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Abstract

Background: Atopic dermatitis (AD) patients are often colonized with Staphylococcus
aureus, and staphylococcal biofilms have been reported on adult AD skin lesions.
The commensal S epidermidis can antagonize S aureus, although its role in AD is un-
clear. We sought to characterize S aureus and S epidermidis colonization and biofilm
propensity and determine their associations with AD severity, barrier function, and
epidermal gene expression in the first US early-life cohort of children with AD, the
Mechanisms of Progression of Atopic Dermatitis to Asthma in Children (MPAACH).
Methods: The biofilm propensity of staphylococcal isolates was assessed by crys-
tal violet assays. Gene expression of filaggrin and antimicrobial alarmins S100A8
and S100A9 was measured in keratinocyte RNA extracted from skin tape strips.
Staphylococcal biofilms sampled from MPAACH skin were visualized using scanning
electron microscopy.

Results: Sixty-two percent of staphylococcal isolates (sampled from 400 subjects)
formed moderate/strong biofilms. Sixty-eight percent of subjects co-colonized with
both staphylococcal species exhibited strains that formed cooperative mixed-spe-
cies biofilms. Scanning electron microscopy verified the presence of staphylococ-
cal biofilms on the skin of MPAACH children. Staphylococcus aureus strains showing
higher relative biofilm propensity compared with S epidermidis were associated with
increased AD severity (P =.03) and increased lesional and nonlesional transepidermal
water loss (P = .01, P = .03).

Conclusions: Our data suggest a pathogenic role for S aureus biofilms in AD. We found

that strain-level variation in staphylococcal isolates governs the interactions between

Abbreviations: AD, atopic dermatitis; FLG, filaggrin; MPAACH, mechanisms of progression of atopic dermatitis to asthma in children; SI00A8, S100 calcium-binding protein A8; SI00A9,
calcium-binding protein A9; SCORAD, scoring atopic dermatitis index; TEWL, transepidermal water loss.
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S epidermidis and S aureus and that the balance between these two species, and their

biofilm propensity, has important implications for AD.
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GRAPHICAL ABSTRACT

Staphylococcal biofilms are observed on the skin of children with AD in the MPAACH cohort. Staphylococcus aureus strains showing higher
relative biofilm propensity (compared with S epidermidis from the same subject) are associated with increased AD severity. Staphylococcus
aureus strains showing higher relative biofilm propensity are associated with increased lesional and nonlesional transepidermal water loss.

1 | INTRODUCTION

Atopic dermatitis (AD) is a chronic, relapsing inflammatory skin
disease that affects 15%-30% of children and 2%-10% of adults.
Although up to 70% of affected children have spontaneous remis-
sion of AD before adolescence, AD often precedes the development
of allergic complications later in life. For example, more than 50% of
children with AD go on to develop asthma and ~75% develop aller-
gic rhinitis.?> A defining characteristic of AD patients is a defective
skin barrier, which, in some cases, is associated with mutations in the
structural skin protein filaggrin.3 This dysfunction in the skin barrier,
combined with exposure to exogenous irritants or sensitization by
allergens, underlies the inflammatory responses in AD skin.4¢
While the epidermis provides the first line of protection against
environmental insults, the skin microbiome represents a community
of microorganisms that coexist with keratinocytes and can cooper-
ate with the host immune system to protect against pathogen coloni-
zation.”® For example, in healthy skin, the commensal gram-positive
bacterium S epidermidis can suppress colonization by S aureus or
other pathogens through a number of mechanisms.”*® However,
dysbiosis of the skin microbiome is a common feature in AD. Up

to 90% of patients with AD are colonized with the gram-positive

bacterium S aureus (compared with 5% or less in healthy individ-

) 14,15
s

uals with a marked increase in relative abundance at lesional

sites, particularly during flares of severe AD.'Y Staphylococcus au-

18-21 2223 3nd molecules

reus secretes a myriad of toxins, proteases,
such as phenol-soluble modulins (PSMs)?* that may influence AD
severity. In contrast, S epidermidis and some other commensal co-
agulase-negative staphylococci (CoNS) are not known to produce
similar virulence factors that target the host; rather, they produce a
range of antimicrobial agents that can inhibit S aureus growth and/
or biofilm formation. These include the Esp protease,” antimicrobial

peptides,11 phenol-soluble modulins,?®

and autoinducer peptides
that inhibit quorum sensing by S aureus.?® In addition, S epidermidis
can trigger the production of the alarmin and antimicrobial pro-
tein calprotectin (S100A8/A9) by keratinocytes in the epidermis.®’
Calprotectin chelates both Zn?* and Mn?* ?7 and inhibits microbial
colonization via “nutritional immunity” by controlling the availability
of these critical divalent metal nutrient ions.?8°

Bacteria that colonize surfaces under unfavorable environmen-
tal conditions (such as exposure to ultraviolet light or extremes in
temperature or pH) typically grow as biofilms, which are highly co-
hesive and adhesive surface-adherent colonies surrounded by an

extracellular matrix.33* The bacterial cells within biofilms are highly
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resistant to antibiotic action or immune responses, which can lead
to recurrent, hard-to-treat infections.>>® Both S epidermidis and
S aureus can form robust biofilms, and both species have been re-
ported to form biofilms on skin. In fact, S epidermidis typically exists
on the skin as a biofilm growing between keratinocytes in the outer
layers of the epidermis in healthy individuals.>? Both $ aureus and
S epidermidis biofilms have been observed on the surface and in ec-
crine ducts of lesional skin from AD patient biopsies.®’** Given the
arid, nutrient-poor environment of the skin and exposure to broad
fluctuations in temperature, staphylococcal colonization of the skin
is likely dependent on the ability to grow as biofilms, allowing for
effective adherence and long-term persistence.32’45 Interactions
between S epidermidis and S aureus in the skin environment are of
increasing interest. Although certain strains of planktonic S epider-
midis secrete antimicrobial peptides that inhibit S aureus growth, lit-
tle is known about potential inhibitory or cooperative interactions
in multi-species staphylococcal biofilms in the skin that may be rele-
vant to AD pathogenesis.

In this study, we analyze staphylococcal colonization and bio-
film propensity of the isolated staphylococcal strains sampled from
the first 400 subjects in the Mechanisms of Progression of AD to
Asthma in Children (MPAACH) cohort, which is the first US-based
longitudinal, mechanistic cohort designed to follow the progression
and severity of AD in a pediatric population and the potential pro-
gression from AD to other atopic diseases. The goal of the current
study was to determine the associations between staphylococcal
colonization or biofilm propensity and clinical correlates of AD se-
verity*® and barrier dysfunction, as well as the in vivo keratinocyte
gene expression of the antimicrobial alarmins S100A8 and S100A9
and the skin barrier protein filaggrin.

2 | METHODS
2.1 | Subjects

The MPAACH cohort is the first US-based patient cohort to exclu-
sively enroll toddlers with AD. Inclusion criteria encompass toddlers
from the greater Cincinnati, Ohio metropolitan area (236 weeks
gestation) aged 1-2 years at enrollment with either physician-
diagnosed AD or a positive response to all three questions on the
Children's Eczema Questionnaire (CEQ): (a) Does your child have or
has your child had a red rash/eczema which can come and go?; (b)
If yes, has this caused itching or scratching?; (c) Has this red rash/
eczema affected any of the following areas: around the eyes, ears,
scalp, cheeks, forehead, neck, trunk, folds of the elbows/behind the
knees, wrist or ankle, outer arms/legs?47 A total of 500 children are
being enrolled, with annual study visits over a 5-year period. The
current study is an intermediate analysis that focuses on the first
400 MPAACH participants. Subjects provided demographic, envi-
ronmental, asthma trigger information, and personal and family al-
lergy and asthma history data. The SCORing of AD (SCORAD) scale,

a composite score of objective and subjective signs and symptoms

of AD and total effected area, was used to assess AD severity for
each MPAACH child based on a representative lesion and subjective
symptoms as reported by parents.*® While the majority of partici-
pants reported the use of a medication or cream for the treatment of
eczema/AD, all were instructed to withhold the use of antihistamine
medications for 7 days prior to their visit. Furthermore, children
were asked to discontinue the use of other lotions, creams, oint-
ments, and emollients the night prior to the visit.

2.2 | Transepidermal water loss (TEWL)

Transepidermal water loss was assessed by an open-chamber TEWL
machine (Tewameter, Courage + Khazaka electronic) at lesional and
nonlesional sites on each MPAACH subject for 60 seconds as previ-
ously described by Gupta et al.® Relative humidity and temperature
were recorded in addition to a 60 second baseline reading prior to

subject measurements being taken.

2.3 | Statistical analyses

Prior to analyses, distributional characteristics of the data were ex-
amined. SCORAD, TEWL, and gene expression data were skewed, so
nonparametric statistics were used. Descriptive statistics (frequen-
cies) were reported for categorical variables while median and the
interquartile range (IQR) values were reported for continuous vari-
ables. We first tested for association between a four-level bacterial
colonization variable (group 1: culture-positive for both S aureus and
S epidermidis; group 2: culture-positive for S aureus but not S epider-
midis; group 3: culture-positive for S epidermidis but not S aureus; and
group 4: culture-positive for neither S aureus nor S epidermidis) using
contingency tables (Black race and sex), and linear regression to test
for associations with age.

Kruskal-Wallis test was used to test for distributional differ-
ences between the four-level bacterial colonization and clinical
outcomes (SCORAD and TEWL) and gene expression data. To
further evaluate potential differences, Wilcoxon rank-sum test
was performed to test the association of 2-level variables (includ-
ing S aureus colonization, S aureus biofilm propensity) with clini-
cal outcomes (SCORAD and TEWL) and gene expression. Biofilm
propensity was defined by the mean of the optical densities mea-
sured from the crystal violet assay of each strain. We defined a
higher relative S aureus biofilm propensity as those cases in which
the maximum biofilm propensity from all S aureus strains sampled
per subject was greater than the maximum S epidermidis biofilm
propensity from the same subject. The converse includes cases in
which the subject had biofilm-forming S epidermidis but no S aureus
were sampled; a separate analysis was conducted for the subset of
subjects that were co-colonized with both S epidermidis and S au-
reus (Figure S1). To evaluate mean absolute biofilm propensity (a
quantitative measure measured by the crystal violet biofilm assay)

in relation to clinical outcomes and gene expression, Spearman



* | wiLey—Allergy

GONZALEZ eT AL.

rank correlation was used. Study data were collected and managed
using REDCap electronic data capture tools hosted at Cincinnati
Children's Hospital Medical Center.*

We used a = 0.05 as the threshold for statistical significance.
We recognize that this threshold does not account for the num-
ber of statistical tests performed and thus may increase the risk of
false-positive findings. However, because our outcome measures
are correlated with each other, application of Bonferroni's correc-
tion would increase the risk of false-negative findings. To minimize
the risk of incorrect inference, we interpret P-values close to our

threshold with caution.

2.4 | Other methods

Sampling and characterization of bacterial isolates, biofilm crystal
violet assays, scanning electron microscopy, tape strip sampling, and
assessment of S100A8, S100A9, and filaggrin (FLG) gene expression
are described in Appendix S1.

3 | RESULTS
3.1 | Characteristics of study cohort

The study cohort was comprised of 51.3% (205/400) males and
48.7% (195/400) females with 61.5% (246/400) of participants'
race being parent-reported as Black (Table 1). The average age
of the subjects was 2.3 years (IQR 1.7-2.5). The median SCORAD
value for all children was 18.7 (IQR 11.4-29.8) (Table 1). The me-
dian TEWL value from lesional skin, 11.7 g m2 h? was signifi-
cantly higher than TEWL value from nonlesional skin (11.7 vs 9.4,
P < .0001; Wilcoxon rank-sum test), consistent with previous

reports.("so'52

TABLE 1 Characteristics of MPAACH study cohort

MPAACH
subjects
No. 400
Black race (%) 61.5 (246/400)
Male sex (%) 51.3 (205/400)
Age (years), median (IQR) 2.3(1.7-2.5)
SCORAD, median (IQR) 18.7 (11.4-29.8)
Nonlesional TEWL (g m™ h™) 9.4 (7.1-13.6)

Lesional TEWL (g m?h™) 11.7 (8.2-19.8)
26.5 (106/400)
71.3 (285/400)

18.8 (75/400)

Presence of S aureus (%)

Presence of S epidermidis (%)

Co-colonization with S aureus and S epidermidis
(%)

Abbreviation: IQR, interquartile range.

3.2 | Staphylococcal colonization patterns

Among the MPAACH children in this study, 26.5% (106/400) were
culture-positive for S aureus (Figure 1A). Specifically, S aureus was
found at nonlesional sites in 17.3% (69/400) (Figure 1B) or at lesional
sites in 18.3% (73/400) of subjects (Figure 1C); 34.0% of the sub-
jects positive for S aureus (36/106) were culture-positive at both
sites. Seventy-one percent of participants (285/400) were culture-
positive for S epidermidis, with 46.3% of nonlesional sites (185/400)
and 50.0% (200/400) of lesional sites being culture-positive; 36.8%
(105/285) of these subjects were culture-positive for S epidermidis
at both sites. Nineteen percent of MPAACH children (75/400) were
culture-positive for both S aureus and S epidermidis, with 8.8% of
subjects (35/400) co-colonized at lesional sites and 7.5% of subjects
(30/400) co-colonized at nonlesional sites; in the remaining 2.5% of
these subjects (10/400), S epidermidis and S aureus were found at dis-
tinct sites. All but 4 children (99.0%) were culture-positive for other
coagulase-negative Staphylococcus spp (CoNS). Those four children
yielded no culturable bacteria (1.0%) (Figure 1A-C). Forty-three per-
cent of nonlesional sites (170/400) were colonized only with other
CoNS (Figure 1B), while 37.8% of lesional sites (151/400) were colo-
nized only with CoNS (Figure 1C). Eighty children (80/400, 20.0%)
were not culture-positive for either S epidermidis or S aureus. No
differences were observed in staphylococcal colonization by race
(P =.27) or age of the children (P = .13). Furthermore, there were no
significant differences among the four bacterial colonization groups
in terms of SCORAD (P =.27), nonlesional TEWL (P = .88), or lesional
TEWL (P = .34) (Table S1).

We performed crystal violet assays on the S aureus and S epi-
dermidis isolates obtained from the MPAACH cohort to assess their
ability to form biofilms and quantitate the extent of biofilm growth
per strain. A total of 509 strains of S epidermidis and S aureus were
obtained from 316 MPAACH children. The results of the crystal vio-
let assays revealed that 50% of the clinically isolated staphylococcal
strains were able to form strongly adherent biofilms (255/509), 12%
were able to form moderately adherent biofilms (61/509), and 15%
could only form weakly adherent biofilms (76/509). Twenty-three
percent of the staphylococcal strains were not able to form bio-
films (117/509) (Figure 1D). Biofilm adherence strength was defined
using published cutoff values®® based on a common classification
scheme.®*

Nineteen percent of children (75/400) were co-colonized with
S epidermidis and S aureus. From a subset of 72 co-colonized children,
we tested whether S epidermidis and S aureus isolates would show
cooperative or antagonistic interactions in mixed biofilms, given
that some S epidermidis strains can inhibit growth and/or biofilm for-
mation by S aureus.” 3 Strains obtained from three children (3/75)
were not able to be maintained in culture. A large majority (68%,
49/72) of paired isolates from MPAACH children showed coopera-
tive mixed biofilm formation, in which the biofilm from mixed culture
showed greater biomass than the S epidermidis mono-species biofilm
(Figure 1C), whereas 32% (23/72) of the paired isolates grew mixed

biofilms with lesser biomass than the S epidermidis mono-species
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FIGURE 1 Staphylococcal colonization and biofilm propensity of clinical isolates from the MPAACH cohort. (A-C) Breakdown of children
that were culture-positive for S aureus (SA), S epidermidis (SE), and Coagulase-negative Staphylococci (CoNS). (A) Overall distribution for
combined nonlesional and lesional sites. (B) Distribution at nonlesional sites. (C) Distribution at lesional sites. (D) Strength of individual
mono-species biofilms. (E) Breakdown of cooperative vs antagonistic mixed-species biofilms grown from isolates collected from MPAACH
children that were culture-positive for both S aureus and S epidermidis

FIGURE 2 Noninvasive tape sampling
of skin and SEM imaging reveals
staphylococcal biofilms. Representative
scanning electron microscopy images

at increasing levels of magnification of

(A) biofilms formed from mixed culture

of laboratory strains SA35556 and
SERP62a, (B) a biofilm grown from an

S epidermidis strain isolated from an
MPAACH participant, (C&D) Biofilms on
corneocytes isolated using Tegaderm tape
strips taken from two individual MPAACH
participants. All images were taken at

5.0 kv

biofilm. Thus, for those MPAACH children from whom both S epider- (9/72) of paired isolates from MPAACH children, the interaction be-
midis and S aureus were sampled, most exhibited S epidermidis strains tween bacteria was synergistic, in that the mixed biofilm biomass

acting cooperatively with S aureus in terms of biofilm growth rather was greater than the sum of the individual mono-species biofilms

than inhibiting S aureus growth or biofilm formation. In fact, in 13% (data not shown).
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3.3 | Noninvasive tape sampling of skin reveals
staphylococcal biofilms on both healthy skin and AD
lesional and nonlesional sites

To confirm that staphylococcal biofilms grew on the skin of pediatric
AD patients in the MPAACH cohort, we developed a noninvasive
tape strip sampling protocol to remove the outer layer of corneo-
cytes and any associated biofilm for imaging by scanning electronic
microscopy (SEM). Corneocytes were collected from lesional and/
or nonlesional skin sites of 26 MPAACH subjects. Fifty percent
(13/26) of MPAACH participants tested were positive for clusters
of bacterial cocci with diameter of approximately 0.6 pm adherent
to the underside and edges of corneocytes; these clusters of cocci
exactly recapitulate the morphology of staphylococcal cells in a bio-
film grown in culture from MPAACH staphylococcal isolates or from
laboratory strains SERP62a and SA35556 (Figure 2). Healthy adult
control tape strips also showed similar clusters (Figure S2). From the
13 positive MPAACH participants, 54% (7/13) of biofilm-positive
samples were from lesional sites, 38% (5/13) were from nonlesional
sites, and 8% (1/13) had SEM-visible biofilms on samples from both
lesional and nonlesional sites. For eight of the 13 patients from
whom SEM-visible biofilm samples were observed, S aureus and/or
S epidermidis were successfully cultured from contact plates; each of

these staphylococcal isolates formed strong mono-species biofilms

FIGURE 3 Staphylococcus aureus
colonization is associated with increased
SCORAD while higher relative S aureus
biofilm propensity is associated with
increased SCORAD and increased TEWL.
(A) S aureus colonization was associated
with increased AD severity as measured
by SCORAD. Biofilm propensity of
S aureus relative to the propensity of
S epidermidis from the same MPAACH
subject was assessed. If multiple isolates
Yes of S aureus or S epidermidis were sampled
from the same subject, the isolate with
the maximal biofilm propensity was used
in the analysis. Higher relative S aureus
biofilm propensity was associated with:
(B) increased SCORAD, (C) increased
nonlesional TEWL, and (D) increased
lesional TEWL

in the crystal violet assay. There were seven subjects of the 26 sam-
pled from whom no S aureus nor S epidermidis were cultured from
the contact plates, although 71% of these patients' samples (5/7)
did show visible biofilms with staphylococcal morphology by SEM.

3.4 | Relative biofilm propensity of S aureus
strains is associated with increased AD

severity and decreased skin barrier function in both
lesional and nonlesional AD skin

Since our data established the presence of staphylococcal bio-
films on pediatric AD skin, we next sought to investigate the role
of S aureus and S epidermidis colonization and biofilm propensity
in the pathogenesis of AD. We analyzed the presence of staphylo-
coccal bacteria on subjects' skin and quantified the total bacterial
load. We also determined the mono-species biofilm propensity of
MPAACH staphylococcal isolates and grew S aureus and S epider-
midis isolates from the same MPAACH subject in mixed culture to
investigate antagonistic vs cooperative interactions. We tested the
hypotheses that staphylococcal colonization and biofilm propensity
are associated with increased AD severity. The presence of cultur-
able S aureus on the subject's skin was associated with increased AD
severity as defined by SCORAD (P = .05) but was not significantly
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TABLE 2 Spearman's correlations
between mean staphylococcal biofilm
propensity and epidermal expression of
S100A8, S100A9, and FLG

Lesional S100A8
Lesional S100A9
Nonlesional S100A8
Nonlesional SI00A9

Lesional S100A8/S100A9

Nonlesional
S100A8/S100A9

Lesional FLG

Nonlesional FLG

WILEY-Z

Mean S aureus

Mean S epidermidis biofilm Mean mixed
biofilm propensity propensity biofilm propensity
Rho P-value  Rho P-value  Rho P-value
-0.15 .02 -0.01 91 -0.04 74
-0.14 .04 0.00 .99 -0.02 .89
-0.26 .00006 -0.09 .36 -0.17 16
-0.24 .0003 -0.03 79 -0.16 19
-0.06 .37 -0.10 .34 -0.12 .33
-0.05 44 -0.25 .02 -0.23 .06
-0.13 .054 -0.23 .02 -0.08 .53
-0.16 .02 -0.23 .02 -0.33 .01

Bold italics are a guide to the eye to highlight significant values (p <0.05).

associated with TEWL, as previously described for the MPAACH
study®> (Figure 3A). The presence of S epidermidis had no significant
associations with either SCORAD or TEWL (Table S1). To assess the
strain-specific biofilm propensity, we defined a higher relative S au-
reus biofilm propensity as those cases in which the maximum biofilm
propensity from all S aureus strains sampled per subject was greater
than the maximum S epidermidis biofilm propensity from the same
subject. Higher relative biofilm propensity of S aureus compared
with S epidermidis strains sampled from the same patient was sig-
nificantly associated with increased SCORAD (P = .03), nonlesional
TEWL (P = .03), and lesional TEWL (P = .01) (Figure 3B-D). When
comparing cooperative vs antagonistic mixed biofilms (defined as
mixed biofilm biomass being greater or less than S epidermidis mono-
species biofilm biomass, respectively), no significant associations
with SCORAD nor TEWL were observed. Likewise, in the Spearman's
rank correlation test, the mean biofilm propensity (measured by the
crystal violet biofilm assay) of neither S aureus, S epidermidis, nor
mixed-species biofilms was significantly associated with SCORAD
or TEWL. Collectively, these data suggest that while S aureus colo-
nization is associated with increased AD severity, it is the ability of
S aureus to form strong biofilms and the balance between biofilm-
forming S aureus and S epidermidis strains that are particularly impor-

tant factors affecting AD severity and barrier dysfunction.

3.5 | Biofilm propensity of S aureus and mixed-
species biofilms are associated with decreased
FLG expression

Both lesional and nonlesional skin of AD patients exhibit abnor-
mal barrier function, as evidenced by increased TEWL compared
with normal healthy skin.® The most commonly reported gene as-
sociated with barrier dysfunction in AD is FLG, which encodes
filaggrin, a structural protein that plays an essential role in the for-

mation of the cornified envelope that prevents water loss from the

epidermis.>*®>’ In the MPAACH cohort, we observed that both
lesional and nonlesional FLG expression levels varied significantly
with staphylococcal colonization pattern (Table S1). As reported in
a companion study,”® the presence of S aureus was associated with
decreased FLG expression levels in nonlesional and lesional skin.
Furthermore, we show here that in the Spearman's rank correlation
test, increased mean biofilm propensity of S aureus was associated
with decreased nonlesional (P = .02) and lesional (P = .02) FLG ex-
pression (Table 2). Likewise, increased mean biofilm propensity of
mixed biofilms (grown from co-cultured S aureus and S epidermidis
sampled from the same subject) was also correlated with decreased
nonlesional FLG expression (P =.01), as was mean biofilm propensity
of S epidermidis (P = .02) (Table 2).

4 | Staphylococcus epidermidis biofilm
propensity is negatively associated with
gene expression of S100A8 and S100A9

We analyzed the expression of alarmins, SI00A8 and S100A9, in
RNA isolated from AD skin tape strips®® and assessed potential as-
sociations with staphylococcal colonization or biofilm propensity, as
commensal organisms play a role in the stimulation of alarmin ex-
pression. Surprisingly, colonization by S epidermidis per se showed
no statistically significant difference in S100A8 or S100A9 expres-
sion levels. However, the Spearman's rank correlation test revealed
that the mean S epidermidis biofilm propensity was negatively as-
sociated with expression of both S100A8 and S100A9 in lesional (A8,
P =.02; A9, P = .04) and nonlesional (A8, P = .00006; A9, P = .0003)
skin (Table 2). Staphylococcus aureus colonization and higher relative
biofilm propensity of S aureus were both associated with decreased
nonlesional S100A8 expression (P = .02 and P = .04, respectively);
however, neither was significantly associated with SI00A9 expres-
sion, so the relevance of S aureus colonization to calprotectin expres-
sion is unclear.
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In this study, we present the first large-scale analysis of staphylococ-

cal colonization and biofilm propensity of clinical isolates sampled
from a cohort of pediatric AD patients, and we directly demon-
strate the presence of staphylococcal biofilms on pediatric AD skin.
Interestingly, although we did observe a significant association be-
tween colonization by S aureus and higher SCORAD levels, there was
no significant association between S aureus colonization per se and
TEWL measurements. Instead, we found that the relative biofilm
propensity of MPAACH staphylococcal isolates is associated with
both increased AD severity and skin barrier dysfunction (Figure 3).
Specifically, MPAACH subjects whose S aureus biofilm strains had
stronger biofilm propensity compared with the S epidermidis strains
from the same subject exhibited significantly higher SCORAD val-
ues and higher TEWL in both lesional and nonlesional skin (Figure 3).
These data strongly suggest a pathogenic role for S aureus biofilms
in AD.

Consistent with their important role in AD, we directly observed
staphylococcal biofilms around and under corneocytes sampled
from the skin of young children with AD. A small number of previous
studies observed staphylococcal biofilms on AD skin biopsies.3%#44
However, these studies primarily focused on biopsies from adults;
our analysis is the first demonstration that staphylococcal biofilms
are present on AD skin from a number of young pediatric subjects.
Our observations are consistent with the proposed role of bacte-
rial biofilms as a near-ubiquitous growth mode under harsh envi-
ronmental conditions such as the arid, nutrient-poor milieu of the
skin.31:82:3436 Our results agree in part with those of Simpson et al,>’
who reported similar levels of S aureus colonization and found that
the colonization was associated with increased AD severity; how-
ever, they also found that S aureus colonization was associated with
increased nonlesional TEWL. In contrast, we observed that higher
relative biofilm propensity of S aureus rather than colonization per se
was associated with higher TEWL. However, the Simpson et al study
enrolled European-American adult AD patients including a large
percentage with severe to very severe AD, whereas MPAACH is a
pediatric cohort with 61.5% Black representation that present with
mild to moderate AD. Our group has recently published a study that
suggests that Black subjects display different phenotypes of allergic
disease and the atopic march, having an increased risk of developing
asthma without preceding AD.%° Our data are also consistent with

the report by Di Domenico et al!

that increased biofilm propensity
by S aureus isolates was correlated with increased AD lesion severity.

Our study does have a few limitations; although we requested
that MPAACH participants discontinue AD treatments 7 days prior
and emollients 24 hours before a visit, concurrent treatments could
influence our results in terms of detected bacterial colonization.
Thirty-five percent of MPAACH subjects are treated with both over-
the-counter and prescribed medications. Furthermore, our current
study has focused on culture-based techniques, which allowed us
to assess the biofilm propensity of clinical strains but may have un-
dersampled the full range of bacterial strains present on the skin,

particularly those that form strongly cohesive biofilms and are not

efficiently sampled by contact plates. Future studies using shotgun
metagenomic sequencing and whole-genome functional analyses
could further assess the roles of S aureus, S epidermidis, and other po-
tentially important species within the skin microbiome of MPAACH
subjects.

In AD, mutations in FLG or in genes encoding proteins involved
in the normal processing of filaggrin can lead to altered ultrastruc-
ture of the epidermis. Furthermore, FLG expression by keratinocytes
is reduced in AD lesional skin, likely due to inflammatory cytokines
including IL-4, 1L-13, and IL-31.6%% Colonization by S aureus is associ-
ated with decreased FLG expression in both nonlesional and lesional

14 that increased S aureus

skin,> similar to the report by Clausen et a
colonization was observed in AD patients with FLG mutations. These
findings are consistent with results from a tissue culture model of
human epidermis, in which knockdown of FLG expression led to in-
creased colonization by Saureus.®® Thus, in children with AD, relative
deficiency in FLG expression in nonlesional skin likely precedes colo-
nization by S aureus strains that may be more pathogenic, that is, po-
sess higher biofilm propensity. Furthermore, breakdown products of
filaggrin found in healthy skin are reduced in AD patients with food
allergy®®; these products have been shown to inhibit growth of S au-
reus in vitro®® and in vivo.®® Taken together, these data further sup-
port the idea that deficiencies in the skin barrier due to mutations in
FLG or lower expression of FLG predispose these individuals to colo-
nization by S aureus. Interestingly, we also observed that decreased
FLG expression in both nonlesional and lesional skin was associated
with S aureus strains that formed more extensive mono-species and
mixed-species biofilms, raising the possibility that cooperative inter-
actions with some S epidermidis strains may promote S aureus biofilm
growth and persistent colonization in the context of decreased FLG
expression.

Our data suggest that perturbations in skin barrier function aris-
ing from genetic (eg FLG mutations), environmental, or other factors
predispose infants to colonization by S aureus, which then drives in-
creased severity of AD lesions and further degradation of barrier
function (Figure 4).

The premise that dysregulation in the skin barrier function is up-
stream of microbial dysbiosis is consistent with the observation that
infants that developed AD by age 1 were significantly more likely to
show elevated TEWL as early as 2 days postbirth.®” Meylan et al found
that infants that went on to develop AD exhibited a significant in-
crease in the prevalence of S aureus colonization by 3 months after
birth, which preceded the development of AD symptoms by 2 months
on average.’® Likewise, a mouse model of AD using tissue-specific
ADAM17 knockout revealed the initial development of eczematous
inflammatory lesions followed by dysbiosis, with sequential steps of
predominant colonization by Corynebacterium mastitidis, S aureus,
and Corynebacterium bovis.®’ Introduction of antibiotics specific for
these microbial species could reverse inflammatory symptoms.69
Colonization by S aureus is favored by lower expression levels of filag-
grin®® and the resulting reduction in normal filaggrin breakdown prod-
ucts.5>%¢ We propose that these factors favoring S aureus colonization

will disrupt the balance between S aureus and protective commensal
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microbes including certain S epidermidis strains. Colonization of the
skin with commensal staphylococcal species in infants has been shown
to be associated with decreased rate of developing AD by 1 year of
age.”® However, it is becoming clear that protective effects from § epi-
dermidis vary in a strain-specific manner.

Several studies have reported that S epidermidis and other co-
agulase-negative staphylococcal species can directly inhibit S aureus
growth or biofilm formation.”*%2>2% |n contrast, it was recently re-
ported that peptidoglycans from S epidermidis and other commen-
sals can actually potentiate S aureus virulence.”* In this study, we
analyzed not only colonization by S epidermidis and S aureus, but also
the biofilm propensity of staphylococcal isolates. We found that
when matched pairs of S epidermidis and S aureus strains from the
same subject were co-cultured, the combinations produced syn-
ergistic or cooperative biofilm growth in mixed culture for 68% of
the co-colonized MPAACH subjects, whereas 32% showed strong
antagonism by S epidermidis. In 13% of subjects, their S epidermidis
acted synergistically with S aureus, forming mixed-species biofilms
that that exceeded the sum of the two mono-species biofilms from
the same isolates. These results demonstrate that S epidermidis can
either inhibit, coexist with, or even potentiate S aureus biofilms. This
highlights the importance of tracking strain-level variation in S epi-
dermidis, consistent with the report by Nakatsuji et al*! that anti-
microbial peptide-expressing, coagulase-negative staphylococcal
strains that inhibited S aureus were common on healthy skin but rare
on AD skin.

Furthermore, S epidermidis can also have context-dependent ef-
fects on immune responses and other microbes that may depend
on skin barrier integrity or local inflammation.”?”® One interesting

example from this study is that the growth mode of S epidermidis

(biofilm vs planktonic) appears to differentially influence immune

responses in the skin. Naik et al'®

demonstrated using a mouse
model system that S epidermidis can induce commensal-specific T
cells that home to the epidermis and trigger secretion of calprotectin
(S100A8/S100A9) by keratinocytes in an IL-17A-dependent man-
ner. However, we found that S epidermidis biofilm propensity was
negatively associated with SI00A8 and S100A9 expression levels in
both nonlesional and lesional skin (Table 2), suggesting that S epider-
midis growing as a biofilm is unable to be taken up by skin-resident
dendritic cells for presentation to commensal-specific T cells. This
is plausible, given that staphylococcal biofilms inhibit phagocytosis
by macrophages.m’75 This reduction in expression of S100A8 and
S100A9 could lead to a feedback loop that further promotes col-
onization by biofilm-forming S aureus strains and growth of mixed
biofilms by S aureus and S epidermidis, since calprotectin sequesters
both Mn?* (which is required for staphylococcal growth?”??3% and
Zn?* (which is required for intercellular adhesion in S epidermidis and
S aureus biofilms’®81),

Biofilms are highly adhesive and cohesive and will promote
long-term persistence of staphylococcal colonization on the epi-
dermis.334¢1 Although staphylococci growing in the biofilm mode
generally express lower levels of proteases or toxins compared with
planktonic cells, S aureus and S epidermidis biofilms utilize the ac-
cessory gene regulator (Agr) quorum-sensing machinery to undergo
periodic cycles of biofilm remodeling and release of planktonic bac-
teria that can secrete increased levels of toxins and proteases.®28°
Among these are S aureus &-toxin that activates mast cells in allergic
skin disease”; S aureus exotoxins that act as superantigens in AD84;
and a number of S aureus proteases that can cleave desmoglein-1, an
important skin structural protein.®>8 Thus, S aureus biofilms on AD
skin will provide a persistent reservoir of staphylococcal cells in the
epidermis. This may be especially pertinent in children with AD as it
provides a recurring source of proteases and toxins that will trigger
inflammation and further degrade skin barrier function.

Taken together, the results presented herein suggest that the
relative balance of biofilm-forming S aureus and S epidermidis strains
is implicated in both severity of AD and barrier function in pediat-
ric patients, and that S epidermidis plays a mixed role depending on
strain-level variation in antagonism or cooperation with S aureus
strains in co-colonized patients. This highlights the complexity of
the interactions between species in the commensal skin biome and
supports a recent, more nuanced view of S epidermidis, in which this
nearly ubiquitous commensal plays multiple roles in skin immune re-
sponses and can either inhibit or coexist with S aureus, depending
on strain-level variability. Therapeutic approaches that specifically
target biofilm formation by S aureus or that shift the balance from co-
operative to antagonistic (ie protective) strains of S epidermidis could
help to mitigate the inflammation and barrier dysfunction character-
istic of severe AD.
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Supplementary Fig 1. Relative S. aureus biofilm propensity among co-colonized subjects
is associated with increased TEWL in both lesional and non-lesional AD skin. Biofilm
propensity of S. aureus relative to the propensity of S. epidermidis from the same MPAACH
subject was assessed (only co-colonized subjects were used in this analysis). If multiple
isolates of S. aureus or S. epidermidis were sampled from the same subject, the isolate with the
maximal biofilm propensity was used in the analysis. Higher relative S. aureus biofilm
propensity was associated with: A) increased non-lesional TEWL, and B) increased lesional
TEWL.
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Supplementary Figure 2: SEM of biofilms on keratinocytes collected from healthy adult.
Tegaderm tape was used to collect keratinocytes from healthy adult skin and SEM was used to
identify biofilms on keratinocyte surfaces. Clusters of cocci-shaped organisms can be seen at A)
1.80k, B) 7.00k (yellow box), and C) 12.0k magnification (white box). An SEM image of an in-
vitro staphylococcal biofilm is shown in panel D (blue box) for comparison.
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Supplementary Table 1. Associations of bacterial colonization with clinical outcomes and

expression of FLG or alarmin genes.

Bacterial CoNS without S. epidermidis S. epidermidis  S. aureus & S. aureus, S. p-valu
Presence Group & CoNS CoNS epidermidis &
CoNS

No. 80 210 31 75
Black Race (%) 59.5 59.1 74.2 66.7 0.31
Male (%) 40 58 58 53 0.16
Age (y), median 2.37 218 2.34 2.29 0.07
(IQR) (1.84 — 2.46) (1.60 — 2.44) (1.94 — 2.46) (1.82 — 2.45)
SCORAD 19.0 18.4 16.9 19.7 0.24

(13.1 —27.6) (11.0—28.3) (12.0 — 40.0) (12.2-34.5)
Non-Lesional 10.4 9.3 10.0 9.3 0.87
TEWL (g m?h) (7.2-13.4) (7.0-13.4) (8.2—-13.8) (6.6 —14.3)
Lesional TEWL 10.9 11.5 12.0 13.8 0.35
(g m?h7) (8.9-17.3) (8.1-19.4) (8.2—-19.4) (8.5—27.3)
Maximal FLG 12.0 9.8 5.2 5.9 0.007
expression, (5.0-31.8) (2.4 — 28.6) (0.6 -19.1) (0.9-17.4)
lesional (x
10,000)
Maximal FLG 17.5 20.1 10.4 10.7 0.038
expression, (6.9 -42.9) (5.1 —44.0) (2.6 — 20.9) (3.7 —28.2)
non-lesional (x
10,000)
Maximal S700A8 1.8 1.6 1.2 1.1 0.21
expression, (0.4 -3.6) (0.5-4.1) (0.5-3.4) (0.2-24)
lesional (x
10,000)
Maximal S700A9 2.7 2.6 2.5 2.3 0.87
expression, (0.7 -6.1) (0.9-6.7) (1.0-5.7) (0.6 —6.1)
lesional (x
10,000)
Maximal S700A8 1.2 1.6 0.6 0.9 0.1
expression, non- (0.3 -3.7) (0.5-5.0) (0.3-3.2) (0.3-2.0)
lesional (x
10,000)
Maximal S700A9 2.4 2.4 2.0 1.8 0.90
expression, non- (0.5-8.5) (0.6 —7.5) (0.5-7.5) (0.5-5.2)
lesional (x
10,000)

*P values were obtained by chisq test or Kruskal-Wallis rank sum test.
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Supplemental Methods

Contact Plate Sampling

Contact plates made from sheep blood agar (Hardy Diagnostics, Santa Maria, CA) were
placed on both non-lesional and lesional sites of MPAACH children for 30 seconds and then
incubated for 48 hours at 37° C. Lesional sites were determined initially and subsequent non-
lesional sample sites were determined based on the need of certain body sites for collection of
other biospecimens. Each morphologically distinct colony was further isolated on individual
sheep blood agar plates (Remel, San Diego, CA) and incubated for another 24 hours. S. aureus
and S. epidermidis colonies were identified by culturing on Mannitol Salt agar (MSA) (BD,
Sparks MD). S. aureus isolates were confirmed by coagulase testing using the StaphAurex
Latex Agglutination Kit (Thermo Scientific, Waltham, MA). Bacterial genomic DNA isolated from
colonies that appear pink on MSA were further characterized by polymerase chain reaction
(PCR) to screen for S. epidermidis. A PCR screen to confirm the identity of S. epidermidis
colonies was created using established primers against a 705 bp chromosomal DNA fragment
specific to S. epidermidis ': SE705 (F: 5- ATCAAAAAGTTGGCGAACCTTTTCA — 3’ R: 5-
CAAAAGAGCGTGGAGAAAAGTATCA -3’); and primers targeting the gene for the S.
epidermidis surface protein, Aap (F: 5 — TGCGACAAATTTAACGAGATA - 3, R: 5 -

CCACTTGCGTATGTACCACTA - 3’). PCR products were assessed on a 1% agarose gel.

Biofilm Crystal Violet Assay

Single MPAACH-isolated colonies were obtained from glycerol stocks streaked
on 5% sheep blood agar and were inoculated in 5mL of tryptic soy broth supplemented with
0.5% glucose (TSB-G). The colonies were cultured overnight with shaking at 37° C, followed by
1:10 dilution into TSB-G; cell growth was tracked by measuring optical density (OD) at 600 nm.

For biofilm assays, each culture was diluted to a final OD of 0.03 and added in triplicate to a
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plate that was incubated statically at 37° C for 18 hours. Mono-species biofilms were grown
from 200 uL of culture and a 100 pL:100uL mixture was used to grow mixed biofilms. Crystal
violet assays were conducted essentially as described ? with addition of 0.1% crystal violet.
Absorbance was measured at 570 nm using a BioTek Synergy H1 Hybrid spectrophotometer. S.
aureus strain SA35556 and S. epidermidis strain RP62a (American Type Culture Collection,
Manassas, VA) were used as positive controls, and negative controls were wells inoculated with

TSB-G alone.

Scanning Electron Microscopy

To visualize biofilms on skin, a tape strip sampling technique was developed similar to that
described by Masako et al. **. The design of this experiment was implemented after enroliment
began and required an additional step of tape sampling; we received consent for the additional
sampling for 26 subjects, who were included in this analysis. A 1x1 in square of Tegaderm Film
(3M, St. Paul MN) was placed on the subject’s skin in both non-lesional and lesional areas for
30 minutes. A carbon adhesive tab (Electron Microscopy Sciences, Hatfield, PA) was placed on
the tape while still on the skin, followed by a scanning electron microscopy (SEM) aluminum
mount (Electron Microscopy Sciences, Hatfield PA) to hold the Tegaderm flat on the surface of
the mount after removal from the skin. The adhesive side of the Tegaderm film was coated with
gold palladium and visualized using a Hitachi SU8010 Ultra-High Resolution Scanning Electron

Microscope (Hitachi, Tokyo) at 5.0 kV.

Tape Strip Sampling

Corneocyte and keratinocyte sampling was conducted by tape stripping, using adhesive
SmartSolve Strips pre-cut into eleven 1x1 inch strips, as described °. Skin cells of lesional and
non-lesional sites were sampled by placing the tape strip on the skin, gently massaging the tape

for 15-20 seconds, removing the tape, and storing it in ice-cold in BL buffer supplemented with
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2% thio-glycerol (Promega, Madison, WI). This process was repeated to provide a total of 11
tape strips per sampled skin site. Tubes were vortexed for 10-25 seconds and incubated at 42°
C for 30 min. Collected skin tapes were flash frozen and stored at -80° C. The first 3 tapes from
each lesional or non-lesional site were stored for microbiome analysis, and keratinocyte DNA
and RNA were extracted from tapes 4-7 and 8-11, respectively. Only the RNA extracted from
tape 8 & 9 were used in this study; all other tapes are utilized in other current and ongoing

studies.

S100A8, S100A9, and FLG expression data

RNA extraction was first done with phenol:chloroform for the removal of the tape residue, and
the aqueous phase was used for the ReliaPrep™ RNA Cell Miniprep (PROMEGA) extraction.
Complementary DNA was made with SuperScript IV VILO (ThermoFisher) and PCRs reactions
were carried out with the following tagman gene expression assays: 18S (Hs03003631_g1),
FLG (Hs00856927_g1), ST00A8 (Hs00374264_g1) and ST100A9 (Hs00610058_m1). The PCR
cycling conditions were 95° C for 10 minutes followed by 50 cycles of 95° C for 10 seconds and
60° C for 30 seconds. ST00A8, ST00A9, and maximum level of FLG expression between Tape 8
and Tape 9 were normalized to 18S. To maximize confidence in the gene expression data, the
maximum value reported from either tape strip 8 or 9 from each subject was used to measure

S100A8, S100A9, and FLG expression.
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