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Abstract
Pseudomonas aeruginosa is a major pathogen responsible for both acute and chronic infection. Known as a colonising 
pathogen of the cystic fibrosis (CF) lung, it is implicated in other settings such as bronchiectasis. It has the ability to cause 
acute disseminated or localised infection particularly in the immunocompromised. Human hormones have been highlighted 
as potential regulators of bacterial virulence through crosstalk between analogous “quorum sensing” (QS) systems present in 
the bacteria that respond to mammalian hormones. Pseudomonas aeruginosa is known to utilise interconnected QS systems 
to coordinate its virulence and evade various aspects of the host immune system activated in response to infection. Several 
human hormones demonstrate an influence on P. aeruginosa growth and virulence. This inter-kingdom signalling, termed 
“microbial endocrinology” has important implications for host–microbe interaction during infection and, potentially opens 
up novel avenues for therapeutic intervention. This phenomenon, supported by the existence of sexual dichotomies in both 
microbial infection and chronic lung diseases such as CF is potentially explained by sex hormones and their influence on 
the infective process. This review summarises our current understanding of the microbial endocrinology of P. aeruginosa, 
including its endogenous QS systems and their intersection with human endocrinology, pathogenesis of infection and the 
host immune system.
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Introduction

Pseudomonas aeruginosa is an opportunistic Gram-negative 
pathogen recently designated “critical” within the World 
Health Organisation list of global priority pathogens—the 
“dirty dozen”—for which novel therapeutics are urgently 
required (Vogel 2017). As a human pathogen, it is both inva-
sive and toxigenic, producing a battery of virulence factors 
and colonising diverse host tissues where it may inflict local-
ised tissue damage or disseminate, causing life-threatening 
systemic infections (Gellatly and Hancock 2013; Veesen-
meyer et al. 2009).

Pseudomonas aeruginosa is the most prevalent non-
fermentative opportunistic pathogen encountered clinically 

and has high associated mortality, particularly in ventilator-
associated pneumonia and bloodstream infections (Jones 
2010; Parkins et al. 2010; Tumbarello et al. 2011; Weiner 
et al. 2016; Wisplinghoff et al. 2004). Other patient cohorts 
at increased risk include burn wound victims and those suf-
fering from cystic fibrosis (CF) or other chronic respiratory 
conditions such as bronchiectasis and chronic obstructive 
pulmonary disease (COPD) (Gellatly and Hancock 2013; 
Gibson et al. 2003; Leung et al. 2017; Tredget et al. 2004). 
Pseudomonas aeruginosa is an important plant pathogen 
that infects plants such as tobacco, tomato and lettuce 
(Djonovic et al. 2013) and is found ubiquitously in soil and 
aquatic environments. Its propensity to colonise diverse eco-
logical niches is also reflected in the hospital environment 
where it can colonise common surfaces such as sinks and 
medical devices which act as reservoirs for outbreak strains 
(Quick et al. 2014). Figures reported to the National Health-
care Safety Network in the United States (2011–2014) show 
that P. aeruginosa is one of the “top ten” most common 
causes of hospital-acquired infections, surgical site infec-
tions, intra-abdominal infections and catheter-associated 
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urinary tract infections (Crousilles et  al. 2015; Weiner 
et al. 2016). As such it represents a key pathogen and major 
healthcare burden.

Pseudomonas aeruginosa Pathogenesis

Interaction between P. aeruginosa and the human host 
involves flagella and type IV pili—the main adhesins 
described in P. aeruginosa. Flagella bind to host epithe-
lial gangliosides, asialo GM1 and GM2 bringing the host 
cell into contact with bacterial surface appendages such as 
lipopolysaccharide (LPS) which are highly inflammatory 
(Gellatly and Hancock 2013). Following host cell contact, 
P. aeruginosa secretes cytotoxins into the host cytoplasm 
through the activated-type three-secretion system (T3SS) 
(Crousilles et al. 2015; Gellatly and Hancock 2013). Produc-
tion of proteases by P. aeruginosa also disrupts tight junc-
tions and allows the dissemination of P. aeruginosa into the 
host (Gellatly and Hancock 2013). Pyocyanin, a redox-active 
toxin produced by P. aeruginosa interferes with host produc-
tion of ATP and redox cycling further exacerbating infec-
tion (Gellatly and Hancock 2013; Hall et al. 2016). Another 
important virulence-associated molecule produced by P. 
aeruginosa is pyoverdine—a major siderophore that plays a 

role in biofilm formation. During iron-depleted conditions, 
such as that observed during infection, pyoverdine acts as an 
iron-chelator to aid P. aeruginosa survival by sequestering 
iron from the host (Gellatly and Hancock 2013; Peek et al. 
2012; Visca et al. 2007).

Cell–Cell Signalling in P. aeruginosa—the 
Quorum Sensing Cascade

Pseudomonas aeruginosa coordinates infection via cell–cell 
communication termed quorum sensing (QS). Through 
production of QS signalling molecules, the expression of 
virulence-associated genes and the formation of biofilm 
are regulated in a cell density-dependent manner (Lee and 
Zhang 2015; O’Loughlin et al. 2013; Papenfort and Bassler 
2016) (Fig. 1). The P. aeruginosa QS systems are deeply 
interconnected and represent one of the most complex and 
best-studied bacterial signalling systems described (Fig. 2). 
The major QS systems are the las (elastase) and rhl (rham-
nolipid) systems which utilise acyl homoserine lactone 
(AHL), N-(3-oxododecanoyl)-l-homoserine lactone (3-oxo-
C12-HSL) and N-butanoyl-l-homoserine lactone (C4-HSL), 
respectively, for signalling (Jimenez et al. 2012; Lee and 
Zhang 2015; Mund et al. 2017). When the concentration of 

Fig. 1   P. aeruginosa virulence mechanisms. P. aeruginosa signalling 
molecules N-Acyl homoserine lactones coordinate several virulence 
mechanisms including motility, cytotoxicity, iron scavenging and 
elastase production based on cell density. Efflux pump systems reg-
ulate cellular concentrations of QS molecules and human hormones 
and the bacteria can exist either in planktonic or as biofilms. Insulin 
(pentagon) and estrogen (star) modulate biofilm formation. QS quo-

rum sensing, Fe3+ iron (III), FpvA ferripyoverdine receptor, H2O2 
hydrogen peroxide, ROS reactive oxygen species, 3-oxo-C12-HSL 
N-(3-oxododecanoyl)-l-homoserine lactone, C4-HSL N-butanoyl-
l-homoserine lactone, HHQ 2-heptyl-4-quinolone, PQS 2-heptyl-
3-hydroxy-4-quinolone, C-diGMP Bis-(3′-5′)-cyclic dimeric guano-
sine monophosphate
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AHL reaches a threshold level, the LasR transcriptional reg-
ulator forms a complex with 3-oxo-C12-HSL that is synthe-
sised by LasI (an autoinducer), which in turn binds to DNA, 
altering virulence gene expression (Jimenez et al. 2012). 
The rhl system, on the other hand, responds to C4-HSL pro-
duced by RhlI synthase. Similar to the las system, RhlR—a 
transcriptional regulator—induces virulence gene expression 
during times of high cell density. By regulating the pro-
duction of rhamnolipids and T3SS assembly, this important 
QS pathway plays a key role in P. aeruginosa pathogenesis 
(Jimenez et al. 2012). Another important Pseudomonas sig-
nalling molecule is 2-heptyl-3-hydroxy-4-quinolone (PQS), 
possessing a differing chemical signal to that from the AHL 
system of las and rhl (Diggle et al. 2007). Studies show that 
the PQS system regulates biofilm formation and the produc-
tion of virulence factors, namely pyocyanin, elastase, PA-IL 
lectin and rhamnolipids (Lee and Zhang 2015). Thus, a cas-
cade of highly interconnected signalling molecules controls 
virulence in a synchronised and concentration-dependent 
fashion in P. aeruginosa.

The P. aeruginosa genome encodes several multidrug 
efflux pumps, which in addition to conferring antimicro-
bial resistance, can influence bacterial virulence and patho-
genicity through extrusion of QS signalling intermediates 
(Sun et al. 2014). From a physiological perspective, efflux 
serves as a mechanism of metabolic rebalancing triggered 
in response to the accumulation of redox-active metabo-
lites including those related to the QS signalling cascade 
(Fargier et al. 2012). This in turn, influences virulence and 
pathogenesis via dampening of QS virulence activation sig-
nals by reducing their intracellular concentration (Sakhtah 
et al. 2016). Conversely, the QS network also exerts influ-
ence over efflux pump expression suggesting the existence 
of interplay between these systems (Maseda et al. 2004). The 
co-ordinated regulation of efflux pumps and virulence gene 
expression by overarching global transcriptional regulators 

further infers the importance of efflux in pathogenesis of P. 
aeruginosa (Dietrich et al. 2008; Tian et al. 2009). Interest-
ingly, bacterial efflux systems are also capable of extruding 
human steroid hormones and may thus play a role in inter-
kingdom signal trafficking during human infection (Elkins 
and Mullis 2006).

The impact of efflux pump expression on antibiotic resist-
ance is further compounded by the formation of multicellular 
biofilms—an important pathogenic feature of P. aeruginosa 
that in itself is regulated by the QS network (Vital-Lopez 
et al. 2015). This barrier provides protection against both 
antibiotic penetration and the host immune system leading to 
recalcitrant infection (Mulcahy et al. 2014). While the pen-
etrability of mammalian hormones into structured bacterial 
biofilms remains unclear, mammalian hormones bear struc-
tural similarities to QS molecules that function in bacterial 
communication (Hughes and Sperandio 2008). As such, the 
ability of certain mammalian hormones to penetrate biofilm 
exists and in this context further studies are warranted to bet-
ter understand this phenomenon. As bacterial QS molecules 
and human hormones affect the same essential functions—
directing multicellular behaviour—it would be intriguing to 
consider both the penetration of QS molecules into host tis-
sues and the dispersal of human hormones within the biofilm 
(Costerton et al. 2003).

The Microbial Endocrinology of P. 
aeruginosa

Bacteria can influence host behaviour in a non-invasive man-
ner, with the potential to perturb normal physiology and 
bypass the human immune system. This can be achieved 
both by the production and recognition of signalling mol-
ecules similar in structure to those of the host. Bidirectional 
inter-kingdom signalling, including crosstalk between 

Fig. 2   P. aeruginosa quorum sensing system. Regulation of cell 
density-dependent virulence involves the different quorum sensing 
systems including Las, Rhl and PQS. Estrogen (star) inhibits quorum 
sensing systems and serotonin (square) and dynorphin (rectangle) 

exhibit crosstalk with quorum sensing molecules to regulate P. aerug-
inosa virulence. 3-oxo-C12-HSL N-(3-oxododecanoyl)-l-homoserine 
lactone, C4-HSL N-butanoyl-l-homoserine lactone, HHQ 2-heptyl-
4-quinolone
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human hormones and their microbial counterparts, is termed 
“microbial endocrinology” (Freestone 2013; Lyte 2013). 
Studies supporting the existence of microbial endocrinol-
ogy date back to the early 1990s and include the work of 
Lyte and Ernst, who demonstrated the recognition of stress 
hormones by Gram-negative bacteria, including P. aerugi-
nosa, which exhibit greatly increased growth in the pres-
ence of noradrenaline (Lyte and Ernst 1992). Consistent 
with these observations, the studies by Li et al. (2009) have 
elucidated the mechanism by which catecholamines such as 
noradrenaline promote P. aeruginosa growth. It is shown 
that the increased growth induced by noradrenaline is pro-
moted through the modulation of P. aeruginosa virulence 
genes. Consequently, it was later speculated that the upregu-
lation of P. aeruginosa virulence, amplified by its increased 
ability to grow in the presence of catecholamine inotropes, 
might explain the development of P. aeruginosa ventilator-
associated pneumonia in patients receiving inotropes in the 
intensive care unit (Freestone et al. 2012).

Another important signalling molecule implicated in 
host–microbe crosstalk is serotonin, an important human 
neurotransmitter. Serotonin is sensed by P. aeruginosa evi-
denced by Knecht and colleagues (2016) who have shown 
its ability to act in regulating P. aeruginosa virulence in 
a mouse model of infection. Here, an observed upregula-
tion of biofilm formation and virulence factor production 
is described (Knecht et al. 2016). Interestingly, the endog-
enous opioid dynorphin—a κ-agonist and mediator of pain 
suppression—has been implicated in an enhancement of 
P. aeruginosa’s virulence through its interaction with one 
of the QS systems, PQS (Valentino and Van Bockstaele 
2015). Histamine, another neurotransmitter which also plays 
an important role in allergic reactions is elevated in mice 
infected with P. aeruginosa through neutrophil-mediated 
histamine production, reflecting multiple potential crosso-
vers between microbial endocrinology and host immune 
responses (Alcaniz et al. 2013; Xu et al. 2012; Zaborina 
et al. 2007). Additional evidence for microbial endocrino-
logical crosstalk comes from diabetic mouse models that 
have shown the effect of insulin treatment on P. aeruginosa 
biofilm formation in vivo (Watters et al. 2014). From the 
many illustrated examples, it is clearly evident that host hor-
mones have significant influences on P. aeruginosa and its 
virulence, which in turn influence the human host and their 
susceptibility to disease.

Sex hormones play diverse roles in mammalian hosts and 
are essential for their physiological wellbeing by influencing 
processes such as inflammation and cell proliferation (Gar-
cia-Gomez et al. 2013). Similar to AHLs, they are lipids and 
communicate through intracellular receptors (Hughes and 
Sperandio 2008). Epidemiological data demonstrate that the 
susceptibility to microbial infections differs between gen-
ders suggesting that sex-influenced traits such as hormone 

levels may be implicated in disease (Chotirmall 2014; Leone 
et al. 2012). Sexual dichotomy in infection and disease is 
well-documented, with males being more susceptible than 
females in general, and mounting a weaker immune response 
to pathogens (Garcia-Gomez et al. 2013; Leone et al. 2012). 
However, in the case of CF, females have a worse survival 
outlook (Harness-Brumley et al. 2014). This has recently 
been dissected from a mechanistic perspective and contribut-
ing factors include the increase in mucus viscosity induced 
by the major female sex hormone, estrogen, through the 
regulation of epithelial airway ion channels (Garcia-Gomez 
et al. 2013; Harness-Brumley et al. 2014). Females with 
CF are also noted by epidemiological associations to have a 
higher likelihood of acquiring P. aeruginosa infection and 
subsequent colonisation (Silva Filho et al. 2013). In addition, 
alginate production plays an important role in P. aerugi-
nosa biofilm formation and its synthesis has been shown to 
be induced in the estrogen-rich environment of CF women 
through acquired mucA mutations (Chotirmall et al. 2012; 
Ghafoor et al. 2011). Estrone, estriol and estradiol, at supra-
physiological concentrations have each been shown to have 
inhibitory effects on QS as they downregulate P. aeruginosa 
QS-regulated gene expression (Beury-Cirou et al. 2013). 
Further work by Beury-Cirou et al. (2013) has reported 
on potential mechanisms based upon molecular modelling 
where the hormone competitively binds AHL-LuxR sensors, 
specifically LasR and TraR regulators.

Much of the specific mechanistic effects of hormones 
on P. aeruginosa (such as bacterial receptors, downstream 
signalling pathways and enzymes involved) still remains 
unclear and are the subject of ongoing work by our group and 
others. As such, pharmacological evidence for a receptor-
mediated mechanism is lacking and ligand–receptor interac-
tion vis-a-vis hormonal interactions with bacteria is not yet 
clearly defined. Despite our limited current understanding 
of the precise regulatory effects that sex hormones have in 
the modulation of P. aeruginosa gene expression, existing 
datasets by our group and others illustrate the strong support 
for the involvement of sex steroid hormones in P. aeruginosa 
inter-kingdom signalling which in turn influences virulence 
and potentially patient outcome and survival (Chotirmall 
et al. 2012; Garcia-Gomez et al. 2013; vom Steeg and Klein 
2017). Here, it is, therefore, appropriate to mention that the 
cytotoxicity of P. aeruginosa can further be modulated by 
its sensitivity to natriuretic peptides, a family of eukaryotic 
hormones (Blier et al. 2011). These peptides are composed 
of three members: atrial natriuretic peptide, brain natriuretic 
peptide, and C-type natriuretic peptide (CNP) of which the 
latter is produced in significant amounts by the bronchial 
and alveolar epithelia (Nakanishi et al. 1999). It has also 
been described as a bacterial virulence enhancer by activat-
ing the regulatory proteins Vfr (Veron et al. 2007) and PtxR 
(Blier et al. 2011), leading to a rise of hydrogen cyanide and 
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exotoxin A production and reorganisation of LPS structure. 
One of the important effects of CNP is its modulation of 
biofilm formation. The bacterial protein AmiC, an ortholog 
of the human receptor NPR-C is identified as the sensor 
involved in CNP-driven effects (Rosay et al. 2015). Upon 
binding, AmiC triggers transcription of AmiE which fur-
ther regulates P. aeruginosa virulence through modulation 
of pili synthesis and enhancing cell-to-cell communications 
(Clamens et al. 2017).

Immunology and P. aeruginosa Microbial 
Endocrinology

Several studies now confirm the ability of human hor-
mones to modulate P. aeruginosa phenotypes. This occurs 
through exerting an influence on QS pathways that in turn 
affect bacterial virulence and infection. Hormones such as 

catecholamines (Freestone et al. 2012), serotonin (Kne-
cht et al. 2016), dynorphin (Zaborina et al. 2007), insulin 
(Watters et al. 2014), and estrogen (Chotirmall et al. 2012) 
can encourage virulence factor production such as biofilm 
formation. This increases P. aeruginosa tolerance to host 
clearance mechanisms, helping P. aeruginosa evade both 
innate and adaptive immunity (Hartl et al. 2006; Jensen et al. 
2010). Further, bacteria can hijack immune responses to 
favour their own survival and proliferation through numer-
ous established mechanisms well-described by several pub-
lished reviews (Guttenplan and Kearns 2013; Mulcahy et al. 
2014; Rabin et al. 2015). Some immune responses against 
P. aeruginosa may also turn deleterious, such as that noted 
in states of chronic infection (Gellatly and Hancock 2013; 
Jensen et al. 2010).

As well as influencing the pathogen, hormones also 
directly influence immune cells and can play a role in immu-
nosenescence (Murray and Chotirmall 2015) (Table 1). A 

Table 1   The influence of hormones on the host and P. aeruginosa 

PQS 2-heptyl-3-hydroxy-4-quinolone, CF cystic fibrosis, QS quorum sensing

Hormone Effect Effects on References

Host immune system P. aeruginosa

Catecholamines Fight or flight response Mediate cytokine production
Antibody-mediated 

response > cell-mediated 
response

Influence lymphocyte activity

Promote growth and biofilm 
formation

Jansen et al. (1995); Elenkov 
(2007); Freestone et al. 
(2012)

Serotonin Neurotransmitter—regulates 
appetite, emotion

Peripheral—hemostasis, gut 
contraction, cell growth, 
organ development

Complex immunomodulatory 
roles

Influences immune cells such 
as neutrophils, macrophages 
and T cells

Contrasting literature
Concentration-dependent 

effects

Mimic quorum sensing sig-
nalling molecules (i.e. las)

Enhance virulence pheno-
types

Promotes biofilm formation

Knecht et al. (2016)
Herr et al. (2017)

Dynorphin Learning and memory
Stress response
Emotional control
Pain

Stimulates function of innate 
immune cells

Inhibits function of adaptive 
immune cells

Interacts with PQS QS sys-
tems to enhance virulence

Zaborina et al. (2007); 
Schwarzer (2009)

Gein (2014)

Histamine Allergic inflammation
Smooth muscle contraction
Gastric acid secretion

Allergic reaction—smooth 
muscle contraction, stimu-
late cytokine production, 
cell adhesion molecules and 
type II antigens expression

Unknown Mahdy and Webster (2011)

Insulin Glucose absorption from 
blood

Anti-inflammatory Regulates biofilm formation Deng and Chai (2009); Watters 
et al. (2014)

Estrogen Reproductive maintenance
Development of female 

sexual characteristics

Complex immunomodulatory 
roles

Known concentration-
dependent effects

Generally immuno-activating

Increase alginate production 
in CF patients

Demonstrate QS inhibitor 
activity at supra- physi-
ological level

Promotes mucoidy

Chotirmall et al. (2012); 
Garcia-Gomez et al. (2013)

Klein and Flanagan (2016)

Testosterone Anabolism
Development of male sexual 

characteristics

Immunosuppressive Unknown Leone et al. (2012)
Garcia-Gomez et al. (2013)
Klein and Flanagan (2016)
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well-known example includes catecholamine hormones, 
classically associated with the adrenal medulla and its neu-
rons, now known to be synthesised and released by phago-
cytic cells and lymphocytes (Flierl et al. 2008). Another 
key example is the sex steroid hormones. There are two 
described modes of action whereby sex hormones influence 
host physiology; classical and non-classical pathways. The 
classical pathway involves the binding of hormones to spe-
cific intracellular cytosolic receptors, whereas non-classical 
pathways acts through membrane-bound receptors such as 
G proteins (Garcia-Gomez et al. 2013). There is increasing 
evidence that immune cells carry sex hormone receptors and 
that hormones regulate immune cells such as lymphocytes, 
macrophages, granulocytes and mast cells. Hormones tend 
to play complex immunomodulatory roles that vary depend-
ing on several influencing factors including concentration, 
exposure time and cell state (Elenkov 2007; Herr et al. 2017; 
Klein and Flanagan 2016). It is worthwhile to note that con-
trasting results have been obtained for many hormones’ and 
their impact on the host immune system, but data can still be 
interpreted by considering the different conditions assessed.

Innate Immunity

The innate immune system acts as a front-line barrier against 
P. aeruginosa infection. This includes the secretion of anti-
microbial peptides and other immune and inflammatory sig-
nals such as cytokines, chemokines and neutrophil-mediated 
processes.

Antimicrobial peptides (AMPs), such as lactoferrin 
(Singh et al. 2002) and pulmonary surfactant protein A and 
D (Lecaille et al. 2016) are secreted by a range of host cells, 
participate in active killing of microorganisms and promote 
immune responses such as opsonin-mediated phagocytosis. 
However, P. aeruginosa is known to secrete factors such as 
alginate and proteases that counteract and inhibit the action 
of AMPs (Cole and Nizet 2016). Estrogen itself has also 
been shown to inhibit AMPs expression in CF mouse mod-
els of P. aeruginosa pneumonia highlighting its potential 
significance as an immune-regulatory molecule in the patho-
genesis of this bacteria (Wang et al. 2010).

Pseudomonas aeruginosa pathogen-associated molecu-
lar patterns (PAMPs) are recognised by pattern recogni-
tion receptors (PRRs) such as Toll-like receptors (TLRs) 
and Nod-like receptors. Triggering signalling pathways 
resulting in inflammatory responses against P. aeruginosa, 
such key mechanisms provide immune protection against 
bacterial infection. (Franchi et  al. 2012; Lavoie et  al. 
2011; Mogensen 2009). The best-established PAMP–PRR 
interactions associated with P. aeruginosa involve TLRs 
such as TLR2, TLR4, TLR5 and TLR9. Well-known 

PAMP–TLR interactions include those between flagel-
lin and TLR5 and LPS and TLR4 (Lavoie et al. 2011; 
Zhang et al. 2005). TLR2 has more potential agonists and 
is known to interact with a wide variety of P. aeruginosa 
PAMPs, such as tetra-/penta-acylated LPS, lipoprotein, 
alginate, the TTSS effector protein ExoS, flagellin and 
slime-GLP (Lagoumintzis et al. 2008; Xaplanteri et al. 
2009). The MyD88 adaptor protein (Anas et al. 2016; 
Skerrett et al. 2004), NF-κB, AP-1 transcription factors 
(Lagoumintzis et al. 2003) and MAPK all play important 
roles in signalling pathways that result in the transcrip-
tion of pro-inflammatory chemokines (such as interleukin 
(IL)-8, involved in neutrophil recruitment to the lung) and 
cytokines by immune cells including macrophages (Cos-
grove et al. 2011).

Various mammalian hormones are known to have 
immunomodulatory roles such as influencing PRR-asso-
ciated cytokine production. For example, catecholamines 
can mediate LPS-induced TLR-mediated pro-inflammatory 
cytokine release from monocytes and macrophages, which 
have adrenergic receptors capable of binding hormones 
(Grisanti et al. 2011). Steroid sex hormones can also influ-
ence host immunology and TLR-associated responses, 
such as 17β-estradiol (E2), which has been found to inhibit 
TLR-mediated IL-8 release in cystic fibrosis bronchial epi-
thelia (Chotirmall et al. 2010).

Testosterone and progesterone are generally anti-
inflammatory, while the immune-activating effects of 
estradiol appear to be dependent on both concentration and 
the immune measures assessed (Brunelleschi 2016; Foo 
et al. 2017; Klein and Flanagan 2016). Biphasic effects 
of estrogen have also been observed where E2 generally 
incites a pro-inflammatory response when observed in the 
follicular or reproductive phase of the menstrual cycle but 
anti-inflammatory responses with higher E2 concentrations 
(Klein and Flanagan 2016; Ortona et al. 2015). Though 
our understanding remains incomplete, some of the 
established mechanisms of androgen-mediated immune 
modulation include an inhibition of Th1 differentiation 
and activation, coupled to cytokine production from con-
ventional dendritic cells (Trigunaite et al. 2015). From 
the pathogens’ perspective, QS signalling molecules and 
cognate effector proteins secreted by P. aeruginosa have 
established influences on the host inflammatory response. 
For example, 3-oxo-C12-HSL, a P. aeruginosa QS sig-
nal, has been shown to bind the nuclear hormone recep-
tor isoforms PPARβ/δ and PPARγ in vitro leading to a 
pro-inflammatory state (Tateda et al. 2003). Consequently, 
both human and pathogen signalling molecules influence 
macromolecular components of host–pathogen interaction 
with direct relevance to pathogenesis.
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Adaptive Immunity

Naïve CD4+ T cells can differentiate into lineages includ-
ing Th1, Th2, Th17 or regulatory T (Treg) cells (Zhu 
et al. 2010). Differentiation into Th1 cells is stimulated 
by IL-12, a major pro-inflammatory cytokine produced by 
antigen-presenting cells such as dendritic cells or mono-
cytes/macrophages (Zhu et al. 2010). A common Th1 sig-
nature is interferon γ production whilst a common Th2 
association is IL-4 (Franchi et al. 2012; Miao et al. 2010; 
Zhu et al. 2010). Th1 responses are associated with cel-
lular immune responses such as macrophage activation, 
whilst Th2-driven processes include the stimulation of 
mast cells and the humoral immune system. Hormones can 
influence the Th1/Th2 axis. Insulin and catecholamines, 
for example, favour Th2 differentiation (Deng and Chai 
2009), whilst the latter also enhances local inflammatory 
responses (Elenkov 2007).

The role of Th17 cells and Treg cells are an emerging 
area of research. Th17 responses have been proposed to syn-
ergise with Th2 pathways in P. aeruginosa chronic infec-
tion through the pro-inflammatory cytokine IL-17a. While 
Th2-mediated responses have traditionally been associated 
with CF, both Th2 and Th17 cytokine profiles are often 
enhanced in CF patients with P. aeruginosa infection (Tir-
inger et al. 2013) placing the potential role for Th17 into 
focus. In support, IL-17a is elevated in inflammatory lung 
diseases such as CF and COPD and a recent study identified 
IL-17a to negatively modulate the host immune response 
in P. aeruginosa chronic infection (Lore et al. 2016). It is 
reported that E2 promotes pro-inflammatory effects in a male 
CF murine model through Th17-regulated pathways (Wang 
et al. 2010). In agreement, Tregs, which suppress T-cell acti-
vation, are shown to be impaired in the peripheral blood and 
airways of P. aeruginosa-colonised CF patients (Hector et al. 
2015). Moreover, E2 promotes Treg cell proliferation, while 
reduced testosterone levels are associated with reduced 
peripheral blood Treg counts (Klein and Flanagan 2016). An 
improved understanding of the adaptive defenses against P. 
aeruginosa clearly requires further and more detailed study 
with an improved integrated system-based model of infec-
tion encompassing both host and microbial endocrinology.

The P. aeruginosa‑Associated Neutrophil 
Driven Immune Response

Neutrophil accumulation is one of the earliest responses 
in P. aeruginosa clearance, assisting in killing through 
phagocytosis and releasing proteases (e.g. elastase), 
enzymes (e.g. lysozyme), reactive oxygen and nitrogen 

species (Gellatly and Hancock 2013). While neutrophils 
play an important role in host defense against P. aerugi-
nosa, neutrophil degranulation during the killing process 
can cause host tissue damage with prolonged stimulation, 
such as that observed during chronic infection (Williams 
and Parkos 2007). The loss of motility commonly accom-
panying transition to the mucoid phenotype in chronic 
infections also dampens the release of neutrophil extra-
cellular traps (Rada 2017). Furthermore, chronic inflam-
mation from persistent infection is linked to oxidative 
stress that promotes adaptive mutations favouring coloni-
sation and persistence (Ciofu et al. 2005). Histamine, an 
important component of human neuronal and endocrine 
systems has major influences on the immune and inflam-
matory response to P. aeruginosa (Shajib and Khan 2015), 
and has been shown to be elevated in mice infected with 
laboratory PAO1 strains through neutrophil-mediated his-
tamine production. An upregulation of neutrophil hista-
mine production is associated with bronchoconstriction 
and persistent inflammation (Xu et al. 2012), which in turn 
impedes bacterial clearance from the lung, particularly in 
patients with obstructive airway disease where it contrib-
utes to lung damage (Gómez and Prince 2007). Histamine, 
therefore, contributes to over-zealous immune responses 
to P. aeruginosa and represents an important mediator of 
endocrinological dialogue between the host and pathogen.

Systemic Inflammation and Sepsis

Sepsis is characterised by systemic inflammatory responses 
while paradoxically also rendering the host immunocom-
promised. This can favour, in particular, secondary bacte-
rial infections (Cinel and Dellinger 2007). One of the ear-
liest signs of sepsis is macrophage dysfunction, mediated 
by IRAK-M inhibition of LPS/TLR4 activity (Deng et al. 
2006). Recent work demonstrates interestingly that flagellin 
is a key activator of the inflammasome in a murine model of 
P. aeruginosa sepsis (Pu et al. 2017). In addition, the pro-
duction of the TTSS effector protein ExoS has been linked 
to higher incidence of dissemination into the bloodstream 
in patients with hospital-acquired pneumonia (Kiseleva and 
Novik 2015). While much remains to be determined about 
the role of endocrine signalling in sepsis and its precise 
influence on Pseudomonas pathogenesis, insulin is known to 
have anti-inflammatory properties by reducing the produc-
tion of pro-inflammatory cytokines (e.g. IL-1β and tumour 
necrosis factor α). In addition, it induces anti-inflammatory 
cytokines such as IL-4 and IL-10, which overall translates 
to a systemic anti-inflammatory response (Deng and Chai 
2009) that potentially influences sepsis-related outcomes. 
How this specifically associates with Pseudomonas infection 
and its microbial endocrinology remains to be determined.
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Conclusions and Future Directions

Studies explicitly linking the crosstalk between hormones, 
P. aeruginosa and the host immune response are limited. 
Most currently available studies either focus on the influence 
of hormones on the host, or on P. aeruginosa. It is worth-
while considering that both these hormonal influences occur 
concurrently in vivo and where studied together will better 
frame our understanding of the extent to which hormones 
modulate Pseudomonas pathogenesis and infection out-
comes, especially clinically. Human hormones can directly 
modulate both the innate and adaptive arms of immunity 
while hormonal-rich environments account for phenotypic P. 
aeruginosa change, particularly in the context of its growth 
and virulence. This has clear influence on the host immune 
response, disease progression and infection outcome.

The study and understanding of the microbial endocri-
nology of P. aeruginosa, particularly its relationship to 
sex hormones, may help narrow observed gender gaps in 
infection and disease dichotomy. Manipulating hormones 
with antagonists or analogues could potentially be studied 
for their abilities to alter bacterial growth, quorum sensing 
and biofilm formation for therapeutic benefit. Understand-
ing specific factors may provide possible avenues toward 
sex-specific therapeutic strategies that in turn result in bet-
ter clinical outcomes for patients both acute and/or chroni-
cally infected with P. aeruginosa. The wider implications of 
current therapeutic uses of steroids, such as fluticasone or 
budesonide in COPD for instance, must also be considered 
in the context of microbial endocrinology and infection, and 
necessitates future work. Further developments in this fledg-
ling field can serve to improve clinical strategies toward bet-
ter patient outcomes especially in the current era of emerg-
ing antimicrobial resistance. Altering pathways associated 
with microbial endocrinology such as that described for P. 
aeruginosa may well represent an alternative to antibiotics 
in the treatment of such infection and reduce the pressure 
now conferred toward the development of new antibiotics 
to tackle emerging global resistance patterns.
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