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Human T-cell leukemia virus type 1 (HTLV-1) is a retrovirus associated with adult T-cell 
leukemia (ATL) and HTLV-1-associated myelopathy/tropical spastic paraparesis (HAM/TSP). 
To date, it is the unique published example of a virus able to form a biofilm at the surface 
of infected cells. Deeply studied in bacteria, bacterial biofilms represent multicellular 
assemblies of bacteria in contact with a surface and shielded by the extracellular matrix 
(ECM). Microbial lifestyle in biofilms, either viral or bacterial, is opposed structurally and 
physiologically to an isolated lifestyle, in which viruses or bacteria freely float in their 
environment. HTLV-1 biofilm formation is believed to be promoted by viral proteins, mainly 
Tax, through remodeling of the ECM of the infected cells. HTLV-1 biofilm has been linked 
to cell-to-cell transmission of the virus. However, in comparison to bacterial biofilms, very 
little is known on kinetics of viral biofilm formation or dissemination, but also on its 
pathophysiological roles, such as escape from immune detection or therapeutic strategies, 
as well as promotion of leukemogenesis. The switch between production of cell-free 
isolated virions and cell-associated viral biofilm, although not fully apprehended yet, 
remains a key step to understand HTLV-1 infection and pathogenesis.

Keywords: human T-cell leukemia virus type 1, viral biofilm, extracellular matrix, cell-cell transmission, 
pathogenesis

INTRODUCTION

The extracellular matrix (ECM), defined as the three-dimensional network of high-molecular-
weight extracellular molecules that surround the surface of the cells that produce them, is one 
of the few structures conserved during evolution and shared through the three biological domains 
of life: Archaea, Bacteria, and Eukarya (Stavolone and Lionetti, 2017). Although its composition 
varies according to the type of organism, i.e., prokaryote vs. eukaryote organisms, or unicellular 
vs. multicellular organisms, the ECM remains required for conserved functions, such as cell 
adhesion, intercellular communication, and differentiation (Ozbek et al., 2010; Limoli et al., 2015).

In bacteria, the ECM consists of three major polymer components: (i) polysaccharides, (ii) 
proteins, and (iii) extracellular DNA (eDNA). Bacterial ECM may serve several functions, such 
as protection of free-living bacteria (planktonic life), promotion of migration or genetic exchanges, 
and ion reservoirs. In addition, the ECM is an essential building material for biofilm formation 
(Dragoš and Kovács, 2017). Bacterial biofilms (sessile life) represent multicellular assemblies, 
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in contact with a surface, in which bacteria stick to each 
other and are shielded by the ECM. They represent the most 
ubiquitous bacterial lifestyle in natural and artificial environments.

The eukaryotic ECM, whether in tissues or on circulating 
cells, is a network of extracellular macromolecules made up of 
core proteins (collagens, glycoproteins, and proteoglycans) and 
of ECM-associated components, including adhesion proteins 
and cellular receptors (Mouw et  al., 2014). The ECM serves 
as a physical scaffold to the cell but it is also a dynamic structure 
interacting with other cells to regulate diverse cellular functions, 
including survival, growth, migration, and differentiation, as 
well as response to diseases (Bellincampi et  al., 2014; Bonnans 
et  al., 2014; Humphrey et  al., 2014). Interestingly, the ECM 
can be  strongly remodeled early upon viral infection. Viruses 
can use the ECM for attachment to target cells and subsequent 
interactions with cell-surface receptors allowing their entry. 
Besides its role to favor initial infection, modulation of the 
ECM from infected cells can impact viral disease manifestation 
directly or indirectly. For example, modification of the ECM 
by viruses may modulate inflammation. This is observed upon 
respiratory syncytial virus (RSV) infection of fibroblasts via 
hyaluronan-dependent mechanisms, which enhances mast cell 
binding as well as mast cell protease expression via direct 
interactions with the ECM (Reeves et  al., 2020). It can also 
influence the process of carcinogenesis. For instance, Hepatitis 
B virus (HBV) encodes a viral onco-protein, transactivator 
protein X, involved in the ECM remodeling through the HIF-1α/
LOX pathway, which is shown to promote hepatocellular carcinoma 
metastasis (Tse et al., 2018). After productive infection, modulation 
of the ECM can also enhance viral transmission through cell-
to-cell contact. Indeed, infected cells can establish contacts 
between cells that are not normally in physical contact using 
for example, increased migration of infected cells toward 
non-infected cells. Alternatively, infected cells can exploit existing 
cell-cell interactions, such as immunological synapses, to increase 
adhesiveness and viral transfer through the immune synapse. 
For that purpose, some viruses such as human T-cell leukemia 
virus type 1 (HTLV-1) can upregulate the expression of 
endogenous cell adhesion molecules (CAM), such as Intercellular 
adhesion molecule-1 (ICAM-1), and of other components of 
the ECM (Nakachi et al., 2011; Gross and Thoma-Kress, 2016), 
while others can produce their own adhesion proteins. For 
example, the glycoprotein Env from Murine Leukemia Virus 
(MLV) can act as a viral adhesion molecule (VAM), mimicking 
the behavior of a CAM (Sherer et  al., 2007; Mothes et  al., 
2010). Moreover, these virally induced areas of contact can 
be  highly specialized and fully dedicated to viral transmission, 
as exemplified by the ability of herpes simplex virus (HSV), 
human immunodeficiency virus (HIV) and HTLV-1 to promote 

the formation of virological synapses (Vasiliver-Shamis et al., 2008; 
Nejmeddine and Bangham, 2010; Abaitua et  al., 2013).

Among several viruses, HTLV-1 masters the art of remodeling 
the ECM, by forming a viral biofilm at the surface of infected 
cells (Pais-Correia et al., 2010). In this structure, numerous virions 
are embedded in the ECM of infected cells. Interestingly, spreading 
of virions in multiple collective entities have been described for 
many other viruses (Li et al., 2014; Sanjuán and Thoulouze, 2019), 
notably through transfer of previously accumulated virions in 
membrane invaginations or as aggregates, demonstrated for 
HIV. This collective spreading is hypothesized to provide a 
selective advantage by increasing virions stability, the number 
of virions delivered to target cells and thus global infectivity, 
and protection from immune response. However, virions 
accumulation in a viral biofilm has been clearly and convincingly 
demonstrated for HTLV-1 only (Li et  al., 2014; Sanjuán and 
Thoulouze, 2019). Interestingly, the HTLV-1 biofilm appears 
to be very similar to bacterial biofilms (Thoulouze and Alcover, 
2011), both consist in a microbial community embedded in 
an adhesive ECM. However, the similarities and differences 
between these bacterial and viral types of biofilms have been 
little discussed so far. In this review, we compare the molecular 
composition of bacterial and viral biofilms, and their 
pathophysiological impact on the host and on therapeutic 
strategies (summarized in Table  1). This comparative analysis 
of bacterial and viral biofilms highlights aspects of viral biofilms 
that are poorly understood, and shows how the understanding 
of bacterial biofilms may inspire future work on viral biofilms.

MOLECULAR COMPOSITION OF 
MICROBIAL BIOFILMS

Bacterial biofilms can be  formed on abiotic and biotic surfaces. 
Indeed, a wide range of abiotic surfaces may be  colonized by 
bacterial biofilms, such as implanted medical devices, surgery 
equipment, or river stones. Biotic surfaces may be  host tissues, 
skin, or medical devices that have been rapidly coated by host 

Abbreviations: ATL,  Adult T-cell leukemia;  CAM,  Cell adhesion molecules;  
ECM,  Extracellular matrix;  eDNA,  Extracellular DNA;  HAM/TSP,  HTLV-1 
associated myelopathy/Tropical spastic paraparesis;  HTLV-1,  Human T-cell 
leukemia virus type 1;  IFN-I,  Type-I interferon;  MMPs,  Matrix metalloproteinases;  
MSCRAMMs,  Microbial surface components recognizing adhesive matrix 
molecules;  pDCs,  Plasmacytoid dendritic cells;  PIA,  Polysaccharide intercellular 
adhesin;  sLex,  Tetrasaccharide sialyl-LewisX;  TF,  Thomsen–Friedenreich antigen.

TABLE 1 | Properties and functional roles of bacterial and viral infectious 
biofilms.

Bacterial biofilms Viral biofilms

Localization Medical devices and 
host tissue

Host cell surface

Observation In vitro, in vivo, in situ In vitro
Molecular components Exopolysaccharides, 

proteins and extracellular 
DNA

Exopolysaccharides, 
proteins

Process Cyclic Unknown
Functional roles Chronic and recurrent 

infections

Shield against 
antibacterial molecules

Immune system escape

Cancerogenesis

Bacterial dispersion

Viral transmission, escape 
from plasmacytoid 
dendritic cells (pDCs) 
sensing
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ECM proteins such as fibrinogen or fibronectin in the blood 
plasma (Ratner, 2015; Khatoon et al., 2018). Surfaces have different 
chemical (charge and hydrophobicity) and mechanical properties 
(topography, roughness, and stiffness), which influence the speed 
of bacterial biofilm formation and strength of attachment. Typically, 
5–35% of the biofilm volume is constituted by the microorganisms 
while the remaining volume is ECM. The ECM composition 
can vary greatly between biofilms, depending on the strains/
species present, the shear forces experienced, the temperature 
and the availability of nutrients (Barbosa et  al., 2015; Oliveira 
et  al., 2015; Mizan et  al., 2016). However, all bacterial biofilms 
share general attributes. They contain polymeric molecules 
constituting the ECM involved in intercellular adhesion. Matrix 
polymers include exopolysaccharides, proteins, teichoic acids, 
and molecules released by eukaryotic and prokaryotic dead cells, 
which are mainly negatively charged DNA, called eDNA after 
its release (López et  al., 2010; Bjarnsholt et  al., 2018).

Exopolysaccharides are the ECM components most frequently 
detected in biofilms. Most are long molecules, linear or branched, 
which can be  homopolysaccharides or heteropolysaccharides 
consisting, for the latter, of a mixture of neutral and charged 
sugar residues. Pseudomonas aeruginosa, an important Gram-
negative pathogen and a strong biofilm inducer, produces at 
least three distinct exopolysaccharides that contribute to biofilm 
development and architecture: Alginate, Pellicle (Pel), and 
Polysaccharide Synthesis Locus (Psl). Alginate is overproduced 
by mucoid strains isolated from lungs of cystic fibrosis patients, 
in which it is involved in the initiation of biofilm formation 
and in the mechanical stability of mature biofilms. Pel and Psl 
are involved in the establishment of biofilms in non-mucoid 
wild-type strains, which do not produce alginate. Pel is a glucose-
rich polymer, essential for the formation of biofilms at air–liquid 
interfaces (called pellicles) and of biofilms that are attached to 
a surface, while Psl, a mannose-rich polymer, is involved in 
the adherence to abiotic and biotic surfaces and in the maintenance 
of biofilm architecture (Branda et  al., 2005; Ghafoor et  al., 
2011). For the Gram-positive pathogen Staphylococcus aureus, 
polysaccharide intercellular adhesin (PIA), also known as poly-
N-acetyl glucosamine, is a major exopolysaccharide found in 
biofilms. However, the presence of PIA is not universal and is 
for example, dispensable for the formation of staphylococcal 
biofilms (Mack et  al., 1996; Brooks and Jefferson, 2014).

Unlike bacterial biofilm, the viral biofilm components that 
have been identified so far are not encoded by the virus itself 
nor synthesized by viral enzymes. Besides exploitation of existing 
cell pathways and functions for their own replication, viruses 
also alter physiological processes important for their dissemination. 
HTLV-1 can remodel several components of the eukaryotic ECM, 
enhancing their expression and modifying their spatial organization, 
thus leading to the formation of the viral biofilm (Thoulouze 
and Alcover, 2011). Extracellular components in which viruses 
are embedded in biofilm at the surface of the infected cells  
are made of complex polysaccharide assemblies, enriched in 
heparan sulfate, mannose and galactose exposing mainly the 
Thomsen-Friedenreich (TF) antigen, a desialylated Galβ1-3GalNAc 
glycosylated structure, and the tetrasaccharide sialyl-LewisX (sLex; 
Hiraiwa et al., 1997, 2003; Pais-Correia et al., 2010; Assil et al., 2019; 

Nakamura et  al., 2019). Interestingly, Galectin-3 and Tetherin, 
have been found in viral biofilm and could be  involved in the 
retaining molecules early steps (Pais-Correia et al., 2010; Nakamura 
et  al., 2019). The viral biofilm is also composed of ECM 
components, like Agrin, HSPG, and Collagen IV (COL4A1 and 
COL4A2; Pais-Correia et al., 2010; Gross and Thoma-Kress, 2016; 
Millen et  al., 2019). Moreover, Tarasevich et  al. showed that the 
cell surface proteins CD4, CD150, CD70, CD80, and CD25 are 
also present in viral biofilm structures (Tarasevich et  al., 2015). 
Although O-glycosylated surface receptors CD43 and CD45 do 
not seem to co-localize with viral particles, they were suggested 
to play an important role in the accumulation of viral biofilm-
like structures on one pole of the HTLV-1-infected cell, facilitating 
contact with the target cell and efficient transmission of viral 
material (Mazurov et  al., 2012).

Thus, polysaccharides and protein components are shared 
between bacterial and viral biofilm, while in contrast eDNA 
is exclusively found in bacterial biofilm. In addition, while 
direct interactions among bacteria have been documented in 
the bacterial biofilm, data on the interaction between viral 
particles in the viral biofilm are missing.

BIOFILM FORMATION AND PATHOGEN 
SPREADING

Generally, bacterial biofilm formation is described as a cyclic 
process involving four main steps: adhesion, micro-colonies, 
maturation, and detachment (Figure 1). In the first step, bacteria 
have to adhere to a surface serving as a support (Armitano 
et  al., 2013; Gagné-Thivierge et  al., 2018). Mobile bacteria, such 

FIGURE 1 | Stages of bacterial biofilm formation. One or more planktonic 
bacterial species adhere to an abiotic or biotic surface. Adhered bacteria 
grow as a multicellular community, forming microcolonies in which they 
proliferate and secrete matrix polymers. This microbial infrastructure results in 
the development of a 3D mature biofilm with heterogeneous physico-
chemical conditions allowing the appearance of dormant state bacteria. 
Biofilms serve as bacterial reservoirs that are transmitted back to the 
environment to colonize new surfaces through biofilm detachment caused by 
intrinsic (biofilm matrix-degrading enzyme) and extrinsic (fluid shear) 
mechanisms. The figure was constructed using Servier Medical Art images.
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as P. aeruginosa and Escherichia coli, have a great advantage in 
this initial attachment, by utilizing flagella to overcome 
hydrodynamic and repulsive forces (O’Toole and Kolter, 1998; 
Wood et  al., 2006; Liaqat et  al., 2019). On abiotic surfaces, 
attachment depends on the surface properties of materials and 
bacteria, and involves hydrophobic interactions or Van der Waals 
forces (Renner and Weibel, 2011; Carniello et  al., 2018). Wall 
components of several bacteria also serve as specific determinants 
for attachment. As examples, wall teichoic acids, lipoteichoic 
acids, and cell wall anchored proteins of staphylococci promote 
adhesion to abiotic surfaces (Vergara-Irigaray et  al., 2008; 
Heilmann, 2011), while flagella, pili, or fimbria of P. aeruginosa 
play a role in surface attachment (Déziel et  al., 2001; Vallet 
et  al., 2001). When occurring on tissues or medical devices in 
the human body, adhesion is mainly governed by interaction 
of surface proteins from bacteria with human matrix proteins. 
In staphylococci, surface proteins belonging to the family of 
microbial surface components recognizing adhesive matrix 
molecules (MSCRAMMs) interact with fibronectin, fibrinogen, 
vitronectin, collagen, and other matrix molecules to allow adhesion 
of bacteria on host cell surfaces (Foster et al., 2014; Otto, 2018).

Once adhered to surfaces, bacteria form irreversible micro-
colonies that are maintained through intercellular adhesion, 
leading to three-dimensional mature biofilm. This intercellular 
adhesion is allowed by the secretion of polymer molecules, 
which may be  of carbohydrate, protein, or nucleic acid nature. 
In particular, the polyanionic charge of DNA is an important 
intercellular adhesion factor used to link molecules together. 
Of note, DNA release in biofilm ECM can be  independent of 
bacterial lysis (Rajendran et  al., 2015). Biofilm grows until it 
becomes a macroscopic “mushroom”-like structure. Such biofilms 
are not uniform and contain channels that are believed to 
be essential for providing nutrients to bacteria embedded deeper 
in biofilm layers. Indeed, bacteria are present in different 
physiological states (anaerobic, dormancy,…) depending on 
their location in the biofilm, and on the availability of substrates, 
oxygenation, pH, or exposure to metabolites present in the biofilm.

After biofilm maturation, isolated or aggregated bacteria can 
dissociate and end up in the bloodstream. This detachment 
stage allows colonization of other sites, leading to the appearance 
of “metastasis” of the infection. Bacterial release from the biofilm 
requires degradation of biofilm polymers by enzymes and 
surfactant molecules that reduce surface-bacterial interactions 
(Boles et  al., 2005; Harmsen et  al., 2010; Boles and Horswill, 
2011; Kiedrowski et  al., 2011; Otto, 2013). Several studies have 
demonstrated that this detachment process is subjected to quorum 
sensing, a regulatory mechanism that coordinates genes expression 
in the population (Boles and Horswill, 2008; Solano et al., 2014).

Although the processes leading to the synthesis, stability, 
and regulation of bacterial biofilms have been widely studied, 
the kinetics and dynamics of ECM remodeling mechanisms 
leading to the formation of viral biofilm have not been investigated 
yet, but can be  drawn from scarce literature data (Figure  2). 
Interestingly, the viral oncoprotein Tax induces the expression 
of genes involved in the synthesis of some HTLV-1 biofilm 
components, suggesting that HTLV-1 might directly drive the 
formation of this biofilm. It is for example, the case of 

Fucosyltransferase Fuc-T VII, which synthetizes sialyl Lewis 
X, but also of collagen IV (COL4A1, COL4A2; Hiraiwa et  al., 
1997, 2003; Pais-Correia et  al., 2010) and of ICAM-1 (Hiraiwa 
et  al., 2003; Fazio et  al., 2019). Using transcriptome analysis, 
Millen et al. showed recently that col4A1/2 genes are upregulated 
both in HTLV-1 infected cells and in Tax-induced cells, upon 
Tax-dependent transactivation of their promoter (Millen et  al., 
2019). Overexpressed COL4 proteins co-localized with the viral 
Gag protein in viral biofilm and were involved in viral 
transmission. In addition, Tax also induces expression of cell 
adhesion molecule-1 (CADM-1; Masuda et al., 2010), a protein 
involved in adhesion and cell infiltration, that could participate 
in the adhesiveness of the viral biofilm to target cells. Despite 
these studies, little is known about the role of Tax in formation 
of the viral biofilm. Thus, it would be  interesting to study the 
formation of viral biofilm in HTLV-1 infected cells, in which 
viral expression is repressed but inducible such as MT-1 or 
ED-40515 cells (Mahgoub et  al., 2018; Hong et  al., 2020).

On the other hand, other components of the viral biofilm 
might not be  induced directly by viral proteins, but rather 
indirectly, as a cellular response to infection. As an example, 
it is well established that Tetherin expression is induced in 
cells infected by various viruses (Evans et  al., 2010), as a 
type I interferon (IFN-I)-induced innate immune response that 
restricts viral spread (Venkatesh and Bieniasz, 2013). Indeed, 
Tetherin expression dramatically inhibits the release of cell-free 
HTLV-1 particles by tethering them to the infected cell and 

FIGURE 2 | Proposed model for the stages of viral biofilm formation on 
human T-cell leukemia virus type 1 (HTLV-1) infected T cells. Following initial 
infection, viral expression (and in particular Tax expression) leads to 
remodeling of the extracellular matrix (ECM) components, such as 
carbohydrates (sialyl Lewis X), polymers components (Agrin and Collagen 
IV), linker proteins (Galectin-3 and Tetherin), and (Intercellular adhesion 
molecule-1, ICAM-1). Components whose expression is increased are 
underlined, and in bold when their expression is controlled by Tax. Production 
of viral particles embedded in the matrix forms the mature viral biofilm, which 
can be transmitted to a target cell by an unknown mechanism, or be released 
in the extracellular medium. The arrows with a question mark represent steps 
that remain to be determined. The figure was constructed using Servier 
Medical Art images.
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to each other, without affecting viral protein expression (Jouvenet 
et  al., 2009; Kuhl et  al., 2011). Interestingly, while Tetherin 
restriction is counteracted by a variety of viral proteins (Evans 
et  al., 2010), including Vpu from HIV-1 or Env from HIV-2 
(Jolly et  al., 2010), such a viral antagonism has not been 
described in the case of HTLV-1 infection, suggesting that 
Tetherin might not impact HTLV-1 transmission. Indeed, 
Tetherin knockdown has been shown to severely decrease 
HTLV-1 cell-free transmission but not cell-to-cell infection 
(Ilinskaya et  al., 2013). Strikingly, cell-to-cell transmission 
analyzed in this study did not imply biofilm because viral 
transmission was measured using pseudovirus-expressing cells, 
thus devoid of HTLV-1 biofilm. Thus, the role of Tetherin in 
biofilm-based viral transmission still remains to be determined.

Knowledge is also missing on how viral biofilm is detached 
from the infected cell surface, and whether these released 
structures retain infectivity. However, this hypothesis is supported 
by the observation that removal of viral biofilm from the 
infected cells using heparin washes reduced HTLV-1 cell-to-cell 
transmission by 80% (Pais-Correia et al., 2010), and that purified 
HTLV-1 biofilm is the infectious entity responsible of viral 
transmission to target cells (Pais-Correia et  al., 2010; Alais 
et al., 2015), probably more efficiently than transmission through 
the formation of a viral synapse (Igakura et al., 2003; Majorovits 
et  al., 2008) or through cell-free viral particles, that are known 
to be  poorly infectious in vitro and also rarely found in vivo 
(Li et  al., 2008). Indeed, a ratio of around 106 HTLV-1 virions 
is needed to infect one cell, while a ratio of 75 HIV virions 
is sufficient to infect one target cell (Derse et  al., 2001). This 
lack of infectivity of cell-free virions has been linked to a 
reduced ability of Env protein to induce viral membrane fusion 
following isomerization of intersubunit disulfide-bound 
interactions observed in cell supernatant (Wallin et  al., 2004; 
Li et  al., 2008; Shinagawa et  al., 2012). Thus, accumulation 
of virions inside the HTLV-1 biofilm might protect Env proteins 
from destabilization and could further maintain virus infectivity.

Alternatively, viral biofilm might favor cell-cell contacts 
through increased adhesiveness properties. This translates into 
close interactions among adhesion proteins (ICAM-1 and 
Lymphocyte function-associated antigen-1; LFA-1) and between 
viral and cellular proteins (Env and CD82/NRP-1). Those 
interactions were shown to trigger the polarization of the 
microtubule-organizing center (MTOC) in the infected cell, 
and as a result, the accumulation of viral proteins and viral 
RNA at the contact point, thus leading to the formation of 
a viral synapse and allowing viral particles’ budding at the 
synaptic cleft (Igakura et  al., 2003; Majorovits et  al., 2008). 
MTOC polarization in the infected cell upon cell-cell contact 
could also favor the delivery of extracellular vesicles (EV) to 
the target cell, a mechanism recently shown to increase the 
permissiveness of target cells (Pinto et  al., 2019). In addition, 
polarization of the infected cells involves modification of actin 
polymerization, a process controlled by Tax through its induction 
of Gem, Fascin, and Collapsin response mediator protein-2 
(CRMP-2; Masuda et  al., 2010; Varrin-Doyer et  al., 2012; 
Chevalier et al., 2014; Gross et al., 2016) and leading to increased 
cell-cell contacts and intercellular conduits (Chevalier et al., 2014; 

Gross et  al., 2016). The latter are involved in the transfer of 
the p8 viral protein to target cells (Van Prooyen et  al., 2010), 
which induces LFA-1 up-regulation. This in turn reinforces 
cell-cell adhesion through LFA-1 interaction with ICAM-1  
(Van Prooyen et al., 2010; Malbec et al., 2011; Pinto et al., 2019).

It is unanimously accepted that Glucose Transporter 1 (GLUT-1), 
Neuropilin-1 (NRP-1), and Heparan Sulfate Proteoglycans (HSPG) 
are the three cell surface receptors involved in binding and 
entry of HTLV-1 cell-free virions in CD4+ T cells (Jones et  al., 
2011; Hoshino, 2012). Despite these advances, several questions 
remain unanswered, including their specificity and affinity for 
binding HTLV-1 present in biofilm and the precise role of each 
of these molecules during HTLV-1 entry in other types of cells. 
For example, HTLV-1 entry in dendritic cells (DC) seems to 
rely on endocytosis, as inhibition of micropinocytosis or clathrin-
dependent endocytosis completely abolished HTLV-1 capture 
by immature and mature DC, as well as subsequent productive 
infection of immature DC (Rizkallah et  al., 2017). Besides, the 
role of Glut-1  in HTLV-1 viral biofilm entry in plasmacytoid 
dendritic cell (pDC) was confirmed, but not that of NRP-1 
(Assil et  al., 2019). In addition, while the same study also 
confirmed the role of Glut-1  in productive infection of T-cells 
after contact with HTLV-1 viral biofilm, it failed to demonstrate 
the need of NRP-1, suggesting that the proposed interaction 
of HTLV-1 envelop with NRP-1 as prerequisite before interaction 
with Glut-1 (Lambert et  al., 2009) might not be  mandatory 
when virions are embedded in biofilm and not cell-free. However, 
whether viral biofilm is captured as a collective entity by the 
target cell, or whether individual virions are extracted from 
the biofilm before endocytosis is still unknown. Alternatively, 
one could hypothesize that because virions are associated with 
ECM in the viral biofilm, viral entry could be  induced by 
interactions of ECM proteins such as integrins with their ligand, 
thus using regular routes of receptor recycling through endocytosis 
to enter in target cells. Then, interaction with Glut-1 could 
occur inside vesicles after the relief of ECM components. Indeed, 
this mode of entry is used by several bacterial species such as 
S. aureus and Streptococcus pyogenes (Rohde and Cleary, 2016; 
Josse et  al., 2017), that expressed adhesions proteins able to 
bind fibronectin from ECM. Then, fibronectin interacts with 
the α5β1 integrin thus allowing the endocytosis of the complexed-
bacteria in intracellular compartment.

Altogether, these results suggest that viral biofilm formation 
(i) might protect extracellular virions from Env protein instability, 
(ii) might increase cell-cell adhesiveness to favor cell-cell 
transmission, and (iii) might overcome the low infectivity of 
core particles, potentially through close interactions permitting 
transfer of viral proteins or cellular EV that might control 
target cell permissiveness.

MICROBIAL BIOFILMS AND THEIR 
ROLE IN PATHOGENESIS

Biofilms in Immune Evasion Strategies
In an infectious context, immune response strategies are able 
to establish immediate and specific response due to effector 
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mechanisms mediated by immune cells, recognition receptors, 
and several humoral factors such as complement components 
and antibodies. However, microbial biofilms can escape these 
host immune responses by shielding bacteria from immune 
effectors (Costerton et  al., 1999; Roilides et  al., 2015; Moser 
et  al., 2017). Firstly, the bacterial biofilm provides a physical 
shield from antimicrobial peptides such as defensins, complement 
components, and opsonizing antibodies. Moreover, although 
leukocytes are able to effectively penetrate the biofilm, using 
the nutrient channels, they exhibit impaired phagocytosis and 
show a decreased ability to kill bacteria inside the biofilm 
(Leid et  al., 2002; Scherr et  al., 2015). Furthermore, biofilm 
polymorphonuclear neutrophils (PMN) clearance depends on 
the biofilm maturation state. Indeed mature biofilms are less 
sensitive to phagocytosis than “young” biofilms, which are more 
sensitive towards the attack by PMN (Günther et  al., 2009). 
In addition, biofilm-embedded bacteria produce molecules that 
directly lyse immune cells and inhibit their function (Cheung 
et  al., 2014; Da et  al., 2017; Maali et  al., 2018). For example, 
rhamnolipid, a quorum-sensing regulated virulence factor in 
Pseudomonas species, has been shown to lyse macrophages 
and neutrophils (Alhede et  al., 2014). Interestingly, biofilm-
derived products can actively suppress proinflammatory immune 
responses, as evidenced by the recruitment of myeloid-derived 
suppressor cells and macrophage polarization toward an anti-
inflammatory state (Yamada and Kielian, 2019). Thereby, bacterial 
biofilms can subvert the host immune response by preventing 
immune detection, toxin production, impaired phagocytosis, 
and polarizing macrophages toward an anti-inflammatory state, 
which promotes biofilm persistence in an immune competent host.

Similar to bacterial biofilms, viral biofilms could also provide 
a physical barrier to prevent recognition by antibodies or 
immune cells. Assil et  al. showed that the HTLV-1 biofilm 
regulates IFN-I production by pDCs (Assil et  al., 2019). The 
presence of the TF antigen, a desialylated Galβ1-3GalNAc 
glycosylated structure at the surface of the infected cells, in 
which viruses are embedded in biofilm, reduces the IFN-I 
response of pDCs (Assil et  al., 2019). Interestingly, the density 
of TF antigen at the surface of HTLV-1 infected cells positively 
regulates the ability of infected cells to transmit the virus and 
infect new target cells. Thus, TF antigen present at the surface 
of infected cells and in viral biofilm could both block innate 
immune responses while increasing viral dissemination, two 
processes that may facilitate the progression to HTLV-1-induced 
diseases. Alternatively, the presence of viral biofilm and specially 
highly glycosylated component of the ECM could physically 
protect virions from neutralizing antibodies although present 
at high levels (Hadlock et  al., 1999) or could isolated virions 
from the plasma membrane and hence reducing direct binding 
of anti-HTLV-1 envelope antibodies to cell membrane and thus 
avoiding antibody-mediated cellular cytotoxicity (ADCC) or 
complement-mediated cytotoxicity.

Escape From Therapeutics Strategies
Because bacterial biofilms constitute foci of microbial persistence, 
they play a major role in therapeutics failure. Indeed, they 
are a dreaded scourge in the field of antibiotic therapy  

(Stewart and William Costerton, 2001; Høiby et  al., 2010; 
Sharma et  al., 2019). Several studies have sought to compare 
the susceptibility of Gram-positive and Gram-negative planktonic 
and sessile bacteria to different antibiotics (Olson et  al., 2002; 
Castaneda et al., 2016). The concentration required to kill sessile 
bacteria may be  1,000 times greater than that required to kill 
planktonic bacteria from the exact same strain. One of the first 
described mechanisms that account for this non-specific antibiotic 
tolerance is alteration of antibiotics diffusion within the biofilm. 
Indeed, the biofilm ECM acts as a physical barrier that can 
reduce penetration of antibiotics by congestion or by interaction 
with the electrical charges of the biofilm components (Stewart, 
1996). Another mechanism of antibiotic tolerance within biofilms 
is related to the slower growth of bacteria deeply embedded 
in the biofilm. Indeed, the depth of the biofilm creates gradients 
of nutrients, oxygen, pH, and secondary metabolites that modify 
the bacterial environment. Thus, low amount of nutrients and 
oxygen are available when bacteria are far away from the biofilm 
surface. This, combined to high concentrations of metabolites, 
and more acidic pH, switches bacteria (than called persisters) 
into a dormant state, which renders them insensitive to antibiotics 
(Stewart and Franklin, 2008).

To overcome antibiotic resistance of bacterial biofilms, an 
alternative and very promising strategy is phagotherapy, which 
can be combined with antibiotic therapy (Sun et al., 2013; Zaidi 
et al., 2017; Misba and Khan, 2018; Moelling et al., 2018; Gordillo 
Altamirano and Barr, 2019). Being of small size, bacteriophages 
can circulate inside the biofilm using channels and reach bacteria 
laying deeper in the biofilm (Harper et  al., 2014). Moreover, 
some phages produce enzymes that have the ability to deconstruct 
the ECM, thus increasing the accession of phages to bacteria 
for efficient infection (Chan and Abedon, 2015).

Compared to antibiotics treatment of bacterial infection, 
antiviral treatments have so far been poorly efficient for treating 
patients suffering from HTLV-1-induced diseases. Adult T-cell 
leukemia (ATL) patients are mainly treated with drugs that 
target infected cells regardless of their ability to express the 
virus (Miyazato et  al., 2016), while HTLV-1-associated 
myelopathy/tropical spastic paraparesis (HAM/TSP) are treated 
with drugs reducing inflammation but not the proviral load 
(Futsch et  al., 2017). Nevertheless, reducing the proviral load 
remains a promising strategy and screening of antivirals that 
target viral replication and viral dissemination are ongoing 
(Macchi et  al., 2011; Pasquier et  al., 2018; Barski et  al., 2019).

The effect of antiviral treatment when viral transmission 
involves a viral biofilm is currently not known. However, it is 
clearly established that cell-to-cell spread authorized infection 
under adverse conditions such as antiretroviral therapy. Indeed, 
antiretroviral therapies did not impacted HIV infection when 
cell-to-cell transmission was used, while it was very efficient at 
reducing HIV infection using cell-free virions, no matter the 
classes of inhibitors used, including those targeting adsorption, 
entry, fusion, reverse transcription, and integration (Sigal et  al., 
2011; Agosto et  al., 2015; Shimura et  al., 2015). Although, the 
mode of HIV cell-to-cell transmission is thought to involved 
the formation of viral synapse (Pedro et  al., 2019) one cannot 
exclude transfer of virus retained at the cell surface by Tetherin 
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or T-cell immunoglobulin and mucin domain 1 (TIM-1; Perez-
Caballero et  al., 2009; Li et  al., 2014; Roy et  al., 2014), both 
expression are induced following HIV infection (Homann et  al., 
2011), in a process reminiscent of a viral biofilm, although the 
formal description of such HIV biofilm has to be  demonstrated 
yet. Similar to bacterial biofilms, viral biofilms might play important 
roles in therapeutics failure. Therefore, development of therapeutic 
strategies that would specifically impede viral biofilm formation 
might optimize treatment efficiency in HTLV-1 carriers.

Biofilm and Cancerogenesis
In addition to its role in the circumvention of the immune 
response and of therapeutic treatments, recent studies have 
highlighted the role of bacterial biofilms in cancerogenesis. To 
date, convincing evidence has linked the development of digestive 
tract cancers, and in particular colorectal cancer, with the 
presence of several key individual bacterial species, such as 
Bacteroides fragilis, Streptococcus gallolyticus, and Helicobacter 
pylori (Dejea and Sears, 2016; Raskov et  al., 2018). It was 
suggested that formation of biofilm by these bacteria promotes 
an exacerbate inflammation combined to the secretion of toxic 
bacterial compounds. Moreover, alteration of the epithelial 
barrier function and modulation of the host metabolism might 
promote proliferation of epithelial cells (Johnson et  al., 2015) 
and incidence of mutations, favoring cancerogenesis (De Weirdt 
and Van de Wiele, 2015; Li et  al., 2017; Dejea et  al., 2018). 
In the future, prevention and treatment of colorectal cancer 
patients might include microbiome and biofilm targeting.

HTLV-1 infection causes T-cell proliferation as a consequence 
of Tax and HBZ expression (Basbous et  al., 2003; Higuchi 
and Fujii, 2009; Mesnard et  al., 2015). ATL is characterized 
by pathologic amplification of transformed infected cells without 
the need of persistent viral production. One of the important 
clinical manifestations of ATL is the infiltration of leukemic 
cells from the blood into various organs, such as lymph nodes, 
spleen, lungs, and skin (Kaneko et  al., 2015; Valencia and 
Moreno, 2017; Farès et al., 2018; Sharma et al., 2018). Strikingly, 
HTLV-1 viral production is not constant in ATL, but sporadic 
due to thin regulating mechanisms allowing evasion from host 
immune surveillance (Miyazato et  al., 2016). Thus, one cannot 
directly infer the direct implication of the viral biofilm in 
leukemic cells infiltration, but the modification of ECM induced 
by HTLV-1 infection and the prerequisite for viral biofilm 
formation is certainly an important factor in leukemic cell 
infiltration. Accordingly, ECM modification is tightly linked 
to the migratory, polarization and infiltration capacity of cells, 
which are directly involved in the leukomogenesis of ATL 
(Kawaguchi et  al., 2009; Nakachi et  al., 2011; Futsch et  al., 
2018). Furthermore, the ability of cells to infiltrate tissues 
requires controlled cell migration, which is largely dependent 
on the regulatory protein Tax. As discussed above, Tax induces 
the overexpression of (i) CADM-1 and Gem, which are involved 
in the formation of lamellipods, (ii) Fascin in the formation 
of filopods, and (iii) CRMP-2  in cell polarization. HBZ is also 
involved through its ability to activate expression of the 
chemokine receptor CCR4 on T cells. Altogether, this increases 
migration and proliferation of infected cells, promoting the 

infiltration of leukemic cells into various organs and tissues 
(Giraudon et al., 1998; Masuda et al., 2010; Varrin-Doyer et al., 
2012; Sugata et  al., 2016). Enhancing tumor cells adhesiveness 
via ICAM-1/LFA-1 binding promotes interaction with endothelial 
cells, thus allowing their transendothelial migration (Mori et al., 
2002). Once the endothelial barrier is crossed, tumor cells are 
confronted with the basal lamina and the interstitial tissue 
matrix (Poltavets et al., 2018). Many proteolytic enzymes degrade 
the components of the basal lamina and of the tissue ECM. 
Among these, matrix metalloproteinases (MMPs) can play an 
important role in tumor invasion and metastases (Bazarbachi 
et  al., 2004; Gialeli et  al., 2011). Interestingly, Tax induces 
overexpression of MMP-9 gelatinase B in cells infected with 
HTLV-1 (Mori et al., 2002), which could represent a key process 
involved in the invasiveness of ATL cells.

In addition to a decisive role in tissue infiltration of tumor 
cells, the ECM plays a key role in hampering the anti-tumor 
immune response, due to the isolation of malignant cells in 
the stroma, also called the tumor microenvironment (Lu et al., 
2012; Manivannan et al., 2016). Extensively studied in epithelial 
cancers, the stroma surrounds the tumor cells clusters, and is 
composed of fibroblasts, cells of the vascular system, and effector 
immune cells with anti-tumor activity, in association with an 
ECM composed in particular of fibronectin and collagen fibers 
(Salmon et  al., 2012). In these structures, the accumulation 
and mobility of infiltrating T and natural killer cells is very 
limited, which considerably reduces the specific antitumor 
response. The contribution of the tumor microenvironment in 
ATL development is not yet completely unraveled. However, 
using a transgenic and humanized mouse model, Vicario et  al. 
showed that fibroblasts might enhance tumorigenesis of HTLV-
1-infected and immortalized T cells, thus shedding light on 
the microenvironment contribution in ATL pathogenesis (Vicario 
et  al., 2018). Although it is not denied that the direct or 
indirect ECM remodeling by viruses is involved in tissue 
infiltration and in the anti-tumor host’s immune response, the 
role of viral biofilm, which is constituted of ECM components 
involved in cancer pathogenesis, has never been investigated.

CONCLUSION AND PERSPECTIVES

HTLV-1 is almost exclusively transmitted during cell-cell contacts. 
The concentration of viruses at the viral synapse or in the 
viral biofilm allows the transfer of virions in a directional and 
extremely efficient way. This strategy limits the interactions of 
the virus with the environment, which could allow it to escape 
therapeutics strategies and immune responses. In comparison 
with bacterial biofilms, our understanding of the impact of 
the viral biofilm on the viral cycle is still very limited. In 
particular, whether the presence of virions in a biofilm modifies 
viral entry into the target cells is not completely understood. 
Is there viral diffusion inside the biofilm to reach the target 
plasma membrane and allow subsequent membrane fusion, or 
are viral particles and ECM endocytosed, then leading to fusion 
in endosomes? What are the molecular mechanisms that regulate 
these pathways? Moreover, is viral biofilm present on different 
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HTLV-1 infected cell lines similar in terms of composition, 
structure, and topography, given that these infected cells have 
different infectivity and ability to escape to innate sensing 
(Alais et  al., 2015; Assil et  al., 2019)? Viral biofilm has only 
been reported in in vitro models using HTLV-1-infected cell 
lines (Pais-Correia et al., 2010; Nakamura et al., 2019). Further 
studies are needed to demonstrate the presence and the role 
of biofilm structures in in vivo models. One of the major 
difficulties is that the sites of viral transmission in vivo are 
not identified, probably because expression of HTLV-1 transcripts 
occurs in bursts or intermittently in infected cells, which 
considerably reduces the windows of observation. Furthermore, 
it is still very challenging to discriminate viral transmission 
using viral synapse or biofilm transfer given that these two 
mechanisms share several identical molecular players. Major 
questions also remain open about the role of viral biofilm 
during inter-individual viral transmission (Okochi and Sato, 
1984; Kaplan et  al., 1996; Hino, 2011) or its presence in 
biological fluids, such as maternal milk, blood, and saliva. 
Finally, analyzing whether other viruses transmitted by cell-cell 
contacts are also able to form a viral biofilm is of uttermost 
importance to build a generalized concept of viral biofilm.

AUTHOR CONTRIBUTIONS

All authors contributed to manuscript revisions, read and 
approved the submitted version. YM wrote the first draft of 
the manuscript.

FUNDING

This work was supported by Fondation pour la Recherche 
Médicale, Equipe Labelisée program DEQ20180339200 to Pr. 
RM and Dr. HD.

ACKNOWLEDGMENTS

YM, CJ, and RM are supported by Ecole Normale Supérieure 
de Lyon. HD is supported by INSERM. RM is part of the 
French Laboratory of Excellence project ECOFECT (ANR-11-
LABX-0048). The authors acknowledge the support from 
Fondation pour la Recherche Médicale (équipe Labellisée). The 
authors would like to thank Coline Arone for critical reading.

 

REFERENCES

Abaitua, F., Zia, F. R., Hollinshead, M., and O’Hare, P. (2013). Polarized cell 
migration during cell-to-cell transmission of herpes simplex virus in human 
skin keratinocytes. J. Virol. 87, 7921–7932. doi: 10.1128/JVI.01172-13

Agosto, L. M., Uchil, P. D., and Mothes, W. (2015). HIV cell-to-cell transmission: 
effects on pathogenesis and antiretroviral therapy. Trends Microbiol. 23, 
289–295. doi: 10.1016/j.tim.2015.02.003

Alais, S., Mahieux, R., and Dutartre, H. (2015). Viral source-independent high 
susceptibility of dendritic cells to human T-cell leukemia virus type 1 
infection compared to that of T lymphocytes. J. Virol. 89, 10580–10590. 
doi: 10.1128/JVI.01799-15

Alhede, M., Bjarnsholt, T., Givskov, M., and Alhede, M. (2014). Pseudomonas 
aeruginosa biofilms: mechanisms of immune evasion. Adv. Appl. Microbiol. 
86, 1–40. doi: 10.1016/B978-0-12-800262-9.00001-9

Armitano, J., Méjean, V., and Jourlin-Castelli, C. (2013). Aerotaxis governs 
floating biofilm formation in Shewanella oneidensis. Environ. Microbiol. 15, 
3108–3118. doi: 10.1111/1462-2920.12158

Assil, S., Futsch, N., Décembre, E., Alais, S., Gessain, A., Cosset, F. -L., et al. 
(2019). Sensing of cell-associated HTLV by plasmacytoid dendritic cells is 
regulated by dense β-galactoside glycosylation. PLoS Pathog. 15:e1007589. 
doi: 10.1371/journal.ppat.1007589

Barbosa, G. M., Colombo, A. V., Rodrigues, P. H., and Simionato, M. R. L. 
(2015). Intraspecies variability affects heterotypic biofilms of Porphyromonas 
gingivalis and Prevotella intermedia: evidences of strain-dependence biofilm 
modulation by physical contact and by released soluble factors. PLoS One 
10:e0138687. doi: 10.1371/journal.pone.0138687

Barski, M. S., Minnell, J. J., and Maertens, G. N. (2019). Inhibition of HTLV-1 
infection by HIV-1 first‐ and second-generation integrase strand transfer 
inhibitors. Front. Microbiol. 10:1877. doi: 10.3389/fmicb.2019.01877

Basbous, J., Bazarbachi, A., Granier, C., Devaux, C., and Mesnard, J. -M. (2003). 
The central region of human T-cell leukemia virus type 1 tax protein contains 
distinct domains involved in subunit dimerization. J. Virol. 77, 13028–13035. 
doi: 10.1128/jvi.77.24.13028-13035.2003

Bazarbachi, A., Abou Merhi, R., Gessain, A., Talhouk, R., El-Khoury, H., 
Nasr, R., et al. (2004). Human T-cell lymphotropic virus type I-infected 
cells extravasate through the endothelial barrier by a local angiogenesis-
like mechanism. Cancer Res. 64, 2039–2046. doi: 10.1158/0008-5472.
CAN-03-2390

Bellincampi, D., Cervone, F., and Lionetti, V. (2014). Plant cell wall dynamics 
and wall-related susceptibility in plant–pathogen interactions. Front. Plant 
Sci. 5:228. doi: 10.3389/fpls.2014.00228

Bjarnsholt, T., Buhlin, K., Dufrêne, Y. F., Gomelsky, M., Moroni, A., Ramstedt, M., 
et al. (2018). Biofilm formation—what we can learn from recent developments. 
J. Intern. Med. 284, 332–345. doi: 10.1111/joim.12782

Boles, B. R., and Horswill, A. R. (2008). Agr-mediated dispersal of Staphylococcus 
aureus biofilms. PLoS Pathog. 4:e1000052. doi: 10.1371/journal.ppat.1000052

Boles, B. R., and Horswill, A. R. (2011). Staphylococcal biofilm disassembly. 
Trends Microbiol. 19, 449–455. doi: 10.1016/j.tim.2011.06.004

Boles, B. R., Thoendel, M., and Singh, P. K. (2005). Rhamnolipids mediate 
detachment of Pseudomonas aeruginosa from biofilms. Mol. Microbiol. 57, 
1210–1223. doi: 10.1111/j.1365-2958.2005.04743.x

Bonnans, C., Chou, J., and Werb, Z. (2014). Remodelling the extracellular 
matrix in development and disease. Nat. Rev. Mol. Cell Biol. 15, 786–801. 
doi: 10.1038/nrm3904

Branda, S. S., Vik, S., Friedman, L., and Kolter, R. (2005). Biofilms: the matrix 
revisited. Trends Microbiol. 13, 20–26. doi: 10.1016/j.tim.2004.11.006

Brooks, J. L., and Jefferson, K. K. (2014). Phase variation of poly-N-
acetylglucosamine expression in Staphylococcus aureus. PLoS Pathog. 
10:e1004292. doi: 10.1371/journal.ppat.1004292

Carniello, V., Peterson, B. W., van der Mei, H. C., and Busscher, H. J. (2018). 
Physico-chemistry from initial bacterial adhesion to surface-programmed 
biofilm growth. Adv. Colloid Interface Sci. 261, 1–14. doi: 10.1016/j.cis.2018.10.005

Castaneda, P., McLaren, A., Tavaziva, G., and Overstreet, D. (2016). Biofilm 
antimicrobial susceptibility increases with antimicrobial exposure time. Clin. 
Orthop. Relat. Res. 474, 1659–1664. doi: 10.1007/s11999-016-4700-z

Chan, B. K., and Abedon, S. T. (2015). Bacteriophages and their enzymes in biofilm 
control. Curr. Pharm. Des. 21, 85–99. doi: 10.2174/1381612820666140905112311

Cheung, G. Y. C., Joo, H. -S., Chatterjee, S. S., and Otto, M. (2014). Phenol-
soluble modulins—critical determinants of staphylococcal virulence. FEMS 
Microbiol. Rev. 38, 698–719. doi: 10.1111/1574-6976.12057

Chevalier, S. A., Turpin, J., Cachat, A., Afonso, P. V., Gessain, A., Brady, J. N., 
et al. (2014). Gem-induced cytoskeleton remodeling increases cellular migration 
of HTLV-1-infected cells, formation of infected-to-target T-cell conjugates 
and viral transmission. PLoS Pathog. 10:e1003917. doi: 10.1371/journal.
ppat.1003917

Costerton, J. W., Stewart, P. S., and Greenberg, E. P. (1999). Bacterial biofilms: 
a common cause of persistent infections. Science 284, 1318–1322. doi: 10.1126/
science.284.5418.1318

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1128/JVI.01172-13
https://doi.org/10.1016/j.tim.2015.02.003
https://doi.org/10.1128/JVI.01799-15
https://doi.org/10.1016/B978-0-12-800262-9.00001-9
https://doi.org/10.1111/1462-2920.12158
https://doi.org/10.1371/journal.ppat.1007589
https://doi.org/10.1371/journal.pone.0138687
https://doi.org/10.3389/fmicb.2019.01877
https://doi.org/10.1128/jvi.77.24.13028-13035.2003
https://doi.org/10.1158/0008-5472.CAN-03-2390
https://doi.org/10.1158/0008-5472.CAN-03-2390
https://doi.org/10.3389/fpls.2014.00228
https://doi.org/10.1111/joim.12782
https://doi.org/10.1371/journal.ppat.1000052
https://doi.org/10.1016/j.tim.2011.06.004
https://doi.org/10.1111/j.1365-2958.2005.04743.x
https://doi.org/10.1038/nrm3904
https://doi.org/10.1016/j.tim.2004.11.006
https://doi.org/10.1371/journal.ppat.1004292
https://doi.org/10.1016/j.cis.2018.10.005
https://doi.org/10.1007/s11999-016-4700-z
https://doi.org/10.2174/1381612820666140905112311
https://doi.org/10.1111/1574-6976.12057
https://doi.org/10.1371/journal.ppat.1003917
https://doi.org/10.1371/journal.ppat.1003917
https://doi.org/10.1126/science.284.5418.1318
https://doi.org/10.1126/science.284.5418.1318


Maali et al. Knowledge Gaps in Viral HTLV-1 Biofilm

Frontiers in Microbiology | www.frontiersin.org 9 September 2020 | Volume 11 | Article 2041

Da, F., Joo, H. -S., Cheung, G. Y. C., Villaruz, A. E., Rohde, H., Luo, X., et al. 
(2017). Phenol-soluble modulin toxins of Staphylococcus haemolyticus. Front. 
Cell. Infect. Microbiol. 7:206. doi: 10.3389/fcimb.2017.00206

Dejea, C. M., Fathi, P., Craig, J. M., Boleij, A., Taddese, R., Geis, A. L., et al. 
(2018). Patients with familial adenomatous polyposis harbor colonic biofilms 
containing tumorigenic bacteria. Science 359, 592–597. doi: 10.1126/science.
aah3648

Dejea, C. M., and Sears, C. L. (2016). Do biofilms confer a pro-carcinogenic 
state? Gut Microbes 7, 54–57. doi: 10.1080/19490976.2015.1121363

Derse, D., Hill, S. A., Lloyd, P. A., Chung, H., and Morse, B. A. (2001). 
Examining human T-lymphotropic virus type 1 infection and replication 
by cell-free infection with recombinant virus vectors. J. Virol. 75, 8461–8468. 
doi: 10.1128/JVI.75.18.8461-8468.2001

De Weirdt, R., and Van de Wiele, T. (2015). Micromanagement in the gut: 
microenvironmental factors govern colon mucosal biofilm structure  
and functionality. NPJ Biofilms Microbiomes 1:15026. doi: 10.1038/
npjbiofilms.2015.26

Déziel, E., Comeau, Y., and Villemur, R. (2001). Initiation of biofilm formation 
by Pseudomonas aeruginosa 57RP correlates with emergence of hyperpiliated 
and highly adherent phenotypic variants deficient in swimming, swarming, 
and twitching motilities. J. Bacteriol. 183, 1195–1204. doi: 10.1128/
JB.183.4.1195-1204.2001

Dragoš, A., and Kovács, Á. T. (2017). The peculiar functions of the bacterial 
extracellular matrix. Trends Microbiol. 25, 257–266. doi: 10.1016/j.
tim.2016.12.010

Evans, D. T., Serra-Moreno, R., Singh, R. K., and Guatelli, J. C. (2010). BST-2/
tetherin: a new component of the innate immune response to enveloped 
viruses. Trends Microbiol. 18, 388–396. doi: 10.1016/j.tim.2010.06.010

Farès, S., Hage, R., Pegliasco, J., Chraibi, S., and Merle, H. (2018). Case report: 
orbital tumor revealing adult T-cell leukemia/lymphoma associated with 
human T-cell lymphotropic virus Type-1. Am. J. Trop. Med. Hyg. 99, 435–438. 
doi: 10.4269/ajtmh.17-0137

Fazio, A. L., Kendle, W., Hoang, K., Korleski, E., Lemasson, I., and Polakowski, N. 
(2019). Human T-cell leukemia virus type 1 (HTLV-1) bZIP factor upregulates 
the expression of ICAM-1 to facilitate HTLV-1 infection. J. Virol. 93, 
e00608–e00619. doi: 10.1128/JVI.00608-19

Foster, T. J., Geoghegan, J. A., Ganesh, V. K., and Höök, M. (2014). Adhesion, 
invasion and evasion: the many functions of the surface proteins of 
Staphylococcus aureus. Nat. Rev. Microbiol. 12, 49–62. doi: 10.1038/nrmicro3161

Futsch, N., Mahieux, R., and Dutartre, H. (2017). HTLV-1, the other pathogenic 
yet neglected human retrovirus: from transmission to therapeutic treatment. 
Viruses 10:1. doi: 10.3390/v10010001

Futsch, N., Prates, G., Mahieux, R., Casseb, J., and Dutartre, H. (2018). Cytokine 
networks dysregulation during HTLV-1 infection and associated diseases. 
Viruses 10:691. doi: 10.3390/v10120691

Gagné-Thivierge, C., Barbeau, J., Levesque, R. C., and Charette, S. J. (2018). 
A new approach to study attached biofilms and floating communities from 
Pseudomonas aeruginosa strains of various origins reveals diverse effects of 
divalent ions. FEMS Microbiol. Lett. 365. doi: 10.1093/femsle/fny155

Ghafoor, A., Hay, I. D., and Rehm, B. H. A. (2011). Role of exopolysaccharides 
in Pseudomonas aeruginosa biofilm formation and architecture. Appl. Environ. 
Microbiol. 77, 5238–5246. doi: 10.1128/AEM.00637-11

Gialeli, C., Theocharis, A. D., and Karamanos, N. K. (2011). Roles of matrix 
metalloproteinases in cancer progression and their pharmacological targeting. 
FEBS J. 278, 16–27. doi: 10.1111/j.1742-4658.2010.07919.x

Giraudon, P., Vernant, J. C., Confavreux, C., Belin, M. F., and Desgranges, C. 
(1998). Matrix metalloproteinase 9 (gelatinase B) in cerebrospinal fluid of 
HTLV-1 infected patients with tropical spastic paraparesis. Neurology 50:1920. 
doi: 10.1212/WNL.50.6.1920

Gordillo Altamirano, F. L., and Barr, J. J. (2019). Phage therapy in the postantibiotic 
era. Clin. Microbiol. Rev. 32, e00066–e00118. doi: 10.1128/CMR.00066-18

Gross, C., and Thoma-Kress, A. K. (2016). Molecular mechanisms of HTLV-1 
cell-to-cell transmission. Viruses 8:74. doi: 10.3390/v8030074

Gross, C., Wiesmann, V., Millen, S., Kalmer, M., Wittenberg, T., Gettemans, J., 
et al. (2016). The tax-inducible actin-bundling protein fascin is crucial for 
release and cell-to-cell transmission of human T-cell leukemia virus type 1 
(HTLV-1). PLoS Pathog. 12:e1005916. doi: 10.1371/journal.ppat.1005916

Günther, F., Wabnitz, G. H., Stroh, P., Prior, B., Obst, U., Samstag, Y., et al. 
(2009). Host defence against Staphylococcus aureus biofilms infection: 

phagocytosis of biofilms by polymorphonuclear neutrophils (PMN). Mol. 
Immunol. 46, 1805–1813. doi: 10.1016/j.molimm.2009.01.020

Hadlock, K. G., Rowe, J., and Foung, S. K. H. (1999). The humoral immune 
response to human T-cell lymphotropic virus type 1 envelope glycoprotein 
gp46 is directed primarily against conformational epitopes. J. Virol. 73, 
1205–1212. doi: 10.1128/JVI.73.2.1205-1212.1999

Harmsen, M., Yang, L., Pamp, S. J., and Tolker-Nielsen, T. (2010). An update 
on Pseudomonas aeruginosa biofilm formation, tolerance, and dispersal. FEMS 
Immunol. Med. Microbiol. 59, 253–268. doi: 10.1111/j.1574-695X.2010.00690.x

Harper, D. R., Parracho, H. M. R. T., Walker, J., Sharp, R., Hughes, G., 
Werthén, M., et al. (2014). Bacteriophages and biofilms. Antibiotics 3, 
270–284. doi: 10.3390/antibiotics3030270

Heilmann, C. (2011). Adhesion mechanisms of staphylococci. Adv. Exp. Med. 
Biol. 715, 105–123. doi: 10.1007/978-94-007-0940-9_7

Higuchi, M., and Fujii, M. (2009). Distinct functions of HTLV-1 Tax1 from 
HTLV-2 Tax2 contribute key roles to viral pathogenesis. Retrovirology 6:117. 
doi: 10.1186/1742-4690-6-117

Hino, S. (2011). Establishment of the milk-borne transmission as a key factor 
for the peculiar endemicity of human T-lymphotropic virus type 1 (HTLV-1): 
the ATL prevention program Nagasaki. Proc. Jpn. Acad. Ser. B Phys. Biol. 
Sci. 87, 152–166. doi: 10.2183/pjab.87.152

Hiraiwa, N., Hiraiwa, M., and Kannagi, R. (1997). Human T-cell leukemia 
virus-1 encoded tax protein transactivates alpha 1-->3 fucosyltransferase 
Fuc-T VII, which synthesizes sialyl Lewis X, a selectin ligand expressed on 
adult T-cell leukemia cells. Biochem. Biophys. Res. Commun. 231, 183–186. 
doi: 10.1006/bbrc.1997.6068

Hiraiwa, N., Yabuta, T., Yoritomi, K., Hiraiwa, M., Tanaka, Y., Suzuki, T., et al. 
(2003). Transactivation of the fucosyltransferase VII gene by human T-cell 
leukemia virus type 1 tax through a variant cAMP-responsive element. 
Blood 101, 3615–3621. doi: 10.1182/blood-2002-07-2301

Høiby, N., Bjarnsholt, T., Givskov, M., Molin, S., and Ciofu, O. (2010). Antibiotic 
resistance of bacterial biofilms. Int. J. Antimicrob. Agents 35, 322–332.  
doi: 10.1016/j.ijantimicag.2009.12.011

Homann, S., Smith, D., Little, S., Richman, D., and Guatelli, J. (2011). Upregulation 
of BST-2/Tetherin by HIV infection in  vivo. J. Virol. 85, 10659–10668. doi: 
10.1128/JVI.05524-11

Hong, W., Cheng, W., Zheng, T., Jiang, N., and Xu, R. (2020). AHR is a 
tunable knob that controls HTLV-1 latency-reactivation switching. PLoS 
Pathog. 16:e1008664. doi: 10.1371/journal.ppat.1008664

Hoshino, H. (2012). Cellular factors involved in HTLV-1 entry and pathogenicit. 
Front. Microbiol. 3:222. doi: 10.3389/fmicb.2012.00222

Humphrey, J. D., Dufresne, E. R., and Schwartz, M. A. (2014). Mechanotransduction 
and extracellular matrix homeostasis. Nat. Rev. Mol. Cell Biol. 15, 802–812. 
doi: 10.1038/nrm3896

Igakura, T., Stinchcombe, J. C., Goon, P. K., Taylor, G. P., Weber, J. N., 
Griffiths, G. M., et al. (2003). Spread of HTLV-I between lymphocytes by 
virus-induced polarization of the cytoskeleton. Science 299, 1713–1716. doi: 
10.1126/science.1080115

Ilinskaya, A., Derse, D., Hill, S., Princler, G., and Heidecker, G. (2013). Cell-
cell transmission allows human T-lymphotropic virus 1 to circumvent tetherin 
restriction. Virology 436, 201–209. doi: 10.1016/j.virol.2012.11.012

Johnson, C. H., Dejea, C. M., Edler, D., Hoang, L. T., Santidrian, A. F., 
Felding, B. H., et al. (2015). Metabolism links bacterial biofilms and Colon 
carcinogenesis. Cell Metab. 21, 891–897. doi: 10.1016/j.cmet.2015.04.011

Jolly, C., Booth, N. J., and Neil, S. J. D. (2010). Cell-cell spread of human 
immunodeficiency virus type 1 overcomes Tetherin/BST-2-mediated restriction 
in T cells. J. Virol. 84, 12185–12199. doi: 10.1128/JVI.01447-10

Jones, K. S., Lambert, S., Bouttier, M., Bénit, L., Ruscetti, F. W., Hermine, O., 
et al. (2011). Molecular aspects of HTLV-1 entry: functional domains of 
the HTLV-1 surface subunit (SU) and their relationships to the entry receptors. 
Viruses 3, 794–810. doi: 10.3390/v3060794

Josse, J., Laurent, F., and Diot, A. (2017). Staphylococcal adhesion and host 
cell invasion: fibronectin-binding and other mechanisms. Front. Microbiol. 
8:2433. doi: 10.3389/fmicb.2017.02433

Jouvenet, N., Neil, S. J. D., Zhadina, M., Zang, T., Kratovac, Z., Lee, Y., et al. 
(2009). Broad-spectrum inhibition of retroviral and filoviral particle release 
by Tetherin. J. Virol. 83, 1837–1844. doi: 10.1128/JVI.02211-08

Kaneko, Y., Tatsuno, K., Fujiyama, T., Ito, T., and Tokura, Y. (2015). Recurrent 
facial erythema with cytotoxic T cell infiltration as a possible reactive eruption 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.3389/fcimb.2017.00206
https://doi.org/10.1126/science.aah3648
https://doi.org/10.1126/science.aah3648
https://doi.org/10.1080/19490976.2015.1121363
https://doi.org/10.1128/JVI.75.18.8461-8468.2001
https://doi.org/10.1038/npjbiofilms.2015.26
https://doi.org/10.1038/npjbiofilms.2015.26
https://doi.org/10.1128/JB.183.4.1195-1204.2001
https://doi.org/10.1128/JB.183.4.1195-1204.2001
https://doi.org/10.1016/j.tim.2016.12.010
https://doi.org/10.1016/j.tim.2016.12.010
https://doi.org/10.1016/j.tim.2010.06.010
https://doi.org/10.4269/ajtmh.17-0137
https://doi.org/10.1128/JVI.00608-19
https://doi.org/10.1038/nrmicro3161
https://doi.org/10.3390/v10010001
https://doi.org/10.3390/v10120691
https://doi.org/10.1093/femsle/fny155
https://doi.org/10.1128/AEM.00637-11
https://doi.org/10.1111/j.1742-4658.2010.07919.x
https://doi.org/10.1212/WNL.50.6.1920
https://doi.org/10.1128/CMR.00066-18
https://doi.org/10.3390/v8030074
https://doi.org/10.1371/journal.ppat.1005916
https://doi.org/10.1016/j.molimm.2009.01.020
https://doi.org/10.1128/JVI.73.2.1205-1212.1999
https://doi.org/10.1111/j.1574-695X.2010.00690.x
https://doi.org/10.3390/antibiotics3030270
https://doi.org/10.1007/978-94-007-0940-9_7
https://doi.org/10.1186/1742-4690-6-117
https://doi.org/10.2183/pjab.87.152
https://doi.org/10.1006/bbrc.1997.6068
https://doi.org/10.1182/blood-2002-07-2301
https://doi.org/10.1016/j.ijantimicag.2009.12.011
https://doi.org/10.1128/JVI.05524-11
https://doi.org/10.1371/journal.ppat.1008664
https://doi.org/10.3389/fmicb.2012.00222
https://doi.org/10.1038/nrm3896
https://doi.org/10.1126/science.1080115
https://doi.org/10.1016/j.virol.2012.11.012
https://doi.org/10.1016/j.cmet.2015.04.011
https://doi.org/10.1128/JVI.01447-10
https://doi.org/10.3390/v3060794
https://doi.org/10.3389/fmicb.2017.02433
https://doi.org/10.1128/JVI.02211-08


Maali et al. Knowledge Gaps in Viral HTLV-1 Biofilm

Frontiers in Microbiology | www.frontiersin.org 10 September 2020 | Volume 11 | Article 2041

in a human T-cell lymphotropic virus type 1 carrier. Case Rep. Dermatol. 
7, 95–99. doi: 10.1159/000430804

Kaplan, J. E., Khabbaz, R. F., Murphy, E. L., Hermansen, S., Roberts, C., Lal, R., 
et al. (1996). Male-to-female transmission of human T-cell lymphotropic 
virus types I and II: association with viral load. The retrovirus epidemiology 
donor study group. J. Acquir. Immune Defic. Syndr. Hum. Retrovirol. 12, 
193–201. doi: 10.1097/00042560-199606010-00014

Kawaguchi, A., Orba, Y., Kimura, T., Iha, H., Ogata, M., Tsuji, T., et al. (2009). 
Inhibition of the SDF-1alpha-CXCR4 axis by the CXCR4 antagonist AMD3100 
suppresses the migration of cultured cells from ATL patients and murine 
lymphoblastoid cells from HTLV-I tax transgenic mice. Blood 114, 2961–2968. 
doi: 10.1182/blood-2008-11-189308

Khatoon, Z., McTiernan, C. D., Suuronen, E. J., Mah, T. -F., and Alarcon, E. I. 
(2018). Bacterial biofilm formation on implantable devices and approaches 
to its treatment and prevention. Heliyon 4:e01067. doi: 10.1016/j.heliyon.2018.
e01067

Kiedrowski, M. R., Kavanaugh, J. S., Malone, C. L., Mootz, J. M., Voyich, J. M., 
Smeltzer, M. S., et al. (2011). Nuclease modulates biofilm formation in 
community-associated methicillin-resistant Staphylococcus aureus. PLoS One 
6:e26714. doi: 10.1371/journal.pone.0026714

Kuhl, B. D., Cheng, V., Wainberg, M. A., and Liang, C. (2011). Tetherin and 
its viral antagonists. J. NeuroImmune Pharmacol. 6, 188–201. doi: 10.1007/
s11481-010-9256-1

Lambert, S., Bouttier, M., Vassy, R., Seigneuret, M., Petrow-Sadowski, C., 
Janvier, S., et al. (2009). HTLV-1 uses HSPG and neuropilin-1 for entry 
by molecular mimicry of VEGF165. Blood 113, 5176–5185. doi: 10.1182/
blood-2008-04-150342

Leid, J. G., Shirtliff, M. E., Costerton, J. W., and Stoodley, P. (2002). Human 
leukocytes adhere to, penetrate, and respond to Staphylococcus aureus biofilms. 
Infect. Immun. 70, 6339–6345. doi: 10.1128/iai.70.11.6339-6345.2002

Li, M., Ablan, S. D., Miao, C., Zheng, Y. -M., Fuller, M. S., Rennert, P. D., 
et al. (2014). TIM-family proteins inhibit HIV-1 release. Proc. Natl. Acad. 
Sci. U. S. A. 111, E3699–E3707. doi: 10.1073/pnas.1404851111

Li, S., Konstantinov, S. R., Smits, R., and Peppelenbosch, M. P. (2017). Bacterial 
biofilms in colorectal cancer initiation and progression. Trends Mol. Med. 
23, 18–30. doi: 10.1016/j.molmed.2016.11.004

Li, K., Zhang, S., Kronqvist, M., Wallin, M., Ekström, M., Derse, D., et al. 
(2008). Intersubunit disulfide isomerization controls membrane fusion of human 
T-cell leukemia virus Env. J. Virol. 82, 7135–7143. doi: 10.1128/JVI.00448-08

Liaqat, I., Liaqat, M., Tahir, H. M., Haq, I., Ali, N. M., Arshad, M., et al. 
(2019). Motility effects biofilm formation in Pseudomonas aeruginosa and 
Enterobacter cloacae. Pak. J. Pharm. Sci. 32, 927–932.

Limoli, D. H., Jones, C. J., and Wozniak, D. J. (2015). Bacterial extracellular 
polysaccharides in biofilm formation and function. Microbiol. Spectr. 3.  
doi: 10.1128/microbiolspec.MB-0011-2014

López, D., Vlamakis, H., and Kolter, R. (2010). Biofilms. Cold Spring Harb. 
Perspect. Biol. 2:a000398. doi: 10.1101/cshperspect.a000398

Lu, P., Weaver, V. M., and Werb, Z. (2012). The extracellular matrix: a dynamic 
niche in cancer progression. J. Cell Biol. 196, 395–406. doi: 10.1083/
jcb.201102147

Maali, Y., Badiou, C., Martins-Simões, P., Hodille, E., Bes, M., Vandenesch, F., 
et al. (2018). Understanding the virulence of Staphylococcus pseudintermedius: 
a major role of pore-forming toxins. Front. Cell. Infect. Microbiol. 8:221. 
doi: 10.3389/fcimb.2018.00221

Macchi, B., Balestrieri, E., Ascolani, A., Hilburn, S., Martin, F., Mastino, A., 
et al. (2011). Susceptibility of primary HTLV-1 isolates from patients with 
HTLV-1-associated myelopathy to reverse transcriptase inhibitors. Viruses 
3, 469–483. doi: 10.3390/v3050469

Mack, D., Fischer, W., Krokotsch, A., Leopold, K., Hartmann, R., Egge, H., 
et al. (1996). The intercellular adhesin involved in biofilm accumulation of 
Staphylococcus epidermidis is a linear beta-1,6-linked glucosaminoglycan: 
purification and structural analysis. J. Bacteriol. 178, 175–183. doi: 10.1128/
jb.178.1.175-183.1996

Mahgoub, M., Yasunaga, J., Iwami, S., Nakaoka, S., Koizumi, Y., Shimura, K., 
et al. (2018). Sporadic on/off switching of HTLV-1 tax expression is crucial 
to maintain the whole population of virus-induced leukemic cells. Proc. 
Natl. Acad. Sci. U. S. A. 115, E1269–E1278. doi: 10.1073/pnas.1715724115

Majorovits, E., Nejmeddine, M., Tanaka, Y., Taylor, G. P., Fuller, S. D., and 
Bangham, C. R. (2008). Human T-lymphotropic virus-1 visualized at the 

virological synapse by electron tomography. PLoS One 3:e2251. doi: 10.1371/
journal.pone.0002251

Malbec, M., Roesch, F., and Schwartz, O. (2011). A new role for the HTLV-1 
p8 protein: increasing intercellular conduits and viral cell-to-cell transmission. 
Viruses 3, 254–259. doi: 10.3390/v3030254

Manivannan, K., Rowan, A. G., Tanaka, Y., Taylor, G. P., and Bangham, C. R. M. 
(2016). CADM1/TSLC1 identifies HTLV-1-infected cells and determines their 
susceptibility to CTL-mediated lysis. PLoS Pathog. 12:e1005560. doi: 10.1371/
journal.ppat.1005560

Masuda, M., Maruyama, T., Ohta, T., Ito, A., Hayashi, T., Tsukasaki, K., et al. 
(2010). CADM1 interacts with Tiam1 and promotes invasive phenotype of 
human T-cell leukemia virus type I-transformed cells and adult T-cell 
leukemia cells. J. Biol. Chem. 285, 15511–15522. doi: 10.1074/jbc.M109.076653

Mazurov, D., Ilinskaya, A., Heidecker, G., and Filatov, A. (2012). Role of 
O-glycosylation and expression of CD43 and CD45 on the surfaces of effector 
T cells in human T cell leukemia virus type 1 cell-to-cell infection. J. Virol. 
86, 2447–2458. doi: 10.1128/JVI.06993-11

Mesnard, J. -M., Barbeau, B., Césaire, R., and Péloponèse, J. -M. (2015). Roles 
of HTLV-1 basic zip factor (HBZ) in viral chronicity and leukemic 
transformation. Potential new therapeutic approaches to prevent and treat 
HTLV-1-related diseases. Viruses 7, 6490–6505. doi: 10.3390/v7122952

Millen, S., Gross, C., Donhauser, N., Mann, M. C.,  Péloponèse, J. -M. Jr., 
and Thoma-Kress, A. K. (2019). Collagen IV (COL4A1, COL4A2), a component 
of the viral biofilm, is induced by the HTLV-1 Oncoprotein tax and impacts 
virus transmission. Front. Microbiol. 10:2439. doi: 10.3389/fmicb.2019.02439

Misba, L., and Khan, A. U. (2018). Enhanced photodynamic therapy using 
light fractionation against Streptococcus mutans biofilm: type I  and type II 
mechanism. Future Microbiol. 13, 437–454. doi: 10.2217/fmb-2017-0207

Miyazato, P., Matsuo, M., Katsuya, H., and Satou, Y. (2016). Transcriptional 
and epigenetic regulatory mechanisms affecting HTLV-1 provirus. Viruses 
8:171. doi: 10.3390/v8060171

Mizan, M. F. R., Jahid, I. K., Kim, M., Lee, K. -H., Kim, T. J., and Ha, S. -D. 
(2016). Variability in biofilm formation correlates with hydrophobicity and 
quorum sensing among Vibrio parahaemolyticus isolates from food contact 
surfaces and the distribution of the genes involved in biofilm formation. 
Biofouling 32, 497–509. doi: 10.1080/08927014.2016.1149571

Moelling, K., Broecker, F., and Willy, C. (2018). A wake-up call: we  need 
phage therapy now. Viruses 10:688. doi: 10.3390/v10120688

Mori, N., Sato, H., Hayashibara, T., Senba, M., Hayashi, T., Yamada, Y., et al. 
(2002). Human T-cell leukemia virus type I  tax transactivates the matrix 
metalloproteinase-9 gene: potential role in mediating adult T-cell leukemia 
invasiveness. Blood 99, 1341–1349. doi: 10.1182/blood.V99.4.1341

Moser, C., Pedersen, H. T., Lerche, C. J., Kolpen, M., Line, L., Thomsen, K., 
et al. (2017). Biofilms and host response—helpful or harmful. APMIS 125, 
320–338. doi: 10.1111/apm.12674

Mothes, W., Sherer, N. M., Jin, J., and Zhong, P. (2010). Virus cell-to-cell 
transmission. J. Virol. 84, 8360–8368. doi: 10.1128/JVI.00443-10

Mouw, J. K., Ou, G., and Weaver, V. M. (2014). Extracellular matrix assembly: 
a multiscale deconstruction. Nat. Rev. Mol. Cell Biol. 15, 771–785.  
doi: 10.1038/nrm3902

Nakachi, S., Nakazato, T., Ishikawa, C., Kimura, R., Mann, D. A., Senba, M., 
et al. (2011). Human T-cell leukemia virus type 1 tax transactivates the 
matrix metalloproteinase 7 gene via JunD/AP-1 signaling. Biochim. Biophys. 
Acta 1813, 731–741. doi: 10.1016/j.bbamcr.2011.02.002

Nakamura, H., Shimizu, T., Takatani, A., Suematsu, T., Nakamura, T., and 
Kawakami, A. (2019). Initial human T-cell leukemia virus type 1 infection 
of the salivary gland epithelial cells requires a biofilm-like structure. Virus 
Res. 269:197643. doi: 10.1016/j.virusres.2019.197643

Nejmeddine, M., and Bangham, C. R. M. (2010). The HTLV-1 virological 
synapse. Viruses 2, 1427–1447. doi: 10.3390/v2071427

Okochi, K., and Sato, H. (1984). Transmission of ATLV (HTLV-I) through 
blood transfusion. Princess Takamatsu Symp. 15, 129–135.

Oliveira, F., Lima, C. A., Brás, S., França, Â., and Cerca, N. (2015). Evidence 
for inter‐  and intraspecies biofilm formation variability among a small 
group of coagulase-negative staphylococci. FEMS Microbiol. Lett. 362:fnv175. 
doi: 10.1093/femsle/fnv175

Olson, M. E., Ceri, H., Morck, D. W., Buret, A. G., and Read, R. R. (2002). 
Biofilm bacteria: formation and comparative susceptibility to antibiotics. 
Can. J. Vet. Res. 66, 86–92.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1159/000430804
https://doi.org/10.1097/00042560-199606010-00014
https://doi.org/10.1182/blood-2008-11-189308
https://doi.org/10.1016/j.heliyon.2018.e01067
https://doi.org/10.1016/j.heliyon.2018.e01067
https://doi.org/10.1371/journal.pone.0026714
https://doi.org/10.1007/s11481-010-9256-1
https://doi.org/10.1007/s11481-010-9256-1
https://doi.org/10.1182/blood-2008-04-150342
https://doi.org/10.1182/blood-2008-04-150342
https://doi.org/10.1128/iai.70.11.6339-6345.2002
https://doi.org/10.1073/pnas.1404851111
https://doi.org/10.1016/j.molmed.2016.11.004
https://doi.org/10.1128/JVI.00448-08
https://doi.org/10.1128/microbiolspec.MB-0011-2014
https://doi.org/10.1101/cshperspect.a000398
https://doi.org/10.1083/jcb.201102147
https://doi.org/10.1083/jcb.201102147
https://doi.org/10.3389/fcimb.2018.00221
https://doi.org/10.3390/v3050469
https://doi.org/10.1128/jb.178.1.175-183.1996
https://doi.org/10.1128/jb.178.1.175-183.1996
https://doi.org/10.1073/pnas.1715724115
https://doi.org/10.1371/journal.pone.0002251
https://doi.org/10.1371/journal.pone.0002251
https://doi.org/10.3390/v3030254
https://doi.org/10.1371/journal.ppat.1005560
https://doi.org/10.1371/journal.ppat.1005560
https://doi.org/10.1074/jbc.M109.076653
https://doi.org/10.1128/JVI.06993-11
https://doi.org/10.3390/v7122952
https://doi.org/10.3389/fmicb.2019.02439
https://doi.org/10.2217/fmb-2017-0207
https://doi.org/10.3390/v8060171
https://doi.org/10.1080/08927014.2016.1149571
https://doi.org/10.3390/v10120688
https://doi.org/10.1182/blood.V99.4.1341
https://doi.org/10.1111/apm.12674
https://doi.org/10.1128/JVI.00443-10
https://doi.org/10.1038/nrm3902
https://doi.org/10.1016/j.bbamcr.2011.02.002
https://doi.org/10.1016/j.virusres.2019.197643
https://doi.org/10.3390/v2071427
https://doi.org/10.1093/femsle/fnv175


Maali et al. Knowledge Gaps in Viral HTLV-1 Biofilm

Frontiers in Microbiology | www.frontiersin.org 11 September 2020 | Volume 11 | Article 2041

O’Toole, G. A., and Kolter, R. (1998). Flagellar and twitching motility are 
necessary for Pseudomonas aeruginosa biofilm development. Mol. Microbiol. 
30, 295–304. doi: 10.1046/j.1365-2958.1998.01062.x

Otto, M. (2013). Staphylococcal infections: mechanisms of biofilm maturation 
and detachment as critical determinants of pathogenicity. Annu. Rev. Med. 
64, 175–188. doi: 10.1146/annurev-med-042711-140023

Otto, M. (2018). Staphylococcal biofilms. Microbiol. Spectr. 6. doi: 10.1128/
microbiolspec.GPP3-0023-2018

Ozbek, S., Balasubramanian, P. G., Chiquet-Ehrismann, R., Tucker, R. P., and 
Adams, J. C. (2010). The evolution of extracellular matrix. Mol. Biol. Cell 
21, 4300–4305. doi: 10.1091/mbc.E10-03-0251

Pais-Correia, A. M., Sachse, M., Guadagnini, S., Robbiati, V., Lasserre, R., 
Gessain, A., et al. (2010). Biofilm-like extracellular viral assemblies mediate 
HTLV-1 cell-to-cell transmission at virological synapses. Nat. Med. 16, 
83–89. doi: 10.1038/nm.2065

Pasquier, A., Alais, S., Roux, L., Thoulouze, M. -I., Alvarez, K., Journo, C., 
et al. (2018). How to control HTLV-1-associated diseases: preventing de 
novo cellular infection using antiviral therapy. Front. Microbiol. 9:278.  
doi: 10.3389/fmicb.2018.00278

Pedro, K. D., Henderson, A. J., and Agosto, L. M. (2019). Mechanisms of 
HIV-1 cell-to-cell transmission and the establishment of the latent reservoir. 
Virus Res. 265, 115–121. doi: 10.1016/j.virusres.2019.03.014

Perez-Caballero, D., Zang, T., Ebrahimi, A., McNatt, M. W., Gregory, D. A., 
Johnson, M. C., et al. (2009). Tetherin inhibits HIV-1 release by directly 
tethering virions to cells. Cell 139, 499–511. doi: 10.1016/j.cell.2009.08.039

Pinto, D. O., DeMarino, C., Pleet, M. L., Cowen, M., Branscome, H., Al 
Sharif, S., et al. (2019). HTLV-1 extracellular vesicles promote cell-to-cell 
contact. Front. Microbiol. 10:2147. doi: 10.3389/fmicb.2019.02147

Poltavets, V., Kochetkova, M., Pitson, S. M., and Samuel, M. S. (2018). The 
role of the extracellular matrix and its molecular and cellular regulators in 
cancer cell plasticity. Front. Oncol. 8:431. doi: 10.3389/fonc.2018.00431

Rajendran, N. B., Eikmeier, J., Becker, K., Hussain, M., Peters, G., and Heilmann, C. 
(2015). Important contribution of the novel locus comEB to extracellular 
DNA-dependent Staphylococcus lugdunensis biofilm formation. Infect. Immun. 
83, 4682–4692. doi: 10.1128/IAI.00775-15

Raskov, H., Kragh, K. N., Bjarnsholt, T., Alamili, M., and Gögenur, I. (2018). 
Bacterial biofilm formation inside colonic crypts may accelerate colorectal 
carcinogenesis. Clin. Transl. Med. 7:e30. doi: 10.1186/s40169-018-0209-2

Ratner, B. D. (2015). Healing with medical implants: the body battles back. 
Sci. Transl. Med. 7:272fs4. doi: 10.1126/scitranslmed.aaa5371

Reeves, S. R., Barrow, K. A., Rich, L. M., White, M. P., Shubin, N. J., Chan, C. K., 
et al. (2020). Respiratory syncytial virus infection of human lung fibroblasts 
induces a hyaluronan-enriched extracellular matrix that binds mast cells 
and enhances expression of mast cell proteases. Front. Immunol. 10:3159. 
doi: 10.3389/fimmu.2019.03159

Renner, L. D., and Weibel, D. B. (2011). Physicochemical regulation of biofilm 
formation. MRS Bull. 36, 347–355. doi: 10.1557/mrs.2011.65

Rizkallah, G., Alais, S., Futsch, N., Tanaka, Y., Journo, C., Mahieux, R., et al. 
(2017). Dendritic cell maturation, but not type I interferon exposure, restricts 
infection by HTLV-1, and viral transmission to T-cells. PLoS Pathog. 
13:e1006353. doi: 10.1371/journal.ppat.1006353

Rohde, M., and Cleary, P. P. (2016). “Adhesion and invasion of Streptococcus 
pyogenes into host cells and clinical relevance of intracellular streptococci” 
in Streptococcus pyogenes: Basic biology to clinical manifestations. eds.  
J. J. Ferretti, D. L. Stevens and V. A. Fischetti (Oklahoma City (OK): 
University of Oklahoma Health Sciences Center).

Roilides, E., Simitsopoulou, M., Katragkou, A., and Walsh, T. J. (2015). How biofilms 
evade host defenses. Microbiol. Spectr. 3. doi: 10.1128/microbiolspec.MB-0012-2014

Roy, N., Pacini, G., Berlioz-Torrent, C., and Janvier, K. (2014). Mechanisms 
underlying HIV-1 Vpu-mediated viral egress. Front. Microbiol. 5:177.  
doi: 10.3389/fmicb.2014.00177

Salmon, H., Franciszkiewicz, K., Damotte, D., Dieu-Nosjean, M. -C., Validire, P., 
Trautmann, A., et al. (2012). Matrix architecture defines the preferential 
localization and migration of T cells into the stroma of human lung tumors. 
J. Clin. Invest. 122, 899–910. doi: 10.1172/JCI45817

Sanjuán, R., and Thoulouze, M. -I. (2019). Why viruses sometimes disperse 
in groups?† Virus Evol. 5:vez014. doi: 10.1093/ve/vez014

Scherr, T. D., Hanke, M. L., Huang, O., James, D. B. A., Horswill, A. R., 
Bayles, K. W., et al. (2015). Staphylococcus aureus biofilms induce macrophage 

dysfunction through leukocidin AB and alpha-toxin. mBio 6, e01021–e00115. 
doi: 10.1128/mBio.01021-15

Sharma, D., Misba, L., and Khan, A. U. (2019). Antibiotics versus biofilm: an 
emerging battleground in microbial communities. Antimicrob. Resist. Infect. 
Control 8:76. doi: 10.1186/s13756-019-0533-3

Sharma, P. V., Witteman, M., Sundaravel, S., Larocca, T., Zhang, Y., and 
Goldsztajn, H. (2018). A case of HTLV-1 associated adult T-cell lymphoma 
presenting with cutaneous lesions and tropical spastic paresis. Intractable 
Rare Dis. Res. 7, 61–64. doi: 10.5582/irdr.2017.01077

Sherer, N. M., Lehmann, M. J., Jimenez-Soto, L. F., Horensavitz, C., Pypaert, M., 
and Mothes, W. (2007). Retroviruses can establish filopodial bridges for 
efficient cell-to-cell transmission. Nat. Cell Biol. 9, 310–315. doi: 10.1038/
ncb1544

Shimura, K., Miyazato, P., Oishi, S., Fujii, N., and Matsuoka, M. (2015). Impact 
of HIV-1 infection pathways on susceptibility to antiviral drugs and on 
virus spread. Virology 484, 364–376. doi: 10.1016/j.virol.2015.06.029

Shinagawa, M., Jinno-Oue, A., Shimizu, N., Roy, B. B., Shimizu, A., Hoque, S. A., 
et al. (2012). Human T-cell leukemia viruses are highly unstable over a 
wide range of temperatures. J. Gen. Virol. 93, 608–617. doi: 10.1099/
vir.0.037622-0

Sigal, A., Kim, J. T., Balazs, A. B., Dekel, E., Mayo, A., Milo, R., et al. (2011). 
Cell-to-cell spread of HIV permits ongoing replication despite antiretroviral 
therapy. Nature 477, 95–98. doi: 10.1038/nature10347

Solano, C., Echeverz, M., and Lasa, I. (2014). Biofilm dispersion and quorum 
sensing. Curr. Opin. Microbiol. 18, 96–104. doi: 10.1016/j.mib.2014.02.008

Stavolone, L., and Lionetti, V. (2017). Extracellular matrix in plants and animals: 
hooks and locks for viruses. Front. Microbiol. 8:1760. doi: 10.3389/
fmicb.2017.01760

Stewart, P. S. (1996). Theoretical aspects of antibiotic diffusion into microbial 
biofilms. Antimicrob. Agents Chemother. 40, 2517–2522. doi: 10.1128/
AAC.40.11.2517

Stewart, P. S., and Franklin, M. J. (2008). Physiological heterogeneity in biofilms. 
Nat. Rev. Microbiol. 6, 199–210. doi: 10.1038/nrmicro1838

Stewart, P. S., and William Costerton, J. (2001). Antibiotic resistance of bacteria 
in biofilms. Lancet 358, 135–138. doi: 10.1016/S0140-6736(01)05321-1

Sugata, K., Yasunaga, J. -I., Kinosada, H., Mitobe, Y., Furuta, R., Mahgoub, M., 
et al. (2016). HTLV-1 viral factor HBZ induces CCR4 to promote T-cell 
migration and proliferation. Cancer Res. 76, 5068–5079. doi: 10.1158/0008-5472.
CAN-16-0361

Sun, F., Qu, F., Ling, Y., Mao, P., Xia, P., Chen, H., et al. (2013). Biofilm-
associated infections: antibiotic resistance and novel therapeutic strategies. 
Future Microbiol. 8, 877–886. doi: 10.2217/fmb.13.58

Tarasevich, A., Filatov, A., Pichugin, A., and Mazurov, D. (2015). Monoclonal 
antibody profiling of cell surface proteins associated with the viral biofilms 
on HTLV-1 transformed cells. Acta Virol. 59, 247–256. doi: 10.4149/
av_2015_03_247

Thoulouze, M. -I., and Alcover, A. (2011). Can viruses form biofilms? Trends 
Microbiol. 19, 257–262. doi: 10.1016/j.tim.2011.03.002

Tse, A. P. -W., Sze, K. M. -F., Shea, Q. T. -K., Chiu, E. Y. -T., Tsang, F. H. -C., 
Chiu, D. K. -C., et al. (2018). Hepatitis transactivator protein X promotes 
extracellular matrix modification through HIF/LOX pathway in liver cancer. 
Oncogene 7:44. doi: 10.1038/s41389-018-0052-8

Valencia, M., and Moreno, L. (2017). Comorbidity between HTLV-1-associated 
adult T-cell lymphoma/leukemia and verrucous carcinoma: a case report. 
Colomb. Med. 48, 35–38. doi: 10.25100/cm.v48i1.2174

Vallet, I., Olson, J. W., Lory, S., Lazdunski, A., and Filloux, A. (2001). The 
chaperone/usher pathways of Pseudomonas aeruginosa: identification of 
fimbrial gene clusters (cup) and their involvement in biofilm formation. 
Proc. Natl. Acad. Sci. U. S. A. 98, 6911–6916. doi: 10.1073/pnas.111551898

Van Prooyen, N., Gold, H., Andresen, V., Schwartz, O., Jones, K., Ruscetti, F., 
et al. (2010). Human T-cell leukemia virus type 1 p8 protein increases 
cellular conduits and virus transmission. Proc. Natl. Acad. Sci. U. S. A. 107, 
20738–20743. doi: 10.1073/pnas.1009635107

Varrin-Doyer, M., Nicolle, A., Marignier, R., Cavagna, S., Benetollo, C., Wattel, E., 
et al. (2012). Human T lymphotropic virus type 1 increases T lymphocyte 
migration by recruiting the cytoskeleton organizer CRMP2. J. Immunol. 
188, 1222–1233. doi: 10.4049/jimmunol.1101562

Vasiliver-Shamis, G., Tuen, M., Wu, T. W., Starr, T., Cameron, T. O., Thomson, R., 
et al. (2008). Human immunodeficiency virus type 1 envelope gp120 induces 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1046/j.1365-2958.1998.01062.x
https://doi.org/10.1146/annurev-med-042711-140023
https://doi.org/10.1128/microbiolspec.GPP3-0023-2018
https://doi.org/10.1128/microbiolspec.GPP3-0023-2018
https://doi.org/10.1091/mbc.E10-03-0251
https://doi.org/10.1038/nm.2065
https://doi.org/10.3389/fmicb.2018.00278
https://doi.org/10.1016/j.virusres.2019.03.014
https://doi.org/10.1016/j.cell.2009.08.039
https://doi.org/10.3389/fmicb.2019.02147
https://doi.org/10.3389/fonc.2018.00431
https://doi.org/10.1128/IAI.00775-15
https://doi.org/10.1186/s40169-018-0209-2
https://doi.org/10.1126/scitranslmed.aaa5371
https://doi.org/10.3389/fimmu.2019.03159
https://doi.org/10.1557/mrs.2011.65
https://doi.org/10.1371/journal.ppat.1006353
https://doi.org/10.1128/microbiolspec.MB-0012-2014
https://doi.org/10.3389/fmicb.2014.00177
https://doi.org/10.1172/JCI45817
https://doi.org/10.1093/ve/vez014
https://doi.org/10.1128/mBio.01021-15
https://doi.org/10.1186/s13756-019-0533-3
https://doi.org/10.5582/irdr.2017.01077
https://doi.org/10.1038/ncb1544
https://doi.org/10.1038/ncb1544
https://doi.org/10.1016/j.virol.2015.06.029
https://doi.org/10.1099/vir.0.037622-0
https://doi.org/10.1099/vir.0.037622-0
https://doi.org/10.1038/nature10347
https://doi.org/10.1016/j.mib.2014.02.008
https://doi.org/10.3389/fmicb.2017.01760
https://doi.org/10.3389/fmicb.2017.01760
https://doi.org/10.1128/AAC.40.11.2517
https://doi.org/10.1128/AAC.40.11.2517
https://doi.org/10.1038/nrmicro1838
https://doi.org/10.1016/S0140-6736(01)05321-1
https://doi.org/10.1158/0008-5472.CAN-16-0361
https://doi.org/10.1158/0008-5472.CAN-16-0361
https://doi.org/10.2217/fmb.13.58
https://doi.org/10.4149/av_2015_03_247
https://doi.org/10.4149/av_2015_03_247
https://doi.org/10.1016/j.tim.2011.03.002
https://doi.org/10.1038/s41389-018-0052-8
https://doi.org/10.25100/cm.v48i1.2174
https://doi.org/10.1073/pnas.111551898
https://doi.org/10.1073/pnas.1009635107
https://doi.org/10.4049/jimmunol.1101562


Maali et al. Knowledge Gaps in Viral HTLV-1 Biofilm

Frontiers in Microbiology | www.frontiersin.org 12 September 2020 | Volume 11 | Article 2041

a stop signal and virological synapse formation in noninfected CD4+ T 
cells. J. Virol. 82, 9445–9457. doi: 10.1128/JVI.00835-08

Venkatesh, S., and Bieniasz, P. D. (2013). Mechanism of HIV-1 virion entrapment 
by Tetherin. PLoS Pathog. 9:e1003483. doi: 10.1371/journal.ppat.1003483

Vergara-Irigaray, M., Maira-Litrán, T., Merino, N., Pier, G. B., Penadés, J. R., 
and Lasa, I. (2008). Wall teichoic acids are dispensable for anchoring the 
PNAG exopolysaccharide to the Staphylococcus aureus cell surface. Microbiology 
154, 865–877. doi: 10.1099/mic.0.2007/013292-0

Vicario, M., Mattiolo, A., Montini, B., Piano, M. A., Cavallari, I., Amadori, A., 
et al. (2018). A preclinical model for the ATLL lymphoma subtype with 
insights into the role of microenvironment in HTLV-1-mediated 
lymphomagenesis. Front. Microbiol. 9:1215. doi: 10.3389/fmicb.2018.01215

Wallin, M., Ekström, M., and Garoff, H. (2004). Isomerization of the intersubunit 
disulphide-bond in Env controls retrovirus fusion. EMBO J. 23, 54–65.  
doi: 10.1038/sj.emboj.7600012

Wood, T. K., González Barrios, A. F., Herzberg, M., and Lee, J. (2006). Motility 
influences biofilm architecture in Escherichia coli. Appl. Microbiol. Biotechnol. 
72, 361–367. doi: 10.1007/s00253-005-0263-8

Yamada, K. J., and Kielian, T. (2019). Biofilm-leukocyte cross-talk: impact on 
immune polarization and immunometabolism. J. Innate Immun. 11, 280–288. 
doi: 10.1159/000492680

Zaidi, S., Misba, L., and Khan, A. U. (2017). Nano-therapeutics: a revolution 
in infection control in post antibiotic era. Nanomedicine 13, 2281–2301. 
doi: 10.1016/j.nano.2017.06.015

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Copyright © 2020 Maali, Journo, Mahieux and Dutartre. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with 
these terms.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1128/JVI.00835-08
https://doi.org/10.1371/journal.ppat.1003483
https://doi.org/10.1099/mic.0.2007/013292-0
https://doi.org/10.3389/fmicb.2018.01215
https://doi.org/10.1038/sj.emboj.7600012
https://doi.org/10.1007/s00253-005-0263-8
https://doi.org/10.1159/000492680
https://doi.org/10.1016/j.nano.2017.06.015
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Microbial Biofilms: Human T-cell Leukemia Virus Type 1 First in Line for Viral Biofilm but Far Behind Bacterial Biofilms
	Introduction
	Molecular Composition of Microbial Biofilms
	Biofilm Formation and Pathogen Spreading
	Microbial Biofilms and Their Role in Pathogenesis
	Biofilms in Immune Evasion Strategies
	Escape From Therapeutics Strategies
	Biofilm and Cancerogenesis

	Conclusion and Perspectives
	Abbreviations
	Author Contributions

	References

