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Abstract

Atopic dermatitis (AD) is characterized by reduced barrier function, reduced innate immune
activation, and susceptibility to Staphylococcus aureus. Host susceptibility factors are suggested
by monogenic disorders associated with AD-like phenotypes and can be medically modulated. S.
aureus contributes to AD pathogenesis and can be mitigated by antibiotics and bleach baths.
Recent work has revealed that the skin microbiome differs significantly between healthy controls
and patients with AD, including decreased Gram-negative bacteria in AD. However, little is known
about the potential therapeutic benefit of microbiome modulation. To evaluate whether parameters
of AD pathogenesis are altered after exposure to different culturable Gram-negative bacteria
(CGN) collected from human skin, CGN were collected from healthy controls and patients with
AD. Then, effects on cellular and culture-based models of immune, epithelial, and bacterial
function were evaluated. Representative strains were evaluated in the MC903 mouse model of AD.
We found that CGN taken from healthy volunteers but not from patients with AD were associated
with enhanced barrier function, innate immunity activation, and control of S. aureus. Treatment
with CGN from healthy controls improved outcomes in a mouse model of AD. These findings
suggest that a live-biotherapeutic approach may hold promise for treatment of patients with AD.

Introduction

The term “eczema,” often used to describe atopic dermatitis (AD), was coined in ancient
Greece and roughly translates to “to boil out.” Modern science, however, recognizes the
contribution of both host and environmental factors to this disease. Hallmarks of the disease
include reduced barrier function, reduced innate immune activation, and susceptibility to
infections with Staphylococcus aureus. Predisposing host factors are suggested by
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monogenic mutations in STAT3, filaggrin, and other genes associated with AD-like
phenotypes (1). Host genetic influences can be therapeutically modulated through topical
steroids or calcineurin inhibitors (2). S. aureus contributes to AD pathogenesis and can be
mitigated by antibiotics (2, 3). Recent work has revealed that the skin microbiome is
significantly different between healthy controls and patients with AD and that symptoms are
associated with a loss of commensal diversity (4). However, it is unclear whether this
dysbiosis is causal or could be therapeutically targeted. We found that culturable Gram-
negative bacteria (CGN) from healthy controls were associated with activation of innate
immunity, enhanced barrier function, and control of S. aureus. These bacteria provided
benefit in a mouse model of AD and may hold therapeutic promise for human AD.

Skin culturable Gram-negative microbiota differ between healthy controls and patients

with AD

CGN from

Genetic-based microbiome identification has revealed that Gram-negative bacteria may
represent 10%-50% of the skin microbiome and that significant differences in Gram-
negative presence exist between patients with AD and healthy controls (4). Our recently
described method for culturing Gram-negative skin flora through appropriate selection of
media, antibiotics, and temperature (5) has allowed for functional characterization and
comparison of CGN species. We found marked differences in the culturable bacteria present
on the skin of 17 patients with the diagnosis of AD as compared with 26 healthy volunteers
(HV) (Figure 1A and Supplemental Table 1; supplemental material available online with this
article; doi:10.1172/jci.insight.86955DS1). These findings were consistent with published
comparisons of the microbiome in HV and patients with AD (4). The predominant Gram-
negative species identified by our culture methods in HV was Roseomonas mucosa. This and
other Gram-negative bacteria grown by our methods were consistent with what has been
identified by prior metagenomic analysis (6). However, incomplete genome characterization
of organisms such as R. mucosa in current databases, and pooled analysis across individuals,
limited species-level identification and determination of species diversity in a given
individual in those metagenomic studies. Full genome sequencing of our cultured isolates
will enable more detailed comparison of culturable and metagenomically identified
microbiota in future studies. Roughly half of AD patients did not have any CGN, consistent
with 16S rRNA data showing diminished abundance of Gram-negative bacteria and reduced
bacterial diversity associated with flares of AD (4). We can not rule out that significant age
differences in our two groups (32.2 years for HV, 18.5 for AD; Supplemental Table 2) may
have contributed to the variation in microbiota, as has been found when contrasting the
geriatric population with younger adults (7). However, although our numbers limit
statistically valid subgroup analysis, there were no apparent correlations between CGN yield
and age, sex, or AD disease severity (SCORAD), indicating that clinical control of disease
may not impact presence of CGN (Supplemental Table 1).

HV inhibit the growth of S. aureus

Overgrowth of and infection with S. aureus are both contributors to and consequences of the
immune imbalance and poor barrier function characteristic of AD. S. aureus can directly

JCI Insight. Author manuscript; available in PMC 2016 July 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Myles et al.

CGN from

Page 3

activate allergic mast cells (8, 9) and T cells (10). Treatment with antibiotics can reduce S.
aureus burdens and improve symptoms but does not normalize the underlying pathology (2).
To evaluate the effect of our CGN strains on S. aureus growth, we cultured 8 different
isolates of S. aureusin the presence of the supernatant from cultures of CGN. Depending on
the S. aureus strain, our yield after 2.5 hours of culture in the presence or absence of CGN
supernatant ranged from 1.6 x 10° to 9 x 107 CFU (data not shown). On average,
supernatants from HV-CGN inhibited S. aureus by nearly 50% versus the media control
(Figure 1B). However, each CGN isolate supernatant displayed a range of inhibitory effects
depending upon the isolate of S. aureus selected for challenge, suggesting a potentially
dynamic interaction between these bacterial isolates (Supplemental Figure 1). In contrast,
most strains of AD-CGN failed to inhibit S. aureus growth (Figure 1B and Supplemental
Figure 1). Reinoculation of S. aureus from the inhibitory CGN supernatants into fresh media
allowed normal growth, suggesting bacteriostatic rather than bactericidal activity (data not
shown). We next coinoculated mouse ears with S. aureus and one of 3 CGN isolates: an HV-
derived R. mucosa, an AD-derived R. mucosa, or an HV-derived Pseudomonas aeruginosa
(R. mucosaisolates are indicated by red outlined symbols in Figure 1B). Consistent with our
in vitro analysis, coinoculation of CGN and S. aureus on mouse ears reduced S. aureus
yields, and this was most pronounced for the HV-derived CGN (Figure 1C) despite a lack of
significant differences in yields between the strains of CGN recovered from the ear (Figure
1D).

HV induce select markers of innate immunity in humans

To measure in vivo human cutaneous immune reactivity to these bacteria, we induced
suction blisters on the forearms of HV (Supplemental Figure 2A) and removed the
epidermal blister roof (Supplemental Figure 2B) similarly to what has been previously
described (11). Subjects undergoing blistering included HV1-2, HV19, and HV 21-24
(Supplemental Table 1). We then used challenge chambers (Supplemental Figure 2C) to
expose the dermal blister base to lethally irradiated isolates of either an HV-derived or AD-
derived R. mucosa, chosen based on their disparate inhibition of S. aureus (Figure 1B; red
outline symbols). After 18 to 20 hours of stimulation, blister cytokines levels for IL-6
(Figure 2A) were significantly higher in response to the HV R. mucosa compared with that
from a patient with AD (Figure 2A). Three subjects produced less IL-6 in response to the
AD-sourced R. mucosathan their saline control (HV1, HV2, and HV22). There were no
differences in levels of traditional Th cytokines, such as IL-17, IFN-vy, or IL-4 (Figure 2A),
just as there were no significant differences in levels of many other cytokines (Supplemental
Figure 3A) or antimicrobial peptides (Supplemental Figure 3B); however, later time points
may be necessary to assess adaptive T cell cytokines. Paired comparison of responses to HV
R. mucosaand AD R. mucosa within the same subject revealed that 6 of our 7 subjects (all
but HV23) responded to the HV R. mucosa with significantly greater IL-6 production
compared with that to the AD R. mucosa (Figure 2B). The effect of this differential
inflammatory potential on AD pathogenesis remains to be elucidated. Of note, our blister
results reflect the response of dermal exposure to the bacterial samples, since the epidermal
roof was removed to allow application of the bacteria. Therefore, we next exposed human
foreskin epidermis-derived primary keratinocytes (KC) to multiple isolates of live CGN in
vitro. Compared with AD-CGN, HV-CGN enhanced mRNA abundance of defensin p4A
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(Supplemental Figure 4A), the upstream modulators (12, 13) CYP27b1 (a vitamin D
converting enzyme; Supplemental Figure 4B), and the vitamin D receptor (Supplemental
Figure 4C) as well as CAMP, the gene encoding cathelicidin (Supplemental Figure 4D) even
when analysis was limited to R. mucosa strains (Supplemental Figure 4E). There were no
differences in transcript levels for pro-IL-1 or IL-6 (Supplemental Figure 4, F and G).
CD14, IL-8, TNF-a, TLR2, TLR3, TLR4, TLR9, or thymic stromal lymphopoietin (TSLP)
MRNA abundance was also not different, and there was no apparent correlation between the
ability of an isolate to inhibit S. aureus and activate KC (data not shown).

Lipid analysis of R. mucosa supernatants suggests possible mediators for S. aureus

inhibition

To begin dissection of the mechanistic basis for the differences in S. aureus inhibition by
supernatants from different CGN strains, we incubated the supernatants with 80%
ammonium sulfate, which will precipitate most proteins out of solution. The precipitated
fraction of supernatants from R. mucosaisolates (HV, n=4 and AD, n= 4) failed to inhibit
S. aureus (strain USA300), whereas the unprecipitated fraction from HV-R. mucosa
retained inhibitory effects (Supplemental Figure 5A). This suggests that inhibitory effects on
S. aureus were due to a nonprotein product elaborated by R. mucosa. In contrast, inhibitory
activity against S. aureus was retained in both the precipitated and unprecipitated fractions
after ammonium sulfate treatment of the supernatant from our isolate of 2 aeruginosa,
suggesting multiple mechanisms of inhibition for this isolate (Supplemental Figure 5A).
Extensive genomic and metabolomic studies will be needed to extend these findings and
fully characterize the basis of our observed strain differences. However, some possible leads
were provided by untargeted liquid chromatography—mass spectrometry that was performed
on the supernatant from one inhibitory HV-derived and one noninhibitory AD-derived R.
mucosa isolate (isolates identified in Figure 1B with red outline) to screen for relative
concentrations of >3,000 lipids. After adjustment for multiple comparisons, this analysis
revealed marked differences between these strains for only 3 lipid molecules (Supplemental
Table 3). Two cardiolipin family lipids were elevated in the AD-R. mucosa supernatant
(78:12, FA 16:0 at 12.1-fold and 78:12, FA 19:1 at 17.6-fold). Only lysophosphatidylcholine
(LPC) (number of carbons:number of double bonds;double bond position, 34:5;3) was
elevated (7.1-fold) in the HV-R. mucosa supernatant. While little is known about the effect
of these classes of lipids on the immune system, some studies suggest that LPC modulates
TLR2 and TLR4 (14) and T cell and macrophage activation (15) and is elevated in the
lesional skin of patients with psoriasis (16). Cardiolipin has been implicated in
inflammasome activation (17) and may impact leukotrienes and T cell adhesion molecules
(18). The precise bacterially derived lipids detected are not commercially available;
however, LPC isolated from chicken eggs was able to inhibit 3 different S. aureus strains in a
dose-dependent manner at picomolar concentrations (Supplemental Figure 5B). In contrast,
cardiolipin isolated from bovine heart failed to inhibit S. aureus. Similar concentrations of
LPC failed to activate human KC cultures (Supplemental Figure 5C), indicating that LPC
may contribute to S. aureus inhibition but does not account for the range of effects we
observed with live R. mucosa. Further studies will be needed to confirm the role of LPC and
identify other potential factors involved in the anti—S. aureus properties of CGN.
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HV reduces transepidermal water loss in mice

Transepidermal water loss (TEWL) is a surrogate for measuring barrier function in both
mice and humans (19). Increase in TEWL is associated with the dry, itchy skin in AD (20)
and increased cutaneous sensitization to antigens (21). For a subset of patients, this barrier
defect is associated with dysfunction in the tight-junction protein filaggrin, loss of which has
been directly associated with increased TEWL (22-24). Topical application to healthy
mouse ears of the representative isolate of HV-CGN chosen based on S. aureus inhibitory
effects and used in our human blister studies enhanced transcript levels of filaggrin
compared with the AD-CGN isolate (Figure 2C) without any noticeable change in ear
erythema or thickness (data not shown). Although further work will be needed to elucidate
which of the numerous additional proteins and lipids contributing to skin permeability (25)
are affected by our bacterial strains, application of AD-CGN increased TEWL, whereas HV-
CGN had no effect (Figure 2D). Taken together, these data suggest that strains of CGN
associated with a healthy status induce potentially beneficial immune outcomes related to
activation of select vitamin D pathway and innate immunity markers as well as potential
enhancement of barrier function.

HV improve outcomes in a mouse model of AD

MC903, a vitamin D analog, induces an AD-like dermatitis when applied to mouse ears
(26). Similar to human AD, the pathogenesis of the MC903 model depends on interactions
between Langerhans and Th2 cells (27, 28) and involves TSLP (29), CCL5, and CCL8 (30).
Parameters affected by the MC903 model include visual redness, ear thickness, and
induction of serum IgE (31). To test the effect of CGN on development of AD in this model,
we applied a HV-sourced R. mucosa, an AD-sourced R. mucosa, or an HV-sourced isolate of
P, aeruginosato mouse ears daily starting 2 days prior and continuing concurrently with
MC903 application. Application of these bacteria did not alter MC903-induced ear redness
and thickness, but HV-sourced R. mucosa elicited less thickening than AD-sourced R.
mucosa (Figure 3A). Application of the AD-sourced R. mucosa also enhanced serum IgE
induction, whereas the HV-sourced R. mucosa showed no significant impact (Figure 3B).
Consistent with inoculation of healthy mouse ears, transcript levels of filaggrin were
significantly lower in MC903-treated mice exposed to AD-sourced R. mucosa
(Supplemental Figure 6A).

To test the therapeutic potential of CGN, we induced AD-like dermatitis with MC903 and
then inoculated the ears with CGN daily for 3 days. Treatment with our same representative
isolate of HV-R. mucosa was associated with a reduction in ear thickness and visible
redness, whereas AD-R. mucosa did not alter thickness but increased visual redness (Figure
3, C and D). To evaluate whether a live biotherapeutic was necessary or if surface and
secreted factors alone could provide similar results, we applied an equivalent CFU
concentration of lethally irradiated HV-CGN suspended in its supernatant. Neither this “dead
mix” nor the supernatant alone provided any benefit, and each increased ear thickness
(Figure 3, C and D). Of note, R. mucosa could be recovered from the mouse ear as far out as
3 weeks after inoculation (either in isolation or after MC903 treatments) (Supplemental
Figure 6B), suggesting the potential to colonize mouse ears as well as human skin.
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Discussion

Current therapeutic approaches can significantly improve AD symptoms, yet, even when
successful, these treatments are not curative and extract a significant emotional toll on
patients and their families (32). While numerous insights into the pathogenesis of AD have
been discovered, many causal underpinnings remain enigmatic. Genetic host factors
implicated in AD pathogenesis include the aforementioned filaggrin as well as
polymorphisms in serine protease inhibitor Kazal-type 5 (SPINK5) (33), IL-4 (34), and
IL-13 (35). However, the genetic determinants of AD have proven to be highly complex
(36). The contribution of S. aureusto the disease process of AD is suggested by the near
100% rate of colonization for patients with AD as compared with only 5% to 20% of
controls (37). Many S. aureus virulence factors have been suggested to contribute to AD
pathogenesis and have been recently well reviewed (38). However, reduction of S. aureus
burden through antibiotics and bleach baths fails to provide lasting relief from AD
symptoms (39). More recently, understanding of the topographic distribution, temporal
variations, and environmental modulators of the microbiome is rapidly expanding through
16S rRNA DNA and metagenomic approaches (40). The potential for Gram-positive
commensal bacteria to influence AD has been suggested by recent findings that
Staphylococcus epidermidis can activate TLR2, leading to increased production of
antimicrobial peptides, tight-junction proteins, and vitamin D activation (13, 38).
Furthermore, S. epidermidis has been shown to produce several factors that can inhibit S.
aureus growth and/or biofilm formation (41-43), suggesting an additional protective role for
this commensal against the development of AD symptoms.

Our work may further the emerging hypothesis that the dysbiosis seen in AD is not simply
an associated finding, but may be a contributor to pathology. We have found that select
strains of the Gram-negative bacteria R. mucosa from healthy controls were able to
influence hallmarks of AD, including S. aureus growth, TEWL, and certain parameters of
innate immune activation. Further work will be needed to generalize these findings to
additional isolates of CGN, to elucidate the relative contribution of each of these effects to
the observed therapeutic benefit, to investigate whether the clinical utility of 7. mucosa
involves interactions with other microbiome species, and to characterize how differences in
R. mucosa strains differentially drive these mechanisms. Outcomes in the MC903 mouse
model of AD differed after inoculation with a R. mucosa strain from a healthy control versus
a patient with AD, suggesting therapeutic potential for human disease. However, our strain
of AP aeruginosafailed to produce in vivo therapeutic benefit, despite similar effects on KC
activation and S. aureus inhibition, suggesting that benefit is not a universal finding of CGN
harvested from healthy controls. The therapeutic implications of our findings may be
limited, given that our treatment did not affect many central immunologic markers in AD,
such as TSLP or Th2 cytokines, despite affecting filaggrin transcript levels. Differential
effects on additional induced and genetic models of AD (44) may provide further insight
into the beneficial mechanisms of R. mucosa.

Prior reports have suggested that addition of Gram-negative Vitreoscilla filiformis lysates to
skin creams may provide benefit in AD treatment (45). However, the loss of efficacy upon
killing of our R. mucosa isolate suggests that use of isolated secreted and/or surface products
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without live commensals may not provide benefit for all bacteria. This dynamic host-
commensal interaction may be required for clinical utility of /. mucosa, and the potential
for colonization could offer the advantages of limited reapplications and more physiologic
pharmacokinetics. Further human studies will be needed to assess the limitations, effects on
other microbiota species, and therapeutic potential of /. mucosa and other bacterial strains
to normalize skin homeostasis in AD.

Methods

Gram-negative bacterial collection and identification

Two FlogSwabs (Copan) moistened in sterile PBS (Corning Cellgro) were rubbed on the
subject's skin at the antecubital fossa and volar forearm vigorously for 15 to 30 seconds. For
patients with AD, sampling was done at these sites from affected lesional skin if present.
One swab was placed into a 15-ml conical tube (Corning Life) with 2 ml sterile HBSS
(Sigma-Aldrich) containing vancomycin (300 pug/ml) and amphotericin B (5 ug/ml; Sigma-
Aldrich) to inhibit growth of Gram-positive bacteria and fungi. The remaining swab was
placed into a 15-ml conical tube containing 2 ml Reasoner's 2A (R2A) broth (Teknova) with
similar concentrations of vancomycin and amphotericin B. The tubes, with swabs left in
place, were then incubated at 32°C with constant shaking for 48 to 72 hours before plating
100 pl from each tube onto an R2A agar plate (Remel). Evaluation at earlier time points did
not yield additional species (5). Colonies were then taken for species identification by mass
spectrometry using MALDI-TOF analysis. Bacterial protein extraction for MALDI-TOF
mass spectrometry using the BioTyper (v3.1, Bruker Daltonics Inc.) was performed by the
NIH Clinical Center microbiology lab using previously described methods (46), instrument
settings, and calibration (47, 48). BioTyper identification was supplemented by additional
mass spectra profiles provided by several NIH-developed databases (46, 49, 50). Ten of the
healthy control R. mucosa strains reported in Figure 1 were identified based solely on the
unique colony morphology, UV light reactivity, and Gram stain characteristics that had been
observed in the other R. mucosa isolates identified by MALDI-TOF analysis. Five of the
HV-R. mucosa were previously reported (5). All R. mucosaisolates used for subsequent
studies were verified by MALDI-TOF analysis. Enumeration of individuals with CGN yield
was performed by dividing the number of isolates from the indicated species by the total
population (27 for HV and 17 for AD). For individuals with more than one CGN isolate,
each isolate was considered separately for a total of >100% in the HV group.

In vitro S. aureus inhibition assay

Gram-negative isolates were cultured as above in 5 ml of R2A for 8 to 10 days. Bacteria
were pelleted at 5,000 g for 12 minutes. Supernatants were harvested, frozen, and then
lyophilized (Labconco FreeZone 2.5). The lyophilized product and a control of concurrently
incubated and lyophilized R2A without bacteria were suspended in 1 ml of tryptic soy broth
(TSB). An overnight culture of S. aureus strains grown in 5 ml TSB was diluted 1:100 into
fresh media, and then 100 pl of the newly diluted culture was combined with 100 pl of the
TSB containing the CGN supernatant or lyophilized R2A control. Samples were incubated
for 3 hours at 37°C under constant agitation. Serial dilutions were performed and plated; the
following day colonies were counted and averaged across all countable plates. Percent
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impact on S. aureus growth was calculated by dividing the number of CFU in the CGN
supernatant—exposed culture by the number of CFU in the R2A-only exposed culture.
Experiments using LPC (Sigma-Aldrich; item L4129) or cardiolipin (Sigma-Aldrich; item
C0563) were performed by incubating S. aureusin lipids resuspended in TSB at indicated
concentrations.

Ammonium sulfate precipitation

R. mucosaisolates from 4 HV and 4 AD were grown for 10 days, along with our HV-~
aeruginosa isolate. Bacteria were pelleted and ammonium sulfate precipitation was
performed on the supernatants as previously described (51).

Untargeted liquid chromatography—mass spectrometry

The representative R. mucosa isolates from HV and AD were grown in quintuplet for 10
days. The bacteria were pelleted and supernatants were lyophilized. They were then sent for
untargeted liquid chromatography—mass spectrometry, arranged through sourcing services
provided by Sheena Sharma (Science Exchange), and performed by Dayanjan Wijesinghe
(Virginia Commonwealth University, Richmond, Virginia, USA) using previously described
methodologies (52).

Blister induction and bacterial challenge

An 8-well suction chamber was designed (Ammnra Creations) and 3D printed in bronze
(Shapeways) (Supplemental Figure 1A). This was placed onto the participants' ethanol-
sterilized volar forearms and placed under 30 mm Hg of suction for 2 hours using a
microderm abrasion device (Kendal Diamond HB-SF02). After device removal, the resultant
epidermal blister roofs were surgically removed. Eight challenge chambers were designed
(Ammnra Creations) and 3D printed in bronze (Shapeways) (Supplemental Figure 1C).
Using a matching 8-well template (Ammnra Creations), 10-mm punch biopsies (Acu-Punch,
Acu-derm) were cut into one 4-inch x 4-inch Duoderm dressing (ConvaTec). The rims of the
challenge chambers were brushed with Dermabond adhesive (Ethicon) before being placed
over the denuded blisters. Each well was filled with 1 ml of either sterile saline (Corning
Life) or 2 x 107 CFU of irradiated bacteria suspended in sterile saline. Blister fluid was
removed via pipette (Eppendorf) the following morning. Collected samples were centrifuged
at 350 g for 7 minutes, and supernatants were removed and frozen for batch analysis.

Cytokine and antimicrobial peptide detection

Standards of human reg3gamma (Sino Biologicals) or blister fluid samples (100%-12.5%
diluted in 0.9% NaCl) were coated on Nunc Maxisorp plates overnight. The next day, wells
were washed 5 times with PBS and blocked in 3% BSA in PBS for 1 hour. Wells were
washed once with PBS. Polyclonal, protein A—purified rabbit anti-mouse reg3gamma (13.2
mg/ml; gift from J. Kolls, University of Pittsburgh, Pittsburgh, Pennsylvania, USA) was
added at a 1:1,000 dilution in 1% BSA/PBS and incubated 90 minutes at room temperature.
Anti-rabbit HRP (Santa Cruz) and TMB substrate (Ebioscience) were added, and the plate
was incubated at room temperature for 5 to 10 minutes. 2 N H2SO4 was added to stop the
reaction; plates were read at 450 nm. LL-37 (Hycult; HK321-02) and human B-defensin 3
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(PeproTech; 900-K2) were measured by commercial ELISA Kits. Cytokine levels were
determined by Bio-Plex (BIO-Rad) per the manufacturer's instructions.

KC cultures

Primary foreskin KC cultures were collected and stimulated as previously described (53). 1
x 107 CFU of live CGN were added to KC culture media. mMRNA was extracted after 24
hours for PCR analysis by the AACT method. Experiments using LPC or cardiolipin were
performed by adding the lipids resuspended in media at indicated concentrations and
assessed in an identical manner.

Mice
BALB/c mice were purchased from Taconic Farms. Mice were used between 8 and 14
weeks of age. Experiments were performed in both male and female mice, but age and sex
were matched within each experiment. All experiments were done in compliance with the
guidelines of the NIAID Institutional Animal Care and Use Committee.

TEWL measurements

Mice were shaved and hair chemically removed (Nair). Starting the following day,
approximately 1 x 107 CFU of live bacteria were placed on the nude areas daily.
Immediately prior to inoculation, TEWL was measured daily by VapoMeter (Delfin), per the
manufacturer's instructions.

MC903 and ear inoculations

Experiments in the MC903 mouse model of AD were performed as previously described
(28). For prevention studies, 1 x 10’ CFU of Gram-negative bacteria were suspended in
sterile PBS and dripped onto the mouse ears in 10 pl of volume. Inoculations were initiated
2 days prior to treatment with MC903 and continued throughout the MC903 exposure.
MC903 was placed first, and the ethanol was allowed to evaporate for 2 to 5 minutes prior to
placement of bacterial isolates. Ear thickness was measured on day 14. mRNA isolation and
PCR were performed as previously described (53). For experiments using coinoculation of
S. aureus, 1 x 10% CFU of the SAAS9 strain of S. aureus (gift from C. Nagao, NCI,
Bethesda, Maryland, USA) was dripped onto the ear immediately prior to inoculation with
the Gram-negative isolate. Treatment studies were performed by exposing mice to MC903
daily for 14 days and inoculating with 1 x 107 CFU of Gram-negative bacteria on days 13 to
15. Ear thickness was measured and photos were taken on day 21.

Serum total IgE analysis

Serum was collected on day 14 of MC903 treatment. Total IgE was determined as previously
described (53) using a commercial kit (Bethyl Laboratories; E90-115).

Statistics

Means were compared using 2-tailed unpaired ftest, or ANOVA for comparison of multiple
samples, with Prism software (GraphPad). P values less than 0.05 were considered
significant.
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Study approval

All animal experiments were conducted under approved National Institute of Allergy and
Infectious Disease Office of Animal Care and Use procedures. All human sample collection
and processing were performed with approval of the National Institute of Allergy and
Infectious Disease IRB, which approved the associated clinical trial (NCT02262819). All
subjects gave full consent to sample collection, and all participants provided their written
consent to the research protocol.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CGN isolates differ in presence and S. aureus inhibition between healthy volunteers
and patientswith AD

(A) Percentage of individuals with CGN isolate yield from HV (n=26) and AD (n=17)
subjects. Individuals with multiple CGN isolates were counted per isolate for >100% total in
HV; see Supplemental Table 1 for details. (B) Eight strains of S. aureus isolated from HV
and AD patients were grown in the presence of either CGN supernatant or control media.
Each data point represents the effect on S. aureus growth of supernatant from one CGN
isolate compared with media control (HV isolates = 9, AD isolates = 7); shapes represent
sourcing of S. aureus as either the participant's autologous S. aureus or one S. aureus isolate
from HV or AD patients. Data points with red outline represent one HV- and one AD-
derived CGN isolate selected for subsequent human challenge and mouse model
experiments. Data are alternatively presented by CGN species in Supplemental Figure 1. (C)
Healthy mouse ears were coinoculated with S. aureus (strain SAAS9) and R. mucosa from
HV or AD patients or 2. aeruginosa from a HV for 10 days. Day 12 ears were homogenized
and plated by serial dilution for CFU. Percentage change in growth versus diluent (ho CGN
added) control is shown. (D) CGN CFU vyield taken from same mice as in C. Data shown are
a combination of 3 or more independent experiments (B) or representative of two
independent experiments (C and D) and displayed as mean + SEM. HV, healthy volunteer;
AD, atopic dermatitis; CGN, culturable Gram-negative; Rm, R. mucosa; Pa, P. aeruginosa.
Significance determined by Student's ztest (B) or ANOVA with Bonferroni's correction (C
and D). **P< 0.01, ****P < 0.0001.
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Figure 2. CGN affects select innateimmune markersand TEWL
(A) Cytokine analysis for in vivo human blister challenge on healthy controls showing

cytokine responses to a representative strain of R. mucosa from a healthy control versus one
isolated from a patient with AD as compared with the saline control well (dotted line) (n=
7). (B) Paired analysis of data presented in A showing the cytokine production in the blister
well exposed to the HV-sourced R. mucosa minus the paired cytokine production in the
blister well exposed to the AD-sourced R. mucosa within in the same human subject. (C)
Mouse ears were inoculated daily for 3 days with 1 x 10’ CFU R. mucosa from either a HV
or a patient with AD. Day 5 mRNA abundance for IL-1f and filaggrin standardized to
GAPDH and compared with untreated mice is shown (r7= 4-5 mice per group). (D) Mouse
backs were shaved and hair was chemically removed on day 0. TEWL was then measured
after daily application of 1 x 10’ CFU R. mucosa from either a HV or a patient with AD (7
= 4-5 mice per group). Data shown are a combination of 7 independent experiments (A and
B) or representative of 2 or more independent experiments (C and D) and displayed as mean
+ SEM (C and D) or mean and individual participants (A and B). HV, healthy volunteer;
AD, atopic dermatitis; CGN, culturable Gram-negative; Rm, R. mucosa; FLG, filaggrin;
TEWL, transepidermal water loss. Significance from diluent control (or as indicated)
determined by ANOVA with Bonferroni's correction. *P < 0.05, ****P< 0.0001.

JCI Insight. Author manuscript; available in PMC 2016 July 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Myles et al.

Page 15

A B
. 50 —_—
a . -
.é'-:‘“} N T g el
P - f T g o A
= E
Eo 2 u¥ 3 d v
E \ 9 g o - g 10 T ¥
g 20 g o @
g | ee e ]
] ° e Wi
£ 10 2 5
5
w 0 0
> & & & & 5
& S & @ S
0‘&0\@%@ 5\0(?\ & ¥ _@’& Y
SR ° &
c
& 40
g *** -+ Supematant
k3
E i ** = Dead mix
E
g 201 & AD CGN (1e6)
= -« MC903
f 10! . # HV CGN (1e5) i
8 - HYCON 109
CU 2 4 6 8 10 12 14 16 18 20

Day

Figure 3. CGN from HV improves outcomesin the M C903 mouse model of AD-like der matitis
(A and B) Both ears of mice were inoculated daily with R. mucosa from a HV or an AD

patient or P aeruginosafrom a HV or SAAS9 strain of S. aureus for 2 days prior to MC903
application. Then, bacteria were coapplied with MC903 daily for 13 days. Day 14 ear
thickness (A) for each ear and serum total IgE levels (B) are shown; /7= 4-8 mice per group.
(C and D) Mice were treated with MC903 for 14 days to induce AD-like dermatitis. Starting
on day 13, mice were treated daily for 3 days with 1 x 108 CFU of live R. mucosa from a
HV or AD patient (HVCGN and ADCGN), 1 x 108 CFU of killed R. mucosa from the same
HV resuspended in the supernatant from 3 x 10° CFU of autologous R. mucosa (Dead mix),
or supernatant from 1 x 107 CFU of the HV R. mucosa. Day 21 ear thickness (C) and visual
redness (D) are shown; /7= 3-5 mice per group. Significance versus the diluent group is
shown unless otherwise indicated. Data shown are representative of 3 independent
experiments and displayed as mean + SEM. HV, healthy volunteer; AD, atopic dermatitis;
CGN, culturable Gram-negative; Rm, R. mucosa; Pa, P. aeruginosa. Significance determined
by ANOVA with Bonferroni's correction. *P< 0.05, **P< 0.01, ***P< 0.001, ****pP<
0.0001.

JCI Insight. Author manuscript; available in PMC 2016 July 27.



	Abstract
	Introduction
	Results
	Skin culturable Gram-negative microbiota differ between healthy controls and patients with AD
	CGN from HV inhibit the growth of S. aureus
	CGN from HV induce select markers of innate immunity in humans
	Lipid analysis of R. mucosa supernatants suggests possible mediators for S. aureus inhibition
	CGN from HV reduces transepidermal water loss in mice
	CGN from HV improve outcomes in a mouse model of AD

	Discussion
	Methods
	Gram-negative bacterial collection and identification
	In vitro S. aureus inhibition assay
	Ammonium sulfate precipitation
	Untargeted liquid chromatography–mass spectrometry
	Blister induction and bacterial challenge
	Cytokine and antimicrobial peptide detection
	KC cultures
	Mice
	TEWL measurements
	MC903 and ear inoculations
	Serum total IgE analysis
	Statistics
	Study approval

	References
	Figure 1
	Figure 2
	Figure 3

