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Introduction

While less appreciated than the ubiquitous process of cell fission (division), cell fusion events
play crucial roles in all walks of life. In vertebrates, the multinucleated product of cell—cell
fusion, referred to as a syncytium, is central to the structure and function of tissue types like
skeletal muscle fibers and the fetal—maternal barrier in the placenta [1]. Syncytia have also
been linked with cellular pathology in states of disease, such as HIV/AIDS. In this Pearl, we
review and reconsider the controversial roles that cellular syncytia play in the replication and
pathogenesis of HIV-1 infection. Furthermore, we describe research highlighting viral and cel-
lular regulators of this cell—cell fusion activity. Overall, our aim is to provide a scientific
framework necessary for the further study and appreciation of what happens when viruses
bring cells together (literally).

Fiction or Fact: Early In Vitro and In Vivo Observations

A major functional component of HIV and related retroviruses is the Envelope glycoprotein
(Env), which is embedded in the viral lipid bilayer membrane and is used for attachment to
surface receptors on host cells. Env also encodes the machinery necessary to carry out the virus
—cell fusion sequence. In addition to its role in initiating infection, Env protein synthesized de
novo in the infected cell is trafficked to the plasma membrane to allow incorporation into
assembling virus particles. As a result, infected cells are decorated with non-negligible amounts
of viral Env protein. Early reports characterizing the behavior of the AIDS virus in tissue cul-
ture systems demonstrated that cell surface-associated Env can engage receptors on neighbor-
ing cells and trigger cell—cell fusion events, giving rise to giant, multinucleated cells [2, 3].
Thus, in addition to driving fusion between viral and cellular membranes, viral Env can trigger
host membranes to directly fuse with one another. The capacity to form syncytia in T cell lines
was adopted as an early classification system (syncytia-inducing [SI] versus non-syncytia-
inducing [NSI]) to distinguish different HIV-1 strains. Since HIV-induced syncytia can harbor
large amounts of virus yet undergo lysis soon after their formation, these cell masses were con-
sidered to play a part in the characteristic loss of CD4+ helper T cells in HIV/AIDS disease
progression [4, 5]. Reports of syncytium detection in central nervous tissue of individuals with
AIDS-related encephalopathy lent credence to their possible involvement in virus pathogenesis
[6, 7], as did other studies in lymphoid tissues [8, 9]. However, the cells at the origin of these in
vivo manifestations of syncytia were found to be macrophages or dendritic cells, while evi-
dence for similar events occurring in T cells was lacking. As a result, many remained uncon-
vinced that T cell syncytia represented something other than in vitro curiosities, referring to
them as “fusion sinks” that do not promote virus replication or spread. It would take decades
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before a fresh look would shed new light on the functional significance of cell—cell fusion in
HIV infection.

Downsizing the Functional T Cell Syncytium Using Humanized
Mice

At the turn of the century, the first direct evidence emerged that HIV-positive lymphocytes
can fuse in vivo. In histological studies of lymphoid tissues rich in densely packed lympho-
cytes, multinucleated T cells showing signs of productive HIV-1 infection were observed [10].
Importantly, the multinucleated cells identified in these studies were much smaller (containing
no more than five nuclei) compared to those described in vitro (containing up to hundreds of
nuclei) (Fig 1A), suggesting that syncytia formation follows a different set of rules in living tis-
sues. Nonetheless, the functional significance of these entities was unclear and would remain
so until new technologies were adapted to the problem. With “humanized” mice harboring
human lymphoid tissues came the development of a tractable in vivo model system for HIV-1
pathogenesis. A seminal article combined intravital imaging with viruses encoding fluorescent
tags to enable the tracking of virus—cell interactions in real time. In contrast to the immobile,
spherical giants observed in vitro, the syncytia recorded in living mice took on a slimmer size
and a serpentine shape [11]. The authors observed that, in lymph nodes of infected mice,
highly elongated, infected T cells connected by long membrane tethers formed in a manner
that depended on HIV-1 Env expression, suggestive of Env-mediated cell—cell fusion. It was
concluded that, following peripheral injection of the virus, infected T cells migrate to remote
lymphoid sites and likely promote virus spread.

Further work documented and quantified small, elongated syncytia in an HIV-1 infected
humanized mouse model and provided important functional characterization in an in vitro
system in which these structures could be reproduced [12]. Here, small syncytia were observed
using a 3-D hydrogel cell culture system consisting solely of T cells, suggesting that lympho-
cytes are sufficient to form such cell—cell fusions in vivo. More live cell tracking revealed that
small syncytia are highly motile and can transfer the virus to uninfected lymphocytes through
transient contacts without undergoing further fusion.

Together, these publications suggest that small, virus-producing syncytia may be more
common in the lymph nodes of infected humans than previously thought. Of all the HIV-1
infected T cells observed in situ, approximately 20% were multinucleated, and most contained
only two nuclei. Interestingly, larger syncytia were observed at later time points following
infection [13]. Thus, HIV-1 induces cell—cell fusion to produce multinucleated cells of limited
size, which may progressively increase in mass over time (Fig 1B). The presence of thin mem-
brane extensions between nuclei may explain why these relatively small syncytia are not readily
detectable in fixed tissue samples. Moreover, their extensive half-life and their ability to inter-
act with uninfected T cells suggest that they likely contribute to virus dissemination in vivo.
Similar observations were drawn in another study, which included an additional finding that
HIV-1-infected T cells, including syncytia, behave in ways so as to promote multicopy virus
transfer between cells in vivo [14].

Studies of virus infection in living cells and tissues unveil a number of important insights
regarding the behavior of infected cells, but they are equally informative for what they do not
reveal. T cell syncytia can form and persist in the setting of HIV-1 infection, yet they remain a
minority among the totality of infected T cells. Moreover, the transitory contacts that form
between syncytia and uninfected lymphocytes indicate that Env-mediated fusion is subject to
temporospatial regulation.
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Fig 1. Out with the old, in with the new. (A) SupT1 T cells were incubated with HIV-1 in a 96-well plate. At
two days post-infection, cells were visualized with a light microscope at 10x magnification. Scale bars are

in um. Photo taken with the iPhone 4. (B) BLT humanized NOD-SCID mice were infected with HIV-1-GFP via
footpad injection. Multiphoton intravital microscopy of the draining popliteal lymph node was performed at six
days post-infection. This micrograph of HIV-infected cells (green) is a maximum intensity projection of 11 z-
stacks, spaced 4 um apart. Red-orange signal corresponds to autofluorescent tissue structures. This image is
a generous gift from Thomas Murooka and Thorsten Mempel.

doi:10.1371/journal.ppat.1006099.9001

Intrinsic Regulation of Virus-Mediated Cell—Cell Fusion Events

It has long been recognized that, in tightly packed environments, HIV-infected T cells engage
neighboring cells and form a “virological synapse,” named as such because it resembles the
immunological synapse that T cells form with antigen-presenting cells [15] (reviewed in
another Pearl [16]). Characterized by a coordinated mobilization of host and viral proteins,
virological synapse formation results in efficient cell-to-cell transfer of virions in the absence
of cell fusion. In fact, while certain cellular proteins like LFA-1 and ICAM proteins facilitate
cell—cell adhesion during this process, other components of the synapse appear to actively
suppress the fusion of apposing cell membranes (Fig 2) [16]. Cellular proteins enriched at the
virological synapse, such as tetraspanins CD9 and CD63 (as well as the actin organizer, ezrin),
have been shown to inhibit syncytia formation [17-19]. Furthermore, Env protein may be
actively down-regulated from the surface of the infected cell [20]. Together, this evidence has
been used to suggest that virus-mediated cell—cell fusion (and, by extension, syncytia) may
not facilitate virus dissemination.

While certain processes controlling glycoprotein fusion of other viruses do not pertain to
HIV (such as pH-dependent triggering), another mechanism of fusion regulation is hard-
wired into HIV-1 virions. In immature particles, the structural Gag precursor protein inhibits
Env-mediated fusion by interacting with the cytoplasmic tail of the gp41 subunit. Once Gag is
cleaved during virion budding and maturation, Env fusion activity is restored [21-23]. More-
over, deletion of the gp41 cytoplasmic tail results in rampant syncytia formation between
infected cells in culture. Overall, a large amount of Env at the infected cell surface or in bud-
ding virions is not fully competent for fusion [24]. When considering the recent in vivo obser-
vations of infected, multinucleated T cells that may assist in virus dissemination, it is possible
that limited syncytia formation among a minority of infected T cells can encourage virus
spread without compromising transmission via the virological synapse. It is also possible that
the balance between the formation and suppression of syncytia is weighted differently
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Fig 2. Host- and virus-mediated regulation of cell—cell fusion during HIV infection. A simplified schematic is shown of the events
shaping HIV Env glycoprotein biosynthesis in the ER and Golgi and the numerous cellular factors encountered along the way. Factors
colored in green contribute positively to Env expression, maturation, localization, and/or direct fusogenic capacity, while factors colored in
red are inhibitory to one or more of these processes. Arrows and blunt-end lines indicate proteins that promote or inhibit fusion, respectively,
between the infected (donor) cell and a neighboring target cell. Question marks are placed where a mechanistic understanding is lacking:
GBP5 and 90K expression both lead to the accumulation of gp160 Env, but direct inhibition of gp120—-gp41 formation has yet to be
demonstrated. Similarly, it is unknown whether SERINC3/5 inhibits Env-mediated cell—cell fusion. TSPN, tetraspanins. IFITM, interferon-
induced transmembrane proteins.

doi:10.1371/journal.ppat.1006099.9002

depending on (1) the phase of HIV-1 infection; (2) the tissue site of replication; and (3) the
induction of antiviral innate immunity. The viral fusion step itself may represent a “danger”
signal capable of triggering a type-I interferon or inflammatory response, the effects of which
may be sensed by neighboring cells [25, 26]. In that regard, limiting the extent of syncytia for-
mation may allow the virus to limit the activation of host responses.

Tipping the Balance Towards Protection

While processes governing virus-mediated cell—cell fusion are affected by extracellular fac-
tors, such as Env-specific antibodies, they are also subject to a cellular landscape that changes
once virus infection is detected or “sensed.” Every cell is equipped with a cell-autonomous
innate immune system consisting of nucleic acid sensors and antiviral effector proteins that
are mobilized in response to invading viruses [27]. Several host factors have emerged recently
as relevant players in virus-mediated fusion events, with each directly targeting Env biosynthe-
sis or inhibiting Env-dependent fusion.

The interferon-induced transmembrane (IFITM) proteins occupy cellular membranes and
inhibit virus—cell fusion by altering the properties of lipid bilayers in which they reside and
also inhibit the fusogenicity of HIV-1 particles [28, 29]. Accordingly, IFITM proteins inhibit
syncytia formation in vitro [28, 30] (Fig 2). Another pair of transmembrane proteins, the ser-
ine incorporators SERINC3 and SERINCS5, also inhibits HIV-1 virion fusogenicity [31, 32]. It
is not yet clear whether SERINC3 and SERINCS exhibit an anti-cell-fusion activity like IFITM
proteins and tetraspanins. Virus-mediated fusion is under further threat by other cellular
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factors that degrade or down-modulate Env at different steps in its trafficking pathway: the E3
ubiquitin ligase MARCHS, the ER-associated mannosidase ERManl, the guanosine triphos-
phatase GBP5, an unknown interferon-induced host factor in macrophages, and a galactin-3
binding protein termed 90K [33-35] (Fig 2). Working out the precise mechanisms by which
these many antiviral factors act will enable future efforts aimed at enhancing the restrictive
potential of cells in vivo.

Conclusions and Outstanding Questions

By combining intravital imaging of mice with advancements in gene modification and immu-
notherapy, the identification of host factors that control the formation or behavior of multinu-
cleated cells will be possible. Furthermore, the perturbation or enhancement of small, mobile
syncytia will define their ultimate importance to HIV dissemination. Adapting the same living
systems for use with other virus strains with different origins and host tropisms (such as sim-
ian immunodeficiency virus [SIV]) may also reveal the extent to which the induction of cell—
cell fusion is conserved during lentivirus evolution. Likewise, the in vivo study of other viruses
known to induce syncytia in vitro, such as nonlentiviral retroviruses (T lymphotropic virus
and foamy virus) [36] and RNA viruses (measles virus and respiratory syncytial virus) [26, 37],
will determine how these striking cellular structures are relevant to the spread, sensing, and
pathology of other infections.
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