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Pathogenic bacteria have evolved a variety of highly selective adhesins allowing these microbes to engage speciﬁc surface
determinants of their eukaryotic host cells. Receptor clustering induced by the multivalent microorganisms will not only anchor the
bacteria to the tissue, but will inevitably trigger host cell signaling. It has become clear, that these bacteria-initiated signaling events
can be seen as a form of localized communication with host epithelial cells. Such a microscale communication can have immediate
consequences in the form of changes in host cell membrane morphology or cytoskeletal organization, but can also lead to
transcriptional responses and medium- and long-term alterations in cellular physiology. In this review, we will discuss several
examples of this form of microscale communication between bacterial pathogens and mammalian host cells and try to delineate
their downstream ramiﬁcations in the infection process. Furthermore, we will highlight recent ﬁndings that specialized pathogenic
bacteria utilize the adhesin-based interaction to diffuse the short-range messenger molecule nitric oxide into the host tissue. While
anti-adhesive strategies to disrupt the initial bacterial attachment have not yet translated into medical applications, the ability to
interfere with the microscale communication emanating on the host side provides an unconventional approach for preventing
infectious diseases.
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INTRODUCTION
Microorganisms can tightly interact with host tissues by employing dedicated proteins, so-called adhesins, to engage surface
structures of their target cells. In many cases, these speciﬁc
binding events determine not only the cell type tropism, but also
the species speciﬁcity of the infecting organism. A structural and
biochemical understanding of these molecular interactions is
helpful to elucidate the details of such speciﬁc binding events.
However, to appreciate the role of these interactions during the
infection process it is important to unravel the functional
consequences downstream of the adhesin–receptor interplay.
Indeed, the engagement of host surface structures by bacterial
adhesins goes well beyond the mere physical association. The
multivalent nature of the adhesin-covered bacterial surface will
result in receptor clustering and will initiate intracellular signaling
in eukaryotic cells. In that way, bacteria can orchestrate, from the
outside, a multitude of intracellular responses ranging from
cytoskeletal rearrangements, changes in membrane morphology,
and vesicle trafﬁcking to modulation of gene expression. Seen
from this perspective, it becomes obvious that the choice of host
receptor(s) targeted by bacterial adhesins can be decisive for all
downstream processes in the interaction between pathogens and
their host. An emerging theme in this ﬁeld is the recognition that
the tight interaction afforded by adhesin-mediated contact also
sets the stage for the exchange of additional bacterial products,
often transferred by dedicated translocation systems or provided
in the form of membrane permeable intermediates of bacterial

metabolism such as short chain fatty acids (SCFAs) or even
gaseous messengers such as nitric oxide (NO). In this review, we
will discuss several examples, where the initial adhesin-mediated
contact is the pre-requisite for further exchange and molecular
communication on a microscale. We hope that these representative cases will illustrate the sophisticated interplay occurring at the
microbe-epithelial interface and guide the way to innovative
measures to intercept bacterial infections at this early point.
HOST RESPONSES ELICITED BY ADHESIN–RECEPTOR BINDING
Surface expressed adhesins are mostly unique for a given bacterial
species and encompass integral membrane proteins (e.g., classical
beta-barrel outer membrane proteins (OMPs) such as neisserial
Opa proteins or Haemophilus OMP P1 [1, 2]) as well as complex
extracellular macromolecular assemblies (e.g. such as ﬁmbriae and
pili [3, 4]). These differences in the molecular make up also form
the basis for the classic separation in ﬁmbrial adhesins, which are
associated with surface appendages visible in electron microscopy
and variously termed pili, ﬁmbriae, or ﬁbrils, versus the so-called
aﬁmbrial adhesins. For ﬁmbria and pili, the adhesin proper is often
only a minor component of the heteromeric, multisubunit protein
complexes, which make up the hair-like extracellular structure. A
classic example for these types of adhesive structures are the P-pili
of uropathogenic Escherischia coli (UPEC), which are mainly build
by the structural protein PapA [5]. Localized at the tip of P-pili are
the minor pilus subunits PapE, PapF, PapK, and PapG, with the
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actual adhesin, PapG, at the far distal tip of the ﬁbril. PapG has
lectin-like properties and binds to galactose-α(1–4)-galactosecontaining glycolipids [6]. With few exceptions, most ﬁmbrial
adhesins operate as lectins and recognize speciﬁc glycan moieties
found on various glycoproteins and glycolipids of their host
organisms. For example, more than 35 distinct ﬁbrillar adhesins
have been identiﬁed so far in the genomes of pathogenic E. coli
strains isolated from different host organisms [7]. Testing a
selection of these adhesins on glycan arrays demonstrated that
their binding speciﬁcity for particular carbohydrate linkages
matches the occurrence of these structures in their respective
hosts [8]. However, as these glycan structures usually are
contained within different glycoproteins and glycolipids alike,
binding to glycan residues usually does not trigger a uniform
intracellular signaling response, but rather engages a variety of
different surface determinants on the infected cell. Exceptions are
seen in situations, where few, highly abundant glycoproteins are
present on particular host cell types. One well-described example
in this regard is the ﬁmbrial tip-associated adhesin FimH encoded
by many UPEC strains [9]. FimH binds to α-D-mannosylated
glycoproteins, which are highly abundant on the bladder
epithelium in the form of uroplakins [10]. Uroplakin Ia (UPIa)
together with additional uroplakins is embedded into lipid rafts of
the urothelial plasma membrane [11]. FimH engages UPIa in a
catch-bond manner triggering a conformational change of the
uroplakin complex [12–14] resulting in the casein kinase IImediated phosphorylation of threonine residues in the UPIIIa
cytoplasmic tail [15]. These modiﬁcations of the bacteria-engaged
receptor translate into stimulation of deﬁned intracellular signaling cascades such as activation of phosphatidylinositol 3-kinase
(PI3K) accompanied by local phosphatidylinositol 3,4,5-triphosphate (PIP3) and calcium elevation [16], phosphorylation of FAK,
and complex formation between α-actinin and vinculin [17].
Together, these receptor-triggered intracellular signals are responsible for the observed actin cytoskeleton rearrangements, which
result in plasma membrane zippering around UPEC and UPEC
bladder invasion [16].
In contrast to the mostly glycan-binding ﬁmbrial adhesins, such
a highly focused activation of intracellular signaling as summarized here for FimH-triggered uroplakin signaling is usually a
hallmark of aﬁmbrial adhesins. Indeed, aﬁmbrial adhesins often
engage a single, speciﬁed host receptor via direct protein-protein
interactions. In that sense, aﬁmbrial adhesins on the bacterial
surface are ideally suited to cluster a speciﬁed receptor and trigger
a deﬁned signaling pathway (see next chapter and Table 1).
Though ﬁmbrial adhesins are less common in gram-positive
microorganisms, several pathogens including Streptococcus pyogenes, Streptococcus agalactiae, Streptococcus pneumoniae, Corynebacterium diphtheriae, or Staphylococcus aureus also produce
ﬁbrillar surface appendages. The ﬁmbrial proteins are secreted via
the Sec pathway and processed by sortase enzymes, which
covalently link the pilin subunits and attach the ﬁmbrial base to
peptidoglycan [18, 19]. Similar to pili of gram-negative bacteria,
also pili of gram-positive bacteria consist of major structural
proteins and dedicated adhesins. For example, the pilus of S.
pneumoniae harbors the minor pilus subunit RrgA, which functions
as the adhesin and which has homologues in other pathogenic
streptococci such as S. pyogenes or S. agalactiae [20–22].
Interestingly, elucidation of the RrgA crystal structure revealed
that the adhesin harbors an integrin I domain-like binding site for
extracellular matrix proteins such as collagen [23]. Furthermore,
RrgA forms a polybasic, cradle-shaped surface, which might allow
recognition of acidic carbohydrate structures present in the form
of sulfated glycosaminoglycans in host target tissues [23].
Therefore, the 94 kDa RrgA protein combines carbohydrate
recognition (as found in ﬁmbrial adhesins of gram-negative
bacteria) with a speciﬁc protein-protein interaction module (as
found in aﬁmbrial adhesins of gram-negative bacteria).

MICROBE-INDUCED HOST CELL RESPONSES BY AFIMBRIAL
ADHESINS
Besides pilus- or ﬁmbriae-associated adhesins, numerous pathogens employ aﬁmbrial adhesins to bind to host cells and stimulate
signaling processes. While aﬁmbrial adhesins can be tightly
integrated into the bacterial outer membrane, often they consist
of elongated molecules, which place the host-cell-binding site at a
distance from the bacterial surface. Examples for this type of
aﬁmbrial adhesins are the trimeric autotransporter adhesins
(TAAs) also termed oligomeric coiled-coil adhesins. Here, the
spacing of the globular, amino-terminal head domain away from
the bacterial surface is accomplished by a stalk-like coiled-coil
domain [24]. Members of this family of adhesins are found in
numerous gram-negative bacteria [25]. A common feature of
these adhesins resides in their carboxy-terminus, which is
embedded into the outer membrane and functions as an
autotransporter to shuttle the passenger part (stalk and head
domain) to the bacterial surface [25]. Prominent and well-studied
TAAs are YadA of Yersinia enterocolitica [26], NadA of Neisseria
meningitidis [27], UspA1 of Moraxella catarrhalis [28], BadA of
Bartonella henselae [29], or Ata of Acinetobacter baumannii [30].
The host targets of the Yersinia adhesin A (YadA) have been
studied in detail, as this adhesin is tightly connected to Yersinia
virulence. Similar to other TAAs, the head domain of YadA
engages in a direct protein–protein interaction with extracellular
matrix proteins including collagen, ﬁbronectin, and laminin
[31, 32]. Thereby, the bacteria can indirectly engage host cell
integrins and trigger integrin signaling. Indeed, infection of
different cell types with Yersinia or YadA-expressing E. coli
activates known integrin-triggered cytoplasmic signaling modules
including focal adhesion kinase and phosphatidylinositol(PI)-3′
kinase [33–35]. In addition to YadA, Y. pseudotuberculosis and Y.
enterocolitica express a second aﬁmbrial surface adhesin, which
targets integrins and which has been termed invasin, as it triggers
the actin cytoskeleton-dependent internalization of Yersinia into
non-phagocytic cells. In contrast to YadA, invasin directly engages
the integrin β1 subunit with 100-fold higher afﬁnity than the
physiological integrin ligands ﬁbronectin, collagen, or laminin [36].
Despite this extraordinary afﬁnity, invasin triggers similar integrininitiated intracellular signaling events such as activation of focal
adhesion kinase and PI-3′ kinase [37, 38].
Both, invasin- and YadA-mediated binding will position the
microorganism close to the host cell membrane, allowing type III
secretion system-mediated translocation of effector molecules
[39]. Such translocated effectors are optimized to alter cellular
functions from within the infected host cell. In this context, it
becomes apparent that the adhesin-mediated contact helps to
precipitate the bacterial effector secretion onto a single host cell.
This aspect of intimate host cell association afforded by aﬁmbrial
adhesins will also be discussed further in the next section.
When we now turn to additional examples of aﬁmbrial bacterial
adhesins, it becomes obvious that similar to integrins, other
mammalian cell adhesion proteins, such as cadherins and
immunoglobulin-related cell adhesion molecules (IgCAMs), are
also preferred targets for bacterial pathogens. The extraordinary
prevalence of cell adhesion proteins to serve as adhesin receptors
surely relies on their prominent surface exposure on the host cell.
Moreover, mammalian adhesion proteins are often conserved,
essential components of the host, where evasion from pathogen
binding, e.g., by mutation of adhesin binding sites, would not be
compatible with their physiological role. Most importantly, cell
adhesion proteins in general are functionally connected to the
intracellular actin cytoskeleton affording bound bacteria with a
means to orchestrate cytoskeletal organization. This is nicely
exempliﬁed in the case of Listeria monocytogenes, a gram-positive
bacterium, which causes the foodborne disease listeriosis. In the
ﬁrst step of infection, the aﬁmbrial, cell wall attached adhesin
InternalinA (InlA) of L. monocytogenes binds to E-cadherin [40].
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Fig. 1 Schematic overview of host cell processes initiated by microbe-derived NO. Host-adapted bacteria (such as OpaCEA-expressing N.
gonorrhoeae) can intimately bind to the apical surface of mucosal epithelial cells, e.g., by engaging members of the human CEACAM family.
Under low oxygen conditions, CEACAM-associated gonococci produce nitric oxide (NO) due to nitrite respiration in an anaerobic environment
as found in the genital tract. The gaseous radical NO penetrates membranes and can reach the neighboring host cell cytoplasm within a
micrometer distance. There, nanomolar concentrations of NO initiate a conserved eukaryotic signaling pathway involving soluble guanylate
cyclase (sGC), protein kinase G, and the transcription factor CREB to upregulate CD105 expression. De novo expression of CD105, by extracting
the adapter molecule zyxin from focal adhesions, leads to increased integrin activity, thereby enforcing the attachment of the infected cell to
the extracellular matrix. As a consequence, exfoliation is suppressed (left side) facilitating the colonization of the mucosa. Other CEACAMbinding microbes, such as certain uropathogenic E. coli, might also be able to trigger this process (middle). In contrast, microbes, which are
not able to trigger this process, stimulate epithelial exfoliation and tissue renewal (right side).

InlA associates with the EC1 domain of human, but not murine or
rat E-cadherin and induces caveolin-dependent E-cadherin
clustering [41, 42]. Receptor clustering triggers Src-dependent
phosphorylation of tyrosine residues within the E-cadherin
cytosolic tail, which results in the recruitment of Hakai, a E3
ubiquitin-ligase [43]. Hakai then decorates E-cadherin with an
ubiquitin mark, initiating clathrin-dependent endocytosis and
actin remodeling (via the Arp2/3 complex) to promote bacterial
internalization by a zipper-like mechanism [44]. As discussed
above, the cytoplasmic linkage of the cell-cell adhesion molecule
E-Cadherin is here again used to the advantage of the bacterium,
as it provides a direct conduit to locally modulate actin dynamics
and to trigger endocytosis.
Besides L. monocytogenes, also other bacteria have been
reported to interact with human cadherins such as S. pneumoniae
[45], Leptospira interrogans [46, 47], or Fusobacterium nucleatum
[48, 49]. By associating with E-cadherin, F. nucleatum also activates
the E-cadherin–β‐catenin signaling pathway leading to elevated
nuclear translocation of β‐catenin and activation of lymphoid
enhancer factor/T-cell factor-mediated transcription. In that way, F.
nucleatum promotes expression of c-myc and cyclin D1, drivers of
the eukaryotic cell cycle, leading to enhanced in vitro and in vivo
growth of E-cadherin-expressing human colorectal carcinoma cells
[49]. Here, the adhesin-initiated microscale communication
between a pathogen and the pathogen-associated host cell goes
beyond immediate cellular effects, such as membrane organization or cytoskeletal dynamics, but inﬂuences cellular gene
expression programs. In this regard, the bacteria-induced signaling processes can have a lasting impact on the infected cell and

can promote the growth of colorectal tumors. This particular
adhesin–receptor interaction also provides one of the few
examples, where bacteria positively affect growth of infected
host cells, and suggests a mechanistic framework for the observed
enrichment of F. nucleatum in colorectal carcinoma tissue [50–52].
It is probably not surprising, that engagement of E-cadherin,
which is involved in a well-characterized cellular signal transduction cascade, can provide a direct route to modulate gene
expression. However, modulation of gene expression in response
to adhesin-mediated contact has also been reported for another
group of cell adhesion molecules involved in cell–cell adhesion.
These receptors belong to the group of IgCAMs. In particular, the
carcinoembryonic antigen (CEA)‐related cell adhesion molecules
(CEACAMs) provide a docking site for diverse aﬁmbrial adhesins
found in a number of human-speciﬁc pathogens. CEACAMbinding adhesins have been identiﬁed in the pathogenic neisserial
species Neisseria gonorrhoeae and N. meningitidis (colony opacityassociated (Opa) proteins) [1], Moraxella catarrhalis (the UspA1
protein) [53, 54], Haemophilus inﬂuenzae (the Omp P1 protein) [2],
Helicobacter pylori (the HopQ protein) [55], uropathogenic E. coli
(the Afa/Dr adhesins) [56], or S. agalactiae (the β protein) [57]. As
all CEACAM-binding pathogens colonize the mucosal surface and
several CEACAM family members can be present on the apical
surface of human epithelial cells, it is safe to conclude that the
various adhesin-mediated interactions with epithelial CEACAMs
have evolved to facilitate mucosal colonization [58]. CEACAMs are
known to modulate a number of cellular processes such as cell
proliferation, apoptosis, or innate immune responses suggesting a
range of opportunities for CEACAM-binding bacteria to inﬂuence
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host responses. Indeed, binding of pathogens to CEACAM1, a
family member expressed by some epithelial, endothelial and
immune cell types can lead to suppression of innate immune
responses providing a plausible explanation for the prevalence of
CEACAM-binding human pathogens. However, other CEACAM
family members, which do not possess immunomodulatory
properties and which dominate epithelial tissues in the intestine
and the genital tract, are also targeted by microorganisms.
Moreover, these CEACAM family members, including CEA (the
product of the CEACAM5 gene) and CEACAM6, are GPI-anchored
proteins, which lack the propensity for direct signal transduction
into the host cytoplasm. Nevertheless, several studies have
provided strong evidence that also GPI-anchored CEACAMs can
serve as a basis to inﬂuence host responses and gene expression
events, thereby facilitating colonization of the mucosal surface by
specialized pathogens. In this context, a surprising twist to the
usual communication between bacterium and host has been
unveiled recently, which will be detailed in the next section.
NO AS A SHORT-RANGE, CROSS-KINGDOM MESSENGER
MOLECULE
CEACAM-based contact of microbes with epithelial cells triggers
enhanced transcription of several genes in the human cells, as
revealed more than a decade ago by unbiased microarray-based
gene expression analysis [59]. Interestingly, the de novo expression
of one particular host protein, the Transforming Growth Factor β1receptor protein CD105 (also known as endoglin), is responsible
for a change in the host cell phenotype: expression of CD105
results in altered integrin activity, which in turn leads to enhanced
extracellular matrix binding by the infected human epithelial cells
[59] (Fig. 1). This increased stickiness of the infected cells to the
underlying extracellular matrix translates into a suppression of an
efﬁcient innate defense mechanism of the epithelium: the
exfoliation. Exfoliation counteracts microbial infection by shedding the bacteria-associated, superﬁcial epithelial cells. This
process occurs in stratiﬁed epithelia, such as those found in the
urogenital tract, but also in single-layered epithelia such as
the small intestine, where epithelial cells are constantly shed from
the tips of intestinal villi. In turn, the ability to suppress exfoliation
facilitates the prolonged colonization of an epithelial surface by
bacteria. Indeed, in a humanized mouse model of vaginal infection
by N. gonorrhoeae, CEACAM-binding gonococcal variants are able
to suppress exfoliation in a CEA- and CD105-dependent manner
[60, 61]. Obviously, the suppression of exfoliation and the reduced
shedding of superﬁcial epithelial cells affords a major advantage
to CEACAM-binding microbes during the initial colonization of the
mucosa and this mechanism might explain the widespread
occurrence of diverse CEACAM-binding adhesins [62]. While
knock-down of CD105 demonstrates that this membrane protein
holds a central role in this process, it has been unclear, how
exactly the bacterial engagement of a GPI-linked CEACAM, such as
CEA, can initiate the de novo expression of CD105 in the
epithelium. The mechanistic details of bacteria-triggered CD105
expression have remained enigmatic, as antibody-mediated
clustering of CEA or physiological cell–cell contact based on
CEA, in the absence of CEA-binding bacteria, does not lead to
CD105 expression [63]. The solution to this conundrum came as a
surprise, when it was shown that NO is the key to CD105
expression and the downstream phenotypic change of the
infected epithelial cells [63]. Indeed, the membrane permeable
gas NO has important conserved physiological signaling functions
in eukaryotic cells. Inside mammalian cells, NO reacts with the
heme moiety of soluble guanylate cyclases (sGC) leading to
increased production of cyclic guanosine-3′-5′-monophosphate
(cGMP), which in turn stimulates cGMP-activated protein kinase
(PKG). While PKG has multiple cellular targetgs, this enzyme also
phosphorylates transcription factors of the cAMP response
Genes & Immunity (2021) 22:247 – 254

element-binding protein (CREB) family, which are responsible for
enhanced CD105 expression. Pharmacological inhibition of either
sGC or PKG or compromising the CREB binding sites in the CD105
promoter prohibit bacteria-triggered increases in CD105 expression and also restore epithelial exfoliation in the presence of
CEACAM-binding bacteria [63].
NO is a major intra- and intercellular signaling molecule in
mammals, where it is generated by different enzymes of the NO
synthase (NOS) family (endothelial NOS (eNOS), inducible NOS
(iNOS), or neuronal NOS (nNOS)). In a strictly Ca2+ regulated
manner, eNOS and nNOS produce nanomolar amounts of NO to
control blood pressure and neuronal signaling on a timescale of
seconds and minutes. These low concentrations of NO are
sufﬁcient to form nitrosyl adducts in proteins that contain a heme
moiety such as guanylate cyclase, which is thereby stimulated to
form cGMP from GTP [64]. In contrast, iNOS is typically expressed
only upon inﬂammatory stimuli and generates micromolar
concentrations of the NO radical over the course of several hours
until the enzyme is degraded [65]. Accordingly, the action of iNOS
can serve to defend against microbes, as the high NO ﬂuxes
produced by iNOS form the basis for the generation of reactive
nitrogen oxide species such as dinitrogen trioxide (N2O3) and
peroxynitrite (ONOO-), which result in nitrosative and oxidative
stress [66]. The strong and constitutive activity of iNOS comes at a
cost, as the nitrosative and oxidative stress will also damage the
host tissue itself [66].
Interestingly, experiments with NOS inhibitors demonstrated
that the NO responsible for increased CD105 expression by
infected cells does not originate from endogenous sources [63].
Rather it became apparent, that the NO responsible for the cellular
effects in the epithelium originate from bacterial metabolism. In
particular, a bacterial nitrite reductase, AniA, is expressed by the
pathogens under oxygen-limited conditions and generates NO
from nitrite. As a result, a remarkable microscale communication
can take place in an anaerobic environment, where low
concentrations of the bacterial metabolic product NO are able
to trigger physiological signals in mammalian host cells. The
diffusible and reactive nature of the NO radical is of particular
relevance here: it can readily penetrate neighboring host cells, but
due to its reactivity, it is short-lived and has only a limited radius of
action [67]. This ephemeral nature of NO can explain the critical
role played by the adhesin–receptor interaction in this process.
Adhesin-mediated intimate attachment of the bacteria to
CEACAMs, while not directly leading to a receptor-triggered
signaling cascade, places the bacteria in close contact with the
host cell plasma membrane to allow sufﬁcient amounts of NO to
reach the cytoplasm of the neighboring epithelial cell. Due to this
anchoring function, even a GPI-anchored receptor such as CEA,
lacking a cytoplasmic domain, can constitute an essential
component in this microbe-host cell communication. The narrow
working range of NO also assures that cell-associated bacteria only
affect one individual or a small group of cells in the vicinity of the
bound pathogen, rather than inﬂuencing a larger area of the
mucosa. In this respect, NO differs markedly from the mode of
action of more stable bacterial metabolites (such as the SCFAs
acetate, butyrate, or propionate), which due to their hydrophobic
properties and chemical stability can diffuse beyond the epithelial
layer [68, 69]. Therefore, microbe-derived SCFAs can affect more
distant tissues, which are not in direct contact with bacteria
[70, 71]. This implies that stable bacterial metabolites, which reach
host tissues, do not reward their producers with an exclusive
beneﬁt, but rather allow other microbes to proﬁt from bystander
effects. In contrast, the spatial restriction afforded by the shortlived NO radical appears to be highly advantageous in this
context, as competing organisms of other pathogenic or
commensal bacterial species cannot hijack the beneﬁts of NO
production, even if they are co-inhabiting the same ecological
niche. Especially in the context of exfoliation, the release of NO
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and its focused effect on the associated host cell optimizes the
colonization ﬁtness of individual or small groups of bacteria, while
other microbes are not able to proﬁt from the consequences of
NO release. The action of NO seems to be conﬁned to such an
extent that even pili, which bind over a distance of several
micrometers, might space the bacteria at too far a distance to
enable productive NO diffusion [63].
Using NO as a short-range messenger is a remarkable solution
for communicating with the host also for a further reason: in
contrast to protein-based bacterial factors that trigger host
responses, NO as an intermediate product of the denitriﬁcation
pathway comes with a very low metabolic cost. Bacterial proteins
or other macromolecules as secreted effectors require signiﬁcantly
more resources for production and delivery. Indeed, in the case of
NO, nanomolar concentrations are sufﬁcient to initiate canonical
sGC-PKG signaling in mammalian cells as observed in diverse
physiologic processes such as blood pressure regulation or
platelet aggregation [64, 72].
Despite these astounding advantages of this simple molecule,
NO is surely not a universal messenger between the prokaryotic
and the eukaryotic world. Though a variety of facultative anaerobe
bacteria is able to utilize denitriﬁcation as an energy production
pathway, the nitrogen-containing molecules only serve as
alternative electron acceptors in the absence of oxygen. Also in
the case of N. gonorrhoeae, the best-studied example of this
microscale NO-dependent communication, nitrite reduction to NO
is only seen under oxygen-limited conditions, when the coppercontaining enzyme AniA is expressed as one of the main proteins
induced by anaerobic conditions [73, 74]. Such anaerobic growth
conditions mimic the natural habitat of gonococci, where wide
areas of the genital tract are low in oxygen.
Interestingly, the relevance of this NO-mediated microscale
communication for successful colonization of the genital tract is
underscored by an ongoing natural experiment: N. meningitidis,
the closest relative of gonococci, normally colonizes the highly
oxygenated environment of the human nasopharynx (rather than
the genital tract as for gonococci). Strikingly, recent years have
seen the emergence of a N. meningitidis strain that is transmitted
by sexual contact and that efﬁciently colonizes the human genital
tract [75, 76]. As a major adaptation to its new lifestyle, this
pathotype of the meningococcus has acquired a 3.8 kb gonococcal genome fragment encoding the nitrite reductase AniA,
strongly suggesting that AniA-produced NO turns these meningococci now also into efﬁcient colonizers of the genital tract.
CONCLUSION
The last decades have seen a tremendous growth in our molecular
understanding of adhesin-mediated microbe-host cell interactions
and their contribution to bacterial pathogenesis. Unfortunately,
these insights have not yet translated into tangible results in the
ﬁght against pathogenic bacteria. Clearly, strategies to combat
pathogens by blocking their adhesive functions, and thereby
compromising their ability to communicate with the host, are
feasible and can reduce the prevalence of speciﬁc pathogens [77–
79] (Table 1). However, such anti-adhesive approaches using
soluble ligand mimetics or blocking antibodies are by design
highly focused on a single virulence factor of one particular
pathogenic bacterium [80]. This high precision comes at a price, as
the targeted adhesin could be variably expressed, modiﬁed, or
replaced by an alternative adhesin, rendering a highly selective
anti-adhesive approach vulnerable to pathogen evasion mechanisms. Besides these scientiﬁc challenges, the rather limited scope
of potential anti-adhesive therapies further reduces economic
incentives for commercial enterprises, which are already reluctant
to invest even in broad-spectrum antibiotics. Also, in the face of
the global spread of multidrug-resistant bacterial strains, the
ﬁnding that the unpretentious and widely occurring metabolite

NO is involved in cross-kingdom communication between
pathogens and human tissues opens up interesting novel
treatment possibilities. Indeed, NO triggers a well-characterized
signaling cascade in human cells, which can be addressed by a
panel of established pharmacological inhibitors. For example,
topical application of sGC antagonists at the site of infection could
counteract the bacterial suppression of epithelial exfoliation and
thus not only hamper the infection process, but also interrupt
bacterial transmission chains. This might be a viable option in
sexually transmitted diseases, such as gonorrhea, where potential
transmission events do not go unnoticed and immediate postexposure treatment appears feasible. It is intriguing to envision a
future, where certain infectious diseases might be prevented by
manipulating NO-triggered signaling processes in the human host.
Such a host-centered treatment could never be subverted by
bacterial resistance development, and by severing the delicate
NO-based communication line between specialized pathogens
and their target tissue, it could stop the infection process in its
tracks at the initial colonization of the human mucosa.
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