receptor. R5X4 HIV-1 primary
isolates with preferential CCRS5 usage have an increased ability to exploit limiting
levels of CCRS5 on primary CD4+ lymphocytes (Loftin et al., 2010). These variations
in co-receptor preference of R5X4 HIV-1 isolates are in part governed by the V3 loop
of the viral gp120 (Loftin et al., 2010), and are suggested to alternatively enhance the
tropism of these R5X4 isolates for macrophages in the brain and tropism of for CXCR4-
expressing CD4+ T cells in the blood and lymphoid tissues. In fact, the co-receptor
preference of R5X4 HIV-1 isolates for primary CD4+ T cells and macrophages varies
dramatically depending on the viral strain and primary cell type (Cashin et al., 2011;
Gray et al., 2006; Gray et al., 2009; Loftin et al., 2011; Loftin et al., 2010; Yi et al.,
1998; Yi et al., 2005). These studies demonstrated that the viral determinants for
macrophage tropism of HIV-1 isolates are significantly more complex than the co-
receptor specificity. Thus, the co-receptor usage and cellular tropism of HIV-1 are

closely related but are distinct features of the virus.

There are in fact three classes of HIV-1 variants: (1) X4 T cell-tropic viruses, (2)
R5 T cell-tropic viruses, and (3) M-tropic viruses. The X4 T cell-tropic viruses
exclusively use CXCR4 for virus entry and are able to replicate efficiently in CD4+ T
cell lines and naive CD4+ T cells, and R5 T cell-tropic viruses use CCRS and can
replicate efficiently in memory CD4+ T cells. Most T cell lines and naive CD4+ T cells
typically express only CXCR4 and lack CCRS expression, while memory CD4+ T cells
are more likely to express both CCR5 and CXCR4 (Bleul et al., 1997; Lee et al., 1999;
Ostrowski et al., 1999; Zamarchi et al., 2002). The M-tropic viruses can replicate
efficiently in macrophages and possibly other cell types that express low levels of CD4
receptor. Specifically, many M-tropic viruses are actually able to utilize only CCRS5 as
co-receptor (R5 M-tropic viruses) or only CXCR4 as co-receptor (X4 M-tropic viruses),
or even both CCRS5 and CXCR4 (R5X4 M-tropic viruses). M-tropic viruses do remain
the ability to infect primary T cells (Council and Joseph, 2018; Goodenow and Collman,
2006; Gorry et al., 2014; Joseph and Swanstrom, 2018), and the differential expression
of CD4 and co-receptor on cell surface can impact the ability of HIV-1 variants to infect
target cells. Monocyte-derived macrophages (MDMs) exhibit significant donor
variability in the susceptibility to HIV-1 infection (Joseph et al., 2014; Naif et al., 1998;
Sonza et al., 1995), with MDMs from some donors being more permissive to both RS

T cell-tropic viruses and M-tropic viruses (Colin et al., 2018; Lee et al., 1999). The
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mechanisms underlying the donor variability of MDMs are currently unknown, and it
is unclear whether tissue macrophages in vivo exhibit similar donor variability in the
susceptibility to HIV-1 infection. It has been shown that expression of CD4 and CCR5
on M-CSF-differentiated MDMs is significant higher than GM-CSF-differentiated
MDMs, while CXCR4 is virtually eliminated on GM-CSF-differentiated MDMs (Lee
et al., 1999).

3.3 Alternative co-receptors for HIV entry

It is widely accepted that CCRS5 and CXCR4 are the major co-receptors for HIV-
1 entry since all HIV-1 strains use at least one or both of these co-receptors for viral
entry. However, co-receptors other than CXCR4 and CCR5 could also mediate HIV-1
infection of target cells. It has been shown that some HIV-1 strains can utilize
alternative chemokine co-receptors for viral entry, including CCR1, CCR2b, CCR3,
CCR4, CCR6, CCRS8, CXCR3, CX3CR1, CXCR6 (BONZO/Str133), CXCR7 (RDC1),
FPRL1 GPR1, GPR15 (BOB), CMKLR1 (ChemR23) and APJ (Combadiere et al.,
1998; Doms and Trono, 2000; Gorry et al., 2007; Ho Tsong Fang et al., 2008; Moore et
al., 2004; Pollakis and Paxton, 2012; Samson et al., 1998; Shimizu et al., 2000; Shimizu
et al., 2008; Simmons et al., 2000). The different expression patterns of alternate co-
receptors on host cell types may support HIV-1 infection and serve as viral reservoirs
in vivo. For example, CCR3 is broadly expressed by microglia cells in the brain, and
HIV-1 infection of microglia can be inhibited by an anti-CCR3 antibody and the CCR3
ligand eotaxin implicating the role of CCR3 in HIV-1 neuro-tropism (He et al., 1997).
Recently, it has been shown that CCR4+/CCR6- and CCR4-/CCR6+ T cell subsets are
highly permissive for HIV-1 infection (Gosselin et al., 2010; Monteiro et al., 2011).
CCR& has been shown to function as co-receptor for many HIV-1 and HIV-2 primary
isolates (Calado et al., 2010; Jinno et al., 1998) and can be frequently used as co-
receptor (in addition to CCRS5, CXCR4 or both) by these primary isolates. Recently, it
has been shown that CCRS8 52853699, CXCL10 rs56061981 and CXCR6 rs2234355
polymorphisms are associated with susceptibility to HIV-1 infection in subjects of
European descent (Valverde-Villegas et al., 2017). Some studies indicate that CCR3,
CCR8 and CXCR6 polymorphisms are associated with AIDS progression in
Caucasians subjects (An et al.,, 2011; Duggal et al., 2003; Limou et al., 2010).
Interestingly, novel CCR5 mutations have been identified in sooty mangabeys and are
believed to promote the utilization of alternative co-receptors such as GPR15, GPR1
and CXCRG6 for the non-pathogenic SIV infection in vivo (Riddick et al., 2010). In sooty
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mangabeys, CXCR6 expression has been found to be enriched on effector memory
CD4+ T cells (Tem), but infrequent on central memory CD4+ T cells (Tcm) or naive
CD4+ T cells (Tn). The expression of low levels of CXCR6 and highly restricted CCR5
expression render central memory CD4+ T cells (Tem) of sooty mangabey relatively
resistant to SIV infection (Wetzel et al., 2018). A better preservation of CD4+ T cell
homeostasis may explain that naturally SI'V-infected sooty mangabeys generally do not
progress to AIDS in spite of high-level virus replication (Paiardini et al., 2011). HIV-2
is more closely related to SIV from sooty mangabeys (SIVsm)(Lemey et al., 2003).
Similarly, the lower expression of CXCR6 in central memory CD4+ T cells has been
found to be associated with the low pathogenicity of HIV-2 infection (Samri et al.,
2019). Together, these studies indicate that the alternative co-receptors of HIV may play

important role in viral pathogenesis.

3.4 Co-receptor usage switching

Heterosexual transmission is the predominant mode of spreading of HIV-1
infection (De Cock et al., 2012; Pape et al.,, 1985), and approximately 80% of
heterosexual transmission are caused by a single HIV-1 wvariant, namely
transmitted/founder virus (T/F virus) as evidenced by the analyses of virus complexity
in blood during the acute stage of HIV-1 infection (Abrahams et al., 2009; Derdeyn et
al., 2004; Haaland et al., 2009; Keele et al., 2008). Most T/F viruses primarily utilize
CCRS5 for virus entry, are exclusively T-tropic, and replicate efficiently in primary
CD4+ T cells but not in monocyte-derived macrophages (Ochsenbauer et al., 2012;
Ping et al., 2013). Indeed, RS HIV-1 isolates account for the majority of primary HIV-
1 infections regardless of transmission routes. Shortly after transmission, HIV-1
expands within the newly infected individuals followed by an asymptomatic period,
and then virus populations diversify and diverge from the T/F virus (Herbeck et al.,
2006; Shankarappa et al., 1999). During evolution of HIV-1 populations within the
infected individuals, co-receptor switching from CCRS5 to CXCR4 occurs in 50% of
clade B HIV-1-infected patients (Connor et al., 1997; Schuitemaker et al., 1992), are
less common in clade A and C HIV-1-infected individuals (Connell et al., 2008;
Esbjornsson et al., 2010; Johnston et al., 2003; Ping et al., 1999), while infection with
subtype D HIV-1 maybe associated with higher frequency of coreceptor switching
(Huang et al., 2007). The appearance of X4 viruses is correlated with an accelerated
CD4+ T cell loss and more rapid progression to AIDS, while it is still not clear whether

the emergence of CXCR4-using variants cause or indicate more rapid disease
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progression (Blaak et al., 2000; Brumme et al., 2005; Hunt et al., 2006; Schuitemaker
et al., 1992). Although co-receptor switching is common during HIV-1 infection, it is
not a prerequisite for disease progression. A large number of untreated HIV-1-infected
naive individual progress to AIDS without the emergence of CXCR4-using variants.
AIDS also develops in HIV-1-infected individuals with only the presence of CCRS5-
using viruses, and disease progression has been linked to the appearance of RS M-tropic
viruses which efficiently infect macrophages (Gorry et al., 2005; Li et al., 1999; Tuttle
et al., 2002).

Recent studies have shown that, compared to RS primary isolates from chronic
stages of HIV-1 infection, R5 viruses isolated from HIV-1 infected subjects with AIDS
display enhanced macrophages tropism, increased affinity for CD4 and CCRS, and
reduced sensitivity to CCRS antagonists (Sterjovski et al., 2007; Wade et al., 2010).
Furthermore, R5 Envs isolated from late stages of HIV-1 infection exhibit enhanced
fusogenicity and more rapid kinetic of viral entry (Sterjovski et al., 2007). In fact, both
X4 and M-tropic viruses evolve from their RS progenitors and appear at the late stage
of AIDS, and are associated with disease progression. Indeed, the M-tropic viruses
appear only in late disease and were associated with HIV-associated dementia (Spudich
and Gonzalez-Scarano, 2012). Interestingly, several groups showed that macrophages
also express CXCR4 co-receptor, as well as CCRS, and support CCR5-independent
infection by some X4 and R5X4 primary isolates (Ghaffari et al., 2005; Gorry et al.,
2001; Simmons et al., 1998; Simmons et al., 1996; Tuttle et al., 2002; Yi et al., 1999;
Yi et al., 1998). Given that co-receptor switching and emergence of CXCR4-using
viruses occur at the late stage of infection in 50% of clade B HIV-1-infected individuals
and correlated with rapid disease progression (Connor et al., 1997; Schuitemaker et al.,
1992), the shift in co-receptor usage is sometimes accompanied by the loss of ability to
infect primary macrophages. More often, they retain the property to replicate in
macrophages, but whether these CXCR4-using variants also display enhanced
macrophage tropism should be carefully determined (Simmons et al., 1998; van Rij et
al., 2000). Interestingly, CXCR4 usage and enhanced macrophage tropism were found
in viral variants isolated from a laboratory worker (LW) who developed AIDS several
years after accidental infection with HIV-1 IIIB which is a prototype X4 T-tropic strain
(Beaumont et al., 2001). Similarly, progeny viruses isolated from a neonatal rhesus
macaque inoculated with simian-human immunodeficiency virus nonpathogenic strain
SHIV-vpu+, which encodes Env of the prototype X4 T-tropic strain HIV-1 IIIB, still
use CXCR4 for virus entry but display enhanced macrophage tropism (Hofmann-
Lehmann et al., 2002). Similar mutations and enhanced macrophage tropism were also
described after in vivo passage of chimeric viruses encoding HIV-1 IIIB env in pig-
tailed and rhesus macaques (Cayabyab et al., 1999; Joag et al., 1997; Liu et al., 1999;

Raghavan et al., 1997; Stephens et al., 1997). Thus, the prototype X4 T-tropic I1IB env
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evolved similarly and acquire the ability to replicate efficiently in macrophages at late
stage of infection in three different species, including pig-tailed macaques, rhesus
macaques and Homo sapiens. Indeed, progeny viruses harboring M-tropic envelope
glycoprotein emerge only late in infection, that may indicate the important role of
macrophage infection in vivo. Perhaps a switch from non-M tropic to M-tropic is more
related to disease progression regardless of CCRS or CXCR4 usage, since both R5 and

X4 viruses are able to evolve and efficiently infect macrophages.

3.5 The role of V3 loop in co-receptor usage and viral tropism
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Figure 12: HIV-1 entry mechanism.

HIV-1 entry requires the binding of trimeric gp120 to the CD4 receptor on the target cell plasma
membrane. This interaction conformational changes in viral Env that results in enhanced exposure
of the V3 loop of viral Env, which is initially concealed by the V1/V2 region of Env. The V3 loop
subsequently engages the coreceptor, either CXCR4 (left) or CCRS (right). The overall charge of
V3 loop largely determines the co-receptor usage, with CXCR4-using viruses having a greater net
positive charge. In addition, in CXCR4-using viruses the V3 loop of gp120 interacts with the N-
terminus and ECL-2 of co-receptor CXCR4, while the V3 loop of CCR5-using viruses interacts
with the N-terminus and ECL-1 of the co-receptor CCRS. Finally, co-receptor binding initiates the
membrane fusion process. Adapted from Aiamkitsumrit et al., 2014.

The V3 loop is a disulfide-bonded structure corresponding to the third variable

region of the viral envelope gp120 glycoprotein containing approximately 35 amino
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acid residues. It is highly variable, frequently glycosylated, and plays important role in
HIV-1 co-receptor usage and cellular tropism. Early studies identified the V3 region of
the viral envelope as the primary determinant of M-tropism vs. T-tropism (Chesebro et
al., 1992; O'Brien et al., 1990). For example, T-cell line-adapted (TCLA) strains
generally replicate poorly in primary macrophages, whereas the substitution of 20
amino acid residues from the V3 region of M-tropic strains confer a switch of T-tropic
of TCLA strains to macrophage tropism (Hwang et al., 1991). It has also been shown
that the V3 loop is a major determinant of CCRS or CXCR4 usage (Carrillo and Ratner,
1996; Hung et al., 1999b). Though the V3 loop is not involved in CD4 receptor binding,
the sequence and overall conformation of V3 loop play important roles in defining the
extent to which the gp120-CD4 complex interacts with CCR5 and/or CXCR4 co-
receptors (Wyatt et al., 1993) (Figure 12). Current models of viral Env binding to co-
receptors suggest that the tip of the V3 loop interacts with the second ECL2 region,
whereas the gp120 bridging sheet and V3 loop stem interact principally with the N-
terminal segment of co-receptors (Brelot et al., 1999; Cormier and Dragic, 2002; Farzan
et al., 1999; Huang et al., 2005). RS HIV-1 isolates that preferentially binds to co-
receptor CCRS usually have low numbers of positively charged residues in the V3 loop,
while CXCR4-using viruses typically have V3 regions with greater net numbers of
positively charged amino acids, especially at position 11 or position 25 of the V3 loop
(Briggs et al., 2000; Jensen et al., 2003; Milich et al., 1993; Resch et al., 2001). R5X4
viruses can use both CCR5 and CXCR4 for virus entry and have similar V3 charge
pattern with X4 viruses. Thus, the determinants that control dual co-receptor usage are
much more complicated and involve multiple discontinuous regions of the viral
envelope glycoproteins (Cho et al., 1998; Hung et al., 1999a; Smyth et al., 1998). In
general, co-receptor switching from CCRS to CXCR4 is related to an increase of
positively charged residues within the V3 loop of gpl120 (Fouchier et al., 1992;
Groenink et al., 1995; Shioda et al., 1994).

3.6 RS M-tropic viruses exhibit higher affinity for CD4 receptor

As macrophages express less CD4 receptors on cell surface compared to CD4+ T
cells (Lewin et al., 1996; Wang et al., 2002), most RS HIV-1 primary isolates poorly
infect macrophages (Gorry et al., 2001). However, R5 M-tropic viruses have adopted
to use low level of CD4 receptor for virus entry in macrophages. The role of CD4 in
defining HIV-1 entry phenotype in target cells has been clarified and assayed using the
Affinofile cells which express a broad range of CD4 receptor and co-receptor CCR5

59



(Johnston et al., 2009). Further studies have confirmed that most blood-derived viruses
are CCR5-using viruses that inefficiently infect cells expressing low CD4 density
(Joseph et al., 2014; Parrish et al., 2012; Ping et al., 2013). It has been shown that CD4+
T cells and M-CSF-derived MDMs express similar level of CD4 molecules on the cell
surface (Lee et al., 1999), but the CD4 densities (CD4/um?) on MDMs are significantly
lower than those of CD4+ T cells due to their larger cell size (Joseph et al., 2014). Thus,
the true RS M-tropic viruses use CD4 much more efficiently, with higher affinity of
gp120, and are approximately 30-fold more efficient at infecting macrophages than R5
T-tropic viruses (Arrildt et al., 2015).

3.7 RS M-tropic viruses exhibit reduced dependence on CCRS

expression

Since HIV-1 entry into host cells initiates when gp120 binds to CD4 molecule on
cell surface, and then triggers the conformation change in viral envelope, the
subsequent binding to CCRS is critical for stabilizing the CD4-induced conformational
changes and play essential role in HIV-1 entry (Shaik et al., 2019). Several studies have
shown that enhanced gp120-CCRS interactions contributes to macrophage tropism of
blood-derived CCRS using viruses (Cashin et al., 2011; Sterjovski et al., 2010), whereas
reducing the affinity of HIV-1 Env for CCRS attenuates CCRS5-mediated M-tropism
(Roche et al., 2011). Indeed, increasing expression of CCRS5 levels on macrophages
leads to partial or complete restoration of efficient macrophage infection by some non-
M-tropic R5 viruses, depending on the viral strains. However, overexpression of CCR5
on macrophages has no effect on entry of R5 M-tropic viruses isolated from HIV-1
infected individuals with advanced disease, suggesting that a threshold of CCRS level
could be a major rate-limiting step in HIV-1 entry into macrophages (Gray et al., 2005).
Similarly, overexpression of CXCR4 levels on macrophages largely rescues
macrophage infection by some laboratory-adapted X4 T cell-tropic strains, but only
modestly enhance macrophages infection by CXCR4-using primary isolates (Dimitrov
et al., 1999; Tokunaga et al., 2001). These studies indicate that macrophage tropism
maybe associated with the level of co-receptor expression on macrophages as well as
the relative affinity of the viral gp120 envelope glycoprotein for the co-receptor, since
it has been shown that macrophages express even lower density of CCRS (~1.4
ABS/um?) than CD4 (~3.4 ABS/um?)(Joseph et al., 2014).

Maraviroc (MVC), a specific antagonist of CCRS, can bind to and modify

conformation of the CCRS5 extracellular loops (ECLs) and therefore blocks virus entry
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of HIV-1. However, treatment of patients with MVC could result in virological rebound
due to the emergence of MVC resistant viruses which can recognize MVC-bound
conformation of CCRS on the cell surface (Kuhmann et al., 2004; Pugach et al., 2007;
Westby et al., 2007). Studies on in vitro-generated HIV-1 MV C-resistant strains show
these viral strains exhibit increased CCRS dependence, and that the altered gp120-
CCRS engagement by MVC-resistant variants dramatically attenuates macrophage
tropism (Roche et al., 2011). Similar findings were also observed using MV C-resistant
primary isolates from plasma of HIV-1 infected subjects who developed drug resistant
during clinical trials of maraviroc (Flynn et al., 2013; Roche et al., 2013).

Interestingly, it has also been shown that certain HIV-1 M-tropic strains derived
from the central nervous system (CNS) of patients exhibit reduced dependence on
CD4/CCRS5 and increased affinity for CCRS, suggesting that HIV-1 variants with
enhanced CCRS5 affinity may contribute to neurodegenerative diseases in HIV-1
infected patients (Gorry et al., 2002). However, the reduced dependence on CCRS5 of
brain-derived RS M-tropic viruses is controversial. Some studies indicates that the
macrophage tropism of RS viruses predominantly correlates with sensitivity of viral
envelopes to reagents that target gpl120-CD4 interactions but not with reagents that
block gp120-CCRS interactions (Peters et al., 2008), suggesting that the macrophage
tropism of RS viruses is not related to the sensitivity to CCRS antagonists (Martin-
Garcia et al., 2006; Peters et al., 2004; Peters et al., 2008). Similarly, it has been shown
that M-tropic viruses and R5 T cell-tropic viruses do not differ in their ability to utilize
low levels of co-receptor CCRS for virus entry, and have the ability to utilize alternative
conformation of CCRS5, i.e, the MVC-bound form of CCR5(Joseph et al., 2014). An
increased affinity of gp120 for the CD4 receptor may reduce the requirement of a high
affinity for CCRS (Platt et al., 1997). Brain-derived RS envelopes tend to be more
sensitive to CCRS antagonists compared to non-M-tropic RS envelopes isolated from
lymph nodes (LNs) and blood (Peters et al., 2008).

3.8 Macrophages express CXCR4 and can support productively

infection by X4 M-tropic viruses

All strains of primary HIV-1 isolates could replicate on primary CD4+ T cells, but
vary dramatically in their ability to productively infect macrophages. Macrophages are
important target for HIV-1 infection, but they express low density of CD4 molecules
compared to primary CD4+ T cells, and M-tropic viruses are adapted to use low level

of CD4 for viral entry in macrophages. In fact, primary macrophages express CXCR4,
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as well as CCRS, and support entry of X4 viruses and R5X4 viruses (Simmons et al.,
1998; Yi et al., 1999; Yi et al., 1998). It has been shown that the expression of CXCR4
on MDMs is differentially regulated by the chemokine stimulation used to differentiate
from blood monocytes. M-CSF is the most potent inducer of CXCR4 expression,
whereas GM-CSF strongly suppress CXCR4 expression on MDMs (Lee et al., 1999).
Some primary X4 isolates and R5X4 HIV-1 strains are capable of infecting
macrophages very efficiently via CXCR4 pathway (Aquino-De Jesus et al., 2000; Foda
et al., 2001; Simmons et al., 1998). In fact, the progeny viral strains isolated from 40-
50% of subtype B HIV-1-infected patients are CXCR4-using at the late stage of
infection and are associated with rapid disease progression (Bjorndal et al., 1997;
Connor et al., 1997). CXCR4-using primary strains can also be found in the CNS of
HIV-I-infected individuals with AIDS, and uses CXCR4 exclusively for efficient
infection of primary macrophages, indicating that CXCR4-using viruses may also
participate in AIDS neuropathogenesis (Y1 et al., 2003). X4 or R5X4 variants could
emerge at late stages of infection, and these viruses may colonize naive T-cell
populations which express exclusively CXCR4 (Blaak et al., 2000; Ostrowski et al.,
1999). Therefore, the broadened cellular tropism of X4 viruses and R5X4 viruses could
contribute to more rapid disease progression in HIV-l-infected individuals who
displayed co-receptor switch. When blood CD4+ T cells are significantly depleted at
late stage of infection, tissue macrophages are likely to be the major cellular targets of
CXCR4-using viruses during immunodeficiency. Interestingly, it has also been
reported that CXCR4-using virus have adapted to using exclusively CXCR4 for
macrophage infection in HIV-1-infected patient homozygous for CCR5-A32 (Naif et
al., 2002). Several studies performed with SHIV-infected macaques indicated that
tissue macrophages are responsible for the maintenance of high plasma viral loads when
CD4+ T cells are depleted (Igarashi et al., 2001). The X4 T-tropic viral inoculum
(SHIVDH12R) displayed enhanced macrophage tropism through adaptive alterations
in viral envelope to facilitate efficient CXCR4-mediated infection of tissue
macrophages (Igarashi et al., 2001). Similar mutations and enhanced macrophage
tropism were also described after in vivo passage of chimeric viruses encoding HIV-1
IIIB Env in pig-tailed and rhesus macaques (Cayabyab et al., 1999; Joag et al., 1997,
Liu et al., 1999; Raghavan et al., 1997; Stephens et al., 1997). Thus, the prototype X4
T-tropic IIIB env evolved similarly and acquire the ability to replicate efficiently in
macrophages at late stage of infection in different species. In addition, further studies
have shown that X4 M-tropic viruses are more likely to emerge in HIV-1-infected
individuals with low CD4+T cell counts, indicating that tissue macrophages may be
targeted by X4 viral strains and contribute to HIV-1 systemic infection at late stage of
diseases in humans (Ghaffari et al., 2005).
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3.9 Concluding remarks

In conclusion, analysis of the co-receptor utilization of the gp120 viral envelope
glycoprotein has revealed three different types of HIV-1 variants: (1) X4 T cell-tropic
viruses, (2) R5 T cell-tropic viruses, and (3) M-tropic viruses. R5 T cell-tropic viruses
are the most common form of HIV-1 isolates which have adapted to enter into CD4+
memory T cells. X4 T cell-tropic viruses could emerge at the late stage of HIV-1
infection and are adapted to entry into naive CD4+ T cells and T-cell lines. M-tropic
viruses have adapted to efficiently infect macrophages with limiting levels of CD4
receptor and appear later in the course of infection.

Both CD4 and co-receptor expression levels can influence the efficiency of HIV-
1 entry into target cells. When CD4 receptor is expressed at high levels on the cell
surface, whereas low levels of co-receptor CCRS or CXCR4 are sufficient to support
HIV-1 entry into target cells. However, if CD4 receptor is present on cell surface at low
levels, higher levels of co-receptor expression are needed to support virus entry (Kozak
etal., 1997). Since macrophages have low CD4 densities on the cell surface, most blood
derived RS T-tropic viruses generally require high level of CD4 molecules for entry and
thus inefficiently infect macrophages, while the true M-tropic viruses have evolved to
utilize CD4 receptor much more efficiently to infect macrophages. Interestingly, it has
been suggested that an increased affinity of gp120 for CD4 receptor may reduce the
requirement of a high affinity for CCR5(Platt et al., 1997). Thus, the relative affinity
for CD4 receptor and co-receptor of the viral envelope could be the major rate limiting
step in virus entry into target cells. The co-receptor usage and viral tropism of HIV-1
have important implications for HIV-1 pathogenesis and disease progression. For
example, HIV-1 infected patients that have low levels of co-receptor CCRS expression
exhibit a significant delay in disease progression (Huang et al., 1996; Michael et al.,
1997; Reynes et al., 2001). A 32-nucleotide deletion in the CCRS5 coding sequence
(CCR5-A32) renders the transcript unstable and the variant protein cannot be detected
in individuals homozygous for this deletion. Critically, CCR5-A32 cells cannot be
infected by CCRS5-using viruses, and these individuals remained HIV-1-negative
despite frequent exposure to HIV-1 (Liu et al., 1996; Samson et al., 1996). However,
the cost of CCRS loss-of-function mutation could associated with a significantly
increase of mortality rate (Luban, 2019; Wei and Nielsen, 2019).

CCRS5 is the major co-receptor for HIV-1 transmission, since most T/F viruses
primarily utilize CCRS for virus entry and are defined as exclusively T-tropic strains
which replicate efficiently in primary CD4+ T cells but not in MDMs (Ochsenbauer et
al., 2012; Ping et al., 2013). Although CD4-positive cells isolated from CCR5-negative
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individuals are refractory to infection by CCRS5-using viruses, they are readily
permissive to CXCR4-using viruses (Liu et al., 1996; Rana et al., 1997; Samson et al.,
1996; Zhang et al., 1997). However, it remains poorly understood why individuals
homozygous for CCR5-A32 are only rarely infected by X4 viruses that utilize only
CXCR4 for viral entry (Balotta et al., 1997; Biti et al., 1997; O'Brien et al., 1997;
Theodorou et al., 1997). It appears that CXCR4-using viruses are rarely transmitted for
unknown reasons (Joseph et al., 2015; Shaw and Hunter, 2012). Similarly, low levels
of CCRS expression is associated with low levels of SIV infection of central memory
CD4+ T cells of sooty mangabey, and a better preservation of CD4+ T cell homeostasis
may explain that naturally SIV-infected sooty mangabeys generally do not progress to

AIDS in spite of high-level virus replication (Paiardini et al., 2011).

HIV strains can exhibit distinct viral and cell tropisms that have important
influence on HIV pathogenesis and disease progression. While sooty mangabey
monkeys (SMM) and African green monkeys (AGM) are natural hosts for SIVsmm and
SIVagm, respectively, SIV infection in these monkeys typically does not progress to
AIDS despite high plasma viral load. SIVs generally utilize CD4 and CCRS for virus
entry into target cells in vivo, while other molecules such as CXCR6 and GPR15 also
function as co-receptors for SIV in vitro. Recently, it has been shown that CXCR6 usage,
in addition to CCRS, is a shared feature for STVagm and SIVsmm (Wetzel et al., 2018).
The levels of CCRS expression is extremely low on primary CD4+ T cells from natural
hosts for SIV, including AGMs and SMMs (Pandrea et al., 2007). Low levels of CCRS
expression are associated with low levels of SIV infection in central memory CD4+ T
cells of SM monkeys and it was postulated that the restricted CCRS expression would
protect critical target cells from SIV infection (Cartwright et al., 2014; Paiardini et al.,
2011; Pandrea et al., 2007). However, it is still not clear that how could these low CCR5
expressing CD4+ T cells support high levels of viremia in natural hosts during SIV
infection.

Recently, a CCRS5 deletion common in sooty mangabeys has been identified and
may promote the utilization of alternative co-receptors such as GPR15, GPR1 and
CXCR6 for the nonpathogenic SIV infection in vivo (Riddick et al., 2010). SMMs are
known to support productive SIVsmm infection in vivo through CCRS5-independent
pathways (Riddick et al., 2010), and the alternative co-receptor CXCR6 could mediate
SIVsmm entry into SMM primary lymphocytes ex vivo (Elliott et al., 2015). In SMMs,
CXCRG6 expression has been found to be enriched on effector memory CD4+ T cells,
but infrequent on central memory CD4+ T cells or naive CD4+ T cells. The low levels
of CXCR6 expression and highly restricted CCRS expression renders central memory
SMM CD4+ T cells relatively resistant to SIVsmm infection (Wetzel et al., 2018). In

contrast, the effector memory CD4+ T cells of SMM express high levels of CXCR6
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and may support productive SIVsmm infection, resulting in high plasma viral load.
Therefore, the CXCR6 usage may direct SIV to target CXCR6 expressing cell types
(e.g. effector memory T cells) that are easily replenished and whose loss during SIV
infection is less likely to lead to AIDS development (Wetzel et al., 2018). Thus, CXCR6
utilization is a unique feature of non-pathogenic viruses.

HIV-2 is more closely related to SIVsm(Lemey et al., 2003), and compared to
HIV-1 infection, HIV-2 infection is characterised by slower heterosexual transmission
rates, longer asymptomatic stages, and slower declines in CD4 T cell counts and disease
progression, and finally lower mortality rates (Alabi et al., 2003; Drylewicz et al., 2008;
Hansmann et al., 2005; Holmgren et al., 2007; Kanki et al., 1994; Marlink et al., 1994;
Poulsen et al., 1997; van Tienen et al., 2011). HIV-2 infection is thus postulated as a
natural model of attenuated HIV infection, similar to the SMM model of attenuated SIV
disease. Although HIV-2 can utilize the same co-receptors CCR5 and CXCR4 as HIV-
1 (Choe et al., 1996; Doranz et al., 1996; McKnight et al., 1994), HIV-2 retains the
ability to utilize CXCR6 as an alternative co-receptor (Blaak et al., 2005), whereas HIV-
1 lost the ability to use CXCR®6, and it was proposed that this could be a signature of
pathogenic primate lentiviruses (Wetzel et al., 2018). In fact, CXCRG6 is preferentially
used by HIV-2 in aviremic infected individuals (Blaak et al., 2005). More recently, the
lower expression of CXCR6 in central memory CD4+ T cells has been found to be
associated with the low pathogenicity of HIV-2 (Samri et al., 2019). In HIV-2 infected
individuals, it has been shown that the expression of CXCR6 on transitional memory
CD4+ T cells is 94-fold higher than on central memory CD4+ T cells, and HIV-2
reservoirs exhibit a preferential distribution in these transitional memory CD4+ T cells
(Samri et al., 2019). Therefore, the CXCR6 usage of HIV-2 may direct the virus to
target transitional memory CD4+ T cells which highly express CXCR6, but not the
central memory CD4+ T cells with limited CXCR6 expression. A better preservation of
central memory CD4+ T cells may contribute to slower disease progression in HIV-2-
infected patients. Unlike HIV-2, HIV-1 is closely related to SIV from chimpanzees
(SIVcpz), and SIVcepz-infected chimpanzees (CPZ) generally develop AIDS. Similar
to other pathogenic lentiviruses, HIV-1 has been shown to lose the ability to utilize
CXCRG6 as alternative co-receptor (Blaak et al., 2005; Wetzel et al., 2018), and this may
contribute to faster disease progression than HIV-2 infection. Indeed, the transitional
memory and central memory CD4+ T cells contribute to the major cellular reservoirs
in HIV-1-infected patients (Chomont et al., 2009), while the preservation of central
memory (Tem) CD4+ T cells is a key determinant for long-term control of HIV-1
pathogenesis (de Masson et al.,, 2014). Together, these studies indicate that the
alternative co-receptor usage for HIV may play important role in viral pathogenesis.
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Chapter 4: Mechanisms for HIV-1 cell-to-cell transmission

To spread within an infected host, HIV-1 has evolved different strategies for
insuring viral transmission and persistence. First, cell-free virus particles released from
HIV-1-infected cells may infect neighbouring or distant cells. Second, virus particles or
viral genetic material could be transferred directly from infected cells to neighbouring
uninfected cells through cell-to-cell contacts. However, HIV-1 spread via cell-free virus
particles is rather inefficient and rate limited by fluid uptake and virion attachment.
Moreover, freely diffusing virions are vulnerable to antibody neutralization and
antibody-mediated opsonization (Abela et al., 2012; Marechal et al., 2001; Sigal et al.,
2011). In addition, cell-free virus particles must survive the innate and adaptive immune
defenses to successfully establish infection in a new host. To circumvent these
challenges, HIV-1 has adapted to benefit from cell-to-cell interactions for virus
dissemination without appearing as cell-free virus particles, a mechanism described as
HIV-1 cell-to-cell transmission. HIV-1 cell-to-cell transmission between CD4+ T cells
mainly involves the formation of virological synapses (Alvarez et al., 2014; Chen et al.,
2007; Hubner et al., 2009; Jolly et al., 2004; Jolly et al., 2007a; Rudnicka et al., 2009),
but also through other membrane structures, such as nanotubes or filopodia, and has
been estimated to be 100-1000 times more efficient than a cell-free virus infection
process (Dimitrov et al., 1993; Sato et al., 1992). Interestingly, infectious viral particles
seem to be not required for HIV-1 cell-to-cell transfer, Vif-mutated virus has been
shown to be 1000 times less infectious than wild type virus in non-permissive cells,
however it can spread by cell-to-cell transfer as efficiently as wild type virus (Strebel
et al., 1987), although this observation remains controversial(Zotova et al., 2019). This
mode of viral spread significantly enhance the efficiency of HIV-1 transmission several
orders of magnitude compared with viral dissemination by cell-free particles (Carr et
al., 1999; Chen et al., 2007; Dimitrov et al., 1993; Iwami et al., 2015; Maldarelli et al.,
1995; Martin et al., 2010; Zhong et al., 2013a). In addition, since viral particles are
concentrated at the sites of cell-to-cell contacts, HIV-1 cell-to-cell transmission could
provide protection from neutralizing antibodies (Abela et al., 2012; Chen et al., 2007;
Dufloo et al., 2018; Ganesh et al., 2004; Gombos et al., 2015; Gupta et al., 1989; Li et
al., 2017; Malbec et al., 2013; Massanella et al., 2009; McCoy et al., 2014; Reh et al.,
2015; Zhong et al., 2013a), and may overcome the inhibitory effects of several anti-
viral restriction factors for HIV-1 such as TRIMS5a and tetherin/BST2 under certain
circumstances (Casartelli et al., 2010; Coleman et al., 2011; Giese and Marsh, 2014;
Jolly et al., 2010; Kuhl et al., 2010; Richardson et al., 2008; Zhong et al., 2013a).
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HIV-1 cell-to-cell transmission may also influence the efficacy antiretroviral
therapies. It has been reported that some antiretroviral drugs did not inhibit efficiently
HIV-1 cell-to-cell spread and ongoing virus replication (Agosto et al., 2014; Duncan et
al., 2013; Kim et al., 2018; Sigal et al., 2011; Titanji et al., 2013). Early studies have
shown that HIV-1 cell-to-cell transmission induces more rapid apoptosis compared to
cell free HIV-1 infection (Maldarelli et al., 1995), but more recently, it has been shown
that HIV-1 cell-to-cell transmission to quiescent CD4+ T cells rather induce pyroptosis,
a highly inflammatory form of programmed cell death, which was proposed to
contribute to CD4+ T cells depletion in lymphoid tissue (Doitsh et al., 2010; Doitsh et
al., 2014; Galloway et al., 2015; Monroe et al., 2014; Munoz-Arias et al., 2015). While
HIV-1 ongoing replication and latency have been proposed to maintain drug-insensitive
HIV-1 reservoirs during antiretroviral therapy (Pierson et al., 2000), cell-to-cell
transmission of HIV-1 could also contribute to the establishment of HIV-1 latency.
Since HIV-1 cell-to-cell transmission between T cells results in highly efficient
infection of CD4+ T cells, it is reasonable to question whether this mode of viral
transmission support infection of resting CD4+T cells and contribute viral latency.
Recent studies have shown that HIV-1 cell-to-cell transmission leads to the
establishment of HIV-1 latency by directly infecting resting CD4+ T cells (Agosto et
al., 2018; Kumar et al., 2015; Schilthuis et al., 2018; Shen et al., 2013).

Different modes of virus cell-to-cell infection through different intercellular
structures enabling close contacts between HIV-1-infected cells and non-infected target
cells have been described over the past years. Intercellular transfer of viral material has
been described mainly through establishment of the virological or infectious synapses,
and also using membrane protrusions such as tunneling nanotubes (TNTs) and filopodia,
phagocytosis and cell-to-cell fusion processes (Bracq et al., 2018; Chen, 2012; Jolly
and Sattentau, 2004; Mothes et al., 2010; Pedro et al., 2019; Sattentau, 2008; Zhong et
al., 2013b).
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(A) Cell-free infection is mediated by virus particles released to the extracellular milieu from the

HIV-1 infected cell. (B) The T cell-to-T-cell virological synapse (VS) forms when an HIV-1 infected

CDA4 T cell binds to an uninfected CD4 T cell through the engagement of viral envelope glycoprotein

(Env) and CD4 receptor. Cell adhesion molecules are also recruited to the virological synapse. (C)

The dendritic cell-to-T-cell infectious synapse forms when virus-carrying DC encounters an

uninfected CD4 T cell and subsequently transmit virus particles to uninfected CD4 T cell. (D)

Macrophage-to-T-cell infectious synapse occurs when macrophages internalize virus particles

within the plasma membrane invaginations via CD169/Siglec-1. (E) T cell-to-macrophage

interaction occurs either through phagocytosis of HIV-1 infected T cells or cell-to-cell fusion

between an infected T cell and an uninfected macrophage. Adapted from Law et al., 2016.
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4.1 The T-cell virological synapse

The formation of the virological synapse between T cells is the major and well-
described route for virus cell-to-cell transmission, and was first described in the context
of human T cell leukemia virus-type 1 (HTLV-I) infection as a close and organized
cell-cell junction between an infected donor cell and a target cell, enabling the transfer
of viral material between the two cells (Igakura et al., 2003). The virological synapse
is named for its homologies with the immunological synapses formed between APCs
and T cells for the antigen presentation. The formation of HIV-1 virological synapses
is dependent on the interaction between the viral envelope on HIV-1-infected donor
cells and the CD4 receptor on uninfected target cells (Chen et al., 2007; Jolly et al.,
2004; Vasiliver-Shamis et al., 2009; Vasiliver-Shamis et al., 2008). This interaction
allows the recruitment of the viral Gag polyprotein precursor to the intercellular
interface and triggers the recruitment of co-receptors, CCR5 or CXCR4, adhesion
molecules LFA-1, [CAM-1, and other cell surface molecules such as tetraspanins to the
site of intercellular contact, for stabilization of the virological synapse and efficient
viral transfer (Jolly et al., 2004; Jolly et al., 2007a; Starling and Jolly, 2016). While the
recruitment of adhesion molecules to the virological synapses is well established, their
specific role and requirement for HIV-1 cell-to-cell transmission remains to be
determined. The cell-to-cell contacts could initiate signaling cascades in both HIV-1
infected cells and the non-infected target cells (Len et al., 2017). Additional cell surface
molecules such as tetraspannins (Jolly and Sattentau, 2007), GM1 and other lipid rafts-
related proteins (Jolly and Sattentau, 2005) are also recruited to the virological synapses
in a filaminA- and actin-dependent manner (Jimenez-Baranda et al., 2007; Jolly et al.,
2004). Finally, specific re-organization of the cytoskeleton is required for the formation
of the virological synapse and efficient viral transfer. Engagement of the CD4 receptor
by the gp120 viral envelope glycoprotein triggers actin cytoskeleton remodeling and
microtubule polarization toward the virological synapses (Jolly et al., 2007b). The
formation of virological synapses between T cells is dependent of actin cytoskeleton
remodeling and involves cell-to-cell adhesion, this process is facilitated by the
involvement of adhesion molecules, such as ICAM-1, ICAM-3 and LFA-1 which are
concentrated at the site of cell-to-cell contact. The re-organization of actin cytoskeleton
and viral assembly lead to the transfer of numerous virus particles to non-infected target
cells effectively increasing the efficiency of target cells infection (Del Portillo et al.,
2011; Law et al., 2016; Russell et al., 2013; Zhong et al., 2013a).
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The CD4-Env interaction at the virological synapse between T cells could trigger
a durable adhesion at the site of cell-to-cell contact. Although the major role of Env is
to mediate virus-membrane fusion, the engagement on the target cell of the CD4
receptor by Env typically does not trigger cell-to-cell fusion (Chen et al., 2007; Hubner
et al., 2009; Jolly et al., 2007b). The lack of cell-to-cell fusion indicates that this fusion
process is finely regulated during the formation of virogical synapse between T cells
(Bracq et al., 2018).

It was reported that several cell surface proteins of the tetraspanin membrane
protein family, such as CD9, CD81 and CD63, are recruited at the site of cell-to-cell
contact during the virological synapse formation and are proposed to be involved in the
regulation of the cell fusion process (Gordon-Alonso et al., 2006). Furthermore, Ezrin,
a member of the ezrin/radixin/moesin (ERM) family, is also recruited at the T cell
virogical synapse and may contribute to the inhibition of cell-to-cell fusion (Roy et al.,
2014).

In addition to Env/CD4 interactions, other adhesion molecules expressed on cell
surface could also facilitate the formation of the T cell virological synapse. The
leukocyte function-associated antigen 1 (LFA-1) and its binding partners, including the
intercellular adhesion molecule 1 (ICAM-1) and ICAM-3, have been shown to promote
HIV-1-induced virological synapse formation (Jolly et al., 2007a; Rudnicka et al., 2009;
Vasiliver-Shamis et al., 2008). Blocking antibodies targeting these adhesion molecules
on cell surface could abrogate virogical synapse-mediated conjugate formation and
inhibit cell-to-cell transfer of HIV-1. However, contradictory findings reveal that HIV-
1 cell-to-cell transmission between infected T cells and non-infected T cells could occur
in the absence of these adhesion molecules; in some cases, blocking of cell surface
LFA-1 from binding to ICAMs even enhances HIV-1 cell-to-cell transmission
(Puigdomenech et al., 2008). Thus, the role of adhesion molecules in the formation of
the T cell virological synapse requires further investigation.

In addition to the LFA-1/ICAMs interactions at the virological synapse, Env
expressed on HIV-1-infected donor CD4+ T cells could also be recognized by the
integrin a4B7 expressed on the target T cells, which has been shown to correlate with
enhanced susceptibility to HIV-1 infection (Arthos et al., 2008; Cicala et al., 2009; Ding
et al., 2015; Nawaz et al., 2011). When Env binds to integrin a4p7, it colocalizes with
LFA-1 and CD4 at the site of cell-to-cell contact (Arthos et al., 2008). This Env-04p7
interaction could trigger the activation of LFA-1 on target CD4+ T cells, and then the
active conformation of LFA-1 promotes the formation of the virological synapse and
enhance HIV-1 infection (Hioe et al., 2011) (Figure 13). LFA-1 activation by the Env-
a4pB7 interaction enhances the efficiency of HIV-1 infection by promoting virological
synapse formation rather than capture of cell-free viral particles (Ding et al., 2015),

since it has been reported that the expression of LFA-1 on target cells leads to enhanced
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cell-free infection by HIV-1(Hioe et al., 2001). The integrin a4p7 has also been found
to be involved in the migration of lymphocytes to mucosal tissues, suggesting this
process may be relevant in HIV-1 infection of CCRS expressing memory CD4 T cell in
the vaginal mucosa and gut (Joag et al., 2016; Mavigner et al., 2012). Furthermore,
targeting integrin a4f7 has been shown to efficiently reduce intravaginal SIV
transmission and also protects gut-associated lymphoid tissue from SIV infection in
macaques (Byrareddy et al., 2014).
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Figure 14: The formation of Virological Synapse (VS) upon engagement of integrin a4p7 by
HIV-1 envelope.

An HIV infected donor cell encounters a susceptible target cell expressing high levels of integrin
a4f7 (a). HIV-1 envelope on the cell surface of infected donor cell interacts with integrin 0437 on
the target cell and triggers the activation of LFA-1 (b). The active conformation of LFA-1 binds to
its ligand ICAM-1 (c) and promotes the formation of Virological Synapse (VS). Adapted from
Cicala et al., 2010.
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4.2 HIV-1 infectious synapses

The infectious synapse is formed between virus-carrying donor cells such as DCs
that can significantly capture HIV-1 virions independently of CD4 receptor and without
being themselves productively infected, and subsequently transfer the virus particles to
the target cells through cell-to-cell contact (Kijewski and Gummuluru, 2015;
McDonald, 2010; McDonald et al., 2003). The formation of the infectious synapses
(ISs), is typically related to HIV-1 transmission from antigen-presenting cells (APCs)
such as DCs and macrophages toward target CD4+T cells, and is also known as HIV-1
trans-infection  (Arrighi et al., 2004; Geijtenbeek et al., 2000; Nikolic et al., 2011;
Rodriguez-Plata et al., 2013). The formation of the infectious synapses indicates that
the normal cell-to-cell interactions and the immune functions of APCs are co-opted by
HIV-1 to enable efficient virus dissemination.

It seems that the formation of the infectious synapse is not triggered in the presence
of the virus but is more related to a hijacking of the immunological synapse formed
between APCs and CD4+ T cells by HIV-1 (Rodriguez-Plata et al., 2013). Thus, HIV-
1 could take advantage of the normal cell-to-cell interactions and the immune functions
of APCs for its own benefits, leading to efficient virus dissemination. Similarly, it has
been suggested that mammary epithelial cells (MECs) and mucosal stromal fibroblasts
could also capture HIV-1 without being infected and then transmit viral particles to
CD4+ T cells (Dorosko and Connor, 2010; Neidleman et al., 2017). These studies
suggest that the trans-infection mechanism likely play important role in HIV-1
transmission and dissemination in vivo (Hladik and McElrath, 2008).

HIV-1 can be captured through binding of the viral envelope glycoproteins to
surface molecules expressed by APCs, such as mannose specific C-type lectin receptor
(DC-SIGN) and SIGLEC-1, and then stored within the tetraspanin-enriched virus
containing compartments (VCCs) where it could be protected from antibody
neutralization and degradation (Arrighi et al., 2004; Garcia et al., 2005; Geijtenbeek et
al., 2000; Gummuluru et al., 2014; Izquierdo-Useros et al., 2012b; Puryear et al., 2013;
Puryear et al., 2012; Waki and Freed, 2010). The formation of the infectious synapse is
mediated by the adhesion molecules LFA-1 and ICAM-1 for stabilization of
intercellular  interactions between virus-carrying APCs and target CD4+ T cells
(Rodriguez-Plata et al., 2013; Sanders et al., 2002), but interactions between the MHC
and TCR could also modulate DC-mediated trans-infection process (Rodriguez-Plata
et al., 2013). After the formation of conjugates, the APCs recruit a number of molecules
to the contact sites, while the CD4 receptor and CXCR4 or CCRS5 co-receptors required
for virus entry are also recruited at the site of the cell-cell contact in the target CD4+ T
cells (Akiyama et al., 2015; McDonald et al., 2003). Rearrangements of the actin

73



cytoskeleton also likely play important role in HIV-1 transmission across the infectious
synapse. Recent studies have shown that and dynamin-2 and tetraspanin-7 control
nucleation and cortical stabilization of actin to maintain HIV-1 onto DC dendrites for
efficient cell-to-cell transfer from virus-carrying DCs to target CD4+ T cells when these
cells are co-cultured, and simultaneously infected with HIV-1 (Menager and Littman,
2016).

4.2.1 HIV-1 trans-infection by plasmacytoid DCs (pDCs)

Plasmacytoid DCs (pDCs) could respond to a variety of enveloped viruses,
including HIV-1 and HCV, with production of type I interferon (IFN) and type III
interferon (IFN-LA) (Fitzgerald-Bocarsly et al., 2008; Mesev et al., 2019). Productive
infection of pDCs by HIV-1 is less efficient than cDCs, even if both subpopulations
express CD4 receptor and co-receptors (Smed-Sorensen et al., 2005). Cell-associated
viruses are more potent stimulators of pDCs than cell-free viral particles. This immune
activation results in the recruitment of pDCs and other types of immune cells to the
sites of viral infection, which may facilitate viral transfer from infected pDCs to CD4+
T cells in the SIV-macaque model (Li et al., 2009). During HIV-1 infection, IFN
secretion by pDCs could promote maturation of pDCs and ¢cDCs and also inhibit HIV-
1 replication in CD4+ T cells (Li et al., 2014; Miller and Bhardwaj, 2013; Royle et al.,
2014). However, pDCs has been shown to efficiently transmit viral particles to CD4 T+
cells, which may exacerbate T cell depletion (Evans et al., 2011; Fong et al., 2002; Lore
et al., 2005).

4.2.2 HIV-1 trans-infection of CD4+ T by conventional DCs (¢DCs)

The major role of conventional DCs (¢cDCs) is to scavenge for invading pathogens
and migrate from the site of microbial infection to lymph nodes for presentation of
foreign antigens to lymphocytes that initiate adaptive immunity. Paul Cameron and
colleague first described that blood DCs efficiently capture HIV-free particles without
being infected and produces vigorous cytopathic infection when co-cultured with non-
infected CD4+T cells (Cameron et al., 1992). Cameron and Steinman also provide the
first evidence that murine DCs, which are refractory to HIV infection, could also
capture HIV and transfer viral particles to human CD4+ T cells as efficiently as human
blood-derived DCs (Cameron et al., 1992). Taking together, these data clearly
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demonstrate that DCs can capture HIV efficiently without becoming infected and
transfer virions to CD4+ T cells, a process referred to as franms-infection. The
mechanism by which DCs can mediate trans-infection of CD4+ T cells has been further
described by McDonald and coll. who found that HIV-1 captured by DCs could rapidly
re-localize to the site of cell-to-cell contact when the virus-carrying DC encounters a
non-infected CD4+ T cell (McDonald et al., 2003). The CD4 receptor, co-receptors
CCRS5 and CXCR4 expressed on the target T cells are subsequently recruited to the
interface, while the DCs concentrate viral particles to this infectious synapse to enhance
viral transfer from DCs to CD4+ T cells (McDonald et al., 2003).

Although it has been well accepted that HIV-1 productive infection of DCs is
inefficient due to the low levels of CD4 and co-receptor expression and abundance of
restriction factors such as SAMHDI1 (Laguette et al., 2011), some studies have shown
that cDCs could support some level of HIV-1 infection in vitro, but DC maturation
could result in significant inhibition of HIV infection (Cameron et al., 2007; Martin-
Gayo et al., 2015; Smed-Sorensen et al., 2005). In fact, early studies of HIV-DC
interactions could observe infection of DCs in vivo (Frankel et al., 1996). In vitro, DCs
can be productively infected using large amount of VSV-G-pseudotyped HIV-1
particles and are also capable of transmitting viral particles to mediate efficient
infection of CD4+ T cells, a process referred as cis-infection (Burleigh et al., 2006;
Lambert et al., 2008).

Recent studies have proposed a model on two temporal phases of HIV-1 transfer
from DCs to T cells. The first-phase transfer (within 24 h) depends on highly efficient
virus uptake through pattern recognition receptors, such as DC-SIGN and Langerin,
which results either in proteolytic degradation of internalized viral particles in the late
endosomes or immediate virus transfer to CD4+ T cells across the infectious synapse
in trans (Martin et al., 2010; McDonald et al., 2003). Subsequently, a second-phase
transfer occurs when DCs are productively infected over a longer period (around 96 h),
and this process is mediated by viral fusion at the plasma membrane of DCs and de
novo replication of HIV-1 in DCs. These productively infected DCs could then transfer
de novo virus to CD4+ T cells across the virological synapse in cis (Burleigh et al.,
2006; Nobile et al., 2005; Turville et al., 2004). In addition, Nasr et al. also found that
uptake and transfer of HIV to CD4+ T cells from ex vivo Langerhans cells (LCs)
occurred in two successive phases as described above (Nasr et al., 2014).

Immature DCs scavenge for potential pathogens in mucosal tissues, and they
efficiently internalize and cross-present foreign antigens to CD4+ T cells. HIV-1 can
benefit this process to facilitate efficient infection of CD4+ T cells through dendritic
cell-specific intercellular adhesion molecule-3-frabbing nonintegrin (DC-SIGN),
which is a C-type lectin receptors highly expressed on mucosal dendritic cells, and also

a subset of macrophages such as M2a macrophages (Geijtenbeek et al., 2000; Kwon et
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al., 2002). DC-SIGN is highly expressed on immature DCs and could mediate rapid
internalization of HIV-1 particles for efficient trans-infection of CD4+ T cells. DC-
SIGN binds to HIV-1 gp120 with much higher affinity than for the CD4 receptor,
indicating that DC-SIGN expressed on immature DCs could be of specific importance
when few viral particles are present, such as in early HIV primo-infection (Curtis et al.,
1992; Geijtenbeek et al., 2000; Izquierdo-Useros et al., 2014).

Earlier studies have identified DC-SIGN as a critical HIV binding factor on
immature DCs, which interacts efficiently with the viral Env, but maturation of iDCs
with lipopolysaccharide (LPS) could markedly enhance the ability of DCs to capture
viral particles and mediate HIV-1 trans-infection of CD4+ T cells (Izquierdo-Useros et
al., 2007; Sanders et al., 2002), while DC-SIGN has been shown to significantly down-
regulated upon DC maturation (Dominguez-Soto et al., 2005; Martinez-Nunez et al.,
2009). These observations suggest that DC-SIGN may be dispensable for trans-
infection by mature DCs (Wang et al., 2007). Through transcriptome analysis of mature
DCs to identify the cell surface molecules which may be involved in this DC-SIGN-
independent trans-infection process by mature DCs, [zquierdo-Useros and colleagues
showed that the sialic acid-binding Ig-like lectin 1 (Siglec-1, or CD169) was
significantly up-regulated upon DC maturation and was considered as a primary
candidate for HIV capture receptor (Izquierdo-Useros et al., 2012b; Puryear et al.,
2013). It has been further demonstrated that Siglec-1 can bind to HIV-1 particles
efficiently through recognition of glycosphingolipids and also mediate HIV-1 trans-
infection of CD4+ T cells (Izquierdo-Useros et al., 2012a; Izquierdo-Useros et al., 2014;
Izquierdo-Useros et al., 2012b). The glycosphingolipid GM3, a host cell-derived
glycosphingolipid which is incorporated into viral particles membranes, is essential for
CD169-mediated capture of HIV-1 and trans-infection by mature DCs (Akiyama et al.,
2014; Puryear et al., 2012). However, the GM3-CD169 binding is independent of the
viral Env, while DC-SIGN could recognize gpl120 directly for sequestration and
infection (Yu et al., 2014). Upon virus capture, Siglec-1 could mediate internalization
of virus particles into deep plasma membrane invaginations of DCs, leading to a
decrease of the efficiency of broadly neutralizing antibodies against gpl120 from
neutralizing trans-infection (Akiyama et al., 2015).

During the formation of the immunological synapse, binding of the T-cell receptor
to the MHC-peptide complex expressed on the cell surface of APCs ensures T-cell
activation by transducing signals that cause transcriptional up-regulation of numerous
genes, polarized secretion of cytokines or cytotoxic granules, and T cell-proliferation
(Huppa and Davis, 2003). The interaction between LFA-1 and ICAM-1 is essential for
the formation of immunological synapse. HIV-1 could benefit from this adhesive
interaction to mediate trans-infection of CD4+ T cells by virus-carrying dendritic cells

(Rodriguez-Plata et al., 2013; Sanders et al., 2002). Both ICAM-1 and LFA-1 have been
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shown to be significantly up-regulated upon DC maturation, and this cell-cell contact
mediated by ICAM-1-LFA-1 interaction is co-opted by HIV-1 for efficient
transmission (Sanders et al., 2002). Antibody blockade and overexpression studies have
shown that ICAM-2 and ICAM-3 are dispensable for DC-mediated HIV-1 transmission
to CD4+ T cells (Wang et al., 2009).

HIV-1 transmission from virus-carrying DCs to CD4+ T cells might also occur by
exosome-associated viruses. In this process, HIV-1 particles are rapidly internalized by
mature DCs into late endosomes, multivesicular bodies (MVBs), which are endosomal
compartment enriched in tetraspanins, such as CD9, CD81, CD82 and CD63, not
present in immature DCs (Garcia et al., 2008; Garcia et al., 2005). Furthermore, the
intralumenal vesicles found in tetraspanin-enriched MVBs could fuse with the plasma
membrane and be released as exosomes, which could also be captured together with
HIV particles by mature DCs and can be efficiently transferred to CD4+ T lymphocytes
in a gpl20-independent manner(Izquierdo-Useros et al., 2009; Piper and Katzmann,
2007). Recent studies have also shown that HIV RNA and proteins could be packaged
into these exosomes and transported between different cells (Mukhamedova et al., 2019;
Patters and Kumar, 2018). These findings suggest that retroviruses could mimic
exosomes and could be captured by dendritic cells to evade the host immune system
(Izquierdo-Useros et al., 2009; Piper and Katzmann, 2007).

4.2.3 HIV-1 trans-infection of CD4+ T cells by macrophages

Similar to dendritic cells, HIV-1 infection of macrophages is largely inefficient
compared to CD4+ T cells due to low levels of expression of the CD4 receptor and high
levels of expression of restriction factors, such as SAMHD1 and TRIMS5a. Infectious
viral particles can persist within the virus-containing compartments (VCCs) of HIV-1
infected macrophages and retain infectivity for extended time, and could also be then
transferred to activated peripheral blood lymphocytes (PBLs) 6 weeks after viral
replication was blocked by the protease inhibitor indinavir sulfate (Sharova et al., 2005).
Therefore, HIV-1-infected macrophages are able to transfer infectious viral particles to
non-infected CD4+ T cells, which could reduce viral sensitivity to the reverse-
transcriptase inhibitors (RTIs) and some broadly neutralizing antibodies (bNADbs) (Carr
et al., 1999; Duncan et al., 2014). Finally, t has been demonstrated that macrophages
can also capture both HIV-1 and murine leukemia virus (MLV) cell-free particles in a
CD169-dependent manner in vivo and then mediate trans-infection of proliferating
lymphocytes with MLV (Sewald et al., 2015).
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The sialic acid-binding Ig-like lectin 1 (Siglec-1, or CD169) is an I-type lectin
which could recognize ganliosides and capture the virus. Sampling by CD169/ Siglec-
1 has been proposed as an early step of host immune responses against viral infection.
Similar to the C-type lectin DC-SIGN, HIV-1 could co-opt CD169/ Siglec-1 for its own
benefit to efficiently infect and disseminate in the host. The expression of CD169 on
cell surface is significantly increased on monocytes and macrophages upon HIV-1
infection (Rempel et al., 2008; van der Kuyl et al., 2007; Zou et al., 2011). The mannose
receptor (MR), the first C-type lectin receptors (CLR) described in myeloid cells (Stahl
et al., 1980), is also capable of capturing HIV-1 as well as invading pathogens,
including Mycobacterium tuberculosis and Candida albicans (Allavena et al., 2004).
The MR expressed on macrophages could capture large amounts of HIV cell-free
particles and facilitate viral transmission to CD4+ T cells in trans (Nguyen and Hildreth,
2003). MR-mediated trans-infection can be significantly blocked using inhibitors of
MR binding, such as D-mannose, mannan, EDTA, as well as soluble mannose-binding
lectin (Nguyen and Hildreth, 2003).

Although it was initially proposed that the C-type lectin DC-SIGN is not expressed
on macrophages in vitro, recent studies indicate that DC-SIGN is strongly expressed on
M2a macrophages and could facilitate HIV-1 entry and viral DNA synthesis in these
macrophage subtype (Cassol et al., 2013). In addition, they can efficiently transmit both
X4 and RS HIV-1 to the CD4+ T cells in a DC-SIGN-dependent manner (Cassol et al.,
2013). Intriguingly, it has been shown that monocyte-derived macrophages isolated
from HIV-1-infected nonprogressors (NP) are not able to mediate trans-infection of
autologous CD4+ T cells by HIV-1, compared to the monocyte-derived macrophages
isolated from HIV-1 seronegatives (SN) and rapid progressors (PR) (DeLucia et al.,
2018). This impairment of trans-infection efficiency from NP macrophages was
associated with a significant decrease of the number of macrophages expressing DC-
SIGN, namely M2a macrophages (DeLucia et al., 2018). These findings suggest that
macrophage polarization may affect macrophage trans-infection efficiency. Together,
these observations indicate that capturing of HIV-1 by lectin receptors expressed on
macrophages, including type-I lectin CD169/ Siglec-1, C-type lectin receptor DC-
SIGN and mannose receptor (MR), may facilitate viral trans-infection of CD4+ T cells
and enhance virus dissemination in vivo.

Finally, it was also reported that antibody blockage of the scavenger receptor
CD36 significantly inhibits viral release from HIV-1 infected macrophages and also
prevent HIV-1 transmission from infected macrophages to CD4+ T cells (Berre et al.,
2013). CD36 is a transmembrane glycoprotein, a member of class B scavenger receptor
family, and is expressed on smooth muscle cells, endothelial cells, adipocytes, and
macrophages (Kuniyasu et al., 2003; Matsumoto et al., 2000; Swerlick et al., 1992;

Talle et al., 1983). CD36 is found in the VCCs of HIV-1 infected macrophages and has
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been shown to be essential for efficient release of viral particles (Berre et al., 2013).

4.3 Tunnelling nanotubes (TN'Ts) and filopodia

The role of membrane protrusions in intercellular communications has been
widely investigated (Buszczak et al., 2016). A large diversity of membrane protrusions
have been described, both in vivo (Chinnery et al., 2008; Lou et al., 2012; Seyed-Razavi
et al.,, 2013) and in vitro (Sherer et al., 2007), and play key roles for information
transmission between different types of cells from physiological systems, such as T
cells, myeloid cells and neurons (Eugenin et al., 2009a, b; Gousset and Zurzolo, 2009;
Hase et al., 2009; Onfelt et al., 2006; Onfelt et al., 2004; Rustom et al., 2004; Wang et
al., 2011).

There are two different types of nanotubes which have been described,
corresponding to open-ended nanotubes (also known as tunnelling nanotubes, TNTSs)
and close-ended nanotubes. Intercellular communications involving TNTs were first
observed as F-actin-containing membrane extensions which are able to connect distant
cells during minutes to hours (Rustom et al., 2004). The TNTs are dynamic and fragile
structures extended up to 100 pm in length with diameters ranging from 50 to 200 nm,
and are not attached to the substratum (Rustom et al., 2004; Sowinski et al., 2008).
Several studies have shown that HIV-1 co-opts TNT networks to move from one cell
to another cell, leading to efficient virus cell-to-cell transfer. The frequency of TNT
formation is not affected by the virus in T cells but these structures could allow for
rapid spreading of HIV-1 between T cells (Sowinski et al., 2008).

Furthermore, virus particles could be also transferred by surfing along the surface
of TNTs between infected and non-infected T cells (Sowinski et al., 2008). Similarly,
HIV-1 dissemination through TNTs has also been reported between macrophages, in
which virus particles can be transferred through intracellular vesicles derived from the
endoplasmic reticulum or the Golgi apparatus (Kadiu and Gendelman, 2011a, b).
Moreover, HIV-1 infection has been shown to induce the formation of these
intercellular structures in macrophages for efficient viral dissemination in macrophages
(Eugenin et al., 2009a). In addition, the HIV-1 Nef auxiliary protein has been reported
to be responsible for the formation of TNTs in the THP-1 macrophage-like cell line as
well as in primary monocyte-derived macrophages. Nef can alter the localization of the
scaffolding protein M-Sec, which has been shown to be a key regulator of TNT
formation by a still undefined mechanism (Hase et al., 2009; Hashimoto et al., 2016;
Kadiu and Gendelman, 2011a; Xu et al., 2009).

Another route of viral cell-to-cell transmission through membrane extension
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involving the formation of filopodia was first described for the transmission of the
murine leukemia virus (MLV) (Sherer et al., 2007). Filopodia are also F-actin-rich thin
plasma membrane extensions that are involved in a large variety of cellular functions,
such as adhesion to the extracellular matrix, chemo-migration, or the formation of cell-
cell contacts (Mattila and Lappalainen, 2008). In DCs, after the engagement of DC-
SIGN, HIV-1 can mediate the activation of the CDC42 small GTPase and the
remodeling of actin cytoskeleton to promote filopodia extension that allows efficient
virus transmission to neighboring CD4+ T cells (Nikolic et al., 2011). By budding at
the tip of filopodia in DCs, HIV-1 are able to tether concomitantly several non-infected
CD4+ T cells, leading to viral transfer and infection of the target CD4+ T cells
(Aggarwal et al., 2012).

4.4 Phagocytosis

Apoptosis, a unique form of programmed cell death, is closely related to
recognition and clearance by phagocytosis. Removal of apoptotic cells is essential for
tissue development and homeostasis(Gordon and Pluddemann, 2018). It has been
proposed that HIV-1 can infect macrophages by virus cell-to-cell transfer through
capture and engulfment of infected T cells (Baxter et al., 2014; Calantone et al., 2014;
DiNapoli et al., 2017). HIV-1 proviral DNA and rearranged TCR DNA could be
detected in myeloid cells possibly attributed to phagocytosis of apoptotic HIV-1
infected T cells by myeloid cells (DiNapoli et al., 2017). However, cellular DNA of
apoptotic cells undergoes nuclease digestion prior to phagocytosis by myeloid cells,
which could cleave both viral DNA and cellular DNA into small fragments rendering
thus difficult for PCR amplifying of intact rearranged TCR DNA or HIV-1 proviral
DNA in myeloid cells (Stevenson, 2015). Therefore, the precise mechanisms for HIV
infection of macrophages through phagocytosis of infected T cells require further

investigations.

4.5 The formation of multinucleated giant cells (MGCs)

The formation of syncytia, the fusion between infected and uninfected cells, is the
simplest mechanism of virus cell-to-cell dissemination which can be reproduced in vitro
for paramyxoviruses herpesviruses, and some retroviruses, leading to the formation of
multinucleated giant cells (MGCs). For example, paramyxoviruses, including

respiratory syncytial virus (RSV) and measles virus (MV), can induce the formation of
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MGC:s in vitro and in vivo for efficient viral cell-to-cell spread (Fugier-Vivier et al.,
1997; McChesney et al., 1997; Takeuchi et al., 2003). Similarly, alpha-herpesviruses
express a number of fusogenic glycoproteins and are able to induce MGC formation
(Cole and Grose, 2003). Finally, HIV-1 and HTIV-1 can also form syncytia in tissue
culture (Benovic et al., 1998; Ceccaldi et al., 2006). In fact, syncytium formation is
mediated by engagement of CD4 on target cell with Env expressed by infected donor
cells during HIV-1 infection (Bracq et al., 2018; Lifson et al., 1986). Earlier studies
have shown that HIV-1 infected multinucleated macrophages and multinucleated DCs
could also be detected in vivo in different tissues of HIV-1-infected patients (Frankel et
al., 1996; Granelli-Piperno et al., 1995). The presence of HIV-Il-infected MGCs
expressing specific DC markers has been found at the surface of nasopharyngeal tonsils
of HIV-1-infected individuals (Frankel et al., 1996). Similarly, HIV-1-infected
multinucleated giant macrophages were found in vivo in different tissues during HIV-1
infection, including spleen, genital, lymph nodes, lungs, digestive tracts, as well as the
central nervous system (CNS)(Bracq et al., 2018; Frankel et al., 1996; Harbison et al.,
2014; Koenig et al., 1986; Symeonides et al., 2015; Vicandi et al., 1999). However, the
relevance of syncytium formation for HIV-1spread in vivo is less clear. Recent studies
using humanized mice model and 3D cultures suggest that multinucleated giant cells
formed by HIV-1 induced cell-to-cell fusion are viable and probably contribute to virus
dissemination (Bracq et al., 2017; Compton and Schwartz, 2017; Law et al., 2016;
Murooka et al., 2012; Symeonides et al., 2015).
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Chapter 5: Cell fusion and multinucleated giant cells

The fusion of plasma membranes and formation of multinucleated giant cells are
a universal, active and frequent phenomenon in living cells. Cell fusion and formation
of multinucleated giant cells (MGCs) are evolutionarily conserved among
eukaryotes(Ogle et al., 2005). Under certain homeostatic and developmental conditions,
mammalian cells can undergo cell fusion and give rise to multinucleated giant cells
with specialized functions. At the cellular level, cell fusion of sperm and egg is essential
for fertilization in mammals. At the organ level, cell fusion of myoblasts is important
for the formation of skeletal muscle with increased myofibre size to improve contractile
strength, and it can also take place during the formation of the placenta (i.e. the fusion
of trophoblast cells)(Buchrieser et al., 2019; Ogle et al., 2005).

The multinucleated giant cells (MGCs) have been morphologically classified into
several different types, including osteoclasts (OCs), Langhans giant cells (LGCs),
foreign body giant cells (FBGCs) and Touton giant cells (Brodbeck and Anderson, 2009;
Brooks et al., 2019a; Pereira et al., 2018; Quinn and Schepetkin, 2009) (Figure 14).
These different types of multinucleated giant cells (MGCs) are all derived from cells of
monocyte/macrophage-lineage, but varied on their functional characteristics, the
composition and arrangement of intracellular organelles. The Langhans giant cells are
typically circular in shape, with the Golgi apparatus and other intracellular organelles
surrounded by the peripherally located nuclei (less than 20 nuclei per cell). In contrast,
Foreign-body giant cells contain numerous nuclei (up to 100-200 nuclei) which
distributed in a diffused pattern throughout the cytoplasm. Touton giant cells are
distinguished by multiple, clustered nuclei that are located in the center and surrounded
by a foamy cytoplasm with accumulated lipids. Since all these MGCs variants are
derived from the monocyte/macrophage precursors, their functional and morphological
heterogeneity appears to be determined by different tissue location and the local factors

present in the microenvironnement.
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Figure 15: Different types of multinucleated giant cells (MGCs)

The multinucleated giant cells (MGCs) have been morphologically classified into several different
types, including osteoclasts (OCs), Langhans giant cells (LGCs), foreign body giant cells (FBGCs)
and Touton giant cells. Pathways leading to formation of different types of munlinucleated giant
cells (MGCs) are shown. Major cytokines involved in the cell fusion of monocyte/macrophage

precursors are indicated. Adapted from Quinn et al., 2009.

5.1 Osteoclasts

Osteoclasts (OCs) are multinucleated giant cells involved in bone resorption via
proteolytic degradation and acid decalcification, leading to maintenance of bone matrix
homeostasis and ensuring continuous remodelling of the bones. They are specialized
phagocytic cells of the bone, originating from macrophage fusion, and were initially

proposed as one of the members of mononuclear phagocyte system (van Furth et al.,
84



1972). Bone-resorbing OCs arise by fusion of haematopoietic stem cells-derived
monocytic precursors in the presence of RANKL and M-CSF (Ash et al., 1980; Lacey
et al., 1998; Shalhoub et al., 2000). The receptor activation of NF-kB ligand (RANKL)
belongs to the tumor necrosis factor (TNF) family and has been consider to be an
essential cytokine for osteoclastogenesis. RANKL is also expressed on the osteoblasts
and their precursors, and its expression is enhanced by the osteoclast-stimulating agents
such as TNF-a and parathyroid hormone. Yagi and colleagues have identified dendritic
cell-specific transmembrane protein (DC-STAMP) as a key factor for macrophage
fusion and the formation of osteoclasts using a knockout mouse model (Yagi et al.,
2005). Osteoclast multinucleation was completely blocked in DC-STAMP knockout
mice despite normal expression of the osteoclast specific markers and cytoskeletal
structure (Yagi et al., 2005). Moreover, a genetic variant of TM7SF4 gene, found in the
patients with Paget’s disease of bone (PDB) and which encodes for DC-STAMP,
significantly increases the nuclei number of multinucleated cells and simulates
osteoclastogenesis in PDB(Laurier et al., 2017).

CCR?2 and its ligand CCL2 are common chemoattractant for osteoclasts, and both
were found to be required for osteoclast multinucleation (Kyriakides et al., 2004; Sul
et al.,, 2012). Indeed, significantly fewer osteoclasts and FBGCs were found when
isolated from the bone marrow of CCR2 and CCL2 knockout mice, compared with the
levels in wild-type mice (Khan et al., 2016). The signaling adaptor DNAX activating
protein 12 (DAP12) is a transmembrane protein expressed on NK cells and myeloid
cells and could mediates signalling for a variety of cell-surface receptors(Turnbull and
Colonna, 2007). DAP12 has been shown to be a common mediator of macrophage
fusion, the overexpression of DAP12 in macrophages could enhance macrophage
fusion, while the DAP12 gain-of-function transgenic mice displayed spontaneous
multinucleated giant cells (MGCs) formation in the lung (Helming et al., 2008; Kaifu
et al., 2003). Furthermore, the triggering receptor expressed on myeloid cells 2
(TREM2), one of the DAP12-associated receptors, has also been shown to be required
for macrophage multinucleation (Helming et al., 2008). It has been further
demonstrated that TREM2 is essential for macrophage fusion, activation, and osteoclast
multinucleation (Cella et al., 2003; Humphrey et al., 2004; Mocsai et al., 2004; Otero
et al., 2012; Turnbull et al., 2006).

5.2 Langhans Giant Cells

The Langhans giant cells (LGCs) are frequently found in association with

tuberculosis induced granulomas and are originally described by Theodor
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Langhans(Brodbeck and Anderson, 2009). Langhans giant cells (LGCs) are formed by
cell fusion of multiple macrophages and contain a limited number of nuclei (about 10—
20 nuclei per cell) which are located on the cell periphery surrounding the Golgi
apparatus and other intracellular organelle (Okamoto et al., 2003; Puissegur et al., 2007).
The mechanisms regarding LGCs formation and functional property of these LGCs
remain poor understood. Recent studies using an in vitro human tuberculous
granulomas model indicates that high virulence mycobacteria (e.g., Mycobacterium
tuberculosis) but not the avirulent mycobacteria (e.g., Mycobacterium smegmatis)
induces the fusion of granulomas macrophages and formation of large LGCs (Lay et
al., 2007; Puissegur et al., 2004). Further studies revealed an important role of
mycobacterial glycolipids in LGCs formation. The proinflammatory glycolipids,
including phosphatidyl-myo-inositol mannosides (PIMs), lipomannan (LM) and
trehalose-6,6’dimycolate (TDM) are able to induce cell fusion of granuloma
macrophages into Langhans giant cells (LGCs) whereas anti-inflammatory
lipoarabinomannan do not(Puissegur et al., 2007). Lipomannan (LM) induced the
formation of LGCs reminiscent of those multinucleated giant macrophages (MGCs)
detected in vivo in tuberculosis patients, and this cell fusion process occurs through
Toll-like receptor 2 (TLR2) signaling pathway, and is dependent on the expression 1
integrin and ADAMO(Puissegur et al., 2007). ADAM9 belongs to the ADAMs
(membrane proteins with a disintegrin and metalloprotease domain) transmembrane
glycoproteins family and has been shown to play important role in monocyte fusion and
the formation of MGCs in vitro (Namba et al., 2001). The 1 integrins and B2 integrins
mediate macrophage adhesion and are necessary for macrophage fusion and MGCs
formation (McNally and Anderson, 2002). Since the tuberculous granulomas
containing LGCs are generally surrounded by T cells(Philips and Ernst, 2012), further
study using an in vitro LGCs formation system revealed activated T cells play an
important role in LGCs formation through the CD40-CD40L axis and IFN-y
secretion(Sakai et al., 2012). Dendritic cell-specific transmembrane protein (DC-
STAMP), a key regulator of osteoclast formation, has also been shown to be involved
in the formation of LGCs (Sakai et al., 2012). The functional properties of LGCs are
strongly resembles those of mature dendritic cells, which exhibit reduced phagocytosis
efficiency, despite high levels expression of major histocompatibility complex (MHC)
class I molecules on plasma membrane(Lay et al., 2007). The LGCs detected in M. tb-
induced granulomas seem to be involved in the destruction of bacilli that have been
ingested macrophages and small multinucleated cells (MCs), and are thought to restrict
mycobacteria spreading within granulomas(Brooks et al., 2019b; Cronan et al., 2016;
Lay et al., 2007).
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5.3 Foreign Body Giant Cells

The foreign body giant cells (FBGCs) are most commonly found at the tissues
interfacing with foreign materials such as implanted biomedical devices, biomaterials
and prostheses(Anderson et al., 2008). FBGCs are highly variable in cell size and
exhibit up to 200 nuclei that distributed in a diffused pattern throughout the cytoplasm.
The number of nuclei within FBGCs varies greatly from ten to even hundreds and
exhibit no particular patterns of nuclear arrangements, with numerous nuclei randomly
scattered throughout the cytoplasm (McNally and Anderson, 1995; Zhao et al., 1992).
Once foreign material is exposed to the immune system, macrophages adhere to the
surface of implanted biomaterials and fuse to form destructive foreign body giant cells
(FBGCs), which are thought to mediate foreign body response (FBR), a chronic
inflammatory response against foreign material, leading to the resorption and
degradation of foreign material (Anderson et al., 2008; Brodbeck and Anderson, 2009;
Major et al., 2015; Miron et al., 2016). FBGCs are able to secret reactive oxygen species
(ROSs) and also inflammatory cytokines such as TGF-B1, potentially leading to
oxidative damage and degradation of implanted devices (Hernandez-Pando et al., 2000;
Wiggins et al., 2001). Early studies have shown that interleukin-4 (IL-4) and
interleukin-13 (IL-13) mediate macrophage fusion and formation of FBGCs through
up-regulation of the mannose receptors (CD206) on fusing macrophages (Anderson et
al., 2008; DeFife et al., 1999; Kurachi et al., 1994; McNally and Anderson, 1995). It
has also been reported that IL-4 could induce the expression of dendritic cell-specific
transmembrane protein (DC-STAMP) and E-cadherin via STAT6 signaling, and
promotes the formation of LBGCs (Moreno et al., 2007; Van den Bossche et al., 2009).
DC-STAMP is a cell surface molecule that has been shown to be essential for
macrophage fusion and formation of osteoclasts and FBGCs in vivo and in vitro (Kukita
et al., 2004; Miyamoto et al., 2012; Yagi et al., 2005; Yagi et al., 2006). E-cadherin has
been shown to be required for macrophage adhesion and fusion during IL-4-induced
FBGCs formation(Moreno et al., 2007). Other studies have reported that vitronectin
(VN), a glycoprotein of hemopexin family and component of the extracellular matrix,
acts as a critical matrix adhesion substrate that supports IL-4-induced FBGCs formation
(Kurachi et al., 1994; McNally et al., 2008). Other studies have demonstrated that the
chemotactic factor CCL2/MCP-1, signal transducer DAP12 and the small-GTPase
Racl are also involved in macrophage fusion and foreign body giant cells formation
(Helming et al., 2008; Jay et al., 2007; Kyriakides et al., 2004). More recently, it has
been demonstrated that the transient receptor potential vanilloid 4 (TRPV4), a member
of transient receptor potential (TRP) vanilloid subfamily, play an important role in

macrophage fusion and FBGCs formation, and genetic deficiency of TRPV4 results in
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reduced macrophage fusion in vitro and impaired FBGC formation in vivo(Goswami
et al., 2019).

5.4 Touton Giant Cells

Touton giant cells (TGCs), originating from cell fusion of foam cells, contain
multiple, clustered nuclei that are located in the center and surrounded by a foamy
cytoplasm with accumulated lipids(Aterman et al., 1988; Dayan et al., 1989). Foam
cells are a specific type of macrophages which could ingest low-density lipoproteins
(LDL) and form lipid-filled cytoplasm (da Silva et al., 2016; Funk et al., 1993; Oh et
al., 2012; Yu et al., 2013b). TGCs are most commonly detected in lesions with
cholesterol and lipid deposits, and are usually associated with Juvenile
xanthogranuloma (JXG) and xanthomas (Consolaro et al., 2009; Kodama et al., 1988).
However, the fusion molecules involved in the formation of TGCs remain poorly

investigated.
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Objectives of the project

Myeloid cells, including macrophages, dendritic cells and bone osteoclasts, play
pivotal roles during infection as demonstrated in HIV-infected patients, simian
immunodeficiency virus (SIV)-infected macaques, and more recently in HIV-1-infected
Humanized mice (Bracq et al., 2018; Costiniuk and Jenabian, 2014; Fischer-Smith et
al., 2008; Frank et al., 1996; Frankel et al., 1996; Honeycutt et al., 2016; Lewin-Smith
et al., 1999; Stevenson, 2015). They are emerging as target cells of HIV-1 involved in
virus transmission, dissemination, and establishment of persistent tissue virus
reservoirs. Myeloid cells are poorly infected by cell-free viruses due to low levels of
expression of viral entry receptors and high levels of expression of restriction factors,
such as SAMHD1 and APOBEC3 family proteins (Berger et al., 2011b; Laguette et al.,
2011; Lee et al., 1999; Peng et al., 2007).

While infection of HIV-1 cellular targets with cell-free viruses has been largely
documented, HIV-1 cell-to-cell transmission is much more efficient and probably
represents the dominant mode of infection in vivo. Importantly, this mode of virus
dissemination may enable virus to escape elimination by the immune system, including
neutralizing antibodies, and antiretroviral drugs (Abela et al., 2012; Chen et al., 2007,
Dufloo et al., 2018; Ganesh et al., 2004; Gombos et al., 2015; Gupta et al., 1989; Li et
al., 2017; Malbec et al., 2013; Massanella et al., 2009; McCoy et al., 2014; Reh et al.,
2015; Zhong et al., 2013a) It may also overcome the inhibitory effects of several anti-
viral restriction factors for HIV-1 such as TRIMS5a and tetherin/BST2 under certain
circumstances (Casartelli et al., 2010; Coleman et al., 2011; Giese and Marsh, 2014;
Jolly et al., 2010; Kuhl et al., 2010; Richardson et al., 2008; Zhong et al., 2013a).

HIV-1 cell-to-cell transfer between CD4+ T cells has been largely documented,
but the mechanisms regarding virus cell-to-cell infection of myeloid cells remain poorly
investigated. Myeloid cells, including subsets of blood monocytes, dendritic cells
(DCs), macrophages and bone osteoclasts (OCs), all express the CD4 receptor and
CCRS and CXCR4 co-receptors required for HIV-1 entry, and represent natural host
cell targets of the virus.

The general goal of this PhD project presented here was to investigate and
characterize the cellular and molecular mechanisms involved in cell-to-cell transfer of
HIV-1 from infected T cells for virus spreading and productive infection of myeloid
cells, including, macrophages, dendritic cells and bone osteoclasts. Until now, HIV-1
entry phenotype these in target cells is mainly defined by in vitro cell-free viral infection
of transformed cell lines expressing the CD4 receptor and a co-receptor, either CCRS

or CXCR4 (Joseph et al., 2014; Joseph and Swanstrom, 2018), butthis definition does
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not fully reflect the natural mode of HIV-1 spreading in vivo and was not related to the
capacity of HIV-1 for cell-to-cell dissemination between primary lymphoid and
myeloid target cells. Therefore, the last part of this PhD work was to investigate and
revisit the role of co-receptor usage and cellular tropism in the context of HIV-1 cell-

to-cell transfer and spreading in primary cell targets.
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Article 1: T cells-macrophages fusion triggers multinucleated

giant cell formation for HIV-1 spreading

1. Abstract

HIV-1-infected macrophages participate in virus dissemination and establishment
of virus reservoirs in host tissues, but the mechanisms for virus cell-to-cell transfer to
macrophages remain poorly investigated. Here, we reveal the mechanisms for cell-to-
cell transfer from infected T cells to macrophages and virus spreading between
macrophages. We show that contacts between infected T lymphocytes and macrophages
lead to cell fusion for fast and massive transfer of CCR5-tropic viruses to macrophages.
Through the merging of viral material between T cells and macrophages, these newly
formed lymphocyte/macrophage fused cells acquire the ability to fuse with neighboring
noninfected macrophages. Together, these two-step envelope-dependent cell fusion
processes lead to the formation of highly virus-productive multinucleated giant cells
reminiscent of the infected multinucleated giant macrophages detected in HIV-1-
infected patients and SIVinfected macaques. These mechanisms represent an original
mode of virus transmission for viral spreading and a new model for the formation of

macrophage virus reservoirs during infection.

2. Article summary

We reveal a very efficient mechanism involved in cell-to-cell transfer from
infected T cells to macrophages and subsequent virus spreading between macrophages
by a two-step cell fusion process. Infected T cells first establish contacts and fuse with
macrophage targets. The newly formed lymphocyte-macrophage fused cells then
acquire the ability to fuse with surrounding uninfected macrophages, leading to the
formation of infected multinucleated giant cells that can survive for a long time, as
evidenced in vivo in lymphoid organs and the central nervous system. This route of
infection may be a major determinant for virus dissemination and the formation of

macrophage virus reservoirs in host tissues during HIV-1 infection.
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ABSTRACT HIV-1-infected macrophages participate in virus dissemination and estab-
lishment of virus reservoirs in host tissues, but the mechanisms for virus cell-to-cell
transfer to macrophages remain unknown. Here, we reveal the mechanisms for cell-to-
cell transfer from infected T cells to macrophages and virus spreading between macro-
phages. We show that contacts between infected T lymphocytes and macrophages lead
to cell fusion for the fast and massive transfer of CCR5-tropic viruses to macrophages.
Through the merge of viral material between T cells and macrophages, these newly
formed lymphocyte-macrophage fused cells acquire the ability to fuse with neighboring
noninfected macrophages. Together, these two-step envelope-dependent cell fusion
processes lead to the formation of highly virus-productive multinucleated giant cells
reminiscent of the infected multinucleated giant macrophages detected in HIV-1-
infected patients and simian immunodeficiency virus-infected macaques. These
mechanisms represent an original mode of virus transmission for viral spreading
and a new model for the formation of macrophage virus reservoirs during infec-
tion.

IMPORTANCE We reveal a very efficient mechanism involved in cell-to-cell transfer
from infected T cells to macrophages and subsequent virus spreading between macro-
phages by a two-step cell fusion process. Infected T cells first establish contacts and fuse
with macrophage targets. The newly formed lymphocyte-macrophage fused cells then
acquire the ability to fuse with surrounding uninfected macrophages, leading to the
formation of infected multinucleated giant cells that can survive for a long time, as
evidenced in vivo in lymphoid organs and the central nervous system. This route of
infection may be a major determinant for virus dissemination and the formation of
macrophage virus reservoirs in host tissues during HIV-1 infection.

KEYWORDS HIV-1, T lymphocytes, macrophages, cell-to-cell transfer, cell fusion

esides CD4™ T lymphocytes and dendritic cells, macrophages are cellular targets of

human immunodeficiency virus type 1 (HIV-1) and play crucial roles in the phys-
iopathology of infection (1-5). The presence of infected macrophages has been evi-
denced in vivo in HIV-T-infected patients and simian immunodeficiency virus (SIV)-
infected macaques, as well as in humanized mice, where macrophages can sustain
HIV-1 productive infection and HIV-1 can persist in tissue macrophages even in mice
treated with antiretroviral therapy (6-8). Several specialized functions of macrophages,
such as cytokine production, phagocytosis, and migration, are affected by HIV-1
infection (9-14). In addition to latently infected CD4* T cells, infected macrophages
also participate in virus dissemination and establishment of persistent virus reservoirs
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in numerous host tissues, including lymph nodes, spleen, lungs, genital and digestive
tracts, and the central nervous system (CNS) (4, 5, 15). Virus access to the CNS is indeed
mainly related to the migration of infected perivascular monocytes/macrophages
through the blood-brain barrier and can result in a massive infiltration of macrophages
and microglial cells, often detected as multinucleated giant cells (MGCs) (1, 16-19).

In vitro, macrophages derived from blood monocytes, which express both CD4 and
the CCR5 and CXCR4 coreceptors required for virus entry, can be productively infected
by HIV-1 (2, 20). However, almost all the data on macrophage infection and from
analyses of the different steps of the virus life cycle in this cell type reported so far were
obtained by assays performed using cell-free virus particles. Only one study evaluating
the possibility of productive infection of macrophages via the selective capture of
healthy or rather dying HIV-1-infected CD4* T lymphocytes was recently reported (21).

In contrast, efficient virus dissemination in T lymphocytes by cell-to-cell transfer of
virus particles between T cells or from infected macrophages or dendritic cells to T cells,
mainly through the formation of the so-called virological synapse (22-26) but also
through other membrane structures, such as filopodia or nanotubes (27-31), has been
documented. This ability of HIV-1 to spread to T cells by cell-to-cell contacts is the major
determinant for virus dissemination, as evidenced in vivo in animal models (32, 33).
Moreover, these intercellular routes of infection are, at least in vitro, several orders of
magnitude more efficient than T cell infection with cell-free virus particles (24, 25).
Importantly, this mode of virus dissemination may enable virus to escape elimination
by the immune system and antiretroviral drugs (15, 20, 22, 34-37).

Whereas infection of T lymphocytes via cell-to-cell transfer was largely investigated,
there is a paucity of knowledge of the mechanisms that control infection and dissem-
ination to macrophages by cell-to-cell transfer (21). However, it is obvious that mac-
rophages can establish tight intercellular contacts with infected T lymphocytes, as
observed in some tissues, such as lymphoid organs, colon, and brain, in HIV-infected
patients and in SIV-infected monkeys (2, 19, 38). The aim of the present study was to
investigate how HIV-1 is transferred from infected T cells to macrophages through
cell-to-cell contacts for virus dissemination and productive infection of macrophage
targets. We show here, for the first time, that the establishment of close contacts
between infected T lymphocytes and macrophage targets leads to heterotypic cell
fusion for the fast and efficient transfer of viral material, which subsequently triggers
viral envelope-dependent homotypic fusion of macrophages able to generate new
infectious particles for the intercellular dissemination of HIV-1. Altogether, our data
reveal a new mechanism employed by HIV-1 for spreading between its different cell
targets and an original model for the formation of macrophage virus reservoirs during
HIV-1 infection.

RESULTS

Productive infection of macrophages through HIV-1 cell-to-cell transfer from
infected T cells. To analyze whether infected T lymphocytes could mediate cell-to-cell
virus transfer to macrophages, we used Jurkat cells or purified primary CD4* T cells as
donor infected T cells and macrophages derived from blood monocytes (MDMs) as
target cells (Fig. 1A). Jurkat or primary T cells were infected with CCR5-tropic (YU2 and
NLADS strains) or CXCR4-tropic (NL4.3 strain) viruses (Fig. 1B to D, green bars). T cells
that had been infected with HIV-1 for 36 h were cocultured for 6 h with MDMs using
different MDM/T cell ratios. After elimination of the T cells by extensive washing (98.5%
T cell removal; data not shown), MDMs were fixed and stained for intracellular Gag and
cell surface CD11b and CD3, and the percentage of Gag-positive (Gag™) cells among
the CD11b* cells was quantified by flow cytometry to assess the transfer of viral
material in MDMs. After 6 h of coculture with YU2- and NLADS8-infected Jurkat or
primary T cells, the transfer of viral material was detected in a significant percentage (10
to 40%) of MDMs (Fig. 1B to D, blue bars). By comparison, a very low percentage of
transfer of the YU2 and NLAD8 viruses was detected when infected T cells were
separated from MDMs by a virus-permeable Transwell membrane (Fig. 1C and D, red
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FIG 1 HIV-1 transfer from infected T cells to macrophages. (A) Experimental protocol. (B) Jurkat cells were infected with the NLADS strain, and the percentage
of infected cells was evaluated 36 h later by flow cytometry after Gag staining (green bars). Infected Jurkat cells were cocultured for 6 h with MDMs at the
indicated cell ratio (1:1, 1:2, or 1:3 MDM/Jurkat cell ratio). After elimination of the Jurkat cells, the percentage of CD11b*/Gag™ MDMs was quantified by flow
cytometry (blue bars). As a negative control, noninfected (NI) Jurkat cells were cocultured with MDMs. (C) Jurkat cells were infected with the NL4.3, YU2, or
NLADS strain, and the percentage of infected cells was evaluated 36 h later by flow cytometry (green bars). The infected Jurkat cells were then cocultured with
MDMs directly (blue bars) or through a Transwell membrane (red bars) for 6 h. In parallel, culture supernatants from Jurkat cells collected during the 6-h
coculture with MDMs were used to infect autologous MDMs (yellow bars). The percentage of CD11b*/Gag™ MDMs was evaluated by flow cytometry. (D) Purified
primary CD4* T cells were infected with the YU2 strain, and the percentage of infected cells was evaluated 36 h later by flow cytometry (green bar). Infected
T cells were then cocultured either directly (blue bars) or through a Transwell membrane (red bars) with autologous MDMs using different cell ratios (1:1, 1:2,
1:3, or 1:4 MDM/T cell ratios) for 6 h. After elimination of T cells, the percentage of CD11b*/Gag™ MDMs was quantified by flow cytometry. As a negative control,
noninfected CD4+ T cells were cocultured with MDMs. (E and F) NLAD8-infected Jurkat cells were pretreated with anti-gp120 antibodies or T20, while MDMs
were pretreated with anti-CD4 or maraviroc. Infected T cells were cocultured with MDM:s for 6 h, and virus transfer to MDMs was quantified as described above.
The results are expressed as the percentage of Gag* MDMs relative to the number of Gag* MDMs determined without antibodies or inhibitors. The results are
the means from 5 independent experiments performed with MDMs from 5 donors. Error bars represent 1 SEM. Statistical significance was determined using
a paired Student’s t test (ns, not significant [P > 0.05]; *, P < 0.05; **, P < 0.01; ***, P < 0.001).
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bars) or when MDMs were infected with cell-free viruses produced by T cells during the
6 h of coculture (Fig. 1C, yellow bars). Since virus transfer in CD11b* MDMs was optimal
at the 1:2 MDM/T-cell ratio (Fig. 1B and D), this ratio was used in subsequent experi-
ments.

Interestingly, the NLAD8 CCR5-tropic viral strain, which differs from the NL4.3 CXCR4-
tropic strain only by substitution of a fragment of the gp120 envelope glycoprotein from
the ADA CCR5-tropic strain (39, 40), was efficiently transferred to MDMs, whereas the NL4.3
viral strain was not (Fig. 1C, blue bars). This indicates that the process for virus transfer to
MDM:s is related to a mechanism dependent on the tropism and coreceptor usage of the
viral envelope (Env). To confirm that HIV-1 Env contributed to virus transfer, we tested
various viral entry inhibitors, such as anti-gp120 neutralizing antibodies, an anti-CD4 Leu3
antibody, the fusion inhibitor T20, and the CCR5 antagonist maraviroc. As shown in Fig. 1E
and F, all the entry inhibitors blocked virus transfer to MDMs, demonstrating that virus
cell-to-cell transfer to MDMs is Env dependent.

We next investigated whether the transfer of viral material leads to the productive
infection of MDM:s. Infected Jurkat or primary CD4 " T cells were cocultured for 6 h with
MDMs as described above and eliminated by washing, and the percentage of Gag™
MDMs was evaluated 1, 6,9, 12, and 15 days later (Fig. 2A and D). Again, a very low level
of virus transfer was observed with NL4.3-infected Jurkat cells, whereas both the YU2
and NLAD8 macrophage-tropic strains propagated efficiently in MDMs, as evidenced by
the level of Gag™ MDMs detected during the 15-day observation period after the initial
transfer from infected T cells. As expected, high levels of viral p24 production were
detected in the supernatants from MDMs cocultured with YU2- and NLAD8-infected T
cells (Fig. 2B and E). We checked that the virions produced by MDMs were fully
infectious by infecting the TZM-bl reporter cell line (Fig. 2C and F). Additionally, virus
dissemination and production in MDMs were inhibited by the reverse transcriptase
inhibitor zidovudine (AZT) (Fig. 2G, day 6, and H) without affecting the initial virus
transfer to MDMs (Fig. 2G, 6 h).

Visualization of cell contacts and virus transfer between infected T cells and
macrophages. To visualize virus transfer, fluorescence microscopy was performed first
using infected Jurkat cells cocultured for 30 min, 2 h, or 6 h with MDMs preloaded with
the CellTrace Far Red dye before fixation and intracellular Gag staining. As shown in Fig.
3A and B, infected T cells established contacts with MDMs, leading to the visualization
of Gag™ dots in the cytoplasm of the MDMs after 30 min of coculture (Fig. 3A, top row,
0.5 h). Virus transfer subsequently resulted in the accumulation of larger Gag™ puncta
(Fig. 3A, middle row, 2 h). Intriguingly, a diffuse cytoplasmic staining was observed in
almost all Gag* MDM s after 6 h of coculture (Fig. 3A, bottom row, 6 h); at this time
point, all the Gag*™ MDMs contained at least 2 nuclei. In agreement with this finding,
fluorescence quantification from images showed a significant increase in the level of
intracellular Gag staining of MDMs from 0.5 h to 6 h of coculture (Fig. 3B). Similarly,
infected primary CD4™ T cells also established contacts with autologous MDMs (leading
to the accumulation of intracytoplasmic Gag™ dots in MDMs after 2 h of coculture)
(data not shown), exhibited a diffuse cytoplasmic Gag staining, and contained several
nuclei after 6 h of coculture with infected T cells (see Fig. 6G).

We also performed live-cell imaging using Jurkat cells infected with fluorescent
HIV-1-green fluorescent protein (GFP) and cocultured with MDMs preloaded with
CellTrace. As shown in Fig. 3C (see also Movie S1 in the supplemental material), we
could visualize contacts between infected T cells and MDMs, showing a continuous
discharge of fluorescent viral material (white arrows) into MDMs during the first hour
of coculture. Interestingly, longer live-cell experiments showed a rapid and massive
diffusion of the virus-associated fluorescence from infected T cells to the cytoplasm of
MDMs, strongly suggesting that these cell contacts lead to the fusion of infected T cells
with the MDM targets (Fig. 3D and Movie S2). Since our experiments were carried out
36 h after T cell infection, when less than 2% of infected T cells were apoptotic (data
not shown), we did not observe phagocytosis of infected T cells by MDMs, as recently
reported (21). In addition, virus transfer from infected T cells to macrophages was not
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FIG 2 Productive infection of macrophages by virus cell-to-cell transfer from infected T cells. (A to F) NLAD8-infected Jurkat cells (A to C) or primary CD4+ T
cells (D to F) were cocultured with MDMs for 6 h and eliminated, and the percentage of CD11b*/Gag* MDMs was then evaluated 1, 6, 9, 12, or 15 days later
by flow cytometry (A and D). In parallel, cell culture supernatants from MDMs were collected and p24 was quantified (B and E). Culture supernatants (100 ng
of p24) of MDMs collected 9 days (C) or 12 days (F) after the coculture with YU2- or NLAD8-infected Jurkat (C) or CD4* T (F) cells were used to infect TZM-bl
cells, and the percentage of Gag* TZM-bl cells was evaluated 48 h later by flow cytometry. (G and H) NLAD8-infected Jurkat cells were cocultured for 6 h with
MDMs pretreated or not pretreated with AZT. (G) The percentage of CD11b*/Gag™ MDMs was then evaluated just after coculture (6 h) and 6 days later. (H)
In parallel, culture supernatants of MDMs were collected 6 days after coculture and p24 was quantified. The results shown in panels A, B, D, E, G, and H are
the means from 5 independent experiments performed with MDMs from 5 donors, while the results shown in panels C and F are representative of those from
3 independent experiments. Error bars represent 1 SEM. Statistical significance was determined using one-way analysis of variance (ns, not significant [P > 0.05];
*, P < 0.05; **, P < 0.01; ****, P < 0.0001). D, day.
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FIG 3 Fluorescence microscopy analysis of intercellular contacts and virus transfer between infected T cells and macrophages. (A and B) NLAD8-infected Jurkat
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by confocal microscopy. (A) Images of a 5-um-thick medial stack are shown. Infected donor T cells and MDM targets are indicated by dashed yellow and red
lines, respectively. The areas in the white squares in the Gag column were magnified three times, and the images are shown in the X3 magnification column.
Bar, 25 um. (B) The intracellular Gag mean fluorescence intensity (MFI) was quantified as indicated in the Materials and Methods section. Each dot corresponds
to 1 cell, and the number of cells analyzed (n) is indicated. Horizontal bars represent the mean = 1 SEM. Statistical significance was determined by an unpaired
t test (ns, not significant [P > 0.05]; *, P < 0.05; ****, P < 0.0001). AU, absorbance units. (C) Jurkat cells infected with HIV-1R5-GFP (green) were cocultured with
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FIG 4 Transmission electron microscopy analysis of virus transfer to macrophages. NLAD8-infected Jurkat
cells were cocultured for 6 h with MDMs with (D and E) or without (A to C) AZT (5 uM). Cells were then fixed
and dehydrated. Ultrathin sections were cut, stained, and observed with a transmission electron micro-
scope. Blue arrows, assembling and budding viruses; red arrows, mature virions; white arrows, MDM
cytoplasmic membrane compartments containing mature viruses (B and D). In panel A, the right image (bar,
100 nm) corresponds to a higher magnification of the boxed area in the left image (bar, 1 wm). In panel
B, the left and right images (bars, 1 um) correspond to higher magnifications of the small and larger boxed
areas in the middle image (bar, T wm), respectively. In panel C, the left and right images (bars, 100 nm)
correspond to higher magnifications of the left and right boxed areas in the middle image (bar, 1 um),
respectively. In panel D, the right image (bar, 1 um) corresponds to a higher magnification of the boxed
area in the left image (bar, T um). The bar in panel E is 100 nm. The images shown are representative of
those obtained from analysis of MDMs from 3 independent donors.

significantly affected by high concentrations of latrunculin A, an actin-binding drug
that prevents F-actin polymerization and that is known to totally inhibit phagocytosis
at a low concentration, in our experimental system (data not shown). Of note, we did
not observe the formation of Gag™ T cell syncytia in our experimental system.
Transmission electron microscopy was also used to visualize the contacts be-
tween infected T cells and MDMs after 6 h of coculture. As shown in Fig. 4A,
electron-dense material corresponding to viral buds protruding from the plasma
membrane of the donor T cell (blue arrows), as well as mature virions (red arrow),
was observed at the site of contact with MDM:s. Interestingly, we also observed the
accumulation of mature viruses in cytoplasmic membrane compartments of MDMs

FIG 3 Legend (Continued)

MDMs that had previously been plated onto an Ibidi dish and labeled with CellTrace (red). Fluorescence images were acquired using a 20X air objective on
a spinning-disk microscope every 2.5 min for 145 min. A 5-um-thick medial stack of representative images is shown, and the time lapse is indicated. Bars, 25
um. The discharge of viral material (arrows) into MDMs (dashed lines) from infected T cells is shown. (D) Jurkat cells infected with HIV-1R5-GFP (green) were
cocultured with MDMs that had previously been labeled with CellTrace (red). Fluorescence images were then acquired using a 20X air objective on a
spinning-disk microscope every 2.5 min for 100 min. A 5-um-thick medial stack of representative images is shown, and the time lapse is indicated. Bars, 25 um.
The labeled MDM target is indicated with a dashed line.
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(Fig. 4B, white arrows). More surprisingly, electron-dense material reminiscent of Gag
assembly and virus budding (blue arrows) and mature virions (red arrows) were
observed at the plasma membrane of MDMs as well as between MDMs which estab-
lished tight contacts (Fig. 4B and C), suggesting that virus assembly and budding took
place at the cell surface of MDMs only 6 h after coculture with infected T cells,
before de novo virus production. In agreement with this finding, virus-containing
cytoplasmic compartments as well as plasma membrane viral buds were still
observed when MDMs were treated with AZT during coculture with infected T cells
(Fig. 4D and E). In contrast, we could not observe such virus-containing compart-
ments or viral buds 6 h after infection of MDMs with cell-free viruses (data not
shown). These observations could result from the fusion of infected T cells with
MDMs revealed by live-cell imaging, suggesting plasma membrane exchanges and
the merge of Gag and Env material between infected T cells and MDM targets.

Virus transfer to macrophages through heterotypic cell fusion with infected T
cells. Because we observed from immunofluorescence images that almost all Gag*
MDMs contained at least 2 nuclei after virus transfer (Fig. 3A, bottom row, 6 h), we
first quantified the number of nuclei in MDMs after coculture with infected Jurkat
cells (Fig. 5A). Before coculture, more than 90% of the MDMs contained 1 nucleus,
whereas about 50% of the Gag*™ MDMs contained at least 2 nuclei (mean nucleus
number = 1.83) after 2 h of coculture, and this percentage increased to 99% (mean
nucleus number = 3.24) after 6 h (Fig. 5A). Similarly, MDMs cocultured for 6 h with
autologous infected primary CD4* T cells contained several nuclei (mean nucleus
number = 5.36; Fig. 5B), suggesting that these Gag™ multinucleated MDMs are
generated through cell fusion events with infected T cells, as documented by
live-cell imaging analysis (Fig. 3D and Movie S2).

To test this hypothesis, infected Jurkat cells were preloaded with the CellTracker
7-amino-4-chloromethylcoumarin (CMAC) dye and cocultured with MDMs as described
above. After 6 h of coculture, all Gag™ MDMs contained several nuclei, including at least
1 CellTracker dye-stained nucleus (Fig. 5C and D), demonstrating cell fusion between
infected T cells and MDMs. This cell fusion between infected T cells and MDMs was
mediated by viral envelope-receptor interactions, since it was totally blocked by
anti-gp120 neutralizing antibodies and the fusion inhibitor T20 (Fig. 5E and F). Finally,
immunofluorescence staining confirmed that all Gag™ MDMs contained membrane-
and cytoplasm-specific T cell markers, such as CD3, CD2, and Lck, after 6 h of coculture
with infected Jurkat cells (Fig. 6A to F) or primary CD4 T cells (Fig. 6G to H).

Together, these results demonstrate that HIV-1 is mainly transferred from infected T
cells to macrophages through a heterotypic envelope-dependent cell fusion process
leading to the formation of lymphocyte-macrophage fused cells (LMFCs).

Virus dissemination through homotypic cell fusion between macrophages.
Interestingly, since we observed that a large majority of the Gag™ newly formed LMFCs
contained more than 2 nuclei after 6 h of coculture (Fig. 5A and B), we explored
whether LMFCs could fuse with surrounding MDMs, leading to the formation of Gag™
multinucleated giant cells. After coculture for 6 h with infected Jurkat cells to allow
initial cell fusion and virus transfer, LMFCs cultured for 1 or 5 days after elimination of
infected T cells indeed contained more than 2 nuclei, with the average nucleus number
being 4.8 and 7.9, respectively (Fig. 7A to C). To confirm LMFC-MDM fusion, infected T
cells were cocultured for 6 h with MDMs and eliminated, and autologous noninfected
MDMs preloaded with the CellTrace dye were added. Twenty-four hours later, Gag™
MDMs with several nuclei were also labeled with CellTrace (Fig. 7D), resulting from the
fusion of Gag™ LMFCs with neighboring uninfected MDMs to form Gag™* multinucle-
ated giant cells (MGCs). Fusion of Gag* MDMs with surrounding MDMs was also
observed when prelabeled noninfected MDMs were added 5 days after coculture and
elimination of infected T cells (data not shown). Since the initial fusion with infected T
cells led to the presence of T cell-specific markers at the cell surface of LMFCs (Fig. 6),
we hypothesized that the latter cells could also express the viral envelope and explored
whether the fusion of Gag® LMFCs with MDMs was mediated by viral envelope-
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FIG 5 Virus transfer to macrophages by cell fusion with infected T cells. (A and B) NLAD8-infected Jurkat (A) or primary CD4* T (B) cells were
cocultured with MDM:s for 0.5, 2, or 6 h. After elimination of T cells, MDMs were stained with anti-Gag, phalloidin, and DAPI. Cells were analyzed
by confocal microscopy, and the number of nuclei per cell was analyzed from images of at least 50 cells. The results are expressed as the
percentage of cells with 1, 2, 3, or more than 3 nuclei (left) and as the mean nucleus number per cell (right). Error bars represent 1 SEM.
Statistical significance was determined by the Mann-Whitney U test (ns, not significant [P > 0.05]; ***, P < 0.001; ****, P < 0.0001). (C and D)
NLADS8-infected Jurkat cells that had been prelabeled with CellTracker were cocultured for 6 h with MDM:s. (C) After elimination of T cells,
MDMs were fixed, stained with anti-Gag, phalloidin, and DRAQ5, and analyzed by confocal microscopy. Bar, 25 um. (D) The number of
CellTracker-positive (CellTracker*) nuclei per cell was analyzed from images of at least 50 cells. The results are expressed as the percentage
of cells with 1, 2, or more than 2 CellTracker-positive nuclei. (E and F) NLAD8-infected Jurkat cells that had been prelabeled with CellTracker
were pretreated with anti-gp120 antibodies (PGT128 or 10-1074) or T20 for 1 h and cocultured with MDMs for 6 h in the presence of the
inhibitors. Cells were then fixed, permeabilized, stained with anti-Gag, phalloidin, and DRAQ5, and analyzed by confocal microscopy. (E) Images
were acquired and processed as described in the text. Bar, 25 um. (F) The number of CellTracker-positive nuclei per DRAQ5-positive MDM was
analyzed from images of at least 1,200 cells for each condition. The results are expressed as the fusion index, corresponding to the percentage
of cells containing at least 1 CellTracker-positive nucleus relative to the number of NLAD8-infected Jurkat cells cocultured with MDMs without
drugs with at least 1 CellTracker-positive nucleus. The results shown are representative of those from 4 independent experiments performed
with MDMs from 4 donors. NI, noninfected Jurkat or primary CD4* T cells cocultured with MDMs.
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FIG 6 Macrophages express T cell-specific markers after fusion with infected T cells. NLAD8-infected Jurkat cells (A to F) or primary CD4* T cells
(G, H) were cocultured for 6 h with MDMs. After elimination of T cells, MDMs were stained with anti-CD2 (A and B) and anti-CD3 (G and H) before
permeabilization. The cells were then permeabilized and stained with anti-Gag, anti-CD3 (C and D), anti-Lck (E and F), and DAPI. Representative
images of cell surface CD2 (A), CD3 (C and G), and Lck (E) staining are shown. Bars, 25 um. Cell surface CD2 (B) or CD3 (H) and intracellular CD3
(D) or Lck (F) mean fluorescence intensities were quantified as indicated in the Materials and Methods section. Each dot corresponds to 1 cell,
and the number of cells analyzed (n) is indicated. Horizontal bars represent the mean = 1 SEM. Statistical significance was determined by the
Mann-Whitney U-test (****, P < 0.0001).
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FIG 7 Viral dissemination between macrophages by homotypic cell fusion. (A to C) NLAD8-infected Jurkat cells were cocultured with
MDM:s for 6 h. After elimination of T cells, MDMs were cultured for 1 or 5 more days and then stained with anti-Gag, phalloidin, and
DAPI. (A) Cells were analyzed by confocal microscopy. Bar, 25 um. (B and C) The number of nuclei per MDM was quantified from
images of at least 50 cells. The results are expressed as the percentage of cells with 1, 2, 3, or more than 3 nuclei (B) and as the mean
nucleus number per cell (C). Error bars represent 1 SEM. Statistical significance was determined by the Mann-Whitney U-test (****, P <
0.0001). (D) Infected Jurkat cells were cocultured with MDMs for 6 h. After elimination of T cells, autologous MDMs prelabeled with
CellTrace were added and cultured for 1 day. MDMs were then stained with anti-Gag, phalloidin, and DAPI. Cells were analyzed by
confocal microscopy. Bar, 25 um. (E) Infected Jurkat cells were cocultured with MDMs for 6 h. After elimination of T cells, MDMs were
cultured for 1 day with or without T20 (10 ug/ml) or maraviroc (10 uM) before staining with anti-Gag, phalloidin, and DAPI. Cells were
analyzed by confocal microscopy. The number of nuclei was analyzed from images of at least 50 cells. The results are expressed as
the percentages of cells with 2, 3, or more than 3 nuclei. (F and G) Infected Jurkat cells were cocultured with MDMs for 6 h. After
elimination of T cells, MDMs were cultured for 1, 5, 8, or 12 days with or without T20 (10 pg/ml). (F) The percentage of Gag* MDMs
was then evaluated by flow cytometry. (G) In parallel, culture supernatants from MDMs were collected and p24 was quantified. The
results shown in panels A to E are representative of those from 4 independent experiments performed with MDMs from 4 donors,
while the results shown in panels F and G correspond to the means from 3 independent experiments performed with MDMs from
3 donors. NI, noninfected Jurkat cells cocultured with MDMs.
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FIG 8 Formation and survival of infected multinucleated giant cells. NLAD8-infected Jurkat cells were cocultured with MDMs for 6 h and eliminated, and MDMs
were then cultured for the indicated periods of time. (A) Cells were fixed, permeabilized, and stained with anti-Gag, phalloidin, and DAPI. Cells were analyzed
by confocal microscopy, and images were acquired and processed as described in the text. Bar, 25 um. (B) Culture supernatants of MDMs were collected at
the indicated days after coculture, and p24 was quantified. The results correspond to the means from 3 independent experiments. Error bars represent 1 SEM.

Noninfected, noninfected Jurkat cells cocultured with MDMs.

receptor interactions. Following the 6-h coculture to allow initial cell fusion and virus
transfer, infected T cells were eliminated and MDMs were cultured in the presence of
the fusion inhibitor T20 and the CCR5 antagonist maraviroc. As expected, about 60% of
Gag™ LMFCs cultured without inhibitors contained at least 3 nuclei 1 day later, but this
percentage decreased to 20 and 10% when LMFCs were cultured with maraviroc and
T20, respectively (Fig. 7E). Importantly, inhibition of LMFC fusion with neighboring
MDMs by T20 after initial virus transfer led to a net decrease in virus dissemination (Fig.
7F) and virus production by LMFCs (Fig. 7G). In agreement with this finding, infected
MGCs with many nuclei could be still detected after 26 days of culture (Fig. 8A) and
were indeed still able to produce high levels of p24 30 days after elimination of infected
T cells (Fig. 8B). These results show that the LMFC-MDM cell fusion is required for
optimal virus spreading and production by long-lived multinucleated giant cells.

DISCUSSION

In the present study, we reveal the mechanisms involved in the rapid and massive
cell-to-cell transfer of HIV-1 from infected T cells to MDMs and the subsequent virus
spreading between MDMs by a two-step cell fusion process leading to the productive
infection of MDM targets. Both cell fusion steps are mediated by viral envelope-
receptor interactions at the cell surface of T cells and MDMs and are completed in less
than 2 h. This route of infection may be a major determinant in vivo for virus
dissemination to macrophages.

As evidenced by fluorescence microscopy analyses, including live-cell imaging, the
first step is related to the establishment of contacts with infected T cells, resulting in the
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fusion of infected T cells with MDM targets. This cell fusion process is evidenced by the
massive and rapid transfer of Gag* material as well as membrane and cytosolic T
cell-specific markers, such as CD2, CD3, and Lck, which thus ensures efficient virus
dissemination between these two important target cells of HIV-1. We did not observe
in our experimental system the formation of HIV-1-induced T cell syncytia using either
Jurkat cells or CD4* primary T cells as virus donor cells, suggesting that HIV-1-induced
cell-to-cell fusion could be restricted to myeloid cell targets, such as macrophages, and
inhibited between T cells (41-45). In agreement with this first step of T cell-to-MDM
fusion for virus transfer, it was shown that myeloid cells from lymphoid tissues of
SIV-infected macaques, such as spleen and lymph nodes, contain T cell markers and
viral RNA and DNA originating from infected T cells (46, 47).

Electron microscopy analysis confirmed that infected T cells establish contacts
with macrophages, with evidence of virus assembly at the site of cell-to-cell contacts,
leading to virus transfer and the accumulation of mature virus particles in cytoplasmic
membrane compartments in macrophages after only 6 h of coculture with infected T
cells, before de novo virus production by the macrophage targets. We hypothesize that
the mature and immature viruses found in these early-formed virus-containing com-
partments (VCCs) could result from the initial discharge of viral material before cell
fusion, observed by fluorescence microscopy on both fixed and lived cells. Such early-
formed VCCs have been observed in target T cells following virus cell-to-cell transfer in
enclosed endocytic compartments from infected donor T cells (48-51). The formation
of VCCs has also been largely documented when macrophages were infected with
cell-free viruses, but they appeared later, at least 5 to 6 days after infection, and
contained newly synthesized virus particles (52-57). While the exact mechanisms for
the formation of these early and late VCCs need to be further investigated, such VCCs
could participate in the long-term storage of HIV-1 in tissue macrophages and lead to
the establishment of viral reservoirs for virus maintenance and spreading (1-5). Inter-
estingly, some events of assembly and budding of virus particles were detected at the
plasma membrane of the macrophage targets before de novo virus production after
only 6 h of coculture with infected T cells, suggesting that the newly formed Gag™
lymphocyte-macrophage fused cells also expose the viral envelope at their cell surface.
These cells then acquire the ability to fuse with neighboring uninfected MDMs, leading
to the formation of multinucleated giant cells that can survive and produce large
amounts of fully infectious viruses even after 30 days of cell culture. Similarly, the
formation of HIV-1-infected giant cells was reported when macrophages were infected
with cell-free viruses (14, 58), but they appeared several days after infection. Despite
their large size, these infected multinucleated macrophages migrate faster than their
infected mononucleated counterpart and may participate in virus dissemination (13).
More importantly, these Gag™ multinucleated giant cells observed in vitro are reminis-
cent of the infected multinucleated giant macrophages detected in vivo in lymphoid
organs and the CNS of HIV-1-infected patients and SIV-infected macaques (3, 17,
59-64).

We found that virus transfer to macrophages through initial T cell fusion and
subsequent virus dissemination in multinucleated giant macrophages were restricted
to macrophage-tropic CCR5-using viral strains. In contrast, Baxter et al. (21) reported
that internalization of healthy or dying infected T cells by MDMs was related to a
nonconventional mechanism independent of the viral envelope and showed that the
NL4.3 CXCR4-tropic strain could be efficiently transferred to macrophages using GFP-
tagged NL4.3-infected T lymphocytes as donor cells. This discrepancy could be related
to the use of nondying T cells infected with the untagged wild-type replication-
competent NL4.3 strain to analyze transfer in our experimental system. While initial
studies suggested that virus transfer between CD4* T cells at the virological synapse
was independent of coreceptor usage (65, 66), subsequent reports showed that this
transfer required coreceptor expression and was inhibited by coreceptor antagonists
(24, 49, 67, 68). Here, we found that the initial virus transfer to macrophages was
inhibited by neutralizing monoclonal antibodies targeting the HIV-1 gp120 envelope
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FIG 9 Model for virus cell-to-cell transfer from infected T cells to MDMs and virus spreading between MDMs. Initial virus transfer and
subsequent virus spreading are mediated by a two-step cell fusion process. In the first step, infected T cells establish contacts, initially
discharge viral material to MDMs (step 1), and then fuse with MDM targets (step 2), with accumulation of viruses in intracytoplasmic
compartments and virus assembly and budding at the cell surface. Gag™ newly formed LMFCs (step 3) then acquire the ability to fuse with
surrounding uninfected MDMs, leading to the formation of Gag* multinucleated giant cells (step 4) that could survive for a long time to
produce infectious viruses (step 5).

glycoprotein as well as by the Leu3a antibody targeting the CD4 receptor, indicating
that early interactions between T cells and recipient macrophages involve recognition
of CD4 by gp120. Virus transfer to macrophages leading to the formation of infected
lymphocyte-macrophage fused cells was also blocked by the fusion inhibitor T20,
targeting the viral transmembrane gp41 envelope glycoprotein, and the CCR5 antag-
onist maraviroc. These results indicate that virus transfer and T cell fusion with
macrophages are mediated by initial viral envelope-receptor and -coreceptor interac-
tions. In addition, we show that the second cell fusion step between Gag™* lymphocyte-
macrophage fused cells and neighboring MDMs, required for virus dissemination and
virus production by multinucleated giant cells, is also dependent on the viral envelope,
since it is inhibited by T20 and maraviroc. While our data clearly show that both cell
fusion processes for virus transfer and dissemination in macrophages are dependent on
the viral envelope, we cannot exclude the possibility that other mechanisms related to
the propensity of macrophages to mediate homotypic cell fusion could also participate
in the cell fusion processes for virus transfer and dissemination. It would be interesting
to investigate the potential role in HIV-1-mediated T cell-MDM and MDM-MDM fusions
of some effector proteins known to be involved in programming of macrophages into
a fusion-competent state and then in cell fusion for the formation of multinucleated
giant macrophages (for a review, see reference 69).

Our analyses indicate that this cell-to-cell transfer of virus from infected T cells
to macrophages is largely more efficient than virus infection with cell-free viruses
and is certainly the most potent experimental system to infect macrophages in vitro
described so far (1-5). Indeed, we failed to detect a significant transfer of viral
material when macrophages were directly infected with the cell-free virus particles
released by infected donor T cells during the time of coculture with macrophages.
In sharp contrast, virus transfer from the infected CD4" T cells evaluated here
resulted in a robust productive infection of macrophages, as evidenced by the high
levels of virus production in the supernatant of the multinuclear giant macrophages
detected by monitoring of these macrophages for 30 days.

In summary, our results show that HIV-1 can be efficiently transferred to macro-
phages from infected donor T cells, without implying internalization of infected CD4*
T cells by the macrophage targets (21). While the two mechanisms are not mutually
exclusive, we reveal that a novel fast and very efficient mechanism is involved in
cell-to-cell transfer from nondying infected T cells to macrophages and subsequent
virus spreading between macrophages by a two-step cell fusion process (the model is
shown in Fig. 9). In the first step, infected T cells establish tight contacts and initially
discharge viral material to MDMs, resulting in the fusion of infected T cells with MDM
targets. The newly formed Gag™ lymphocyte-macrophage fused cells then acquire the
ability to fuse with surrounding noninfected MDM:s, leading to the formation of infected
multinucleated giant cells that can survive for a long time in host tissues to produce
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infectious virus particles, as has been shown in vivo in lymphoid organs and the CNS of
HIV-T1-infected patients and SIV-infected macaques (3, 17, 59-64). Similarly, the first step
related to the initial T cell-to-MDM fusion agrees with results showing that myeloid cells
from lymphoid tissues of SIV-infected macaques contain T cell markers and viral DNA
originating from infected T cells (46, 47). These in vivo observations support the
importance of the molecular mechanisms revealed here, which contribute to a better
understanding of virus dissemination from infected T cells to macrophages and the
formation of long-lived macrophage viral reservoirs in host tissues.

MATERIALS AND METHODS

Plasmids and reagents. The proviral plasmids pNL4-3 and pNLAD8 were obtained from the AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID. The proviral plasmid HIV-1R5-GFP
was a gift of Michael Schindler (Munich, Germany) (70), while pYU-2 and the plasmid encoding the
vesicular stomatitis virus (VSV) envelope G glycoprotein (pVSVg) have been described previously
(71). The following antibodies were used: phycoerythrin (PE)- or fluorescein isothiocyanate (FITC)-
conjugated anti-CD11b (clone ICRF44; BD Biosciences), PE-Cy7-conjugated anti-CD11b (clone
ICRF44; BioLegend), RD1- or FITC-conjugated anti-Gag (clone KC57; Beckman Coulter), anti-CD4
(clone Leu3a; BioLegend), anti-CD3 (clone UCHT1; BioLegend), and anti-CD2 (TS2/18 clone; a gift
from Andres Alcover, Paris, France [72]). Alexa Fluor 647-conjugated phalloidin (Life Technologies)
was also used. The following reagents were obtained from the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID: anti-gp120 antibodies (PG16 and NIH45-46), HIV-1 CAp24 hybrid-
oma (183-H12-5C), HIV-lg, maraviroc, T20, and AZT. Anti-gp120 antibodies (10-1074 and PGT128)
were gifts from Paul Zhou (Shanghai, China).

Cell culture. Cells of the HEK293T, TZM-bl, and Jurkat cell lines were obtained from the ATCC
collection. HEK293T and TZM-bl cells were maintained in Dulbecco minimal essential medium (DMEM)
supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 IU of penicillin/ml, and 100 ug of
streptomycin/ml (ATB; Invitrogen). Jurkat cells were maintained in RPMI 1640 complete culture medium
supplemented with 10% FCS and ATB. Peripheral blood mononuclear cells (PBMCs) were isolated from
the blood of healthy anonymous donors by density gradient sedimentation using Histopaque (Sigma-
Aldrich), and monocytes were purified using a CD14-positive selection kit (CD14 microbeads, Miltenyi)
according to the manufacturer's guidelines. Blood samples from anonymous healthy donors were
purchased from the Etablissement Francais du Sang Paris-Saint-Antoine-Crozatier, Paris, France. The
monocytes were differentiated into macrophages for 8 days in RPMI 1640 culture medium supplemented
with 20% FCS, ATB, and 25 ng/ml of granulocyte-macrophage colony-stimulating factor and granulocyte-
macrophage colony-stimulating factor (Miltenyi). Human primary CD4* T cells were isolated from PBMCs
by density gradient sedimentation using Histopaque and then purified by negative selection (CD4+ T cell
isolation kit; Miltenyi) following the manufacturer’'s recommendation. CD4" T cells were activated for 3
days in RPMI 1640 medium containing 20% fetal bovine serum (FBS), interleukin-2 (IL-2; Miltenyi) at 10
U/ml, and phytohemagglutinin-P (PHA-P; Sigma-Aldrich) at 5 ug/ml. After activation, the CD4* T cells
were kept in RPMI 1640 medium supplemented with 20% FBS and IL-2. All cells were grown at 37°C
under 5% CO.,.

Viral production, titration, and infection. Replication-competent HIV-1 strains YU2, NL4.3, and
NLAD8 and HIV-1R5-GFP were produced in HEK293T cells by cotransfection of the proviral plasmid in
combination with pVSVg using the calcium phosphate precipitation technique as described previously
(71). The amounts of CAp24 produced were determined by enzyme-linked immunosorbent assay (ELISA;
Innogenetics). The viral titer was determined by flow cytometry (Accuri C6; BD Biosciences) using Jurkat
cells (J77 clone) as described previously (71).

Virus transfer and dissemination. To study the transfer from Jurkat or primary CD4* T cells to
MDMs, T cells were infected using a multiplicity of infection (MOI) of 0.5 for 16 h. The cells were then
washed and cultured for 20 h. After washing, the T cells were cocultured at a ratio of 2:1 (unless stated
otherwise in the text or figure legends) with MDMs, seeded at a density of 0.5 X 10¢ cells/well, for 0.5
to 6 h. To remove T cells, MDMs were then washed extensively with phosphate-buffered saline (PBS)
once, with PBS containing 10 mM EDTA, and then 2 more times with PBS. MDMs were harvested or
cultured for several days and then collected. Cells were then surface stained using anti-CD11b and
anti-CD3 antibodies and then fixed with 4% paraformaldehyde (PFA), permeabilized using permeabili-
zation buffer (PBS, 1% BSA, 0.1% Triton X-100), and stained with an anti-Gag (KC57, 1/500). The
percentage of Gag* cells among the CD11b* cells corresponding to the MDM population was deter-
mined by flow cytometry. To analyze viral production, MDM culture supernatants were collected, and the
amount of CAp24 produced was determined by ELISA. For MDM infection with cell-free viruses, T cells
were infected as described above and incubated with MDMs for 6 h through a 0.4-um-pore-size
Transwell membrane. Alternatively, the supernatant of producer Jurkat cells corresponding to the 6-h
coculture was added to the MDMs, and the percentage of Gag™ cells was analyzed by flow cytometry as
described above.

Infectivity assay. A total of 2 X 10° TZM-bl cells (HeLa-CD4 cells stably expressing CD4 and CCR5)
were incubated with viral supernatants (200 ng of CAp24) for 18 h. The TZM-bl cells were then cultured
for 2 days, fixed with 3.7% formaldehyde (Sigma), and treated with permeabilization buffer. The cells
were stained with an anti-Gag antibody, and the percentage of Gag* cells was determined by flow
cytometry.
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Effect of inhibitors on virus transfer and dissemination. To analyze the effect of inhibitors on
virus transfer, infected donor T cells or MDM targets were pretreated for 1 h with anti-gp120
neutralizing antibodies (PGT128, 10-1074, NIH 45-46, and PG16) or anti-CD4 (Leu3a), respectively,
using 3 concentrations (0.1, 1, or 10 ug/ml) of antibodies in the presence of 10 png/ml of Fc-Block
reagent (Sigma). Infected T cells were then cocultured for 6 h with MDMs and removed by washings,
and the percentage of Gag*/CD11b* MDMs was determined by flow cytometry. Results were
expressed as the percentage of Gag* MDMs relative to the number of Gag* MDMs detected without
antibody treatment. The effects of the CCR5 receptor antagonist maraviroc as well as the fusion
inhibitor T20 on virus transfer were also tested. Infected donor T cells or MDM targets were
pretreated for 1 h with T20 or maraviroc at 10 uM and 10 ug/ml, respectively. Infected T cells were
then cocultured for 6 h with MDMs and removed, and the percentage of Gag*/CD11b* MDMs was
determined by flow cytometry. Results were expressed as the percentage of Gag* MDMs relative to
the number of Gag* MDMs detected without inhibitor treatment. To show that virus transfer from
infected T cells to MDMs leads to productive infection, MDM targets were pretreated with AZT (5
uM) for 2 h prior to coculture for 6 h with infected T cells. After removal of infected T cells, the
percentage of Gag*/CD11b* MDMs was determined by flow cytometry either directly after the 6 h
of coculture or 6 days later, while the level of viral p24 production from MDMs was determined by
ELISA after 6 days of culture. Results are expressed as the percentage of Gag* MDMs or as the
amount of p24 relative to that determined without AZT. To analyze the effect of inhibitors on virus
dissemination between MDMs, infected T cells were first cocultured for 6 h with MDMs and removed
by washings, and MDMs were cultured for 1, 5, 8, or 12 days in the presence of 10 uM T20. The
percentage of Gag*/CD11b* MDMs was then determined by flow cytometry, while the level of
CAp24 production from MDMs was determined by ELISA. Results are expressed as the percentage of
Gag* MDMs or as the amount of CAp24 relative to that determined without T20 treatment.

Fluorescence microscopy analysis. To visualize cell contacts and virus transfer, 10° Jurkat or primary
CD4* T cells infected with NLADS as described above were prelabeled with 2 uM CellTrace Far Red (Life
Technologies) and cocultured for 0.5, 2, or 6 h with 0.5 X 106 MDMs that had been plated onto coverslips.
MDMs were then fixed with 4% PFA, blocked for 10 min in PBS containing 1% bovine serum albumin
(BSA), stained with 2 uM deep red fluorescing agent Q5 (DRAQS5; eBioscience) for 20 min in PBS,
permeabilized, and stained using KC57 FITC-conjugated antibody and phalloidin-Alexa Fluor 647 (Mo-
lecular Probes) diluted in permeabilization buffer for 1 h. The coverslips were washed with PBS and mounted
on slides using 10 pl of Fluoromount mounting medium (Sigma). Images were acquired on a spinning-disk
(CSU-XT1M1; Yokogawa) inverted microscope (DMI600O; Leica) and then processed using Fiji software (ImageJ;
NIH) (73). Quantitative image analysis was performed using Fiji software, in which a region of interest was
defined by using actin staining and measuring the whole fluorescence intensity of the Gag staining with
respect to that for noninfected cells. To analyze fusion between infected T cells and MDM:s, infected Jurkat or
primary CD4" T cells were cocultured for 6 h with MDMs. Cells were then fixed with 4% PFA and blocked in
PBS containing 1% BSA. Anti-CD2 (TS2/18, 1/200 dilution) surface staining was performed on nonpermeabi-
lized cells in PBS-BSA for 1 h. The coverslips were then rinsed in PBS-BSA and incubated for 1 h with
anti-mouse immunoglobulin-Alexa Fluor 555 in PBS-BSA. Anti-CD3 (10 wg/ml), anti-Lck (2 wg/ml),
anti-Gag (KC57-FITC, 1/200 dilution), and F-actin intracellular staining was done by incubating the
coverslips with the primary antibody indicated above and phalloidin-Alexa Fluor 647 diluted in the
permeabilization buffer. The coverslips were then rinsed with PBS-BSA and incubated for 1 h with
the corresponding fluorescence-coupled secondary antibody. After three washes, the coverslips
were mounted on microscope slides, using 10 ul of Fluoromount mounting medium with DAPI
(4',6-diamidino-2-phenylindole; Sigma-Aldrich). Cells were examined under an epifluorescence mi-
croscope (DMI6000; Leica), and quantitative image analysis was performed using Fiji software, in
which a region of interest was defined using actin staining and measuring the whole fluorescence
intensity of the indicated marker (i.e., CD3, CD2, or Lck) in Gag* cells with respect to that in
noninfected cells. For the CellTracker experiment, NLAD8-infected Jurkat cells were labeled with 5
uM CellTracker (7-amino-4-chloromethylcoumarin [CMAC]) dye (Life Technologies) for 30 min and
then cocultured for 6 h with MDMs. The cells were then fixed in 4% PFA for 20 min, blocked for 10
min in PBS containing 1% BSA, stained with 2 uM DRAQS5 for 20 min in PBS, permeabilized, and
stained using KC57 FITC-conjugated antibody and phalloidin-Alexa Fluor 555 (Molecular Probes)
diluted in permeabilization buffer for 1 h. The coverslips were washed with PBS and mounted on
slides using 10 ul of Fluoromount mounting medium. Images were acquired and then processed as
described above. To analyze the effect of inhibitors on fusion between T cells and macrophages,
infected donor T cells or MDM targets were pretreated for 1 h with anti-gp120 neutralizing
antibodies (PGT128, 10-1074) or T20, using a concentration of 10 wg/ml in the presence of 10 png/ml
of Fc-Block reagent (Sigma). Infected T cells were then labeled with 5 uM CellTracker CMAC and
cocultured for 6 h with MDMs in the presence of inhibitors. Cells were then fixed and stained as described
above using KC57 FITC-conjugated antibody and phalloidin-Alexa Fluor 647. Images were acquired and
then processed as described above. To analyze fusion between MDMs, infected T cells were initially
cocultured with MDMs for 6 h. After elimination of T cells by extensive washing, autologous MDMs
prelabeled with CellTrace Far Red or CellTracker were added to the MDMs just after the 6-h coculture or
4 days later, respectively, and cultured for 1T more day. The coverslips were then washed and mounted
with Fluoromount mounting medium containing DAPI or the NucRed reagent. Images were acquired and
processed as described above. To analyze the effect of T20 and maraviroc on fusion between MDM:s,
infected T cells were initially cocultured with MDMs for 6 h. After removal of T cells by extensive
washings, MDMs were cultured for 1 more day with or without T20 (10 pwg/ml) or maraviroc (10 wM) and
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the cells were stained for nuclei, Gag, and F actin following performance of the fixation and blocking
steps described above. The number of nuclei per cell was analyzed from images of at least 50 cells. To
analyze the survival of infected giant multinucleated cells in culture, infected Jurkat cells and MDMs were
cocultured for 6 h, and MDMs were then cultured for up to 30 days after the removal of T cells by
extensive washings as described above. Cells were then collected, fixed, and stained for Gag and F actin
as described above. The coverslips were washed with PBS and mounted on slides using 10 ul of
Fluoromount mounting medium containing DAPI. Images were acquired on a spinning-disk inverted
microscope and then processed using Fiji software as described above.

Live-cell imaging of HIV-1 transfer. Jurkat cells (2 X 10°) infected with HIV-1R5-GFP were cocul-
tured for 1 h with 105 MDMs prelabeled with CellTrace Far Red and plated onto a 35-mm Ibidi dish in
RPMI 1640 medium not containing phenol red but containing 10% FBS and ATB. Images were recorded
using a 20X air objective every 1 or 2.5 min for 1, 2, or 3 h on a spinning-disk (CSU-X1M1; Yokogawa)
confocal inverted microscope (DMI6000; Leica) equipped with a heated chamber. z-stack optical sections
were acquired at 0.5-um depth increments, and movies were analyzed using Fiji software.

Transmission electron microscopy analysis. Jurkat cells (2 X 10°) infected with NLAD8 as described
above were cocultured for 6 h with 105 MDMs that had been plated onto coverslips with or without AZT
(5 uM). In parallel, MDMs were infected by cell-free NLADS8 for 6 h. The coverslips were then fixed using
2.8% glutaraldehyde and 2% PFA for 20 min. After 2 washes in PBS, the cells were dehydrated and
embedded into epoxy (Electron Microscopy Sciences). Ultrathin sections of 90 nm were cut with an
ultramicrotome, stained with uranyl acetate and Reynold’s lead, and observed with a transmission
electron microscope (JEOL 1011). Acquisition was performed with a Gatan ES1000W charge-coupled-
device camera.
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Article 2: Cell-to-cell spreading of HIV-1 in myeloid 1 target

cells escapes SAMHDI1 restriction

1. Abstract

Dendritic cells (DCs), macrophages as well as osteoclasts (OCs) are emerging as
target cells of HIV-1 involved in virus transmission, dissemination, and establishment
of persistent tissue virus reservoirs. While these myeloid cells are poorly infected by
cell-free viruses, because of the high expression of cellular restriction factors such as
SAMHDI1, we show here that HIV-1 uses a specific and common cell-to-cell fusion
mechanism for virus transfer and dissemination from infected T lymphocytes to the
target cells of the myeloid lineage, including immature DCs (iDCs), OCs and
macrophages, but not monocytes and mature DCs. The establishment of contacts with
infected T cells leads to heterotypic cell fusion for the fast and massive transfer of viral
material into OC and iDC targets, which subsequently triggers homotypic fusion with
non-infected neighboring OCs and iDCs for virus dissemination. These two cell-to-cell
fusion processes are not restricted by SAMHDI1 and allow a very efficient virus
spreading in myeloid cells, resulting in the formation of highly virus productive
multinucleated giant cells. These results reveal the cellular mechanism for SAMHD1-
independent cell-to-cell spreading of HIV-1 in myeloid cell targets through the
formation of the infected multinucleated giant cells observed in vivo in lymphoid and

non-lymphoid tissues of HIV-1-infected patients.

2. Article summary

We demonstrate that HIV-1 uses a common two-step cell-to-cell fusion mechanism
for massive virus transfer from infected T lymphocytes and dissemination in myeloid
target cells, including dendritic cells, macrophages, as well as osteoclasts. This cell-to-
cell infection process bypasses the restriction imposed by the SAMHDI host cell
restriction factor for HIV-1 replication leading to the formation of highly virus-
productive multinucleated giant cells as observed in vivo in lymphoid and non-
lymphoid tissues of HIV-1-infected patients. Since myeloid cells are emerging as
important target cells of HIV-1, these results contribute to a better understanding of the
role of these myeloid cells in pathogenesis, including cell associated virus sexual
transmission, cell-to-cell virus spreading, and establishment of long lived viral tissue

reservoirs.
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Abstract

Dendritic cells (DCs), macrophages as well as osteoclasts (OCs) are emerging as target cells
of HIV-1 involved in virus transmission, dissemination, and establishment of persistent tissue
virus reservoirs. While these myeloid cells are poorly infected by cell-free viruses, because of
the high expression of cellular restriction factors such as SAMHD1, we show here that HIV-1
uses a specific and common cell-to-cell fusion mechanism for virus transfer and
dissemination from infected T lymphocytes to the target cells of the myeloid lineage,
including immature DCs (1iDCs), OCs and macrophages, but not monocytes and mature DCs.
The establishment of contacts with infected T cells leads to heterotypic cell fusion for the fast
and massive transfer of viral material into OC and iDC targets, which subsequently triggers
homotypic fusion with non-infected neighboring OCs and iDCs for virus dissemination.
These two cell-to-cell fusion processes are not restricted by SAMHDI and allow a very
efficient virus spreading in myeloid cells, resulting in the formation of highly virus-
productive multinucleated giant cells. These results reveal the cellular mechanism for
SAMHD1-independent cell-to-cell spreading of HIV-1 in myeloid cell targets through the
formation of the infected multinucleated giant cells observed in vivo in lymphoid and non-

lymphoid tissues of HIV-1-infected patients.
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Importance

We demonstrate that HIV-1 uses a common two-step cell-to-cell fusion mechanism for
massive virus transfer from infected T lymphocytes and dissemination in myeloid target cells,
including dendritic cells, macrophages, as well as osteoclasts. This cell-to-cell infection
process bypasses the restriction imposed by the SAMHD1 host cell restriction factor for HIV-
1 replication leading to the formation of highly virus-productive multinucleated giant cells as
observed in vivo in lymphoid and non-lymphoid tissues of HIV-1-infected patients. Since
myeloid cells are emerging as important target cells of HIV-1, these results contribute to a
better understanding of the role of these myeloid cells in pathogenesis, including cell-
associated virus sexual transmission, cell-to-cell virus spreading, and establishment of long-

lived viral tissue reservoirs.
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Introduction

Myeloid cells, including subsets of blood monocytes, dendritic cells (DCs), macrophages
and bone osteoclasts (OCs), express the CD4 receptor and CCRS5 and CXCR4 co-receptors
required for HIV-1 entry, and represent natural host cell targets of the virus [1,2]. However,
most of the attention regarding HIV-1 spreading and persistence have focused on T
lymphocytes, even if myeloid cells are now emerging as important target cells involved in all
steps of HIV-1 pathogenesis and in viral persistence in tissues of infected individuals, even
under antiretroviral treatment [3]. Human myeloid-lineage cells play pivotal roles during
infection as demonstrated in HIV-infected patients, simian immunodeficiency virus (SIV)-
infected macaques, and more recently in HIV-1-infected Humanized mice [3—12]. While DCs
have been proposed as the first cells targeted by HIV-1 after sexual transmission and are
involved in early virus dissemination in lymphoid organs where they can transmit viral
particles to activated CD4+ T cells [13—16], macrophages participate in the formation of virus
reservoirs in numerous host lymphoid and non-lymphoid tissues [9,10,12,17-20]. Finally,
infection of OCs, which are cells specialized in bone resorption, has been studied recently,
and this is likely responsible for the bone disorders observed in HIV-1-infected patients
[21,22].

While HIV-1 infection with cell-free viruses has been largely documented, cell-to-cell
transmission probably represents the dominant mode of infection [23,24]. This propagation
route is very efficient and involves the different cell types targeted by HIV-1, including cells
of the myeloid lineage (i.e. macrophages, DCs and OCs) [22,24-26] which are not easily
infected by cell-free viruses, mainly because of the high expression of cellular restriction
factors, including SAMHDI, an enzyme that cleaves deoxynucleotide triphosphates and

depletes the pool of intracellular nucleotides for efficient HIV-1 replication in these
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noncycling myeloid cells [16,27-31]. This cell-to-cell mode of infection likely plays
important roles at the level of genital and rectal mucosa, and then for virus spreading in
numerous host tissues. However, there is still a paucity in knowledge of the mechanisms that
control virus dissemination by cell-to-cell transfer in myeloid cell targets. Only two recent
reports have been published regarding virus cell-to-cell dissemination to macrophages from
infected T cells. While it was reported by the group of Quentin Sattentau that macrophages
could be infected via selective capture or phagocytosis of HIV-1-infected T cells [26], we
have reported that HIV-1 is mainly transferred to macrophages from infected T cells by a
two-step cell-fusion process [25].

Since myeloid cells are emerging as important target cells of HIV-1, the goal of this
study was to understand the mechanisms involved in cell-to-cell transfer of HIV-1 from
infected T cells for virus spreading in myeloid cells. We show that HIV-1 uses a two-step
cell-fusion process for virus transfer from infected T lymphocytes to myeloid cells, including
macrophages, OCs and immature DCs (iDCs), and then subsequent dissemination in these
target cells, leading to the formation of highly virus-productive multinucleated giant cells
(MGCs). These results reveal a very efficient mechanism for virus spreading in myeloid cell

targets and the formation of MGCs observed in vivo in tissues of HIV-1-infected patients.
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Results

Efficient HIV-1 cell-to-cell transfer between infected T cells and myeloid cells.

Since we and others have reported that HIV-1 could be efficiently transferred from T
cells to macrophages through cell-to-cell contacts, we investigated whether HIV-1 could also
be transferred to other myeloid cell targets, i.e. DCs and OCs. CD14+ monocytes were
isolated from blood donors, differentiated in macrophages (monocyte-derived macrophages,
MDMs), OCs or immature DCs using specific cytokine cocktails, and used as target cells for
coculture with infected CD4+ T cells (i.e., Jurkat CD4+ T cells or autologous purified human
primary CD4+ T cells) as schematized in Fig. 1A. Differentiated cells were characterized
morphologically, functionally and by differential expression of specific markers
(supplementary Fig. S1). To analyze virus cell-to-cell transfer between infected T cells and
cells of the myeloid lineage, Jurkat cells or primary T cells were infected with the CCRS5-
using macrophage-tropic (NLADS) or the CXCR4-using lympho-tropic (NL4.3) viruses, and
then cocultured with MDMs, OCs or iDCs for 6 or 24 h (Fig. 1). Since MDMs and OCs were
strongly adherent, T cells were eliminated by extensive washes, and MDMs and OCs were
collected and stained for the intracellular viral Gag antigen. The percentage of Gag+ cells was
then determined by flow cytometry (Fig. 1B and C). As expected, around 15% of MDMs
exhibited high levels of Gag expression after 6 h of coculture with NLADS8-infected T cells.
Interestingly, around 50% of OCs were already Gag+, as soon as 6 h of coculture with
NLADS-infected T cells, indicating a very efficient viral transfer from infected T cells to OCs.
In comparison, a very low level of viral transfer (less than 5%) was detected in MDMs or OCs
cocultured with NL4.3-infected T cells. Regarding viral transfer to iDCs, which are semi-
adherent cells, iDCs and T cells were collected after coculture (see Fig. 1A), and stained for

intracellular Gag and cell surface DC-SIGN. The percentage of Gag+ cells was then analyzed
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in the DC-SIGN+ cell population (Fig. 1D and E). Significant levels of Gag+/DC-SIGN+
cells (20 to 50%) were detected by flow cytometry when iDCs were cocultured with either
NLADS- or NL4.3-infected T cells, even if the levels of Gag+/DC-SIGN+ cells were
significantly higher in iDCs cocultured with T cells infected with the NLADS macrophage-
tropic virus than with NL4.3-infected T cells. Finally, we also compared virus transfer to
monocyte-derived DCs from the same donors before (iDCs) or after maturation (mDCs)
induced by bacterial lipopolysaccharide (LPS) treatment (supplementary Fig. S1E). iDCs and
mDCs were thus cocultured for 6 h with infected T cells and viral transfer was analyzed as
before after Gag and DC-SIGN staining. While both viruses were efficiently transferred to
iDCs, virus transfer was significantly reduced in mDCs from the same donors (Fig. 1F and G),
showing that iDCs are more susceptible to HIV-1 cell-to-cell transfer from infected T cells.
Together, the results reported in Fig. 1 show that, in addition to macrophages, other
myeloid cell targets, including OCs and iDCs, can support significant transfer of viral

material from infected T cells.

Cell-to-cell transfer of macrophage-tropic virus by heterotypic cell fusion between T
cells and myeloid cells.

Since we have previously shown that HIV-1 is mainly transferred from infected T cells to
macrophages through heterotypic cell fusion [25], we then performed immunofluorescence
analysis to visualize virus transfer from infected T cells to DCs and OCs. Infected Jurkat or
primary T cells were preloaded with the CellTracker dye for staining of T cell nuclei, and
cocultured with DCs or OCs for 6 h. Cells were then stained for intracellular Gag, and using
the DRAQS5 dye to stain all nuclei (not shown), before observation by fluorescence
microscopy (Fig. 2 and supplementary Fig. S2). After 6 h of coculture with NLADS-infected

T cells, iDCs and OCs exhibited a strong diffuse cytoplasmic Gag staining (Fig. 2A and B).
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Interestingly, more than 95% of Gag+ iDCs contained several nuclei with an average nucleus
number being 3.3 (Jurkat/iDCs) and 2.9 (Primary T cells/iDCs) when they were cocultured
with NLADS-infected T cells (supplementary Fig. S2A, left and middle panels). Similar
results were obtained with iDCs cocultured with autologous primary T cells infected with
other macrophage-tropic viral strains such as YU2 and JRFL strains (supplementary Fig. S3).
As shown in Fig 2B, a diffuse Gag staining was also observed when OCs were cocultured
with NLADS-infected T cells, and contained several nuclei. Almost all these Gag+
multinucleated iDCs and OCs contained at least 1 CellTracker dye-stained nucleus coming
from T cells (Fig. 2A-D, and supplementary Fig. S3B) and a total number of nuclei
significantly higher than uninfected cells (supplementary Figs S2A, S2B and S3C),
demonstrating cell-fusion between infected T cells and iDCs or OCs resulting in the
formation of Gag+ MGC:s. In contrast, when iDCs and OCs were cocultured with the lympho-
tropic NL4.3-infected T cells, no cell-fusion was observed and they did not contain
CellTracker-positive nuclei (Fig. 2A-D, and supplementary Fig. S2A and B). Interestingly,
mononucleated Gag+ iDCs cocultured with NL4.3-infected T cells showed a cytoplasmic
dotted Gag staining (Fig. 2A and supplementary Fig. S4A), suggesting that lympho-tropic
viruses can be captured by iDCs and accumulate in cytoplasmic membrane compartments
after cell-to-cell contact, as previously shown for cell-free viruses [32,33]. Of note, dotted
Gag staining was also observed in a few mononucleated iDCs cocultured with NLADS-
infected T cells (supplementary Fig. S4A). In agreement with this observation, we were able
to visualize accumulation of mature virus particles in virus containing compartments and
plasma membrane invaginations by transmission electron microscopy when iDCs were
cocultured with NLADS- or NL4.3- infected T cells (supplementary Fig. S4F). Similarly,
when LPS-induced mDCs were cocultured with NLADS- or NL4.3-infected T cells, no cell-

fusion with T cells was observed, and mDCs contained only a single CellTracker-negative



177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

nucleus (Fig. 2E and F, and supplementary Fig. S2C). However, virus capture by mDCs,
indicated by cytoplasmic dotted Gag staining, was observed after coculture with NLADS- or
NL4.3-infected T cells (Fig. 2E). Finally, we never observed phagocytosis events of infected
T cells by iDCs, mDCs or OCs, as it was reported previously for virus cell-to-cell transfer to
macrophages from dying infected T cells [26].

Together, these results indicate that viral material is massively transferred from infected
T cells to iDCs and OCs through heterotypic cell-to-cell fusion, and this cell-fusion transfer is
restricted to macrophage-tropic viral strains. By contrast, both macrophage- and lympho-
tropic viral strains can be captured by iDCs and mDCs from infected T cells without cell-
fusion. In addition, both NLADS8 and NL4.3 viral strains could also be captured by purified
blood monocytes without cell-fusion with infected T cells after 6 h of coculture
(supplementary Fig. S4B and C). Similarly, cell-to-cell transfer between infected T cells was
observed across the so-called “virological synapse”, but no fusion was observed since almost
all Gag+ target T cells contained only one nucleus (supplementary Fig. S4D and E),
confirming that the process of cell-fusion for HIV-1 transfer is specific of iDCs, OCs and
macrophages [25].

To confirm that transfer of macrophage-tropic viruses to iDCs and OCs was related to
cell-fusion with infected T cells, we checked that the Gag+ MGCs, formed upon coculture,
expressed specific T cell markers. Jurkat or primary CD4 T cells were infected with
macrophage-tropic virus strains (i.e., NLADS, YU2 or JRFL), and then cocultured with iDCs
or OCs for 6 h before staining for the CD3 and CD2 T-cell markers in addition to Gag. As
shown in Fig. 3A-D and supplementary Figs S5A and S5B, the newly formed MGCs acquired
the T cell CD3 and CD2 markers resulting from plasma membrane and cytoplasmic
exchanges between infected T cells and iDCs/OCs through the cell-fusion process. Finally,

this cell-fusion between infected T cells and OCs or iDCs was strongly inhibited by the CCRS
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antagonist maraviroc (MVC) and the fusion inhibitor T20 (Fig. 3E-H), showing that this
heterotypic cell-fusion is envelope-dependent and mediated by viral envelope-receptor

interactions.

Virus dissemination through homotypic cell-fusion between dendritic cells.

Since we observed that about half of the newly formed Gag+ lymphocyte/iDCs fused
cells contained 3 or more nuclei including at least 2 CellTracker-negative nuclei (Fig. 2A, and
supplementary Figs S2A and S3), we investigated whether lymphocyte/iDCs fused cells were
able to fuse with surrounding uninfected iDCs for virus dissemination. We first quantified the
number of nuclei in iDC targets after 6, 24 or 48 h of coculture with NLADS-infected T cells.
After 6 h of coculture, about 95% of Gag+ iDCs contained more than 2 nuclei with an average
number of nuclei per cell of 3.5 which increased to 5.7 and 9.3 nuclei after 24 and 48 h of
coculture, respectively (Fig. 4A and B). Interestingly, we observed that after 24 h of coculture
with infected T cells, the newly formed Gag+ lymphocyte/iDC fused cells acquired adhesion
properties demonstrated by immunofluorescence analysis performed directly on coverslips,
since more than 98% of T cells were removed from the coculture after 4 extensive washes,
whereas iDCs cocultured with uninfected T cells were still non-adherent and mostly removed
by a single wash (supplementary Fig. S5C).

To demonstrate the homotypic fusion between lymphocyte/iDC fused cells and
surrounding uninfected iDCs, NLADS8-infected T cells were cocultured with iDCs preloaded
with CellTracker for 3 h, and autologous iDCs preloaded with the CellTrace dye were then
added for 3 additional hours before staining for intracellular Gag as schematized on Fig. 4C.
When iDCs were initially cocultured with uninfected or NL4.3-infected T cells, iDCs were
stained with either CellTracker or CellTrace and did not show diffuse cytoplasmic Gag

staining (Fig. 4D and E). In contrast, when iDCs were cocultured with NLADS8-infected T
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cells, we observed that about 20% of the Gag+ multinucleated iDCs were stained with both
CellTracker and CellTrace dyes (Fig. 4D and E). These results indicate that the first
heterotypic fusion step between infected T cells and CellTracker-positive iDCs is followed by
a second homotypic fusion with uninfected CellTrace-positive iDCs leading to the formation
of Gag+ multinucleated giant iDCs.

We also used electron microscopy to visualize multinucleated giant iDCs after 6 h of
coculture with NLADS-infected T cells (Fig. 4F, left image). More interestingly, electron-
dense material reminiscent of Gag assembly corresponding to virus buds (blue arrows), as
well as mature virions (red arrows), were observed protruding from the plasma membrane of
iDCs (Fig. 4F, central and right images), indicating that virus assembly and budding took
place at the cell surface of iDCs after only 6 h of coculture with infected T cells. These
observations also confirm plasma membrane exchanges and the transfer of Gag material

between infected T cells and iDC targets.

Virus spreading in myeloid cells trough cell-fusion escapes SAMHD1 restriction

Finally, we investigated whether this virus cell-to-cell transfer and dissemination through
cell-fusion resulted in the productive infection of iDCs. We took advantage of the acquisition
of adherence properties of the MGCs formed through the two-step cell-fusion process for
elimination of infected T cells (see supplementary Fig. S5C) in order to monitor virus
production generated by iDC-derived MGCs after virus transfer. Infected T cells and iDCs
were cocultured for 24 h before elimination of T cells by extensive washes, and viral p24
released by iDCs-derived MGCs was monitored every 3 days. Gag+ multinucleated giant
iDCs containing many nuclei were still alive 9 days after T cell removal (supplementary Fig.
S6A), and produced high levels of p24 (Fig. 5A, blue lines). Since iDCs have the ability to

capture and release virus particles without virus replication [34,35] (see supplementary Fig.
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S4A), we analyzed the effect of the reverse transcription inhibitor AZT on virus dissemination
in iDCs and p24 release. When iDCs were treated with AZT during and after coculture with
infected T cells, virus dissemination evaluated by the percentage of Gag+ iDCs (Fig. 5B), as
well as virus production (Fig. 5A, red lines), were significantly reduced, without affecting the
initial step of virus cell-to-cell transfer from infected T cells (supplementary Figs S6B and C).
These results show that virus-mediated cell-to-cell fusion of infected T cells with iDCs is a
very efficient process for virus dissemination through the formation of highly virus-
productive MGCs, suggesting that this cell-fusion process may bypass the restriction imposed
by host cell restriction factors such as SAMHD1 expressed in iDCs. To test this hypothesis,
specific siRNA were transfected in iDCs or MDMs leading to a net decrease of SAMHDI
expression (Fig. 5C, and supplementary Fig. S7A), and virus transfer and dissemination was
evaluated in SAMHDI1-depleted myeloid cells infected either by NLADS cell-free (CF)
viruses or after 24 h of coculture with infected T cells (CTC). As expected, virus transfer,
evidenced through analysis of the percentage of Gag+ iDCs, was significantly increased when
SAMHD1-depleted iDCs or MDMs were infected by cell-free viruses (Fig. 5D, left panel, and
supplementary Fig. S7B, left panel). In contrast, no difference in the percentage of Gag+ iDCs
was observed when siCtrl- and siSAMHD1-transfected-iDCs or MDMs were cocultured with
infected T cells (Fig. 5D, right panel, and supplementary Fig. S7B, right panel). Similarly,
virus dissemination assessed 6 days later by p24 quantification in the cell-culture supernatant
was still significantly higher when iDCs or MDMs were infected by CTC compared to CF
viruses (Fig. SE, and supplementary Fig. S7C), and SAMHDI1 depletion did not impact on the
high virus production observed when iDCs or MDMs were initially cocultured with infected
T cells (Fig. 5F, and supplementary Fig. S7D). These results demonstrate that the restriction

to virus replication imposed by SAMHDI expression through cell-free virus infection of
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myeloid cells is bypassed through formation of myeloid cell-derived MGCs able to produce
high levels of virus particles.

Since only the dephosphorylated form of SAMHDI is able to restrict HIV-1 replication
[36-38], we investigated further the SAMHDI restriction escape mechanism by analyzing
SAMHDI1 expression and phosphorylation in myeloid cells infected by cell-free viruses or by
cell-fusion with infected T cells. As usual, NLADS8-infected T cells were cocultured for 24 h
with MDMs before cell lysis and Western blot analysis of total and phosphorylated SAMHD1
in MGCs formed upon cell-fusion with infected T cells (Fig. 5G, and supplementary Fig.
S7E). As expected, SAMHDI1 was expressed in its active dephosphorylated form for HIV-1
restriction when MDMs were infected with cell-free viruses (Fig. 5G, and supplementary Fig.
S7E, left panels). In sharp contrast, most of the SAMHD1 protein was phosphorylated when
MDM targets were infected by cell-to-cell fusion with infected T cells (Fig. 5G, and
supplementary Fig. S7E, right panels). These findings show that the two-step cell-fusion
process leading to MGC formation results in phosphorylation of SAMHDI allowing efficient

HIV-1 replication and spreading in myeloid cells.
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Discussion

In this study, we reveal that HIV-1 uses a specific and common two-step cell-fusion
process for cell-to-cell transfer and dissemination in the CD4+ target cells of the myeloid
lineage, including macrophages, OCs and iDCs, but not monocytes and mDCs. This two-step
cell-fusion mechanism bypasses the SAMHD]1-related restriction to HIV-1 replication
observed in these myeloid cells with cell-free viruses, and may be responsible for virus
spreading in these cell targets in vivo, as observed in host lymphoid and non-lymphoid tissues,
including the central nervous system and bones [39—43]. In agreement, it was reported that
myeloid cells from spleen and lymph nodes of SIV-infected macaques contain T cell markers
and viral RNA and DNA originating from infected T cells [44,45].

We have shown here that virus cell-to-cell transfer from infected T cells is first mediated
by heterotypic cell fusion with macrophages, OCs or iDCs, followed by virus dissemination
through a second homotypic fusion with uninfected myeloid cells leading to the formation of
highly virus-productive MGCs. This two-step cell-fusion process is specific of these myeloid
cell targets, since HIV-1 cell-to-cell transfer between CD4+ T cells is mainly mediated by the
formation of the virological synapse without cell-fusion between virus-donor and target T
cells [46,47] (and see supplementary Fig. S4D and E). Similarly, we did not detect cell-fusion
for cell-to-cell transfer of HIV-1 from infected T cells to CD4+ monocytes or mDCs,
suggesting that the cell-fusion process between T cells and iDCs, OCs or macrophages is
finely regulated. Previous studies using cell-free viruses proposed that the lower sensitivity of
monocytes and mDCs to HIV-1 was related to the low expression of the CCRS5 co-receptor at
the cell surface of these cell types [48,49], and monocytes and mDCs indeed express low
level of CCRS compared to iDCs and differentiated macrophages (see supplementary Fig.

S1E, and data not shown). In addition, it was suggested that some cell surface molecules, such
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as tetraspanin proteins, might have a negative regulatory role on cell-fusion and formation of
syncytia between infected and target T cells after formation of the virological synapse [50].
While our data show that interactions between the viral envelope and the CD4 receptor and
CCRS5 co-receptor are required for the cell-fusion process leading to formation of HIV-1-
infected MGCs originating from either macrophages, OCs or iDCs, it would be interesting to
investigate the potential role of some cell surface proteins [51], such as tetraspanins, in the
mechanism of HIV-1-mediated cell-to-cell fusion between lymphoid and myeloid cells
described here. Similarly, we cannot exclude the possibility that some signaling pathways and
effectors involved in programming of myeloid cells into a fusion-competent state could also
participate in the two-step cell-fusion process for HIV-1 cell-to-cell spreading in myeloid
cells. Depending of the cytokine environment, it was established that cells of the myeloid
lineage have the propensity to mediate homotypic cell-fusion leading to the formation of
multinucleated OCs and MGCs in both physiological and pathological conditions [52,53].
While the formation in bones of functional multinucleated OCs is mainly orchestrated by the
RANKL cytokine, alternative activation of macrophages by IL-4 and IL-13 interleukins can
promote homotypic macrophage fusion and MGC formation, as observed in some
inflammatory disorders [53]. Therefore, it would be interesting to explore the contribution of
cellular pathways mobilized by these cytokines in both cell-fusion steps allowing HIV-1 cell-
to-cell spreading in myeloid cells.

HIV-1 transfer from infected T cells to myeloid cells through cell-fusion is a fast and
very efficient process leading to transfer of viral material toward 20 to 40% of the myeloid
target cells after only 6 h of coculture. This process leads to virus spreading in iDCs, OCs
(data not shown) or macrophages [25] through the formation of MGCs able to produce high
amount of viral particles over several days and weeks. In contrast, many reports indicate that

these myeloid cells are poorly infected by cell-free viruses, because virus replication is
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limited by the high expression of host cell restriction factors, such as SAMHDI1 [54]. When
non-cycling myeloid target cells are infected with cell-free viruses, SAMHDI is expressed in
its dephosphorylated active form able to restrict HIV-1 replication [36-38]. In contrast, our
findings show that the two-step cell-fusion process results in phosphorylation of SAMHDI1
allowing efficient virus spreading in iDCs and macrophages. Interestingly, Puigdomenech et
al. [55] previously suggested that HIV-1 cell-to-cell transmission from infected T cells to DCs
was restricted by SAMHD1 expression. Even if similar experimental system and viral strains
were used in both studies, the discrepancy with our findings can be explained by the gating
strategy used to analyze virus dissemination by flow cytometry, since the Gag+ iDC-derived
MGCs formed through cell-fusion during co-culture with infected T cells were certainly
excluded from the analysis performed by Puigdomenech and colleagues [55]. In addition, they
did not perform fluorescence microscopy analysis to visualize and study MGC formation
through cell-fusion of infected T cells with iDC targets. In contrast, our data demonstrate that
this cell-to-cell fusion process supports high levels of virus production by iDC-, OC- and
macrophage-derived MGCs, in which SAMHDI is expressed in its inactive phosphorylated
form, suggesting that the Cyclin/CDK kinase complex involved in SAMHD1 phosphorylation
is expressed in MGCs. While further investigations are thus needed to elucidate this intriguing
mechanism of SAMHDI1 phosphorylation in MGCs, we can speculate that the Cyclin/CDK
complex could be transferred from activated infected T cells through the first heterotypic cell-
fusion and delivering of the cellular content to the myeloid target cell. In addition, the high
level of ANTPs transferred from proliferative infected T cells could also help to overcome the
restriction activity of SAMHDI1 expressed in myeloid cells. Alternatively, an attractive
hypothesis could be related to the maintenance of transcriptionally-active T cell nucleus after
the initial fusion between infected T cells and myeloid target cells (LB and SB, unpublished

observations). Thus, transfer of the T cell nucleus already containing integrated proviral DNA
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may allow to bypass the reverse transcription step restricted by SAMHDI, leading to efficient
SAMHD1-independant viral expression by the newly fused cells formed through cell fusion
between infected T cells and myeloid cells.

While the physiological formation of OCs results from cell-to-cell fusion of
monocyte/macrophages [52,53], we show that multinucleated OCs are also able to fuse with
HIV-1-infected T cells for virus dissemination in these cell targets. Similarly, iDC targets can
fuse with infected T cells for HIV-1 cell-to-cell transfer followed by a second step of
homotypic fusion with uninfected iDCs leading to the formation of MGCs. Interestingly, it
has been shown that DCs were able to fuse together and to acquire new phenotypical
properties upon inflammatory conditions [56], in granulomatous diseases [57] or proliferating
disorders such as Langerhans cell histiocytosis [58]. In agreement with our results,
heterotypic fusion of DCs with HIV-1-infected T cells was already suggested 20 years ago by
the group of R.M. Steinman [7,59]. This group and others reported the presence of HIV-1-
infected multinucleated syncytia expressing specific markers of both DCs and T cells at the
surface of the nasopharyngeal tonsils, adenoid and parotid gland of HIV-1-infected patients
[7,60-62], but the mechanisms related to these in vivo observations were not further
investigated. Our study demonstrate that the cell-fusion process for HIV-1 cell-to-cell transfer
from T cells to iDCs is responsible for the formation of the multinucleated infected DCs
observed in infected patients.

In summary, the novel and very efficient two-step cell-fusion mechanism we report for
virus cell-to-cell spreading is specific to iDC, OC and macrophage target cells of HIV-1. First,
infected T cells fuse with these myeloid cells for massive viral transfer, followed by a second
step of homotypic fusion with uninfected myeloid cells for virus dissemination. Both steps are
dependent on the viral envelope and seem restricted to macrophage-tropic viral strains. While

HIV-1 infection of these myeloid cells by cell-free viruses is known to be strongly restricted
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[28,63], this new mechanism of virus spreading in myeloid cells by cell-fusion escapes the
restriction imposed by SAMHD1 and leads to the formation of highly virus-productive MGCs
reminiscent of the infected MGCs originating from myeloid cells observed in vivo in infected
patients and SIV-infected macaques. These in vivo observations support the importance of the
mechanisms revealed here, which contribute to a better understanding of virus cell-to-cell
dissemination in myeloid cells and their roles in HIV-1 pathogenesis, including cell-
associated virus sexual transmission, virus spreading, and establishment of long-lived viral

tiSsue reservoirs.
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Materials and Methods

Plasmids and reagents. The proviral plasmids pNL4.3 and pNLADS were obtained from the
AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, while the
plasmid encoding the VSV-G envelope glycoprotein (pVSVg), has been described[64]. The
following antibodies were used: PE- or FITC-conjugated anti-CD11b (clone ICRF44, BD
Biosciences), PE-Cy7-conjugated anti-CD11b (clone ICRF44, Biolegend), RD1- or FITC-
conjugated anti-Gag (clone KC57, Beckman coulter), anti-CD4 (clone Leu3a, Biolegend),
anti-CD3 (clone UCHT]1, Biolegend) , anti-DC-SIGN (clone 120507, R&D systems), FITC-
conjugated anti-CDl1c (clone B-ly6, BD Biosciences), anti-CD14 (clone MS5E2, BD
Biosciences), APC-conjugated anti-CD83 (clone HB15, Miltenyi), Alexa 647-conjugated
anti-CCRS5 (clone HEK/1/85a, Biolegend), PE-conjugated anti-CXCR4 (clone 12GS,
Biolegend); anti-CD2 (TS2/18 clone) was a gift from Dr. Andres Alcover (Paris, France)[65];
Alexa647- or Alexa555- conjugated phalloidin (Life Technologies) were used. The following
reagents were obtained from the AIDS Research and Reference Reagent Program, Division of

AIDS, NIAID: HIV-1 CAp24 Hybridoma (183-H12-5C), HIV-IG, Maraviroc, T20, and AZT.

Cell culture. HEK293T and Jurkat cell-lines were obtained from the ATCC Collection.
HEK293T cells were maintained in Dulbecco minimal essential medium (DMEM)
supplemented with 10% heat-inactivated fetal calf serum (FCS), 100 IU of penicillin/ml, and
100 pg of streptomycin/ml (ATB, Invitrogen). Jurkat cells (clone J77) were maintained in
RPMI 1640 complete culture medium supplemented with 10% FCS and ATB. Peripheral
blood mononuclear cells (PBMCs) were isolated from blood of healthy anonymous donors by
density gradient sedimentation using Histopaque (Sigma), and monocytes were purified using

the CD14-positive selection kit (CD14 microbeads, Miltenyi) according to manufacturer’s
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guidelines. Blood samples from anonymous healthy donors were purchased from
"Etablissement Frangais du Sang Paris-Saint-Antoine-Crozatier, 21 rue Crozatier, 75012
Paris, France" or from “Changhai Hospital, 169 changhai road, Shanghai, China”. The
monocytes were differentiated into macrophages for 8 days in RPMI 1640 culture medium
supplemented with 20% FCS, ATB, and 25 ng/ml of GM-CSF and M-CSF (Miltenyi).
Monocytes were differentiated into osteoclasts for 4 days in RPMI 1640 culture medium
supplemented with 20% FCS, ATB, and 50 ng/ml of M-CSF and 30 ng/ml of RANKL, and
then cultured for another 6 days with 25 ng/ml of M-CSF and 100 ng/ml of RANKL allowing
complete maturation. The markers and functionality (bone degradation) of OCs was analyzed
as previsouly[22]. In addition, RNA level of specific OC markers was assessed by qPCR
analysis as described in (Souriant et al. Cell report, 2019; in press). Finally, monocytes were
differentiated into iDCs for 5 days in RPMI 1640 culture medium supplemented with 20%
FCS, ATB, and 50 ng/ml of GM-CSF and IL-4 (Miltenyi). Maturation of DCs was performed
using 1 pg/ml of LPS (Escherichia coli O55:B5, Sigma-Aldrich) for 48 h. Human primary
CD4+ T cells were isolated from PBMCs by density gradient sedimentation using Histopaque
and then purified by negative selection (CD4+ T cell isolation kit, Miltenyi) following
manufacturer’s recommendations. CD4+ T cells were activated for 3 days in RPMI medium
containing 20% FBS, interleukin-2 (IL-2, Miltenyi) at 10 u/ml, and phytohemagglutinin-P at
5 ng/ml (PHA-P, Sigma-Aldrich). After activation, CD4+ T cells were kept in RPMI medium

supplemented with 20% FBS and IL-2. All cells were grown at 37°C under 5% CO».

Viral production, titration, and infection. Replication-competent HIV-1 NL4.3 and
NLADS strains were produced in HEK293T cells by cotransfection of the proviral plasmid in
combination with pVSVg using calcium phosphate precipitation technique as described™.

Amounts of p24 produced were determined by enzyme-linked immunosorbent assay (ELISA;
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Innogenetics). Viral titer was determined using Jurkat cells by flow cytometry (Accuri C6,

BD Biosciences) as described[64].

Cell-to-cell viral transfer and dissemination. To study virus transfer from infected Jurkat or
primary CD4+ T cells to myeloid cells, T cells were infected using a multiplicity of infection
(MOI) of 0.5 for 16 h, then washed and cultured for another 24 h. After washing, T cells were

cocultured during 3-72 h at a ratio 1:1 with MDMs, OCs or iDCs seeded at a density of

0.5x10" 1x10° or 0.4x10° cells/well, respectively. Where indicated, iDCs or MDMs were
transfected with a mix of two different siRNA targeting SAMHDI1 at a concentration of 100
nM each (Dharmacon, #L.-013950-09 and #L-013950-10) using Hiperfect transfection reagent
(Qiagen) accordingly to the manufacturer recommendation. 24 h after transfection, a second
round of transfection with siRNA was performed using the same protocol, and then used to
coculture with infected T cells for 6 h. To remove T cells after co-culture with myeloid cells,
4 extensive washes with PBS were performed. MDMs, OCs or DCs were harvested or
cultured during several days and then collected. Cells were then surface stained using anti-
CDI1b, anti-CDl1c, anti-DC-SIGN, anti-CD2 or anti-CD3 antibodies, then fixed with 4%
PFA, permeabilized and stained with an anti-Gag (KC57, 1/500) using permeabilization
buffer (Beckman Coulter). The percentage of Gag+ cells among CD11b+, CD11c+ or DC-
SIGN+ cells corresponding to the MDM, OC or DC population, respectively, was determined
by flow cytometry or by fluorescence microscopy as described [22,25]. To analyze viral
production, cell-culture supernatants of iDCs were collected, and the amount of p24 produced

was determined by ELISA.

Effect of inhibitors on viral transfer and dissemination in iDCs and OCs. To analyze the

effect of inhibitors on virus transfer, infected donor T cells, and OC or iDC targets were pre-
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treated for 1 h with T20 or Maraviroc at 10 uM and 10 pg/ml, respectively. Infected T cells
were then cocultured for 6 h with OCs or iDCs. For OCs, T cells were eliminated by
extensive washes, and the percentage of Gag+ OCs was determined by flow cytometry or
fluorescence microscopy as described”™**. For iDCs, mixture of T cells and iDCs were
collected and the percentage of Gag+/CDl1l1c+ iDCs was determined by flow cytometry.
Results were expressed as the percentage of Gag+ OCs or iDCs relative to that determined
without inhibitors. To show that virus transfer from infected T cells to iDCs led to productive
infection, iDC targets were pretreated with AZT (10 uM) for 2 h prior to the coculture for 6,
24 or 72 h with infected T cells. After removal of infected T cells by 4 extensive washings
with PBS, the percentage of Gag+/CD11b+ iDCs was determined by flow cytometry directly
after the 6, 24 or 72 h of co-culture, while the viral p24 production from iDCs was determined

by ELISA after 3, 6, 9, or 12 more days of culture in the presence of AZT.

Fluorescence microscopy analysis. To visualize cell contacts, virus transfer and virus
dissemination, Jurkat or primary CD4+ T cells infected with NLADS or NL4.3 as described
above were pre-loaded with 5 uM of CellTracker CMAC (Life Technologies) and cocultured
for 6, 24 or 48 h with OCs (plated onto coverslips), DCs, monocytes or CD4+ T cells. After
coculture, OCs were directly fixed with 4% PFA while the mixture of DCs (or monocyte or T
cell targets) and virus-donor infected T cells were seeded on L-polylysine-coated coverslips
(Sigma-Aldrich) before fixation. Cells were then blocked for 10 min in PBS containing 1%
BSA, stained with 2 uM of DRAQS5 (eBioscience) for 20 min in PBS for staining of nuclei,
followed by surface staining of DC-SIGN (1/100 dilution) for 1 h and incubation with
Alexa555-coupled secondary antibody, then permeabilized and stained using KC57 FITC-
conjugated antibody or Phalloidin-Alexa647 (Molecular Probes) diluted in permeabilization

buffer for 1 h. Coverslips were then washed with PBS and mounted on slide using 10 pl of
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Fluoromount (Sigma) or Fluroromount containing DAPI (Sigma-Aldrich). Images were
acquired on a spinning disk (CSU-X1M1, Yokogawa) inverted microscope (DMI6000, Leica),
and then processed using the Fiji software (Imagel, NIH)[66]. Quantitative image analysis
was performed using Fiji by defining a region of interest using the actin or DC-SIGN staining
and measuring the whole fluorescence intensity of the Gag staining, with respect to non-
infected cells. To analyze fusion between infected T cells and OCs or iDCs, infected Jurkat or
primary CD4+ T cells were cocultured for 6 or 24 h with myeloid cells. Cells were then fixed
with 4% PFA and blocked in PBS containing 1% BSA. Anti-CD3 (10 pg/mL), -CD2 (1/200
dilution), -DC-SIGN, -Gag (KC57-FITC, 1/200 dilution), and F-actin (with fluorescent
Phalloidin) intracellular staining were done by incubating coverslips with the indicated
primary antibody and phalloidin-Alexa647 diluted in the permeabilization buffer. Coverslips
were then rinsed with PBS-BSA and incubated for 1 h with the corresponding fluorescent-
coupled secondary antibody. After 3 washes, coverslips were mounted on microscope slides
using 10 pl of Fluoromount mounting medium containing DAPI. Cells were examined under
an epifluorescence microscope (DeltaVision), and quantitative image analysis was performed
using the Fiji software by defining a region of interest using the F-actin staining and
measuring the whole fluorescence intensity of the indicated marker (i.e. CD3, or CD2) in
Gag+ cells, with respect to non-infected cells. To analyze the effect of inhibitors on fusion
between T cells and OCs and iDCs, infected virus-donor T cells, or OC and iDC targets were
pre-treated for 1 h with T20, Maraviroc or AZT at 10 uM, 10 pg/ml and 10 uM, respectively.
Infected T cells were then cocultured for 6 h with OCs or iDCs in the presence of inhibitors.
Cells were then fixed and stained as previously using KC57 FITC-conjugated antibody and
phalloidin-Alexa647. Images were acquired and then processed as described above. To
analyze fusion between iDCs, infected T cells were initially co-cultured with iDCs preloaded

with Celltracker-CMAC for 3 h. Autologous iDCs pre-labeled with CellTrace-Far-red were
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then added to the mixture of infected T cells and iDCs and cultured for 3 more hours. The
mixture of iDCs and T cells were then seeded on poly-lysine coverslips, fixed with PFA 4%
and stained with anti-Gag (KC57-FITC) and phalloidin-Alexa555, and mounted with
Fluoromount media. Images were acquired and processed as previously. To analyze viral
transfer between T cells or between T cells and monocytes, infected T cells preloaded with
CellTracker CMAC or CellTrace-Far-red were cocultured with unloaded T cells or monocytes
for 6 h. Mixture of cells were then collected and seeded on coverslips coated with poly-lysine,
fixed with PFA 4%, permeabilized and stain for nuclei (DRAQS), intracellular Gag (KC57-
FITC) or phalloidin-Alexa647 and mounted with Fluoromount media. Images were acquired
and processed as previously. The number of nuclei per cell was analyzed from images on at

least 50 cells and then processed using Fiji as previously.

Transmission electron microscopy analysis. Jurkat cells infected with NLADS8 or NL4.3 as
described above were co-cultured for 6 h with iDCs. Cells were then collected and seeded on
coverslips coated with poly-lysine. The coverslips were then fixed using glutaraldehyde 2.8%
and 2% PFA for 20 min. After 2 washes in PBS, cells were dehydrated and embedded into
epoxy (Electron Microscopy Sciences) as described previously [25]. Ultrathin sections of 90
nm were cut with an ultra-microtome, stained with uranyl acetate and Reynold’s lead and
observed with a transmission electron microscope (JEOL 1011) as described [25]. Acquisition

was performed with a Gatan ES1000W CCD camera.

Western blot analysis. For analysis of total and phosphorylated SAMHDI1 expression in
siRNA-transfected iDCs or MDMs, as well as in MDM-derived MGCs, cells (10°) were lysed
in 100 pl of reducing Laemmli sample buffer (2X) supplemented with PhosSTOP™

(Phosphatase Inhibitor Cocktail Tablets, Sigma-Aldrich) and cOmplete™ (EDTA-free
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Protease Inhibitor Cocktail, Sigma-Aldrich), and then boiled at 96°C for 10 min. Cell lysates
were then resolved by SDS-PAGE as described [64], and analyzed by Western blotting using
anti-SAMHD1 (Abcam, ab67820), anti-phospho-SAMHD1 (Cell Signaling #89930), anti-

HIV-1 p24 (Abcam, ab9071) and anti-B-actin (Sigma-Aldrich, clone AC-15) antibodies.
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Figure legends

Figure 1. HIV-1 cell-to-cell transfer from infected T cells to myeloid cells. (A)
Experimental protocol. (B and C) Jurkat cells were infected with the NLADS or NL4.3 strains
for 36 h and then cocultured for 6 or 24 h with MDMs or OCs. After elimination of Jurkat
cells, the percentage of Gag+ MDMs or OCs was quantified by flow cytometry. As a negative
control (NI), non-infected Jurkat cells were cocultured with MDMs or OCs. (D and E) Jurkat
cells were infected as previously and then co-cultured with iDCs for 6 or 24 h. The percentage
of Gag+/DC-SIGN+ iDCs was evaluated by flow cytometry. (F and G) Jurkat cells were
infected and then co-cultured with iDCs or mDCs for 6 h. The percentage of Gag+/DC-
SIGN+ iDCs or mDCs was evaluated by flow cytometry. The results are the means of at least
4 independent experiments performed with MDMs, OCs, iDCs or mDCs of 4 different donors.
Error bars represent 1 SEM. Statistical significance was determined using Mann-Whitney U-

test (ns, p>0.05; *p<0.05; **p<0.01).

Figure 2. Viral transfer to immature DCs and OCs by cell fusion with infected T cells.
(A and C) NLADS- or NL4.3-infected Jurkat (A, upper images; and C, left panel) or primary
CD4+ T (A, lower images; and C, right panel) cells pre-labeled with CellTracker were
cocultured for 6 h with iDCs. Cells were then stained with anti-Gag and anti-DC-SIGN, and
analyzed by confocal microscopy (scale bar, 10 um) (A). T cells and iDCs are indicated by
plain yellow and dashed white lines, respectively. In C), the number of nuclei per DC-SIGN+
cell was quantified from images on at least 50 cells. Results are expressed as the percentages
of cells with 0, 1, 2, or more than 2 CellTracker(+) nuclei. (B and D) NLADS- or NL4.3-
infected Jurkat (B, upper images; and D, left panel) or primary CD4+ T (B, lower images; and

D, right panel) cells pre-labeled with CellTracker were cocultured with OCs for 6 h. After

33



796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

elimination of T cells, OCs were stained with anti-Gag and phalloidin (Actin), and analyzed
by confocal microscopy (scale bar, 10 um) (B). OCs are indicated by dashed white lines. In
D), the number of nuclei per cell was quantified from images on at least 50 cells. Results are
expressed as the percentages of cells with 0, 1, 2, or more than 2 CellTracker(+) nuclei. (E
and F) NLADS- or NL4.3-infected Jurkat cells pre-labeled with CellTracker were co-cultured
for 6 h with iDCs (E, left images; and F, left panel) or mDCs (E, right images; and F, right
panel). Cells were then stained with anti-Gag and anti-DC-SIGN, and analyzed by confocal
microscopy (scale bar,10 um) (E). T cells and DCs are indicated by plain yellow and dashed
white lines, respectively. In F), the number of nuclei per DC-SIGN+ cell was quantified from
images on at least 50 cells. Results are expressed as the percentages of cells with 0, 1, 2, or
more than 2 CellTracker(+) nuclei. The results shown are representative of 3 independent
experiments performed with DCs and OCs from 3 different donors. NI, non-infected Jurkat or

primary CD4+ T cells were co-cultured with OCs or DCs.

Figure 3. Cell fusion between infected infected T cells and iDCs or OCs by a viral
envelope-dependent mechanism. (A-D) NLADS8-infected Jurkat cells were cocultured for 6
h with iDCs (A and B) or OCs (C and D). Cells were then stained with anti-CD3, anti-Gag
and DAPI (nuclei), and analyzed by confocal microscopy. Representative images of
intracellular CD3 staining are shown (A and C) (scale bars, 25 pm), and T cells and myeloid
cells (OCs or iDCs) are indicated by plain yellow and dashed white lines, respectively. In B
and D), intracellular CD3 mean fluorescence intensities (MFI) were quantified as indicated in
the Methods Section. Each dot corresponds to 1 cell, and the number of cells analyzed is
indicated (n). Horizontal bars represent the mean + 1 SEM. Statistical significance was
determined with the Mann-Whitney U-test (****p<0.0001). (E-H) NLADS8-infected Jurkat

cells were pretreated or not (mock) with Maraviroc (MVC) or T20 for 1 h and cocultured with
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iDCs (E and F) or OCs (G and H) for 6 h in the presence of the inhibitor. Cells were then
stained with DRAQS (nuclei) and anti-Gag, in combination with anti-DC-SIGN or phalloidin
(Actin), and analyzed by confocal microscopy (scale bar, 10 um). In E and G), T cells and
myeloid cells (iDCs or OCs) are indicated by plain yellow and dashed white lines,
respectively. In F and H), the percentage of Gag+ iDCs or OCs (upper panels), as well the
number of nuclei per iDCs or OCs (lower panels) were quantified from images on at least 50
cells. Each dot corresponds to 1 cell, and the number of cells analyzed is indicated (n).
Horizontal bars represent the mean + 1 SEM. Statistical significance was determined with the
Mann-Whitney U-test (*p<0.05; **p<0.01; ****p<0.0001). The results shown are
representative of at least 3 independent experiments performed with iDCs and OCs from 3

different donors. NI, non-infected Jurkat cells were co-cultured with iDCs or OCs.

Figure 4. Virus dissemination between iDCs by homotypic cell fusion. (A and B) NLADS-
infected Jurkat cells were cocultured with iDCs for 6, 24 or 48 h, and then stained with
phalloidin (Actin), anti-Gag and DAPI (Nuclei), and analyzed by confocal microscopy (A,
scale bar, 25 um). In B), the number of nuclei per iDC was quantified from images on at least
40 cells. Each dot corresponds to 1 cell, and the number of cells analyzed is indicated (n).
Horizontal bars represent the mean + 1 SEM. Statistical significance was determined with the
Mann-Whitney U-test (*p<0.05; **p<0.01; ****p<0.0001). The results shown are
representative of at least 3 independent experiments performed with iDCs from 3 different
donors. NI, non-infected Jurkat cells were cocultured with iDCs. (C) experimental protocol
for homotypic cell-fusion experiment. (D and E) NLADS- or NL4.3-infected Jurkat cells were
cocultured with iDCs pre-labeled with CellTracker for 3 h, and autologous iDCs pre-labeled
with CellTrace were added and cultured for 3 additional hours. Cells were then stained with

anti-Gag and phalloidin (Actin), and analyzed by confocal microscopy (scale bar, 10 um). In
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E), the number of single-positive CellTrace(+) and CellTracker(+), as well as double-positive
CellTrace(+)/CellTracker(+) iDCs were quantified from images, and the results are expressed
as the percentages of single- and double-positive iDCs. The number of cells analyzed is
indicated (n). NI, non-infected Jurkat cells were co-cultured with iDCs. (F) NLADS8-infected
Jurkat cells were cocultured for 6 h with iDCs, and cells were then fixed and dehydrated.
Ultrathin sections were cut, stained and observed with a transmission electron microscope. A
multinucleated iDC with nuclei indicated by red stars is shown (left image, scale bar, 2 pm).
The right image (scale bar, 200 nm) corresponds to higher magnification of the area selected
in red on the central image (scale bar, 1 pum). Assembling and budding viruses are indicated
by blue arrows, while mature virion is indicated by a red arrow. The results shown are

representative of 3 independent experiments performed with iDCs from 3 donors.

Figure 5. Productive infection of iDCs by cell-to-cell fusion with infected T cells escapes
SAMHDI1 restriction. (A) NLADS8-infected Jurkat cells were cocultured for 24 h with iDCs
derived from 4 different donors with or without AZT. T cells were then eliminated as
previously by extensive washes, and iDCs were cultured with or without AZT for different
period of time. Cell-culture supernatants from iDCs were collected after 3, 6, 9 or 12 days and
viral p24 was quantified. Each experiment was performed in duplicate. NI, non-infected
Jurkat cells were cocultured with iDCs. (B) NLADS8-infected Jurkat cells were cocultured for
6, 24 or 72 h with iDCs with or without AZT and the percentage of Gag+/CD11c+ iDCs was
then evaluated by flow cytometry. The results are the means of 3 independent experiments
performed with iDCs of 3 different donors. Error bars represent 1 SEM. Statistical
significance was determined using Mann-Whitney U-test (ns, p>0.05; **p<0.01). (C) iDCs
were transfected with siRNA targeting SAMHDI1 (siSAMHD1) or scrambled siRNA (siCtrl)

used as a control. Lysates from transfected cells were analyzed by Western blot using anti-
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SAMHDI1 and anti-B-Actin antibodies. The band intensities were quantified using NIH Image
Software and the signal measured in siRNA-transfected cells was normalized to the signal
obtained for Actin. The indicated values are expressed as percentages of the signal intensity
relative to siCtrl (100%), and are representative of 3 independent experiments. (D-F) iDCs
transfected with siCtrl (blue bars) or siSAMHDI1 (hatched bars) were infected by cell-free
NLADS viruses produced by Jurkat cells (CF) or by co-culture with NLADS8-infected Jurkat
cells (CTC) for 24 h. In D), the percentage of Gag+/DC-SIGN+ iDCs was evaluated by flow
cytometry directly after 24 h of infection by CF or CTC. The results are expressed as the
percentage of Gag+ iDCs relative to that obtained with siCtrl-transfected iDCs (100%). In E
and F), quantification of p24 released in cell-culture supernatants from siRNA-transfected
iDCs infected by CF or CTC for 24 h, and then cultured for 6 more days. The results are
expressed as the percentage of p24 released relative to that released by CTC infection (E), or
as the percentage of p24 released relative to that released by siCtrl-transfected iDCs (F).
Results are the means of 4 independent experiments performed with iDCs from 4 different
donors. Error bars represent 1 SEM. Statistical significance was determined using Mann-
Whitney U-test (ns, p>0.05; *p<0.05; **p<0.01). (G) MDMs were infected by cell-free
NLADS viruses produced by CD4+ primary T cells (Cell-free, left panels) or by co-culture
with NLADS8-infected primary T cells (Cell-to-cell, right panels) for 24 h. Cell lysates were
then analyzed by Western blot using anti-SAMHD1, anti-phospho-SAMHD1, anti-HIV-1 p24

and anti-B-actin antibodies.
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Supplemental Material

Supplementary Figure S1. Characterization of cells of the myeloid lineage. (A-C) CD14+
blood monocytes were differentiated in MDMs or in OCs, and expression of the indicated OC
specific factors were analyzed by RT-qPCR in A). The results are the means of 10
independent experiments performed with MDMs or OCs from 10 donors. In B), MDMs and
OCs were stained with phalloidin (green) and DAPI (blue) and analyzed by confocal
microscopy (scale bars, 5 um), and the fusion index (right panel) was determined by
quantification of at least 500 cells from 5 different donors. In C), MDMs or OCs were seeded
on bovine bone slides and stained with Toluidine blue. Bone resorption pits were analyzed on
brightfield images (scale bars, 20 um) and bone degradation index (right panel) was
quantified on 7 different donors. (D and E) Monocytes were differentiated in MDMs (grey
bars) or iDCs (red bars). Maturation of DCs (mDCs, green bars) was induced using LPS.
Expression of the indicated MDM and DC markers was analyzed by flow cytometry. The
results shown are representative of 4 independent experiments performed with DCs and
MDMs from 4 different donors. Error bars represent 1 SEM. Statistical significance was

determined using Mann-Whitney U-test (ns, p>0.05; *p<0.05; **p<0.01; ***p<0.001).

Supplementary Figure S2. Formation of multinucleated cells through cell-fusion
between infected T cells and iDC or OC cell targets. (A and B) NLADS- or NL4.3-infected
Jurkat or primary CD4+ T cells pre-labeled with CellTracker were cocultured for 6 h with
iDCs (A) or OCs (B). Cells were then stained with anti-Gag, in combination with anti-DC-
SIGN or phalloidin (Actin), and analyzed by confocal microscopy. The number of nuclei per
iDC and OC cell was quantified from images on at least 50 cells. Results are expressed as the

percentage of cells with 1, 2, 3 or more than 3 nuclei (left panels), as the mean nucleus
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number per cell (central panels), and as the percentage of cells with 1, 2, 3 or more than 3
CellTracker(-) nuclei (right panels). (C) NLADS8- or NL4.3-infected Jurkat cells pre-labeled
with CellTracker were cocultured for 6 h with iDCs or mDCs. Cells were then stained with
anti-Gag and anti-DC-SIGN, and analyzed by confocal microscopy. The number of nuclei per
DC-SIGN+ cell was analyzed from images on at least 50 cells. Results are expressed as the
percentages of iDCs or mDCs with 1, 2, 3 or more than 3 nuclei (left and central panels,
respectively), and as the mean nucleus number per iDCs or mDCs (right panel). The results
shown are representative of at least 3 independent experiments performed with DCs and OCs
from at least 3 different donors. NI, non-infected Jurkat or primary CD4+ T cells were co-
cultured with OCs or DCs. Statistical significance was determined using Mann-Whitney U-

test (ns, p>0.05; ****p<0.0001).

Supplementary Figure S3. Transfer of macrophage-tropic viruses to iDCs by cell-fusion.
Primary CD4+ T cells infected with the NLADS, JRFL or YU2 viral strains were pre-labeled
with CellTracker, and cocultured for 6 h with iDCs. Cells were then stained with anti-Gag,
anti-DC-SIGN and DRAQS, and analyzed by confocal microscopy (scale bar, 20 pm).
Representative images are shown in (A). The number of nuclei per DC-SIGN+ cell was
quantified from images on at least 50 cells. In B), results are expressed as the percentages of
cells with 0, 1, 2, or more than 2 CellTracker(+) nuclei. In C) Results are expressed as the
percentage of cells with 1, 2, 3 or more than 3 nuclei (left panel), as the mean nucleus number
per cell (central panel), and as the percentage of cells with 1, 2, 3 or more than 3

CellTracker(-) nuclei (right panel).

Supplementary Figure S4. Characterization of virus capture and transfer without cell

fusion by DC, monocyte and CD4+ T cell targets. (A) NLADS- or NL4.3-infected Jurkat
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cells pre-labeled with CellTracker were cocultured for 6 h with iDCs, and then stained with
anti-Gag, phalloidin (Actin) and DRAQS5 (Nuclei). Cells were analyzed by confocal
microscopy (scale bar, 10 um). (B and C) NLADS8- or NL4.3-infected Jurkat cells pre-labeled
with CellTrace were cocultured for 6 h with primary monocytes, stained with anti-Gag,
phalloidin (Actin) and DRAQS5 (Nuclei), and analyzed by confocal microscopy (B, scale bar,
10 um). T cells and monocytes are indicated by plain yellow and dashed white lines,
respectively. (D and E) NLADS8- or NL4.3-infected primary CD4+ T cells preloaded with
CellTracker were cocultured for 6 h with primary CD4+ T cells, stained with anti-Gag,
phalloidin (Actin) and DRAQS5 (Nuclei), and analyzed by confocal microscopy (D, scale bars,
10 pum). In C and E), The number of nuclei per monocyte (C) or T cell (E) targets was
quantified from images on at least 100 cells, and the results are expressed as the percentage of
cells containing 1 or 2 nuclei. The results shown are representative of 3 independent
experiments performed with monocytes or CD4+ T cell targets or from 3 different donors. NI,
non-infected Jurkat or primary T cells were co-cultured with monocytes or primary T cell
targets. (F) NLADS- or NL4.3-infected Jurkat cells were cocultured for 6 h with iDCs, and
cells were then fixed and dehydrated. Ultrathin sections were cut, stained and observed with a
transmission electron microscope. The right images (scale bar, 200 nm) correspond to higher
magnification of the area selected by red squares on the left images (scale bars, 0.5 um). The
results shown are representative of 3 independent experiments performed with iDCs from 3

donors. Virus particles are indicated by red arrows.

Supplementary Figure S5. Characterization of iDC-derived multinucleated giant cells.

(A) NLADS-infected Jurkat cells were cocultured for 6 h with iDCs, then stained with anti-
CD2, anti-Gag and DAPI (Nuclei), and analyzed by confocal microscopy (scale bar, 20 pm).

Intracellular CD2 mean fluorescence intensities (MFI) were quantified as indicated in the
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Methods Section on at least 50 iDCs (right panel). Each dot corresponds to 1 cell, and the
number of cells analyzed is indicated (n). Horizontal bars represent the mean = 1 SEM.
Statistical significance was determined with the Mann-Whitney U-test (****p<0.0001). (B)
Primary CD4+ T cells infected with the NLADS, JRFL or YU2 viral strains were cocultured
for 6 h with iDCs, then stained with anti-CD3, anti-Gag and DAPI (Nuclei), and analyzed by
confocal microscopy (scale bar, 20 pm). Intracellular CD3 MFI were quantified as indicated
in the Methods Section on at least 50 iDCs (right panel). Each dot corresponds to 1 cell, and
the number of cells analyzed is indicated (n). Horizontal bars represent the mean + 1 SEM.
Statistical significance was determined with the Mann-Whitney U-test (****p<0.0001). (C)
NLADS-infected Jurkat cells were cocultured with iDCs for 24 h, and 1, 2 or 4 extensive
washes were then performed with PBS in order to eliminate non-adherent cells. Remaining
adherent cells were fixed, permeabilized and stained with anti-Gag, anti-DC-SIGN and DAPI
(Nuclei), and analyzed by confocal microscopy (scale bar, 10 um). The percentages of T cell
removal before (No wash) or after 1, 2 or 4 washes was determined by quantification of the
DC-SIGN(-) (T cell nuclei, green) or DC-SIGN(+) (iDC nuclei, blue) deduced from images
on at least 50 cells (right panel). The results shown are representative of 4 independent
experiments performed with iDCs from 4 different donors. NI, non-infected Jurkat cells were

cocultured with iDCs.

Supplementary Figure S6. Survival of iDC-derived MGCs and effect of AZT on MGC
formation. (A) NLADS-infected Jurkat cells were cocultured with iDCs for 24 h, and non-
adherent cells were eliminated by 4 washes with PBS. Adherent cells were then cultured for 3
(D3), 6 (D6) or 9 (D9) days before fixation, permeabilization and staining with anti-Gag,
phalloidin (Actin) and DAPI (Nuclei), and analyzed by confocal microscopy (scale bar, 10

pm). (B and C) NLADS-infected Jurkat cells were cocultured for 24 h with iDCs with or
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without AZT. Cells were then stained with anti-Gag, anti-DC-SIGN and DRAQS5 (nuclei).
Cells were analyzed by confocal microscopy (B, scale bar, 10 pum). In C), the number of
nuclei per iDC was quantified from images. Each dot corresponds to 1 cell, and the number of
cells analyzed is indicated (n). Horizontal bars represent the mean = 1 SEM. Statistical
significance was determined with the Mann-Whitney U-test (ns, p>0.05). The results shown

are representative of 4 independent experiments performed with iDCs from 4 donors.

Supplementary Figure S7. Productive infection of MDMs by cell-to-cell fusion with
infected T cells escapes SAMHDI1 restriction. (A) MDMs were transfected with siRNA
targeting SAMHD1 (siSAMHDI) or scrambled siRNA (siCtrl) used as a control. Lysates
from transfected cells were analyzed by Western blot using anti-SAMHD1 and anti-pB-Actin
antibodies. The band intensities were quantified using NIH Image Software and the signal
measured in siRNA-transfected cells was normalized to the signal obtained for Actin. The
indicated values are expressed as percentages of the signal intensity relative to siCtrl (100%).
(B-D) MDMs transfected with siCtrl (blue bars) or siSAMHDI (hatched bars) were infected
by cell-free NLADS viruses produced by Jurkat cells (CF) or by coculture with NLADS-
infected Jurkat cells (CTC) for 24 h. In B), the percentage of Gag+ MDMs was evaluated by
flow cytometry directly after 24 h of infection by CF or CTC. The results are expressed as the
percentage of Gag+ MDMs relative to that obtained with siCtrl-transfected MDMs (100%). In
C and D), quantification of p24 released in cell-culture supernatants from siRNA-transfected
MDMs infected by CF or CTC for 24 h, and then cultured for 6 more days. The results are
expressed as the percentage of p24 released relative to that released by CTC infection (C), or
as the percentage of p24 released relative to that released by siCtrl-transfected iDCs (D). (E)
MDMs were infected by cell-free NLADS viruses produced by Jurkat cells (Cell-free, left

panels) or by co-culture with NLADS8-infected Jurkat (Cell-to-cell, right panels) for 24 h. Cell
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1020 anti-HIV-1 p24 and anti-B-actin antibodies.
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Myeloid cells, including monocytes, dendritic cells (DCs), macrophages as well
as osteoclasts (OCs) are emerging as target cells of HIV-1 involved in 1) sexual
transmission, i1) virus dissemination in different tissues, including brain and bones and
ii1) establishment of persistent virus reservoirs. While these myeloid cells are poorly
infected by cell-free viruses, because of the low levels of expression of viral entry
receptors and high levels of expression of restriction factors such as SAMHD1 and
APOBEC3A (Berger et al., 2011b; Hrecka et al., 2011; Laguette et al., 2011; Peng et
al., 2007), the goal of the PhD work presented here, was to characterize the mechanisms
of cell-to-cell transfer of HIV-1 from infected CD4+ T cells and then virus spreading in
these myeloid target cells.

The main results of this work reveals that HIV-1 uses a specific and common cell-
to-cell fusion mechanism for initial virus transfer and then dissemination from infected
T lymphocytes to the target cells of the myeloid lineage, including immature DCs
(iDCs), OCs and macrophages, but not monocytes and mature DCs. The establishment
of contacts with infected T cells leads first to heterotypic cell-fusion for the fast and
massive transfer of viral material in macrophage, OC and iDC targets. This process
subsequently triggers homotypic cell-fusion with non-infected neighboring
macrophages (or OCs, or iDCs) for intercellular virus dissemination. Both cell fusion
steps are mediated by viral envelope-receptor/coreceptor interactions, and are highly
efficient for macrophage-tropic CCR5- and CXCR4-using viruses, dual-tropic R5X4
viruses, and to a lesser extent for non-macrophage-tropic CCR5-using viral strains,
including transmitted/founder viruses. Interestingly, these two cell-to-cell fusion
processes can overcome the restriction imposed by SAMHDI in these cell-types and
allow a very efficient virus spreading in myeloid cells, resulting in the formation of
highly virus-productive multinucleated giant cells (MGCs) that could survive for a long
time to produce fully infectious viruses. Together, our in vitro results reveal the cellular
mechanism for SAMHD1-independent cell-to-cell spreading of HIV-1 in myeloid cell
targets through the formation of infected MGCs which have been largely documented
in vivo in lymphoid and non-lymphoid tissues, including CNS, of HIV-1-infected

patients and SIV-infected macaques.
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1-Efficient HIV-1 cell-to-cell transfer from infected T cells to

macrophages

During my PhD works, I have initially participated in the project in our lab
regarding the analysis of HIV-1 cell-to-cell transfer from infected T cells to monocyte-
derived macrophages (MDMs). In the first article (Bracq et al., 2017), we have
described a novel model for virus cell-to-cell transfer from infected T cells to MDMs
and virus spreading between MDMs. Initial viral transfer and subsequent virus
spreading are mediated by a two-step cell-fusion process. In the first step, infected T
cells establish contacts, initially discharge viral material to MDMs, and then fuse with
MDM targets, with virus accumulation in intracytoplasmic compartments and virus
assembly and budding at the cell surface of the newly formed Gag+ lymphocyte-
macrophage fused cells (LMFCs), evidenced by the massive and rapid transfer of Gag+
material and the presence specific T cells markers (CD2, CD3 and Lck) in the
cytoplasm and at the plasma membrane of the MDM targets. These LMFC then acquire
the ability to fuse with surrounding uninfected MDMs, leading to the formation of Gag+
MGC:s. This route of infection may be a major determinant for virus dissemination and

the formation of macrophage virus reservoirs in host tissues during HIV-1 infection.

1.1-Macrophages are important cellular targets of HIV-1

Besides CD4+ T lymphocytes, macrophages are also important cellular targets of
HIV-1 and play crucial roles in the physiopathology of infection (Costiniuk and
Jenabian, 2014; Gohda et al., 2015; Lee et al., 1999; Stevenson, 2015). The presence of
infected macrophages has been evidenced in vivo in HIV-1-infected patients and SIV-
infected macaques, as well as in "Humanized" mice where macrophages can sustain
HIV-1 infection (Frank et al., 1996; Honeycutt et al., 2016). In addition to latently
infected CD4+ T cells, infected macrophages also participate in virus dissemination and
establishment of persistent virus reservoirs in numerous host tissues, including lymph
nodes, spleen, lungs, genital and digestive tracts, and the central nervous system (CNS)
(Costiniuk and Jenabian, 2014; Fischer-Smith et al., 2008). Virus access to the CNS is
indeed mainly related to the migration of infected perivascular monocytes/macrophages
through the blood-brain barrier and can result in a massive infiltration of macrophages

and microglial cells, often detected as multinucleated giant cells (MGCs) and is
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responsible for neurological disorders in patients (Burdo et al., 2013; Fischer-Smith et
al., 2008; Spudich and Gonzalez-Scarano, 2012; Williams et al., 2012). More recently,
Ganor et al. reported that human urethral macrophages constitute an important HI'V-1
reservoir and may contribute to sexual transmission of HIV (Ganor et al., 2019).

In vitro, macrophages can derive from blood monocytes, which express both CD4
receptor and the CCR5 and CXCR4 co-receptors required for virus entry, can be
productively infected by CCR5-using macrophage tropic viruses (Carter and Ehrlich,
2008; Sattentau and Stevenson, 2016). However, almost all the data reported so far
regarding macrophage infection and analysis of the different steps of the virus life cycle
in this cell type had been performed using cell-free virus particles. However, HIV-1
cell-free infection of macrophages is largely inefficient, in part due to low level
expression of viral entry receptors, including CD4 and CCRS5, as well as high
expression of host cell restriction factors.

While cell-to-cell transmission of HIV-1 between T cells have been well
documented (Bracq et al., 2018, and Sattentau, 2010, for reviews), at least in vitro, and
is several orders of magnitude more efficient than cell-free infection, there was a
paucity in knowledge of the mechanisms that control infection and dissemination in
macrophages by HIV-1 cell-to-cell transfer. So far, only one study regarding the
possibility of productive infection of macrophages via selective capture of healthy or
rather dying HIV-1-infected CD4+ T lymphocytes was reported in the literature (Baxter
et al., 2014). Hence, we decided to investigate how HIV-1 is transferred from infected
T cells to macrophages through cell-to-cell contacts for virus dissemination and

productive infection of macrophage targets.

1.2-Macrophage infection through cell-to-cell fusion from HIV-1-
infected T cells is dependent on viral envelope-receptor

interactions

In the study by Bracq et al. (2017), we revealed the mechanisms involved in a
rapid and massive HIV-1 cell-to-cell transfer from infected T cells to MDMs and the
subsequent virus spreading between MDMs by a two-step cell fusion process leading
to the productive infection of MDM targets. We found that the initial viral transfer from
infected T cells to MDMs was inhibited by neutralizing monoclonal antibodies
targeting the HIV-1 surface gp120 envelope glycoprotein as well as by the Leu3a
antibody targeting the CD4 receptor, showing that early interactions between infected
virus-donor T cells and recipient macrophages involve recognition of CD4 by gp120.
Initial virus transfer to MDMs is also blocked by the T20 fusion inhibitor targeting the
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viral transmembrane gp41 envelope glycoprotein and the Maraviroc CCRS antagonist.
These results confirm that virus transfer and T cell fusion with macrophages is mediated
by initial viral envelope-receptor and -coreceptor interactions. In addition, we have
shown that the second cell fusion step between Gag+ lymphocyte macrophage fused
cells and neighboring MDMs, required for virus dissemination and virus production by
multinucleated giant cells, is also dependent on the viral envelope, since it is inhibited
by T20 and maraviroc. While our data clearly show that both cell fusion processes for
virus transfer and dissemination in macrophages are dependent on the viral envelope,
we cannot exclude the possibility that other mechanisms related to the propensity of
macrophages to mediate homotypic cell fusion could also participate in the cell fusion
processes for virus transfer and dissemination. It would be interesting to investigate the
potential role in HIV-1-mediated T cell-MDM and MDM-MDM fusions of some
effector proteins known to be involved in programming of macrophages into a fusion-
competent state and then in cell fusion for the formation of multinucleated giant

macrophages(Helming and Gordon, 2009).
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1.3-Macrophage infection by viral cell-to-cell transfer through

phagocytosis and cell-to-cell fusion

Our results describe a new model for HIV-1 infection of macrophages through
viral cell-to-cell transfer and dissemination by a two-step cell fusion process. In contrast,
Baxter and colleagues from the group of Quentin Sattentau have reported that
macrophages can be efficiently infected by HIV-1 through viral cell-to-cell transfer
from infected T cells (Baxter et al., 2014). They have established a model in which
macrophages can selectively engulf HIV-1-infected T cells for efficient HIV-1 cell-to-
cell spread and productive infection of macrophages. While the engulfment (or
phagocytosis) mechanism of infected T cells was not yet defined and is independent of
viral envelope-receptor interactions, they suggest that the subsequent productive
infection of MDMs following phagocytosis of infected T cells was largely dependent
on viral envelope-receptor interactions and requires cytoskeletal rearrangements.
Furthermore, MDM infection through this cell-to-cell route was highly permissive for
CCRS5-using macrophage-tropic and non-macrophage-tropic viruses, including
transmitted/founder viruses, but was restrictive for CXCR4-using T-tropic viruses. The
discrepancy between this study (Baxter et al., 2014) and our study by Bracq et al. (2017)
may result from distinct systems used to investigate the cell biology of viral cell-to-cell
transfer from infected T cells to macrophages. We hypothesize that both models could

be involved in HIV-1 cell-to-cell infection of macrophages (see below).

1.31 Different experimental system may observe different aspects of

HIV-1 cell-to-cell transfer toward macrophage targets

The differences between our cell-to-cell fusion model and the selective
capture/phagocytosis model proposed by Baxter et al. may relate to the different
systems used (Baxter et al., 2014; Bracq et al., 2017). First, viral strains and infection
of CD4+ T cells were different in these studies. It has been shown that HIV-1 infection
could induce T cell death through apoptosis and other mechanisms (Cooper et al., 2013;
Doitsh et al., 2010), whereas macrophages avidly uptake dead and dying cells (Devitt
and Marshall, 2011; Gordon and Pluddemann, 2018). In the Baxter et al. paper,
infection of autologous CD4+ T cells was performed using HIV-1ms or HIV-1BaAL-

infected T cells for 7 days, which may generate a significant proportion of apoptotic T
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cells (Baxter et al., 2014). CD4+ T cells were 10%—20% Gag+ before co-culture with
MDMs and were largely apoptotic as mentioned by the authors (Baxter et al., 2014). In
agreement, Baxter et al. observed that HIV-1 infected dead/dying T cells are
significantly captured by macrophages compared to the infected/healthy CD4+ T cells.
However, in our study, in order to prevent HIV-induced death of infected T cells,
infection of autologous CD4+ T cells or Jurkat CD4+ T cells were performed using
HIV-1nLaDs, HIV-1vu2, or HIV-1nL43 for only 36 hours to achieve >50% Gag+ T cells,
but only less than 2% of infected T cells were apoptotic at this time(Bracq et al., 2017).
Since macrophages are professional phagocytes specialized in phagocytosis of
apoptotic cells (Lemke, 2019), the presence of HIV-1 infected/dying T cells could
indeed favour the selective capture and phagocytosis of infected T cells instead of
infected T cell-to-macrophage fusion we observed with non-apoptotic HIV-1 infected
T cells.

Both studies have performed live-cell imaging experiments using GFP- or
mCherry-tagged HIV-1 viral strains to visualize HIV-1 cell-to-cell transfer from HIV-1
infected CD4+ T cells to MDMs. Indeed, we could visualize extremely rare event of
capture/phagocytosis of infected T cells by macrophages using GFP-tagged CCR5- and
CXCR4-using viral strains. However, we have never observe phagocytosis of
infected/dying T cells by macrophages using untagged-wild type viruses. Symeonides
et al have reported that HIV-1n14.3 Gag-1GFP could induce the formation of small T cell
syncytia that can transfer viral particles to neighboring target CD4 cells through
transient cell-to-cell contacts (Symeonides et al., 2015). Similarly, we have observed
large T cell syncytia formation after HIV-1rrL Gag-iGFP infection of Jurkat T cells
(unpublished observation). Thus, the utilization of GFP- or mCherry tagged viruses
may artificially increases the incidence of HIV-1-induced syncytia formation as well as
phagocytosis of infected CD4+ T cells by macrophages, and the results obtained using
GFP- or mCherry tagged viruses should be examined and interpreted carefully.

1.32 HIV infected T cells uptake by macrophages is independent of

viral envelope-receptor interactions

HIV-1 cell-free infection of macrophages is rate limited by fluid uptake and is
largely inefficient, in part due to low level expression of viral entry receptors, including
CD4 and CCRS5 (Carter et al., 2011; Lee et al., 1999; Marechal et al., 2001). HIV-1 viral
particles can also be captured by macrophages irrespective of viral envelope-receptor

interactions, but most of virions appear to be degraded in macropinosomes, and only
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few virus-to-cell fusion events takes place at the limiting membrane of macropinosomes
and is dependent on viral envelope-receptor interactions (Carter et al., 2011; Marechal
et al., 2001). Similarly, Baxter et al. (2014) observed that macrophages can capture
HIV-1 infected T cells by phagocytosis in a viral envelope-independent process and
irrespective of the virus co-receptor usage, since CD4+ T cells infected by either CCRS5-
using macrophage-tropic viral strain HIV-1sa. or CXCR4-using non-macrophage-
tropic viral strain HIV-1us can be captured by MDMs, but only the macrophage-tropic
viral strain HIV-1gaL could lead to productive infection of macrophages, showing that
this mode of macrophage infection is dependent on Env-receptor interactions (Baxter
et al., 2014). Baxter et al. hypothesize that selective uptake of HIV-1-infected CD4+ T
cells by MDMs can lead to either phagosomal elimination of infected T cells or viral
dissemination from infected T cells to macrophages. This suggests that uptake of
infected T cells by macrophages may result in T cell degradation in the phago-
lysosomal compartment of macrophages (Baxter et al., 2014), whereas some viruses or
infected T cells could escape from the phagosomal compartment prior to degradation,
resulting in macrophage infection (Baxter et al., 2014). While Baxter et al. (2014) have
shown that macrophages can capture and engulf HIV-1-infected CD4+T cells, they did
not explore the biology of HIV-1 infection of macrophages following engulfment of
HIV-1 infected T cells, and the mechanism of escape of HIV-1-infected T cells from the
phagosomal compartment within macrophages remains poorly understood (Baxter et
al., 2014). Furthermore, none of the canonical inhibitors of phagocytosis of
apoptotic/dead cells or the Env-receptor inhibitors could significantly and reproducibly
block HIV-1 infected CD4+T cell uptake by macrophages, indicating the specific
uptake of HIV-1 infected CD4+ T cells may require other molecules which specifically
recognize and capture infected T cells (Baxter et al., 2014). Since Baxter et al. observed
that a small percentage of engulfed CD4+ T cells remained intact within MDMs for up
to 6 days and MDMs infection following phagocytosis of HIV-infected CD4+ T cells
is dependent on viral envelope-receptor interactions, we can hypothesize that cell-to-
cell fusion may occur at the limiting membrane of phagosomal compartment within
macrophages after capture and engulfment of HIV-1 infected CD4+ T cells. Thus,
macrophage infection through HIV-1 cell-to-cell transfer from infected T cells may
involve both phagocytosis of infected T cells and cell-to-cell fusion. Together, we
hypothesize that HIV-1-infected T cells can fuse directly with macrophages at the
plasma membrane, and could also be captured by macrophages and subsequent cell-to-
cell fusion may occurs at the limiting membrane of phagosomal compartment in

macrophages, resulting in productive infection of macrophages.
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1.33 Phagocytosis and cell-to-cell fusion share several common

features

Macrophages can rapidly recognize and uptake apoptotic cells, through
recognition of “eat-me” signals on the cell surface of dying cells. Phosphatidylserine
(PtdSer) is one of the most potent “eat-me” signal displayed on the apoptotic cell
surface and can be recognized by macrophage receptors before subsequent
phagocytosis (Elliott and Ravichandran, 2016; Gordon and Pluddemann, 2018; Henson,
2017; Lemke, 2019). Similarly, it has also been shown that macrophages can also
display localized areas of PtdSer at the plasma membrane, and the recognition of PtdSer
exposure is necessary for efficient fusion between macrophages(Helming and Gordon,
2009). Interestingly, several surface molecules involved in macrophage phagocytosis
are also required for macrophage fusion. Although PtdSer exposure on living
macrophages is distinct from the apoptosis, PtdSer recognition via the scavenger
receptor CD36 is involved in both phagocytosis of apoptotic cells and macrophage
fusion (Greenberg et al., 2006; Helming et al., 2009). For both processes, cells must
adhere to each other and bring their membranes into close contact (Lemke, 2019;
Pereira et al., 2018). The integrin avp3 is involved in cell-to-cell contacts, and has been
shown to be important for macrophage fusion and osteoclast formation (McHugh et al.,
2000). Similarly, integrin avB3 plays important role in recognition of apoptotic cells
and subsequent phagocytosis (Akakura et al., 2004; Hanayama et al., 2002). In addition,
several factors involved in cytoskeletal rearrangements such as DOCK180 and the
small GTPase Racl have also been implicated in macrophage fusion and macrophage
phagocytosis of apoptotic cells (Albert et al., 2000; Helming and Gordon, 2009; Nakaya
et al., 2008). Baxter et al. have found that both engulfment of HIV infected T cells by
macrophages and subsequent T-cell-mediated macrophage infection were significantly
inhibited in the presence of Jasplakinolide, an actin-specific reagent that inhibits
cytoskeletal rearrangements (Baxter et al., 2014; Holzinger, 2009). Similarly, we have
observed, using actin-binding drugs, such as Latrunculin A, Cytochalasins D, and
Jasplakinolide, that F-actin cytoskeletal rearrangements are required for the first
heterotypic cell-fusion between HIV-1-infected T cell and MDMs as well as for
subsequent fusion of LMFCs with the surrounding non-infected macrophages (see
additional Fig. STA).

Even if phagocytosis of apoptotic cells by macrophages and cell-to-cell fusion
between macrophages share several common features, it is clear that they are
functionally and morphologically distinct processes. Helming et al hypothesize that

prevention of macrophage phagocytosis may facilitate successful macrophage fusion
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(Helming and Gordon, 2009; Helming et al., 2009). It has been shown that the cell
surface integrin-associated protein CD47 could work as a so-called "don’t eat-me
signal", and was able to bind the signal regulatory protein-a (SIRPa) expressed on the
cell surface of macrophages to inhibit macrophage phagocytosis (Brown and Frazier,
2001; Lemke, 2019; Oldenborg et al., 2000). However, the interaction between CD47
and SIRPa is necessary for efficient cell-cell fusion during osteoclast multinucleation
and formation of MGCs from mononucleated macrophages (Lundberg et al., 2007;
Vignery, 2005). CD47/SIRPa interaction inhibits macrophage phagocytosis, but is
essential for macrophage fusion (Oldenborg et al., 2001). Thus CD47/SIRPa interaction
could differentialy regulate the distinct processes of phagocytosis of apoptotic cells and

cell fusion.

1.34 Evidence of myeloid cells phagocytosis of infected T cell in vivo

More recently, two studies from the group of Jason Brenchley have reported that
tissue myeloid cells from the spleen of SIV-infected macaques, including tissue
macrophages, monocytes, and distinct subsets of dendritic cells, contained viral DNA
as well as rearranged TCR DNA, and claimed that infection of these myeloid cells could
be attributed to phagocytosis of SIV-infected CD4+ T cells, independently of Vpx
expression (Calantone et al., 2014; DiNapoli et al., 2017). The viral accessory protein
Vpx expressed by certain SIVs and HIV-2 and is able to counteract SAMHD1
restriction in myeloid cells, for efficient cell-free infection of myeloid cells (Laguette
etal., 2011). Interestingly, Vpx expression has no meaningful impact on the frequencies
of myeloid cells containing viral DNA in vivo in different tissues from macaques
infected with SIV either expressing Vpx or lacking Vpx (Calantone et al., 2014),
suggesting HIV-1 cell-to-cell transfer could be more relevant in vivo and may be
responsible for the extensive infection of myeloid cells in vivo in SIV-infected
macaques. However, in a recent review, Mario Stevenson suggested that cellular DNA
of apoptotic cells rather undergoes nuclease digestion prior to phagocytosis by myeloid
cells, which could cleave both viral DNA and cellular DNA into small fragments
rendering thus difficult for PCR amplifying of intact rearranged TCR DNA or HIV-1
proviral DNA in myeloid cells (Stevenson, 2015). In accordance with the model we
proposed in our work, we could also suggest that the presence of viral DNA and
rearranged TCR DNA in myeloid cells of SIV-infected macaques may also result from

cell-to-cell fusion of HIV-1 infected T cells with myeloid targets.
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2-Efficient HIV-1 cell-to-cell transfer from infected T cells to

myeloid cells

In the second article (Xie et al., 2019, submitted), we show that HIV-1 uses similar
cell-fusion mechanisms for virus transfer from infected T lymphocytes to OCs,
immature DCs (iDCs) and macrophages, and subsequent dissemination in these target
cells. The establishment of contacts with infected T cells leads to heterotypic cell fusion
for the fast and massive transfer of viral material in OC and iDC targets, but not in
undifferentiated monocytes and mature DCs (mDCs). This process subsequently
triggers homotypic fusion with non-infected neighboring OCs and iDCs for
intercellular virus dissemination. Both cell fusion steps are mediated by viral envelope-
receptor interactions, and are highly efficient for macrophage-tropic CCRS5- and
CXCR4-using viruses, dual-tropic R5X4 viruses, and to a lesser extent for non-
macrophage-tropic RS viruses. This two-step cell-fusion mechanism bypasses the
SAMHD1-related restriction to HIV-1 replication in these myeloid cells observed with
cell-free viruses and may be responsible for virus spreading in these cell targets in vivo,
as observed in host lymphoid and non-lymphoid tissues, including the central nervous
system and bones (Bednar et al., 2015; Gray et al., 2016; Tan and Sattentau, 2013;
Watters et al., 2013). In agreement, it was reported that myeloid cells from spleen and
lymph nodes of SIV-infected macaques contain T cell markers and viral RNA and DNA
originating from infected T cells, irrespective of Vpx expression (Calantone et al., 2014;
DiNapoli et al., 2017).

2.1 HIV-1 cell-to-cell transfer escapes SAMHDI1 restriction in

myeloid cells

Many studies indicate that myeloid cells are poorly infected by cell-free viruses,
because virus replication is limited by SAMHDI at the level of reverse transcription
(Hrecka et al., 2011; Laguette et al., 2011; Mlcochova et al., 2018; St Gelais and Wu,
2011). Our findings show that this restriction to virus replication and dissemination in
these myeloid cells could be overcame by the two-step cell-fusion process allowing
virus spreading in iDCs and macrophages. Interestingly, Puigdomenech et al.
previously suggested that HIV-1 cell-to-cell transmission from infected T cells to DCs
was restricted by SAMHDI expression (Puigdomenech et al., 2013). Even if similar
experimental system and viral strains were used in both studies, the discrepancy with

our findings can be explained by the gating strategy used to analyse virus dissemination
112



by flow cytometry, since the Gag+ iDC-derived MGCs formed through cell-fusion
during co-culture with infected T cells were certainly excluded from the analysis
performed by Puigdomenech and colleagues (Puigdomenech et al., 2013). In addition,
they did not perform fluorescence microscopy analysis to visualize and study MGC
formation through cell-fusion of infected T cells with iDC targets. Since we show that
the cell-to-cell transfer studied here from infected virus-donor T cells is very efficient
for virus dissemination in iDCs, OCs and MDMs (Bracq et al., 2017; Raynaud-Messina
et al., 2018), our data also show that this cell-to-cell mechanism of virus spreading
overcomes SAMHDI restriction and supports high levels of virus production by iDC-,
OC- and macrophage-derived MGCs. Interestingly, Su and colleagues have also
reported that interaction of DCs with CD4+ T cells resulted in the significant down-
regulation of SAMHDI1 expression in DCs (Su et al., 2014), which may renders these
cells more permissive to HIV-1 infection (Hertoghs et al., 2015; Martin-Gayo et al.,
2015).

While the physiological formation of OCs results from cell-to-cell fusion of
monocyte/macrophages (Helming and Gordon, 2009), we show that multinucleated
OCs are also able to fuse with infected T cells for virus dissemination in these cell
targets. Interestingly, it has been shown that DCs were able to fuse together and to
acquire new phenotypical properties upon inflammatory conditions (Laperine et al.,
2016) in granulomatous diseases (Yasui et al., 2011) or proliferating disorders such as
Langerhans cell histiocytosis (da Costa et al., 2005). In agreement with our results,
heterotypic fusion of DCs with HIV-1-infected T cells was already suggested 20 years
ago by the group of R.M. Steinman (Frankel et al., 1996; Pope et al., 1994). These
studies reported the presence of HIV-1-infected multinucleated syncytia expressing
specific markers of both DCs and T cells at the surface of the nasopharyngeal tonsils
and adenoid of HIV-1-infected patients (Frankel et al., 1996; Orenstein and Wahl, 1999;
Pope et al., 1994), but the mechanisms related to these in vivo observations were not
further investigated. We demonstrate here that the cell-fusion process for HIV-1 cell-
to-cell transfer from T cells to iDCs is likely responsible for the formation of the
multinucleated infected DCs observed in infected patients.

In summary, the novel and very efficient two-step cell-fusion mechanism we report
for virus cell-to-cell spreading is specific to iDC, OC and macrophage target cells of
HIV-1. First, infected T cells fuse with these myeloid cells for massive viral transfer,
followed by a second step of homotypic fusion with uninfected myeloid cells for virus
dissemination. Both steps are dependent on the viral envelope and receptor interactions
and seem restricted to macrophage-tropic viral strains. While HIV-1 infection of these
myeloid cells by cell-free viruses is known to be strongly restricted (Laguette et al.,
2011; St Gelais and Wu, 2011), this new mechanism of virus spreading in myeloid cells

by cell-fusion bypasses the restriction imposed by SAMHD1 and leads to the formation
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of highly virus-productive MGCs reminiscent of the infected MGCs originating from
myeloid cells observed in vivo in infected patients and SIV-infected macaques. These
in vivo observations support the importance of the mechanisms revealed here, which
contribute to a better understanding of virus cell-to-cell dissemination in myeloid cells
and their roles in HIV-1 pathogenesis, including cell associated virus sexual

transmission, virus spreading, and establishment of long-lived viral tissue reservoirs.

3-The role of co-receptor usage and cell tropism for HIV-1

cell-to-cell spreading in myeloid cells

HIV-1 entry phenotype, namely the co-receptor usage and cell tropism for HIV-1,
was defined by in vitro cell-free infection of transformed cell lines as well as primary
cells expressing the CD4 receptor and a co-receptor, either CCR5 or CXCR4. This
definition by cell-free infection has revealed three different types of HIV-1 variants: (1)
X4 T cell-tropic viruses, (2) R5 non-macrophage-tropic viruses, and (3) M-tropic

viruses.

3.1 Myeloid differentiation and susceptibility to HIV induced cell-

to-cell fusion is associated with viral entry receptors expression

Myeloid cells, including monocytes, macrophages, dendritic cells and osteoclasts,
are relatively refractory to HIV-1 cell-free infectiondue to low levels of expression of
viral entry receptors and high levels of expression of host cell restriction factors, such
as SAMHD1 and APOBEC3 proteins (Berger et al., 2011b; Laguette et al., 2011; Lee
et al., 1999; Peng et al., 2007). Our data show that interactions between the viral
envelope and the CD4 receptor and CCRS co-receptor are required for the cell-fusion
processes leading to formation of HIV-1-infected MGCs originating from either
macrophages, OCs or iDCs (Bracq et al., 2017; Xie et al., 2019).

At the level of viral entry, infection of myeloid cells by cell-free virus particles is
limited by low levels of expression of viral entry receptors, including CD4 receptor,
and co-receptor CCRS and CXCR4. Indeed, monocytes express extremely low level of
CD4 receptor and CCRS co-receptor (Lee et al., 1999), which may render monocytes
refractory to HIV-1-induced cell-to-cell fusion. However, the expression of CD4 and

CCRS5 increases upon monocyte differentiation into macrophages or iDCs (Lee et al.,
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1999; Naif et al., 1998; Tuttle et al., 1998), and our study clearly shows cell-to-cell
fusion between infected T cells and iDCs or macrophages occurs rapidly and results in
highly efficient infection of these myeloid target cells. In vitro, macrophages could
further differentiate into osteolcasts (OCs) in the presence of M-CSF and
RANKL(Helming and Gordon, 2009). While OCs have been shown to express CD4
and CCRS5 and CXCR4 co-receptors at a level similar to that expressed in macrophages
(Gohda et al., 2015). Similarly, we have observed that HIV-1-infected CD4+ T cells
could fuse rapidly with OCs, resulting in the fast and massive transfer of viral material
into OC targets, which subsequently triggers homotypic fusion with non-infected
neighboring OCs for virus dissemination. In contrast, expression of CCRS is
significantly down-regulated upon DC maturation (Cavrois et al., 2006), and we did not
detect cell-fusion for cell-to-cell transfer of HIV-1 from infected T cells to mDCs. Thus,
these results suggest that cell-fusion between T cells and iDCs, or macrophages is finely
regulated by CD4 and co-receptor cell surface expression. Previous studies using cell-
free viruses proposed that the lower sensitivity of monocytes and mDCs to HIV-1 was
related to the low expression of the CCRS co-receptor at the cell surface of these cell
types (Cavrois et al., 2006; Tuttle et al., 1998), and monocytes and mDCs indeed
express low level of CCRS compared to iDCs and differentiated macrophages (data not
shown). These results suggested that a threshold of CCRS level could be a major rate-

limiting step for HIV-1-induced cell-to-cell fusion of macrophages with infected T cells.

3.2 RS non-macrophage-tropic viruses can be efficiently
transferred from infected T cells to macrophages through cell-to-

cell fusion

Since HIV-1 cell-to-cell transfer is more efficient than cell-free infection and likely
represents the dominant mode of infection in vivo for virus dissemination, we compared
entry phenotypes of primary viral isolates, including transmitted/founder (T/F) viruses,
for virus dissemination in macrophages and dendritic cells (DCs) by cell-free and cell-
to-cell infection in collarbration with the group of Bernard Lagane. They have recently
charaterized the entry phenotype of these primary strains on macrophages using cell-
free virus particles and have shown that envelope glycoproteins from different HIV-1
strains exhibit distinct affinity for the CCRS5 co-receptor (Colin et al., 2018).

Our additional unpublished data revealed that by both RS macrophage-tropic and
R5X4 dual-tropic viruses are very efficiently transferred and then disseminate in
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macrophages as well as in iDCs by cell-to-cell fusion using either CCRS5 or both CCRS
and CXCR4. In contrast, X4 T-tropic viruses fail to disseminate in macrophages and
iDCs. Interestingly, CCR5-using virus isolates, including some T/F viruses initially
characterized as non-macrophage-tropic, exhibit enhanced macrophage tropism in the
context of viral cell-to-cell transfer and are also efficiently transferred and disseminated
in macrophages and DCs leading to the formation of productively-infected MGCs (see
additional Fig. S11B). Similarly, Baxter and colleagues also reported that macrophages
were productively infected by cell-to-cell transfer through engulfment of CD4+ T cells
infected with T/F viruses (Baxter et al., 2014). Baxter et al hypothesize that the
enhanced capacity of T/F viruses to infect macrophages by cell-to-cell transfer from
HIV-infected T cells could be explained by the significantly increased multiplicity of
infection (MOI) conferred by this mode of viral spread. Indeed, macrophage infection
by cell-to-cell transfer from this route could be recapitulated using high cell-free MOI
infection by some T/F viruses such as REJO. However, increasing the cell-free MOI
could not overcome entry restrictions to other T/F viruses, including CH040 and WITO
(Baxter et al., 2014).

3.3 CXCR4 is a functional co-receptor for cell-to-cell infection of

macrophages by R5X4 M-tropic virus and X4 M-tropic virus

Most studies have considered macrophage tropism as CCR5-tropic, since most M-
tropic viruses use CCRS efficiently for cell-free virus entry (Joseph and Swanstrom,
2018; Sattentau and Stevenson, 2016). Interestingly, we found that the X4 M-tropic
viral strain (X4-6) and the R5X4 dual-tropic strain (89.6) could also be efficiently
transferred and then disseminate in macrophages as well as in immature DCs by cell-
to-cell fusion using either CXCR4 or both CCR5 and CXCR4, as evidenced by
inhibition by specific CCR5 and CXCR4 antagonists (see additional Fig. S4D). In fact,
early studies have reported that primary macrophages express CXCR4, as well as CCRS,
and support cell-free entry of X4 viruses and R5X4 dual viruses (Simmons et al., 1998;
Yi et al., 1999; Yi et al., 1998). Therefore, our findings indicate that the relationship
between co-receptor usage and cellular tropism should be revisited in the context of
HIV-1 cell-to-cell transfer to reflect the capacity of both CCRS5- and CXCR4-using
virus strains to spread and replicate efficiently in macrophages and DCs through cell-

fusion processes.
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3.4 Implication of V3 loop in virus entry and HIV-1 mediated cell-

to-cell fusion

Cell free Cell-to-cell
Co-receptor Tropism Tropism

R5-25 CCRS Non M-tropic M-tropic(+/-)
R5-34 CCR5 M-tropic M-tropic

JRCSF CCR5 Non M-tropic M-tropic(+/-)
JRFL CCR5 M-tropic M-tropic
R5-13 CCR5 M-tropic M-tropic
R5-22 CCR5 Non M-tropic —% M-tropic
NL4.3 CXCR4 T-tropic T-tropic

89.6 CCR5, CXCR4 Dual tropic Dual tropic

X4-6 CXCR4 M-tropic M-tropic

Cell free Cell-to-cell
—————————————————————————————— Co-receptor Tropism Tropism

CHO58 3 CCRS5 Non M-tropic Non M-tropic
THRO CCRS Non M-tropic —P» M-tropic
REJO £ CCR5 Non M-tropic —p M-tropic

RHPA € INNTRKSINI--GPGRAFYATGKI CCR5 Non M-tropic Non M-tropic
NL4.3 CTRPNNNTRKSIRIQRGPGRAFVTIGKI-GNMRQAHCN CXCR4 T-tropic T-tropic

Figure 16: Co-receptor usage and viral tropism in cell-free and cell-to-cell infection

Cell-free HIV infection of macrophages is inefficient, in part due to the low cell surface expression
of viral entry receptors. While HIV-1 cell-to-cell transfer could overcome entry restrictions in

myeloid cells in a viral envelope-dependent manner.

The role of V3 loop in co-receptor usage and viral tropism has been largely
documented in the context of cell free infection (see section 3.5). Early studies have
shown that the V3 loop of viral envelope is the primary determinant of M-tropism vs.
T-tropism as well as co-receptor usage (Carrillo and Ratner, 1996; Chesebro et al., 1992;
Hung et al., 1999b; O'Brien et al., 1990). For example, CXCR4-using T-tropic strains
replicates poorly in primary macrophages, whereas the substitution of 20 amino acid
residues from the V3 region of CCRS5-using M-tropic strains confer a switch of T
tropism to macrophage tropism (Hwang et al., 1991). However, the implication of V3
loop in HIV-1 mediated cell-to-cell fusion remains poorly investigated. Interestingly,
earlier study has shown that a V3 loop mutation significantly impaired the efficiency
of cell-free infection of macrophages by HIV-1, while the same mutation has no effect
on cell-to-cell fusion between macrophage and HIV-1 chronically infected T
cells(Simmons et al., 1995). Thus, it would be interesting to investigate the role of V3
loop in the cell-to-cell fusion process we described for HIV-1 transfer and dissemination
in myeloid cells.

Interestingly, the amino acid alignments of the V3 loop of different viral isolates
indicates that the NL4-3 prototype strain harbours a unique QR insertion in the V3 tip

as well as a missing isoleucine (I) at position 26 of the V3 loop and has been shown to

117



be important for the X4 phenotype of NL4-3 prototype strain (Bagnarelli et al., 2003).
It has also been shown that the deletion of QR residues in the V3 loop of NL4-3
prototype strain is required for interaction with co-receptor CCRS (Hung et al., 1999b;
Xiang et al., 2013). This notorious and distinctive QR motif insertion in the V3 loop of
HIV envelope were used as a flag to identify LAI or IIIB derived contaminations
(Chang et al., 1993; Wain-Hobson et al., 1991), while the laboratory-adapted HIV strain
NL4-3 was derived from the first two HIV-1 isolate Lai/LAV (HIV-1 Bru, isolated at
the Pasteur Institute) and Lai/IIIB (HTLV-IIIB). Robert C. Gallo hypothesized that the
first HIV-1 isolate with a very high capacity for growth could readily outcompete other
HIV-1 isolates in culture, which has contaminated the cell cultures in several
laboratories(Gallo and Montagnier, 2003). However, T-cell line adapted (TCLA) strains
adapt to grow in transformed T cell lines and their biological properties have changed,
for example, they lose the ability to grow on primary macrophages compared with
primary HIV strain. TCLA HIV strains do not fully recapitulate the biological
properties of primary isolates. Unfortunately, the majority of studies on HIV research
has been carried on using T-cell line adapted (TCLA) strain NL4-3, which may generate
conflicting results at odds with the earlier observations with primary isolates.
Simmons et al have reported that macrophages are more sensitive to cell-to-cell
fusion than virus-to-cell membrane fusion induced by the viral Env (Simmons et al.,
1995). Although both virion-to-cell membrane fusion (cell-free infection) and cell-to-
cell fusion of HIV-1 are dependent on the Env-receptor interactions. The physical
requirement for cell-to-cell fusion might differ from virus-to-cell membrane fusion
(cell-free infection). Cell-free virus particle is a well organised structure, with the
viral envelope glycoprotein (Env) spikes the exterior of virus particles(Sundquist and
Krausslich, 2012). In contrast, newly synthesised viral envelope could diffuse freely
on the cell surface of infected cells and may concentrated at the internal face of cell
membrane (Chen, 2012; Sundquist and Krausslich, 2012). Thus, the structural
distinctions between the infected cell and virion membrane may impact macrophage

infection.

118



CONCLUSIONS
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In this PhD work presented here, we have characterized novel mechanisms of cell-
to-cell transfer of HIV-1 from infected CD4+ T cells to myeloid cells. We propose a
model on cell-to-cell fusion for HIV-1 spreading in myeloid target cells. HIV infected
T cells are able to fuse with either macrophage or osteoclast, and even dendritic cells,
leading to formation of multinucleated giant cells, which were evidenced in vivo in
different tissue of HIV-1 infected patients. However, monocytes and CD4+ T cells are

refractory to HIV-1 induced cell-to-cell fusion.
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Figure 17: Cell-to-cell fusion for HIV-1 spreading in myeloid target cells

HIV-1 uses a specific and common cell-to-cell fusion mechanism for virus transfer and
dissemination from infected T lymphocytes to the target cells of the myeloid lineage, including
immature DCs (iDCs), OCs and macrophages, but not monocytes and mature DCs. This two-step
cell-fusion process results in the formation of highly virus-productive multinucleated giant cells

observed in vivo in lymphoid and non-lymphoid tissues of HIV-1-infected patients.

In the first article, we revealed a very efficient mechanism involved in cell-to-cell
transfer from infected T cells to macrophages and subsequent virus spreading between
macrophages by a two-step cell fusion process. Infected T cells first establish contacts
and fuse with macrophage targets. The newly formed lymphocyte-macrophage fused
cells then acquire the ability to fuse with surrounding uninfected macrophages, leading
to the formation of infected multinucleated giant cells that can survive for a long time
and can produce large amount of infectious viral particles, as evidenced in vivo in
lymphoid organs and the central nervous system.
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In the second article, we demonstrate that HIV-1 uses a common and specific cell-
to-cell fusion mechanism for massive virus transfer from infected T lymphocytes and
dissemination in myeloid cell targets, including immature dendritic cells, macrophages,
as well as osteoclasts, but not monocytes and mature dendritic cells. We show that the
establishment of contacts with infected T cells leads to heterotypic cell-fusion for the
fast and massive transfer of viral material in myeloid cells, which subsequently triggers
homotypic fusion with noninfected neighboring osteoclasts and dendritic cells for virus
dissemination. Both cell fusion steps are mediated by viral envelope-receptor
interactions, and are highly efficient for macrophage-tropic CCR5- and CXCR4-using
viruses, dual-tropic R5X4 viruses, and to a lesser extent for non-macrophage-tropic RS
viruses, including transmitted/founder viruses. Interestingly, this cell-to-cell infection
process by cell-fusion bypasses the restriction imposed by the SAMHDI1 host cell
restriction factor for replication of HIV-1 when these myeloid cells are infected by cell-
free viruses.

Furthermore, this cell-to-cell infection process by cell-fusion also overcome the
restriction of limiting CD4 and CCRS5 for efficient macrophage infection by R5 non-
M-tropic viruses, including transmitted/founder viruses. This two-step cell-fusion
process indeed results in the formation of highly virus-productive multinucleated giant
cells. Together, these results describe a new and very efficient mechanism for cell-to-
cell virus spreading and high productive infection of the HIV-1 myeloid cell targets.
These important results reveal the cellular mechanisms involved in the formation of the
infected multinucleated giant cells observed in vivo in lymphoid and non-lymphoid
tissues of HIV-1-infected patients. Since myeloid cells are now emerging as important
target cells of HIV-1, these results thus contribute to a better understanding of the role
of these myeloid cells in pathogenesis, including cell-associated virus sexual
transmission, cell-to-cell virus spreading, and establishment of long-lived viral tissue

reServoirs.

122



REFERENCES

123



124



Abela, L.A., Berlinger, L., Schanz, M., Reynell, L., Gunthard, H.F., Rusert, P., and Trkola, A. (2012).
Cell-cell transmission enables HIV-1 to evade inhibition by potent CD4bs directed antibodies. PLoS
Pathog &, €1002634.

Abrahams, M.R., Anderson, J.A., Giorgi, E.E., Seoighe, C., Mlisana, K., Ping, L.H., Athreya, G.S.,
Treurnicht, F.K., Keele, B.F., Wood, N., et al. (2009). Quantitating the multiplicity of infection with
human immunodeficiency virus type 1 subtype C reveals a non-poisson distribution of transmitted
variants. J Virol 83, 3556-3567.

Aggarwal, A., lemma, T.L., Shih, I., Newsome, T.P., McAllery, S., Cunningham, A.L., and Turville, S.G.
(2012). Mobilization of HIV spread by diaphanous 2 dependent filopodia in infected dendritic cells.
PLoS Pathog 8, ¢1002762.

Agosto, L.M., Herring, M.B., Mothes, W., and Henderson, A.J. (2018). HIV-1-Infected CD4+ T Cells
Facilitate Latent Infection of Resting CD4+ T Cells through Cell-Cell Contact. Cell Rep 24, 2088-2100.
Agosto, L.M., Zhong, P., Munro, J., and Mothes, W. (2014). Highly active antiretroviral therapies are
effective against HIV-1 cell-to-cell transmission. PLoS Pathog 70, €1003982.

Ahi, Y.S., Zhang, S., Thappeta, Y., Denman, A., Feizpour, A., Gummuluru, S., Reinhard, B., Muriaux,
D., Fivash, M.J., and Rein, A. (2016). Functional Interplay Between Murine Leukemia Virus Glycogag,
Serinc5, and Surface Glycoprotein Governs Virus Entry, with Opposite Effects on Gammaretroviral and

Ebolavirus Glycoproteins. MBio 7.

Akakura, S., Singh, S., Spataro, M., Akakura, R., Kim, J.I., Albert, M.L., and Birge, R.B. (2004). The
opsonin MFG-ES8 is a ligand for the alphavbeta5 integrin and triggers DOCK180-dependent Racl
activation for the phagocytosis of apoptotic cells. Exp Cell Res 292, 403-416.

Akiyama, H., Miller, C., Patel, H.V., Hatch, S.C., Archer, J., Ramirez, N.G., and Gummuluru, S. (2014).
Virus particle release from glycosphingolipid-enriched microdomains is essential for dendritic cell-
mediated capture and transfer of HIV-1 and henipavirus. J Virol 88, 8813-8825.

Akiyama, H., Ramirez, N.G., Gudheti, M.V., and Gummuluru, S. (2015). CD169-mediated trafficking of
HIV to plasma membrane invaginations in dendritic cells attenuates efficacy of anti-gp120 broadly
neutralizing antibodies. PLoS Pathog /1, €1004751.

Alabi, A.S., Jaffar, S., Ariyoshi, K., Blanchard, T., Schim van der Loeff, M., Awasana, A.A., Corrah, T.,
Sabally, S., Sarge-Njie, R., Cham-Jallow, F., et al. (2003). Plasma viral load, CD4 cell percentage, HLA
and survival of HIV-1, HIV-2, and dually infected Gambian patients. AIDS /7, 1513-1520.

Albert, M.L., Kim, J.I., and Birge, R.B. (2000). alphavbeta5 integrin recruits the CrkII-Dock180-racl
complex for phagocytosis of apoptotic cells. Nat Cell Biol 2, 899-905.

Aldrich, C., and Hemelaar, J. (2012). Global HIV-1 diversity surveillance. Trends Mol Med /8, 691-694.

125



Alfano, M., Crotti, A., Vicenzi, E., and Poli, G. (2008). New players in cytokine control of HIV infection.
Curr HIV/AIDS Rep 5, 27-32.

Alfano, M., Graziano, F., Genovese, L., and Poli, G. (2013). Macrophage polarization at the crossroad
between HIV-1 infection and cancer development. Arterioscler Thromb Vasc Biol 33, 1145-1152.

Alfsen, A., Yu, H., Magerus-Chatinet, A., Schmitt, A., and Bomsel, M. (2005). HIV-1-infected blood
mononuclear cells form an integrin- and agrin-dependent viral synapse to induce efficient HIV-1

transcytosis across epithelial cell monolayer. Mol Biol Cell /6, 4267-4279.

Allavena, P., Chieppa, M., Monti, P., and Piemonti, L. (2004). From pattern recognition receptor to
regulator of homeostasis: the double-faced macrophage mannose receptor. Crit Rev Immunol 24, 179-
192.

Alnaeeli, M., Penninger, J.M., and Teng, Y.T. (2006). Immune interactions with CD4+ T cells promote
the development of functional osteoclasts from murine CD11c+ dendritic cells. J Immunol /77, 3314-
3326.

Alvarez, R.A., Barria, M.1., and Chen, B.K. (2014). Unique features of HIV-1 spread through T cell
virological synapses. PLoS Pathog /0, €1004513.

Amara, A., Vidy, A., Boulla, G., Mollier, K., Garcia-Perez, J., Alcami, J., Blanpain, C., Parmentier, M.,
Virelizier, J.L., Charneau, P., ef al. (2003). G protein-dependent CCRS signaling is not required for
efficient infection of primary T lymphocytes and macrophages by RS human immunodeficiency virus
type 1 isolates. J Virol 77, 2550-2558.

Amini-Bavil-Olyaee, S., Choi, Y.J., Lee, J.H., Shi, M., Huang, 1.C., Farzan, M., and Jung, J.U. (2013).
The antiviral effector IFITM3 disrupts intracellular cholesterol homeostasis to block viral entry. Cell
Host Microbe 13, 452-464.

An, D.S., Poon, B., Ho Tsong Fang, R., Weijer, K., Blom, B., Spits, H., Chen, L.S., and Uittenbogaart,
C.H. (2007). Use of a novel chimeric mouse model with a functionally active human immune system to

study human immunodeficiency virus type 1 infection. Clin Vaccine Immunol 74, 391-396.

An, P, Li, R., Wang, J.M., Yoshimura, T., Takahashi, M., Samudralal, R., O'Brien, S.J., Phair, J., Goedert,
J.J., Kirk, G.D,, et al. (2011). Role of exonic variation in chemokine receptor genes on AIDS: CCRL2
F167Y association with pneumocystis pneumonia. PLoS Genet 7, €1002328.

Ancuta, P., Kunstman, K.J., Autissier, P., Zaman, T., Stone, D., Wolinsky, S.M., and Gabuzda, D. (2006).
CD16+ monocytes exposed to HIV promote highly efficient viral replication upon differentiation into

macrophages and interaction with T cells. Virology 344, 267-276.

Ancuta, P., Rao, R., Moses, A., Mehle, A., Shaw, S.K., Luscinskas, F.W., and Gabuzda, D. (2003).
Fractalkine preferentially mediates arrest and migration of CD16+ monocytes. ] Exp Med 797, 1701-

126



1707.

Anderson, J.M., Rodriguez, A., and Chang, D.T. (2008). Foreign body reaction to biomaterials. Semin
Immunol 20, 86-100.

Aquino-De Jesus, M.J., Anders, C., Miller, G., Sleasman, J.W., Goodenow, M.M., and Andiman, W.A.
(2000). Genetically and epidemiologically related "non-syncytium-inducing” isolates of HIV-1 display
heterogeneous growth patterns in macrophages. J Med Virol 67, 171-180.

Aramori, 1., Ferguson, S.S., Bieniasz, P.D., Zhang, J., Cullen, B., and Cullen, M.G. (1997). Molecular
mechanism of desensitization of the chemokine receptor CCR-5: receptor signaling and internalization
are dissociable from its role as an HIV-1 co-receptor. EMBO J 16, 4606-4616.

Arrighi, J.F., Pion, M., Garcia, E., Escola, J.M., van Kooyk, Y., Geijtenbeek, T.B., and Piguet, V. (2004).
DC-SIGN-mediated infectious synapse formation enhances X4 HIV-1 transmission from dendritic cells
to T cells. J Exp Med 200, 1279-1288.

Arrildt, K.T., LaBranche, C.C., Joseph, S.B., Dukhovlinova, E.N., Graham, W.D., Ping, L.H., Schnell,
G., Sturdevant, C.B., Kincer, L.P., Mallewa, M., et al. (2015). Phenotypic Correlates of HIV-1
Macrophage Tropism. J Virol 89, 11294-11311.

Arthos, J., Cicala, C., Martinelli, E., Macleod, K., Van Ryk, D., Wei, D., Xiao, Z., Veenstra, T.D., Conrad,
T.P., Lempicki, R.A., et al. (2008). HIV-1 envelope protein binds to and signals through integrin
alphadbeta7, the gut mucosal homing receptor for peripheral T cells. Nat Immunol 9, 301-309.

Ash, P., Loutit, J.F., and Townsend, K.M. (1980). Osteoclasts derived from haematopoietic stem cells.
Nature 283, 669-670.

Aterman, K., Remmele, W., and Smith, M. (1988). Karl Touton and his "xanthelasmatic giant cell." A

selective review of multinucleated giant cells. Am J Dermatopathol 70, 257-269.

Auffray, C., Fogg, D., Garfa, M., Elain, G., Join-Lambert, O., Kayal, S., Sarnacki, S., Cumano, A.,
Lauvau, G., and Geissmann, F. (2007). Monitoring of blood vessels and tissues by a population of

monocytes with patrolling behavior. Science 377, 666-670.

Auffray, C., Sieweke, M.H., and Geissmann, F. (2009). Blood monocytes: development, heterogeneity,
and relationship with dendritic cells. Annu Rev Immunol 27, 669-692.

Baccala, R., Hoebe, K., Kono, D.H., Beutler, B., and Theofilopoulos, A.N. (2007). TLR-dependent and
TLR-independent pathways of type I interferon induction in systemic autoimmunity. Nat Med 73, 543-
551.

Bachem, A., Guttler, S., Hartung, E., Ebstein, F., Schaefer, M., Tannert, A., Salama, A., Movassaghi, K.,
Opitz, C., Mages, H.W., et al. (2010). Superior antigen cross-presentation and XCR1 expression define

127



human CD11¢+CD141+ cells as homologues of mouse CD8+ dendritic cells. J Exp Med 207, 1273-1281.

Bagnarelli, P., Fiorelli, L., Vecchi, M., Monachetti, A., Menzo, S., and Clementi, M. (2003). Analysis of
the functional relationship between V3 loop and gp120 context with regard to human immunodeficiency
virus coreceptor usage using naturally selected sequences and different viral backbones. Virology 307,
328-340.

Bain, C.C., Bravo-Blas, A., Scott, C.L., Perdiguero, E.G., Geissmann, F., Henri, S., Malissen, B.,
Osborne, L.C., Artis, D., and Mowat, A.M. (2014). Constant replenishment from circulating monocytes

maintains the macrophage pool in the intestine of adult mice. Nat Immunol /5, 929-937.

Baldauf, H.M., Pan, X., Erikson, E., Schmidt, S., Daddacha, W., Burggraf, M., Schenkova, K., Ambiel,
1., Wabnitz, G., Gramberg, T., et al. (2012). SAMHDI restricts HIV-1 infection in resting CD4(+) T cells.
Nat Med 18, 1682-1687.

Ballana, E., and Este, J.A. (2015). SAMHDI: at the crossroads of cell proliferation, immune responses,
and virus restriction. Trends Microbiol 23, 680-692.

Balotta, C., Bagnarelli, P., Violin, M., Ridolfo, A.L., Zhou, D., Berlusconi, A., Corvasce, S., Corbellino,
M., Clementi, M., Clerici, M., et al. (1997). Homozygous delta 32 deletion of the CCR-5 chemokine
receptor gene in an HIV-1-infected patient. AIDS 7/, F67-71.

Bamboat, Z.M., Stableford, J.A., Plitas, G., Burt, B.M., Nguyen, H.M., Welles, A.P., Gonen, M., Young,
J.W., and DeMatteo, R.P. (2009). Human liver dendritic cells promote T cell hyporesponsiveness. J
Immunol 782, 1901-1911.

Bartee, E., Eyster, C.A., Viswanathan, K., Mansouri, M., Donaldson, J.G., and Fruh, K. (2010).
Membrane-Associated RING-CH proteins associate with Bap31 and target CD81 and CD44 to
lysosomes. PLoS One 5, e15132.

Bartee, E., Mansouri, M., Hovey Nerenberg, B.T., Gouveia, K., and Fruh, K. (2004). Downregulation of
major histocompatibility complex class I by human ubiquitin ligases related to viral immune evasion
proteins. J Virol 78, 1109-1120.

Baxter, A.E., Russell, R.A., Duncan, C.J., Moore, M.D., Willberg, C.B., Pablos, J.L., Finzi, A.,
Kaufmann, D.E., Ochsenbauer, C., Kappes, J.C., et al. (2014). Macrophage infection via selective capture
of HIV-1-infected CD4+ T cells. Cell Host Microbe /6, 711-721.

Beaumont, T., van Nuenen, A., Broersen, S., Blattner, W.A., Lukashov, V.V., and Schuitemaker, H.
(2001). Reversal of human immunodeficiency virus type 1 IIIB to a neutralization-resistant phenotype

in an accidentally infected laboratory worker with a progressive clinical course. J Virol 75, 2246-2252.

Bednar, M.M., Sturdevant, C.B., Tompkins, L.A., Arrildt, K.T., Dukhovlinova, E., Kincer, L.P., and
Swanstrom, R. (2015). Compartmentalization, Viral Evolution, and Viral Latency of HIV in the CNS.

128



Curr HIV/AIDS Rep 12, 262-271.

Beitari, S., Ding, S., Pan, Q., Finzi, A., and Liang, C. (2017). Effect of HIV-1 Env on SERINCS
Antagonism. J Virol 91.

Benaroch, P., Billard, E., Gaudin, R., Schindler, M., and Jouve, M. (2010). HIV-1 assembly in
macrophages. Retrovirology 7, 29.

Benovic, S., Kok, T., Stephenson, A., Mclnnes, J., Burrell, C., and Li, P. (1998). De novo reverse
transcription of HTLV-1 following cell-to-cell transmission of infection. Virology 244, 294-301.

Berger, A., Sommer, A.F., Zwarg, J., Hamdorf, M., Welzel, K., Esly, N., Panitz, S., Reuter, A., Ramos,
L., Jatiani, A., et al. (2011a). SAMHDI1-deficient CD14+ cells from individuals with Aicardi-Goutieres
syndrome are highly susceptible to HIV-1 infection. PLoS Pathog 7, ¢1002425.

Berger, E.A., Doms, R.W., Fenyo, E.M., Korber, B.T., Littman, D.R., Moore, J.P., Sattentau, Q.J.,
Schuitemaker, H., Sodroski, J., and Weiss, R.A. (1998). A new classification for HIV-1. Nature 391, 240.

Berger, G., Durand, S., Fargier, G., Nguyen, X.N., Cordeil, S., Bouaziz, S., Muriaux, D., Darlix, J.L.,
and Cimarelli, A. (2011b). APOBEC3A is a specific inhibitor of the early phases of HIV-1 infection in
myeloid cells. PLoS Pathog 7, €1002221.

Berger, R., Gartner, S., Rappersberger, K., Foster, C.A., Wolff, K., and Stingl, G. (1992). Isolation of
human immunodeficiency virus type 1 from human epidermis: virus replication and transmission studies.
J Invest Dermatol 99, 271-277.

Berre, S., Gaudin, R., Cunha de Alencar, B., Desdouits, M., Chabaud, M., Naffakh, N., Rabaza-Gairi,
M., Gobert, F.X., Jouve, M., and Benaroch, P. (2013). CD36-specific antibodies block release of HIV-1
from infected primary macrophages and its transmission to T cells. J Exp Med 2170, 2523-2538.

Berro, R., Yasmeen, A., Abrol, R., Trzaskowski, B., Abi-Habib, S., Grunbeck, A., Lascano, D., Goddard,
W.A., 3rd, Klasse, P.J., Sakmar, T.P,, et al. (2013). Use of G-protein-coupled and -uncoupled CCRS5
receptors by CCRS5 inhibitor-resistant and -sensitive human immunodeficiency virus type 1 variants. J
Virol 87, 6569-6581.

Beyrer, C., Baral, S.D., van Griensven, F., Goodreau, S.M., Chariyalertsak, S., Wirtz, A.L., and
Brookmeyer, R. (2012). Global epidemiology of HIV infection in men who have sex with men. Lancet
380, 367-377.

Biti, R., Ffrench, R., Young, J., Bennetts, B., Stewart, G., and Liang, T. (1997). HIV-1 infection in an
individual homozygous for the CCRS deletion allele. Nat Med 3, 252-253.

Bjorndal, A., Deng, H., Jansson, M., Fiore, J.R., Colognesi, C., Karlsson, A., Albert, J., Scarlatti, G.,

Littman, D.R., and Fenyo, E.M. (1997). Coreceptor usage of primary human immunodeficiency virus

129



type 1 isolates varies according to biological phenotype. J Virol 71, 7478-7487.

Blaak, H., Boers, P.H., Gruters, R.A., Schuitemaker, H., van der Ende, M.E., and Osterhaus, A.D. (2005).
CCRS, GPR15, and CXCR6 are major coreceptors of human immunodeficiency virus type 2 variants

isolated from individuals with and without plasma viremia. J Virol 79, 1686-1700.

Blaak, H., van't Wout, A.B., Brouwer, M., Hooibrink, B., Hovenkamp, E., and Schuitemaker, H. (2000).
In vivo HIV-1 infection of CD45RA(+)CD4(+) T cells is established primarily by syncytium-inducing
variants and correlates with the rate of CD4(+) T cell decline. Proc Natl Acad Sci U S A 97, 1269-1274.

Blauvelt, A., Asada, H., Saville, M.W., Klaus-Kovtun, V., Altman, D.J., Yarchoan, R., and Katz, S.I.
(1997). Productive infection of dendritic cells by HIV-1 and their ability to capture virus are mediated
through separate pathways. J Clin Invest 100, 2043-2053.

Bleul, C.C., Wu, L., Hoxie, J.A., Springer, T.A., and Mackay, C.R. (1997). The HIV coreceptors CXCR4
and CCRS5 are differentially expressed and regulated on human T lymphocytes. Proc Natl Acad Sci U S
A 94, 1925-1930.

Blissenbach, M., Grewe, B., Hoffmann, B., Brandt, S., and Uberla, K. (2010). Nuclear RNA export and
packaging functions of HIV-1 Rev revisited. J Virol 84, 6598-6604.

Boggiano, C., and Littman, D.R. (2007). HIV's vagina travelogue. Immunity 26, 145-147.

Boggiano, C., Manel, N., and Littman, D.R. (2007). Dendritic cell-mediated trans-enhancement of
human immunodeficiency virus type 1 infectivity is independent of DC-SIGN. J Virol 87, 2519-2523.

Bomsel, M. (1997). Transcytosis of infectious human immunodeficiency virus across a tight human
epithelial cell line barrier. Nat Med 3, 42-47.

Bour, S., and Strebel, K. (1996). The human immunodeficiency virus (HIV) type 2 envelope protein is a
functional complement to HIV type 1 Vpu that enhances particle release of heterologous retroviruses. J
Virol 70, 8285-8300.

Bracq, L., Xie, M., Benichou, S., and Bouchet, J. (2018). Mechanisms for Cell-to-Cell Transmission of
HIV-1. Front Immunol 9, 260.

Bracq, L., Xie, M., Lambele, M., Vu, L.T., Matz, J., Schmitt, A., Delon, J., Zhou, P., Randriamampita,
C., Bouchet, J., et al. (2017). T cell-macrophage fusion triggers multinucleated giant cell formation for
HIV-1 spreading. J Virol.

Brelot, A., and Chakrabarti, L.A. (2018). CCRS5 Revisited: How Mechanisms of HIV Entry Govern AIDS
Pathogenesis. ] Mol Biol 430, 2557-2589.

Brelot, A., Heveker, N., Adema, K., Hosie, M.J., Willett, B., and Alizon, M. (1999). Effect of mutations

130



in the second extracellular loop of CXCR4 on its utilization by human and feline immunodeficiency
viruses. J Virol 73, 2576-2586.

Briggs, D.R., Tuttle, D.L., Sleasman, J.W., and Goodenow, M.M. (2000). Envelope V3 amino acid
sequence predicts HIV-1 phenotype (co-receptor usage and tropism for macrophages). AIDS 74, 2937-
2939.

Brodbeck, W.G., and Anderson, J.M. (2009). Giant cell formation and function. Curr Opin Hematol /6,
53-57.

Brooks, P.J., Glogauer, M., and McCulloch, C.A. (2019a). An Overview of the Derivation and Function
of Multinucleated Giant Cells and Their Role in Pathologic Processes. Am J Pathol 789, 1145-1158.

Brooks, P.J., Glogauer, M., and McCulloch, C.A. (2019b). An Overview of the Derivation and Function
of Multinucleated Giant Cells and Their Role in Pathologic Processes. Am J Pathol.

Brown, E.J., and Frazier, W.A. (2001). Integrin-associated protein (CD47) and its ligands. Trends Cell
Biol /1, 130-135.

Brown, J.N., Kohler, J.J., Coberley, C.R., Sleasman, J.W., and Goodenow, M.M. (2008). HIV-1 activates
macrophages independent of Toll-like receptors. PLoS One 3, e3664.

Brown, K.N., Wijewardana, V., Liu, X., and Barratt-Boyes, S.M. (2009). Rapid influx and death of
plasmacytoid dendritic cells in lymph nodes mediate depletion in acute simian immunodeficiency virus
infection. PLoS Pathog 5, ¢1000413.

Brumme, Z.L., Goodrich, J., Mayer, H.B., Brumme, C.J., Henrick, B.M., Wynhoven, B., Asselin, J.J.,
Cheung, P.X., Hogg, R.S., Montaner, J.S., et al. (2005). Molecular and clinical epidemiology of CXCR4-
using HIV-1 in a large population of antiretroviral-naive individuals. J Infect Dis 792, 466-474.

Buchrieser, J., Degrelle, S.A., Couderc, T., Nevers, Q., Disson, O., Manet, C., Donahue, D.A., Porrot, F.,
Hillion, K.H., Perthame, E., et al. (2019). IFITM proteins inhibit placental syncytiotrophoblast formation
and promote fetal demise. Science 365, 176-180.

Buckner, C.M., Calderon, T.M., Willams, D.W., Belbin, T.J., and Berman, J.W. (2011). Characterization
of monocyte maturation/differentiation that facilitates their transmigration across the blood-brain barrier
and infection by HIV: implications for NeuroAIDS. Cell Immunol 267, 109-123.

Bunnik, E.M., Pisas, L., van Nuenen, A.C., and Schuitemaker, H. (2008). Autologous neutralizing
humoral immunity and evolution of the viral envelope in the course of subtype B human

immunodeficiency virus type 1 infection. J Virol 82, 7932-7941.

Bunnik, E.M., van Gils, M.J., Lobbrecht, M.S., Pisas, L., van Nuenen, A.C., and Schuitemaker, H. (2009).
Changing sensitivity to broadly neutralizing antibodies b12, 2G12, 2F5, and 4E10 of primary subtype B

131



human immunodeficiency virus type 1 variants in the natural course of infection. Virology 390, 348-355.

Burdo, T.H., Lackner, A., and Williams, K.C. (2013). Monocyte/macrophages and their role in HIV

neuropathogenesis. Immunol Rev 254, 102-113.

Burdo, T.H., Soulas, C., Orzechowski, K., Button, J., Krishnan, A., Sugimoto, C., Alvarez, X., Kuroda,
M.J., and Williams, K.C. (2010). Increased monocyte turnover from bone marrow correlates with
severity of SIV encephalitis and CD163 levels in plasma. PLoS Pathog 6, e1000842.

Burleigh, L., Lozach, P.Y., Schiffer, C., Staropoli, 1., Pezo, V., Porrot, F., Canque, B., Virelizier, J.L.,
Arenzana-Seisdedos, F., and Amara, A. (2006). Infection of dendritic cells (DCs), not DC-SIGN-
mediated internalization of human immunodeficiency virus, is required for long-term transfer of virus to
T cells. J Virol 80, 2949-2957.

Bush, S., and Tebit, D.M. (2015). HIV-1 Group O Origin, Evolution, Pathogenesis, and Treatment:
Unraveling the Complexity of an Outlier 25 Years Later. AIDS Rev 17, 147-158.

Buszczak, M., Inaba, M., and Yamashita, Y.M. (2016). Signaling by Cellular Protrusions: Keeping the
Conversation Private. Trends Cell Biol 26, 526-534.

Byrareddy, S.N., Kallam, B., Arthos, J., Cicala, C., Nawaz, F., Hiatt, J., Kersh, E.N., McNicholl, J.M.,
Hanson, D., Reimann, K.A., et al. (2014). Targeting alpha4beta7 integrin reduces mucosal transmission
of simian immunodeficiency virus and protects gut-associated lymphoid tissue from infection. Nat Med
20, 1397-1400.

Calado, M., Matoso, P., Santos-Costa, Q., Espirito-Santo, M., Machado, J., Rosado, L., Antunes, F.,
Mansinho, K., Lopes, M.M., Maltez, F., et al. (2010). Coreceptor usage by HIV-1 and HIV-2 primary

isolates: the relevance of CCR8 chemokine receptor as an alternative coreceptor. Virology 408, 174-182.

Calantone, N., Wu, F., Klase, Z., Deleage, C., Perkins, M., Matsuda, K., Thompson, E.A., Ortiz, A.M.,
Vinton, C.L., Ourmanov, 1., et al. (2014). Tissue myeloid cells in SIV-infected primates acquire viral
DNA through phagocytosis of infected T cells. Immunity 47, 493-502.

Cameron, P.U., Freudenthal, P.S., Barker, J.M., Gezelter, S., Inaba, K., and Steinman, R.M. (1992).
Dendritic cells exposed to human immunodeficiency virus type-1 transmit a vigorous cytopathic
infection to CD4+ T cells. Science 257, 383-387.

Cameron, P.U., Handley, A.J., Baylis, D.C., Solomon, A.E., Bernard, N., Purcell, D.F., and Lewin, S.R.
(2007). Preferential infection of dendritic cells during human immunodeficiency virus type 1 infection

of blood leukocytes. J Virol 81, 2297-2306.

Campbell, J.H., Hearps, A.C., Martin, G.E., Williams, K.C., and Crowe, S.M. (2014). The importance of
monocytes and macrophages in HIV pathogenesis, treatment, and cure. AIDS 28, 2175-2187.

132



Cardozo, T., Kimura, T., Philpott, S., Weiser, B., Burger, H., and Zolla-Pazner, S. (2007). Structural basis
for coreceptor selectivity by the HIV type 1 V3 loop. AIDS Res Hum Retroviruses 23, 415-426.

Carr, J.M., Hocking, H., Li, P., and Burrell, C.J. (1999). Rapid and efficient cell-to-cell transmission of
human immunodeficiency virus infection from monocyte-derived macrophages to peripheral blood
lymphocytes. Virology 265, 319-329.

Carrillo, A., and Ratner, L. (1996). Cooperative effects of the human immunodeficiency virus type 1

envelope variable loops V1 and V3 in mediating infectivity for T cells. J Virol 70, 1310-1316.

Carter, C.A., and Ehrlich, L.S. (2008). Cell biology of HIV-1 infection of macrophages. Annu Rev
Microbiol 62, 425-443.

Carter, G.C., Bernstone, L., Baskaran, D., and James, W. (2011). HIV-1 infects macrophages by
exploiting an endocytic route dependent on dynamin, Racl and Pak1. Virology 409, 234-250.

Cartwright, E.K., McGary, C.S., Cervasi, B., Micci, L., Lawson, B., Elliott, S.T., Collman, R.G., Bosinger,
S.E., Paiardini, M., Vanderford, T.H., et al. (2014). Divergent CD4+ T memory stem cell dynamics in

pathogenic and nonpathogenic simian immunodeficiency virus infections. J Immunol 792, 4666-4673.

Casartelli, N., Sourisseau, M., Feldmann, J., Guivel-Benhassine, F., Mallet, A., Marcelin, A.G., Guatelli,
J., and Schwartz, O. (2010). Tetherin restricts productive HIV-1 cell-to-cell transmission. PLoS Pathog
6, €1000955.

Cashin, K., Roche, M., Sterjovski, J., Ellett, A., Gray, L.R., Cunningham, A.L., Ramsland, P.A.,
Churchill, M.J., and Gorry, P.R. (2011). Alternative coreceptor requirements for efficient CCR5- and
CXCR4-mediated HIV-1 entry into macrophages. J Virol 85, 10699-10709.

Cassol, E., Cassetta, L., Alfano, M., and Poli, G. (2010). Macrophage polarization and HIV-1 infection.
J Leukoc Biol 87, 599-608.

Cassol, E., Cassetta, L., Rizzi, C., Alfano, M., and Poli, G. (2009). M1 and M2a polarization of human
monocyte-derived macrophages inhibits HIV-1 replication by distinct mechanisms. J Immunol /82,
6237-6246.

Cassol, E., Cassetta, L., Rizzi, C., Gabuzda, D., Alfano, M., and Poli, G. (2013). Dendritic cell-specific
intercellular adhesion molecule-3 grabbing nonintegrin mediates HIV-1 infection of and transmission by
M2a-polarized macrophages in vitro. AIDS 27, 707-716.

Cavaleiro, R., Tendeiro, R., Foxall, R.B., Soares, R.S., Baptista, A.P., Gomes, P., Valadas, E., Victorino,
R.M.,, and Sousa, A.E. (2013). Monocyte and myeloid dendritic cell activation occurs throughout HIV
type 2 infection, an attenuated form of HIV disease. J Infect Dis 207, 1730-1742.

Cavrois, M., Neidleman, J., Kreisberg, J.F., Fenard, D., Callebaut, C., and Greene, W.C. (2006). Human

133



immunodeficiency virus fusion to dendritic cells declines as cells mature. J Virol 80, 1992-1999.

Cayabyab, M., Karlsson, G.B., Etemad-Moghadam, B.A., Hofmann, W., Steenbeke, T., Halloran, M.,
Fanton, J.W., Axthelm, M.K., Letvin, N.L., and Sodroski, J.G. (1999). Changes in human
immunodeficiency virus type 1 envelope glycoproteins responsible for the pathogenicity of a multiply

passaged simian-human immunodeficiency virus (SHIV-HXBc2). J Virol 73, 976-984.

Ceccaldi, P.E., Delebecque, F., Prevost, M.C., Moris, A., Abastado, J.P., Gessain, A., Schwartz, O., and
Ozden, S. (2006). DC-SIGN facilitates fusion of dendritic cells with human T-cell leukemia virus type
1-infected cells. J Virol 80, 4771-4780.

Cella, M., Buonsanti, C., Strader, C., Kondo, T., Salmaggi, A., and Colonna, M. (2003). Impaired
differentiation of osteoclasts in TREM-2-deficient individuals. J Exp Med 198, 645-651.

Champion, T.C., Partridge, L.J., Ong, S.M., Malleret, B., Wong, S.C., and Monk, P.N. (2018). Monocyte
Subsets Have Distinct Patterns of Tetraspanin Expression and Different Capacities to Form Multinucleate
Giant Cells. Front Immunol 9, 1247.

Chan, G., Bivins-Smith, E.R., Smith, M.S., Smith, P.M., and Yurochko, A.D. (2008). Transcriptome
analysis reveals human cytomegalovirus reprograms monocyte differentiation toward an M1 macrophage.
J Immunol /81, 698-711.

Chan, G., Bivins-Smith, E.R., Smith, M.S., and Yurochko, A.D. (2009). NF-kappaB and
phosphatidylinositol 3-kinase activity mediates the HCMV-induced atypical M1/M2 polarization of
monocytes. Virus Res /44, 329-333.

Chang, S.Y., Bowman, B.H., Weiss, J.B., Garcia, R.E., and White, T.J. (1993). The origin of HIV-1 isolate
HTLV-IIIB. Nature 363, 466-469.

Charneau, P., Borman, A.M., Quillent, C., Guetard, D., Chamaret, S., Cohen, J., Remy, G., Montagnier,
L., and Clavel, F. (1994). Isolation and envelope sequence of a highly divergent HIV-1 isolate: definition
of a new HIV-1 group. Virology 205, 247-253.

Chen, B.K. (2012). T cell virological synapses and HIV-1 pathogenesis. Immunol Res 54, 133-139.

Chen, P., Hubner, W., Spinelli, M.A., and Chen, B.K. (2007). Predominant mode of human
immunodeficiency virus transfer between T cells is mediated by sustained Env-dependent neutralization-

resistant virological synapses. J Virol 81, 12582-12595.

Chesebro, B., Wehrly, K., Nishio, J., and Perryman, S. (1992). Macrophage-tropic human
immunodeficiency virus isolates from different patients exhibit unusual V3 envelope sequence
homogeneity in comparison with T-cell-tropic isolates: definition of critical amino acids involved in cell
tropism. J Virol 66, 6547-6554.

134



Chinnery, H.R., Pearlman, E., and McMenamin, P.G. (2008). Cutting edge: Membrane nanotubes in vivo:
a feature of MHC class I+ cells in the mouse cornea. J Immunol /80, 5779-5783.

Cho, M.W.,, Lee, M.K., Carney, M.C., Berson, J.F., Doms, R.W., and Martin, M.A. (1998). Identification
of determinants on a dualtropic human immunodeficiency virus type 1 envelope glycoprotein that confer
usage of CXCR4. J Virol 72, 2509-2515.

Cho, T.J., Lee, K.E., Lee, S.K., Song, S.J., Kim, K.J., Jeon, D., Lee, G., Kim, H.N., Lee, H.R., Eom,
H.H., et al. (2012). A single recurrent mutation in the 5'-UTR of IFITMS causes osteogenesis imperfecta
type V. Am J Hum Genet 917, 343-348.

Choe, H., Farzan, M., Sun, Y., Sullivan, N., Rollins, B., Ponath, P.D., Wu, L., Mackay, C.R., LaRosa, G.,
Newman, W,, et al. (1996). The beta-chemokine receptors CCR3 and CCRS facilitate infection by
primary HIV-1 isolates. Cell 85, 1135-1148.

Chomont, N., El-Far, M., Ancuta, P., Trautmann, L., Procopio, F.A., Yassine-Diab, B., Boucher, G.,
Boulassel, M.R., Ghattas, G., Brenchley, J.M.,, ef al. (2009). HIV reservoir size and persistence are driven
by T cell survival and homeostatic proliferation. Nat Med 15, 893-900.

Cicala, C., Martinelli, E., McNally, J.P., Goode, D.J., Gopaul, R., Hiatt, J., Jelicic, K., Kottilil, S.,
Macleod, K., O'Shea, A., et al. (2009). The integrin alphadbeta7 forms a complex with cell-surface CD4
and defines a T-cell subset that is highly susceptible to infection by HIV-1. Proc Natl Acad Sci U S A
106, 20877-20882.

Cimarelli, A., Zambruno, G., Marconi, A., Girolomoni, G., Bertazzoni, U., and Giannetti, A. (1994).
Quantitation by competitive PCR of HIV-1 proviral DNA in epidermal Langerhans cells of HIV-infected
patients. J Acquir Immune Defic Syndr 7, 230-235.

Clapham, P.R., and McKnight, A. (2001). HIV-1 receptors and cell tropism. Br Med Bull 58, 43-59.
Cobos Jimenez, V., Booiman, T., de Taeye, S.W., van Dort, K.A., Rits, M.A., Hamann, J., and Kootstra,
N.A. (2012). Differential expression of HIV-1 interfering factors in monocyte-derived macrophages

stimulated with polarizing cytokines or interferons. Sci Rep 2, 763.

Cochrane, A. (2014). HIV-1 Rev function and RNA nuclear-cytoplasmic export. Methods Mol Biol 1087,
103-114.

Cohen, M.S., Shaw, G.M., McMichael, A.J., and Haynes, B.F. (2011). Acute HIV-1 Infection. N Engl J
Med 364, 1943-1954.

Cole, N.L., and Grose, C. (2003). Membrane fusion mediated by herpesvirus glycoproteins: the paradigm
of varicella-zoster virus. Rev Med Virol 13, 207-222.

Coleman, C.M., Spearman, P., and Wu, L. (2011). Tetherin does not significantly restrict dendritic cell-
mediated HIV-1 transmission and its expression is upregulated by newly synthesized HIV-1 Nef.

135



Retrovirology 8, 26.

Colin, P., Zhou, Z., Staropoli, 1., Garcia-Perez, J., Gasser, R., Armani-Tourret, M., Benureau, Y.,
Gonzalez, N., Jin, J., Connell, B.J,, ef al. (2018). CCRS structural plasticity shapes HIV-1 phenotypic
properties. PLoS Pathog /4, e1007432.

Collin, M., Bigley, V., Haniffa, M., and Hambleton, S. (2011). Human dendritic cell deficiency: the
missing ID? Nat Rev Immunol /7, 575-583.

Collin, M.P., Hart, D.N., Jackson, G.H., Cook, G., Cavet, J., Mackinnon, S., Middleton, P.G., and
Dickinson, A.M. (2006). The fate of human Langerhans cells in hematopoietic stem cell transplantation.
J Exp Med 203, 27-33.

Combadiere, C., Salzwedel, K., Smith, E.D., Tiffany, H.L., Berger, E.A., and Murphy, P.M. (1998).
Identification of CX3CRI1. A chemotactic receptor for the human CX3C chemokine fractalkine and a
fusion coreceptor for HIV-1. J Biol Chem 273, 23799-23804.

Compton, A.A., Bruel, T., Porrot, F., Mallet, A., Sachse, M., Euvrard, M., Liang, C., Casartelli, N., and
Schwartz, O. (2014). IFITM proteins incorporated into HIV-1 virions impair viral fusion and spread. Cell
Host Microbe 16, 736-747.

Compton, A.A., and Schwartz, O. (2017). They Might Be Giants: Does Syncytium Formation Sink or
Spread HIV Infection? PLoS Pathog /3, €1006099.

Connell, B.J., Michler, K., Capovilla, A., Venter, W.D., Stevens, W.S., and Papathanasopoulos, M.A.
(2008). Emergence of X4 usage among HIV-1 subtype C: evidence for an evolving epidemic in South
Africa. AIDS 22, 896-899.

Connor, R.I., and Ho, D.D. (1994). Human immunodeficiency virus type 1 variants with increased
replicative capacity develop during the asymptomatic stage before disease progression. J Virol 68, 4400-
4408.

Connor, R.1., Sheridan, K.E., Ceradini, D., Choe, S., and Landau, N.R. (1997). Change in coreceptor use
correlates with disease progression in HIV-1--infected individuals. J Exp Med 185, 621-628.

Consolaro, A., Sant'Ana, E., Lawall, M.A., Consolaro, M.F., and Bacchi, C.E. (2009). Gingival juvenile
xanthogranuloma in an adult patient: case report with immunohistochemical analysis and literature
review. Oral Surg Oral Med Oral Pathol Oral Radiol Endod /07, 246-252.

Cooper, A., Garcia, M., Petrovas, C., Yamamoto, T., Koup, R.A., and Nabel, G.J. (2013). HIV-1 causes
CD#4 cell death through DNA-dependent protein kinase during viral integration. Nature 498, 376-379.

Cormier, E.G., and Dragic, T. (2002). The crown and stem of the V3 loop play distinct roles in human

immunodeficiency virus type 1 envelope glycoprotein interactions with the CCRS5 coreceptor. J Virol 76,

136



8953-8957.

Coscoy, L., and Ganem, D. (2000). Kaposi's sarcoma-associated herpesvirus encodes two proteins that
block cell surface display of MHC class I chains by enhancing their endocytosis. Proc Natl Acad Sci U
S A 97, 8051-8056.

Costiniuk, C.T., and Jenabian, M.A. (2014). The lungs as anatomical reservoirs of HIV infection. Rev
Med Virol 24, 35-54.

Council, O.D., and Joseph, S.B. (2018). Evolution of Host Target Cell Specificity During HIV-1 Infection.
Curr HIV Res 16, 13-20.

Craig, H.M., Pandori, M.W., and Guatelli, J.C. (1998). Interaction of HIV-1 Nef with the cellular
dileucine-based sorting pathway is required for CD4 down-regulation and optimal viral infectivity. Proc
Natl Acad Sci U S A 95, 11229-11234.

Cribier, A., Descours, B., Valadao, A.L., Laguette, N., and Benkirane, M. (2013). Phosphorylation of
SAMHDI by cyclin A2/CDKI1 regulates its restriction activity toward HIV-1. Cell Rep 3, 1036-1043.

Cronan, M.R., Beerman, R.W., Rosenberg, A.F., Saelens, J.W., Johnson, M.G., Oehlers, S.H., Sisk, D.M.,
Jurcic Smith, K.L., Medvitz, N.A., Miller, S.E., et al. (2016). Macrophage Epithelial Reprogramming

Underlies Mycobacterial Granuloma Formation and Promotes Infection. Immunity 45, 861-876.

Cros, J., Cagnard, N., Woollard, K., Patey, N., Zhang, S.Y., Senechal, B., Puel, A., Biswas, S.K., Moshous,
D., Picard, C., et al. (2010). Human CD14dim monocytes patrol and sense nucleic acids and viruses via
TLR7 and TLRS receptors. Immunity 33, 375-386.

Crozat, K., Guiton, R., Guilliams, M., Henri, S., Baranek, T., Schwartz-Cornil, I., Malissen, B., and
Dalod, M. (2010). Comparative genomics as a tool to reveal functional equivalences between human and

mouse dendritic cell subsets. Immunol Rev 234, 177-198.

Cunningham, A.L., Abendroth, A., Jones, C., Nasr, N., and Turville, S. (2010). Viruses and Langerhans
cells. Immunol Cell Biol 88, 416-423.

Cunningham, A.L., Carbone, F., and Geijtenbeek, T.B. (2008). Langerhans cells and viral immunity. Eur
J Immunol 38, 2377-2385.

Curtis, B.M., Scharnowske, S., and Watson, A.J. (1992). Sequence and expression of a membrane-
associated C-type lectin that exhibits CD4-independent binding of human immunodeficiency virus

envelope glycoprotein gp120. Proc Natl Acad Sci U S A 89, 8356-8360.

Czernielewski, J.M., and Demarchez, M. (1987). Further evidence for the self-reproducing capacity of

Langerhans cells in human skin. J Invest Dermatol 88, 17-20.

137



da Costa, C.E., Annels, N.E., Faaij, C.M., Forsyth, R.G., Hogendoorn, P.C., and Egeler, R.M. (2005).
Presence of osteoclast-like multinucleated giant cells in the bone and nonostotic lesions of Langerhans
cell histiocytosis. J Exp Med 201, 687-693.

da Silva, R.F., Lappalainen, J., Lee-Rueckert, M., and Kovanen, P.T. (2016). Conversion of human M-
CSF macrophages into foam cells reduces their proinflammatory responses to classical M1-polarizing
activation. Atherosclerosis 248, 170-178.

Dalgleish, A.G., Beverley, P.C., Clapham, P.R., Crawford, D.H., Greaves, M.F., and Weiss, R.A. (1984).
The CD4 (T4) antigen is an essential component of the receptor for the AIDS retrovirus. Nature 3172,
763-767.

Dayan, D., Buchner, A., and Garlick, J. (1989). Touton-like giant cells in periapical granulomas. J Endod
15,210-211.

de Bruijn, M.E., Slieker, W.A., van der Loo, J.C., Voerman, J.S., van Ewijk, W., and Leenen, P.J. (1994).
Distinct mouse bone marrow macrophage precursors identified by differential expression of ER-MP12
and ER-MP20 antigens. Eur J Immunol 24, 2279-2284.

De Cock, K.M., Jaffe, H.W., and Curran, J.W. (2012). The evolving epidemiology of HIV/AIDS. AIDS
26, 1205-1213.

de Masson, A., Kirilovsky, A., Zoorob, R., Avettand-Fenoel, V., Morin, V., Oudin, A., Descours, B.,
Rouzioux, C., and Autran, B. (2014). Blimp-1 overexpression is associated with low HIV-1 reservoir and

transcription levels in central memory CD4+ T cells from elite controllers. AIDS 28, 1567-1577.

de Vries, T.J., Schoenmaker, T., Hooibrink, B., Leenen, P.J., and Everts, V. (2009). Myeloid blasts are

the mouse bone marrow cells prone to differentiate into osteoclasts. J Leukoc Biol 85, 919-927.

Deeks, S.G., Overbaugh, J., Phillips, A., and Buchbinder, S. (2015). HIV infection. Nat Rev Dis Primers
1, 15035.

DeFife, K.M., Jenney, C.R., Colton, E., and Anderson, J.M. (1999). Cytoskeletal and adhesive structural

polarizations accompany IL-13-induced human macrophage fusion. J Histochem Cytochem 47, 65-74.

Del Portillo, A., Tripodi, J., Najfeld, V., Wodarz, D., Levy, D.N., and Chen, B.K. (2011). Multiploid
inheritance of HIV-1 during cell-to-cell infection. J Virol 85, 7169-7176.

DeLucia, D.C., Rinaldo, C.R., and Rappocciolo, G. (2018). Inefficient HIV-1 trans Infection of CD4(+)
T Cells by Macrophages from HIV-1 Nonprogressors Is Associated with Altered Membrane Cholesterol
and DC-SIGN. J Virol 92.

Deneka, M., Pelchen-Matthews, A., Byland, R., Ruiz-Mateos, E., and Marsh, M. (2007). In macrophages,

HIV-1 assembles into an intracellular plasma membrane domain containing the tetraspanins CD81, CD9,

138



and CD53. J Cell Biol 177, 329-341.

Derdeyn, C.A., Decker, J.M., Bibollet-Ruche, F., Mokili, J.L.., Muldoon, M., Denham, S.A., Heil, M.L.,
Kasolo, F., Musonda, R., Hahn, B.H., ef al. (2004). Envelope-constrained neutralization-sensitive HIV-

1 after heterosexual transmission. Science 303, 2019-2022.

Descours, B., Cribier, A., Chable-Bessia, C., Ayinde, D., Rice, G., Crow, Y., Yatim, A., Schwartz, O.,
Laguette, N., and Benkirane, M. (2012). SAMHDI1 restricts HIV-1 reverse transcription in quiescent
CD4(+) T-cells. Retrovirology 9, 87.

Desimmie, B.A., Delviks-Frankenberrry, K.A., Burdick, R.C., Qi, D., Izumi, T., and Pathak, V.K. (2014).
Multiple APOBEC3 restriction factors for HIV-1 and one Vif to rule them all. J] Mol Biol 426, 1220-
1245.

Devitt, A., and Marshall, L.J. (2011). The innate immune system and the clearance of apoptotic cells. J
Leukoc Biol 90, 447-457.

Dezutter-Dambuyant, C. (1995). In vivo and in vitro infection of human Langerhans cells by HIV-1. Adv
Exp Med Biol 378, 447-451.

Dezzutti, C.S., Guenthner, P.C., Cummins, J.E., Jr., Cabrera, T., Marshall, J.H., Dillberger, A., and Lal,
R.B. (2001). Cervical and prostate primary epithelial cells are not productively infected but sequester
human immunodeficiency virus type 1. J Infect Dis 183, 1204-1213.

Diamond, M.S., and Farzan, M. (2013). The broad-spectrum antiviral functions of IFIT and IFITM
proteins. Nat Rev Immunol /3, 46-57.

Dillon, S.M., Robertson, K.B., Pan, S.C., Mawhinney, S., Meditz, A.L., Folkvord, J.M., Connick, E.,
McCarter, M.D., and Wilson, C.C. (2008). Plasmacytoid and myeloid dendritic cells with a partial
activation phenotype accumulate in lymphoid tissue during asymptomatic chronic HIV-1 infection. J

Acquir Immune Defic Syndr 48, 1-12.

Dimitrov, D.S., Norwood, D., Stantchev, T.S., Feng, Y., Xiao, X., and Broder, C.C. (1999). A mechanism
of resistance to HIV-1 entry: inefficient interactions of CXCR4 with CD4 and gp120 in macrophages.
Virology 259, 1-6.

Dimitrov, D.S., Willey, R.L., Sato, H., Chang, L.J., Blumenthal, R., and Martin, M.A. (1993).

Quantitation of human immunodeficiency virus type 1 infection kinetics. J Virol 67, 2182-2190.

DiNapoli, S.R., Ortiz, A.M., Wu, F., Matsuda, K., Twigg, H.L., 3rd, Hirsch, V.M., Knox, K., and
Brenchley, J.M. (2017). Tissue-resident macrophages can contain replication-competent virus in

antiretroviral-naive, SIV-infected Asian macaques. JCI Insight 2, €91214.

Ding, J., Tasker, C., Lespinasse, P., Dai, J., Fitzgerald-Bocarsly, P., Lu, W., Heller, D., and Chang, T.L.

139



(2015). Integrin alphadbeta7 Expression Increases HIV Susceptibility in Activated Cervical CD4+ T
Cells by an HIV Attachment-Independent Mechanism. J Acquir Immune Defic Syndr 69, 509-518.

Doitsh, G., Cavrois, M., Lassen, K.G., Zepeda, O., Yang, Z., Santiago, M.L., Hebbeler, A.M., and Greene,
W.C. (2010). Abortive HIV infection mediates CD4 T cell depletion and inflammation in human
lymphoid tissue. Cell 743, 789-801.

Doitsh, G., Galloway, N.L., Geng, X., Yang, Z., Monroe, K.M., Zepeda, O., Hunt, P.W., Hatano, H.,
Sowinski, S., Munoz-Arias, 1., ef al. (2014). Cell death by pyroptosis drives CD4 T-cell depletion in HIV-
1 infection. Nature 505, 509-514.

Dominguez-Soto, A., Puig-Kroger, A., Vega, M.A., and Corbi, A.L. (2005). PU.1 regulates the tissue-
specific expression of dendritic cell-specific intercellular adhesion molecule (ICAM)-3-grabbing
nonintegrin. J Biol Chem 280, 33123-33131.

Doms, R.W., and Trono, D. (2000). The plasma membrane as a combat zone in the HIV battlefield. Genes
Dev 14, 2677-2688.

Doranz, B.J., Rucker, J., Yi, Y., Smyth, R.J., Samson, M., Peiper, S.C., Parmentier, M., Collman, R.G.,
and Doms, R.W. (1996). A dual-tropic primary HIV-1 isolate that uses fusin and the beta-chemokine
receptors CKR-5, CKR-3, and CKR-2b as fusion cofactors. Cell 85, 1149-1158.

Dorosko, S.M., and Connor, R.I. (2010). Primary human mammary epithelial cells endocytose HIV-1
and facilitate viral infection of CD4+ T lymphocytes. J Virol 84, 10533-10542.

Drylewicz, J., Matheron, S., Lazaro, E., Damond, F., Bonnet, F., Simon, F., Dabis, F., Brun-Vezinet, F.,
Chene, G., and Thiebaut, R. (2008). Comparison of viro-immunological marker changes between HIV-
1 and HIV-2-infected patients in France. AIDS 22, 457-468.

Dufloo, J., Bruel, T., and Schwartz, O. (2018). HIV-1 cell-to-cell transmission and broadly neutralizing
antibodies. Retrovirology 15, 51.

Duggal, P., An, P., Beaty, T.H., Strathdee, S.A., Farzadegan, H., Markham, R.B., Johnson, L., O'Brien,
S.J., Vlahov, D., and Winkler, C.A. (2003). Genetic influence of CXCR6 chemokine receptor alleles on
PCP-mediated AIDS progression among African Americans. Genes Immun 4, 245-250.

Duncan, C.J., Russell, R.A., and Sattentau, Q.J. (2013). High multiplicity HIV-1 cell-to-cell transmission
from macrophages to CD4+ T cells limits antiretroviral efficacy. AIDS 27, 2201-2206.

Duncan, C.J., Williams, J.P., Schiffner, T., Gartner, K., Ochsenbauer, C., Kappes, J., Russell, R.A., Frater,
J., and Sattentau, Q.J. (2014). High-multiplicity HIV-1 infection and neutralizing antibody evasion
mediated by the macrophage-T cell virological synapse. J Virol 88, 2025-2034.

Ellery, P.J., Tippett, E., Chiu, Y.L., Paukovics, G., Cameron, P.U., Solomon, A., Lewin, S.R., Gorry, PR.,

140



Jaworowski, A., Greene, W.C,, et al. (2007). The CD16+ Monocyte Subset Is More Permissive to
Infection and Preferentially Harbors HIV-1 In Vivo. The Journal of Immunology /78, 6581-6589.

Elliott, M.R., and Ravichandran, K.S. (2016). The Dynamics of Apoptotic Cell Clearance. Dev Cell 38,
147-160.

Elliott, S.T., Wetzel, K.S., Francella, N., Bryan, S., Romero, D.C., Riddick, N.E., Shaheen, F., Vanderford,
T., Derdeyn, C.A., Silvestri, G., et al. (2015). Dualtropic CXCR6/CCRS5 Simian Immunodeficiency Virus
(SIV) Infection of Sooty Mangabey Primary Lymphocytes: Distinct Coreceptor Use in Natural versus
Pathogenic Hosts of SIV. J Virol 89, 9252-9261.

Epelman, S., Lavine, K.J., and Randolph, G.J. (2014). Origin and functions of tissue macrophages.
Immunity 47, 21-35.

Esbjornsson, J., Mansson, F., Martinez-Arias, W., Vincic, E., Biague, A.J., da Silva, Z.J., Fenyo, EM.,
Norrgren, H., and Medstrand, P. (2010). Frequent CXCR4 tropism of HIV-1 subtype A and CRF02_AG

during late-stage disease--indication of an evolving epidemic in West Africa. Retrovirology 7, 23.

Eugenin, E.A., Gaskill, P.J., and Berman, J.W. (2009a). Tunneling nanotubes (TNT) are induced by HIV-
infection of macrophages: a potential mechanism for intercellular HIV trafficking. Cell Immunol 254,
142-148.

Eugenin, E.A., Gaskill, P.J., and Berman, J.W. (2009b). Tunneling nanotubes (TNT): A potential
mechanism for intercellular HIV trafficking. Commun Integr Biol 2, 243-244.

Evans, V.A., Lal, L., Akkina, R., Solomon, A., Wright, E., Lewin, S.R., and Cameron, P.U. (2011).
Thymic plasmacytoid dendritic cells are susceptible to productive HIV-1 infection and efficiently transfer

RS HIV-1 to thymocytes in vitro. Retrovirology &, 43.

Eyster, C.A., Cole, N.B., Petersen, S., Viswanathan, K., Fruh, K., and Donaldson, J.G. (2011). MARCH
ubiquitin ligases alter the itinerary of clathrin-independent cargo from recycling to degradation. Mol Biol
Cell 22, 3218-3230.

Fahey, J.L., Taylor, J.M., Detels, R., Hofmann, B., Melmed, R., Nishanian, P., and Giorgi, J.V. (1990).
The prognostic value of cellular and serologic markers in infection with human immunodeficiency virus
type 1. N Engl J Med 322, 166-172.

Farzan, M., Choe, H., Martin, K.A., Sun, Y., Sidelko, M., Mackay, C.R., Gerard, N.P., Sodroski, J., and
Gerard, C. (1997). HIV-1 entry and macrophage inflammatory protein-1beta-mediated signaling are
independent functions of the chemokine receptor CCRS. J Biol Chem 272, 6854-6857.

Farzan, M., Mirzabekov, T., Kolchinsky, P., Wyatt, R., Cayabyab, M., Gerard, N.P., Gerard, C., Sodroski,
J., and Choe, H. (1999). Tyrosine sulfation of the amino terminus of CCR5 facilitates HIV-1 entry. Cell
96, 667-676.

141



Fingerle, G., Pforte, A., Passlick, B., Blumenstein, M., Strobel, M., and Ziegler-Heitbrock, H.W. (1993).
The novel subset of CD14+/CD16+ blood monocytes is expanded in sepsis patients. Blood &2, 3170-
3176.

Firrito, C., Bertelli, C., Vanzo, T., Chande, A., and Pizzato, M. (2018). SERINCS5 as a New Restriction

Factor for Human Immunodeficiency Virus and Murine Leukemia Virus. Annu Rev Virol 5, 323-340.

Fischer-Smith, T., Bell, C., Croul, S., Lewis, M., and Rappaport, J. (2008). Monocyte/macrophage
trafficking in acquired immunodeficiency syndrome encephalitis: lessons from human and nonhuman

primate studies. J Neurovirol /4, 318-326.

Fischer-Smith, T., Croul, S., Sverstiuk, A.E., Capini, C., L'Heureux, D., Regulier, E.G., Richardson,
M.W., Amini, S., Morgello, S., Khalili, K., ef al. (2001). CNS invasion by CD14+/CD16+ peripheral
blood-derived monocytes in HIV dementia: perivascular accumulation and reservoir of HIV infection. J
Neurovirol 7, 528-541.

Fitzgerald-Bocarsly, P., Dai, J., and Singh, S. (2008). Plasmacytoid dendritic cells and type I IFN: 50
years of convergent history. Cytokine Growth Factor Rev 19, 3-19.

Flynn, J.K., Paukovics, G., Moore, M.S., Ellett, A., Gray, L.R., Duncan, R., Salimi, H., Jubb, B., Westby,
M., Purcell, D.F,, et al. (2013). The magnitude of HIV-1 resistance to the CCRS antagonist maraviroc
may impart a differential alteration in HIV-1 tropism for macrophages and T-cell subsets. Virology 442,
51-58.

Foda, M., Harada, S., and Maeda, Y. (2001). Role of V3 independent domains on a dualtropic human
immunodeficiency virus type 1 (HIV-1) envelope gp120 in CCRS5 coreceptor utilization and viral
infectivity. Microbiol Immunol 45, 521-530.

Fong, L., Mengozzi, M., Abbey, N.W., Herndier, B.G., and Engleman, E.G. (2002). Productive infection
of plasmacytoid dendritic cells with human immunodeficiency virus type 1 is triggered by CD40 ligation.
J Virol 76, 11033-11041.

Fouchier, R.A., Groenink, M., Kootstra, N.A., Tersmette, M., Huisman, H.G., Miedema, F., and
Schuitemaker, H. (1992). Phenotype-associated sequence variation in the third variable domain of the

human immunodeficiency virus type 1 gp120 molecule. J Virol 66, 3183-3187.

Foussat, A., Bouchet-Delbos, L., Berrebi, D., Durand-Gasselin, 1., Coulomb-L'Hermine, A., Krzysiek,
R., Galanaud, P.,, Levy, Y., and Emilie, D. (2001). Deregulation of the expression of the
fractalkine/fractalkine receptor complex in HIV-1-infected patients. Blood 98, 1678-1686.

Frank, 1., Stoiber, H., Godar, S., Stockinger, H., Steindl, F., Katinger, H.W., and Dierich, M.P. (1996).
Acquisition of host cell-surface-derived molecules by HIV-1. AIDS 70, 1611-1620.

Frankel, S.S., Wenig, B.M., Burke, A.P., Mannan, P., Thompson, L.D., Abbondanzo, S.L., Nelson, A.M.,

142



Pope, M., and Steinman, R.M. (1996). Replication of HIV-1 in dendritic cell-derived syncytia at the

mucosal surface of the adenoid. Science 272, 115-117.

Fribourgh, J.L., Nguyen, H.C., Matreyek, K.A., Alvarez, F.J.D., Summers, B.J., Dewdney, T.G., Aiken,
C., Zhang, P., Engelman, A., and Xiong, Y. (2014). Structural insight into HI'V-1 restriction by MxB. Cell
Host Microbe 16, 627-638.

Fugier-Vivier, 1., Servet-Delprat, C., Rivailler, P., Rissoan, M.C., Liu, Y.J., and Rabourdin-Combe, C.
(1997). Measles virus suppresses cell-mediated immunity by interfering with the survival and functions
of dendritic and T cells. J Exp Med 186, 813-823.

Funk, J.L., Feingold, K.R., Moser, A.H., and Grunfeld, C. (1993). Lipopolysaccharide stimulation of
RAW 264.7 macrophages induces lipid accumulation and foam cell formation. Atherosclerosis 98, 67-
82.

Gallo, R.C., and Montagnier, L. (2003). The discovery of HIV as the cause of AIDS. N Engl ] Med 349,
2283-2285.

Galloway, N.L., Doitsh, G., Monroe, K.M., Yang, Z., Munoz-Arias, 1., Levy, D.N., and Greene, W.C.
(2015). Cell-to-Cell Transmission of HIV-1 Is Required to Trigger Pyroptotic Death of Lymphoid-Tissue-
Derived CD4 T Cells. Cell Rep 12, 1555-1563.

Ganesh, L., Leung, K., Lore, K., Levin, R., Panet, A., Schwartz, O., Koup, R.A., and Nabel, G.J. (2004).
Infection of specific dendritic cells by CCR5-tropic human immunodeficiency virus type 1 promotes

cell-mediated transmission of virus resistant to broadly neutralizing antibodies. J Virol 78, 11980-11987.

Ganor, Y., Real, F., Sennepin, A., Dutertre, C.A., Prevedel, L., Xu, L., Tudor, D., Charmeteau, B.,
Couedel-Courteille, A., Marion, S., et al. (2019). HIV-1 reservoirs in urethral macrophages of patients

under suppressive antiretroviral therapy. Nat Microbiol.

Ganor, Y., Zhou, Z., Tudor, D., Schmitt, A., Vacher-Lavenu, M.C., Gibault, L., Thiounn, N., Tomasini,
J., Wolf, J.P., and Bomsel, M. (2010). Within 1 h, HIV-1 uses viral synapses to enter efficiently the inner,

but not outer, foreskin mucosa and engages Langerhans-T cell conjugates. Mucosal Immunol 3, 506-522.

Ganser-Pornillos, B.K., and Pornillos, O. (2019). Restriction of HIV-1 and other retroviruses by TRIMS.
Nat Rev Microbiol /7, 546-556.

Gao, F., Bailes, E., Robertson, D.L., Chen, Y., Rodenburg, C.M., Michael, S.F., Cummins, L.B., Arthur,
L.O., Peeters, M., Shaw, G.M., et al. (1999). Origin of HIV-1 in the chimpanzee Pan troglodytes
troglodytes. Nature 397, 436-441.

Garcia-Perez, J., Rueda, P., Staropoli, 1., Kellenberger, E., Alcami, J., Arenzana-Seisdedos, F., and
Lagane, B. (2011). New insights into the mechanisms whereby low molecular weight CCRS ligands
inhibit HIV-1 infection. J Biol Chem 286, 4978-4990.

143



Garcia-Perez, J., Sanchez-Palomino, S., Perez-Olmeda, M., Fernandez, B., and Alcami, J. (2007). A new
strategy based on recombinant viruses as a tool for assessing drug susceptibility of human

immunodeficiency virus type 1. J Med Virol 79, 127-137.

Garcia, E., Nikolic, D.S., and Piguet, V. (2008). HIV-1 replication in dendritic cells occurs through a

tetraspanin-containing compartment enriched in AP-3. Traffic 9, 200-214.

Garcia, E., Pion, M., Pelchen-Matthews, A., Collinson, L., Arrighi, J.F., Blot, G., Leuba, F., Escola, J.M.,
Demaurex, N., Marsh, M., ef al. (2005). HIV-1 trafficking to the dendritic cell-T-cell infectious synapse

uses a pathway of tetraspanin sorting to the immunological synapse. Traffic 6, 488-501.

Geijtenbeek, T.B., Kwon, D.S., Torensma, R., van Vliet, S.J., van Duijnhoven, G.C., Middel, J.,
Cornelissen, I.L., Nottet, H.S., KewalRamani, V.N., Littman, D.R., ef al. (2000). DC-SIGN, a dendritic
cell-specific HIV-1-binding protein that enhances trans-infection of T cells. Cell 100, 587-597.

Ghaffari, G., Tuttle, D.L., Briggs, D., Burkhardt, B.R., Bhatt, D., Andiman, W.A., Sleasman, J.W., and
Goodenow, M.M. (2005). Complex determinants in human immunodeficiency virus type 1 envelope
gp120 mediate CXCR4-dependent infection of macrophages. J Virol 79, 13250-13261.

Giese, S., and Marsh, M. (2014). Tetherin can restrict cell-free and cell-cell transmission of HIV from

primary macrophages to T cells. PLoS Pathog /0, €1004189.

Ginhoux, F., Greter, M., Leboeuf, M., Nandi, S., See, P., Gokhan, S., Mehler, M.F., Conway, S.J., Ng,
L.G., Stanley, E.R., et al. (2010). Fate mapping analysis reveals that adult microglia derive from primitive
macrophages. Science 330, 841-845.

Ginhoux, F., and Guilliams, M. (2016). Tissue-Resident Macrophage Ontogeny and Homeostasis.
Immunity 44, 439-449.

Ginhoux, F., and Jung, S. (2014). Monocytes and macrophages: developmental pathways and tissue
homeostasis. Nat Rev Immunol /4, 392-404.

Gohda, J., Ma, Y., Huang, Y., Zhang, Y., Gu, L., Han, Y., Li, T., Gao, B., Gao, G.F., Inoue, J., et al. (2015).

HIV-1 replicates in human osteoclasts and enhances their differentiation in vitro. Retrovirology 72, 12.

Gombos, R.B., Kolodkin-Gal, D., Eslamizar, L., Owuor, J.O., Mazzola, E., Gonzalez, A.M., Korioth-
Schmitz, B., Gelman, R.S., Montefiori, D.C., Haynes, B.F,, ef al. (2015). Inhibitory Effect of Individual
or Combinations of Broadly Neutralizing Antibodies and Antiviral Reagents against Cell-Free and Cell-
to-Cell HIV-1 Transmission. J Virol 89, 7813-7828.

Gomez Perdiguero, E., Klapproth, K., Schulz, C., Busch, K., Azzoni, E., Crozet, L., Garner, H., Trouillet,

C., de Bruijn, M.F., Geissmann, F., et al. (2015). Tissue-resident macrophages originate from yolk-sac-

derived erythro-myeloid progenitors. Nature 578, 547-551.

144



Goodenow, M.M., and Collman, R.G. (2006). HIV-1 coreceptor preference is distinct from target cell

tropism: a dual-parameter nomenclature to define viral phenotypes. J Leukoc Biol 80, 965-972.

Goodenow, M.M., Rose, S.L., Tuttle, D.L., and Sleasman, J.W. (2003). HIV-1 fitness and macrophages.
J Leukoc Biol 74, 657-666.

Gordon-Alonso, M., Yanez-Mo, M., Barreiro, O., Alvarez, S., Munoz-Fernandez, M.A., Valenzuela-
Fernandez, A., and Sanchez-Madrid, F. (2006). Tetraspanins CD9 and CD81 modulate HIV-1-induced

membrane fusion. J Immunol /77, 5129-5137.

Gordon, S. (2003). Alternative activation of macrophages. Nat Rev Immunol 3, 23-35.

Gordon, S., and Martinez, F.O. (2010). Alternative activation of macrophages: mechanism and functions.
Immunity 32, 593-604.

Gordon, S., and Pluddemann, A. (2018). Macrophage Clearance of Apoptotic Cells: A Critical

Assessment. Front Immunol 9, 127.

Gordon, S., and Taylor, P.R. (2005). Monocyte and macrophage heterogeneity. Nat Rev Immunol 5, 953-
964.

Gorry, P.R., Bristol, G., Zack, J.A., Ritola, K., Swanstrom, R., Birch, C.J., Bell, J.E., Bannert, N.,
Crawford, K., Wang, H., ef al. (2001). Macrophage tropism of human immunodeficiency virus type 1
isolates from brain and lymphoid tissues predicts neurotropism independent of coreceptor specificity. J
Virol 75, 10073-10089.

Gorry, P.R., Churchill, M., Crowe, S.M., Cunningham, A.L., and Gabuzda, D. (2005). Pathogenesis of
macrophage tropic HIV-1. Curr HIV Res 3, 53-60.

Gorry, P.R., Dunfee, R.L., Mefford, M.E., Kunstman, K., Morgan, T., Moore, J.P., Mascola, J.R., Agopian,
K., Holm, G.H., Mehle, A., et al. (2007). Changes in the V3 region of gp120 contribute to unusually
broad coreceptor usage of an HIV-1 isolate from a CCRS Delta32 heterozygote. Virology 362, 163-178.

Gorry, P.R., Francella, N., Lewin, S.R., and Collman, R.G. (2014). HIV-1 envelope-receptor interactions
required for macrophage infection and implications for current HIV-1 cure strategies. J Leukoc Biol 95,
71-81.

Gorry, P.R., Taylor, J., Holm, G.H., Mehle, A., Morgan, T., Cayabyab, M., Farzan, M., Wang, H., Bell,
J.E., Kunstman, K., et al. (2002). Increased CCRS affinity and reduced CCR5/CD4 dependence of a

neurovirulent primary human immunodeficiency virus type 1 isolate. J Virol 76, 6277-6292.

Gosling, J., Monteclaro, F.S., Atchison, R.E., Arai, H., Tsou, C.L., Goldsmith, M.A., and Charo, L.F.
(1997). Molecular uncoupling of C-C chemokine receptor 5-induced chemotaxis and signal transduction
from HIV-1 coreceptor activity. Proc Natl Acad Sci U S A 94, 5061-5066.

145



Gosselin, A., Monteiro, P., Chomont, N., Diaz-Griffero, F., Said, E.A., Fonseca, S., Wacleche, V., El-Far,
M., Boulassel, M.R., Routy, J.P, et al (2010). Peripheral blood CCR4+CCR6+ and
CXCR3+CCR6+CD4+ T cells are highly permissive to HIV-1 infection. J Immunol /84, 1604-1616.

Goswami, R., Arya, R., Biswas, D., Zhu, X., and Rahaman, S.O. (2019). Transient Receptor Potential
Vanilloid 4 Is Required for Foreign Body Response and Giant Cell Formation. Am J Pathol.

Goto, E., Ishido, S., Sato, Y., Ohgimoto, S., Ohgimoto, K., Nagano-Fujii, M., and Hotta, H. (2003). c-
MIR, a human E3 ubiquitin ligase, is a functional homolog of herpesvirus proteins MIR1 and MIR2 and
has similar activity. J Biol Chem 278, 14657-14668.

Goujon, C., Moncorge, O., Bauby, H., Doyle, T., Ward, C.C., Schaller, T., Hue, S., Barclay, W.S., Schulz,
R., and Malim, M.H. (2013). Human MX2 is an interferon-induced post-entry inhibitor of HIV-1
infection. Nature 502, 559-562.

Gousset, K., and Zurzolo, C. (2009). Tunnelling nanotubes: a highway for prion spreading? Prion 3, 94-
98.

Gramberg, T., Kahle, T., Bloch, N., Wittmann, S., Mullers, E., Daddacha, W., Hofmann, H., Kim, B.,
Lindemann, D., and Landau, N.R. (2013). Restriction of diverse retroviruses by SAMHDI.
Retrovirology 10, 26.

Granelli-Piperno, A., Delgado, E., Finkel, V., Paxton, W., and Steinman, R.M. (1998). Immature
dendritic cells selectively replicate macrophagetropic (M-tropic) human immunodeficiency virus type 1,
while mature cells efficiently transmit both M- and T-tropic virus to T cells. J Virol 72, 2733-2737.

Granelli-Piperno, A., Pope, M., Inaba, K., and Steinman, R.M. (1995). Coexpression of NF-kappa B/Rel
and Sp1 transcription factors in human immunodeficiency virus 1-induced, dendritic cell-T-cell syncytia.
Proc Natl Acad Sci U S A 92, 10944-10948.

Gray, L., Churchill, M.J., Keane, N., Sterjovski, J., Ellett, A.M., Purcell, D.F., Poumbourios, P., Kol, C.,
Wang, B., Saksena, N.K. et al (2006). Genetic and functional analysis of R5X4 human
immunodeficiency virus type 1 envelope glycoproteins derived from two individuals homozygous for
the CCR5delta32 allele. J Virol 80, 3684-3691.

Gray, L., Roche, M., Churchill, M.J., Sterjovski, J., Ellett, A., Poumbourios, P., Sherieff, S., Wang, B.,
Saksena, N., Purcell, D.F, et al. (2009). Tissue-specific sequence alterations in the human

immunodeficiency virus type 1 envelope favoring CCRS5 usage contribute to persistence of dual-tropic
virus in the brain. J Virol 83, 5430-5441.

Gray, L., Sterjovski, J., Churchill, M., Ellery, P., Nasr, N., Lewin, S.R., Crowe, S.M., Wesselingh, S.L.,
Cunningham, A.L., and Gorry, P.R. (2005). Uncoupling coreceptor usage of human immunodeficiency
virus type 1 (HIV-1) from macrophage tropism reveals biological properties of CCR5-restricted HIV-1

isolates from patients with acquired immunodeficiency syndrome. Virology 337, 384-398.

146



Gray, L.R., Brew, B.J., and Churchill, M.J. (2016). Strategies to target HIV-1 in the central nervous
system. Curr Opin HIV AIDS /7, 371-375.

Greenberg, M.E., Sun, M., Zhang, R., Febbraio, M., Silverstein, R., and Hazen, S.L. (2006). Oxidized
phosphatidylserine-CD36 interactions play an essential role in macrophage-dependent phagocytosis of
apoptotic cells. J Exp Med 203, 2613-2625.

Greenhead, P., Hayes, P., Watts, P.S., Laing, K.G., Griffin, G.E., and Shattock, R.J. (2000). Parameters
of human immunodeficiency virus infection of human cervical tissue and inhibition by vaginal virucides.
J Virol 74, 5577-5586.

Groenink, M., Moore, J.P., Broersen, S., and Schuitemaker, H. (1995). Equal levels of gp120 retention
and neutralization resistance of phenotypically distinct primary human immunodeficiency virus type 1
variants upon soluble CD4 treatment. J Virol 69, 523-527.

Groot, F., van Capel, T.M., Kapsenberg, M.L., Berkhout, B., and de Jong, E.C. (2006). Opposing roles
of blood myeloid and plasmacytoid dendritic cells in HIV-1 infection of T cells: transmission facilitation
versus replication inhibition. Blood 708, 1957-1964.

Guillen-Navarro, E., Ballesta-Martinez, M.J., Valencia, M., Bueno, A.M., Martinez-Glez, V., Lopez-
Gonzalez, V., Burnyte, B., Utkus, A., Lapunzina, P., and Ruiz-Perez, V.L. (2014). Two mutations in
IFITMS causing distinct forms of osteogenesis imperfecta. Am J Med Genet A 1644, 1136-1142.

Guilliams, M., Dutertre, C.A., Scott, C.L., McGovern, N., Sichien, D., Chakarov, S., Van Gassen, S.,
Chen, J., Poidinger, M., De Prijck, S., et al. (2016). Unsupervised High-Dimensional Analysis Aligns
Dendritic Cells across Tissues and Species. Immunity 45, 669-684.

Guilliams, M., Ginhoux, F., Jakubzick, C., Naik, S.H., Onai, N., Schraml, B.U., Segura, E., Tussiwand,
R., and Yona, S. (2014). Dendritic cells, monocytes and macrophages: a unified nomenclature based on

ontogeny. Nat Rev Immunol /4, 571-578.

Gummuluru, S., Pina Ramirez, N.G., and Akiyama, H. (2014). CD169-dependent cell-associated HIV-1

transmission: a driver of virus dissemination. J Infect Dis 210 Supp! 3, S641-647.

Gupta, P., Balachandran, R., Ho, M., Enrico, A., and Rinaldo, C. (1989). Cell-to-cell transmission of
human immunodeficiency virus type 1 in the presence of azidothymidine and neutralizing antibody. J
Virol 63, 2361-2365.

Haaland, R.E., Hawkins, P.A., Salazar-Gonzalez, J., Johnson, A., Tichacek, A., Karita, E., Manigart, O.,
Mulenga, J., Keele, B.F., Shaw, G.M., et al. (2009). Inflammatory genital infections mitigate a severe
genetic bottleneck in heterosexual transmission of subtype A and C HIV-1. PLoS Pathog 5, €¢1000274.

Haase, A.T. (2005). Perils at mucosal front lines for HIV and SIV and their hosts. Nat Rev Immunol 5,
783-792.

147



Haase, A.T. (2010). Targeting early infection to prevent HIV-1 mucosal transmission. Nature 464, 217-
223.

Hanagata, N. (2016). IFITM5 mutations and osteogenesis imperfecta. ] Bone Miner Metab 34, 123-131.
Hanayama, R., Tanaka, M., Miwa, K., Shinohara, A., Iwamatsu, A., and Nagata, S. (2002). Identification
of a factor that links apoptotic cells to phagocytes. Nature 477, 182-187.

Haniffa, M., Collin, M., and Ginhoux, F. (2013). Ontogeny and functional specialization of dendritic

cells in human and mouse. Adv Immunol 720, 1-49.

Haniffa, M., Shin, A., Bigley, V., McGovern, N., Teo, P., See, P., Wasan, P.S., Wang, X.N., Malinarich,
F., Malleret, B., et al. (2012). Human tissues contain CD141hi cross-presenting dendritic cells with
functional homology to mouse CD103+ nonlymphoid dendritic cells. Immunity 37, 60-73.

Hansmann, A., Schim van der Loeff, M.F., Kaye, S., Awasana, A.A., Sarge-Njie, R., O'Donovan, D.,
Ariyoshi, K., Alabi, A., Milligan, P., and Whittle, H.C. (2005). Baseline plasma viral load and CD4 cell
percentage predict survival in HIV-1- and HIV-2-infected women in a community-based cohort in The
Gambia. J Acquir Immune Defic Syndr 38, 335-341.

Harbison, C., Zhuang, K., Gettie, A., Blanchard, J., Knight, H., Didier, P., Cheng-Mayer, C., and
Westmoreland, S. (2014). Giant cell encephalitis and microglial infection with mucosally transmitted

simian-human immunodeficiency virus SHIVSF162P3N in rhesus macaques. J Neurovirol 20, 62-72.

Harris, R.S., Petersen-Mahrt, S.K., and Neuberger, M.S. (2002). RNA editing enzyme APOBECI1 and
some of its homologs can act as DNA mutators. Mol Cell 10, 1247-1253.

Hartley, O., Klasse, P.J., Sattentau, Q.J., and Moore, J.P. (2005). V3: HIV's switch-hitter. AIDS Res Hum
Retroviruses 27, 171-189.

Hase, K., Kimura, S., Takatsu, H., Ohmae, M., Kawano, S., Kitamura, H., Ito, M., Watarai, H., Hazelett,
C.C., Yeaman, C., et al. (2009). M-Sec promotes membrane nanotube formation by interacting with Ral
and the exocyst complex. Nat Cell Biol /1, 1427-1432.

Hashimoto, M., Bhuyan, F., Hiyoshi, M., Noyori, O., Nasser, H., Miyazaki, M., Saito, T., Kondoh, Y.,
Osada, H., Kimura, S., ef al. (2016). Potential Role of the Formation of Tunneling Nanotubes in HIV-1
Spread in Macrophages. J Immunol /96, 1832-1841.

He, J., Chen, Y., Farzan, M., Choe, H., Ohagen, A., Gartner, S., Busciglio, J., Yang, X., Hofmann, W.,
Newman, W., ef al. (1997). CCR3 and CCRS5 are co-receptors for HIV-1 infection of microglia. Nature

385, 645-649.

Helming, L., and Gordon, S. (2009). Molecular mediators of macrophage fusion. Trends Cell Biol /9,
514-522.

148



Helming, L., Tomasello, E., Kyriakides, T.R., Martinez, F.O., Takai, T., Gordon, S., and Vivier, E. (2008).
Essential role of DAP12 signaling in macrophage programming into a fusion-competent state. Sci Signal
1,rall.

Helming, L., Winter, J., and Gordon, S. (2009). The scavenger receptor CD36 plays a role in cytokine-
induced macrophage fusion. J Cell Sci 122, 453-459.

Hemelaar, J. (2012). The origin and diversity of the HIV-1 pandemic. Trends Mol Med /8, 182-192.

Hemelaar, J., Gouws, E., Ghys, P.D., and Osmanov, S. (2006). Global and regional distribution of HIV-
1 genetic subtypes and recombinants in 2004. AIDS 20, W13-23.

Henry, M., Uthman, A., Ballaun, C., Stingl, G., and Tschachler, E. (1994). Epidermal langerhans cells of
AIDS patients express HIV-1 regulatory and structural genes. J Invest Dermatol /03, 593-596.

Henson, P.M. (2017). Cell Removal: Efferocytosis. Annu Rev Cell Dev Biol 33, 127-144.

Herate, C., Vigne, C., Guenzel, C.A., Lambele, M., Rouyez, M.C., and Benichou, S. (2016). Uracil DNA
glycosylase interacts with the p32 subunit of the replication protein A complex to modulate HIV-1 reverse

transcription for optimal virus dissemination. Retrovirology /3, 26.

Herbeck, J.T., Nickle, D.C., Learn, G.H., Gottlieb, G.S., Curlin, M.E., Heath, L., and Mullins, J.I. (2006).
Human immunodeficiency virus type 1 env evolves toward ancestral states upon transmission to a new
host. J Virol 80, 1637-1644.

Herbein, G., and Khan, K.A. (2008). Is HIV infection a TNF receptor signalling-driven disease? Trends
Immunol 29, 61-67.

Herbein, G., and Varin, A. (2010). The macrophage in HIV-1 infection: from activation to deactivation?

Retrovirology 7, 33.

Hernandez-Pando, R., Bornstein, Q.L., Aguilar Leon, D., Orozco, E.H., Madrigal, V.K., and Martinez
Cordero, E. (2000). Inflammatory cytokine production by immunological and foreign body
multinucleated giant cells. Immunology /00, 352-358.

Hertoghs, N., van der Aar, A.M., Setiawan, L.C., Kootstra, N.A., Gringhuis, S.I., and Geijtenbeek, T.B.
(2015). SAMHDI1 degradation enhances active suppression of dendritic cell maturation by HIV-1. J
Immunol 794, 4431-4437.

Hioe, C.E., Chien, P.C., Jr., Lu, C., Springer, T.A., Wang, X.H., Bandres, J., and Tuen, M. (2001). LFA-
1 expression on target cells promotes human immunodeficiency virus type 1 infection and transmission.
J Virol 75, 1077-1082.

Hioe, C.E., Tuen, M., Vasiliver-Shamis, G., Alvarez, Y., Prins, K.C., Banerjee, S., Nadas, A., Cho, M.W.,

149



Dustin, M.L., and Kachlany, S.C. (2011). HIV envelope gp120 activates LFA-1 on CD4 T-lymphocytes
and increases cell susceptibility to LFA-1-targeting leukotoxin (LtxA). PLoS One 6, €23202.

Hladik, F., and McElrath, M.J. (2008). Setting the stage: host invasion by HIV. Nat Rev Immunol 8, 447-
457.

Hladik, F., Sakchalathorn, P., Ballweber, L., Lentz, G., Fialkow, M., Eschenbach, D., and McElrath, M.J.
(2007). Initial events in establishing vaginal entry and infection by human immunodeficiency virus type-
1. Immunity 26, 257-270.

Ho Tsong Fang, R., Colantonio, A.D., and Uittenbogaart, C.H. (2008). The role of the thymus in HIV
infection: a 10 year perspective. AIDS 22, 171-184.

Hoffman, T.L., and Doms, R.W. (1999). HIV-1 envelope determinants for cell tropism and chemokine
receptor use. Mol Membr Biol 16, 57-65.

Hofmann-Lehmann, R., Vlasak, J., Chenine, A.L., Li, P.L., Baba, T.W., Montefiori, D.C., McClure, H.M.,
Anderson, D.C., and Ruprecht, R.M. (2002). Molecular evolution of human immunodeficiency virus env

in humans and monkeys: similar patterns occur during natural disease progression or rapid virus passage.

J Virol 76, 5278-5284.

Hollenbaugh, J.A., Gee, P., Baker, J., Daly, M.B., Amie, S.M., Tate, J., Kasai, N., Kanemura, Y., Kim,
D.H., Ward, B.M,, et al. (2013). Host factor SAMHDI1 restricts DNA viruses in non-dividing myeloid
cells. PLoS Pathog 9, e1003481.

Holmgren, B., da Silva, Z., Vastrup, P., Larsen, O., Andersson, S., Ravn, H., and Aaby, P. (2007).
Mortality associated with HIV-1, HIV-2, and HTLV-I single and dual infections in a middle-aged and

older population in Guinea-Bissau. Retrovirology 4, 85.

Holzinger, A. (2009). Jasplakinolide: an actin-specific reagent that promotes actin polymerization.
Methods Mol Biol 586, 71-87.

Honeycutt, J.B., Wahl, A., Baker, C., Spagnuolo, R.A., Foster, J., Zakharova, O., Wietgrefe, S., Caro-
Vegas, C., Madden, V., Sharpe, G., et al. (2016). Macrophages sustain HIV replication in vivo
independently of T cells. J Clin Invest /26, 1353-1366.

Howell, D.M., Feldman, S.B., Kloser, P., and Fitzgerald-Bocarsly, P. (1994). Decreased frequency of
functional natural interferon-producing cells in peripheral blood of patients with the acquired immune

deficiency syndrome. Clin Immunol Immunopathol 77, 223-230.
Hrecka, K., Hao, C., Gierszewska, M., Swanson, S.K., Kesik-Brodacka, M., Srivastava, S., Florens, L.,

Washburn, M.P., and Skowronski, J. (2011). Vpx relieves inhibition of HIV-1 infection of macrophages
mediated by the SAMHD1 protein. Nature 474, 658-661.

150



Hu, J., Gardner, M.B., and Miller, C.J. (2000). Simian immunodeficiency virus rapidly penetrates the
cervicovaginal mucosa after intravaginal inoculation and infects intraepithelial dendritic cells. J Virol 74,
6087-6095.

Huang, C.C., Tang, M., Zhang, M.Y., Majeed, S., Montabana, E., Stanfield, R.L., Dimitrov, D.S., Korber,
B., Sodroski, J., Wilson, I.A,, et al. (2005). Structure of a V3-containing HIV-1 gp120 core. Science 310,
1025-1028.

Huang, W., Eshleman, S.H., Toma, J., Fransen, S., Stawiski, E., Paxinos, E.E., Whitcomb, J.M., Young,
A.M., Donnell, D., Mmiro, F., et al. (2007). Coreceptor tropism in human immunodeficiency virus type
1 subtype D: high prevalence of CXCR4 tropism and heterogeneous composition of viral populations. J
Virol 81, 7885-7893.

Huang, Y., Paxton, W.A., Wolinsky, S.M., Neumann, A.U., Zhang, L., He, T., Kang, S., Ceradini, D., Jin,
Z., Yazdanbakhsh, K., et al. (1996). The role of a mutant CCRS5 allele in HIV-1 transmission and disease
progression. Nat Med 2, 1240-1243.

Hubner, W., McNerney, G.P., Chen, P., Dale, B.M., Gordon, R.E., Chuang, F.Y., Li, X.D., Asmuth, D.M.,
Huser, T., and Chen, B.K. (2009). Quantitative 3D video microscopy of HIV transfer across T cell
virological synapses. Science 323, 1743-1747.

Humphrey, M.B., Ogasawara, K., Yao, W., Spusta, S.C., Daws, M.R., Lane, N.E., Lanier, L.L., and
Nakamura, M.C. (2004). The signaling adapter protein DAP12 regulates multinucleation during
osteoclast development. J Bone Miner Res 79, 224-234.

Hung, C.S., Pontow, S., and Ratner, L. (1999a). Relationship between productive HIV-1 infection of
macrophages and CCRS utilization. Virology 264, 278-288.

Hung, C.S., Vander Heyden, N., and Ratner, L. (1999b). Analysis of the critical domain in the V3 loop
of human immunodeficiency virus type 1 gp120 involved in CCRS utilization. J Virol 73, 8216-8226.

Hunger, R.E., Sieling, P.A., Ochoa, M.T., Sugaya, M., Burdick, A.E., Rea, T.H., Brennan, P.J., Belisle,
J.T., Blauvelt, A., Porcelli, S.A., ef al. (2004). Langerhans cells utilize CD1a and langerin to efficiently
present nonpeptide antigens to T cells. J Clin Invest /73, 701-708.

Hunt, P.W., Harrigan, P.R., Huang, W., Bates, M., Williamson, D.W., McCune, J.M., Price, R.W., Spudich,
S.S., Lampiris, H., Hoh, R., ef al. (2006). Prevalence of CXCR4 tropism among antiretroviral-treated
HIV-1-infected patients with detectable viremia. J Infect Dis 794, 926-930.

Huppa, J.B., and Davis, M.M. (2003). T-cell-antigen recognition and the immunological synapse. Nat
Rev Immunol 3, 973-983.

Hwang, S.S., Boyle, T.J., Lyerly, H.K., and Cullen, B.R. (1991). Identification of the envelope V3 loop
as the primary determinant of cell tropism in HIV-1. Science 253, 71-74.

151



Igakura, T., Stinchcombe, J.C., Goon, P.K., Taylor, G.P., Weber, J.N., Griffiths, G.M., Tanaka, Y., Osame,
M., and Bangham, C.R. (2003). Spread of HTLV-I between lymphocytes by virus-induced polarization
of the cytoskeleton. Science 299, 1713-1716.

Igarashi, T., Brown, C.R., Endo, Y., Buckler-White, A., Plishka, R., Bischofberger, N., Hirsch, V., and
Martin, M.A. (2001). Macrophage are the principal reservoir and sustain high virus loads in rhesus
macaques after the depletion of CD4+ T cells by a highly pathogenic simian immunodeficiency
virus/HIV type 1 chimera (SHIV): Implications for HIV-1 infections of humans. Proc Natl Acad Sci U S
A 98, 658-663.

Inuzuka, M., Hayakawa, M., and Ingi, T. (2005). Serinc, an activity-regulated protein family,
incorporates serine into membrane lipid synthesis. J Biol Chem 280, 35776-35783.

Ishido, S., Wang, C., Lee, B.S., Cohen, G.B., and Jung, J.U. (2000). Downregulation of major
histocompatibility complex class I molecules by Kaposi's sarcoma-associated herpesvirus K3 and K5
proteins. J Virol 74, 5300-5309.

Iwami, S., Takeuchi, J.S., Nakaoka, S., Mammano, F., Clavel, F., Inaba, H., Kobayashi, T., Misawa, N.,
Aihara, K., Koyanagi, Y., et al. (2015). Cell-to-cell infection by HIV contributes over half of virus
infection. Elife 4.

Izquierdo-Useros, N., Blanco, J., Erkizia, 1., Fernandez-Figueras, M.T., Borras, F.E., Naranjo-Gomez,
M., Bofill, M., Ruiz, L., Clotet, B., and Martinez-Picado, J. (2007). Maturation of blood-derived dendritic

cells enhances human immunodeficiency virus type 1 capture and transmission. J Virol 81, 7559-7570.

Izquierdo-Useros, N., Lorizate, M., Contreras, F.X., Rodriguez-Plata, M.T., Glass, B., Erkizia, I., Prado,
J.G., Casas, J., Fabrias, G., Krausslich, H.G., et al. (2012a). Sialyllactose in viral membrane gangliosides
is a novel molecular recognition pattern for mature dendritic cell capture of HIV-1. PLoS Biol 70,
el001315.

Izquierdo-Useros, N., Lorizate, M., McLaren, P.J., Telenti, A., Krausslich, H.G., and Martinez-Picado, J.
(2014). HIV-1 capture and transmission by dendritic cells: the role of viral glycolipids and the cellular
receptor Siglec-1. PLoS Pathog /0, e1004146.

Izquierdo-Useros, N., Lorizate, M., Puertas, M.C., Rodriguez-Plata, M.T., Zangger, N., Erikson, E., Pino,
M., Erkizia, 1., Glass, B., Clotet, B., et al. (2012b). Siglec-1 is a novel dendritic cell receptor that mediates
HIV-1 trans-infection through recognition of viral membrane gangliosides. PLoS Biol 70, e1001448.

Izquierdo-Useros, N., Naranjo-Gomez, M., Archer, J., Hatch, S.C., Erkizia, 1., Blanco, J., Borras, F.E.,
Puertas, M.C., Connor, J.H., Fernandez-Figueras, M.T., et al. (2009). Capture and transfer of HIV-1
particles by mature dendritic cells converges with the exosome-dissemination pathway. Blood 113, 2732-
2741.

Izquierdo-Useros, N., Naranjo-Gomez, M., Erkizia, 1., Puertas, M.C., Borras, F.E., Blanco, J., and

152



Martinez-Picado, J. (2010). HIV and mature dendritic cells: Trojan exosomes riding the Trojan horse?
PLoS Pathog 6, ¢1000740.

Jacome-Galarza, C.E., Percin, G.I., Muller, J.T., Mass, E., Lazarov, T., Eitler, J., Rauner, M., Yadav, V.K.,
Crozet, L., Bohm, M., et al. (2019). Developmental origin, functional maintenance and genetic rescue of
osteoclasts. Nature 568, 541-545.

Jakubzick, C.V., Randolph, G.J., and Henson, P.M. (2017). Monocyte differentiation and antigen-
presenting functions. Nat Rev Immunol 77, 349-362.

Jaworowski, A., Kamwendo, D.D., Ellery, P., Sonza, S., Mwapasa, V., Tadesse, E., Molyneux, M.E.,
Rogerson, S.J., Meshnick, S.R., and Crowe, S.M. (2007). CD16+ monocyte subset preferentially harbors
HIV-1 and is expanded in pregnant Malawian women with Plasmodium falciparum malaria and HIV-1
infection. J Infect Dis 196, 38-42.

Jay, S.M., Skokos, E., Laiwalla, F., Krady, M.M., and Kyriakides, T.R. (2007). Foreign body giant cell
formation is preceded by lamellipodia formation and can be attenuated by inhibition of Racl activation.
Am J Pathol 171, 632-640.

Jensen, M.A., Li, ES., van 't Wout, A.B., Nickle, D.C., Shriner, D., He, H.X., McLaughlin, S.,
Shankarappa, R., Margolick, J.B., and Mullins, J.I. (2003). Improved coreceptor usage prediction and
genotypic monitoring of R5-to-X4 transition by motif analysis of human immunodeficiency virus type 1
env V3 loop sequences. J Virol 77, 13376-13388.

Jia, B., Serra-Moreno, R., Neidermyer, W., Rahmberg, A., Mackey, J., Fofana, 1.B., Johnson, W.E.,
Westmoreland, S., and Evans, D.T. (2009). Species-specific activity of SIV Nef and HIV-1 Vpu in
overcoming restriction by tetherin/BST2. PLoS Pathog 5, ¢1000429.

Jimenez-Baranda, S., Gomez-Mouton, C., Rojas, A., Martinez-Prats, L., Mira, E., Ana Lacalle, R.,
Valencia, A., Dimitrov, D.S., Viola, A., Delgado, R., et al. (2007). Filamin-A regulates actin-dependent
clustering of HIV receptors. Nat Cell Biol 9, 838-846.

Jinno, A., Shimizu, N., Soda, Y., Haraguchi, Y., Kitamura, T., and Hoshino, H. (1998). Identification of
the chemokine receptor TER1/CCR8 expressed in brain-derived cells and T cells as a new coreceptor for
HIV-1 infection. Biochem Biophys Res Commun 243, 497-502.

Joag, S.V., Li, Z., Foresman, L., Pinson, D.M., Raghavan, R., Zhuge, W., Adany, 1., Wang, C., Jia, F.,
Sheffer, D., et al. (1997). Characterization of the pathogenic KU-SHIV model of acquired

immunodeficiency syndrome in macaques. AIDS Res Hum Retroviruses /3, 635-645.
Joag, V.R., McKinnon, L.R., Liu, J., Kidane, S.T., Yudin, M.H., Nyanga, B., Kimwaki, S., Besel, K.E.,

Obila, J.O., Huibner, S., et al. (2016). Identification of preferential CD4+ T-cell targets for HIV infection

in the cervix. Mucosal Immunol 9, 1-12.

153



Johnston, E.R., Zijenah, L.S., Mutetwa, S., Kantor, R., Kittinunvorakoon, C., and Katzenstein, D.A.
(2003). High frequency of syncytium-inducing and CXCR4-tropic viruses among human
immunodeficiency virus type 1 subtype C-infected patients receiving antiretroviral treatment. J Virol 77,
7682-7688.

Johnston, S.H., Lobritz, M.A., Nguyen, S., Lassen, K., Delair, S., Posta, F., Bryson, Y.J., Arts, E.J., Chou,
T., and Lee, B. (2009). A quantitative affinity-profiling system that reveals distinct CD4/CCRS5 usage
patterns among human immunodeficiency virus type 1 and simian immunodeficiency virus strains. J
Virol 83, 11016-11026.

Jolly, C., Booth, N.J., and Neil, S.J. (2010). Cell-cell spread of human immunodeficiency virus type 1
overcomes tetherin/BST-2-mediated restriction in T cells. J Virol 84, 12185-12199.

Jolly, C., Kashefi, K., Hollinshead, M., and Sattentau, Q.J. (2004). HIV-1 cell to cell transfer across an
Env-induced, actin-dependent synapse. J Exp Med 799, 283-293.

Jolly, C., Mitar, 1., and Sattentau, Q.J. (2007a). Adhesion molecule interactions facilitate human
immunodeficiency virus type 1-induced virological synapse formation between T cells. J Virol 81,
13916-13921.

Jolly, C., Mitar, 1., and Sattentau, Q.J. (2007b). Requirement for an intact T-cell actin and tubulin
cytoskeleton for efficient assembly and spread of human immunodeficiency virus type 1. J Virol 81,
5547-5560.

Jolly, C., and Sattentau, Q.J. (2004). Retroviral spread by induction of virological synapses. Traffic 5,
643-650.

Jolly, C., and Sattentau, Q.J. (2005). Human immunodeficiency virus type 1 virological synapse

formation in T cells requires lipid raft integrity. J Virol 79, 12088-12094.

Jolly, C., and Sattentau, Q.J. (2007). Human immunodeficiency virus type 1 assembly, budding, and cell-
cell spread in T cells take place in tetraspanin-enriched plasma membrane domains. J Virol 81, 7873-
7884.

Jongbloed, S.L., Kassianos, A.J., McDonald, K.J., Clark, G.J., Ju, X., Angel, C.E., Chen, C.J., Dunbar,
P.R., Wadley, R.B., Jeet, V., et al. (2010). Human CD141+ (BDCA-3)+ dendritic cells (DCs) represent a
unique myeloid DC subset that cross-presents necrotic cell antigens. J Exp Med 207, 1247-1260.

Joseph, S.B., Arrildt, K.T., Swanstrom, A.E., Schnell, G., Lee, B., Hoxie, J.A., and Swanstrom, R. (2014).
Quantification of entry phenotypes of macrophage-tropic HIV-1 across a wide range of CD4 densities. J
Virol 88, 1858-18609.

Joseph, S.B., and Swanstrom, R. (2018). The evolution of HIV-1 entry phenotypes as a guide to changing
target cells. J Leukoc Biol /03, 421-431.

154



Joseph, S.B., Swanstrom, R., Kashuba, A.D., and Cohen, M.S. (2015). Bottlenecks in HIV-1 transmission:
insights from the study of founder viruses. Nat Rev Microbiol /3, 414-425.

Juno, J.A., and Fowke, K.R. (2010). Clarifying the role of G protein signaling in HIV infection: new
approaches to an old question. AIDS Rev 12, 164-176.

Kadiu, I., and Gendelman, H.E. (2011a). Human immunodeficiency virus type 1 endocytic trafficking
through macrophage bridging conduits facilitates spread of infection. ] Neuroimmune Pharmacol 6, 658-
675.

Kadiu, I., and Gendelman, H.E. (2011b). Macrophage bridging conduit trafficking of HIV-1 through the
endoplasmic reticulum and Golgi network. J Proteome Res /0, 3225-3238.

Kaifu, T., Nakahara, J., Inui, M., Mishima, K., Momiyama, T., Kaji, M., Sugahara, A., Koito, H., Ujike-
Asai, A., Nakamura, A., et al. (2003). Osteopetrosis and thalamic hypomyelinosis with synaptic
degeneration in DAP12-deficient mice. J Clin Invest /71, 323-332.

Kanitakis, J., Morelon, E., Petruzzo, P., Badet, L., and Dubernard, J.M. (2011). Self-renewal capacity of
human epidermal Langerhans cells: observations made on a composite tissue allograft. Exp Dermatol 20,
145-146.

Kanitakis, J., Petruzzo, P., and Dubernard, J.M. (2004). Turnover of epidermal Langerhans' cells. N Engl
JMed 351, 2661-2662.

Kanki, PJ., Travers, K.U., S, M.B., Hsieh, C.C., Marlink, R.G., Gueye, N.A., Siby, T., Thior, I.,
Hernandez-Avila, M., Sankale, J.L., et al. (1994). Slower heterosexual spread of HIV-2 than HIV-1.
Lancet 343, 943-946.

Kapsenberg, M.L. (2003). Dendritic-cell control of pathogen-driven T-cell polarization. Nat Rev
Immunol 3, 984-993.

Kawamura, T., Cohen, S.S., Borris, D.L., Aquilino, E.A., Glushakova, S., Margolis, L.B., Orenstein,
J.M., Offord, R.E., Neurath, A.R., and Blauvelt, A. (2000). Candidate microbicides block HIV-1
infection of human immature Langerhans cells within epithelial tissue explants. J Exp Med 7192, 1491-
1500.

Kawamura, T., Gulden, F.O., Sugaya, M., McNamara, D.T., Borris, D.L., Lederman, M.M., Orenstein,
J.M., Zimmerman, P.A., and Blauvelt, A. (2003). R5 HIV productively infects Langerhans cells, and
infection levels are regulated by compound CCRS5 polymorphisms. Proc Natl Acad Sci U S A 7100, 8401-
8406.

Kawamura, T., Koyanagi, Y., Nakamura, Y., Ogawa, Y., Yamashita, A., Iwamoto, T., Ito, M., Blauvelt,
A., and Shimada, S. (2008). Significant virus replication in Langerhans cells following application of

HIV to abraded skin: relevance to occupational transmission of HIV. J Immunol /80, 3297-3304.

155



Kawamura, T., Qualbani, M., Thomas, E.K., Orenstein, J.M., and Blauvelt, A. (2001). Low levels of
productive HIV infection in Langerhans cell-like dendritic cells differentiated in the presence of TGF-

betal and increased viral replication with CD40 ligand-induced maturation. Eur J Immunol 37, 360-368.

Kedzierska, K., and Crowe, S.M. (2001). Cytokines and HIV-1: interactions and clinical implications.
Antivir Chem Chemother /2, 133-150.

Keele, B.F., Giorgi, E.E., Salazar-Gonzalez, J.F., Decker, J.M., Pham, K.T., Salazar, M.G., Sun, C.,
Grayson, T., Wang, S., Li, H., ef al. (2008). Identification and characterization of transmitted and early
founder virus envelopes in primary HIV-1 infection. Proc Natl Acad Sci U S A 105, 7552-7557.

Keele, B.F., Van Heuverswyn, F., Li, Y., Bailes, E., Takehisa, J., Santiago, M.L., Bibollet-Ruche, F., Chen,
Y., Wain, L.V., Liegeois, F., et al. (2006). Chimpanzee reservoirs of pandemic and nonpandemic HIV-1.
Science 313, 523-526.

Kellam, P., and Weiss, R.A. (2019). Protecting fetal development. Science 365, 118-119.

Khan, U.A., Hashimi, S.M., Bakr, M.M., Forwood, M.R., and Morrison, N.A. (2016). CCL2 and CCR2
are Essential for the Formation of Osteoclasts and Foreign Body Giant Cells. J Cell Biochem /77, 382-
389.

Kijewski, S.D., and Gummuluru, S. (2015). A mechanistic overview of dendritic cell-mediated HIV-1
trans infection: the story so far. Future Virol /0, 257-269.

Kim, J.T., Chang, E., Sigal, A., and Baltimore, D. (2018). Dendritic cells efficiently transmit HIV to T

Cells in a tenofovir and raltegravir insensitive manner. PLoS One /3, e0189945.

Kim, WK., Sun, Y., Do, H., Autissier, P., Halpern, E.F., Piatak, M., Jr., Lifson, J.D., Burdo, T.H.,
McGrath, M.S., and Williams, K. (2010). Monocyte heterogeneity underlying phenotypic changes in
monocytes according to SIV disease stage. J Leukoc Biol 87, 557-567.

Klatzmann, D., Champagne, E., Chamaret, S., Gruest, J., Guetard, D., Hercend, T., Gluckman, J.C., and
Montagnier, L. (1984). T-lymphocyte T4 molecule behaves as the receptor for human retrovirus LAV.
Nature 312, 767-768.

Klechevsky, E., Morita, R., Liu, M., Cao, Y., Coquery, S., Thompson-Snipes, L., Briere, F., Chaussabel,
D., Zurawski, G., Palucka, AK. et al (2008). Functional specializations of human epidermal
Langerhans cells and CD14+ dermal dendritic cells. Immunity 29, 497-510.

Kodama, H., Akiyama, H., Nagao, Y., Akagi, O., and Nohara, N. (1988). Persistence of foam cells in

rabbit xanthoma after normalization of serum cholesterol level. Arch Dermatol Res 280, 108-113.

Koenig, S., Gendelman, H.E., Orenstein, J.M., Dal Canto, M.C., Pezeshkpour, G.H., Yungbluth, M.,
Janotta, F., Aksamit, A., Martin, M.A., and Fauci, A.S. (1986). Detection of AIDS virus in macrophages

156



in brain tissue from AIDS patients with encephalopathy. Science 233, 1089-1093.

Kozak, S.L., Platt, E.J., Madani, N., Ferro, F.E., Jr., Peden, K., and Kabat, D. (1997). CD4, CXCR-4, and
CCR-5 dependencies for infections by primary patient and laboratory-adapted isolates of human

immunodeficiency virus type 1. J Virol 71, 873-882.

Kuhl, B.D., Sloan, R.D., Donahue, D.A., Bar-Magen, T., Liang, C., and Wainberg, M.A. (2010). Tetherin
restricts direct cell-to-cell infection of HIV-1. Retrovirology 7, 115.

Kuhmann, S.E., Pugach, P., Kunstman, K.J., Taylor, J., Stanfield, R.L., Snyder, A., Strizki, J.M., Riley,
J., Baroudy, B.M., Wilson, L.A., et al. (2004). Genetic and phenotypic analyses of human
immunodeficiency virus type 1 escape from a small-molecule CCRS5 inhibitor. J Virol 78, 2790-2807.

Kukita, T., Wada, N., Kukita, A., Kakimoto, T., Sandra, F., Toh, K., Nagata, K., lijima, T., Horiuchi, M.,
Matsusaki, H., et al. (2004). RANKL-induced DC-STAMP is essential for osteoclastogenesis. J Exp Med
200, 941-946.

Kumar, N.A., Cheong, K., Powell, D.R., da Fonseca Pereira, C., Anderson, J., Evans, V.A., Lewin, S.R.,
and Cameron, P.U. (2015). The role of antigen presenting cells in the induction of HIV-1 latency in
resting CD4(+) T-cells. Retrovirology 12, 76.

Kuniyasu, A., Ohgami, N., Hayashi, S., Miyazaki, A., Horiuchi, S., and Nakayama, H. (2003). CD36-
mediated endocytic uptake of advanced glycation end products (AGE) in mouse 3T3-L1 and human
subcutaneous adipocytes. FEBS Lett 537, 85-90.

Kurachi, T., Morita, 1., Oki, T., Ueki, T., Sakaguchi, K., Enomoto, S., and Murota, S. (1994). Expression
on outer membranes of mannose residues, which are involved in osteoclast formation via cellular fusion
events. J Biol Chem 269, 17572-17576.

Kurihara, N., Reddy, S.V., Menaa, C., Anderson, D., and Roodman, G.D. (2000). Osteoclasts expressing
the measles virus nucleocapsid gene display a pagetic phenotype. J Clin Invest /05, 607-614.

Kurihara, N., Zhou, H., Reddy, S.V., Garcia Palacios, V., Subler, M.A., Dempster, D.W., Windle, J.J., and
Roodman, G.D. (2006). Expression of measles virus nucleocapsid protein in osteoclasts induces Paget's

disease-like bone lesions in mice. J Bone Miner Res 21, 446-455.

Kwon, D.S., Gregorio, G., Bitton, N., Hendrickson, W.A., and Littman, D.R. (2002). DC-SIGN-mediated

internalization of HIV is required for trans-enhancement of T cell infection. Immunity /6, 135-144.

Kyriakides, T.R., Foster, M.J., Keeney, G.E., Tsai, A., Giachelli, C.M., Clark-Lewis, 1., Rollins, B.J., and
Bornstein, P. (2004). The CC chemokine ligand, CCL2/MCP1, participates in macrophage fusion and
foreign body giant cell formation. Am J Pathol 765, 2157-2166.

Lacey, D.L., Timms, E., Tan, H.L., Kelley, M.J., Dunstan, C.R., Burgess, T., Elliott, R., Colombero, A.,

157



Elliott, G., Scully, S., et al. (1998). Osteoprotegerin ligand is a cytokine that regulates osteoclast
differentiation and activation. Cell 93, 165-176.

Laguette, N., Sobhian, B., Casartelli, N., Ringeard, M., Chable-Bessia, C., Segeral, E., Yatim, A.,
Emiliani, S., Schwartz, O., and Benkirane, M. (2011). SAMHDI is the dendritic- and myeloid-cell-
specific HIV-1 restriction factor counteracted by Vpx. Nature 474, 654-657.

Lahouassa, H., Daddacha, W., Hofmann, H., Ayinde, D., Logue, E.C., Dragin, L., Bloch, N., Maudet, C.,
Bertrand, M., Gramberg, T., et al. (2012). SAMHDI restricts the replication of human immunodeficiency
virus type 1 by depleting the intracellular pool of deoxynucleoside triphosphates. Nat Immunol /3, 223-
228.

Lambert, A.A., Gilbert, C., Richard, M., Beaulieu, A.D., and Tremblay, M.J. (2008). The C-type lectin
surface receptor DCIR acts as a new attachment factor for HIV-1 in dendritic cells and contributes to
trans- and cis-infection pathways. Blood 712, 1299-1307.

Lapaque, N., Jahnke, M., Trowsdale, J., and Kelly, A.P. (2009). The HLA-DRalpha chain is modified by
polyubiquitination. J Biol Chem 284, 7007-7016.

Laperine, O., Blin-Wakkach, C., Guicheux, J., Beck-Cormier, S., and Lesclous, P. (2016). Dendritic-cell-
derived osteoclasts: a new game changer in bone-resorption-associated diseases. Drug Discov Today 21,
1345-1354.

Laurier, E., Amiable, N., Gagnon, E., Brown, J.P., and Michou, L. (2017). Effect of a rare genetic variant
of TM7SF4 gene on osteoclasts of patients with Paget's disease of bone. BMC Med Genet /8, 133.

Law, K.M., Komarova, N.L., Yewdall, A.W., Lee, R.K., Herrera, O.L., Wodarz, D., and Chen, B.K.
(2016). In Vivo HIV-1 Cell-to-Cell Transmission Promotes Multicopy Micro-compartmentalized
Infection. Cell Rep 15, 2771-2783.

Lay, G., Poquet, Y., Salek-Peyron, P., Puissegur, M.P., Botanch, C., Bon, H., Levillain, F., Duteyrat, J.L.,
Emile, J.F., and Altare, F. (2007). Langhans giant cells from M. tuberculosis-induced human granulomas

cannot mediate mycobacterial uptake. J Pathol 211, 76-85.

Lecuyer, M.A., Saint-Laurent, O., Bourbonniere, L., Larouche, S., Larochelle, C., Michel, L., Charabati,
M., Abadier, M., Zandee, S., Haghayegh Jahromi, N. et al. (2017). Dual role of ALCAM in
neuroinflammation and blood-brain barrier homeostasis. Proc Natl Acad Sci U S A 1/4, E524-E533.

Lee, B., Sharron, M., Montaner, L.J., Weissman, D., and Doms, R.W. (1999). Quantification of CD4,
CCRS, and CXCR4 levels on lymphocyte subsets, dendritic cells, and differentially conditioned
monocyte-derived macrophages. Proc Natl Acad Sci U S A 96, 5215-5220.

Lee, J., Breton, G., Oliveira, T.Y., Zhou, Y.J., Aljoufi, A., Puhr, S., Cameron, M.J., Sekaly, R.P.,

Nussenzweig, M.C., and Liu, K. (2015). Restricted dendritic cell and monocyte progenitors in human

158



cord blood and bone marrow. J Exp Med 212, 385-399.

Lee, J.W., Hoshino, A., Inoue, K., Saitou, T., Uehara, S., Kobayashi, Y., Ueha, S., Matsushima, K.,
Yamaguchi, A., Imai, Y., ef al. (2017). The HIV co-receptor CCR5 regulates osteoclast function. Nat
Commun 8, 2226.

Lehmann, C., Lafferty, M., Garzino-Demo, A., Jung, N., Hartmann, P., Fatkenheuer, G., Wolf, J.S., van
Lunzen, J., and Romerio, F. (2010). Plasmacytoid dendritic cells accumulate and secrete interferon alpha
in lymph nodes of HIV-1 patients. PLoS One 5, e11110.

Lemey, P., Pybus, O.G., Wang, B., Saksena, N.K., Salemi, M., and Vandamme, A.M. (2003). Tracing the
origin and history of the HIV-2 epidemic. Proc Natl Acad Sci U S A 100, 6588-6592.

Lemke, G. (2019). How macrophages deal with death. Nat Rev Immunol.

Len, A.C.L., Starling, S., Shivkumar, M., and Jolly, C. (2017). HIV-1 Activates T Cell Signaling
Independently of Antigen to Drive Viral Spread. Cell Rep /8, 1062-1074.

Lewin-Smith, M., Wahl, S.M., and Orenstein, J.M. (1999). Human immunodeficiency virus-rich
multinucleated giant cells in the colon: a case report with transmission electron microscopy,

immunohistochemistry, and in situ hybridization. Mod Pathol /2, 75-81.

Lewin, S.R., Sonza, S., Irving, L.B., McDonald, C.F., Mills, J., and Crowe, S.M. (1996). Surface CD4 is
critical to in vitro HIV infection of human alveolar macrophages. AIDS Res Hum Retroviruses /2, 877-
883.

Li, G., Cheng, M., Nunoya, J., Cheng, L., Guo, H., Yu, H., Liu, Y.J., Su, L., and Zhang, L. (2014).
Plasmacytoid dendritic cells suppress HIV-1 replication but contribute to HIV-1 induced

immunopathogenesis in humanized mice. PLoS Pathog /0, €1004291.

Li, H., Zony, C., Chen, P., and Chen, B.K. (2017). Reduced Potency and Incomplete Neutralization of
Broadly Neutralizing Antibodies against Cell-to-Cell Transmission of HIV-1 with Transmitted Founder
Envs. J Virol 91.

Li, K., Markosyan, R.M., Zheng, Y.M., Golfetto, O., Bungart, B, Li, M., Ding, S., He, Y., Liang, C., Lee,
J.C., et al. (2013). IFITM proteins restrict viral membrane hemifusion. PLoS Pathog 9, €1003124.

Li, M., Kao, E., Gao, X., Sandig, H., Limmer, K., Pavon-Eternod, M., Jones, T.E., Landry, S., Pan, T,
Weitzman, M.D., et al. (2012). Codon-usage-based inhibition of HIV protein synthesis by human
schlafen 11. Nature 4917, 125-128.

Li, Q., Estes, J.D., Schlievert, P.M., Duan, L., Brosnahan, A.J., Southern, P.J., Reilly, C.S., Peterson,
M.L., Schultz-Darken, N., Brunner, K.G., et al. (2009). Glycerol monolaurate prevents mucosal SIV
transmission. Nature 458, 1034-1038.

159



Li, S., Juarez, J., Alali, M., Dwyer, D., Collman, R., Cunningham, A., and Naif, H.M. (1999). Persistent
CCRS utilization and enhanced macrophage tropism by primary blood human immunodeficiency virus
type 1 isolates from advanced stages of disease and comparison to tissue-derived isolates. J Virol 73,
9741-9755.

Libby, P., Nahrendorf, M., Pittet, M.J., and Swirski, F.K. (2008). Diversity of denizens of the

atherosclerotic plaque: not all monocytes are created equal. Circulation 777, 3168-3170.

Lifson, J.D., Feinberg, M.B., Reyes, G.R., Rabin, L., Banapour, B., Chakrabarti, S., Moss, B., Wong-
Staal, F., Steimer, K.S., and Engleman, E.G. (1986). Induction of CD4-dependent cell fusion by the
HTLV-III/LAV envelope glycoprotein. Nature 323, 725-728.

Lihana, R.W., Ssemwanga, D., Abimiku, A., and Ndembi, N. (2012). Update on HIV-1 diversity in Africa:
a decade in review. AIDS Rev /4, 83-100.

Lim, E.S., Malik, H.S., and Emerman, M. (2010). Ancient adaptive evolution of tetherin shaped the
functions of Vpu and Nef in human immunodeficiency virus and primate lentiviruses. J Virol 84, 7124-
7134,

Limou, S., Coulonges, C., Herbeck, J.T., van Manen, D., An, P., Le Clerc, S., Delaneau, O., Diop, G.,
Taing, L., Montes, M., ef al. (2010). Multiple-cohort genetic association study reveals CXCR6 as a new

chemokine receptor involved in long-term nonprogression to AIDS. J Infect Dis 202, 908-915.

Lin, T.Y., Chin, C.R., Everitt, A.R., Clare, S., Perreira, .M., Savidis, G., Aker, A.M., John, S.P., Sarlah,
D., Carreira, E.M.,, et al. (2013). Amphotericin B increases influenza A virus infection by preventing
IFITM3-mediated restriction. Cell Rep 5, 895-908.

Lin, Y.L., Mettling, C., Portales, P., Reant, B., Clot, J., and Corbeau, P. (2005). G-protein signaling
triggered by RS human immunodeficiency virus type 1 increases virus replication efficiency in primary
T lymphocytes. J Virol 79, 7938-7941.

Liu, R., Paxton, W.A., Choe, S., Ceradini, D., Martin, S.R., Horuk, R., MacDonald, M.E., Stuhlmann,
H., Koup, R.A., and Landau, N.R. (1996). Homozygous defect in HIV-1 coreceptor accounts for
resistance of some multiply-exposed individuals to HIV-1 infection. Cell 86, 367-377.

Liu, Z., Pan, Q., Ding, S., Qian, J., Xu, F., Zhou, J., Cen, S., Guo, F., and Liang, C. (2013). The interferon-
inducible MxB protein inhibits HIV-1 infection. Cell Host Microbe /4, 398-410.

Liu, Z.Q., Muhkerjee, S., Sahni, M., McCormick-Davis, C., Leung, K., Li, Z., Gattone, V.H., 2nd, Tian,
C., Doms, R.W., Hoffman, T.L., et al. (1999). Derivation and biological characterization of a molecular

clone of SHIV(KU-2) that causes AIDS, neurological disease, and renal disease in rhesus macaques.
Virology 260, 295-307.

Loftin, L.M., Kienzle, M., Yi, Y., and Collman, R.G. (2011). R5X4 HIV-1 coreceptor use in primary

160



target cells: implications for coreceptor entry blocking strategies. J Transl Med 9 Suppl 1, S3.

Loftin, L.M., Kienzle, M.F,, Yi, Y., Lee, B., Lee, F.H., Gray, L., Gorry, P.R., and Collman, R.G. (2010).
Constrained use of CCR5 on CD4+ lymphocytes by R5X4 HIV-1: efficiency of Env-CCRS5 interactions
and low CCRS5 expression determine a range of restricted CCR5-mediated entry. Virology 402, 135-148.

Lopez, C., Fitzgerald, P.A., and Siegal, F.P. (1983). Severe acquired immune deficiency syndrome in
male homosexuals: diminished capacity to make interferon-alpha in vitro associated with severe
opportunistic infections. J Infect Dis 748, 962-966.

Lore, K., Smed-Sorensen, A., Vasudevan, J., Mascola, J.R., and Koup, R.A. (2005). Myeloid and
plasmacytoid dendritic cells transfer HIV-1 preferentially to antigen-specific CD4+ T cells. ] Exp Med
201, 2023-2033.

Lou, E., Fujisawa, S., Morozov, A., Barlas, A., Romin, Y., Dogan, Y., Gholami, S., Moreira, A.L.,
Manova-Todorova, K., and Moore, M.A. (2012). Tunneling nanotubes provide a unique conduit for

intercellular transfer of cellular contents in human malignant pleural mesothelioma. PLoS One 7, €33093.

Luban, J. (2019). The hidden cost of genetic resistance to HIV-1. Nat Med 25, 878-879.

Lugo-Villarino, G., Verollet, C., Maridonneau-Parini, 1., and Neyrolles, O. (2011). Macrophage
polarization: convergence point targeted by mycobacterium tuberculosis and HIV. Front Immunol 2, 43.
Lundberg, P., Koskinen, C., Baldock, P.A., Lothgren, H., Stenberg, A., Lerner, U.H., and Oldenborg, P.A.
(2007). Osteoclast formation is strongly reduced both in vivo and in vitro in the absence of
CD47/SIRPalpha-interaction. Biochem Biophys Res Commun 352, 444-448.

Macri, C., Pang, E.S., Patton, T., and O'Keeffe, M. (2018). Dendritic cell subsets. Semin Cell Dev Biol
84, 11-21.

Major, M.R., Wong, V.W,, Nelson, E.R., Longaker, M.T., and Gurtner, G.C. (2015). The foreign body
response: at the interface of surgery and bioengineering. Plast Reconstr Surg /35, 1489-1498.

Malbec, M., Porrot, F., Rua, R., Horwitz, J., Klein, F., Halper-Stromberg, A., Scheid, J.F., Eden, C.,
Mougquet, H., Nussenzweig, M.C., et al. (2013). Broadly neutralizing antibodies that inhibit HIV-1 cell
to cell transmission. J Exp Med 270, 2813-2821.

Maldarelli, F., Sato, H., Berthold, E., Orenstein, J., and Martin, M.A. (1995). Rapid induction of
apoptosis by cell-to-cell transmission of human immunodeficiency virus type 1. J Virol 69, 6457-6465.
Malissen, B., Tamoutounour, S., and Henri, S. (2014). The origins and functions of dendritic cells and

macrophages in the skin. Nat Rev Immunol /4, 417-428.

Malleret, B., Maneglier, B., Karlsson, I., Lebon, P., Nascimbeni, M., Perie, L., Brochard, P., Delache, B.,
Calvo, J., Andrieu, T., et al. (2008). Primary infection with simian immunodeficiency virus: plasmacytoid

dendritic cell homing to lymph nodes, type I interferon, and immune suppression. Blood 712, 4598-4608.

161



Mantovani, A., Sica, A., Sozzani, S., Allavena, P., Vecchi, A., and Locati, M. (2004). The chemokine

system in diverse forms of macrophage activation and polarization. Trends Immunol 25, 677-686.

Marechal, V., Prevost, M.C., Petit, C., Perret, E., Heard, J.M., and Schwartz, O. (2001). Human
immunodeficiency virus type 1 entry into macrophages mediated by macropinocytosis. J Virol 75, 11166-
11177.

Mariani, R., Chen, D., Schrofelbauer, B., Navarro, F., Konig, R., Bollman, B., Munk, C., Nymark-
McMahon, H., and Landau, N.R. (2003). Species-specific exclusion of APOBEC3G from HIV-1 virions
by Vif. Cell 114, 21-31.

Marlink, R., Kanki, P., Thior, 1., Travers, K., Eisen, G., Siby, T., Traore, 1., Hsich, C.C., Dia, M.C., Gueye,
E.H,, et al. (1994). Reduced rate of disease development after HIV-2 infection as compared to HIV-1.
Science 265, 1587-1590.

Martin-Garcia, J., Cao, W., Varela-Rohena, A., Plassmeyer, M.L., and Gonzalez-Scarano, F. (2006). HI'V-
1 tropism for the central nervous system: Brain-derived envelope glycoproteins with lower CD4

dependence and reduced sensitivity to a fusion inhibitor. Virology 346, 169-179.

Martin-Gayo, E., Buzon, M.J., Ouyang, Z., Hickman, T., Cronin, J., Pimenova, D., Walker, B.D.,
Lichterfeld, M., and Yu, X.G. (2015). Potent Cell-Intrinsic Immune Responses in Dendritic Cells
Facilitate HIV-1-Specific T Cell Immunity in HIV-1 Elite Controllers. PLoS Pathog /7, €1004930.

Martin, J.C., and Bandres, J.C. (1999). Cells of the monocyte-macrophage lineage and pathogenesis of
HIV-1 infection. J Acquir Immune Defic Syndr 22, 413-429.

Martin, N., Welsch, S., Jolly, C., Briggs, J.A., Vaux, D., and Sattentau, Q.J. (2010). Virological synapse-
mediated spread of human immunodeficiency virus type 1 between T cells is sensitive to entry inhibition.
J Virol 84, 3516-3527.

Martinez-Nunez, R.T., Louafi, F., Friedmann, P.S., and Sanchez-Elsner, T. (2009). MicroRNA-155
modulates the pathogen binding ability of dendritic cells (DCs) by down-regulation of DC-specific
intercellular adhesion molecule-3 grabbing non-integrin (DC-SIGN). J Biol Chem 284, 16334-16342.

Martinez, F.O., Helming, L., and Gordon, S. (2009). Alternative activation of macrophages: an

immunologic functional perspective. Annu Rev Immunol 27, 451-483.

Mass, E., Ballesteros, 1., Farlik, M., Halbritter, F., Gunther, P., Crozet, L., Jacome-Galarza, C.E., Handler,
K., Klughammer, J., Kobayashi, Y., et al. (2016). Specification of tissue-resident macrophages during

organogenesis. Science 353.

Massanella, M., Puigdomenech, 1., Cabrera, C., Fernandez-Figueras, M.T., Aucher, A., Gaibelet, G.,
Hudrisier, D., Garcia, E., Bofill, M., Clotet, B., et al. (2009). Antigp41 antibodies fail to block early
events of virological synapses but inhibit HIV spread between T cells. AIDS 23, 183-188.

162



Matsumoto, K., Hirano, K., Nozaki, S., Takamoto, A., Nishida, M., Nakagawa-Toyama, Y., Janabi, M.Y.,
Ohya, T., Yamashita, S., and Matsuzawa, Y. (2000). Expression of macrophage (Mphi) scavenger
receptor, CD36, in cultured human aortic smooth muscle cells in association with expression of
peroxisome proliferator activated receptor-gamma, which regulates gain of Mphi-like phenotype in vitro,

and its implication in atherogenesis. Arterioscler Thromb Vasc Biol 20, 1027-1032.

Mattila, P.K., and Lappalainen, P. (2008). Filopodia: molecular architecture and cellular functions. Nat
Rev Mol Cell Biol 9, 446-454.

Mavigner, M., Cazabat, M., Dubois, M., L'Faqihi, F.E., Requena, M., Pasquier, C., Klopp, P., Amar, J.,
Alric, L., Barange, K., et al. (2012). Altered CD4+ T cell homing to the gut impairs mucosal immune
reconstitution in treated HIV-infected individuals. J Clin Invest 722, 62-69.

McChesney, M.B., Miller, C.J., Rota, P.A., Zhu, Y.D., Antipa, L., Lerche, N.W., Ahmed, R., and Bellini,
W.J. (1997). Experimental measles. I. Pathogenesis in the normal and the immunized host. Virology 233,
74-84.

McCoy, L.E., Groppelli, E., Blanchetot, C., de Haard, H., Verrips, T., Rutten, L., Weiss, R.A., and Jolly,
C. (2014). Neutralisation of HIV-1 cell-cell spread by human and llama antibodies. Retrovirology 17, 83.
McDonald, D. (2010). Dendritic Cells and HIV-1 Trans-Infection. Viruses 2, 1704-1717.

McDonald, D., Wu, L., Bohks, S.M., KewalRamani, V.N., Unutmaz, D., and Hope, T.J. (2003).
Recruitment of HIV and its receptors to dendritic cell-T cell junctions. Science 300, 1295-1297.

McGrath, K.E., Frame, J.M., Fegan, K.H., Bowen, J.R., Conway, S.J., Catherman, S.C., Kingsley, P.D.,
Koniski, A.D., and Palis, J. (2015). Distinct Sources of Hematopoietic Progenitors Emerge before HSCs
and Provide Functional Blood Cells in the Mammalian Embryo. Cell Rep 77, 1892-1904.

McHugh, K.P., Hodivala-Dilke, K., Zheng, M.H., Namba, N., Lam, J., Novack, D., Feng, X., Ross, F.P.,
Hynes, R.O., and Teitelbaum, S.L. (2000). Mice lacking beta3 integrins are osteosclerotic because of
dysfunctional osteoclasts. J Clin Invest /05, 433-440.

Mcllroy, D., Troadec, C., Grassi, F., Samri, A., Barrou, B., Autran, B., Debre, P., Feuillard, J., and
Hosmalin, A. (2001). Investigation of human spleen dendritic cell phenotype and distribution reveals

evidence of in vivo activation in a subset of organ donors. Blood 97, 3470-3477.

McKnight, A., Clapham, P.R., and Weiss, R.A. (1994). HIV-2 and SIV infection of nonprimate cell lines

expressing human CD4: restrictions to replication at distinct stages. Virology 201, 8-18.

McNally, A K., and Anderson, J.M. (1995). Interleukin-4 induces foreign body giant cells from human
monocytes/macrophages. Differential lymphokine regulation of macrophage fusion leads to

morphological variants of multinucleated giant cells. Am J Pathol /47, 1487-1499.

McNally, A.K., and Anderson, J.M. (2002). Betal and beta2 integrins mediate adhesion during

163



macrophage fusion and multinucleated foreign body giant cell formation. Am J Pathol 760, 621-630.

McNally, A.K., Jones, J.A., Macewan, S.R., Colton, E., and Anderson, J.M. (2008). Vitronectin is a
critical protein adhesion substrate for IL-4-induced foreign body giant cell formation. J Biomed Mater
Res A 86, 535-543.

Megjugorac, N.J., Young, H.A., Amrute, S.B., Olshalsky, S.L., and Fitzgerald-Bocarsly, P. (2004).
Virally stimulated plasmacytoid dendritic cells produce chemokines and induce migration of T and NK
cells. J Leukoc Biol 75, 504-514.

Mehandru, S., Poles, M.A., Tenner-Racz, K., Horowitz, A., Hurley, A., Hogan, C., Boden, D., Racz, P.,
and Markowitz, M. (2004). Primary HIV-1 infection is associated with preferential depletion of CD4+ T
lymphocytes from effector sites in the gastrointestinal tract. J Exp Med 200, 761-770.

Menager, M.M., and Littman, D.R. (2016). Actin Dynamics Regulates Dendritic Cell-Mediated Transfer
of HIV-1 to T Cells. Cell 164, 695-709.

Mesev, E.V., LeDesma, R.A., and Ploss, A. (2019). Decoding type I and III interferon signalling during
viral infection. Nat Microbiol 4, 914-924.

Michael, N.L., Chang, G., Louie, L.G., Mascola, J.R., Dondero, D., Birx, D.L., and Sheppard, H.-W.
(1997). The role of viral phenotype and CCR-5 gene defects in HIV-1 transmission and disease
progression. Nat Med 3, 338-340.

Milich, L., Margolin, B., and Swanstrom, R. (1993). V3 loop of the human immunodeficiency virus type
1 Env protein: interpreting sequence variability. J Virol 67, 5623-5634.

Miller, C.J., McChesney, M., and Moore, P.F. (1992). Langerhans cells, macrophages and lymphocyte

subsets in the cervix and vagina of rthesus macaques. Lab Invest 67, 628-634.

Miller, E., and Bhardwaj, N. (2013). Dendritic cell dysregulation during HIV-1 infection. Immunol Rev
254, 170-189.

Miron, R.J., Zohdi, H., Fujioka-Kobayashi, M., and Bosshardt, D.D. (2016). Giant cells around bone

biomaterials: Osteoclasts or multi-nucleated giant cells? Acta Biomater 46, 15-28.

Mittag, D., Proietto, A.l,, Loudovaris, T., Mannering, S.I., Vremec, D., Shortman, K., Wu, L., and
Harrison, L.C. (2011). Human dendritic cell subsets from spleen and blood are similar in phenotype and
function but modified by donor health status. J Immunol /86, 6207-6217.

Miyamoto, H., Katsuyama, E., Miyauchi, Y., Hoshi, H., Miyamoto, K., Sato, Y., Kobayashi, T., Iwasaki,

R., Yoshida, S., Mori, T, et al. (2012). An essential role for STAT6-STAT 1 protein signaling in promoting
macrophage cell-cell fusion. J Biol Chem 287, 32479-32484.

164



Miyamoto, T., Ohneda, O., Arai, F., Iwamoto, K., Okada, S., Takagi, K., Anderson, D.M., and Suda, T.
(2001). Bifurcation of osteoclasts and dendritic cells from common progenitors. Blood 98, 2544-2554.

Milcochova, P., Caswell, S.J., Taylor, I.A., Towers, G.J., and Gupta, R.K. (2018). DNA damage induced
by topoisomerase inhibitors activates SAMHD1 and blocks HIV-1 infection of macrophages. EMBO J
37,50-62.

Micochova, P., Pelchen-Matthews, A., and Marsh, M. (2013). Organization and regulation of intracellular

plasma membrane-connected HIV-1 assembly compartments in macrophages. BMC Biol /7, 89.

Mocsai, A., Humphrey, M.B., Van Ziffle, J.A., Hu, Y., Burghardt, A., Spusta, S.C., Majumdar, S., Lanier,
L.L., Lowell, C.A., and Nakamura, M.C. (2004). The immunomodulatory adapter proteins DAP12 and
Fc receptor gamma-chain (FcRgamma) regulate development of functional osteoclasts through the Syk
tyrosine kinase. Proc Natl Acad Sci U S A 101, 6158-6163.

Monroe, K.M., Yang, Z., Johnson, J.R., Geng, X., Doitsh, G., Krogan, N.J., and Greene, W.C. (2014).
IF116 DNA sensor is required for death of lymphoid CD4 T cells abortively infected with HIV. Science
343,428-432.

Monteiro, P., Gosselin, A., Wacleche, V.S., El-Far, M., Said, E.A., Kared, H., Grandvaux, N., Boulassel,
M.R., Routy, J.P., and Ancuta, P. (2011). Memory CCR6+CD4+ T cells are preferential targets for
productive HIV type 1 infection regardless of their expression of integrin beta7. J Immunol /86, 4618-
4630.

Moore, J.P., Kitchen, S.G., Pugach, P., and Zack, J.A. (2004). The CCRS and CXCR4 coreceptors--
central to understanding the transmission and pathogenesis of human immunodeficiency virus type 1
infection. AIDS Res Hum Retroviruses 20, 111-126.

Morelli, A.E., Rubin, J.P.,, Erdos, G., Tkacheva, O.A., Mathers, A.R., Zahorchak, A.F., Thomson, A.W.,
Falo, L.D., Jr., and Larregina, A.T. (2005). CD4+ T cell responses elicited by different subsets of human
skin migratory dendritic cells. J Immunol /75, 7905-7915.

Moreno, J.L., Mikhailenko, I., Tondravi, M.M., and Keegan, A.D. (2007). IL-4 promotes the formation
of multinucleated giant cells from macrophage precursors by a STAT6-dependent, homotypic mechanism:
contribution of E-cadherin. J Leukoc Biol 82, 1542-1553.

Mothes, W., Sherer, N.M., Jin, J., and Zhong, P. (2010). Virus cell-to-cell transmission. J Virol 84, 8360-
8368.

Mukhamedova, N., Hoang, A., Dragoljevic, D., Dubrovsky, L., Pushkarsky, T., Low, H., Ditiatkovski,
M., Fu, Y., Ohkawa, R., Meikle, P.J., et al. (2019). Exosomes containing HIV protein Nef reorganize
lipid rafts potentiating inflammatory response in bystander cells. PLoS Pathog 75, e1007907.

Munoz-Arias, 1., Doitsh, G., Yang, Z., Sowinski, S., Ruelas, D., and Greene, W.C. (2015). Blood-Derived

165



CD4 T Cells Naturally Resist Pyroptosis during Abortive HIV-1 Infection. Cell Host Microbe /8, 463-
470.

Murooka, T.T., Deruaz, M., Marangoni, F., Vrbanac, V.D., Seung, E., von Andrian, U.H., Tager, A.M.,
Luster, A.D., and Mempel, T.R. (2012). HIV-infected T cells are migratory vehicles for viral
dissemination. Nature 490, 283-287.

Naif, H.M., Cunningham, A.L., Alali, M., Li, S., Nasr, N., Buhler, M.M., Schols, D., de Clercq, E., and
Stewart, G. (2002). A human immunodeficiency virus type 1 isolate from an infected person homozygous
for CCR5Delta32 exhibits dual tropism by infecting macrophages and MT2 cells via CXCR4. J Virol 76,
3114-3124.

Naif, HM,, Li, S., Alali, M., Sloane, A., Wu, L., Kelly, M., Lynch, G., Lloyd, A., and Cunningham, A.L.
(1998). CCRS5 expression correlates with susceptibility of maturing monocytes to human

immunodeficiency virus type 1 infection. J Virol 72, 830-836.

Nakaya, M., Kitano, M., Matsuda, M., and Nagata, S. (2008). Spatiotemporal activation of Racl for
engulfment of apoptotic cells. Proc Natl Acad Sci U S A 105, 9198-9203.

Namba, K., Nishio, M., Mori, K., Miyamoto, N., Tsurudome, M., Ito, M., Kawano, M., Uchida, A., and
Ito, Y. (2001). Involvement of ADAMY in multinucleated giant cell formation of blood monocytes. Cell
Immunol 273, 104-113.

Nascimbeni, M., Perie, L., Chorro, L., Diocou, S., Kreitmann, L., Louis, S., Garderet, L., Fabiani, B.,
Berger, A., Schmitz, J., et al. (2009). Plasmacytoid dendritic cells accumulate in spleens from chronically

HIV-infected patients but barely participate in interferon-alpha expression. Blood /13, 6112-6119.

Nasr, N., Lai, J., Botting, R.A., Mercier, S.K., Harman, A.N., Kim, M., Turville, S., Center, R.J.,
Domagala, T., Gorry, P.R., ez al. (2014). Inhibition of two temporal phases of HIV-1 transfer from primary
Langerhans cells to T cells: the role of langerin. J Immunol 793, 2554-2564.

Nasr, N., Maddocks, S., Turville, S.G., Harman, A.N., Woolger, N., Helbig, K.J., Wilkinson, J., Bye,
C.R., Wright, T.K., Rambukwelle, D., ef al. (2012). HIV-1 infection of human macrophages directly
induces viperin which inhibits viral production. Blood 720, 778-788.

Nawaz, F., Cicala, C., Van Ryk, D., Block, K.E., Jelicic, K., McNally, J.P., Ogundare, O., Pascuccio, M.,
Patel, N., Wei, D., ef al. (2011). The genotype of early-transmitting HIV gp120s promotes alpha (4)
beta(7)-reactivity, revealing alpha (4) beta(7) +/CD4+ T cells as key targets in mucosal transmission.
PLoS Pathog 7, ¢1001301.

Ndhlovu, L.C., Umaki, T., Chew, G.M., Chow, D.C., Agsalda, M., Kallianpur, K.J., Paul, R., Zhang, G.,
Ho, E., Hanks, N., ef al. (2014). Treatment intensification with maraviroc (CCR5 antagonist) leads to
declines in CD16-expressing monocytes in cART-suppressed chronic HIV-infected subjects and is

associated with improvements in neurocognitive test performance: implications for HIV-associated

166



neurocognitive disease (HAND). J Neurovirol 20, 571-582.

Neidleman, J.A., Chen, J.C., Kohgadai, N., Muller, J.A., Laustsen, A., Thavachelvam, K., Jang, K.S.,
Sturzel, C.M., Jones, J.J., Ochsenbauer, C., ef al. (2017). Mucosal stromal fibroblasts markedly enhance
HIV infection of CD4+ T cells. PLoS Pathog /3, ¢1006163.

Neurath, M.F., Finotto, S., and Glimcher, L.H. (2002). The role of Th1/Th2 polarization in mucosal
immunity. Nat Med &, 567-573.

Nguyen, D.G., and Hildreth, J.E. (2003). Involvement of macrophage mannose receptor in the binding
and transmission of HIV by macrophages. Eur J Immunol 33, 483-493.

Nguyen, L.A., Kim, D.H., Daly, M.B., Allan, K.C., and Kim, B. (2014). Host SAMHD1 protein promotes
HIV-1 recombination in macrophages. J Biol Chem 289, 2489-2496.

Nikolic, D.S., Lehmann, M., Felts, R., Garcia, E., Blanchet, F.P., Subramaniam, S., and Piguet, V. (2011).
HIV-1 activates Cdc42 and induces membrane extensions in immature dendritic cells to facilitate cell-
to-cell virus propagation. Blood /78, 4841-4852.

Nishibu, A., Ward, B.R., Jester, J.V., Ploegh, H.L., Boes, M., and Takashima, A. (2006). Behavioral
responses of epidermal Langerhans cells in situ to local pathological stimuli. J Invest Dermatol 126, 787-
796.

Nobile, C., Petit, C., Moris, A., Skrabal, K., Abastado, J.P., Mammano, F., and Schwartz, O. (2005).
Covert human immunodeficiency virus replication in dendritic cells and in DC-SIGN-expressing cells

promotes long-term transmission to lymphocytes. J Virol 79, 5386-5399.

Nockher, W.A., and Scherberich, J.E. (1998). Expanded CD14+ CD16+ monocyte subpopulation in

patients with acute and chronic infections undergoing hemodialysis. Infect Immun 66, 2782-2790.

O'Brien, T.R., Winkler, C., Dean, M., Nelson, J.A., Carrington, M., Michael, N.L., and White, G.C., 2nd
(1997). HIV-1 infection in a man homozygous for CCRS delta 32. Lancet 349, 1219.

O'Brien, W.A., Koyanagi, Y., Namazie, A., Zhao, J.Q., Diagne, A., Idler, K., Zack, J.A., and Chen, 1.S.
(1990). HIV-1 tropism for mononuclear phagocytes can be determined by regions of gp120 outside the
CD4-binding domain. Nature 348, 69-73.

O'Keeffe, M., Mok, W.H., and Radford, K.J. (2015). Human dendritic cell subsets and function in health
and disease. Cell Mol Life Sci 72, 4309-4325.

Ochsenbauer, C., Edmonds, T.G., Ding, H., Keele, B.F., Decker, J., Salazar, M.G., Salazar-Gonzalez, J.F.,
Shattock, R., Haynes, B.F., Shaw, G.M., et al (2012). Generation of transmitted/founder HIV-1
infectious molecular clones and characterization of their replication capacity in CD4 T lymphocytes and

monocyte-derived macrophages. J Virol 86, 2715-2728.

167



Ogawa, Y., Kawamura, T., Matsuzawa, T., Aoki, R., Gee, P., Yamashita, A., Moriishi, K., Yamasaki, K.,
Koyanagi, Y., Blauvelt, A., et al. (2013). Antimicrobial peptide LL-37 produced by HSV-2-infected
keratinocytes enhances HIV infection of Langerhans cells. Cell Host Microbe /3, 77-86.

Ogle, B.M., Cascalho, M., and Platt, J.L. (2005). Biological implications of cell fusion. Nat Rev Mol
Cell Biol 6, 567-575.

Oh, J., Riek, A.E., Weng, S., Petty, M., Kim, D., Colonna, M., Cella, M., and Bernal-Mizrachi, C. (2012).
Endoplasmic reticulum stress controls M2 macrophage differentiation and foam cell formation. J Biol
Chem 287, 11629-11641.

Ohmine, S., Sakuma, R., Sakuma, T., Thatava, T., Solis, G.P., and ITkeda, Y. (2010). Cytoplasmic body
component TRIMS {alpha} requires lipid-enriched microdomains for efficient HIV-1 restriction. J Biol
Chem 285, 34508-34517.

Ohmura-Hoshino, M., Matsuki, Y., Aoki, M., Goto, E., Mito, M., Uematsu, M., Kakiuchi, T., Hotta, H.,
and Ishido, S. (2006). Inhibition of MHC class II expression and immune responses by c-MIR. J Immunol
177,341-354.

Okamoto, H., Mizuno, K., and Horio, T. (2003). Monocyte-derived multinucleated giant cells and
sarcoidosis. J Dermatol Sci 37, 119-128.

Oldenborg, P.A., Gresham, H.D., and Lindberg, F.P. (2001). CD47-signal regulatory protein alpha
(SIRPalpha) regulates Fcgamma and complement receptor-mediated phagocytosis. J Exp Med /93, 855-
862.

Oldenborg, P.A., Zheleznyak, A., Fang, Y.F., Lagenaur, C.F., Gresham, H.D., and Lindberg, F.P. (2000).
Role of CD47 as a marker of self on red blood cells. Science 288, 2051-2054.

Onfelt, B., Nedvetzki, S., Benninger, R.K., Purbhoo, M.A., Sowinski, S., Hume, A.N., Seabra, M.C.,
Neil, M.A., French, P.M., and Davis, D.M. (2006). Structurally distinct membrane nanotubes between
human macrophages support long-distance vesicular traffic or surfing of bacteria. ] Immunol /77, 8476-
8483.

Onfelt, B., Nedvetzki, S., Yanagi, K., and Davis, D.M. (2004). Cutting edge: Membrane nanotubes

connect immune cells. J Immunol /73, 1511-1513.

Orenstein, J.M., Fox, C., and Wahl, S.M. (1997). Macrophages as a source of HIV during opportunistic
infections. Science 276, 1857-1861.

Orenstein, J.M., Meltzer, M.S., Phipps, T., and Gendelman, H.E. (1988). Cytoplasmic assembly and

accumulation of human immunodeficiency virus types 1 and 2 in recombinant human colony-stimulating

factor-1-treated human monocytes: an ultrastructural study. J Virol 62, 2578-2586.

168



Orenstein, J.M., and Wahl, S.M. (1999). The macrophage origin of the HIV-expressing multinucleated
giant cells in hyperplastic tonsils and adenoids. Ultrastruct Pathol 23, 79-91.

Ostrowski, M.A., Chun, T.W., Justement, S.J., Motola, 1., Spinelli, M.A., Adelsberger, J., Ehler, L.A.,
Mizell, S.B., Hallahan, C.W., and Fauci, A.S. (1999). Both memory and CD45RA+/CD62L+ naive
CD4(+) T cells are infected in human immunodeficiency virus type 1-infected individuals. J Virol 73,
6430-6435.

Otero, K., Shinohara, M., Zhao, H., Cella, M., Gilfillan, S., Colucci, A., Faccio, R., Ross, F.P., Teitelbaum,
S.L., Takayanagi, H., et al. (2012). TREM2 and beta-catenin regulate bone homeostasis by controlling
the rate of osteoclastogenesis. J Immunol /88, 2612-2621.

Paiardini, M., Cervasi, B., Reyes-Aviles, E., Micci, L., Ortiz, A.M., Chahroudi, A., Vinton, C., Gordon,
S.N., Bosinger, S.E., Francella, N., ef al. (2011). Low levels of SIV infection in sooty mangabey central
memory CD(4)(+) T cells are associated with limited CCRS5 expression. Nat Med 17, 830-836.

Palucka, K.A., Taquet, N., Sanchez-Chapuis, F., and Gluckman, J.C. (1998). Dendritic cells as the
terminal stage of monocyte differentiation. J Immunol /60, 4587-4595.

Pandrea, 1., Apetrei, C., Gordon, S., Barbercheck, J., Dufour, J., Bohm, R., Sumpter, B., Roques, P., Marx,
P.A., Hirsch, V.M., et al. (2007). Paucity of CD4+CCRS5+ T cells is a typical feature of natural SIV hosts.
Blood 109, 1069-1076.

Pape, J.W., Liautaud, B., Thomas, F., Mathurin, J.R., St Amand, M.M., Boncy, M., Pean, V., Pamphile,
M., Laroche, A.C., Dehovitz, J.,, et al. (1985). The acquired immunodeficiency syndrome in Haiti. Ann
Intern Med 103, 674-678.

Parrish, N.F., Wilen, C.B., Banks, L.B., Iyer, S.S., Pfaff, J.M., Salazar-Gonzalez, J.F., Salazar, M.G.,
Decker, J.M., Parrish, E.H., Berg, A., et al. (2012). Transmitted/founder and chronic subtype C HIV-1
use CD4 and CCRS receptors with equal efficiency and are not inhibited by blocking the integrin
alphadbeta7. PLoS Pathog &, €1002686.

Passlick, B., Flieger, D., and Ziegler-Heitbrock, H.W. (1989). Identification and characterization of a
novel monocyte subpopulation in human peripheral blood. Blood 74, 2527-2534.

Patel, A.A., Zhang, Y., Fullerton, J.N., Boelen, L., Rongvaux, A., Maini, A.A., Bigley, V., Flavell, R.A.,
Gilroy, D.W., Asquith, B., et al. (2017). The fate and lifespan of human monocyte subsets in steady state
and systemic inflammation. J Exp Med 274, 1913-1923.

Patters, B.J., and Kumar, S. (2018). The role of exosomal transport of viral agents in persistent HIV

pathogenesis. Retrovirology 75, 79.

Pauls, E., Ruiz, A., Badia, R., Permanyer, M., Gubern, A., Riveira-Munoz, E., Torres-Torronteras, J.,
Alvarez, M., Mothe, B., Brander, C., et al. (2014). Cell cycle control and HIV-1 susceptibility are linked

169



by CDK6-dependent CDK2 phosphorylation of SAMHDI1 in myeloid and lymphoid cells. J Immunol
193, 1988-1997.

Pedro, K.D., Henderson, A.J., and Agosto, L.M. (2019). Mechanisms of HIV-1 cell-to-cell transmission
and the establishment of the latent reservoir. Virus Res 265, 115-121.

Pena-Cruz, V., Agosto, L.M., Akiyama, H., Olson, A., Moreau, Y., Larricux, J.R., Henderson, A.,
Gummuluru, S., and Sagar, M. (2018). HIV-1 replicates and persists in vaginal epithelial dendritic cells.

J Clin Invest.

Peng, G., Greenwell-Wild, T., Nares, S., Jin, W., Lei, K.J., Rangel, Z.G., Munson, P.J., and Wahl, S.M.
(2007). Myeloid differentiation and susceptibility to HIV-1 are linked to APOBEC3 expression. Blood
110, 393-400.

Penna, G., Vulcano, M., Roncari, A., Facchetti, F., Sozzani, S., and Adorini, L. (2002a). Cutting edge:
differential chemokine production by myeloid and plasmacytoid dendritic cells. J Immunol /69, 6673-
6676.

Penna, G., Vulcano, M., Sozzani, S., and Adorini, L. (2002b). Differential migration behavior and

chemokine production by myeloid and plasmacytoid dendritic cells. Hum Immunol 63, 1164-1171.

Perdiguero, E.G., and Geissmann, F. (2016). The development and maintenance of resident macrophages.
Nat Immunol /7, 2-8.

Pereira, M., Petretto, E., Gordon, S., Bassett, .H.D., Williams, G.R., and Behmoaras, J. (2018). Common

signalling pathways in macrophage and osteoclast multinucleation. J Cell Sci /31.

Peressin, M., Holl, V., Schmidt, S., Decoville, T., Mirisky, D., Lederle, A., Delaporte, M., Xu, K.,
Aubertin, A.M., and Moog, C. (2011). HIV-1 replication in Langerhans and interstitial dendritic cells is
inhibited by neutralizing and Fc-mediated inhibitory antibodies. J Virol 85, 1077-1085.

Perreira, J.M., Chin, C.R., Feeley, E/M., and Brass, A.L. (2013). IFITMs restrict the replication of
multiple pathogenic viruses. J] Mol Biol 425, 4937-4955.

Persson, E.K., Uronen-Hansson, H., Semmrich, M., Rivollier, A., Hagerbrand, K., Marsal, J.,
Gudjonsson, S., Hakansson, U., Reizis, B., Kotarsky, K., et al. (2013). IRF4 transcription-factor-
dependent CD103(+)CD11b(+) dendritic cells drive mucosal T helper 17 cell differentiation. Immunity
38, 958-969.

Peters, P.J., Bhattacharya, J., Hibbitts, S., Dittmar, M.T., Simmons, G., Bell, J., Simmonds, P., and
Clapham, P.R. (2004). Biological analysis of human immunodeficiency virus type 1 RS envelopes
amplified from brain and lymph node tissues of AIDS patients with neuropathology reveals two distinct
tropism phenotypes and identifies envelopes in the brain that confer an enhanced tropism and fusigenicity
for macrophages. J Virol 78, 6915-6926.

170



Peters, P.J., Duenas-Decamp, M.J., Sullivan, W.M., Brown, R., Ankghuambom, C., Luzuriaga, K.,
Robinson, J., Burton, D.R., Bell, J., Simmonds, P., et al. (2008). Variation in HIV-1 R5 macrophage-
tropism correlates with sensitivity to reagents that block envelope: CD4 interactions but not with

sensitivity to other entry inhibitors. Retrovirology J5, 5.

Philips, J.A., and Ernst, J.D. (2012). Tuberculosis pathogenesis and immunity. Annu Rev Pathol 7, 353-
384.

Phillips, D.M., Tan, X., Perotti, M.E., and Zacharopoulos, V.R. (1998). Mechanism of monocyte-
macrophage-mediated transmission of HIV. AIDS Res Hum Retroviruses /4 Suppl 1, S67-70.

Pierson, T., McArthur, J., and Siliciano, R.F. (2000). Reservoirs for HIV-1: mechanisms for viral
persistence in the presence of antiviral immune responses and antiretroviral therapy. Annu Rev Immunol
18, 665-708.

Ping, L.H., Joseph, S.B., Anderson, J.A., Abrahams, M.R., Salazar-Gonzalez, J.F., Kincer, L.P.,
Treurnicht, F.X., Arney, L., Ojeda, S., Zhang, M., et al. (2013). Comparison of viral Env proteins from
acute and chronic infections with subtype C human immunodeficiency virus type 1 identifies differences
in glycosylation and CCRS5 utilization and suggests a new strategy for immunogen design. J Virol 87,
7218-7233.

Ping, L.H., Nelson, J.A., Hoffman, L.F., Schock, J., Lamers, S.L., Goodman, M., Vernazza, P., Kazembe,
P., Maida, M., Zimba, D., et al. (1999). Characterization of V3 sequence heterogeneity in subtype C
human immunodeficiency virus type 1 isolates from Malawi: underrepresentation of X4 variants. J Virol
73, 6271-6281.

Piper, R.C., and Katzmann, D.J. (2007). Biogenesis and function of multivesicular bodies. Annu Rev
Cell Dev Biol 23, 519-547.

Plantier, J.C., Leoz, M., Dickerson, J.E., De Oliveira, F., Cordonnier, F., Lemee, V., Damond, F.,
Robertson, D.L., and Simon, F. (2009). A new human immunodeficiency virus derived from gorillas. Nat
Med 15, 871-872.

Platt, E.J., Madani, N., Kozak, S.L., and Kabat, D. (1997). Infectious properties of human
immunodeficiency virus type 1 mutants with distinct affinities for the CD4 receptor. J Virol 71, 883-890.
Pollakis, G., and Paxton, W.A. (2012). Use of (alternative) coreceptors for HIV entry. Curr Opin HIV
AIDS 7, 440-449.

Pontow, S.E., Heyden, N.V., Wei, S., and Ratner, L. (2004). Actin cytoskeletal reorganizations and
coreceptor-mediated activation of rac during human immunodeficiency virus-induced cell fusion. J Virol
78, 7138-7147.

Pope, M., Betjes, M.G., Romani, N., Hirmand, H., Cameron, P.U., Hoffman, L., Gezelter, S., Schuler, G.,
and Steinman, R.M. (1994). Conjugates of dendritic cells and memory T lymphocytes from skin facilitate

171



productive infection with HIV-1. Cell 78, 389-398.

Pope, M., and Haase, A.T. (2003). Transmission, acute HIV-1 infection and the quest for strategies to
prevent infection. Nat Med 9, 847-852.

Popov, S., Chenine, A.L., Gruber, A., Li, P.L., and Ruprecht, R.M. (2005). Long-term productive human

immunodeficiency virus infection of CD1a-sorted myeloid dendritic cells. J Virol 79, 602-608.

Porcheray, F., Samah, B., Leone, C., Dereuddre-Bosquet, N., and Gras, G. (2006). Macrophage activation
and human immunodeficiency virus infection: HIV replication directs macrophages towards a pro-
inflammatory phenotype while previous activation modulates macrophage susceptibility to infection and

viral production. Virology 349, 112-120.

Poulin, L.F., Reyal, Y., Uronen-Hansson, H., Schraml, B.U., Sancho, D., Murphy, K.M., Hakansson,
U.K., Moita, L.F., Agace, W.W., Bonnet, D., ef al. (2012). DNGR-1 is a specific and universal marker of
mouse and human Batf3-dependent dendritic cells in lymphoid and nonlymphoid tissues. Blood /79,
6052-6062.

Poulin, L.F., Salio, M., Griessinger, E., Anjos-Afonso, F., Craciun, L., Chen, J.L., Keller, A.M., Joffre,
0., Zelenay, S., Nye, E., et al. (2010). Characterization of human DNGR-1+ BDCA3+ leukocytes as
putative equivalents of mouse CD8alpha+ dendritic cells. J Exp Med 207, 1261-1271.

Poulsen, A.G., Aaby, P., Larsen, O., Jensen, H., Naucler, A., Lisse, .M., Christiansen, C.B., Dias, F., and
Melbye, M. (1997). 9-year HIV-2-associated mortality in an urban community in Bissau, west Africa.
Lancet 349, 911-914.

Pugach, P., Marozsan, A.J., Ketas, T.J., Landes, E.L., Moore, J.P., and Kuhmann, S.E. (2007). HIV-1
clones resistant to a small molecule CCRS inhibitor use the inhibitor-bound form of CCRS5 for entry.
Virology 361, 212-228.

Puigdomenech, 1., Casartelli, N., Porrot, F., and Schwartz, O. (2013). SAMHDI1 restricts HIV-1 cell-to-

cell transmission and limits immune detection in monocyte-derived dendritic cells. J Virol 87, 2846-2856.

Puigdomenech, 1., Massanella, M., Izquierdo-Useros, N., Ruiz-Hernandez, R., Curriu, M., Bofill, M.,
Martinez-Picado, J., Juan, M., Clotet, B., and Blanco, J. (2008). HIV transfer between CD4 T cells does
not require LFA-1 binding to ICAM-1 and is governed by the interaction of HIV envelope glycoprotein
with CD4. Retrovirology 5, 32.

Puissegur, M.P., Botanch, C., Duteyrat, J.L., Delsol, G., Caratero, C., and Altare, F. (2004). An in vitro
dual model of mycobacterial granulomas to investigate the molecular interactions between mycobacteria
and human host cells. Cell Microbiol 6, 423-433.

Puissegur, M.P., Lay, G., Gilleron, M., Botella, L., Nigou, J., Marrakchi, H., Mari, B., Duteyrat, J.L.,

Guerardel, Y., Kremer, L., et al. (2007). Mycobacterial lipomannan induces granuloma macrophage

172



fusion via a TLR2-dependent, ADAMO9- and betal integrin-mediated pathway. J Immunol /78, 3161-
3169.

Pulliam, L., Gascon, R., Stubblebine, M., McGuire, D., and McGrath, M.S. (1997). Unique monocyte
subset in patients with AIDS dementia. Lancet 349, 692-695.

Puryear, W.B., Akiyama, H., Geer, S.D., Ramirez, N.P., Yu, X., Reinhard, B.M., and Gummuluru, S.
(2013). Interferon-inducible mechanism of dendritic cell-mediated HIV-1 dissemination is dependent on
Siglec-1/CD169. PLoS Pathog 9, e1003291.

Puryear, W.B., Yu, X., Ramirez, N.P., Reinhard, B.M., and Gummuluru, S. (2012). HIV-1 incorporation
of host-cell-derived glycosphingolipid GM3 allows for capture by mature dendritic cells. Proc Natl Acad
Sci U S A 109, 7475-7480.

Quinn, M.T., and Schepetkin, I.A. (2009). Role of NADPH oxidase in formation and function of

multinucleated giant cells. J Innate Immun 7, 509-526.

Radford, K.J., Tullett, K.M., and Lahoud, M.H. (2014). Dendritic cells and cancer immunotherapy. Curr
Opin Immunol 27, 26-32.

Raghavan, R., Stephens, E.B., Joag, S.V., Adany, 1., Pinson, D.M., Li, Z., Jia, F., Sahni, M., Wang, C.,
Leung, K., et al. (1997). Neuropathogenesis of chimeric simian/human immunodeficiency virus infection

in pig-tailed and rhesus macaques. Brain Pathol 7, 851-861.

Rana, S., Besson, G., Cook, D.G., Rucker, J., Smyth, R.J., Yi, Y., Turner, J.D., Guo, H.H., Du, J.G.,
Peiper, S.C., et al. (1997). Role of CCRS in infection of primary macrophages and lymphocytes by
macrophage-tropic strains of human immunodeficiency virus: resistance to patient-derived and prototype
isolates resulting from the delta ccr5 mutation. J Virol 71, 3219-3227.

Ray, P.E., Liu, X.H., Henry, D., Dye, L., 3rd, Xu, L., Orenstein, J.M., and Schuztbank, T.E. (1998).
Infection of human primary renal epithelial cells with HIV-1 from children with HIV-associated
nephropathy. Kidney Int 53, 1217-1229.

Raynaud-Messina, B., Bracq, L., Dupont, M., Souriant, S., Usmani, S.M., Proag, A., Pingris, K., Soldan,
V., Thibault, C., Capilla, F., ef al. (2018). Bone degradation machinery of osteoclasts: An HIV-1 target
that contributes to bone loss. Proc Natl Acad Sci U S A 115, E2556-E2565.

Reh, L., Magnus, C., Schanz, M., Weber, J., Uhr, T., Rusert, P., and Trkola, A. (2015). Capacity of
Broadly Neutralizing Antibodies to Inhibit HIV-1 Cell-Cell Transmission Is Strain- and Epitope-

Dependent. PLoS Pathog /1, ¢1004966.

Rempel, H., Calosing, C., Sun, B., and Pulliam, L. (2008). Sialoadhesin expressed on IFN-induced
monocytes binds HIV-1 and enhances infectivity. PLoS One 3, €1967.

173



Resch, W., Hoffman, N., and Swanstrom, R. (2001). Improved success of phenotype prediction of the
human immunodeficiency virus type 1 from envelope variable loop 3 sequence using neural networks.
Virology 288, 51-62.

Reyes-Rodriguez, A.L., Reuter, M.A., and McDonald, D. (2016). Dendritic Cells Enhance HIV Infection
of Memory CD4(+) T Cells in Human Lymphoid Tissues. AIDS Res Hum Retroviruses 32, 203-210.

Reynes, J., Portales, P., Segondy, M., Baillat, V., Andre, P., Avinens, O., Picot, M.C., Clot, J., Eliaou, J.F.,
and Corbeau, P. (2001). CD4 T cell surface CCRS5 density as a host factor in HIV-1 disease progression.
AIDS 15,1627-1634.

Ribeiro, C.M., Sarrami-Forooshani, R., Setiawan, L.C., Zijlstra-Willems, E.M., van Hamme, J.L.,
Tigchelaar, W., van der Wel, N.N., Kootstra, N.A., Gringhuis, S.I., and Geijtenbeek, T.B. (2016).
Receptor usage dictates HIV-1 restriction by human TRIMS5alpha in dendritic cell subsets. Nature 540,
448-452.

Richardson, M.W., Carroll, R.G., Stremlau, M., Korokhov, N., Humeau, L.M., Silvestri, G., Sodroski, J.,
and Riley, J.L. (2008). Mode of transmission affects the sensitivity of human immunodeficiency virus
type 1 to restriction by rhesus TRIMS5alpha. J Virol 82, 11117-11128.

Riddick, N.E., Hermann, E.A., Loftin, L.M., Elliott, S.T., Wey, W.C., Cervasi, B., Taaffe, J., Engram,
J.C., Li, B,, Else, J.G., et al. (2010). A novel CCR5 mutation common in sooty mangabeys reveals
SIVsmm infection of CCRS5-null natural hosts and efficient alternative coreceptor use in vivo. PLoS
Pathog 6, €1001064.

Robbins, S.H., Walzer, T., Dembele, D., Thibault, C., Defays, A., Bessou, G., Xu, H., Vivier, E., Sellars,
M., Pierre, P., ef al. (2008). Novel insights into the relationships between dendritic cell subsets in human

and mouse revealed by genome-wide expression profiling. Genome Biol 9, R17.

Robertson, D.L., Anderson, J.P., Bradac, J.A., Carr, J.K., Foley, B., Funkhouser, R.K., Gao, F., Hahn,
B.H., Kalish, M.L., Kuiken, C., ef al. (2000). HIV-1 nomenclature proposal. Science 288, 55-56.

Roche, M., Jakobsen, M.R., Sterjovski, J., Ellett, A., Posta, F., Lee, B., Jubb, B., Westby, M., Lewin,
S.R., Ramsland, P.A., ef al. (2011). HIV-1 escape from the CCRS antagonist maraviroc associated with
an altered and less-efficient mechanism of gp120-CCRS5 engagement that attenuates macrophage tropism.
I Virol 85, 4330-4342.

Roche, M., Salimi, H., Duncan, R., Wilkinson, B.L., Chikere, K., Moore, M.S., Webb, N.E., Zappi, H.,
Sterjovski, J., Flynn, J.K., ef al. (2013). A common mechanism of clinical HIV-1 resistance to the CCR5
antagonist maraviroc despite divergent resistance levels and lack of common gp120 resistance mutations.

Retrovirology 10, 43.

Rodriguez-Plata, M.T., Puigdomenech, 1., Izquierdo-Useros, N., Puertas, M.C., Carrillo, J., Erkizia, 1.,

Clotet, B., Blanco, J., and Martinez-Picado, J. (2013). The infectious synapse formed between mature

174



dendritic cells and CD4(+) T cells is independent of the presence of the HIV-1 envelope glycoprotein.
Retrovirology 10, 42.

Rosa, A., Chande, A., Ziglio, S., De Sanctis, V., Bertorelli, R., Goh, S.L., McCauley, S.M., Nowosiclska,
A., Antonarakis, S.E., Luban, J., ef al. (2015). HIV-1 Nef promotes infection by excluding SERINCS

from virion incorporation. Nature 526, 212-217.

Roy, N.H., Lambele, M., Chan, J., Symeonides, M., and Thali, M. (2014). Ezrin is a component of the
HIV-1 virological presynapse and contributes to the inhibition of cell-cell fusion. J Virol 88, 7645-7658.
Roy, S., and Wainberg, M.A. (1988). Role of the mononuclear phagocyte system in the development of
acquired immunodeficiency syndrome (AIDS). J Leukoc Biol 43, 91-97.

Royle, C.M., Graham, D.R., Sharma, S., Fuchs, D., and Boasso, A. (2014). HIV-1 and HIV-2
differentially mature plasmacytoid dendritic cells into IFN-producing cells or APCs. J Immunol /93,
3538-3548.

Rudnicka, D., Feldmann, J., Porrot, F., Wietgrefe, S., Guadagnini, S., Prevost, M.C., Estaquier, J., Haase,
A.T., Sol-Foulon, N., and Schwartz, O. (2009). Simultaneous cell-to-cell transmission of human

immunodeficiency virus to multiple targets through polysynapses. J Virol 83, 6234-6246.

Russell, R.A., Martin, N., Mitar, 1., Jones, E., and Sattentau, Q.J. (2013). Multiple proviral integration
events after virological synapse-mediated HIV-1 spread. Virology 443, 143-149.

Rustom, A., Saffrich, R., Markovic, 1., Walther, P., and Gerdes, H.H. (2004). Nanotubular highways for
intercellular organelle transport. Science 303, 1007-1010.

Ryoo, J., Choi, J., Oh, C., Kim, S., Seo, M., Kim, S.Y., Seo, D., Kim, J., White, T.E., Brandariz-Nunez,
A., et al. (2014). The ribonuclease activity of SAMHDI is required for HIV-1 restriction. Nat Med 20,
936-941.

Sakai, H., Okafuji, 1., Nishikomori, R., Abe, J., Izawa, K., Kambe, N., Yasumi, T., Nakahata, T., and
Heike, T. (2012). The CD40-CD40L axis and IFN-gamma play critical roles in Langhans giant cell

formation. Int Immunol 24, 5-15.

Salahuddin, S.Z., Rose, R.M., Groopman, J.E., Markham, P.D., and Gallo, R.C. (1986). Human T
lymphotropic virus type I1I infection of human alveolar macrophages. Blood 68, 281-284.

Salazar-Gonzalez, J.F., Salazar, M.G., Keele, B.F., Learn, G.H., Giorgi, E.E., Li, H., Decker, J.M., Wang,
S., Baalwa, J., Kraus, M.H., et al. (2009). Genetic identity, biological phenotype, and evolutionary
pathways of transmitted/founder viruses in acute and early HIV-1 infection. J Exp Med 206, 1273-1289.
Sallusto, F., and Lanzavecchia, A. (1994). Efficient presentation of soluble antigen by cultured human
dendritic cells is maintained by granulocyte/macrophage colony-stimulating factor plus interleukin 4 and

downregulated by tumor necrosis factor alpha. J Exp Med 779, 1109-1118.

175



Sampath, P., Moideen, K., Ranganathan, U.D., and Bethunaickan, R. (2018). Monocyte Subsets:

Phenotypes and Function in Tuberculosis Infection. Front Immunol 9, 1726.

Samri, A., Charpentier, C., Diallo, M.S., Bertine, M., Even, S., Morin, V., Oudin, A., Parizot, C., Collin,
G., Hosmalin, A, ef al. (2019). Limited HIV-2 reservoirs in central-memory CD4 T-cells associated to
CXCRG6 co-receptor expression in attenuated HIV-2 infection. PLoS Pathog /5, €1007758.

Samson, M., Edinger, A.L., Stordeur, P., Rucker, J., Verhasselt, V., Sharron, M., Govaerts, C., Mollereau,
C., Vassart, G., Doms, R.W,, ef al. (1998). ChemR23, a putative chemoattractant receptor, is expressed
in monocyte-derived dendritic cells and macrophages and is a coreceptor for SIV and some primary HIV-
1 strains. Eur J Immunol 28, 1689-1700.

Samson, M., Libert, F., Doranz, B.J., Rucker, J., Liesnard, C., Farber, C.M., Saragosti, S., Lapoumeroulie,
C., Cognaux, J., Forceille, C., et al. (1996). Resistance to HIV-1 infection in caucasian individuals

bearing mutant alleles of the CCR-5 chemokine receptor gene. Nature 382, 722-725.

Sancho, D., Joffre, O.P., Keller, A.M., Rogers, N.C., Martinez, D., Hernanz-Falcon, P., Rosewell, 1., and
Reis e Sousa, C. (2009). Identification of a dendritic cell receptor that couples sensing of necrosis to
immunity. Nature 458, 899-903.

Sanders, R.W., de Jong, E.C., Baldwin, C.E., Schuitemaker, J.H., Kapsenberg, M.L., and Berkhout, B.
(2002). Differential transmission of human immunodeficiency virus type 1 by distinct subsets of effector
dendritic cells. J Virol 76, 7812-7821.

Sato, H., Orenstein, J., Dimitrov, D., and Martin, M. (1992). Cell-to-cell spread of HIV-1 occurs within

minutes and may not involve the participation of virus particles. Virology 186, 712-724.

Sattentau, Q. (2008). Avoiding the void: cell-to-cell spread of human viruses. Nat Rev Microbiol 6, 815-
826.

Sattentau, Q.J., and Stevenson, M. (2016). Macrophages and HIV-1: An Unhealthy Constellation. Cell
Host Microbe 19, 304-310.

Schilthuis, M., Verkaik, S., Walhof, M., Philipose, A., Harlow, O., Kamp, D., Kim, B.R., and Shen, A.
(2018). Lymphatic endothelial cells promote productive and latent HIV infection in resting CD4+ T cells.
Virol J 15, 152.

Schlitzer, A., McGovern, N., Teo, P., Zelante, T., Atarashi, K., Low, D., Ho, A.W., See, P., Shin, A.,
Wasan, P.S., et al. (2013). IRF4 transcription factor-dependent CD11b+ dendritic cells in human and

mouse control mucosal IL-17 cytokine responses. Immunity 38, 970-983.

Schmidt, B., Scott, I., Whitmore, R.G., Foster, H., Fujimura, S., Schmitz, J., and Levy, J.A. (2004). Low-
level HIV infection of plasmacytoid dendritic cells: onset of cytopathic effects and cell death after PDC
maturation. Virology 329, 280-288.

176



Schuitemaker, H., Koot, M., Kootstra, N.A., Dercksen, M.W., de Goede, R.E., van Steenwijk, R.P., Lange,
J.M., Schattenkerk, J.K., Miedema, F., and Tersmette, M. (1992). Biological phenotype of human
immunodeficiency virus type 1 clones at different stages of infection: progression of disease is associated

with a shift from monocytotropic to T-cell-tropic virus population. J Virol 66, 1354-1360.

Schulz, C., Gomez Perdiguero, E., Chorro, L., Szabo-Rogers, H., Cagnard, N., Kierdorf, K., Prinz, M.,
Wu, B., Jacobsen, S.E., Pollard, J.W., ef al. (2012). A lineage of myeloid cells independent of Myb and

hematopoietic stem cells. Science 336, 86-90.

Segura, E., and Amigorena, S. (2013). Inflammatory dendritic cells in mice and humans. Trends Immunol
34, 440-445.

Segura, E., Touzot, M., Bohineust, A., Cappuccio, A., Chiocchia, G., Hosmalin, A., Dalod, M., Soumelis,
V., and Amigorena, S. (2013). Human inflammatory dendritic cells induce Th17 cell differentiation.
Immunity 38, 336-348.

Segura, E., Valladeau-Guilemond, J., Donnadieu, M.H., Sastre-Garau, X., Soumelis, V., and Amigorena,
S. (2012). Characterization of resident and migratory dendritic cells in human lymph nodes. J Exp Med
209, 653-660.

Seissler, T., Marquet, R., and Paillart, J.C. (2017). Hijacking of the Ubiquitin/Proteasome Pathway by
the HIV Auxiliary Proteins. Viruses 9.

Serbina, N.V., Jia, T., Hohl, T.M., and Pamer, E.G. (2008). Monocyte-mediated defense against microbial
pathogens. Annu Rev Immunol 26, 421-452.

Sewald, X., Ladinsky, M.S., Uchil, P.D., Beloor, J., Pi, R., Herrmann, C., Motamedi, N., Murooka, T.T.,
Brehm, M.A., Greiner, D.L., et al. (2015). Retroviruses use CDI169-mediated trans-infection of
permissive lymphocytes to establish infection. Science 350, 563-567.

Seyed-Razavi, Y., Hickey, M.J., Kuffova, L., McMenamin, P.G., and Chinnery, H.R. (2013). Membrane
nanotubes in myeloid cells in the adult mouse cornea represent a novel mode of immune cell interaction.
Immunol Cell Biol 91, 89-95.

Shaik, M.M., Peng, H., Lu, J., Rits-Volloch, S., Xu, C., Liao, M., and Chen, B. (2019). Structural basis
of coreceptor recognition by HIV-1 envelope spike. Nature 565, 318-323.

Shalhoub, V., Elliott, G., Chiu, L., Manoukian, R., Kelley, M., Hawkins, N., Davy, E., Shimamoto, G.,
Beck, J., Kaufman, S.A., et al. (2000). Characterization of osteoclast precursors in human blood. Br J
Haematol /71, 501-512.

Shankarappa, R., Margolick, J.B., Gange, S.J., Rodrigo, A.G., Upchurch, D., Farzadegan, H., Gupta, P.,
Rinaldo, C.R., Learn, G.H., He, X,, et al. (1999). Consistent viral evolutionary changes associated with
the progression of human immunodeficiency virus type 1 infection. J Virol 73, 10489-10502.

177



Sharova, N., Swingler, C., Sharkey, M., and Stevenson, M. (2005). Macrophages archive HIV-1 virions
for dissemination in trans. EMBO J 24, 2481-2489.

Shaw, G.M., and Hunter, E. (2012). HIV transmission. Cold Spring Harb Perspect Med 2.

Sheehy, A.M., Gaddis, N.C., Choi, J.D., and Malim, M.H. (2002). Isolation of a human gene that inhibits
HIV-1 infection and is suppressed by the viral Vif protein. Nature 418, 646-650.

Shen, A., Baker, J.J., Scott, G.L., Davis, Y.P.,, Ho, Y.Y., and Siliciano, R.F. (2013). Endothelial cell
stimulation overcomes restriction and promotes productive and latent HIV-1 infection of resting CD4+
T cells. J Virol 87, 9768-9779.

Sherer, N.M., Lehmann, M.J., Jimenez-Soto, L.F., Horensavitz, C., Pypaert, M., and Mothes, W. (2007).
Retroviruses can establish filopodial bridges for efficient cell-to-cell transmission. Nat Cell Biol 9, 310-
315.

Shi, G., Schwartz, O., and Compton, A.A. (2017). More than meets the I: the diverse antiviral and cellular

functions of interferon-induced transmembrane proteins. Retrovirology 74, 53.

Shimizu, N., Soda, Y., Kanbe, K., Liu, H.Y., Mukai, R., Kitamura, T., and Hoshino, H. (2000). A putative
G protein-coupled receptor, RDCI, is a novel coreceptor for human and simian immunodeficiency
viruses. J Virol 74, 619-626.

Shimizu, N., Tanaka, A., Mori, T., Ohtsuki, T., Hoque, A., Jinno-Oue, A., Apichartpiyakul, C., Kusagawa,
S., Takebe, Y., and Hoshino, H. (2008). A formylpeptide receptor, FPRLI, acts as an efficient coreceptor

for primary isolates of human immunodeficiency virus. Retrovirology 5, 52.

Shioda, T., Oka, S., Ida, S., Nokihara, K., Toriyoshi, H., Mori, S., Takebe, Y., Kimura, S., Shimada, K.,
Nagali, Y., et al. (1994). A naturally occurring single basic amino acid substitution in the V3 region of the
human immunodeficiency virus type 1 env protein alters the cellular host range and antigenic structure
of the virus. J Virol 68, 7689-7696.

Sigal, A., Kim, J.T., Balazs, A.B., Dekel, E., Mayo, A., Milo, R., and Baltimore, D. (2011). Cell-to-cell
spread of HIV permits ongoing replication despite antiretroviral therapy. Nature 477, 95-98.

Silvin, A., Yu, C.I., Lahaye, X., Imperatore, F., Brault, J.B., Cardinaud, S., Becker, C., Kwan, W.H.,
Conrad, C., Maurin, M., et al. (2017). Constitutive resistance to viral infection in human CD141(+)

dendritic cells. Sci Immunol 2.

Simmons, G., McKnight, A., Takeuchi, Y., Hoshino, H., and Clapham, P.R. (1995). Cell-to-cell fusion,
but not virus entry in macrophages by T-cell line tropic HIV-1 strains: a V3 loop-determined restriction.
Virology 209, 696-700.

Simmons, G., Reeves, J.D., Hibbitts, S., Stine, J.T., Gray, P.W., Proudfoot, A.E., and Clapham, P.R.

178



(2000). Co-receptor use by HIV and inhibition of HIV infection by chemokine receptor ligands. Immunol
Rev 177, 112-126.

Simmons, G., Reeves, J.D., McKnight, A., Dejucq, N., Hibbitts, S., Power, C.A., Aarons, E., Schols, D.,
De Clercq, E., Proudfoot, A.E., et al. (1998). CXCR4 as a functional coreceptor for human
immunodeficiency virus type 1 infection of primary macrophages. J Virol 72, 8453-8457.

Simmons, G., Wilkinson, D., Reeves, J.D., Dittmar, M.T., Beddows, S., Weber, J., Carnegie, G.,
Desselberger, U., Gray, PW., Weiss, R.A. et al (1996). Primary, syncytium-inducing human
immunodeficiency virus type 1 isolates are dual-tropic and most can use either Lestr or CCRS as

coreceptors for virus entry. J Virol 70, 8355-8360.

Simon, F., Mauclere, P., Roques, P., Loussert-Ajaka, 1., Muller-Trutwin, M.C., Saragosti, S., Georges-
Courbot, M.C., Barre-Sinoussi, F., and Brun-Vezinet, F. (1998). Identification of a new human

immunodeficiency virus type 1 distinct from group M and group O. Nat Med 4, 1032-1037.

Simon, V., Ho, D.D., and Abdool Karim, Q. (2006). HIV/AIDS epidemiology, pathogenesis, prevention,
and treatment. Lancet 368, 489-504.

Smed-Sorensen, A., Lore, K., Vasudevan, J., Louder, M.K., Andersson, J., Mascola, J.R., Spetz, A.L.,
and Koup, R.A. (2005). Differential susceptibility to human immunodeficiency virus type 1 infection of
myeloid and plasmacytoid dendritic cells. J Virol 79, 8861-8869.

Smith, S.E., Busse, D.C., Binter, S., Weston, S., Diaz Soria, C., Laksono, B.M., Clare, S., Van Nieuwkoop,
S., Van den Hoogen, B.G., Clement, M., et al. (2019). Interferon-Induced Transmembrane Protein 1
Restricts Replication of Viruses That Enter Cells via the Plasma Membrane. J Virol 93.

Smyth, R.J., Yi, Y., Singh, A., and Collman, R.G. (1998). Determinants of entry cofactor utilization and

tropism in a dualtropic human immunodeficiency virus type 1 primary isolate. J Virol 72, 4478-4484.

Sonza, S., Maerz, A., Deacon, N., Meanger, J., Mills, J.,, and Crowe, S. (1996). Human
immunodeficiency virus type 1 replication is blocked prior to reverse transcription and integration in
freshly isolated peripheral blood monocytes. J Virol 70, 3863-3869.

Sonza, S., Maerz, A., Uren, S., Violo, A., Hunter, S., Boyle, W., and Crowe, S. (1995). Susceptibility of
human monocytes to HIV type 1 infection in vitro is not dependent on their level of CD4 expression.
AIDS Res Hum Retroviruses /1, 769-776.

Sowinski, S., Jolly, C., Berninghausen, O., Purbhoo, M.A., Chauveau, A., Kohler, K., Oddos, S.,
Eissmann, P., Brodsky, F.M., Hopkins, C., ef al. (2008). Membrane nanotubes physically connect T cells

over long distances presenting a novel route for HIV-1 transmission. Nat Cell Biol /0, 211-219.

Spence, J.S., He, R., Hoffmann, H.H., Das, T., Thinon, E., Rice, C.M., Peng, T., Chandran, K., and Hang,
H.C. (2019). IFITM3 directly engages and shuttles incoming virus particles to lysosomes. Nat Chem Biol

179



15,259-268.

Speziani, C., Rivollier, A., Gallois, A., Coury, F., Mazzorana, M., Azocar, O., Flacher, M., Bella, C.,
Tebib, J., Jurdic, P, et al. (2007). Murine dendritic cell transdifferentiation into osteoclasts is

differentially regulated by innate and adaptive cytokines. Eur J Immunol 37, 747-757.

Sprangers, S., Schoenmaker, T., Cao, Y., Everts, V., and de Vries, T.J. (2016). Different Blood-Borne
Human Osteoclast Precursors Respond in Distinct Ways to IL-17A. J Cell Physiol 231, 1249-1260.

Spudich, S., and Gonzalez-Scarano, F. (2012). HIV-1-related central nervous system disease: current

issues in pathogenesis, diagnosis, and treatment. Cold Spring Harb Perspect Med 2, a007120.

St Gelais, C., de Silva, S., Hach, J.C., White, T.E., Diaz-Griffero, F., Yount, J.S., and Wu, L. (2014).
Identification of cellular proteins interacting with the retroviral restriction factor SAMHDI. J Virol 88,
5834-5844.

St Gelais, C., Kim, S.H., Ding, L., Yount, J.S., Ivanov, D., Spearman, P., and Wu, L. (2016). A Putative
Cyclin-binding Motif in Human SAMHDI1 Contributes to Protein Phosphorylation, Localization, and
Stability. J Biol Chem 291, 26332-26342.

St Gelais, C., Kim, S.H., Maksimova, V.V., Buzovetsky, O., Knecht, K.M., Shepard, C., Kim, B., Xiong,
Y., and Wu, L. (2018). A Cyclin-Binding Motif in Human SAMHDI1 Is Required for Its HIV-1 Restriction,
dNTPase Activity, Tetramer Formation, and Efficient Phosphorylation. J Virol 92.

St Gelais, C., and Wu, L. (2011). SAMHDI: a new insight into HIV-1 restriction in myeloid cells.
Retrovirology 8, 55.

Stabell, A.C., Hawkins, J., Li, M., Gao, X., David, M., Press, W.H., and Sawyer, S.L. (2016). Non-human
Primate Schlafenl1 Inhibits Production of Both Host and Viral Proteins. PLoS Pathog 12, ¢1006066.

Stahl, P., Schlesinger, P.H., Sigardson, E., Rodman, J.S., and Lee, Y.C. (1980). Receptor-mediated
pinocytosis of mannose glycoconjugates by macrophages: characterization and evidence for receptor
recycling. Cell /9, 207-215.

Starling, S., and Jolly, C. (2016). LFA-1 Engagement Triggers T Cell Polarization at the HIV-1
Virological Synapse. J Virol 90, 9841-9854.

Steinman, R.M., Granelli-Piperno, A., Pope, M., Trumpfheller, C., Ignatius, R., Arrode, G., Racz, P., and
Tenner-Racz, K. (2003). The interaction of immunodeficiency viruses with dendritic cells. Curr Top
Microbiol Immunol 276, 1-30.

Stephens, E.B., Mukherjee, S., Sahni, M., Zhuge, W., Raghavan, R., Singh, D K., Leung, K., Atkinson,
B.,Li,Z., Joag, S.V.,, et al. (1997). A cell-free stock of simian-human immunodeficiency virus that causes

AIDS in pig-tailed macaques has a limited number of amino acid substitutions in both SIVmac and HIV-

180



1 regions of the genome and has offered cytotropism. Virology 231, 313-321.

Sterjovski, J., Churchill, M.J., Ellett, A., Gray, L.R., Roche, M.J., Dunfee, R.L., Purcell, D.F., Saksena,
N., Wang, B., Sonza, S., et al. (2007). Asn 362 in gp120 contributes to enhanced fusogenicity by CCR5-
restricted HIV-1 envelope glycoprotein variants from patients with AIDS. Retrovirology 4, 89.

Sterjovski, J., Roche, M., Churchill, M.J., Ellett, A., Farrugia, W., Gray, L.R., Cowley, D., Poumbourios,
P, Lee, B., Wesselingh, S.L., et al. (2010). An altered and more efficient mechanism of CCRS5
engagement contributes to macrophage tropism of CCR5-using HIV-1 envelopes. Virology 404, 269-278.

Stevenson, M. (2015). Role of myeloid cells in HIV-1-host interplay. J Neurovirol 21, 242-248.

Stevenson, P.G., Efstathiou, S., Doherty, P.C., and Lehner, P.J. (2000). Inhibition of MHC class I-
restricted antigen presentation by gamma 2-herpesviruses. Proc Natl Acad Sci U S A 97, 8455-8460.

Strebel, K., Daugherty, D., Clouse, K., Cohen, D., Folks, T., and Martin, M.A. (1987). The HIV 'A’ (sor)

gene product is essential for virus infectivity. Nature 328, 728-730.

Stremlau, M., Owens, C.M., Perron, M.J., Kiessling, M., Autissier, P., and Sodroski, J. (2004). The
cytoplasmic body component TRIMS5alpha restricts HIV-1 infection in Old World monkeys. Nature 427,
848-853.

Stremlau, M., Perron, M., Lee, M., Li, Y., Song, B., Javanbakht, H., Diaz-Griffero, F., Anderson, D.J.,
Sundquist, W.I., and Sodroski, J. (2006). Specific recognition and accelerated uncoating of retroviral
capsids by the TRIMS5alpha restriction factor. Proc Natl Acad Sci U S A 103, 5514-5519.

Su, B., Biedma, M.E., Lederle, A., Peressin, M., Lambotin, M., Proust, A., Decoville, T., Schmidt, S.,
Laumond, G., and Moog, C. (2014). Dendritic cell-lymphocyte cross talk downregulates host restriction
factor SAMHD1 and stimulates HIV-1 replication in dendritic cells. J Virol 88, 5109-5121.

Sugano, Y., Takeuchi, M., Hirata, A., Matsushita, H., Kitamura, T., Tanaka, M., and Miyajima, A. (2008).
Junctional adhesion molecule-A, JAM-A, is a novel cell-surface marker for long-term repopulating
hematopoietic stem cells. Blood 771, 1167-1172.

Sul, 0.J., Ke, K., Kim, WK., Kim, S.H., Lee, S.C., Kim, H.J., Kim, S.Y., Suh, J.H., and Choi, H.S.
(2012). Absence of MCP-1 leads to elevated bone mass via impaired actin ring formation. J Cell Physiol

227,1619-1627.

Summers, K.L., Hock, B.D., McKenzie, J.L., and Hart, D.N. (2001). Phenotypic characterization of five
dendritic cell subsets in human tonsils. Am J Pathol /59, 285-295.

Sundquist, W.I., and Krausslich, H.G. (2012). HIV-1 assembly, budding, and maturation. Cold Spring
Harb Perspect Med 2, a006924.

181



Swanstrom, R., and Coffin, J. (2012). HIV-1 pathogenesis: the virus. Cold Spring Harb Perspect Med 2,
a007443.

Swerlick, R.A., Lee, K.H., Wick, T.M., and Lawley, T.J. (1992). Human dermal microvascular
endothelial but not human umbilical vein endothelial cells express CD36 in vivo and in vitro. J Immunol
148, 78-83.

Swingler, S., Mann, A.M., Zhou, J., Swingler, C., and Stevenson, M. (2007). Apoptotic killing of HIV-
1-infected macrophages is subverted by the viral envelope glycoprotein. PLoS Pathog 3, 1281-1290.

Symeonides, M., Murooka, T.T., Bellfy, L.N., Roy, N.H., Mempel, T.R., and Thali, M. (2015). HIV-1-
Induced Small T Cell Syncytia Can Transfer Virus Particles to Target Cells through Transient Contacts.
Viruses 7, 6590-6603.

Tada, T., Zhang, Y., Koyama, T., Tobiume, M., Tsunetsugu-Yokota, Y., Yamaoka, S., Fujita, H., and
Tokunaga, K. (2015). MARCHS inhibits HIV-1 infection by reducing virion incorporation of envelope
glycoproteins. Nat Med 27, 1502-1507.

Tak, T., Drylewicz, J., Conemans, L., de Boer, R.J., Koenderman, L., Borghans, J.A.M., and Tesselaar,
K. (2017). Circulatory and maturation kinetics of human monocyte subsets in vivo. Blood 730, 1474-
1477.

Takeda, K., Adhikari, R., Yamada, K.M., and Dhawan, S. (2015). Hemin activation of innate cellular
response blocks human immunodeficiency virus type-1-induced osteoclastogenesis. Biochem Biophys
Res Commun 464, 7-12.

Takeuchi, K., Miyajima, N., Nagata, N., Takeda, M., and Tashiro, M. (2003). Wild-type measles virus
induces large syncytium formation in primary human small airway epithelial cells by a SLAM(CD150)-

independent mechanism. Virus Res 94, 11-16.

Talle, M.A., Rao, P.E., Westberg, E., Allegar, N., Makowski, M., Mittler, R.S., and Goldstein, G. (1983).
Patterns of antigenic expression on human monocytes as defined by monoclonal antibodies. Cell
Immunol 78, 83-99.

Tan, J., and Sattentau, Q.J. (2013). The HIV-1-containing macrophage compartment: a perfect cellular
niche? Trends Microbiol 27, 405-412.

Tartour, K., Appourchaux, R., Gaillard, J., Nguyen, X.N., Durand, S., Turpin, J., Beaumont, E., Roch, E.,
Berger, G., Mahieux, R., et al. (2014). IFITM proteins are incorporated onto HIV-1 virion particles and
negatively imprint their infectivity. Retrovirology /1, 103.

Tartour, K., Nguyen, X.N., Appourchaux, R., Assil, S., Barateau, V., Bloyet, L.M., Burlaud Gaillard, J.,
Confort, M.P., Escudero-Perez, B., Gruffat, H., et al. (2017). Interference with the production of

infectious viral particles and bimodal inhibition of replication are broadly conserved antiviral properties

182



of IFITMs. PLoS Pathog /3, e1006610.

Theodorou, 1., Meyer, L., Magierowska, M., Katlama, C., and Rouzioux, C. (1997). HIV-1 infection in
an individual homozygous for CCRS5 delta 32. Seroco Study Group. Lancet 349, 1219-1220.

Thieblemont, N., Weiss, L., Sadeghi, HM., Estcourt, C., and Haeffner-Cavaillon, N. (1995).
CD14lowCD16high: a cytokine-producing monocyte subset which expands during human

immunodeficiency virus infection. Eur J Immunol 25, 3418-3424.

Thomson, M.M., and Najera, R. (2005). Molecular epidemiology of HIV-1 variants in the global AIDS
pandemic: an update. AIDS Rev 7, 210-224.

Titanji, B.K., Aasa-Chapman, M., Pillay, D., and Jolly, C. (2013). Protease inhibitors effectively block
cell-to-cell spread of HIV-1 between T cells. Retrovirology /0, 161.

Tokunaga, K., Greenberg, M.L., Morse, M.A., Cumming, R.I., Lyerly, H.K., and Cullen, B.R. (2001).
Molecular basis for cell tropism of CXCR4-dependent human immunodeficiency virus type 1 isolates. J
Virol 75, 6776-6785.

Toma, J., Whitcomb, J.M., Petropoulos, C.J., and Huang, W. (2010). Dual-tropic HIV type 1 isolates vary
dramatically in their utilization of CCR5 and CXCR4 coreceptors. AIDS 24, 2181-2186.

Trautz, B., Pierini, V., Wombacher, R., Stolp, B., Chase, A.J., Pizzato, M., and Fackler, O.T. (2016). The
Antagonism of HIV-1 Nef to SERINCS Particle Infectivity Restriction Involves the Counteraction of
Virion-Associated Pools of the Restriction Factor. J Virol 90, 10915-10927.

Triques, K., and Stevenson, M. (2004). Characterization of restrictions to human immunodeficiency virus
type 1 infection of monocytes. J Virol 78, 5523-5527.

Trujillo, J.R., Goletiani, N.V., Bosch, 1., Kendrick, C., Rogers, R.A., Trujillo, E.B., Essex, M., and Brain,
J.D. (2000). T-tropic sequence of the V3 loop is critical for HIV-1 infection of CXCR4-positive colonic
HT-29 epithelial cells. J Acquir Immune Defic Syndr 25, 1-10.

Turnbull, I.R., and Colonna, M. (2007). Activating and inhibitory functions of DAP12. Nat Rev Immunol
7, 155-161.

Turnbull, I.R., Gilfillan, S., Cella, M., Aoshi, T., Miller, M., Piccio, L., Hernandez, M., and Colonna, M.
(2006). Cutting edge: TREM-2 attenuates macrophage activation. J Immunol /77, 3520-3524.

Turville, S.G., Santos, J.J., Frank, 1., Cameron, P.U., Wilkinson, J., Miranda-Saksena, M., Dable, J.,
Stossel, H., Romani, N., Piatak, M., Jr., et al. (2004). Immunodeficiency virus uptake, turnover, and 2-
phase transfer in human dendritic cells. Blood /03, 2170-2179.

Tuttle, D.L., Anders, C.B., Aquino-De Jesus, M.J., Poole, P.P., Lamers, S.L., Briggs, D.R., Pomeroy,

183



S.M., Alexander, L., Peden, K.W., Andiman, W.A,, ef al. (2002). Increased replication of non-syncytium-
inducing HIV type 1 isolates in monocyte-derived macrophages is linked to advanced disease in infected
children. AIDS Res Hum Retroviruses /8, 353-362.

Tuttle, D.L., Harrison, J.K., Anders, C., Sleasman, J.W., and Goodenow, M.M. (1998). Expression of
CCRS increases during monocyte differentiation and directly mediates macrophage susceptibility to

infection by human immunodeficiency virus type 1. J Virol 72, 4962-4969.

Tze, L.E., Horikawa, K., Domaschenz, H., Howard, D.R., Roots, C.M., Rigby, R.J., Way, D.A., Ohmura-
Hoshino, M., Ishido, S., Andoniou, C.E., ef al. (2011). CD83 increases MHC II and CD86 on dendritic
cells by opposing IL-10-driven MARCH1-mediated ubiquitination and degradation. J Exp Med 208,
149-165.

Udagawa, N., Takahashi, N., Akatsu, T., Tanaka, H., Sasaki, T., Nishihara, T., Koga, T., Martin, T.J., and
Suda, T. (1990). Origin of osteoclasts: mature monocytes and macrophages are capable of differentiating
into osteoclasts under a suitable microenvironment prepared by bone marrow-derived stromal cells. Proc
Natl Acad Sci U S A 87, 7260-7264.

Usami, Y., Wu, Y., and Gottlinger, H.G. (2015). SERINC3 and SERINCS restrict HIV-1 infectivity and
are counteracted by Nef. Nature 526, 218-223.

Vallari, A., Holzmayer, V., Harris, B., Yamaguchi, J., Ngansop, C., Makamche, F., Mbanya, D., Kaptue,
L., Ndembi, N., Gurtler, L., et al. (2011). Confirmation of putative HIV-1 group P in Cameroon. J Virol
85, 1403-1407.

Valverde-Villegas, J.M., de Medeiros, R.M., de Andrade, K.P., Jacovas, V.C., Dos Santos, B.R., Simon,
D., de Matos Almeida, S.E., and Chies, J.A.B. (2017). Novel genetic associations and gene-gene
interactions of chemokine receptor and chemokine genetic polymorphisms in HIV/AIDS. AIDS 31,
1235-1243.

van't Wout, A.B., Kootstra, N.A., Mulder-Kampinga, G.A., Albrecht-van Lent, N., Scherpbier, H.J.,
Veenstra, J., Boer, K., Coutinho, R.A., Miedema, F., and Schuitemaker, H. (1994). Macrophage-tropic
variants initiate human immunodeficiency virus type 1 infection after sexual, parenteral, and vertical
transmission. J Clin Invest 94, 2060-2067.

van de Kooij, B., Verbrugge, 1., de Vries, E., Gijsen, M., Montserrat, V., Maas, C., Neefjes, J., and Borst,
J. (2013). Ubiquitination by the membrane-associated RING-CH-8 (MARCH-8) ligase controls steady-
state cell surface expression of tumor necrosis factor-related apoptosis inducing ligand (TRAIL) receptor
1. J Biol Chem 288, 6617-6628.

Van den Bossche, J., Bogaert, P., van Hengel, J., Guerin, C.J., Berx, G., Movahedi, K., Van den Bergh,
R., Pereira-Fernandes, A., Geuns, J.M., Pircher, H., et al. (2009). Alternatively activated macrophages
engage in homotypic and heterotypic interactions through IL-4 and polyamine-induced E-
cadherin/catenin complexes. Blood 174, 4664-4674.

184



van der Kuyl, A.C., van den Burg, R., Zorgdrager, F., Groot, F., Berkhout, B., and Cornelissen, M. (2007).
Sialoadhesin (CD169) expression in CD14+ cells is upregulated early after HIV-1 infection and increases
during disease progression. PLoS One 2, €257.

van Furth, R., Cohn, Z.A., Hirsch, J.G., Humphrey, J.H., Spector, W.G., and Langevoort, H.L. (1972).
The mononuclear phagocyte system: a new classification of macrophages, monocytes, and their
precursor cells. Bull World Health Organ 46, 845-852.

Van Herrewege, Y., Michiels, J., Waeytens, A., De Boeck, G., Salden, E., Heyndrickx, L., van den Mooter,
G., de Bethune, M.P., Andries, K., Lewi, P, ef al. (2007). A dual chamber model of female cervical
mucosa for the study of HIV transmission and for the evaluation of candidate HIV microbicides. Antiviral
Res 74, 111-124.

van Rij, R.P., Blaak, H., Visser, J.A., Brouwer, M., Rientsma, R., Broersen, S., de Roda Husman, A.M.,
and Schuitemaker, H. (2000). Differential coreceptor expression allows for independent evolution of

non-syncytium-inducing and syncytium-inducing HIV-1. J Clin Invest /06, 1039-1052.

van Tienen, C., Schim van der Loeff, M., Peterson, 1., Cotten, M., Andersson, S., Holmgren, B., Vincent,
T., de Silva, T., Rowland-Jones, S., Aaby, P, ef al. (2011). HTLV-1 and HIV-2 infection are associated

with increased mortality in a rural West African community. PLoS One 6, €29026.

Varthakavi, V., Smith, R.M., Bour, S.P., Strebel, K., and Spearman, P. (2003). Viral protein U counteracts
a human host cell restriction that inhibits HIV-1 particle production. Proc Natl Acad Sci U S A 100,
15154-15159.

Vasiliver-Shamis, G., Cho, M.W., Hioe, C.E., and Dustin, M.L. (2009). Human immunodeficiency virus
type 1 envelope gp120-induced partial T-cell receptor signaling creates an F-actin-depleted zone in the
virological synapse. J Virol 83, 11341-11355.

Vasiliver-Shamis, G., Tuen, M., Wu, T.W., Starr, T., Cameron, T.O., Thomson, R., Kaur, G., Liu, J.,
Visciano, M.L., Li, H., ef al. (2008). Human immunodeficiency virus type 1 envelope gp120 induces a

stop signal and virological synapse formation in noninfected CD4+ T cells. J Virol 82, 9445-9457.

Veenstra, M., Leon-Rivera, R., Li, M., Gama, L., Clements, J.E., and Berman, J.W. (2017). Mechanisms
of CNS Viral Seeding by HIV(+) CD14(+) CD16(+) Monocytes: Establishment and Reseeding of Viral

Reservoirs Contributing to HIV-Associated Neurocognitive Disorders. MBio §.
Vicandi, B., Jimenez-Heffernan, J.A., Lopez-Ferrer, P., Patron, M., Gamallo, C., Colmenero, C., and
Viguer, J.M. (1999). HIV-1 (p24)-positive multinucleated giant cells in HIV-associated lymphoepithelial

lesion of the parotid gland. A report of two cases. Acta Cytol 43, 247-251.

Vignery, A. (2005). Macrophage fusion: the making of osteoclasts and giant cells. ] Exp Med 202, 337-
340.

185



Wacleche, V.S., Tremblay, C.L., Routy, J.P., and Ancuta, P. (2018). The Biology of Monocytes and
Dendritic Cells: Contribution to HIV Pathogenesis. Viruses /0.

Wade, J., Sterjovski, J., Gray, L., Roche, M., Chiavaroli, L., Ellett, A., Jakobsen, M.R., Cowley, D.,
Pereira Cda, F., Saksena, N., ef al. (2010). Enhanced CD4+ cellular apoptosis by CCR5-restricted HIV-
1 envelope glycoprotein variants from patients with progressive HIV-1 infection. Virology 396, 246-255.

Wain-Hobson, S., Vartanian, J.P., Henry, M., Chenciner, N., Cheynier, R., Delassus, S., Martins, L.P.,
Sala, M., Nugeyre, M.T., Guetard, D., et al. (1991). LAV revisited: origins of the early HIV-1 isolates
from Institut Pasteur. Science 252, 961-965.

Waki, K., and Freed, E.O. (2010). Macrophages and Cell-Cell Spread of HIV-1. Viruses 2, 1603-1620.
Wakkach, A., Mansour, A., Dacquin, R., Coste, E., Jurdic, P., Carle, G.F., and Blin-Wakkach, C. (2008).
Bone marrow microenvironment controls the in vivo differentiation of murine dendritic cells into
osteoclasts. Blood /12, 5074-5083.

Wang, J., Crawford, K., Yuan, M., Wang, H., Gorry, P.R., and Gabuzda, D. (2002). Regulation of CC
chemokine receptor 5 and CD4 expression and human immunodeficiency virus type 1 replication in

human macrophages and microglia by T helper type 2 cytokines. J Infect Dis /85, 885-897.

Wang, J.H., Janas, A.M., Olson, W.J., and Wu, L. (2007). Functionally distinct transmission of human

immunodeficiency virus type 1 mediated by immature and mature dendritic cells. J Virol 81, 8933-8943.

Wang, J.H., Kwas, C., and Wu, L. (2009). Intercellular adhesion molecule 1 (ICAM-1), but not ICAM-2
and -3, is important for dendritic cell-mediated human immunodeficiency virus type 1 transmission. J
Virol 83, 4195-4204.

Wang, Y., Cui, J., Sun, X., and Zhang, Y. (2011). Tunneling-nanotube development in astrocytes depends
on p53 activation. Cell Death Differ /8, 732-742.

Watchmaker, P.B., Lahl, K., Lee, M., Baumjohann, D., Morton, J., Kim, S.J., Zeng, R., Dent, A., Ansel,
K.M., Diamond, B., et al. (2014). Comparative transcriptional and functional profiling defines conserved

programs of intestinal DC differentiation in humans and mice. Nat Immunol /5, 98-108.

Watters, S.A., Mlcochova, P., and Gupta, R.K. (2013). Macrophages: the neglected barrier to eradication.
Curr Opin Infect Dis 26, 561-566.

Wei, X., and Nielsen, R. (2019). CCR5-32 is deleterious in the homozygous state in humans. Nat Med
25,909-910.

Westby, M., Smith-Burchnell, C., Mori, J., Lewis, M., Mosley, M., Stockdale, M., Dorr, P., Ciaramella,
G., and Perros, M. (2007). Reduced maximal inhibition in phenotypic susceptibility assays indicates that
viral strains resistant to the CCR5 antagonist maraviroc utilize inhibitor-bound receptor for entry. J Virol
81,2359-2371.

186



Wetzel, K.S., Y1, Y., Yadav, A., Bauer, A.M., Bello, E.A., Romero, D.C., Bibollet-Ruche, F., Hahn, B.H.,
Paiardini, M., Silvestri, G., et al. (2018). Loss of CXCR6 coreceptor usage characterizes pathogenic
lentiviruses. PLoS Pathog 74, ¢1007003.

White, T.E., Brandariz-Nunez, A., Valle-Casuso, J.C., Amie, S., Nguyen, L.A., Kim, B., Tuzova, M., and
Diaz-Griffero, F. (2013). The retroviral restriction ability of SAMHDI, but not its deoxynucleotide
triphosphohydrolase activity, is regulated by phosphorylation. Cell Host Microbe /3, 441-451.

Wiggins, M.J., Wilkoff, B., Anderson, J.M., and Hiltner, A. (2001). Biodegradation of polyether

polyurethane inner insulation in bipolar pacemaker leads. J Biomed Mater Res 58, 302-307.

Wijewardana, V., Brown, K.N., and Barratt-Boyes, S.M. (2009). Studies of plasmacytoid dendritic cell
dynamics in simian immunodeficiency virus infection of nonhuman primates provide insights into HIV
pathogenesis. Curr HIV Res 7, 23-29.

Wilen, C.B., Tilton, J.C., and Doms, R.W. (2012). HIV: cell binding and entry. Cold Spring Harb Perspect
Med 2.

Williams, D.W., Anastos, K., Morgello, S., and Berman, J.W. (2015). JAM-A and ALCAM are
therapeutic targets to inhibit diapedesis across the BBB of CD14+CD16+ monocytes in HIV-infected
individuals. J Leukoc Biol 97, 401-412.

Williams, D.W., Byrd, D., Rubin, L.H., Anastos, K., Morgello, S., and Berman, J.W. (2014). CCR2 on
CD14(+)CD16(+) monocytes is a biomarker of HIV-associated neurocognitive disorders. Neurol

Neuroimmunol Neuroinflamm /, e36.

Williams, D.W., Eugenin, E.A., Calderon, T.M., and Berman, J.W. (2012). Monocyte maturation, HIV
susceptibility, and transmigration across the blood brain barrier are critical in HIV neuropathogenesis. J
Leukoc Biol 91, 401-415.

Wong, K.L., Tai, J.J., Wong, W.C., Han, H., Sem, X., Yeap, W.H., Kourilsky, P., and Wong, S.C. (2011).
Gene expression profiling reveals the defining features of the classical, intermediate, and nonclassical

human monocyte subsets. Blood 718, e16-31.

Wong, K.L., Yeap, W.H., Tai, J.J., Ong, S.M., Dang, T.M., and Wong, S.C. (2012). The three human

monocyte subsets: implications for health and disease. Immunol Res 53, 41-57.

Wu, L., and KewalRamani, V.N. (2006). Dendritic-cell interactions with HIV: infection and viral

dissemination. Nat Rev Immunol 6, 859-868.
Wyatt, R., Sullivan, N., Thali, M., Repke, H., Ho, D., Robinson, J., Posner, M., and Sodroski, J. (1993).

Functional and immunologic characterization of human immunodeficiency virus type 1 envelope

glycoproteins containing deletions of the major variable regions. J Virol 67, 4557-4565.

187



Xiang, S.H., Pacheco, B., Bowder, D., Yuan, W., and Sodroski, J. (2013). Characterization of a dual-
tropic human immunodeficiency virus (HIV-1) strain derived from the prototypical X4 isolate HXBc2.
Virology 438, 5-13.

Xu, W., Santini, P.A., Sullivan, J.S., He, B., Shan, M., Ball, S.C., Dyer, W.B., Ketas, T.J., Chadburn, A.,
Cohen-Gould, L., et al. (2009). HIV-1 evades virus-specific IgG2 and IgA responses by targeting

systemic and intestinal B cells via long-range intercellular conduits. Nat Immunol 70, 1008-1017.

Xu, Y., Zhan, Y., Lew, A.M., Naik, S.H., and Kershaw, M.H. (2007). Differential development of murine
dendritic cells by GM-CSF versus FIt3 ligand has implications for inflammation and trafficking. J
Immunol 179, 7577-7584.

Yagi, M., Miyamoto, T., Sawatani, Y., Iwamoto, K., Hosogane, N., Fujita, N., Morita, K., Ninomiya, K.,
Suzuki, T., Miyamoto, K., et al. (2005). DC-STAMP is essential for cell-cell fusion in osteoclasts and
foreign body giant cells. J Exp Med 202, 345-351.

Yagi, M., Miyamoto, T., Toyama, Y., and Suda, T. (2006). Role of DC-STAMP in cellular fusion of
osteoclasts and macrophage giant cells. J] Bone Miner Metab 24, 355-358.

Yasui, K., Yashiro, M., Tsuge, M., Kondo, Y., Saito, Y., Nagaoka, Y., Yamashita, N., and Morishima, T.
(2011). Tumor necrosis factor-alpha can induce Langhans-type multinucleated giant cell formation

derived from myeloid dendritic cells. Microbiol Immunol 55, 809-816.

Yi, Y., Chen, W., Frank, 1., Cutilli, J., Singh, A., Starr-Spires, L., Sulcove, J., Kolson, D.L., and Collman,
R.G. (2003). An unusual syncytia-inducing human immunodeficiency virus type 1 primary isolate from
the central nervous system that is restricted to CXCR4, replicates efficiently in macrophages, and induces

neuronal apoptosis. J Neurovirol 9, 432-441.

Yi, Y., Isaacs, S.N., Williams, D.A., Frank, I., Schols, D., De Clercq, E., Kolson, D.L., and Collman, R.G.
(1999). Role of CXCR4 in cell-cell fusion and infection of monocyte-derived macrophages by primary
human immunodeficiency virus type 1 (HIV-1) strains: two distinct mechanisms of HIV-1 dual tropism.
J Virol 73, 7117-7125.

Yi, Y., Rana, S., Turner, J.D., Gaddis, N., and Collman, R.G. (1998). CXCR-4 is expressed by primary
macrophages and supports CCR5-independent infection by dual-tropic but not T-tropic isolates of human

immunodeficiency virus type 1. J Virol 72, 772-777.

Yi, Y., Shaheen, F., and Collman, R.G. (2005). Preferential use of CXCR4 by R5X4 human
immunodeficiency virus type 1 isolates for infection of primary lymphocytes. J Virol 79, 1480-1486.
Yoder, A., Yu, D., Dong, L., Iyer, S.R., Xu, X., Kelly, J., Liu, J., Wang, W., Vorster, P.J., Agulto, L., et al.
(2008). HIV envelope-CXCR4 signaling activates cofilin to overcome cortical actin restriction in resting
CD4 T cells. Cell 134, 782-792.

Yonezawa, A., Morita, R., Takaori-Kondo, A., Kadowaki, N., Kitawaki, T., Hori, T., and Uchiyama, T.

188



(2003). Natural alpha interferon-producing cells respond to human immunodeficiency virus type 1 with

alpha interferon production and maturation into dendritic cells. J Virol 77, 3777-3784.

Yoshio, S., Kanto, T., Kuroda, S., Matsubara, T., Higashitani, K., Kakita, N., Ishida, H., Hiramatsu, N.,
Nagano, H., Sugiyama, M., et al. (2013). Human blood dendritic cell antigen 3 (BDCA3)(+) dendritic
cells are a potent producer of interferon-lambda in response to hepatitis C virus. Hepatology 57, 1705-
1715.

Yu, C.I., Becker, C., Wang, Y., Marches, F., Helft, J., Leboeuf, M., Anguiano, E., Pourpe, S., Goller, K.,
Pascual, V., ef al. (2013a). Human CDIc+ dendritic cells drive the differentiation of CD103+ CD8+
mucosal effector T cells via the cytokine TGF-beta. Immunity 38, 818-830.

Yu, J., Li, M., Wilkins, J., Ding, S., Swartz, T.H., Esposito, A.M., Zheng, Y.M., Freed, E.O., Liang, C.,
Chen, B.K,, et al. (2015). IFITM Proteins Restrict HIV-1 Infection by Antagonizing the Envelope
Glycoprotein. Cell Rep /3, 145-156.

Yu, X., Feizpour, A., Ramirez, N.G., Wu, L., Akiyama, H., Xu, F., Gummuluru, S., and Reinhard, B.M.
(2014). Glycosphingolipid-functionalized nanoparticles recapitulate CD169-dependent HIV-1 uptake
and trafficking in dendritic cells. Nat Commun 5, 4136.

Yu, X.H., Fu, Y.C., Zhang, D.W., Yin, K., and Tang, C.K. (2013b). Foam cells in atherosclerosis. Clin
Chim Acta 424, 245-252.

Zamarchi, R., Allavena, P., Borsetti, A., Stievano, L., Tosello, V., Marcato, N., Esposito, G., Roni, V.,
Paganin, C., Bianchi, G., et al. (2002). Expression and functional activity of CXCR-4 and CCR-5

chemokine receptors in human thymocytes. Clin Exp Immunol /27, 321-330.

Zhang, F., Wilson, S.J., Landford, W.C., Virgen, B., Gregory, D., Johnson, M.C., Munch, J., Kirchhoff,
F., Bieniasz, P.D., and Hatziioannou, T. (2009). Nef proteins from simian immunodeficiency viruses are
tetherin antagonists. Cell Host Microbe 6, 54-67.

Zhang, L., Carruthers, C.D., He, T., Huang, Y., Cao, Y., Wang, G., Hahn, B., and Ho, D.D. (1997). HIV
type 1 subtypes, coreceptor usage, and CCR5 polymorphism. AIDS Res Hum Retroviruses /3, 1357-
1366.

Zhang, Y., Lu, J., and Liu, X. (2018). MARCH?2 is upregulated in HIV-1 infection and inhibits HIV-1
production through envelope protein translocation or degradation. Virology 578, 293-300.

Zhang, Y., Tada, T., Ozono, S., Yao, W., Tanaka, M., Yamaoka, S., Kishigami, S., Fujita, H., and
Tokunaga, K. (2019). Membrane-associated RING-CH (MARCH) 1 and 2 are MARCH family members
that inhibit HIV-1 infection. J Biol Chem 294, 3397-3405.

Zhao, O.H., Anderson, J.M., Hiltner, A., Lodoen, G.A., and Payet, C.R. (1992). Theoretical analysis on

cell size distribution and kinetics of foreign-body giant cell formation in vivo on polyurethane elastomers.

189



J Biomed Mater Res 26, 1019-1038.

Zhao, X., Li, J., Winkler, C.A., An, P., and Guo, J.T. (2018). IFITM Genes, Variants, and Their Roles in
the Control and Pathogenesis of Viral Infections. Front Microbiol 9, 3228.

Zhong, P., Agosto, L.M., Ilinskaya, A., Dorjbal, B., Truong, R., Derse, D., Uchil, P.D., Heidecker, G.,
and Mothes, W. (2013a). Cell-to-cell transmission can overcome multiple donor and target cell barriers
imposed on cell-free HIV. PLoS One 8, 53138.

Zhong, P., Agosto, L.M., Munro, J.B., and Mothes, W. (2013b). Cell-to-cell transmission of viruses. Curr
Opin Virol 3, 44-50.

Zhou, Z., Barry de Longchamps, N., Schmitt, A., Zerbib, M., Vacher-Lavenu, M.C., Bomsel, M., and
Ganor, Y. (2011). HIV-1 efficient entry in inner foreskin is mediated by elevated CCLS5/RANTES that
recruits T cells and fuels conjugate formation with Langerhans cells. PLoS Pathog 7, €¢1002100.

Ziegler-Heitbrock, L., Ancuta, P., Crowe, S., Dalod, M., Grau, V., Hart, D.N., Leenen, P.J., Liu, Y.J.,
MacPherson, G., Randolph, G.J., et al. (2010). Nomenclature of monocytes and dendritic cells in blood.
Blood 176, €74-80.

Zotova, A., Atemasova, A., Pichugin, A., Filatov, A., and Mazurov, D. (2019). Distinct Requirements for

HIV-1 Accessory Proteins during Cell Coculture and Cell-Free Infection. Viruses /1.
Zou, Z., Chastain, A., Moir, S., Ford, J., Trandem, K., Martinelli, E., Cicala, C., Crocker, P., Arthos, J.,

and Sun, P.D. (2011). Siglecs facilitate HIV-1 infection of macrophages through adhesion with viral sialic
acids. PLoS One 6, €24559.

190



APPENDIX

191



192



'.‘ frontiers

in Immunology

REVIEW
published: 19 February 2018
doi: 10.3389/fimmu.2018.00260

OPEN ACCESS

Edited by:

Céline Cougoule,

Centre national de la recherche
scientifique (CNRS), France

Reviewed by:

Nuria Izquierdo-Useros,
IrsiCaixa, Spain

Marina Cella,
Washington University in
St. Louis, United States

*Correspondence:

Serge Benichou
serge.benichou@inserm.fr;
Jérébme Bouchet
Jjerome.bouchet@inserm.fr

Specialty section:

This article was submitted
to Viral Immunology,

a section of the journal
Frontiers in Immunology

Received: 19 December 2017
Accepted: 30 January 2018
Published: 19 February 2018

Citation:

Bracq L, Xie M, Benichou S and
Bouchet J (2018) Mechanisms for
Cell-to-Cell Transmission of HIV-1.
Front. Immunol. 9:260.

doi: 10.3389/fimmu.2018.00260

Check for
Updates

Mechanisms for Cell-to-Cell
Transmission of HIV-1

Lucie Bracq'?345, Maorong Xie'?%%, Serge Benichou?%*%* and Jéréme Bouchet"?3%*

TInserm U1016, Institut Cochin, Paris, France, ?CNRS, UMR8104, Paris, France, °Université Paris-Descartes, Sorbonne
Paris-Cité, Paris, France, *International Associated Laboratory (LIA VirHost), Institut Pasteur Shanghai-Chinese Academy of
Sciences, Shanghai, China, ®International Associated Laboratory (LIA VirHost), CNRS, Université Paris-Descartes, Institut
Pasteur, Paris, France

While HIV-1 infection of target cells with cell-free viral particles has been largely
documented, intercellular transmission through direct cell-to-cell contact may be a
predominant mode of propagation in host. To spread, HIV-1 infects cells of the immune
system and takes advantage of their specific particularities and functions. Subversion
of intercellular communication allows to improve HIV-1 replication through a multiplicity
of intercellular structures and membrane protrusions, like tunneling nanotubes, filopo-
dia, or lamellipodia-like structures involved in the formation of the virological synapse.
Other features of immune cells, like the immunological synapse or the phagocytosis of
infected cells are hijacked by HIV-1 and used as gateways to infect target cells. Finally,
HIV-1 reuses its fusogenic capacity to provoke fusion between infected donor cells
and target cells, and to form infected syncytia with high capacity of viral production
and improved capacities of motility or survival. All these modes of cell-to-cell transfer
are now considered as viral mechanisms to escape immune system and antiretroviral
therapies, and could be involved in the establishment of persistent virus reservoirs in
different host tissues.

Keywords: HIV-1, cell-to-cell transfer, macrophages, dendritic cells, T cells

CELL-FREE AND CELL-TO-CELL INFECTION

The worldwide pandemic of HIV-1 infection is a global and major public health problem, and sexual
transmission is the major route of infection of the newly HIV-1-infected adults. Even though the
use of antiretroviral therapies led to a net decrease of morbidity and mortality of HIV-1-infected
patients, a better understanding of the cellular mechanisms involved in the sexual transmission
and early dissemination of the virus is still required in order to rationally design more specific
and potent strategies for HIV-1 prevention. A research priority for HIV-1 eradication is then the
elucidation of the events involved in the mucosal viral transmission through the mucosa of the male
and female rectal and genital tracts. While both cell-free and cell-associated HIV-1 are present in
the semen, vaginal secretions, and anal mucus, and are thought to contribute to the virus sexual
transmission, the cell-associated HIV-1 mucosal transmission has been largely understudied.
Cell-to-cell transmission of HIV-1 involves various cell types of the immune system, including
T lymphocytes, macrophages, and dendritic cells (DCs). Whereas the infection of T lymphocytes
via cell-to-cell transfer was broadly investigated in vitro, there is a paucity in knowledge of the
mechanisms that control infection and virus dissemination in macrophages and DCs by cell-to-cell
transfer. Yet, macrophages and DCs play crucial roles in the physiopathology of infection, with mac-
rophages being involved in the establishment of persistent virus reservoirs in different host tissues
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while DCs participate in the early stages of virus transmission
and dissemination after primo-infection at the level of genital
and rectal mucosa. Specific therapies blocking HIV-1 mucosal
transmission to these target cells should therefore be designed.

While HIV-1 infection of target cells with cell-free viral par-
ticles has been largely documented, pioneer studies from early
1990s showed that HIV-1 dissemination was largely increased
through the establishment of direct cell-to-cell contacts between
infected donor CD4+ T cells and target T cells [for review:
Ref. (1)]. At least in vitro, cell-to-cell transfer of HIV-1 between
T cells leads to a massive and very efficient infection that may be
100-1,000-fold more efficient than infection carried out by cell-
free viral particles (1-5). The efficiency of cell-to-cell infection
between CD4+ T cells has been related to a high-multiplicity of
infection at the site of the cell-cell contact, probably leading to
the integration, and accelerated viral gene expression of multiple
proviruses in the target cell (6-10). While some reports suggest
that cell-to-cell infection could be the main route of HIV-1
infection in vivo (10, 11), the specific contribution of cell-free
and cell-to-cell infection by HIV-1 in infected hosts is still a
matter of debate. Using multiphoton intravital microscopy in
HIV-1-infected “humanized” mice, Murooka et al. showed that
HIV-1-infected T cells establish interaction with surrounding
cells and can even form syncytia with other lymph node-resident
cells. The potency of infected T cells in lymph nodes to migrate
may facilitate virus cell-to-cell transmission and spreading
in vivo (12). Interestingly, exposure of human or macaque
mucosal explants to HIV-1- or SIV-infected cells, allows more
efficient viral transmission and infection than cell-free viruses
(13, 14), suggesting the potency of HIV-1- or SIV-infected T cells
to transmit viruses and propagate infection in host tissues. The
high efficiency of cell-to-cell infection was also proposed to be
a mechanism for HIV-1 to escape to antiretroviral therapy and
neutralizing antibodies (15) but these results are still controver-
sial and will be discussed below (4, 6, 16).

Different modes of infection through different cellular struc-
tures enabling close contacts between virus-donor cells and
recipient target cells have been described over the past years for
cell-to-cell transmission of HIV-1 in vitro. Intercellular transfer of
viral material has been described mainly through establishment
of the infectious or virological synapses, but also using membrane
protrusions such as filopodia and tunneling nanotubes (TNTs),
and cell fusion or cell engulfment processes. The implication of
these different structures and processes for cell-to-cell transfer
and dissemination of HIV will be discussed in this review.

NANOTUBES, FILOPODIA

The role of membrane protrusions in intercellular communica-
tions has been widely explored [for review: Ref. (17)]. A large
diversity of membrane protrusions have been described, both
in vitro (18, 19) and in vivo (20-22), and play important roles
in the transmission of information between cells from different
physiological systems, such as neurons (18, 23, 24), myeloid cells
(25-29), or T cells (30).

Among the described membrane protrusions, two differ-
ent types of nanotubes have been reported, corresponding to

close-ended nanotubes and open-ended nanotubes (also known
as TNTs) (27, 31, 32). Intercellular communications involving
TNTs were first observed in 2004 as F-actin-containing mem-
brane extensions able to connect distant cells during minutes to
hours (18). TNTs are fragile and dynamic structures extended
up to 100 pm in length with diameters ranging from 50 to
200 nm, and are not attached to the substratum (18, 30). They
can mediate and facilitate the transfer, between several cell types,
of cytoplasmic, and plasma membrane molecules, Ca2+ (29, 33),
cargos including vesicles derived from various organelles such
as early endosomes, endoplasmic reticulum, Golgi complex, and
lysosomes (24, 33, 34), and even bigger cellular organelles like
mitochondria and endosome-related structures (18, 32), but also
pathogens such as bacteria (28).

Several studies showed that HIV-1 utilizes TNT networks
to move from one cell to another leading to virus cell-to-cell
transfer (25, 30, 34, 35) (Figure 1A). The frequency of TNT
formation is not affected by HIV-1in T cells but these structures
could allow rapid spread of virus between T cells (30). Virus
particles can thus be transferred by surfing along the surface of
TNTs between T cells (30). Virus dissemination through TNTs
was also reported between macrophages, in which HIV-1 par-
ticles can be transferred through intracellular vesicles derived
from the endosomal reticulum or the Golgi apparatus (34, 35).
Furthermore, in macrophages, HIV-1 increases the number of
these intercellular structures to infect new cells (25). The HIV-1
Nef auxiliary protein has been reported to be responsible for the
formation of TNTs in the THP-1 macrophage-like cell line (36)
as well as in primary monocyte-derived macrophages, in which
Nef alters the localization of the scaffolding protein M-Sec (37),
which is a key regulator of TNT formation by a still undefined
mechanism (26).

Another route of viral cell-to-cell transmission through
membrane extension involving formation of filopodia has
been first described for transmission of the retroviral murine
leukemia virus (MLV) (19). Filopodia are F-actin-rich thin
plasma membrane extensions that are involved in several cellular
functions, such as chemo-migration, adhesion to the extracel-
lular matrix, or formation of cell-cell contacts [for review: Ref.
(38)]. In DCs, after engagement of the lectin DC-SIGN, HIV-1
mediates the activation of the small GTPase CDC42 and the
remodeling of actin cytoskeleton to promote filopodia extension
that allows virus transmission to neighboring CD4+ T cells (39)
(Figure 1B). By budding at the tip of filopodia in DCs, HIV-1
could be able to tether concomitantly several neighboring CD4+
T cells, leading to viral transfer and infection of the target T cells
(40) (Figure 1C).

THE VIROLOGICAL SYNAPSES

The formation of the so-called virological synapse is the major
and well-established route for viral cell-to-cell transmission, and
was first described in the context of human T-lympho-tropic
virus infection as a close and organized cell-to-cell contact struc-
ture between an infected donor cell and a target cell, enabling the
transfer of viral material between the two cells (41) (Figure 1D).
The virological synapse has been named after its homologies with
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the immunological synapse formed between antigen-presenting
cells (APCs) and T cells for antigen presentation. During the
formation of the immunological synapse, binding of the T-cell
receptor (TCR) to the MHC-peptide complex expressed at the
surface of APCs ensures T-cell activation by transducing signals
that cause transcriptional upregulation of numerous genes,
polarized secretion of cytokines or cytotoxic granules, and
cell-proliferation (42, 43). Microtubules and actin cytoskeleton,
together with adhesion molecules (LFA-1 and its ligand ICAM-1),
participate in the stabilization of the immunological synapse.

Whilst virus cell-to-cell transmission was defined, from the
early 1990s, to be more efficient than cell-free virus infection
(1, 44-46), the concept of “virological synapse” between HIV-1-
infected donor cells and target cells was defined by the group of
Quentin Sattentau as a “cytoskeleton-dependent, stable adhesive
junction, across which virus is transmitted by directed transfer”
(47). The virological synapse shares several common features
with the immunological synapse. Indeed, formation of both
virological and immunological synapses involves the recruitment
of receptors and cell adhesion molecules to an adhesive interface
in an actin-dependent manner (48, 49). We focus here on the
structure of the virological synapse established between a donor
infected CD4+ T-cell and a CD4+ T-cell target which has been
the best documented (48, 50, 51). The specific synapses formed
between DCs or macrophages and target CD4+ T cells will be
described below.

The virological synapse is a dynamic structure initiated by
the recognition of the target T-cell surface receptor CD4 by
the viral surface envelope glycoprotein gp120 expressed at the

surface of the infected donor T cell (Figure 2). This interaction
allows the recruitment of the viral Gag polyprotein precursor
to the intercellular interface (52) and triggers the recruitment
of co-receptors, CXCR4 or CCR5, adhesion molecules LFA-1,
ICAM-1, and other cell surface proteins such as tetraspanins to
the site of intercellular contact, for stabilization of the virological
synapse and efficient viral transfer (48, 52, 53). The interaction
between HIV-1 envelope glycoprotein and the receptor CD4 is
the major determinant for virus transfer across the virological
synapse (54). In addition to CD4, the implication of the co-
receptors CCR5 and CXCR4 has been investigated by several
groups. Some initial studies suggested that the formation of the
virological synapse could be independent of the co-receptor
usage since the inhibition of these co-receptors did not affect
the number of cellular conjugates between cells (55) or HIV-1
transfer (4, 56). However, other reports showed that expression
of these co-receptors was necessary for productive infection of
the target cells downstream of the formation of the virological
synapse (57-60). Therefore, the use of the co-receptor could
be dispensable for the formation of the virological synapse but
could be required for efficient infection of the target cell after
viral transfer through the virological synapse.

Similarly, the role of the adhesion molecules LFA-1 and ICAM-1
in the formation of the virological synapse was debated. Initially,
interaction between LFA-1 and ICAM-1 has been proposed to
stabilize the virological synapse for efficient viral transfer. Jolly
et al. first showed that antibodies against LFA-1 and ICAM-1
were able to partially block viral transfer through the virological
synapse (48, 52). However, the percentages of inhibition were
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very different depending on the antibody used (40-90% inhibi-
tion using LFA-1 antibodies and 30% inhibition with ICAM-1
antibodies). The role of adhesion molecules for the formation of
the virological synapse and virus transfer was then confirmed,
showing a significant threefold inhibition in virus transfer using
a Jurkat T-cell line lacking the o subunit of LFA-1 (61). However, a
third group obtained opposite results showing that virus transfer
through the virological synapse between T cells did not require
LFA-1 binding to ICAM-1 (55). Using antibodies blocking adhe-
sion molecules such as LFA-1, ICAM-1, and ICAM-3 in MOLT
or primary T cells, or 293 T cells lacking LFA-1, no inhibition
of viral transfer through the virological synapse was observed in
this study. The different assays used to analyze viral transfer and
viral production could explain this divergence. In these studies,
antibodies targeting different epitopes were used to block adhe-
sion molecules and could have differential effects on virological
synapse formation and HIV-1 transfer. The discrepancy in the
results obtained by several groups could also be explained by
the different cell models used in these experiments. Indeed, the
level of adhesion molecule expression (i.e., ICAMs and Integrins)
largely differs from T-cell lines to primary T cells (52, 55).
To conclude, while the recruitment of adhesion molecules to the
virological synapse is well established (52, 53), their specific role
and requirement for cell-to-cell transmission of HIV-1 remains
to be determined.

Finally, specific rearrangements of the cytoskeleton are
required for the formation of the virological synapse and efficient
viral transfer. Engagement of the CD4 receptor by the gp120 viral
envelope glycoprotein triggers actin cytoskeleton remodeling
and microtubule polarization toward the virological synapse
(51). These cytoskeleton modifications are needed for polariza-
tion of the Gag precursor and envelope glycoproteins to the site
of cell-cell contact (61, 62). By comparison, engagement of the
TCR by MHC-antigen complex expressed at the surface of APC
induces a polarization of the T cell toward the immunological
synapse that triggers a cascade of intracellular signals leading to
cytoskeleton remodeling, cytokine gene expression, proliferation,
and execution of the T-cell effector functions. Similarly, polariza-
tion of the microtubule-organizing center (MTOC) of infected

donor T cells toward the virological synapse has been observed
in 30-60% of the conjugated formed with target T cells (54, 63,
64). Viral envelope glycoproteins are also reoriented to the viro-
logical synapse through their interaction with an intracellular
compartment associated with the polarized MTOC. This suggests
an active role of the microtubule network in the recruitment of
the viral envelope to the virological synapse (4, 53, 54, 59, 63).
Electron microscopy analyses with tomography reconstruction
revealed the polarization of organelles such as mitochondria,
lysosomes at the site of cell-cell contact in around 75% of the
virological synapse formed. The colocalization of viral material
with secretory lysosomal compartments and the relocalization
of these vesicular compartments toward the cell-cell interface
indicates that HIV-1 could take advantage of intracellular traffic
and secretory pathways to disseminate through the virological
synapse (63). Some molecules involved in T-cell signaling also
participate in cell-to-cell transmission of HIV-1. Accordingly,
polarization of the cells can be mediated by ICAM-1/LFA-1
signaling, which in addition to its effect on stabilizing virologi-
cal synapse formation, induces a ZAP70-dependant signaling
pathway for cytoskeleton remodeling, T cells polarization, and
efficient HIV-1 transfer at the virological synapse (53, 64). In
target T cells, CD4 engagement by viral gp120 induces phos-
phorylation of the T-cell specific Src kinase Lck allowing the
recruitment of several TCR signaling molecules such as ZAP70,
LAT, SLP76, or PLCy in their active phosphorylated form. This
unusual signaling does not trigger regular T-cell activation nor
proliferation, but could induce a local depletion of F-actin at
the center of the virological synapse that could facilitate viral
transfer to target cells (54).

The first observation of the virological synapse by electron
microscopy by Jolly et al. showed that mature HIV-1 particles
were clustered in the synaptic space (48), but they did not show
evidence of endocytosis of viral particles by target cells, sug-
gesting that mature viruses released from the donor T cells at
the virological synapse space could fuse directly with the plasma
membrane of the target T cells (48). Another group also observed
HIV-1 particles in the synaptic space by electron microscopy,
but suggested that these particles could be internalized by target
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cells into trypsin-resistant large intracellular vesicles containing
several virus particles. This internalization of viruses could occur
using an actin-dependent mechanism through lamellipodia-like
structures (56). Several groups confirmed that HIV-1 can be
internalized by endocytosis at the virological synapse. Therefore,
immature HIV-1 particles have been shown to be transferred
across the virological synapse through dynamin- and clathrin-
dependent endocytosis leading to productive infection of the
target T cells (59, 65-67). After internalization, the HIV-1
particles were found in intracellular compartments that co-
localized with the early-endosomal marker EEA1 but not with
the lysosomal-associated membrane protein LAMP1, indicating
that viruses are internalized in endosomal compartments but are
not addressed to lysosomal degradation (68). In accordance with
these results, Dale et al. demonstrated that after endocytosis of
immature virions by the target T cells, the cleavage of the Gag
polyprotein precursor by the viral protease induced the matu-
ration of the viral particle in some endosomal compartments
(57). This cleavage restored the membrane fusion activity of the
viral envelope and led to viral-cell membrane fusion into these
endosomal compartments.

However, the group of Quentin Sattentau, who first described
the formation of the virological synapse for HIV-1 cell-to-cell
transfer, failed to observe endocytosis of viral particles at
the virological synapse using confocal microscopy, electron
microscopy, or electron microscopy coupled with tomography
(47, 60). Puigdomenech et al. hypothesized that these differ-
ent results could be explained by the different experimental
systems used and the use of primary T cells or immortalized
T-cell lines (69). They suggest that these differences may be
associated with the different kinetics of the fusion events
observed between primary CD4+4 T cells and T-cell lines.
Delayed fusion at the plasma membrane of the target cell may
increase virus endocytosis in primary cells (Figure 2, left).
In contrast, a rapid fusion at the cell membrane in T-cell lines
may favor HIV-1 transmission without need for endocytosis
(Figure 2, right). From this hypothesis, these authors suggest
that endocytosis of virus particles is the main mechanism used
by HIV-1 for cell-to-cell transfer and infection of primary
CD4+ T cells. Remarkable differences between virological
synapses formed with Jurkat cells or primary CD4+ T cells
have been indeed reported (70). Scanning electron microscopy
experiments revealed strong differences in spatial distribution
of virions at the intercellular interface and important dif-
ferences in the architecture of the contacts between T cells.
These differences could be due to the increase deformability
of primary T cells compared with the immortalized Jurkat
cells, and questioned the relevance of cell line models used so
far for studying virological synapse formation and cell-to-cell
transmission of HIV-1.

It is noteworthy to mention that cell-to-cell transfer of HIV-1
between T cells is associated to an increase mortality of the target
cells, when compared with cell-free infection of T cells. First,
the massive entry of viral particles into target cells across the
virological synapse has been shown to be responsible for caspase-
1-mediated pyropoptosis of target T cells (71). In addition, while
the formation of the virological synapse is triggered by gp120/

CD4 interaction, it has been reported that upon cell-to-cell
contact, the gp41 transmembrane viral glycoprotein was able to
trigger hemifusion but not fusion events responsible for rapid
CD4+ T-cell death (72, 73).

Viral Transfer and Resistance
to Neutralizing Antibodies and
Antiretroviral Drugs

Like some other viruses (Herpesviruses, poxviruses, and
Hepatitis C virus), it has been proposed that HIV-1 could
escape, at least partially, to neutralization by specific antibodies
targeting the viral envelope when it is transferred across the
virological synapse. Failure of inhibition of HIV-1 cell-to-cell
infection by neutralizing antibodies was first suggested in 1995
in a study showing that antibodies against the glycan V3-loop
of gp120 were unable to block cell-to-cell viral transfer (74).
However, after characterization of the virological synapse for
HIV-1 cell-to-cell transfer in 2004, several different groups
tried to elucidate the mechanisms of neutralizing antibody
escape in the virological synapse-mediated viral transfer.
There is a general agreement that the potency of neutralizing
antibodies is reduced during cell-to-cell transmission compared
with cell-free infection and that only a subset of neutralizing
antibodies can efficiently inhibit cell-to-cell transmission
(47, 56, 75-77). For example, it was reported that several spe-
cific anti-gp120 antibodies targeting the CD4 binding site lost
considerable potency (10- to 100-fold decrease) when HIV-1
was transferred by cell-to-cell transmission (75). Though some
antibodies are still able to block cell-to-cell viral transmission
at high concentration, VRCO01, which is one of the most potent
antibody for inhibition of cell-free infection, is particularly inef-
fective for blocking cell-to-cell viral transfer (75). While most
anti-gp120-directed antibodies, and in particular those directed
against the gp120 CD4 binding site displayed a reduced activity
during viral cell-to-cell transmission, the same group reported
that the T20 fusion inhibitor targeting the gp4l transmem-
brane glycoprotein as well as neutralizing antibodies directed
against gp41 maintained their activity and were thus able to
block both cell-free and cell-to-cell infection with the same
efficiency. However, other groups showed that some anti-gp41
neutralizing antibodies failed to inhibit cell-to-cell transmission
(4, 56, 77). Globally, the efficiency of neutralizing antibodies for
neutralization of the virological synape-mediated viral transfer
is variable and some epitopes of the viral envelope glycoproteins
seem more susceptible than others to neutralization of the viral
cell-to-cell transfer between T cells.

Similarly, the activity of the T20 peptide entry inhibitor of
the Env-mediated membrane fusion on HIV-1 transmission
through the virological synapse is still a matter of debate, and
a lot of contradictory results have been published regarding
the effect of this inhibitor. Whereas it was initially reported
that T20 was unable to block virological synapse-mediated
viral transfer using flow cytometry analysis (4), Martin et al.
then showed that cell-free and cell-to-cell infection across
the virological synapse were equivalently susceptible to T20,
using qPCR for detection of infection in the target T cells
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(60). These different results can be explained by the different
experimental approaches used since the first study was look-
ing for viral transfer of viral material when the other study
analyzed de novo synthesized viral DNA after viral transfer.
We can hypothesize that the T20 fusion inhibitor does not
affect viral transfer across the virological synapse, but inhibits
HIV-1 infection in the target cell after the viral transfer medi-
ated through the virological synapse. The fusion inhibitors
T20 and C34, targeting gp41, could also have no effect on
capture and endocytosis of virus particles for viral cell-to-cell
transfer, but would rather block subsequent viral fusion in the
endosomal compartments leading to inhibition of productive
infection (65).

While it is usually accepted that HIV-1 could escape or is
less sensitive to the inhibitory activity of antiviral drugs used
in clinic when T cells are infected by virus transfer through the
virological synapse, only a few studies have reported rational
analyses of the effects of antiretroviral drugs such as anti-pro-
tease or anti-reverse transcriptase inhibitors on viral cell-to-cell
transfer. Some studies indeed reported that HIV-1 virological
synapse-mediated infection and cell-free infection were simi-
larly inhibited by anti-protease drugs (15, 78). Regarding reverse
transcriptase inhibitors, it seems that non-nucleoside-analog
inhibitors of the reverse transcriptase could block virological
synapse-mediated infection of T-cell targets (15, 78), whereas
nucleoside-analog reverse transcriptase inhibitors (NRTT) were
unable to do it. However, it was also reported that cell-to-cell
infection was blocked efficiently when these NRTIs were used
in combination even if the level of inhibition is lower than for
cell-free infection (15, 78, 79). Usage of HIV-1 protease inhibi-
tors Lopinavir and Darunavir has been reported as an efficient
way to inhibit cell-to-cell transmission as efficiently as cell-free
infection (79). This effect of protease inhibitors compared with
reverse transcriptase inhibitors is suspected to be due to their
ability to target immature virions and blocking their maturation
in fully infectious viruses.

In conclusion, it seems from the data reported in the litera-
ture that the idea that the cell-to-cell viral transfer through the
virological synapse can escape from neutralizing antibodies and
antiretroviral drugs is not so evident and is probably depend-
ent on the inhibitors used. Further systematic investigations
with standardized assays to evaluate and compare activities of
neutralizing antibodies and antiretroviral drugs in both cell-free
and cell-to-cell infections are absolutely needed to address this
important point.

HETEROGENEITY OF THE VIROLOGICAL
SYNAPSES

HIV-1 transmission through the virological synapse established
between an infected donor T cell and a recipient target T cell have
been extensively studied. Nonetheless, DCs and macrophages
can also transmit HIV-1 to target CD4+4 T cells through the
formation of a related virological synapse (80-82). If virus
cell-to-cell transfer between DCs and T cells, as well as between
macrophages and T cells, presents some similarities with the

virological synapse observed between T cells, they also showed
some specific differences.

The DC Infectious Synapse

Regarding DCs as virus-donor cells, two types of cell-to-cell viral
transfer and infection of T-cell targets have been proposed: in
cis-infection, DCs are productively infected and can then trans-
fer viruses to CD4+ T cells, whereas in trans-infection, DCs are
able to capture HIV-1 independently of CD4 and then transfer
viruses to CD4+ T cells through the formation of the so-called
“infectious synapse” (39, 83-85) (Figure 1E). HIV-1 cis-infection
and trans-infection of CD4+ T target cells from DCs have been
proposed to be mediated by distinct processes (86). However,
because DCs highly express antiviral cellular restriction fac-
tors (APOBEC3G, TRIM5«a, BST-2, and SAMHD-I), HIV-1
replicates poorly in this cell type. That is probably the reason
why most of the studies of cell-to-cell transmission of HIV-1
from infected DCs to T cells developed cis-infection models of
DCs using massive quantities of VSV-G-pseudotyped HIV-1
particles to infect DCs in vitro, thus questioning the validity of
these models of cis-infection.

Regarding the trans-infection cell-to-cell process from DCs,
several studies showed that DCs can capture HIV-1 through
binding of the viral envelope glycoproteins to the mannose
specific C-type lectin receptor (DC-SIGN) and store viruses
into tetraspanin-enriched compartments, in continuity with the
plasma membrane without viral replication in recipient DCs
(58, 83, 84, 87). More recently, it has been reported that the
immunoglobulin(I)-type lectin Siglec-1 (or CD169) can also
bind to HIV-1 particles carrying sialyl-lactose gangliosides on
their envelope (88-90). After capture, viruses remain at the cell
surface or are internalized in vesicular containing compartments
(see below). Then, DCs are able to transfer these viruses to CD4+
T cells independently of viral replication through the formation
of an “infectious” synapse (91-94), thus decreasing the efficiency
of broadly neutralizing antibodies on HIV-1 infection of target
T cells (95).

While the formation of the virological synapse depends on
the interaction between the viral gp120 envelope glycoprotein
and the CD4 receptor, the infectious synapse formed during
trans-infection does not rely upon CD4/gp120 interaction
since Rodriguez-Plata et al. showed that the number of cell-
to-cell conjugates formed between DCs and CD4+ T cells was
not increased in the presence of HIV-1 (85). However, they
also reported that the formation of the infectious synapse
was decreased by 60% when the interaction between the adhe-
sion molecules ICAM-1 and LFA-1 was disrupted. Further-
more, recognition of MHC-superantigen complexes presented
at the surface of DCs by the TCR significantly enhanced virus
transfer across the infectious synapse (85, 91). These authors
suggest that the formation of the infectious synapse is not
triggered by the virus but is more related to a hijacking of the
immunological synapse by HIV-1. However, their experiments
do not prove formally the formation of a canonical immuno-
logical synapse in their system as TCR or signaling molecules
recruitment at the interface was not verified. Moreover, a pre-
vious study failed to detect any MHC-II or TCR recruitment at
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the interface between DCs carrying viruses and target CD4+
T cells, thus excluding the identification of this structure as a
bone fide immunological synapse (87).

While the formation of the infectious synapse does not rely
on CD4/gp120 interaction, this interaction is still required for
efficient productive infection of CD4+ T cells following forma-
tion of cell-to-cell conjugates with DCs carrying HIV-1. After
the formation of conjugates, the CD4 receptor and CXCR4
or CCR5 co-receptors are recruited at the site of the cell-cell
contact (96). Furthermore, intercellular transfer to CD4+ T cells
of virus particles captured by DCs can be blocked using high
concentrations of broadly neutralizing antibodies targeting the
gp120 and gp41 envelope glycoproteins (97).

Rearrangements of the actin cytoskeleton also play a key
role in HIV-1 transfer across the infectious synapse. A recent
screening shows that tetraspanin 7 and dynamin-2 control
nucleation and cortical stabilization of actin to maintain viruses
onto dendrites for efficient cell-to-cell transfer from DCs to
CD4+ T cells when cells are cocultured, and simultaneously
infected with HIV-1 (98). Furthermore, it has been shown that
large sheet-like membrane structures derived from DCs carrying
HIV-1 wrap around T cells leading to a large interface at the
infectious synapse (58). Within this interface, filopodia exten-
sions from T cells are able to interact with the virus-containing
compartments (VCCs) in continuity with the plasma membrane
of DCs for efficient cell-to-cell transmission (58). Together, these
results show that in DCs, HIV-1 can be efficiently transferred
by hijacking the immunological synapse without productive
infection of DCs.

As specialized DCs present in cervico-vaginal and rectal
mucosa, Langerhans cells have been proposed to be the first
targets of HIV-1 after sexual exposure. However, these cells
were proposed to capture and degrade captured virions
through expression of the DC-SIGN-related lectin Langerin
at their surface, avoiding virus transmission from Langerhans
cells to CD4+ T cells (99). More recently, in an ex vivo human
tissue explant model, Ballweber et al. showed that vaginal
Langerhans cells were able to transmit HIV-1 to CD4+ T cells,
without being productively infected, rendering HIV-1 particles
insensitive to inhibition by reverse transcriptase inhibitors in
this context (100).

Ofnote, some studies suggest that the expression of Siglec-1in
macrophages mediates the internalization of HIV-1 particles in
a VCC. As for DCs-to-T-cell transmission, the presence of these
storage compartments in macrophages allows for the transfer
of virions to CD4+ T cells (3, 101). Interestingly, the role of
Siglec-1 for viral capture by macrophages has been evidenced
in vivo in lymph node from HIV-1 or MLV infected mice (90).
By showing subsequent transfer of MLV from macrophages to
B cells, Sewald et al. proposed that this mechanism could be
transposed to HIV-1 macrophage-to-T-cell transmission (90).

HIV-1 Transfer through Conjugates
Formed with Macrophages

Compared with the cell-to-cell transmission mechanisms of
HIV-1 involving T cells or DCs as infected donor cells, little

is known about the formation of conjugates between HIV-1-
infected macrophages and target CD4+ T cells. As evidenced
by the presence of infected macrophages in different tissues in
infected patients, macrophages are cellular targets of HIV-1
and probably play an important role in HIV-1 pathogenesis
(102-108). Like other infected cells, they participate in cell-to-
cell transmission of HIV-1 and are essential for HIV-1 spread in
tissues of infected patients. One major feature of HIV-1-infected
macrophages is related to the assembly and budding steps of
the new viral particles. While in T cells viral assembly takes
place at the plasma membrane, de novo formed viral particles
accumulate both at the plasma membrane and in tetraspanin-
enriched compartments called VCCs in productively infected
macrophages (109-112). These VCCs, which do not exhibit the
same characteristics than endosomes or multivesicular bodies,
but are characterized by the presence of the tetraspanins CD63
and CD81 (113-116), and are connected to the extracellular
space by thin channels in continuity with the plasma membrane
(110,117, 118). Viruses thus assemble in macrophages in a pro-
tected compartment and are then released in the extracellular
environment.

Infected macrophages can efficiently transfer viruses to
uninfected CD4+ T cells across the formation of a virologi-
cal synapse but the mechanisms involved in the formation of
this macrophage/T-cell virological synapse are not completely
characterized (3, 119). During the formation of the conjugates
between infected macrophages and target T cells, VCCs could
rapidly move to the virological synapse (82) through an actin
cytoskeleton-dependent mechanism (81). Similarly to the
virological synapse formed between T cells, the virological
synapse involving virus-donor macrophages leads to the
recruitment of CD4, CCR5, LFA-1, and ICAM-1, as well as
the viral Gag precursor and envelope glycoproteins at the site
of cell-cell contact (81, 119). In contrast to the virological
synapse formed between T cells, which is dependent of CD4,
the formation of conjugates between infected macrophages
and CD4+ T cells appears to be independent of gp120 (82),
while the viral transfer is dependent of gpl120/CD4 and
LFA-1/ICAM-1 interactions (81). Through the formation of
the virological synapse, infected macrophages can transfer
a high multiplicity of HIV-1 to CD4+4 T cells, promoting
reduced viral sensitivity to reverse transcriptase inhibitors as
well as to a panel of neutralizing antibodies (81, 82). While the
virological synapse between infected macrophage and T-cell
targets show several differences with the virological synapse
between T cells (82, 119, 120), no similar structure has been
described so far, to our knowledge, between infected T cells
and uninfected macrophages for virus cell-to-cell transfer in
these HIV-1 target cells.

ENGULFMENT OF INFECTED T CELLS
BY MACROPHAGES AND ENTOSIS

Despite the fact that HIV-1 infection of T cells by cell-to-cell
transfer has been largely documented, cell-to-cell infection
of macrophages remains poorly investigated. Recently, the
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group of Quentin Sattentau pointed out for the first time a
new mechanism of specific cell-to-cell transfer of HIV-1
from infected CD4+ T cells to macrophage targets (121)
(Figure 1F). The authors showed that macrophages could
engulf HIV-1-infected T cells leading to productive infection
of the macrophage targets. The engulfment of infected healthy
but rather dying T cells was significantly higher compared with
uninfected healthy T cells, indicating that the cell death and
infection of virus-donor T cells might independently promotes
T-cell engulfment by macrophages. This preferential uptake
of infected dying T cells was independent of the interaction
between gp120 and the CD4 receptor but was dependent of
remodeling of the actin cytoskeleton. Since this engulfment/
uptake of infected T cells by macrophages was dependent
of actin remodeling and was not inhibited by amiloride, an
inhibitor of macropinocytosis, the authors suggested that
this engulfment process likely results from phagocytosis
mechanisms.

While the uptake of infected T cell by macrophages was
independent of the Env/CD4 interaction, the productive
infection of macrophages following uptake of T cells would
be dependent of this interaction, and also depended of the
tropism of the viruses. The uptake of infected T cells was evi-
denced by a concentrated localization of the viral Gag precur-
sor in the macrophage target observed in association with the
CD3 T-cell specific marker. The engulfment of T cells infected
with CCR5-tropic viruses led to productive infection of the
macrophage targets able to produce infectious virus particles
in the cell-culture supernatant. In contrast, after engulfment
of T cells infected with CXCR4-tropic viruses, no productive
infection of the macrophage targets was observed (121). From
these data, it appears evident that macrophages can be produc-
tively infected by phagocytosis of HIV-1-infected T cells, but
the mechanisms for virus entry in macrophages from intracel-
lular phagocytosed T cells remains to be defined. Nonetheless,
the dependency of co-receptor usage by HIV-1 particles for
productive infection could indicate a fusion of viral particles
with the phagosome membrane.

Phagocytosis of SIV-infected T cells by myeloid cells in vivo
was also suggested by the group of Jason Brenchley in SIV-
infected macaque models (122, 123). Their studies point out
the presence of viral RNA and DNA originating from T cells in
myeloid cells from spleen and lymph nodes of infected monkeys,
but do not formally prove that this presence of specific markers
was related to a phagocytosis mechanism of SIV-infected T cells
by myeloid cells, since no per se phagocytosis experiment was
carried out in these studies.

Of note, another type of engulfment of HIV-1-infected
CD4+ T cells by epithelial cells via an entosis mechanism has
been observed. Entosis refers to the invasion of non-apoptotic
cells into another live cell and then induces the formation of
cell-in-cell structures (124, 125). Using infected cells from an
immortalized T-cell line, Ni et al. reported that epithelial cells
could internalize infected T cells in vitro, as well as in vivo in
sigmoid colon explants from HIV-1-infected patients showing
the formation of cell-in-cell structures (126). Through this ento-
sis process, the epithelial cells could be productively infected, as

evidenced by the diffuse intracytoplasmic staining of the viral
capsid protein.

CELL-CELL FUSION

Formation of T-Cell Syncytia

Cell-to-cell fusion between infected CD4+ T cells, or between
infected and uninfected CD4+ T cells, has been initially proposed
to be another mechanism for HIV-1 infection and dissemination
between T cells (127-131). Early studies suggested that infected
T cells could fuse with uninfected T cells to form giant syncy-
tia, 5-100 times bigger than individual cells (131, 132). In this
context, cell-to-cell fusion occurs through actin cytoskeleton
rearrangements, is dependent of LFA-1/ICAM-1 interaction and
is mediated through interaction between envelope glycoproteins
expressed at the cell surface of infected cells and CD4 expressed
on the target cells (127, 129, 131, 133). Yet, these T-cell syncy-
tia, initially observed only in vitro with infected immortalized
T-cell lines, have been shown to die rapidly by a mitochondrion-
dependent apoptosis mechanism (134, 135). The formation of
HIV-1 T cell syncytia leads to activation of the serine-threonine
kinase, mTOR, which mediates phosphorylation of the tran-
scription factor p53. Thus, p53 induces upregulation of the pro-
apoptotic regulator Bax leading to mitochondrial permeabi-
lization and release of pro-apoptotic mitochondrial proteins
(136, 137). Several groups thus proposed that this cytopathic
effect related to the formation of T-cell syncytia could be the
mechanism of the CD4+ T cells loss observed during infection
in HIV-1-infected patients (127, 128, 132).

However, formation of T-cell syncytia has been a controversial
subject since other studies did not observed formation of T-cell
syncytia using HIV-1-infected primary CD4+ T cells (3, 4, 11).
Because no evidence of the formation of such T-cell syncytia was
reported in vivo, it has been suggested that these giant syncytia
could be in vitro artifacts only observed with immortalized cell
lines and restricted to CXCR4-viruses (138). Viral strains were
indeed initially classified as syncytia-inducing or non-syncytia
inducing (NSI) strains, referring to their capacity to induce
syncytia in vitro, and then to their ability to use either CXCR4 or
CCRS for virus entry, respectively (139). However, cells infected
with NSI viruses can readily form syncytia with CCR5-positive
cells, and a new classification of viral strains based on CXCR4 or
CCR5-usage was adopted (140).

Interestingly, small T-cell syncytia, containing no more
than five nuclei, have been then observed in vivo in lymph
nodes from HIV-1-infected patients (141). In addition, some
more recent studies using HIV-1-infected “humanized mouse
models” reported the presence of motile infected syncytia in
lymph nodes, smaller than those observed in vitro (12). These
motile small T-cell syncytia can establish tethering interac-
tions with uninfected T cells that may facilitate cell-to-cell
transmission through the formation of a virological synapse
(12, 142). Interestingly, these interactions between infected
small syncytia and uninfected T cells do not lead to cell-to-cell
fusion suggesting that this mechanism of cell fusion is finely
regulated (12).
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Inhibition of T-Cell Fusion at the
Virological Synapse

The numerous studies describing the formation of conjugates
between infected and uninfected T cells for viral transfer across
the virological synapse do not present observations of cell-cell
fusion between the virus-donor T cells expressing the viral
envelope glycoproteins and the target T cells expressing the
CD4 receptor and CXCR4 and CCR5 co-receptors, confirming
that this process is finely regulated during the formation of the
virological synapse between T cells.

Since HIV-1 is a highly fusogenic virus that is preferentially
transmitted by direct contact between two cells, the mechanisms
inhibiting the fusion between an infected cell and a target cell
deserves to be questioned. Indeed, in most of the T cell-to-
T-cell transmission of HIV-1, a very few syncytia are observed
compared with the formation of virological synapses (3, 4, 11).
Moreover, large syncytia formed with T cells were characterized
as rapid-dying cells (134, 136), which might indicate that HIV-1
has developed some mechanisms to inhibit the formation of these
large T-cell syncytia to survive in infected host. As usually, it was
proposed that HIV-1 took advantage of the intracellular systems
displayed by its host, and used molecular mechanism to inhibit
cell-cell fusion.

For example, the CD81 tetraspanin membrane protein is
recruited at the site of cell-cell contact during HIV-1 cell-
to-cell transmission and was proposed to be involved in the
regulation of fusion (143). CD81 knockdown or inhibition
with a specific antibody dramatically increased the capacity of
infected T cells to fuse with surrounding non-infected cells,
indicating that CD81 is a negative regulator of T cell-T cell
fusion during virological synapse formation. CD81 expression
at the virological synapse seems to be regulated by the actin/
plasma membrane connector, ezrin. Accordingly, reduction of
ezrin expression in T cells decreased the level of CD81 local-
ized at virological synapses, thus increasing cell-cell fusion
between infected T cells (144). Other tetraspanin proteins such
as CD9, CD63, or CD82, have been also studied for their role
in HIV-1-mediated cell-cell fusion (144, 145). In addition, it
has been shown that CD63 may interact with the CXCR4 co-
receptor and induces downregulation of CXCR4 expression at
the cell surface, resulting in the inhibition of HIV-1 infection
(146, 147). Like CD81, these molecules may act as regulators of
cell fusion, but most of the experiments have been performed
using HeLa or HEK293T non-lymphoid cell lines. Therefore,
experiments need to be performed in more relevant cell
models to precisely define the molecular requirement of these
tetraspanins in the regulation of syncytia formation between
HIV-1-infected T cells.

Presence of Multinucleated Giant Cells
(MGCs) in Infected Tissues

The mechanism of T-cell syncytia formation has been largely
documented in vitro and discussed for its in vivo relevance.
Nonetheless, processes of cell-cell fusion for HIV-1 infection
and dissemination are not restricted to T cells. Some studies
showed that infected multinucleated macrophages, as well

as multinucleated DCs, could be found in different tissues
in vivo in HIV-1-infected patients (148, 149). The presence
of HIV-1-infected multinucleated syncytia expressing specific
DC markers was found at the surface of the nasopharyngeal
tonsils of HIV-1-infected patients and reported 20 years ago
(148). The same group reported that infected T cells could
fuse in vitro with skin-derived DCs (94), thus leading to multi-
nucleated cell formation between T cells and DCs. Similarly,
multinucleated giant HIV-1-infected macrophages have been
found in vivo during infection in several different tissues,
including lymph nodes, spleen, lungs, genital, and digestive
tracts, and the central nervous system (CNS) (102-106, 108,
148, 150-153). While several groups showed the presence of
infected multinucleated macrophages in tissues, and more
specifically in the brain of HIV-1-infected patients and SIV-
infected monkeys, the cellular and molecular mechanisms
related to their formation remained poorly investigated, with
only one in vitro study demonstrating a role for the HIV-1
auxiliary protein Nef in the formation of multinucleated
macrophages (154).

We recently reported in vitro original results and proposed a
model for the formation of HIV-1-infected MGCs related to a
two-step cell-cell fusion process for HIV-1 cell-to-cell transfer
from infected T cells and viral dissemination in macrophage
targets (155) (Figure 1G). First, a heterotypic fusion occurs
between HIV-1-infected T cells and macrophage targets for
virus transfer. Then the newly formed lymphocyte/macrophage
infected fused cells acquire the ability to fuse with surrounding
uninfected macrophages for virus dissemination. As evidenced
by cell imaging analyses, the first step is related to the establish-
ment of contacts with infected T cells leading to the fusion of the
infected T cells with macrophages. This cell fusion, dependent
of the viral envelope/CD4 receptor interaction and restricted
to CCR5-tropic viral strains, has been evidenced by a massive
and fast transfer of Gag + material, as well as the presence of
specific T cells markers (CD3, CD2, and Lck) in the cytoplasm
and at the plasma membrane of the macrophage targets. The
newly formed lymphocyte/macrophage fused cells (LMFCs) are
then able to fuse with surrounding uninfected macrophages.
These two sequential cell fusion processes are dependent on
the viral envelope and lead to the formation of highly virus-
productive MGCs that could survive for a long time in host
tissues to produce infectious virus particles as shown in vivo in
lymphoid organs and the CNS of HIV-1-infected patients and
SIV-infected macaques (103, 106, 108, 152, 156). Similarly, the
first step related to the initial T cell-to-macrophage fusion agrees
with results showing that myeloid cells from lymphoid tissues of
SIV-infected macaques contain T-cell markers and viral RNA
and DNA originating from infected T cells (122, 123). This route
of infection may be a major determinant in vivo for virus dis-
semination and establishment of macrophage virus reservoirs
in host tissues.

CONCLUSION

Since the HIV-1 discovery, a lot of works have been accom-
plished to decipher its life cycle, in order to counteract virus
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transmission and dissemination. Counteraction of host defen-
ses is a major feature of HIV-1, since it is able to infect a large
panel of immune cells and to largely decrease their effector
functions. During the past years, several entry pathways for
virus dissemination have been discovered but still need further
investigations. While HIV-1 was initially suspected to enter
its target cells only through fusion of viral particles with host
T-cell membranes, it appears more and more evident that it
can use a large diversity of cellular features to infect target
cells, especially through direct cell-to-cell transmission by
close contacts between an infected virus-donor cell and a
target cell. Cell-to-cell transfer of HIV-1 indeed allows a mas-
sive release of viral material toward the target cell inducing
a strong increase of viral infectivity, compared with infection
with cell-free viruses. Depending on the infected donor cells
as well as the target cell lineages, HIV-1 can take advantage
of their specific physiology and features to infect its host.
In T cell-to-T-cell transmission, HIV-1 provokes the formation
of contacts, through Env-CD4 interactions, to allow a mas-
sive transfer of viruses between the two cells, thus improving
its ability to enter the host cell. This intercellular structure,
called virological synapse, is strongly similar to another but
physiological one, the immunological synapse, indicating
the HIV-1 ability to hijack T-cell pathways to spread. During
trans-infection from DCs to target T cells, HIV-1 is even able
to re-use at its advantage the interaction between APCs and
T cells to cross the intercellular space for infection of target
T cells. Through the interface formed between donor and tar-
get cells, filopodia coming from target T cells penetrate some
VCCs in donor DCs to capture virions.

Therefore, intercellular communication pathways seem to
be a road of choice for HIV-1 spreading. By increasing the
frequency of filopodia formation in host infected cells, HIV-1
also enhances the surface of contacts of infected cells with the
environment, thus improving its efficiency to be transferred to
a non-infected neighboring target cell. In addition, HIV-1 can
also create real bridges between cells, the so-called TNTs, which
resemble to highways for virus transmission and dissemination.
Moreover, when infected T cells are engulfed by specialized-
phagocytic cells such macrophages, instead of being destroyed,
HIV-1 is still able to infect the phagocyte.

Finally, HIV-1 uses its own ability to fuse with host cell
membranes to provoke fusion between an infected donor cell
and a target cell. By this way, HIV-1 is totally hidden form
extracellular milieu since the sharing of the cytosol between the
two cells appears to be sufficient for viral material dissemina-
tion and productive infection the new-formed fused cell able
to produce new fully infectious virus particles. While fusion
between T cells has been observed since a long time but was
controverted as an in vitro artifact, more recent studies have
pointed out the presence of small T-cell syncytia in vivo in lymph
nodes from infected patients and proposed that these syncytia
are fully able to transmit viral particles by cell-to-cell transfer to
other cell targets. Multinucleated macrophages or DCs have also
been observed in vivo in different tissues from HIV-1-infected

patients, indicating the cell-to-cell fusogenicity of HIV-1 for
different cell types. We have recently discovered a new mecha-
nism of cell fusion between HIV-1-infected T cells and target
macrophages. Heterotypic fusion between these cells appears, at
least in vitro, to be a massive and very fast process allowing the
formation of LMFCs that acquire the ability to fuse rapidly with
neighboring non-infected macrophages, thus forming MGCs.
The new-formed MGCs can survive for a long period in vitro
and are highly productive of fully infectious viral particles. This
important process could explain the presence of MGCs observed
in several tissues of infected patients. Because of their long-time
survival capacity, infected MGCs could participate in virus dis-
semination and establishment of persistent virus reservoirs in
host tissues.

To conclude, while cell-associated HIV-1 transmission is
believed to contribute to sexual transmission or viral spreading
as well as to the formation of latent virus reservoirs, only few
studies address the importance of cell-to-cell transfer of HIV-1
in vivo, and further investigations are needed to decipher the role
of all the intercellular structures and processes described in vitro
for pathogenesis in HIV-1-infected patients.
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