Effect of filaggrin breakdown products on growth of and
protein expression by Staphylococcus aureus
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Background: Colonization of the skin by Staphylococcus aureus
in individuals with atopic dermatitis exacerbates inflammation.
Atopic dermatitis is associated with loss-of-function mutations
in the filaggrin (FLG) gene, accompanied by reduced levels of
filaggrin breakdown products on the skin.

Objective: To assess the affect of growth in the presence of the
filaggrin breakdown products urocanic acid (UCA) and
pyrrolidone carboxylic acid (PCA) on fitness of and protein
expression by S aureus.

Methods: S aureus was grown for 24 hours in the presence of
UCA and PCA, and the density of the cultures was monitored by
recording ODg( values. Cell wall extracts and secreted proteins
of S aureus were isolated and analyzed by SDS-PAGE. Cell
wall-associated proteins known to be involved in colonization
and immune evasion including clumping factor B, fibronectin
binding proteins, protein A, iron-regulated surface determinant
A, and the serine-aspartate repeat proteins were examined by
Western immunoblotting.

Results: Acidification of growth media caused by the presence of
UCA and PCA resulted in reduced growth rates and reduced
final cell density of S aureus. At the lower pH, reduced
expression of secreted and cell wall-associated proteins,
including proteins involved in colonization (clumping factor B,
fibronectin binding protein A) and immune evasion (protein A),
was observed. Decreased expression of iron-regulated surface
determinant A due to growth with filaggrin breakdown
products appeared to be independent of the decreased pH.
Conclusion: S aureus grown under mildly acidic conditions such
as those observed on healthy skin expresses reduced levels

of proteins that are known to be involved in immune evasion.
(J Allergy Clin Immunol 2010;126:1184-90.)
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Staphylococcus aureus permanently colonizes the anterior
nares of 20% of the population. Nasal carriage is a prerequisite
for colonization of other sites such as skin and is a risk factor
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Abbreviations used
AD: Atopic dermatitis
CA-MRSA: Community-acquired methicillin-resistant
Staphylococcus aureus
CIfB: Clumping factor B
FnBP: Fibronectin binding protein
HRP: Horseradish peroxidase
IsdA: Iron-regulated surface determinant A
PCA: Pyrrolidone carboxylic acid
Sdr: Serine-aspartate repeat protein
Spa: Protein A
TSB: Tryptone soy broth
UCA: Urocanic acid

for § aureus infections.' Host factors associated with immune re-
sponses are believed to play a role in determining carriage sta-
tus.? To survive on the skin, bacteria have to overcome acidic
conditions as well as antimicrobial peptides and fatty acids. Col-
onization of the skin by S aureus is usually transient. However,
when the skin barrier is dysfunctional, factors produced by
S aureus can promote adhesion. Increased skin colonization
with S aureus has been observed in patients with the chronic
inflammatory skin condition atopic dermatitis (AD).>* S aureus
colonizes 5% of subjects with healthy skin, whereas S aureus can
be isolated from lesions in 90% of adults with AD.>°

Colonization of the anterior nares and skin by S aureus
is promoted by surface-associated proteins that can bind to
host adhesive molecules. Compared with healthy skin by
immunohistochemical staining, higher levels of fibronectin
were found in the stratum corneum of patients with AD.
The expression of fibronectin binding proteins (FnBPs)
A and B by S aureus enhanced adherence to AD skin.” Other
surface-associated proteins also contribute to colonization.
Clumping factor B (CIfB) promotes adhesion to desquamated
epithelial cells through binding cytokeratin 10.® S aureus clfB
mutants were eliminated from the humans nares faster than
wild-type strains, indicating the importance of this protein
in nasal colonization.” The serine-aspartate repeat proteins
(Sdrs) C and D and the S aureus surface protein G also pro-
mote adhesion of bacteria to squamous cells, although their
ligands are not known.'”

The nasal mucosa and skin are iron-restricted environments
that stimulate expression of iron-regulated surface determinant
A (IsdA) by S aureus. IsdA promotes bacterial adhesion to
squames through binding to loricrin, involucrin, and cytokeratin
10 on the surface of squamous cells.'"'? IsdA plays an important
role in promoting colonization of the nares and survival of
S aureus on skin by making the cell surface hydrophilic and
conferring resistance to bactericidal lipids and cationic antimicro-
bial peptides.'® IsdA also binds lactoferrin and neutralizes its
antibacterial activity.14
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Surface-associated proteins can also contribute to inflamma-
tion associated with AD. In the respiratory tract, protein A (Spa)
of S aureus can interact with TNF receptor 1 on the surface of air-
way epithelial cells to stimulate cytokine release and subsequent
inflammation."> Spa is believed to promote production of cyto-
kines at skin sites in a similar manner. When used in combination
with subclinical concentrations of detergent, Spa can induce AD
in animal models.'®

S aureus produces a variety of secreted virulence factors that
exacerbate inflammatory reactions and prevent healing of skin
lesions in AD. Cytolysins such as a, 3, and y toxins and Panton
Valentine leukocidin are highly inflammatory. Panton Valentine
leukocidin is associated with severe skin infections in previously
healthy individuals caused by community-associated methicillin-
resistant S aureus (CA-MRSA).'” Superantigen-production by
S aureus strains is positively correlated with T-cell activation
and increased the severity of disease in patients with AD.'® Exfo-
liative toxins disrupt epithelial barriers by cleaving desmoglein
1 in the upper epidermis.'® The extracellular fibrinogen-binding
protein interacts with platelets and delays wound healing.zo
Staphylokinase and the metalloprotease aureolysin inhibit the
function of defensins and contribute to protection of bacteria
in vivo.*'?

Recently, loss-of-function mutations in the structural protein
filaggrin have been identified as a major risk factor for AD.?°
Filaggrin plays an important role in epidermal barrier function.
Cleavage of the precursor profilaggrin during epidermal differen-
tiation results in 10 to 12 filaggrin peptides that promote compac-
tion of keratinocytes into squames. Filaggrin is subsequently
broken down into hygroscopic amino acids including urocanic
acid (UCA) and pyrrolidone carboxylic acid (PCA). UCA and
PCA are components of the natural moisturizing factor of the
skin, which contributes to hydration of the stratum corneum
and may also regulate pH.>® FLG null mutations are associated
with decreased levels of UCA and PCA on skin and impaired
barrier function.”” Although FLG loss-of-function mutations
are the strongest genetic risk factor for AD, the pathogenic
mechanisms through which they lead to this disease remain
unclear.

In this study, S aureus was grown in the presence of the filag-
grin breakdown products UCA and PCA at concentrations similar
to those found on healthy skin in human beings wild-type for
FLG. The effects on growth rate and protein expression profile
of S aureus strain SH1000 were assessed, in particular those
surface proteins known to be involved in colonization of skin.

METHODS

Bacterial growth conditions

Strain SH1000 was grown in complex, iron-containing tryptone soy broth
(TSB) or iron- deficient RPMI at 37°C with shaking (200 rpm) Cultures were
grown for 16 hours, washed, and diluted into fresh media. UCA and PCA were
added to growth media at 10 mmol/L. The cell density of the cultures was
monitored by recording ODgg values of samples taken at various time points
over 24 hours.

Preparation of solubilized cell wall proteins

Cultures of S aureus were washed twice in PBS and adjusted to an ODg
nm of 10 in 250 pL 20 mmol/L TRIS (pH 8), 10 mmol/L MgCl, containing
30% raffinose (wt/vol). Complete EDTA-free protease inhibitor cocktail
(Roche, Mannheim, Germany) and lysostaphin (200 pwg/mL; Ambi, Law-
rence, NY) were added to the cells and incubated at 37°C for 10 minutes.
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Protoplasts were sedimented by centrifugation at 5000 rpm for 10 minutes.?
A total of 10 L of each sample supernatant containing cell wall-associated
proteins was removed and analyzed by SDS-PAGE.*

Preparation of secreted proteins

Cultures of S aureus were centrifuged, and the supernatant fraction was re-
moved and incubated for 30 minutes at 4°C with 100% (wt/vol) trichloroacetic
acid. The precipitated proteins were centrifuged and the pellet washed twice
with acetone. The pellet was dissolved in PBS and analyzed by SDS-PAGE.

Western immunoblotting

Cell wall fractions were separated on 10% (wt/vol) polyacrylamide gels,
transferred onto polyvinylidene difluoride membranes (Roche), and blocked
in 10% (wt/vol) skimmed milk (Marvel). Membranes were probed with poly-
clonal anti-CIfB, anti-IsdA, and anti-SdrB repeat antibodies (1:5000). Rabbit
IgG (1:2000; Dako, Glostrup, Denmark) was used to detect Spa.

Fibronectin affinity blot

Fibronectin-binding proteins were detected by probing membranes with
biotinylated fibronectin. Human fibronectin (1 mg in 2 mL PBS) was
incubated with 2 mg N-Hydroxysulfosuccinimide-biotin for 15 minutes at
room temperature. The reaction was stopped by addition of 10 mmol/L
NH,4CI. Excess biotin was removed by dialysis against PBS for 16 hours at
4°C. Biotinylated fibronectin was diluted to 30 wg/mL in TS buffer
(10 mmol/L Tris-HCI, 150 mmol/L NaCl, pH 7.4) plus 5% (wt/vol) skimmed
milk and incubated with PVDF membranes for 2 hours. Excess fibronectin was
removed by washing with TS Tween and bound fibronectin detected by using
peroxidase-conjugated streptavidin (diluted 1:2000; Roche).

Purification of recombinant cytokeratin 10

Recombinant murine cytokeratin 10 (454-570) was purified by Ni** affin-
ity chromatography with the addition of 6 mol/L urea (Sigma, Arklow,
Ireland) to the bacterial cell suspension before lysis.*®

Bacterial adhesion assays

Microtiter plates (Thermo Fisher Scientific, Walldorf, Germany) were
coated with serial dilutions (100 wL) of recombinant murine cytokeratin 10
(454-570) in carbonate buffer (15 mmol/L Na,COj3, 35 mmol/L NaHCO3;, pH
9.6). Serial dilutions of fibronectin (Calbiochem, Nottingham, United King-
dom) were added to 96-well flat-bottomed plates (Sarstedt, Niimbrecht, Ger-
many). The adhesion assays followed the same protocol after this point.
After 16 hours of incubation at 4°C, the wells were washed with PBS.
A total of 100 pL filtered BSA (5% wt/vol) in PBS was added to each well,
and plates were incubated for 2 hours at 37°C followed by washing with
PBS. Bacterial suspensions were adjusted to an ODgoo nm of 1 and added to
microtiter wells in 100 pL quantities. Plates were incubated for 2 hours at
37°C. Wells were washed, and 100 n.L 25% (vol/vol) formaldehyde was added
for 15 minutes to fix adherent cells. Wells were washed with PBS and stained
with 100 wL 0.5% (wt/vol) crystal violet for 1 minute. Wells were washed with
PBS and cell-bound crystal violet was solubilized with 100 wL 5% (vol/vol)
acetic acid.>' The absorbance at 570 nm (As7oum) Was determined with an
ELISA plate reader (Labsystems).

RESULTS
Growth of S aureus in the presence of UCA and PCA
S aureus strain SH1000 was used in this study because it ex-
presses the majority of surface-associated proteins involved in
colonization. SH1000 was grown in a complex iron-containing
medium, TSB, or in RPMI, which is deficient in iron and other
nutrients, reflecting conditions present on skin. UCA and PCA
(10 mmol/L) were added to the bacterial growth medium,
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FIG 1. Effect of filaggrin breakdown products on growth of S aureus. Strain SH1000 was grown in TSB
(A; @) and RPMI (B; @). UCA and PCA, 10 mmol/L (<), were added to the growth media and to a control
culture in which pH was neutralized after addition of UCA and PCA (O). Cell density of cultures was

recorded at the indicated time points.

mimicking the reported concentrations of 6 to 12 mmol/L found
on healthy skin.?* The addition of UCA and PCA reduced the neu-
tral pH of TSB and RPMI to 5.4 and 5.5, respectively. As a con-
trol, SH1000 was also grown in TSB or RPMI in which the pH
was adjusted to 7 with NaOH after addition of UCA and PCA.
The cell density of the cultures was monitored by recording the
ODgqo values. The doubling time of SH1000 growing in TSB
was 39 minutes, and the final yield of bacterial cells after growth
for 24 hours was an ODggg nm of 6 (Fig 1, A). Growth in the
presence of UCA and PCA resulted in an increased doubling
time (49 minutes), and the final yield of cells was reduced by
38% (ODgpo nm» 3.7.) Neutralizing the pH after addition of
UCA and PCA resulted in growth rates (doubling time of 41
minutes) and cell densities (ODggg nm, 5.7) similar to those seen
when SH1000 was grown in TSB.

Similar results were obtained when SH1000 was grown in
RPMI. The doubling time was extended in the presence of UCA
and PCA from 59 to 63 minutes and the final cell density reduced
by 30% (from ODggg nm of 1.27 to 0.91). Adjusting the pH to 7
after addition of UCA and PCA resulted in growth rates (doubling
time of 59 minutes) and cell densities (ODggg nm, 1.1) similar to
those seen when grown in RPMI alone (Fig 1, B). Therefore,
the extended growth rate and reduced cell density of SH1000
grown in both TSB and RPMI appeared to be pH-dependent rather
than a direct effect of the filaggrin breakdown products. To con-
firm this, SH1000 was grown in TSB adjusted to pH 5.5 with
HCI. This resulted in a decrease in final cell density and increased
doubling times compared with cells grown at pH 7 (see this arti-
cle’s Fig El in the Online Repository at www.jacionline.org).

The experiments described were performed 3 times with
similar results.

Expression of cell wall associated proteins and
secreted proteins

Total protein expression by S aureus grown in the presence of
UCA and PCA both individually and together was assessed.
Proteins isolated from the cell walls and supernatant fractions

were separated by SDS-PAGE and visualized by staining with
Coomassie blue.

The addition of 10 mmol/L UCA or PCA to TSB reduced the
pH from 7.2 to 6.0 and 6.5, respectively. No major differences
were seen in the profiles of cell wall-associated proteins when
UCA or PCA was added to TSB individually. The addition of both
filaggrin breakdown products to TSB reduced the pH to 5.4. This
resulted in a dramatic decrease in surface-associated proteins
expressed by SH1000. The effect could be alleviated by neutral-
izing the pH, indicating that the reduction in expression was
pH-dependent and not a direct effect of the filaggrin breakdown
products (Fig 2, A). A similar effect was seen with proteins
secreted by SH1000, which were decreased in a pH-dependent
manner in the presence of both UCA and PCA (Fig 2, B).

Cell wall proteins and secreted proteins were isolated 3
separate times and the experiments described repeated with
each of these samples with similar results.

Expression of surface-associated proteins involved
in colonization and inflammation of skin

Most surface-associated proteins are expressed predominantly
in the exponential phase of growth. SH1000 was grown in TSB to
the midexponential (ODggg nm, 0.45) and stationary (ODggg nm» 6)
phases, and cell wall-associated proteins were solubilized and an-
alyzed by Western immunoblotting. Membranes were probed
with antibodies specific for CIfB and the B repeat regions of the
Sdr proteins. FnBPs were detected by incubating membranes
with biotin-labeled fibronectin. Spa was detected with horserad-
ish peroxidase (HRP)-labeled rabbit IgG.

Growth of SH1000 in the presence of 10 mmol/L PCA had no
significant effect on expression of CIfB (150 kd), FnBPA and
FnBPB (180 and 150 kd, respectively), Spa (54 kd), or the Sdr
proteins (150-180 kd). Growth in the presence of 10 mmol/L UCA
reduced expression of CIfB and FnBPA to a small degree. When
both UCA and PCA were added to the growth medium, a dramatic
reduction in the levels of CIfB, FnBPA, and Spa was seen. This
appeared to be an effect of reduced pH of the growth medium
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FIG 2. Effect of filaggrin breakdown products on protein expression by S aureus. Strain SH1000 was grown
in TSB, TSB supplemented with 10 mmol/L UCA and/or PCA, and TSB in which pH was neutralized after ad-
dition of UCA and PCA. Cell wall (A) and secreted protein fractions (B) were separated on 10% SDS-PAGE

gels and visualized by Coomassie staining.

because expression of these proteins could be restored by adjusting
the pH to 7. To confirm this, the pH of TSB was reduced to 5.5 by
using HCI, which resulted in decreased expression of CIfB, FnBPA,
and Spa (see this article’s Fig E2 in the Online Repository at www.
jacionline.org). Expression of Sdr proteins by SH1000 was not af-
fected by growth in the presence of UCA and PCA (Fig 3).

Iron-regulated surface determinant A is expressed only under
iron-limiting conditions and is known to increase survival of S au-
reus on skin. SH1000 was grown in RPMI to promote expression
of IsdA. In the presence of 10 mmol/L. UCA and PCA, the 38-kd
IsdA protein could not be detected. Expression was increased to a
small degree by adjusting pH to 7 after addition of the filaggrin
breakdown products. However, expression was still significantly
lower than when grown in RPMI alone (Fig 4). This indicates
that UCA and PCA may have a direct effect on IsdA expression.

Cell wall proteins and secreted proteins were isolated 3
separate times and the experiments described repeated with
each of these samples with similar results.

Functionality of surface-associated proteins

Clumping factor B promotes adhesion of S aureus to cornified
epithelial cells by binding to cytokeratin 10. Increased levels of
fibronectin are present in skin of patients with AD and might con-
tribute to enhanced bacterial colonization. Bacterial adhesion as-
says were carried out to determine whether the reduced levels of
adhesins expressed in the presence of UCA and PCA correlated
with reduced binding to cytokeratin 10 and fibronectin.

SH1000 was grown to the exponential phase in the presence of
UCA and PCA. Bacterial cells were washed, and adherence to
immobilized cytokeratin 10 was measured. SH1000 grown in TSB
with UCA and PCA adhered to cytokeratin 10 at significantly lower
levels than when grown in TSB alone. Adherence was increased
by adjusting the pH of the growth medium to 7 after addition of
UCA and PCA (Fig 5, A). Adherence to fibronectin was also re-
duced by growth of SH1000 in the presence of UCA and PCA.
Although adjusting the pH to 7 did increase binding to fibronectin
to some degree, it was lower than when strains were grown in TSB

alone (Fig 5, B). These results indicate that adherence of SH1000 to
host molecules is reduced by growth in the presence of filaggrin
breakdown products because of reduction in pH. Reduced adher-
ence to cytokeratin 10 and fibronectin was also observed when
SH1000 was grown in TSB adjusted to pH 5.5 with HCI (see this
article’s Fig E3 in the Online Repository at www.jacionline.org).

The adherence values in Fig 5, A and B, represent the means =*
SDs of triplicate wells. The experiments were performed 3 times
with similar results.

DISCUSSION

It is well established that patients with AD are colonized
extensively with S aureus. The mechanisms by which this bacte-
rium is able to colonize AD skin are not fully understood. Several
factors are likely to contribute. Patients with AD have higher
levels of Ty2 cytokines that are believed to inhibit expression
and function of antimicrobial peptides.** Increased levels of fibro-
nectin in the stratum corneum of patients with AD may allow
increased adhesion through fibronectin-binding proteins.’” The in-
creased pH of atopic skin compared with normal skin may also
create more favorable growth conditions for S aureus.

The pH of skin is crucial in maintaining the epidermal barrier
function, desquamation, and lipid synthesis and as an important
defense mechanism against pathogens.>* The pH of healthy skin
ranges from 4 to 6. It is maintained by the fatty acids found in
sweat and sebum secretions, by products of phospholipid hydrol-
ysis, and by sodium-proton ion exchangers of lamellar bod-
jes. ¥ Filaggrin breakdown products that make up natural
moisturizing factor also play a role in maintaining the acidic
pH of skin.*® In AD, the pH of skin shifts toward alkalinity, and
a positive correlation has been found between higher pH and
the severity of the disease.®” Several factors contribute to in-
creased pH in AD skin, including decreased sweat secretion and
decreased levels of free fatty acids. Null mutations in the FLG
gene result in reduced levels of UCA and PCA, which may con-
tribute to increased skin pH in a proportion of patients with
AD.?*** In vitro studies have shown the Ty2 cytokines IL-4
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FIG 3. Expression of proteins involved in skin colonization and inflamma-
tion. SH1000 was grown in TSB, TSB supplemented with 10 mmol/L UCA
and/or PCA, and TSB in which pH was neutralized after addition of UCA and
PCA. Cell wall proteins were isolated, separated by SDS-PAGE, and
electroblotted onto PVDF membranes. Membranes were probed with
anti-CIfB antibody, biotin-labeled fibronectin, HRP-conjugated IgG, and
anti-SdrB repeat antibody.

and IL-13 act synergistically in reducing FLG expression so that
these breakdown products may be reduced in active AD lesions
even in individuals wild-type for FLG.*®

S aureus can grow and divide over a pH range from 5 to 9. How-
ever, growth is inhibited at the extremes of the range.***° These
previous observations are supported by the results of this study.
S aureus strain SH1000 grown in rich media and under iron-
limiting conditions had slower doubling times and decreased final
yields when grown in the presence of acidic filaggrin breakdown
products. UCA and PCA at 10 mmol/L decreased the pH of neu-
tral TSB and RPMI to 5.4 and 5.5, respectively. These values are
comparable to the pH of healthy skin. Growth was restored by
adjusting the pH of the growth medium to neutral after addition
of UCA and PCA (Fig 1, A and B).

The impact of mild acid on protein expression by S aureus has
been assessed in previous studies. Weinrick et al*® compared ex-
pression of genes by S aureus at pH 5.5 and 7.5. They identified
over 400 genes in which transcription was affected by low pH
and classed them as belonging to the mild acid stimulon. Many
of their observations are supported by the results of this study, in-
cluding decreased expression of some secreted proteins and of the
surface-associated proteins Spa and FnBPA at pH 5.5. Weinrick
et al*’ postulated that the effect on secreted proteins was a result
of downregulation of the locus for S aureus exoprotein expression
(sae) at low pH. The 2 component regulatory system SaeRS en-
coded by the sae locus also affects expression of the surface-
associated proteins Spa and the FnBPs. Downregulation of the
regulator of toxins at pH 5.5 may explain the reduction in CIfB
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FIG 4. Effect of filaggrin breakdown products on expression of IsdA by
S aureus. SH1000 was grown in RPMI, RPMI supplemented with 10 mmol/L
UCA and PCA, and RPMI in which pH was neutralized after addition of UCA
and PCA. Cell wall proteins were isolated, separated by SDS-PAGE, and
electroblotted onto PVDF membranes. Membranes were probed with
anti-IsdA antibody.

expression seen in this study, because regulator of toxins posi-
tively regulates CIfB expression. Growth in the presence of filag-
grin breakdown products at stratum corneum concentrations
resulted in a decrease in pH that reduced expression of secreted
proteins and surface-associated proteins including CIfB, FnBPA,
and Spa. S aureus proteins CIfB and FnBPA promote colonization
by binding to host molecules cytokeratin 10 and fibronectin. Ad-
herence to cytokeratin 10 and fibronectin was reduced in a pH-
dependent manner correlating with the reduced expression of
these proteins (Fig 5, A and B). Reduction of S aureus adhesion
to keratinocytes at low pH has previously been reported.*® The in-
creased alkalinity of skin in AD may allow increased expression
of proteins such as CIfB and FnBPA by S aureus and promote col-
onization. Subsequent inflammation may be induced through in-
creased expression of Spa and secreted exotoxins. In addition to
the effect on growth and protein expression, acidic pH affects
the 3-dimensional structure of S aureus enterotoxins.*'

Expression of IsdA, a protein that promotes adhesion to
squamous cells and also enhances survival on human skin,
seemed to be directly affected by the presence of UCA and
PCA. Unlike the other proteins studied here, expression was not
restored by neutralizing the pH after addition of the filaggrin
breakdown products (Fig 4). Expression of IsdA makes the sur-
face of S aureus more hydrophilic, increasing resistance to lipids
and cationic antimicrobial peptides found on skin.'* A reduction
in filaggrin breakdown products on AD skin, either because of
FLG null alleles or secondary to a Ty2 inflammation—driven de-
crease in FLG expression, may increase expression of staphylo-
coccal IsdA and could promote increased survival of S aureus.
Fatty acids found on skin such as oleic acid and antimicrobial pep-
tides such as dermicidin I are more effective at killing S aureus at
pH 5 than at neutral pH.

Some strains of S aureus have acquired a mechanism to over-
come the inhibitory effects of skin pH. Recently CA-MRSA
strains have emerged that cause severe skin infections in previ-
ously healthy individuals. CA-MRSA strain USA-300 has an
arginine catabolic mobile element that encodes enzymes of the ar-
ginine deiminase pathway, which convert arginine into carbon di-
oxide, ATP, and ammonia. It has been suggested that production
of ammonia neutralizes the acidic environment of the skin and
may be responsible for the rapid spread of CA-MRSA.*
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FIG 5. Adherence of S aureus to host molecules. SH1000 was grown in TSB (@), TSB supplemented with
10 mmol/L UCA and PCA (), and TSB in which pH was neutralized after addition of UCA and PCA ().
SH1000 cultures adjusted to ODgoo of 1.0 were added to cytokeratin 10-coated (A) and fibronectin (Fn)-
coated (B) microtiter plates. After incubation at 37°C, adherent cells were detected by crystal violet staining.

Because of frequent treatment for S aureus infections, patients
with AD are susceptible to colonization with methicillin-resistant
S aureus. Another complication results from the development of
steroid-resistant AD because of colonization with S aureus strains
producing high levels of superantigens.***** Treatments which de-
crease the pH of AD skin can be effective in reducing the severity
of disease by preventing colonization with S aureus and improv-
ing epidermal function.®*> Application of low-pH creams and
acidic electrolytic water on epithelial surfaces have been used ef-
fectively in previous studies to reduce colonization by S aureus
and the severity of dermatitis.*®*’

Here we have shown that the principal filaggrin breakdown
products UCA and PCA, known to be significantly reduced in
FLG null mutation carriers, exert profound effects on S aureus at
physiological concentrations. The effects on staphylococcal pro-
liferation, adhesion, and survival are largely pH-dependent but
they appear to have a direct effect on IsdA expression. Although
these are in vitro studies, they do suggest additional pathomechan-
isms through which carriers of FLG null alleles or patients with
AD with reduced FLG expression may have enhanced suscepti-
bility to S aureus colonization. These data suggest a mechanistic
link between the strongest genetic factors for AD and the stron-
gest microbial influence on the disease.

Key messages

o Growth of S aureus in the presence of physiological con-
centrations of filaggrin breakdown products UCA and
PCA resulted in extended doubling times and decreased
final yields of cells.

S aureus grown in the presence of UCA and PCA had de-
creased levels of protein expression, including proteins in-
volved in colonization and immune evasion.

The effect of UCA and PCA on growth and protein ex-

pression was pH-dependent and could be alleviated by
neutralizing the pH, except in the case of IsdA.

REFERENCES

1. Wertheim HF, Melles DC, Vos MC, van Leeuwen W, van Belkum A, Verbrugh HA,
et al. The role of nasal carriage in Staphylococcus aureus infections. Lancet Infect
Dis 2005;5:751-62.

2. van den Akker EL, Nouwen JL, Melles DC, van Rossum EF, Koper JW, Uitterlin-

den AG, et al. Staphylococcus aureus nasal carriage is associated with glucocorti-

coid receptor gene polymorphisms. J Infect Dis 2006;194:814-8.

. Bieber T. Atopic dermatitis. N Engl J] Med 2008;358:1483-94.

. Leung DY, Bieber T. Atopic dermatitis. Lancet 2003;361:151-60.

. Leyden JJ, Marples RR, Kligman AM. Staphylococcus aureus in the lesions of

atopic dermatitis. Br J Dermatol 1974;90:525-30.

6. Hauser C, Wuethrich B, Matter L, Wilhelm JA, Sonnabend W, Schopfer K. Staph-
ylococcus aureus skin colonization in atopic dermatitis patients. Dermatologica
1985;170:35-9.

7. Cho SH, Strickland I, Boguniewicz M, Leung DY. Fibronectin and fibrinogen con-
tribute to the enhanced binding of Staphylococcus aureus to atopic skin. J Allergy
Clin Immunol 2001;108:269-74.

8. O’Brien LM, Walsh EJ, Massey RC, Peacock SJ, Foster TJ. Staphylococcus aureus
clumping factor B (CIfB) promotes adherence to human type I cytokeratin 10: im-
plications for nasal colonization. Cell Microbiol 2002;4:759-70.

9. Wertheim HF, Walsh E, Choudhurry R, Melles DC, Boelens HA, Miajlovic H,
et al. Key role for clumping factor B in Staphylococcus aureus nasal colonization
of humans. PLoS Med 2008;5:e17.

10. Corrigan RM, Miajlovic H, Foster TJ. Surface proteins that promote adherence of
Staphylococcus aureus to human desquamated nasal epithelial cells. BMC Micro-
biol 2009;9:22.

11. Clarke SR, Brummell KJ, Horsburgh MJ, McDowell PW, Mohamad SA, Stapleton
MR, et al. Identification of in vivo-expressed antigens of Staphylococcus aureus
and their use in vaccinations for protection against nasal carriage. J Infect Dis
2006;193:1098-108.

12. Clarke SR, Andre G, Walsh EJ, Dufrene YF, Foster TJ, Foster SJ. Iron-regulated
surface determinant protein A mediates adhesion of Staphylococcus aureus to hu-
man corneocyte envelope proteins. Infect Immun 2009;77:2408-16.

13. Clarke SR, Mohamed R, Bian L, Routh AF, Kokai-Kun JF, Mond JJ, et al. The
Staphylococcus aureus surface protein IsdA mediates resistance to innate defenses
of human skin. Cell Host Microbe 2007;1:199-212.

14. Clarke SR, Foster SJ. IsdA protects Staphylococcus aureus against the bactericidal
protease activity of apolactoferrin. Infect Immun 2008;76:1518-26.

15. Gomez MI, Lee A, Reddy B, Muir A, Soong G, Pitt A, et al. Staphylococcus aureus
protein A induces airway epithelial inflammatory responses by activating TNFR1.
Nat Med 2004;10:842-8.

16. Terada M, Tsutsui H, Imai Y, Yasuda K, Mizutani H, Yamanishi K, et al. Con-
tribution of IL-18 to atopic-dermatitis-like skin inflammation induced by Staph-
ylococcus aureus product in mice. Proc Natl Acad Sci U S A 2006;103:
8816-21.

W AW



1190 MIAJLOVIC ET AL

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

. Lina G, Piemont Y, Godail-Gamot F, Bes M, Peter MO, Gauduchon V, et al.

Involvement of Panton-Valentine leukocidin-producing Staphylococcus aureus in
primary skin infections and pneumonia. Clin Infect Dis 1999;29:1128-32.

. Zollner TM, Wichelhaus TA, Hartung A, Von Mallinckrodt C, Wagner TO, Brade V,

et al. Colonization with superantigen-producing Staphylococcus aureus is associ-
ated with increased severity of atopic dermatitis. Clin Exp Allergy 2000;30:
994-1000.

. Ladhani S. Understanding the mechanism of action of the exfoliative toxins of

Staphylococcus aureus. FEMS Immunol Med Microbiol 2003;39:181-9.

Palma M, Shannon O, Quezada HC, Berg A, Flock JI. Extracellular fibrinogen-
binding protein, Efb, from Staphylococcus aureus blocks platelet aggregation
due to its binding to the alpha-chain. J Biol Chem 2001;276:31691-7.

Jin T, Bokarewa M, Foster T, Mitchell J, Higgins J, Tarkowski A. Staphylococcus
aureus resists human defensins by production of staphylokinase, a novel bacterial
evasion mechanism. J Immunol 2004;172:1169-76.

Sieprawska-Lupa M, Mydel P, Krawczyk K, Wojcik K, Puklo M, Lupa B, et al.
Degradation of human antimicrobial peptide LL-37 by Staphylococcus aureus-de-
rived proteinases. Antimicrob Agents Chemother 2004;48:4673-9.

Palmer CN, Irvine AD, Terron-Kwiatkowski A, Zhao Y, Liao H, Lee SP, et al.
Common loss-of-function variants of the epidermal barrier protein filaggrin are a
major predisposing factor for atopic dermatitis. Nat Genet 2006;38:441-6.
Sandilands A, O’Regan GM, Liao H, Zhao Y, Terron-Kwiatkowski A, Watson RM,
et al. Prevalent and rare mutations in the gene encoding filaggrin cause ichthyosis
vulgaris and predispose individuals to atopic dermatitis. J Invest Dermatol 2006;
126:1770-5.

Smith FJ, Irvine AD, Terron-Kwiatkowski A, Sandilands A, Campbell LE, Zhao Y,
et al. Loss-of-function mutations in the gene encoding filaggrin cause ichthyosis
vulgaris. Nat Genet 2006;38:337-42.

O’Regan GM, Sandilands A, McLean WH, Irvine AD. Filaggrin in atopic derma-
titis. J Allergy Clin Immunol 2008;122:689-93.

Kezic S, Kemperman PM, Koster ES, de Jongh CM, Thio HB, Campbell LE, et al.
Loss-of-function mutations in the filaggrin gene lead to reduced level of
natural moisturizing factor in the stratum corneum. J Invest Dermatol 2008;128:
2117-9.

Hartford OM, Wann ER, Hook M, Foster TJ. Identification of residues in the Staph-
ylococcus aureus fibrinogen-binding MSCRAMM clumping factor A (CIfA) that
are important for ligand binding. J Biol Chem 2001;276:2466-73.

Downer R, Roche F, Park PW, Mecham RP, Foster TJ. The elastin-binding protein
of Staphylococcus aureus (EbpS) is expressed at the cell surface as an integral
membrane protein and not as a cell wall-associated protein. J Biol Chem 2002;
277:243-50.

Perkins S, Walsh EJ, Deivanayagam CC, Narayana SV, Foster TJ, Hook M. Struc-
tural organization of the fibrinogen-binding region of the clumping factor B
MSCRAMM of Staphylococcus aureus. J Biol Chem 2001;276:44721-8.
Hartford OM, Francois P, Vaudaux P, Foster TJ. The dipeptide repeat region of the
fibrinogen-binding protein (clumping factor) is required for functional expression
of the fibrinogen-binding domain on the Staphylococcus aureus cell surface. Mol
Microbiol 1997;26:1065-76.

Safer D, Brenes M, Dunipace S, Schad G. Urocanic acid is a major chemoattractant
for the skin-penetrating parasitic nematode Strongyloides stercoralis. Proc Natl
Acad Sci U S A 2007;104:1627-30.

33.

34.

35.

36.

37.

38.

40.

41.

42.

43.

44,

45.

46.

47.

J ALLERGY CLIN IMMUNOL
DECEMBER 2010

Kisich KO, Carspecken CW, Fieve S, Boguniewicz M, Leung DY. Defective killing
of Staphylococcus aureus in atopic dermatitis is associated with reduced mobiliza-
tion of human beta-defensin-3. J Allergy Clin Immunol 2008;122:62-8.

Rippke F, Schreiner V, Doering T, Maibach HI. Stratum corneum pH in atopic der-
matitis: impact on skin barrier function and colonization with Staphylococcus au-
reus. Am J Clin Dermatol 2004;5:217-23.

Behne MJ, Meyer JW, Hanson KM, Barry NP, Murata S, Crumrine D, et al. NHEI
regulates the stratum corneum permeability barrier homeostasis. Microenviron-
ment acidification assessed with fluorescence lifetime imaging. J Biol Chem
2002;277:47399-406.

Krien PM, Kermici M. Evidence for the existence of a self-regulated enzymatic
process within the human stratum corneum—an unexpected role for urocanic
acid. J Invest Dermatol 2000;115:414-20.

Eberlein-Konig B, Schafer T, Huss-Marp J, Darsow U, Mohrenschlager M, Herbert O,
et al. Skin surface pH, stratum corneum hydration, trans-epidermal water loss and
skin roughness related to atopic eczema and skin dryness in a population of primary
school children. Acta Derm Venereol 2000;80:188-91.

Howell MD, Kim BE, Gao P, Grant AV, Boguniewicz M, Debenedetto A, et al. Cy-
tokine modulation of atopic dermatitis filaggrin skin expression. J Allergy Clin Im-
munol 2007;120:150-5.

. Weinrick B, Dunman PM, McAleese F, Murphy E, Projan SJ, Fang Y, et al. Effect

of mild acid on gene expression in Staphylococcus aureus. J Bacteriol 2004;186:
8407-23.

Mempel M, Schmidt T, Weidinger S, Schnopp C, Foster T, Ring J, et al. Role of
Staphylococcus aureus surface-associated proteins in the attachment to cultured
HaCaT keratinocytes in a new adhesion assay. J Invest Dermatol 1998;111:
452-6.

Kumaran D, Eswaramoorthy S, Furey W, Sax M, Swaminathan S. Structure of
staphylococcal enterotoxin C2 at various pH levels. Acta Crystallogr D Biol Crys-
tallogr 2001;57:1270-5.

Diep BA, Stone GG, Basuino L, Graber CJ, Miller A, des Etages SA, et al. The
arginine catabolic mobile element and staphylococcal chromosomal cassette mec
linkage: convergence of virulence and resistance in the USA300 clone of
methicillin-resistant Staphylococcus aureus. J Infect Dis 2008;197:1523-30.
Schlievert PM, Case LC, Strandberg KL, Abrams BB, Leung DY. Superantigen
profile of Staphylococcus aureus isolates from patients with steroid-resistant atopic
dermatitis. Clin Infect Dis 2008;46:1562-7.

Schlievert PM, Strandberg KL, Lin YC, Peterson ML, Leung DY. Secreted viru-
lence factor comparison between methicillin-resistant and methicillin-sensitive
Staphylococcus aureus, and its relevance to atopic dermatitis. J Allergy Clin Immu-
nol 2010;125:39-49.

Lever R, Hadley K, Downey D, Mackie R. Staphylococcal colonization in atopic
dermatitis and the effect of topical mupirocin therapy. Br J Dermatol 1988;119:
189-98.

Akiyama H, Oono T, Huh WK, Yamasaki O, Akagi Y, Uemura H, et al. Actions
of gluco-oligosaccharide against Staphylococcus aureus. J Dermatol 2002;29:
580-6.

Sasai-Takedatsu M, Kojima T, Yamamoto A, Hattori K, Yoshijima S, Taniuchi S,
et al. Reduction of Staphylococcus aureus in atopic skin lesions with acid electro-
lytic water a new therapeutic strategy for atopic dermatitis. Allergy 1997;52:
1012-6.



J ALLERGY CLIN IMMUNOL MIAJLOVIC ET AL 1190.e1
VOLUME 126, NUMBER 6

10 [

ODGIID nm

L L 1 L 1

0 5 10 15 20 25
Time (h)

FIG E1. Effect of acid on growth of S aureus. Strain SH1000 was grown in
TSB (pH 7; @) and TSB adjusted to pH 5.5 (<&). Cell density of cultures
was recorded at the indicated time points.
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FIG E2. Expression of proteins involved in skin colonization and inflam-
mation. SH1000 was grown in TSB (pH 7) and TSB adjusted to pH 5.5. Cell
wall proteins were isolated, separated by SDS-PAGE, and electroblotted
onto PVDF membranes. Membranes were probed with anti-CIfB antibody,
biotin-labeled fibronectin, and HRP-conjugated IgG.
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FIG E3. Adherence of S aureus to cytokeratin 10 and fibronectin. SH1000 was grown in TSB (pH 7 @) and
TSB adjusted to pH 5.5 (). SH1000 cultures were adjusted to ODgoo of 1.0 and added to cytokeratin 10—
coated (A) and fibronectin-coated (B) microtiter plates. After incubation at 37°C, adherent cells were de-
tected by crystal violet staining.
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