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Significance: Humans are under constant bombardment by various stressors,
including psychological anxiety and physiologic injury. Understanding how
these stress responses influence the innate immune system and the skin mi-
crobiome remains elusive due to the complexity of the neuroimmune and
stress response pathways. Both animal and human studies have provided
critical information upon which to further elucidate the mechanisms by which
mammalian stressors impair normal wound healing and/or promote chronic
wound progression.

Recent Advances: Development of high-throughput genomic and bioinformatic
approaches has led to the discovery of both an epidermal and dermal micro-
biome with distinct characteristics. This technology is now being used to
identify statistical correlations between specific microbiota profiles and clinical
outcomes related to cutaneous wound healing and the response to pathogenic
infection. Studies have also identified more prominent roles for typical skin
commensal organisms in maintaining homeostasis and modulating inflam-
matory responses.

Critical Issues: It is well-established that stress-induced factors, including
catecholamines, acetylcholine, and glucocorticoids, increase the risk of im-
paired wound healing and susceptibility to infection. Despite the character-
ization of the cutaneous microbiome, little is known regarding the impact of
these stress-induced molecules on the development and evolution of the cu-
taneous microbiome during wound healing.

Future Directions: Further characterization of the mechanisms by which
stress-induced molecules influence microbial proliferation and metabolism in
wounds is necessary to identify altered microbial phenotypes that differen-
tially influence host innate immune responses required for optimal healing.
These mechanisms may yield beneficial as targets for manipulation of the
microbiome to further benefit the host after cutaneous injury.

SCOPE AND SIGNIFICANCE
COMPLICATIONS AND COSTS associ-
ated with wound care, particularly
chronic wounds with complicated in-
fections, are extremely detrimental to
healthcare from both a financial and
psychosocial perspective. Host stress
responses promote endocrine and
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metabolic changes within the wound
microenvironments that directly im-
pact the metabolic requirements and
pathogenicity of various microor-
ganisms.’® Further increasing the
complexity, these host—pathogen in-
teractions intersect several fields of
research involving neuroimmunology,
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neuroendocrinology, and microbiology. Alterations in
the physiologic stress responses allow pathogens to
circumvent host innate immune responses by modi-
fication of membrane components or virulence fac-
tors that promote their survival.”® We will highlight
emerging evidence indicating that the interplay be-
tween the skin microbiome and host stress responses
directly impacts innate immunity, which has direct
consequences on normal and pathologic wound re-
pair.*® The objective of this review is to broaden the
existing paradigm of how stress-related molecules
may influence host innate immune mechanisms, and
to highlight the idea that bacteria can utilize these
factors to augment their pathogenic potential fol-
lowing wounding.

TRANSLATIONAL RELEVANCE

Cutaneous microbial commensals and patho-
gens encounter numerous microenvironments,
which change rapidly and robustly during woun-
ding and healing. Consequently, microbes must

physiologically respond accordingly to success-
fully promote host innate immune responses
(e.g., commensals) or pathologic infection (e.g.,
primary or opportunistic pathogens). Elucidation
of the mechanisms by which stress mediators
influence the cutaneous microbiome is expec-
ted to promote the development of therapeutics,
such as topical pharmacologic or molecular tar-
gets, to block or promote the production of stress
mediators. Our group has demonstrated that
cholinergic antagonists applied during stress
improve epidermal barrier function, augment
antimicrobial responses, and reduce bacterial
survival.'%11

CLINICAL RELEVANCE

Steroids and other neuroendocrine therapies are
common treatments for numerous conditions, but
they also impact the bacterial microbiome by ma-
nipulating local and systemic host stress mole-
cules.?®12 Aberrant use of these drugs can promote

Table 1. Members of the microbiome have both beneficial and detrimental effects on cutaneous homeostasis, which dictates
their role as a commensal microorganism or pathogen in uninjured skin or a wound microenvironment

Bacteria Good

Bad Effects of Stress Mediators

Staphylococcus epidermidis -~ Stimulates keratinocyte production of host
AMPs, such as hBD2 and hBD3, and
produces its own AMPs, including PSMy
and PSM5.'0®

Causative agent of hospital-acquired infec-
tions associate with medical devices.

Glucocorticoids decrease the effects of super
antigen activated T cells and inhibit
staphylococcal exotoxin-induced T-cell
proliferation, cytokine release.®

3,53

Propionibacterium acnes Fatty acids generated by lipase activities may
slow/inhibit growth of other microorgan-
isms.45'67

Produces pseudomonic acid A, which kills
staphylococcal and streptococcal patho-
gens.?

Accelerates epithelialization and neovascu-
larization in acute wounds.5%

Produces bacteriocins such as staphylococcin
462, which can inhibit growth of other.

Pseudomonas aeruginosa

Staphylococcus aureus

S. aureus strains.®’

Corynebacterium jeikeium  Manganese acquisition inhibits Mg-dependent

superoxide dismutase, which may function

to prevent oxidative damage to epidermal
tissue.%

Group A Streptococcus Surface-expressed streptokinase sequesters
and activates host plasminogen in the
epidermis, which leads to keratinocyte
chemotaxis, suppression of cell prolifera-
tion, and potential re-epithelialization of

wounds.®

Associated with pathogenesis of acne and a
number of other opportunistic infections.®’

Most common cause of chronic and acute
burn wound infections.®

Commonly associated with infectious skin
conditions, such as folliculitis and ab-
SCesses.

Produces superantigen toxins that can trigger
staphylococcal toxic shock syndrome.®’

Causes infections in immune-compromised
patients, in conjunction with underlying
malignancies, on implanted medical de-
vices and in skin-barrier defects.5®

Associated with numerous infections, such as
“strep throat,” impetigo, cellulitis, erysip-
elas, and necrotizing fasciitis.>

Cortisol and steroids significantly exacerbate
inflammation associated with P. acnes via
TLR2 stimulation 2%

Norepinephrine increases expression of the
attachment factor PA-1 of P. aeruginosa
and increases biofilm formation.?’

Norepinephrine increases ability to steal iron
from host and therefore increases ability to
form biofilms 2%

Reduced expression of transcriptional regula-
tors involved in C. jeikeium carbohydrate
metabolism due to a less versatile sugar
metabolism; variations in the number of
metalloregulatory sensors such that path-
ogenic C. jeikeium predominantly import
metal ions directly from host during hypo-
glycemic or ionic stress responses.>%

Catecholamines enhance growth likely by
increasing iron availability.2®

Stress mediators can alter bacterial physiology and increase virulence. This shift from a nonpathogenic to a pathogenic state can result in delayed or stalled

wound healing responses and infection.

AMP, antimicrobial peptide; hBD, human f-defensin; PSM, phenol-soluble modulin; TLRs, toll-like receptors.
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pathologic wound healing and more significant
infections. Further, the manipulation of tissue
planes and the transposition of tissue are common
during surgical procedures, which promote the in-
troduction of new microbial communities (e.g.,
bacterial, viral, or fungal) to skin regions and
wound sites. Consequently, alterations in the local
microbiome due to current pharmacologic and
surgical practices can suppress or augment skin
innate immune responses and inhibit normal
wound repair.

BACKGROUND

Overview of skin innate immune responses,
stress mediators, and the microbiome

Human skin is comprised of ~2m? of innumera-
ble invaginations and areas with variable tempera-
ture, pH, humidity, antimicrobial peptide (AMP)
composition, and lipid content. Consequently, these
diverse areas provide unique and variable niches for
commensal and pathogenic microorganisms. Inter-
actions between the microbial inhabitants and the
host innate immune system are an integral part of

Host Factors

» Age/Gender

* Area of body

*  Co-morbidities
*  Diabetes

+ Existing dermatologic
conditions or type of wound
*  Atopic dermatitisPsoriasis
*  Chronic or bum wound
* Immune Responses
*  Immmme cell finction
*  Antimicrobial peptides (AMPs)
* Barrier function
+  Filaggrin mutations
*  Lipid/AMP content

11

Environmental Factors
* Climate (humidity/temperature)
*  Sebum production
*  Sweat production
* Stress
*  Physiologic
*  Psychological
* Geographic location
* Occupational exposures
* Hygiene

normal skin function and wound repair. Several
groups have demonstrated significant variations in
the composition of the microbiome at sites on the
human body, depending on the physiology and
anatomy of the site, and variations within the same
site of different individuals.*%!*"7 Nerve density
may also play a role in bacterial inhabitance, as dry
areas of the skin, such as the shins and dorsal fore-
arms, have a relatively low number of neurons and
therefore a decrease in neuropeptides.'® Further, the
bacterial populations at certain sites have unique
characteristics that allow them to survive specifically
in those environments, and some of these charac-
teristics are even beneficial to the host (Table 1). As
shown in Fig. 1, host factors as well as environ-
mental factors act as stressors to shape unique
niches necessary for the survival and virulence of
commensal and pathogenic microorganisms.

The skin participates in a mutualistic and com-
plex relationship with a diverse repertoire of
microorganisms. Despite the significant diversity
seen in the microbiome, the skin is able to dis-
criminate between commensal and pathogenic mi-
crobes and maintain normal barrier homeostasis

oo
= =Bacteria

£ ]
>~Epidermis

Figure 1. Multiple host and environmental factors influence the composition of the microbiome. The schematic illustrates the multiple locations of microbe
inhabitance and summarizes the influences of the host and external environment. Systemic stress and exogenous stress molecules have been shown to

significantly alter skin barrier permeability function, lipid and antimicrobial peptide (AMP) composition, and wound repair processes.

9,16-18,20,31,35,63-65 To see

this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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and limit inflammatory responses. Resident skin
cells are constantly sampling the inhabiting mi-
crobes in the epidermis and dermis via pattern
recognition receptors (PRRs). Toll-like receptors
(TLRs) are major PRRs that recognize pathogen-
associated molecular patterns (PAMPs). PAMPs
include nucleic acids, lipoproteins, peptidoglycan,
and lipoteichoic acid (LTA) from Gram-positive
bacteria; lipopolysaccharide and flagellin from
Gram-negative bacteria; and portions of fungal cell
walls.>'® The portion of the immune system acti-
vated and how these changes are regulated differ-
entiates a commensal organism from a potential
pathogen. AMPs are fundamental components of
the innate immune system that directly kill mi-
crobes by destabilization and disruption of the
cellular membranes. AMPs also stimulate and
augment TLR pathways, induce chemokine pro-
duction and chemotactic activity, and modulate
dendritic and/or T cell function to promote wound
healing and maintain skin barrier homeostasis
(Table 2).20-22

Physiological (e.g., metabolic disease, inher-
ent skin pathologies, etc.) and psychological (e.g.,
depression, perceived stress, etc.) stressors can
modulate communication between the host and
microbiome to impair wound healing and/or pro-
mote pathologic infection. Three major pathways
of the stress response include catecholamines (i.e.,
epinephrine and norepinephrine) via adrenergic
stimulation, glucocorticoids (i.e., cortisol) via acti-
vation of the hypothalamic-pituitary-adrenal (HPA)
axis, and cholinergic stimulation via acetylcholine.

Although a multitude of conditions affect the
interplay between host and stress, certain diseases
predispose patients to the development of altered
stress responses, impaired wound healing, and
chronic wounds. Diabetes, peripheral vascular
disease, immune deficiency (or suppression), and
advanced aged are routinely associated with such
alterations.?>?® Diabetes markedly reduces the

reaction of HPA axis to hypoglycemia, as suggested
by lower than expected increases in adreno-
corticotropic hormone (ACTH), corticosterone, and
epinephrine.?® Further, foot ulcers in diabetic
patients demonstrate a lack of substance P +nerve
endings and a reduced distribution of calcitonin-
gene-related peptide+nerves in the skin.?* Ad-
vanced age also significantly affects the body’s
response to stress. For example, the heightened
hypothalamic response to an acute psychosocial
stressor observed in young men notably decreased
with age.?’ Patients taking systemic glucocorti-
coids may have global immune suppression, which
in turn, diminishes fibroblast proliferation, alters
collagen synthesis, reduces wound contraction,
and causes incomplete formation of granulation
tissue.2829 All of these comorbid conditions play a
key role in determining the response of the host to
additional stressors, such as acute wounding or the
persistence of chronic wounds. Further, these in-
dividuals are more likely to exhibit an unhealthy
lifestyle, which include poor nutrition, inadequate
sleep, insufficient exercise habits, and a greater
propensity for use and/or abuse of alcohol and cig-
arettes. Collectively, the interplay between these
comorbid factors and unhealthy habits exacerbates
these detrimental effects on wound healing and
likely, the wound microbiome.

It has been demonstrated by our lab and others
that stress and stress-derived hormone agonists or
antagonists (e.g., glucocorticoids, acetylcholine, do-
pamine, histamine, and catecholamines) have a pro-
found effect on cutaneous barrier function, wound
healing, and susceptibility to skin infection. 114753
Activation of immune responses can reduce norepi-
nephrine levels in the spleen, increase plasma corti-
costerone levels, and induce proinflammatory
cytokines (i.e., interleukin [IL]-6 and IL-8) after pe-
riods of acute stress. Importantly, lymphocytes and
keratinocytes, as well as neuronal cells, express
functional o- and f$-adrenergic receptors, muscarinic

Table 2. Members of the microbiome modulate the host immune response via toll-like receptors

Bacteria Interactions with TLRs

S. epidermidis Modulates TLR3-dependent inflammation by initiating a TLR2-mediated crosstalk mechanism to suppress inflammation.?®3*
Induces keratinocytes to express endogenous AMPs through a TLR2-dependent mechanism.?%3*

S. aureus Induction of hBD3 gene expression is TLR2 dependent.?%%*

Bacterial lipoproteins and lipoteichoic acid serve as TLR2/6 or TLR2/2 agonists.>®

Propionibacterium acnes
Escherichia coli

Listeria monocytogenes
Mycobacterium leprae

Colonizes sebaceous glands and stimulates keratinocytes to release inflammatory cytokines via TLR2 activation.*®
Flagellin from the bacteria triggers TLR5 in keratinocytes and induces expression of psoriasin (S100A7c)."®

TLR2 is required for rapid inflammasome activation in response to infection.®*

PAMPs from Mycobacteria are capable of altering the expression levels of TLR2 and TLR

1'55

These interactions are crucial for maintaining tissue homeostasis and limiting pathologic inflammation. TLR recognition of specific microbial targets allows
the host to differentiate between normal inhabitants of the microbiome and invasive pathogens.

PAMPs, pathogen-associated molecular patterns.
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and nicotinic acetylcholine receptors (nAChRs), and
glucocorticoid receptors, and produce numerous
neurotransmitters (i.e., substance P, epinephrine,
norepinephrine, catestatin, etc.; Table 3)*** with the
capacity to suppress or enhance innate immune re-
sponses [reviewed in Radek'®]. This data indicates
that the skin microbiome must be regulated by der-
matotopography, as well as the concentration and
activity of neuropeptides and endogenous stress
hormones secreted by resident cells of the epidermis
and dermis during stress. Thus, it is critical to eluci-
date how microorganisms exploit host stress re-
sponses to benefit their survival and pathogenic

ability in acute and chronic wounds.

DISCUSSION OF FINDINGS

AND RELEVANT LITERATURE

Modulation of the microbiome and innate
immunity by stress mediators

Stress and skin pathology.

The capacity of host

neuroendocrine-derived stress mediators to di-
rectly influence the skin microbiome and perpetu-
ate delayed wound healing and skin infection is
poorly understood. When the balance between the
skin and microbiome is altered, skin disorders, in-
fection, and impaired wound healing tend to occur.
Atopic dermatitis is a classic illustration of the
importance of balance between the host innate
immune responses and the microbiome. Atopic

Table 3. Host stress mediators have the capacity to modulate the microbiome

Stress Mediator

Modes of Action

Location of Synthesis

Regulator(s)

Receptors)

Effect on Microbiome

Cortisol

Epinephrine

Norepinephrine

Acetylcholine

Catestatin

Substance P

a-Melanocyte stimulat-
ing hormone

Stimulates gluconeogene-
sis, suppresses the im-
mune system, aids with
metabolism

Vasoconstrictor and vaso-
dilator, increases heart
rate, bronchodilator,
stimulates glycogenoly-
sis, triggers lipolysis

Responsible for vigilant
concentration, in-
creases vascular tone,
increases heart rate,
underlies the “fight-or-
flight” response

Major neurotransmitter in
the autonomic nervous
system, activates skel-
etal muscle; in the
central nervous system,
tends to cause antiex-
citatory actions

Vasodilator, functional
AMP, exhibits potent
catecholamine release-
inhibitory activity,
stimulates histamine
release

Functions as a neuro-
transmitter, neuromo-
dulator of naciception,
and AMP; has proin-
flammatory effects;
regulator of anxiety
and stress; vasodilator

Stimulates production of
melanin; regulator of
appetite, metabolism,
and sexual behavior;
anti-inflammatory me-
diator

Zona fasciculata of the
adrenal cortex and
epidermal keratino-
cytes

Chromaffin cells of the
adrenal medulla and
epidermal keratino-
cytes

Chromaffin cells of the
adrenal medulla and
epidermal keratino-
cytes

Cholinergic neurons, im-
mune cells, and epi-
dermal keratinocytes

Chromaffin cells of the
adrenal medulla and
epidermal keratino-
cytes (derived from
chromogranin A)

Secreted by nerves and
inflammatory cells

Intermediate lobe of the
pituitary gland, epider-
mal keratinocyes

Production controlled by
corticotropin-releasing
hormone and ACTH

Synthesis stimulated by
ACTH and the sympa-
thetic nervous system,
synthesized primarily
from tyrosine

Origin of activation path-
way in the brain stem
(locus coeruleus), syn-
thesized primarily from
tyrosine, must be re-
leased from synaptic
vesicles to function

Synthesized by choline
acetyltransferase from
choline and acetyl-CoA,;
acetylcholinesterase
converts it into inactive
metabolites

Costored and coreleased
with catecholamines
from adrenal chromaf-
fin cells and adrenergic
neurons

Intense peripheral stimu-
lation, allergens, hista-
mine, prostaglandins,
and leukotrienes in-
duce release of sub-
stance P

Generated from precursor
hormone proopiomela-
nocortin; proteolytic
cleavage catalyzed by
prohormone conver-
tases

Glucocorticoid receptor

Adrenergic receptors (i.e.,

o, oo, 1, fa)

Adrenergic receptors (i.e.,

on, o, B, fa)

nAChR and muscarinic
acetylcholine receptors

nAChR antagonist; also
active in some receptor-
independent manners

Neurokinin 1 receptor

Melanocortin receptors
(MCy, MC3, MCq, MCs)

Alters susceptibility to
group A Streptococcus
pyogenes skin infec-
tions®

Increases growth of hu-
man oral bacteria im-
plicated in periodontal
disease’

Acts as a potent stimulant
for bacterial attach-
ment to gut tissues’

Augments susceptibility to
infection by group A
Streptococcus and
S. aureus'

Exhibits antimicrobial ac-
tivity against Gram-
positive and Gram-
negative bacteria in the
skin®3

Indirectly regulates Pseu-
domonal infections of
the cornea®

Effective against S. aureus
and its biofilms

Several stress factors are synthesized primarily in the adrenal glands and select neurons through a variety of pathways. Each mediator utilizes a specific
receptor(s) to trigger a diverse local and systemic response. Together, these responses collectively influence the microbiome in multiple regions of the skin.
ACTH, adrenocorticotropic hormone; nAChRs, nicotinic acetylcholine receptors.
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dermatitis flares are linked to an increased propor-
tion of Staphylococcus aureus within the bacterial
microbiome and higher prevalence of pathologic
S. aureus infection, which is accompanied by re-
duced AMP responses to skin injury and bacterial
challenge.®® In parallel, diabetic and chronic
wounds exhibit a similar predominance of S. aureus
in the epidermal microbiome; these changes are
associated with excess inflammation and delayed
wound healing responses.’®*¢® Further, we re-
cently determined that significant changes in the
human bacterial microbiome occur in both the burn
margin as well as distal, uninjured skin sites after
burn injury, which is characterized by an increase in
the abundance of Gram-negative bacteria.* Thus,
the presence of primary disease combined with
acute skin injury has the potential to elicit acute or
prolonged stress responses, which likely influence
wound repair processes by modulating both host
innate immune response and the microbiome.

Stress has been shown to suppress AMP produc-
tion and localization in the epidermis, impair barrier
permeability function, and increase susceptibility to
infection.!®!126 Glucocorticoids, a key component of
the stress response, have been found to decrease
keratinocyte proliferation, impair epidermal differ-
entiation, increase epidermal barrier permeability,
and decrease cathelin-related AMP and mouse /-
defensin-3 antimicrobials in mouse skin. These de-
fects in skin innate immune response and barrier
function caused by glucocorticoids ultimately re-
sulted in a greater susceptibility to Streptococcus
infections and delayed healing. These defects were
reversed by the presence of glucocorticoid antago-
nists, which highlights a potential use for antago-
nists to improve wound healing.%%

Glucocorticoids can also exert direct effects on
several aspects of wound repair. It is well known that
systemic steroids inhibit wound repair via suppres-
sion of cellular wound responses, such as fibroblast
proliferation and collagen synthesis. Moreover, it
has been shown that corticosteroids suppress im-
portant growth factors (i.e., keratinocyte growth
factor [KGF], transforming growth factor 1, and
multiple from the fibroblast growth factor family)
involved in all stages of wound healing.?® Synthetic
glucocorticoids and endogenous cortisol indirectly
affect wound progression via their propensity to in-
duce hyperglycemia by counteracting the effects of
insulin, which is observed in diabetic patients and
those with other metabolic disorders. Hyperglyce-

*In unpublished observations in 2013, 16S rRNA gene sequen-
cing was used for microbiome analyses in urine specimens from
burn patient and control subjects at Loyola University Medical
Center, Burn Shock Trauma Research Institute (BSTRI).

mia is known to delay wound healing, increase the
risk of infection, and alter immune cell function.?%
Numerous factors can lead to hyperglycemia and/or
impaired cortisol production, including prolonged
stress, exogenous steroids, pharmacologic agents,
and pathologic alterations in the HPA axis (i.e.,
Addison’s disease, Cushing’s syndrome, adrenal
fatigue, and thyroid dysfunction).

Human mast cell degranulation by neuropeptides
has only been observed in cutaneous mast cells,
further demonstrating the intricate relationship
between the cutaneous and neuronal immune sys-
tems. Other stress hormones and neuropeptides
may initiate or block various inflammatory pro-
cesses, as many neuropeptides facilitate both an
inflammatory and stress response, and have been
described elsewhere [reviewed in Naik et al."].

Catecholamines in wound healing and bacterial
virulence. Catecholamines are another key compo-
nent of the stress response, and elicit divergent ef-
fects on immunity and wound healing. f-Adrenergic
agonists have a negative effect on chemotaxis
of human neutrophils in an in vitro wound model;
however, fi-adrenergic antagonists have been shown
to expedite closure of scratch wounds in human
keratinocyte cultures after 2-5 days and enhance
keratinocyte migration in culture.?®3° Catechola-
mines not only affect the host, but can also influence
bacterial behavior. Catecholamines increase the
ability of multiple bacteria to adhere to host tissues,
increase proliferation, and increase virulence, par-
ticularly in Pseudomonas aeruginosa, S. aureus, and
Staphylococcus epidermidis.®” Thus, the effect of the
stress response may be twofold: to dampen the host
response to infection and to augment the microen-
vironment for proliferation and survival of patho-
genic bacteria. It is attractive to speculate that some
microorganisms might utilize this host dynamic to
enhance their pathogenic potential, a concept that
should be investigated in the future. Evaluating
local or systemic levels of catecholamines in patients
with nonhealing wounds or in experimental wound
models may give insight into the potential mecha-
nisms for impaired wound healing responses and
bacterial virulence, which may identify a new ther-
apeutic target for nonhealing wounds.

Although catecholamines are an important com-
ponent of the stress response, cholinergic signaling
also plays a crucial role in stress and innate im-
munity and will be discussed in the next heading.

Acetylcholine receptors in epidermal innate immune
function and skin infection.  Cholinergicsignaling via
the nicotinic receptor is associated with the physio-
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logic stress response and exerts a negative effect on
the epithelial barrier and innate immunity.>'* Ca-
thelicidin and f-defensins, AMPs important for in-
nate immunity, were reduced after stimulation of the
27 nAChR.'*!! Epidermal permeability was elevated
and the structural integrity of the epidermis was
compromised after topical stimulation of the nAChRs
with nicotine.’® Most epithelia, including the oral
mucosa, gut, and lung, similarly respond to nAChR
activation through immunosuppression of immune
cells.“>*! The combined defects in epidermal barrier
function and dampened response to infection may
increase dissemination of bacteria from initial sites of
infection to distal organs or tissues.

Nicotine is known to exert several effects on
wound healing and wound infection. Topical ap-
plication of nicotine in mouse and cellular models
has been shown to alter local blood flow and oxy-
genation, stimulate angiogenesis, and keratinocyte
motility.?® Abstinence from smoking in human
subjects was found to restore inflammation, char-
acterized by greater inflammatory cell and macro-
phage infiltration into skin wounds, but did not
have an effect on cellular proliferation.**> Cur-
rently, there are no topical preparations approved
for human wound treatment, nor any current Food
and Drug Administration (FDA) approved nAChR
agonists or antagonists for wound healing or in-
fection. One clinical trial was designed to use the
topical application of nicotine for diabetic foot ul-
cers, but was terminated for undisclosed reasons.*?
In a separate clinical trial that resulted in publica-
tion, transdermal nicotine (e.g., nicotine patches,
25 mg/day that corresponds to ~ 25 cigarettes daily)
had no effect on human incisional wound dehiscence
as compared with a placebo patch. However, smok-
ers exhibited a significantly greater rate of wound
infection (defined as purulent discharge with or
without wound dehiscence or erythema indicative of
cellulitis), which was reduced by 4 weeks of absti-
nence from smoking, as compared with never-
smokers.***® One caveat to this study is that the
effects of nicotine derived from smoking are unclear
due to the multitude of other bioactive compounds in
tobacco smoke, and that these compounds have the
potential to overstimulate the sympathetic nervous
system. However, it has been shown that smoking
also promotes significant alterations in wound clo-
sure, cutaneous blood flow and oxygenation, vascu-
lar integrity, and immune cell alterations.?®?° Our
laboratory has demonstrated that the activation of
the epidermal cholinergic system via psychological
stress or topical nicotine could augment the suscep-
tibility to infection by Group A Streptococcus and
S. aureus in a mouse and keratinocyte model, which

was attributed to the dampened AMP response to
infection and TLR2 activation.™ This suggests that
activation of nAChRs likely plays a significant role in
modulating wound healing and infection responses.
However, stress is a powerful modulator of the hu-
man wound healing and infection response via
crosstalk between the cholinergic, HPA, and adren-
ergic pathways, which remains largely unexplored.

Bacterial AMPs and host TLR interactions:
potential impact of stress on microbial antimicrobial
activity.  S. epidermidis is one of the most common
bacterial species in the human skin microbiome
and, until recently, it was unknown that this bac-
terium may play a role in the suppression of skin
inflammation during wound repair.?®*¢*7 Recent
studies determined that S. epidermidis may bene-
fit the skin by generating AMPs and LTA, and was
also found to modulate inflammatory responses in
keratinocytes through crosstalk between TLR2
and TLR3 and modulation of its downstream sig-
naling molecule, tumor necrosis factor receptor-
associated factor 1.3%*¢ In addition, phenol-soluble
modulins (PSMs), particularly PSMy and PSMo,
found on human epidermis originate from S. epi-
dermidis and increase AMP expression in differ-
entiated keratinocytes.'®?%46:4® This suggests that
differentiated keratinocytes, via TLR modulation,
are tolerant of S. epidermidis as opposed to other
bacteria present on the skin.*® The ability of S.
epidermidis to modulate innate immune responses
illustrates the complexity of the interactions be-
tween the microbiome and host defenses.

TLRs play avariety of roles, including production
of inflammatory cytokines, stimulating dendritic
cell maturation, and induction of phagocytosis by
macrophages.'*#1>3%47 TLR2 gene expression in
keratinocytes was observed to be markedly altered
in vitro by glucocorticoids. Moreover, glucocorti-
coids further enhance TLR2 gene expression in
combination with bacteria or inflammatory cyto-
kines.*® Altered TLR expression during stress could
alter the balance between the microbiome and host
defenses leading to pathologic inflammation and
infection as TLRs also play a large role in the host
interaction with the microbiome. Table 2 illustrates
the interactions of select members of the micro-
biome and TLRs,*14-16:19:35.37.3847.50.51 Mo contin-
uous research in the field of microbial endocrinology
will hopefully unify clinicians and basic scientists in
an effort to expand this unexplored area in the con-
text of wound healing and infection as well as elu-
cidate how host stress mediators influence bacterial
antimicrobial mechanisms and the host’s response
to commensal versus pathogenic bacteria.
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Stress mediators and biofilm formation
in wound healing

Biofilms are the predominate form in which
bacteria are found in chronic wounds, and the
bacteria in biofilms have distinct characteristics
from planktonic bacteria. Recent evidence has
shown that 60% of chronic wounds are colonized by
bacteria in a biofilm, as compared with 6% of acute
wounds.® The physical characteristics of the exo-
polysaccharide layer of the biofilm and the meta-
bolic changes of the bacteria afford them resistance
to antimicrobials and immunity to host defenses
(Fig. 2).85? Stress response mediators allow mul-
tiple staphylococcal species to access host iron and
may contribute to biofilm formation. Escherichia
coli and P. aeruginosa have demonstrated an

. Biofilm-producing bacteria
§ Extracellular DNA (eDNA)
‘ Antibiotics
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Biofilm matrix containing
i"“"‘ complex polysaccharide polymers,
.. peptidoglycan, and lipoproteins

Chronic Wound

increase in adherence factors in the presence of
catecholamines that led to an increase in biofilm
formation.”'® Many bacteria have the ability to
form biofilms; however, the most well studied and
important to chronic wound healing are S. aureus,
S. epidermidis, and P. aeruginosa.3%%>

P. aeruginosa is known to express genes encod-
ing quorum-sensing ligands and virulence factors
differently when in a biofilm compared to the
planktonic state.® Within a polymicrobial bio-
film, P. aeruginosa enhances methicillin-resistant
S. aureus USA300 virulence, and is associated with
detrimental effects on wound healing. Wounds
with polymicrobial biofilms showed a significant
delay in wound healing as well as decreased ex-
pression of KGF1 compared with wounds with

Figure 2. Biofilm characteristics that are influenced by stress and allow bacteria to proliferate and survive. The most common biofilm-forming bacteria
include Enterococcus faecalis, Staphylococcus aureus, Staphylococcus epidermidis, Streptococcus viridans, Escherichia coli, Klebsiella pneumoniae, Proteus
mirabilis, and Pseudomonas aeruginosa. The biofilm matrix consists of complex polysaccharide polymers, peptidoglycan, lipoproteins, and extracellular DNA
(eDNA), which may interfere with optimal engagement of potential ligands, such as toll-like receptors (TLRs). Some biofilms impair 1gG and complement
deposition, resulting in increased resistance to opsonization and phagocyte-mediated killing. Bacterial cells in the biofilm are in a different physiological status
compared with planktonic cells, which minimizes sensitivity to antibiotics that target active cell processes. The biofilm matrix may also represent a diffusion
barrier for some types of antibiotics. Stress is known to increase formation of biofilms in S. aureus, S. epidermidis, and E. coli by increasing adherence factors,
altering iron availability, and enhancing virulence. Glucocorticoids and catecholamines alter host cytokine and proinflammatory response to biofilms and
modulate bacterial metabolism. These modifications ultimately block the recognition of bacterial proteins by macrophage TLRs and impair bacterial clearance.
These stress mediators also enhance the expression of bacterial surface proteins (e.g., adhesion molecules), which interferes with the interactions be-
tween host 1gG and complement with bacterial targets.®® To see this illustration in color, the reader is referred to the web version of this article at
www.liebertpub.com/wound
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| Staphylococcus epidermidis

Associated with nosocomial infections |

Increased in diabetic wounds |

| Staphylococcus aureus

| Staphylococcus spp

I Corynebacterium

| Propionibacterium acnes

| Streplococcus spp

| Pseudomonas aeruginosa

Decreased in diabetic wounds |

Increased in atopic dermatitis |

Increased in psoriatic lesions ‘

Increased in acne vulgaris lesions |

Associated with necrotizing fasciitis |

Increased in burn-related infections |

Increased in chronic wounds |

Behavior or virulence shown to be
affected by host stress mediators

Figure 3. Associations between common bacteria in the “normal” skin microbiome and various skin diseases or wounds. (red dashed line=S. epidermidis,
black solid line=S. aureus; blue solid line = Staphylococcus spp; blue dashed line = Corynebacterium, orange solid line = Proprionibacterium acnes;, black
dashed line = Streptococcus spp.; green solid line = P. aeruginosa).® 8820355383 Tq seq this illustration in color, the reader is referred to the web version of

this article at www.liebertpub.com/wound

single-species biofilm infection.® Evidence from a
recent study using an in vivo rabbit model dem-
onstrates the importance of biofilm increase in re-
sistance to standard treatment.’® Recent evidence
however shows that treatment with a combination

Host Innate
[mmunity
Stress
(Physic

or
Psychological)

Biofilms

Dermal _‘
3

Local
Microbiomes

.

.Sl.ll'u:ulancuus‘

Figure 4. Stress mediators influence the wound microbiome. Stress mediators
(i.e., cortisol, catecholamines, acetylcholine, neuropeptides, etc.) directly pro-
mote alterations in the host innate immune response, the formation of biofilms,
and the formation/dynamics of the various skin microbiomes. The interplay be-
tween these factors ultimately determines both the composition of the wound
microbiome, as well as the stagnation or progression of wound healing re-
sponses. 7203553836788 Tq 5a this illustration in color, the reader is referred to

the web version of this article at www.liebertpub.com/wound

of debridement and topical bacteriophage applica-
tion may be effective in destroying biofilms and
improving wound healing.'"?1:55-58 Bacteriophage
studies conducted in animal models reduced the
biofilm burden and improved wound healing sig-
nificantly.?:°%:568 Interestingly, tests performed
in humans demonstrated the safety of bacterio-
phage treatment, as well as its effectiveness in the
treatment of chronic infections associated with
biofilms. Developing and taking advantage of all
the possible treatments for biofilms is critical, es-
pecially when stress is a factor. Because stress
mediators have such great potential to influence
biofilm formation, increase virulence, and enhance
the adhesion of common biofilm-forming patho-
gens, clinicians must be open to the use of alter-
native strategies to prevent biofilm formation early
on in the wound care process. Therefore, tradi-
tional methods of treatment may be considered less
effective if certain individuals exhibit a more ro-
bust composition of stress mediators or neuropep-
tides in the local wound environment. Novel
therapeutics, such as bacteriophage treatment,
may prove to be advantageous in certain subsets of
wound care pr:ltients.m"%’57
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The change in the microbiome seen in biofilms is
likely a critical component of amplifying and per-
petuating the inflammation that is characteristic of
the chronic wound microenvironment, 416385960
There are clinical and animal model data that il-
lustrate that the colonization of wounds by bacteria
in biofilms can prevent epithelial growth and cause
aberrant inflammatory responses (Fig. 3).1%:19:51.59
Bacteria and bacterial components can directly
stimulate a powerful immune response character-
ized by an influx of neutrophils and macrophages,
which can be harmful to the wound environ-
ment.?>1661 Ineffective phagocytosis results in
tissue damage, due to the release of reactive oxygen
species, proinflammatory cytokines, and enzyme
activity. This results in pathologic inflammation,
ultimately destroying structural integrity of the
surrounding tissue, and the generation of necrotic
tissue.!®16:385161 (gllectively, this process per-
petuates the formation of bacterial biofilms in
wounds. Recent evidence from a mouse model
demonstrated that P. aeruginosa present in a bio-
film had different characteristics compared with
planktonic bacteria, and that genetically different
hosts have divergent responses to biofilm-related
infection, better clearance of infection, and higher
levels of IL-1/.%%° Biofilms are a key aspect that links
the role of the microbiome in modulating chronic
wound progression, as the bacteria that colonize
chronic wounds are vastly different compared with
acute or healing wounds and the “normal” micro-
biome of the individual. #6354 Therefore, genetic or
phenotypic differences in regards to systemic and
local stress responses, along with local neuropeptide
composition, may give us insight into why some in-
dividuals can control pathogenic bacteria and why
others develop biofilms in chronic wounds.

Dermal microbiome

Recent evidence suggests that the microbiome is
not contained to the epidermal surface and that the
dermis, subcutaneous, and adipose sites may also
have a unique microbiome.* This evidence further
complicates the relationship between the host and
microbiome, and hosts may have multiple interac-
tions with multiple distinctly different micro-
biomes.* We hypothesize that microbiomes below
the stratum corneum and the epidermis also play a
role in host pathophysiology, as other studies have
demonstrated multiple signaling pathways that
the epidermal microbiome affects. The epider-
mal microbiome likely has profound effects on
the inflammatory response, wound healing, and
in the development of chronic wounds. Therefore
the dermal and subcuticular microbiome may also

affect similar pathways.* The possibility of signif-
icant interactions between the host and the deeper
microbiome is suggested by the demonstration of
altered cutaneous T-cell functions via IL-1 by
commensal bacteria, and evidence that disruption
of normal interactions between the host and the
skin microbiome is associated with skin disorders
that affect cells deeper than the top layers of the
epidermis.* Stress would likely have an effect on
the dermal microbiome due to the extravasation of
circulating catecholamines and cortisol into the
dermis, as well as the presence of autonomic nerves
and secreted neuropeptides.'® For example, nerve
density varies significantly between locations in
the skin, whereas dry areas of the skin, such as the
shins and dorsal forearms, have a relatively low
number of neurons. The low concentration of neu-
rons correlates to a decrease in neuropeptides and
neurotransmitters available to stimulate Langer-
hans and mast cells.’® Consequently, this may
contribute to the increase in diversity seen in these
sites. Langerhans cells are associated with the
autonomic nervous system (ANS). Neuropeptides
from the ANS directly stimulate Langerhans cells
and increase cutaneous inflammation. Elimination
of the nerve fibers associated with Langerhans
cells significantly decreases inflammation associ-
ated with local inflammatory stimuli.'® In addition
to immune cells, dermal innervation may also
participate in the regulation of endothelial per-
meability and proinflammatory cytokine release,
as well as in the synthesis of extracellular matrix
components by fibroblasts. Therefore, the implica-
tions for stress mediators in the epidermal and
subepidermal regions of the skin are profound, yet
fundamentally unexplored, in the context of mi-
crobiome dynamics. This notion is critical to the
normal wound healing process, where such dis-
placement of bacterial communities (e.g., epider-
mal-dermal-subcutaneous transposition of skin)
occurs during surgical procedures, involving skin
grafting, free flaps, and tunneling pedicles for
coverage of wounds, as well as with implanted
hardware susceptible to biofilm formation.

Burn injury alters the local
and distal microbiome

Changes in the microbiome are associated with
alterations in the host’s regulation of inflamma-
tion, skin disorders, and changes in wound healing.
Further evidence that suggests that a delicate
balance in the host condition and microbiome
composition exists was illustrated in recent un-
published data from our lab. We observed dramatic
differences between the microbiome of human skin
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control samples and the donor site skin
samples from burn patients. These
changes occur rapidly, as samples were
taken at time of skin grafting, which
usually occurs between 3 and 5 days
postburn. These alterations may be due to
changes in the host’s production of AMPs,
cytokines, inflammation, or other sys-
temic changes that have an impact on the
local microbiome. Our lab has recently
demonstrated that burn injury alters the
barrier function of distal, unburned skin
in mice.%? Distal, unburned skin ex-
hibited an increased permeability and
pH, as well as a redistribution of epider-
mal lipids. Donor skin also was observed
to have altered AMP and protease activ-
ity, while Kallikrein-related peptidase 5
and 7 gene expression was decreased at
24 h and the overall protease activity was
increased after burn injury. Distal, non-
burned skin also demonstrated a dimin-
ished capacity to inhibit the growth of

TAKE-HOME MESSAGES

The local microbiome can suppress or augment skin innate immune
responses and inhibit normal wound repair.

Recent advances in genomics and bioinformatics have led to the dis-
covery of both a superficial and dermal microbiome with distinct char-
acteristics within the bacterial inhabitants.

Human skin participates in a mutualistic and complex relationship with a
diverse repertoire of microorganisms that comprise the microbiome.

Stress responses and the endocrine and metabolic changes within
wound microenvironments increase the risk of impaired wound healing
and susceptibility to infection.

Manipulation of the microbiome to benefit healing after cutaneous injury
is a potential target for future research endeavors.

Cholinergic antagonists applied topically during stress improve the epi-
dermal barrier and augment host innate antimicrobial response.

Sixty percent of chronic wounds are colonized by bacteria in biofilms,
compared with only 6% of acute wounds. Differences observed in the
host response to the same pathogen may give us insight into why
individuals eradicate pathogenic bacteria and why others develop bio-
film-laden chronic wounds.

The local microbiome is affected by systemic factors; inflammation plays

several potential skin pathogens, includ-

a key role in the composition of the microbiome.

ing S. aureus and P. aeruginosa.%? In
comparison to burn wounds, which undergo rou-
tine dressing changes and daily application of
topical antimicrobials, the samples from donor skin
sites were not routinely treated with topical anti-
biotics or antiseptics, they experienced no me-
chanical stresses, and no interventions were done
that would affect the microbiome locally. These
observed changes highlight the importance of the
interactions between the microbiome and the hu-
man epidermis and dermis after burn or traumatic
injury. Previous observations in our lab have
demonstrated impaired epidermal barrier function
of distal, unburned skin, as well as lung and blad-
der tissues, which was partly attributed to an en-
hanced production of local and systemic stress
mediators following burn injury.'® Although the
current mechanisms are unknown, we hypothesize
that cytokines, chemokines, AMPs, and TLRs will
be integral in the underlying neural-cutaneous
communication. These findings illustrate the po-
tential impact of a systemic influence on the local
microbiome and the possible effects that inflam-
mation likely has on the microbiome composition.

SUMMARY AND FUTURE DIRECTIONS

The microbiome influences multiple aspects of
the host’s interaction with the environment, in-
cluding maintenance of the normal barrier and
protection from potential pathogens. Further,

pleiotropic effects of stress-induced molecules on
several cell types and, likely, numerous bacterial
genera present a challenge in designing appropri-
ate experiments intended to define potential
mechanisms for impaired wound healing mediated
by stress. It is well established that stress exacer-
bates several symptoms associated with chronic
wounds and skin pathologies, and chronic wounds
clearly exhibit a distinct bacterial flora as com-
pared with acute wounds (Fig. 4).1%-16:38-61 Pyrther,
our unpublished observations revealed that burn
injury to one site of the body dramatically alters the
microbiome at sites for potential donor skin in-
tended for grafting procedures. This suggests that
the physiologic stress response to injury can di-
rectly influence the microbiome in distal sites,
which may lead to wound healing complications
following grafting or other surgical procedures.
Understanding the bacteria in the microbiome and
their effects on wound healing may alter the way
we think about wound care, and invites further in-
vestigation into how altering the microbiome may
influence wound healing. Further characterization of
the mechanisms by which stress-induced molecules
influence microbial proliferation and metabolism in
wounds is necessary to identify altered microbial
phenotypes that differentially influence host innate
immune responses required for optimal healing. This
host-microbial profile that comprised of host stress-
molecules and microbial markers (i.e., virulence
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factors or metabolic factors) can potentially be used
to identify those patients at risk for delayed healing
or microbial infection and yield potential therapeu-
tics. Identification of patients who possess a stress
molecule and microbiome profile that places them
at high risk for developing wound infections could
allow for earlier intervention. The human host—
microbiome—stress molecule interactions need more
investigation and translation of insights gained from
animal models.
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Abbreviations and Acronyms

ACTH = adrenocorticotropic hormone
AMP = antimicrobial peptide
ANS = autonomic nervous system
hBD = human p-defensin
HPA = hypothalamic-pituitary-adrenal
IL = interleukin
KGF1 = keratinocyte growth factor 1
LTA = lipoteichoic acid
nAChRs = nicotinic acetylcholine receptors
PAMPs = pathogen-associated molecular patterns
PRRs = pattern recognition receptors
PSM = phenol-soluble modulin
TLRs =toll-like receptors




