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Abstract

Many diseases that originate on mucosal membranes ensue from the action of polymicrobial
communities of indigenous organisms working in concert to disrupt homeostatic mechanisms.
Multi-level physical and chemical communication systems among constituent organisms underlies
polymicrobial synergy and dictates the community’s pathogenic potential or nososymbiocity, that
is, disease arising from living together with a susceptible host. Functional specialization of
community participants, often originating from metabolic co-dependence, has given rise to several
newly appreciated designations within the commensal-to-pathogen spectrum. Accessory
pathogens, while inherently commensal in a particular microenvironment, nonetheless enhance the
colonization or metabolic activity of pathogens. Keystone pathogens (bacterial drivers or alpha-
bugs) exert their influence at low abundance by modulating both the composition and levels of
community participants and by manipulating host responses. Pathobionts (or bacterial passengers)
exploit disrupted host homeostasis to flourish and promote inflammatory disease. In this review
we will discuss how commensal or pathogenic properties of organisms are not intrinsic features,
and have to be considered within the context of both the microbial community in which they reside
and the host immune status.
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The Boyz n the Hood, the Relevance of Dysbiotic Polymicrobial
Communities

The fundamental tenets of classical medical microbiology, based on laboratory studies of
organisms in isolation, have engendered significant successes against infectious diseases. A
long-standing pillar of public health policy is vaccination against diphtheria and tetanus,
diseases caused by colonization with a single exogenous pathogen. It is in some sense ironic
therefore, that such advances may have hindered our understanding of many other human
diseases which are not caused by a single organism, but rather by dysbiotic communities of
indigenous organisms working in concert (Table 1). Appreciation of the polymicrobial
nature of certain diseases, and the lack of a single, exogenous microbial target, is now well
established, and necessitates specific considerations for diagnosis, treatment and prevention.
Moreover, polymicrobial accumulations of bacteria attain quasi-organismal status due to
functional specialization of constituent species and coordination of their behavior through
sophisticated signaling systems. The concept of dysbiotic endogenous communities as
etiological agents also challenges the long-held notion that bacteria can be divided into two
categories: commensals and pathogens. After all, these are conceptual structures that
microbiologists have imposed upon organisms, they do not necessarily represent intrinsic
properties of the organisms themselves. It now appears more accurate to consider the health-
or disease- associated properties of an organism as a spectrum from commensalism to
pathogenicity encompassing many newly recognized categories such as accessory
pathogens, pathobionts and keystone pathogens. Furthermore, when referring to the potential
of an indigenous community to cause disease, ‘nososymbiocity’ (r0s0s [Greek for disease]
arising from host-microbe symbiosis [literally ‘living together’ in Greek]) may be a more
accurate term than ‘pathogenicity’, which implies the presence of causative pathogens
without considering the contextual nature of the bacterial role in health vs. disease.
Additionally, polymicrobial communities present unique challenges to the immune system.
Whereas collections of commensal organisms may contribute to the programming and
maintenance of homeostatic immunity, dysbiotic communities induce an immune response
that is ineffective, uncontrolled and destructive. In this review, we describe more recently
appreciated aspects of microbial pathogenic potential, and discuss how the relationships
among specialized community participants establish an emergent overall behavior of
microbial communities in the context of host recognition and response.

LinkedIn: Community Infrastructure

The development of heterotypic bacterial communities is a highly orchestrated process
dependent on mutual interspecies binding interactions and metabolic compatibility. The
physical association (termed coadhesion or coaggregation) of microbial species provides the
structural framework for a community [1]. Many of the pioneering studies of coadhesion,
and indeed of tissue tropisms defined by substrate-specific adherence, involved the oral
ecosystem where coadhesion drives the temporal and spatial development of the highly
heterogeneous oral biofilms [2]. For example, oral colonization by the anaerobe
Porphyromonas gingivalis is facilitated by coadhesion with the antecedent colonizer
Streptococcus gordonii [3]. Coadhesion is mediated by two sets of adhesin-receptor pairs,
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the FimA and Mfal subunit fimbriae on 2. gingivalis which respectively engage GAPDH
and the major wall protein SspA/B on the streptococcal surface [3]. The binding interaction
extends beyond passive attachment, and in 2 gingivalis a tyrosine (de)phosphorylation-
dependent signaling pathway is activated which induces a pattern of gene expression to
prepare the organisms for a community environment [4]. Furthermore, both 2. gingivalis and
S. gordonii differentially regulate a significant proportion of their expressed proteomes,
indicating extensive signaling between the organisms [5]. Cross-kingdom coadhesion
between oral streptococci and Candida albicans is also well-documented. The functionally
versatile streptococcal SspA/B protein mediates this attachment through binding to the
glycosylphosphatidylinositol (GPI)-linked candida cell wall protein Als3 [6]. The Als3
protein is uniquely expressed on hyphae, and hence streptococci decorate the hyphal
surfaces of C. albicans in mixed-species communities. Als3p also binds to multiple
staphylococcal adhesins, and this partnership can enhance staphylococcal invasion into host
tissues and consequently a disseminated staphylococcal infection [7].

The close physical association between coadhered organisms facilitates nutritional
relationships. £ gingivalis produces isobutyric acid which stimulates growth of the oral
spirochete 7reponema denticola, while T. denticola produces succinic acid which enhances
growth of P, gingivalis [8]. Contact with 7. denticola also upregulates the expression of 2
gingivalis adhesins and proteases [9]. Consequently, growth of £ gingivalisand T. denticola
in a dual species biofilm produces a significantly larger biomass compared to the total of the
individual monospecies biofilms, and the organisms are synergistically pathogenic in murine
models of periodontal disease [8, 10]. Another advantage to the community lifestyle is the
potential to benefit from the metabolic enzymes possessed by partner organisms. This
process, known as syntrophy (literally meaning ‘eating together’), allows the sequential
degradation of large heterogenous substrates. For example, a four-species consortium of oral
streptococci can digest the salivary mucin MUC5B, whereas the same species individually
are unable to degrade this complex oligomeric glycoprotein [11].

Physical associations among organisms are facilitated and augmented by chemical signaling
[12] and, as recently recognized, electrical communication through pilus-based nanowires
[13]. Chemical signaling can occur through diffusible signal factors (DSFs), quorum sensing
with short (22-23 amino acid) peptides and with autoinducers (Als), and other metabolites
such as short chain fatty acids (SCFAS), lactate, indole and hydrogen peroxide [12].
Remarkably, some bacteria such as Escherichia coliand Aggregatibacter
actinomycetemcomitans can also sense and respond to host catecholamine hormones (such
as epinephrine and norepinephrine, as well as adrenaline and noradrenaline) [14].
Communication using these diffusible signals and its impact on microbial physiology and
community development, has been extensively reviewed in recent articles [6, 12, 15, 16]. For
example, Al-2 produced by Haemophilus influenzae and sensed by Moraxella catarrhalis
leads to elevated dual-species biofilm mass containing higher numbers of viable bacteria,
along with the induction of antibiotic resistance in M. catarrhalis [17].

A trend thus emerges of organisms favoring a lifestyle in a community with other
compatible species, and indeed polymicrobial communities dominate the skin and mucosal
surfaces of humans. That is not to imply that all interactions between microbes are
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symbiotic, as there are well-documented antagonistic interactions among various species,
and consequently these organisms tend not to be found in close proximity /n vivo[1, 16, 18].
Polymicrobial synergy and antagonism therefore shapes community composition and
consequently nososymbiocity.

The Good, the Bad, and the Indifferent

An almost bewildering diversity and number of bacteria inhabit the human host, and yet in
most people, most of the time, this is the normal healthy situation. In essence, host defense
against non-self and bacterial expansion are balanced, and colonization is restricted to
superficial layers of tissue. In some cases, such as the healthy gingiva, a low level of
inflammation with controlled recruitment of neutrophils is maintained to constrain the
bacterial challenge [19]. Moreover, the indigenous microbiota can play an active role in the
maintenance of health and provide protection against exogenous pathogens. While the full
range and mechanistic basis for such colonization resistance are not fully understood, both
bacteria-bacteria and bacteria-host interactions are involved. Interbacterial interactions
include the inhibitory action of toxic metabolites, bacteriocins, antibiotics, and type VI
secretion systems, along with competition for space and nutrients [20]. Competition is more
effective between organisms that occupy similar niches and have related metabolic
requirements. As an illustration, strains of £. co/ithat inhabit the healthy gastrointestinal
(GI) tract can outcompete the closely related murine organism Citrobacter rodentium, which
serves as a model for enterohaemorrhagic (EHEC) and enteropathogenic (EPEC) E. coli
[21]. Antagonism derives from competition for structurally similar carbohydrates, and
consistent with this, Bacteroides species which have different nutritional requirements are
unable to compete with C. rodentium [21]. Host innate and adaptive immune responses to
indigenous communities can improve the protective functions of the mucosal barrier by
enhancing tight junction formation and increasing production of antimicrobial peptides,
cytokines/chemokines and secretory IgA antibodies which have been proposed to target
preferentially commensals with pathobiont potential, at least in the context of colitis [20,
22]. Furthermore, it is now apparent that the indigenous microbial community is required for
the normal development of a fully competent immune system (Box 1).

Box 1
Role of the Indigenous Microbiota in Host Immunity

On the one hand constrained by the host immune system, on the other the indigenous
microbiota regulates certain basic developmental features and functions of the immune
system [75]. The use of germ-free mice, and mice with a knockout in genes controlling
various bacterial recognition systems, has led to an appreciation that microbial
colonization is required to engender a fully functional immune system. In the absence of
the gut microbiota there is incomplete development of the gut-associated lymphoid
tissues (GALT), including Peyer’s patches, crypt patches and isolated lymphoid follicles
(ILFs). Deficiencies in the GALT, in which antigen is acquired and processed by antigen-
presenting cells, will in turn impact lymphocyte functions. Indeed, the indigenous
microbiota regulates the development of TH17 lymphocytes, a lineage of CD4* Ty cells
that produce IL-17 and IL-22 and are important for gut and oral immune competence. In
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the mouse small intestine, colonization with a single organism, a segmented filamentous
bacterium (SFB), related to Clostridia, is sufficient to produce TH17 cells [76]. The
resident microbiota is also partially responsible for the development of another CD4* T
subset, the FOXP3+ regulatory T cells (Tregs) [77]. As Tregs produce IL-10 they are
important for the prevention of uncontrolled and sustained inflammatory responses. In
addition to T cell maturation, microbial colonization is required for the generation of
IgA-producing B-cells. Through a variety of mechanisms, resident organisms cause
lamina propia dendritic cells and follicular dendritic cells to induce B cell differentiation
[78]. Epithelial function is enhanced by bacterial colonization. MyD88-dependent
bacterial signaling can improve repair of damaged epithelium and incite production of
epithelial antimicrobial proteins such as Regllly[79].

The importance of colonization resistance is evident from cases where the indigenous
microbiota is disrupted or suppressed, thereby allowing colonization by exogenous
pathogens and outgrowth of indigenous pathobionts. For instance, the administration of
broad-spectrum antibiotics in hospitalized patients can lead to substantial increases in the
abundance of pathobionts with potential for systemic dissemination and induction of septic
shock [20]. Exogenous pathogens are equipped with tools to overcome colonization
resistance, such as more efficient utilization of nutrients or iron acquisition [20]. While these
are not always considered classical virulence factors, they are, nonetheless, essential for the
early stages of the disease process. For example, EHEC strains which possess the eut operon
encoding the enzymes necessary for utilization of ethanolamine as a nitrogen source in the
ruminant reservoir may have a competitive advantage in microenvironments rich in
indigenous £. colistrains that lack, or poorly express, this operon [23].

Notwithstanding the benefits of the indigenous microbiota, an increase in nososymbiocity is
the basis of a number of diseases (Table 1). A variety of factors can underlie the transition of
a microbial community to a dysbiotic state (see below and Figure 1, Key Figure). For
instance, alterations in host status affecting immune competence or nutrient availability
could modulate polymicrobial community composition, the metatranscriptional landscape,
or translocation to previously sterile sites. As a community develops, changes to the
microenvironment such as availability of oxygen or pH can provide physiological support
for the outgrowth or over-representation of dyshiotic organisms [3, 16]. Given the
complexity of microbial communities, along with metabolic partitioning within the
community, a metastable state is likely to prevail. Thus, once a dysbiotic condition has been
induced, disease potential could persist for an extended time. Below we review in greater
detail and with specific examples a triad of protagonists in a dyshiotic community, accessory
pathogens, keystone pathogens, and pathobionts.

Lending a Helping Hand: Accessory Pathogens

As a concept associated with pathogenicity, virulence can be meaningfully defined only in
the context of a susceptible host. Accordingly, whether an organism can behave as a
‘pathogen’ or ‘commensal’ may not necessarily be predicted from its capacity, or lack
thereof, to express classical ‘virulence factors’, such as cytotoxins, capsular polysaccharide,
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or invasins. Therefore, with diseases caused by dysbiotic microbial communities, virulence
may refer to any microbial trait that can elevate the pathogenicity of the community. In other
words, a microbial function that by itself may not contribute to disease, may do so in an
interactive multi-species community, characterized by functional specialization of
constituent organisms. This notion has recently shifted our perception away from a
commensal-pathogen duality to a more nuanced, context-dependent view of microbial
pathogenic potential [24].

Accessory pathogens are a subset of organisms that, while generally perceived as
commensal, under certain conditions can act synergistically to support or enhance the
virulence of disease-associated organisms (Figure 1). Traditionally an archetypal oral
commensal, S. gordoniiis now appreciated as an accessory pathogen par excellence. Not
only does the organism provide an attachment substratum for colonization by the keystone
periodontal pathogen P, gingivalis, but dual species communities of S. gordoniiand P,
gingivalis are more pathogenic in animal models compared to either species alone [25, 26].
Remarkably, S. gordoniialso promotes the pathogenicity of A. actinomycetemcomitans,
another important periodontitis-associated organism, by cross-feeding with L-lactate, a
metabolic by-product of S. gordonii[27]. To enable cross-feeding, A.
actinomycetemcomitans employs a detoxification and dispersion (or “fight and flight’)
response to reduce exposure to inhibitory levels of streptococcal H,O, while keeping at an
optimal ‘safe’ distance from S. gordonii[28]. Such “fight and flight’ interactions can lead to
defined spatial arrangements of the various species within communities, thereby optimizing
the function of the community as a whole [28].

Reflective of the contextual-dependence of microbial influence, both on other organisms and
on the host, £, gingivalis can function as an accessory pathogen in lower airway infection. 2
gingivalis enhances the pathogenicity of Pseudomonas aeruginosa in obstructive pulmonary
disease exacerbations [29, 30]. Further, 2 gingivalis promotes the ability of £ aeruginosato
invade respiratory epithelial cells and modulates its apoptosis-inducing capacity, potentially
enhancing the ability to establish infection [29, 30]. Moreover, Al-2 produced by
oropharyngeal bacteria modulates gene expression of P aeruginosa and appears to contribute
to lung pathology [31]. Indeed, P aeruginosa, while unable to produce Al-2, can sense and
respond to the signal. Co-culture of P, aeruginosa with Al-2—producing strains of
staphylococci and streptococci enhances virulence gene expression and increases tissue
damage caused by £ aeruginosain a rat lung model [31]. Staphylococci and streptococci are
often present in the lungs of cystic fibrosis (CF) patients where they may thus act as
accessory pathogens and contribute to a polymicrobial etiology of CF.

In the gut, Bacteroides thetaiotaomicron produces fucosidases that use host-derived glycans
to generate fucose, which activates the fucose sensor FuskKR of EHEC. FusKR activation, in
turn, leads to the expression of genes that modulate EHEC pathogenicity and metabolism
[32]. Additionally, certain short-chain fatty acids (e.g., acetate and butyrate) produced by
intestinal Bacteroides species can increase virulence gene expression in other organisms,
such as the SPI-1 invasion genes in Sa/monella enterica serovar Typhimurium [33] and the
locus of enterocyte effacement (LEE) genes that are required for cell adherence of EHEC
and induction of attaching and effacing lesions [34]. Succinate, a common metabolite of
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gastrointestinal Bacteroides also promotes nososymbiocity. EHEC virulence gene expression
is enhanced by succinate through the transcription factor Cra, which is functionally sensitive
to succinate concentrations [35]. However, non-pathogenic £. colican also possess Cra, and
the extent to which succinate-mediated interactions are important for disease in the presence
of multiple microbial interactions remains to be determined. Indeed, it is important to
emphasize that the above examples are components of complex metabolic interactions
among bacteria, and that metabolites are likely utilized by other community members which
may be critical for disease development. Interactions between typical and accessory
pathogens represent only a part of the entire picture of microbial interactions in disease
development. For example, the influence of keystone pathogens in microbiota transition may
be the result of multiple interactions among community constituents.

Given the widespread distribution and numerical abundance of oral streptococci and
gastrointestinal Bacteroides, it is unlikely that these organisms evolved as accessory
pathogens; rather their role is more likely unwitting, rather than willing, participants. Hence,
while exogenous pathogens employ strategies to overcome colonization resistance,
endogenous bacteria with pathogenic potential exploit the inherent metabolic and/or
colonization properties of their microbial neighbors to increase the nososymbiocity of the
community.

Master Manipulators: Keystone Pathogens

In the ecological literature, the term ‘keystone’ was introduced to characterize species whose
influence on their communities is disproportionately large relative to their abundance, thus
forming the ‘keystone’ of the community’s structure [36]. Accordingly, the keystone-
pathogen hypothesis holds that certain low-abundance microbes can promote the formation
of and stabilize dysbiotic and disease-provoking communities [37] (Figure 1). In remodeling
a normally symbiotic microbiota into a dysbiotic one, keystone pathogens can cause both
quantitative (increased biomass) and qualitative alterations to the microbiota. The latter
involve changes in microbial composition, the metatranscriptome and the metaproteome.
Keystone pathogen-induced alterations to the microbiota may be mediated through effects
on the host (subversion of the immune response) or — more directly — on the microbial
community via interspecies interactions with other member species [19, 38-42].

Consistent with the keystone-pathogen concept, a recent study on the intestinal innate
immune response of gnotobiotic zebrafish showed that combinations of distinct bacterial
species induce immune responses that do not reflect the numerically dominant species [43].
Rather, different species exert different ‘per capita’ immunostimulatory effects, suggesting
that knowledge of specific properties of individual species may provide predictive insights
into the function of multi-species communities [43]. Moreover, the fact that minor members
can exert dominant effects challenges the Occam’s razor interpretation (which is inherent in
compositional analyses) that the relative abundances of different taxa or species can have
predictive value for pathology. Using a time-series algorithm called LIMITS (Learning
Interactions from MIcrobial Time Series) to infer ecological interaction networks in the gut
microbiome, a recent study identified keystone species with disproportionate influence on
the gut microbiome structure despite their under-representation according to metagenomics
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abundance data [44]. Interestingly, one of two such species identified is Bacteroides fragilis
for which there is experimental evidence that it may act as a keystone species (below). The

other putative keystone species identified is Bacteroides stercosis [44], which has also been
associated with increased risk of colon cancer [45].

In colorectal cancer, B. fragilis, a low-abundance member of the colonic bacterial
community (£1-2%), has been proposed to be an ‘alpha-bug’ (a functional synonym for a
keystone pathogen) which remodels the colonic microbiota and co-opts it in a collaborative
manner to induce colon cancer [46]. In this regard, enterotoxigenic B. fragilis (ETBF), an
organism associated with acute diarrheal disease and colorectal cancer in humans [47],
induces formation of colon tumors in multiple intestinal neoplasia (Min) mice through a
Stat3- and Th17-dependent inflammatory pathway [48] (Figure 2), which has been
associated with poor prognosis in human colon cancer [49]. In contrast, nontoxigenic B.
fragilis (NTBF) fails to activate the Stat3-Th17 pathway and cause colon cancer despite
colonizing Min mice [48]. In fact, NTBF expresses polysaccharide A, a symbiosis factor that
inhibits intestinal Th17 responses [50] (Figure 2). Antibiotic treatment of ETBF-colonized
Min mice alters the carcinogenesis rate without interfering with ETBF colonization,
suggesting that the interaction of ETBF with the colonic microbiota modulates the outcome
of colon carcinogenesis [46]. The underlying mechanisms are uncertain, but it can be
speculated that the ability of ETBF to induce Th17-mediated inflammation modifies the
intraluminal environment in a manner that alters the colonic microbiota and its oncogenic
potential. Alternatively or additionally, the environmental changes (inflammation and the
growing tumor) may selectively suppress the growth of cancer-protective species while
promoting the outgrowth of tumor-foraging opportunistic pathogens. The latter possibility
has been proposed though a bacterial driver—passenger model for colorectal cancer, the
driver aspect of which is related to the 'alpha-bug' hypothesis [51]. Specifically, ‘bacterial
drivers’ deliver the “first hit’ (e.g., inflammation and DNA damage contributing to initiation
of colorectal cancer) and promote the emergence of ‘bacterial passengers’, that is,
opportunistic pathobionts that thrive in the tumorigenic environment and exacerbate
pathology [51] (Figure 2).

In a mouse model of periodontitis, 2 gingivalis fails to cause disease in germ-free mice
despite colonizing this host [38]. In stark contrast, in conventional (specific-pathogen-free)
mice, the same bacterium transforms the periodontal microbiota into a dysbiotic,
periodontitis-causing community, as long as complement and Toll-like receptor signaling
pathways remain intact [38, 39]. In this regard, the ability of P gingivalisto induce
subversive crosstalk between Toll-like and complement receptors on leukocytes leads to
selective inhibition of antimicrobial responses and promotion of destructive inflammation,
which generates nutritional substrates for the bacteria [24, 39, 52]. Thus, not only does the
impairment of host immunity allow unchecked bacterial growth, but also the resulting
inflammatory environment favors the development of a subset of species that can capitalize
on the inflammatory spoils (tissue breakdown products such as collagen peptides).

Human ulcerative colitis is an inflammatory bowel disease that can be modeled in TRUC
mice which are deficient in both the transcription factor T-bet and the adaptive immune
response (7-ber’~ x RagZ™'") [53]. The development of colitis in TRUC mice correlates

Trends Microbiol. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hajishengallis and Lamont Page 9

strongly with the presence of Klebsiella pneumoniae and Proteus mirabilis. The two
organisms together induce colitis in specific-pathogen-free wild-type mice but not in germ-
free TRUC mice, suggesting that their colitogenicity requires the indigenous microbial
community rather than a host with altered immune function [54]. Although K. pneumoniae
and P mirabilis can co-colonize germ-free mice at high levels, they constitute less than 1%
of the total fecal microbiota of TRUC mice or of infected wild-type mice [54]. The nature of
the interactions of K. pneumoniae and P. mirabilis with the gut microbiota is largely
uncertain. Although the action of the two colitogenic organisms seems consistent with that
of keystone pathogens, an alternative interpretation is that the indigenous microbiota may
induce or prime immunological processes that facilitate destructive inflammatory responses
by K. pneumoniae and P. mirabilis.

The observation that TRUC mothers could transmit colitis to cross-fostered wild-type pups
[54] indicates that, at least under certain conditions, dysbiosis can be a cause, rather than a
consequence, of inflammation. In a similar context, the colitogenic activity of an altered
microbiota due to genetic deficiency in NLRP6 inflammasome could be transmitted to cross-
fostered neonatal or co-housed adult wild-type mice [55]. In general, dysbiosis and
inflammation can certainly reinforce each other regardless of which was the original cause.
Intriguingly, not only can inflammation foster the growth of so-called ‘inflammophilic’
bacteria that thrive on inflammatory tissue breakdown products [56] but inflammation can
also be sensed directly by bacteria to alter their virulence phenotype. For instance,
interleukin-1p (IL- 1) and tumor necrosis factor (TNF) can promote, respectively, the
growth and virulence potential of certain pathogens that bind these cytokines through
specific receptors [57, 58]. Similarly, 2 aeruginosa can bind to interferon-y through the
outer-membrane porin OprF, thereby increasing the expression of quorum-sensing—
dependent virulence determinants, PA-I lectin and pyocyanin, both of which can disrupt
epithelial cell function [59]. Although these experiments were performed using high, non-
physiological, concentrations of interferon-y, the specificity of the interaction was validated
by using seven other human cytokines at the same concentration. Moreover, acute gut
inflammation leads to the generation of a respiratory electron acceptor (tetrathionate) for
Salmonella, which thereby out-competes other microbes that rely on anaerobic fermentation
[60]. 1t should be noted, however, that Salmonellais a ‘dominant’ rather than ‘keystone’
pathogen, since it causes gut infection and inflammation while becoming established as the
dominant component of the microbiota [61].

In diametric contrast to keystone pathogens, low-abundance symbionts with the ability to
stabilize a microbiota in ways that suppress its nososymbiocity were referred to as ‘keystone
stabilizers’ [62]. In this regard, B. thetaiotaomicron induces the antimicrobial peptide
angiogenin, which kills opportunistic or pathogenic organisms but not B. thetaiotaomicron
or other indigenous bacteria [63]. Moreover, B. thetaiotaomicron can suppress inflammation
via PPARy-dependent nuclear export of the p65 subunit of the NF-xB transcription factor
[64]. However, as noted above, B. thetaiotaomicron can also upregulate virulence gene
expression in EHEC [32], underscoring the contextual nature of classifying bacterial disease
potential. In a gnotobiotic zebrafish model, low-abundance Shewanella (probiotic species
used in aquaculture) acts as a keystone stabilizer by exerting a disproportionately large effect
on intestinal neutrophil influx [43]. Specifically, Shewanella secretes an anti-inflammatory
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factor that overrides the pro-inflammatory effects of high-abundance species of the
community [43]. Numerically minor constituents of microbial communities, therefore, can
enhance or reduce nososymbiocity, leading to the notion that functional cataloging of
community members is a more relevant prognostic measure than abundance determinations.

Cry Havoc and Let Slip the Pathobionts

Pathobionts are organisms that are generally benign within an indigenous community but
become pathogenic when host-microbe homeostasis breaks down under certain conditions,
such as antibiotic treatment, tissue damage, dietary shifts, and especially immune
deficiencies [20, 65] (Figure 1). As indicated below with specific examples, these conditions
can potentially promote the outgrowth of pathobionts and disrupt a symbiotic microbiota
resulting in dysbiosis and inflammation. Additionally, the resulting environmental changes
in affected tissues may induce the recruitment of circulating inflammatory cells that
recognize as ‘danger’ indigenous bacteria that would otherwise be ignored by resident
phagocytes. This can exacerbate inflammatory pathology, especially in
immunocompromised hosts that cannot readily control indigenous bacteria.

Clostridium difficile can be found at low levels in the healthy human gut. However, its
abundance is substantially increased and coincides with severe intestinal inflammation after
treatment with broad-spectrum antibiotics that disrupt the indigenous microbiota [20].
Similarly, in a mouse model of C. difficile infection, antibiotic treatment promotes the
ability of this organism to colonize the gut at high levels and induce inflammation.
Antibiotic treatment also facilitates the outgrowth of vancomycin-resistant Enterococcus that
can potentially disseminate and cause systemic organ infection [20].

Under normal conditions, the mouse host seems to be in balance with hemolysin hpmA-
producing P. mirabilis in the gut. However, intestinal tissue damage causes CCR2-dependent
recruitment of NLRP3 inflammasome-expressing blood monocytes, which respond to £~
mirabilis with robust IL-1p release leading to exacerbation of inflammation [66]. In ligature-
induced periodontitis in mice, tissue damage is associated with the expansion of vy-
proteobacteria species (perhaps due to increased availability of nutrients from inflammatory
tissue breakdown), which proactively aggravate destructive periodontal inflammation by
activating the cytosolic receptor Nod1 [67].

A diet rich in milk-derived saturated fat (but not one rich in safflower oil-derived
polyunsaturated fat) was shown to promote the generation of taurocholic acid, which in turn
causes an increase in the abundance of Bilophila wadsworthia and development of colitis in
IL-10-deficient mice [68].

Impaired IL-18 production in NLRP6 inflammasome-deficient mice is associated with an
abnormal expansion of Prevotellaceae and the candidate division TM7, resulting in
exacerbation of chemical colitis [55]. In leukocyte adhesion deficiency, the dysregulated host
inflammatory response fosters a nutritionally favorable environment for bacterial growth and
development of a compositionally unique microbiome of pathobionts, which can further
exacerbate periodontal disease [69, 70]. Therefore, expansion of pathobionts, represents a
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potential tipping point in the development of nososymbiocity at mucosal surfaces. With the
increase in metabolic activities of the pathobionts and spread into adjacent tissues, host-
microbe homeostasis is unlikely to be readily restored without intervention to control a
vigorous, tissue-damaging inflammatory response.

Concluding Remarks

Collectively, emerging evidence supports the concept that many inflammatory diseases may
not be caused by individual bacteria perceived as ‘causative pathogens’, but rather by an
entire microbial community under the influence of specific organisms and/or conditions
(e.g., broad-spectrum antibiotic treatment, shifts in diet, or immune deficiencies) that can tip
the balance from homeostasis to destructive inflammation (see Outstanding Questions).
Evidence from mouse models of inflammatory disease suggests that even in hosts with
normal immune systems, the immune response can potentially be subverted by keystone
pathogens and subsequently be overactivated by pathobionts, thereby linking disrupted
homeostasis to destructive inflammation. In this scenario, pathobionts act downstream of
keystone pathogens, which in turn may act downstream of accessory pathogens that provide
nutritional or colonization support. However, the ability of the pathobionts to cause disease
is not necessarily reliant on the presence of keystone pathogens, which constitute one of
several known mechanisms for homeostasis breakdown (Figure 1), suggesting that keystone
pathogens are risk factors rather than causative agents of disease. As outlined above, the
same bacteria may act as beneficial bacteria (keystone stabilizers) in one context and as
accessory pathogens in another. Moreover, bacteria can act as accessory or keystone
pathogens in different contexts. Therefore, the terms ‘accessory pathogens’, ‘keystone
pathogens’, and ‘pathobionts’ refer to contextual properties of constituent members in a
nososymbiotic community rather than to invariable intrinsic properties of specific bacterial
species or strains thereof.

Outstanding Questions

» What is the full range and nature of the triggers that convert an indigenous
microbial community to a dysbiotic state?

» To what extent do interbacterial interactions defined /n vitro or in animal models
reflect the situation in human ecosystems?

«  Can community engineering suppress the influence of keystone pathogens, or
enhance aspects of the immune response to prevent a dysbiotic switch?

e Can detection of community alterations be used prospectively as a biomarker for
disease development?

»  Can the pathogenic potential or nososymbiocity of indigenous polymicrobial
communities be predicted by compositional or quantitative analyses irrespective
of parallel analysis of the immune status of the host?

e Can microbial communities model more complex societies and facilitate testing
of parameters that maintain community well-being?
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Restoring immune function in immunocompromised patients and controlling environmental
variables (e.g., antibiotics and diet) in patients regardless of immune status should contribute
to immune homeostasis and health. Novel and potentially effective approaches to prevention
and treatment of polymicrobial inflammatory diseases may be to interfere with the
synergistic mechanisms that drive nososymbiocity, such as targeting relevant key
interspecies interactions or the host signaling circuitry that is exploited for microbial
subversion of the immune response.
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Trends Box

»  The emerging appreciation that certain inflammatory diseases are initiated by
multi-species communities, wherein constituent organisms contribute to disease
collectively rather than individually, challenges the notion that bacteria can be
divided into two categories: commensals and pathogens.

e A more nuanced understanding of microbial pathogenic potential views the
health- or disease- associated properties of a given microbe as a spectrum that
ranges from commensalism to pathogenicity, dependent upon the nature of its
interactions with other community members and the host’s condition.

»  Within this spectrum, newly recognized categories include ‘accessory
pathogens’, ‘keystone pathogens’, and pathobionts.

»  When referring to the potential of an indigenous community to cause disease,
‘nososymbiocity’ may be a more context-dependent and accurate term than
‘pathogenicity’.
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Figure 1. Factors That Promote Dysbiosis
Mucosal inflammatory disease is induced under certain conditions by a polymicrobial

community, in which different members have distinct and synergistic roles that promote
destructive inflammation. Keystone pathogens — which are aided by accessory pathogens in
terms of nutritional and/or colonization support — initially subvert host immunity leading to
the emergence of a dysbiotic microbiota, in which commensal-turned pathobionts
overactivate the inflammatory response and cause tissue destruction. Inflammation can
exacerbate dysbiosis through several mechanisms ([56—60]; see text for details), hence
inflammation and dysbiosis positively reinforce each other. Additional risk factors that shift
the balance towards dysbiosis and the emergence of inflammophilic pathobionts include (but
are not limited to) frequent use of antibiotics, high-fat diet, tissue injury, and immune
deficiencies. These factors could promote dysbiosis by acting individually or in
combination.
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Figure 2. Alpha-bugs and Colon Cancer
Enterotoxigenic B. fragilis (ETBF) drives persistent Th17- and IL-17-dependent

inflammation by activating signal transducer and activator of transcription 3 (STAT3)
signaling in the colon, which leads to colonic hyperplasia and tumor formation in the
multiple intestinal neoplasia (Min) mouse model. Min mice are susceptible to development
of intestinal adenomas, hence ETBF-induced carcinogenesis requires a host with
predisposing genetic traits or, in general, particular disease modifiers. ETBF also secretes a
pro-oncogenic toxin (B. fragilis toxin; BFT). In contrast, non-enterotoxigenic B. fragilis
(NTBF) produces polysaccharide A (PSA) which inhibits intestinal Th17 responses.
According to the ‘alpha-bug’ hypothesis, alpha-bugs are not simply pro-oncogenic but can
remodel the colonic bacterial community to a state that enhances mucosal inflammation and
pro-oncogenic activity, resulting in colon cancer. Consistent with this, an alpha bug could be
the “driver’ in the bacterial driver—passenger model for colorectal cancer, where the
consequences of its actions (inflammatory tumorigenic environment) could lead to the
emergence of opportunistic pathogens ("passengers’) that can exacerbate pathology leading
to colon cancer.
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Table 1

Examples of Interbacterial Interactions in Polymicrobial Community Diseases

Page 19

gordonii

Disease Interacting organisms& Mechanism of interaction and outcome Refs
Wound Infections Staphylococcus aureus — In dual species biofilms expression of staphylococcal [71, 72]
Pseudomonas aeruginosa Panton-Valentine toxin and a-hemolysin is increased.
P, aeruginosa responds to staphylococcal
peptidoglycan by elevated production of quinolone
signal (PQS) controlled virulence factors.
Cystic fibrosis P, aeruginosa - Burkholderia Diffusible signal factor (DSF) family molecules [73]
cenocepaciaand (cis-2-unsaturated fatty acids) produced by B.
Stenotrophomonas maltophilia cenocepaciaand S. maltophiliaincrease P, aeruginosa
persistence and antibiotic resistance.
Otitis media Haemophilus influenzae - Al-2 produced by H. influenzae increases mixed [17]
Moraxella catarrhalis biofilm development and antibiotic resistance in M.
catarrhalis.
Gastrointestinal infections Bacteroides. thetaiotaomicron - B. thetaiotaomicron produces fucosidases that [32, 34, 35]
EHEC generate fucose from host-derived glycans. Fucose
increases EHEC virulence gene expression by
activating FuskKR. Short chain fatty acids and
succinate produced by Bacteroides also increase
virulence gene expression in EHEC.
Oropharyngeal candidiasis Candida albicans — Streptococcal Al-2, peptidoglycan and peroxide can [6, 74]
Streptococcus oralisand S. increase Candidafilamentation and dissemination.
gordonii
Localized aggressive periodontitis | Aggregatibacter A. actinomycetemcomitans preferentially utilizes [15, 28]
actinomycetemcomitans— S. lactate produced by S. gordonii, and peroxide
gordonii generated by S. gordoniiincreases expression of
virulence genes in A. actinomycetemcomitans.
Chronic periodontitis Porphyromonas gingivalis— S. Co-adhesion initiates tyrosine (de) phosphorylation [3, 4]

dependent signaling pathway in 2. gingivalis that
enhances dual species biofilm development.

a . - . - . T . . .
Examples of organisms for which interspecies communication has been defined. These polymicrobial infections can involve several other species

and additional synergistic interactions.
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