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1 Groupe Immunité des Muqueuses et Agents Pathogènes EA3064, University of Lyon, Faculté de Médecine
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Abstract

Worldwide most HIV infections occur through heterosexual transmission, involving complex

interactions of cell-free and cell-associated particles with cells of the female genital tract

mucosa. The ability of HIV-1 to “infect” epithelial cells remains poorly understood. To address

this question, replicative-competent chimeric constructs expressing fluorescent proteins and

harboring the envelope of X4- or R5-tropic HIV-1 strains were used to “infect” endometrial

HEC1-A cells. The virus-cell interactions were visualized using confocal microscopy (CM) at

various times post infection. Combined with quantification of viral RNA and total HIV DNA in

infected cells, the CM pictures suggest that epithelial cells do not support a complete viral

replication cycle: X4-tropic viruses are imported into the nucleus in a non-productive way,

whereas R5-tropic viruses transit through the cytoplasm without replication and are preferen-

tially transmitted to susceptible activated peripheral blood mononuclear cells. Within the limit

of experiments conducted in vitro on a continued cell line, these results indicate that the epi-

thelial mucosa may participate to the selection of HIV-1 strains at the mucosal level.

Introduction

Heterosexual transmission of HIV by semen from infected men to the genital mucosa of unin-

fected women is the main cause of new infections worldwide. HIV is present in semen as cell-

associated virus in non-spermatozoa mononuclear cells as well as cell-free particles. Diverse

routes of transmission involving these two forms of viruses through the intact female genital

mucosa have been described [1–10]. One model suggests that cell-free particles pass through

the epithelial cells by transcytosis [1,11]. Alternatively, seminal mononuclear cell-associated

viruses may transmigrate through the female genital tract [12,13]. Dendritic cells and Langer-

hans cells were also shown to play a key role in the transport of virions across the mucosa, as
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recently reviewed in [14]. However, many questions persist on the relevance of these different

mechanisms for HIV in vivo transmission, on the respective role of mono- or multi-layered

epithelium for modulating this passage and on the form of virus being preferentially transmit-

ted. The susceptibility of epithelial cells from various tissues to HIV infection and their partici-

pation in viral transmission through the epithelial barriers is also largely debated (reviewed

recently in [10] and [15]). In the era of new prevention strategies, including pre-exposure pro-

phylaxis, microbicides and treatment as prevention, understanding these mechanisms will

help to develop more efficient preventive weapons against HIV [3,16].

In order to visualize virus-cell interactions, several authors have developed different types

of virological tools, such as luminescent single-cycle pseudoviruses, replication competent

fluorescent viruses and directly-tagged viral particles [9,17–23]. On the other hand, various in
vivo, ex vivo and in vitro models have been described to study mucosal HIV transmission.

Although in vivo models are undoubtedly the most relevant ones [24], they are too expensive

and time-consuming for large numbers of experiments. Ex vivo models based on cervicovagi-

nal explants respect tissue architecture and its physiological and immunological characteris-

tics; they are of great value for investigating the infection of intact epithelial barriers [5,9,25,26]

but are poorly reproducible and may present an artificially-enhanced inflammatory environ-

ment. In vitro models are constituted of various cell lines including normal human epithelial

cells and continuous cell lines [5,7,27–30]. Even though they do not entirely mimic human in
vivo conditions of HIV crossing, these models have the advantage of being highly reproducible

and enable the in-depth study of interactions between virus and genital epithelial cells.

We describe herein an in vitro model dedicated to the visualization of virus-epithelial cell

interactions. To this end, replicative-competent R5- and X4-tropic chimeric viruses producing

fluorescent proteins were constructed and used to infect HEC-1A monolayers. The presence

of chimeric viruses in the cells was visualized by confocal microscopy (CM). Together with

PCR analysis of HIV-1 DNA, these pictures suggest that epithelial cells do not support a com-

plete viral replication cycle: X4-tropic strains are imported into the nucleus, but no virus pro-

duction ensues, whereas the R5-tropic virions transit through the cytoplasm, are preferentially

transmitted to the other side of the monolayer and can infect activated peripheral blood mono-

nuclear cells (PBMCs).

Materials and Methods

Cellular and virological tools

Cells. The human endometrial cell line HEC-1A, originating from the American Type

Culture Collection (ATCC) [31], was cultured in McCoy’s medium (PAA, Les Mureaux,

France) supplemented with 10% of fetal bovine serum (FBS) (HyClone, Thermo Scientific,

Courtaboeuf, France) and 1% of antibiotic/antifungal solution (PAA). Three days prior infec-

tion, cells were seeded at 1x106 cells/well in 6-well plates on cover glasses (22x22mm #1.5,

Menzel-Gläser, Brunswick, Germany) or at 1x105 cells/well in 12-well plates four days prior

infection and maintained in complete medium at 37˚C under 5% CO2.

Epithelial cell surface expression of CD4, CXCR4 and CCR5 molecules was evaluated by

flow cytometry analysis (FACS Calibur cytometer, BD biosciences, Le Pont de Claix, France)

as previously described [32].

The human embryonic kidney HEK-293 cell line (ATCC) was cultured in DMEM-high glu-

cose medium (PAA) supplemented with 10% of FBS, 1% of antibiotic/antifungal solution and

1% of non-essential amino acids (PAA). Cells were seeded at 2x105 cells/well in 6-well plates,

48 hours prior to transfection experiments and cultured at 37˚C under 5% CO2.
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TZM-bl cells, issued from HeLa human cervical carcinoma cells (ATCC), were cultured in

DMEM-high glucose medium supplemented with 10% of FBS and 1% of antibiotic/antifungal

solution. Cells were seeded at 2x104 cells/well in 96-well plates, 24 hours prior to viral infection

and cultured in complete medium at 37˚C under 5% CO2.

Human PBMCs were obtained from buffy coats of healthy donors (a gift from the Rhône-

Alpes-Auvergne section of the French Blood Bank), purified by gradient density assay using

LymphoprepTM (Abcys, Paris, France), cultured in RPMI 1640 medium (PAA) supplemented

with 10% of FBS and 1% of antibiotic/antifungal solution and activated 2 to 3 days before virus

infection by addition of 10 μg/ml of phytohaemagglutinin (PHA) and 10 μg/ml of interleukin-

2 (IL-2).

HIV-1 strains. The HIV-1 BaL (CCR5-tropic virus) and HIV-1 HXB2 (CXCR4-tropic)

laboratory strains (NIH AID Research & Reference Reagent Program) were used to construct

chimeric viruses.

The HIV-1 Lai laboratory strain (CXCR4-tropic), the HIV-1 BaL strain and two primary

isolates, 92UG029 (CXCR4-tropic) and 92US660 (CCR5-tropic), obtained from NIH AIDS

Research & Reference Reagent Program, were also used in HEC-1A infection experiments.

Cell-free virus was produced after 10 days of infection of IL-2/PHA stimulated PBMCs. Virus

titration was performed by p24 ELISA.

Quantification of p24 antigen by ELISA. The quantification of p24 antigen was done on

supernatants of transfection experiments (chimeric viruses) by an in-house ELISA assay, as

previously described [32].The threshold of sensitivity of the test was approximately 100 pg/ml.

Samples that scored negative in the in-house ELISA were tested in a more sensitive ELISA

from ABL (Rockville USA) with a threshold of 3.1 pg/ml. Optical densities were measured at

450 nm.

Amplification and quantification of total HIV DNA and HIV RNA. Epithelial cells

were trypsinized, pelleted by centrifugation for 10 min at 430 g and washed prior to DNA or

RNA extraction process. Total DNA and RNA were then extracted from 106 cell batches by

using the QIAamp DNA minikit (Qiagen, Courtaboeuf, France) and the QIAamp RNA mini-

kit (Qiagen) respectively, according to the manufacturer’s instructions.

The HIV DNA was quantified by real time PCR according to the protocol described by

Friedrich et al. [33]. Briefly, an HIV LTR genomic fragment was amplified by the iTaq Fast

Supermix (BioRad, Marnes-la-Coquette, France) supplemented with the forward LTR1 (5'-
GCC TCA ATA AAG CTT GCC TTG A-3') and the reverse LTR2 (5'-TCCACA CTG ACT AAA
AGG GTC TGA-3') primers and the LTR molecular ProHIV probe (5'-FAM-GCGAGT GCC
CGT CTG TTG TGT GAC TCT GGT AAC TAG CTC GC-DABCYL-3'). The amplification was

performed using an ABI 75001 apparatus (Applied Biosystem, Saint Aubin, France) and the

quantification was performed by reference to a standard curve based on serial dilutions of 8E5

cells containing one HIV DNA copy per cell. Results were expressed as number of DNA cop-

ies/106 cells.

Extra- and intra-cellular HIV RNA was quantified by the Generic HIV viral load assay (Bio-

centric, Bandol, France), using the ABI 75001 apparatus. Results were expressed as number

of copies/ml. The sensitivity of the assay was of 50 copies of HIV RNA per ml.

Characteristics of the confocal microscope

The samples were analyzed with a Leica TCS-SP2 confocal scanning laser inverted microscope

(Leica-Microsystem, Heidelberg, Germany). The fluorescent markers were excited with a set

of three continuous wave lasers delivering monochromatic light at wavelength equal to 488

nm for eGFP excitation, 543 nm for both Alexa Fluor™ 555 and DsRedExpress excitation, and
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633 nm for Alexa Fluor™ 647 excitation. An oil immersion objective (HCX PL APO 63X

1.4NA) was used in all experiments. Image stacks were further analyzed in sequential mode,

which means that each color was analyzed independently in order to avoid cross-talks of the

different signals. Colocalization was defined as the superposition of signals resulting from dif-

ferent lasers at the same place within a stack. The images were processed using ImageJ software

[34] to perform average projection of stacks, contrast enhancement and merging of the differ-

ential interference contrast (DIC) and fluorescence channels.

Chimeric viruses

Construction. Intact recombinant replicative chimeric viruses expressing green (eGFP)

or red (dsRedExpress) fluorescent proteins and harboring the envelope of HIV-1 HXB2

(X4-tropic) or BaL (R5-tropic) were produced as previously described [35,36] (Fig 1A). Briefly,

1 μg of plasmid DNA was used to transfect HEK-293, cells cultured in 6-well plates, by using

FUGENE 6 Transfection Reagent (Promega, Charbonnières les Bains, France). Forty-eight

hours post transfection, 3 ml of supernatant were collected; FBS was added to a final concen-

tration of 10% and clarified by passage through a 0.45 μm filter. The filtrates were aliquoted

and stored at -80˚C until needed for p24 ELISA assay and infectiousness test on TZM-bl

reporter cells.

Titration. Titration of the chimeric viruses was performed in TZM-bl cells, permissive for

both R5- and X4-tropic viruses as previously described [37], via the Tat-induced expression of

two reporter genes, luciferase and β-galactosidase respectively. The level of infection was deter-

mined by measuring luminescence activity (TriStar LB941, Berthold Technologies, Bad Wild-

bad, Germany) using non-infected cells as a negative control, and a laboratory virus (HIV-1

Lai) and a primary isolate (SF162) as positive controls. In practice, TZM-bl cells were incu-

bated with 50 μl of culture supernatant containing the chimeric virus and with 20 ng/ml of

Fig 1. Chimeric viruses used in this study. A. Strategy developed for building the chimeric viruses by inserting a PCR-amplified env gene from HXB2 or

BaL HIV-1 laboratory strains to Δenv pBrNL4.3 IRES-eGFP/dsRedExpress constructs (adapted from [36]). B. Quantification of p24 in supernatants of HEK-

293 cells after transfection with chimeric viruses: pBrNL4.3-HXB2-eGFP in blue, pBrNL4.3-HXB2-drRedExpress in red, and pBrNL4.3-BaL-eGFP in green.

Results are representative of 3 independent transfection experiments and each p24 measurement was performed in duplicate.

doi:10.1371/journal.pone.0169453.g001
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DEAE-Dextran (Sigma-Aldrich, Saint-Quentin Fallavier, France) for 48 h. Luciferase substrate

(Bright-GloTM Luciferase Assay System, Promega) was then added to the cells for 5 min before

measurement of luminescence. The luminescence signal was acquired during 5 sec for each

well after a brief shake of the plate, using the TriStar LB941 apparatus. Results were expressed

in Relative Luminescence Unit (RLU). Four to seven transfections were performed for each

plasmid; each titration in TZM-bl was done in duplicate.

Visualization by CM. We first wanted to check whether the viral constructs expressing

green fluorescent proteins could be used to locate them within cells during infection experi-

ments. To this end, cell-free particles were seeded on glass cover-slips in 6-well plates for 3h,

washed and fixed in 4% paraformaldehyde-PBS for 2 h. Twenty μg/ml of the primary HIV-1

Gag p24 goat polyclonal antibody (LS-C129839, LSBio, Seattle, USA) in PBS containing 10%

FBS was added for 1 h. After several washing steps, slides were finally incubated with 2.7 μg/ml

of the secondary Alexa Fluor™ 555 donkey anti-goat antibody (Invitrogen, Oregon, USA) for 2

h in PBS containing 10% FBS. After several washing steps, coverslips were mounted using

Fluoprep mounting medium (Biomérieux, Marcy l’Etoile, France) before visualization by CM.

To check the intracellular location of viral particles expressing green fluorescent proteins,

5x106 HEC-1A cells were cultured for 72h in McCoy medium added with 10% fetal bovine

serum in 24-well microplates in the presence of chimeric viruses at the p24 concentration of

200 pg/ml. Cells were then washed, fixed in 4% PFA-PBS for 2 h and incubated for 10 min in

50 mM NH4Cl to quench free aldehydes. Infected cells were incubated overnight at 4˚C in the

dark with a mixture of mouse anti-human ZO-1 monoclonal antibody (BD Biosciences, Le

Pont de Claix, France) and HIV-1 Gag p24 goat polyclonal antibody (LSBio). After several

washing steps, cells were then incubated with Alexa Fluor™ 555 goat anti-mouse IgG (H+L)

and Alexa Fluor™ 555 donkey anti-goat antibodies (Invitrogen). After several washing steps,

coverslips were mounted using Fluoprep mounting medium before visualization by CM.

Infection of HEC-1A cells by X4- and R5-tropic HIV-1 strains

Visualization by CM. Cells were seeded on glass cover-slips in 6-well plates for 3 days, fol-

lowed by incubation with chimeric viruses expressing green fluorescent proteins, during various

times (3, 5, 8, 15 and 24 h). Cells were washed and fixed in 4% PFA-PBS for 2 to 6 h and then

incubated for 10 min in 50 mM NH4Cl to quench free aldehydes. After an incubation step of 20

min, cells were incubated overnight at 4˚C in the dark with mouse anti-human ZO-1 monoclo-

nal antibody (BD Biosciences), diluted in PBS containing 10% FBS. Following washing steps,

cells were incubated with Alexa Fluor™ 555 donkey anti-mouse IgG (H+L) antibody (Invitro-

gen), for 2 h in PBS containing 10% FBS. After several washing steps, coverslips were mounted

using Fluoprep mounting medium. Three infection experiments were performed per construct.

Analysis of infection by real-time PCR. HEC-1A cells were cultured in 12-well plates as

described above. When a confluence of 80% was obtained, cells were incubated for 24 h with

different HIV-1 strains (Lai, BaL, 92US660 or 92US029), using 200 pg of p24 for each strain.

The presence of intracellular particles and reverse transcription activity was evaluated by quan-

tifying HIV RNA and HIV DNA, respectively, using real-time PCR assay as described above.

The use of CXCR4 and CCR5 co-receptors for HIV entry was verified by incubating the

cells with 100 ng/ml of rhSDF-1α (CXCL12) or rhRANTES (Peprotech, Rocky Hill, NJ, USA)

2 h before adding CXCR4- or CCR5-tropic strains respectively in cell culture medium. The

effect of azidothymidine (AZT) (10 μmol/l, GlaxoSmithKline, Marly-le-Roi, France) on HIV

reverse transcription was studied under the same conditions.

In some experiments, cells infected with HIV for 24 h were incubated with proinflamma-

tory cytokines rhTNF-α (10 ng/ml) and rhIL-1β (25 ng/ml) (Peprotech) for an additional 24 h,
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before quantifying intracellular and extracellular HIV RNA and DNA as well as p24 produc-

tion in cell supernatant.

Experiments of HIV-1 transmission from HEC-1A cells to PBMCs. HEC-1A cells were

cultured in semi-permeable inserts with 0.3 μm pores (24 wells per plate) until a tight monolayer

was obtained (controlled by trans-epithelial electrical resistance values of 450–600 ohm.cm2).

They were then incubated for 24 h with chimeric viruses (pBrNL4.3-HXB2-dsRedExpress and/

or pBrNL4.3-Bal-eGFP) at the p24 concentration of 200 pg/ml. After 3 washing steps with PBS,

infected HEC-1A inserts were deposited into wells containing activated PBMCs (15x106 PBMC

per well) and incubated for 24 h. PBMCs were then recovered, washed, fixed and incubated with

a mouse anti-human CD26 antibody (Santa Cruz Biotechnology Inc, Heidelberg, Germany)

diluted in PBS containing 10% FBS overnight in the dark. After several washing steps, cells were

then incubated for 2 h in PBS containing 10% FCS with relevant anti-mouse secondary antibod-

ies (Invitrogen), depending on the fluorochrome expressed by the chimeric virus used: Alexa

Fluor™ 488 donkey anti-mouse IgG (H+L) (green) in combination with pBrNL4.3-dsRedEx-

press, Alexa Fluor™ 555 goat anti-mouse IgG (H+L) (red) in combination with pBrNL4.3-eGFP,

or Alexa Fluor™ 647 donkey anti-mouse IgG (H+L) (blue) in combination with both constructs.

After several washing steps, coverslips were mounted using Fluoprep mounting medium before

visualization by CM. Despite the fact that CD26 is not specific of PBMCs, the use of this marker

was justified by the availability in the laboratory of anti-CD26 antibodies with three different

labels; as the analysis was performed morphologically and PBMCs were the exclusive cell popula-

tion present at the basal side of the filter, the risk of confusion with epithelial cells was negligible.

Results

Properties of chimeric viruses

Chimeric vectors were transfected in HEK-293 cells. Three chimeric viruses were produced, two

expressing green proteins (pBrNL4.3-HXB2-eGFP and pBrNL4.3-BaL-eGFP) and one express-

ing red proteins (pBrNL4.3-HXB2-dsRedExpress). As shown in Fig 1B, p24 mean values of 256

(± 91), 180 (± 40) and 325 (± 64) pg/ml were obtained for each of these viruses, respectively.

These recombinant viruses were then tested for their infectiousness using TZM-bl reporter

cells. Median [min-max] RLU values of 1.38 x 105 [3.1 x 104–2.2 x106], 2.7 x105 [2.2 x104–5.9 x

106] and 2.0 x105 [2.0 x 105–4.2 x105] were obtained for each of these three viruses, respectively.

Validation of chimeric viruses as markers of HIV-1 infection

Due to the fact that the chimeric replicative viruses were not directly tagged but were able to

express fluorescent proteins, it was important to assure that these viruses, unlike pseudo-

viruses, could support several cycles of infection and could be used for detecting the presence

of viral particles within the epithelial cells.

As shown in Fig 2 for viruses expressing green proteins, the p24 staining co-localized with

the eGFP signal in CM for cell-free viruses deposited on glass cover-slips (Fig 2A). Similarly,

the p24 and ZO-1 staining co-localized with the eGFP signal in HEC-1A cell cultures infected

by chimeric viruses (Fig 2B). These results validated the use of chimeric viruses for locating

viral particles within epithelial cells by CM.

Visualization of infection kinetics by X4- or R5-tropic chimeric viruses in

HEC-1A cells

Chimeric viruses exhibiting an X4- (pBrNL4.3-HXB2-eGFP) or R5- (pBrNL4.3-BaL-eGFP)

tropism were incubated with HEC-1A cells during various times (3, 5, 8, 15 and 24 h). The
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localization of viral infection was studied by CM (Fig 3 and S1 Fig for enlargement of the

images). Interestingly, the X4-tropic strain was localized mainly in the nuclei starting from 8h

of contact (Fig 3C and 3D and S1 Fig), whereas the R5-tropic strain exhibited an exclusive

cytoplasmic location until 24 h of contact (Fig 3A and 3B and S1 Fig).

To standardize the analysis of the pictures obtained by CM, areas found positive for the

presence of chimeric viruses in epithelial cells were specifically selected. The respective propor-

tion of marked cells was quantified at 3, 15 and 24 h post-infection. From 3 to 24 h of contact,

the percentage of positive cells slightly increased for the R5-strain whereas it was relatively sta-

ble for the X4-strain (data not shown).

Confirmation of HEC-1A infection by HIV-1 nucleic acid quantification

To verify that the signals observed by CM corresponded to intracellular location of chimeric

viruses, HEC-1A cells were infected by Lai or BaL viruses and HIV-1 RNA from infected cells

was tested by quantitative real-time PCR assay. A similar amount of intracellular HIV RNA for

X4- and R5-tropic viruses was found after 24h of infection (9x105 and 1x106 copies/ml, respec-

tively in one experiment). No HIV RNA was detected in cells treated with rhSDF-1α and incu-

bated with HIV Lai, suggesting that the X4-tropic virus used the CXCR4 co-receptor to enter

the cells (data not shown). On the contrary, R5-tropic viruses did not use the CCR5 co-recep-

tor to enter into HEC-1A cells since their incubation with rhRANTES, the natural ligand of

CCR5, did not inhibit the viral entry (data not shown).

Fig 4 illustrates the results obtained with HEC-1A cells infected by HIV-1 primary isolates

exhibiting X4 or R5 profiles. Whilst both viruses entered the cells, HIV DNA was detected

in cells infected by the X4-tropic primary isolate 92UG029 but not in those infected by the

R5-tropic primary isolate 92UG660. The incubation of cells with AZT prevented the produc-

tion of HIV DNA after infection with Lai, suggesting that the genome of X4-tropic virus was

reverse-transcribed and could penetrate into the nucleus of HEC-1A cells. Nevertheless, no

production of new viral particles was observed in these cells as determined by measuring the

quantity of p24 viral proteins in the supernatant of infected HEC-1A cells, 24 and 48 h post

infection (data not shown). To check the ability of HIV DNA to be activated, pro-inflamma-

tory cytokines TNF-α and IL-1β were added to infected cells: no change was observed in terms

of intracellular HIV DNA concentration (Fig 4), intracellular HIV RNA and quantity of p24

protein in the supernatant of infected cells.

Transmission of HIV-1 from epithelial cells to PBMCs

The ability of epithelial cells to transmit viral particles to immune permissive cells was checked

by first infecting confluent HEC-1A cells in the upper chamber of inserts with R5-tropic

(pBrNL4.3-BaL-eGFP), X4-tropic (pBrNL4.3-HXB2-dsRedExpress) or both chimeric viruses

(Fig 5). Next, the inserts were washed 3 times at the basal and apical sides and deposited into

wells containing activated PBMCs at the basal side. Weak fluorescence was observed by CM in

PBMCs incubated in presence of HEC-1A cells infected by the X4-tropic chimeric virus (Fig

5A). In contrast, a clear positive signal was detected in PBMCs associated to HEC-1A cells

infected by the R5-tropic chimeric virus (Fig 5B). When HEC-1A cells were concomitantly

Fig 2. Visualization by confocal microscopy of pBrNL4.3-BaL-eGFP and pBrNL4.3-HXB2-eGFP constructs using cell-free

viruses deposited on glass cover-slips (A) or HEC-1A cells infected by chimeric viruses (B). The left panels correspond to

spontaneous green fluorescence of the respective constructs; the middle panels correspond to p24 (free virus in A) or p24 and ZO-1

(infected HEC-1A cells in B) red immunostaining; the right panels correspond to merged pictures of the two previous ones in order to

demonstrate the colocalzation of the signals and to validate the use of these constructs in further experiments.

doi:10.1371/journal.pone.0169453.g002
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Fig 3. Visualization of kinetics of HEC-1A infection by X4 and R5 chimeric viruses by confocal microscopy. HEC-1A cells were infected for 3,

5, 8, 15 and 24 h by R5-tropic pBrNL4.3-Bal-eGFP chimeric viruses (columns A and B) or X4-tropic pBrNL4.3-HXB2-eGFP chimeric viruses (columns

C and D). ZO-1 cellular proteins are colored in red and eGFP signals in green. A and D columns correspond to Differential Interference Contrast (DIC)

HIV-1 Viruses Expressing Fluorescent Proteins in Human Endometrial Cells
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infected by X4- and R5-tropic chimeric viruses, a strong signal was observed for the green R5

virus whereas only a weak signal was detected for the red X4 virus in PBMCs (Fig 5C).

Discussion

The aim of the present study was to revise the debated issue of HIV-1 infection in genital epi-

thelial cells by using CM to visualize the fate of X4- or R5-tropic viruses in the HEC-1A cell

line, a well-established in vitro model of endometrial epithelial cells [29,32]. One of the most

important characteristics of epithelial cells is to be polarized with different apical and basal

lipid and protein composition and to form selective barriers at the surface of the tissues [38];

the HEC-1A cell line was shown to exhibit this property when cultured on different supports

including filters and solid surfaces like glass slides, as previously shown by transepithelial elec-

trical measurements [12].

Visualization of HIV-1 in the female genital mucosa was previously performed by using

fluorescent antibodies directed against viral p24 core protein [2]. In other studies, constructs

were directly tagged by various fluorescent markers. For example, a fluorescent virus carrying

eGFP at the C terminus of the matrix domain of Gag was used to assess specifically the locali-

zation and trafficking of Gag protein towards polysynapses in living T cells [17]. Infectious

and non-infectious GFP-Gag tagged viral particles were also constructed to establish the role

of intestinal DCs in the transportation of HIV-1 particles through the intestinal mucosa and

their subsequent transmission to T cells; the same constructs were used in experiments dem-

onstrating that the macrophages present in vagina are permissive to HIV-1 [22]. However,

representations. B and C columns correspond to the green fluorescence channel (green foci correspond to the location of viral particles). Each

experiment was done in triplicate, of which a representative example is shown. Scale bars correspond to 10 μm.

doi:10.1371/journal.pone.0169453.g003

Fig 4. Results of HIV DNA quantification in HEC-1A cells 24 h after infection by X4- or R5-tropic primary isolates (92UG029 and 92US660

strains, respectively). The two right columns correspond to untreated cells. The two central columns correspond to the addition of a mixture

of Il-1β (25 ng/ml) and TNF-α (10 ng/ml) pro-inflammatory cytokines 24 h post-infection. The two right columns correspond to the addition of

azydothimidine (AZT) 10 μM 2 h before infection. Results are representative of 6 independent experiments; each of them was performed in

duplicate as well as the measurement of total HIV DNA.

doi:10.1371/journal.pone.0169453.g004
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studies dealing with the localization of viral particles in cells and their ability to cross the mu-

cosal barrier are very few. Campbell et al. generated virions dually labeled with S15-mCherry

and GFP-Vpr; the loss of the S15-mCherry membrane signal was observed following fusion

with the cell membrane, but also the signal of GFP-Vpr, 4 h after cell infection [20]. The infec-

tious, replicative-competent chimeric viruses expressing dsRedExpress or eGFP proteins that

were used in the present work were initially developed for studying viral infectivity under dif-

ferent experimental conditions [35,36,39]. In our hands, they were used as cell-free viruses

exhibiting an R5- or X4-tropic envelop. As the viruses were not directly tagged, it was impor-

tant to control that the observed fluorescent signals co-localized with viral particles. We dem-

onstrate herein that the constructs were able to generate a stable post-infection signal both in

cell-free and cell-associated models (Fig 2) and could be used further for studying the in vitro

Fig 5. Transmission experiments of HIV from infected HEC-1A cells to uninfected PBMCs by using semi-permeable inserts with 0.3 μm

pores. Confluent HEC1-A cells cultured on the upper part of the inserts were infected for 24h with pBrNL4.3-HXB2-dsRedExpress designed as HxB2

dsRed X4 (A), pBrNL4.3-BaL-eGFP designed as BaL GFP R5 (B) or both chimeric viruses (C). After three washing steps, inserts were then deposited

into 24-well plates containing activated PBMCs (15x106 cells per well) and incubated for 24h. PBMCs were then recovered, washed and fixed. An anti-

CD26 antibody, labeled with Alexa Fluor™ (AF) 488 in A, AF 555 in B and AF 647 in C, was used for staining PBMCs.

doi:10.1371/journal.pone.0169453.g005
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mucosal transmission of HIV-1. In addition to these experimental results, the use of recombi-

nant viruses exhibiting a reporter gene has been validated earlier for assessing different HIV-1

properties [40–43].

Combining pictures of CM with molecular biology experiments, our study aimed to address

the following questions: (i) Can free R5- and X4-tropic particles of HIV-1 be transmitted to

epithelial cells from a female genital tract monolayer? (ii) If the answer to this first question is

positive, is this infection productive? (iii) Can they further transmit the viruses to immune tar-

get cells?

With regard to the first question, our results confirm that R5- and X4-tropic viruses both

enter HEC-1A cells [29] but exhibit different kinetics of infection, suggesting that they use dif-

ferent pathways to penetrate and infect these cells. Endocervical HEC-1A cells are known to

express at their surface the CXCR4 co-receptor but not the CD4 receptor and the CCR5 co-

receptor [29,32]. The present data demonstrate that X4-tropic viruses do use the CXCR4 co-

receptor since neither RNA nor DNA was detected in infected cells after treatment by rhSDF-

1α, the natural ligand of CXCR4. On the contrary, the blockage of CCR5 by rhRANTES did

not alter the penetration of R5-tropic constructs into HEC-1A cells since intra-cytoplasmic

particles were observed by CM and HIV RNA could be quantified by RT-PCR. Mathematical

analyses of z stacks from CM pictures allowed to state that viral particles were inside the cells

and not at their external surface. Furthermore, after penetration into HEC-1A cells, R5-tropic

viruses remained localized near the plasma membrane (Fig 3).

Remarkably, no virus production could be measured in the supernatant of HEC-1A cells

infected with either X4 or R5 HIV-1 strains, confirming earlier findings [29]. With regard to

X4-tropic viruses, our results on detection of intracellular LTR DNA are in accordance with

previous studies as well [29,32], suggesting that X4-tropic viruses are sequestrated after infec-

tion of HEC-1A and reverse transcription without viral production. Interestingly, our X4 viral

constructs were visualized in the nucleus of HEC-1A cells (Fig 3). In a previous study using an

amplification of the alu-gag region followed by a specific HIV PCR (LTR), we were able to

show that DNA from X4 strains were able to be integrated within the cellular genome of differ-

ent epithelial cell lines including HEC-1A [32]. By contrast to X4-tropic strains, the exclusively

cytoplasmic location of R5-tropic particles (Fig 3) together with the absence of detection of

intracellular LTR DNA suggest that no reverse transcription occurred after infection of HEC-

1A cells by R5-tropic strains.

Following the observation that HEC-1A infection by HIV-1 was not productive, we evalu-

ated the potential ability of the epithelial reservoir to be activated under a pro-inflammatory

environment. For this, X4- and R5-infected HEC-1A cells were treated by TNF-α and IL-1β,

since these cytokines were found to promote CCL20 secretion by EC [32,44]. We show herein

that HIV-1 replication was not enhanced by the presence of pro-inflammatory cytokines for

both X4- and R5-tropic strains (Fig 4).

A recent paper conducted on oral and vaginal cell lines originating from multilayered epi-

thelia led to the conclusion that these cells could be infected by cell-free infectious HIV-1 parti-

cles but were not productively infected [30]; interestingly, by contrast to our results, R5- and

X4-tropic strains were shown to exhibit a similar pattern of infection. The main difference

between epithelial monolayers (such as HEC-1A cells) and multilayers (as the cell lines tested

in [30]) is the absence of expression of CXCR4 co-receptor on the latter cells, which suggests

that the cell-free virions use non-canonical receptors to enter the epithelial cells, as did the

R5-tropic viruses in our model. In accordance with our results, studies conducted with pri-

mary uterine [45] and gingival [46] epithelial cells have also demonstrated preferential trans-

mission of X4-tropic viruses to these cells, in relation with the presence of CXCR4 and GalCer

at the surface of these cells.
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Concerning the ability of infected epithelial cells to further transmit HIV-1 to activated

PBMCs, our results provide evidence that free R5-tropic particles can be transmitted, whereas

the transmission of X4-tropic viruses was much more difficult. These findings are in accor-

dance with the preferential transmission of R5-tropic strains during genital primary HIV-1

infection (for reviews see [47,48]) but also with recent findings suggesting that X4-tropic

strains can exceptionally be transmitted at this stage [49]. It is interesting to notice that Kohli

et al. also concluded to the ability of cell lines from multilayered epithelia not productively

infected by HIV to transmit free particles to competent cells [30].

As a whole, it can be hypothesized from this study and others [29,32,47–53] that X4-tropic

viruses penetrate into HEC-1A cells by using the CXCR4 co-receptor through membrane

fusion, and reverse transcribe their genome without completion of a productive replication

cycle, whereas R5-tropic viral particles enter these cells probably by using alternative receptors,

which could lead to the transcytosis of viruses through the cytoplasm of monolayered epithelial

cells, without starting a replication cycle in these cells. Both R5- and to a lesser extent X4-tropic

strains can be transmitted to permissive immune-competent cells. However, this mode of

infection is probably not very efficient as shown by our inability to document the presence of

infectious virus by p24 testing or amplification of HIV RNA.

Most reports dedicated to the study of virus-cell interactions at the mucosal level have used

laboratory or blood-derived strains that are poorly representative of the seminal reservoir.

Indeed, viruses found in the genital tract can exhibit distinct genetic characteristics, especially

in the C2/V5 region of gp120 [54–58]. It would appear crucial to use seminal strains for study-

ing heterosexual transmission in in vitro models, at least to confirm results obtained with com-

monly used laboratory strains. In this work, we attempted to incorporate in our constructs a

complete gp160 protein amplified from seminal plasma. Unfortunately, we were unable to

obtain a stable replicative chimeric virus (data not shown). It may be due to the amplification

of a defective particle mutated on the env gene that was unable to enter or replicate into the

cells. It cannot also be excluded that some primary sequences may be not functional in the

context of the vector used in this study.

In conclusion, the approach described herein may contribute to elucidate the putative role

of epithelial monolayers (as that found in the endocervix) in the selection of R5-tropic viruses

during heterosexual transmission. In the present study we focused on the transmission of cell-

free particles through a monolayered genital cell line. Further work is needed to evaluate

whether these results can be extended to more complex models of reconstructed mucosa more

prone to mimic the in vivo heterosexual transmission, including cell multilayers, primary cell

lines or ex vivo explants, containing mucosal immune cells able to support HIV replication

(Langerhans cells, T lymphocytes, macrophages) and using cell-associated viruses from semi-

nal origin as the source of infection. This morphological approach would also constitute a

useful tool to evaluate the efficacy of various compounds such as neutralizing antibodies or

microbicides to block HIV transmission in the genital mucosa.

Supporting Information

S1 Fig. Enlarged images of the panels depicted in Fig 3 of the printed version. Each slide

corresponds to a different time post-infection. The R5-tropic strain of HIV-1 is shown on the

left and the X4-tropic strain on the right. Large squares are confocal microscopy pictures (with

white arrows indicating the presence of green-labeled viruses within the cells). Small squares

correspond to Differential Interference Contrast (DIC) representations.

(PDF)
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29. Saïdi H, Magri G, Nasreddine N, Réquena M, Bélec L (2007) R5- and X4-HIV-1 use differentially the

endometrial epithelial cells HEC-1A to ensure their own spread: implication for mechanisms of sexual

transmission. Virology 358: 55–68. doi: 10.1016/j.virol.2006.07.029 PMID: 16934308

30. Kohli A, Islam A, Moyes DL, Murciano C, Shen C, et al. (2014) Oral and vaginal epithelial cell lines bind

and transfer cell-free infectious HIV-1 to permissive cells but are not productively infected. PLoS One

9: e98077. doi: 10.1371/journal.pone.0098077 PMID: 24857971

HIV-1 Viruses Expressing Fluorescent Proteins in Human Endometrial Cells

PLOS ONE | DOI:10.1371/journal.pone.0169453 January 6, 2017 15 / 17

http://dx.doi.org/10.1111/aji.12244
http://www.ncbi.nlm.nih.gov/pubmed/24689653
http://dx.doi.org/10.1128/JVI.01303-06
http://www.ncbi.nlm.nih.gov/pubmed/17050597
http://dx.doi.org/10.1097/QAD.0b013e328351426e
http://www.ncbi.nlm.nih.gov/pubmed/22495223
http://dx.doi.org/10.1097/QAD.0b013e32833424c8
http://www.ncbi.nlm.nih.gov/pubmed/20010071
http://dx.doi.org/10.1007/978-1-4614-4433-6_2
http://www.ncbi.nlm.nih.gov/pubmed/22975871
http://dx.doi.org/10.1111/odi.12410
http://www.ncbi.nlm.nih.gov/pubmed/26879550
http://dx.doi.org/10.1016/j.antiviral.2006.10.010
http://www.ncbi.nlm.nih.gov/pubmed/17097156
http://dx.doi.org/10.1128/JVI.78.19.10803-10813.2004
http://www.ncbi.nlm.nih.gov/pubmed/15367647
http://dx.doi.org/10.1038/nmeth928
http://www.ncbi.nlm.nih.gov/pubmed/16990814
http://dx.doi.org/10.1097/01.qai.0000228149.17669.08
http://www.ncbi.nlm.nih.gov/pubmed/16951651
http://dx.doi.org/10.1016/j.virol.2006.10.025
http://www.ncbi.nlm.nih.gov/pubmed/17123568
http://dx.doi.org/10.1016/j.cell.2007.10.014
http://www.ncbi.nlm.nih.gov/pubmed/18083097
http://dx.doi.org/10.1128/JVI.01796-08
http://www.ncbi.nlm.nih.gov/pubmed/19153236
http://dx.doi.org/10.1371/journal.pone.0022007
http://dx.doi.org/10.1371/journal.pone.0022007
http://www.ncbi.nlm.nih.gov/pubmed/21799764
http://dx.doi.org/10.1016/j.virol.2014.07.010
http://www.ncbi.nlm.nih.gov/pubmed/25128762
http://dx.doi.org/10.1111/j.1600-0897.2010.00967.x
http://dx.doi.org/10.1111/j.1600-0897.2010.00967.x
http://www.ncbi.nlm.nih.gov/pubmed/21223429
http://www.ncbi.nlm.nih.gov/pubmed/22264048
http://dx.doi.org/10.1086/319676
http://www.ncbi.nlm.nih.gov/pubmed/11262202
http://dx.doi.org/10.1189/jlb.0305147
http://www.ncbi.nlm.nih.gov/pubmed/15831560
http://dx.doi.org/10.1016/j.virol.2006.07.029
http://www.ncbi.nlm.nih.gov/pubmed/16934308
http://dx.doi.org/10.1371/journal.pone.0098077
http://www.ncbi.nlm.nih.gov/pubmed/24857971


31. Kuramoto H. (1972) Studies of the growth and cytogenetic properties of human endometrial adenocarci-

noma in culture and its development into an established line. Acta Obstet Gynaecol Jpn 19: 47–58.

PMID: 4678779

32. Berlier W, Bourlet T, Lawrence P, Hamzeh H, Lambert C, et al. (2005) Selective sequestration of X4 iso-

lates by human genital epithelial cells: implication for virus tropism selection process during sexual

transmission of HIV. J Med Virol 77: 465–474. doi: 10.1002/jmv.20478 PMID: 16254974

33. Friedrich B, Li G, Dziuba N, Ferguson MR (2010) Quantitative PCR used to assess HIV-1 integration

and 2-LTR circle formation in human macrophages, peripheral blood lymphocytes and a CD4+ cell line.

Virol J 7: 354. doi: 10.1186/1743-422X-7-354 PMID: 21129188

34. Abramoff MD, Magalhães PJ, Ram SJ (2004) Image processing with ImageJ. Biophotonics Interna-

tional 11: 36–42.

35. Weber J, Weberova J, Carobene M, Mirza M, Martinez-Picado J, et al. (2006) Use of a novel assay

based on intact recombinant viruses expressing green (EGFP) or red (DsRed2) fluorescent proteins to

examine the contribution of pol and env genes to overall HIV-1 replicative fitness. J Virol Methods 136:

102–117. doi: 10.1016/j.jviromet.2006.04.004 PMID: 16690137

36. Münch J, Rajan D, Schindler M, Specht A, Rücker E, et al. (2007) Nef-mediated enhancement of virion

infectivity and stimulation of viral replication are fundamental properties of primate lentiviruses. J Virol

81: 13852–13864. doi: 10.1128/JVI.00904-07 PMID: 17928336

37. Montefiori DC (2005) Evaluating neutralizing antibodies against HIV, SIV, and SHIV in luciferase

reporter gene assays. Curr Protoc Immunol Chapter 12, Unit 12.11.

38. Handler JS. (1983) Use of cultured epithelia to study transport and its regulation. J Exp Biol 106: 55–

69. PMID: 6317789

39. Van den Bergh R, Morin S, Sass HJ, Grzesiek S, Vekemans M, et al. (2012) Monocytes contribute to

differential immune pressure on R5 versus X4 HIV through the adipocytokine visfatin/NAMPT. PLoS

One 7: e35074. doi: 10.1371/journal.pone.0035074 PMID: 22493731

40. Garcia-Perez J, Sanchez-Palomino S, Perez-Olmeda M, Fernandez B, Alcami J. (2007) A new strategy

based on recombinant viruses as a tool for assessing drug susceptibility of human immunodeficiency

virus type 1. J Med Virol 79: 127–137. doi: 10.1002/jmv.20770 PMID: 17177310

41. Garcia-Perez J, Perez-Olmeda M, Sanchez-Palomino S, Perez-Romero P, Alcami J. (2008) A new

strategy based on recombinant viruses for assessing the replication capacity of HIV-1. HIV Med 9:

160–171. doi: 10.1111/j.1468-1293.2007.00540.x PMID: 18217999

42. Ochsenbauer C, Kappes JC. (2009) New virologic reagents for neutralizing antibody assays. Curr Opin

HIV AIDS 4: 418–425. doi: 10.1097/COH.0b013e32832f011e PMID: 20048706

43. Edmonds TG, Ding H, Yuan X, Wei Q, Smith KS, et al. (2010) Replication competent molecular clones

of HIV-1 expressing Renilla luciferase facilitate the analysis of antibody inhibition in PBMC. Virology

408: 1–13. doi: 10.1016/j.virol.2010.08.028 PMID: 20863545
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