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SUMMARY

Cell-to-cell HIV-1 transmission is a highly efficient mechanism of virus spread, and its
relevance for in vivo dissemination in the active sites of replication, namely, primary
and secondary lymphoid tissues, seems probable. Transmission of HIV antigens from
infected to uninfected CD4+ T cells occurs through cell-to-cell contacts requiring
exclusively the HIV envelope protein gp120 and the CD4 receptor interaction to induce
the endocytic uptake of viral particles into trypsin-resistant compartments in the target
cell. However the fate of transferred HIV antigens and whether internalization of HIV
particles through an endocytic pathway can initiate a productive infection have not been
completely understood. In the present work we have found that IgGb12, an inhibitor of
virus attachment to CD4, prevented the infection of HIV-loaded target cells suggesting
that endocytosed viral particles required resurfacing and reaching the extracellular
environment to engage CD4 receptor to initiate a productive infection. Previous
confocal microscopy studies found that clathrin and dynamin proteins colocalized with
HIV particles in the target cell. However dynasore, a dynamin-dependent endosomal
scission inhibitor did not prevent virus capture, virus-cell fusion or virus replication
after cell-to-cell transfer of HIV particles into primary CD4+ T cells suggesting that
endosomal maturation was not required for any step of the HIV infection cycle.
Moreover, quantification of total viral DNA production indicated that all anti-HIV
agents blocked cell-free and cell-to-cell virus transmission with similar potency
discarding that cell-to-cell transmission could contribute to the persistence of the virus
during antiretroviral therapy. Finally, it was observed that cell-to-cell transfer of HIV-1
antigens was dependent on the degree of actin polymerization of target primary CD4+ T
cells. Thus, phenotypic differences in the cortical actin between naive and memory
CD4+ T cell subsets determined the efficiency of viral antigen transfer inducing distinct
susceptibilities to HIV-1 infection. Our results reinforce the idea that endocytosed virus
after cell-to-cell contacts may represent an itinerant virus reservoir able to induce the
trans-infection of bystandard T cells, but not leading to effective virus replication from

within internal endosomal compartments.






RESUM

La transmissio cel-lula a cel-lula del VIH-1 és un mecanisme altament eficient de
disseminacié viral, i la seva rellevancia durant la difusié in vivo en els llocs actius de
replicacio, és a dir, en els teixits limfoides primaris i secundaris, sembla probable. La
transmissio d'antigens del VIH de cel-lules infectades a cél-lules T CD4+ no infectades
es produeix a través de contactes cel-lula a cél-lula que requereixen exclusivament de la
interacci6 entre la proteina de 1'embolcall del VIH gp120 i el receptor CD4 per induir la
captacio endocitica de particules virals en compartiments resistents a la tripsina en la
c¢l-lula diana. No obstant aix0, no ha estat completament estudiat el desti dels antigens
del VIH préviament transferits i si la internalitzacié de particules del VIH mitjangant
endocitosi pot donar lloc a una infeccié productiva. En aquest treball es mostra com
IgGb12, un inhibidor de la uni6 del virus a CD4, va impedir la infeccid de les cel-lules
diana carregades amb el VIH suggerint que les particules virals endocitades van
necessitar tornar a la superficie i arribar novament l'espai extracel-lular per interaccionar
amb el receptor CD4 i iniciar una infeccié productiva. Estudis previs realitzats amb
microscopia confocal van trobar que les proteines clatrina i dinamina colocalitzaven
amb les particules del VIH a la cel-lula diana. Tot 1 aixd, dynasore, un inhibidor de la
escissi6 endosomal no va impedir ni la captura de virus, ni la fusié del virus amb la
cel-lula ni la replicaci6 del virus després de la transferéncia cel-lula a cél-lula de
particules del VIH suggerint que la maduraci6é endosomal no és necessaria per cap etapa
del cicle d'infecciéo del VIH. D'altra banda, la quantificacié de la produccio de DNA
total va indicar que tots els agents anti-VIH inhibien la transmissié de virus lliure o
cel-lula a cel-lula amb una poténcia similar descartant que la transmissio cel-lula a
cel-lula pogués contribuir a la persisténcia del virus durant la terapia antiretroviral.
Finalment, es va observar que la transferéncia cel-lula a cél-lula d'antigens del VIH-1
era depenent del grau de polimeritzacié de la actina de les cél-lules diana CD4+ T.
D'aquesta manera, les diferéncies fenotipiques en l'actina cortical entre les cel-lules
CD4+ T naive i memoria van determinar la eficiéncia de la transferéncia d'antigens
virals induint diferents susceptibilitats a la infeccid per VIH-1. Els nostres resultats
reforcen la idea de que, després dels contactes cél-lula a cel-lula, els virus endocitats
poden representar un reservori de particules virals itinerant capa¢ d'induir la trans-
infeccid de les cel-lules adjacents, perd no poden induir una replicaci6 eficient a partir

dels compartiments endosomals.






RESUMEN

La transmision de célula a célula del VIH-1 es un mecanismo altamente eficiente de
diseminacion viral, y su relevancia durante la difusioén in vivo en los sitios activos de
replicacion, es decir, en los tejidos linfoides primarios y secundarios, parece probable.
La transmision de antigenos del VIH de células infectadas a células T CD4+ no
infectadas se produce a través de contactos célula a célula que requieren exclusivamente
de la interaccion entre la proteina de la envuelta del VIH gp120 y el receptor CD4 para
inducir la captacion endocitica de particulas virales en compartimientos resistentes a la
tripsina en la célula diana. Sin embargo, no ha sido completamente estudiado el destino
de los antigenos del VIH previamente transferidos y si la internalizacion de particulas
del VIH mediante endocitosis puede dar lugar a una infeccion productiva. En este
trabajo se muestra como IgGb12, un inhibidor de la union del virus a CD4, impidi6 la
infeccion de las células diana cargadas con el VIH sugiriendo que las particulas virales
endocitadas necesitaron volver a la superficie y alcanzar nuevamente el espacio
extracelular para interaccionar con el receptor CD4 e iniciar una infeccion productiva.
Estudios previos realizados con microscopia confocal encontraron que las proteinas
clatrina y dinamina colocalizaban con las particulas del VIH en la célula diana. A pesar
de esto, dynasore, un inhibidor de la escision endosomal no impidi6 ni la captura de
virus, ni la fusiéon del virus con la célula ni la replicacion del virus después de la
transferencia célula a célula de particulas del VIH sugiriendo que la maduracion
endosomal no es necesaria para ninguna etapa del ciclo de infeccion del VIH. Por otra
parte, la cuantificacion de la produccion de DNA total indicé que todos los agentes anti-
VIH inhibian la transmision de virus libre o célula a célula con una potencia similar
descartando que la transmision célula a célula pudiera contribuir a la persistencia del
virus durante la terapia antiretroviral. Finalmente, se observo que la transferencia célula
a cé€lula de antigenos del VIH-1 era dependiente del grado de polimerizacion de la
actina de las cé€lulas diana CD4+ T. De esta manera, las diferencias fenotipicas en la
actina cortical entre las células CD4+ T naive y memoria determinaron la eficiencia de
la transferencia de antigenos virales induciendo distintas susceptibilidades a la infeccion
por VIH-1. Nuestros resultados refuerzan la idea de que, después de los contactos célula
a célula, los virus endocitados pueden representar un reservorio de particulas virales
itinerante capaz de inducir la trans-infeccion de las células colindantes, pero no pueden

inducir una replicacion eficiente a partir de los compartimientos endosomales.
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AIDS
APC
CAp24
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CMFDA
CCR5
CXCR4
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DMSO
DDAO
DNA
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EC50
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ELISA
Env
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FSC
GALT
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HAART
HIV
HTLV
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IN

IS
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LAV
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Acquired immunodeficiency syndrome
Antigen presenting cell

HIV antigen capsid p24

Center for Disease Control
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Chemokine receptor 5, also known as CD195
CXC Chemokine receptor 4, also known as CD184
Dendritic cell

Dimethyl sulfoxide

CellTrace™ Far Red, Dichloro-DimethylAcridin-One
Deoxyribonucleic acid

Deoxyribonucleotide

50% effective concentration

Early endsosomal antigen 1

Enzyme-lynked immunoSorbent assay

HIV envelope glycoprotein
Fluorescence-activated cell sorting

Foetal bovine serum

Fluorescein isothiocyanate

Forward scatter

Gut-associated lymphoid tissue

Green fluorescence protein

Highly active antiretroviral therapy

Human immunodeficiency virus

Human T-cell leukaemia virus

Intercellular adhesion molecule

Interleukin-2

HIV integrase enzyme

Immunological synapse
Lysosomal-associated membrane protein 1
Lymphadenopathy associated virus

Lymphocyte function-associated antigen 1



LTR
MA
mADbs
MFI
MOl
MTOC
MRNA
NC
NIH
NMab
NRTI
PBMCs
PBS
PCR
PE
PHA
PMA
Pol

PR
gPCR
Rev
RNA
RRE
RT
SSC
VS
VSV
WT

Long terminal repeat

HIV matrix protein (p17)
Monoclonal antibody

Mean fluorescence intensity
Multiplicity of infection
Microtubule organizing center
Messenger RNA

HIV nucleocapsid (p7)

National Institutes of Health
Neutralizing monoclonal antibodies
Nucleoside reverse transcriptase inhibitor
Peripheral Blood Mononuclear cells
Phosphate buffered saline
Polymerase chain reaction
Phycoerythrin
Phytohaemmagglutinin

Phorbol 12-myristate 13-acetate
HIV polymerase enzyme

HIV protease enzyme

Quantitative real-time PCR
Regulator of virion protein expression
Ribonucleic acid

Rev response element

HIV reverse transcriptase enzyme
Side Scatter

Virological synapse

Vesicular stomatitis virus

Wild type
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INTRODUCTION






Introduction

1.- History

In June 1981, the Center for Disease Control and Prevention (CDC) described what is
considered the first reported cases of AIDS [6]. In 1983, only two years later, its
etiological agent was firstly identified [7] and then confirmed [8, 9] as a virus belonging
to the general family of T-lymphotropic retroviruses and as the causative agent of
several pathological syndromes affecting the normal cellular immune function including
AIDS [7]. In 1986, the International Committee on the Taxonomy of Viruses designated
the previously named LAV or HTLV-III as human immunodeficiency virus (HIV) [10].
More than twenty years have passed since the first 5 reported cases in Los Angeles.
According to the UNAIDS Reports on the global AIDS epidemic 2012, 34 million
people was leaving with HIV at the end of 2011 making AIDS one of the most serious
health challenges of the world [11].

2.- Immunopathogenesis of HIV-1 infection

Most of the HIV-1 infections occur by sexual exposure through the genital tract or rectal
mucosa (Figure 1). It is thought that viruses cross the mucosal epithelium by
transcytosis or by making direct contact with underlying mucosal Langerhans cells and
CD4+ T cells [12-14]. After being transported across the epithelium, HIV reaches its
main target for infection in the genital mucosa which is CD4+ memory T cells. During
this initial phase of infection, viral RNA is undetectable in the plasma. After
approximately 10 days, HIV reaches lymph nodes, where the infection is strongly
amplified due to the high local density of CD4+ T cells. At the same time, DCs begin to
present processed HIV antigens to naive B cells and T cells, thereby initiating the
adaptive response to the infection. Next, the virus replicates rapidly and spreads
throughout the body and to other lymphoid tissues, particularly in the gut-associated
lymphoid tissue (GALT), where activated CD4+ memory T cells are present in high
numbers. During this period, the plasma viraemia increases exponentially to reach a
peak, usually more than a million of RNA copies per ml of blood. After the peak
viraemia a balance between the virus turnover and the immune responses is established.
Persistent HIV-1 infection would lead to chronic HIV-associated immune activation
until depletion of CD4+ T cell reservoirs that could not be replenished leading to
exhaustion of the immune system and development of acquired immune deficiency

syndrome (AIDS).
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Figure 1. Dissemination of HIV-1. HIV crosses the mucosal epithelium by trancytosis or by making
direct contact with intraepithelial dendritic cells and CD4+ T cells. After mucosal infection HIV-infected
cells migrate to proximal lymph nodes were infection is rapidly amplified and disseminated through the
lymphatic system to the blood and then to all lymphoid tissues. [2]

3.- The replication cycle of HIV-1

As an obligatory intracellular parasite HIV-1 can only replicate inside human cells. The

steps of the HIV life-cycle are described below (Figure 2):
3.1.- HIV Viral Entry

The principal targets for HIV-1 infection are T cells, and to a lesser extent macrophages
and dendritic cells. This tropism is determined at the level of viral entry by the use of
CD4 as the primary receptor and the use of one of the two co-receptors that define two
different viral strains. RS strains of HIV use CCRS5 as their co-receptor and can,
therefore, enter macrophages, DCs and T cells, whereas X4 strains of HIV use CXCR4
as a co-receptor and can infect only T cells. The engagement of the HIV envelope
glycoprotein (Env) with cell receptors triggers conformational changes that culminate in
viral and host cell membrane fusion and release of the viral core into the cytoplasm.
Inhibitors of the different steps of HIV-1 entry into target cells have been identified
including attachment inhibitors such as the mAb IgGb12, coreceptor antagonists such as
Maraviroc or AMD3100 for CCR5- and CXCR4-using viruses respectively and fusion
inhibitors such as enfuvirtide (T-20) [15-17].
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3.2.- HIV uncoating, reverse transcription, nuclear import and integration

Once internalized, HIV is uncoated, and its single-stranded RNA is retro-transcribed by
the RT into a double-stranded DNA. Reverse transcription can be inhibited by
nucleoside and non-nucleoside RT inhibitors (NRTIs and NNRTIs, respectively).
NRTIs such as Zidovudine (AZT) or Tenofovir (TDF) mimic natural dNTPs and are
incorporated into the viral DNA by the RT.

Aooessary virel
\F o proteing g, n.ug @
i Revgy © Budding
CCRS inhibitons] ¢ o P
| 9. ALIX,

Azzembly
4 @-ﬁm ®

Figure 2. The HIV-1 life cycle. After binding to CD4 and one coreceptor (CCR5 or CXCR4), viral
fusion with the cell membrane results in entry of the viral core into the cytoplasm. Following reverse
transcription, the viral cDNA is transported to the nucleus to form the integrated provirus. Genomic viral
transcripts exported from the nucleus and newly transduced viral proteins are packaged to form new
virions. After budding, particle maturation occurs by protease cleavage. [1]

NNRTIs binds at different site on the RT and inhibit its movement. Then the viral
genome, associated with Vpr, MA and host proteins enters the nucleus. Finally,
integration of HIV into the host genome is catalysed by IN generating the integrated

form of HIV called provirus.

3.3.- HIV transcription and translation

The transcriptional activity is dependent on cellular factors including the host cell RNA
polymerase II machinery but also viral factors. The small mRNAs produced during the
early transcription phase are directly exported to the cytoplasm and encode for the

regulatory proteins Nef, Tat and Rev. Regulator of the viral gene expression (Rev) acts
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as an adaptor protein which binds to the Rev response element (RRE) and mediates
cytosolic export of unspliced and singly spliced mRNAs. The viral transactivator
protein (Tat) binds newly transcribing mRNAs and by promoting recruitment of other
cellular factors stimulates transcription elongation. Negative effector (Nef) facilitates
viral assembly. Viral structural and enzymatic proteins are synthetized in the cytoplasm

and transported to the plasma membrane.

3.4.- HIV assembly, budding and maturation

The formation of new HIV virions occurs at the plasma membrane by packaging two
copies of genomic viral RNA, the viral envelope (Env) protein, the Gag polyprotein,
and the three viral enzymes: protease (PR), reverse transcriptase (RT), and integrase
(IN). Conversion of the immature virus in its mature infectious form requires the
activation of PR which cleaves Gag precursor releasing three structural proteins: matrix

(MA), Capsid (CA) and Nucleocapsid (NC).
4.- Mechanisms of HIV-1 dissemination

4.1.- Cell-free and cell-to-cell spread

HIV-1 can propagate mainly via cell-free viral transmission or via cell-cell contacts
(Figure 3). Cell-free viral transmission is considered the “classical” route of viral
infection which occurs after binding of cell-free virions to a permissive host cell via
receptor interactions followed by fusion and entry into the host cell cytoplasm. Further,
dendritic cells can capture HIV-1 virions and without being themselves productively
infected, re-present infectious viruses to permissive target cells (a mechanism known as
trans-infection). Finally, HIV-1 can propagate directly from infected to non-infected T
cells through direct transmission of viral antigens. Cell-to-cell viral transmission has
been shown to be more efficient than cell-free virus spread [18-20] and consequently to
promote higher multiplicity of infection [21, 22]. While the oncogenic retrovirus human
T cell leukaemia virus-type 1 (HTLV-I) uses this mechanism as a primary dissemination
pathway between cells and between individuals [23], the relative contribution of cell-to-
cell and cell-free virus transmission during in vivo viral dissemination has not been

completely clarified [24].
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4.2.- Cell-to-cell transmission of HIV-1
4.2.1.- History

Cell-to-cell spread, that is, the directed movement of viral particles between cells has
been adopted as a transmission mechanism by different families of viruses
(Herpesviruses, Poxviruses, Paramyxoviruses and Retroviruses) [3]. Specifically for
retrovirus, early evidences came from studies in the field of immunological antigen
presentation which revealed the molecular mechanisms of cell-cell adhesion and the
intercellular communication between cells [25, 26]. However, was Steinman who first
described the transfer of HIV particles between Dendritic cells and T cells through the
formation of cell-cell conjugates [27, 28]. Consistent with these early reports, later
studies demonstrated that cell-to-cell contacts facilitated the transmission of HIV
antigens by concentrating virus, receptors and coreceptors during the formation of the
“infectious synapse” between dendritic cells and T cells [29] or between T cells [30].
More recently, several articles have confirmed and extended these observations even
using different cell types including dendritic cells, T cells or macrophages [19, 31-34].
Latest articles have pointed out that after cell-to-cell transfer viral antigens were
internalized through an endocytic pathway [35] in a coreceptor-independent manner

[36].
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Figure 3. Mechanisms of HIV propagation. A. Cell-free viral transmission. Cell free virions bind to
the target cell, followed by viral fusion and subsequent viral replication. B. DC-T cell viral
transmission. DC transfer captured HIV particles to target CD4+ T cells. C. T cell-T cell viral
transmission. HIV is directly transmitted from an HIV-infected CD4+ T cell to second CD4+ T cell. [4]

4.2.2.- Cell-to-cell contacts: structure and organization

A central requirement of a synaptic structure is the formation of an adhesive contact
between cells that provide sufficient stability for the antigen transfer. The cell-cell
contact that allows viral transmission between cells has been called, by analogy with the
immune synapse, virological synapse [4] (Figure 4). Thus, the virological synapse (VS)
is defined as the cytoskeleton-dependent stable adhesive junction in which viruses are
transmitted directly and efficiently from an infected (effector) cell to an uninfected

permissive (target) cell [23, 30, 37, 38]. Viral
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Figure 4. Structure of the virological synapse. HIV-1 envelope glycoproteins (Env) expressed on the
infected cell plasma membrane interacts with the CD4 and CCRS or CXCR4 receptors on the target cell.
The adhesion molecules LFA-1 and ICAM-1 engage and stabilize the cellular conjugate. The actin
cytoskeleton and the secretory apparatus (MTOC) are also polarized at the cell-cell contact zone. [3]

antigens presented by effector cells and cellular receptors presented by target cells are
recruited at the interface of the cell-cell contact and thus viral antigens can be rapidly
transmitted through the synaptic junction. The CD4 receptor engagement by the HIV
Env glycoprotein gp120 triggers an actin-dependent recruitment of CD4, CXCR4 and
the lymphocyte function-associated antigen 1 (LFA-1) on the target cell and Env-Gag
coclustering in the effector cell [30]. Even though interactions between adhesion
molecules LFA-1 and intercellular adhesion molecule 1 (ICAM-1) or ICAM-3 were
involved during conjugate formation and cell-to-cell transfer of HIV-1 [38], the main
driving force for cell-to-cell transfer of HIV antigens was the interaction between the
HIV envelope protein gp120 and CD4 receptor [39]. Furthermore, efficient assembly,
budding and VS formation requires actin and tubulin cytoskeleton components [37],
elements of the regulated secretory pathway [40] and the maintenance of the lipid raft
integrity since their disruption disperses the localization of Env within the plasma
membrane and eliminates Gag clustering at the site of cell-cell contact [41]. Finally,
other elements sheared with the T cell immunological synapse (IS) have also been
shown to be required during the cell-to-cell HIV-1 spread [40, 42]. The ZAP-70 kinase,
involved in the IS formation, was required for the correct reorientation of Gag protein

and MTOC within the infected cell during VS formation [42]. Also HIV may hijack
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other elements of the regulated secretory pathway such as CTLA-4 and Fas ligand to

direct secretion of viral antigens at the VS and enhance its dissemination [40].

4.2.3.- Advantages to spread through cell-to-cell transmission

Cell-associated HIV transmission allows overcoming various biophysical, kinetic and

immunological barriers [3].

e Infected cells can adhere and cross the mucosal epithelial barrier by
transmigration that would otherwise be impermeable to free-viral particles [43,
44].

e Polarized and directed cell-to-cell transmission allows more rapid replication
kinetics by eliminating the fluid-phase diffusion and by promoting a more
efficient receptor engagement [30] and viral entry [22].

e Transmission of viral particles between cells may confer protection from innate

and adaptive immune responses [ 19, 45, 46].

4.2.4.- Controversies between cell-free and cell-associated infections
4.2.4.1.- Susceptibility to inhibition

An important question arising from the higher efficiency of cell-to-cell transmission
compared to cell-free virus spread [18-20] is related to whether both mechanisms are
equally susceptible to inhibition. Besides, as previously demonstrated for viruses of
other families including herpesviruses [47], poxviruses [48] and hepatitis C virus [49],
the transfer of viral antigens by direct cell-cell spread could promote evasion from
immune system or therapeutic interventions due to the impermeability of the tight
junction formed between cells. Preliminary evidences suggested that cell-to-cell HIV-1
transmission was resistant to neutralizing monoclonal antibodies (NMab) or
azidothymidine (AZT) [50]. Consistent with this result, later studies suggested that a
polyclonal mixture of HIV-1 antibodies was less effective at blocking transfer of viral
Gag [19] and viral fusion [46] when the virus was transferred between cells. Moreover,
cell-to-cell transmission was shown to evade inhibition specifically by anti-gp120 CD4
binding site (CD4bs) directed inhibitors such as the mAb IgGbl2 or the tetrameric
fusion protein CD4-IgG2 but not by other entry or cell-directed inhibitors [45].
However, these results are in contrast to previous observations showing that virus

attachment inhibitors including CD4-1gG2 [51] and other gpl120 or gp4l-directed
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antibodies [52] effectively blocked cell-to-cell transmission. Consistent with these
results, imaging analysis and time-of-addition studies were performed to demonstrate
that a wide range of entry inhibitors could access preformed virological synapses and
interfere with HIV-1 cell-to-cell infection suggesting that cell-associated HIV infection
is sensitive to entry inhibition and is not an immune evasion mechanism [53]. However,
a recent study have found cell-associated HIV infection less sensitive to the RT
inhibitors tenofovir and efavirenz than cell-free HIV infection suggesting that cell-to-
cell transmission represents a mechanism contributing to virus escape to the action of
antiretrovirals and a mode of HIV persistence during antiretroviral therapy [5]. Thus,
the question whether cell-free or cell-associated infections are equally susceptible to
inhibition remains unclear. The fact that the effectiveness of the antiretrovirals could
depend on the mode of HIV spread may have important consequences for the

pathogenesis and the persistence of HIV infection

4.2.4.2.- The mechanism of HIV Entry: fusion or endocytosis

Another aspect that has led to conflicting results refers to the clathrin-mediated
endocytosis as a mechanism of internalization of viral antigens and, to what extent, this
mechanism leads to a productive infection of target cells. Previous reports have shown
that after cell-to-cell transfer, HIV antigens accumulate into trypsin-resistant
compartments within the target cell [19, 35, 36]. Moreover, antigen transfer only
required HIV gp120 binding to CD4 receptor and occurred in the absence of membrane
fusion or productive infection [36]. Further characterisation lead to the detection of
transferred HIV-1 virions into compartments positive for clathrin, dynamin and the
early endosomal marker EEA-1, suggesting that HIV particles were internalized through
an endocytic pathway [35]. These results were confirmed using different microscopic
techniques that allowed a detailed description of the cell-to-cell transfer of antigens
[32]. However, Hiibner et al. [32] did not resolve if transferred HIV particles finally
reached the cytoplasm, if virus particles were able to uncoat and if that endocyted virus
was able induce a productive infection. Following these line of evidences, single-
particle imaging and virus population-based fusion assay were used to demonstrate that
complete fusion occurred only in the endosome but not in the cell membrane suggesting
the endocytic uptake as the mechanism leading to productive infection [54]. Similarly
Dale et al. [46] showed that particle fusion required that the transferred virus undergo

maturation within the cell endosome pointing a mechanism by which HIV could evade
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antibody neutralization. The results showing endocytosis to be the mode of HIV entry
are in apparent contrast to previous showing no overlap between HIV-1 antigen and
early endosomes, and found no evidence of virus particles within endosomal structures
in target cells exposed to HIV-1-infected cells [30, 53]. Also, Yu et al. [55] showed that
in resting CD4 T cells, only the HIV envelope-mediated entry but not the VSV-
mediated endocytosis can lead to viral DNA synthesis, suggesting alternative routes of
viral genome delivery by endocytic and nonendocytic processes, but also highlighting

differences in the mechanism of virus entry in transformed versus resting T cells.

4.3.- Other HIV-1 cell-to-cell transmission mechanisms
4.3.1.- DC-T cell trans-infection

DCs can capture and internalize viral particles in the absence of fusion events, transfer
to interacting CD4+ T cells leading to productive infection and contributing to viral
spread through a mechanism known as frans-infection [56]. Although initial studies
identified the C-type lectin DC-SIGN as the HIV-1 binding factor on DCs, mediating
trans-infection after viral capture through interacting with the HIV envelope gp120 [57,
58], later studies suggested other DC-SIGN-independent mechanisms [59-61]. More
recently, Siglec-1 (CD169) has been identified as a general binding receptor that may
capture viral particles and mediate frans-infection through interacting with sialyllactose-
containing gangliosides exposed on viral membranes [62-64]. After viral capture, HIV-
1 is internalized and transported into non-lysosomal, endocytic compartments [65].
Trans-infection occurs via the infectious synapse, a cell-cell contact zone that facilitates

transmission of HIV-1 by locally concentrating virus and viral receptors [29].

4.3.2.- Trancytosis

Contact between HIV-1-infected cells and the mucosal pole of the epithelial cells
promotes higher efficiency of trancytosis of infectious virus than cell-free HIV-1
particles suggesting an efficient mechanism for transmission of HIV across an intact
epithelial barrier [43, 44]. Three epithelial molecules, namely, the heparin sulphate
proteoglycan agrin as HIV-1 attachment receptor, beta-1 integrin and the previously
described endocytic receptor for HIV-1 in epithelial cells galactosyl ceramide (GalCer)
[44, 66], are required for virally mediated synapse formation, stabilization, and

initiation of efficient HIV-1 endocytosis/trancytosis.
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4.3.3.- Membranous intercellular connections

Besides the transmission mechanisms described above, it has been shown that HIV-1
can also spread through membranous intercellular unions formed between infected and
non-infected cells called filopodia [67]or nanotubes [68]. Thus, viral particles would use
these bridges to move between apparently distant cells. The main differences lie in the
stability, the length and the speed of the virion movement. Nanotubes are 5-10 times
longer and move 2-5 times faster than filopodial connections. Conversely, unlike
filopodia, nanotube stabilization does not require HIV envelope gp120-CD4 receptor

interactions [68].

5.- Susceptibility to HIV-1 infection of different CD4 T cell subsets

Naive CD4+ T cells must interact with mature antigen-loaded dendritic cells to be
successfully activated. This interaction takes place in the T-cell areas of secondary
lymphoid organs leading to extensive T cell proliferation and differentiation into
effector cells. Once the infection has been cleared most of the activated T cells die by
apoptosis but a small percentage convert to memory CD4+ T cells [69]. Naive and
memory CD4+ T cells can be phenotypically differentiated by the expression of
CD45RA and CD45R0 molecules, respectively. Moreover, naive T cells exhibit a
restricted pattern of migration, recirculating continuously between secondary lymphoid
organs via blood and lymph and require long exposition to the related antigen to
proliferate [70]. Conversely, memory T cells exhibit higher sensitivity to antigenic
stimulation and express chemokine and adhesion receptors that enable them to enter
into non-lymphoid tissues [69]. In infected patients, memory CD4+ T cells are
preferentially infected and harbour more integrated viral DNA than naive CD4+ T cells
[71-73]. These findings are recapitulated by multiple in vitro studies showing that
purified memory CD4+ T cells support higher levels of HIV-1 replication than naive
CD4+ T cells [72-75] but the mechanism underlying the different susceptibility to HIV-

1 infection remains unclear.

Even though a subset of memory cells expressed higher levels of CCRS5 and the level of
CXCR4 was slightly higher on naive T cells [76], the inherent resistance of naive CD4+
T cells to HIV-1 infection may not be explained by the different expression of viral
coreceptors [74, 76], the degree of cell activation [77] or induced by a host cell factor

[77]. Importantly, the level of viral integration in naive cells was lower than that in
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memory cells [76] suggesting that restriction of infection occurs at the first steps of
virus life cycle. Differences in both T cell subsets in the binding capacity [78], viral
fusion [76] or viral DNA synthesis [77] could potentially explain the preference of HIV-
1 for the memory T cell subset. However, differences in the susceptibility to infection in
naive and memory CD4+ T cell have not been evaluated during cell-to-cell transmission
of HIV-1. Memory and naive T cells differ in their migratory capacity which is mainly
driven by cortical actin polymerization. Since cortical actin dynamics are required for
the concentration of HIV antigens and its cellular receptors at the cell-cell contact zone
[30] and for the cell-to-cell transfer of HIV antigens [19, 30, 32], we speculated that
differences in the cortical actin between naive and memory CD4+ T cells could affect

their susceptibility to cell-to-cell transmission of HIV-1.
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Hypothesis & Objectives

Cellular contacts between HIV-infected donor cells and uninfected primary CD4+ T
lymphocytes lead to virus transfer into endosomes. Moreover, recent evidences suggest
that transferred HIV particles may fuse with endosomal membranes to initiate a
productive infection. However, endocytic internalization occurs in the absence of virus
fusion or replication. Thus, the role of endocytosis in the establishment of a productive
infection and whether or not endocytic virus transfer represents an escape mechanism

from the immune system or therapeutic agents remains highly controversial.

Objective 1: To determine the infection mechanism of internalized HIV
particles after HIV cell-to-cell transfer from infected lymphoid cells to
uninfected primary CD4+ cells. This objective is addressed in Chapter 1.

Cell-associated infection disseminates HIV-1 more efficiently than cell-free virus
infection. Recently, cell-to-cell transmission of HIV has been proposed as a mechanism
contributing to virus escape to the action of antiretrovirals and consequently, a mode of
HIV persistence during antiretroviral therapy. However, discrepant results have been
obtained regarding the inhibitory efficiency of the antiretroviral compounds in both cell-

free and cell-associated infection systems.

Objective 2: To compare the inhibitory efficacy of nucleoside reverse
transcriptase inhibitors in cell-free and cell-associated HIV infection. This

objective is addressed in Chapter 2.

CD4+ memory T cells support higher levels of HIV-1 replication than naive CD4+ T
cells, but the mechanism underlying this different susceptibility remain unclear.
Although, several studies have shown the viral dependence on the actin cytoskeleton
during early and post-entry processes of infection, the role of the cytoskeleton during
cell-to-cell transmission of HIV-1 into naive and memory T cell subsets has not been

well understood.

Objective 3: To characterize the role of cortical actin and its contribution to
cell-to-cell transmission of HIV-1 in naive and memory T cell subsets. This

objective is addressed in Chapter 3.
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Chapter 1

Cellular contacts between HIV-1-infected donor cells and uninfected primary CD4+ T
lymphocytes lead to virus transfer into endosomes. Recent evidence suggests that HIV
particles may fuse with endosomal membranes to initiate a productive infection. To
explore the role of endocytosis in the entry and replication of HIV, we evaluated the
infectivity of transferred HIV particles in a cell-to-cell culture model of virus
transmission. Endocytosed virus led to productive infection of cells, except when cells
were cultured in the presence of the antigp120 mAb IgGb12, an agent that blocks virus
attachment to CD4, suggesting that endocytosed virus was recycled to the outer cell
surface. Confocal microscopy confirmed the colocalization of internalized virus antigen
and the endosomal marker dynamin. Additionally, virus transfer, fusion, or productive
infection was not blocked by dynasore, dynamin-dependent endosome-scission
inhibitor, at subtoxic concentrations, suggesting that the early capture of virus into
intracellular compartments did not depend on endosomal maturation. Our results
suggest that endocytosis is not a mechanism of infection of primary CD4 T cells, but
may serve as a reservoir capable of inducing trans-infection of cells after the release of

HIV particles to the extracellular environment.

1.1.- Introduction

Viruses are obligatory intracellular parasites that take advantage of the host cell
machinery to replicate and spread from infected to uninfected cells [3, 79, 80]. Cell-to-
cell transmission has been shown to be a highly efficient mechanism of virus spread [5,
53], and its relevance for in vivo dissemination in the active sites of replication, namely,
primary and secondary lymphoid tissues, seems probable. HIV may be transferred from
infected to uninfected CD4+ cells [81, 82] by a mechanism that requires intimate cell-
to-cell contacts involving the HIV envelope glycoprotein gp120 and the CD4 receptor
but also accessory cell surface proteins [83]. Virus-cell fusion and initiation of a
productive infection require engagement to CD4 and to one of the two alternative
coreceptors, CCR5 or CXCR4. The various steps in the mechanism of virus entry are

considered targets for anti-HIV intervention [15, 16].

Cell-to-cell transfer of HIV particles may be blocked by agents that prevent virus
attachment, such as the anti-CD4 monoclonal antibody (mAb) Leu3a, the anti-gp120
mAb IgGb12, or the CD4-IgG2 fusion protein PRO542 [51], but is resistant to HIV

entry inhibitors targeting virus coreceptors or gp4l-dependent fusion [32, 82],
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suggesting that virus attachment to CD4 is the sole factor necessary to induce the uptake
of HIV particles [39] and that virus capture may occur in the absence of virus fusion and
the initiation of a productive infection. Endocytic internalization and endosomal
acidification have been shown not to be required to activate HIV entry into the

cytoplasm [84-87].

Alternatively, several lines of evidence support clathrin-dependent endocytosis as an
infectious pathway [19, 32, 36, 54, 88]. HIV fusion with endosomal membranes has
been observed by electron microscopy [89]. Daecke et al. [90] proposed a role for
endocytosis in productive entry of HIV-1 by using trans-dominant negative proteins that
interfered with specific clathrin endocytic routes and effectively blocked virus
replication. Complete fusion of HIV particles with HeLa cells has been observed to
occur within endosome membranes [54], but complete fusion was blocked when
endocytosis was inhibited [91]. Recent data suggest that after cell-to-cell transfer,
virions first need to undergo maturation within endosomes, delaying membrane fusion
and reducing sensitivity to patient antisera compared with cell-free virus [46]. Thus, the
role of endocytosis in HIV replication and whether or not endocytic virus transfer
represents an escape mechanism from the immune system or therapeutic agents remain

highly controversial [5, 92].

Here, we show that primary CD4+ T lymphocytes take up virus particles into dynamin-
containing compartments even in the presence of the endosome-scission inhibitor
dynasore. Moreover, purified cells carrying endocytosed virus particles did not become
productively infected if cultured in the presence of HIV attachment inhibitors such as
the anti-gp120 mAb IgGb12, suggesting that endocytosed virus was recycled to the cell

surface to initiate a productive virus infection.

1.2.- Materials and Methods

Cells. Peripheral blood mononuclear cells from healthy donors were purified by Ficoll-
Hypaque sedimentation. CD4+ T lymphocytes were immediately purified (>95%) from
peripheral blood mononuclear cells by negative selection using the CD4+ T cell
enrichment kit (Stem Cell Technologies, Vancouver, Canada) and grown in RPMI 1640
L-glutamine medium (Invitrogen) supplemented with 10% (R10) heat-inactivated fetal

calf serum (FCS; Invitrogen), 100 units/ml penicillin, and 100 pg/ml streptomycin.
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When needed, CD4+ T cells were stimulated with phytohemagglutinin (PHA; Sigma) at
4 pg/ml and 6 units/ml interleukin 2 (IL-2; Roche Applied Science). MOLT-4 lymphoid
cells (AIDS Reagent Program, National Institutes of Health, Bethesda, MD) were
cultured in R10. Chronically HIV-1-infected MOLT cells were generated after the
infection of MOLT cells with the NL4-3 X4 HIV-1 (MOLTyy4.3). After the infection
peak, the persistently infected culture was grown and characterized for Env expression
and virus production. HEK293-T cells (AIDS Reagent Program) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen) supplemented with 10%
heat-inactivated FCS, 100 units/ml penicillin, and 100 pg/ml streptomycin.

Cocultures of Infected and Uninfected Cells. Nonstimulated primary CD4+ T cells
(to minimize virus replication) were cocultured with uninfected or HIV-1 persistently
infected MOLTny4.3 cells as previously described [36, 51, 88]. Purified CD4+ T cells
were first labeled with the cell tracker CMFDA (Molecular Probes) and washed before
being mixed with MOLTyy4.3 cells. Briefly, 2.5 x 10° of both infected and target cells
(1:1 ratio) were cocultured in 48-well culture plates in a final volume of 1 ml in the
absence or presence of the following HIV-1 inhibitors: 80 nM neutralizing anti-gp120
mADb IgGbl2 (Polymun Scientific, Wien, Austria); 4uM reverse transcriptase (RT)
inhibitor 3-azido-3-deoxythymidine (AZT); 12.5 uM AMD3100 or 80 pM dynamin
inhibitor dynasore (all from Sigma-Aldrich). Cocultures were incubated overnight at 37
°C. The capture of CAp24 antigen by primary CD4+ T cells was evaluated by flow
cytometry as shown before (10, 11, 25, 27, 28). Prior to staining, cells were trypsinized
to eliminate HIV-1 particles bound to the cell surface. For trypsin treatment, cells were
washed with phosphate-buffered saline (PBS) and treated for 8§ min at room temperature
with 0.25% trypsin solution (Invitrogen). Trypsin was stopped by addition of FCS, and
cells were then washed with PBS. For intracellular staining, cells were fixed,
permeabilized (Fix&Perm; Caltag, Burlingame, CA), and stained with the anti HIV-
CAp24 antigen mAb KC57 (Coulter). Cells were analysed in a LSRII flow cytometer
(BD Bioscience) and identified by morphological parameters and CMFDA staining.

Isolation of Target CD4+ T Cells. CMFDA-loaded target CD4+ T cells were purified
(>99% purity) from MOLTxy4-3 cells by fluorescence-activated cell sorting (FACSAria
I, BD Biosciences). After separation, contaminating MOLTy14.3 cells (<1%) were
assessed by FSC/SSC parameters using flow cytometry. The possible contribution to
infection of persistent MOLTnp43 cells (<1%) was evaluated using the coculture
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performed with the mAb IgGb12, a condition where HIV-1 uptake into CD4+ T cells is
blocked, and therefore, infection of purified CD4+ T cells would only come from

remaining MOLTyy 4.3 cells.

Culture of HIV-1-loaded cells. Isolated CD4+ T cells from each initial coculture
condition were subdivided in three and cultured for 5 days in the following medium
conditions: (i) 80 nM mAb IgGb12; (ii) 80 nM mAb IgGbl2 and 4uM RT inhibitor
AZT; or (iii) left untreated. CD4+ T cells were activated by adding 4 pg/ml PHA and 6
units/ml IL-2 to the medium. After 5 days, infection in target cells was assessed by
enzyme-linked immunosorbent assay (ELISA) for HIV-CAp24 antigen detection in
culture supernatants (Genscreen HIV-1 Ag EIA; BioRad Laboratories).

Determination of Anti-HIV Activity in Cell-free Virus Infections and Cell-Cell
Transfer. The anti HIV activity using cell free virus infections was determined as
described before [93]. Briefly, PHA-activated CD4+ T lymphocytes (1.5 x 10° cells/
well) were incubated with HIV-1y14.3 (200 TCIDs¢/ 10° cells) or mock-infected during 7
days at 37 °C, 5%CO2 in the presence of different concentrations of the corresponding
test compound. HIV-1 CAp24 antigen production in the supernatant was measured by a
commercial ELISA test as described above. To determine cytotoxicity, mock-infected
cells were harvested and fixed with 1% formaldehyde. Cell death was quantified by
flow cytometry in forward versus side scatter plots. Dead cells showed increased side
and reduced forward scatter values compared with those of living cells. Anti-HIV
activities were determined in at least three independent experiments, performed in
triplicate. To evaluate the anti-HIV activity in cell-cell transfer, overnight cocultures
between isolated primary CD4+ T cells (2 % 10° ) and uninfected or infectedMOLTNy4-3
cells (2 x 10°) were performed in the presence of serial dilutions of the corresponding
test compounds. Virus transfer was measured as described above. The 50% effective
concentration (ECsp) and the 50% cytotoxic concentration (CCsg) were calculated for
cell free-virus infections and cell-cell CAp24 antigen transfer. Bafilomycin Al

(BFLA1) and concanamycin A (CON A) were purchased from Sigma.

Infection with Viruses Released from Antigen-loaded Cells. Cocultures between
freshly isolated primary CD4+ T cells and uninfected or infected MOLTxy4.3 cells were
performed as described above. After 6 h of coculture, to minimize the possibility of

CD4+ T cell infection, target cells were sorted (>99% purity) as indicated above, and
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recovered target cells were cultured (5 x 10° cells/condition) in the presence or the
absence of 80 nM IgGb12 to prevent productive infection. After 12 h of culture, the
presence of CAp24-antigen was evaluated both in the supernatant and in the purified
cells by intracellular CAp24 antigen staining as indicated above. Total viral DNA was
also quantified by PCR as indicated below using infected CD4+ T cells as a positive
control. For each condition, 20 ul of supernatant was used to infect 3 x 10* MT4 cells
for 5 days. Infection of MT4 T cells was evaluated by quantification of supernatant

CAp24-antigen content.

Quantitative Real-time PCR for Total HIV-1 DNA Detection. Total DNA was
quantified as described before [94, 95]. Briefly, purified CD4+ T lymphocytes were
centrifuged, supernatant was removed, and pellets were frozen. Total cellular DNA was
extracted using QIAamp DNA extraction kit (QIAamp DNA Blood mini kit; Qiagen) as
recommended by the manufacturer. Quantitative amplification of LTR for viral entry
detection was performed using the following primers and probe (forward, 5°-
GACGCAGGACTCGGCTTG-3’; reverse, 5° ACTGACGCTCTCGCACCC-3’ and
probe 5’-TTTGGCGTACTCACCAGTCGCCG-3’ labeled with the fluorophore FAM
and the quencher TAMRA). To normalize HIV copy values/cell, amplification of
cellular RNaseP gene was performed using TagMan® RNaseP Control Reagents Kit
(Applied Biosystems). DNA extracted from 8ES/LAV cells (harboring one copy of
integrated HIV-1/cell) was used to build a standard curve. The PCR was performed in a
total volume of 50 pl using 1 x TagMan® Universal PCR Master Mix (Applied
Biosystems, Roche), 0.9 uM concentration of the primers, 0.25 uM probe, and 5 pl of
the DNA sample. Reactions were analysed with the ABI PRISM 7000 instrument using
SDS 1.1 software (Applied Biosystems). For each condition, the amount of the total
viral DNA/cell was normalized to untreated sample with IgGbl2, and results are

expressed as the relative percent increase.

Virus-Cell Fusion Assay. The quantification of the virus-cell membrane fusion was
quantified as described before [96]. Briefly, 1 x 10° HEK293-T cells were cotransfected
with 0.4 pg of both the NL4-3 HIV provirus plasmid (pNL4-3 from the AIDS Reagents
Program) and a plasmid carrying the Vpr gene fused with B-lactamase (Vpr-BlaM;
pMM310 from the AIDS Reagents Program). After 48 h, transfected HEK293-T cells
were cocultured overnight with primary CD4+ T lymphocytes as described above. Cells

were then recovered and loaded with the CCF2-AM loading kit (Invitrogen) following
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the protocol provided by the manufacturer. Cells were incubated for 1 h at room
temperature, then washed and immediately fixed. The change in emission of the cleaved

CCF?2 generated by the Vpr- BlaM chimera was measured by flow cytometry.

Evaluation of Dynasore Activity. Primary CD4+ T lymphocytes were pretreated with
or without different concentrations of dynasore starting at 160 uM, for 30 min at 37 °C.
Then, pretreated CD4+ T lymphocytes were cultured in the presence or the absence of
phorbol 12-myristate 13 acetate (PMA; Sigma) at 1 pg/ml for 30 min at 37 °C. Cells
were fixed with 1% formaldehyde and after washes with PBS, stained for CD4
expression with anti-CD4 mAb conjugated with the fluorochrome FITC (BD

Bioscience). Analysis of cells was performed by flow cytometry.

Immunofluorescence, Confocal Microscopy, and Quantification of Colocalization.
For immunofluorescence staining, cocultures of primary CD4+ T cells with uninfected
or infected MOLTNL4-3 cells were performed as described above. Samples were
trypsinized to remove potentially bound viruses into the cell surface and after
subsequent washes with PBS cells were fixed, permeabilized (Fix & Perm), and
incubated for 1 h at room temperature with the anti CAp24 mAb KC57-FITC (Coulter)
and the CD4-PE (BD Bioscience) or with the goat anti-human-dynamin antibody (clone
N-19, Santa Cruz Biotechnology). For dynamin staining, cells were then washed and
incubated for 1 h at room temperature with the donkey antigoat Alexa Fluor 647-
conjugated secondary antibody (Molecular Probes, Invitrogen). Cells were adhered onto
glass slides using cytospins (Thermo Scientific) and mounted with Prolong Gold
antifade reagent (Invitrogen). Images were acquired on a Leica TCS SP5 AOBS
confocal microscopy (Leica Microsystems CMS GmbH, Mannheim, Germany). Z-
sections were acquired at 0.5-um steps using an Argon 488/458 and HeNe 633 lasers
and a plan Apochromat 63 % 1.4 oil objective, supplied with the imaging software LAS
AF (Leica Microsystems). Determination of the colocalization coefficient between
CAp24 protein and the CD4 receptor or dynamin protein was performed using single Z-
stacks and evaluated with LAS AF software.

Statistical Analysis. Student’s 7 test was used to determine statistical significance (**, p

<0.005 or *, p <0.05) between values.
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1.3.- Results

1.3.1.- HIV Transmission during Cell-to-cell Cocultures

Overnight cocultures of HIV-1 NL4-3 persistently infected MOLT-4/ CCRS cells
(MOLTxp4.3) with CMFDA-loaded nonstimulated primary CD4+ T lymphocytes were
evaluated by flow cytometry. After overnight coculture, intracellular staining of capsid
p24 (CAp24) HIV antigen was detected in 23% of target cells (Figure 5). The transfer
of viral antigens to uninfected cells was clearly blocked by the neutralizing anti-gp120
mADb IgGb12 (95% of inhibition compared with the untreated condition), but was not
inhibited by the RT inhibitor AZT or the dynamin-dependent endosome-scission
inhibitor dynasore (21 and 22% of p24+ cells, respectively) despite using high drug
concentrations (2000 fold higher than the ECsy of AZT under cell-free infection
conditions, Table 1). Macrolide antibiotics such as BFLA1 and CON A that prevent
endosome and lysosome acidification did not have any effect on virus uptake (Figure

5B).

Interestingly, in the presence of the coreceptor antagonist AMD3100 the uptake of HIV
particles by the target cells increased roughly 3-fold compared with untreated condition
(65% of target cells were positive for CAp24 antigen staining) even when cells were
cocultured with ~700-fold higher ECs, (Table 1). Taken together, these results
confirmed that cellular contacts between infected lymphoid cells and primary CD4+ T
lymphocytes triggered CD4-dependent transmission of high amounts of HIV-1 particles

from infected to uninfected cells.
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Figure 5 . CD4-dependent tr ansfer of H IV antigen a fter c ell-to-cell co ntacts. A. Experimental
procedure was o vernight cocultures o f MOLTy4.3 cells with p rimary C D4+ T 1 ymphocytes. B.
Cocultures were performed in the presence of 80 nM anti-gp120 mAb IgGb12; 4 uM RT inhibitor AZT;
12.5 pM CXCR4 antagonist AMD3100; 80 pM dynamin inhibitor dynasore (DYN); 100 nM BFLAL1, and
20 nM CON A. Results are represented as the percentage of intracellular CAp24+ target cells, using the
coculture between CD4+ T cells and uninfected MOLT cells as a negative control. Results are the mean +
S.D. (error bars) of three independent experiments (**, p < 0.005; *, p <0.05).

Table 1

Fotent postattachment inhibitors of HIV replication do mot Mock cell fo-cell tramsfer of virms
Anti-HIV-1 activity Cell-to-coll HIV-1 Tramsfer
Compound EC " CC " EC," O
LT} LY ahd sl

AMD3 10D D018 = 00023 0,125 Mo elfect @ 62 pMl 62
AET 00021 + 0,003 o Mo elfect al 20 pM bl
Igihl2 00003 + 0,001 0,04 0,006 = 0,001 o4
Ivnasore Mo effect at 40 phi 40 o efFect mt B0 M 240

“ECs: Effective concentration needed to inhibit 50% replication of the wild-type HIV-1NL4-3 strain in
peripheral blood mononuclear cells.

> CCsy: Cytotoxic concentration n eeded t o induce 5 0% d eath o fn oninfected cel Is, evaluated b y
morphology changes using flow cytometry 7 days after infection.

¢ EC*: Effective concentration needed to block 50% of HIV -1NL4-3-antigen transfer in CD4+ T cells
determined b y in tracellular CAp24 a ntigen sta ining a fter overnight cocultures between HIV -infected
MOLTy4.3 cells and primary CD4+ T cells.

4 CC evaluated after overnight cocultures.

To evaluate virus-cell fusion, HIV-1 NL4-3 transfected Vpr-BlaM+ HE K293-T cells
were c ocultured with target CD4+ T cells and fusion was measured by de tection of
cleaved CCF2. As expected, mAb IgGb12 completely blocked virus-dependent fusion
similar to the observed inhibition of virus ¢ apture ( Figure 6). Conversely, AMD3100
blocked virus-cell fusion (Figure 6) although it did not block but significantly increased
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virus transfer ( Figure 5 ). AZT or d ynasore did not prevent cleavage of C CF2,
suggesting that virus antigen was passively transferred to CD4+ T cells in the absence

of virus cell fusion as noted in the AMD3100-treated cells.
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Figure 6. IgGb12 and AMD3100 but not dynasore blocked virus-cell fusion after cell to cell transfer
of virus. A. Experimental p rocedure: measurement of viral fusionin c ocultures of HEK2 93-T cel Is
transfected with pNL4-3 and Vpr-BlaM plasmids and p rimary C D4+ T cells. B. Dot plots o f CCF2-
loaded cells (F ITC-labeled) versus CCF2-cleaved cells ( Pacific b lue-labeled). A  representative
experiment is sh own. C. Relative in crease o f CCF 2-cleaved targ et cells compared w ith u ntreated
condition. Data are the mean + S.D. (error bars) of three independent experiments (**, p <0.005; *, p <
0.05) (DYN, dynasore).

1.3.2.- Productive Infection Did Not Occur from within Intracellular

Compartments

We h ypothesize that int ernalized virus a fter cell-to-cell transfer could not fuse from

within intracellular compartments. To evaluate the fate of internalized HIV-1 particles
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captured by CD4+ T cells after cell-to-cell transfer, CMFDA-loaded target CD4+ T
cells were purified from infected MOLTxy4.3 lymphoid cells by fluorescence-activated
cell sorting (>99% purity). Following separation purified CD4+ T cells were trypsinized
to eliminate virus bound to the cell surface. Trypsin treatment dramatically reduced the
expression of CD4 in purified T cells; however, CAp24 antigen staining was not
significantly reduced (data not shown), suggesting that captured virus resided in
intracellular compartments. Immediately after washings, for each initial coculture
condition, target cells were subdivided in three and left in culture during 5 days in drug-
free medium or in the presence of the mAb IgGb12 or IgGb12+AZT (Figure 7A). Drug
concentrations used clearly ensure complete inhibition of infection (300-fold and 2000-
fold higher ECsy for IgGbl2 and AZT, respectively, Table 1). Dynasore was not
included as it was cytotoxic in long term cultures (data not shown). Virus production is
low to undetectable in nonstimulated cells [36, 97, 98]; thus, PHA/IL-2 was added to
the medium to promote virus replication. After 5 days in culture, CAp24 antigen in cell
supernatant (Figure 7B) and total viral DNA detection by quantitative PCR (Figure
7C) were evaluated as a measure of virus replication and indicated that antigen-loaded
cell cultures became productively infected after PHA/IL-2 activation in the absence of
inhibitors in the culture medium (Figure 7, grey bars). Virus production was in
concordance to the amount of virus transferred during the coculture phase (Figure 5).
Thus, in the absence of antigen transfer (IgGb12-treated coculture), no virus production
was found. Conversely, the high uptake of CAp24-antigen in the AMD3100-treated
cocultures coincided with an increase in virus production in purified cells. The RT
inhibitor AZT did not prevent virus transfer or fusion and partially blocked supernatant
CAp24 antigen production or total DNA detection as a consequence of being present
only during the coculture phase. However, when IgGbl2 was present during the
purified cell culture phase (Figure 7, black and white bars), virus replication was
significantly blocked irrespective of the condition used during the coculture phase
(Figure 7, x axis, angled labels). Taken together, these results indicate that the
conditioned medium with IgGb12 prevented internalized virus particles from initiating a
productive infection. Virus needed to reach the extracellular environment to initiate a
productive infection, an event that could only occur when the attachment inhibitor, mAb

IgGb12, was not present.
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Figure 7. Infection of CD4+ T cells by HIV particles captured into trypsin-resistant compartments
was inhibited by mAb IgGb12. A. Experimental p rocedure: isolation and culture o f CAp 24-loaded
CD4+ T cells. After 5days of culture, HIV in fection w as assessed b y su pernatant CAp24 a ntigen
production, expressed in pg/ml (B) and quantification o ftotal viral DNA as the c opy number o f to tal
DNA/RNaseP, e xpressed re lative to th e untreated c ondition (c ells untreated during th e ¢ oculture a nd
culture phase) (C). Results represent the mean + S.D. (error bars) of three independent experiments (**,
p <0.005; *, p <0.05) (DYN, dynasore).

1.3.3.- Infection by HIV Particles Released from Antigen-loaded Cells

Our results suggest that the inability of virions to infect cells from within e ndosomal
compartments could promote the recycling o f HIV particles to the cell surface that
could later infe ct bystander cells. To further e xplore this hypothesis, antigen loade d
primary CD4+ T lymphocytes were sorted after short term cocultures (6 h) with infected
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MOLTxp43 cells (Figure 8A). IgGbl2-treated coculture, in which CAp24-antigen
transfer was completely blocked, was used to control the effect of contaminant
MOLTNLA4-3 cells (<0.1%). Once purified, antigen loaded CD4+ T cells were left in
culture for 12 h in the presence or the absence of IgGb12 to restrict reinfection events
while allowing release of virions in the supernatant. The CAp24-antigen found in the
supernatant was concordant with the level of intracellular CAp24-antigen in loaded
target cells (Figure 8B). Total DNA in purified target cells was measured to ensure that
antigen-loaded cells did not become infected during the culture (Figure 8C). Compared
with infected control cells, target cells remained negative, suggesting that particles
found in the supernatant did not come from new infection events but released from
endocytic compartments. Supernatants were collected after 12 h and used to infect
lymphoid MT4 T cells (Figure 8D). The supernatants from untreated and AMD3100-
treated cultures were able to establish a productive infection in MT4 cells. Conversely,
the supernatant of the IgGb12 condition could not infect target cells, indicating that
infection was not generated from contaminant MOLTyy4.3 cells. These results indicate
that antigen-loaded cells did not become infected but were able to infect bystander

CD4+ cells after recycling of HIV to the cell surface and release to the cell supernatant.
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Figure 8. Trans-infection by released HIV viruses from antigen-loaded cells. A. In this experimental
procedure, supernatants from cocultures were collected and used to infect MT4 T cells. B. After 12 h of
culture, p24-antigen content was evaluated in the supernatant (white bars) and in the purified cells (Black
bars) by CAp24 ELISA and intracellular CAp24 antigen staining, respectively. C. Total viral DNA was
also q uantified in purified c ells by P CR using in fected CD4 + T cells as a p ositive c ontrol. R esults
represent the total viral DNA copy number relative to the cellular control gene RNaseP. D. Infection of
MT4 T cells by collected supernatants was evaluated at day 5 by supernatant CAp24-antigen c ontent.
Data are the mean + S.D. (error bars) of three independent experiments.

1.3.4.- Dynasore Did Not Block Uptake or Infection of CD4+ T Cells

Dynasore (80 uM), a dynamin dependent endosomal scission inhibitor, has been shown
to block the infection of He Lac ells, suggesting thate ndosomal u ptake wa s a
prerequisite for fusion a nd infection (20). We and others have shown that cell-to-cell
transfer of H IV may oc cur through an e ndocytic pr ocess in which virus a ntigen is
colocalized with clathrin and dynamin [19, 32, 35, 36, 88]. However, dynasore did not
prevent the CD4-dependent uptake of HIV antigen into target cells (Figure 5), did not

prevent virus replication in antigen-loaded, activated cells after cell-to-cell transfer of
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virus (Figure 7), and was devoid of antiviral activity in peripheral blood mononuclear
cells at subtoxic concentrations ( Table 1). Conversely, d ynasore block ed the PMA-
induced down -regulation of the CD4 receptor in primary C D4+ lymphocytes (Figure
9), a process that involves a clathrin dependent endocytic pathway [99].

1500+

1000+

CD4 expression (MFI)

Untreated 160 80 16 4 1

DYNASORE (M)

Figure 9. Dynasore p revents PMA-induced d own-regulation o f C D4 recep tor. Primary C D4+ T
lymphocytes were pretreated for 30 min with or without 160, 80, 16, 4, and 1 uM of dynasore and then
cultured in the absence (white bars) or the presence of PMA at 1 pg/ml (black bars) for an additional 30
min. Then, cells were fixed with 2% of formaldehyde, and surface CD4 expression (mean fluorescence
intensity, MFI)wa s evaluated with an anti-CD4 m Ab. Cells were an alysed by flow ¢ ytometry an d
identified by morphology. Dynasore inhibited PMA-induced CD4 down-regulation in a dose-dependent
manner. Data are the mean £ S.D. (error bars) of three independent experiments. *, p < 0.05.

To analyse the effect of dynasore in dynamin function during HIV uptake we performed
a colocalization analysis between HIV Gag antigen (CAp24) and dynamin in untreated
or d ynasore-treated c ocultures (Figure 10 A). C olocalization coefficients of 0.73 a nd
0.75 between CAp24 antigen and dynamin protein were calculated in both untreated and
dynasore-treated cocultures respectively, indicating that e arly compartmentalization of
HIV particles was associated with the dynamin endocytic machinery, but could not be
blocked by an agent targeting the scission of early formed endosomes. Colocalization
between HIV Gag antigen (CAp24) and CD4 receptor in untreated or dynasore-treated
cocultures between primary CD4+ T cells and infected MOLTyy 4.3 cells showed similar
colocalization coefficients (0.78 and 0.84 for untreated and dynasore-treated conditions,

respectively) (Figure 10B).
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Figure 10. Uptake of H IV particles intoi ntracellular CD4+ compartmentsi n primary T
lymphocytes was not blocked by dynasore. Primary CD4+ T lymphocytes were cocultured overnight
with HIV-infected MOLTy 4.3 cells in the presence or the absence of dynasore (80 uM). Recovered cells
were tr ypsinized to re move membrane-bound viruses and im munostained with antibodies a gainst HIV
CAp24 antigen, CD4 re ceptor, and dynamin. Sections of single target CD4+ T cells were viewed and
analysed by confocal microscopy. C olocalization b etween ( A) HIVp24 antigen ( green) and dy namin
protein ( red) o r b etween (B) HIVp24 a ntigen ( green) and CD4 re ceptor (red) was p erformed for
uninfected (upper panels), untreated (middle panels), and dynasore-treated (lower panels) cocultures. The
images show th e p hase-contrast ( left ¢ olumn), th e single stainings, the o verlay ( yellow), a nd th e
colocalized pixels (white). A CD4+ T lymphocyte representative of each coculture is shown from at least
two independent experiments.
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1.4.- Discussion

Complete fusion of HIV particles within endosomal membranes has been used to
indicate that internalization of HIV particles through an endocytic pathway was required
for infection [54, 91]. Here, we show, using primary CD4 T lymphocytes that cell-to-
cell contacts between HIV infected and uninfected cells induced the endocytic uptake of
viral particles into trypsin resistant, dynamin-enriched compartments. Only the
inhibition of gp120-CD4 interaction (virus attachment to CD4) could block the transfer
of HIV particles. Conversely, the addition of the coreceptor inhibitor AMD3100
induced the accumulation of virus particles leading to massive endocytosis into cells in
which the virus-cell fusion process was completely arrested [35, 36, 46]. Activation of
purified antigen-loaded cells initiated a productive infection but only when cells were
cultured in the absence of mAb IgGbl2, an inhibitor of virus attachment to CD4.
IgGb12 should be unable to penetrate the cell surface. However, we cannot completely
exclude the possibility of an antibody such as IgGbl2 to enter already formed

intracellular compartments containing HIV particles.

These results suggest that endocytosed viral particles could not initiate a productive
infection from within endosomes in primary CD4+ T cells (i.e. by virus fusion to the
endosomal membrane). We hypothesize that endocytosed viruses could only induced
infection in trans (trans-infection) because they were required to resurface and reach the
extracellular environment and engage CD4 leading to virus-cell fusion and replication, a
condition that could only be achieved in the absence of an attachment inhibitor in the
cell supernatant. We have shown that antigen-loaded cells may release virus particles
[51], and cocultures of antigen-loaded T cell with U87-CD4 target cells may lead to
infection of the U87-CD4 cells [36], indicating the possibility of trans-infection. Here,
we demonstrate that supernatant from purified antigen-loaded, but viral DNA-negative
T cells, released virus to the supernatant that later infected MT4 cells, strongly

suggesting that antigen-loaded cells trans-infect bystander CD4+ T cells.

Recent data indicate that prior to membrane fusion, virions may need to undergo
maturation after cell-to-cell transfer of HIV-1 [46], a process that might be impaired or
further delayed in nonstimulated primary CD4+ T cells, and thus, productive infection
was only possible after virus recycling to the cell surface. Moreover, virion maturation

may allow the virus to transfer from cell-to-cell in a conformation immunologically
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distinct that might escape the detection by neutralizing antibodies. However, these
findings are in contrast to data showing that anti-gp41 antibodies 4E10 and 2F5 did not
block the transfer of HIV particles from infected to target cells but blocked productive
infection of target cells [52], suggesting that HIV infection between T cells is
transmitted by a neutralization-sensitive mechanism [52, 53]. Our results reinforce the
idea that endocytosed virus after cell-to-cell contacts may represent an itinerant virus
reservoir able to induce the trans-infection of bystander T cells, but not leading to
effective virus fusion or replication from within internal endosomal compartments. The
contribution of this mechanism in the pathogenesis of HIV in vivo still needs to be
completely clarified but should be taken into account when developing new antiviral

strategies [100].

Using confocal microscopy, we found clathrin and dynamin proteins colocalized with
HIV particles [35] which in turn were colocalized with CD4 (Figure 10). However,
dynasore, a dynamin-dependent endosomal scission inhibitor previously shown to block
virus replication in HeLa cells [54, 91], did not prevent virus capture, virus cell fusion,
and virus replication after cell-to-cell transfer to primary CD4 T cells. In concordance,
previous observations indicated that VSV-G pseudotyped HIV infection could not be
inhibited after dynasore treatment, suggesting that VSV and HIV envelopes mediate
distinct modes of virus entry [55]. Moreover, it has been demonstrated that dynasore
inhibits clathrin-mediated endocytosis at two different steps. The ultrastructural analysis
of the effect of dynasore on clathrin-coated structures shows the appearance of “U” and
“0” shape-coated pits associated with the plasma membrane [101]. Consequently,
internalization of CAp24 antigen into the “initial” coated pits in the presence of
dynasore cannot be ruled out. Altogether, it appears that internalization of particles
initially required the endocytic machinery, and dynasore might not be able to inhibit the
initial formation of these endocytic compartments. Blocking HIV endocytosis (e.g. with
dynasore) without preventing virus replication would be the ultimate proof of
endocytosis not being necessary for infection. This could not be achieved with dynasore
at nontoxic concentrations, and therefore, the hypothesis remains unresolved. However,
we clearly show that internalized virus required to resurface to initiate a productive

infection, suggesting that endocytosis may not be a route of productive infection.
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The development of new small molecule inhibitors of clathrin-coated pit assembly
(Pitstop) allowed better characterization of clathrin functions within the endocytic
network [102]. Pitstop induced inhibition of clathrin terminal domain interferes with
receptor-mediated endocytosis and synaptic vesicle recycling and has been shown to
increase the lifetime of clathrin-coated components, including dynamin. These agents
were also shown to block HIV entry in HeLa cells, but it remains to be resolved whether
inhibition of virus replication was due to preventing virus-endosome fusion or the
recycling of HIV particles. Importantly, the antiviral activity of endosome function
should be evaluated in primary T cells that better model the interactions between virus

and cell functions.

Nef-induced down-regulation of CD4 results in internalization and degradation of
surface CD4 in lysosomes [103]. Prevention of endosome and lysosome acidification by
macrolide antibiotics such as BFLA1 and CON A inhibits degradation of CD4and
consequently promotes accumulation of CD4 in endosomes and lysosomes [104].
Moreover, different types of endosome acidification inhibitors increase infectivity of
HIV particles presumably by preventing them from degradation in late endosomes and
lysosomes [105]. Colocalization of HIV particles with CD4 in dynamin-containing
endosomes could indicate that CD4 protects virus particles from degradation and helps
recycle back HIV to the cell surface. However, in our hands, acidification inhibitors
such as BFLA1 and CON A did not prevent or augment virus transfer from infected to
uninfected cells. Therefore, our results did not shed light on the protective role of CD4

in endocytic virus degradation.

In conclusion, after cell-to-cell transfer of HIV-1 into target primary CD4+ T cells we
observed that cells were only infected if left in culture in the absence of an attachment
inhibitor to CD4 (mAb IgGb12), suggesting that virus needed to resurface to begin a
productive infection. Moreover, dynasore, an inhibitor of dynamin-dependent
endocytosis, did not block virus replication. Endocytosis may not be the primary
mechanism of infection by HIV-1 after cell-to-cell contact, but a reservoir able to

induce trans-infection of bystander CD4+ T cells.
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Chapter 2

Cell-to-cell transmission of HIV has been proposed as a mechanism contributing to
virus escape to the action of antiretrovirals and a mode of HIV persistence during
antiretroviral therapy. Here, cocultures of infected HIV-1 cells with primary CD4+ T
cells or lymphoid cells were used to evaluate virus transmission and the effect of known
antiretrovirals. Transfer of HIV antigen from infected to uninfected cells was resistant
to the reverse transcriptase inhibitors (RTIs) zidovudine (AZT) and tenofovir, but was
blocked by the attachment inhibitor IgGb12. However, quantitative measurement of
viral DNA production demonstrated that all anti-HIV agents blocked virus replication
with similar potency to cell-free virus infections. Cell-free and cell-associated infections
were equally sensitive to inhibition of viral replication when HIV-1 long terminal repeat
(LTR)-driven green fluorescent protein (GFP) expression in target cells was measured.
However, detection of GFP by flow cytometry may incorrectly estimate the efficacy of
antiretrovirals in cell-associated virus transmission, due to replication-independent Tat-
mediated LTR transactivation as a consequence of cell-to-cell events that did not occur
in short-term (48-h) cell-free virus infections. In conclusion, common markers of virus
replication may not accurately correlate and measure infectivity or drug efficacy in cell-
to-cell virus transmission. When accurately quantified, active drugs blocked proviral
DNA and virus replication in cell-to-cell transmission, recapitulating the efficacy of

antiretrovirals in cell-free virus infections and in vivo.

2.1.- Introduction

Antiretroviral therapy (ART) and human immunodeficiency virus research have
achieved unprecedented series of breakthroughs that have translated into the largely
successful management of what is now considered a chronic treatable infection [106,
107]. In long-term-treated patients, the withdrawal of ART leads to a rebound of the
plasma viral load, indicating that current treatment is unable to eradicate the virus from
an infected patient despite apparently suppressed viral replication. Multiple factors may
affect HIV persistence in the presence of antiretroviral treatment. Persistent viremia
may arise from long-lived productively infected cells that were infected prior to therapy
initiation or from the intermittent reactivation of latently infected cells. Alternatively,
residual viral replication during ART or in sanctuary sites into which antiretrovirals

poorly penetrate would explain HIV persistence [108]. The degree to which HIV can
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effectively replicate during therapy is a highly contentious issue [109], and it is actively

being studied in patients and cell culture models.

Recently, Sigal et al. [5] suggested that cell-to-cell transmission of HIV represents a
mechanism contributing to virus escape from the action of antiretrovirals and a mode of
HIV persistence during antiretroviral therapy. A mathematical model was used to
demonstrate that the drug concentration required to prevent a single transmitted virion
from infecting a target cell is much lower than that needed to stop multiple transmitted
virus particles from infecting the same cell. Sigal et al. defined a transmission index
(Tx) as the ratio between the number of infected cells in the presence of drug (/d) and
the fraction of cells infected in the absence of drug (/), adding further complexity to the
model by associating 7x with the multiplicity of infection (MOI; abbreviated as “m” in
the equation presented below), defined as the product of virus particle number and the

infectivity per virus particle. Then, cell-to-cell spread was used as the experimental

model to recapitulate the effect of multiple virus transmission.

We and others have demonstrated that coculture of HIV-1-infected cells with CD4+ T
cells leads to detection of large amounts of enveloped virions in clathrin-coated
endosomes [19, 32, 35, 36, 54, 82, 110] that persist for 48 h [36] or as long as the target
cells are cultured with infected cells. Cell-to-cell HIV transfer is blocked by agents that
prevent virus attachment [51], but is resistant to agents targeting HIV coreceptors,
gp41-dependent fusion inhibitors or neutralizing antibodies, and, importantly, agents
targeting the reverse transcriptase (RT) [52, 82, 88]. Endocytic transfer of HIV may lead
to virus replication, but incoming viral antigen in target cells may incorrectly be
interpreted as a marker of virus replication. Therefore, the aim of the present work was
to evaluate the efficacy of known antiretrovirals in cell-associated virus transmission
compared to cell-free virus infection. We show that anti-HIV drugs are able to block
viral DNA production and the inherent virus replication in cell-to-cell viral

transmission, recapitulating the efficacy of antiretrovirals in cell-free virus infection.

2.2.- Materials and Methods

Cells. Peripheral blood mononuclear cells (PBMCs) from healthy donors were purified
by Ficoll-Hypaque sedimentation. CD4+ T lymphocytes were immediately purified
(>95%) from PBMCs by negative selection using the CD4+ T cell enrichment kit (Stem
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Cell Technologies, Vancouver, Canada) and grown in RPMI 1640-L-glutamine
medium (Gibco, Madrid, Spain). Chronically HIV-1-infected MOLT cells were
generated after infection of the MOLT-4/CCRS5 lymphoid cell line (AIDS Research and
Reference Reagent Program, National Institutes of Health, Bethesda, MD) with an NL4-
3 X4 HIV-1 strain (HIV-1n14.3) constructed in an HIVyxg, backbone [111]. After the
infection peak, the persistently infected culture was grown and characterized for Env
expression and virus production [112]. Uninfected MOLT-4/CCRS cells were used as
negative controls in all experiments. MOLT-4, the lymphoid T cell line MT-4 (obtained
from the Medical Research Council, Centre for AIDS Reagents, London, United
Kingdom), and the green fluorescent protein (GFP) expression CEM GFP cell line
(AIDS Research and Reference Reagent Program, National Institutes of Health,
Bethesda, MD) were cultured in RPMI (Gibco, Madrid, Spain). Media were
supplemented with 10% heat inactivated fetal calf serum (FCS; Life Technologies,
Madrid, Spain), 100 U/ml penicillin, and 100 pg/ml streptomycin.

Cocultures of infected and uninfected cells. Primary CD4+ T cells were cocultured
with uninfected or HIV-1 persistently infected MOLT cells as previously described [36,
51, 88]. Briefly, target cells (purified primary CD4+ T cells or MT-4 cells) were first
labeled with the cell tracer DDAO-SE (Molecular Proves, Life Technologies) at a final
concentration of 0.5 pg/ml for 30 min. Cells were extensively washed before being
mixed with effector MOLT cells. Both effector and target cells (2 x 10° cells each in a
1:1 ratio) were cocultured in a 96-well culture plate in a final volume of 0.2 ml in the
absence or the presence of the following HIV-1 inhibitors: the reverse transcriptase
inhibitors (RTIs) zidovudine (AZT; 4 uM) (Sigma- Aldrich) and tenofovir disoproxil
fumarate (TDF; 4 uM) (AIDS Research and Reference Reagent Program) and 10 pg/ml
of the neutralizing anti-gp120 monoclonal antibody (MAb) IgGbl2 (Polymun
Scientific). After overnight coculture, primary CD4+ T cells were purified (>99%
purity) from MOLT cells by fluorescence-activated cell sorting (FACS) (FACSAria II;
BD Biosciences). Recovered CD4+ T cells were maintained in the presence of the same
compound used during the initial coculture. After 5 days, infection in target cells was
assessed by enzyme-linked immunosorbent assay (ELISA) for HIV capsid (CA) p24
antigen detection in culture supernatants (Genscreen HIV-1 Ag EIA; Bio-Rad
Laboratories). Cocultures with target MT-4 T cells were performed during 2 h, 8 h, 24
h, and 48 h at 37°C.
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Evaluation of HIV transfer. The capture of HIV-1 p24 antigen (p24) by primary
CD4+ T cells and MT-4 cells was evaluated by flow cytometry as shown before [32,
35]. Prior to staining, cells were trypsinized to eliminate HIV-1 particles bound to the
cell surface. For trypsin treatment, cells were washed with phosphate-buffered saline
(PBS) and treated for 8 min at room temperature with 0.25% trypsin solution (Life
Technologies, Madrid, Spain). Trypsin was stopped by addition of FCS, and cells were
then washed with PBS. For intracellular staining, cells were fixed, permeabilized
(Fix&Perm; Caltag, Burlingame, CA), and stained with the anti-HIV p24 antigen MAb
KC57 (Coulter, Barcelona, Spain). Cells were analysed in an LSRII flow cytometer
(BD, Madrid, Spain) and identified by morphological parameters and DDAO-SE
staining. Quantification of HIV-1 transfer was assessed by the percentage of p24-
positive T cells, using the coculture between T lymphocytes and MOLT uninfected cells

as a negative control.

Comparison of cell-free and cell-associated infections in CEM-GFP cells. CEM-
GFP cells were infected either with cell free virus or as a result of being cocultured with
HIV-infected MOLT cells. For cell-free virus infections, 1 x 10° CEM-GFP cells were
infected with 1,000 ng of an NL4-3 HIV strain (HIVxi4-3) or mock infected with the
same volume of medium. Coculture infections were performed at two different ratios of
target to donor cells (2:1 and 9:1 CEM/MOLT ratio) and adjusted to a total of 2 x 10°
cells. To differentiate effector from target cells by flow cytometry, MOLT cells were
previously labeled with cell tracer DDAO-SE (Molecular Proves, Life Technologies) as
described above. After extensive washes with PBS, 1.3 x 10° CEM-GFP cells were
mixed with 0.6 x 10° MOLT cells at a 2:1 ratio and 1.8 x 10> CEM-GFP cells were
mixed with 2 x 10* MOLT cells at a 9:1 ratio. For both ratios, cocultures with MOLT
uninfected cells were performed as negative controls. Cell-free and cell-associated
infections were carried out for 48 h in the presence or absence of various concentrations
of AZT and TDF. Forty-eight hours postinfection, cells were recovered and infection
was quantified by emission of green fluorescent protein (GFP) signal in target cells
using flow cytometry in coculture infections. DDAO-SE and GFP double-positive cells,
considered donor-target cell fusions, were excluded from the analysis. To quantify total
GFP expression, cells were also viewed in a Nikon eclipse TE-200 microscope coupled
to a charge-coupled device (CCD) Kappa camera, and the images obtained were used to

quantify GFP expression. Quantification of total GFP was performed by evaluating and
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quantifying the average intensity of GFP signal for every image as implemented in the

Launch VisionWorks software.

HIV-independent transactivation of HIV LTR in CEM-GFP cells. Cocultures
between HeLa Env+ cells (National Institute for Biological Standards and Control
[NIBSC], United Kingdom) and CEM-GFP cells were performed to demonstrate
unspecific replication-independent long terminal repeat (LTR)-driven expression of
GFP in CEM-GFP cells [113, 114]. A total of 2 x 10° HeLa Env+ cells (also expressing
Tat and Rev proteins) were seeded in a 24-well plate the day before the initiation of the
coculture. After the removal of the supernatant, the coculture was initiated by the
addition of 2 x 10° CEM-GFP cells in the presence or the absence of 4 pM tenofovir
(TFV) in a final volume of 1 ml. Cocultures with the HeLa cell line TZM-bl (Env-)
were used as negative controls. Twenty-four hours later, cells were recovered and

visualized in a Nikon eclipse TE-200 microscope coupled to a CCD Kappa camera.

Quantitative real-time PCR for proviral HIV-1DNAdetection. Proviral DNA was
quantified as described before [94, 95]. Briefly, cells were pelleted, supernatant was
removed, and pellets were frozen at -20°C until use. Total cellular DNA was extracted
using the QiaAmp DNA-extraction kit (QIAmp DNA blood minikit; Qiagen, Madrid,
Spain) as recommended by the manufacturer. Quantitative amplification of LTR was
performed wusing the following primers and probe (forward primer, 5'-
GACGCAGGACTCGGCTTG-3’; reverse primer, 5’-ACTGACGCTCTCGCACCC-3’;
probe, 5’-TTTGGCGTACTCACCAGTCGCCG-3’, labeled with the fluorophore 6-
carboxyfluorescein [FAM] and the quencher 6- carboxytetramethylrhodamine
[TAMRA]). To normalize HIV copy values per cell, amplification of the cellular RNase
P gene was performed using the TagMan RNase P control reagents kit (Applied
Biosystems, Roche, Barcelona, Spain). For each experiment, DNA extracted from
8ES/LAV cells (harboring one copy of integrated HIV-1 per cell) was used to build a
standard curve of the proviral DNA copy number, and DNA extracted from uninfected
CEM-GFP cells was used to build a standard curve of the cell number. The PCR was
performed in a total volume of 50 pl using 1 x TagMan Universal PCR master mix
(Applied Biosystems), a 0.9 uM concentration of the primers, 0.25 uM probe, and 5 pl
of the DNA sample. Reactions were analysed with the ABI Prism 7000 instrument
using SDS 1.1 software (Applied Biosystems). For each experiment with cell-associated
infections, the background of proviral DNA copy number coming from MOLT infected
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cells was subtracted using a control condition in which an equal cell number of MOLT

NL4-3 cells were cultured alone.

Calculation of Ty. The transmission index (7)), designed to quantify the infection
sensitivity to drugs [5], was calculated as the fraction of cells infected in the presence of
drug (1;) divided by the fraction of cells infected in the absence of drug (/). 7 depends
on the multiplicity of infection (MOI) (symbolized here by the variable m), defined as a
fraction of the number of infected cells by the number of target cells, and on the
reduction of infection, f{d), in a given drug concentration (d) as in the equation
Iy 1—e™7i@
EET T T
In the present study, m corresponds to the percentage of infected cells (GFP+ or p24+)
in the untreated condition, which was set to roughly 4% of GFP+ cells under both cell-
free and cell-associated infections. For each drug concentration tested, the 7, was
calculated as the fraction of GFP+ cells in the presence of drug by the percentage of
GFP+ cells in the absence of drug. 7, was equally calculated using the total HIV DNA

or using the data obtained with the intracellular p24 antigen staining.

2.3.- Results

2.3.1.- Cell-to-cell transmission of HIV-1 in the absence of virus replication

We have previously shown that HIV 1 persistently infected or acutely infected T cells or
dendritic cells may transfer HIV-1 particles to intracellular compartments in target
CD4+ T cells [36, 51, 88]. After overnight cocultures of HIV-Inp43-infected MOLT
cells with nonstimulated primary CD4+ T lymphocytes, roughly 20% of target cells
were HIV antigen positive compared to the untreated condition (Figure 11A, black
bars). Antigen detection was resistant to the RT inhibitors AZT (4 uM) and TDF (4
uM), but was inhibited by the attachment inhibitor IgGb12 (10 pg/ml). However, at the
same time point, cells remained negative of viral DNA, as measured by quantitative
PCR (qPCR) (Figure 11B, Black bars), indicating that antigen detected in CD4+ T
cells was not the product of virus replication in the target cells, but was transmitted
from the infected MOLT cells. When HIV antigen-positive target cells were sorted and

left for 5 days in the presence of the inhibitors, only the untreated cells remained
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positive for p24 antigen staining (Figure 11A, white bars). Proviral DNA detection
(Figure 11B, white bars) and p24 antigen production in the supernatant (Figure 11C)
were only detected in untreated cells, indicating that the antiretrovirals used effectively

block virus replication after cell-to-cell transmission.

In lymphoid MT-4 cells, captured virus could be detected as early as 2 h post-coculture,
reached a maximum at 24 h, and was maintained for up to 48 h (Figure 12A). Early
flow cytometry detection of intracellular virus antigen may indicate that HIV antigen in
short-term cocultures does not accurately measure HIV infectivity. To confirm this
hypothesis, total viral DNA in target cells was measured by qPCR. Figure 12B shows
that despite massive intracellular p24-antigen detection, TDF and AZT clearly blocked

infection even after 48 h post coculture.

2.3.2.- Cell-free and cell-associated HIV infections were equally sensitive to

inhibition by reverse transcriptase inhibitors

To compare drug efficacies in cell-free and cell-associated virus transmission, CEM-
GFP cells were cocultured with HIV-1y14-3-infected MOLT cells labeled with DDAO
cell tracer or infected with cell-free virus (HIV-1np43), in the presence of various
concentrations of the RT inhibitors AZT and TDF. Forty-eight hours postcoculture,
infection of target cells was determined by the percentage of cells positive for GFP
signal and by proviral DNA detection (Figure 13 and 15). As indicated in reference [5],
care was taken to normalize virus input in both cell-free and cell-associated cultures,
leading to roughly identical results in the percentage of GFP+ cells in the untreated
condition at 48 h (Figure 13A). A significantly high virus concentration, roughly 5
ug/ml of p24 antigen and >25-fold higher of the commonly used virus input in drug
susceptibility studies in MT-4 cells [115, 116], was required to achieve 4 to 5% GFP+
cells in cell-free infections. Under these conditions, both AZT and TDF effectively
blocked virus replication with similar 50% effective concentrations (ECsos) measured

either by GFP signal or total viral DNA in target cells (Table 2).
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Figure 11. HIV antigen in ternalization in the absence of productive infection. Uninfected or HIV-

Inps-s-infected MOLT cells were cocultured with primary CD4+ T lymphocytes in the presence or the
absence 0 f1gGb12 (10 pg/ml), AZT (4 uM), and ten ofovir (TDF, 4 uM). After overnight coculture,
target cells were sorted a nd left in c ulture d uring 5 d ays in th e p resence o f'th e sa me ¢ ompound.

Quantification of transferred HIV-1 antigen transfer was assessed by the percentage of intracellular HIV-
1 p24 antigen positive cells measured by flow cytometry and expressed relative to the untreated condition
(A), and total viral DN A (proviral DNA) measured by q PCR and re presented as the c opy number o f
proviral DNA/cellular RNAse P copies (B) was assessed after overnight coculture (black bars) and 5 days

post-coculture (white bars). C. Supernatant p24 antigen production was also evaluated at day 5. The data

shown are the means + standard deviations (SD) of three independent experiments.

Table 2. Similar anti-HIV activities of RTI in cell-free and cell-associated HIV-1 infections

F.(_"m[p,‘l.!':l' Y

Cell-free vims Cell-associated virms
RTI GFP Proviral DN A GFP Proviral DNA
TDF 00085 = 0,001 2 A = QU] 0001 = 0,0039 0,0069 £ 00024
AZT [, ()86 b 0, ()54 0.0033 4 0.0028 00122 & Q0055 0,006 ke 0T

“ The 50% effective concentration (ECs,) was determined by GFP and proviral DNA measurements after
cell-free and cel l-associated HIV y 4.3 infections in CEM-GFP cells cultured for 48 h to determine the
dose-response c urves of AZT and T DF. Co nsidering any o fth e tw o s ystems employed to q uvantify
infection, there was no significant difference in the ECsgs between the cell-free and cell-to-cell infections.
The values shown represent the means + standard deviations from three independent experiments.
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2.3.3.- Flow cytometry evaluation of LTR-dependent GFP expression in cell-
associated infections underestimates virus replication and may not accurately

evaluate antiviral efficacy

Cell-to-cell culture o f infected and uninfe cted ¢ ells maylea dto Tat-dependent
transactivation of the HIV LTR in the absence of virus replication [113, 114, 117].
Cocultures of HeLa Env+ cells, expressing Tat and Rev proteins, with CEM-GFP cells
were performed to show HIV-1 replication-independent LTR-driven expression of GFP.
Transactivation of HIV-1 LTR occurred in the absence of virus replication and could

not be inhibited by TDF (Figure 14).
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Figure 12. Virus transfer to lymphoid cells in the absence of virus replication. Uninfected or HIV -
Inpas-infected MOLT cells were cocultured with lymphoid CD4+ MT-4 cells in the presence or absence
of IgGb12 (10 pg/ml), AZT (4 uM), or TDF (4 pM). Two hours, 8 h, 24 h, and 48 h post-coculture, HIV-
1 antigen transfer was assessed by the percentage o f intracellular p24-positive cells using the coculture
between M T-4 cells and MOLT uninfected cells as a negative control (A). Total viral DN A (proviral
DNA), represented as the copy number of proviral DN A/cellular RNAse P copies, was used to quantify
infection in target cells (B). The data shown are the means + SD from three independent experiments.
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When comparing cell-free and cell-associated infections under conditions in which GFP
expression was normalized to that of target cells by flow cytometry, the average
fluorescence intensity (mean fluorescent intensity [MFI]) of the complete culture
measured by fluorescence microscopy was higher in cell-associated virus than that in
cell-free infections (Figure 13B). AZT and TDF blocked total GFP expression
measured by microscopy in cell-free infections, but inhibition was only partial in cell-
associated infections (48% and 25% for AZT and TDF, respectively), indicating that
GFP at 48 h was a reflection of both Tat dependent transactivation and a minor
component of effective viral replication. Conversely, flow cytometry data suggest a
very similar inhibition in cell-free and cell-associated infections (75% versus 60% for
AZT and 95% versus 84% for TDF, comparing cell-free versus cell-associated
infections). This is due to the incapacity of flow cytometry to quantify GFP+ giant cell
fusions, which on the other hand, may have an important component of Tat-dependent

transactivation due to Env-mediated cell fusion.
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Figure 13. LTR-driven G FP d id n ot accurately measure cel l-associated in fection o r drug
susceptibility. CEM-GFP cells were cocultured with uninfected or HIV -1y 4.3-infected MOLT cells or
infected b y ¢ ell-free virus (HIV -1y14.3) in the p resence orabsence o f4 uM TDF and 4 uM AZT.
Infection o f'tar get cells was determined b y th e p ercentage o f cells p ositive for GFP signal 48 h
postcoculture. (A) Dot plots of flow cytometry analysis corresponding to one representative experiment
are shown. In the cell associated infection assay, double-positive cells were excluded from the analysis
for be ing ¢ onsidered cel 1-cell fusions, a s suggested in r eference [S]. ( B) T otal LT R-driven G FP
expression in the corresponding cell cultures. Values represent the average fluorescence intensity of the
cell culture, as measured by green/gray pixel intensity in GFP fluorescence. Images showing the GFP
fluorescence and phase-contrast overlays and the average fluorescence intensity values correspond to one
representative experiment of three.

To further confirm the effect of antiretrovirals in cell-to-cell infections, total viral DNA
was mea sured under conditions in whic h GFP expression wa s normalized to that of
target cells by flow cytometry ( Figure 15A an d 15C). Tota 1 viral DNA wa s
significantly higher in cell-associated infection; however, both AZT and TDF potently
blocked total viral DN A with similar potencies (Figure 15B and 15D; Table 1). These
results ¢ ould be interpreted asc ell-to-cell tra nsmission be ing am ore e fficient

mechanism of infe ction. How ever, when infe ctivity was normalized to total DNA by
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reducing the number of infected cells in cocultures, the effects of both AZT and TDF
also showed similar potencies (Figure 15E to 15H), indicating that total viral DNA is a
reflection of the higher multiplicity of infe ction in cocultures that is not adequately
quantified by gating GFP+ single cells, as indicated by Sigal et al. [5]. The lack of total
inhibition of GFP+ cells by AZT in cell-free virus infections may be a reflection of the
high virus input that was required to achieve an effect comparable to that observed in

cell associated infection experiments.

Hegative eantral

Untroated

Figure 14. Transactivation of HIV-1 LTR and production of GFP occurs in the absence of virus
replication. HeLa Env+ cells, also expressing Tat and Rev proteins; were c ocultured with CEM -GFP
cells encoding the GFP protein driven by the HIV-1 LTR in the presence or absence of 0,8 uM of TDF
during 24h. As a negative control HeLa Env- cells (TZM-bl) were cocultured with CEM-GFP cells. GFP
expression was evaluated by fluorescence microscopy.
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Figure 15. Potent inhibition of HIV replication in cell-free and cell-associated infection as measured
by total viral DN A. CEM-GFP cells were either infected with cell-free HIV -1y 4.3 or cocultured with
HIV-1y14.5-infected MOLT cells in the presence or the absence of serial dilutions of tenofovir (TDF) and
AZT. Forty-eight hours post-coculture, infection of target cells was determined by the percentage of cells
positive for GFP signal (left panels), as assessed by flow cytometry, or total viral DNA (right panels)
amplified by qPCR and normalized by the cellular housekeeping gene coding for RNA se P. Cell-free
(black lines) and cell-associated (grey lines) infections were normalized by the fraction of cells infected
in the absence of drug using similar GFP+ values (A, B, C, and D) or similar proviral DNA copy number
(E, F, G, and H). Proviral DNA data are expressed as relative to the untreated condition. Data represent
the means + SD from three independent experiments.
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2.3.4.- The transmission index differs depending on how HIV infection is

measured

The transmission index (7}) represents the ratio between the fraction of infected cells in
the presence of drug (/;) divided by the fraction of cells infected in the absence of drug
(1), and it is dependent on the MOI (m), defined as the product of the virus particle
number and the infectivity per virus particle [5]. The calculated 7,s considering the
intracellular p24 antigen staining measurements (i.e., transfer of virus) or the effective
HIV infection (i.e., total viral DNA quantification) are completely different (Figure
16A and 16B). No inhibition of intracellular virus antigen was noted even in the
presence of TDF (4 uM), but complete inhibition of replication 48 h post-coculture was
observed (Figure 13 to 16). According to GFP expression, the potency of TDF or AZT
in cell-free virus infection could not be recapitulated in cell-to-cell transmission but was
clearly accomplished when total viral DNA was measured (Figure 16C and 16D).
Thus, AZT and TDF blocked virus replication in cells that were apparently infected, as
measured by FACS analysis.
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Figure 1 6. Transmission in dex ( 7,) for cell-free and cell-associated in fections. (A) Dot plotsofa
representative coculture b etween HIV 1 yp4.3-infected M OLT cells and primary CD4+ T cells. V alues
indicate the percentages of intracellular p24 antigen-positive target cells in each quadrant. (B) Coculture
between HIV-1y4;-infected MOLT cells and primary CD4+ T lymphocytes was performed for 48 h in
the presence or absence of TDF (4 pM) and IgGb12 (10 pg/ml). Data obtained by in tracellular p24
antigen staining (black bars) and proviral DNA quantification (white bars) were used to calculate the T,
[5]. The T, was also calculated using GFP data and proviral DNA quantification after cell-free (black
bars) and cell-associated (white bars) infections performed for 48 h using CEM GFP target cells in the
presence (+) or absence (-) of 4 uM TDF (TFV) (C) or4 uM AZT (D). The means + S D from three
independent experiments are shown.

2.4.- Discussion

Cell-to-cell H IV transmission ha s often been a ssociated with a more e fficient
mechanism of infe ction [18, 20, 22, 118, 119]. Infected cells bind and interact with
target CD4+ T cells in manners that promote virus transmission through the so-called
“virological synapse” in which the interaction between CD4 and the HIV envelope
glycoprotein plays a prominent role [3, 32, 82]. Effective tr ansmission of virusis a
CD4-dependent process lea ding to virusint ernalization a nd unc oating, re verse

transcription, and subsequent steps leading to virus production from the infected cell.
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Cell-to-cell transmission was recently shown as a mechanism to evade inhibition only
by the anti-gp120 neutralizing antibodies, including CD4-IgG2 (Pro542), but not when
other entry inhibitors were used, such as gp41-directed or cell-directed antibodies [45].
To this end, virus strains requiring addition of DEAE-dextran for cell-free but not for
cell-to-cell infection were used in nonlymphoid (HeLa TZM-bl) cells. DEAE-dextran is
a nonspecific polycation commonly used to enhance the association of viruses,
including HIV, with target cells via relatively nonspecific charge interactions [120, 121]
and may severely affect gp120 interactions with the cell surface such as to interfere with
the inhibitory effect of gp120-targeting neutralizing antibodies. The results in reference
[45] are in contrast to previous observations that virus attachment inhibitors, including
CD4-1gG2 [51] and others [53] effectively block cell-to-cell transmission with equal

potency to cell-free transmission.

We and others have shown that cell-to-cell contact may lead to the transfer of HIV
particles through an endocytic internalization of fully coated virions, readily detectable
in CD4+ target cells [32, 35]. However, endocytosis as a means to productive infection
is a matter of ample debate. Early and recent evidence indicates that HIV may fuse with
endosomal membranes to initiate a productive infection [46, 54, 89, 91], questioning the
general understanding that virus entry occurs at the cell surface. Here, we recapitulate
these results to demonstrate that evaluation of the presence of virus antigen in target
cells at early time points does not accurately measure infectivity or drug efficacy.
Conversely, detection of total viral DNA (proviral DNA) as measured by qPCR clearly
demonstrates that cells remained infection negative in the presence of antiretroviral
agents. Our results contrast with those of Sigal et al. [5], who evaluated intracellular
antigen in cocultures of infected and uninfected cells and assumed that the presence of
intracellular HIV antigen in short-term cocultures accurately measured HIV infectivity.
Furthermore, to compare cell-free and cell-associated viral transmission, we used a
method based on measurement of LTR-driven expression of a given marker to evaluate
virus replication in cell-free virus infections, similar to that used by Sigal et al. [5]. A
similar multiplicity of infection (m), defined as the number of GFP-positive target cells
in the absence of drug, was used to compare drug efficacies in both infection systems.
In line with previous observations showing that both cell-to-cell spread and cell-free
viral spread were equally sensitive to entry inhibition [51, 53], drug response curves

demonstrated equal efficacy of antiretrovirals, strongly indicating that cell-to-cell
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transmission may not allow for ongoing virus replication in the presence of

antiretroviral therapy.

Similarly to Sigal et al. we have found that antiretroviral drugs differentially blocked
GFP expression, which may lead to the assumption that antiretroviral agents effectively
block cell-free virus but fail to completely inhibit HIV-1 cell-to-cell spread. However,
we show complete inhibition of proviral DNA in the same target cells, which, in
contrast with the first assumption, points to a similar efficiency of antiretrovirals in both

modes of transmission.

As previously shown [113, 114], and unlike cell-free virus infection, AZT or TDF
cannot block cell-to-cell mediated Tat-dependent transactivation in the absence of
replication. Evaluation of cell cultures by fluorescence microscopy demonstrated that
this effect could have important consequences in cell-associated infection when
syncytium formation is not impaired by the antiretroviral agent tested. Moreover, the
flow cytometry analysis does not entirely evaluate infection as giant syncytia cannot be
analysed. Under these conditions, the potency of antiretroviral agents is being
underestimated. Thus, GFP expression may not accurately evaluate drug efficacy in

cell-associated virus transmission.

The value of m is similar to the well-known definition of multiplicity of infection
(MOI), that 1s, the ratio of infectious agents per target cell, a concept commonly used to
normalize virus titers prior to the evaluation of drug efficacy or virus drug resistance in
cell culture experiments. The convention, when comparing the efficacy of a drug against
two independent virus strains (or two mechanisms of virus transfer), is to normalize the
virus input and then determine the efficacy of the drug, which is commonly reported as
the fold change (FC) in ECsos. Assuming a similar MOI, the probability to propagate
two infectious viruses (or two mechanisms of infection of the same virus) is the same,
1.e., the infectivity of a virus particle does not increase by increasing the number of
particles (with a higher MOI). A higher MOI raises the number of infectious events.
Screening of anti-HIV agents is commonly tested at a low MOI, and plasma viral load is
a predictor of treatment efficacy [122]. Sigal et al. conclude that infectivity through cell-
to-cell transfer is resistant to the drug, but they have failed to evaluate both conditions
(cell-free versus cell-associated infection) at similar MOI, by incorrectly assuming that

each virus transferred in coculture will lead to a productive infection.
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We concur with the hypothesis that multiple factors affect HIV persistence in the
presence of antiretroviral treatment. However, assuming that cell-to-cell spread is
permitting ongoing replication despite antiretroviral therapy is difficult to ascertain;
although cell-to-cell spread has been well documented in vitro, its relevance in patients
is still to be defined. How virus reservoirs are maintained in the presence of therapy has
important clinical implications and might be the main barrier to complete clearance of
HIV [107]. Therefore, data on cell to-cell spread should be taken with caution as it is
crucial to correctly distinguish and measure abortive virus transfer or surrogate markers

of infection (LTR-driven GFP) from effective viral replication.
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Memory CD4+ T cells are preferentially infected by HIV-1 compared to naive cells.
HIV-1 fusion and entry is a dynamic process in which the cytoskeleton plays an
important role by allowing virion internalization and uncoating. Here, we evaluate the
role of the cortical actin in cell-to-cell transfer of virus antigens and infection of target
CD4+ T cells. Using different actin remodeling compounds we demonstrate that
efficiency of HIV-internalization was proportional to the actin polymerization of the
target cell. Naive (CD45RA+) and memory (CD45RA-) CD4+ T cells could be
phenotypically differentiated by the degree of cortical actin density and their capacity to
capture virus. Thus, the higher cortical actin density of memory CD4+ T cells was
associated to increased efficiency of HIV-antigen internalization and the establishment
of a productive infection. Conversely, the lower cortical actin density in naive CD4+ T
cells restricted viral antigen transfer and consequently HIV-1 infection. In conclusion,
the cortical actin density differentially affects the susceptibility to HIV-1 infection in
naive and memory CD4+ T cells by modulating the efficiency of HIV antigen

internalization.

3.1.- Introduction

The HIV entry process is a validated target for antiretroviral therapy [15, 17]. However,
different routes and mechanisms of infection of CD4+ T cells may contribute to the
establishment of HIV reservoirs and increased HIV pathogenesis [3, 82]. Resting CD4"
T cells are the major reservoir of latent human immunodeficiency virus (HIV) infection
and are a significant barrier to eradicating HIV because, upon stimulation, they are a
source of viremia when antiretroviral therapy is interrupted [71]. Resting CD4+ T cells
can be subdivided phenotypically into naive and memory cell subsets as defined by the
expression of multiple surface markers, including CD45RA, and depending on whether
they have been previously exposed to a specific antigen. CD4+ memory T cells support
higher levels of HIV replication than naive CD4+ T cells, but the mechanism
underlying the different susceptibility to HIV-1 infection remains unclear [74, 75, 77].
Memory resting CD4" T cells differ from naive resting CD4" T cells in that they have a
lower threshold for activation [69] and a subset of memory resting CD4" T cells express
higher levels of the HIV-1 coreceptor CCRS5 than do naive resting CD4" T cells, while
naive cells express slightly higher levels of CXCR4 than memory cells [69]. However,

the causes for the inherent resistance of naive CD4+ T cells to HIV-1 infection cannot
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be explained by the different expression of viral coreceptors or the degree of activation
of cells [76, 77]. Furthermore, although integrated proviral infection is found in both
memory and naive resting CD4+ T cells without the need of cell activation, integration
in naive cells was lower than that in memory cells, suggesting that restriction of

infection occurs at the first steps of virus life cycle [76].

Several studies have shown that the viral dependence on the actin cytoskeleton during
both early processes of infection, such as fusion and entry, but also at post entry steps,
are required for the establishment of infection into CD4+ T cells [98, 123-127] with a
number of actin associated proteins regulating the role of cytoskeleton in viral entry
[128-131]. Interestingly, a recent study found that the higher HIV-induced cortical actin
dynamics in memory CD4+ T cells may promote efficient viral entry and viral DNA
synthesis suggesting that phenotypic differences in the cortical actin between naive and
memory resting CD4+ T cells could account for the different cell susceptibility to HIV
infection [77]. Additionally, cortical actin dynamics is also required during cell-to-cell
HIV transmission by promoting the concentration of HIV antigens and its cellular
receptors at the cell-cell contact zone [30]. Moreover, the uptake of HIV antigens into
endocytic compartments after cell-to-cell transfer [32, 35, 36, 132] could be prevented
by pharmacological disruption of the cortical actin of effector cells [19, 32, 37],
suggesting that active cytoskeleton dynamics is required for the internalization process.
However, the role of the cytoskeleton during cell-to-cell HIV transmission into distinct

T cells subsets has not been well characterized.

Here, we show that cell-to-cell transfer of HIV-1 antigens into primary resting CD4+ T
cells is dependent on the polymerization of the cortical actin. Moreover, we show that
phenotypic differences in the cortical actin in naive and memory CD4+ T cells subsets
determine the degree of viral antigen transfer inducing distinct susceptibilities to HIV-1

infection.

3.2.- Materials and Methods

Ethics Statement

The work was approved by the scientific committee of Fundacié IrsiCaixa. Human

peripheral blood mononuclear cells were isolated from “buffy coats” of healthy blood
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donors. Buffy coats were purchased anonymously from the Catalan Banc de Sang I

Teixits (http://www.bancsang.net/en/index.html). The buffy coats received were totally

anonymous and untraceable and the only information given was whether or not they

have been tested for disease.

Cells. Peripheral blood mononuclear cells (PBMC) from healthy donors were purified
by Ficoll-Hypaque sedimentation. CD4+ T lymphocytes were immediately purified
(>95%) from PBMCs by negative selection using the CD4+ T cell enrichment kit (Stem
Cell Technologies, Vancouver, Canada) and grown in RPMI 1640 L-Glutamine
medium (Gibco, Madrid, Spain) supplemented with 10% (R10) heat inactivated fetal
calf serum (FCS, Invitrogen, Madrid, Spain), 100 U/ml penicillin, and 100 pg/ml
streptomycin. When needed, CD4+ T cells were stimulated with phytohemagglutinin
(PHA, Sigma, Madrid, Spain) at 4 pg/ml and 6 U/ml interleukin 2 (IL-2, Roche).
MOLT-4 lymphoid cell line (AIDS Reagent Program, National Institutes of Health,
Bethesda, MD) was cultured in R10. Chronically HIV-1-infected MOLT-4/CCRS cells
were generated after the infection of MOLT-4 cells, with the NL4-3 X4 HIV-
1(MOLTnr43) [133, 134]. After the infection peak, the persistently infected culture was
grown and characterized for Env expression and virus production. HEK293-T cells
(AIDS Reagent Program, National Institutes of Health, Bethesda, MD) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Madrid, Spain) supplemented
with 10% heat inactivated FCS, 100 U/ml penicillin, and 100 pg/ml streptomycin.

Cocultures of infected and uninfected cells. Non-stimulated primary CD4+ T cells
were cocultured with uninfected or HIV-1 persistently infected MOLTn4.3 cells as
previously described [36, 51, 88]. 2x10° of both infected and target cells (1:1 ratio) were
cocultured in the absence or presence of 10ug/ml anti-gp120 monoclonal antibody
(mAb) IgGb12 (Polymun Scientific, Wien, Austria); 1pg/ml reverse transcriptase (RT)
inhibitor 3’-azido-3’-deoxythymidine (AZT) or 10 ng/ml CXCR4 coreceptor antagonist
AMD3100 (both from Sigma-Aldrich). Cocultures were incubated overnight at 37°C in
a 96-well culture plate in a final volume of 200 pl. Primary CD4+ T cells were
pretreated with serial dilutions of Latrunculin-A (max. conc.= 1uM), Phorbol 12-
myristae 13-acetate (PMA, max. conc. = 15nM) or Staurosporine (max. conc.= 1uM)
(all from Sigma-Aldrich) for 2 hours before coculturing for 4 hours with effector cells.

Quantification of HIV-1 transfer was assessed by the percentage of CAp24-positive
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CDA4+ T cells, using the coculture between primary T CD4+ lymphocytes and MOLT-4
uninfected cells as a control. The use of cell lines as virus presenting cells has been

extensively used by our group and others and is recognized as a useful cell culture

model for cell-to-cell transmission [19, 32, 35, 36, 39, 51, 88, 100, 132].

Flow cytometry. Cells were stained with CD4, CXCR4 (12G5) or CD45RA antibodies
(BD Biosciences). Intracellular staining of HIV-1 p24 antigen (CAp24) was performed
as previously described [35, 36, 88, 100, 132]. Briefly, cells were fixed, permeabilized
(Fix & Perm, Caltag, Burlingame, CA) and stained with the anti-HIV-CAp24 antigen
mAb KC57 (Coulter, Barcelona, Spain). For F-actin staining, cells were fixed and
permeabilized (Fix & Perm, Caltag, Burlingame, CA) and stained with 1pg/ml of FITC-
phalloidin (Sigma) for 30 min at RT in the dark. When needed, cells were first stained
with surface CD45RA for 20 min before co-staining with intracellular CAp24,
phalloidin or CCF2 for fusion assays (see below). Cells were analysed in a LSRII flow
cytometer (BD, Madrid, Spain) and identified by morphological parameters.

Quantification of cell-to-cell transmission. 2x10° HEK293-T cells were cotransfected
with 0,5 pg of HIV-1Ixp4.3 GFP (NIH AIDS Reagents Program). 48h postransfection,
HEK293-T cells were cocultured overnight with primary activated CD4+ T
lymphocytes. HIV-antigen transfer into naive (CD45RA+) and memory (CD45RA-)
target cells was assessed by co-staining of surface CD45RA and intracellular staining of
viral capsid p24 (CAp24). After overnight coculture cells were gently shaken to break
cell-cell contacts and target CD4+ T cells were carefully harvested. 4 days after target
cell purification productive infection was evaluated by GFP expression and assessed

using flow cytometry.

Virus-cell fusion assay. The quantification of the virus-cell membrane fusion was
quantified as described before [96, 132]. Briefly, 2x10° HEK293-T cells were
cotransfected with 0,4 pg of both, the NL4-3 HIV provirus plasmid and a plasmid
carrying the Vpr gene fused with beta-lactamase (Vpr-BlaM) (NIH AIDS Reagents
Program). 48h postransfection, HEK293-T cells were cocultured overnight with primary
CD4+ T lymphocytes. Cells were loaded with the CCF2-AM loading kit (Invitrogen)
following the protocol provided by the manufacturer. Cells were incubated 1 h at room
temperature then washed and immediately fixed. The change in emission of the cleaved

CCF2 generated by the BlaM-Vpr chimera was measured by flow cytometry.
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3.3.- Results
3.3.1.- The degree of actin polymerization affects cell-to-cell transfer of HIV-1

antigens

Contacts formed between HIV-1 infected and uninfected primary CD4+ T cells induce
the transfer of HIV antigens into endocytic compartments in the absence of fusion or
infection [32, 35, 36, 88, 132]. To evaluate the role of the cortical actin cytoskeleton of
target cells during cell-to-cell HIV-1 antigen transfer, previously purified primary non-
stimulated CD4+ T lymphocytes were pretreated for 2 hours with different actin
remodelling compounds. After drug treatment, the degree of actin polymerization was
assessed by intracellular F-actin staining (Figure 17A and 17B). Transient treatment of
resting CD4+ T cells with latrunculin-A triggered actin depolymerisation (45%
reduction in the percentage of polymerization at 1uM compared to the untreated
condition). Conversely, treatment with PMA triggered actin polymerization (roughly
30% increase in the percentage of polymerization at 15nM compared to the untreated
condition), consistent with a previous report [135]. Furthermore, another approach to
induce actin remodelling is modulating the cofilin activity by affecting the upstream
signalling using different compounds such as staurosporine [98]. However, unlike a
previous report [98], we observed a slight increase of actin polymerization in
staurosporine-treated cells (17% increase in the percentage of polymerization compared
to the untreated condition). Drug treatment did not cause a significant change in the

expression of the cellular CD4 receptor or CXCR4 coreceptor (data not shown).
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Figure 17. The cortical actin density modulates the tr ansfer o f HIV a ntigens during c ell-to-cell
contacts. Non-stimulated CD4+ T lymphocytes were p retreated with serial d ilutions of latru nculin-A
(max. conc.=1 puM), PMA (max. conc.= 15 nM) or Staurosporine (max. conc.=1 pu M) for 2h. (A)
Staining of F-actin with FITC-conjugated phalloidin was performed to assess the actin polymerization in
treated ¢ ells. One re presentative e xperiment is shown. ( B) T he ch ange i n the percentage o fact in
polymerization normalized to the untreated condition. (C) Quantification of CAp24 HIV antigen transfer
from infected to uninfected CD4+ T cells assessed by intracellular CAp24-antigen staining and analysed
by flow cytometry. Control coculture condition were performed in the presence of [gGb12 (10 pg/ml) and
AZT (1 pg/ml). The p ercentage o f in tracellular CAp 24+ target cells was normalized to the untreated
condition. Results are the mean + SD of three independent experiments (¥p<0.05).
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To evaluate the effect of the cortical actin remodelling in the transfer of viral antigens,
drug pretreated primary CD4+ T cells were cocultured with HIV-1n14.3 persistently
infected MOLTyy4.3. After 4 hours of coculture, HIV antigen transfer to target cells was
assessed by intracellular staining of CAp24 (Figure 17C). Compared to the untreated
condition, the transfer of viral antigens to uninfected cells was clearly blocked by the
neutralizing anti-gp120 mAb IgGb12 (>95% inhibition), but was not inhibited by the
RT inhibitor AZT indicating a CD4-dependent transmission of high amounts of HIV-1
particles in the absence of productive infection. Furthermore, compared to the untreated
condition, the transfer of viral antigens into target CD4+ T cells decreased in latrunculin
A pretreated cells (40% of inhibition of CAp24+ cells at 1uM of Latrunculin A) but
increased in PMA or Staurosporine pretreated cells (186% and 150% increase of
CAp24+ cells, respectively at the highest concentrations tested). The lack of a more
potent impact probably reflects the loss of effect over time due to the absence of the
drug during the coculture. Taken together, these results demonstrate that the
transmission of HIV antigens into target primary CD4+ T cells during cell-to-cell

transfer is modulated by their degree of actin polymerization.

3.3.2.- Naive and memory CD4+ T cells display distinct degree of actin

polymerization

Several post-entry cellular mechanisms may explain the different susceptibility to HIV
infection between naive and memory CD4+ T cell subtypes [72, 74, 75, 77]. Because
the cortical actin polymerization modulates the internalization of viral antigens during
cell-to-cell contacts, we asked whether differences in cortical actin polymerization in
distinct CD4+ T cell subtypes may determine different susceptibilities to infection by
regulating the efficiency of viral antigen internalization. Naive and memory CD4+ T
cell subpopulations can be identified by the expression of surface CD45RA and
CDA45RO isoforms respectively. Thus, we performed co-staining of F-actin and surface
CD45RA in primary non-stimulated CD4+ T cells to study the cortical actin
polymerization of these two T cell subsets. In all donors evaluated, the intensity of the
F-actin staining was higher in memory CD4+ T cells (Figure 18A and 18B), indicating
that memory CD4+ T cells display a more polymerized actin cytoskeleton than naive
CD4+ T cells. To discard that the different susceptibility to HIV-infection in both T cell

subtypes could be determined by differences in the coreceptor expression, we evaluated
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the expression levels of CD4 and CXCR4 receptors in naive and memory resting CD4+

T cells (Figure 18C). As expected, we did not o bserve significant differences in both

receptors, consistent with previous reports [74, 76].
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Figure 18. Distinct d egree o f c ortical actin p olymerization i n n aive and memory CD4+ T c ells.
Resting CD4+ T cells were purified from peripheral blood by negative depletion. Surface expression of
CD45RA differentiated between naive (CD45RA+) and memory (CD45RA-) CD4+ T cells. (A) The F-
actin in memory and naive CD4+ T cells from 3 representative donors were evaluated by co-staining of
CD45RA and FITC-labelled phalloidin and assessed by flow cytometry. (B) The MFI of F-actin of naive
and memory CD4+ T cells is plotted. Values are normalized to the memory T cell subset. Mean and SD
of 3 different donors is shown (**p<0.005). (C) CD4 and CXCR 4 re ceptor e xpression in n aive and

memory CD4+ T cells from one representative donor is shown.

3.3.3.- Higher efficiency of HIV-1 antigen internalization into memory CD4+ T

cells during cell-to-cell transfer

Given that the internalization of HIV antigens by target cells is sensitive to the degree of

cortical actin polymerization, we hypothesized that the different cortical actin density in

naive and memory CD4+ T cells may induce differences in the uptake of HIV antigens

during cell-to-cell transfer. To evaluate the degree of HIV antigen internalization into

naive and memory C D4+ T cell subsets, cocultures of MO LTxp4.3 cells and primary
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resting CD4+ T cells were evaluated by flow cytometry. The transfer of viral antigens to
total target CD4+ T cells (Figure 19 B) was clearly blocked by the neutralizing anti-
gp120 mAb IgGbl12 (>95% of inhibition compared with the untreated c ondition), but
was not inhibited by the RT inhibitor AZT (23% of p24+ cells). As previously described
[35, 36, 132], these results indicated a CD4-dependent transmission of high amounts of
HIV-1 particles from infected to uninfected cells in the absence of fusion or infection.
On the other hand, in all conditions the uptake of HIV particles by memory CD4+ T
cells increased roughly 3-fold in untreated or A ZT-treated target CD4+ T cells (10%
and 35% of p24+ cells respectively), compared to naive target CD4+ T cells (Figure
19C), consistent with a previous re port [39]. The se re sults indicate that phenotypic
differences between naive and memory CD4+ T cells establish different affinities for
HIV a ntigens during cell-to-cell vira 1 antigen int ernalization, sugge sting that the

susceptibility to HIV infection may be determined during early internalization processes

that may be related to cortical acting polimerization.

A [~ AZT
COAERA" :
[naive) —d
SFLA-
.:‘::w-ﬂ 20% —T
o Iritrac BT
B C Marve CD4

Mamory CL4= T calls
LB

L

Figure 19. Different HIV-antigen internalization into naive and memory CD4+ T cells. Uninfected
ori nfected MOLTyp4.3 cells were co cultured o vernight w ith n on-stimulated p rimary CD 4+ T
lymphocytes in the presence or the absence of the anti-HIV-1gp120 mAb IgGb12 (10 pg/ml) or the RT
inhibitor AZT (1 pg/ml). Quantification o f CAp 24 HIV antigen tran sfer from in fected to n aive and
memory CD4+ T cells was assessed by co-staining of CD45RA and intracellular CAp24-antigen staining
and a nalysed b y flow cytometry. (A) On e re presentative e xperiment is sh own. ( B) P ercentage o f
intracellular CAp24+ into total target CD4+ T cells. (C) Percentage of intracellular CAp24+ into naive
(CD45RA+) and memory (CD45RA-) CD4+ T cells. Mean and SD of three independent experiments is
shown (**p<0.005, *p<0.05).
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3.3.4.- Higher efficiency of cell-to-cell transmission of HIV-1 into memory CD4+
T cells

The susceptibility to HIV infection of naive and memory CD4+ T cells has not been
previously evaluated in the context of cell-to-cell transmission which is considered to
propagate HIV infection more efficiently than cell-free virus spread [18, 53] through
endocytic internalization of viral antigens in the absence of virus-cell fusion or infection
[32, 35, 36, 88, 132]. To assess the cell-associated transmission of HIV antigens into
naive and memory CD4+ T cells, activated primary CD4+ T cells were cocultured with
HEK293T cells previously transfected with HIV-1x14.3 GFP. This system allowed us to
evaluate in parallel the non-productive transfer of viral antigens and the subsequent
establishment of a productive infection. HIV-antigen transfer into naive (CD45RA+)
and memory (CD45RA-) target cells was assessed by intracellular staining of viral
capsid p24 (CAp24) after overnight coculture (Figure 20A) and productive infection
was evaluated by GFP expression 4 days after target cell purification (Figure 20B). As
shown before, the transfer of viral antigens to uninfected cells was clearly blocked by
the neutralizing anti-gp120 mAb IgGb12 (90% and 95% inhibition compared to the
untreated condition in memory and naive CD4+ cells respectively), but was not
inhibited by the RT inhibitor AZT. After target cell purification, cells were left in
culture in the presence of the same compounds. 4 days after culturing, infection of
memory CD4+ T cells increased roughly 3-fold compared to naive CD4+ T cells (6%
and 2% of GFP+ cells in memory and naive CD4+ T cells respectively) (Figure 20B)
consistent with previous results [73-75]. As expected, IgGb12 and AZT effectively
block virus replication after cell-to-cell transmission [100]. Altogether, these results
indicate that when cells are permissive to infection, virus replication is in concordance
to the amount of virus transferred during the coculture phase suggesting that the
susceptibility to HIV infection may be determined during early internalization processes

even before viral entry.

83



Chapter 3

A Naive CD4+ T cells B Naive CD4+ T cells
v Memory CD4+T cells Memory CD4+T cells
§ 8- . 8- w
g
*
5 6- 3 6-
-
N «
. d
2 4 T 44
- ]
"]
T k]
£ 7 = 21
+
S L_h_
g ° ° & o A
T > > 3 A N
£ (’-@ ‘b'-@ 0‘0\ ?’1( 6@' %_\?‘ Gso'\ ‘1’
& <% N3 & & ©
S oF o S

Figure 20. Higher efficiency of cell-to-cell HIV-1 transmission into memory CD4+ T cells. HEK293-
T cells cotransfected with HIV-1y4.3 GFP plasmid were cocultured with primary activated CD4+ T cells
in the presence or the absence of the anti-HIV-1gp120 mAb IgGb12 (10 pg/ml) and the RT inhibitor AZT
(1 pg/ml). After overnight coculture target cells were carefully harvested after gently shaken and cultured
for 4 days in the same inhibitors. (A) Percentage o f intracellular CAp24+ into naive (CD4 5RA+) and
memory (CD45RA-) CD4+ T cells after overnight cocultures. (B) Percentage of naive (CD45RA+) and
memory (CD4 5SRA-) GFP+ cells4 days a fter p urification o f target cells. Meanand S Do f three
independent experiments is shown (**p<0.005, *p<0.05).

3.3.5.- Viral entry is not restricted in any of both T cell subsets

Discrepant results have been reported regarding viral fusion of HIV-1 into naive and
memory T cell subsets [76, 77]. One previous report showed that n aive T cells were
restricted at viral fusion [76], while the other study found only slightly diminished viral
fusion in naive T cells in one of two assays [77]. To find out whether HIV antigens are
prevented from entering a subset of C D4+ tar get cells after cell-to-cell t ransfer, we
evaluated th e e fficiency of viral entryin both T cell subt ypes using the Vpr--
lactamase-based e ntry assay [96]. HIVnp43 transfected Vpr-BlaM+ HE K293-T cells
were cocultured with primary resting CD4+ T cells and fusion wa s measured in naive
(CD45RA+) and memory (CD45RA-) T cell subtypes by detection of the enzymatic
cleavage of CCF2 dye using flow cytometry (Figure 21 A). We found that viral entry
into naive CD4+ T cells was reduced roughly 25% compared to memory CD4+ T cells
but the difference was not statistically significant (Figure 21B). Viral fusion into naive
CD4+ T cells was significantly inhi bited by IgGb12 (95% re duction). Surprisingly,
IgGb12 did not block viral fusion into memory CD4+ T cells as efficiently as into naive
CD4+ T cells (70% of inhibition compared to the untreated condition) (Figure 21B). As
expected, cleavage of CCF2 was not prevented by AZT. Taken together, these results
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indicate that after cell-to-cell transfer, viral entry is not restricted in any of the CD4+ T

cells subtypes.
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Figure 2 1. S imilar le vels o f viral fusion i nto naive a nd memory CD 4+ T ¢ ells. HEK293-T cel Is
cotransfected with pNL4-3 and BlaM-Vpr plasmids were cocultured with primary resting CD4+ T cells in
the presence or the absence of the anti-HIV-1gp120 mAb IgGb12 (10 pg/ml) and the RT inhibitor AZT (1
pg/ml). Viral fusion was assessed by flow cytometry by measuring the percentage of CCF2-cleaved naive
(CD45RA+) and memory (CD4 5SRA-) target CD4 T cells. (A) Dot plots of CCF2-loaded cells (FITC-
labelled) versus CCF2-cleaved cells (Pacific blue-labelled) of a representative experiment are shown. (B)
Percentage o f CCF 2-cleaved tar get cells normalized to memory CD4+ T cells in untreated c ondition.
Mean and SD of two independent experiments is shown.

3.4.- Discussion

Actin pol ymerization but also other fa ctors ha ve be en pr oposed to contribute to the

different HIV susceptibility of naive and memory T cells, especially expression of cell

surface proteins, such as viral coreceptors, or the degree of activation of cells [76-78].

Here, w e show that ¢ ortical actin de nsity pla ys a pr ominent role in determining

susceptibility to HIV-antigen c apture a nd inf ection, mapping the restriction at early

steps of viral life cycle after virus-cell fusion.

Our re sults are c onsistent with  previous re ports showing

differential

susceptibility in naive and memory CD4+ T cells can already be detected during the
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initial stages of viral infection such as viral entry or DNA synthesis [72, 73, 76, 77].
Interestingly, differences in the cortical actin between naive and memory CD4+ T cells
affecting viral DNA synthesis have been recently reported in cell-free virus infections
[76]. Unlike cell-free virus infection, our short-term coculture model between HIV-
infected and non-stimulated primary CD4+ T cells maximise the cell-to-cell endocytic
antigen transfer, which might determine differences in the infection outcome. There
exist several evidences of the importance of viral entry route in relation to cytoskeleton
remodelling and establishment of HIV infection. Viral entry via endocytosis may allow
viruses to overcome the restriction of a static cortical actin or to evade antibody
neutralization [46]. Moreover, it has been shown that cell-free and cell-to-cell HIV-1
infections were not equally sensitive to the actin inhibitor cytochalasin D [32] and,
neither resting nor activated T cells are equally susceptible to infection by VSV-G-
mediated endocytosis [55]. We have previously demonstrate that transferred HIV
particles resurface to the outer cell membrane of resting CD4+ T cells, suggesting that
endocytic uptake may serve as an itinerant virus reservoir capable of inducing trans-
infection of cells after the release of HIV particles to the extracellular environment, but
being unable to establish productive infection [36, 82, 132]. Thus, the infection system,
the cell type or the activation state of the target cell may also condition the entry route

[82], which simultaneously may impose different cytoskeleton requirements.

Reduced levels of virus-cell fusion in naive CD4+ T cells were suggested to be
responsible for the restriction in this subset of T cells [76], an observation that is in clear
contrast with our results showing no significant differences in virus-cell fusion between
memory and naive T cells. Probably, the discrepancy between this report and our
observations may arise from the different infection systems used. The higher efficiency
of cell-to-cell HIV transmission compared to cell-free virus infection [3, 18, 53] may
allow to overcome restrictions observed during cell-free virus infection and thus may
minimise the qualitative differences between both T cell subtypes. Taken together, our
results are in accordance to the findings reported in by Wang et al., [77]. Both conclude
that cortical actin polymerization determines the susceptibility to infection during the
steps prior to viral entry, through modulating the uptake of HIV-antigens during cell-to-
cell transfer. It cannot be discarded that cytoskeleton remodelling may have an effect
over other cellular processes involved in the viral infection cycle such as reverse

transcription or budding as suggested by others [37, 77]. Similarly to cell-free virus
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infection [123-126], during cell-to-cell transfer there is an Env-induced actin-dependent
HIV-receptor clustering at the cell-cell interface [30]. Thus, the different degree of actin
polymerization in naive and memory CD4+ T cells may induce distinct cellular receptor
recruitment in both T cell subtypes, which in turn, may affect the efficiency of HIV-

antigen internalization [136], in both cell-free and cell-to-cell virus infection.

Eradication of HIV-1 with antiretroviral therapy is not possible due to the persistence of
long-lived, latently infected resting memory CD4+ T cells. The demonstration of a role
of the cortical actin in HIV cell-to-cell transfer and infection of memory and naive
CD4+ T cells may provide a mechanistic understanding of viral infection and
pathogenesis. The higher HIV antigen capture and the broader pattern of migration of
memory CD4+ T cells [69] may contribute to a more efficient dissemination of
infection that in turn are coupled with additional changes in the cortical actin during the
migration to of these HIV-antigen loaded primary CD4+ T cells would also favour
infection [137]. Thus, defining the restriction imposed by the cortical actin during HIV
infection in different T cell subtypes and how the virus overcomes this constraint
specifically in naturally resistant resting CD4+ T cells may be relevant for

understanding the pathogenesis of HIV and for the development of new drug therapies.
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To better understand the infectious pathway during cell-to-cell transmission of HIV-1,
we evaluated the fate of HIV particles captured by target CD4+ T cells after cell-to-cell
transfer. Consistent with earlier investigations showing transferred HIV-1 virions into
trypsin-resistant compartments, positive for clathrin and the early endosomal marker
EEAT but negative for the marker of lysosomal degradation Lamp-1 [35, 36], we have
found that cellular contacts between infected lymphoid cells and primary CD4+ T
lymphocytes triggered CD4-dependent transmission of high amounts of HIV-1 particles
into trypsin resistant compartments in the absence of virus replication. Together with
other recent reports [19, 32, 46], these results indicate that virus internalization during
cell-to-cell transfer of HIV-1 occurs through a clathrin-dependent endocytic pathway.
This results showing endocytosis to be the mode of HIV entry are in apparent contrast
to previous reports that concluded that the was no overlap between HIV-1 antigen and
early endosomes [30] and failed to observe endocytic uptake of HIV-1 within
intracellular compartments using electron microscopy or electron tomography [53]

suggesting direct viral fusion with the target cell plasma membrane.

Discrepancies in the mode of HIV entry could be the result of differences in the variety
of culture models and cell culture conditions, including the ratio of infected to
uninfected T cells, the chronicity of the infection of the effector cells, the type of cell or
cell line used, the degree of activation of target cells or the rate of HIV gpl20
engagement with cell surface receptors. The target cell type used (laboratory adapted
cell lines or different types of primary cells) may influence the virus binding to the cell
surface, regulated by several attachment factors differentially expressed in different cell
types [57, 138-140] which in turn may determine the infectivity of the target cell.
Moreover, the variable delay between the virus uptake and fusion in different cell types
may prevent to observe virus-cell fusion at the cell membrane by premature removing
of fusogenic viruses from the cell surface. Furthermore, the degree of activation of
target cells determine the cell fusogenicity; compared to non-stimulated cells, activated
target cells may be more permissive for HIV-fusion [141], and so endocytosis may be
less dominant. Thus, the degree of activation of target cell may not only determine the

susceptibility to infection but also the virus entry pathway [55].
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Thus, a combination of factors such as the cell type specific entry receptor levels, Env
fusion kinetics and endocytosis rates can determine whether fusion occurs at the plasma
membrane or from endosomes (Figure 22). Rapid fusion kinetics at the cell membrane
promoted by mature viral particles with envelope glycoproteins with high affinity for
receptors and high degree of receptor or coreceptor expression and/or cell activation,
might favor virus-cell membrane fusion, leading to a productive infection. Conversely,
transmission of fusion-inefficient immature viral particles, low CD4 or coreceptor
expression and/or low cellular activation drive low fusion kinetics, leading to the
accumulation of virus particles at the cell surface and subsequently the engulfment of
virus particles by the target cell, from which some virus particles will proceed to
lysosomes, others will fuse with the endosome membrane, and some might be recycled
back to the cell surface. Similarly, inhibition of viral fusion without blocking the
transfer of viral antigens using entry inhibitors such as AMD3100 or C-34 induce the
accumulation of large amounts of viral particles in a “non-fusogenic” form into the cell

membrane increasing its absorption through an endocytic mechanism [35, 36].

Finally, the method of detection of viral transfer may also be important. The HIV-1
Gag-antigen staining allows easily quantification of viral antigen transfer by flow
cytometry and localization using confocal microscopy. Moreover, intracellular HIV
Gag-antigen detection can only be block by agents that prevent virus attachment, but is
resistant to other HIV entry inhibitors suggesting that intracellular HIV antigen
detection in target cells at early time points measures passive transfer of viral antigens
in the absence of virus-cell fusion or replication. In contrast to other reports showing a
significant role for the endocytic compartment in promoting viral entry and infection
[46, 54, 142], we found that endocytosed viral particles could not initiate a productive
infection from within endosomal compartments of primary CD4+ T cells. Instead,
transferred viruses required to resurface and reach the extracellular environment and
reengage CD4 leading to virus-cell fusion and replication, a condition that could only be
achieved in the absence on the attachment inhibitor IgGb12. Several possibilities may
explain these discrepancies. The impaired fusogenic capacity of newly internalized HIV
particles may lead to the dissociation of HIV gpl120-CD4 receptor allowing the
recycling of viral particles to the extracellular milieu. A similar effect could be achieved
by treatment with entry inhibitors [143]. The degree of activation of target cell may be
another important variable. Even though HIV fusion and entry of transferred HIV
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particles may not be not impaired, post-entry restrictions may block infection of non-
stimulated T cells [55, 98, 137]. Upon T cell activation and in the absence of HIV entry
inhibitors, the recycled virus might induce a productive infection when conditions of
high fusion kinetics are present. In contrast to previous observations [54], we found that
inhibition of the GTPase dynamin, an essential protein involved in the clathrin-
dependent coated-vesicle formation, did not block cell-to-cell virus transfer, fusion or
productive infection into primary CD4+ T cells. Differences between our and their
results could come from the target cells used; while Miyauchi et al. [55] conducted their
studies using TZM-bl cells derived from the transformed epithelial HeLa cell line and
consequently having very active endocytic machinery, we used non-stimulated primary
CD4+ T cells, the main target for HIV infection. Moreover, as previously observed
using electron microcopy, dynasore did not prevent the accumulation of coated pit
intermediates anchored into the cell membrane [101] suggesting that dynamin may not
prevent the initial formation of the coated vesicles. In fact, using confocal microscopy
we showed that dynasore could not prevent even the recruitment of the dynamin into the
newly-formed coated pits. Thus, HIV-antigen internalization into primary CD4+ T cells
after cell-to-cell transfer may occur in early endocytic compartments. In agreement with
our results, VSV-G endocytic-mediated entry and wild-type HIV envelope-mediated
entry were not equally sensitive to inhibition by the dynamin-dependent endosome-
scission inhibitor dynasore [55], indicating that both entry pathways may have different
requirements. Moreover, if dynamin is involved in both fusion and endocytosis [91], it
seems difficult that both effects can be assessed and quantified separately because one
can not be inhibited without affecting the other. In the absence of endosome maturation
these vesicles could act as reservoirs capable of inducing trans-infection of cells after
the release of HIV particles to the extracellular environment leading to infection of

bystander CD4+ T cells.
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Cell surface
internalitzation

Lysosome

Figure 22. Putative HIV entry pathways. After binding of HIV to the CD4 receptor, the virus can enter
target cells through three non-exclusive pathways. The first pathway is the canonical or direct fusion of
HIV particles with the plasma membrane (cell surface internalization). In the second pathway, endosomal
internalization establishes HIV fusion with an endosome membrane following an endocytic uptake of
virus particles, or this could lead to endosome maturation and lysis of the virus particle. In the third
pathway, coreceptor engagement might lead to virus membrane and endosome membrane fusion and
release of the virion into the cytosol; alternatively, in the absence of the appropriate coreceptor or
coreceptor independent transfer, viruses might be recycled back to the extracellular medium as infectious
particles capable of mediating a productive infection.
We have found that infection can only be abrogated if cells are cultured in the presence
of IgGbl12, an inhibitor of virus attachment to CD4+ T cells. Therefore, cells carrying
endocytosed virus became infected only if virus was discharged to the cell supernatant
and allowed to re-infect cells. This mechanism would present several advantages for the
virus; endocytosed viruses may hide without leaving any evidence of their presence or
may avoid processing and exposing viral antigens by the immune system delaying the
onset of an antiviral response. Furthermore, cells containing endocytosed virus may act
as carriers of HIV to tissues and organs where drugs could not reach, free their cargo
and become infected or infect bystander CD4+ T cells. In summary, endocytosis may
not be the primary mode of entry leading to virus replication but it may serve as a

reservoir that transiently protects virus from a negative environment.

In the context of viral pathogenesis, direct cell-to-cell transmission may confer a
number of advantages compared to cell-free infection. Firstly, cell-to-cell spread
increases infection kinetics by directing virus assembly and budding to sites of cell-cell

contact obviating the rate-limiting step of extracellular diffusion that is required for cell-
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free virus infection. Furthermore, polarizing virus towards sites of cell-to-cell contact
increases the number of potentially productive transmission events. Although it is well
known that cell-cell contacts spreads HIV infection more efficiently than cell-free virus
[18, 20, 53, 144], discrepant results have been reported regarding the sensitivity to
neutralization of both infection mechanisms by humoral immunity [19, 45, 52, 53] or by
antiretrovirals [5, 145]. The different sensitivity to inhibition of both transmission
modes may be explained by the distinct multiplicity of infection [5, 21, 22, 145], due to
qualitative differences in the mode of viral transmission [32, 46] or by providing a
relatively protected environment at the cell-cell contact zone which could physically
exclude antibodies from gaining access to virions [33, 34, 53].Diminished drug
sensitivities during in vivo cell-to-cell transmission may have adverse consequences for
the immune system and could potentially contribute to viral persistence leading to

therapy failure.

Studies performed using patient neutralizing sera demonstrated that the immature
conformation of cell-cell transferred HIV antigens allowed viruses to evade antibody
neutralization [19, 32, 46], establishing mechanistic differences between cell-associated
and cell-free virus infection systems. Consistent with these results, cell-to-cell
transmission was shown to evade inhibition by gp120 specific agents including CD4-
IgG2 (Pro542), but not when other entry inhibitors were used, such as gp41-directed or
cell-directed antibodies [45]. In this study, the DEAE-Dextran was used to enhance cell-
free virus association with the non-lymphoid TZM-bl cell line. This nonspecific
polycation enhances adsorption by receptor and envelope-independent mechanisms
[146] and could therefore have masked the effect of the gp120-targeting neutralizing
agents. In contrast, previous observations indicated that cell-to-cell transmission was
completely blocked by CD4-IgG2 and other anti-gp120 or gp41 antibodies [S51, 52]
suggesting that HIV infection between T cells is transmitted by a neutralization-

sensitive mechanism [52, 53].

Discrepant results could arise from the diversity of experimental approaches that have
been used. Infection in both systems has been equalized and quantified using a wide
range of parameters; from very early infection events such as fusion [19, 46] or de novo-
synthetized DNA [53] until late infection events such as GFP-expression [32] or CAp24
production [5]. Moreover, different assays have been used during cell-free virus

infections to closely resemble the conditions of cell-to-cell transmission, such as virus-
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permeable transwells [53] or maintaining cocultures in agitation [18]. However, cell-
associated transmission is much more cytopathic than cell-free virus transmission,

which is hardly taken into account when comparing both infection systems.

We and others have demonstrated that coculture of HIV-1 infected cells with CD4+ T
cells, the model used by Sigal et al., leads to detection of high amounts of enveloped
virios in clathrin-coated endosomes [32, 35, 36, 132] that may not represent a
productive infection. Capture of viral antigens may reach its maximum after 6 hours of
coculture and persists for 48h, or as long as target cells are cultured with infected cells
[36]. In permissive cells, the capture of viral antigens may be confounded with de novo
virus production. Cell to cell HIV transfer is blocked by virus attachment inhibitors, but
is resistant to coreceptor antagonists, fusion inhibitors and importantly, agents targeting
the reverse transcriptase, or subsequent steps in the HIV replication cycle. However,
despite massive antigen detection in target cells after cocultures, antiretrovirals
efficiently inhibited the detection of proviral DNA and the production of viral antigens
in the supernatant indicating that infection was clearly blocked. Consequently, early
antigen detection by intracellular staining of HIV CAp24 antigen in target lymphoid
cells after short-term cocultures, similar used by Sigal [5], does not accurately measure

infectivity and consequently does not correctly measure drug efficacy [100].

In addition, to compare the inhibitory efficiency of antiretrovirals in cell-free and cell-
to-cell transmission, we used a system based on the LTR-driven GFP expression in
target cells as a measure of infection [147]. However, under this conditions, we found
that total GFP expression evaluated by fluorescence microscopy did not accurately
measure cell-associated infection or drug susceptibility due to the Tat-dependent LTR
transactivation in the absence of virus replication caused by the formation of syncytia
and not prevented by the antiretroviral agents [113, 114]. Consequently, compared to
cell-free virus infection, monitoring cell-associated infection and drug susceptibility
using reporter cell lines can lead to an overestimation of the HIV infection and therefore
to an underestimation of the efficacy of the antiretrovirals. Thus, similar to results of
Sigal et al., this replication-independent GFP expression prevented to observe a

complete inhibition of cell-associated infection.
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Consistent with other results [51-53], evaluation by flow cytometry which allowed to
leave out syncytia showed that cell-free and cell-associated infections were equally
sensitive to inhibition, with similar dose response curves and EC50 values,
recapitulating the efficacy of antiretrovirals in cell-free virus infections and discarding
cell-to-cell transmission as a mechanism allowing residual viral replication during
antiretroviral therapy [148]. Potent inhibition of HIV replication in cell-free and cell-
associated infections by AZT and TDF was further confirmed by total viral DNA
detection. Interestingly, when infection was normalized in both infection systems by the
GFP signal, total viral DNA was higher in cell-associated infection which may indicate
that cell-associated infection is a more efficient mechanism of HIV spread [20, 53]
which may allow multiple HIV proviruses to be simultaneously cotransmitted [21, 22].
However, higher amounts of total viral DNA in cell-associated transmission may be
indicative of a higher multiplicity of infection which may invalidate the normalization
done by gating single GFP+ cells, as indicated by Sigal [5]. Surprisingly, when
infection was normalized in both infection systems by total viral DNA in target cells,
the GFP signal was higher in cell-free viral infection. In summary, cell-associated
infection is a more efficient mechanism in the sense of transmitting higher amounts of
DNA per cell. Conversely, for the same amount of DNA, cell-free virus infection is able
to spread HIV infection in a higher number of cells. These results provide new insights

into the so accepted high efficiency of infection of cell-to-cell transmission.

While HIV Gag staining does not allow discriminating between non-infectious and
infectious transfer events during cell-to-cell transmission, the use of cell lines
containing reporter constructs can induce a replication-independent transactivation by a
paracrine mechanism or through cell-cell fusion. Thus, we propose that the simplest
manner to overcome discrepant results concerning the evaluation of antiretrovirals in
both infection modes is to use assays that measure outcomes directly relevant to
infection in target cell. These include the use of qPCR to measure de novo reverse
transcribed viral DNA [53], single-cycle replication-dependent reporter vectors [149] or

detection of de novo synthetized Gag production in target cells [18].

In conclusion, contacts formed between HIV-infected and uninfected target cells leads
to the passive transfer of virus in the absence of viral replication and thus insensitive to
the drug treatment. Consequently, markers commonly used to evaluate cell-free virus

infection are not suitable when evaluating cell-to-cell virus transmission since they may
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not correctly measure viral infectivity or drug efficacy. Moreover, active drugs
completely block total DNA in cell-to-cell transmission, recapitulating the efficacy of
antiretrovirals in cell free virus infections and in vivo. Understanding the causes that
allow viral persistence in the face of ART may have important consequences for the
development of new strategies to completely eradicate HIV. However, cell-to-cell
transmission may not represent a mechanism able to generate ongoing replication

during antiretroviral therapy.

Even though multiple studies have showed that memory CD4+ T cells support higher
levels of HIV-1 replication than naive CD4+ T cells [72-75], the mechanism underlying
the different susceptibility to HIV-1 infection remains unclear. Since, memory and
naive T cells differ in their migratory capacity which may be mainly driven by cortical
actin polymerization and cortical actin dynamics are required for receptor recruitment
and viral cell-to-cell transfer, we speculated that differences in the cortical actin
between naive and memory T cell subsets may determine different susceptibilities to
cell-to-cell transmission of HIV-1. We found that the degree of actin polymerization of
target cells modulated the efficiency of viral antigen transfer. We also showed
phenotypic differences in the cortical actin of naive and memory T cells, exhibiting
memory T cells higher cortical actin density than naive T cells. Accordingly, the higher
cortical actin density make memory CD4+ T cells more prone to capture viral antigens

and consequently more susceptible to HIV-1 infection.

Consistent with previous reports showing that differences in susceptibility to HIV-1
infection between naive and memory T cells were established during the initial stages of
infection [76-78], we have shown that cortical actin regulates HIV-1 infection through
modulating the uptake of viral antigens during cell-to-cell transfer. However, the main
difference between these results and ours is the infection system used. Unlike cell-free
virus infection, our short-term coculture model between HIV-infected cells and non-
stimulated primary CD4+ T cells may maximise the endocytic component in target cells
and hence its contribution in the final infection. Moreover, mechanisms that may
actively contribute to cell-free virus transmission such as LFA-1/ICAM-1 interactions
[78], may not be required during cell-to-cell transmission [39]. Additionally, the higher
efficiency of cell-to-cell HIV transmission compared to cell-free virus infection [3, 18,
53] may allow to overcome restrictions observed during cell-free virus infection and

thus may minimise the qualitative differences between both T cell subtypes which it
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may explain that, unlike cell free virus infection [76], we did not see significant

differences in viral fusion in both T cell subsets.

In contrast to our and other’s results [72-75], one previous study found that X4 HIV-1
was preferentially transmitted to naive T cells. Furthermore, the susceptibility to DC-
mediated transmission into different CD4+ T cell subsets was attributed to the level of
coreceptor expression [150]. Several possibilities may explain this discrepancy. First,
cells in that report [150] were positively selected through fluorescence-activated cell
sorting. Thus, all cell populations had antibodies attached to the surface during infection
which probably affected viral entry. In contrast, our T cell subsets were identified after
infection and had no antibodies attached. Second, the enhanced replication of X4 HIV-1
in naive T cells following DC-mediated transmission may reflect differences between
the DC-induced stimulation and other stimulation methods. In fact, memory T cells
were more susceptible to X4 HIV-1 infection than naive T cells upon CD3/CD28
stimulation [150]. However, consistent with other results [76, 77], we could not explain
differences in the susceptibility to infection of naive and memory T cell subsets by the

different expression of viral coreceptors.

Only genuine HIV envelope could mediate infection of resting T cells while VSV-
mediated endocytic entry which circumvents viral receptors and cortical actin was
defective in non-dividing T cells [55], suggesting different requirements between both
entry pathways but also unavoidable viral interactions with the actin cytoskeleton when
infecting resting cells. Furthermore, recent findings have highlighted the contribution of
the cortical actin during essential processes for the establishment of viral infection such
as viral entry [124-126], reverse transcription [77] [98] or budding [37], presenting
itself as a barrier but also as a factor required for infection. Specifically, the cortical
actin may play a particularly relevant role during cell-to-cell transmission due to the
characteristics of this transmission method requiring polarized budding of HIV particles
in effector cells [37] or HIV-receptor clustering in target cells [30], processes in which
the cortical actin may be directly involved. Proof of this is the different sensitivity of
cell-free and cell-cell HIV-1 infections to the actin inhibitor cytochalasin D [32]. In
summary, the infection system, the cell type, but also the degree of activation may
impose different cortical actin requirements and may also condition the route of

infection.
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Thus, the distinct degree of actin polymerization in naive and memory CD4+ T cells
may induce different cellular receptor recruitment at the cell-cell contact zone affecting
the efficiency of HIV-antigen internalization. On the other hand, differences in the actin
polymerization may cause different rates of CXCR4 endocytosis and consequently
different efficiencies of HIV-antigen uptake [136]. Either way, the higher viral antigen
capture and the broader pattern of migration of memory CD4+ T cells [69] may
contribute to disseminate infection more efficiently than naive CD4+ T cells.
Furthermore, cortical actin changes promoted during chemokine-directed recirculation

[137] may favour infection of these HIV-loaded CD4+ T cells.

Determine the restriction imposed by the cortical actin in different T cell subsets and
how the virus takes advantage of this machinery to infect is important for basic
understanding of the HIV life cycle and has implications for viral pathogenesis.
Although pharmacological treatment of the cytoskeleton may not be considered as a
good therapeutic intervention due to the high toxicity of the actin inhibitors, modulating
the cortical actin activity through interfering with downstream signalling molecules
would be a more feasible option. In conclusion, the cortical actin determines differences
in the susceptibility to HIV infection in naive and memory CD4+ T cells by modulating

the degree of HIV-antigen internalization.

Cell-to-cell transmission of HIV-1 is a highly efficient mechanism of virus infection as
demonstrated with in vitro experiments and it may play a relevant role during local and
systemic in vivo dissemination [24]. Actually, to shed light on the contribution of this
mechanism during in vivo infection represents one of the incoming future challenges.
Studies using lymphatic tissue samples were this mechanism probably has its maximum

impact combined with new technological improvements would eventually clarify it.

Regarding the entry pathway, the latest evidences have reinforced the notion that
endocytosis precedes virus entry into the cell cytoplasm of target cells. However, our
results call for caution on the endocytic pathway as a productive entry route. Resolving
questions regarding the kinetics of viral maturation into a fusion-competent state as well
as specific HIV-receptor requirements may clarify discrepancies regarding the outcome

of viral antigen transfer and what would be the productive infectious route.
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Conceptually, spreading directly from infected to non-infected cells appears to have
biophysic, kinetic and immunologic advantages compared to cell free-virus infection.
However, our results call for optimism because the virus is blocked with equal efficacy
in cell-free or cell-associated infections systems. Nonetheless, the efficacy of
antiretrovirals could be compromised in anatomical sanctuary sites were drug
concentrations may be lower. Thus, pharmacokinetic studies and new delivery strategies
that improve the penetration of antiretrovirals are also a major challenge for the future

of HIV field.

In summary, the basic research on the mechanism of cell-to-cell transmission of HIV-1
is important for understanding viral spread and pathogenesis and thus, it must be
considered for future antiretroviral treatments and when developing of new strategies to

cure HIV.
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Conclusions

. The internalization of HIV-1 antigens into intracellular compartments during cell-to-
cell transfer requires the early endocytic machinery but is independent of endosomal

maturation.

. Endocytosis is not a mechanism of infection of primary CD4+ T cells, but may serve
as a reservoir capable of inducing trans-infection of cells after the release of HIV-1

particles to the extracellular environment.

. Intracellular detection of HIV-1 antigens in target cells after cell-to-cell transfer
measures passive transfer of virus in the absence of viral replication and therefore,

does not accurately measure infectivity or drug efficacy.

. Cell-free and cell-associated HIV-1 infections are equally sensitive to inhibition by
antiretroviral treatment. Thus, cell-to-cell HIV-1 transmission may not represent an

escape mechanism able to generate residual replication during antiretroviral therapy.

. The cortical actin density determines the susceptibility to cell-to-cell transmission of
HIV-1 by modulating the degree of viral antigen internalization providing one
explanation to the differences in the susceptibility to HIV-1 infection found in naive

and memory CD4+ T cells.
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The major pathway for HIV internalization in CD4+ T cells
has been thought to be the direct fusion of virus and cell
membranes, because the cell surface is the point of entry
of infectious particles. However, the exact contribution
of endocytic pathways to the infection of CD4+ T lym-
phocytes is unknown, and the mechanisms involved in
endocytosis of HIV particles are unclear. Recent evidence
suggests that endocytosis of cell-free and cell-associat-
ed virus particles could lead to effective virus entry and
productive infections. Such observations have, in turn,
spurred a debate on the relevance of endosomal entry as
a mechanism of escape from the immune system and
HIV entry inhibitors. In this paper, we review the endo-
cytosis of HIV and discuss its role in HIV infection and
pathogenesis.

Entry of HIV into CD4+ T cells
HIV, the causative agent of AIDS, is the most intensely
studied infectious agent of all time. Research on the patho-
genesis of HIV has led to an unprecedented level of control
and management of AIDS, to the point that HIV infection
has gone from being an inherently untreatable infectious
agent to being considered a chronic treatable infection [1,2].
Soon after the discovery of HIV, viral entry into CD4+ T
cells was recognized as an important step in the replication
cycle of HIV and a possible target for antiviral intervention
[3,4]. HIV envelope glycoproteins (gp120 and gp41) are the
major inducers of neutralizing antibody responses, and
these govern the viral entry process. In general, HIV enters
target cells by a three-step process similar to that observed
in other enveloped viruses. The first step involves the
binding of a viral surface protein to receptors on the plasma
membrane of the host cell. Although the CD4 molecule is
the principal receptor in primary CD4+ T cells, other
interactions beyond CD4-gp120 can be required for HIV-
1 attachment to other cell types [5]. After virus attachment
to the cell surface, HIV engages with the CD4 receptor,
allowing additional interactions with a coreceptor protein
(Figure 1). The major HIV-1 coreceptors are the chemokine
receptors CCR5 and CXCR4. Expression of CCR5 or
CXCR4 on different CD4+ target cells determines the
permissiveness of the cells to infection by the correspond-
ing CCR5-using (R5) or CXCR4-using (X4) HIV-1 strains.
After virus attachment to CD4 and coreceptor engagement,
theoretical models indicate that conformational changes in
gpl20 allow gp4l to reorient parallel to the viral and
cellular membranes, and promote the events leading to
virus and cell membrane fusion. Thereafter, the current
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working model to explain membrane fusion assumes the
formation of a transient intermediate in which gp41 spans
through both viral and cell membranes. This intermediate
constitutes a target for gp41 derived inhibitory peptides. It
is believed that a six-helix bundle gp41 structure forms
before fusion, and serves to bring the membranes into close
apposition, allowing the formation of the fusion pore and
subsequent virus internalization [4].

The various steps in viral entry are relevant targets for
anti-HIV intervention, and a large number of agents have
been tested. Two of these, the gp41 fusion inhibitor enfu-
virtide (T20, Fuzeon™, Roche, UK) and the CCR5 antago-
nist maraviroc (Selzentry™, Pfizer, USA), are currently in
use for the treatment of drug-experienced individuals
infected with HIV [4].

The events that lead to HIV entry have long been
considered to occur at the cell surface [6]. Electron micros-
copy (EM) was initially used to identify the point of HIV
entry by revealing fusion of viral and cell membranes, an
observation that was further supported by the general
understanding that HIV entry is pH independent [6,7].
Additional evidence came from the observation that HeLa
cell lines expressing wild type or mutant CD4 molecules
that severely impaired their ability to undergo endocytosis
were equally susceptible to infection [8]. Moreover, endo-
cytic internalization and endosomal acidification (a hall-
mark of endocytic entry of other enveloped viruses) appear
not to be required to activate HIV entry into the cytoplasm
[6,9-11]. Nevertheless, a variety of cell types such as
macrophages, endothelial and epithelial cells and also
lymphoid cells were observed to be able to bind and inter-
nalize HIV particles into vesicular structures [12-18].
Endosomes containing HIV particles were documented
as early as 1988 [19]; however, it was not until recently
that development of novel imaging technologies and novel
approaches to inhibit HIV entry pathways provided
insights into the role of endocytic virus entry in HIV
replication [7,20], indicating that endocytosis might act
as a relevant entry route for HIV.

There is an ongoing debate as to whether HIV-1 fuses
predominantly at the cell surface, or from within an endo-
somal compartment, in order to enter cells. The original
paradigm that HIV-1 fuses predominantly at the cell sur-
face has been at least partially overturned by evidence
suggesting that endocytosis can often precede virus—cell
membrane fusion. Endocytosis preceding viral entry into
the cell cytoplasm might be particularly relevant to direct
cell—cell spread of HIV-1, but its ultimate relevance to in
vivo spread of the virus has not been demonstrated to date.
In this review, we discuss the recent developments in the
study of HIV entry and the different experimental
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Figure 1. The multistep process of HIV fusion. The well-defined HIV fusion process leading to the delivery of the HIV viral core into the cytoplasm begins with the binding of
the viral envelope glycoprotein gp120 with the cellular receptor CD4 (binding site for CD4 is shown in green). After gp120-CD4 engagement, conformational changes in
gp120 trigger its interaction with the viral chemokine coreceptor CXCR4 or CCR5. Thereafter, gp41 is exposed into a fusogenic conformational state that triggers the
insertion of the fusion peptide into the target cell. Finally, the six-helix bundle formation brings both membranes close together, leading to membrane fusion.

approaches that have caused the role of endocytic path-
ways in HIV infection to be revisited, with the aim of
updating and formulating new perspectives in the field
of HIV entry.

Virus endocytosis

The term ‘endocytosis’ includes at least four mechanisms:
phagocytosis, macropinocytosis, clathrin mediated endocy-
tosis, and caveolin mediated endocytosis [21,22], which
differ in several properties such as vesicular size, markers
and regulation. Different viruses use cellular endocytic
mechanisms to enter and infect cells with the clathrin
mediated pathway being the most commonly observed
uptake pathway [22,23]). Once HIV is internalized, virus
particles can follow different pathways: they can be secret-
ed [24] (as in the case of transcytosis [12]) or degraded [25],
or they can fuse with vesicular membranes to inject the
viral core into the cytoplasm and initiate the viral infection
cycle. However, the exact contribution of endocytic path-
ways to the infection of CD4+ T lymphocytes and to HIV
pathogenesis in vivo is mostly unknown, and the mechan-
isms governing endocytosis also remain unclear.

Mechanism of HIV endocytosis: a clathrin mediated
process

Fluorescent microscopy techniques have dramatically in-
creased our ability to directly visualize and measure vari-
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ous stages of the HIV-1 life cycle [20], allowing the tracking
of live HIV particles as they make their way into the cell, or
the process by which viral proteins surf through the intra-
cellular milieu, thereby allowing the confirmation of virus—
host interactions by means of a ‘see it to believe it’ technical
breakthrough. Recently, Hiibner et al. [26] used confocal
and transmission EM to describe the transfer of HIV
particles between cells, a process that was preceded by
the formation of the so-called virological synapse [27], cell-
cell contacts involving cellular and viral proteins that
promote and significantly increase the transfer of virus
from infected to target cells. Live recording of cellular
contacts between HIV-Gag antigen-containing cells and
phytohemagglutinin (PHA)/interleukin (IL)-2-stimulated
T cells were used to show how target cells are rapidly
infected through concentrated buttons of HIV-Gag in po-
larized crescents contacting uninfected cells. This tech-
nique allow us to see what had already been
demonstrated experimentally: intracellular HIV-Gag
moves towards the cell surface to polarized regions that
coincide with formation of the virological sypnase [27,28],
penetration ofthe target cell, migration distantly from the
cell surface [20,29], and dissociation from envelope glyco-
proteins if appropriate receptors and coreceptors are avail-
able, or in the absence of coreceptor, colocalizion with
gpl20 when internalized as complete virus particles
[18,30]. Coreceptor independent internalization of HIV
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occurs through an endocytic mechanism, leading to the
detection of relatively large vesicular structures that con-
tain apparently intact virus particles [18,30-32].

Hiibneret al. [26] did not confirm whether HIV particles
that were transferred to uninfected cells and contained in
intracellular vesicles finally reached the cytoplasm,
whether virus particles were able to uncoat, or whether
an endocytosed virus was able to induce a productive
infection. In addition, the work did not distinguish be-
tween the traditional virus—cell fusion entry and the newly
proposed endocytic entry as the mechanism leading to
productive infection in cell-cell transmission. Following
this line of evidence, single particle imaging and a virus
population based fusion assay were used by Miyauchi et al.
[7] to evaluate the fate of HIV internalized through endo-
somes in TZM-bl cells (a modified CD4+, CCR5+, CXCR4+
HeLa cell line that allows detection and quantification of
HIV capsid associated B-lactamase in the cytosol of
infected cells). In this work, HIV particles were dually
tracked by labeling viral envelope lipids and viral content
with two independent fluorescent markers. The authors
found that endocytosis of HIV particles could lead to
internalization of complete virions that released their
envelope at the cell perinuclear area before generating
a B-lactamase positive signal, a marker of a productive
infection. By contrast, virus particles that underwent
fusion with the plasma membrane did not lead to produc-
tive infection.

Earlier, Daecke et al. [32] demonstrated the role of
endocytosis in productive entry of HIV-1 to HeLa cells
by using trans dominant negative proteins that interfere
with specific clathrin endocytic routes. These proteins
effectively block viral replication, whereas a caveolin-1
mutant that inhibits caveola dependent endocytosis had
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no significant effect on viral replication, clearly pointing to
clathrin mediated endocytosis as a significant contributor
to productive HIV entry. In addition, the size and ultra-
structural evaluation of the vesicles formed in primary
CD4+ T lymphocytes cocultured with persistently infected
lymphoid cells or acutely infected primary lymphocytes
pointed to a clathrin independent endocytic mechanism
[18]. However, the observation that vesicles containing
clathrin and dynamin also harbor the early endosomal
marker early endosome antigen (EEA)1 but not caveolin-
1 were suggestive of a clathrin mediated process [33]
(Figure 2), contrasting with the results from Jolly et al.,
[27] who did not observe colocalitzation between the Gag
protein and EEA-1.

Miyauchi et al. [7] provided additional evidence by
pretreating TZM-bl cells with dynasore, a small molecule
inhibitor of the dynamin GTPase activity that prevents the
scission of clathrin coated pits from the plasma membrane
[34]. Dynasore pretreatment abolished the release of viral
content but permitted lipid transfer to the plasma mem-
brane, therefore preventing virus internalization and the
subsequent steps that could lead to virus replication. Thus,
HIV-1 particles appeared to enter cells through a clathrin
and dynamin mediated process, and importantly, this
indicated clathrin dependent endocytic entry as the mech-
anism leading to productive infection [7,35].

Is endocytosis an effective mechanism of HIV entry?

The results showing endocytosis to be the mode of HIV
entry are in apparent contrast to previous reports that
concluded that there was no overlap between HIV-1 anti-
gen and early endosomes, and found no evidence of virus
particles within endosomal structures formed in target
cells that were exposed to persistently infected HIV-1 cells

Merge
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Figure 2. Transfer of HIV-1 particles into T CD4+ lymphocytes through a clathrin-dynamin dependent pathway. Primary T CD4+ lymphocytes were cocultured with MOLT-
NL4-3 cells for 3 h. After coculturing, cells were stained for HIV antigen (matrix p17, MAp17 or capsid p24, Cap24) (MA, green), clathrin (blue) or caveolin (red).
Colocalization is shown in white. Cells were identified by morphology. Scale bar = 5 um. Reprinted with permission from Ref. [33].
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[27,28,36]. Using EM or tomography, Martin et al. did not
find endocytic uptake of HIV-1 by primary CD4+ T cells
across virological synapses between HIV-1 BalL-infected
Jurkat T cells and uninfected primary CD4+ T cells [36],
suggesting that endocytosis of HIV particles might be rare
in primary CD4+ T cells compared with the immortalized
cell lines predominantly used in other analyses [7]. Indeed,
some discrepancies in the mode of entry of HIV could be the
result of differences in the variety of culture models and
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cell culture conditions (Table 1), including the ratio of
infected to uninfected T cells, the chronicity of the infection
in the effector cells, the type of cell or cell line used [36], and
the degree of activation of target cells. Use of different
experimental approaches could be the reason behind the
great disparity of results from different laboratories. Table
1 lists some of the experimental settings used to charac-
terize the mechanism of entry of HIV. For example, Chen
et al. [37] reported absence of inhibition of virus transfer by

Table 1. The variability of the HIV route of entry: techniques, cells, viruses, and entry pathways

HIV entry pathway Experimental Virus strain Cell line Strategies HIV entry and Refs|
model infection marker
Direct fusion with the Cell-free HIV-1_av-1 Human Lysosomotropic Southern and slot [6]
plasma membrane virus infection T-lymphoblastic agents blot analyses of low
VB cell line molecular weight
DNA and electron
microscopy
Direct fusion with the Cell-free HIV-1 Hela cell line Wild-type or Multiple HIV infection [8]
plasma membrane virus infection mutant CD4 assays including
molecules supernatant and
cytoplasm viral antigen
detection or syncitya
formation
Receptor-mediated Cell-free HIV-1_ av1-A Human T-lymphoid OKT4A antibody Kinetics of entry and [19]
endocytosis virus infection CEM cell line pre-treatment uncoating of a
radiolabeled virus and
electron microscopy
Receptor-mediated Cell-free HIV-1gg2 HelLa Magi Inhibitors of B-galactosidase [25]
endocytosis after virus infection indicator cells endosomal expression with the
inhibition of acidification X-Gal substrate
endosomal/lysosomal
degradation
Dynamin-dependent, Cell-free HIV-1N14-3, Hela cell line Dominant-negative B-lactamase assay [57] [32]
clathrin-mediated virus infection  HIV-1gg,, mutants of dynamin
endocytosis HIV-1mvpsi61 and Eps15
Probably direct fusion Cell-to-cell HIV-1_ 4 T lymphocytic Jurkat Viral and cellular Colocalitzation between  [27]
with the plasma cocultures cell line and primary protein staining viral antigens and with
membrane CD4+ T lymphocytes cellular proteins using
(non-endocytic route) confocal microscopy
No endocytic uptake Cell-to-cell HIV-1y8, Human T lymphoblastic  HIV entry inhibitors, Electron microscopy [36]
observed in primary versus HIV-1gaL Jurkat cell line, A301.R5, time-lapse imaging and tomography.
CD4+ T cells after cell-free primary CD4+ T of long-lived Detection of de novo
virological synapse- virus infection lymphocytes virological pol DNA viral transcripts
dependent HIV-1 synapses
transfer
Release of infectious Cell-to-cell HIV-1nL4-3, T lymphoblastic HIV entry inhibitors, Electron microscopy, [63]
HIV-1 particles after cocultures HIV-1gaL MOLT4/CCRS5 cell line the actin inhibitor intracellular and
coreceptor-independent cytochalasin D supernatant CAp24
transfer antigen staining,
syncytium formation,
B-galactosidase assay
Clathrin-dependent Cell-to-cell HIV-1gaL Monocyte-derived HIV entry inhibitors Intracellular and [46]
endocytosis cocultures dendritic cells (DCs) and supernatant CAp24
primary CD4+ T cells antigen detection
Virological synapse- Cell-to-cell HIV-1nL4-3 Human T lymphoblastic  HIV entry inhibitors, Confocal microscopy, [37]
mediated HIV-1 transfer versus cell-free Gag-iGFP Jurkat cell line, primary  actin inhibitor flow cytometric
probably through an virus infection CD4+ T lymphocytes, Cytochalasin D and analysis
endocytic process MT4 cells viral mutants
Virological synapse- Cell-to-cell HIV Gag-iGFP, Human T lymphoblastic =~ Gag-iGFP movements Confocal and [26]
mediated endocytosis cocultures HIV NL-GI, HIV  Jurkat cell line, primary  and GFP diffusion transmission electron
which have GFP CD4+ T lymphocytes, microscopy
replacing the MT4 cells
nef gene
Dynamin-dependent Cell-free virus  HIV-1,geL, Hela-derived TZM-bl Fusion inhibitors Confocal microscopy [52]
endocytosis infection HIV-14xB2 cells and the lymphoid (i.e. C52L, a gp41- and B-lactamase
CEM-SS cell line derived peptide), assay
temperature, viral
markers, the dynamin
inhibitor dynasore
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the CXCR4 coreceptor antagonist AMD3100, but also
reported inhibition by the same agent in a later study
[25] when a different surrogate marker of viral infection
was measured (transcription of HIV-1long terminal repeat
driven green fluorescent protein [26,36] instead of confocal
microscopy and flow cytometry based analyses [37]),
highlighting the disparity of the results obtained.

An important point to take into account is the cell type
used, that is, laboratory adapted cell lines or different
types of primary cells (CD4+ T cells, dendritic cells, macro-
phages). Even though the major determinant for HIV-1
infection in vivo appears to be the CD4-coreceptor com-
plex, virus binding to the cell surface, the first step in viral
infection, can be regulated by several attachment factors,
which in turn, can influence the infectivity of the target
cell. In CD4+ T lymphocytes, the activated form of the
integrin a4-B7 mediates the binding of gp120, which in
turn activates the cell-cell spread machinery [38]. Inter-
estingly, HIV-1 can bind to heparin sulfate proteoglycans
(HSPGs), which appear to act as alternative attachment
factors in HeLa cell lines before CD4 engagement [39]. In
addition, several adhesion molecules can enhance viral
attachment in a cell type dependent manner, which even-
tually can increase infectivity by up to an order of magni-
tude [5].

Other interactions besides the CD4-gp120 are required
for HIV attachment to cells that express little CD4, such as
macrophages, microglia and dendritic cells. Sindecans and
C-type lectin receptors have been identified as attachment
factors for macrophages and dendritic cells [40-43].

Some groups have used primary CD4+ T cells [18,30,33],
whereas others have used lymphoid cell lines [36]; the
difference between these might lie in the degree of activa-
tion of primary cells. Use of non-stimulated CD4+ primary
T cells as targets implies that they are less prone to
productive virus replication, express lower CXCR4 levels
and thus are a better model for the evaluation of virus
transmission in the absence of de novo virus production.
Conversely, PHA/IL-2 activated cells express higher levels
of coreceptors, and might easily fuse with infected cells and
rapidly produce virus particles, impeding the identification
of incoming viral antigens. Both activated T cells and
lymphoid cell lines, commonly used for the evaluation of
virus replication and HIV entry, might undergo virus—cell
fusion rapidly, therefore masking endocytic virus transfer.
Importantly, Yu et al. [44] have shown that in transformed
T cell lines, pseudotyping HIV with the vesicular stomati-
tis virus envelope G protein (VSV-G) that induces viral
entry through an endocytic process was able to induce
higher nuclear migration of retrotranscribed viral DNA.
Conversely, in resting CD4+ T cells, only the HIV envelope
mediated process led to virus entry, DNA synthesis and
nuclear migration, suggesting alternative routes of viral
genome delivery by endocytic and non-endocytic processes,
but also highlighting differences in the mechanism of viral
entry in transformed or metabolically active cells com-
pared with resting T cells [44]. Taking all the observations
together, it is clear that evaluation of HIV transmission is
strongly dependent on the target cell type employed. Lab-
oratory adapted cell lines are a good model to study HIV
replication as they represent an activated phenotype that
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enhances productive infection; however, they have low
ability to accumulate HIV particles (HIV transfer) and
might not completely mimic primary cells [45].

When considering a putative in vivo scenario, one of the
key players in cell-cell HIV transmission are dendritic
cells (DCs), which are antigen presenting cells. DCs take
up HIV and then migrate to lymph nodes, where the virus
is transferred to helper T-cells. DCs might transfer virus
particles attached to their surfaces, a process designated
‘trans-infection’ [42,which does not require productive in-
fection of the DC itself. Alternatively, attached virus could
enter the DC and initiate a productive infection. In vitro
cocultures of HIV-1 infected DCs with primary CD4+ T
cells induced virus transmission to target cells that could
not be reversed by treatment with trypsin, suggesting that
the virus was retained in an intracellular compartment.
EM revealed endosomes containing HIV particles in CD4+
T cells. Importantly, upon PHA/IL-2 stimulation of the
trypsin treated purified CD4+ T cells, productive infection
was observed, as measured by intracellular HIV-1 antigen
staining and detection of infectious viruses in the cellular
supernatant [46]. We believe that the infecting virus could
not come from any other source but the endosomes. These
results do not indicate that virus fused with the endosomal
membranes initiates a productive infection; however, they
further support evidence of endocytosis as an active mech-
anism of virus transfer that could lead to infection of
primary CD4+ T cells under certain conditions.

HIV entry inhibitors and inhibition of HIV endocytosis
Several studies indicate that the process of endocytic HIV
entry could be modified by pharmacological agents. Tran-
sient transfection or inducible expression of dominant
negative mutants of dynamin or epidermal growth factor
receptor substrate (EPS)15, a specific marker of clathrin
dependent endocytosis, in a CD4+ HeLa cell line were able
to significantly reduce HIV infection [32]. Dynasore
blocked HIV-1 fusion and infection of TZM-bl cells [7].
These results suggest that targeting the endocytic machin-
ery and the cascade of events leading to viral endocytosis
could prevent HIV infection, provided that inhibition of the
endocytic pathway is not detrimental to cell survival.
However, the effect of HIV entry inhibitors in endocytic
entry is a rather controversial issue. Endocytosis of HIV
appears to require the interaction of HIV gp120 with CD4
on the cell surface. Therefore, agents that block viral
attachment to CD4+ T cells (such as the anti-CD4 mono-
clonal antibody Leu3a [18] and the recombinant CD4-
based protein (CD4-IgG2, Pro152) [30]), prevent the endo-
cytic cell-cell virus transfer of viruses to uninfected
cells. Conversely, anti-HIV agents affecting a later step
in the gp120-CD4 interaction (such as BMS-806 [47,48],
coreceptor antagonists, gp41 dependent fusion peptides,
neutralizing antibodies [49] targeting gp4l or reverse
transcriptase inhibitors) do not block the transfer of HIV
particles to intracellular compartments in target CD4+ T
cells. For example, the fusion inhibitor enfuvirtide had no
measurable effect on virological synapse mediated trans-
fer, suggesting that uptake of virus into target cells does
not require triggering of viral membrane fusion [37]. In-
terestingly, in cocultures of infected T cells or DCs with
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CD4+ T cells, blockade of CXCR4 by AMD3100 induced an
increase in endocytic transfer of X4 HIV [18,30].

The lack of inhibition of viral replication by entry
inhibitors and neutralizing antibodies, together with pre-
vious observations that endocytosed virus did not reach
the cytoplasm and could be lysed in acidified vesicles [6,8],
suggested that HIV endocytosis is a dead end pathway.
However, a number of internalized HIV-1 particles do not
colocalize with Lamp1, a well known marker for the lyso-
somal degradative pathway [33], and trypsinized cells
loaded with HIV particles appeared to discharge fully
infective virus particles that, in the absence of entry
inhibitors, were able to re-infect bystander CD4+ cells
[18,30,33,50,5]1. Thus, endocytosed virus particles
remained infectious, and were able to endure until an
appropriate environment allowed productive infection.
Moreover, based on their results with their cell culture
system, Miyauchi et al. [52] postulated that HIV-1 entry
occurs through sequential CD4 and coreceptor binding,
followed by virus endocytosis. Therefore, HIV might be-
come resistant to entry inhibitors that are membrane
impermeable, including BMS806, the CXCR4 antagonist
AMDS3100, and the gp41 derived peptide C52L, if added
after virus particles have been endocytosed [7]. Altogeth-
er, these results define endocytosis as an itinerant virus
reservoir that offers protection from the immune system
but also from possible pharmacological inhibitors of HIV
entry.
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A working hypothesis: the kinetics of virus fusion as a

determinant of the mechanism of HIV entry

Despite the large body of evidence discussed above support-
ing the possibility of a productive HIV infection set by an
endocytosed virus, alternative mechanisms should not be
underestimated. Three non-exclusive alternative routes of
HIV entry can be considered, all of which might cause a
productive HIV infection (Figure 3). In the first potential
route, the cell surface could be the point of entry, a mecha-
nism that has historically been considered the canonical
mode of HIV entry. The second potential route could use a
mechanism by which CD4 binding and coreceptor engage-
ment leads to endocytic internalization, and virus—cell fu-
sion occurs with the endosomal membrane [7,26,32]. The
third pathway could be a coreceptor independent transfer of
virus particles that could then lead to recycling or lysis of
infectious virions [18,33,46]. We envision that all three
alternatives are variants of the same mechanism and, by
extension, all three probably coexist [31] in a delicate bal-
ance, which could tilt to one of the three alternatives
depending on multiple cellular and viral factors affecting
the kinetics of virus fusion. The variety of results obtained
under different experimental conditions might reflect the in
vivo variability and might be only a simplification of the true
situation. In fact, the rate of the HIV gp120 virus engage-
ment with cell surface CD4 and its appropriate coreceptor
could hypothetically explain how this balance tilts to a
particular route of entry. In addition, the rate of CD4 and

Cell surface
internalitzation

Endocytic
internalization

Lysosoma

TRENDS in Mcrmdaningy

Figure 3. Putative HIV entry pathways. After binding of HIV to the CD4 receptor, the virus can enter target cells through three non-exclusive pathways. The first pathway is
the canonical or direct fusion of HIV particles with the plasma membrane (cell surface internalization). In the second pathway, endosomal internalization establishes HIV
fusion with an endosome membrane following an endocytic uptake of virus particles, or this could lead to endosome maturation and lysis of the virus particle. In the third
pathway, coreceptor engagement might lead to virus membrane and endosome membrane fusion and release of the virion into the cytosol; alternatively, in the absence of
the appropriate coreceptor or coreceptor independent transfer, viruses might be recycled back to the extracellular medium as infectious particles capable of mediating a

productive infection.
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coreceptor binding by HIV might also define the sensitivity
to HIV entry inhibitors. In turn, the multiplicity of infection
(i.e. the number of infectious particles per target cell), the
availability of CD4, the degree of coreceptor expression, the
activation state of the target cell, and the lipid compositions
of virus and cell membranes can also affect the kinetics of
virus entry. Therefore, different HIV-1 strains could have
different HIV-1 fusion rate constants [7].

We propose a working model in which the kinetics of
viral fusion is the driving force towards the three alterna-
tive modes of virus entry. After cell-free or cell-associated
virus particles reach the target cell surface and engage the
CD4 receptor, rapid fusion kinetics at the cell membrane
promoted by envelope glycoproteins with high affinity for
receptors and a high degree of receptor or coreceptor
expression and/or cell activation, might favor virus—cell
membrane fusion, leading to a productive infection. In
some cases, complete fusion could be aborted despite vi-
rus—cell lipid mixing (hemifusion) at the cell membrane,
inducing envelope dependent mononuclear cell death
[53,54]. Conversely, low CD4 or coreceptor expression
and/or low cellular activation drive low fusion kinetics
(exemplified by the presence of HIV entry inhibitors at
the time of virus—cell contacts) [30], leading to the accu-
mulation of virus particles at the cell surface and subse-
quently the engulfment of virus particles by the target cell
[18,33], from which some virus particles will proceed to
lysosomes, others will fuse with the endosome membrane,
and some might be recycled back to the cell surface [33].
Upon T cell activation and in the absence of HIV entry
inhibitors, the recycled virus might induce a productive
infection when conditions of high fusion kinetics are pres-
ent [46]. Then, in an intermediate condition, as illustrated
by Melykian et al. [7,5]2, the relatively low rate of fusion
causes the engagement of receptor and coreceptor, which is
sufficiently low to allow the engulfment of HIV particles by
endocytosis before fusion with the cell membrane. The
receptor and coreceptor availability inside the endosome
promotes virus cell fusion within the endosomal compart-
ment, leading to virus entry into the cytosol.

Role of virus endocytosis in the pathogenesis of HIV

The efficiency of HIV-1 spread between T cells in vitro is
approximately 10-fold greater than that of cell-free viral
spread [36]. Although no direct evidence exists regarding
HIV spread efficiency in vivo, the number of cell-cell con-
tacts are high, and cells carrying HIV particles or infected
with HIV might increase virus spread by several fold
compared with cell-free virus. The observation that under
certain conditions (such as the presence of HIV entry
inhibitors or neutralizing antibodies), endocytic cell-cell
virus transfer is enhanced, was interpreted as a mecha-
nism of virus escape from antiviral agents [26,30,37]. If
proven, endocytosis could provide HIV with a selective
advantage that does not require genotype or phenotype
changes to serve as a mechanism of escape from antiviral
drugs. Endocytosed viruses could hide without leaving any
evidence of their presence. Hijacking the endocytic ma-
chinery might also allow HIV to avoid processing and
exposure of viral antigens to the immune system, thus
delaying the onset of an antiviral response. Endocytosis
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might not be the primary mode of entry leading to virus
replication, but it could serve as a reservoir that transient-
ly protects the virus from a negative environment.

Massanella et al. showed that anti-gp41 neutralizing
antibodies blocked productive infection of target cells [49].
However, HIV-1 entry inhibitors have been shown to in-
terfere equally with cell-cell and cell-free HIV-1 infection
when inhibitors are added at the time of mixing target cells
with infected cells or cell-free virus, suggesting that cell-
cell mediated spread of HIV-1 is unlikely to be an antibody
or drug evasion strategy for the virus [36,49]. These results
are in line with the potency and efficacy demonstrated by
HIV entry inhibitors. However, these evaluations have not
taken into account the presence of anti-HIV drugs during
all times of the evaluation of the infectivity of endocytosed
virus particles. Thus, cells containing endocytosed virus
might act as carriers of HIV to tissues and organs, freeing
their cargo at these locations and then either becoming
infected themselves or allowing bystander CD4+ T cells to
become infected.

Conclusions and future perspectives

Involvement of endocytic pathways in HIV entry adds
further complexity to the mechanism of virus replication
and the pathogenesis of HIV and AIDS. The intricate
balance between cell surface and endocytosis mediated
entry requires further research to resolve the importance
of each component in virus replication (Box 1). Despite
some evidence of endosome-containing HIV particles in
lympoid tissue, the role of endocytic entry in the natural
history of HIV infection and disease outcome has not been
defined. In particular, how HIV is transmitted in tissues
where cell-cell contacts greatly increase viral spread or in
body compartments that cannot be reached by antiviral
agents is still unclear. In this context, the delivery of
endocytosed virus could play a relevant role. Additional
video and ultrastructural studies should determine the
level of receptor and coreceptor expression in virus-con-
taining intracellular vesicles, the possibility of virus par-
ticles from endosomes in T cells fusing into the cytoplasm,
and the role, if any, of the endocytic process in the replica-
tion cycle and pathogenesis of HIV.

Box 1. Outstanding questions

1. What is the true contribution of endocytic virus entry to the
infection and pathogenesis of HIV?

2. What are the structural and mechanistic requirements for virus—
cell interactions leading to endocytosis of HIV? Elucidation will be
required to decipher the role of endocytosis in virus entry.

What cellular factors play a role in endocytic HIV entry?

What are the viral determinants of endocytic virus entry?

Do virus strains differ in their capacity to promote endocytosis?
Is the rate of virus—cell membrane fusion a determinant of virus
endocytosis?

o O O o

3. What are the experimental settings that better model virus inter-
nalization in vivo?

4. |s virus endocytosis a reservoir or a mechanism of escape to HIV
entry inhibitors, neutralizing antibodies and antiretroviral therapy?
5. Are cellular cofactors involved in endocytic virus entry potential
targets for anti-HIV intervention?
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Furthermore, the molecular mechanisms governing the
endocytosis of HIV have not been clearly characterized.
Several cellular cofactors affect virus replication and dis-
ease, which in turn, could be the target for antiviral
intervention [55,56]. A large number of cellular cofactors
are involved in clathrin mediated endocytosis or in other
endocytic processes [22,57], some of which could be essen-
tial for HIV entry. Cell surface proteins such as integrins
have emerged as cofactors and receptors for a large number
of animal and human viruses that enter the cells through
an endocytic process. Integrins, often involved in the entry
of other animal and human viruses, appear to stabilize the
virological synapse, serve as cofactors for HIV entry, and
promote HIV-1 infection [38,58,59], suggesting that HIV,
similar to other viruses, could also employ integrins for its
own benefit. Elucidating the cascade of events leading to
HIV endocytosis will provide conclusive evidence of this
entry mechanism as a potential antiviral strategy.
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Trans-infection but Not Infection from within Endosomal
Compartments after Cell-to-cell HIV-1 Transfer to CD4*
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Background: Endocytosis has been postulated as a route of HIV entry into cells.
Results: Endocytosed virus led to productive infection of cells, except when cells were cultured with the anti-gp120 antibody

IgGb12.

Conclusion: Endocytosis may serve as a virus reservoir capable of inducing trans-infection.
Significance: The route of HIV transmission is important for understanding pathogenesis and drug therapy.

Cellular contacts between HIV-1-infected donor cells and
uninfected primary CD4* T lymphocytes lead to virus transfer
into endosomes. Recent evidence suggests that HIV particles
may fuse with endosomal membranes to initiate a productive
infection. To explore the role of endocytosis in the entry and
replication of HIV, we evaluated the infectivity of transferred
HIV particles in a cell-to-cell culture model of virus transmis-
sion. Endocytosed virus led to productive infection of cells,
except when cells were cultured in the presence of the anti-
gp120 mAb IgGb12, an agent that blocks virus attachment to
CD4, suggesting that endocytosed virus was recycled to the
outer cell surface. Confocal microscopy confirmed the colocal-
ization of internalized virus antigen and the endosomal marker
dynamin. Additionally, virus transfer, fusion, or productive
infection was not blocked by dynasore, dynamin-dependent
endosome-scission inhibitor, at subtoxic concentrations, sug-
gesting that the early capture of virus into intracellular compart-
ments did not depend on endosomal maturation. Our results
suggest that endocytosis is not a mechanism of infection of pri-
mary CD4 T cells, but may serve as a reservoir capable of induc-
ing trans-infection of cells after the release of HIV particles to
the extracellular environment.

Viruses are obligatory intracellular parasites that take advan-
tage of the host cell machinery to replicate and spread from
infected to uninfected cells (1-3). Cell-to-cell transmission has
been shown to be a highly efficient mechanism of virus spread
(4, 5), and its relevance for in vivo dissemination in the active
sites of replication, namely, primary and secondary lymphoid
tissues, seems probable. HIV may be transferred from infected
to uninfected CD4 " cells (6, 7) by a mechanism that requires
intimate cell-to-cell contacts involving the HIV envelope glyco-
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protein gp120 and the CD4 receptor but also accessory cell
surface proteins (8). Virus-cell fusion and initiation of a pro-
ductive infection require engagement to CD4 and to one of the
two alternative coreceptors, CCR5 or CXCR4. The various
steps in the mechanism of virus entry are considered targets for
anti-HIV intervention (9, 10).

Cell-to-cell transfer of HIV particles may be blocked by
agents that prevent virus attachment, such as the anti-CD4
monoclonal antibody (mAb) Leu3a, the anti-gp120 mAb
IgGb12, or the CD4-1gG2 fusion protein PRO542 (11), but is
resistant to HIV entry inhibitors targeting virus coreceptors or
gp41-dependent fusion (7, 12), suggesting that virus attach-
ment to CD4 is the sole factor necessary to induce the uptake of
HIV particles (13) and that virus capture may occur in the
absence of virus fusion and the initiation of a productive infec-
tion. Endocytic internalization and endosomal acidification
have been shown not to be required to activate HIV entry into
the cytoplasm (14-17).

Alternatively, several lines of evidence support clathrin-de-
pendent endocytosis as an infectious pathway (12, 18 -21). HIV
fusion with endosomal membranes has been observed by elec-
tron microscopy (22). Daecke et al. (23) proposed a role for
endocytosis in productive entry of HIV-1 by using trans-dom-
inant negative proteins that interfered with specific clathrin-
endocytic routes and effectively blocked virus replication.
Complete fusion of HIV particles with HeLa cells has been
observed to occur within endosome membranes (20), but com-
plete fusion was blocked when endocytosis was inhibited (24).
Recent data suggest that after cell-to-cell transfer, virions first
need to undergo maturation within endosomes, delaying mem-
brane fusion and reducing sensitivity to patient antisera com-
pared with cell-free virus (25). Thus, the role of endocytosis in
HIV replication and whether or not endocytic virus transfer
represents an escape mechanism from the immune system or
therapeutic agents remain highly controversial (5, 26).

Here, we show that primary CD4™" T lymphocytes take up
virus particles into dynamin-containing compartments even in
the presence of the endosome-scission inhibitor dynasore.
Moreover, purified cells carrying endocytosed virus particles
did not become productively infected if cultured in the pres-
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ence of HIV attachment inhibitors such as the anti-gp120 mAb
IgGb12, suggesting that endocytosed virus was recycled to the
cell surface to initiate a productive virus infection.

EXPERIMENTAL PROCEDURES

Cells—Peripheral blood mononuclear cells from healthy
donors were purified by Ficoll-Hypaque sedimentation. CD4™"
T lymphocytes were immediately purified (>95%) from periph-
eral blood mononuclear cells by negative selection using the
CD4™" T cell enrichment kit (Stem Cell Technologies, Vancou-
ver, Canada) and grown in RPMI 1640 L-glutamine medium
(Invitrogen) supplemented with 10% (R10) heat-inactivated
fetal calf serum (FCS; Invitrogen), 100 units/ml penicillin, and
100 pg/ml streptomycin. When needed, CD4™ T cells were
stimulated with phytohemagglutinin (PHA; Sigma) at 4 ug/ml
and 6 units/ml interleukin 2 (IL-2; Roche Applied Science).
MOLT-4 lymphoid cells (AIDS Reagent Program, National
Institutes of Health, Bethesda, MD) were cultured in R10.
Chronically HIV-1-infected MOLT cells were generated after
the infection of MOLT cells with the NL4-3 X4 HIV-1
(MOLT 1 4.5) (23, 24). After the infection peak, the persistently
infected culture was grown and characterized for Env expres-
sion and virus production. HEK293-T cells (AIDS Reagent Pro-
gram) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM,; Invitrogen) supplemented with 10% heat-inactivated
FCS, 100 units/ml penicillin, and 100 pg/ml streptomycin.

Cocultures of Infected and Uninfected Cells—Nonstimulated
primary CD4" T cells (to minimize virus replication) were
cocultured with uninfected or HIV-1 persistently infected
MOLT 45 cells as previously described (11, 18, 19). Purified
CD4™" T cells were first labeled with the cell tracker CMFDA
(Molecular Probes) and washed before being mixed with
MOLTy; 4 5 cells. Briefly, 2.5 X 10° of both infected and target
cells (1:1 ratio) were cocultured in 48-well culture plates in a
final volume of 1 ml in the absence or presence of the following
HIV-1 inhibitors: 80 nM neutralizing anti-gp120 mAb IgGb12
(Polymun Scientific, Wien, Austria); 4 uMm reverse transcriptase
(RT) inhibitor 3-azido-3-deoxythymidine (AZT)* 12.5 um
AMD3100 or 80 um dynamin inhibitor dynasore (all from
Sigma-Aldrich). Cocultures were incubated overnight at 37 °C.
The capture of CAp24 antigen by primary CD4" T cells was
evaluated by flow cytometry as shown before (10, 11, 25, 27, 28).
Prior to staining, cells were trypsinized to eliminate HIV-1 par-
ticles bound to the cell surface. For trypsin treatment, cells were
washed with phosphate-buffered saline (PBS) and treated for 8
min at room temperature with 0.25% trypsin solution (Invitro-
gen). Trypsin was stopped by addition of FCS, and cells were
then washed with PBS. For intracellular staining, cells were
fixed, permeabilized (Fix & Perm; Caltag, Burlingame, CA), and
stained with the anti-HIV-CAp24 antigen mAb KC57
(Coulter). Cells were analyzed in a LSRII flow cytometer (BD
Bioscience) and identified by morphological parameters and
CMEFDA staining.

“The abbreviations used are: AZT, 3-azido-3-deoxythymidine; BFLA1, bafilo-
mycin A1; CMFDA, 5-chloromethylfluorescein diacetate; CON A, concana-
mycin A; PHA, phytohemagglutinin; PMA, phorol 12-myristate 13-acetate.

Isolation of Target CD4" T Cells—CMFDA-loaded target
CD4" T cells were purified (>99% purity) from MOLT 4 5
cells by fluorescence-activated cell sorting (FACSAria II, BD
Biosciences). After separation, contaminating MOLT; , 5
cells (<1%) were assessed by FSC/SSC parameters using flow
cytometry. The possible contribution to infection of persisting
MOLT\ 4 5 cells (<1%) was evaluated using the coculture
performed with the mAb IgGb12, a condition where HIV-1
uptake into CD4™" T cells is blocked, and therefore, infection of
purified CD4" T cells would only come from remaining
MOLT, 4 5 cells.

Culture of HIV-1-loaded Cells—Isolated CD4™ T cells from
each initial coculture condition were subdivided in three and
cultured for 5 days in the following medium conditions: (i) 80
nM mADb IgGb12; (ii) 80 nm mAb IgGb12 and 4 um RT inhibitor
AZT; or (iii) left untreated. CD4* T cells were activated by
adding 4 pug/ml PHA and 6 units/ml IL-2 to the medium. After
5 days, infection in target cells was assessed by enzyme-linked
immunosorbent assay (ELISA) for HIV-CAp24 antigen detec-
tion in culture supernatants (Genscreen HIV-1 Ag EIA; Bio-
Rad Laboratories).

Determination of Anti-HIV Activity in Cell-free Virus Infec-
tions and Cell-Cell Transfer—The anti-HIV activity using cell-
free virus infections was determined as described before (27).
Briefly, PHA-activated CD4" T lymphocytes (1.5 X 10° cells/
well) were incubated with HIV-1,; , 5 (200 TCID,,/10° cells) or
mock-infected during 7 days at 37 °C, 5% CO, in the presence of
different concentrations of the corresponding test compound.
HIV-1 CAp24 antigen production in the supernatant was mea-
sured by a commercial ELISA test as described above. To deter-
mine cytotoxicity, mock-infected cells were harvested and fixed
with 1% formaldehyde. Cell death was quantified by flow
cytometry in forward versus side scatter plots. Dead cells
showed increased side and reduced forward scatter values com-
pared with those of living cells. Anti-HIV activities were deter-
mined in at least three independent experiments, performed in
triplicate. To evaluate the anti-HIV activity in cell-cell transfer,
overnight cocultures between isolated primary CD4" T cells
(2 X 10°) and uninfected or infected MOLT ; , 5 cells (2 X 10°)
were performed in the presence of serial dilutions of the corre-
sponding test compounds. Virus transfer was measured as
described above. The 50% effective concentration (EC,,) and
the 50% cytotoxic concentration (CC,) were calculated for cell
free-virus infections and cell-cell CAp24 antigen transfer. Bafi-
lomycin A1 (BFLA1) and concanamycin A (CON A) were pur-
chased from Sigma.

Infection with Viruses Released from Antigen-loaded Cells—
Cocultures between freshly isolated primary CD4™ T cells and
uninfected or infected MOLTy, 5 cells were performed as
described above. After 6 h of coculture, to minimize the possi-
bility of CD4" T cell infection, target cells were sorted (>99%
purity) as indicated above, and recovered target cells were cul-
tured (5 X 10° cells/condition) in the presence or the absence of
80 nm IgGb12 to prevent productive infection. After 12 h of
culture, the presence of CAp24-antigen was evaluated both in
the supernatant and in the purified cells by intracellular CAp24
antigen staining as indicated above. Total viral DNA was also
quantified by PCR as indicated below using infected CD4" T
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cells as a positive control. For each condition, 20 ul of superna-
tant was used to infect 3 X 10* MT4 cells for 5 days. Infection of
MT4 T cells was evaluated by quantification of supernatant
CAp24-antigen content.

Quantitative Real-time PCR for Total HIV-1 DNA Detection—
Total DNA was quantified as described before (28, 29). Briefly,
purified CD4" T lymphocytes were centrifuged, supernatant
was removed, and pellets were frozen. Total cellular DNA was
extracted using QIAamp DNA extraction kit (QIAamp DNA
Blood mini kit; Qiagen) as recommended by the manufacturer.
Quantitative amplification of LTR for viral entry detection was
performed using the following primers and probe (forward, 5'-
GACGCAGGACTCGGCTTG-3'; reverse, 5'-ACTGACGCT-
CTCGCACCC-3' and probe 5'-TTTGGCGTACTCACCAG-
TCGCCG-3' labeled with the fluorophore FAM and the
quencher TAMRA). To normalize HIV copy values/cell, ampli-
fication of cellular RNaseP gene was performed using TagMan®
RNaseP Control Reagents Kit (Applied Biosystems). DNA
extracted from 8E5/LAV cells (harboring one copy of inte-
grated HIV-1/cell) was used to build a standard curve. The PCR
was performed in a total volume of 50 ul using 1X TagMan®
Universal PCR Master Mix (Applied Biosystems, Roche), 0.9
M concentration of the primers, 0.25 um probe, and 5 ul of the
DNA sample. Reactions were analyzed with the ABI PRISM
7000 instrument using SDS 1.1 software (Applied Biosystems).
For each condition, the amount of the total viral DNA/cell was
normalized to untreated sample with IgGb12, and results are
expressed as the relative percent increase.

Virus-Cell Fusion Assay— The quantification of the virus-cell
membrane fusion was quantified as described before (30).
Briefly, 1 X 10° HEK293-T cells were cotransfected with 0.4 ug
of both the NL4-3 HIV provirus plasmid (pNL4-3 from the
AIDS Reagents Program) and a plasmid carrying the Vpr gene
fused with B-lactamase (Vpr-BlaM; pMM310 from the AIDS
Reagents Program). After 48 h, transfected HEK293-T cells
were cocultured overnight with primary CD4" T lymphocytes
as described above. Cells were then recovered and loaded with
the CCF2-AM loading kit (Invitrogen) following the protocol
provided by the manufacturer. Cells were incubated for 1 h at
room temperature, then washed and immediately fixed. The
change in emission of the cleaved CCF2 generated by the Vpr-
BlaM chimera was measured by flow cytometry.

Evaluation of Dynasore Activity—Primary CD4" T lympho-
cytes were pretreated with or without different concentrations
of dynasore starting at 160 uM, for 30 min at 37 °C. Then, pre-
treated CD4" T lymphocytes were cultured in the presence or
the absence of phorbol 12-myristate 13-acetate (PMA; Sigma)
at 1 pg/ml for 30 min at 37 °C. Cells were fixed with 1% form-
aldehyde and after washes with PBS, stained for CD4 expres-
sion with anti-CD4 mAb conjugated with the fluorochrome
FITC (BD Bioscience). Analysis of cells was performed by flow
cytometry.

Immunofluorescence, Confocal Microscopy, and Quantifica-
tion of Colocalization—For immunofluorescence staining,
cocultures of primary CD4™" T cells with uninfected or infected
MOLT\y; 45 cells were performed as described above. Samples
were trypsinized to remove potentially bound viruses into the
cell surface and after subsequent washes with PBS cells were
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FIGURE 1. CD4-dependent transfer of HIV antigen after cell-to-cell con-
tacts. A, experimental procedure was overnight cocultures of MOLT 45 cells
with primary CD4* T lymphocytes. B, cocultures were performed in the pres-
ence of 80 nm anti-gp120 mAb IgGb12; 4 um RT inhibitor AZT; 12.5 um CXCR4
antagonist AMD3100; 80 um dynamin inhibitor dynasore (DYN); 100 nm
BFLA1, and 20 nm CON A. Results are represented as the percentage of intra-
cellular CAp24™ target cells, using the coculture between CD4™ T cells and
uninfected MOLT cells as a negative control. Results are the mean = S.D. (error
bars) of three independent experiments (**, p < 0.005; *, p < 0.05).
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fixed, permeabilized (Fix & Perm), and incubated for 1 h at
room temperature with the anti-CAp24 mAb KC57-FITC
(Coulter) and the CD4-PE (BD Bioscience) or with the goat
anti-human-dynamin antibody (clone N-19, Santa Cruz Bio-
technology). For dynamin staining, cells were then washed and
incubated for 1 h at room temperature with the donkey anti-
goat Alexa Fluor 647-conjugated secondary antibody (Molecu-
lar Probes, Invitrogen). Cells were adhered onto glass slides
using cytospins (Thermo Scientific) and mounted with Prolong
Gold antifade reagent (Invitrogen). Images were acquired on a
Leica TCS SP5 AOBS confocal microscope (Leica Microsys-
tems CMS GmbH, Mannheim, Germany). Z-sections were
acquired at 0.5-um steps using an Argon 488/458 and HeNe
633 lasers and a plan Apochromat 63 X 1.4 oil objective, sup-
plied with the imaging software LAS AF (Leica Microsystems).
Determination of the colocalization coefficient between CAp24
protein and the CD4 receptor or dynamin protein was per-
formed using single Z-stacks and evaluated with LAS AF
software.

Statistical Analysis—Student’s ¢ test was used to determine
statistical significance (**, p < 0.005 or *, p < 0.05) between
values.

RESULTS

HIV Transmission during Cell-to-cell Cocultures—Overnight
cocultures of HIV-1 NL4-3 persistently infected MOLT-4/
CCR5 cells (MOLT 4_5) with CMFDA-loaded nonstimulated
primary CD4" T lymphocytes were evaluated by flow cytom-
etry. After overnight coculture, intracellular staining of capsid
p24 (CAp24) HIV antigen was detected in 23% of target cells
(Fig. 1). The transfer of viral antigens to uninfected cells was
clearly blocked by the neutralizing anti-gp120 mAb IgGb12
(95% of inhibition compared with the untreated condition), but
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TABLE 1

Potent postattachment inhibitors of HIV replication do not block cell-
to-cell transfer of virus

Anti-HIV-1 activity

Cell-to-cell HIV-1 Transfer

Compound EC,,* CCy,° EC,,° CCy*
M M M M
AMD3100 0.018 = 0.0023 >0.125 No effectat 62 um  >62
AZT 0.0021 £ 0.0003 >0.4 No effectat 20 um  >20
IgGb12 0.0003 £ 0.0001 >0.04 0.0006 = 0.0001 >0.4
Dynasore No effect at 40 um 40 No effect at 80 um 250

“ EC5: Effective concentration needed to inhibit 50% replication of the wild-type
HIV-1NL4 -3 strain in peripheral blood mononuclear cells.

? CCy,: Cytotoxic concentration needed to induce 50% death of noninfected cells,
evaluated by morphology changes using flow cytometry 7 days after infection.

¢ EC5: Effective concentration needed to block 50% of HIV-1NL4-3-antigen
transfer in CD4™" T cells determined by intracellular CAp24 antigen staining
after overnight cocultures between HIV-infected MOLT\; 45 cells and primary
CD4™" T cells.

9 CCs, evaluated after overnight cocultures.

was not inhibited by the RT inhibitor AZT or the dynamin-de-
pendent endosome-scission inhibitor dynasore (21 and 22% of
p24™ cells, respectively) despite using high drug concentrations
(2000-fold higher than the EC,, of AZT under cell-free infec-
tion conditions, Table 1). Macrolide antibiotics such as BFLA1
and CON A that prevent endosome and lysosome acidification
did not have any effect on virus uptake (Fig. 1B).

Interestingly, in the presence of the coreceptor antagonist
AMD3100 the uptake of HIV particles by the target cells
increased roughly 3-fold compared with untreated condition
(65% of target cells were positive for CAp24 antigen staining)
even when cells were cocultured with ~700-fold higher ECy,
(Table 1). Taken together, these results confirmed that cellular
contacts between infected lymphoid cells and primary CD4" T
lymphocytes triggered CD4-dependent transmission of high
amounts of HIV-1 particles from infected to uninfected cells.

To evaluate virus-cell fusion, HIV-1 NL4-3 transfected Vpr-
BlaM " HEK293-T cells were cocultured with target CD4" T
cells and fusion was measured by detection of cleaved CCF2. As
expected, mAb IgGb12 completely blocked virus-dependent
fusion similar to the observed inhibition of virus capture (Fig.
2). Conversely, AMD3100 blocked virus-cell fusion (Fig. 2)
although it did not block but significantly increased virus trans-
fer (Fig. 1). AZT or dynasore did not prevent cleavage of CCF2,
suggesting that virus antigen was passively transferred to CD4™"
T cells in the absence of virus cell fusion as noted in the
AMD3100-treated cells.

Productive Infection Did Not Occur from within Intracellular
Compartments—W e hypothesize that internalized virus after
cell-to-cell transfer could not fuse from within intracellular
compartments. To evaluate the fate of internalized HIV-1 par-
ticles captured by CD4" T cells after cell-to-cell transfer,
CMFDA-loaded target CD4" T cells were purified from
infected MOLT; ,_5 lymphoid cells by fluorescence-activated
cell sorting (>99% purity). Following separation, purified
CD4" T cells were trypsinized to eliminate virus bound to the
cell surface. Trypsin treatment dramatically reduced the
expression of CD4 in purified T cells; however, CAp24 antigen
staining was not significantly reduced (data not shown), sug-
gesting that captured virus resided in intracellular compart-
ments. Immediately after washings, for each initial coculture
condition, target cells were subdivided in three and left in cul-
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FIGURE 2. IgGb12 and AMD3100 but not dynasore blocked virus-cell
fusion after cell to cell transfer of virus. A, experimental procedure: meas-
urement of viral fusion in cocultures of HEK293-T cells transfected with
pNL4-3 and Vpr-BlaM plasmids and primary CD4 ™ T cells. B, dot plots of CCF2-
loaded cells (FITC-labeled) versus CCF2-cleaved cells (Pacific blue-labeled). A
representative experiment is shown. C, relative increase of CCF2-cleaved tar-
get cells compared with untreated condition. Data are the mean = S.D. (error
bars) of three independent experiments (**, p < 0.005; *, p < 0.05) (DYN,
dynasore).

ture during 5 days in drug-free medium or in the presence of the
mAb IgGb12 or IgGb12+AZT (Fig. 3A). Drug concentrations
used clearly ensure complete inhibition of infection (300-fold
and 2000-fold higher EC,, for IgGb12 and AZT, respectively,
Table 1). Dynasore was not included as it was cytotoxic in long
term cultures (data not shown). Virus production is low to
undetectable in nonstimulated cells (18, 31, 32); thus, PHA/
IL-2 was added to the medium to promote virus replication.
After 5 days in culture, CAp24 antigen in cell supernatant (Fig.
3B) and total viral DNA detection by quantitative PCR (Fig. 3C)
were evaluated as a measure of virus replication and indicated
that antigen-loaded cell cultures became productively infected
after PHA/IL-2 activation in the absence of inhibitors in the
culture medium (Fig. 3, gray bars). Virus production was in
concordance to the amount of virus transferred during the
coculture phase (Fig. 1). Thus, in the absence of antigen transfer
(IgGb12-treated coculture), no virus production was found.
Conversely, the high uptake of CAp24-antigen in the
AMD3100-treated cocultures coincided with an increase in
virus production in purified cells. The RT inhibitor AZT did not
prevent virus transfer or fusion and partially blocked superna-
tant CAp24 antigen production or total DNA detection as a
consequence of being present only during the coculture phase.
However, when IgGb12 was present during the purified cell
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FIGURE 3. Infection of CD4™ T cells by HIV particles captured into trypsin-resistant compartments was inhibited by mAb IgGb12. A, experimental
procedure: isolation and culture of CAp24-loaded CD4 ™" T cells. After 5 days of culture, HIV infection was assessed by supernatant CAp24 antigen production,
expressed in pg/ml (B) and quantification of total viral DNA as the copy number of total DNA/RNaseP, expressed relative to the untreated condition (cells
untreated during the coculture and culture phase) (C). Results represent the mean = S.D. (error bars) of three independent experiments (**, p < 0.005; *, p <

0.05) (DYN, dynasore).

culture phase (Fig. 3, black and white bars), virus replication
was significantly blocked irrespective of the condition used
during the coculture phase (Fig. 3, x axis, angled labels). Taken
together, these results indicate that the conditioned medium
with IgGb12 prevented internalized virus particles from initiat-
ing a productive infection. Virus needed to reach the extracel-
lular environment to initiate a productive infection, an event
that could only occur when the attachment inhibitor, mAb
IgGb12, was not present.

Infection by HIV Particles Released from Antigen-loaded Cells—
Our results suggest that the inability of virions to infect cells
from within endosomal compartments could promote the recy-
cling of HIV particles to the cell surface that could later infect
bystander cells. To further explore this hypothesis, antigen-
loaded primary CD4" T lymphocytes were sorted after short
term cocultures (6 h) with infected MOLT; , 5 cells (Fig. 44).
IgGbl2-treated coculture, in which CAp24-antigen transfer
was completely blocked, was used to control the effect of con-
taminant MOLT ;, 5 cells (<0.1%). Once purified, antigen-
loaded CD4 ™" T cells were left in culture for 12 h in the presence
or the absence of IgGb12 to restrict reinfection events while
allowing release of virions in the supernatant. The CAp24-an-
tigen found in the supernatant was concordant with the level of
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intracellular CAp24-antigen in loaded target cells (Fig. 4B).
Total DNA in purified target cells was measured to ensure that
antigen-loaded cells did not become infected during the culture
(Fig. 4C). Compared with infected control cells, target cells
remained negative, suggesting that particles found in the super-
natant did not come from new infection events but released
from endocytic compartments. Supernatants were collected
after 12 h and used to infect lymphoid MT4 T cells (Fig. 4D).
The supernatants from untreated and AMD3100-treated cul-
tures were able to establish a productive infection in M T4 cells.
Conversely, the supernatant of the IgGb12 condition could not
infect target cells, indicating that infection was not generated
from contamintant MOLT,, 5 cells. These results indicate
that antigen-loaded cells did not become infected but were able
to infect bystander CD4™" cells after recycling of HIV to the cell
surface and release to the cell supernatant.

Dynasore Did Not Block Uptake or Infection of CD4"* T Cells—
Dynasore (80 um), a dynamin-dependent endosomal scission
inhibitor, has been shown to block the infection of HeLa cells,
suggesting that endosomal uptake was a prerequisite for fusion
and infection (20). We and others have shown that cell-to-cell
transfer of HIV may occur through an endocytic process in
which virus antigen is colocalized with clathrin and dynamin
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FIGURE 4. Trans-infection by released HIV viruses from antigen-loaded cells. A, in this experimental procedure, supernatants from cocultures were
collected and used to infect MT4 T cells. B, after 12 h of culture, p24-antigen content was evaluated in the supernatant (white bars) and in the purified cells (black
bars) by CAp24 ELISA and intracellular CAp24 antigen staining, respectively. C, total viral DNA was also quantified in purified cells by PCR using infected CD4 "
T cells as a positive control. Results represent the total viral DNA copy number relative to the cellular control gene RNaseP. D, infection of MT4 T cells by collected
supernatants was evaluated at day 5 by supernatant CAp24-antigen content. Data are the mean = S.D. (error bars) of three independent experiments.

(12,18,19,21, 33). However, dynasore did not prevent the CD4-
dependent uptake of HIV antigen into target cells (Fig. 1), did
not prevent virus replication in antigen-loaded, activated cells
after cell-to-cell transfer of virus (Fig. 3), and was devoid of
antiviral activity in peripheral blood mononuclear cells at sub-
toxic concentrations (Table 1). Conversely, dynasore blocked
the PMA-induced down-regulation of the CD4 receptor in pri-
mary CD4" lymphocytes (Fig. 5), a process that involves a
clathrin-dependent endocytic pathway (34).

To analyze the effect of dynasore in dynamin function during
HIV uptake we performed a colocalization analysis between
HIV Gag antigen (CAp24) and dynamin in untreated or dyna-
sore-treated cocultures (Fig. 6A). Colocalization coefficients of
0.73 and 0.75 between CAp24 antigen and dynamin protein
were calculated in both untreated and dynasore-treated cocul-
tures respectively, indicating that early compartmentalization
of HIV particles was associated with the dynamin endocytic
machinery, but could not be blocked by an agent targeting the
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FIGURE 5. Dynasore prevents PMA-induced down-regulation of CD4
receptor. Primary CD4™ T lymphocytes were pretreated for 30 min with or
without 160, 80, 16, 4, and 1 um of dynasore and then cultured in the absence
(white bars) or the presence of PMA at 1 ug/ml (black bars) for an additional 30
min. Then, cells were fixed with 2% of formaldehyde, and surface CD4 expres-
sion (mean fluorescence intensity, MFI) was evaluated with an anti-CD4 mAb.
Cells were analyzed by flow cytometry and identified by morphology. Dyna-
sore inhibited PMA-induced CD4 down-regulation in a dose-dependent man-
ner. Data are the mean = S.D. (error bars) of three independent experiments.
* p < 0.05.

16 4 1

scission of early formed endosomes. Colocalization between
HIV Gag antigen (CAp24) and CD4 receptor in untreated or
dynasore-treated cocultures between primary CD4" T cells
and infected MOLT\ , 5 cells showed similar colocalization
coefficients (0.78 and 0.84 for untreated and dynasore-treated
conditions, respectively) (Fig. 6B).

DISCUSSION

Complete fusion of HIV particles within endosomal mem-
branes has been used to indicate that internalization of HIV
particles through an endocytic pathway was required for
infection (20, 24). Here, we show, using primary CD4 T lym-
phocytes, that cell-to-cell contacts between HIV-infected
and uninfected cells induced the endocytic uptake of viral
particles into trypsin-resistant, dynamin-enriched compart-
ments. Only the inhibition of gp120-CD4 interaction (virus
attachment to CD4) could block the transfer of HIV parti-
cles. Conversely, the addition of the coreceptor inhibitor
AMD3100 induced the accumulation of virus particles lead-
ing to massive endocytosis into cells in which the virus-cell
fusion process was completely arrested (18, 25, 33). Activa-
tion of purified antigen-loaded cells initiated a productive
infection but only when cells were cultured in the absence of
mAb IgGbl12, an inhibitor of virus attachment to CD4.
IgGb12 should be unable to penetrate the cell surface. How-
ever, we cannot completely exclude the possibility of an anti-
body such as IgGb12 to enter already formed intracellular
compartments containing HIV particles.

These results suggest that endocytosed viral particles could
not initiate a productive infection from within endosomes in
primary CD4™" T cells (i.e. by virus fusion to the endosomal
membrane). We hypothesize that endocytosed viruses could
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only induced infection in trans (trans-infection) because they
were required to resurface and reach the extracellular environ-
ment and engage CD4 leading to virus-cell fusion and replica-
tion, a condition that could only be achieved in the absence of
an attachment inhibitor in the cell supernatant. We have shown
that antigen-loaded cells may release virus particles (11), and
cocultures of antigen-loaded T cell with U87-CD4 target cells
may lead to infection of the U87-CD4 cells (18), indicating the
possibility of trans-infection. Here, we demonstrate that super-
natant from purified antigen-loaded, but viral DNA-negative T
cells, released virus to the supernatant that later infected MT4
cells, strongly suggesting that antigen-loaded cells trans-infect
bystander CD4™ T cells.

Recent data indicate that prior to membrane fusion, virions
may need to undergo maturation after cell-to-cell transfer of
HIV-1 (25), a process that might be impaired or further delayed
in nonstimulated primary CD4" T cells, and thus, productive
infection was only possible after virus recycling to the cell sur-
face. Moreover, virion maturation may allow the virus to trans-
fer from cell-to-cell in a conformation immunologically distinct
that might escape the detection by neutralizing antibodies.
However, these findings are in contrast to data showing that
anti-gp41 antibodies 4E10 and 2F5 did not block the transfer of
HIV particles from infected to target cells but blocked produc-
tive infection of target cells (35), suggesting that HIV infection
between T cells is transmitted by a neutralization-sensitive
mechanism (4, 35). Our results reinforce the idea that endocy-
tosed virus after cell-to-cell contacts may represent an itinerant
virus reservoir able to induce the trans-infection of bystander T
cells, but not leading to effective virus fusion or replication from
within internal endosomal compartments. The contribution of
this mechanism in the pathogenesis of HIV in vivo still needs to
be completely clarified but should be taken into account when
developing new antiviral strategies (36).

Using confocal microscopy, we found clathrin and dynamin
proteins colocalized with HIV particles (33) which in turn were
colocalized with CD4 (Fig. 6). However, dynasore, a dynamin-
dependent endosomal scission inhibitor previously shown to
block virus replication in HeLa cells (20, 24), did not prevent
virus capture, virus cell fusion, and virus replication after cell-
to-cell transfer to primary CD4™" T cells. In concordance, pre-
vious observations indicated that VSV-G-pseudotyped HIV
infection could not be inhibited after dynasore treatment, sug-
gesting that VSV and HIV envelopes mediate distinct modes of
virus entry (37). Moreover, it has been demonstrated that dyna-
sore inhibits clathrin-mediated endocytosis at two different
steps. The ultrastructural analysis of the effect of dynasore on
clathrin-coated structures shows the appearance of “U” and “O”
shape-coated pits associated with the plasma membrane (38).
Consequently, internalization of CAp24 antigen into the “ini-
tial” coated pits in the presence of dynasore cannot be ruled out.
Altogether, it appears that internalization of particles initially
required the endocytic machinery, and dynasore might not be
able to inhibit the initial formation of these endocytic compart-
ments. Blocking HIV endocytosis (e.g. with dynasore) without
preventing virus replication would be the ultimate proof of
endocytosis not being necessary for infection. This could not be
achieved with dynasore at nontoxic concentrations, and there-
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FIGURE 6. Uptake of HIV particles into intracellular CD4" compartments in primary T lymphocytes was not blocked by dynasore. Primary CD4* T
lymphocytes were cocultured overnight with HIV-infected MOLT\ 45 cells in the presence or the absence of dynasore (80 um). Recovered cells were trypsinized
to remove membrane-bound viruses and immunostained with antibodies against HIV CAp24 antigen, CD4 receptor, and dynamin. Sections of single target
CD4™" T cells were viewed and analyzed by confocal microscopy. Colocalization between (A) HIVp24 antigen (green) and dynamin protein (red) or between (B)
HIVp24 antigen (green) and CD4 receptor (red) was performed for uninfected (upper panels), untreated (middle panels), and dynasore-treated (lower panels)
cocultures. The images show the phase-contrast (left column), the single stainings, the overlay (yellow), and the colocalized pixels (white). ACD4™ T lymphocyte
representative of each coculture is shown from at least two independent experiments.

fore, the hypothesis remains unresolved. However, we clearly
show that internalized virus required to resurface to initiate a
productive infection, suggesting that endocytosis may not be a
route of productive infection.

The development of new small molecule inhibitors of clath-
rin-coated pit assembly (Pitstop) allowed better characteriza-
tion of clathrin functions within the endocytic network (39).
Pitstop-induced inhibition of clathrin terminal domain inter-
feres with receptor-mediated endocytosis and synaptic vesicle
recycling and has been shown to increase the lifetime of clath-
rin-coated components, including dynamin. These agents were
also shown to block HIV entry in HeLa cells, but it remains to be
resolved whether inhibition of virus replication was due to pre-
venting virus-endosome fusion or the recycling of HIV parti-
cles. Importantly, the antiviral activity of endosome function
should be evaluated in primary T cells that better model the
interactions between virus and cell functions.

Nef-induced down-regulation of CD4 results in internaliza-
tion and degradation of surface CD4 in lysosomes (40). Preven-
tion of endosome and lysosome acidification by macrolide anti-
biotics such as BFLA1 and CON A inhibits degradation of CD4

and consequently promotes accumulation of CD4 in endo-
somes and lysosomes (41). Moreover, different types of endo-
some acidification inhibitors increase infectivity of HIV parti-
cles presumably by preventing them from degradation in late
endosomes and lysosomes (42). Colocalization of HIV particles
with CD4 in dynamin-containing endosomes could indicate
that CD4 protects virus particles from degradation and helps
recycle back HIV to the cell surface. However, in our hands,
acidification inhibitors such as BFLA1 and CON A did not pre-
vent or augment virus transfer from infected to uninfected cells.
Therefore, our results did not shed light on the protective role
of CD4 in endocytic virus degradation.

In conclusion, after cell-to-cell transfer of HIV-1 into target
primary CD4™" T cells we observed that cells were only infected
if left in culture in the absence of an attachment inhibitor to
CD4 (mAb IgGb12), suggesting that virus needed to resurface
to begin a productive infection. Moreover, dynasore, an inhib-
itor of dynamin-dependent endocytosis, did not block virus
replication. Endocytosis may not be the primary mechanism of
infection by HIV-1 after cell-to-cell contact, but a reservoir able
to induce trans-infection of bystander CD4 ™" T cells.
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Antiretroviral Agents Effectively Block HIV Replication after Cell-to-
Cell Transfer

Marc Permanyer, Ester Ballana, Alba Ruiz, Roger Badia, Eva Riveira-Munoz, Encarna Gonzalo, Bonaventura Clotet, and José A. Esté

IrsiCaixa, Hospital Universitari Germans Trias i Pujol, Universitat Autonoma de Barcelona, Badalona, Spain

Cell-to-cell transmission of HIV has been proposed as a mechanism contributing to virus escape to the action of antiretrovirals
and a mode of HIV persistence during antiretroviral therapy. Here, cocultures of infected HIV-1 cells with primary CD4* T cells
or lymphoid cells were used to evaluate virus transmission and the effect of known antiretrovirals. Transfer of HIV antigen from
infected to uninfected cells was resistant to the reverse transcriptase inhibitors (RTIs) zidovudine (AZT) and tenofovir, but was
blocked by the attachment inhibitor IgGb12. However, quantitative measurement of viral DNA production demonstrated that
all anti-HIV agents blocked virus replication with similar potency to cell-free virus infections. Cell-free and cell-associated infec-

tions were equally sensitive to inhibition of viral replication when HIV-1 long terminal repeat (LTR)-driven green fluorescent
protein (GFP) expression in target cells was measured. However, detection of GFP by flow cytometry may incorrectly estimate
the efficacy of antiretrovirals in cell-associated virus transmission, due to replication-independent Tat-mediated LTR transacti-
vation as a consequence of cell-to-cell events that did not occur in short-term (48-h) cell-free virus infections. In conclusion,
common markers of virus replication may not accurately correlate and measure infectivity or drug efficacy in cell-to-cell virus
transmission. When accurately quantified, active drugs blocked proviral DNA and virus replication in cell-to-cell transmission,
recapitulating the efficacy of antiretrovirals in cell-free virus infections and in vivo.

Antiretroviral therapy (ART) and human immunodeficiency
virus research have achieved unprecedented series of break-
throughs that have translated into the largely successful manage-
ment of what is now considered a chronic treatable infection (18,
33).Inlong-term-treated patients, the withdrawal of ART leads to
a rebound of the plasma viral load, indicating that current treat-
ment is unable to eradicate the virus from an infected patient
despite apparently suppressed viral replication. Multiple factors
may affect HIV persistence in the presence of antiretroviral treat-
ment. Persistent viremia may arise from long-lived productively
infected cells that were infected prior to therapy initiation or from
the intermittent reactivation of latently infected cells. Alterna-
tively, residual viral replication during ART or in sanctuary sites
into which antiretrovirals poorly penetrate would explain HIV
persistence (12). The degree to which HIV can effectively replicate
during therapy is a highly contentious issue (14), and it is actively
being studied in patients and cell culture models.

Recently, Sigal et al. (36) suggested that cell-to-cell transmis-
sion of HIV represents a mechanism contributing to virus escape
from the action of antiretrovirals and a mode of HIV persistence
during antiretroviral therapy. A mathematical model was used to
demonstrate that the drug concentration required to prevent a
single transmitted virion from infecting a target cell is much lower
than that needed to stop multiple transmitted virus particles from
infecting the same cell. Sigal et al. defined a transmission index
(T,) as the ratio between the number of infected cells in the pres-
ence of drug (I;) and the fraction of cells infected in the absence of
drug (I), adding further complexity to the model by associating T,
with the multiplicity of infection (MOI; abbreviated as “m” in the
equation presented below), defined as the product of virus particle
number and the infectivity per virus particle. Then, cell-to-cell
spread was used as the experimental model to recapitulate the
effect of multiple virus transmission.

We and others have demonstrated that coculture of HIV-1-
infected cells with CD4" T cells leads to detection of large
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amounts of enveloped virions in clathrin-coated endosomes (6, 8,
9,22,27,28,31) that persist for 48 h (6) or as long as the target cells
are cultured with infected cells. Cell-to-cell HIV transfer is
blocked by agents that prevent virus attachment (7), but is resis-
tant to agents targeting HIV coreceptors, gp41-dependent fusion
inhibitors or neutralizing antibodies, and, importantly, agents tar-
geting the reverse transcriptase (RT) (11, 25, 31). Endocytic trans-
fer of HIV may lead to virus replication, but incoming viral anti-
gen in target cells may incorrectly be interpreted as a marker of
virus replication. Therefore, the aim of the present work was to
evaluate the efficacy of known antiretrovirals in cell-associated
virus transmission compared to cell-free virus infection. We show
that anti-HIV drugs are able to block viral DNA production and
the inherent virus replication in cell-to-cell viral transmission,
recapitulating the efficacy of antiretrovirals in cell-free virus infec-
tion.

MATERIALS AND METHODS

Cells. Peripheral blood mononuclear cells (PBMCs) from healthy donors
were purified by Ficoll-Hypaque sedimentation. CD4™ T lymphocytes
were immediately purified (>95%) from PBMCs by negative selection
using the CD4™ T cell enrichment kit (Stem Cell Technologies, Vancou-
ver, Canada) and grown in RPMI 1640-L-glutamine medium (Gibco,
Madrid, Spain). Chronically HIV-1-infected MOLT cells were generated
after infection of the MOLT-4/CCR5 lymphoid cell line (AIDS Research
and Reference Reagent Program, National Institutes of Health, Bethesda,
MD) with an NL4-3 X4 HIV-1 strain (HIV-1y;,5) constructed in an
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HIV;xg, backbone (29). After the infection peak, the persistently infected
culture was grown and characterized for Env expression and virus pro-
duction (5). Uninfected MOLT-4/CCRS5 cells were used as negative con-
trols in all experiments. MOLT-4, the lymphoid T cell line MT-4 (ob-
tained from the Medical Research Council, Centre for AIDS Reagents,
London, United Kingdom), and the green fluorescent protein (GFP) ex-
pressing CEM-GFP cell line (AIDS Research and Reference Reagent Pro-
gram, National Institutes of Health, Bethesda, MD) were cultured in
RPMI (Gibco, Madrid, Spain). Media were supplemented with 10% heat-
inactivated fetal calf serum (FCS; Life Technologies, Madrid, Spain), 100
U/ml penicillin, and 100 p.g/ml streptomycin.

Cocultures of infected and uninfected cells. Primary CD4™ T cells
were cocultured with uninfected or HIV-1 persistently infected MOLT
cells as previously described (6, 7, 11). Briefly, target cells (purified pri-
mary CD4™ T cells or MT-4 cells) were first labeled with the cell tracer
DDAO-SE (Molecular Proves, Life Technologies) at a final concentration
of 0.5 pg/ml for 30 min. Cells were extensively washed before being mixed
with effector MOLT cells. Both effector and target cells (2 X 10° cells each
in a 1:1 ratio) were cocultured in a 96-well culture plate in a final volume
of 0.2 ml in the absence or the presence of the following HIV-1 inhibitors:
the reverse transcriptase inhibitors (RTIs) zidovudine (AZT; 4 pM) (Sig-
ma-Aldrich) and tenofovir disoproxil fumarate (TDF; 4 puM) (AIDS Re-
search and Reference Reagent Program) and 10 pg/ml of the neutralizing
anti-gp120 monoclonal antibody (MAb) IgGb12 (Polymun Scientific).
After overnight coculture, primary CD4™ T cells were purified (>99%
purity) from MOLT cells by fluorescence-activated cell sorting (FACS)
(FACSAria IT; BD Biosciences). Recovered CD4 " T cells were maintained
in the presence of the same compound used during the initial coculture.
After 5 days, infection in target cells was assessed by enzyme-linked im-
munosorbent assay (ELISA) for HIV capsid (CA) p24 antigen detection in
culture supernatants (Genscreen HIV-1 Ag EIA; Bio-Rad Laboratories).
Cocultures with target MT-4 T cells were performed during 2 h, 8 h, 24 h,
and 48 h at 37°C.

Evaluation of HIV transfer. The capture of HIV-1 p24 antigen (p24)
by primary CD4™ T cells and MT-4 cells was evaluated by flow cytometry
as shown before (8, 22). Prior to staining, cells were trypsinized to elimi-
nate HIV-1 particles bound to the cell surface. For trypsin treatment, cells
were washed with phosphate-buffered saline (PBS) and treated for 8 min
at room temperature with 0.25% trypsin solution (Life Technologies, Ma-
drid, Spain). Trypsin was stopped by addition of FCS, and cells were then
washed with PBS. For intracellular staining, cells were fixed, permeabil-
ized (Fix & Perm; Caltag, Burlingame, CA), and stained with the anti-HIV
p24 antigen MAb KC57 (Coulter, Barcelona, Spain). Cells were analyzed
in an LSRII flow cytometer (BD, Madrid, Spain) and identified by mor-
phological parameters and DDAO-SE staining. Quantification of HIV-1
transfer was assessed by the percentage of p24-positive T cells, using the
coculture between T lymphocytes and MOLT uninfected cells as a nega-
tive control.

Comparison of cell-free and cell-associated infections in CEM-GFP
cells. CEM-GFP cells were infected either with cell-free virus or as a result
of being cocultured with HIV-infected MOLT cells. For cell-free virus
infections, 1 X 10° CEM-GFP cells were infected with 1,000 ng of an
NL4-3 HIV strain (HIV; 4 ;) or mock infected with the same volume of
medium. Coculture infections were performed at two different ratios of
target to donor cells (2:1 and 9:1 CEM/MOLT ratio) and adjusted to a
total of 2 X 10° cells. To differentiate effector from target cells by flow
cytometry, MOLT cells were previously labeled with cell tracer DDAO-SE
(Molecular Proves, Life Technologies) as described above. After extensive
washes with PBS, 1.3 X 10° CEM-GEP cells were mixed with 0.6 X 10°
MOLT cells at a 2:1 ratio and 1.8 X 10° CEM-GFP cells were mixed with
2 X 10* MOLT cells at a 9:1 ratio. For both ratios, cocultures with MOLT
uninfected cells were performed as negative controls. Cell-free and cell-
associated infections were carried out for 48 h in the presence or absence
of various concentrations of AZT and TDF. Forty-eight hours postinfec-
tion, cells were recovered and infection was quantified by emission of
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green fluorescent protein (GFP) signal in target cells using flow cytometry
in coculture infections. DDAO-SE and GFP double-positive cells, consid-
ered donor-target cell fusions, were excluded from the analysis. To quan-
tify total GFP expression, cells were also viewed in a Nikon eclipse TE-200
microscope coupled to a charge-coupled device (CCD) Kappa camera,
and the images obtained were used to quantify GFP expression. Quanti-
fication of total GFP was performed by evaluating and quantifying the
average intensity of GFP signal for every image as implemented in the
Launch VisionWorks software.

HIV-independent transactivation of HIV LTR in CEM-GFP cells.
Cocultures between HeLa Env* cells (National Institute for Biological
Standards and Control [NIBSC], United Kingdom) and CEM-GEFP cells
were performed to demonstrate unspecific replication-independent long
terminal repeat (LTR)-driven expression of GFP in CEM-GEFP cells (10,
19). A total of 2 X 10° HeLa Env™ cells (also expressing Tat and Rev
proteins) were seeded in a 24-well plate the day before the initiation of the
coculture. After the removal of the supernatant, the coculture was initi-
ated by the addition of 2 X 10> CEM-GFP cells in the presence or the
absence of 4 wM tenofovir (TFV) in a final volume of 1 ml. Cocultures
with the HeLa cell line TZM-bl (Env™) were used as negative controls.
Twenty-four hours later, cells were recovered and visualized in a Nikon
eclipse TE-200 microscope coupled to a CCD Kappa camera.

Quantitative real-time PCR for proviral HIV-1 DNA detection. Pro-
viral DNA was quantified as described before (3, 4). Briefly, cells were
pelleted, supernatant was removed, and pellets were frozen at —20°C until
use. Total cellular DNA was extracted using the QiaAmp DNA-extraction
kit (QIAmp DNA blood minikit; Qiagen, Madrid, Spain) as recom-
mended by the manufacturer. Quantitative amplification of LTR was per-
formed using the following primers and probe (forward primer, 5'-GAC
GCAGGACTCGGCTTG-3'; reverse primer, 5'-ACTGACGCTCTCGCA
CCC-3'; probe, 5'-TTTGGCGTACTCACCAGTCGCCG-3', labeled with
the fluorophore 6-carboxyfluorescein [FAM] and the quencher 6-car-
boxytetramethylrhodamine [TAMRA]). To normalize HIV copy values
per cell, amplification of the cellular RNase P gene was performed using
the TagMan RNase P control reagents kit (Applied Biosystems, Roche,
Barcelona, Spain). For each experiment, DNA extracted from 8E5/LAV
cells (harboring one copy of integrated HIV-1 per cell) was used to build
a standard curve of the proviral DNA copy number, and DNA extracted
from uninfected CEM-GFP cells was used to build a standard curve of the
cell number. The PCR was performed in a total volume of 50 .l using 1X
TagMan Universal PCR master mix (Applied Biosystems), a 0.9 .M con-
centration of the primers, 0.25 wM probe, and 5 pl of the DNA sample.
Reactions were analyzed with the ABI Prism 7000 instrument using SDS
1.1 software (Applied Biosystems). For each experiment with cell-associ-
ated infections, the background of proviral DNA copy number coming
from MOLT infected cells was subtracted using a control condition in
which an equal cell number of MOLT NL4-3 cells were cultured alone.

Calculation of T,. The transmission index (Tx), designed to quantify
the infection sensitivity to drugs (36), was calculated as the fraction of cells
infected in the presence of drug (I,;) divided by the fraction of cells in-
fected in the absence of drug (I). T, depends on the multiplicity of infec-
tion (MOI) (symbolized here by the variable 1), defined as a fraction of
the number of infected cells by the number of target cells, and on the
reduction of infection, f(d), in a given drug concentration (d) as in the
equation

Id 1—- e_"’/f<d)

In the present study, m corresponds to the percentage of infected cells
(GFP™ or p24™) in the untreated condition, which was set to roughly 4%
of GFP™ cells under both cell-free and cell-associated infections. For each
drug concentration tested, the T, was calculated as the fraction of GFP™
cells in the presence of drug by the percentage of GFP™ cells in the absence
of drug. T, was equally calculated using the total HIV DNA or using the
data obtained with the intracellular p24 antigen staining.
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FIG 1 HIV antigen internalization in the absence of productive infection.
Uninfected or HIV-1, s-infected MOLT cells were cocultured with primary
CD4™" T lymphocytes in the presence or the absence of IgGb12 (10 pg/ml),
AZT (4 uM), and tenofovir (TDF, 4 pM). After overnight coculture, target
cells were sorted and left in culture during 5 days in the presence of the same
compound. Quantification of transferred HIV-1 antigen transfer was assessed
by the percentage of intracellular HIV-1 p24 antigen-positive cells measured
by flow cytometry and expressed relative to the untreated condition (a), and
total viral DNA (proviral DNA) measured by qPCR and represented as the
copy number of proviral DNA/cellular RNAse P copies (b) was assessed after
overnight coculture (black bars) and 5 days post-coculture (white bars). Su-
pernatant p24 antigen production (c) was also evaluated at day 5. The data
shown are the means * standard deviations (SD) of three independent exper-
iments.

RESULTS

Cell-to-cell transmission of HIV-1 in the absence of virus repli-
cation. We have previously shown that HIV-1 persistently in-
fected or acutely infected T cells or dendritic cells may transfer
HIV-1 particles to intracellular compartments in target CD4* T
cells (6, 7, 11). After overnight cocultures of HIV-1;, ;-infected
MOLT cells with nonstimulated primary CD4" T lymphocytes,
roughly 20% of target cells were HIV antigen positive compared to
the untreated condition (Fig. 1a, black bars). Antigen detection
was resistant to the RT inhibitors AZT (4 wM) and TDF (4 pM),
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FIG 2 Virus transfer to lymphoid cells in the absence of virus replication.
Uninfected or HIV-1y;, ;-infected MOLT cells were cocultured with lym-
phoid CD4™ MT-4 cells in the presence or absence of [gGb12 (10 pg/ml), AZT
(4 uM), or TDF (4 wM). Two hours, 8 h, 24 h, and 48 h post-coculture, HIV-1
antigen transfer was assessed by the percentage of intracellular p24-positive
cells using the coculture between MT-4 cells and MOLT uninfected cells as a
negative control (a). Total viral DNA (proviral DNA), represented as the copy
number of proviral DNA/cellular RNAse P copies, was used to quantify infec-
tion in target cells (b). The data shown are the means = SD from three inde-
pendent experiments.

but was inhibited by the attachment inhibitor IgGb12 (10 wg/ml).
However, at the same time point, cells remained negative of viral
DNA, as measured by quantitative PCR (qPCR) (Fig. 1b, black
bars), indicating that antigen detected in CD4 ™" T cells was not the
product of virus replication in the target cells, but was transmitted
from the infected MOLT cells. When HIV antigen-positive target
cells were sorted and left for 5 days in the presence of the inhibi-
tors, only the untreated cells remained positive for p24 antigen
staining (Fig. la, white bars). Proviral DNA detection (Fig. 1b,
white bars) and p24 antigen production in the supernatant (Fig.
1c) were only detected in untreated cells, indicating that the anti-
retrovirals used effectively block virus replication after cell-to-cell
transmission.

In lymphoid MT-4 cells, captured virus could be detected as
early as 2 h post-coculture, reached a maximum at 24 h, and was
maintained for up to 48 h (Fig. 2a). Early flow cytometry detection
of intracellular virus antigen may indicate that HIV antigen in
short-term cocultures does not accurately measure HIV infectiv-
ity. To confirm this hypothesis, total viral DNA in target cells was
measured by qPCR. Figure 2b shows that despite massive intracel-
lular p24-antigen detection, TDF and AZT clearly blocked infec-
tion even after 48 h post-coculture.
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FIG 3 LTR-driven GFP did not accurately measure cell-associated infection or drug susceptibility. CEM-GFP cells were cocultured with uninfected or
HIV-1y4.5-infected MOLT cells or infected by cell-free virus (HIV-1,;,_;) in the presence or absence of 4 uM TDF and 4 pM AZT. Infection of target cells was
determined by the percentage of cells positive for GFP signal 48 h postcoculture. (a) Dot plots of flow cytometry analysis corresponding to one representative
experiment are shown. In the cell-associated infection assay, double-positive cells were excluded from the analysis for being considered cell-cell fusions, as
suggested in reference 36. (b) Total LTR-driven GFP expression in the corresponding cell cultures. Values represent the average fluorescence intensity of the cell
culture, as measured by green/gray pixel intensity in GFP fluorescence. Images showing the GFP fluorescence and phase-contrast overlays and the average
fluorescence intensity values correspond to one representative experiment of three.

Cell-free and cell-associated HIV infections were equally
sensitive to inhibition by reverse transcriptase inhibitors. To
compare drug efficacies in cell-free and cell-associated virus trans-
mission, CEM-GFP cells were cocultured with HIV-1,;, 5-in-
fected MOLT cells labeled with DDAO cell tracer or infected with
cell-free virus (HIV-1y;4.5), in the presence of various concentra-
tions of the RT inhibitors AZT and TDEF. Forty-eight hours post-
coculture, infection of target cells was determined by the percent-
age of cells positive for GFP signal and by proviral DNA detection
(Fig. 3 and 4). As indicated in reference 36, care was taken to
normalize virus input in both cell-free and cell-associated cul-
tures, leading to roughly identical results in the percentage of
GFP™" cells in the untreated condition at 48 h (Fig. 3a). A signifi-
cantly high virus concentration, roughly 5 pg/ml of p24 antigen
and >25-fold higher of the commonly used virus input in drug
susceptibility studies in MT-4 cells (20, 21), was required to
achieve 4 to 5% GFP™ cells in cell-free infections. Under these
conditions, both AZT and TDF effectively blocked virus replica-
tion with similar 50% effective concentrations (EC5,s) measured
either by GFP signal or total viral DNA in target cells (Table 1).

Flow cytometry evaluation of LTR-dependent GFP expres-
sion in cell-associated infections underestimates virus replica-
tion and may not accurately evaluate antiviral efficacy. Cell-to-
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cell culture of infected and uninfected cells may lead to Tat-
dependent transactivation of the HIV LTR in the absence of virus
replication (10, 19, 38). Cocultures of HeLa Env™ cells, expressing
Tat and Rev proteins, with CEM-GFP cells were performed to
show HIV-1 replication-independent LTR-driven expression of
GFP. Transactivation of HIV-1 LTR occurred in the absence of
virus replication and could not be inhibited by TDF (see Fig. S1 in
the supplemental material).

When comparing cell-free and cell-associated infections under
conditions in which GFP expression was normalized to that of
target cells by flow cytometry, the average fluorescence intensity
(mean fluorescent intensity [MFI]) of the complete culture mea-
sured by fluorescence microscopy was higher in cell-associated
virus than that in cell-free infections (Fig. 3b). AZT and TDF
blocked total GFP expression measured by microscopy in cell-free
infections, but inhibition was only partial in cell-associated infec-
tions (48% and 25% for AZT and TDF, respectively), indicating
that GFP at 48 h was a reflection of both Tat-dependent transac-
tivation and a minor component of effective viral replication.
Conversely, flow cytometry data suggest a very similar inhibition
in cell-free and cell-associated infections (75% versus 60% for
AZT and 95% versus 84% for TDF, comparing cell-free versus
cell-associated infections). This is due to the incapacity of flow
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FIG 4 Potent inhibition of HIV replication in cell-free and cell-associated infection as measured by total viral DNA. CEM-GEFP cells were either infected with cell-free
HIV-1y4.5 or cocultured with HIV-1;, s-infected MOLT cells in the presence or the absence of serial dilutions of tenofovir (TDF) and AZT. Forty-eight hours
post-coculture, infection of target cells was determined by the percentage of cells positive for GFP signal (left panels), as assessed by flow cytometry, or total viral DNA
(right panels) amplified by gPCR and normalized by the cellular housekeeping gene coding for RNAse P. Cell-free (black lines) and cell-associated (gray lines) infections
were normalized by the fraction of cells infected in the absence of drug using similar GFP™ values (a, b, ¢, and d) or similar proviral DNA copy number (e, f, g, and h).
Proviral DNA data are expressed as relative to the untreated condition. Data represent the means = SD from three independent experiments.
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TABLE 1 Similar anti-HIV activities of RTI in cell-free and cell-
associated HIV-1 infections

ECso (RM)? of:

Cell-free virus Cell-associated virus

RTI GFP

TDF  0.0085 = 0.0012
AZT  0.0086 * 0.0054

Proviral DNA GFP

0.0059 *+ 0.001 0.01 = 0.0039
0.0033 + 0.0028 0.0122 *+ 0.0055

Proviral DNA

0.0069 * 0.0026
0.0046 * 0.0007

“The 50% effective concentration (EC5,) was determined by GFP and proviral DNA
measurements after cell-free and cell-associated HIV y; ,_; infections in CEM-GFP cells
cultured for 48 h to determine the dose-response curves of AZT and TDF. Considering
any of the two systems employed to quantify infection, there was no significant
difference in the EC5,s between the cell-free and cell-to-cell infections. The values
shown represent the means * standard deviations from three independent
experiments.

cytometry to quantify GFP™ giant cell fusions, which on the other
hand, may have an important component of Tat-dependent
transactivation due to Env-mediated cell fusion.

To further confirm the effect of antiretrovirals in cell-to-cell
infections, total viral DNA was measured under conditions in
which GFP expression was normalized to that of target cells by
flow cytometry (Fig. 4a and c). Total viral DNA was significantly
higher in cell-associated infection; however, both AZT and TDF
potently blocked total viral DNA with similar potencies (Fig. 4b
and d; Table 1). These results could be interpreted as cell-to-cell
transmission being a more efficient mechanism of infection.
However, when infectivity was normalized to total DNA by reduc-
ing the number of infected cells in cocultures, the effects of both
AZT and TDF also showed similar potencies (Fig. 4e to h), indi-
cating that total viral DNA is a reflection of the higher multiplicity
of infection in cocultures that is not adequately quantified by gat-
ing GFP™ single cells, as indicated by Sigal et al. (36). The lack of
total inhibition of GFP™ cells by AZT in cell-free virus infections
may be a reflection of the high virus input that was required to
achieve an effect comparable to that observed in cell-associated
infection experiments.

The transmission index differs depending on how HIV infec-
tion is measured. The transmission index (T',) represents the ratio
between the fraction of infected cells in the presence of drug (I,;)
divided by the fraction of cells infected in the absence of drug (I),
and it is dependent on the MOI (1), defined as the product of the
virus particle number and the infectivity per virus particle (36).
The calculated T.s considering the intracellular p24 antigen stain-
ing measurements (i.e., transfer of virus) or the effective HIV in-
fection (i.e., total viral DNA quantification) are completely differ-
ent (Fig. 5aand b). No inhibition of intracellular virus antigen was
noted even in the presence of TDF (4 M), but complete inhibi-
tion of replication 48 h post-coculture was observed (Fig. 3 to 5).
According to GFP expression, the potency of TDF or AZT in cell-
free virus infection could not be recapitulated in cell-to-cell trans-
mission but was clearly accomplished when total viral DNA was
measured (Fig. 5c and d). Thus, AZT and TDF blocked virus rep-
lication in cells that were apparently infected, as measured by
FACS analysis.

DISCUSSION

Cell-to-cell HIV transmission has often been associated with a
more efficient mechanism of infection (16, 17, 32, 34, 37). Infected
cells bind and interact with target CD4™ T cells in manners that
promote virus transmission through the so-called “virological
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synapse” in which the interaction between CD4 and the HIV en-
velope glycoprotein plays a prominent role (22, 31, 35). Effective
transmission of virus is a CD4-dependent process leading to virus
internalization and uncoating, reverse transcription, and subse-
quent steps leading to virus production from the infected cell.
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FIG 5 Transmission index (7)) for cell-free and cell-associated infections. (a)
Dot plots of a representative coculture between HIV-1y, ;-infected MOLT
cellsand primary CD4™" T cells. Values indicate the percentages of intracellular
p24 antigen-positive target cells in each quadrant. (b) Coculture between HIV-
L4 s-infected MOLT cells and primary CD4 " T lymphocytes was performed
for 48 h in the presence or absence of TDF (4 pM) and IgGb12 (10 pg/ml).
Data obtained by intracellular p24 antigen staining (black bars) and proviral
DNA quantification (white bars) were used to calculate the T, (36). The T, was
also calculated using GFP data and proviral DNA quantification after cell-free
(black bars) and cell-associated (white bars) infections performed for 48 h
using CEM-GFP target cells in the presence (+) or absence (—) of 4 wM TDF
(TFV) (c) or 4 puM AZT (d). The means = SD from three independent exper-
iments are shown.
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Cell-to-cell transmission was recently shown as a mechanism
to evade inhibition only by the anti-gp120 neutralizing antibodies,
including CD4-IgG2 (Pro542), but not when other entry inhibi-
tors were used, such as gp41-directed or cell-directed antibodies
(1). To this end, virus strains requiring addition of DEAE-dextran
for cell-free but not for cell-to-cell infection were used in nonlym-
phoid (HeLa TZM-bl) cells. DEAE-dextran is a nonspecific poly-
cation commonly used to enhance the association of viruses, in-
cluding HIV, with target cells via relatively nonspecific charge
interactions (2, 23) and may severely affect gp120 interactions
with the cell surface such as to interfere with the inhibitory
effect of gp120-targeting neutralizing antibodies. The results in
reference 1 are in contrast to previous observations that virus
attachment inhibitors, including CD4-IgG2 (7) and others (24)
effectively block cell-to-cell transmission with equal potency to
cell-free transmission.

We and others have shown that cell-to-cell contact may lead to
the transfer of HIV particles through an endocytic internalization
of fully coated virions, readily detectable in CD4™ target cells (8,
22). However, endocytosis as a means to productive infection is a
matter of ample debate. Early and recent evidence indicates that
HIV may fuse with endosomal membranes to initiate a productive
infection (13, 15, 28, 30), questioning the general understanding
that virus entry occurs at the cell surface. Here, we recapitulate
these results to demonstrate that evaluation of the presence of
virus antigen in target cells at early time points does not accurately
measure infectivity or drug efficacy. Conversely, detection of total
viral DNA (proviral DNA) as measured by qPCR clearly demon-
strates that cells remained infection negative in the presence of
antiretroviral agents. Our results contrast with those of Sigal et al.
(36), who evaluated intracellular antigen in cocultures of infected
and uninfected cells and assumed that the presence of intracellular
HIV antigen in short-term cocultures accurately measured HIV
infectivity. Furthermore, to compare cell-free and cell-associated
viral transmission, we used a method based on measurement of
LTR-driven expression of a given marker to evaluate virus repli-
cation in cell-free virus infections, similar to that used by Sigal et
al. (36). A similar multiplicity of infection (1), defined as the
number of GFP-positive target cells in the absence of drug, was
used to compare drug efficacies in both infection systems. In line
with previous observations showing that both cell-to-cell spread
and cell-free viral spread were equally sensitive to entry inhibition
(7, 24), drug response curves demonstrated equal efficacy of anti-
retrovirals, strongly indicating that cell-to-cell transmission may
not allow for ongoing virus replication in the presence of antiret-
roviral therapy.

Similarly to Sigal et al. we have found that antiretroviral drugs
differentially blocked GFP expression, which may lead to the as-
sumption that antiretroviral agents effectively block cell-free virus
but fail to completely inhibit HIV-1 cell-to-cell spread. However,
we show complete inhibition of proviral DNA in the same target
cells, which, in contrast with the first assumption, points to a
similar efficiency of antiretrovirals in both modes of transmission.

As previously shown (10, 19), and unlike cell-free virus infec-
tion, AZT or TDF cannot block cell-to-cell-mediated Tat-depen-
dent transactivation in the absence of replication. Evaluation of
cell cultures by fluorescence microscopy demonstrated that this
effect could have important consequences in cell-associated infec-
tion when syncytium formation is not impaired by the antiretro-
viral agent tested. Moreover, the flow cytometry analysis does not
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entirely evaluate infection as giant syncytia cannot be analyzed.
Under these conditions, the potency of antiretroviral agents is
being underestimated. Thus, GFP expression may not accurately
evaluate drug efficacy in cell-associated virus transmission.

The value of m is similar to the well-known definition of mul-
tiplicity of infection (MOI), that is, the ratio of infectious agents
per target cell, a concept commonly used to normalize virus titers
prior to the evaluation of drug efficacy or virus drug resistance in
cell culture experiments. The convention, when comparing the
efficacy of a drug against two independent virus strains (or two
mechanisms of virus transfer), is to normalize the virus input and
then determine the efficacy of the drug, which is commonly re-
ported as the fold change (FC) in EC5s. Assuming a similar MOI,
the probability to propagate two infectious viruses (or two mech-
anisms of infection of the same virus) is the same, i.e., the infec-
tivity of a virus particle does not increase by increasing the number
of particles (with a higher MOI). A higher MOI raises the number
of infectious events. Screening of anti-HIV agents is commonly
tested at a low MO, and plasma viral load is a predictor of treat-
ment efficacy (26). Sigal et al. conclude that infectivity through
cell-to-cell transfer is resistant to the drug, but they have failed to
evaluate both conditions (cell-free versus cell-associated infec-
tion) at similar MOI, by incorrectly assuming that each virus
transferred in coculture will lead to a productive infection.

We concur with the hypothesis that multiple factors affect HIV
persistence in the presence of antiretroviral treatment. However,
assuming that cell-to-cell spread is permitting ongoing replication
despite antiretroviral therapy is difficult to ascertain; although
cell-to-cell spread has been well documented in vitro, its relevance
in patients is still to be defined. How virus reservoirs are main-
tained in the presence of therapy has important clinical implica-
tions and might be the main barrier to complete clearance of HIV
(33). Therefore, data on cell-to-cell spread should be taken with
caution as it is crucial to correctly distinguish and measure abor-
tive virus transfer or surrogate markers of infection (LTR-driven
GFP) from effective viral replication.
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