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T
he discovery of a dead Whooper 
swan infected with the patho- 
genic H5N1 strain of avian influ-
enza on the shores of Scotland  
in April 2006 illustrated how  
viruses can move globally in a 

very short period of time. As pandemics 
develop, viruses are distributed over  
long distances by hosts such as migra- 
tory birds, insect vectors and unwitting  
airline passengers, or passively by rivers 
and other water systems. All viruses, 
however, start life inside cells, and 
recent work is unravelling how they 

exploit intracellular trafficking path-
ways at the beginning of what can 
become a global migration.
 Viruses are obligate intracellular 
parasites and need to enter the cyto-
plasm to gain nucleotides and amino 
acids necessary for genome replica-
tion and capsid synthesis. Efficient 
replication often requires transport 
of the virus through the cytoplasm to 
specific intracellular compartments. 
Since viruses have no independent 
means of locomotion, it has been a 
challenge to work out how they find 

their way across these relatively long 
distances. The cytoplasm is crowded 
with organelles and cytoskeleton, and 
hypothetical calculations suggest that 
viruses would move very slowly if 
they had to rely on passive diffusion. 
It would take at least 200 years, for 
example, for herpesvirus capsids to 
travel just 1 cm along an axon from 
sensory nerve endings to their favoured 
site of replication in the nucleus of 
the cell body. Interestingly, recent dis- 
coveries made using microscopes to 
observe the movement of fluorescent 

viruses in living cells show that they use the cytoskeleton to 
move within, and between, cells.

Observing fluorescent viruses in living cells
Green fluorescent protein (GFP) technology was first used 
in the mid-1990s to track and quantify the movement of 
cellular proteins. GFP from the jellyfish Aequorea victoria was 
fused to proteins of interest, and the natural fluorescence of 
GFP allowed the proteins to be tracked in real time in living 
cells. Systematic mutagenesis of GFP has produced brighter 
and more stable GFPs, and fluorescent proteins of different 
colours, allowing several proteins to be tracked at the same 
time. The fusion of GFP and its variants to viral structural 
proteins has made it possible to follow the movement of 

viruses in living cells. The fluorescent structural proteins are 
either expressed directly from viral genomes by generating 
recombinant viruses, or expressed in cells prior to infection, 
and incorporated into viruses during assembly. The trafficking 
of viral genomes can also be studied by fusing GFP to appro-
priate DNA- and RNA-binding proteins. Incorporation of 
GFP into herpesviruses has been particularly successful, and 
viruses with red capsids and green tegument proteins have 
been imaged as they travel within neurones in culture. It is 
not always easy to produce GFP-labelled viruses, and it has 
proved particularly difficult to engineer naturally fluorescent 
icosahedral viruses where capsid geometry is constrained. In 
some cases viruses are labelled using fluorescent chemicals 
before they are added to cells, and this has been used to 
follow the cell entry of adenovirus and influenza virus.

Viruses use microtubules and molecular motor 
proteins to move within cells
Many DNA viruses replicate in the nucleus, while others, 
such as poxviruses and many positive-strand RNA viruses, 
replicate in the cytoplasm in virus factories, or rearranged 
cellular membranes called ‘virioplasm’. These structures 
are invariably close to the microtubule-organizing centre 
(MTOC) which anchors microtubules close to the nucleus. 
Early studies showed that the replication of many viruses 
was blocked if microtubules were disrupted, suggesting that  
transport down microtubules towards the MTOC was import- 
ant for them to reach sites of replication. Recent live-cell 
imaging experiments have confirmed that this is true and 
provided further information about dynamics of virus 
movement, and the proteins involved. Live-cell analyses 
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are now available for adenovirus, Adeno-associated virus 2, 
influenza virus, HIV, Vacciniavirus, African swine fever virus 
and herpesviruses.
 Viruses align on microtubules and move at speeds varying 
between 1 and 4 µm s–1. Many viruses show complex  
bidirectional movement, making it difficult to understand 
how they get from one end of the microtubule to the other. 
Careful analysis has shown that run lengths towards the centre 
of the cell predominate, resulting in preferential movement 
towards the MTOC. Once virus replication and assembly are 
completed, it is important for many viruses to embark on the 
reverse journey to the cell surface. Again live-cell imaging 
has shown that viruses move along microtubules, this time 
towards the plasma membrane, and in some cases viruses 
can switch from one microtubule to another.
 Cells use two kinds of ATP-fuelled motor protein to move 
organelles and other cargoes along microtubules. The dynein 
motors move cargoes inwards towards the MTOC while  
the kinesin motors move in the opposite direction to- 
wards the plasma membrane. Analysis of the sequences 
available for virus genomes made it unlikely that viruses 
encode their own motor proteins, and since they move at  
the same speed as cellular cargoes, it was suspected that  
viruses hijacked cellular motors to move in cells. It is now  
known that viruses use dynein motors to reach sites of repli- 
cation in the cell interior, and that after replication and 
assembly new viruses switch to kinesin motors to reach the 
cell surface. How viruses recruit the motors, switch them on 
and off and exchange one for another are key areas of current 
research.

Viruses can use actin to leave cells
Viruses delivered to the cell periphery by kinesin motors are 
deposited into the cell cortex just below the plasma membrane 
which contains high concentrations of actin. Polymerization 
of cortical actin allows cells to produce extensions called 
lamellipodia and filopodia which are used for cell movement. 
Some viruses (and several bacteria) use the power generated 
by the polymerization of this rich source of actin to generate 
extensions and to move into neighbouring cells. Vacciniavirus, 
for example, fuses with the plasma membrane but remains 
attached to the outside of the cell where it signals the 
polymerization of a comet-shaped actin tail which propels 
the virus away from the cell surface. African swine fever virus, 
a virus related to poxviruses, is also delivered to the actin 
cortex by kinesin motors where it stimulates actin filament 
formation. The filaments are bundled beneath the virus and 
carry the virus away from the plasma membrane at the tip 
of filopodia. Understanding how viruses induce localized 
polymerization of actin at the cell surface is not only of 
interest to virologists. The strong similarity between virus-
induced projections and the lamellipodia and filopodia used 
for cell motility allows the study of virus motility to provide 
valuable insight into how cells migrate, for example during 
recruitment of lymphocytes to sites of infection, metastasis of 
cancer cells and outgrowth of neurones.

The future of virus motility
Advances in microscope technology, such as increased 
sensitivity and improved imaging rates, coupled with more  
stable fluorescent probes, will allow single virus particles to be 

by preventing actin mobilization at the 
cell periphery. This raises the hope that 
in the future we will be able to stop 
viruses in their tracks in cells, before 
they start their global migrations.
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 This page. Summary of viral movement 
through a cell. Viral core particles leave 
endosomes (1), bind to microtubules and 
dynein motors (2), and are transported 
to the MTOC (3). Virus replication occurs 
in the nucleus (4) or in cytoplasmic virus 
factories (5). Newly assembled viruses 
bind kinesin motors and move along 
microtubules to the cell cortex (6). Some 
viruses polymerize cortical actin and leave 
cells on actin comets (7) or filopodia (8). T. 
Wileman

 Opposite page. African Swine Fever 
virus associates with microtubules. 
Virus particles (red) moving through the 
cytoplasm align along microtubules (green). 
Reproduced with permission from Jouvenet 
et al. (2005) J Virol 78, 7990 (American 
Society for Microbiology)

tracked in greater detail. It is anticipated  
that dual and triple labelling studies 
coupled with fluorescence energy trans- 
fer (FRET) and fluorescence recovery 
after photobleaching (FRAP) micro-
scopy will be used to follow the ex-
change of specific motor proteins as the 
viruses bind to (or change direction on) 
microtubules, or switch to actin-based 
motility. It will also be important to 
determine how cellular signalling pro-
teins regulate virus motility, and how 
viruses switch them on and off. Work 
over the last year has shown that move- 
ment of herpesviruses along micro-
tubules can be reconstituted in vitro. 
Such systems will allow virus movement 
to be analysed in biochemical and bio-
physical terms. This will tell us how 
much force is required to move a virus 
along microtubules, and how many 
motors are needed.
 It is important to remember that 
many viruses pose a serious threat to 
mankind and it is hoped that studies on 
virus motility can lead to new antiviral 
drugs. One such drug, the c-Abl tyro-
sine kinase inhibitor Gleevac, was 
shown recently to prevent the spread 
of Vacciniavirus and coxsackievirus B 
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The study of virus motility will provide 

valuable insight into how cells migrate, for 

example during metastasis of cancer cells.


