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ABSTRACT

HIV transmission efficiency is greatly increased when viruses are transmitted at virological synapses formed between infected
and uninfected cells. We have previously shown that virological synapses formed between HIV-pulsed mature dendritic cells
(DCs) and uninfected T cells contain interdigitated membrane surfaces, with T cell filopodia extending toward virions seques-
tered deep inside invaginations formed on the DC membrane. To explore membrane structural changes relevant to HIV trans-
mission across other types of intercellular conjugates, we used a combination of light and focused ion beam scanning electron
microscopy (FIB-SEM) to determine the three-dimensional (3D) architectures of contact regions between HIV-1-infected CD4*
T cells and either uninfected human CD4™ T cells or human fetal astrocytes. We present evidence that in each case, membrane
extensions that originate from the uninfected cells, either as membrane sheets or filopodial bridges, are present and may be in-
volved in HIV transmission from infected to uninfected cells. We show that individual virions are distributed along the length of
astrocyte filopodia, suggesting that virus transfer to the astrocytes is mediated, at least in part, by processes originating from the
astrocyte itself. Mechanisms that selectively disrupt the polarization and formation of such membrane extensions could thus

represent a possible target for reducing viral spread.

IMPORTANCE

Our findings lead to new insights into unique aspects of HIV transmission in the brain and at T cell-T cell synapses, which are
thought to be a predominant mode of rapid HIV transmission early in the infection process.

M ore than 34 million people worldwide are infected with hu-
man immunodeficiency virus (HIV) (1). HIV targets pri-
marily CD4" T cells, binding and infecting through the CD4 cel-
lular receptor and a chemokine coreceptor, such as CXCR4 or
CCR5 (2). In addition to CD4™ T cells, other cell types, including
antigen-presenting cells (APCs) (3, 4), can also become infected
with HIV. Although cell-free virus readily initiates infection of
susceptible target cells, HIV infection can be 10- to 1,000-fold
more efficient when it occurs between cells at a virological syn-
apse, an adhesive junction formed between an infected or virus-
bearing cell and an uninfected cell, as originally described (5-11).

The virological synapse shares a number of features with the
immunological synapse, a normal and necessary interaction that
occurs between immune cells. Both immunological and virologi-
cal synapses are three-dimensional (3D) structures; their forma-
tion is dependent on local interactions between cell surface pro-
teins displayed on each cell (12). In immunological synapses
formed between CD4™ T cells and APCs, the T cells extend long
pseudopodia toward the APCs, significantly increasing the area of
membrane contact (13). The formation of HIV-1 virological syn-
apses may involve similar principles (5, 14), but with significant
differences in the cell surface proteins and signaling pathways in-
volved (reviewed in reference 15). In virological synapses formed
between HIV-pulsed dendritic cells (DCs) and CD4" T cells,
membrane extensions from both cell types participating in syn-
apse formation appear to be involved in mediating the transfer of
HIV from the donor to target cells (16, 17). Moreover, studies of
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the virological synapse between infected and uninfected CD4" T
cells show similar actin-dependent membrane protrusions (5, 18,
19). Previous studies have observed several types of such mem-
brane extensions, including long membrane extensions that re-
quire the presence of viral Env (19, 20) and those that appear
independent of viral proteins (21). In addition, similar connec-
tions may be important, not only for viral transmission but also
for retention of T cells in lymph nodes during HIV-1 infection
(20).

In addition to infecting cells of the lymphoid tissues, HIV can
also penetrate the blood-brain barrier to infect cells of the central
nervous system (CNS), including perivascular macrophages, mi-
croglia, and astrocytes (22—-24). HIV infection in the CNS is asso-
ciated with cognitive, motor, and behavioral dysfunction, collec-
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tively termed HIV-associated neurocognitive disorders (HAND)
(25), affecting up to 40 to 50% of HIV-infected patients, despite
the use of antiretroviral drugs (26, 27). Because astrocyte endfeet
surround blood vessels, these cells are particularly vulnerable to
infection if they encounter HIV-carrying T cells crossing the
blood-brain barrier (23, 28, 29). While the notion of “Trojan mac-
rophages” as a possible mechanism for transport of HIV to the
CNS has been discussed extensively (30), infected T cells could
also play this role, especially if the blood-brain barrier is compro-
mised by inflammation, particularly in the process of immune
reconstitution (31). Determining the spatial organization of viro-
logical synapses formed at T cell-T cell and T cell-astrocyte junc-
tions is therefore of interest for understanding potential mecha-
nisms of HIV transmission.

To study the interactions of HIV-infected T cells with unin-
fected T cells or astrocytes, we used focused ion beam scanning
electron microscopy (FIB-SEM), which can capture the structure
of the cell-cell contact zone in its entirety at nanometer resolution
(16, 17, 32-35). In this approach, epoxy resin-embedded speci-
mens are prepared using the same method used for traditional
transmission electron microscopy (TEM), but rather than being
cut into thin sections, the block face is imaged with SEM. In this
SEM technique, backscattered electron detection is used to specif-
ically view heavy metal-stained cellular components. After each
image is taken, a focused ion beam is used to remove thin slices of
material (~10 nm to 50 nm) from the block face, which is then
imaged again. Repeating this process produces a stack of images
that can be computationally combined into a 3D reconstruction.

Here, we present a structural study of virological synapses
formed at the junction between HIV-infected T cells and several
different types of uninfected cells, including the CD4 ™" T cell lines
Jurkat and H9, primary human CD4 " T cells, and primary human
fetal astrocytes. Our results provide new insights into the similar-
ities and differences between virological synapses formed by
different cell types. Further, they extend the generality of our
hypothesis (16) that, in virological synapses, membrane pro-
cesses from both uninfected target cells and cells infected with
or bearing virus contribute actively to facilitate infection at
zones of cell-cell contact.

MATERIALS AND METHODS

Primary human CD4* T cells and fetal astrocytes. Primary human
CD4™ T cells were enriched from peripheral blood mononuclear cells by
negative selection using the CD4™ T cell isolation kit IT (Miltenyi Biotec)
and stimulated with 5 pg/ml phytohemagglutinin (PHA) in RPMI com-
plete (RPMI 1640 medium supplemented with 10% fetal bovine serum
[FBS], 2 mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml streptomy-
cin) and 50 U/ml interleukin 2 (IL-2). Primary human fetal astrocytes
were isolated from human fetal brain tissue as previously described (36)
following approval of the Office for Human Research Protections at NTH
(protocol 5831). The cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) complete (DMEM [Invitrogen] supplemented with
10% FBS).

Coculture of HIV-1 NL4-3-infected T cells with uninfected T cells.
For Jurkat conjugates, Jurkat CL.E6-1 cells (ATCC TIB-152) were infected
with HIV-1 NL4-3 and cultured in RPMI complete. At 14 days postinfec-
tion, uninfected Jurkat CL.E6-1 cells were added to the infected cells at a
1:1 ratio, gently pelleted, and incubated at 37°C for 8 h. For primary CD4 ™"
T cell conjugates, 3 days after stimulation with 5 pg/ml PHA, primary
CD4™" T cells were infected with HIV-1 NL4-3 at a multiplicity of infec-
tion (MOI) of 0.2 and maintained in RPMI complete with 50 U/ml IL-2.
At 7 days postinfection, uninfected CD4™ T cells (3 days after stimulation
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with 5 ug/ml PHA) were added to the infected cells at a 1:1 ratio, gently
pelleted, and incubated at 37°C for 8 h. After 8 h, T cells were washed,
pelleted, and fixed for imaging.

Productive virus transfer. Jurkat CL.E6-1 cells were infected with
HIV-1 NL4-3 and cultured as described above. At 14 days postinfection,
cells were labeled with 1.25 pwM CellTrace violet (CTV; Invitrogen) in
phosphate-buffered saline (PBS) for 20 min at 37°C, and uninfected Jur-
kat CL.E6-1 cells were labeled with 0.5 uM CFDA SE (CFSE; Invitrogen)
in 0.1% bovine serum albumin in PBS for 10 min at 37°C. Labeled target
and donor cells were then washed three times with RPMI complete, incu-
bated for 30 min at 37°C, and then suspended in fresh medium. Unin-
fected and infected cells were mixed at a 1:1 ratio, with or without the
presence of 37.5 uM emtricitabine FTC (gift from Romas Geleziunas,
Gilead Biosciences), gently pelleted for 5 min, and then incubated at 37°C.
Following 24 h of incubation, the mixed cell populations were sorted by
fluorescence-activated cell sorting (FACS) based on their CTV or CFSE
fluorescence by using a BD Biosciences FACSAria II cell sorter equipped
with an aerosol management system. Resulting CTV donor and CFSE
target cells were >99% pure. All infectious sorts were performed in ac-
cordance with FNLCR biosafety regulations. Total cellular DNA was ex-
tracted from cell pellets using the Qiagen DNA blood minikit (Qiagen,
Valencia, CA) as described previously (37). After extraction, quantities of
R-U5 (early reverse transcripts) and gag (late minus-strand synthesis
products) were determined using primers (Invitrogen) and probes (Bio-
source International) as described previously (37). Viral DNA was nor-
malized for cell equivalents as measured using CCR5 primers and probes
as described previously (38). All quantitative PCR was performed using an
Mx3000P instrument (Stratagene, Santa Clara, CA).

Coculture of HIV-infected T cells with human fetal astrocytes. H9
cells chronically infected with HIV-1 IIIb were obtained from the NIH
AIDS Research and Reference Reagent Program and maintained as de-
scribed previously (39). For H9 cells acutely infected with HIV-1
NLENGI, viral stocks were prepared by transfecting HEK293T cells, using
Lipofectamine 2000 (Invitrogen), with an HIV-1 NL4-3-based reporter
virus clone, pNLENGI, which was constructed by inserting the enhanced
green fluorescent protein (EGFP)-encoding gene with the internal ribo-
some entry site (IRES) between the genes env and nef of pNL4-3 as de-
scribed previously (40, 41). H9 cells were infected with NLENG1 for 5
days prior to coculture. A total of 2 X 10° mature human fetal astrocytes
were seeded on a glass-bottom dish (MatTek) in DMEM complete. The
next day, 2 X 10° HIV-1 IIIb- or NLENG1-infected H9 cells were laid on
the astrocytes. As a control, astrocytes were cultured with 50 pg/ml HIV-1
IIIb or NLENGI (NL4-3) as determined by an HIV-1 p24 antigen en-
zyme-linked immunosorbent assay (ELISA) kit (ZeptoMetrix Corpora-
tion). The cells were cocultured for an additional 24 h. The medium was
removed, and unattached cells were rinsed away in PBS prior to fixation
and imaging.

Fluorescence microscopy. For experiments involving Jurkat or pri-
mary CD4™ T cell conjugates, the cells were air dried onto glass slides and
fixed in 4% paraformaldehyde (Sigma) in PBS. Cells were stained with a
1:500 dilution of gp120 antibody (Sino Biological, Inc.), followed by a
1:500 dilution of Alexa-Fluor 488 goat anti-rabbit antibody (Molecular
Probes). Cells were mounted with ProLong Gold antifade reagent (Mo-
lecular Probes). For astrocyte experiments, cocultures were grown on
MatTek plates as described above, fixed in 4% paraformaldehyde in PBS,
and permeabilized in 0.2% Triton X-100 (Sigma) in PBS. Cells were
stained with a 1:1,000 dilution of anti-glial fibrillary acidic protein
(GFAP) antibody (Sigma) and a 1:500 dilution of Alexa-Fluor 594 anti-
rabbit antibody (Molecular Probes) and then costained with 4’,6-di-
amidino-2-phenylindole (DAPI) at a 1:1,000 dilution (Sigma). Images
were obtained on an Olympus IX51 microscope. Structured illumination
(SI) imaging was performed on a homebuilt microscope system based
around an upright microscope (Olympus BX51). SI reconstruction was
performed with customized MATLAB scripts. For the astrocyte viral
transfer experiment, human fetal astrocytes were cocultured with
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NLENGI-infected H9 cells as described above, except that coculture was
maintained for 4 days. Cells were fixed and stained with DAPI and anti-
GFAP as described above and visualized by fluorescence microscopy. As-
trocyte cell outlines were traced from a differential inference contrast
(DIC) image in Adobe Illustrator.

Quantitation of GFAP distribution. Astrocytes alone, astrocytes with
cell-free virus, or astrocytes and HIV-1-infected H9 cells were maintained
in coculture for 24 h and then were stained with anti-GFAP and DAPI and
imaged by fluorescence microscopy as described above. The areas of
GFAP expression and DAPI stain were automatically calculated using
binary masks by automatic thresholding (Image]J). The area of GFAP ex-
pression was normalized to cell number, as indicated by DAPI-stained
astrocyte nuclei (see Fig. 6 and 8). Mean and standard error were calcu-
lated, and statistical significance was tested using a one-way analysis of
variance (ANOVA) followed by Bonferroni’s test for multiple compari-
sons of astrocyte cocultures against a control culture of astrocytes alone.

Sample preparation for electron microscopy. Astrocyte-H9 cell con-
jugates were first imaged by fluorescence microscopy on an alphanumer-
ic-coded, grid-patterned glass. Jurkat-Jurkat or primary T cell-T cell con-
jugates were pelleted and prepared without a glass slide. For all samples,
cells were prepared essentially as described previously (42). Briefly, the
cells were washed in PBS and fixed in 2% glutaraldehyde in 0.1 M sodium
cacodylate, pH 7.0, for 1 h at room temperature. The cells were washed 3
times in sodium cacodylate buffer and then postfixed with 1% osmium
tetroxide in sodium cacodylate for 1 h at room temperature and washed
with sodium cacodylate and 0.1 M sodium acetate (pH 4.2) buffer once.
The cells were stained with 0.5% uranyl acetate in sodium acetate buffer
for 1 h and washed in sodium acetate. The sample was dehydrated with
ethanol in 35%, 50%, 70%, and 95% deionized water twice for 10 min
each and 100% ethanol 3 times for 10 min, embedded in PolyBed 812 Luft
Formulations embedding kit/DMP-30 (PolySciences), and rotated over-
night. The next day, the resin was replaced with fresh resin and placed at
56°C for 48 h to induce polymerization. For astrocyte samples, 48 wt%
hydrofluoric acid was used to remove the glass bottom. The embedded
resin block was trimmed and mounted on a specimen stub by using col-
loidal silver paint (Electron Microscopy Sciences) and sputter coated with
gold.

FIB-SEM. A Zeiss NVision 40 Crossbeam microscope (Carl Zeiss NTS)
equipped with Atlas3D (Fibics Inc., Ottawa) was used for data collection as
described previously (16, 32, 35). A focused ion beam (FIB) (700 pA or 1.4 nA
for T cell-T cell samples and 300 pA for astrocyte samples) iteratively removed
slices (49 nm for Jurkat cell samples, 45 nm for primary T cell samples, and 16
nm for astrocyte samples). The scanning electron beam was used to record
images at pixel sizes of 3 to 7 nm in the xy plane. The scanning electron
microscopy (SEM) images were recorded using an energy-selective backscat-
tered electron (ESB) detector. For the Jurkat and primary CD4™" T cell sam-
ples, we selected data volumes with the clear presence of HIV-1 virions and
sufficient levels of infection. The data collected for the Jurkat data set shown
here was 48 wm by 23 um and 353 images, producing a final volume of
~20,000 wm? with ~20 Jurkat cells. For the primary T cell data, the data set
selected was 60 wm by 31 wm and 789 images, producing a final volume of
~66,000 wm’ with ~40 cells. For astrocyte samples, we selected regions of
interest based on the presence of H9 cells and astrocytes as observed with
wide-field microscopy. Figures in this work were derived from three data sets
with a total of 4 unique astrocyte-H9 cell contact zones; each data set was
approximately 20 pm by 40 pm and 400 to 600 images, with a final volume of
~16,000 pm?.

Processing of electron microscopy images. Individual 2D images
were merged, cropped, and aligned using customized scripts based on the
image processing programs IMOD (UC Boulder) and Bsoft as previously
described (32). Features of interest were automatically selected with
3DSlicer (43) (www.slicer.org) or Avizo Fire (Visualization Sciences
Group) using a thresholding tool. The initial automatic segmentation was
refined manually using Avizo Fire or Autodesk 3D Studio Max software to
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produce 3D visualizations, and the volume rendering was colorized using
Adobe Photoshop.

Ethics statement. Human fetal brain tissue was acquired following
approval of the Office for Human Research Protections at NTH (protocol
5831). For this protocol, consent for use of this tissue was not required.
Primary human T cells were harvested as a by-product of volunteer donor
blood units and were distributed in an anonymized manner. They meet
the criteria for exemption from need for informed consent and IRB review
as defined in 45 CFR 46, and their distribution abides by all NIH guide-
lines for human subject research.

RESULTS

Fluorescence microscopy of T cell synapses. To examine syn-
apses between HIV-1-infected and uninfected T cells, we utilized a
coculture system in which T cells productively infected with
HIV-1 were washed extensively to remove free virus and then
cultured with uninfected T cells and examined for synapse forma-
tion and virus transfer. First, we tested the system with cells of the
CD4%, CXCR4™", CCR5™ T cell line Jurkat E6-1 (44). Jurkat cells
infected with the X4-tropic HIV-1 NL4-3 virus formed conjugates
with uninfected Jurkat cells. Evidence of Env capping, demon-
strated by the presence of HIV-1 gp120, could be detected at the
cell-cell contact zone but not in unconjugated cells (Fig. 1A to C,
Fig. 2A to E), as has been described previously (6, 45). To evaluate
potential transfer of virus leading to productive infection of unin-
fected target cells, we differentially labeled infected donor and
uninfected target cells and then used FACS to separate the donor
and target cells to >99% purity, following 24 h of coculture.
Quantitative PCR analysis for accumulation of early (R-U5) and
late (gag) HIV-1 reverse transcripts, indicative of virus transfer
and initiation of infection of target (initially uninfected) cells, is
shown in Fig. 1G. This virus transfer may include both cell-medi-
ated and cell-free virus transfer, although extensive washes to re-
move free virus likely limit viral transfer to cell-cell contacts. The
presence of these reverse transcripts in the target cells and the
ability to inhibit their accumulation with the nucleoside reverse
transcriptase inhibitor emtricitabine FTC demonstrate initiation
of de novo infection of the target cells (Fig. 1G). We also evaluated
conjugates between uninfected and HIV-1 NL4-3-infected primary
CD4™" T cells. In 2D images, although an accumulation of HIV-1
gp120 was detected only in cell conjugates and not unconjugated
cells, gp120 signal was found adjacent to the cell-cell contact zone,
rather than clearly within the zone (Fig. 1D to F, Fig. 2F to I). At this
resolution, it appears that the contact zones between primary CD4 ™"
T cells are more complex than those of Jurkat cells. To elucidate ex-
actly where HIV-1 virions lie in relation to the contact zone in these
conjugates, we turned to electron microscopy.

3D electron microscopy of T cell virological synapses. In or-
der to better understand the nature of T cell-T cell interactions at
virological synapses, we used FIB-SEM to image complexes
formed between infected and uninfected Jurkat T cells and be-
tween infected and uninfected primary human CD4 " T cells. A 3D
stack of 2D SEM images provides an understanding of the overall
structural organization of entire cells, including cell-cell contact
zones (Fig. 3; see Movie S1 in the supplemental material) at an
order-of-magnitude-higher resolution than is possible by light
microscopy (Fig. 1). Once the image stack is recorded, the mem-
branes and organelles of individual cells can be segmented to vi-
sualize contacts between infected and uninfected cells in 3D (see
Movie S1). In these 3D images, the presence of budding HIV-1
virions on the cell surface is used as a marker to identify infected
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FIG 1 Virological synapse formation between infected and uninfected T cells
by light microscopy. Cells are visualized by fluorescence microscopy (A, D),
bright-field microscopy (B, E), and merged images (C, F). HIV-1 NL4-3-in-
fected Jurkat cells were cocultured with uninfected Jurkat cells (A to C), and
HIV-1 NL4-3-infected primary CD4 ™ T cells were cocultured with uninfected
primary CD4™" T cells for 8 h (D to F). HIV-1 virions are marked by anti-gp120
antibody labeling (green). Scale bars, 10 um. (G) HIV-1 NL4-3-infected Jurkat
cells (donor) were cocultured with uninfected Jurkat cells (target) for 24 h,
with or without the reverse transcriptase inhibitor emtricitabine FTC. The cells
were sorted and analyzed by quantitative real-time PCR for early (R-U5) and
late (gag) HIV-1 reverse transcripts, indicative of virus transfer and initiation
of infection, normalized to diploid genome cell equivalents, based on quanti-
tative PCR for a single-copy CCR5 DNA sequence (59, 60).

FIG 3 FIB-SEM imaging reveals virological synapses between infected and
uninfected T cells. An 8-h coculture of uninfected and HIV-1 NL4-3-infected
Jurkat cells was imaged with FIB-SEM and segmented in 3D. The image di-
mensions were 48 m by 24 pum by 17 um, resulting in a 20,000 wm? volume.
Representative transverse digital sections of the data are drawn out of the
volume.

cells, while cells without identifiable internal or budding virus are
presumptively considered uninfected.

A comparison of synapses formed between Jurkat and between
primary CD4 ™" T cells reveals that there are remarkable differences
between the types of contacts formed by these cells (Fig. 4). Jurkat
cells have a smooth, generally spherical shape and do not deform
or wrap around neighboring cells (Fig. 4A and B). In contrast,
reflecting normal shape changes observed in these cells (13), acti-
vated primary CD4™ T cells wrap tightly and extensively around
neighboring cells (Fig. 4C and D), and, in some cases, apparently
uninfected primary T cells can extend long filopodia toward in-

FIG 2 Gp120 staining is punctate in cells that are clustered but not in single, unclustered T cells in coculture of infected and uninfected cells. HIV-1 NL4-3-infected T
cells were cocultured with uninfected T cells as described for Fig. 1. Cells are visualized by fluorescence microscopy (A, F), bright-field microscopy (B, G), and merged
images (Cto E,Hto]). (A to E) Infected Jurkat cells cocultured with uninfected Jurkat cells. Cells in panels D and E are from the image in panel C. (F to]) Infected primary
CD4™ T cells cocultured with uninfected primary CD4™ T cells. Cells in panels I and J are from the image in panel H. Scale bars, 10 pm.
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FIG 4 Segmentation of FIB-SEM data shows clear differences between Jurkat cell and primary CD4™ T cell synapses. (A and B) Segmentation of Jurkat cells from
the data set in Fig. 3 reveals three infected (*) and two uninfected cells. (B) Zoomed-in view of the cells in panel A. Short membrane extensions cross the synapse
from both infected and uninfected cells. (C to F) Uninfected and HIV-1 NL4-3-infected primary CD4 " T cells were cocultured for 8 h and imaged as described
for panels A and B. (C) Zoomed-out view of the primary cell cluster reveals extensive membrane interdigitation between infected (*) and uninfected cells. Several
virions (red) can be seen at the contact zones with infected cells. (D) Rotated view of the cells shown in panel C. An uninfected cell (brown) with a large
membrane-enclosed extension (white arrow) stretches around another uninfected cell (purple), making direct contact with an infected cell (blue). (E) Segmen-
tation of primary T cell cluster shows close contacts between uninfected and infected (*) T cells, as well as a long filopodial contact between the infected cell and
a distant, uninfected cell. (F) Back view of the primary cell cluster shown in panel E. Cells display many long filopodia and membrane extensions, common in

primary CD4™" T cells but not in Jurkat cells.

fected cells (Fig. 4E and F) over a distance of up to 30 to 40 pm
across multiple cells, similar in some respects to what has been
described previously (21). The existence of these long-range con-
tacts would be difficult to deduce using conventional 2D electron
microscopy or even with electron tomography, which requires sec-
tions approximately 1-pm thick in order to be imaged by transmis-
sion electron microscopy. While there is some variation in the cell
body shape observed with primary CD4 " T cells (e.g., Fig. 4C and D
compared to E and F), overall, primary CD4" T cells display in-
creased membrane extensions compared to those of Jurkat cells (Fig.
4A and B); these differences in cell shape appear to correspond with
differences in the architecture of the cell-cell contact zones.

In addition to 3D reconstructions of entire cells, FIB-SEM also
has sufficient resolution to visualize and identify individual viri-
ons, including those budding from the cell surface and those re-
leased from the cell (Fig. 5A to G). The ability to simultaneously
visualize individual virions and the entire cell-cell contact zone
thus provides an opportunity to define the spatial distribution of
viruses at the virological synapse. These analyses reveal important
differences in the structural features of synapses formed by Jurkat
cells and primary CD4™ T cells. To further explore the architec-
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ture of the T cell virological synapses, we analyzed virus distribu-
tion at cell-cell contact zones in synapses formed between Jurkat
cells and between primary T cells. In Jurkat cell virological syn-
apses, viruses are, in most cases, distributed throughout the con-
tact zone (Fig. 5H to O), similar in some respects to what has been
reported previously (6, 18). In contrast, contact zones between
infected and uninfected primary human CD4" T cells show a
region of tightly opposed membranes from which HIV-1 virions
are largely excluded, being present in a ring at the periphery of the
synapse (Fig. 5P to W). Furthermore, the contact zones of primary
T cell synapses are more irregular (Fig. 5P to W, noted by 5.5-pum
crosshair lines), suggesting much closer cell-to-cell membrane
contact, consistent with the 3D views of the primary T cell contacts
shown in Fig. 4C to F. This is supported by a semiquantitative analysis
of the positions of virions at the Jurkat compared to primary CD4™* T
cell synapses (Fig. 5X and Y). Moreover, the well-defined localization
of HIV to the outer boundary of the contact zone in synapses involv-
ing primary T cells is consistent with the extensive, tight membrane
contact observed in the whole-cell images (Fig. 4C to F). Together, the
data shown so far support the idea that the 3D structure of the syn-
apse, as well as the virus distribution at the synapse, is influenced by
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the array of cellular interactions available to the cells in the synapse.
To investigate whether similar structures can be observed in virolog-
ical synapses formed between HIV-1-infected cells and nonimmune
cells, we turned to astrocytes, cells in the brain known to be permis-
sive for HIV infection (46, 47).

Architecture of astrocyte-T cell synapses. As noted earlier, T
cells can transfer HIV-1 to many cell types, including astrocytes,
through cell-to-cell contact (36). To investigate the nature of T
cell-astrocyte synapses, we first used fluorescence microscopy to
assess morphological changes that occur in cultured primary as-
trocytes upon contact with H9 cells chronically infected with
HIV-1 IIIb or acutely infected with the HIV-1 NL4-3-based re-
porter virus NLENG1 (Fig. 6). To verify that virus was taken up by
astrocytes in this culture system, astrocytes cultured with
NLENGI-infected H9 cells were imaged; the presence of green
fluorescence in astrocytes that are attached to H9 cells indicates
that transfer of virus occurs in this system (Fig. 7). Cultured as-
trocytes display compact polygonal shapes when cultured on their
own (Fig. 6A) or with uninfected H9 cells (Fig. 6D). However,
when exposed to H9 cells infected with either HIV-1 IIb or
NLENG]I, but not to cell-free virus (Fig. 6B and C), the astrocytes
show dramatic changes in cellular morphology, with a clear in-
crease in the prevalence of membrane extensions (Fig. 6E and F).
To obtain a quantitative estimate of the extent of these morpho-
logical changes, we analyzed changes in glial fibrillary acidic pro-
tein (GFAP), a protein involved in intermediate filament forma-
tion and present in astrocyte filopodial extensions. We quantified
the area of GFAP expression per astrocyte using automated tools
for 2D image segmentation (outlined in Fig. 8A to D). Coculture
with uninfected H9 cells did not alter the overall area covered by
GFAP in primary astrocytes, compared to GFAP protein distribu-
tion in astrocytes cultured alone. However, coculture with HIV-
1-infected H9 cells or cell-free HIV-1 resulted in a measurable
increase in the area of GFAP distribution (Fig. 6G to H). While the
presence of HIV-1 can stimulate the expression of GFAP, a well-
known astrocyte response to pathogens, including HIV-1 (48), it
is the presence of infected H9 cells that is required for morpho-
logical changes (Fig. 6A compared to E and F) and the presence of
membrane extensions. The membrane extensions that are formed
in astrocyte coculture with HIV-1 IIb-infected H9 cells can mea-
sure as long as 500 wm (Fig. 61). These membrane extensions may
also be branched, radiating outward from the cell body (Fig. 6]
and K). Structured illumination microscopy demonstrates that
within each membrane extension, intermediate filaments appear
to twist into a ribbon (Fig. 6L) that could provide structural sup-
port to filopodial extensions (49). Together, these results show
that coculture with HIV-1-infected cells resulted in significant
increases in membrane extensions on the surface of primary hu-
man fetal astrocytes.

3D Imaging of HIV-1 Virological Synapses

To explore the potential connection between the formation of
membrane extensions and HIV-1 transmission, we investigated
the structures of contact zones between HIV-1 IIIb-infected H9
cells and astrocytes using FIB-SEM. Since astrocytes can be very
large, it was important to use methods that could ensure that the
FIB-SEM imaging was directed specifically to regions of cell-cell
contact. We used light microscopy and low-dose topographical
SEM (32) to identify cell-cell contact zones, taking advantage of
the striking morphological differences between the elongated hu-
man fetal astrocytes and the spherical HIV-1 IIIb-infected H9 cells
(Fig. 8E and F). Once the cells and the contact regions were iden-
tified, we carried out targeted FIB-SEM imaging to obtain three-
dimensional reconstructions of the astrocyte-H9 cell synapse. In-
dividual cross-sectional SEM images through the contact zone
show cell boundaries, organelle distribution, and the presence of
mature HIV-1 particles in the region between the two cells (Fig.
9A to C and E). Visualization of the image stack (see Movie S2 in
the supplemental material) as a 3D volume (Fig. 9D) shows that
the contact between infected H9 cells and astrocytes is different
both from the membrane interdigitation observed between DCs
and primary T cells at virological synapses (16, 17) and from the
membrane spreading observed at the synapses formed by primary
CD4™ T cells (Fig. 4). Instead, the central feature of the astro-
cyte-H9 cell contact zone is a set of filopodial extensions emanat-
ing from the astrocyte. These protrusions extend directly toward
the HIV-infected H9 cell and are surrounded with HIV-1 parti-
cles. The presence of the filopodial extensions covered with HIV-1
virions is suggestive of the mechanism of virus “surfing” described
previously (50-53), where extension of these long filopodia con-
tributes to infection. The architecture of the virological synapses
between the HIV-infected H9 cells and astrocytes supports the
hypothesis that, in this system, morphological changes in unin-
fected cells influence the distribution of viruses at the contact
zones and may facilitate infection.

To further explore the variety of virological synapses that can oc-
cur between astrocytes and HIV-1-infected H9 cells, we imaged sev-
eral additional variants of the filopodium-rich virological synapse
described in Fig. 9. In some instances, the filopodia appear to be very
thick, essentially forming a large branch emanating from the central
body of the astrocyte (Fig. 10A to D). In others, thin astrocyte mem-
brane extensions form virological synapses containing concentrated
HIV-1 clusters at the contact zone between the astrocyte and infected
H9 cell (Fig. 10E and F). Visualization of the entire contact zone in 3D
illustrates that what may appear as a pair of noninteracting cells in a
2D image (Fig. 10C) is instead a slice through a region of extensive
cell-cell contact (Fig. 10D). Further, in instances where single slices
show cells that are far apart, collections of filopodial extensions em-
anating from different regions of the astrocyte are observed, all ap-

FIG 5 Distribution of budding and released virions in cocultures of infected and uninfected T cells. (A to E) A single SEM image slice from a 3D stack shown at
progressively higher magnifications reveals virions present on the surface of a Jurkat cell. SEM slice is from the block shown in Fig. 3. (F and G) Additional
examples of virions on a Jurkat cell surface of a different Jurkat cell showing both mature cores (F) and immature cores at an early stage of budding (G). (H to
O) Views of the contact zones between the uninfected and infected Jurkat cells from Fig. 4A and B, through a transparent uninfected cell to a segmented infected
cell. Virions (red) are found in a ring outside the contact zone. (P to W) Views of the contact zones between the uninfected and infected primary T cells from Fig.
4C to F, shown as in panels H to O. (I, K, M, O, Q, S, U, W) 2D graphical representations highlight the boundaries of the cell-cell contact zones in panels H, J,
L, N, P, R, T, and V, showing distribution of HIV-1 virions. Crosshair lines are 5.5 pm. (X) Quantification of virion placement from synapses, indicating that
virions in Jurkat synapses are closer to the center of the synapse than virions in primary CD4 " T cell synapses. The difference between the mean distances (in
microns) of virions from the center of the crosshair and the mean distance of the synapse edge from the center of the crosshair at 45-degree increments for each
cell is shown. (Y) The distance between each virion and the closest synapse edge (interior, <0; exterior, >0) for virions at Jurkat and primary CD4™ T cell
synapses.
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FIG 6 Human fetal astrocytes extend long membrane protrusions in the presence of HIV-1-infected T cell lines. (A to F) Fluorescence microscopic images of
primary human fetal astrocytes (A), astrocytes cultured with HIV-1 IIIb (B), astrocytes cultured with NLENGI1 (C), astrocytes cocultured with uninfected H9
cells (D), astrocytes cocultured with HIV-1 ITIb chronically infected H9 cells (E), and astrocytes cocultured with NLENG1 acutely infected H9 cells for 24 h (F).
Intermediate filaments are labeled with glial fibrillary acidic protein (GFAP; green). Nuclei are labeled with DAPI (blue). Thin cell bodies with long, overlapping
membrane protrusions are observed only in astrocytes cocultured with HIV-infected T cells. Scale bars, 50 pm. (G to H) Quantitative analysis of cells cultured
under each of the conditions described for panels A to F. (G) The average area of GFAP expression per astrocyte is significantly (P < 0.0001) higher in cultures
with HIV-1 or HIV-1-infected H9 cells. (H) The average number of astrocytes per field of view as calculated for panel G. (I) A long astrocyte protrusion
(cocultured as described for panel E) measures 478.59 pm in length with a 33.60-pum-wide cell body. (J) Astrocytes (cocultured as described for panel E) have thin
cell bodies with long, branched membrane protrusions. (K) A magnified view of one astrocyte cocultured as described for panel E shows membrane processes
away from the cell body. (L) Structured illumination microscopy of a section (K; white box) of a long membrane protrusion. Individual intermediate filaments,
which provide the mechanical strength and structure for the astrocyte membrane protrusions, are clearly visible. Scale bars (J to L), 10 pm.

pearing to point toward virions emerging from the membrane of the  understanding the mechanisms of cell-to-cell spread of HIV-1.

infected T cell (Fig. 10E and F). Virological synapses, as originally defined by Jolly and Sattentau
(54), and as structurally defined by a number of 3D structural
DISCUSSION analyses, including our present work, are cytoskeleton-depen-

Determining the 3D architecture of virological synapses and virus ~ dent, stable adhesive junctions across which virus is transmitted
distribution at this specialized zone of cell-cell contact is central to by directed transfer (5-7,9, 11, 14, 16, 17, 19, 21). The concentra-
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FIG 7 Viral transfer occurs in astrocyte-H9 coculture system. Human fetal
astrocytes cocultured with NLENG1-infected H9 T cells for 4 days. Cells that
are infected with the green fluorescent protein (GFP)-tagged reporter viruses
have green fluorescent signal. Images shown are bright-field (A), GFP green
channel (B), overlay of GFP green, DAPI blue, glial fibrillary acidic protein
(GFAP) red (C). The astrocyte at the center of the image (outlined in white),
which lies underneath a cluster of NLENG1-infected H9 cells, has green fluo-
rescent signal, indicating that it is infected with NLENG1. Another astrocyte in
the top left corner further away from the T cell cluster does not have green
fluorescent signal, indicating that it is not infected.

tion of viruses at the synapse enables more effective infection of
the target cells and, in addition, provides a potential mechanism to
shield the virus, at least partially, from the immune system. In
earlier studies of virological synapses formed at the junction be-
tween HIV-pulsed DCs and uninfected CD4" T cells, we pre-
sented evidence for the involvement of membrane extensions
from both cell types at the zone of cell-cell contact (16, 17). Bio-
chemical experiments have shown that, at least in the case of im-
mature DCs, these membrane extensions are induced following
engagement of DC-SIGN by HIV-1 envelope glycoproteins in a
cascade involving Src kinases, Cdc42, Pakl, and Wasp (17). In
synapses formed by mature DCs, large sheet-like membrane ex-
tensions encase the T cell near the sites of cell-cell contact, en-
abling close access of the shorter filopodial extensions from the T
cell to virion-rich channels near the surface of the DC (Fig. 11A).
Interestingly, despite the general similarities in the nature of the
membrane extensions observed on immature and mature DCs,
the envelopment of the T cell seen with mature DCs is not ob-
served with immature DCs (Fig. 11B). Nevertheless, in virological
synapses formed by both immature and mature DCs, virus deliv-
ery appears to also involve membrane extensions from the unin-
fected cell. These different formations are likely a reflection of the
normal cellular contacts formed by these types of cells but still
represent important features for HIV cell-to-cell transmission at
these synapses.

Our analyses of T cell-T cell contacts presented here (Fig. 11C)
demonstrate that the structural features of these virological syn-
apses are distinct from those formed between DCs and T cells.
Unlike in contacts formed with DCs, in synapses formed between
infected and uninfected primary CD4™" T cells, we found that the
cells extensively wrap around neighboring cells, with HIV-1 viri-
ons found clustered at the periphery of the contact zone. In other
cases, long membrane extensions, some more than 30 wm in
length, were also observed. Previous studies of the T cell-T cell
synapse, either with primary CD4™ T cells or in a Jurkat model
system, have described a number of different ultrastructural fea-
tures of the synapse, including short filopodia (6), long extensions
or nanotubes (19), single synapses and polysynapses (18), as well
as viral transfer through “synaptic buttons” and endocytosis (55).
In addition, light microscopic studies have demonstrated the
presence of HIV-1 Gag proteins in Jurkat-Jurkat or Jurkat-pri-
mary T cell synapses (5, 18, 55), either at the tip of membrane
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FIG 8 Automated image analyses reveal the number of cells and area of GFAP
expression per human fetal astrocyte. Fluorescence microscopic image of astrocyte
stained with DAPI (blue) and anti-GFAP (green) shows the image analysis tech-
nique used for Fig. 6. (A) DAPI stain marks distinct cell nuclei; (B) image from
panel A, following application of a binary mask based on the pixel intensity profile
to identify discrete cells; (C) fluorescence signal from GFAP-specific antibody
(green) marks astrocyte intermediate filaments; (D) image from panel C, follow-
ing application of a binary mask based on the pixel intensity profile to define area
of GFAP expression; (E to F) representative images to show that astrocytes and H9
cells can be readily distinguished based on morphological differences between the
long astrocytes and the spherical H9 cells. (E) Human fetal astrocytes cocultured
with HIV-1 IlIb-infected H9 cells for 24 h, imaged by light microscopy. Scale bar,
100 pm. (F) Topographical SEM image of a resin-embedded block of cocultured
astrocytes and HIV-1 IlIb-infected H9 cells. An astrocyte-H9 cell conjugate is
highlighted. (Inset) Higher magnification shows the nuclei of two adjacent cells.
One cell is ~10 times longer than the other (128.1 pum compared to 11.8 wm),
suggesting an astrocyte (“A” in panel F) and H9 cell (“T” in panel F) conjugate.
FIB-SEM imaging was performed on the area denoted by the dotted white box in
the direction indicated by the white arrow (Fig. 9; see also Movie S2 in the supple-
mental material).

extensions or in a ring around the tightly apposed synapse. In the
work presented here, we clearly see clusters of both Jurkat and
primary CD4™ T cells, similar to polysynapses; we also see long
membrane extensions, particularly in primary cells, that resemble
the nanotubes referenced above. However, a closer look at the
areas of tight cell-cell contact reveals clear differences between
Jurkat and primary CD4™" T cell synapses. While the Jurkat junc-
tions in our study appear relatively “loose” (Fig. 4B), with virions
present between the cells, the synapses formed between primary
CD4™ T cells appear much tighter, with greater areas of cell con-
tact and with virions present in a ring and largely excluded from
the cell contact zone. Previous high-resolution studies of the syn-
apse, both by thin-section TEM (18, 55) and by thick-section elec-
tron tomography (6), have revealed “loose” junctions with virions
present between cells; however, these electron microscopic studies
included at least one Jurkat cell at the synapse. Our data suggest
that, as shown previously for HTLV-1 virological synapses (56),
the junctions between primary cells may be much tighter than for
virological synapses formed by cell lines; thus, Jurkat-Jurkat or
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FIG 9 HIV virions “surf” along membrane extensions within the H9 cell-
astrocyte virological synapse. (A) 2D FIBSEM image of an HIV-1 IIIb chron-
ically infected H9 cell (left) and an uninfected astrocyte (right), cocultured for
24 h. The astrocyte adheres to the substrate while the H9 cell remains sus-
pended in the culture medium. Scale bar, 1 pm. (B) In the synaptic region
(panel A, black box), the H9 cell and astrocyte extend thin filopodia across the
synapse with virions trapped at the junction. (C) Three virions (panel B, black
box) have dark, conical-shaped densities in the center, indicative of viral cap-
sids. Inset scale bars, 150 nm. (D) 3D rendering of the FIBSEM image stack
containing the contact zone between the HIV-1 IIIb (red)-infected H9 cell
(gold) and astrocyte (blue). The target cell extends long filopodial bridges
(arrows) toward the infected cell across the intercellular gap. HIV-1 virions are
found adjacent to the filopodial bridges. (E) Semitransparent visualization of
the H9 cell and astrocyte reveals the dense accumulation of HIV at the cell-cell
contact zone.

Jurkat-primary T cell synapses may not represent the ultrastruc-
ture found between infected and uninfected primary CD4* T
cells.

Live imaging of HIV-1 virological synapses in T cells has indi-
cated that virions can transfer either along filopodia (“virus surf-
ing”) (19, 21) or directly across a synapse (18, 55). The latter
structure (termed a “synaptic button” by Hubner et al. [55]) was
observed within the first 2 h of the synapse; one possible explana-
tion for why we did not observe these structures was that the
synapses visualized in this study were later-stage synapses (8 h for
T cells and 24 h for astrocytes). We observed the former structure,
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FIG 10 Structural variations in membrane contact at the astrocyte-H9 cell
virological synapse. 2D FIBSEM images (A, C, E) and 3D colorized reconstruc-
tions of HIV-1 IIIb (red)-infected H9 cells (gold) and human fetal astrocytes
(blue) cocultured for 24 h (B, D, F). Scale bars, 1 wm. (A, B) An astrocyte
extends a thick membrane protrusion (arrow) toward the HIV-infected H9
cell, forming an extensive contact zone with a T cell filopodium. (C, D) A thick
astrocyte membrane protrusion (arrow) closes the intracellular gap between
the astrocyte and the HIV-1-infected H9 cell. HIV-1 virions are found concen-
trated in the elbow and along the length of the thick astrocytic protrusion. (E,
F) A cluster of astrocyte filopodia (arrow) extends toward a group of HIV-1
virions located on the H9 cell membrane.

characterized by long filopodial extensions from both infected
donor and uninfected target cells, in both primary CD4" T cell
synapses and in astrocyte-H9 synapses. Given the snapshot nature
of our study, however, it is not clear whether the membrane ex-
tensions revealed in our study are formed by the same mechanism
as those noted previously. Nevertheless, as reported for other vi-
rological synapses (19, 21), the long-distance membrane contacts
observed in our study may likewise enable the transfer of HIV-1 to
uninfected cells by virus surfing.

At the synapses formed between astrocytes and infected H9
cells, extensions from both cells form a filopodial network at the
cell-cell contact zone (Fig. 11D). The extended membrane projec-
tions from the astrocytes are pointed directly at the infected H9
cell, providing a conduit for HIV-1 to “surf” along the projections
toward the uninfected cell. This network is reminiscent of the
filopodial bridges observed in the rat XC sarcoma cell line model
system, which are stabilized by the presence of target cell receptor
molecules at the tip of the membrane extension and Env proteins
on the infected cell surface (19, 53) and which facilitate viral trans-
fer via an actin-dependent process. Nevertheless, the structure of
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FIG 11 Schematic illustration of the membrane architectures of four distinct
types of cell-cell contact at HIV-1 virological synapses determined by 3D elec-
tron microscopy. (A) Encasement of target cell by mature dendritic cell (DC)
and interaction of filopodia from target T cell with viral reservoirs in DCs (16);
(B) network of filopodial extensions at the cell-cell contact zone that enable
virus transfer from the surface of immature DCs to uninfected CD4™ T cells
(17); (C) rearrangement and shape change of uninfected CD4 ™" T cell enabling
extensive membrane contact with HIV-1-infected T cells; (D) membrane
bridges extend from astrocytes at regions of contact with HIV-1-infected T
cells, providing a mechanism for viruses to “surf” from the infected cell to the
astrocyte.

the astrocyte membrane extensions, with high levels of GFAP, a
protein restricted primarily to astrocytes, is likely specific to this
cell type; this suggests that while the general presence of mem-
brane extensions is shared among many cell types, there are
unique characteristics of these interactions that are cell type spe-
cific.

These observations suggest that the type of interaction between
infected and uninfected cells is particular to the cell types involved
in the synapse; thus, spatial architecture of zones of cell-to-cell
transmission may vary significantly between different types of vi-
rological synapses. The membrane extensions from APCs, T cells,
and astrocytes could be formed from close but “not-yet-touching”
cells to close the gap (19) or could be “sticky” trailing pseudopodia
left from previously touching cells that are beginning to move
apart (20, 21). Nevertheless, the similarities between the various
virological synapses shown here and elsewhere (16, 17) suggest
that the common element of membrane projections may provide
a useful route for exploring therapeutics aimed at blocking cell-
to-cell transfer. A schematic summary of the four types of virolog-
ical synapse architectures observed from our previous and current
studies is presented in Fig. 11.

While light and electron microscopic studies have begun to
provide insights into some of the structural themes associated
with HIV transfer at virological synapses (5, 8, 9, 16, 17, 57), the
chemical mechanisms leading to their formation are poorly un-
derstood. The observation of membrane extensions from the un-
infected cells suggests that there may be a signal that is sensed by
the uninfected cell, such as a diffusible chemical messenger or
perhaps even monomeric gp120 that diffuses and initiates signal-
ing by binding to coreceptors on target cells, as has previously
been suggested (58). Indeed, it has been shown that a virus can
stimulate uptake and cytoskeleton-dependent retrograde trans-
port within filopodia (51), although this has not been directly
observed in the HIV-1 virological synapse. The response of each
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cell type appears to be distinct, as evidenced by the clear differ-
ences between synapses formed by primary cells versus those
formed by cells from immortalized cell lines, as in the case of
Jurkat compared to primary CD4™ T cell synapses (Fig. 4). There
is little doubt that cytoskeletal remodeling must be an essential
component of the changes in cellular morphology at the synapse.
Thus, actin polymerization inhibitors such as cytochalasin D dis-
rupt HIV localization at synapses formed by mature DCs (16), and
inhibiting the function of the Rho family GTPase Cdc42 dramat-
ically reduces the number of membrane protrusions and decreases
HIV-1 transfer at infectious synapses formed with immature DCs
(17). Further, as shown in Fig. 6, HIV-induced membrane exten-
sions in astrocytes appear to involve increases in expression of
intermediate filaments. It seems plausible that the structural fea-
tures unique to the different types of virological synapses are
merely variations on the cellular repertoire of physiologically rel-
evant membrane rearrangements necessary for cell-cell commu-
nication but subverted by HIV to achieve infection of target cells.
A better understanding of the chemical mechanisms involved in
virological synapse formation may thus provide valuable insights
not only into strategies for preventing the spread of HIV/AIDS but
also into some of the general principles involved in cell-cell com-
munication.
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