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Abstract: HIV-induced syncytia of the CD4*
SUP-T1 T cell line mimic the subcellular organiza-
tion of single cells and are able to crawl like single
cells through extension of giant pseudopods. Be-
cause syncytia have been demonstrated in lym-
phoid tissue of HIV-positive individuals, their behav-
ior has been investigated on more natural substrata,
including dehydrated collagen, hydrated collagen,
endothelial monolayers, and endothelial monolay-
ers grown on collagen cushions. On hydrated colla-
gen gels, both individual SUPT1 cells and syncytia
form unusually long cylindrical projections that
possess pseudopodial ends and are highly dynamic.
Syncytia penetrate collagen gels through extension
of these projections and disrupt their integrity.
When incubated on endothelium, both single cells
and syncytia readily traverse the monolayer through
holes, and when incubated on endothelium sup-
ported by a collagen cushion, syncytia generate
large holes through the monolayer, penetrate the
monolayer, and disrupt the collagen gel through
extension of long, complex projections. Invading
syncytia also release viruses in a polarized fashion
which adhere to and are taken up in vesicles by the
endothelium. It is suggested that the destructive
behaviors of syncytia which have been demon-
strated in vitro may have correlates in vivo. J.
Leukoc. Biol. 63: 233-244; 1998.
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INTRODUCTION

The human immunodeficiency virus (HIV) enters a CD4* T cell
through an initial interaction between the virally encoded env
protein gp120 and the CD4 receptor, and this interaction is
facilitated by co-receptors [1]. Once a cell is infected, it
expresses virally encoded gp120, a glycoprotein that is inserted
into the plasma membrane of the host cell. The gp120 in the
infected host cell membrane now can interact with the CD4
receptor of an uninfected T cell, resulting in cell fusion [2-5]
and the genesis, after several rounds of fusion, of very large
syncytia. In the past, syncytia have been observed in vivo
primarily in the central nervous system of HIV-infected individu-
als, but recent results demonstrate that syncytia can and do
form in lymphoid organs of HIV-infected individuals [6, 7], and

for that reason must be considered as one possible avenue of T
cell death in the progression of HIV-based disease.

Because syncytia are multinucleated and short-lived, it was
initially assumed that they were disorganized fusion sinks in
the throes of death and it was further assumed that they were
not even the major pathway for T cell death in culture [8, 9].
However, recent results demonstrate that in infected cell
cultures, syncytia are self-perpetuating and can be the major
cause of T cell death [10]. More surprisingly, syncytia have
been demonstrated to mimic the organization and behavior of
single cells [11]. They are able to reorganize nuclei, cytoskel-
eton, endoplasmic reticulum, golgi, and mitochondria in order
to mimic the subcellular organization of a single cell, and by the
extension of giant pseudopods containing filamentous actin,
they are able to establish cellular polarity and crawl with
velocities, directionality, and a behavior cycle similar to that of
a single cell [12-15, and D. Shutt, A. Sylwester, J. T. Stapleton
et al., unpublished observations]. This is true not only for small
syncytia, but also for syncytia that are several hundred times
the volume of a single cell [12]. The possible repercussions of
such behavior in vivo are twofold. First, because syncytia
represent major sources of virus production, at least in culture
[10], their capacity to migrate could result in viral dissemina-
tion throughout the human body. Second, because of their size
and especially that of their pseudopods, their motile behavior
could lead to serious disorganization and destruction of extracel-
lular matrix and tissue. To begin to investigate the latter of these
two possibilities, we have examined the motile behavior and the
destructive effects of HIV-induced syncytia on collagen gels
and endothelial monolayers in vitro.

MATERIALS AND METHODS

Virus, cells, and infection

HIV-1 1B virus originally isolated from a MOLT-3 human CD4* T cell line
[16] was kindly provided by Dr. Ronald Kennedy of the University of Oklahoma
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Medical Center, Tulsa, OK. One-milliliter aliquots of infected MOLT-3 culture
supernatant contained approximately 5000 tissue culture infectious dose 50
(5000 TCIDs).

SUP-T1 cells [17] were maintained in RPMI 1640 medium (Fisher Scientific,
Pittsburgh, PA) supplemented with 10% heat-inactivated fetal calf serum, a
1:100 dilution of minimum essential medium nonessential amino acid solution
(Sigma Chemical Co., St. Louis, MO), 10 mM N-2-hydroxyethylpiperazine-N’-
2-ethanesulfonic acid, 1 mM sodium pyruvate, 2 mM L-glutamine, 100
units/mL penicillin, and 100 pg/mL streptomycin sulfate (referred to as
supplemented RPMI medium). For infection, SUP-T1 cells were grown to 108
cells/mL in supplemented RPMI medium, pelleted, and 107 cells resuspended
in 1 mL of supernatant from an HIV-1 IlIB-infected MOLT-3 culture. The
mixture was incubated 2 h and then diluted with 9 mL of fresh supplemented
RPMI medium. Parallel mock infections were performed, with 1 mL of
supplemented RPMI medium used in place of virus-containing supernatant.
After 2 h of incubation, cells were resuspended, then dispersed into fresh
supplemented RPMI medium in 35-mm Falcon plastic T/C dishes at a final
volume of 3.5 mL. Dishes were seeded with cells to an initial density of 125
cells/mm? and maintained at 37°C in a humidified 5% CO, atmosphere. For the
analysis of syncytia, cultures were incubated for 48-72 h.

Preparation of collagen
and endothelial substrates

To prepare collagen substrates, a 1.5-mg/mL solution of rat tail collagen (Sigma)
in 0.1 M acetic acid was mixed with one-tenth volume of 10X Dulbecco’s
minimum essential medium (DMEM; GIBCO-BRL, Grand Island, NY) contain-
ing 20 mg/mL sodium bicarbonate. This solution was cast as 0.25-mm-thick
layers on poly-L-lysine-treated plastic Petri dishes. Hydrated collagen gels
were allowed to set at 37°C in 5% CO, for 2 h, then rinsed with three changes of
fresh medium. To generate dehydrated collagen, hydrated gels were rinsed
thoroughly with sterile water, allowed to air-dry in a sterile hood, then
equilibrated against fresh medium. Endothelium substrates were prepared from
bovine aortic endothelial cells, which were generously provided by Dr. Alex
Sandra, Department of Anatomy, University of lowa. Endothelial cells were
inoculated into 35-mm-diameter Falcon T/C Petri dishes containing 3.5 mL
DMEM medium supplemented with 10% heat-inactivated fetal calf serum with
or without a hydrated collagen gel covering the surface. Seven days after
confluency, the endothelial monolayers were used as substrates. For transloca-
tion experiments, plastic, collagen, and endothelial substrates were first
incubated in supplemented medium. SUP-T1 cells were then distributed onto
the substrate at a density of 500 cells/mm? and incubated for 48 h before
analysis.

Fluorescent staining

To stain F-actin, cultures were gently mixed and aliquots pipetted onto
12-mm-diameter round glass coverslips previously treated with a poly-L-lysine
solution. Coverslips were incubated in 5% CO, at 37°C for 30 min to allow cells
to settle. Preparations were fixed in 2% glutaraldehyde plus 0.5% Triton X-100
in supplemented RPMI medium at 4°C for 5 min. Preparations were then rinsed
two times with supplemented RPMI medium, one time with a 1:1 solution of
supplemented RPMI medium and phosphate-buffered saline (PBS), and three
times with PBS. Autofluorescence was quenched by treating coverslips with 5
mg/mL of NaBH, in PBS for 15 min, followed by three rinses with PBS.
Preparations were then stained with a solution of 10 units/mL of fluorescein
isothiocyanate (FITC)-conjugated phalloidin (Molecular Probes) in PBS, rinsed
three times with PBS, mounted onto microscope slides with Vectashield
mounting medium (Vector Labs, Burlingham, CA), and refrigerated overnight.

To stain tubulin, culture samples were allowed to settle onto poly-L-lysine-
coated coverslips and fixed according to the procedures used for F-actin
staining. Preparations were blocked for 1 h at 4°C with PBS plus 5% bovine
serum albumin (BSA) and then exposed to 25 pL of undiluted anti-tubulin
monoclonal antibody E7 obtained from the Developmental Studies Hybridoma
Bank at The University of lowa. Coverslips were rinsed three times in PBS
containing 5% BSA and 0.02% NaNj;. After the final rinse, coverslips were
incubated for 20 min at room temperature in 25 pL of FITC-conjugated goat
F(ab’), fragment to mouse 1gG (Cappel Research Products, Durham, NC)
diluted 1:200 in PBS plus 5% BSA. Coverslips were rinsed two times in PBS
plus 5% BSA, once in PBS, mounted in Vectashield mounting medium, and
refrigerated overnight.
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To stain endoplasmic reticulum, samples of live cultures were allowed to
settle onto poly-L-lysine-coated coverslips and then stained with 0.25 pg/mL
Rhodamine B hexyl ester R6 (Molecular Probes, Eugene, OR) in supplemented
medium for 15 min in 5% CO, at 37°C. Preparations were rinsed twice with
supplemented medium at 37°C, then fixed with 2% glutaraldehyde in
supplemented medium for 5 min at room temperature. After two rinses with
PBS, coverslips were inverted onto Vectashield on microscope slides.

Behavioral analyses

The methods used were similar to those previously described in detail [12, 13,
15]. In brief, cell cultures were positioned on the stage of a Zeiss Axiovert 100
inverted microscope equipped with a long distance condenser and a x40 Plan
objective with a numerical aperture value of 0.60. A temperature of 37 = 1 °C
was maintained by a thermostat-controlled air curtain or heated stage. Cell
behaviors were video recorded at a single focal plane with a Newvicon 2400-07
video camera (Hamamatsu Photonics K.K., Japan). Cell images were frame-
grabbed and manually digitized into the Dynamic Image Analysis System
(DIAS) data base [18-20], based in a Macintosh Quadra computer (Apple
Computers, Cupertino, CA). Instantaneous velocity was measured according to
methods previously described in detail [18].

Scanning and transmission electron microscopy

For scanning electron microscopy (SEM), cells were prepared according to
methods previously described [12] and imaged with a Hitachi-4000 scanning
electron microscope. For transmission electron microscopy (TEM), cells were
prepared according to methods previously described [21] and imaged with a
Hitachi 7000 electron microscope.

RESULTS

The behavior of HIV-induced syncytia
on collagen gels

A majority of SUP-T1 cells and syncytia form pseudopods on
both dehydrated collagen, which is a lightly packed mesh of
collagen fibers, and hydrated collagen, which is a loosely
packed mesh of collagen fibers [15]. However, only approxi-
mately one-third to one-half of single cells actually translocate
on either substrate, and while approximately half of syncytia
translocate on dehydrated collagen, no syncytia translocate on
hydrated collagen [15]. When scanning electron micrographs of
cells incubated on dehydrated and hydrated collagen were
examined, the majority in both cases were found to possess
single, broad pseudopods (Fig. 1a and Fig. 2a), but a minority
in each case possessed unusual elongate projections (Figs. 1b
and 2b). On both dehydrated and hydrated collagen, these
cylindrical projections grew to lengths as great as 80 um and
possessed pseudopod-like ends (e.g., p-l in Fig. 1b). Similar
elongate processes were not observed in SEMs of cells incu-
bated for similar periods on conditioned tissue culture plastic
(data not shown), a substratum that supports cellular locomo-
tion to approximately the same degree as dehydrated and
hydrated collagen [15].

To obtain an accurate estimate of the proportion of SUP-T1
cells that formed these unusual projections, 777 individual
cells on dehydrated collagen and 575 individual cells on
hydrated collagen were video-recorded for periods of 3-8 min,
and the videos scanned for the formation and behavior of
elongate cylindrical processes. One percent of cells on dehy-
drated collagen and twelve percent of cells on hydrated



Fig. 1. Scanning electron micrographs of SUP-T1 cells and syncytia incubated on dehydrated collagen. (a) Two cells from an uninfected SUP-T1 culture exhibiting
round cell bodies and broad ribbon-like pseudopods after 30-min incubation. (b) Cells from an infected culture, one of which is extending two elongate, cylindrical
projections after 30-min incubation. (c) A syncytium with a round body and a broad ribbony pseudopod after 30-min incubation (note that the pseudopod is
approximately 16X as large as the single cell to the left of the micrograph). (d) Syncytium extending multiple elongate cylindrical processes along the surface of the
dehydrated collagen gel. (e, f) Syncytia extending multiple elongate processes that are disrupting the dehydrated collagen gel after 72-h incubation. cb, cell body; p,
pseudopod; pr, cylindrical process; s, syncytium body; p-1, pseudopod-like terminus; arrows in panel e and f point to mutiple complex processes; arrowhead in panel

f points to disrupted collagen mesh. Scale bars, 10 pm.

collagen formed elongate cylindrical processes. In all cases, the
processes were dynamic. In Figure 3, a and b, sequential
video frames are presented of elongate processes during an 8-
and 10.5-min period, respectively. In both cases, changes in
shape, length, and branching occurred during extension and
retraction of the process.

When SEMs of HIV-induced SUP-T1 syncytia incubated on
dehydrated collagen for 30 min were examined, the majority
possessed single, blunt pseudopods (Fig. 1c), but a minority
extended one or more cylindrical projections with pseudopodial
ends (Fig. 1f). Video recordings of 36 syncytia were analyzed for
periods of 3-8 min. Eight percent of syncytia were observed to
form these projections. In all cases the projections were
dynamic (date not shown), just as in the case of projections

formed by single cells (Fig. 3). When syncytia were incubated
for periods up to 72 h on dehydrated collagen, the projections
penetrated the tight fiber mesh and disrupted its integrity (Fig.
1,eandf).

When SEMs of syncytia incubated on hydrated collagen for
30 min were examined, all were found to have formed elongate
projections that penetrated the loose fiber matrix (data not
shown). In a video analysis of 20 syncytia incubated on
hydrated collagen, close to 60% were observed extending a
cylindrical projection. This is considered an underestimate
because many of the projections burrowed into the collagen
matrix under the cell and were not visible in the videos. Again,
all projections were dynamic (data not shown). When syncytia
were incubated on hydrated collagen for 72 h or more, the
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Fig. 2. Scanning electron micrographs of SUP-T1 cells and syncytia incubated on hydrated collagen. (a) Low magnification of single cells after 15-min incubation;
most cells (arrowheads) are extending blunt, broad pseudopods, and one (unfilled arrow) is extending complex protrusions into the gel. (b) Higher magnification
image of a cell that has extended an elongate process (unfilled arrow) into the gel. (c, d, e, f) Syncytia that have extended complex multiple processes that are
penetrating and disrupting the collagen gel. S, syncytium. Unfilled blunt arrow in panel b and filled arrows in panels c, d, e, f point to elongate cylindrical or complex

extensions. Scale bars, 10 um.

majority of syncytia extended multiple projections into the
matrix, and the matrix was severely disrupted (Fig. 2, c-f),
presumably the result of the dynamic nature of the projections.

Cylindrical projections share cell body
and pseudopod characteristics

Because elongate projections formed by both single cells and
syncytia were dynamic, one might expect them to possess the
subcellular organization of a pseudopod along their entire
length. However, only the termini of the projections exhibited
the ribbon-like morphology of blunt pseudopods. To determine
the nature of projections, they were analyzed for components
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differentially localized in traditional pseudopods (F-actin) and
in the main cell bodies of T cells (microtubules, endoplasmic
reticulum, mitochondria) [12, 13, 21, 22]. The cortex as well as
regions of microspikes and pseudopod-like termini of cylindri-
cal projections from both single cells (Fig. 4a) and syncytia
(Fig. 4b) stained differentially for F-actin, suggesting that they
were pseudopod-like along their entire length. Cylindrical
projections, however, also stained intensely for both endoplas-
mic reticulum (Fig. 4, ¢ and d) and microtubules (Fig. 4e),
suggesting that they shared characteristics with the main cell
body. In electron micrographs, cylindrical projections were also
demonstrated to contain mitochondria (data not shown), another



Fig. 3. Video sequences demonstrating the dynamic behavior of elongate
processes extended by individual SUP-T1 cells in hydrated collagen. Because
the collagen gel is opalescent, the still-frame video images do not provide
high-contrast images of the projections. Therefore, the perimeters of projections
have been interpreted from dynamic videos and outlined with black dots in
intermittent frames. Time is presented in the upper left corner of each frame in
minutes. (a) A cell after 48 h of incubation on hydrated collagen. (b) A cell after
6 h on hydrated collagen. C, cell body; P, cylindrical process. Scale bars, 10 pm.

cytoplasmic component usually excluded from the pseudopod.
Together, these results suggest that cylindrical projections
share characteristics of both the cell body and the pseudopod.

Syncytia penetrate endothelial monolayers
supported by a collagen gel in a unique fashion

The proportion and velocity of motile cells and syncytia on
bovine aortic endothelium (BAE) are both reduced when
compared with cells incubated on conditioned tissue culture
plastic or dehydrated collagen [15]. Video analysis demon-
strated that both cells and syncytia incubated on BAE grown on
plastic readily penetrated the monolayer, entering the endothe-
lium-plastic interphase, and readily emerged from this space
back through the monolayer (data not shown). Because of the
opulescent nature of BAE monolayers, the dynamics of pseudo-
pods and the possible formation of cylindrical or complex
extensions were not readily assessable by conventional video
analysis.

To assess the destructive behavior of HIV-induced syncytia
on BAE, we analyzed cells and syncytia incubated on a model
in which BAE was grown as a monolayer on a cushion of

hydrated collagen. In SEMs, individual cells from infected
cultures incubated for 48-72 h were found associated with
small holes in the monolayer (Fig. 5 a—c). In most cases, the
cell had extended a pseudopod (Fig. 5, a, b) or elongate
cylindrical projection (Fig. 5¢) through the hole. Similar results
were obtained with syncytia incubated for 48-72 h on BAE
monolayers, but the holes in the monolayer were far larger. In
SEMs, the majority of syncytia were found associated with holes
with diameters equal to or greater than that of the syncytium
body (Fig. 5, d-f). In most cases, a pseudopod or a complex,
elongate projection penetrated the collagen cushion exposed in
the hole of the monolayer.

There are two alternative explanations for the association of
holes with cells and syncytia. First, holes may appear spontane-
ously in endothelial sheets, and cells and syncytia may search
them out in the process of invasion. Alternately, cells and
syncytia may induce or generate such holes. BAE monolayers
cultured in the absence of SUP-T1 cells or syncytia formed
holes spontaneously, but the holes, although sometimes larger
than those associated with single cell pseudopods and projec-
tions, were far smaller than those associated with syncytia. To
test directly whether syncytia induce giant holes in BAE
monolayers, isolated syncytia were individually seeded onto
unperturbed BAE monolayers atop collagen gels and examined
by SEM 12 h later. A representative experiment is presented in
Figure 6a and b. The seeded syncytium was approximately
900 single cell volume-equivalents (CVE), and after 12 h sat
within a hole greater than 200 pm in diameter. Nine pseudopod-
tipped projections were visibly in contact with the underlying
collagen cushion (Fig. 6a). In a low-magnification view, no other
large holes were evident in the monolayer (Fig. 6b). It seems
highly unlikely that in 12 h this single seeded syncytium would
have searched for the single hole in the entire BAE monolayer.
It is far more likely that the syncytium induced the hole.
Additional syncytia with volumes of 370 and 420 single CVE
were seeded on BAE monolayers, and the same result was
obtained (Fig. 6, ¢ and d, respectively). In each case, a large
hole was associated with the syncytium, and no hole greater in
diameter than 15 um was observed in the monolayer within a
500-um radius of the seeded syncytium.

In Figure 7a, a TEM is presented of a moderate-sized
syncytium 2 h after it had been seeded onto a BAE monolayer.
It had just begun to penetrate the monolayer through a hole
equal in diameter to that of the pseudopod. The smooth edges of
the hole in the endothelium were in contact with the penetrating
pseudopod. The penetrating pseudopod had begun to spread
under the monolayer onto the supporting collagen cushion. No
viruses were observed budding from this syncytium. In Figure
7b, a TEM is presented of a moderate sized syncytium 6 h after
it had been seeded onto a BAE monolayer. In contrast to the
syncytium incubated for 2 h (Fig. 7a), the endothelial cell(s)
had withdrawn and were not in contact with the penetrating
portion of the syncytium (Fig. 7b). In this example, virus were
actively budding in a polar fashion along the edge of the
syncytium opposing the monolayer and mitochondria were
localized in the portion of the syncytium penetrating the hole in
the endothelium (Fig. 7b). In Fig. 7c, a TEM is presented of a
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large syncytium 12 h after it had been seeded on a BAE
monolayer. Again, it is clear that the endothelial cell is
retracting and not in contact with the penetrating portion of the
syncytium. In Figure 7d, an example is presented of a
syncytium 12 h after seeding that had begun to engulf an
endothelial cell.

In Figure 8a, a TEM is presented of a portion of a very large
syncytium 96 h after it had been seeded on a BAE monolayer.
Because of the size of this syncytium (90 um in length, 200
CVE), it was photographed in sections and the photos as-
sembled as a montage. The syncytium had generated a large
hole 80 um in diameter in the monolayer. The pseudopod of the
syncytium had penetrated the underlying collagen cushion. The
visible extension penetrating the cushion contained mitochon-
dria (Fig. 8a), just as the penetrating extension of the syncytium
in Figure 7b. The syncytium was in the act of releasing large
numbers of virus in a polarized fashion from its surface adjacent
to the hole and closest to the invading pseudopod (Fig. 8, a, b,
C), just as the syncytium in Figure 7b. Virus was also attached
to the BAE and membrane-bound in the BAE (Fig. 8d). Similar
vesicles containing virus were observed in endothelial cells in
additional montages.

DISCUSSION
T cells spend a major portion of their lives in tissue stroma [23]

and, therefore, must continuously interact with both the extra-
cellular matrix and the surfaces of surrounding cells. In
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Fig. 4. The distribution of F-actin, endoplasmic
reticulum, and tubulin in elongate cylindrical
processes formed by cells and syncytia on hy-
drated collagen. (a) An uninfected cell incubated
for 2 h then stained for F-actin (unfilled arrow,
intense cortical staining at microspike region;
filled arrow, moderate cortical staining). (b) A
small syncytium and an individual cell incu-
bated for 48 h and then stained for F-actin (filled
arrow, intense staining in cylindrical projection).
(c) An individual cell that has formed a cylindri-
cal process, stained for endoplasmic reticulum.
(d) A syncytium that has formed a cylindrical
process, stained for endoplasmic reticulum (filled
arrow, intense staining in projection). (€) A small
syncytium stained for tubulin. C, cell body; S,
syncytium body; P, protrusion; n, nucleus. Scale
bars, 10 pm.

addition, circulating T cells migrate through blood vessel walls
to lymphoid organs and into inflamed tissues [24-27]. T cells
infected with HIV can form large, multinucleated syncytia in
vitro [2-5] and recent studies in vivo have demonstrated that in
addition to the central nervous system [e.g., see refs. 28-30],
such syncytia can be found in adenoid and tonsillar tissue [6,
7], as well as lymph node tissue [D. Shutt, A. Sylwester, J. T.
Stapleton et al., unpublished observations]. In addition, it has
been demonstrated that syncytia formed in vitro in both
infected SUP-T1 cell cultures and peripheral blood T cell
cultures are capable of mimicking the subcellular organization
and polarity of single cells and, through extension of a giant
pseudopod, are capable of translocating along the surface of a
plastic tissue culture dish [12, 13, 15]. More importantly, it has
been demonstrated that syncytia formed in the lymph nodes of
HIV-positive individuals in vivo are motile [D. Shutt, A.
Sylwester, J. T. Stapleton et al., unpublished observations]. If
syncytia can form in vivo, and if they can be motile, how would
they behave in tissue stroma and at the walls of blood vessels?
To begin to answer this question, we have compared the
morphology and behavior of individual SUP-T1 cells and
HIV-induced T cell syncytia incubated on dehydrated and
hydrated collagen gels, and on a vessel wall model of BAE
grown to confluency on hydrated collagen. Collagen is a major
component of the extracellular matrix [31], and collagen gels
are physically and chemically similar to tissue stroma [32]. The
BAE monolayer formed in vitro and its basal lamina exhibit the
properties and molecular composition of in vivo vascular
endothelium [33, 34], with closely apposed cells with tight



Fig. 5. Scanning electron micrographs of single cells and HIV-induced syncytia incubated on bovine aortic endothelial (BAE) monolayers grown to confluency on
hydrated collagen cushions. (a, b) Individual cells from uninfected cultures penetrating small, smooth-edged holes in the monolayer (note that the collagen fibers in
the supporting cushion are visible through the hole). (c) An uninfected cell penetrating two smooth-edged holes simultaneously in the monolayer through cylindrical
protrusions. The right hand protrusion has been broken in preparation for SEM. (d, e, f) Syncytia penetrating the monolayer through very large smooth-edged holes in

the monolayer. Arrows denote the edge of the holes. Scale bars, 10 pm.

junctions, and vectoral secretion of collagens, laminin, fibronec-
tin, and dermatin sulfated proteoglycans [35-37]. Previous
studies of lymphocyte motility and invasion have employed this
model [38-40].

Behavior on collagen

Lymphocytes have been demonstrated to invade collagen gels
[41, 42] and collagen has been demonstrated to enhance
leukocyte motility [42, 43]. Lymphocytes have also been
demonstrated to express a receptor for collagen [43-45], to
adhere to collagen [43—46], and to disrupt and degrade collagen

matrices [46-50]. Here, we have demonstrated that approxi-
mately half of the cells in a SUP-T1 population actively
translocated across the surface of a dehydrated or hydrated
collagen gel and that cells readily penetrated hydrated collagen
gels. Approximately 1% of individual cells on dehydrated
collagen and 12% on hydrated collagen formed unusual
cylindrical extensions, which were dynamic but did not func-
tion as locomotary agents for cellular translocation (i.e., the cell
bodies were relatively immobile). In hydrated collagen, these
projections became entangled in collagen fibers, but the
capacity to retract these projections indicated that they did not
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Fig. 6. Syncytia generate large holes in bovine aortic endothelial (BAE) monolayers. Scanning electron micrographs of individual syncytia 12 h after they were
seeded onto monolayers grown to confluency atop a hydrated collagen cushion. (a, b) High and low magnification, respectively, of the same syncytium. Note that the
only large hole in the endothelial monolayer is directly under the syncytium. Arrowheads in panel a point to projections emanating from the syncytium and attached
to the collagen cushion. Filled arrow and unfilled arrow in panel b point to syncytium and edge of hole, respectively. Scale bars in panels a and b, 100 um. (c, d) Two
additional cases of individual syncytia 12 h after each had been seeded on a monolayer. Low magnification views (not shown) demonstrated in each case that there
were no other holes with diameter greater than 20 pm in the endothelial monolayers within a 500-pm radius of the seeded syncytium. Scale bars in panels ¢ and d,

20 pm.

become irreversibly attached to the collagen fibers in the
matrix. Morphologically similar processes have been demon-
strated emanating from lymphocytes incubated on collagen
[46], from lymphoma cells incubated on endothelial basal
lamina [51], and from CD8* T cells incubated on monolayers
[52, 53], so these processes are not unique to the cell type and
conditions employed in this study.

Syncytia also translocated on dehydrated collagen, but at
significantly reduced frequency and average velocity [15].
Syncytia did not translocate on hydrated collagen [15]. SEM
analysis demonstrated that the majority of syncytia on hydrated
collagen had formed one or more complex projections that
penetrated the collagen gel. It seems reasonable to suggest that
the incapacity of syncytia to translocate on hydrated collagen is
due to pseudopodial invasion of the gel. Long cytoplasmic
processes have also been found emanating from multinucleated
giant cells in autopsies of three AIDS patients who had suffered
from encephalitis [30], demonstrating that syncytia can form
these processes in vivo.

The complex processes that syncytia extended into hydrated
collagen became entwined in the collagen mesh and disrupted
the organization of the gel in their immediate vicinity. Video
analyses of these projections demonstrated that they were
mobile, continuously elongating or retracting, and continuously
changing shape. The most active and morphologically plastic
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portion was their distal terminus, which in SEM analysis were
found to have the same general shape as the broad, ribbon-like
pseudopods emanating directly from cells and syncytia actively
translocating on conditioned tissue culture plastic. The elon-
gate, cylindrical projections formed by single cells and syncytia
appeared to be superficially similar, but syncytia tended to form
projections that, on hydrated collagen, were larger and exhib-
ited more complex shapes.

The motile behavior of the cylindrical processes extended by
syncytia on collagen gels must be, in part, the basis for the
disorganization of the collagen gel in the immediate vicinity of
the syncytia. Because cellular motility is for the most part
accomplished through the highly regulated polymerization of
actin in pseudopods [54], we were interested in assessing
whether these were, in fact, simply highly elongated pseudopo-
dia. The cortex of T cell pseudopods stain intensely for F-actin
[12, 13, 22] and we found that at least portions of the cortex of
the long cylindrical extensions also stained intensely, although
the most intense staining was usually localized at the terminus
of a projection. However, T cell pseudopods contain few
microtubules and are usually devoid of endoplasmic reticulum
and mitochondria [22], whereas elongate projections contained
all three. These results suggest that the elongate cylindrical
projections of single cells and syncytia formed on dehydrated



Fig. 7. Transmission electron micrographs of syncytia penetrating a bovine aortic endothelial (BAE) monolayer. (a) A small syncytium seeded on a monolayer and
incubated for 2 h before fixation and processing for TEM. Note that the syncytium has penetrated the monolayer by extension of a cell projection (black arrowhead)
that has expanded between the monolayer and collagen cushion, and that the edge of endothelial cells are in contact with neck of the syncytium extension. (b) A large
syncytium seeded on a monolayer and incubated for 6 h before fixation and processing for TEM. Note that the endothelial cells are not in contact with the neck of the
syncytium projection (narrow filled arrow points to space between neck of syncytium and endothelium; unfilled arrow points to projection; blunt filled arrow points to
penetrating projection). (c) A very large syncytium after 12 h on monolayer (arrow points to space between syncytium and endothelium). (d) Example of syncytium
engulfing an endothelial cell. S, syncytium; e, endothelial cell; C, collagen cushion. Scale bars, a, b, 3 pm; ¢, 10 um; and d, 5 um.

and hydrated collagen shared organizational characteristics of
both the cell body and the traditional pseudopod.

Behavior on endothelium

The process of leukocyte migration from the luminal to
abluminal side of vascular endothelium has been studied
extensively in vitro and in vivo. In vivo steps in the process
include rolling of homing receptor bearing leukocytes along
cognate adhesion bearing endothelium, activation of leukocytes
to a motile phenotype, development of firm attachments,
invasion of the endothelium, passage through the basement
membrane, and migration into tissue stroma [23, 24, 26, 27,
55-59]. Leukocytes appear to have different solutions for
passage through endothelium. On monolayers with tight junc-

tions, recent studies indicate that most lymphocytes pass
through junctions, but some nonjunctional passage also occurs
[47, 51, 60, 61]. Several studies suggest that holes form in the
endothelium through endothelial cell retraction [47, 62].
SUP-T1 cells incubated on BAE monolayers can translocate
along the surface of the monolayers, but at velocities lower than
on conditioned plastic or collagen [15]. Cells readily penetrated
these monolayers through smooth-edged holes not necessarily
at endothelial cell-cell junctions. An SEM analysis of single
cells on top of the monolayer demonstrated that in some cases
single cells extended pseudopods or elongate cylindrical projec-
tions into the monolayer through small smooth-edged holes.
Such behavior may result in an anchoring effect and may,
therefore, be the basis for the depressed rates of translocation.
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Fig. 8. TEMs of a large syncytium after 96-h incubation atop a bovine aortic endothelial (BAE) monolayer grown to confluency atop a hydrated collagen cushion. (a)
A low magnification montage of the portion of the syncytium atop a hole in the endothelial monolayer and the collagen cushion. Representative areas of viral release
are noted by small filled arrows. Dorsal surface of syncytium (not shown) exhibited no viral budding. (b) High magnification view of virus (arrows) at the surface of the
syncytium. (c) High magnification of budding (arrows) at the surface of the syncytium. (d) High magnification of endothelium with virus adhering (arrow) or in a
vesicle (arrow). S, syncytium; C, collagen; e, endothelium. Scale bars: a, 10 um; b, c, d (in panel b) 1 pm.

Cells that penetrated the monolayer completely could reemerge
to the monolayer surface by squeezing through small holes.

A small proportion (10%) of syncytia also translocated on top
of endothelial monolayers, but at velocities on average half that
on conditioned tissue culture plastic [15]. Small syncytia also
penetrated monolayers grown on plastic and could reemerge to
the top of the monolayer by squeezing through small holes. To
further investigate their invasive properties, syncytia were
incubated on BAE monolayers grown to confluency on hydrated
collagen gels. This model provided an interesting challenge to
syncytia because it allowed them to penetrate the monolayer
without having to deal immediately with a plastic barrier and
because it reflected a more meaningful representation of blood
vessel extravasation. Syncytia seeded on this model initially
penetrated the monolayer through tight holes. However, syncy-
tia incubated on this model for longer periods of time (e.g., 12 h
or more) invariably generated smooth-edged large holes with
diameters equal to or greater than those of the syncytia. Seeding
experiments demonstrated that syncytia induced these holes
rather than found these holes in the monolayer. TEM analysis
demonstrated that, after inducing holes, syncytia penetrated the
underlying collagen cushion through complex cellular protru-
sions, but it was apparent that the syncytium cell body was too
large to enter the gel. Syncytia incubated for prolonged periods
on this model released virus in a polarized fashion from the
surface of the syncytium from which the pseudopod or projec-
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tion extended through the endothelial hole into the collagen
cushion. Virus adhered to and were found in vesicles in the
retracting endothelial cells in at least two cases.

The destructive potential of HIV-induced syncytia

HIV-induced SUP-T1 syncytia are capable of invading and
disorganizing hydrated collagen and generating large smooth-
edged holes in endothelial monolayers. Both of these destruc-
tive behaviors are associated with the dynamic extension and
retraction of pseudopods and long cylindrical projections with
pseudopodial ends. Because motile syncytia form in vivo [D.
Shutt, A. Sylwester, J. T. Stapleton et al., unpublished observa-
tions], there is the potential for similar destructive behaviors
with pathological consequences. Blood vessel wall pathologies
[63-66] and the deterioration of lymph node integrity [67, 68]
have been demonstrated as features of HIV disease. The
destructive behavior of HIV-induced T cell syncytia demon-
strated in vitro, therefore, raises the possibility that similar
behaviors may be the basis for pathologies in vivo.
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