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Localization-triggered bacterial
pathogenesis

Rolf Lood', Kristofer Wollein Waldetoft' & Pontus Nordenfelt*'

Bacterial infections are becoming an increasing problem worldwide and there is a need for
a deeper understanding of how bacteria turn pathogenic. Here, we suggest that one answer
may be found by taking into account the localization of the bacteria, both at an anatomical
level and at a microenvironment level. Both commensals and traditional pathogens alter
their interaction with the human host depending on the local surroundings - turning either
more or less virulent. These localization effects could derive from the characteristics of
different anatomical sites but also from local differences within a microenvironment. In order
to understand the adaptive functions of bacterial virulence factors, we need to study the
bacteria in the environments where they have evolved.

We are all colonized with bacteria, even being outnumbered 10:1 on a cellular level. Despite this
fact, we are rarely negatively affected by this colonization, but rather enjoy a commensal, if not
mutualistic, interaction with these bacteria. However, most of these commensal bacteria can also
be defined as opportunistic pathogens, being able to cause disease once an ‘opportunity’ arises;
whether this opportunity consist of an impaired immune system, dysregulated microbiome, breaches
of immunological barriers or changes of localization for the bacteria. Taking such ‘opportunities’
is not necessarily adaptive for the bacteria, but these factors nevertheless contribute to many clini-
cally important infections.

Opposite to this commensal nature of certain bacteria, others are more pathogenic, causing severe
diseases. Even these pathogenic bacteria can act as colonizers of certain habitats without causing
disease, or even eliciting an inflammatory immune response.

The classic distinction between pathogens and commensals is focused on genetic differences
among bacterial species or strains, while acknowledging the importance of the immune status
and other properties of the host. In this paper, we wish to bring a different aspect into focus; we
review and appraise the role of localization for the outcome of bacterium—host interactions, the
term ‘localization’” encompassing the entire range from the anatomical to the subcellular (Figure 1).

Commensalism & the skin microbiome

We are constantly interacting with our environment, responding to signals generated from a vast
number of different sources; both on a cellular level, as well as on a molecular level. The skin,
being one of the largest interaction surfaces of the body, is home to a plethora of microorganisms,
communicating both between themselves, as well as with their host. Although the skin is inhabited
by different classes of microorganisms (e.g., fungi, viruses and bacteria), we will solely focus on
bacteria in this review.
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Figure 1. Localization-triggered bacterial pathogenesis. Schematic view of how localization can
affect whether a bacterium will be nonpathogenic or pathogenic. A bacterium that enters into two
different anatomical sites will behave differently depending on which site it is (e.g., throat vs skin),
the specific subsite localization (e.g., inside or outside of host cells), as well as other factors in that

particular locale (e.g., molecule concentration).

Several bacteria are commonly isolated
from skin, including Corynebacterium,
Propionibacterium granulosum, Propionibacterium
avidum, Staphylococcus aureus, Streptococcus pyo-
genes, Pseudomonas aeruginosa, Finegoldia magna

(formerly known as Peprostreptococcus magnus)
and Acinetobacter 12]. Several of these bacteria
only occasionally colonize the skin, and are pre-
sent in low numbers. However, the two most
predominant skin bacteria are the Gram-positive
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coccus Staphylococcus epidermidis and the Gram-
positive rod Propionibacterium acnes; colonizing
the epidermis and sebaceous glands, respec-
tively [1]. Although the microbiota varies among
individuals [3], it is suggested to be rather stable
within an individual [4]. While S. epidermidis
rarely is associated with skin disease, P. acnes
is associated with several inflammatory skin
diseases, with acne being the most notable [s].
However, its precise role in the development of
this disease has not been elucidated [¢]. Not only
do these two bacteria dominate their respective
habitats, but we are all colonized by these skin
commensals, reaching levels of 10% cfu/cm? for
P. acnes on the forehead [7] and similar levels for S.
epidermidis on skin [8]. These two bacteria tolerate
aerobic as well as anaerobic environments, even
though P. acnes only grow well under microaero-
philic or anaerobic conditions [9]. Despite their
prevalence, the commensal nature of these bac-
teria has not been well studied. Rather, it is their
occasional pathogenicity, triggered by a change
of localization that has been the main focus of
research. Nevertheless, certain aspects of their
suggested beneficial aspects have been described.

¢ Beneficial effects of the skin microbiome
The beneficial aspects of bacteria have been
proven in many systems, not the least in the
gastrointestinal tract, with bacteria assisting
with our metabolism (vitamin K synthesis) [10],
having a positive net effect on the activity of our
immune system [11], and protecting from (more)
pathogenic bacteria [12]. However, the impact
of bacteria on skin has not been as thoroughly
investigated. One beneficial aspect of being colo-
nized by skin commensals would be the physi-
cal barrier they represent, hindering other more
pathogenic bacteria from colonizing. This has
been one of the dominating ideas of how skin
commensals benefit us. While this certainly has
proven correct, and for which we will discuss
certain mechanisms, skin commensals have
more refined methods to benefit us: protecting
us from harmful pathogens, interacting with and
modulating our immune system locally.

The sebaceous glands are usually only colo-
nized with P. acnes 2], despite the highly nutri-
tional habitat, with a high content of energy—rich
sebum. One aspect of this monocolonization
might be the ability of P. acnes to ferment car-
bohydrates and produce propionic acid (hence its
name). While P. acnes is able to tolerate this local
reduction in pH, other bacteria lack mechanisms

future science group

Localization-triggered bacterial pathogenesis

to subsist in that environment. For example, the
skin pathogen S. aureus, is killed by propionic
acid produced by P. acnes both in vitro and in vive
in a skin infection model, due to a reduced inter-
nal pH mediated by the increased abundance of
propionic acid [13]. Furthermore, P. acnes has also
been reported to carry genes coding for bacteri-
ocin-like proteins [14]. However, their function
and specificity remain to be investigated.

Not all commensal skin bacteria have the abil-
ity to produce antimicrobial proteins, such as
bacteriocins and antimicrobial peptides (AMDPs),
by themselves, but can rather process human
AMDP:s to direct the immune system. The skin
commensal F. magna has been shown, through
its cell wall-attached subrtilisin protease SufA to
be able to cleave the chemokine and AMP MIG
(CXCLY). The cleavage products are no longer
active against F. magna at equimolar concen-
trations, but retain their antibacterial activity
against other pathogenic skin bacteria, including
S. pyogenes [15].

Even though S. epidermidis has a wide array of
bacteriocins, including phenol-soluble modulins
active against the skin pathogens S. aureus and S.
pyogenes [16], most of the research focus regarding
its commensal nature has been directed toward
its role as an immune modulator, and director,
of a proper immune system. As will become
clear, the role of S. epidermidis on the skin can
be compared with that of a conductor leading an
orchestra, directing the proper actions from the
different immune cells.

In a 2009 study in Nature it was elegantly
described how S. epidermidis could specifically
modulate the immune response during skin
injury and suppress inflammation. Through S.
epidermidis derived lipoteichoic acid binding
to exposed TLR2, TNFa production was sup-
pressed in keratinocytes. Lipopolysaccharide on
the other hand could not suppress this effect.
Downstream, TLR2 activation lead to TRAF1
processing, TLR3 inhibition, and thus a lowered
inflammatory response, favoring a noninflam-
matory wound healing 17]. It should however
be stressed that only keratinocytes respond in an
anti-inflammatory fashion; other immune cells
will recognize lipoteichoic acid from S. epider-
midis and mediate an inflammatory response.

Furthermore, S. epidermidis has been shown
to be critical for the effector T-cell function
on skin, through the stimulation of IL-1al on
skin [18]. A follow-up study described on a molec-
ular level the input, and impact, of S. epidermidis
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on the local skin immunity in order to generate
an effective immune response against patho-
gens [19]. Through induction of IL-17A expres-
sion, accumulation of effector T-cells localized
to the skin and the cooperation of skin-resident
dendritic cells, S. epidermidis was able to locally
modulate the immune system to a ‘unique pro-
tective skin immune signature’ (19] able to better
fight off pathogens, including Candida albicans.

¢ Commensals turning pathogenic once in a
different localization

Although being classified as skin commensals,
despite the fact that P. acnes is associated with
certain skin diseases (e.g., acne), both P. acnes
and S. epidermidis have recently been discussed
as opportunistic pathogens due to their asso-
ciation with medical implants, in particular
venous catheters and joint implants [2021]. Even
though infections caused by these commen-
sals can occur without the presence of medical
implants, including endocarditis [22], they are
less common. Initially, their association with
these conditions was mainly regarded with skep-
ticism, and as agents of contamination due to
their high prevalence on skin. However, with
refined methods to detect bacteria, through next
generation sequencing and multilocus sequence
typing, it has been verified that these skin com-
mensals can cause localized low-grade, often
chronic, inflammation once attached to medi-
cal implants [23). Reports describe the presence
of P. acnes in more than 50% of culture posi-
tive samples from patients undergoing revision
arthroplasty [24], while S. epidermidis still is the
most commonly isolated bacterium from foreign-
body-related infections [25]. In many cases, these
conditions are difficult, if not impossible, to treat
with antibiotics. The bacteria themselves have
started to develop resistance to many antibiotics,
in particular S. epidermidis where a high degree
of clinical strains have resistance to methicillin
and oxacillin [26]. Furthermore, within a biofilm
environment, cells can be several magnitudes
more resistant to antibiotics than in a plank-
tonic phase [27]. We, and others, have attributed
this high number of opportunistic infections to
the ability of P. acnes and S. epidermidis to form
rigid biofilms; exopolymer encapsulated forma-
tions of bacterial communities. For P. acnes it
has been shown that invasive strains have an
increased biofilm formation [28], and most inva-
sive S. epidermidis strains carry the icaADBC
cassette, enabling biofilm formation [29], as well
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as the insertion element IS256, able to modulate
the gene expression of virulence factors [30]. The
question that then arises is how a commensal
turns pathogenic, and if this should be attributed
to certain aspects of the bacterium.

¢ How does a commensal become a
pathogen?

Even though P. acnes and S. epidermidis both
colonize the skin, and cause similar opportun-
istic pathologies, they are vastly different in
terms of genetic variability and ability to adapt
to environmental factors. S. epidermidis has a
high genetic variability, and can even rearrange
its genome within a host during an infection [31].
Certain clones, having the icaADBC cassette
and 1S256, have been argued to be responsible
for causing disease, and these factors thus seem
critical [32]. However, taking into account that
this lineage is clonal, mathematical models sug-
gest that these factors might not be necessary for
causing disease [33].

P. acnes is opposite to S. epidermidis in terms
of its ability to rearrange the genome. On a
population level, P. acnes is fairly clonal, with a
core genome of 88% [34]. Even though lytic and
pseudolysogenic phages have been isolated from
P. acnes [35,36], no prophages have been detected,
thus limiting the amount of mobile genetic ele-
ments. Furthermore, no plasmids have been iso-
lated from P. acnes, even though reports exist of
a Tn5432 transposon containing ermX, giving
the bacterium erythromycin resistance [37]. Still,
on a genomic level, P. acnes is very stable and
conserved. Certain clones, based on MLST, have
been associated with acne [34], but the molecu-
lar mechanism behind this still remains to be
investigated.

On a genomic level, P. acnes is well-equipped
with several putative virulence factors, including
secreted lipases, proteases and CAMP-factors,
being able to induce a strong inflammatory
response [38]. S. epidermidis on the other hand
has taken a different path, not focusing on
degrading host factors, but rather to be able to
persist in different environments [32]. Despite
these very different backgrounds, both bacteria
lead to low-grade local inflammations after the
formation of biofilms when exposed to medical
implants. The question thus arises why these two
commensals have ended up in this localization.
Due to their high numbers on skin, it could be
argued that this is a numbers game. The like-
lihood of contaminating a medical implant,
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syringe or catheter with either of these two
bacteria is high. Even though, arguably, these
bacteria are not adapted to this environment,
they still manage to survive and cause disease. It
could be argued that P. acnes and S. epidermidis
are only ‘accidental’ pathogens [32]. By changing
localization, factors normally used for a com-
mensal interaction with their host, will find a
novel function; but in a milieu not favoring
the host, neither the bacterium. Biofilm forma-
tion, being a mechanism to asymptomatically
colonize the skin for P. acnes [39], will also allow
this bacterium to bind to medical implants and
thus caused localized chronic inflammation.
These ‘virulence factors’ are thus suggested
to not be virulence factors in a classical sense.
However, due to a change of milieu, it can lead
to a localization-triggered bacterial pathogen-
esis. Therefore, it is likely that such a notion as
being a ‘commensal’ does not completely apply
to any microbe. Bacteria can interact with us in
a commensal nature in certain habitats/locali-
zation, but when this localization is changed, a
new interaction has to be established — be it a
pathogenic or commensal interaction.

The skin commensals have evolved a symbiotic
relationship with their host, with mutual bene-
fits. However, this interaction is only established
on the skin, and as soon as the skin is breached
(injury, medical surgery), the immune system
will recognize the skin microbiota as patho-
gens [17], rather than commensals. This would
thus be classified as a localization-triggered
event. The idea of tissue-based immunological
control was recently discussed in an excellent
Perspective article in Nature Immunology (40].

Since these bacteria fulfill an important role
on the skin, it would be advisable to only treat
these infections locally, and not aim for the
development of vaccines, since that might skew
the skin microbiota, and have nonintended, and
unwanted effects.

Pathogens can be commensals

We have described the scenario for when typical
commensals turn pathogenic, but what about the
opposite, pathogens behaving as commensals?
The distinction between harmless and harm-
ful bacteria might actually be quite difficult and
there is a large group of bacteria that could be
defined as commensal pathogens [41]. If we look
at two of the most prominent human pathogens —
in that they cause a tremendous amount of infec-
tions and deaths [42,43] — S. pyogenes and S. aureus

future science group
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are commonly found as asymptomatic colonizers
in humans. It is estimated that 30-50% of all
humans are colonized by S. aureus (43], typically
in the skin and mucosal surfaces and most com-
monly in the form of nasal carriage [44]. Similarly,
S. pyogenes typically colonizes the throat and skin
of humans [45]. What is the trigger for them to
change from colonization to infection?

In terms of infections, S. pyogenes — or group A
streptococcus — is a strictly human pathogen and
a common cause of a wide variety of disorders
including pharyngitis, scatlet fever, impetigo,
erysipelas as well as rheumatic fever, necrotizing
fasciitis, sepsis and toxic shock syndrome [42.46].
S. aureus is also a common cause for multiple
human as well as animal infections, including
skin and soft tissue infections, bone and joint
infections as well as endocarditis and sepsis [43].
However, when these bacteria are residing in the
human body, what can trigger them to actually
cause an infection?

Both of these bacteria have a wide array of
virulence factors where many of them target
antibodies or the complement system [47]. These
include IgGFc-binding proteins (48], IgAFc-
binding proteins [49.50], IgG proteases [51] and
endoglycosidases [52], as well as complement
interacting proteins [53-55]. Given their natu-
ral habitats in the skin, throat and nose where
monomeric antibodies and complement proteins
are at very low concentrations it is strange that
they have evolved such a large repertoire of coun-
ter molecules. One reason could be the influx
of plasma proteins during superficial cuts and
lesions that occur all the time — additionally,
both S. aureus and S. pyogenes can in fact cause
vascular leakage [56.57]. Is this why the pathogens
have molecules targeting blood plasma proteins
or is the very low concentration in their normal
habitat the real target for functionality?

¢ Localization could be the trigger for
pathogenesis

If you put a pathogen in an environment for
which it is not adapted, in most cases it will
probably succumb to the immune system or be
overcome by other microbes. For instance, we
have shown that the IgGFc-binding proteins of
S. pyogenes only reverse IgG orientation in envi-
ronments with low concentrations (-1 pg/ml)
of antibodies [58] as found in saliva and mucosa.
At high concentrations (-10 mg/ml) such as in
blood plasma, IgG is correctly bound and pro-
motes complement deposition and phagocytic
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killing. This was also demonstrated in a patient
who had asymptomatic throat colonization
at the same time as necrotizing fasciitis and
points to the importance of the local compo-
sition of effector molecules [58]. In this case,
it could be that classic virulence factors such
as IgGFc-binding molecules are not exhibiting
their adaptive functions during invasive infec-
tions, but instead trigger completely different
reactions when presented with an abnormal
environment.

Some clues might be found in where patho-
gens tend to colonize. Despite many similari-
ties in their virulence factors, S. aurues tends to
be found in the nose whereas S. pyogenes favors
the throat. It could be that careful analysis of
the local properties of these environments in
terms of molecule concentrations, pH, host cell
types, other microbes etc. would reveal part of
the answer for this type of tropism; switching
the setting might induce a pathogenic behavior
in the bacteria. However, the ultimate trigger
that will lead to a bacterial infection is likely
very challenging to determine. It could very well
be a stochastic chain of events influenced by a
large number of local factors. Still, if we could
solve parts of this equation, it might be easier to
predict infections and ultimately to treat them.

One aspect of pathogens that is often neglected
is their interactions with other microbes present in
the same locale. For example, pathogens are aided
by a certain degree of inflammation to spread, and
since commensals do not trigger inflammation,
pathogens first need to break through the physical
barrier that the commensals constitute [59]. On
top of that, it is obvious that crowding will cause
a general competition for nutrients.

The specific host—pathogen relationship is
of great importance. The very same clone that
will cause invasive disease in one individual
will not affect others, or in many cases this
duality could exist within one individual. For
example, in 80% of severe S. aureus infections,
the individuals were infected with a strain that
had already asymptomatically colonized their
nose [60]. Also, mixed-culture experiments with
Haemophilus influenzae suggest that infections
arise from a single bacterium [61]. This supports
the notion that changing the local surroundings
could transform a commensal pathogen into a
disease-causing state. Another report showed
that persistent carriers have a higher risk of S.
aureus infections than noncarriers but a lower
risk of bacteremia-related death. [62].

Future Microbiol. (2015) 10(10)

¢ How does a pathogen differ from a
commensal?

Typically pathogens are defined by their ability
to cause harm in their hosts, but since there is
such an intricate interplay between host, patho-
gens and the commensals present (microbiota)
— that will ultimately decide whether disease will
develop — it can be very difficult to define what a
pathogen is (63]. S. pyogenes and S. aureus could
even be defined as commensal pathogens [41],
since they are continuously present in the human
population without causing disease despite being
two of the most prominent disease-causing
agents in humans.

However you define them, both traditional
pathogens and commensals need to overcome
the human immune defense, even under nonin-
flammatory circumstances. Perhaps traditional
pathogens have evolved a slightly different strat-
egy than commensals when it comes to survival
and proliferation. Pathogens could have more
mechanisms to handle the immune defense and/
or have the ability to invade human cells. These
properties might in the end be what could trig-
ger pathogens to go from colonizing bacteria to
disease-causing pathogens. The two pathogens
covered here have many ways of avoiding the
immune system [47]. Both have the ability to
invade epithelial cells (64] by binding to fibronec-
tin and activating 51 integrins that then trig-
ger ruffling and uptake of the bacteria [65,66).
Using streptolysin O, S. pyogenes can punch holes
in intracellular membranes and escape into the
cytosol [67]. This type of intracellular survival
also extends to phagocytic uptake as they can
survive being internalized by both neutrophils
and macrophages [68.69]; this has also been shown
for S. aureus [70). S. pyogenes appear to interfere
with phagosomal maturation, preventing the
fusion of granules with bactericidal content [71],
as well as blocking phagosomal acidification [72].

An interesting aspect is that of the superanti-
genic properties of certain bacterial surface pro-
teins. The staphylococcal protein A steers IgG pro-
duction to target it, and thus only need to handle
those type of antibodies [73]. Likewise, the strepto-
coccal M protein is a superantigen [74] and can also
bind IgG [75]. Since both protein A and M protein
have the ability to bind IgGFc, is that a way to keep
antibodies localized close to these superantigens?
However, with the severe side effects of this ability,
what evolved as a way to hide can also make the
situation much worse for the host if the pathogen
ends up in the wrong part of the body.
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Conclusion

In conclusion, while there are differences between
pathogens and commensals in terms of the viru-
lence factors they have and what infections they
cause, the consequences of the bacterium—host
interactions are decisively localization dependent.
For example, asymptomatic carriage of S. pyogenes
in the upper airways is obviously very different
from necrotizing soft tissue infections with the
same bacterium, underscoring the role of ana-
tomical localization. However, as discussed above,
there may also be important effects of localization
at the microscopic level, such that the behavior
of single bacterial cells may be affected by their
immediate environment on — or inside — human
cells. Research on bacterium—host interactions
has traditionally focused on invasive body sites,
as invasive infections are the most severe. This
has resulted in detailed knowledge of the molecu-
lar mechanisms involved, but it has left us with a
rather rudimentary understanding of the bacteria
and the adaptive functions of their virulence fac-
tors. This is because invasive infections, with the
bacteria reviewed here, are probably dead ends,
from which the bacteria do not transmit to new
host individuals. Thus, the bacteria used in stud-
ies of pathogenic mechanisms — including isolates
from invasive infections — have almost exclusively
noninvasive infections in their history, and have
thus evolved in noninvasive settings. In order to
understand why these bacteria have their virulence
factors, we need to study them in their normal
habitats, and this should apply to both macro- and
micro-anatomical levels. Although work on this
aspect of bacterial virulence has begun to accu-
mulate [58.76-79], at best, research is still scarce.

Future perspective
A good place to start in terms of future studies is to

Localization-triggered bacterial pathogenesis

analyze the properties of known virulence factors
in their natural surroundings, and then compare
that function with environments where they cause
disease. Also, the general behavior of different bac-
terial species as they interact with human cells in
different microenvironments with or without other
microbes, will likely yield valuable information
about the triggers that localization confers.

Technical advances have already started to
offer us the possibility of very detailed insights
into the questions discussed in this review, and
in the close future more is destined to arrive.
For instance, applying computer vision tech-
niques [80] to live imaging enables tracking of
individual bacteria while they are interacting
with human cells and/or other microbes. This is
likely a viable approach to start addressing ques-
tions such as what the normal scenario is for a
single bacterium that enters the human body.
In live biofilm studies, this type of approach
showed that the movement of individual bacte-
ria at the leading edge cleared a path for the rest
of the bacterial biofilm [81]. Similar studies of
how pathogenic bacteria move and interact with
human cells during infection processes would be
of great value — and is something that will likely
to be achieved within the next few years.
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EXECUTIVE SUMMARY

Commensalism & the skin microbiome

e Commensal bacteria can benefit the health of their host through both direct (e.g., bacteriocins) and indirect

(e.g., immune modulation) mechanisms.

e The notion ‘commensal’ may not completely apply to any microbe.

Pathogens can be commensals

e [t can be difficult to distinguish between pathogens and commensals.

e Both commensals and traditional pathogens alter their interaction with the human host depending on the local
surroundings — turning either more or less virulent.

e These localization effects could derive from the characteristics of different anatomical sites but also from local

differences within a microenvironment.
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