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Bacterial colonization, overgrowth, and

superinfection in atopic dermatitis
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Abstract Staphylococcus aureus infection is a major burden for individuals with moderate-to-severe atopic
dermatitis and a known inducer of disease exacerbation. This increased susceptibility to staphylococcal in-
fections has been attributed to abnormalities in the innate immune system of atopic dermatitis (AD) skin,
including deficits in barrier proteins and lipids, and a muted response in generating antimicrobial peptides,
all of which is further impaired by the activation of Th2 and Th22 immune pathways, which characterizes
AD. Skewing of the immune response with a reduced Th1:Th2 ratio and increased adherence of bacteria
to AD skin are also thought to contribute. Bacterial species diversity is reducedwithflares, concomitant with
increases in S. aureus and sometimes clinical infection, which has recently been linked to the finding that
commensal bacteria produce anti–S. aureus factors that contribute to the endogenous response. S. aureus
produces several virulence factors affecting the skin barrier and immune system, including promoting
Th2 cell activation. Best practices for the management of staphylococcal infections include systemic antibi-
otics, initiation of antiseptics (particularly dilute bleach baths), and sometimes periodic intranasal mupirocin.
Newer evidence suggests the possibility that treatment of the skin with commensal bacterial species could
also reduce S. aureus growth and increase diversity.
© 2018 Elsevier Inc. All rights reserved.
Atopic dermatitis (AD) is a chronic inflammatory skin dis- of S. aureus), and cellulitis may occur (Figures 1 and 2).

ease that affects 10-20% of children1-3 and 7-10% of adults.4,5

Approximately one of every three children with AD have
moderate-to-severe disease,6 and the percentage with
moderate-to-severe disease increases with advancing age.
The risk of cutaneous staphylococcal infections is well recog-
nized to be increased in AD, and especially in pediatric and
adults AD patients with moderate-to-severe disease.7–11

Staphylococcal infection is usually limited to the skin and
characterized as impetigo, but staphylococcal pustulosis, fol-
liculitis, abscesses (especially with methicillin-resistant strains
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Rarely, AD is associated with bacteremia, sepsis, septic arthri-
tis, osteomyelitis, endocarditis, pneumonia, and/or ocular
infection.12,13

While this review focuses on Staphylococcus aureus in-
fection, Streptococcus spp. may be found in addition to S.
aureus. In one study, both organisms were present in cultures
of 70-80% of AD patients with infected lesions.14 Streptococ-
cal pharyngitis may be found in association with streptococcal
pyoderma. Cutaneous dissemination of the herpes simplex virus
(HSV), particularly at lesional sites (eczema herpeticum), occurs
overall in less than 3% of AD patients; however, as with S. au-
reus infections, its occurrence is greatest in patients with more
severe AD, heightened Th2 responses, and decreased skin ex-
pression of filaggrin and antimicrobial peptides.15,16
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Fig. 1 Impetigo with erythema, swelling, and serosanguineous to
honey-colored crusting on the foot.
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Molluscum contagiosum17 and coxsackie infections (espe-
cially coxsackie A6; eczema coxsackium)18,19 are often more
disseminated in children with AD, manifesting most promi-
nently at sites of active dermatitis.
Individuals with AD are more susceptible to S.
aureus colonization and infection

S. aureus (SA) is not typically a colonizer of the skin, nose,
or respiratory tract; in healthy individuals only about 3% have
skin colonization20 and 23% have nasal colonization.21 In a re-
cent systematic review and meta-analysis of 95 studies, the
pooled prevalence of S. aureus colonization in AD was 70%
for lesional skin, 39% for nonlesional skin, and 62% for the
Fig. 2 Inflammation, pustules, and purulent draining on a back-
ground of dermatitis. Note the tense edema and increased redness of
the helical rim.
nose,21 demonstrating the markedly increased likelihood of be-
ing colonized on lesional skin (OR 19.74, 95% CI 10.88-35.81,
P b 0.001), nonlesional skin (OR 7.77, 95% CI 3.82-15.82,
P b 0.001), and nares (OR 4.50, 95% CI 3.00-6.75, P b
0.001). The rates of colonization increased with greater sever-
ity11 and age.21 S. aureus density on lesional and nonlesional
skin has also been shown to correlate with disease severity.22

Colonization on lesional skin occurs in 43% of mildly affected
patients and 83%with severe AD.21 Colonization has been asso-
ciated with the generation of IgE antibodies against staphylococ-
cal superantigens, especially in more severe AD, and has recently
been correlated with having specific IgE antibodies against mul-
tiple foods in children with AD.23-25

S. aureus and S. epidermidis bacteria are now known to be
able to penetrate skin to the dermis,26 providing additional
evidence that bacteria can affect cutaneous immune homeosta-
sis. S. aureus has been detected by qPCR in the epidermis and
dermis of lesional AD skin at levels of 5 × 103 to 1 × 104 S.
aureus DNA rCFU/mm3, but not in nonlesional AD skin,
whereas S. epidermidis is found in the epidermis (1 × 102 to
2 × 103 DNA rCFU/mm3) and, to a lesser extent, the dermis
(4 × 101 to 1 × 103 DNA rCFU/mm3) in lesional and nonle-
sional AD skin, as well as healthy control skin.26

Colonization with methicillin-resistant strains of S. aureus
(MRSA) has been increasing, and MRSA skin infections are
much more challenging to treat than methicillin-sensitive S.
aureus (MSSA). An Australian longitudinal study of coloniza-
tion identified a tripling of the percentage of MRSA versus
MSSA from 2003 to 2006 with a 13-fold increase from 2007
to 2010 and a 24-fold increase from 2011 to 2014, although
MRSA still represented only 10% of all S. aureus at peak.27

In contrast, another recent study found no significant changes
in antimicrobial susceptibility of S. aureus strains isolated
from adolescent AD patients during a 10-year period.28

Regional variation in MRSA prevalence and antibiotic pre-
scribing trends have been shown to affect colonization and
may explain discrepancies. S. aureus is known to adhere well
to AD skin, in part because of the increased exposure of fibro-
nectin and fibrinogen from barrier dysfunction and excoria-
tion. The presence of the mec genomic element, which
encodes for methicillin resistance in S. aureus, is linked to ex-
pression of fewer functional fibronectin and fibrinogen adhe-
sion proteins on the bacterial outer surface.29 The relatively
low percentage of AD patients with MRSA colonization may
be attributable to the better adherence of MSSA strains to
AD skin and the need for MRSA to compete with MSSA in
AD skin and nares.30
Defects in innate immunity may predispose to
S. aureus infection

Several defects in the cutaneous innate immune system of
individuals with AD increase the susceptibility to cutaneous
infection, particularly disruption of the epidermal barrier,
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diminished antimicrobial peptide production in response to
immune stimulation, and reduced recruitment of innate im-
mune cells to the skin.31

The integrity of the epidermal barrier depends on the pres-
ence and proper function of several proteins of differentiation,
junctional proteins, and epidermal lipids. Impairment of the
barrier in AD has been blamed on deficiency of proteins, espe-
cially filaggrin (only with chronic AD and not in the first 6
months after onset)32; poor function of junctional regions, es-
pecially tight junctions; and abnormalities in lipids, especially
reduction of long-chain fatty acids and ceramide. Increased ac-
tivity of proteases and lipases further depletes proteins and
lipids, and worsens the barrier. Barrier function can be mea-
sured as transepidermal water loss. Poor barrier function re-
sults in water loss (manifesting in skin dryness), as well as
the easier penetration of organisms33 and antigens.

The most common genetic defect is mutations in FLG,
leading to filaggrin haploinsufficiency, which occurs in ap-
proximately 10% of individuals of Northern European descent
and accounts for 20-30% of patients with AD; FLGmutations
(most commonly null mutations) have been linked to greater
AD severity and persistence, higher skin pH (increasing prote-
ase activity), and a greater risk of staphylococcal infection.34

Although the majority with AD do not have a genetic mutation
in FLG, filaggrin mRNA and protein expression has been
shown to be reduced in the skin of adults with AD, likely
reflecting their disease chronicity and the recognized diminu-
tion of filaggrin expression in the presence of Th2 cytokines
interleukin (IL)-4 and IL-1335 and by exposure to S. aureus.36

Indeed, a measurement of transepidermal water loss in the up-
per quartile for neonates at 2 days of age has recently been
found to increase the risk of having AD at 1 year of age by
7.1-fold, reiterating the importance of the barrier impairment
early in the development of AD37; however, the lesional skin
from young children with AD in the first 6 months after onset
has no deficiency of filaggrin mRNA or protein, detracting
from the focus on filaggrin deficiency and emphasizing that
deficiency or dysfunction of other barrier proteins and lipids
may be more important in early AD.32,38

In addition to their production of a physical epidermal bar-
rier, keratinocytes also play a critical role in innate immunity
through their recognition of microbes and elaboration of anti-
microbial peptides. Keratinocytes express pattern recognition
receptors, which, when activated, lead to the production of in-
flammatory cytokines and chemokines that promote neutro-
phil recruitment for microbe clearance. In AD patients, there
are polymorphisms in several pattern recognition receptors
(TLR2, NOD1, CD14), which are associated with severe dis-
ease and increased susceptibility to infection and allergic sen-
sitization.39-42 In adult AD skin, there is an inadequate
response in generating antimicrobial peptides, particularly
cathelicidins and beta-defensins,43 cationic polypeptides that
lyse anionic bacterial membranes.44 The Th2 cytokines that
drive AD are also able to reduce expression of antimicrobial
peptides. Children with moderate-to-severe AD and adults
with more severe AD have low numbers of circulating skin-
homing Th1 lymphocytes in comparison to healthy controls,45

which may contribute to the increased risk of infection. In ad-
dition, the Th1/Th2 ratio is particularly low due to Th2 skew-
ing in AD, and Th2-produced IL-4 has been shown to suppress
the production of antimicrobial peptides.39
S. aureus is pro-inflammatory and can exacerbate
AD

S. aureus secretes several exotoxins, particularly superanti-
gens,46 which have been shown to worsen the epidermal bar-
rier and/or increase inflammation (Table 1). MRSA strains
are associated with a heightened production of superantigens,
which has been thought to lead to more enhancement of skin in-
flammation than MSSA infection. In fact, the recently demon-
strated correlation of heightened food sensitization with IgE
responses to S. aureus, and particularly MRSA infection, may
reflect more percutaneous absorption of antigen in association
with S. aureus damage to skin.24,25 Among these various prod-
ucts are the superantigens (staphylococcal enterotoxins and
toxic shock syndrome toxin-1), exfoliatin, V8 serine protease,
alpha- and delta-toxin, staphylococcal protein A, and phenol-
soluble modulins (Table 1). Superantigens bind to the non-
peptide groove of the major histocompatibility complex class II
on antigen-presenting cells and to the T cell receptor beta-chains,
leading to nonspecific activation of T cells and the expression of
TNF-alpha and IL-1-beta pro-inflammatory cytokines (superanti-
gens, protein A). Toxins produced by S. aureus cause cell lysis
and death of keratinocytes (alpha-toxin), as well as degranula-
tion of mast cells (delta-toxin). Proteases from the staphylo-
coccus, such as V8 serine protease and exfoliatin, cause
damage to the epidermis, but S. aureus also has been shown
to induce keratinocyte kallikreins,47 further increasing prote-
ase activity and barrier deterioration.
The microbiome and S. aureus

Studies of the AD microbiota have shown that AD flares
are associated with microbial dysbiosis that is dominated by
S. aureus and, to a lesser extent, S. epidermidis.48-50 With ap-
propriate treatment and response, diversity is restored, includ-
ing with increases in Streptococcus, Propionibacterium, and
Corynebacterium species. Topical steroids,48 topical steroids
plus dilute bleach baths,51 and even emollients alone52,53 have
been shown to alter the lesional skin microbiota toward that of
nonlesional skin. Whether the gut microbiome plays a role in
AD remains controversial, but some reports suggest that in-
creased diversity of organisms in the gut may also reduce the
risk of development or severity of AD.54-58 Regardless, alter-
ation of gut flora through the use of probiotics or prebiotics
has largely had no impact on AD.



Table 1 S. aureus virulence factors that exacerbate AD

Factors Mechanism of action

Superantigens T cell activation, inducing cytokine production by keratinocytes
Staphylococcal exotoxin A
Staphylococcal exotoxin B
Toxic shock syndrome toxin-1

Exfoliatins A, B Protease causing desmoglein-1 cleavage and leads to desquamation at stratum granulosum level
V8 protease Protease causing increased epidermal desquamation and barrier damage
Alpha-toxin TNF-alpha production; keratinocyte lysis
Delta-toxin Mast cell degranulation and inflammation
Protein A Production of TNF-alpha by keratinocytes
Phenol-soluble modulins (PSM) Epidermal inflammation
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The role of commensal organisms in protecting
against AD and infection

Recent studies have aimed to understand the interplay
between S. aureus infections in AD patients and colonization
from other commensal bacteria, such as S. epidermidis.59 S.
epidermidis, which is highly abundant in skin, has been shown
to suppress toll-like receptor-mediated inflammation, increase
T cell and mast cell recruitment to skin, promote regulatory T
cell activity,60 increase tight junctions, and amplify endoge-
nous expression of antimicrobial peptides.61-63 S. epidermidis
produces phenol-soluble modulins (PSMs) and proteases that
prevent S. aureus biofilm formation and organism growth.64

A prospective study found that infants with AD by 12 months
of age had fewer commensal staphylococci on the antecubital
fossa at 2 months of age than healthy 12-month-olds; there
was no evidence of dysbiosis or S. aureus colonization at 2
months in the babies with AD.65 However, another prospec-
tive birth cohort study found more S. aureus on the skin at 3
months of age in those who developed AD.66

Treatment with nonpathogenic bacterium Vitreoscilla fili-
formis significantly reduced inflammation in the NC/Nga mu-
rinemodel of AD.67 More recently, two early phase open-label
human trials with commensals that show toxicity against
S. aureus in vitro have been reported. In one, topical
application of autologous coagulate-negative staphylococcus
(CoNS) reduced skin S. aureus colonization;68 in the other,
topically applied Roseomonas mucosa improved the dermati-
tis, reduced topical steroid use, and decrease skin S. aureus
burden in 15AD patients.69 These studies suggest that increas-
ing commensal organisms on the skin could improve AD.
Fecal microbiota therapy has also become a method for
correcting dysbiosis of the gut microbiome, especially for
clostridial infection.
Management of staphylococcal infections

In general, staphylococcal infections are best managed by a
course of systemic antibiotic (usually an early-generation cephalo-
sporin or amoxicillin-clavulanate), unless so localized andmild that
theymight respond to a topical antibiotic. Culture of lesional skin is
likely to grow S. aureus, whether clinically infected or not, so
that culture should be reserved for patients suspected of having
MRSA infection (eg, if not respondingwell or having a history
of MRSA), which, unless leading to abscess formation, is in-
distinguishable clinically fromMSSA infection. MRSA infec-
tions may require treatment with clindamycin or trimethoprim-
sulfamethoxazole, and therapy should be guided by culture re-
sults if MRSA. Antibiotics should not be administered in the
absence of infection, as indiscriminate use may increase the
risk of resistant organisms, and reduction in inflammation
has not been demonstrated in the absence of infection.70 That
said, it is commonly recognized by practitioners that the sever-
ity of AD in infected patients improves while on the antibiotic
and can flare after the course of antibiotic is completed despite
maintenance of antiinflammatory topical therapy.

Dilute bleach baths are the most frequently used antiseptic
routine and have been shown in double-blind trials to maintain
disease control after treating infection in moderate-to-severe
AD.71,72 Twice-daily baths with 0.005% hypochlorite (½cup
per full tub, 3.8 cc per gallon, or 1 cc per liter using standard
5-6% bleach) led to significantly greater mean reductions in
Eczema Area and Severity Index scores and reduction in body
surface area at 1 and 3 months after initiation compared with
the placebo group. Although subjects also applied mupirocin
(or vehicle) intranasally, the improved AD severity of only
submerged areas implicated the bath rather than intranasal
mupirocin as the effective component of the regimen. Other
studies have confirmed the benefit of dilute bleach baths,73,74

and their use has become a mainstay of maintenance therapy
to simply and cost-effectively maintain disease control. Dilute
bleach baths can be used daily for more severely affected indi-
viduals, can be tailored to soaking hands or feet for more recal-
citrant localized lesions, and can be simulated by topically
applied leave-on or in-shower hypochlorite solutions.75 For re-
current infections, additional decolonization procedures may
be necessary. MRSA colonization reservoirs commonly in-
clude the nostrils, throat, groin, axillae, subungual areas, and
wounds. Intranasal mupirocin ointment is typically applied
twice daily for 5 consecutive days monthly, and can be used
by all family members. Mupirocin resistance has been increas-
ing in AD,76 reiterating the importance of avoiding a topical
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antibiotic as well unless necessary. Of note, the same strain of
S. aureus has been found in 65% of parents of an affected AD
child. Especially with MRSA, which is notoriously difficult to
eradicate, decolonization of family members may be neces-
sary. Use of dilute bleach baths or showers for the entire family
may be necessary. Pets may also harbor S. aureus, including
MRSA, and referral to a knowledgeable veterinarian is recom-
mended for pet assessment and management. In addition,
emollients and even tubes of medication may harbor bacteria,
including S. aureus.

Techniques to decrease the growth and repeated transfer from
contaminated products include wiping the tip of the medication
tube with an alcohol wipe after use, keeping emollients in the re-
frigerator between applications (and floating them in the bathtub
to warm), and using a clean spoon to decant for each application
to avoid transfer from the skin to the container. Finally, the re-
sults of vitamin D3 supplementation are conflicting, and the
impact of vitamin D3 deficiency is unclear.77,78 Vitamin D3

topically applied to skin increases cathelicidin production,
but leads to irritation. In some reports, oral cholecalciferol sup-
plementation can similarly increase stratum corneum levels of
cathelicidin and even lead to improvement in inflammation.79

Conclusions

AD skin has an increased susceptibility to infections attrib-
uted to abnormalities in the innate immune system and a muted
response in generating antimicrobial peptides. Additionally, the
epidermal barrier is impaired due to a deficiency of proteins, es-
pecially filaggrin, poor function of junctional regions, and ab-
normalities in lipids, making AD skin more susceptible to
microbial colonization and penetration. In all cases of AD infec-
tion, careful genotyping and characterization of the etiologic
agent (especially in cases of MRSA) is important to initiate
proper treatment early and to alleviate the exacerbation of AD
symptoms and continued infection. MRSA strains are associ-
ated with a heightened production of superantigens that can lead
to worsening skin conditions and heightened inflammation.

There is growing evidence that suggests the treatment of the
skin with commensal bacterial species could reduce S. aureus
growth and increase skin microbiome diversity, which helps
to normalize the Th1:Th2 ratio and promote commensal bacte-
ria production of anti–S. aureus factors. Best practices for
management of staphylococcal infections include systemic
antimicrobiald initiation of antiseptics (particularly dilute so-
dium hypochlorite baths), and periodic intranasal mupirocin
to reduce the risk of recurrent infections.
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