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ABSTRACT Staphylococcus hominis is frequently isolated from human skin, and we
hypothesize that it may protect the cutaneous barrier from opportunistic pathogens.
We determined that S. hominis makes six unique autoinducing peptide (AIP) signals
that inhibit the major virulence factor accessory gene regulator (agr) quorum sensing
system of Staphylococcus aureus. We solved and confirmed the structures of three
novel AIP signals in conditioned medium by mass spectrometry and then validated
synthetic AIP activity against all S. aureus agr classes. Synthetic AlPs also inhibited the
conserved agr system in a related species, Staphylococcus epidermidis. We determined
the distribution of S. hominis agr types on healthy human skin and found S. hominis
agr-l and agr-ll were highly represented across subjects. Further, synthetic AIP-Il was
protective in vivo against S. aureus-associated dermonecrotic or epicutaneous injury.
Together, these findings demonstrate that a ubiquitous colonizer of human skin has a
fundamentally protective role against opportunistic damage.

IMPORTANCE Human skin is home to a variety of commensal bacteria, including many
species of coagulase-negative staphylococci (CoNS). While it is well established that the
microbiota as a whole maintains skin homeostasis and excludes pathogens (i.e., coloni-
zation resistance), relatively little is known about the unique contributions of individual
CoNS species to these interactions. Staphylococcus hominis is the second most fre-
quently isolated CoNS from healthy skin, and there is emerging evidence to suggest
that it may play an important role in excluding pathogens, including Staphylococcus
aureus, from colonizing or infecting the skin. Here, we identified that S. hominis makes
6 unique peptide inhibitors of the S. aureus global virulence factor regulation system
(agr). Additionally, we found that one of these peptides can prevent topical or necrotic
S. aureus skin injury in @ mouse model. Our results demonstrate a specific and broadly
protective role for this ubiquitous, yet underappreciated skin commensal.

KEYWORDS Staphylococcus aureus, coagulase-negative staphylococci, quorum
sensing, skin microbiota

he skin is a hostile environment to many microorganisms due to its acidic pH, fatty
acids, antimicrobial peptides, dryness, and constant exposure to UV radiation and
other environmental challenges (1). Still, healthy skin is colonized by a diverse flora of
bacteria, archaea, fungi, and viruses that thrive in this environment (1, 2). Coagulase-
negative staphylococci (CoNS) are dominant bacterial skin colonizers and active partici-
pants in the cutaneous microenvironment (1, 3). CoNS inhabit distinct niches in and on
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skin appendages, i.e., hair follicles, glands, and epidermal and dermal tissues, and pre-
vent opportunistic pathogens from infecting healthy skin by mechanisms collectively
termed colonization resistance (1, 4-7). While the full depth and breadth of CoNS colo-
nization resistance mechanisms remain to be determined, CoNS can drive epidermal
barrier development (8, 9), educate or tune the cutaneous immune response (10), and
produce a variety of antimicrobial molecules (11, 12) to promote barrier function and
integrity.

The most frequently isolated and best characterized CoNS from human skin is
Staphylococcus epidermidis (1, 13). There are now many examples of how S. epidermidis
mediates skin colonization resistance, including cross talk with keratinocytes (14), syn-
ergy between S. epidermidis small molecules and host antimicrobial peptides (15-17),
and active secretion of bactericidal molecules (18, 19). Given its relative abundance on
the skin, it is unsurprising that S. epidermidis has historically been used for studies
assumed to be representative of all CoNS. However, recent evidence suggests that S.
epidermidis leads a far more dichotomous lifestyle as both symbiont and opportunistic
pathogen (20, 21). S. epidermidis is the leading cause of medical implant-associated
infections, which often develop into antibiotic-resistant biofilms requiring implant re-
moval and replacement and placing a tremendous burden on the health care system
(22-24). In addition, certain S. epidermidis strains, akin to pathogenic Staphylococcus
aureus, can expand and exacerbate barrier degradation in atopic dermatitis (AD) and
Netherton syndrome (NS) lesions (25-27). Taken together, S. epidermidis remains an im-
portant skin colonizer with protective benefits but also represents a significant chal-
lenge to homeostasis depending on the context of the interaction.

There is emerging evidence that other commensal CoNS may play a more protec-
tive role on skin than previously appreciated. Staphylococcus hominis is the second
most frequently isolated CoNS from healthy human skin (3, 28). Unlike S. aureus or
S. epidermidis, S. hominis does not expand in AD lesions, and skin colonization with
S. hominis in infancy is correlated with a reduced likelihood of developing AD later in
life (2, 29, 30). S. hominis may also play an active role in skin protection; several groups
have described bactericidal molecules made by strains of S. hominis that selectively kill
S. aureus (11, 12, 31, 32). Further, one lantibiotic-producing S. hominis strain even
showed promise as an anti-S. aureus topical treatment for patients with AD in a phase
1 randomized clinical trial (12).

Aside from the antibacterial activity described above, we and others have begun to
describe the importance of interspecies competition in maintaining skin integrity.
There are now many examples of CONS competing with S. aureus and protecting host
skin from damage through the conserved two-component quorum sensing (QS) acces-
sory gene regulator (agr) system (33-40). S. aureus is the most common etiological
agent of skin and soft tissue infections in the United States, and productive S. aureus
skin infection requires agr signaling (41-43). Thus, targeting agr to dampen S. aureus
virulence factor production has been proposed as a potential alternative to antibiotic
therapy (44, 45).

In all staphylococci, agr (agrBDCA) signals via its cognate autoinducing peptide (AIP) in
a cell density-dependent manner (Fig. 1A) (46, 47). At sufficient external concentration,
AIP binds to the membrane-bound histidine kinase receptor (AgrC) and induces receptor
dimerization, followed by phosphorylation of the response regulator, AgrA. AgrA then
binds between chromosomal promoters P2 and P3 to induce transcription of the
agrBDCA operon and the major effector transcript, RNAIIL In S. aureus, the RNAIIl molecule
posttranscriptionally regulates the expression of a suite of virulence factors including tox-
ins such as the canonical alpha-toxin, exoenzymes including several serine and cysteine
proteases, and immune evasion factors (47). In S. epidermidis, the agr regulon is dimin-
ished in size because CoNS do not possess as many virulence factors as S. aureus (48, 49).
However, the cysteine protease EcpA, which is necessary for S. epidermidis barrier degra-
dation in AD and NS lesions, is under agr control (25, 26, 48). In S. hominis, the precise agr
regulon and RNAIIl effector molecule have not been determined, but most CoNS agr
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FIG 1 S. hominis makes six AIP variants. (A) Schematic of the conserved staphylococcal accessory gene
regulator quorum sensing system. (B) Predicted agrD sequences for each S. hominis agr type identified by
PCR. Nonconserved residues are marked in red. The Clustal Omega sequence alignment between all
strains is shown at the bottom, with asterisks representing fully conserved residues, colons representing
residues with strongly similar properties, and periods representing residues with weakly similar properties.
The confirmed peptide sequence of each AIP is underlined. (C) Representative images of predicted AIP
structures for each agr type. Previously confirmed structures are marked with an asterisk.

regulons are hypothesized to contain phenol-soluble modulins (PSMs) and a small num-
ber of proteases and lipases similar to those of S. epidermidis.

There are four allelic variants of S. aureus and S. epidermidis agr determined by a
hypervariable region spanning agrBDC (46, 47, 50). Every staphylococcal strain pos-
sesses a single agr type, which senses and responds to its cognate AIP signal. All
described AlPs are 7 to 12 amino acids in length, with a conserved thiolactone or lac-
tone ring constraining the last five residues in the C terminus (47). Only a limited num-
ber of agr types have been identified for most CoNS, and the functional or fitness
advantages of agr heterogeneity remain unclear (47, 50). Intriguingly, some but not all
CoNS AIPs inhibit S. aureus agr signaling via interspecies interference, including two
recently described AIPs from S. hominis isolates (38, 51). One of these AIPs fully abro-
gated S. aureus skin damage in a mouse model of atopic injury (38), while the other
showed inhibitory activity against S. aureus agr types | to lll with in vitro reporters (51).
Screening a collection of S. hominis isolates, we discovered more S. hominis agr allelic
variation than previously reported.

Given the abundance and ubiquity of S. hominis on healthy skin and the potential
of S. hominis to actively protect the host from infection, we sought to definitively char-
acterize novel S. hominis AIP signals and the potential implications of S. hominis agr
allelic variation for human skin health. Our data highlight the remarkable strain-level
diversity of S. hominis skin isolates and suggest a significant role for S. hominis interspe-
cies cross talk in preventing opportunistic skin infection and epidermal damage.

RESULTS
Identification of six S. hominis agr types. Previous work identified at least three
classes of S. hominis agr allelic variation by sequence (here referred to as AIP-II) (38) or

May/June 2022 Volume 13 Issue 3

10.1128/mbio.00930-22

mBio

3


https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.00930-22

Staphylococcus hominis Protects Skin from Damage

A 1.2= B 1.2=
3 .0l = NS
Q‘E 10 é‘g 1.0~ 'f l NS NS
20 25 g
gO 0.8 G 0 0.8 a
< B = ok o < B Fekkek -
T2 0.6+ = T -
S’E ke i s’g 08 ek ek
[ ® Kkkk © TB' s
% & 0.4+ P % E 0.4=
[ 4
S 0.2- =2 0.2+
3 [
0.0- T 0.0- rT-1
Control 5009 5545 5546 5006 4553 5007 idS m m} i“ Control 5009 5545 5546 5006 4553 5007 idS m mﬂ
| ] v v v | ] v v v
S. hominis AIP Type S. hominis AIP Type
C
1.2 1.2
510 =
3 =
2508 — 28"
£506 2510 NS . ng NS NS NS g | NS
<o 04 i l g0 I i i
002 .I- S % 0.9 |‘“|
52 0.10 52 0.8
R g
<o «7g 0.6
ge B
50.05 Z= 04
= w dedekk Kk = E
(4 v 0.2
0.00 ~ 0.0
Control 5009 5545 5546 5006 4553 5007 4L45 ﬂ m’ﬂ Control 5009 5545 5546 5006 4553 5007 iﬁ 5011 5010 5544
| Il v v v | ] v v v
S. hominis AIP Type S. hominis AIP Type

FIG 2 S. hominis conditioned medium (CM) inhibits MRSA agr signaling. MRSA agr-l P3:YFP (A), agr-Il P3:YFP (B),
agr-lll P3:YFP (C), and agr-IV P3:YFP (D) reporter strains were incubated with 10% cell-free CM from S. hominis
strains for 24 h. The 24-h fluorescent point (relative fluorescence units [RFU]) is shown relative to the reporter-only
control. Data were pooled from three independent experiments. Significance was determined by ordinary one-way

ANOVA with Dunnett's multiple-comparison test (degree of freedom [df] = 32, F = 12.00 [A], 12.56 [B],
1.78 [D]). Mean values = SD are shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001; *** P < 0.0001
significant.

confirmed AIP structure (here referred to as AIP-I [38] and AIP-IIl [51]). We screened our
collection of S. hominis skin isolates (see Table S1 in the supplemental material) by PCR
to determine if any other allelic variants might be present. We confirmed previously
published agrD sequences for AH5009 (type 1) (38), AH5006 (type II) (38), and AH4545
(type 1ll) (51) and identified three novel AIP sequences (types IV to VI) (Fig. 1B). All
classes of S. hominis AIPs contained a conserved alanine as the third residue of the
peptide region, a conserved cysteine as the eighth residue of the peptide region, and a
conserved tyrosine and phenylalanine as the eleventh and twelfth peptide region resi-
dues, respectively (Fig. 1B) (38, 51). Like other published sequences, the S. hominis AIP
leader, peptide, and tail regions varied outside of the four aforementioned conserved
residues in the peptide region (36, 38, 47, 48, 51). Based on previously published struc-
tures of S. hominis AIP-1 and -Ill, we illustrated predicted structures of each S. hominis
AIP (Fig. 10).

CM from S. hominis isolates inhibits MRSA agr signaling. There is a rapidly grow-
ing body of work on CoNS AlPs that inhibit S. aureus agr signaling via interspecies cross
talk (33-40). To determine if all S. hominis AIP types inhibit S. aureus agr signaling, we
incubated methicillin-resistant S. aureus (MRSA) with the agr reporter plasmid P3:YFP
(agr-1 to -IV) (where YFP is yellow fluorescent protein) with 10% (vol/vol) cell-free con-
ditioned medium (CM) from S. hominis isolates. We confirmed previously published
findings that S. hominis AIP-l is a potent inhibitor of MRSA agr-l, -ll, and -lll with no
effect on growth (Fig. 2A; see Fig. S1A in the supplemental material) (38). Each of the
other S. hominis AIP classes also inhibited MRSA agr-l and reduced fluorescent signal to
40 to 60% of that of the reporter-only control. MRSA agr-I growth was not impacted in
the presence of CM from any S. hominis strain (Fig. STA). MRSA agr-Il was inhibited by
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S. hominis AIP-I, -1lI, -IV, and -VI strains but not by any AlIP-ll-producing strain or by an
AIP-V strain (Fig. 2B). No effect on reporter growth was observed (Fig. S1B). MRSA agr-
Il was highly susceptible to inhibition by all classes of S. hominis AIP, with the greatest
inhibition by AIP-, -V, and -VI (Fig. 2C). S. hominis AIP-Il was also a strong inhibitor of MRSA
agr-lll, but the level of inhibition appeared to be strain dependent. It was previously reported
that the level of AIP production can be strain dependent even within the same agr type (36),
thus leading to differing levels of cross-inhibition. While CM from most S. hominis isolates
did not impact the growth of MRSA agr-lll, 10% CM from strain AH5011 (AIP-V) attenuated
reporter growth (Fig. S1C) during the first 8 h of incubation. Reporter growth in AH5011 CM
ultimately recovered to the same optical density at 600 nm (ODy,,) as the reporter-only con-
trol by 24 h (Fig. S1C). For MRSA agr-IV signaling, only S. hominis strains producing AIP-I, I,
or -V inhibited fluorescent signal (Fig. 2D), and no significant effect on type IV reporter
growth was observed with any type of S. hominis CM (Fig. S1D). Our results are consistent
with previous literature which suggests that MRSA agr-IV is more resistant to interspecies
cross talk than other MRSA agr types (33, 36).

LC-MS identification and validation of S. hominis AlPs. Since previous studies iden-
tified and validated the structures of S. hominis AIP-I (38) and AIP-IIl (51), we next per-
formed mass spectrometric analysis of CM from representative isolates of S. hominis
AIP-II, AIP-IV, and AIP-V to identify the structure of these novel AlPs. For AIP-Il, a nine-
residue AIP (SYSPc[CATYF]) was detected (Fig. 3A) with calculated and measured m/z
values for the [M + H]* ion of 1,020.4137 and 1,020.4103 (A = 3.3 ppm), respectively.
For AIP-IV, a nine-residue AIP (TINTc[CGGYF]) was detected (Fig. 3B) with calculated
and measured m/z values for the [M + H]™ ion of 957.4140 and 957.4144 (A =
0.4 ppm), respectively. For AIP-V, a nine-residue AIP (SQTVc[CSGYF]) was detected
(Fig. 3C) with calculated and measured m/z values for the [M + H]* ion of 973.4089
and 973.4083 (A = 0.6 ppm), respectively. We further validated the AIP-II, -1V, and -V
structures by analyzing synthetic AIP. Liquid chromatography-mass spectrometry (LC-
MS) analysis of each synthetic AIP demonstrated matching retention time, accurate
mass, and fragmentation patterns between each native structure identified in the CM
and the corresponding synthetic standard (Fig. S2).

An AIP was not detected in CM from the S. hominis type VI strain, and we were
unable to identify any other type VI strains in our collection or in the National Center
for Biotechnology Information (NCBI) database. The predicted AIP-VI structure was a
single amino acid change from AIP-V (Q5K), and given its rarity in our collection and in
published genomes, we excluded it from further analyses. Together, all five identified
S. hominis AlPs were nine amino acids in length with a conserved thiolactone ring
between the fifth-residue cysteine and ninth-residue phenylalanine. The AIPs diverged
at the second and fourth tail residues, and AIP-Il was the only S. hominis AIP with a
threonine as the seventh residue rather than a glycine.

Synthetic S. hominis AlIPs inhibit MRSA QS. To profile the specific activity of each
S. hominis AIP, MRSA agr P3:YFP reporters type | to IV were treated with a dose
response of synthetic AIP-I (Fig. 4A), AIP-II (Fig. 4B), AIP-IIl (Fig. 4C), AIP-IV (Fig. 4D), or
AIP-V (Fig. 4E). Previous studies demonstrated that many CoNS AlPs inhibit MRSA AgrC
signaling with affinity constants in the low nanomolar range (36, 38, 47). Consistent
with previous characterization and our initial findings with CM, S. hominis synthetic
AIP-1 potently inhibited MRSA agr-1 (50% inhibitory concentration [ICsc], 13 nM), agr-li
(ICso, 31 nM), and agr-lll (ICso, 5 NM) but was a poor inhibitor of agr-IV (ICs,, 2,910 nM)
(Fig. 4F) (38). Also consistent with our CM findings, synthetic S. hominis AIP-Il was a
poor inhibitor of MRSA agr-Il (ICs,, 2,109 nM) (Fig. 4F). MRSA agr-lll was highly suscepti-
ble to all classes of synthetic S. hominis AlPs, with IC;, values in the low nanomolar
range (Fig. 4F). Finally, MRSA agr-IV was poorly inhibited by synthetic AIP-I, -Il, and -V
and was not inhibited by AIP-IIl or -1V (Fig. 4F).

Synthetic S. hominis AlPs inhibit S. epidermidis QS. S. epidermidis is an abundant
CoNS on healthy human skin but is also an opportunistic or “accidental” pathogen that
can worsen disease outcomes for patients with AD or NS through production of the
agr-regulated cysteine protease EcpA (20, 25, 26). To determine if S. hominis AIPs could
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FIG 3 Identification and validation of three novel S. hominis AIPs. The amino acid sequence and
thiolactone structure of S. hominis AIP-Il (A), AIP-IV (B), and AIP-V (C) were solved and confirmed
using MS-MS analysis. Characteristic y ions are listed for each AIP. The calculated mass of the
protonated peptide (Calc.) is shown beneath each structure in comparison to the experimental mass
(Exp.) and mass error.

block S. epidermidis agr signaling, we incubated S. epidermidis agr P3::sGFP reporter
types | to lll (where sGFP is superfolder green fluorescent protein), which are the most
common S. epidermidis agr types (50), with a dose response of each synthetic S. homi-
nis AIP (Fig. 5A to E). Consistent with previous findings, S. hominis synthetic AIP-I was a
poor inhibitor of S. epidermidis agr-| and even boosted the fluorescent signal in the first
8 h of incubation (Fig. S3) (25). However, AIP-I strongly inhibited S. epidermidis agr-I|
and -l signaling with low nanomolar potency (Fig. 5F). S. hominis synthetic AIP-II, -IlI,
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FIG 4 Synthetic S. hominis AIPs inhibit MRSA agr signaling. (A to E) MRSA P3:YFP reporters were incubated
with increasing doses of S. hominis synthetic AIP-I (A), AIP-II (B), AIP-Ill (C), AIP-IV (D), or AIP-V (E). Fluorescent
intensity relative to the reporter only at the 24-h time point is shown. (F) IC,, values (nM) were calculated for
each AlP-reporter pair from a four-parameter nonlinear regression curve. The 95% confidence interval for each
IC;, value is reported in parentheses. Results were pooled from three independent experiments. Mean *= SD
values are shown. NC, not calculated.

and -V were broadly inhibitory across all classes of S. epidermidis agr signaling (Fig. 5F),
while AIP-IV was a relatively poor inhibitor of S. epidermidis agr-1 (ICso, 237 nM) and agr-
Il (ICs,, 93 nM) but more effective against agr-lll (ICs, 28 nM) (Fig. 5F). CM (10%, vol/
vol) from select S. hominis strains was also broadly inhibitory against all S. epidermidis
agr types with no effect on growth (Fig. S4).

S. hominis agr type distribution in a healthy skin cohort. Healthy human skin is of-
ten dominated by a large proportion of S. epidermidis agrl strains, mixed with smaller subpo-
pulations of agr-Il and -lll strains (50). Given that CoNS agr heterogeneity could be important
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FIG 5 S. hominis synthetic AIPs inhibit S. epidermidis agr signaling. (A to E) S. epidermidis P3::sGFP reporters
were incubated with increasing doses of S. hominis synthetic AIP-I (A), AIP-Il (B), AIP-IIl (C), AIP-IV (D), or AIP-V
(E). Fluorescent intensity relative to the reporter only at the 24-h time point is shown. (F) IC;, values (nM) were
calculated for each AlP-reporter pair from a four-parameter nonlinear regression curve. The 95% confidence
interval for each IC,, value is reported in parentheses. Results are pooled from three independent experiments.
Mean = SD values are shown. NC, not calculated.

for mediating both inter- and intraspecies cross talk (20, 38, 50), we first determined the
relative frequency of five representative S. hominis agrD sequences in all published S.
hominis genomes in the NCBI database. S. hominis agr-l and -Il were the most frequently
deposited genomes (31 and 43 hits, respectively), agr-lll and -IV were found less fre-
quently but with similar numbers of hits (14 and 16, respectively), and agr-V was rarely
found (4 hits) (Fig. 6A).

Next, we analyzed S. hominis agr types by quantitative PCR from DNA extracted
from skin swabs from the antecubital crease of 14 healthy skin donors (25). This
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FIG 6 S. hominis agr-l and agr-Il are the most abundant agr types on healthy human skin. (A)
Relative frequency of S. hominis agr types identified in all published S. hominis genomes in the NCBI
database. (B) Absolute abundance by quantitative PCR of S. hominis agr types in a 5-cm? swab of the
antecubital crease pooled from 14 healthy skin swabs. (C) Relative abundance of each S. hominis agr
type stratified by patient swab.

analysis also found that S. hominis agr-I and -Il were the most dominant agr types by
absolute abundance (Fig. 6B; Fig. S5). S. hominis agr-lll and -IV were less abundant,
while agr-V was undetectable in most swab samples (Fig. 6B). When we stratified total
S. hominis agr type abundance by individual donor, we found that many samples were
unique in their relative distribution of S. hominis agr types (Fig. 6C). For example, some
swabs were dominated by a single S. hominis agr type (i.e., HCO1, -02, -03, -08, -11, and
-12) while other samples contained a more diverse mix of agr types (i.e., HC04, -05, -06,
-07, and -09) (Fig. 6C). Generally, most samples were dominated by relatively more S.
hominis agr-1 or S. hominis agr-ll, with few samples containing equivalent distributions
of these two agr types.

S. hominis agr-1 and agr-1l intraspecies competition. Because S. hominis agr-1 and
agr-Il were the most abundant agr classes in the NCBI database and on healthy skin,
we sought to determine if they might compete with each other via intraspecies cross
talk. Previous reports demonstrated that heterogeneous S. epidermidis agr groups can
mediate intraspecies interference, potentially giving one agr type a competitive
advantage over another (48, 50). We transformed representative S. hominis agr-l and -l|
strains with the previously characterized staphylococcal agr P3:sGFP reporter plasmid
pCM41 (36) and treated each with a dose of cognate and noncognate synthetic AIP. A
concentration of 25 nM or greater of synthetic AIP-I significantly boosted S. hominis
agr-l fluorescent signal (Fig. 7A) with no effect on growth (Fig. S6A). Synthetic AIP-II
inhibited agr-l signaling in a dose-dependent manner with low nanomolar IC, (ICs,
9 nM; 95% confidence interval [CI] = 5.1 to 16.8) (Fig. 7B) and no effect on reporter
growth (Fig. S6B). For S. hominis agr-ll, 12.5 nM synthetic AIP-ll was optimal to boost
fluorescent signal with no effect on growth (Fig. 7C; Fig. S6C). Synthetic AIP-I similarly
inhibited agr-Il fluorescent signaling in a dose-dependent manner with a low
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FIG 7 S. hominis agr-l and agr-Il intraspecies cross talk. (A) Relative fluorescent values of S. hominis
agr-l P3:YFP incubated with increasing doses of synthetic AIP-I at 8 h of incubation. (B) Relative
fluorescent values of S. hominis agr-I P3:YFP incubated with increasing doses of synthetic AIP-Il at 8 h
of incubation. (C) Relative fluorescent values of S. hominis agr-ll P3:YFP incubated with increasing
doses of synthetic AIP-Il at 8 h of incubation. (D) Relative fluorescent values of S. hominis agr-Il P3:
YFP incubated with increasing doses of synthetic AIP-l at 8 h of incubation. Results were pooled from
three independent experiments. Significance was determined by ordinary one-way ANOVA with
Dunnett’s multiple-comparison test (df = 20, F = 8.53 [A], 9.75 [B], 6.40 [C], 17.23 [D]). Mean values =+
SD are shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

nanomolar 1C, (ICs, 7 NnM; 95% Cl = 5 to 11) (Fig. 7D) with no impact on reporter
growth (Fig. S6D).

We also investigated other relationships between S. hominis AIPs and agr-I or agr-Ii
signaling. Synthetic AIP-IlI, -IV, or -V did not impact the growth of the S. hominis agr-|
or -ll reporters at any tested concentration (Fig. S6). Both agr-l and -Il early fluorescent
signals were boosted in a dose-dependent manner by the addition of synthetic AIP-III
(Fig. S6F and S6L). We found weaker interactions with AIP-IV or -V. AIP-IV slightly
boosted early agr-I signaling but had negligible effects on agr-Il, while AIP-V had weak
to negligible effects on agr-l and modestly inhibited agr-Il (Fig. S6G to J and M to P)
The strongest intraspecies interactions were observed between agr-I and agr-l (Fig. 7).

S. hominis AIP-1l protects murine skin from MRSA QS-mediated injury. S. aureus
is the most common cause of skin and soft tissue infections in the United States and can
also colonize and exacerbate disease in patients with AD and NS (26, 29, 52). Many viru-
lence factors associated with S. aureus skin infection are under the agr regulon (42, 43,
47). It was previously reported that S. hominis AIP-I effectively mitigates MRSA-associated
AD symptoms in a mouse model (38). However, since we also found that S. hominis agr-Il
was a dominant healthy human skin colonizer in most of our swab donors, we hypothe-
sized that AIP-Il may also be protective against S. aureus skin infections. Using an estab-
lished model of USA300 MRSA dermonecrosis to assess synthetic AIP-I efficacy in an
acute infection, we found that mice treated with synthetic S. hominis AIP-Il devel-
oped significantly smaller lesions than did mice treated with vehicle treatment alone,
and lesion size was dose dependent (Fig. 8A). Furthermore, mice administered 50 ug
of S. hominis synthetic AIP-Il tended to lose less weight than their vehicle counter-
parts, although this trend was not statistically significant (Fig. 8B). Lesion severity in
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mice administered a 50-ug dose of synthetic AIP-Il closely resembled that of mice
administered an agr mutant after 5 days of infection, suggesting potent inhibition of
MRSA agr signaling in this model (Fig. 8C).

We also investigated the ability of S. hominis AIP-II to protect the skin barrier from
MRSA degradation with an established model of epicutaneous infection (akin to AD
in humans) (38, 53). After 72 h of topical association with MRSA, mice that received
10 or 50 ug of synthetic S. hominis AIP-Il retained more of their barrier function by
transepithelial water loss (TEWL) measurement, similar to mice receiving agr-null
MRSA, than those receiving the vehicle control (Fig. 8D). This was not due to MRSA
loss or killing, as no differences in CFU between groups was observed (Fig. 8E). Gross
morphology of the skin also revealed less redness, scaling, and erythema in the AIP-
Il-treated mice than in the vehicle control mice (Fig. 8F). We also found that coappli-
cation of an S. hominis AlIP-ll-producing strain (AH4553) with MRSA resulted in a
strong trend toward skin barrier protection as assessed by TEWL at 72 h postinfection
(Fig. S7A). Mouse skin that received equivalent numbers of CFU of S. hominis and
MRSA had significantly less redness and scaling than mouse skin that received MRSA
application alone (Fig. S7B). S. hominis cochallenge was not as protective as adminis-
tration of synthetic AIP-II, likely due to the amount of AIP-Il produced on skin by this
strain or the tropism of S. hominis for human rather than mouse skin. However, our
results are consistent with previously published observations of the protective role of
an S. hominis AIP-l-producing strain (38).

Transcriptional profiling of S. hominis AgrA-regulated genes. We profiled genes
under transcriptional control of AgrA in our representative S. hominis agr-l strain
(AH5009) to better understand fundamental molecular regulation in an understudied
CoNS and to identify genes that could facilitate S. hominis skin colonization. CoNS are
difficult to genetically manipulate, so we took an alternative approach to predict genes
under agr control. Apicidin is a specific inhibitor of the agr response regulator AgrA,
which has previously been characterized for its activity against MRSA (54). Using the S.
hominis agr-1 P3::sGFP reporter strain, we confirmed that apicidin inhibited S. hominis
agr-l signaling with no effect on growth (Fig. S8A). To evaluate genes that could be
under the transcriptional control of AgrA, we conducted transcriptome sequencing
(RNA-seq) analysis on apicidin-treated S. hominis agr-| compared to a vehicle (dimethyl
sulfoxide [DMSQ])-treated control. Using a 4-fold cutoff for differential gene expression
(false discovery rate P value, =0.05), we found that 40 genes were downregulated in
the apicidin-treated samples compared to the control and that 7 genes were signifi-
cantly upregulated (Fig. 9A; Table S2).

As expected, several genes, including four beta class phenol-soluble modulins (PSMs)
(MOV58_08480, down 11.36-fold; MOV58_08485, down 11.33-fold; MOV58_08490, down
9.37-fold; and MOV58_08495, down 8.82-fold) and a predicted alpha-beta hydrolase (pu-
tative lipase; MOV58_10435, down 6.85-fold) were significantly downregulated (Fig. 9A).
PSMs are under direct transcriptional control of AgrA (47, 54); therefore, we functionally
validated our RNA-seq findings by assessing the presence or absence of S. hominis PSMs
in apicidin (100 wM)- or DMSO-treated cultures. Of the four predicted beta-type PSMs
in S. hominis AH5009, we found that only PSM-B1 was consistently detected by mass
spectrometry. The mass spectrometric analyses confirmed that this PSM was present
only in S. hominis cultures treated with DMSO, not in those treated with apicidin
(Fig. 9B; Fig. S8B).

Outside of our 4-fold cutoff but in support of agr inhibition, we found RNAIIl (down
3.40-fold), agrD (down 3.08-fold), and agrB (down 2.89-fold) downregulated. We also
found two genes involved in acetoin production (MOV58_00550, down 7.89-fold;
MOV58_01010, down 5.45-fold) significantly downregulated as well as multiple tran-
scriptional regulators (MOV89_10090, down 27.93-fold; MOV58_09725, down 7.22-fold;
and MOV58_07810, down 4.32-fold) and a choloylglycine hydrolase family protein puta-
tively involved in bile salt hydrolysis and/or penicillin hydrolysis (55) (MOV58_01015,
down 4.94-fold) (Fig. 9A). Unlike the S. aureus or S. epidermidis agr regulon, we did not
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FIG 9 Genes under transcriptional control of S. hominis AgrA. (A) RNA-seq heat map of genes with
greater than a 4-fold change in expression and a false discovery rate P value of less than 0.05 in 100
1M apicidin-treated S. hominis compared to wild-type vehicle (DMSO)-treated cells. Fold changes are
indicated in each box. Numbers in italics refer to the last five digits of the locus tag. (B) Mass
spectrometric validation of the absence of PSM-B1 production in S. hominis treated with 100 uM
apicidin. Results are averages from triplicate injections of biological triplicates (9 independent
injections). The PSM-B1 predicted sequence and locus tag number are shown above the graph. The ion
detected was at m/z 908.6785, which corresponds to the predicted mass (908.6819 Am = 3.7 ppm) of
PSM-B1with five protons and a +5 charge (M + 5H**).

find any proteases significantly downregulated. Additionally, homologs of the S. epidermi-
dis cysteine protease gene ecpA, the extracellular elastase gene sepA, or the serine prote-
ase gene esp were not identified by a BLAST (Basic Local Alignment Search Tool) (56)
search of the S. hominis C5 (AH5009) genome.

DISCUSSION

S. hominis is the second most frequently isolated colonizer of human skin and is of-
ten found on moist, sebaceous, or foot sites, with a particular affinity for colonizing
axillae and pubic regions (28, 57, 58). Here, we have identified that S. hominis has the
most agr heterogeneity (6 unique types) of any CoNS species. We utilized LC-MS to
confirm three novel AIP structures (AIP-II, -IV, and V). Together with previously pub-
lished structures of AIP-I (38) and -Ill (51), all five identified AIPs are the same size (9
amino acids) but vary significantly in amino acid composition. We profiled CM and syn-
thetic AIP activity against MRSA agr quorum sensing and found that S. hominis AlPs are
variable but often potent agr inhibitors. Going further, we also found that S. hominis
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synthetic AIPs mediate distinct and often inhibitory patterns of interspecies cross talk
with the three most common S. epidermidis agr types (50). We determined a potential
role for S. hominis agr variability in protecting host skin from opportunistic staphylo-
coccal infections, as we showed that S. hominis AIP-ll was a potent MRSA quorum
quencher in murine models of acute damage and topical degradation. We addressed
S. hominis intraspecies competition for the first time and found that the two most
abundant S. hominis agr classes (agr-1 and agr-ll) in our healthy human skin swab sam-
ples were also the most potent agr cross-inhibitors in vitro. Finally, we took a novel
approach to predict genes regulated by S. hominis AgrA and found several gene candi-
dates that could potentiate S. hominis skin colonization.

Our results bridge several recent studies which suggest that S. hominis is a protective
human skin commensal with the capacity to make AIPs that inhibit noncognate quorum
sensing systems (32, 38, 51). Here, we identified 6 S. hominis agr types, though potentially
more may be revealed with greater sequencing depths in metagenomic studies or with
typing of more skin isolates (Fig. 1). We validated that S. hominis AIP-I (38) and -l (51) in-
hibit MRSA agr and that S. hominis AIP-l is a poor inhibitor of S. epidermidis agr-| signaling
(25). Intriguingly, we found that S. hominis AIP-Il does not inhibit MRSA agr-Il in either CM
or synthetic AIP assays. This lack of activity was surprising considering that AIP-Il was such
a strong inhibitor of other MRSA agr systems but could be due to the unusual insertion of
a threonine (rather than a glycine) in the seventh residue of the AIP (Fig. 1). In a previously
published alignment of 32 CoNS agrD sequences, only Staphylococcus haemolyticus and
Staphylococcus caprae agr-ll had a threonine in the seventh AIP residue (47). Potentially,
this threonine could hinder AIP binding in the MRSA type-Il AgrC pocket, but further
investigations of structure-function relationships between CoNS AIPs and MRSA AgrC
receptors are warranted.

We also found that at least one S. hominis strain (AH5011) makes a molecule that is
specifically bacteriostatic or bactericidal against the MRSA agr type-Ill reporter strain
MW?2, which is a community-acquired USA400 clone (see Fig. S1 in the supplemental
material). USA400 (agr-ll) strains are most often associated with toxic shock syndrome
but have also been associated with necrotizing pneumonia and infective endocarditis
(59). It is not unusual for CoNS to make bacteriocin or lantibiotic-type molecules with
high specificity for bacterial species or strains (18). Such specificity is one reason why
there is continued interest in microbiome-inspired therapeutic discovery, including the
discovery and development of S. hominis-derived anti-S. aureus therapeutics targeted
toward patients with AD or NS (11, 12). Our observation that S. hominis makes a mole-
cule that is a potentially specific anti-USA400 agent suggests we may one day be able
to achieve highly individualized, lineage-specific anti-MRSA treatments. In the emerg-
ing postantibiotic age, S. hominis- and CoNS-derived therapeutics represent an exciting
and necessary new avenue for antimicrobial development (60).

Another unusual observation from our study was the slight boost in early S. epider-
midis agr signaling with the addition of S. hominis synthetic AIP-I (Fig. S3). Most quorum
sensing cross talk has been explored in the context of inhibition rather than activation
(33, 36, 38, 40). Given the dissimilarities between S. hominis AIP-I (SYNVc[CATYF]) and S.
epidermidis AIP-1 (DSVc[CASYF]) (48), we did not expect early S. epidermidis signal boost-
ing. Intriguingly, S. hominis AIP-Ill was previously shown to boost MRSA agr-IV signaling,
as assessed by a B-lactamase activity assay (51). This was the first identification of inter-
species activation and, in conjunction with our results, indicates that this may be a more
common type of interaction than previously appreciated. Further investigations of the
potentially promiscuous nature of CoNS AIPs are necessary and could significantly
improve our understanding of global quorum sensing dynamics during homeostatic skin
colonization versus infection. Moreover, it remains difficult to determine if CoNS AlPs are
made on healthy human skin or in what quantity. Future studies may reveal whether AlPs
can be detected on skin and if some AIP types are more prevalent than others.

In addition to understanding interspecies cross talk mediated by S. hominis, we also
sought to investigate how the remarkably high level of S. hominis agr variability might
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impact skin colonization or intraspecies cross talk dynamics. To our knowledge, there
have been no other reports of CoNS with as many as six agr allelic variants. There are four
agr allelic variants of the most common skin CoNS, S. epidermidis (48, 50). Species lower in
abundance like Staphylococcus warneri (51) and S. haemolyticus (51), each have one con-
firmed agr type. Another low-abundance commensal, Staphylococcus simulans, was
recently shown to have three agr allelic variants, although only one of these (agr-l) was
associated primarily with human skin isolates (36). When we analyzed the S. hominis agr
type distribution in published genomes on NCBI, we found that S. hominis agr-l and -l
were most highly represented (Fig. 6). Although our sample size was quite modest,
given that there are only 160 genome annotation and assembly reports for S. homi-
nis compared to 13,551 for S. aureus or 1,106 for S. epidermidis, we further validated
our NCBI results by determining S. hominis agr type distribution on the antecubital
crease in a cohort of 14 healthy volunteers (Fig. 6). Our human skin swab data com-
bined with our observations of significant intraspecies cross talk between S. hominis
agr-l and agr-Il lend support to the current hypothesis that agr variability may be im-
portant for niche competition or kin selection (40). Previous work showed that cer-
tain MRSA or S. epidermidis agr types are more prevalent in some disease states than
others. For example, S. aureus agr-1V is most often associated with scalded skin syn-
drome (61), while S. aureus agr-| is a predominant isolate in community and hospital-
associated infections in the United States (62, 63). S. epidermidis agr-l is the most
dominant skin colonizer (50) but also the most common S. epidermidis isolate in AD
lesions (38). Potentially, S. hominis agr-1 and -Il actively compete on skin for certain
niches or resources, although more targeted analysis of S. hominis agr type distribu-
tion across different body sites is necessary to better understand these interactions.

Our study was limited by the small number of volunteers (n = 14) and singular time
point. Nevertheless, it is the first assessment of S. hominis agr type distribution on
healthy skin and supports future investigation of this underappreciated skin commen-
sal in colonization resistance. Future studies could expand the number of volunteers
and time points, similar to a recent metagenomics investigation of S. epidermidis
strain-level variation on healthy skin (50). More time points could also reveal if or how
S. hominis populations change on skin over time or if perturbations to the skin micro-
biome may alter S. hominis population dynamics. Finally, given the relative difficulty of
genetic manipulation in S. hominis, we did not characterize every interaction between
every S. hominis agr type, and additional work is needed to better understand why cer-
tain S. hominis AlPs (AIP-I and -Il) are intraspecies inhibitors while others including AIP-
Il act as intraspecies activators.

We and others have shown that agr signaling is necessary for S. epidermidis coloni-
zation of porcine skin (48) and for MRSA epicutaneous colonization and induction of
inflammation in a mouse infection model (64). This is due to the fact that the agr reg-
ulon in either species controls production of a variety of multifunctional proteases, li-
pases, and phenol-soluble modulins that can mediate colonization as well as invasive
infection (20, 47, 48). We found several expected genes under transcriptional control
of AgrA in S. hominis agr-1, including four distinct beta-type PSMs and one putative
lipase (Fig. 9). Outside of anticipated genes, we also found a variety of metabolically
associated genes that were downregulated. Of particular interest were the genes
associated with acetoin production (Fig. 9). L-Lactate is a major component of human
sweat, and acetoin is a breakdown product of microbial L-lactate metabolism (65).
Human body odor is significantly associated with the microbial breakdown of sweat
components, and several studies have characterized potential deodorant agents to
reduce S. epidermidis breakdown of these metabolites (65, 66). Aside from L-lactate
metabolism, S. hominis is already known to contribute to human body odor through
the clade-specific C-S lyase-mediated breakdown of thioalcohols (67). Our results indi-
cate a potentially interesting quorum sensing-mediated body odor production pathway,
but more targeted work with specific knockout strains is needed to fully understand this
mechanism.
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While we were primarily interested in the downregulated genes in the apicidin data
set, there were also 7 genes that were significantly upregulated (Fig. 9). Intriguingly, 6
of the 7 genes were colocalized on the S. hominis AH5009 genome, ranging from locus
tag MOV58_01105 to MOV58_01130. While the specific function of these genes is
unclear given the few prior functional studies in any S. hominis strain, MOV58_01110
was predicted by BLASTx to be an arylamine N-acetyltransferase, MOV58_01120 was
predicted to be an ATP binding protein, MOV58_01130 was predicted to be a helix-
turn-helix transcriptional regulator, and MOV58_01125 was predicted to be a DUF3169
protein. In S. aureus, proteins in this domain of unknown function family are predicted
to have 6 transmembrane loops, although their function has not been defined (68).
These predicted functions suggest that a drug sensing and metabolizing system is upreg-
ulated in response to apicidin treatment. This putative drug response was not found in
previous RNA-seq characterization of apicidin-treated MRSA, where the most highly up-
regulated gene was betB, encoding glycine betaine aldehyde dehydrogenase (54).

Taken together, our results imply that S. hominis is a ubiquitous commensal with
potentially protective roles in maintaining human health and skin integrity. We show
that S. hominis agr signaling and allelic variation may be important mechanisms of skin
colonization resistance against opportunistic staphylococcal pathogens. Future work
may continue to uncover even more beneficial roles of this underappreciated commen-
sal. As we move away from traditional antibiotics and toward individualized medicine
and bacteriotherapies (11, 12), it is imperative to understand the fundamental molecular
mechanisms driving commensal-host relationships. There is mounting evidence that
CoNS and other skin commensals can be used with great success to remediate skin bar-
rier function during AD flares (12) or even to inhibit tumor proliferation (69), yet we still
know little about mechanisms underpinning CoNS skin colonization, what virulence fac-
tors CoNS encode or could acquire, or how shifts in skin population dynamics or transfer
of genes may impact clinical outcomes for patients administered these new therapies. S.
hominis is a promising candidate for many new and exciting translational applications,
and we will continue to benefit from deeper investigations of its fundamental roles in
colonization resistance as well as its potential clinical applications.

MATERIALS AND METHODS

Ethics statement. Seven-week-old female BALB/c mice or 8-week-old male and female C57BL/6J mice
were purchased from Jackson Laboratories and housed in specific-pathogen-free facilities at the University
of Colorado Anschutz Medical Center Animal Facility. Mice were allowed to acclimate for 1 week prior to
experimentation. At experimental endpoints, mice were euthanized via CO, inhalation followed by cervical
dislocation. All animal work was approved by and performed in accordance with the Institutional Animal
Care and Use Committee of the University of Colorado Anschutz Medical Campus under protocol numbers
00486 and 00941.

Human subjects and skin swab collection. Bacterial DNA from adult human skin swabs was used
from a previously published collection where swabs of surface microbiota from a 5-cm? area of the ante-
cubital fossa skin of both the left and right arms were collected from 14 healthy subjects and 13 patients
with AD (25). Only healthy samples were used in this study. Swabs were collected according to protocols
approved by the University of California, San Diego (UCSD), institutional review board (project no.
140144), and written informed consent was obtained from all subjects.

Collection of bacteria from human subjects. Collection of bacterial isolates from human skin was
carried out according to protocols approved by the UCSD Institutional Review Board (project no.
071032), and informed consent was obtained from all subjects. Some S. hominis isolates used in this
study (see Table S1 in the supplemental material; Gallo strains) were collected from a previous study at
UCSD under the aforementioned protocol number (32, 38).

Growth conditions and reagents. Bacterial strains used in this study are listed in Table S1. S. hominis
skin and nasal isolates labeled “this study” in Table S1 were confirmed to be S. hominis by matrix-assisted
laser desorption/ionization (MALDI)-time of flight (TOF) mass spectrometry prior to experimentation. All
staphylococcal strains were grown in tryptic soy broth (TSB) at 37°C with shaking at 220 rpm. Escherichia
coli was grown in LB at 37°C with shaking at 220 rpm. For strains with pDB59 or pCM41, chloramphenicol
was added to a final concentration of 10 ug/mL. For strains with pCM40, erythromycin was added to a final
concentration of 10 wg/mL. S. hominis synthetic AIPs were custom synthesized by AnaSpec, Inc.

PCR identification of S. hominis agr types. Genomic DNA was isolated from S. hominis strains using
the Puregene yeast/bact kit (Qiagen) with a modified protocol: 4 mL of cells grown overnight (ON) in
TSB were pelleted and resuspended in 0.5 mL phosphate-buffered saline (PBS). The suspension was ho-
mogenized in a bead beater with 1-mm zirconia/silica beads (BioSpec) for three 1-min intervals with 1
min on ice between the homogenization intervals. After homogenization, the manufacturer’s protocol
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was continued with the omission of the RNase A step and the addition of a 1-h incubation on ice after the
addition of protein precipitation solution. Samples were submitted to the Barbara Davis Center Bioresource
Core for Sanger sequencing. Oligonucleotides used to sequence S. hominis agrD were as follows: forward,
5'-GCATGAATTCAGTCAAGGAGAGTGGCACA-3'; reverse, 5'-CGAGGATCCAAACCATCCATATCATTTTCTCTT -3".

LC-MS identification of S. hominis AlPs. Identification of AIPs was achieved using LC-MS analysis
by previously described methods (36). In brief, a single isolated colony of S. hominis strains containing
each agr type was inoculated into 6 mL of TSB and incubated at 37°C with 250 rpm shaking for 24 h.
Cultures were then diluted 1:200 and returned to the incubator for 18 to 20 h, until the OD,,, indicated
that cell growth had reached stationary phase. Each culture was centrifuged at 10,000 rpm and filtered
through a 0.22-um surfactant-free cellulose acetate (SFCA) membrane. Filtered medium was then sub-
jected to solid-phase extraction using Strata-X-C strong-cation-exchange, reversed-phase columns,
according to the manufacturer’s recommended protocol. Eluent was dried under a stream of nitrogen at
room temperature and resuspended in 120 uL of 80:20 water-methanol.

Samples were analyzed on a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific, Waltham,
MA) with a heated electrospray ionization source coupled to an Acquity ultrahigh-performance liquid
chromatography (UPLC) system (Waters Corp., Milford, MA) by use of a previously described method
(36). In brief, a 7-uL injection of spent medium was eluted from an Acquity BEH C,; column (1.7 um,
2.1 by 50 mm; Waters) at 0.3 mL/min using a binary solvent system consisting of 0.1% formic acid (A)
and acetonitrile (CH,CN) with 0.1% formic acid (B). The solvent gradient initiated with a 1.5-min isocratic
hold at 20% B and was followed by a linear increase to 60% B over 5 min. The gradient was held isocratic
from 6.5 min to 7.0 min and then increased to 100% B at 8.0 min. The column was washed at 100% B for
1 min and then returned to the starting conditions to allow reequilibration for 1.0 min prior to the next
injection. The first 1.5 min of eluent was diverted to waste. Synthetic standards for each of the observed
AIP structures were purchased from AnaSpec, EGT (Fremont, CA), and subjected to the same LC-MS anal-
ysis. The accurate mass, retention time, and fragmentation patterns for synthetic standards were com-
pared to those of putative AIP ions in spent medium to confirm the structure.

Analysis of the frequency of unique S. hominis agr types. Previously determined S. hominis agr
type | to VI sequences were used as a database for determining the frequency of agr types across all current
S. hominis genomes on the NCBI genome database. S. hominis strains were downloaded and annotated
with Prokka (1.13.7) (70), and BLAST was used for AgrD protein (region containing unique autoinducing
peptide sequences) alignment (56, 71, 72). Based upon the detectable S. hominis agr types confirmed in the
NCBI database, primers were designed for quantifying S. hominis agr type absolute abundance by quantita-
tive PCR (qPCR). For measurement of absolute abundance, standards for CFU/u.g of genomic DNA were cre-
ated from representative strains of S. hominis agr types | to V grown to mid-exponential phase (approximate
0Dy, 0.5), followed by both serial dilution live count plating (107" to 10~'% 5-uL droplets) on mannitol
salt agar and genomic DNA isolation. For qPCR-based absolute abundance counts of S. hominis agr types |
to V in human skin swabs, the representative strain standards of S. hominis agr types | to V were used to
generate standard curves and the unknown quantities in healthy human skin swabs were assessed by use
of the S. hominis agr type-specific primers. Human skin swab genomic DNA was from a previous study
involving nonlesional and lesional bilateral antecubital crease samples from 14 healthy and 13 atopic der-
matitis (AD) individuals (25).

S. hominis agr::P3 reporter electroporation. S. hominis AH5009 (agr-1) and S. hominis AH4553 (agr-
1) were made electrocompetent by following Staphylococcus epidermidis: Methods and Protocols (73).
The previously described agr reporter plasmid pCM41 (36) was midi prepped from the restriction-modifi-
cation-deficient E. coli DC10B host with the Invitrogen PureLink midi prep kit in accordance with the
manufacturer’s guidelines (36). One to 5 ug of plasmid was used for each transformation.

Fluorescent agr reporter assays. For conditioned medium (CM) assays, S. hominis strains and MRSA
reporters were grown ON for 20 h as desribed in growth conditions and reagents. One milliliter of S.
hominis culture was pelleted, and CM was filtered through a Costar Spin-X centrifuge tube (0.22 um, cel-
lulose acetate filter). Reporters were prepared by subculturing 1:500 in fresh TSB with chloramphenicol.
CM was added at 20% (vol/vol) to a 96-well black culture plate (Corning) and 2-fold serially diluted to
0.15% (vol/vol). One hundred microliters of reporter was added to a final volume of 200 uL per well.
Cultures were grown in a Stuart humidified incubator at 37°C with shaking at 1,000 rpm. At hourly time
points up to 24 h, plates were measured on a Tecan Group Ltd. Infinite Pro plate reader to quantify
growth (optical density at 600 nm) and YFP signal (excitation, 480 nm; emission, 515 nm). For synthetic
AIP experiments, peptide was resuspended in neat DMSO or a DMSO control was added from stocks of
20 uM to the indicated concentrations shown in Figures 4 and 5. S. hominis reporter assays were con-
ducted in the same manner as MRSA reporter assays.

Murine dermonecrosis model. To prepare bacteria for the dermonecrosis model, USA300 MRSA
(strain LAC) was grown ON in TSB and then subcultured 1:100 in fresh TSB and allowed to grow to early
exponential phase (ODy,,, 0.5 to 0.7). Bacterial cells were washed and pelleted in phosphate-buffered sa-
line (PBS) and resuspended in sterile saline to achieve an inoculum of 1 x 108 CFU in 50 uL. The inocu-
lum concentration was verified by colony counting after 24 h of incubation at 37°C. One day prior to
challenge, BALB/c mouse abdomens were shaved and residual hair was removed with a 30-s application
of Nair (Church & Dwight Co., Inc.). Inmediately prior to injection, abdomens were sanitized with alcohol
wipes. Fifty-microliter inoculum suspensions containing 1 x 108 CFU MRSA and either S. hominis AIP-II
(10 ng or 50 wg in neat DMSO) or DMSO alone were injected intradermally. MRSA and AIP were mixed
immediately prior to injection. Body weights were measured before infection and every day thereafter
for a period of 7 days. To determine lesion size, digital images were taken using a Canon PowerShot
ELPH 180 camera and analyzed with ImageJ (NIH) software.

May/June 2022 Volume 13 Issue 3

10.1128/mbio.00930-22

mBio

17


https://journals.asm.org/journal/mbio
https://doi.org/10.1128/mbio.00930-22

Staphylococcus hominis Protects Skin from Damage

Murine epicutaneous infection. To prepare bacteria for AIP experiments, strain LAC was grown ON
in TSB and then subcultured 1:50 in fresh TSB and allowed to grow to an ODy,, of 1. Bacterial cells were
washed and pelleted in phosphate-buffered saline (PBS) and resuspended in sterile saline to achieve an
inoculum of 1 x 108 CFU in 100 uL. LAC and synthetic AIP-II (10 or 50 ug) or vehicle (DMSO) were com-
bined immediately prior to application on gauze. For competition experiments, LAC and S. hominis
AH4553 (agr-Il) were grown ON in TSB and then subcultured 1:50 in fresh TSB and allowed to grow to an
ODy,, of 1. Bacterial cells were washed and pelleted in PBS and resuspended in sterile saline to achieve
an inoculum of 1 x 108 CFU in 50 uL for competition or 1 x 108 CFU in 100 wL for single challenge. The
cochallenge inoculum was combined at a 1:1 ratio immediately prior to application on gauze. Inoculum
concentration was verified by colony counting after 24 h of incubation at 37°C. C57BL/6J mice were
anesthetized with 2% isoflurane, backs were shaved, and residual hair was removed with a 1-min appli-
cation of Nair (Church & Dwight Co., Inc.). Mice were allowed to recover for 24 h following hair removal.
Bacteria were applied to back skin for 72 h on a 2-cm? piece of sterile gauze affixed with Tegaderm and
covered with a Band-Aid. A Tewameter TM300 device (Courage & Khazaka Electronic GmbH) was used
to determine changes to epithelial barrier integrity at 72 h postinfection. Two sites per lesion were
measured. To enumerate bacterial CFU on skin postchallenge with AIP, the full-thickness 2-cm? atopic
lesion was excised with sterile scissors, added to 0.5 mL PBS with 1-mm zirconia/silica homogenization
beads (BioSpec), and homogenized for three 1-min intervals. The suspension was serially diluted and
plated on nonselective (TSA) and selective (mannitol salt agar [MSA]) media and on MSA supplemented
with 5.2 ug/mL cefoxitin. Plates were incubated overnight prior to colony counting.

RNA-seq. RNA-seq was essentially performed as described previously (54, 74). Overnight cultures of
S. hominis AH5009 grown in TSB were subcultured 1:200 in fresh TSB with 100 uM apicidin diluted in
DMSO (Sigma) or an equivalent volume of DMSO in biological triplicate in a 24-well plate (Corning). The
plate was incubated at 37°C with shaking at 1,000 rpm in a Stuart humidified shaker for 8 h (ODyy,, 3).
Cultures were harvested by adding 2 mL RNAprotect bacteria (2:1, vol/vol) (Qiagen) in accordance with
the manufacturer’s guidelines, incubated for 5 min at room temperature, and then pelleted. Pellets were
stored at —80°C until RNA purification. RNA from each sample was prepared with the Qiagen RNeasy
minikit (Qiagen) in accordance with the manufacturer's guidelines. RNA was DNase treated with the
Turbo DNase kit (Thermo Scientific) in accordance with the standard manufacturer’s guidelines and sent
for lllumina stranded RNA library preparation with RiboZero Plus rRNA depletion at the Microbial
Genome Sequencing Center (MiGS; Pittsburg, PA). RNA-seq was performed at a depth of 25 million
paired-end reads. Reads were aligned to the S. hominis C5 (AH5009) genome. RNA-seq data analysis was
performed with the CLC Genomics Workbench (Qiagen version 20.0.4) using a 4-fold cutoff for differen-
tial gene expression and a false discovery rate P value of =<0.05.

Mass spectrometric identification of S. hominis PSM-B1 in conditioned medium. For bacterial
preparation, an overnight culture of S. hominis (AH5009) grown in TSB was subcultured 1:200 in fresh
TSB with 100 M apicidin diluted in DMSO (Sigma) or an equivalent volume of DMSO in technical tripli-
cate in a 24-well plate (Corning) in a total volume of 1 mL. Control wells of TSB plus 100 uM apicidin
(Sigma), an equivalent volume of DMSO, or no addition were included in technical triplicate in the same
total volume. The plate was incubated at 37°C with shaking at 1,000 rpm in a Stuart humidified shaker
for 8 h (ODg,, 3). Cells were pelleted out of conditioned medium at 17,000 x g for 5 min.

PSM-B1 detected with LC-MS data was obtained using a Q Exactive Plus quadrupole-Orbitrap mass
spectrometer (ThermoFisher Scientific) with a heated electrospray ionization source coupled to an Acquity
UPLC system (Waters), using the same UPLC method described in “LC-MS identification of S. hominis AIPs.”
The mass spectrometer was operated in the positive ionization mode with the following instrument param-
eters: capillary temperature, 256°C; spray voltage, 3.00 kV; sheath gas, 48 arbitrary units; auxiliary gas, 12 ar-
bitrary units; spare gas, 2 arbitrary units; and probe heater temperature, 350°C. Data were collected using
four scan events: a full-scan event from m/z 500 to 5,000 with a resolving power of 35,000 and three data-
dependent scan events at a resolving power of 17,500. Data-dependent scan events were triggered by ions
within 5 ppm of the calculated monoisotopic m/z for PSM-1 with five protons ([M + 5H]°*, 908.6819).

Genomic DNA preparation for whole-genome sequencing. Genomic DNA from S. hominis AH5009
was prepared for whole-genome sequencing at the Microbial Genome Sequencing Center (MiGS; Pittsburg,
PA). Four milliliters of overnight culture grown in TSB was pelleted and washed in Tris-EDTA (TE) buffer.
Cells were lysed in TE buffer with lysostaphin and lysozyme for 2 h at 37°C and then homogenized in a
bead beater with 0.1-mm zirconia/silica beads (BioSpec) for 1 s. Lysate was then processed with the blood
and tissue kit (Qiagen) in accordance with the manufacturer’s guidelines. DNA integrity was checked on a
0.5% agarose gel before sequencing. MiGS-prepared DNA libraries were sequenced on the NextSeq 2000
lllumina platform and with Oxford Nanopore Technologies (ONT) with 300-Mbp long reads (ONT), 400-Mbp
paired-end lllumina reads, genome assembly, and annotation (Small Nanopore Combo).

S. hominis AH5009 genome assembly and annotation. Quality control and adapter trimming were
performed with blc2fastq (proprietary lllumina software for conversion of bcl files to basecalls; version
2.20.0.445, default parameters) and porechop (open-source software for quality control and adapter
trimming of Oxford Nanopore Technologies; version 0.2.3_seqan2.1.1, default parameters) for lllumina
and Oxford Nanopore sequencing, respectively, by the MiGS facility. Unicycler (version 0.5.0, default pa-
rameters) (75) was used to assemble reads. Bandage (version 0.8.1) (76) and BUSCO (version 5.2.2) (77)
were used to assess assembly completeness. Genome was annotated with the NCBI Prokaryotic Genome
Annotation Pipeline (PGAP 6.0) upon submission.

Statistical analysis. All analyses were performed using GraphPad Prism 9 (San Diego, CA) software.
For multiple comparisons of in vitro data, a one-way analysis of variance (ANOVA) with Dunnett’s multiple-
comparison test was chosen. Animal data were analyzed with a two-way ANOVA with Dunnett’s multiple-
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comparison test or with a one-way ANOVA with Dunnett’s multiple-comparison test for CFU differences. In
vitro data are presented as the mean and standard deviation (SD), and in vivo data are presented as the
mean and standard error of the mean (SEM); a P value of <0.05 was considered significant. Test choices are
indicated in the figure legends.
Data and material availability. All data associated with the study are present in the paper or in the
supplemental material. RNA-seq data are available through the NCBI Gene Expression Omnibus (GEO)
online data repository under accession number GSE199818. The S. hominis AH5009 genome sequence is
available at NCBI under BioProject accession number PRINA816516.
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