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Staphylococcus aureus colonizes the skin of the majority of pa-
tients with atopic dermatitis (AD), and its presence increases dis-
ease severity. Adhesion of S. aureus to corneocytes in the stratum
corneum is a key initial event in colonization, but the bacterial and
host factors contributing to this process have not been defined.
Here, we show that S. aureus interacts with the host protein cor-
neodesmosin. Corneodesmosin is aberrantly displayed on the tips
of villus-like projections that occur on the surface of AD corneo-
cytes as a result of low levels of skin humectants known as natural
moisturizing factor (NMF). An S. aureus mutant deficient in fibro-
nectin binding protein B (FnBPB) and clumping factor B (ClfB) did
not bind to corneodesmosin in vitro. Using surface plasmon reso-
nance, we found that FnBPB and ClfB proteins bound with similar
affinities. The S. aureus binding site was localized to the
N-terminal glycine–serine-rich region of corneodesmosin. Atomic
force microscopy showed that the N-terminal region was present
on corneocytes containing low levels of NMF and that blocking it
with an antibody inhibited binding of individual S. aureus cells to
corneocytes. Finally, we found that S. aureus mutants deficient in
FnBPB or ClfB have a reduced ability to adhere to low-NMF cor-
neocytes from patients. In summary, we show that FnBPB and ClfB
interact with the accessible N-terminal region of corneodesmosin
on AD corneocytes, allowing S. aureus to take advantage of the
aberrant display of corneodesmosin that accompanies low NMF in
AD. This interaction facilitates the characteristic strong binding of
S. aureus to AD corneocytes.
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Atopic dermatitis (AD) is a chronic inflammatory skin dis-
order, affecting 15 to 20% of children (1, 2). During disease

flares, patients experience painful inflamed skin lesions accom-
panied by intense itch. Epidermal barrier dysfunction, increased
type 2 immune responses, and recurrent skin infections are
features of AD (3). The most common cause of infection is
Staphylococcus aureus. This bacterium colonizes the skin of the
majority of AD patients (4, 5). Isolates representing several S.
aureus lineages are recovered from AD skin; however, strains
from the clonal complex 1 (CC1) lineage are the most frequently
isolated (6–9). The burden of S. aureus on lesional and nonle-
sional skin correlates with severity of the disease (10, 11). S.
aureus directly influences pathogenesis, and several factors pro-
duced by the bacterium increase inflammation and exacerbate
AD symptoms, including staphylococcal superantigen B and
delta-toxin (12–15).
Despite the clear association between S. aureus colonization

and AD disease severity (11), the bacterial and host factor de-
terminants underlying colonization are poorly understood (16).
Adhesion is a critical early step in the colonization process. S.
aureus adheres to corneocytes in the stratum corneum of AD

skin (6, 17, 18). We previously found that clumping factor B
(ClfB), a cell wall-anchored protein displayed on the surface of
S. aureus, can mediate adhesion to corneocytes from AD patients
(6). ClfB also binds to the alpha chain of fibrinogen and to the
cornified envelope proteins loricrin and cytokeratin 10 (K10) in
desquamated nasal epithelial cells (19–21). To date, ClfB is the
only bacterial factor known to promote adherence to corneocytes
in AD. However, a ClfB-deficient mutant retained the ability to
bind to corneocytes (6), suggesting that additional bacterial
factors are at play.
Filaggrin deficiency is common in patients with established

AD and is either genetic or caused by down-regulation of gene
expression by Th-2–type cytokines (22–24). Filaggrin deficiency
causes epidermal barrier defects and a loss of the hygroscopic
filaggrin breakdown products that normally contribute to the
natural moisturizing factor (NMF) in corneocytes (25). NMF
comprises a collection of humectants, including filaggrin break-
down products urocanic acid and pyrrolidone acid, along with
urea, citrate, lactate acid, and sugars, and is responsible for
regulating hydration in the skin (26). Low-NMF levels are

Significance

Staphylococcus aureus colonizes skin of patients with atopic
dermatitis (AD), increasing disease severity. Colonization in-
volves bacterial adhesion to skin corneocytes, and elucidating
the molecular basis of interactions governing adhesion is cru-
cial to further our understanding of pathogenesis and inform
targeted therapies. We identify host and pathogen factors that
enable adhesion. We demonstrate that S. aureus interacts with
the N-terminal region of corneodesmosin on the surface of
patient corneocytes. This interaction is mediated by two bac-
terial cell wall-anchored proteins (fibronectin binding protein B
and clumping factor B). Frequency and force of bacterial
binding to AD corneocytes decreased when the N-terminal re-
gion of corneodesmosin was blocked with an antibody, indi-
cating the contribution of this interaction during S. aureus
adhesion to human skin.

Author contributions: A.M.T., C.F., P.V., T.M.D.C., M.M.-G., S.K., Y.F.D., A.D.I., and J.A.G.
designed research; A.M.T., C.F., P.V., T.M.D.C., S.K., O.M.F., and M.A.M. performed re-
search; A.M.T., C.F., P.V., T.M.D.C., M.M.-G., S.K., O.M.F., M.A.M., Y.F.D., A.D.I., and J.A.G.
analyzed data; and A.M.T., C.F., M.M.-G., S.K., Y.F.D., A.D.I., and J.A.G. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).
1To whom correspondence may be addressed. Email: j.geoghegan@bham.ac.uk.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2014444118/-/DCSupplemental.

Published December 23, 2020.

PNAS 2021 Vol. 118 No. 1 e2014444118 https://doi.org/10.1073/pnas.2014444118 | 1 of 9

M
IC
RO

BI
O
LO

G
Y

https://orcid.org/0000-0001-5918-8114
https://orcid.org/0000-0002-3660-1786
https://orcid.org/0000-0001-9023-3470
https://orcid.org/0000-0002-1063-4547
https://orcid.org/0000-0002-8467-2116
https://orcid.org/0000-0002-3788-0668
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2014444118&domain=pdf&date_stamp=2020-12-23
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:j.geoghegan@bham.ac.uk
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014444118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2014444118/-/DCSupplemental
https://doi.org/10.1073/pnas.2014444118
https://doi.org/10.1073/pnas.2014444118


associated with a loss of hydration, increased disease severity,
and abnormal corneocyte morphology (27). We showed recently
that S. aureus binds more strongly to low-NMF AD corneocytes
than to corneocytes with normal levels of NMF (18).
Corneocytes with low NMF have very different surface to-

pography when compared with corneocytes with normal levels of
NMF (27). Aberrant “villus-like” projections (VPs) protrude
from the surface of low-NMF corneocytes (18, 27). The protein
corneodesmosin (CDSN) is confined to the cell–cell junctions
between corneocytes in healthy skin, where homophilic interac-
tions between the CDSN proteins on adjacent cells facilitate
cell–cell cohesion (28). In AD patients, however, CDSN deco-
rates the tips of the VPs on low-NMF corneocytes (27).
This study aimed to elucidate a key component of S. aureus

colonization by identifying the molecular determinants of ad-
herence to AD corneocytes. We recognized that the occurrence
of VPs on low-NMF corneocytes presents a different coloniza-
tion surface to the bacterium and postulated that the accessibility
of CDSN on the tips of VPs could influence pathogen adher-
ence. We show that S. aureus can interact with CDSN and
identify the S. aureus proteins promoting adherence to this host
protein. We use single-cell and single-molecule atomic force
microscopy (AFM), surface plasmon resonance (SPR), and
ex vivo bacterial adherence studies with patient corneocytes to
characterize this interaction. This study expands the repertoire of
ligands for S. aureus and, crucially, links bacterial interactions
with a host protein (CDSN) to binding to corneocytes taken from
patients. Thus, our findings provide insights into the adhesion
process and develop our understanding of the mechanisms un-
derlying colonization of the skin of AD patients by S. aureus.

Results
S. aureus Adheres to CDSN. S. aureus binds more avidly to low-
NMF corneocytes than to high-NMF corneocytes (18). Given
that CDSN is displayed on the tips of the VPs that are abundant
on low-NMF corneocytes but appears only on the periphery of
high-NMF corneocytes (27), we investigated if CDSN supports
adhesion of S. aureus. Previous attempts to purify recombinant
corneodesmosin (rCDSN) from an Escherichia coli expression
system were not successful as truncated protein fragments were
copurified with the full-length protein during affinity chroma-
tography (28). Here, rCDSN was purified using a two-step pu-
rification process, where DNA encoding a Strep tag II affinity tag
was linked to the 3′ end of the CDSN gene sequence in the
vector pGEX-4T2. The resulting protein was purified by Strep-
Tactin affinity chromatography followed by glutathione affinity
chromatography, which allowed for the selective purification of
full-length protein with an N-terminal glutathione S-transferase
(GST) tag and a C-terminal Strep tag II (rCDSN) (SI Appendix,
Fig. S1). To investigate if S. aureus could adhere to CDSN,
Newman, a laboratory strain used here as a control, and AD08, a
representative CC1 strain isolated from the infected skin lesion
of a pediatric patient with AD (6), were tested for adherence to
rCDSN. Both strains adhered to rCDSN in a dose-dependent
manner (Fig. 1 A and B).
Considering that the S. aureus cell wall-anchored protein ClfB

promotes adherence of AD08 to low-NMF corneocytes sampled
from pediatric AD patients (6), we wondered whether ClfB
could mediate adherence of S. aureus to CDSN. To study this,
isogenic mutants of Newman and AD08 deficient in ClfB were
used. Newman clfB did not adhere to rCDSN, indicating that
adherence of the control strain Newman is completely depen-
dent on ClfB (Fig. 1A). AD08ΔclfB, however, adhered to rCDSN
indistinguishably from the wild type (Fig. 1B), suggesting that at
least one other S. aureus adhesin promotes AD08 adherence
to CDSN.

ClfB and Fibronectin Binding Protein B Mediate Adherence of S.
aureus to CDSN. Next, we set out to identify factors promoting
adherence of clinical isolate AD08 to CDSN. ClfB is part of the
microbial surface components recognizing matrix molecules
(MSCRAMM) family of adhesins that are covalently linked to
the S. aureus cell wall (29). The ligand binding activity of
MSCRAMMs usually lies in the N2 and N3 subdomains of the
protein (29). Fibronectin binding proteins A and B (FnBPA and
FnBPB, respectively) are MSCRAMMs that share 39 and 40%
amino acid similarity with ClfB, in the N2N3 subdomains. These
proteins were of interest to us since both genes (fnbA and fnbB)
contain premature stop codons in strain Newman resulting in the
production of truncated proteins that are released by the bac-
terium, rather than being anchored to the cell wall (30). Thus,
Newman does not adhere to fibronectin (30). This prompted us
to examine if either of these proteins might facilitate the ad-
herence of S. aureus AD08 to CDSN and explain why the
AD08ΔclfB mutant retains ability to adhere.
AD08 mutants with single- or double-gene deletions in the

clfB, fnbA, and fnbB genes were generated. The mutants and
wild-type AD08 were grown to exponential phase, and their
ability to adhere to immobilized rCDSN was examined. There
was no reduction in adherence of AD08ΔclfB or AD08ΔfnbA to
CDSN compared with wild-type AD08; however, there was a
significant reduction in adherence by AD08ΔfnbB (Fig. 1C),
indicating that FnBPB contributes to the ability of AD08 to ad-
here to CDSN. The AD08ΔfnbAΔfnbB mutant adhered to CDSN
similarly to the single fnbBmutant. The adhesion of AD08ΔclfBΔfnbA
was reduced compared with the wild type at the highest ligand con-
centrations tested, despite neither single mutation affecting adherence.
However, adherence of AD08ΔclfBΔfnbB to CDSN was completely
abolished (Fig. 1C), suggesting that FnBPA alone is insufficient to
mediate adherence to CDSN. Complementation of AD08ΔclfBΔfnbB
with plasmids carrying clfB or fnbB restored ability to adhere to
CDSN (Fig. 1D). AD08ΔclfBΔfnbB adhered to fibronectin, show-
ing us that FnBPA is produced by this mutant (SI Appendix, Fig.
S2). Together, these data indicate that FnBPB and ClfB facilitate
adherence of S. aureus to CDSN, while FnBPA cannot support
adherence. Thus, ClfB and FnBPB are CDSN binding proteins.

Recombinant N2N3 Subdomains of ClfB and FnBPB Bind to CDSN.ClfB
N2N3 subdomains and FnBPB N2N3 subdomains, with the se-
quence of the AD08 proteins, were purified from E. coli. We
examined if the proteins bound to CDSN using SPR. His-tagged
CDSN was immobilized, and increasing concentrations of
rClfBCC1N2N3 or rFnBPBCC1N2N3 were passed over the sur-
face. Both proteins bound CDSN in a concentration-dependent
manner (Fig. 2). The relative affinity of each interaction was
calculated by plotting the binding measured at equilibrium (re-
sponse units) against concentration of recombinant protein. This
provided evidence that ClfB and FnBPB can bind directly to
CDSN and that the affinity of each protein for the ligand is
similar (4.46 ± 2.29 × 10−5 M and 4.91 ± 2.36 × 10−5 M, re-
spectively). Furthermore, this finding suggests that the N2N3
subdomains are sufficient to bind to CDSN.

The N-Terminal Glycine–Serine-Rich Loop of CDSN Comprises the S.
aureus Binding Site. CDSN contains two glycine- and serine-rich
regions, one at the N terminus and one at the C terminus of the
mature protein (31) that are predicted to form flexible secondary
structures called glycine–serine loops. ClfB binds to glycine–serine-
rich loops in K10, loricrin, and fibrinogen (19–21). Therefore, we
sought to determine if the glycine–serine-rich regions in CDSN
contain the S. aureus binding site. GST-tagged variant truncates of
rCDSN lacking either the N-terminal loop (ΔNT) or the C-terminal
loop (ΔCT) were purified from E. coli. AD08 adhered to full-length
rCDSN and to rCDSNΔCT but not to ΔNT or recombinant GST
(Fig. 3A), implying that the C-terminal glycine–serine-rich region
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does not support the adherence of S. aureus to CDSN; rather, the
binding site incorporates the N-terminal region. Mutants
expressing a single CDSN binding protein (AD08ΔclfBΔfnbA
and AD08ΔfnbAΔfnbB) exhibited an identical profile of
binding to rCDSNΔNT and rCDSNΔCT as the wild type
(Fig. 3B), indicating that both FnBPB and ClfB recognize the

same region of CDSN. The mutant devoid of CDSN binding
proteins (AD08ΔclfBΔfnbB) did not adhere to rCDSNΔNT or
rCDSNΔCT, again demonstrating that FnBPA does not contribute
to CDSN adherence. Having established that the C-terminal region
was not required to support S. aureus adhesion and that the
N-terminal region was essential, GST-tagged CDSN N-terminal

Fig. 1. ClfB and FnBPB mediate adherence of S. aureus to CDSN. S. aureus was grown to exponential phase (optical density at 600 nm = 0.35) and added to
wells of a microtiter plate coated with doubling dilutions (A–C) or a single concentration (D; 80 nM) of rCDSN. Adherent cells were stained using crystal violet,
and absorbance was measured at 570 nm (A570). (A–C) Each datum point represents the mean values of three independent experiments, and error bars show
the SEM of the biological replicates. Statistical significance was determined using two-way ANOVA with a Bonferroni posttest to compare variances between
the wild type and mutants. (A and B) No symbol indicates P > 0.05. **P = 0.009; ***P < 0.001. (C) All mutants except ΔfnbA and ΔclfB were significantly
different to wild-type AD08 at rCDSN concentrations between 37.5 and 150 nM (P < 0.001). All mutants except ΔfnbA, ΔclfB, and ΔclfBΔfnbA were sig-
nificantly different to wild-type AD08 at 18.75 nM rCDSN (P < 0.05). There were no significant differences between the wild type and mutants at any other
ligand concentrations (P > 0.05). (D) Statistical significance was determined using one-way ANOVA with a Dunnett posttest to compare variances between
AD08ΔclfBΔfnbB (pALC2073) and each of the other strains. *P < 0.05.

Fig. 2. Recombinant N2N3 subdomains of ClfB and FnBPB bind to CDSN. Representative sensorgrams showing the binding of rClfBCC1N2N3 (A) and
rFnBPBCC1N2N3 (B) to His-CDSN. His-CDSN was immobilized onto a CM5 chip by amine coupling, and recombinant proteins were passed over the surface at the
concentrations indicated. Binding was plotted as response units against time (Upper). The sensorgrams shown are representative of those from five individual
experiments. The affinities were calculated from curve fitting to a plot of the response unit values against the concentrations of rClfBCC1N2N3 or
rFnBPBCC1N2N3 (Lower).
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region (NTloop) was purified to establish whether this region alone
could support adherence of S. aureus. AD08 adhered to CDSN
N-terminal region and rCDSNΔCT similarly (Fig. 3C). These data
indicate that the N-terminal region of CDSN comprises the S. aureus
binding site.

The N-Terminal Region of CDSN Is Exposed on Low-NMF Corneocytes.
Discovering that S. aureus adheres to the N-terminal region
prompted us to investigate if this part of the CDSN protein is
accessible to the bacterium in the human stratum corneum.
Specifically, we investigated if the N-terminal region of CDSN is
exposed on the surface of low-NMF corneocytes sampled from
pediatric patients with AD using an antibody. To do so, we
performed single-molecule AFM experiments, which allowed us
to probe specific interactions between the antibody and its cog-
nate antigen. We verified the specificity of the antibody for
CDSN by demonstrating that it did not cross-react with the other
glycine–serine-rich cornified envelope proteins loricrin and K10
(SI Appendix, Fig. S3). Functionalizing the AFM tip with this
polyclonal immunoglobulin G (IgG), raised against the
N-terminal region of the CDSN protein, we were able to asso-
ciate adhesive events on corneocytes with the presence of the
N-terminal region of CDSN, thus locating the protein at the
molecular level. Fig. 4 shows the results from force measure-
ments between anti-CDSN tips and corneocytes from a patient
with low-NMF levels and, as a control, a subject with high-NMF
levels (for each subject, the results from six independent
bacterium–corneocyte pairs are pooled). Interestingly, the
binding of antibody to the N-terminal region of CDSN occurred
more frequently on low-NMF corneocytes than on high-NMF
corneocytes (Fig. 4), with binding probabilities of 6.7 ± 2.3%
(mean ± SD) and 2.2 ± 0.9% (mean ± SD), respectively. The
probability of interaction of anti-CDSN IgG with low-NMF
corneocytes was significantly higher than with high-NMF cor-
neocytes, suggesting that the N-terminal region of CDSN is more
abundant, or more accessible, on low-NMF corneocytes. Cru-
cially, this indicated that the S. aureus binding site within CDSN,
as identified in vitro, is available to bacteria on the surface of
low-NMF corneocytes in AD patients.

Blocking the N-Terminal Region of CDSN with an Antibody Inhibits
Binding of S. aureus to Corneocytes from Low-NMF Skin. To deter-
mine if binding of S. aureus to the N-terminal region of CDSN
contributes to the ability of the bacterium to adhere to corneocytes,

we examined if antibody raised against the N-terminal region of
CDSN was capable of blocking the adhesion of S. aureus. We
performed single-cell force spectroscopy, where a single living
bacterium was immobilized on the AFM probe. This cell probe
was used to directly measure the interaction probability and
force between the bacterium and tape strips of corneocytes with
low NMF. Anti-CDSN antibody fragment [F(ab′)2] was added to
the experimental medium in increasing concentration (0 to 5 μg/
mL), and the binding probability between AD08 bacteria and the
corneocyte was measured for four independent cell pairs. This
allowed us to directly quantify the blocking effect of the addition
of the antibody at the scale of the single bacterium–corneocyte

Fig. 3. The N-terminal glycine–serine-rich region of CDSN comprises the S. aureus binding site. Bacteria were grown to exponential phase (OD600 = 0.35) and
added to wells of a microtiter plate coated with (A) rCDSN, CDSNΔCT(ΔCT), CDSNΔNT (ΔNT), or GST (66 nM); (B) CDSNΔCT or ΔNT (66 nM); and (C)
recombinant ΔCT, ΔNT, and GST-tagged CDSN N-terminal region (NTloop) (70 nM). Adherent cells were stained with crystal violet, and absorbance was
measured at 570 nm (A570). Each symbol represents the data from individual experiments, bars represent the mean of three independent experiments, and
error bars show the SEM of the biological replicates. Significance was determined by two two-way ANOVAs using a Dunnett posttest to compare differences
to variances between CDSN (circle) and CDSNΔCT (square), CDSNΔNT (up triangle) or GST (down triangle) (A) or CDSNΔCT (square) and CDSNΔNT (up triangle)
or NTloop (+) (C) or one-way ANOVA with Bonferroni posttest to compare variances between AD08 (circle), AD08ΔfnbAfnbB (diamond), AD08ΔclfBfnbA
(down triangle), and AD08ΔclfBfnbB (square) (B). No symbol indicates P > 0.05. * P < 0.05, ***P < 0.001.

Fig. 4. The N-terminal region of CDSN is exposed on low-NMF corneocytes.
Corneocytes were isolated from AD patients with low-NMF levels (patient
#1,508) and high-NMF levels (patient #1,493). Single-molecule force spec-
troscopy was used to measure binding of anti-CDSN IgG immobilized on the
AFM tip to the low-NMF corneocytes (red) and high-NMF corneocytes (blue).
Box plot shows mean detection frequency (full squares), median, first and
third quartiles (boxes), and range of data without outliers (whiskers), and it
shows the result of six independent AFM tip/corneocyte replicates in total.
Statistical significance was determined using a two-sample Student’s t test.
**P < 0.01.
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pair. The addition of the antibody fragment did interfere with
the bacterial cell–corneocyte interaction, and there was a dose-
dependent reduction in probability of adhesion for each
bacterium–corneocyte pair tested (Fig. 5), suggesting that the
ability of AD08 to adhere to AD corneocytes is reduced when
the S. aureus binding site in CDSN is blocked. We observed
variability between cell pairs, with two distinct behaviors: 1) for 3
out of 4 cells, we observed a progressive decrease of the inter-
action probability with ∼25% decrease reached at a concentra-
tion of 2.5 μg/mL of F(ab′)2 fragment; 2) for one cell, although
the binding probability first stayed stable in the lower range of
F(ab′)2 concentration (0 to 3 μg/mL), it decreased by ∼37% upon
addition of 4 to 5 μg/mL antibody. Control experiments showed
that the anti-CDSN F(ab′)2 did not react with the surface of S.
aureus AD08, indicating that the inhibition was specific and due
to blocking of the ligand on corneocytes (SI Appendix, Fig. S4).
In summary, our analyses show that anti-CDSN [F(ab′)2] is a
competitive inhibitor of the AD08–corneocyte interaction, which
suggests that S. aureus targets the N-terminal region of CDSN to
adhere to low-NMF corneocytes from AD skin.

ClfB and FnBPB Promote Adherence of S. aureus to AD Corneocytes.
Having demonstrated the importance of CDSN as a ligand for S.
aureus on AD corneocytes and a role for ClfB and FnBPB in
mediating adherence to CDSN in vitro, the role of these proteins
in the adherence of S. aureus to the stratum corneum of AD skin
was investigated. AD08 and its isogenic ClfB-deficient and
FnBPB-deficient mutants were inoculated onto sections of tape
strips isolated from low-NMF AD patients to examine if either
protein was important for the adherence of S. aureus to low-NMF
corneocytes. The adherence of AD08ΔclfB and AD08ΔfnbB was
significantly reduced, indicating that each protein contributes to
corneocyte adhesion (Fig. 6). A double mutant (AD08ΔclfBΔfnbB)
had significantly reduced adherence compared with the wild type
but not compared with either of the single mutants. These data

suggest that both ClfB and FnBPB contribute significantly to
corneocyte adhesion.

Discussion
The ability of S. aureus to colonize the stratum corneum is
strongly associated with disease severity in AD. Yet, the bacterial
and host determinants of colonization have not yet been fully
elucidated. Here, we identify CDSN as a ligand for S. aureus and
provide a comprehensive analysis of the interaction between the
bacterium and its binding partner. We identify cell wall-anchored
proteins FnBPB and ClfB as the factors promoting binding to
CDSN and study the S. aureus interaction with CDSN using
purified proteins, corneocytes coming from AD patients, and
bacteria displaying cell wall-anchored proteins. We show that the
S. aureus binding site is located at the N terminus of CDSN. We
then use single-cell AFM to demonstrate that blocking the N
terminus of CDSN reduces the interaction of S. aureus with the
corneocyte surface using an ex vivo adhesion model with cor-
neocytes from AD patients. Finally, we show that an S. aureus
mutant unable to bind to CDSN has a reduced ability to interact
with low-NMF corneocytes. These findings provide insights into
bacterial adhesion to the stratum corneum of AD skin. Our
analyses use a clinical S. aureus isolate from AD and patient
corneocytes, thus increasing the clinical relevance and transla-
tional potential of this work.
CDSN is aberrantly located on low-NMF corneocytes where it

is displayed on the tips of VPs (27, 32). Having established that
S. aureus targets the N-terminal region of CDSN, we sought to
determine if this part of the protein is intact on the surface of
low-NMF corneocytes using an antibody raised against the N
terminus. This was important because the N-terminal region of
CDSN is removed by the proteolytic activity of kallikrein-related
peptidase 7 to facilitate desquamation. However, secretion of
kallikrein-related peptidase 7 from lamellar granules is impaired
in AD, and the serine protease inhibitor Kazal-type 5 is up-
regulated, resulting in reduced cleavage of CDSN in AD skin
(33). In line with this, using single-molecule AFM, we found that
the N-terminal region of CDSN was more abundant, and
therefore accessible, for binding on low-NMF corneocytes than on
high-NMF corneocytes. This finding assured us that the S. aureus

Fig. 5. Blocking the N-terminal region of CDSN with an antibody inhibits
binding of S. aureus to corneocytes from low-NMF skin. Corneocytes were
isolated from an AD patient with low NMF (patient #1,508) and incubated
with increasing concentrations of anti-CDSN F(ab′)2 fragments. A single cell
of wild-type AD08 was immobilized onto an AFM probe. The adhesion
probability of the AD08 cell to the corneocyte was measured by single-cell
force spectroscopy. All values presented are percentages of the initial ad-
hesion value measured when no F(ab′)2 was added. Each color represents an
independent experiment where a different bacterium–corneocyte pairing
was tested.

Fig. 6. ClfB and FnBPB promote adherence of S. aureus to AD corneocytes.
S. aureus was grown to exponential phase (OD600 = 0.35), and bacteria were
incubated with low-NMF AD corneocytes (patients #1,602, #1,654, #1,669).
Adherent bacterial cells were stained with crystal violet. (A) Representative
image of a single corneocyte with adherent bacteria viewed under a light
microscope. (B) The number of bacteria adhering to 15 corneocytes was
counted, and the mean number of wild-type AD08 (circle), AD08ΔclfB
(square), AD08ΔfnbB (up triangle), and AD08ΔclfBfnbB (down triangle)
adhering to a corneocyte is presented. Each datum point is from a different
biological replicate, and the bars represent the means of three independent
experiments, with error bars showing the SEM. Statistical significance was
determined by ANOVA and Dunnett posttest. Where no symbols appear, the
differences were not significant (P > 0.05). ***P < 0.001.
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receptor we identified in vitro was available as a ligand for S.
aureus on the surface of low-NMF corneocytes from AD skin.
MSCRAMMs are displayed on the surface of S. aureus and

mediate interactions with host molecules and cells. We have
discovered that FnBPB and ClfB are CDSN binding proteins. In
addition to CDSN, the N2N3 subdomains of FnBPB bind to fi-
brinogen, elastin, plasminogen, and histone H3 (34–36), while ClfB
N2N3 binds to fibrinogen, loricrin, and K10 (19). MSCRAMMs
generally bind to ligands using the “dock, lock, and latch”
mechanism (29). The presence of glycine–serine-rich sequences
within the S. aureus binding site in CDSN is in common with
other ClfB ligands known to bind by the dock, lock, and latch
mechanism (19, 20, 37). We speculate that ClfB binds to all
four of its ligands via the same dock, lock, and latch mecha-
nism. However, FnBPB is capable of binding to at least one
host factor (plasminogen) by an alternative mechanism (35),
and a detailed investigation of the mode of CDSN binding by
both MSCRAMMs is needed to provide a deeper understanding
of the interaction.
The MSCRAMMs FnBPA and FnBPB share a common do-

main organization and 48% amino acid identity in their N2N3
subdomains. Despite this, we found that FnBPA does not me-
diate bacterial adherence to CDSN. The fnbA and fnbB genes lie
adjacent to each other on the chromosome, and a gene dupli-
cation event is believed to have given rise to the second gene. It
is clear that divergence of these genes has allowed S. aureus to
expand the diversity of ligands it interacts with. FnBPB binds to
CDSN and histone H3, ligands not shared by FnBPA. The se-
quence of the FnBPB and ClfB N2N3 subdomains varies among
S. aureus genomes, and higher variation occurs between lineages
than within them (38, 39). It is possible that sequence variation
can alter the affinity of FnBPB or ClfB for CDSN, and further
investigation of variation in protein sequence may shed more
light on the precise molecular details of the CDSN–MSCRAMM
interaction.
Loricrin and K10 are present in the cornified envelope and

cytoskeleton, respectively, of the human stratum corneum (40,
41). Several studies suggest that the genes encoding loricrin and
K10 are down-regulated in AD skin (42–44). Knocking down
filaggrin expression in a three-dimensional human skin equiva-
lent model increased CDSN protein levels while loricrin and K10
were reduced (45). Thus, the relevance of K10 and loricrin as li-
gands for S. aureus in AD remains unclear. The possibility that
CDSN serves as a ligand in the nasal cavity of AD patients to fa-
cilitate nasal colonization was not investigated here. However, it
will be interesting to examine if CDSN is accessible to bacteria on
the nasal squamous epithelium given the apparent high incidence of
nasal colonization among the pediatric AD population (46).
We previously showed that the cell wall-anchored protein ClfB

mediates adhesion of S. aureus to low-NMF corneocytes from
AD patients (6). Here, we show that FnBPB also has a role in
corneocyte adhesion in AD. Surprisingly, there was no further
reduction in the binding of a double clfB fnbB mutant compared
with the single mutants. The double mutant was unable to ad-
here to CDSN in vitro, suggesting that additional S. aureus
adhesins recognize a different ligand on corneocytes. This ob-
servation fits well with the finding that blocking the N-terminal
region of CDSN with an antibody did not completely inhibit the
binding of S. aureus to the corneocyte surface. Nevertheless, the
binding to CDSN is a governing interaction between S. aureus
and low-NMF corneocytes. We conclude, based on our data, that
other adhesins produced by S. aureus promote adhesion to the
corneocyte. These adhesins do not recognize CDSN (Fig. 1) or
loricrin (6), leading us to speculate that an additional ligand exists.
Future studies will focus on identifying the full repertoire of adhesins
and their ligands operating at the S. aureus–corneocyte interface
during colonization.

Skin colonization in AD is a complex and multifaceted pro-
cess, involving microbial and host components. To successful
colonize skin, S. aureus must avoid competition and interference
from other components of the skin microbiota, overcome host
defenses, and acquire nutrients. This study defines a key interac-
tion occurring at the S. aureus–corneocyte interface. We propose
that ClfB and FnBPB mediate adherence to CDSN, facilitating
adhesion to the stratum corneum and allowing S. aureus to es-
tablish its niche. We hypothesize that the ability of S. aureus to
dominate the skin microbiome in moderate to severe AD could
be a consequence of its particular capacity to bind AD corneo-
cytes via ClfB and FnBPB. This insight broadens our under-
standing of the complex host–pathogen interaction that occurs
during colonization.

Materials and Methods
Bacterial Strains and Plasmids. S. aureus strains were grown in tryptic soy
broth (TSB) at 37 °C with shaking (200 rpm). E. coli strains were grown at
37 °C in lysogeny broth with shaking at 37 °C. Antibiotics were added to the
media where appropriate: ampicillin (100 μg/mL), chloramphenicol (10 μg/mL),
and anhydrotetracycline (1 μg/mL).

S. aureus Mutants and Complementation. All strains and plasmids are listed in
SI Appendix. S. aureusmutants were generated by allelic exchange using the
plasmid pIMAY. Deletion of the clfB gene to generate AD08ΔclfB was per-
formed as described by Fleury et al. (6). Deletion of the fnbA and fnbB genes
in AD08 and AD08ΔclfB was achieved using plasmid pIMAY. Primers for
cloning DNA into pIMAY contained 5′ extensions with homology to the
vector and are listed in SI Appendix, Table S3. A linear pIMAY product was
generate by carrying out PCR using pIMAY Inv F and pIMAY Inv R primers. To
construct pIMAYΔfnbAfnbBCC1, a DNA fragment comprising 600 nucleotides
upstream of fnbA was amplified by PCR with primers fnbkoCC1A and
fnbkoCC1B, and 600 nucleotides downstream of fnbB were amplified with
primers fnbkoCC1C or fnbkoCC1D using genomic DNA from MSSA476 as
template. The upstream and downstream fragments were joined using
splicing by overlap-extension PCR and cloned into linearized pIMAY using
sequence- and ligation-independent cloning (47) to generate plasmid
pIMAYΔfnbAfnbBCC1. Deletion of the fnbA gene in AD08 and AD08ΔclfB
was achieved using plasmid pIMAY::ΔfnbA to produce AD08ΔfnbA and
AD08ΔclfBΔfnbA, respectively. To create pIMAY::ΔfnbA, regions 500 bp
upstream and 504 bp downstream of the fnbA gene were amplified from
AD08 genomic DNA using primers fnbA A, fnbA B, fnbA C, and fnbA D. The
up- and downstream PCR products were denatured and allowed to rean-
neal via complementary sequences in primers fnbA B and fnbA C, which
were used as template for subsequent PCR with primers fnbA A and fnbA D.
The product was cloned into pIMAY between KpnI and SacI restriction sites
using sequence- and ligation-independent cloning to generate plasmid
pIMAY::ΔfnbA. AD08ΔclfB and AD08ΔclfBΔfnbAΔfnbB were constructed by
deletion of the clfB gene in AD08 and AD08ΔfnbAΔfnbB, respectively, using
plasmid pIMAY::ΔclfB. The fnbA gene was restored to its original location on
the chromosome of AD08ΔfnbAΔfnbB and AD08ΔclfBΔfnbAΔfnbB using
plasmid pIMAY::fnbA_restore to generate AD08ΔfnbB and AD08ΔclfBΔfnbB,
respectively. Plasmid pIMAY::fnbAfnbBCC1 was used as template for an inverse
PCR with primers fnbB_Del F and fnbB_Del R to delete the fnbB gene sequence.
The product was joined by blunt-end ligation using LigaFast Rapid DNA Liga-
tion System (Promega) to generate plasmid pIMAY::fnbA_restore. The se-
quences of DNA cloned in pIMAY were verified by DNA sequencing of the
plasmids (GATC Biotech). Each plasmid was passaged through E. coli IM01B to
allow for subsequent transformation of S. aureus AD08 as previously described
(48). Following allelic exchange, mutations were confirmed by DNA sequencing
of a PCR amplimer. The mutants were phenotypically identical to the AD08
parent strain in terms of growth rate and δ-toxin activity. Complementation
was achieved with plasmid pALC2073:fnbB or pCU1:clfB. The fnbB gene was
amplified with primers fnbB_F and FnbB R using AD08 genomic DNA as tem-
plate, and the pALC2073 vector was linearized by amplifying with the primers
pALC Inv F and pALC Inv R. The fnbB gene was cloned between EcoRI and SacI
restriction sites using sequence- and ligation-independent cloning to generate
plasmid pALC2073:fnbB. Plasmids pALC2073:fnbB and pCU1:clfBwere passaged
through IM01B and transformed into AD08ΔclfBΔfnbB.

CDSN Constructs. A DNA fragment encoding amino acid residues 33 to 529 of
human CDSN codon optimized for E. coli (Integrated DNA Technologies) was
amplified by PCR using primers incorporating BglII and SalI restriction sites,
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cloned into the expression vector pGEX-4T2 (GE Lifesciences), and used to
transform E. coli strain XL1-Blue. The recombinant plasmid was isolated from
E. coli and used as template for inverse PCR using primers CDSN F ST and
CDSN R ST to incorporate DNA encoding a Strep tag II affinity tag at the 3′
end of the CDSN gene generating plasmid pGEX-4T2::CDSN. Plasmids pGEX-
4T2::CDSNΔCT and pGEX-4T2::CDSNΔNT were generated by inverse PCR
using pGEX-4T2::CDSN as template and primers CDSNΔCT F, CDSNΔCT R and
CDSNΔNT F, CDSNΔNT R, respectively. Plasmid pGEX-4T2::CDSNNTΩloop was
constructed by two consecutive rounds of inverse PCR using pGEX-4T2::CDSN
as template and primers CDSNΔ33–61 F, CDSNΔ33–61 R and CDSNΔ172–529 F,
CDSNΔ172–529 R, respectively. Inverse PCR products were joined by blunt-end
ligation and used to transform E. coli XL-1 Blue. Plasmids were isolated from
XL-1 Blue and used to transform E. coli expression strain Topp3.

Recombinant Protein Expression and Purification. Cultures of E. coli Topp3
carrying expression vectors were grown to an optical density at 600 nM
(OD600) of 0.6 to 1. Protein expression was induced by isopropylß-D-1-
thiogalactopyranoside (1 mM; VWR Chemicals) for 3 to 5 h, after which
the bacteria were harvested and lysed using a French Pressure Cell at 1,500
psi. Recombinant GST-tagged CDSN proteins were purified by glutathione
affinity chromatography followed by Strep-Tactin affinity chromatogra-
phy and analyzed by sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis. Recombinant GST-tagged recombinant human loricrin and
human K10 peptide (19) were purified by glutathione affinity chroma-
tography. Recombinant His-tagged rClfBCC1N2N3 and rFnBPBCC1N2N3 pro-
teins were purified using nickel affinity chromatography as described
previously (6). Protein concentrations were determined by measuring absor-
bance at 280 nm using a Nanodrop spectrophotometer according to Beer–
Lambert Law or by BCA Protein Assay Kit (Pierce) as per the manufacturer’s
instructions.

Bacterial Adherence Assay. The wells of a microtiter plate (Nunc Maxisorb)
were coated with rCDSN diluted in sodium carbonate butter (0.1 M NaHCO3,
pH 9.6) and incubated overnight at 4 °C. Coated wells were blocked with 5%
(wt/vol) bovine serum albumin (Fisher) for 2 h at 37 °C. Bacterial cultures
were grown to exponential phase (OD600 = 0.35) in TSB and adjusted to
OD600 = 1.0 in phosphate buffered saline (PBS); 100 μL of bacterial suspen-
sion was added to each well, and the plate was incubated for 2 h at 37 °C.
The plate was washed with PBS before adding formaldehyde (25% vol/vol;
Sigma) to fix adherent cells. Fixed cells were stained with crystal violet (0.5%
wt/vol), and absorbance was measured at 570 nm.

SPR. SPR was performed using a Biacore ×100 system (GE Healthcare). His-
tagged human rCDSN (25 μg/mL; Source Bioscience UK Ltd) was diluted in
10 mM sodium acetate buffer at pH 4.0 and immobilized onto one flow
cell of a CM5 sensor chip by amine coupling as described by the manu-
facturer. A second flow cell remained uncoated and served as a reference
surface. Increasing concentrations of rClfB CC1N2N3 (6) or rFnBPB CC1N2N3
(also known as FnBPB N2N3 isotype III) (39) were passed over the surface of
the chip. The surface of the chip was regenerated with 1 M NaCl between
individual cycles. All sensorgram data were subtracted from the corre-
sponding data from the reference flow cell. The response generated from
passing buffer over the chip surface was also subtracted from each sen-
sorgram. Data were analyzed using BIAevaluation software (3.0). The
KD for each interaction was calculated by plotting the level of bind-
ing (response units) against the concentration of rClfB CC1N2N3 and
rFnBPB CC1N2N3.

Corneocyte Collection. Corneocytes were collected from a clinically unaffected
site on the volar part of the patient’s forearm using a tape stripping method
described previously (49). Samples were deidentified prior to use in this
study. Briefly, circular adhesive tape strips (3.8 cm2; D-Squame, Monaderm)
were attached to the target site on the patient’s forearm, and pressure
(225 g/cm2) was applied for 10 s using a D-Squame pressure instrument
(D500; CuDerm). The tape strip was transferred into a vial for storage at −80
°C. Eight consecutive tape strips were sampled from the same site. The
fourth strip was used for NMF measurements, while the seventh or eighth
consecutive strip was used to measure bacterial binding.

NMF Measurement. NMF analysis was performed on tape strips using a pre-
viously described method (50). Briefly, the tape strip was extracted using
25% (wt/wt) ammonia solution followed by evaporation of the ammonia
extract. The residue was then dissolved in 500 μL of Millipore water and
analyzed using high performance liquid chromatography. Due to variations
in stratum corneum content on the tape strip, the NMF concentration was

normalized for the protein amount determined by a Pierce Micro Bicin-
choninic Acid Protein Assay Kit (Thermo Fisher Scientific).

Corneocyte Adherence Assay. A single tape strip was cut into quadrants, and
each quadrant was placed into a different well of a six-well plate. Bacteria
were grown to exponential phase (OD600 = 0.35) in TSB and adjusted to
OD600 = 0.1 in 1 mL PBS; 100 μL of bacterial suspension was placed onto each
tape strip quadrant and incubated for 1 h at 37 °C. Following incubation,
2 mL of PBS was added to each well, and quadrants were washed three times
with 800 μL PBS. Cells were fixed using the cytological fixative CytofixxTM
(Cellpath) and allowed to dry for 15 min. Quadrants were stained using
crystal violet (0.0025%; wt/vol), washed in H2O, and allowed to dry for
30 min. Quadrants were mounted onto glass slides, and coverslips (25 × 50
mm) were overlaid using the mountant D.P.× (BDH). Corneocytes were vi-
sualized under a microscope at 1,000× magnification, and the number of
adherent bacteria per corneocyte was counted (single blind).

AFM.
Anti-CDSN antibody recognition.

AFM probe functionalization.MSCT probes (Bruker) were functionalized with
polyclonal immunoglobulin G raised against CDSN40–229 (anti-CDSN IgG;
AntibodyGenie) as follows, based on the method of Wilding et al. (51). Prior
to functionalization, cantilevers were thoroughly cleaned in chloroform and
ethanol, dried with N2(g), and placed in an ultraviolet-ozone cleaner for
10 min. They were immersed in an ethanolamine solution (5 g ethanol-
amine, 10 mL dimethyl sulfoxide [DMSO]) overnight, rinsed in DMSO (3 ×
1 min) and ethanol (3 × 1 min), and dried with N2(g). Ethanolamine-coated
probes were then immersed for 2 h in a solution containing 1 mg of the
acetal-polyethylene glycol18-N-hydroxysuccinimide linker dissolved in 0.5 mL
of chloroform and containing 30 μL of triethylamine, washed with chloro-
form, and dried with N2(g). Probes were further immersed in 1% citric acid
for 10 min, washed in ultrapure water, and covered by a droplet of ∼100 μL
of PBS solution with 0.1 mg/mL anti-CDSN antibody, to which 2 μL of
NaCNBH3 solution (1 M; with 20 mM NaOH) was added. After 1 h of incu-
bation, 5 μL of ethanolamine (1 M; pH 8.0) was added to the drop on the
cantilevers and left to incubate for 10 min. Probes were finally washed with
buffer (3 × 5 min) and kept in buffer until used for AFM experiments.

Single-molecule force spectroscopy experiments. Using anti-CDSN functionalized
AFM probes, we measured the interaction frequency and force between cor-
neocytes coming from two patients, one presenting a wild-type filaggrin ge-
notype and a high-NMF level and one presenting a heterozygous genotype and
a low-NMF level (SI Appendix, Table S4). A piece of corneocyte-bearing tape strip
was carefully cut out and immobilized on the bottom of a polystyrene petri dish
with double-sided tape, corneocytes facing up, and the petri dish was filled with
PBS buffer. For each corneocyte probed, we performed force volumes over 1- ×
1-μm area of the corneocyte, with 32 × 32 force–distance curves acquired. The
1,024 curves obtained per experiment were then analyzed using the data pro-
cessing software from JPK Instruments (now part of Bruker) to quantify the
adhesion probability and force. Six independent experiments (i.e., independent
AFM tip vs. corneocyte) were performed for low- and high-NMF skins. Each
functionalized AFM probe was used to probe both low- and high-NMF cor-
neocytes successively, with alternate orders for each new probe.
CDSN blocking.

Cell probe preparation. Colloid probes were prepared by gluing single silica
microspheres (6.1-μm diameter; Bangs Laboratories and ultraviolet curable
glue NOA 63; Norland Edmund Optics) onto tipless NPO-10 cantilevers
(Bruker), as described earlier (52) using a Nanowizard III AFM (JPK Instru-
ments; now part of Bruker). After 1 h of incubation in a polydopamine so-
lution (tris-buffered saline [50 mM Tris, 150 mM NaCl, pH 8.5] containing
4 mg/mL dopamine hydrochloride [Sigma-Aldrich]) and rinsing in tris-
buffered saline, the probe was mounted on the AFM probe holder and
used to immobilize a single bacterium on the colloidal probe. The nominal
spring constant of the colloidal probe cantilever was of ∼0.06 N/m, as de-
termined by the thermal noise method.

Single-cell force spectroscopy experiment. S. aureus AD08 was cultured
overnight, harvested by centrifugation, washed twice in PBS, and diluted
1:10 in PBS. A 50-μL droplet of bacterial suspension was deposited at one
extremity of a polystyrene petri dish, while low-NMF corneocytes were
immobilized at a distinct location in the petri dish, using the procedure
described by Formosa-Dague et al. (53). The petri dish was filled with 2 mL of
PBS buffer, and a polydopamine-coated colloidal probe was brought in
contact with an isolated bacterium and retracted to immobilize the bacte-
rium, whose attachment was checked by optical microscopy. The cell probe
was repositioned above the corneocyte sample while remaining in the ex-
perimental liquid volume. The bacterium–corneocyte interactions were
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measured at room temperature, with an applied force of 0.25 nN, a constant
approach/retract speed of 1 μm/s, and a contact time of 0.1 s. F(ab′)2 frag-
ments of polyclonal rabbit IgG raised against CDSN40–229 (AntibodyGenie)
were generated using the Pierce F(ab′)2 Micro Preparation Kit as per the
manufacturer’s instructions. The F(ab′)2 antibody fragment was injected into
the experimental volume at increasing concentrations during the single-cell
force spectroscopy experiment, in order to probe the evolution of the in-
teraction of each bacterium–corneocyte pair as a function of F(ab′)2 con-
centration. Data were analyzed using JPK Instrument software, extracting the
adhesion probability.

Western and Whole-Cell Immunoblotting. For western blots, purified recombi-
nant GST-tagged proteins (1.38 μM) were incubated with human thrombin
(100 U/mL) for 2 h at 25 °C, boiled for 10 min in Laemmli final sample buffer
(Sigma), separated on polyacrylamide gels, and transferred onto polyvinylidene
difluoride (Roche). Filters were blocked in 10% (wt/vol) skimmed milk proteins
before being probedwith anti-CDSN IgG (1:3,000) followed by goat anti-rabbit
IgG-horseradish peroxidase (1:3,000; DAKO). For whole-cell immunoblots,
AD08 was grown overnight in TSB, and bacteria were washed twice with PBS
and resuspended to an OD600 = 4.0 in PBS. Doubling dilutions (5 μL) were
spotted on a nitrocellulose filter (Protran). The filter was blocked in 10%
(wt/vol) skimmed milk proteins for 1 h and probed with anti-CDSN F(ab′)2
fragments (0.05 μg/mL) or anti-ClfA polyclonal IgG (1:2,000) followed by
goat anti-rabbit IgG-horseradish peroxidase (1:3,000; DAKO). Reactive

bands were visualized using the LumiGLO reagent and peroxide detection
system (Cell Signaling Technology).

Ethical Approval. The study was conducted in accordance with the Helsinki
Declaration and was approved by the Research Ethics Committee of Our
Lady’s Children’s Hospital, Crumlin, Dublin, Ireland.

Statistical Analysis. Statistical analyses were performed using GraphPad Prism
and Origin pro software. A P value < 0.05 was considered significant.

Data Availability. All study data are included in the article and SI Appendix.
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