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Summary: The formation of bacterial biofilm has gained increasing medical relevance in recent years. The involvement of biofilm has been
demonstrated in a wide variety of chronic infections. Biofilm-associated infections are characterised by a chronic and recurrent course of
disease, which is associated with immune-mediated tissue damage. The present literature review provides an overview of bacterial biofilm
formation and presents its importance to biofilm-associated infections. The relevant pathophysiological mechanisms that occur in vivo during
its formation are described by means of selected biofilm-associated infections. Equine recurrent uveitis (ERU) is a chronic disease of the equine
eye caused by Leptospira and maintained by their persistence in the vitreous humour. Current research indicates that leptospiral biofilm might
be involved in the pathogenesis of ERU. Biofilm bacteria are protected from the effects of the immune system and can be eliminated by anti-
biotics with great difficulty if at all. Chronic bacterial infections are, therefore, often associated with the formation of biofilms. The persistence
of Leptospira in the vitreous humour triggers recurring bouts of inflammation, which damage the internal eye structures and, if left untreated,
lead to blindness in horses. Intraocular biofilm formation might serve as a persistence mechanism since Leptospira can survive in the horse’s
vitreous humour and are capable of biofilm formation. When comparing ERU with biofilm-associated infections, such as chronic P. aeruginosa
infection in cystic fibrosis patients or chronic wound infection, numerous similarities in the pathogenesis, diagnosis and therapy are evident.
Recent investigations of vitreous material from affected horses have demonstrated leptospiral biofilm formation in the vitreous humour. The
formation of biofilm in the equine vitreous humour might offer an explanation for both the persistence of Leptospira in the eye and the chronic
recurrent pattern of the disease. Furthermore, the autoimmune phenomena observed in ERU might be explained by the presence of biofilm in
the vitreous humour. Research on the aetiology of ERU and the involvement of intraocular leptospiral biofilm is still in progress. Future studies
in the area of biofilm formation may provide further insights in the years fo come.
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Introduction A recent thesis has successfully demonstrated the biofilm for-

mation of leptospires in the vitreous humour of affected hors-

Bacterial biofilms have gained increased medical relevance
over the past years (Haiby et al. 2011). Microorganisms can
survive in a wide variety of environments, adapting fo different
growth conditions, due to their ability to form biofilms (Flem-
ming and Wingender 2001). If biofilm formation occurs in
vivo during bacterial infections, the immune system or anti-
biotic treatment can only eliminate the bacteria to a limited
extent. This leads to chronic and recurrent courses of disease

(Costerton et al. 1999, Lewis 2001).

Equine recurrent uveitis (ERU) is a chronic disease of the
equine eye caused by leptospiral infection and characterised
by recurrent episodes of inflammation (Wollanke et al. 2004).
Existing literature on the topic of biofilm and biofilm-asso-
ciated infections provides characteristics and common fea-
tures of biofilm-associated infections that can be found in the
pathogenesis, diagnosis and therapy of ERU (Geifiler 2021).
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es (Ackermann forthcoming 2021). The vitreous cavity, with its
framework of collagen fibrils, high water content and absence
of inflammatory cells, provides ideal conditions for biofilm for-
mation by migrating leptospires (GeifSler 2021).

Biofilms — a review

Biofilms are defined as microbial communities that are at-
tached to a substrate and surrounded by extracellular polymer-
ic substance which is produced by the bacteria itself (Percival
et al. 2011). Bacteria in biofilms exhibit an altered phenotype
that differs in the growth rate and gene transcription from their
planktonic counterparts (Donlan and Costerton 2002).

The formation of biofilm occurs following a common pattern
(Figure 1). It starts with the initial attachment of bacteria to a
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surface and/or adjacent cells. As soon as the attachment to
a (cell) surface is stable, microbial cell proliferation begins
and microcolonies develop — triggered by chemical signalling
pathways within the exopolysaccharide matrix. The cell density
in the biofilm is controlled by quorum sensing, a process of
intercellular signalling and cell-to-cell communication, and
extracellular polymeric substance production is started, re-
sulting in a three-dimensional biofilm structure. Water-filled
interstitial cavities serve to transport nutrients and metabolites
within the biofilm. The separation and scattering of biofilm
parts occur by rapid cell proliferation in the marginal biofilm.
The production of saccharolytic enzymes in this process fa-
cilitates the release of cells from the extracellular polymeric
substance matrix. Bacteria are able to move to a new site of
attachment by forming flagella (Jamal et al. 2018).

The biofilm matrix is largely composed of water (up to 97 %),
a part of which is bound within the matrix. Additionally, wa-
ter serves as a transport medium for nutrients, enzymes and
metabolic products in interstitial cavities. Extracellular poly-
saccharides and proteins account for 2-4% of the biofilm
matrix and represent its key components. Carbohydrate-rich
polymers enable the formation of a stable biofilm architec-
ture and protect biofilm bacteria effectively from desiccation
through their ability o bind water (Sutherland 2001). Matrix
proteins with enzymatic properties are able to cleave other
matrix components, thereby altering the biofilm structure.
Furthermore, cell surface proteins, flagella and fimbriae con-
tribute to the initial attachment, enabling surface colonisa-
tion (Fong and Yildiz 2015). Up to 2% of the biofilm matrix
is composed of extracellular deoxyribonucleic acid (eDNA),
ribonucleic acid, and cell detritus (Sutherland 2001). The
eDNA are of either exogenous or endogenous origin. Ex-
ogenous eDNA is released by lysed polymorphonuclear leu-
cocytes (PMNs) at infection sites and is then included in the
biofilm matrix, whereas endogenous eDNA originates from
the bacterial cells themselves and is released by cell lysis
(Jakubovics et al. 2013). The eDNA contributes to a stable
biofilm matrix by cross-linking bacteria-specific proteins and,
thereby, forming a skeletal scaffold. The eDNA, for exam-

Fig. 1 Steps in biofilm formation — I. Initial contact and attach-
ment to a surface; planktonic bacteria (1) develop their biofilm phe-
notype (2). Il. Formation of microcolonies. lll. Production of matrix

components and biofilm development. IV. Dissemination of biofilm
parts, release of planktonic bacteria | Schritte der Biofilm-Bildung —
I. Initialer Kontakt und Anhaftung an eine Oberfldache; planktonische
Bakterien (1) gehen in den Biofilm-Phénotyp (2) Gber. Il. Bildung von
Mikrokolonien. Ill. Synthese von Matrix-Bestandteilen und Aufbau des
Biofilms. IV. Ablésung von Teilen des Biofilms und Freisetzung plankto-
nischer Bakterien. Reproduced from (Geifller 2021)
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ple, enables cross-linking of beta-toxin in S. aureus biofilms
(Huseby et al. 2010). The eDNA within the matrix is able to
bind cationic antibiotics through its negative charge, thus,
protecting bacterial cells from antibiotic action (Chiang et al.
2013). In addition, secreted eDNA enables horizontal gene
transfer (HGT), as eDNA in the matrix is part of a dynam-
ic gene pool (Montanaro et al. 2011). Biofilms provide the
ideal conditions for HGT due to their high cell density and
accumulation of eDNA (Nagler et al. 2018).

Biofilm-associated infections

Biofilm-associated infections constitute a particular challenge
to medicine due to their persistence and limited treatment
options. The majority of bacterial infections are associated
with biofilm formation — according to the National Institutes
of Health, this affects 80% of bacterial infections in human
medicine (Joo and Otto 2012). Biofilms typically cause chron-
ic infections that persist despite seemingly adequate antibiotic
therapy and immune responses. They are characterised by a
persistent and progressive pathology that is maintained pri-
marily by the inflammatory response in the environment of
the biofilm. Persistent local inflammation is the only common
feature of a wide variety of biofilm-associated infections, while
other symptoms depend on the specific location and organ
function (Hoiby et al. 2010, Hoiby et al. 2015). In the ma-
jority of cases, (surgical) removal of the biofilm and infected
tissue is the only way to prevent a recurrence of the infection
(Costerton et al. 1999, Dowsett 2013, Kinane et al. 2017).

Chronic P aeruginosa infection in cystic fibrosis (CF) patients
represents one of the most common biofilm-associated infec-
tions in human medicine. The CF is a monogenic, autosomal
recessive, multi-organ disease caused by a defect in the CF
transmembrane conductance regulator (CFTR) gene (Gibson
et al. 2003). The CFTR defect leads to a production of de-
hydrated, viscous mucus in the lungs which is very difficult to
clear from the airways (Donaldson and Boucher 2003). Con-
sequently, mucociliary clearance is impaired and inflamma-
tory defence mechanisms are activated (Gibson et al. 2003).
Chronic recurrent bacterial lung infections occur and lead to
irreversible lung tissue damage, especially due to permanent
infection with P aeruginosa (Bjarnsholt et al. 2009). Due to
high levels of oxidative stress in lungs of CF patients, P. aeru-
ginosa establishes a mucoid phenotype (Mathee et al. 1999)
characterised by an overproduction of the matrix component
alginate, making the biofilm more sturdy and resistant to anti-
biotics and the immune system’s effects (Hentzer et al. 2001).
Alginate serves as a potfent antigen, stimulating a great IgG
and IgA antibody production, which is followed by immune
complex-mediated destruction of the surrounding respiratory
tissue (Bjarnsholt et al. 2009).

Chronic wounds are most commonly associated with bacte-
rial colonisation and biofilm formation (James et al. 2008).
The World Union of Wound Healing Societies suggests that
the prevalence of biofilm in chronic wounds is almost 100%
(Malone et al. 2016). Exposed subcutaneous tissue provides
a moist, nutrient-rich environment and temperature that offers
ideal conditions for microbial colonisation (Percival 2017).
Bacterial strains most commonly isolated from infected
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wounds include S. aureus, P aeruginosa, Proteus mirabilis,
E. coli and Corynebacteriaceae (Bessa et al. 2015). If bac-
terial aftachment and colonisation occur after primary con-
tamination of the wound, the initial biofilm formation will only
cause silent inflammation with subclinical symptoms (Percival
and Cutting 2010, Percival 2017). As the biofilm continues
to build, the release of exotoxins, quorum sensing mole-
cules and eDNA increases, triggering the immune system’s
activation, which causes host tissue damage and results in
delayed healing (Percival et al. 2012). Persistent inflamma-
tion in chronic wounds leads to an overproduction of slough,
consisting of fibrin, pus, leukocytes, dead cells, microorgan-
isms and proteins. These are predominantly by-products of
the immune-mediated clearance of cellular debris and micro-
organisms (Percival and Suleman 2015). Cell lysis of PMNs is
followed by a local release of proteolytic enzymes that have
a pro-inflammatory effect and promote the influx of addi-
tional PMNs. Matrix metalloproteinases, neutrophil elastases
and reactive oxygen species are increasingly released during
chronic inflammation, causing damage to host proteins es-
sential for wound-healing (Wolcott et al. 2008).

Biofilms are also assumed to be involved in veterinary bacteri-
al infections. A biofilm-associated pathogenesis is, therefore,
suggested for mastitis, wound infections, endometritis and
pneumonia (Clutterbuck et al. 2007, Ferris et al. 2016, Ferris
et al. 2017).

Criteria for biofilm-associated infections were presented by

Parsek and Singh (2003):

* Infecting bacteria are bound to a substrate or surface.

* Direct examination of infected fissue reveals bacteria liv-
ing in cell aggregates or microcolonies surrounded by
extracellular matrix.

* Infection is generally confined to a specific localisation.
Although bacterial dissemination may occur, it is a sec-
ondary phenomenon.

e The infection is impossible or difficult to eliminate by
antibiotics, despite the responsible organism'’s sensitivity
to the antibiotics applied in its planktonic state.

Two more criteria were added by Hall-Stoodley and Stoodley
(2009):

* Culture-negative results, despite a strong presumption of
an infection with the pathogen of interest.

* Ineffective immune response evidenced by bacterial cell
aggregates surrounded by inflammatory cells in the host
tissue.

In addition, the presence of chronic or recurrent infection it-
self has been proposed as a diagnostic criterion (Hoiby et al.

2010).

Interactions with the immune system

Chronic biofilm-associated infections are characterised by
persistent inflammatory states that occur in a similar pattern
among various diseases (Del Pozo 2018). Thereby, biofilm

bacteria are able to maintain an excessive inflammatory re-
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sponse by producing pro-inflammatory cytokines, while dis-
abling control mechanisms to protect excessive inflammation
(Wolcott et al. 2008). P aeruginosa utilises quorum sensing
molecules that can affect host cells directly and induce the ex-
pression of pro-inflammatory cytokines (Jahoor et al. 2008).
Continuous detachment of biofilm parts and planktonic bac-
teria can further bait the immune system and promote its re-
sponse (Wolcott et al. 2008). S. epidermidis requires activated
Aap protein for initial biofilm formation, which is proteolytical-
ly modified by host proteases and enables bacterial adhesion.
In vivo effector mechanisms of innate immunity might, thus,
induce cell aggregation and biofilm formation of S. epider-
midis directly and allow bacterial cells to protect themselves
from elimination by phagocytosis (Rohde et al. 2005). The
accumulation of IgG and complement factor C3b was re-
duced in studies with S. epidermidis, which may explain the
lack of recognition by inflammatory cells (Kristian et al. 2008).
In addition, the intracellular polysaccharide intercellular ad-
hesin in S. epidermidis biofilms appears to provide protection
against phagocytosis by PMNs (Vuong et al. 2004). A similar
observation was made in P aeruginosa biofilms: due to the
matrix component alginate, P. aeruginosa cells were protect-
ed from interferon-gamma-mediated elimination by macro-
phages and from opsonization for phagocytosis (Pier et al.
2001). However, when parts of the biofilm are mechanically
detached, macrophages are once again able to phagocytose
the bacteria within (Thurlow et al. 2011).

A link between the occurrence of biofilm and the presence of
neutrophil extracellular traps (NETs) has also been recognised
in recent years. The NETs are released from activated PMNs in
the presence of pathogens, consisting of DNA, granule pro-
teins and antimicrobial peptides. They have been suggested
to immobilise pathogens (Brinkmann et al. 2004). The NETs
are thought to be released particularly when the pathogens
cannot be eliminated by phagocytosis — biofilms seem to be
a significant trigger for NET release in this context. The NETs,
for their part, stimulate the production of biofilm, resulting in
a positive feedback mechanism and the formation of a sta-
ble biofilm surrounded by large amounts of NETs (Papayan-
nopoulos 2019).

Interactions with antibiotics

Bacteria in biofilms possess the best conditions for the devel-
opment of resistance, tolerance and persistence due to pro-
tective substances in the matrix, their communication mech-
anisms and their ability to engage in genetic exchange. As a
result, they are more difficult to eliminate by antibiotics than
their planktonic counterparts (Hall and Mah 2017). When the
innate resistance of biofilms to industrial biocides was first dis-
covered, this phenomenon was attributed to poor penetration
through the biofilm matrix (Costerton et al. 1987). However, it
was later discovered that the matrix limits antibiotic diffusion
only when matrix components react directly with the antibi-
ofic (Stewart 1996). In P aeruginosa biofilms, Psl is able to
sequester certain antibiotics (Billings et al. 2013), whereas Pel
appears to interact with eDNA in the matrix and, combined
with eDNA, contributes to increased antibiotic resistance (Jen-
nings et al. 2015). The eDNA serves as a protective shield
for cells in the biofilm through antibiotic sequestration. Re-
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sistance to tobramycin and gentamicin reached a 2-3-fold
increase in resistance levels by adding DNA to P. aeruginosa
biofilms (Chiang et al. 2013). In addition to its physical role in
profecting against antibiotics, eDNA plays an important role
in the dissemination of resistance genes within the bacterial
population in the biofilm through HGT (Hall and Mah 2017).
Within the biofilm, differences in gene expression, metabolic
activity and the phenotype of cells create physiological hetero-
geneity — triggered by oxygen and nutrient gradients (Stewart
and Franklin 2008). Cells residing in hypoxic regions exhibit
a reduced metabolic activity and maintain a state similar to
the stationary phase of bacterial growth (Stewart et al. 2016).
Moreover, the intercellular transfer of genetic material leads to
an increased resilience against antibiotics within the biofilm.
In addition to eDNA that can be scavenged from the matrix
by competent cells, the conjugation of plasmids is also possi-
ble during HGT (Hall and Mah 2017). Savage et al. ( 2013)
demonstrated that the conjugation frequency of a multiresis-
tant plasmid of S. aureus was 104-fold higher in S. aureus
biofilm than in planktonic cultures. Furthermore, an increased
mutation frequency is observed in biofilms, as cells in biofilms
are frequently exposed to oxidative stress, making them more
prone to DNA damage and mutation (Boles and Singh 2008).

Equine recurrent uveitis

ERU is a chronic disease of the equine eye, which is caused by
leptospires that persist in the vitreous cavity and cause recur-
rent episodes of inflammation (Gerhards and Wollanke 2001,
Wollanke 2002, Wollanke et al. 2004). ERU is considered to
be one of the most significant ocular diseases in horses and
has been described as the major cause of their loss of vision
(Deeg et al. 2002a, Gilger and Michau 2004, Gilger and
Deeg 2011).

The majority of horses are thought to have become infect-
ed with leptospires at a young age (Wollanke 2002). If pro-
tective antibodies are produced at an early age, intraocular
infection can be prevented — depending on the leptospiral
virulence and the infectious dose (Wollanke et al. 2004). If
the leptospires enter the eye, they can persist there for months
to years without triggering an inflammatory reaction (Williams
et al. 1971, Wollanke et al. 2004). Immunosuppressive in-
traocular mechanisms may play a role in this process, since
the eye, as an immunologically privileged site, can repress
exuberant immune responses effectively. During this phase,
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pathogens are assumed not to be adequately recognised and
eliminated in the eye (Wollanke 2002, Wollanke et al. 2004,
Gilger and Deeg 2011). The detection of leptospiral biofilm
in the vitreous humour (Ackermann forthcoming 2021) is very
likely to provide significant insights into the pathogenesis of

ERU.

It has not yet been conclusively clarified how leptospires trig-
ger the recurrent episodes of uveitis. However, previous re-
search clearly depicts that uveitis leads to a breakdown of the
blood-ocular barrier, whereupon immunocompetent cells can
invade the interior of the eye. The balance between immuno-
suppressive and immunostimulatory mechanisms is disturbed
and excessive immune reactions occur, which damage the
ocular structures (Deeg et al. 2002b, Wollanke et al. 2004,
Gilger and Deeg 2011). Leptospires which persist in the vitre-
ous humour after the inflammatory episode appear to remain
hidden from the immune system between the inflammatory
episodes (Wollanke 2002).

Vitrectomy and, thereby, removal of the leptospires causative
for ERU achieve absence of recurrence in up to 98 % of horses
(Wollanke et al. 2004, Schinagl 2017, Baake et al. 2019,
Voelter et al. 2020).

ERU is described by some authors as an autoimmune disease
and not associated with ocular leptospiral infection. The in-
volvement of ocular autoantigens (retinal S-antigen and in-
terphotoreceptor retinoid-binding protein in the autoimmune
inflammatory responses of ERU supports this hypothesis (Deeg
et al. 2001, Deeg et al. 2002a, 2002b, Deeg 2008). This,
however, does not rule out leptospiral infection as a primary
cause because infection-associated autoimmune phenomena
occur in various diseases (Wollanke et al. 2004).

Biofilm formation in the vitreous

Leptospires are gram-negative, helical bacteria that use ro-
tating motions to move in liquid media and penetrate tissues
(Goldstein and Charon 1988). They form biofilm (Ristow et
al. 2008) and use this ability as a persistence mechanism to
allow the survival and spreading of pathogenic leptospires in
the environment (Vinod Kumar et al. 2016). Cell aggregates
of leptospires in the renal tubules of chronically infected mice
further suggest that they are also capable of biofilm formation
in vivo (Yamaguchi et al. 2018).

Fig. 2 Electron microscopic imaging
of leptospires from vitreous samples — Left:
lllustration of leptospires (and sections) from
the vitreous material of horses suffering from
ERU. A granular substance is visible on the
cell surface. Right: lllustration of cultured
leptospires after an experimental injection
into a healthy equine eye. The cell surface
appears smooth and without any deposits |
Elektronenmikroskopische Darstellung von
Leptospiren aus Glaskérperproben — Links:
Darstellung von Leptospiren (-anschnitten)
aus Glaskérpermaterial an ERU erkrankter
Pferde. Auf der Zelloberfliche ist eine fein-

kérnige Substanz zu erkennen. Rechts: Darstellung von Kultur-Leptospiren nach experimenteller Injektion in ein gesundes Pferdeauge. Die Zell-
oberfléche erscheint hier glatt und ohne Auflagerungen (Niedermaier 2000)
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Studies examining samples of aqueous humour and vitreous
material from ERU-diseased horses have demonstrated that
leptospires reside in the vitreous humour as part of their per-
sistence in the equine eye (Wollanke et al. 2004). Numer-
ous surface proteins allow binding to host tissues — including
various types of collagen and glycosaminoglycans (Murray
2015). Thus, binding to components of the vitreous body
might be possible (Bishop 2000, Geifller 2021). As has also
been described for leptospiral biofilm in aquatic systems, this
attachment to a part of the vitreous humour, such as the vit-
reous fibrils, could constitute the first step of biofilm formation
in the equine eye (Vinod Kumar et al. 2016, Geifler 2021).

Transmission electron microscopy studies examining vitreous
material from affected eyes show leptospires surrounded by a
granular material (Figure 2, left). The latter cannot be detect-
ed in cultural leptospires that have been experimentally inject-
ed into a healthy equine eye (Figure 2, right). The material,
therefore, appears to be formed only during the persistence of
the leptospires in the eye (Niedermaier 2000, 2002). Further
studies found round structures of high density, some of which
phagocytised by macrophages (Figure 3) (Brandes, 2006).
Scanning electron microscopy also revealed spherical struc-
tures in ERU vitreous humour samples from which filamentous
leptospiral structures protrude (Figure 4). Images of mature
leptospiral biofilm in vitro appear as budding-like structures
(Figure 5) (Thibeaux et al. 2020). Ristow et al. (2008) demon-
strated the formation of leptospiral biofilm in different stages,

Fig. 3  Transmission electron microscope image of a vitreous humour
sample from an eye affected by ERU. Small roundish and elongated struc-
tures are visible within the macrophage, which are presumably leptospi-
res. In addition, two roundish structures of different sizes and high density
are visible, which were probably phagocytosed. At the top right of the
image, a third and larger roundish structure is visible, which the phago-
cyte apparently also wants fo eliminate | Transmissionselektronenmi-
kroskopisches Bild einer Glaskérperprobe aus einem an ERU erkrankten
Auge. Innerhalb des Makrophagen sind kleine rundliche und léngliche
Strukturen erkennbar, bei denen es sich vermutlich um Leptospiren han-
delt. Zusétzlich sind zwei unterschiedlich grofie und sehr dichte rundliche
Strukturen erkennbar, die vermutlich phagozytiert wurden. Oben rechts
im Bild ist eine drifte und gréBere rundliche Struktur erkennbar, die der
Phagozyt offenbar ebenfalls eliminieren méchte. (Brandes 2006)

Pferdeheilkunde — Equine Medicine 37 (2021)

P GeiBler and B. Wollanke

showing densely packed, roundish cell aggregates surrounded
by biofilm matrix from which numerous leptospires protrude.
When compared with the spherical structures from vitreous
samples, a clear similarity can be observed. It is, therefore,
assumed to be leptospiral biofilm formed in the vitreous body

(GeiBler 2021).
The detection of NETs in vitreous samples from ERU-diseased

eyes (Fingerhut et al. 2019) may further support the theory
of intravitreal biofilm formation, as the presence of in vivo

(=
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Fig. 4  Scanning electron microscope image of a vitreous sample
from a horse suffering from ERU — Spherical structure with filamen-
tous leptospiral structures protruding from them. This may be lepto-
spiral biofilm (Fig. 5 for reference) | Rasterelektronenmikroskopische
Darstellung von ERU-Glaskérperproben. Kugelférmige  Strukturen,
aus denen féddige, Leptospiren-dhnliche Strukturen hinausragen.
Méglicherweise handelt es sich hier um Leptospiren-Biofilm (vgl. Ab-
bildung 5). (Wollanke 2020)

Fig. 5  Budding-like structures representing leptospiral biofilm in
vitro. Scale bar: 20 um. | Knospenartige Strukturen, die Lepto-
spiren-Biofilm in vitro darstellen. MaBstab: 20um. Reproduced from
(Thibeaux et al. 2020): “Leptospira biofilm architecture and organi-
zation” (Fig. 2, left panel), https://www.nature.com/articles/s41522-
020-0134-1, licensed under CC BY 4.0
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biofilm is considered to be associated with the occurrence of
NETs (Papayannopoulos 2019).

ERU as a biofilm-associated infection

The general afiributes of biofilm-associated infections (Parsek
and Singh 2003, Hall-Stoodley and Stoodley 2009) can be
found almost entirely in the pathogenesis of ERU (Geifler 2021):

* Infecting bacteria are bound to a substrate or surface.
— The binding of leptospires to a substrate or surface in
the eye has not yet been demonstrated. However, intra-
ocular leptospires are thought to reside in the vitreous
humour, where they can ‘hide’ from the immune system
in the framework of vitreous fibrils. Therefore, a binding
to components of the vitreous body is plausible. Even
more so, because after removal of the vitreous body
by vitrectomy, no more leptospires are detectable within
the eye and the typical symptomatology of ERU remains
absent (Wollanke 2002).

* Direct examination of infected tissue reveals bacteria living
in cell aggregates or microcolonies surrounded by exira-
cellular matrix. — Leptospires can be visualised by micro-
scopic examination of vitreous samples obtained by vit-
rectomy from horses affected with ERU. These show single
leptospires surrounded by extracellular material (Nieder-
maier 2002, Brandes et al. 2007) and spherical structures

mour can be detected regularly in eyes affected by ERU.
They were produced due to the presence of leptospires
in the vitreous humour (Wollanke et al. 2004). Despite
the optimisation of culture conditions for leptospires,
culture results are positive in only 50% of vitreous sam-
ples tested (Wollanke et al. 2001, Wollanke 2002, Ge-
sell 2004). By comparison, PCR detection from vitreous
samples is positive in at least 70% of cases (Wollanke
2002, Wollanke et al. 2017).

Ineffective immune defence demonstrated by bacterial
cell aggregates surrounded by inflammatory cells in
host tissue. — Vitreous samples obtained during vitrecto-
my show cell aggregates of leptospires only sporadically
surrounded by inflammatory cells. This might be due to
the fact that vitrectomy is usually not performed during
an acute inflammatory episode. Due to the protective
mechanisms in the eye against excessive inflammatory
reactions, the immunological response is successfully
suppressed in the inflammation-free interval, so that an
immune reaction in the environment of the leptospiral
biofilm cannot be detected by microscopy. Brandes et
al. (2007) examined vitreous material from an eye af-
fected with ERU that showed clinical signs of uveitis at
the time of vitrectomy. Increased inflammatory cells and
free leptospires were detected, some of which had also
been phagocytosed.

(Brandes et al. 2007), resembling images of leptospiral
biofilm in vitro. Ackermann (forthcoming 2021) also suc-
ceeded in detecting biofilm matrix surrounding intraocular
leptospires by immunohistochemical studies.

The infection is generally confined to a specific localisa-
tion. — The high seroprevalence of leptospiral antibodies
in horses indicates that most horses become infected with
leptospires during the first few years of life. If intraocular
leptospirosis and manifestation of ERU occur, the symp-
tomatology is restricted to the eye alone (Wollanke
2002).

The infection is impossible or difficult to eliminate by an-
tibiotics, despite the responsible organism’s sensitivity fo
the antibiotics applied in its planktonic state. — Studies
on systemic enrofloxacin therapy in horses suffering from
ERU showed no significant elimination of the pathogens
from the vitreous humour, despite reaching an adequate
level of activity (according to MIC and MBC) in the eye
(Popp 2011, Popp et al. 2013). Intravitreal gentamicin
injection to control leptospires in the eye is a therapeutic
method that has been demonstrated to achieve good
success rates in terms of freedom from recurrence, ac-
cording to previous studies (Fischer et al. 2019). Whether
this actually eliminates the leptospires from the vitreous
humour is unclear. Only a small dose of gentamicin can
be safely injected due to the retina-damaging effect of
aminoglycosides (Zachary and Forster 1976), therefore,
the efficacy in terms of the elimination of bacteria from
the vitreous humour is questionable. Currently, there are
no long-term results regarding intravitreal gentamicin in-
jection, but it is possible that only short-term therapeutic
success might be achieved.

* Culture-negative results, despite a strong suspicion of
infection with the pathogen involved. — High antibody
titres against leptospires in aqueous and vitreous hu-
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The theory of the biofilm-associated pathogenesis of ERU may
also provide answers to further questions about phenomena
that are yet to be explained. Some of these questions are stat-
ed below. For a complete review, see Geifiler (2021).

e The first appearance of clinical symptoms can occur
months or even years after the initial infection both in
ERU and chronic wounds, where subclinical infection
and biofilm formation occur after bacterial contam-
ination (Percival 2017). Is the long incubation period
between primary infection with leptospires and the first
appearance of clinical symptoms of ERU (Williams et al.
1971) similarly associated with silent proliferation and
biofilm formation?

* Could intraocular biofilm formation explain the per-
sistence of leptospires in the vitreous humour, which is
detectable even after numerous bouts of inflammation
in eyes affected by ERU (Wollanke 2002)2

e s it, therefore, possible that only planktonic leptospires are
eliminated in the course of uveitis attacks, while leptospires
in the biofilm remain undetected by the immune system?

¢ |s the progressive damage to internal ocular structures
occurring as ERU develops (Gerhards and Wollanke
2001) the type of immune-mediated damage that is
commonly caused in the presence of a biofilm (Wolcott
et al. 2008, Bjarnsholt et al. 2009, Hall-Stoodley et al.
2012, Kinane et al. 2017)2

Conclusion

When comparing ERU with biofilm-associated infections, nu-
merous parallels in pathogenesis, diagnostics and therapy
can be observed. Previous studies of vitreous material from

horses suffering from ERU strongly indicate infraocular biofilm
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formation by leptospires or could even show it repeatedly. At
this point, the formation of biofilm in the equine vitreous hu-
mour appears to be an explanation for both the persistence
of leptospires in the eye and the chronic recurrent course of
the disease.

Research on the aetiology of ERU and the involvement of in-
traocular leptospiral biofilm is still in progress. While vitrecto-
my has already been established as a successful therapeutic
method for ERU, knowledge of the involvement of leptospiral
biofilm may further support this therapeutic approach — the
mechanical removal of the causative pathogen in biofilm-as-
sociated infections. Future studies in the area of biofilm for-
mation may provide further insights in the years to come and
might also provide the basis for alternative and less invasive
treatment options.
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