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Abstract

A critical step in the life cycle of a virus is spread to a new target cell, which generally
involves the release of new viral particles from the infected cell which can then initiate
infection in the next target cell. While cell-free viral particles released into the extracel-
lular environment are necessary for long distance spread, there are disadvantages to
this mechanism. These include the presence of immune system components, the
low success rate of infection by single particles, and the relative fragility of viral particles
in the environment. Several mechanisms of direct cell-to-cell spread have been
reported for animal viruses which would avoid the issues associated with cell-free par-
ticles. A number of viruses can utilize several different mechanisms of direct cell-to-cell
spread, but our understanding of the differential usage by these pathogens is modest.
Although themechanisms of cell-to-cell spread differ among viruses, there is a common
exploitation of key pathways and components of the cellular cytoskeleton. Remarkably,
some of the viral mechanisms of cell-to-cell spread are surprisingly similar to those used
by bacteria. Here we summarize the current knowledge of the conventional and non-
conventional mechanisms of viral spread, the common methods used to detect viral
spread, and the impact that these mechanisms can have on viral pathogenesis.

1. Introduction

Viruses are intracellular parasites that have coexisted with cells from

ancient times. Viruses hijack living cells and redirect many cellular processes

to allow for efficient viral protein synthesis and replication. The success of

the virus depends on the spread of some of these copies to new target cells to

initiate a de novo infection. Many animal viruses have evolved more than

one mechanism of viral spread, revealing a previously unexpected heteroge-

neity. Remarkably, some of these mechanisms allow the transfer of viral

particles or components directly from cell-to-cell, without the need for virus

release. Cell-to-cell spread has important advantages over the well-studied

mechanism of spread by diffusion of cell-free viral particles. To achieve

direct cell-to-cell spread, some viruses induce a dramatic remodeling of cell

architecture to reach uninfected cells and transfer viral particles or compo-

nents. It is critical for our understanding of viral propagation to comprehend

what circumstances promote the use of one mechanism of spread over

others, and whether different mechanisms can operate simultaneously at

different stages of the infectious cycle. In this review we have focused on

the current knowledge of different mechanisms of cell-to-cell spread in

animal viruses.
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2. Modes of cell-to-cell spread

2.1 Cell-free viral particles
Release of viral particles into the extracellular space and the subsequent

re-entry of these particles into new target cells is one of the best described

and understood mechanisms of virus spread. The release of cell-free particles

is critical for viral spread between distant cells, or for spread between hosts.

Virions released from a cell must interact with molecules at the cell surface

of a new target cell as the first step to enter and initiate an infectious cycle.

These molecules include receptors, co-receptors, and attachment factors.

Cell-free viral particles can be released into the extracellular space through

different mechanisms, such as: (a) cell lysis induced by viral proteins, as is the

case for many non-enveloped viruses such as reoviruses, rotaviruses, adeno-

viruses and picornaviruses (Giorda and Hebert, 2013; Hu et al., 2012; Nieva

et al., 2012); (b) by budding directly from the plasma membrane, where

virions acquire their envelope, as is the case of human immunodeficiency

virus (HIV-1), influenza, paramyxoviruses, and pneumoviruses (Lorizate

and Krausslich, 2011; Votteler and Sundquist, 2013; Weissenhorn et al.,

2013); (c) by exocytosis of intracellularly assembled viral particles, as

is the case for bunyaviruses, flaviviruses and coronaviruses (Cifuentes-

Munoz et al., 2014; Lorizate and Krausslich, 2011). Once released, different

environmental and host factors affect the stability of viral particles and

therefore their ability to initiate a new infection. Many of the viruses that

can be released as cell-free virions can use additional mechanisms of spread

that are summarized below.

2.2 Formation of actin tails
Vaccinia virus (VACV) replication occurs in cytosolic factories, and involves

the formation of two forms of infectious virus, the intracellular mature

virus (IMV) and extracellular enveloped virus (EEV) (Fig. 1). These two

forms differ not only antigenically and structurally, but also in the way they

exit the cell (Smith and Law, 2004). The majority of IMV particles are

released from cells after lysis. Late in infection, IMV particles can also exit

the cell through budding, but the significance of this mechanism is not

completely understood. Budding from the plasma membrane, together

with exocytosis, are the proposed ways that EEV exits cells. However, an
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important role of the actin cytoskeleton in VACV assembly was identified

after early observations using high-voltage electron microscopy (Stokes,

1976). In infected cells, microvilli containing enveloped VACV particles

at their tips were observed at the cell periphery (Stokes, 1976). The forma-

tion of the microvilli was shown to be sensitive to cytochalasin B but not

to nocodazole, suggesting actin polymerization could play a role in their

Fig. 1 Formation of actin tails. Vaccinia virus (VACV) can spread from cell-to-cell
through different mechanisms. In VACV infected cells, intracellular enveloped particles
are transported to budding sites, where the outer viral membrane fuses with the
plasma membrane (A). Extracellular enveloped viral particles remain attached to
the plasma membrane and several cellular factors are recruited to the site through a
cascade of events initiated by phosphorylation of the A36R protein cytosolic tail (B).
Polymerization of F-actin underneath the plasma membrane occurs through activation
of the cellular pathways N-WASP/Arp2/3 and FHOD1/Rac1, leading to elongation
of actin tails (C). Viral particles can thus reach adjacent cells for rapid direct cell-to-
cell spread.

88 Nicolas Cifuentes-Munoz et al.



stabilization. The term actin tails was proposed for VACV-induced micro-

villi, due to their resemblance to actin tails formed in bacterial infections

with Listeria, Shigella or Rickettsia (Cudmore et al., 1995; Welch and

Way, 2013). Actin tails are initially observed at the interior of the cell,

but as the infection progresses they project from the cell surface up to

20μm. Enveloped virions located at the tip of actin tails were shown to pro-

ject toward uninfected cells for direct cell-to-cell spread (Fig. 1) (Cudmore

et al., 1995). Soon after the discovery of actin tails, it was demonstrated

that phosphorylation of the viral protein A36R by Src and Abl family kinases

was essential for the actin-based motility of vaccinia (Frischknecht et al.,

1999a,b; Newsome et al., 2006). Phosphorylated A36R recruits the adaptor

proteins Nck and Grb2 and the downstream effector N-WASP (Wiscott-

Aldrich syndrome protein) together with the WASP Interacting Protein

(WIP) (Donnelly et al., 2013; Frischknecht et al., 1999b; Scaplehorn

et al., 2002). N-WASP can stimulate the actin-nucleating activity of

the Arp2/3 complex (Taylor et al., 2011). In addition, activation of the

formin FHOD1 by the small GTPase Rac1 was shown to stimulate vaccinia

virus-induced actin tail initiation and elongation, a mechanism independent

of the N-WASP-Arp2/3 pathway (Alvarez and Agaisse, 2013) (Fig. 1). Two

isoforms of cytoplasmic actin, β and γ-actin, are present in actin tails, but

only β-actin was found to be involved in actin nucleation induced by

VACV (Marzook et al., 2017). Therefore, the signaling pathway initiated

through phosphorylation of VACV A36R to induce actin tail formation

for direct cell-to-cell spread was found to be an elegant mimic of cellular

pathways. More recently, it was shown that two VACV proteins, A33

and A36, are necessary and sufficient to induce actin tail formation. The

early expression of both proteins was shown to be crucial for rapid spread

and repulsion of virions to neighboring uninfected cells (Doceul et al.,

2010). Additional cellular factors such as clathrin and the clathrin adaptor

protein AP-2 enhance actin-based motility of vaccinia. Clathrin and

AP-2 are recruited by the extracellular virus during its egress to promote

clustering of A36, thus potentiating actin-based motility and spread of the

infection (Humphries et al., 2012). Casein kinase 2 (CK2) also enhances

actin tail formation of vaccinia virus, potentially through direct phosphor-

ylation of A36 and the recruitment of phosphorylated Src (Alvarez and

Agaisse, 2012). Though actin tail formation has been explored in detail

for vaccinia virus, the sequence homology of key viral proteins and addi-

tional evidence suggest that actin tail formation is a common strategy for

orthopoxviruses (Duncan et al., 2018; Newsome and Marzook, 2015;

Reeves et al., 2011; Welch and Way, 2013).

89Viral cell-to-cell spread



2.3 Syncytia
The fusion of membranes from adjacent cells results in multi-nucleated

giant cells, also called syncytia. Infection with different viruses including

paramyxoviruses (Takeuchi et al., 2003), pneumoviruses (Hamelin et al.,

2004; Neilson and Yunis, 1990; Vargas et al., 2004), herpesviruses (Cole

and Grose, 2003) and retroviruses (Nardacci et al., 2005) results in syncytia

formation in vitro and in vivo. Cells infected with these viruses display a high

concentration of viral fusion protein at the plasma membrane which can

promote membrane fusion with neighboring cells. Specific fusion proteins

have different requirements for triggering the conformational changes

needed to drive fusion, such as exposure to low pH or the presence of

receptors which bind the fusion protein or an associated receptor binding

protein (Hernandez et al., 1996; Kielian, 2014). If the needed factors are

present, the fusion protein can be activated to promote fusion between

the membrane of the infected cell and the membrane of the target cell.

The process of membrane fusion driven by viral fusion proteins involves

several sequential steps, including: (a) activation of the fusion protein, which

exposes a fusion peptide (FP); (b) insertion of the FP into the adjacent mem-

brane; (c) clustering of fusion proteins at the site of fusion; (d) refolding of

the fusion protein, which pushes together both adjacent membranes;

(e) hemifusion, where only the outer leaflets of the membranes merge;

(e) formation of a small fusion pore, and (f ) enlargement of the fusion

pore until complete merging of both membranes (Fig. 2) (Hernandez

et al., 1996; Kielian, 2014; Lorizate and Krausslich, 2011). Iterations of

this process generate massive syncytia containing numerous nuclei with

the complete mixing of cytoplasmic material, which allows propagation

of infection rapidly without the need for assembly of complete virions.

Large rearrangements of the actin cytoskeleton are induced during cell

fusion and syncytia formation. These rearrangements are regulated by the

action of Rho GTPases Cdc42, Rac1 and RhoA (Eitzen, 2003). For exam-

ple, it has been demonstrated that HIV-1 Env-coreceptor interactions acti-

vate the GTPase Rac1, which promotes actin rearrangements necessary

for membrane fusion (Pontow et al., 2004). For the paramyxoviruses

Hendra virus and parainfluenza virus type 5 (PIV5), constitutively active

Rac1 and Cdc42 increased cell-to-cell fusion by their respective viral gly-

coproteins, as shown by quantitative reporter gene fusion assays. In contrast,

constitutively active RhoA decreased Hendra virus Fusion protein

(F)-mediated fusion and had minor effects on PIV5 cell-to-cell fusion

(Schowalter et al., 2006). Cell-to-cell fusion mediated by the respiratory
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syncytial virus (RSV) fusion protein was shown to require RhoA signaling

(Gower et al., 2005). Interestingly, a recent report correlated a RSV fusion

protein with a hyperfusogenic phenotype with increased pathogenesis in

mice (Hotard et al., 2015). Hypersyncytial viral strains (syn) have been

extensively described for α-herpesviruses (Ambrosini and Enquist, 2015).

Mutations associated with the syn phenotype have been mapped to viral

genes encoding the glycoproteins, with a predominance in the gB and

gK genes (Ambrosini and Enquist, 2015; Bond et al., 1982). Early and recent

reports have associated the hyperfusogenic strains of α-herpesviruses with
increased electrical activity in infected neurons (Mayer et al., 1985;

McCarthy et al., 2009). Additionally, syncytia formed between neurons

and satellite cells during varicella-zoster virus (VZV) infection have been

suggested to contribute to neuropathogenesis (Reichelt et al., 2008).

Fig. 2 Syncytia formation. Infected cells (blue) display a high concentration of the viral
fusion protein (shown as blue spikes) on cell surfaces. When infected cells come into
proximity with an uninfected cell (purple), several sequential steps lead to syncytia
formation and spread of infection. (A) Initially, the fusion protein is in an inactive
prefusion state; (B) upon the proper stimulus (such as binding a receptor shown in pur-
ple on the target cell), the fusion protein is triggered, which induces conformational
changes, insertion of a fusion peptide into the adjacent membrane, and conforma-
tional changes that bring both membranes, viral and cellular into close proximity,
followed by a partial merging known as hemifusion (C). Full merger of both membranes
results in the opening of a fusion pore (D) that expands allowing the mixing of cyto-
plasmic material and spread of viral components between cells (E). Iterations of the
fusion process result in formation of large multinucleated syncytia.
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In contrast, syncytia formation by VZV mutant hyperfusogenic glyco-

proteins might be detrimental, rather than beneficial, for viral spread and

pathogenesis in skin cells (Yang et al., 2014). Whether syncytia formation

contributes to pathogenicity of other viruses such as HIV-1 is still a matter

of controversy (Compton and Schwartz, 2017). Remarkably, while viral

fusion proteins are well studied in enveloped viruses, another type of

viral fusogen that promotes syncytia formation has been described for the

non-enveloped orthoreoviruses (Duncan, 2019; Shmulevitz and Duncan,

2000). This family of non-structural viral fusion proteins, named fusion-

associated small transmembrane (FAST) proteins, are unusual in that they

do not mediate viral entry but rather fusion between cells using combi-

nations of membrane effector motifs. Cell-to-cell fusion mediated by the

reptilian orthoreovirus p14 fusogen is accomplished by recruitment of the

Src kinase, the Grb adaptor protein and N-WASP, thus initiating branched

actin assembly (Chan et al., 2020). The factors recruited by the reptilian

orthoreovirus p14 for cell-to-cell fusion are thus remarkably similar to those

recruited by vaccinia virus to induce actin tail formation, as described

above. Despite their role in orthoreovirus cell-to-cell spread, syncytia for-

mation is not essential for virus replication or progeny production of

orthoreoviruses in vitro (Duncan et al., 1996). However, the maintenance

of these proteins across reovirus species strongly suggests they provide a

competitive advantage to the virus (Duncan, 2019).

2.4 Spread at cell junctions
Cell junctions are structures composed by several different transmem-

brane proteins, whose main function is to form a seal between polarized epi-

thelial cells. Adhesion between epithelial cells is achieved by three main

types of seals: tight junctions (TJ), adherens junctions (AJ) and desmosomes.

These barriers cannot be penetrated by viruses unless there is substantial

damage to the epithelia (Mateo et al., 2015). However, epithelial cells

can be infected from the apical or basolateral sides, with viral particles then

transmitted to adjacent cells through specialized sites located in the vicinity

of cellular junctions that are at least partially inaccessible from the extra-

cellular environment. For example, in addition to cell-free spread, hepatitis

C virus (HCV) can spread from cell-to-cell in a neutralizing antibody-

independent manner (Brimacombe et al., 2011; Timpe et al., 2008).

Claudin 1 (CLDN1) and occludin (OCLN), components of tight junctions,

are critical for cell-to-cell spread of HCV (Brimacombe et al., 2011;
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Timpe et al., 2008). In addition, the cellular receptor CD81, scavenger

receptor BI (SR-BI), apolipoprotein E, and low density lipoprotein receptor

(LDLR) were shown to have a role in the cell-to-cell, but not cell-free,

spread mechanism of HCV (Brimacombe et al., 2011; Fan et al., 2017;

Timpe et al., 2008). Direct transmission of assembled HCV particles was

proposed to occur in cell-cell contacts across partially sealed cell junctions

(Brimacombe et al., 2011).

Robust evidence shows the use of adherens junctions by herpesviruses to

spread from cell-to-cell ( Johnson and Baines, 2011; Johnson and Huber,

2002). Herpes simplex virus type 1 (HSV-1) particles have been shown

to be preferentially sorted towards cell junctions rather than to the apical

surface of polarized epithelial cells ( Johnson et al., 2001). The transport

of particles towards these sites is primarily directed by the glycoprotein com-

plex gI/gE, with the cytosolic domain of gE having a critical role (Dingwell

et al., 1994; Dingwell and Johnson, 1998; Farnsworth and Johnson, 2006).

Indeed, mutant viruses lacking gI/gE grow poorly in monolayers of human

fibroblasts, and form plaques of small size (Dingwell et al., 1994). This phe-

notype was corroborated in vivo, as the △gI/gE mutant viruses produced

small, punctate lesions in the corneal epithelium of rabbits and mice

(Dingwell et al., 1994). The cell-to-cell spread mediated by gI/gE was

found to be independent of neutralizing antibodies, suggesting that it occurs

at sites of cellular junctions that are not accessible to these molecules

(Dingwell et al., 1994). Immunofluorescent staining showed that gI/gE

colocalized with the adherens junction protein β-catenin, but not with
ZO-1, a component of tight junctions (Dingwell and Johnson, 1998). In

addition, nectin-1, a component of adherens junctions, has been reported

as a receptor for the herpes simplex virus glycoprotein D (Sakisaka et al.,

2001; Yoon and Spear, 2002; Zhang et al., 2011). In this context, one

accepted model is that gI/gE complexes accumulate at trans-Golgi network

(TGN) subdomains, from where nascent virions are sorted to basolateral cell

junctions for cell-to-cell spread (Farnsworth and Johnson, 2006; Johnson

and Baines, 2011). At these sites, release of particles and their subsequent

entry into the adjacent cell occur almost simultaneously. However, the

critical function of gI/gE complexes extends beyond the spread between

epithelial cells, and their role, together with pUS9, in the anterograde

transport (from cell body to axons) of HSV-1 particles has been extensively

studied (Howard et al., 2014; Kratchmarov et al., 2013; McGraw and

Friedman, 2009; Snyder et al., 2008). Remarkably, the complex gI/gE

together with pUS9 promote anterograde transport of enveloped particles,
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nucleocapsids, and glycoproteins through kinesin-mediated vesicular trans-

port using microtubules (Diwaker et al., 2020; Johnson and Baines, 2011;

Kratchmarov et al., 2013). The role of the gI/gE complex and US9 for

cell-to-cell spread has additionally been reported for other herpesviruses

including pseudorabies and VZV (Cohen and Nguyen, 1997; Diwaker

et al., 2020; Johnson andHuber, 2002; Lyman et al., 2007; Zsak et al., 1992).

The use of desmosomes for cell-to-cell spread has been studied less

than spread at the other cell junctions described above. However, some

reports describe an important role of keratin 1 in infection by lymphocytic

choriomeningitis virus (LCMV) (Labudova et al., 2009) (Labudova et al.,

2019). Keratin filaments are an important component of desmosomes,

and the LCMV nucleoprotein was shown to bind and stabilize keratin 1

(Labudova et al., 2009). This interaction resulted in increased desmosome

formation and cell-cell adhesion capacity, facilitating cell-to-cell spread of

LCMV (Labudova et al., 2009).

2.5 Virological synapses
Formation of virological synapses (VS) is a mechanism of cell-to-cell spread

that has been shown to be used by retroviruses (Alvarez et al., 2014; Dupont

and Sattentau, 2020; Jolly and Sattentau, 2004). In the VS, several cellular

factors, including cytoskeletal proteins, receptors, and adhesion molecules,

are recruited to sites where virus particles can be transmitted quickly from

an infected cell to a target cell. In lymphocytes infected with human T-cell

leukemia virus type 1 (HTLV-1), Env is distributed evenly at the cell surface

and clusters of Gag are observed close to the plasma membrane (Igakura

et al., 2003). Upon contact with uninfected T-cells, a rapid recruitment

of a large number of Env, Gag and viral RNAmolecules at cell-cell junctions

is observed. Subsequently, transfer of Gag molecules and viral RNA is

detected from the infected T cell to the uninfected T cell, likely utilizing

a mechanism in which viral particles are rapidly released by the infected cell

and taken up by the target cell in the junction region (Igakura et al., 2003).

The cellular adhesion molecule talin was frequently found at sites of cell-cell

contact, and an important reorientation of the microtubule organizing

center (MTOC) to cell-cell contact adjacent sites was shown to be critical

for transport of Gag molecules. The polarization of theMTOC towards sites

of cell-cell contact by HTLV-1 is triggered by the transcriptional trans-

activator viral protein Tax (Nejmeddine et al., 2005). Polarization of the

MTOC/Tax was shown to depend on intact microtubules, actin filaments,
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and the function of Rac and Cdc42 small GTPases (Nejmeddine et al.,

2005). Further evidence indicates that the engagement of the adhesion

molecule ICAM-1 on the surface of HTLV-1 infected cells is sufficient

to trigger the intracellular polarization of the MTOC (Barnard et al.,

2005). Analogous observations are seen in cells infected with HIV-1.

Dendritic cells (DC) infected with HIV-1 rapidly recruit virus to cell junc-

tions formed between DCs and T lymphocytes (McDonald et al., 2003).

Remarkably, the un-infected T cells recruit receptor and co-receptor

molecules including CD4, CCR5 and CXCR4 at the VS, which facilitates

HIV transmission from cell-to-cell (McDonald et al., 2003). Similar to

HTLV-1, in HIV-1-infected T cells (effector cells) Env and Gag are quickly

recruited to the VS (Do et al., 2014; Jolly et al., 2004). Polarization of

the MTOC and associated organelles towards the VS is induced in

HIV-infected lymphocytes and DCs to hijack components of the secretory

pathway (Bayliss et al., 2020; Jolly et al., 2011). In adjacent uninfected

T CD4+ cells, an actin-dependent recruitment of CD4, CXCR4 and

lymphocyte function-associated antigen 1 (LFA-1) was found to facilitate

spread of Gag molecules between cells ( Jolly et al., 2004). Quantitative

3D live microscopy revealed “buttons” of oligomerized HIV-1 Gag at sites

of cell-cell contact, which were shown to be the preferential route of infec-

tion between CD4-T cells (Hubner et al., 2009). Thus, the proposed model

of cell-to-cell infection involves budding of viral particles into the synaptic

cleft and subsequent fusion of viral particles with the adjacent uninfected

cell (Hubner et al., 2009; Miyauchi et al., 2009). Remarkably, it has been

shown that HIV cell-to-cell spread can occur simultaneously from one

infected lymphocyte to multiple adjacent recipient cells, a process named

polysynapse formation (Rudnicka et al., 2009). Moreover, cell-to-cell trans-

mission of retroviruses through the VS has been shown to play a critical

role in viral dissemination in vivo (Murooka et al., 2012; Sewald et al.,

2015). In this context, studies that examined the accessibility of the VS to

entry inhibitors have concluded that synapse-mediated spread is less sensi-

tive than cell-free particle spread to neutralizing antibodies in vitro and

vivo (Abela et al., 2012; Gombos et al., 2015; Smith and Derdeyn, 2017;

Zhong et al., 2013). Cell-to-cell contact sites have additionally been

described as the main route of viral dissemination for the murine leukemia

virus (MLV) by using live-cell imaging ( Jin et al., 2009). Interestingly, a

mechanism that resembles the VS was reported for spread of the non-

lymphotropic HSV-1 (Aubert et al., 2009). Infection of CD4+ and

CD8+ T lymphocytes by HSV-1 was shown to occur in vivo. Further,
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infection was more efficient by using cell-to-cell contacts than by cell-free

virus, in a manner independent of the gI/gE glycoprotein complex

(Aubert et al., 2009). Whether or not other non-lymphotropic viruses

can establish VSs warrants future research.

2.6 Viral biofilms
HTLV-1 cell-to-cell transmission does not only rely on the formation of

VSs. Lymphocytes infected with HTLV-1 have also been shown to store

viral particles in an unconventional way, as clusters located on the surface

of T CD4+ lymphocytes (Thoulouze and Alcover, 2010). These clusters

correspond to viral assembly sites and are enriched in carbohydrates and

extracellular matrix components including collagen and Agrin, a heparan

sulfate proteoglycan (Pais-Correia et al., 2010; Thoulouze and Alcover,

2010). High-level expression of the host cell actin-bundling protein fascin

is induced by HTLV-1 Tax in infected T-cells (Kress et al., 2011). Fascin

contributes to cell-to-cell HTLV transmission, and has been suggested to

be involved in transport and fitting gag into viral biofilms (Gross et al.,

2016). Remarkably, the clusters are transferred from infected cells to

recipient cells during cell contact, and it was estimated that 80% of the infec-

tious capacity of HTLV-1 comes from these structures (Pais-Correia et al.,

2010; Thoulouze and Alcover, 2010). The mechanism shares several simi-

larities with bacterial biofilms, and both improved spread and escape from

the immune response might be advantages of this mechanism of viral

cell-to-cell spread.

2.7 Tunneling nanotubes
Tunneling nanotubes (TNTs) were first described in 2004 as a new mech-

anism of cell-to-cell communication (Rustom et al., 2004). They are

thin, elongated membrane-bound structures, between 50 and 200nm in

diameter, that connect two distant cells and allow the transfer of material

including organelles, ions, proteins and miRNAs. A very recent complete

description of nanotube properties and their role in viral spread has been

reported by Jansens et al. ( Jansens et al., 2020). Based on their diameter

and composition, two classes of TNTs are reported in macrophages:

“thin TNTs” that contain filamentous actin (F-actin) and “thick TNTs”

(greater than 0.7μm) that contain F-actin and microtubules (Onfelt et al.,

2006). Organelles such as mitochondria, lysosomes and peroxisomes

were detected in thick, but not in thin, TNTs. Interestingly, bacteria could
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“surf” along the surface of thin nanotubes using a constitutive flow (Onfelt

et al., 2006). Viruses can also exploit nanotubes for cell-to-cell spread, and

this was first demonstrated for HIV (Sowinski et al., 2008). Tunneling

nanotubes containing F-actin were shown to connect distant T cells, to have

a close-ended nature and not to be tethered to the substratum, in contrast

to what is seen for filopodia. Rapid spread of HIV particles through

TNTs was found to be receptor-dependent (Sowinski et al., 2008). The

induction of TNTs by HIV was additionally demonstrated in macrophages

(Eugenin et al., 2009). Interestingly, the authors identified three different

processes in uninfected and HIV-infected macrophages: long TNTs, short

TNTs and filopodia, based on intercellular communication and length. The

authors reporter that TNTs, but not filopodia, are open-ended and longer

than filopodia, with lengths up to 150μm (Eugenin et al., 2009). Another

retrovirus, HTLV-1, was shown to form conduits in T cells that share char-

acteristics of TNTs (Van Prooyen et al., 2010). Induction of these conduits

was shown to depend on the viral p8 protein and to be facilitated by

the cellular factors ICAM-1 and LFA-1 (Van Prooyen et al., 2010).

Further, the induction of TNTs in infected cells was recently reported

for influenza. Influenza virus nucleocapsids were observed in long inter-

cellular structures, likely TNTs formed between lung epithelial cells

(Kumar et al., 2017; Roberts et al., 2015). Direct transfer of influenza virus

genomes and proteins was shown to require F-actin and actin dynamics.

The process was also shown to be unaffected by the presence of neutralizing

antibodies or oseltamivir, suggesting an open-ended nature of these TNTs

(Kumar et al., 2017). Similar observations were made in cells infected

with porcine reproductive and respiratory syndrome virus (PRRSV)

(Guo et al., 2016). Infection by PRRSV induces the formation of TNTs

that contain F-actin and myosin II-A, a motor-binding protein. Viral pro-

teins and RNA were observed through the length of TNTs, and it was

shown that viral proteins might interact directly or indirectly with myosin

II-A. The presence of neutralizing antibodies does not prevent cell-to-cell

transmission of a fluorescently labeled PRRSV and spread could occur in

absence of cellular receptors, suggesting either a direct cytosolic connection

between cells through TNTs or transfer through sites of close-contact pro-

vided by the TNTs that are inaccessible to antibodies (Guo et al., 2016).

Exploitation of TNTs was additionally reported for pseudorabies virus

( Jansens et al., 2017). Formation of TNTs capable of intercellular spread of

molecules was achieved by the expression of the viral protein US3 in the

absence of other viral proteins (Favoreel et al., 2005; Jansens et al., 2017).
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The TNTs were associated with enhanced viral intercellular spread and

were very stable. This stability was suggested to be the result of the presence

of stabilized microtubules and an enrichment of the adherens junctions

components β-catenin and E-cadherin at the site of contact between the

TNT and the target cell. In this scenario, enveloped virions were shown

to be transported by vesicles through the TNT and released by exocytosis

from this structure at sites of contact between the TNT and the acceptor

cells (Favoreel et al., 2005; Jansens et al., 2017). Recently, the induction

of long intercellular connections has been reported upon infection by

DNA viruses, including VACV and the bovine herpesvirus 1 (BoHV-1)

(Panasiuk et al., 2018; Xiao et al., 2017). The lack of adherence to substra-

tum, their open-ended nature, length of up to 110μm, and presence of

F-actin and tubulin led to the proposal that the BoHV-1-induced structures

correspond to TNTs. Viral proteins were detected along the length of

the TNTs, and direct transfer of recombinant BoHV-1 in a neutralizing

antibody independent manner was observed, similar to what was reported

for RNA viruses (Panasiuk et al., 2018).

2.8 Filopodia
Filopodia are cellular structures involved in a wide array of functions includ-

ing cell migration, wound healing, adhesion to the extracellular matrix and

cell-cell interactions (Faix and Rottner, 2006; Mattila and Lappalainen,

2008). Their formation is induced through actin polymerization underneath

the plasma membrane, which generates finger-like extensions that range

between 0.1 and 0.3μm in diameter. Filopodia are filled with parallel

bundles of F-actin (Mattila and Lappalainen, 2008). Several signaling

pathways drive the protrusion of filopodia, including members of the

family of Rho GTPases like Cdc42 (Faix and Rottner, 2006; Mattila and

Lappalainen, 2008; Nobes and Hall, 1995). Because of the heterogeneous

nature of the previously described TNTs, it can be challenging to differen-

tiate between TNTs and filopodia. Indeed, it was proposed that TNTs

arise from filopodium-like protrusions that connect to neighboring cells

(Rustom et al., 2004). A more recent report suggests that two filopodial

connections can interact with each other through N-cadherin, forming a

bridge (Chang et al., 2018). Rotation of the actin filaments inside these

bridges by myosin proteins separates both filopodia, with one of them

reaching a cell body and establishing a stable TNT-like connection via

N-cadherin/β-catenin clustering (Chang et al., 2018). Moreover, it has
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been shown that the Cdc42/IRSp53/VASP network that is upregulated

during filopodia elongation acts as a negative regulator of TNT formation

and vesicle transfer function (Delage et al., 2016).

An interesting case of exploitation of filopodia during viral infection

is reported for murine leukemia virus. After binding to receptors, MLV

particles move along filopodia to reach the cell body and permit cell entry,

a process dependent on actin and myosin that has been termed virus surfing

(Fig. 3A) (Lehmann et al., 2005). Later in infection, it was shown that MLV

particles move directly from infected to uninfected cells using filopodial

bridges, named viral cytonemes, of about 5.8μm in length (Sherer et al.,

2007). Movement of fluorescently labeled MLV particles was observed

on the outer surface of cytonemes. The formation of cytonemes was shown

to be dependent on Env-receptor interactions, and antibodies targeting the

extracellular domain of Env could disrupt viral cytonemes. Viral surfing

through retrograde transport on the outer surface of filopodial structures

has been also reported for DNA viruses including HSV-1 and human

papillomavirus types 16 and 31 (Dixit et al., 2008; Schelhaas et al., 2008;

Smith et al., 2008).

Further evidence of animal virus infection inducing filopodia formation

has been reported for asfarviruses ( Jouvenet et al., 2006). It was shown that

African swine fever virus (ASFV) induces filopodia formation at the plasma

membrane with an average length of 10.5μm. Each projection contains

the cellular proteins actin and fascin and single viral particles at their tips

(Fig. 3B) ( Jouvenet et al., 2006). Similar observations were made for

alphaviruses, as infection induces a dramatic remodeling of the cell architec-

ture including formation of long intercellular projections (˃10μm) (Martinez

et al., 2014; Martinez and Kielian, 2016). As observed for other viruses, pro-

jections induced by alphaviruses contain actin and microtubules. However,

they are different from those seen with ASFV, where single virions are

present at the tip of filopodia, as multiple alphavirus virions budding from

the projections are observed (Fig. 3C). An interesting observation made

for alphaviruses is that the filopodia-like extensions are not able to transfer

cytosolic or plasma membrane components, suggesting they are not open-

ended connections like TNTs. Instead, viral particles are hypothesized to

bud into a protected space at the filopodial tip and then rapidly enter the

target cell, preventing access of neutralizing antibodies. Recent work

has demonstrated that filopodia-like extensions are also a mechanism that

respiratory viruses use for direct cell-to-cell spread. Infection of human

bronchial epithelial cells by human metapneumovirus (HMPV) resulted
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Fig. 3 Different strategies of cell-to-cell spread by filopodia. Filopodial bridges have
been described as a mechanism for direct cell-to-cell transmission by different viruses.
(A) Cells infected with some retroviruses including MLV and avian leukemia virus (ALV)
can establish filopodial bridges with uninfected cells, with viral particles surfing along
the surface of filopodia toward the cell body to initiate infection. Single as farvirus
particles have been observed projected at the tip of filopodial structures (B), contrasting
with alphaviruses (C), where multiple particles budding from filopodial extensions facil-
itate direct cell-to-cell spread. (D) Filamentous pneumovirus particles, including respi-
ratory syncytial virus (RSV) and human metapneumovirus (HMPV), bud from filopodia
reaching the surface of adjacent cells for direct cell-to-cell spread. Viral proteins and
genome have been detected in filopodia induced by pneumoviruses.

100 Nicolas Cifuentes-Munoz et al.



in a dramatic reorganization of the cell cytoskeleton (El Najjar et al., 2016).

Two major forms of projections were observed: long intercellular exten-

sions of up to 18μm, which resemble filopodia, and shorter abundant

branching filaments (up to 6μm) budding from the cell body and from

the intercellular extensions (Fig. 3D). We speculate that the branching

filaments correspond to filamentous forms of budding virus. As was seen

for other viruses, F-actin and the Rho GTPases Cdc42 and Rac1 were

important for the formation of HMPV intercellular extensions. Cdc42 is

one of the main small GTPases involved in the formation of filopodia

(Nobes and Hall, 1995). Up to 50% of cell-to-cell spread facilitated by

HMPV intercellular extensions was shown to occur in the presence of

neutralizing antibodies and in the absence of appropriate attachment fac-

tors, leading to the suggestion that direct intercellular transfer of viral com-

ponents could occur. Like HMPV, RSV induces formation of filopodial

structures in lung epithelial cells which facilitate viral spread (Mehedi

et al., 2016). Clusters of filamentous structures were observed at the surface

of RSV-induced filopodia, similar to branching filaments induced by

HMPV (Fig. 3D). Additionally, formation of filopodia was shown to

confer increased motility to infected cells, thus facilitating cell-to-cell

spread. Filopodia induced by RSV were shown to be dependent on the

RSV F protein and the cellular actin-related protein 2 (Arp2), an impor-

tant actin-nucleation factor (Mehedi et al., 2016). Recently, a significant

induction of filopodia containing budding particles was reported for the

severe acute respiratory syndrome virus 2 (SARS-CoV-2) (Bouhaddou

et al., 2020). Filopodia induction was associated with an increase in signal-

ing by casein kinase 2. Indeed, CK2 was found in filopodia co-localizing

with the SARS-CoV-2 nucleoprotein (Bouhaddou et al., 2020).

2.9 Membrane pores
Analysis of measles virus (MeV) infection in well-differentiated primary

cultures of human airway epithelial (HAE) cells revealed a previously uni-

dentified mechanism of direct cell-to-cell spread that involves the opening

of intercellular pores (Singh et al., 2015). A recombinant GFP-MeV rapidly

spreads in HAE cell cultures to form infectious centers, but no syncytia

were observed. These infectious centers are larger than those formed by

other viruses such as RSV, Sendai or PIV5. Cytoplasmic material from

the infected cell was shown to suddenly flow into the adjacent cell

through lateral pores of an estimated size of 250nm (Singh et al., 2015).
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The formation of infectious centers by MeV was dependent on an interac-

tion between the actin filament binding protein afadin and nectin-4, the cel-

lular receptor for MeV entry (Fig. 4). Recent work from the same group

demonstrated that MeV ribonucleoprotein complexes can spread to neigh-

bor human airway epithelial cells by moving along the circumapical F-actin

ring (Fig. 4) (Singh et al., 2019). The circumapical F-actin ring encircles

the uppermost portion of cells in HAE cultures, close to and at the level

of adherens junctions. Further studies demonstrated that MeV uses cell-

to-cell spread promoted by cell-cell contacts to move from infected immune

Fig. 4 Formation of intercellular membrane pores. Infection of polarized epithelial cells
by measles virus results in the opening of membrane pores between adjacent cells.
Intercellular pores are stabilized by interactions between the viral glycoprotein H and
the cellular receptor Nectin 4, which is anchored to the cell cytoskeleton through the
Afadin protein. It has been suggested that physical constraints due to the presence
of the circumapical F-actin ring thwart expansion of the intercellular pores, in contrast
to what is observed during syncytia formation. However, the pore has a size that permits
direct spread of ribonucleoprotein complexes that can initiate infection in the adjacent
cell. Blue dots represent polymerase complexes bound to viral RNA.
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cells to epithelial cells, rather than spread by cell-free virus (Singh et al.,

2016). Very recently, another mechanism of cell-to-cell spread exploited

by MeV has been reported. This mechanism involves the capture of

membranes containing nectin-4 by cells expressing nectin-1, a process

known as trans-endocytosis (Generous et al., 2019). Cargo cytosolic mate-

rial, including MeV ribonucleocapsids, was shown to be transferred by

trans-endocytosis and to remain functional in the recipient cell. This

mechanism of spread was shown to occur between epithelial cells but also

from infected epithelial cells to primary neurons. This type of spread

does not require the assembly of complete virions, and demonstrates that

transfer of ribonucleocapsids is sufficient to initiate infection in a target cell

(Generous et al., 2019).

2.10 Extracellular vesicles
A novel mechanism for transfer of multiple virus particles has been recently

reported for enteroviruses. This virus family has historically been described

as non-enveloped viruses that exit the cell by lysis. However, Coxsackie

virus B3 (CVB3) particles were shown to alternatively exit the cell enclosed

within vesicles (Robinson et al., 2014). These extracellular microvesicles

(EMVs) were shown to contain autophagosomal membranes and to be

infectious once added to recipient cells (Robinson et al., 2014). Further evi-

dence supporting extracellular vesicles as a mechanism for viral spread came

from the demonstration of non-lytic release of poliovirus (PV) capsids (Bird

et al., 2014; Chen et al., 2015). Large extracellular vesicles enriched with

phosphatidyl serine (PS) of up to 500nm in size were shown to contain

multiple mature PV particles. The same observations were made for other

enteroviruses including CVB3 and rhinovirus (Chen et al., 2015). The ques-

tion of how these large PV-containing vesicles can enter a target cell was

addressed, and the process was shown to be dependent on both the cellular

receptor CD155 and the presence of PS on the membranes of vesicles.

Interestingly, it was shown that the PV particles contained within vesicles

infect more efficiently than cell-free viral particles on a per-particle basis,

potentially due to the synergistic effect of multiple particles entering the

cell at the same time (Chen et al., 2015). Non-lytic release of vesicles con-

taining rotavirus from cultured cells was recently reported (Santiana et al.,

2018). The biological relevance of this mechanism was strengthened by

the observation of vesicles containing clusters of rotavirus in animal stool

samples. On average, more than 15 rotavirus active particles were shown
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to be present in each vesicle, and these virus-containing vesicles were shed

into stool. Similar to what was found for PV-containing vesicles, rotavirus

within vesicles was found to be more efficient in infection than cell-free

viral particles (Santiana et al., 2018). Norovirus particles were also shown

to be released non-lytically within vesicles, but these vesicles were slightly

smaller in size and had cellular markers of exosomes (Santiana et al., 2018).

The first demonstrations of viral particles released in exosomal membranes

came from studies with HCV and the non-enveloped hepatitis A (HAV)

virus (Feng et al., 2013; Ramakrishnaiah et al., 2013). Exosomes contain-

ing viral particles were shown to transmit HCV infection to recipient cells,

a mechanism partly resistant to neutralizing antibodies (Ramakrishnaiah

et al., 2013). Similarly, enveloped vesicles with markers of exosomes were

found to contain multiple HAV particles and to mediate cell-to-cell trans-

mission within the liver (Feng et al., 2013). These quasi-enveloped HAV

particles (eHAV), are resistant to the action of neutralizing antibodies and

can enter target cells through clathrin and dynamin-dependent endocytosis

(Feng et al., 2013; Rivera-Serrano et al., 2019). Endocytosed eHAV are

recognized by endolysosomal gangliosides that act as receptors, and the

eHAV is then trafficked to lysosomes, where the exosomal membrane is

degraded and virus uncoated (Das et al., 2020; Rivera-Serrano et al.,

2019). These novel mechanisms of spread represent an advantage for the

virus, as neutralizing antibodies should not affect infectivity of vesicles the

same way they neutralize cell-free particles since the particles are protected

by the vesicular membrane. This was demonstrated for the human JC

polyomavirus that also associates with extracellular vesicles (Morris-Love

et al., 2019). Furthermore, vesicles containing JC polyomavirus were

shown to enter target cells in a manner that is independent of cellular recep-

tors (Morris-Love et al., 2019). Thus, production of extracellular vesicles

containing infectious virus seems to be a mechanism shared by a number

of RNA and DNA viruses, whether they are enveloped or not (Altan-

Bonnet et al., 2019).

3. Advantages of direct cell-to-cell spread

While budding and release of cell-free virus particles enables dissem-

ination from host-to-host and spread across long distances to infect distant

tissues within a host, direct cell-to-cell spread and spread at specialized

cell-cell contact sites have several potential advantages for viral spread and

infection, and thus has implications for viral disease and pathogenesis.
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3.1 Rapid spread
Transmission of virus particles at cell-cell contact sites allows rapid viral

dissemination within a tissue. In cell-to-cell spread, virus particles or virus

genetic material are delivered right to target cells, making infection of

target cells faster than with extracellular release and re-infection. Cell-to-cell

spread also overcomes the rate limiting fluid-phase virus diffusion step

encountered by released particles. Fitting with this, several studies have

shown that the rate of HIV-1 spread through cell-to-cell transmission is

faster than spread with cell-free virus (Boulle et al., 2016; Chen et al.,

2007; Dimitrov et al., 1993; Sourisseau et al., 2007; Spouge et al., 1996).

Transfer of virus particles across cell-cell contacts can also facilitate receptor

binding and entry. Cell-cell contacts can specifically recruit receptors to

the appropriate site, making the receptor attachment and entry steps more

efficient (Chen et al., 2007; Sherer et al., 2007; Vasiliver-Shamis et al.,

2009). In some cases, like with measles virus, complete assembly of virus

particles does not occur and direct spread is mediated by transfer of virus

genetic material in the form of ribonucleoprotein (RNP) complexes to

target cells (Lawrence et al., 2000; Singh et al., 2015, 2019). Intercellular

spread is mediated by cytoskeletal forces and protein trafficking pathways,

thus allowing faster transmission than that seen with particle diffusion.

The actin comet tails induced by vaccinia virus act to propel virus particles

quickly across long distances, allowing for faster spread (Cudmore et al.,

1995; Doceul et al., 2010). Comparative analysis revealed that cell-to-cell

spread can be significantly more efficient than cell-free spread for a number

of viruses, as determined by higher infection rates that occur under

conditions of cell-to-cell compared to lower infection by cell-free virus

infection. HIV cell-to-cell transmission is 10-18,000� more efficient than

extracellular spread (Chen et al., 2007; Kolodkin-Gal et al., 2013; Martin

et al., 2010; Sourisseau et al., 2007). Cell-to-cell spread of HSV and PRV

through intercellular extensions was shown to be essential for efficient

spread in vitro (Favoreel et al., 2005).

3.2 Multiple genome transfer
Cell-to-cell transmission was initially identified for viruses that have low

infectivity to particle ratio but show efficient transmission in cell culture

(Bangham, 2003; Carr et al., 1999; Dimitrov et al., 1993). Several studies

have shown that spread of viruses at cell-cell contacts is associated with trans-

fer of many virus particles or genomes from the donor to the target cell
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(Del Portillo et al., 2011; Hubner et al., 2009; Jin et al., 2009; Jung et al.,

2002; Rager et al., 2002; Russell et al., 2013; Sherer et al., 2007;

Shirogane et al., 2012; Sigal et al., 2011; Zhong et al., 2013). Enhanced

budding at cell-cell contact sites and transfer of multiple genomes provide

high local multiplicity of infection (MOI) (Fig. 5). This high MOI makes

cell-to-cell spread more efficient than cell-free transmission by increasing

Fig. 5 Advantages of cell-to-cell spread. (A) Cell-free viral particles released by budding
can be affected by the presence of neutralizing antibodies in the extracellular
environment. In contrast, viral particles that are disseminated from cell-to-cell at cell
junction-specialized membrane contacts (as one example of cell-to-cell spread) are
not accessible to neutralizing antibodies (B). Once they enter a cell, individual viral par-
ticles can be targeted by intracellular restriction factors during uncoating. In contrast,
multiple viral particles entering a target cell can saturate restriction factors available
in the cell and proceed with infection. After successful uncoating, individual viral
particles will initiate genome replication starting from single genomes (D), a highly inef-
ficient process. In contrast, several viral genomes coming from particles will be
more efficient in replication, leading to a rapid infection. Alternatively, genomes can
be transmitted from cell-to-cell directly through intercellular pores (as an example),
which can bypass the uncoating step and inhibition by restriction factors, proceeding
more efficiently with replication (C).
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the probability of successful infection through the introduction of multiple

genomes into a single target cell, thus allowing spread even with low

viral gene expression and poor particle release. It has been suggested that

the transfer of multiple genomes during cell-to-cell spread has implications

to virus fitness and evolution (Sanjuan, 2017). Other advantages of

high MOI include trans-complementation of genetic defects, evasion of

innate immune responses in the target cell, avoidance of the loss of viral

components necessary for replication, alleviation of transmission bottle-

necks and maintainance of genetic diversity (Sanjuan, 2017; Sanjuan and

Thoulouze, 2019). Although many virus particles or genomes can be trans-

ferred, only a limited number of genomes likely initiate infection in the

target cell (Miyashita et al., 2015). It has been estimated that as many as

102 or 103 HIV-1 particles can be transmitted through a virological synapse

(Chen et al., 2007; Hubner et al., 2009); however, HIV-1 infects with an

average of 3.62 proviruses after cell-to-cell spread (Del Portillo et al.,

2011) which is relevant in vivo where 3–4 genomes are detected in infected

cells ( Jung et al., 2002; Law et al., 2016). The alpha-herpesviruses HSV and

PRV infect with an average of 1.4 and 1.6 genomes, respectively, following

cell-to-cell transmission although multiple virions were seen transported on

distal axon sites (Taylor et al., 2012a). This suggests that although many

virions or genomes can be transmitted at sites of cell-cell contacts, only a

limited number establish infection which may be advantageous for the virus.

Further studies are needed to determine if this is true for other viruses that

use cell-to-cell spread for transmission.

3.3 Evasion of anti-viral and immune barriers
Spread of viruses by cell-to-cell transmission allows evasion of multiple bar-

riers that exist for cell-free infection. One of the hallmarks of cell-to-cell

spread is that it allows transmission in the presence of neutralizing antibodies

(Fig. 5). Spread at tight cell-cell contacts provides limited exposure time

to neutralizing antibodies in the extracellular environment and can physi-

cally restrict access of neutralizing antibodies to the virus. Neutralizing-

antibody resistant spread has been shown for viruses that use different modes

of cell-to-cell spread. For example, transmission of viruses such as HCV,

HIV-1 and HSV-1 across tight cell-cell contacts has been shown to shield

the virus from neutralizing antibodies (Brimacombe et al., 2011; Favoreel

et al., 2006). Viruses that use nanotubes, filopodia, or intercellular exten-

sions, whether open- or close-ended, show a neutralizing antibody- resistant
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mode of spread. This includes the alphaherpesviruses PRV and HSV-1

(Favoreel et al., 2005; Jansens et al., 2017; Sarfo et al., 2017), the alphavirus

Sindbis virus (Martinez and Kielian, 2016), the respiratory viruses

HMPV, influenza A virus, and PIV5 (El Najjar et al., 2016; Kumar et al.,

2017; Roberts et al., 2015), PRRSV (Guo et al., 2016, 2018), and

Coxsackievirus B3 (Paloheimo et al., 2011). Antibody resistant cell-to-cell

spread of enveloped VACV particles occurs in an actin-dependent or

-independent manner likely mediated by protein A33 (Krupovic et al.,

2010; Law et al., 2002). The formation of viral biofilms by HTLV-1 may

also provide a way of physically protecting particles from circulating

antibodies which recognize the Env protein (Pais-Correia et al., 2010;

Thoulouze and Alcover, 2010). For HIV-1, several reports show conflicting

results on the role of neutralizing antibodies in inhibiting cell-to-cell trans-

mission, with some studies showing decreased neutralization during cell-

to-cell spread and others showing no inhibition of neutralizing antibodies

on direct virus transfer. Variations in the effects of the neutralizing anti-

bodies depend on the epitope on Env protein targeted by the antibody,

the donor and target cell type, and virus strain used (Abela et al., 2012;

Chen et al., 2007; Ganesh et al., 2004; Gupta et al., 1989; Martin et al.,

2010; Massanella et al., 2009; Pantaleo et al., 1995; van Montfort

et al., 2007; Zhong et al., 2013). In addition to evasion from neutralizing

antibodies, cell-to-cell spread can play a role in overcoming intrinsic ant-

iviral restriction factors. For retroviruses, restriction factors such as

TRIM5α and tetherin can effectively inhibit cell-free virus spread, but

are less effective, or fail completely, in preventing cell-to-cell transmission

(Celestino et al., 2012; Jolly et al., 2010; Richardson et al., 2008; Zhong

et al., 2013). This may occur due to saturation of the restriction factors

by accumulation of virus particles at sites of cell-cell contacts or because

cell-associated virus is inaccessible to a restriction factor. It has been

suggested that tetherin can promote accumulation of HIV-1 virus particles

at the VS and even help to stabilize the synapse during cell-to-cell spread

( Jolly et al., 2010). Cell-to-cell transmission may also act on overcoming

the innate antiviral response. It has been suggested that transfer of influenza

A virus NS protein through tunneling nanotubes may overcome the

innate immune response in the target cell (Kumar et al., 2017).

3.4 Role in pathogenesis
Cell-to-cell spread has implications for the pathogenesis of viral infection as

it contributes to viral persistence and latency, therapy failure/resistance, and
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immune evasion. The cell-to-cell mode of transmission is inherent to the

pathogenesis of HSV-1; it is the main mode of spread in the epithelium

and from epithelial cells to neurons during primary infection where it

establishes latency and moves back through axons to epithelial cells during

reactivation (Dingwell et al., 1994; Wang et al., 2010). Cell-to-cell trans-

mission has also been implicated in persistence of HCV infection and

establishment of chronic infection in the liver, in addition to resistance to

direct-acting antiviral drugs and therapy failure (Timpe et al., 2008;

Witteveldt et al., 2009; Xiao et al., 2014; Zeisel et al., 2013). Resistance

to antivirals due to direct cell-to-cell spread has also been shown for influ-

enza virus with resistance to oseltamivir treatment (Kumar et al., 2017;

Mori et al., 2011; Roberts et al., 2015). The different modes of cell-to-cell

transmission that HIV-1 utilizes contribute to the persistence of viral

reservoirs (Costiniuk and Jenabian, 2014) and resistance to antiretroviral

therapy (Duncan et al., 2013; Sigal et al., 2011). Understanding mechanisms

of cell-to-cell spread is thus important for development of a deeper under-

standing of viral pathogenesis and for the development of potent antiviral

therapies.

4. Experimental approaches for studying
cell-to-cell spread

4.1 Cell culture experiments
Multiple approaches have been used in in-vitro cell culture models to study

the different modes of virus transmission. Experimental conditions were

developed for blocking cell-free or cell-to-cell spread to determine the

contribution of either in infection dynamics. Addition of a viscous media

such as methylcellulose or agarose to an infected cell culture suppresses

diffusion of released virus particles and thus decreases spread by cell-free

virus and not by direct cell-to-cell spread (El Najjar et al., 2016; Jin et al.,

2009; Martin et al., 2010; Timpe et al., 2008). Another approach for

blocking cell-free virus infection that provides more convincing experi-

mental support is assaying spread in the presence of virus-neutralizing

antibodies. While neutralizing antibodies are successful in completely, or

almost completely, inhibiting cell-free infection, cell-to-cell transmission

is generally resistant to neutralizing antibodies. Spread in the presence of

neutralizing antibodies has been used to demonstrate cell-to-cell trans-

mission for several viruses including HCV-1, herpesviruses, alphaviruses,

coxsackievirus B3, IAV, HMPV and PRRSV (Brimacombe et al., 2011;

Favoreel et al., 2005, 2006; Guo et al., 2016; Jansens et al., 2017;

109Viral cell-to-cell spread



Martinez and Kielian, 2016; Roberts et al., 2015; Sarfo et al., 2017). In

some cases however, such as HIV-1 and CMV, the effect of neutralizing

antibodies can be inconsistent, as discussed above, and further validation

of transmission modes requires additional investigation (Dufloo et al.,

2018; Jacob et al., 2013). In addition, some neutralizing antibodies can

prevent cell-to-cell transmission by inhibiting establishment or stability

of cell-cell contacts between an infected donor cell and an uninfected target

cell. For instance, cell-to-cell transmission of HIV-1 depends on cell-cell

contacts that form by the interaction of Env protein in the donor cell with

the CD4 receptor on the target cell; thus neutralizing antibodies against

Env protein can block cell-cell contact and cell-to-cell spread (Chen

et al., 2007; Jolly et al., 2004; Rudnicka et al., 2009). It is therefore impor-

tant to use neutralizing antibodies that do not interfere with the formation

of cell-cell contacts in order to differentiate the susceptibility of cell-free

and cell-to-cell transmission to neutralization. Experimental assays to assess

the role of direct contact between infected cells and neighboring cells

in spreading infection include using a trans-well to physically separate

donor and target cells and prevent cell migration, cell shaking to abolish

the formation of cell-cell contacts or lowering cell density to prevent

close cell contact. Coculturing of donor infected cells with target cells is

another widely used assay to identify cell-to-cell transmission. In this assay,

infected target cells are harvested and cocultured with uninfected target

cells under conditions that prevent infection by cell-free virus such as addi-

tion of neutralizing antibodies or blocking receptor binding (Branscome

et al., 2019; El Najjar et al., 2016; Martinez and Kielian, 2016; Xiao

et al., 2014; Zhong et al., 2013). A fluorescent dye is usually used to dif-

ferentiate target cells from donor cells, and quantification of cell spread is

determined microscopically or by flow cytometry of a reporter virus or a

labeled viral antigen. The cell coculture system has been used to identify

viral and host factors that contribute to direct cell spread of several viruses.

Cell-to-cell transmission of HCV depends on viral envelope proteins and

utilizes the same receptors used for cell-free infection including scavenger

receptor BI, CD81, epidermal growth factor receptor (EGFR) and the tight

junction proteins claudin-1 and occludin (Catanese et al., 2013; Fofana

et al., 2013; Lupberger et al., 2011; Witteveldt et al., 2009; Zahid et al.,

2013). Cell-to-cell spread for other viruses such as HMPV and SINV

occurs in a manner that is independent, or partially independent, of the

receptor binding which is needed for cell-free entry (El Najjar et al.,

2016; Martinez and Kielian, 2016). For studying spread of herpesviruses,
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two cell culture systems are primarily used: a dissociated model where

rat superior cervical ganglia (SCG) are plated and form a network of

axons; and a compartmentalized system that provides isolation of the

neuron cell body from the distal axon termini (Curanovic et al., 2009;

Ch’ng et al., 2005). The latter system has been used to study the number

and diversity of viral genomes after anterograde direct spread of HSV-1 and

PRV particles, with results showing limited virus transmission from

neurons to epithelial cells (Taylor et al., 2012a). Experiments conducted

in 2-dimensional cell culture models provide valuable information on

the mechanisms of cell-to-cell spread of viruses; however, they do not take

into account how the complexity and environment of the tissue impacts

virus spread in vivo. To overcome some of these limitations, different

3-dimensional cell culture models have been utilized for studying spread

for a number of viruses. A 3-D cell culture system using HIV-1-infected

primary human CD4 T lymphocytes in a 3-D scaffold showed the impor-

tance of cell motility and density to HIV-1 spread (Imle et al., 2019).

Studying measles virus in a 3-D model of primary human differentiated

airway epithelial cells revealed a novel mechanism of RNP horizontal

spread along apical F-actin rings (Singh et al., 2019). A neutralizing

antibody-resistant mode of spread was recently described for HMPV in a

similar 3-D model of differentiated human bronchial epithelial cells

(Kinder et al., 2020). Further studies in 3-D tissue models are necessary

to elucidate how viruses actually spread within the host and identify

antivirals that affect one mode of virus transmission but not the other.

4.2 Imaging techniques
Imaging fixed cells by fluorescence and electron microcopy has been widely

used for showing virus transfer between cells. Detection of viral proteins

in intercellular connections or at sites of cell-cell contact by immunofluo-

rescence (IF) is usually added to the line of evidence to demonstrate cell-

to-cell spread. A number of studies showed localization of viral proteins

in TNTs, filopodia, and other intercellular projections for viruses of different

families that spread by direct cell-to-cell transmission, including the herpes-

virus BoHV-1, alphavirus SINV, PRRSV and HMPV. Localization of

viral genomes within these cellular structures, as detected by fluorescence

in situ hybridization (FISH), indicated that not only viral antigens are

localizing to intercellular connections but also genetic material, thus

suggesting passage of virus particles or viral genomes across these structures
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(El Najjar et al., 2016; Favoreel et al., 2005; Guo et al., 2016; Martinez and

Kielian, 2016). For HIV-1, a VS was initially described by IF showing clus-

tering of receptor on the target cell and Env protein on the effector cell

( Jolly et al., 2004;McDonald et al., 2003), and transmission electronmicros-

copy provided cross sectional views of the synapse (Wang et al., 2007).

Advances in microscopic imaging facilitated by the generation of fluores-

cently labeled recombinant viruses helped to further deliver mechanistic

insights underlying cell-to-cell spread of viruses. Live cell imaging provides

a powerful tool for demonstrating the dynamics of virus transport between

cells. Combining IF and time lapse microscopywith correlative fluorescence

and scanning microscopy revealed dynamics of movement of single MLV

particles on the surface of cytonemes that form by interaction of Env protein

with the receptor mCAT1 ( Jin et al., 2009; Sherer et al., 2007). Live cell

3-D microscopy and expansion microscopy of influenza virus infected

cells, in addition to scanning electron microscopy (SEM), showed that

the ends of TNT are continuous with the cytoplasm of cells and that there

are bundled fibers inside the TNTs (Kumar et al., 2017). Generation of

fluorescently labeled alphaherpesviruses with fluorophore tagged capsid,

tegument, or glycoproteins allowed examination of egress and spread mech-

anisms. Live imaging of neurons infected with different labeled viruses

indicated that both capsids and enveloped particles move across axons and

that the US9 membrane protein is needed for anterograde transport of prog-

eny virus particles (Taylor et al., 2012b; Wisner et al., 2011). Imaging

alphaherpesviruses HSV-1 and PRV, tagged with different fluorophores,

allowed determination of the diversity and number of viral genomes follow-

ing anterograde-directed spread from isolated neurites to epithelial cells in

a compartmentalized cell culture model (Taylor et al., 2012a). Imaging

techniques have also advanced our understanding of measles virus spread.

Time lapse microscopy with 3-D z-stack imaging of GFP-tagged measles

virus, or more recently of a recombinant virus containing GFP/P fusion

protein, in a model of airway epithelial tissue was used to reveal rapid

spread. Infectious centers and RNP were shown along the apical F actin

network stained with the LifeAct marker as mentioned in more detail in

Section 2.9 (Singh et al., 2015, 2019). More information has been gathered

in recent years on the formation of the VSmediating HIV-1 spread. Analysis

using ion abrasion SEM and electron tomography provided 3-D visuali-

zation of the VSs with invaginations forming in the donor cell and a projec-

tion extending from the target cell (Felts et al., 2010). Kinetics of virus

clustering and transfer were determined by quantitative 3-D live imaging
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(Hubner et al., 2009; Real et al., 2018). Recently, live imaging using a

GFP-tagged Env mutant virus and cells stably expressing mCherry-Gag

revealed that the Env protein is first transferred across the VS followed by

redistribution of Gag to cell-cell contact sites (Wang et al., 2019). Super res-

olution microscopy revealed an organized localization of N and M proteins

of HMPV in budding filaments with N protein on the inside surrounded

by the M protein (El Najjar et al., 2016).

Combining functional and imaging approaches is thus essential for elu-

cidating the mechanisms underlying cell-to-cell spread of different viruses.

In addition, mathematical models have been employed in recent years to

provide better quantitation of the contribution of the different modes of

spread in infection dynamics. Such models account for the role of space

and effects of the immune response on viral spread and utilize experimental

and clinical data to assess modes of virus spread in vivo (Goyal and Murray,

2016; Graw et al., 2015; Graw and Perelson, 2016; Kumberger et al., 2018).

5. Concluding remarks

Research in the last several decades has highlighted both the variety

of mechanisms that viruses utilize for spreading to new target cells and

the surprising commonality of manymechanisms. Recent work suggests that

these mechanisms may be important for pathogenesis, providing a more effi-

cient means of propagating infection under many circumstances. Future

work dissecting the role of cell-to-cell spread in animal models will be

critical to understand the importance of these mechanisms in overall path-

ogenesis. In addition, dissection of these mechanisms may provide important

new targets for antiviral treatment.
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