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Human hair follicles (HFs) constitute a unique microbiota habitat that differs substantially from the skin surface.
Traditional HF sampling methods fail to eliminate skin microbiota contaminants or assess the HF microbiota
incompletely, and microbiota functions in human HF physiology remain ill explored. Therefore, we used laser-
capture microdissection, metagenomic shotgun sequencing, and FISH to characterize the human scalp HF
microbiota in defined anatomical compartments. This revealed significant compartment-, tissue lineagee, and
donor ageedependent variations in microbiota composition. Greatest abundance variations between HF
compartments were observed for viruses, archaea, Staphylococcus epidermidis, Cutibacterium acnes, and
Malassezia restricta, with the latter 2 being the most abundant viable HF colonizers (as tested by propidium
monoazide assay) and, surprisingly, most abundant in the HF mesenchyme. Transfection of organ-cultured
human scalp HFs with S. epidermidisespecific lytic bacteriophages ex vivo downregulated transcription of
genes known to regulate HF growth and development, metabolism, and melanogenesis, suggesting that
selected microbial products may modulate HF functions. Indeed, HF treatment with butyrate, a metabolite of S.
epidermidis and other HF microbiota, delayed catagen and promoted autophagy, mitochondrial activity, and
gp100 and dermcidin expression ex vivo. Thus, human HF microbiota show spatial variations in abundance and
modulate the physiology of their host, which invites therapeutic targeting.
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INTRODUCTION
Hair follicles (HFs) represent an environmentally protected
major microbial reservoir (Constantinou et al, 2021a; Harris-
Tryon and Grice, 2022; Lousada et al, 2021). Indeed, human
HF metagenomics shows colonization by bacteria, fungi, vi-
ruses, andmites (Claesen et al, 2020; Conwill et al, 2022; Hall
et al, 2018; Ho et al, 2019; Ring et al, 2019; Zari et al, 2008),
with Staphylococcus, Cutibacterium, Streptococcus, and
Malassezia being predominant commensals (Hall et al, 2018;
Ho et al, 2019). However, the intrafollicular distribution and
composition of the human HF microbiota, as well as their
viability and impact on HF functions remain underexplored.
Given the known microbial impact on murine skin/HF devel-
opment, regeneration, and inflammation, this constitutes a
critical gap in our understanding of human skin physiology.

Traditional skin microbiota sampling methods (swabs,
scrapings, skin biopsies, and plucking) fail to eliminate extra-
follicular communities and/or have limited sampling depth,
since they miss, for example, the hair matrix and mesenchyme
(Lousada et al, 2021). Furthermore, HFs underlie important
compartment-specific variations in mitochondrial and meta-
bolic activity, oxygen and nutrient availability, and ROS pro-
duction (Figlak et al, 2021; Lemasters et al, 2017; Li et al, 2019;
Vidali et al, 2014) that must be considered in a HF microbiota
context. Indeed, bacteriome variations have been reported
between HF segments (Ho et al, 2019; Lousada et al, 2023). In
addition, although age-dependent skin microbiota shifts are
known (Kim et al, 2022; Williams et al, 2020; Wu et al, 2020),
these remain to be explored in HFs. Shifts in microbiota
composition are also observed in HF-associated diseases,
including acne vulgaris, hidradenitis suppurativa, alopecia
areata, androgenetic alopecia, and squamous cell carcinoma
(Chopra et al, 2022; Constantinou et al, 2021b; Ho et al, 2019;
O’Neill and Gallo, 2018; Pinto et al, 2019; Ring et al, 2019;
Voigt et al, 2022). Hence, understanding functional
microbiotaeHF interactions is important to evaluate how dys-
biosis contributes to disease development. Interestingly, anti-
biotic treatmentederived effects on human hair growth have
been described (Ito et al, 2009; Bispo Lousada et al, 2021),
suggesting that dysbiosis might directly affect human HF
biology. This potential direct effect requires careful consider-
ation, given that gut microbiotaederived metabolites are
already known to alter gut epithelial barrier function, auto-
phagy, cellular metabolism, and immune regulation (Fan and
Pedersen, 2021; Kim, 2021; Larabi et al, 2020; Ratajczak
et al, 2019).
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Therefore, this study aimed to comprehensively characterize
regional, tissue lineage, viability, and donor ageedependent
variations of the human HFespecific microbiota and to probe
the functional impactof selectedmicrobiotaandsomeof theirkey
metabolites on human scalp HF physiology ex vivo. For this,
human scalpHFswere laser-capturemicrodissected into defined
anatomical compartments and evaluated by metagenomic
shotgun sequencing, whereas microbiota viability was tested by
propidiummonoazide (PMA) assay and ribosomal RNA FISH. In
additional pilot studies, the microbiota’s impact on human HF
biology ex vivo was assessed by treating organ-cultured human
scalp HFs with Staphylococcus epidermidisespecific lytic bac-
teriophages or butyrate, a key S. epidermidismetabolite.

RESULTS
Human scalp HFs exhibit age-, region-, and tissue
lineageespecific variations in microbial abundance

To comprehensively characterize the physiological human
HFespecific microbiota, scalp anagen HFs from 10 males
were laser microdissected into 9 anatomically distinct com-
partments (Figure 1a) and metagenomic shotgun sequenced
(Grogan et al, 2019).

Strong interindividual variations in alpha diversity (P < .05)
(Supplementary Figure S1a) and beta diversity (P� .001) were
observed, translating into significant donor ageedependent
variations in beta diversity (P < .001). After controlling for
these interindividual variations, significant differences in beta
diversity were also found according to HF region (P� .01) and
tissue lineage (P � .001) (Supplementary Figure S1b),
demonstrating site-dependent differential commensal
distribution.

Cutibacterium acnes and Malassezia restricta are the most
abundant HF species also in the HF mesenchyme

As expected of sebaceous skin sites (Bouslimani et al, 2015;
Byrd et al, 2018; Grice and Segre, 2011), bacteria accounted
for 75.86% of the reads, with a predominance of Actino-
bacteria, Proteobacteria, and Firmicutes, while fungi repre-
sented 24.02% and viruses and archaea represented 0.12%
(Supplementary Figure S2aec).

Although strong interindividual abundance variations were
detected (Supplementary Figure S3), C. acnes andM. restricta
dominated the microbiota, being highest in younger donors
and, surprisingly, in the mesenchyme (Figure 1bef). Con-
trasting with previous reports (Grice and Segre, 2011; Pinto et
al., 2019), S. aureus and M. globosa were not among the top
10 identified species (Figure 1bed), whereas unexpectedly,
Mycobacterium was (w5% of reads) (Figure 1bed). How-
ever, the latter phenomenon might result from contamination
artifacts from published eukaryotic genomes (Lu and
Salzberg, 2018). Higher microbial load of the top identified
species was also detected in the HF mesenchyme, particu-
larly in the dermal papilla (DP) as well as in the suprabulbar
and isthmus regions of the dermal sheath, mainly driven by
C. acnes and M. restricta abundance (Figure 1bef).
Interestingly, among the less numerous species, S. epi-
dermidis abundance varied most between compartments,
being highest in the suprabulbar and isthmus regions
(Figure 1g). Regional viral and archaeal variations were also
found, with highest abundance of the most predominant
species in the epithelium. Although only Papillomaviruses,

Dependoviruses, Adeno-associated viruses, and Propioni-
bacterium phages were previously reported as human HF
commensals (Lousada et al, 2021), in this study also,
Pseudomonas and Faecalibacterium phages and
Gammaretrovirus murine leukemia virus were identified
(Supplementary Figure S4). Although no HF-specific archaeal
evaluation was conducted to date, this study identified Hal-
omicrobium, Halopenitus, Natromonas, and Nitrosopumilus
as HF microbiota constituents, along with Halosimplex,
Methanobrevibacter, and Saccharolobus, previously noted in
the skin microbiome (Probst et al, 2013; Umbach et al, 2021)
(Supplementary Figure S4 and Supplementary Text S1).

These findings suggest that the compartmentalized oxygen
level, nutrient supply, metabolism, immune cell composition,
and antimicrobial peptide (AMP) production differences
(Bertolini et al, 2020; Chéret et al, 2018; Christoph et al,
2000; Emelianov et al, 2012; Polak-Witka et al, 2021,
2020; Purba et al, 2021; Reithmayer et al, 2009; Wu et al,
2009) translate into species abundance variations. Thus,
similar to the epidermal environment (Flowers and Grice,
2020; Harris-Tryon and Grice, 2022), defined HF compart-
ments appear to differ in how they favor microbial survival.

C. acnes andM. restricta represent the most abundant viable
human scalp HF colonizers, and the functional evaluation of
the HF microbiota mirrors the region-, tissue lineagee, and
donor ageespecific differences

In a pilot study with two donors, PMA was added to the
samples prior to DNA extraction to assess microbial viability
(Lu et al, 2018) (Supplementary Text S2), this resulted in
significantly reduced microbial abundance compared with
untreated controls (P � .001). PMA sequencing highlighted
interindividual species’ abundance variations and accentu-
ated regional abundance differences (P � .05) (Figure 2a),
with no reads detected in the suprabulbar region of these two
donors (Figure 2a). Significant tissue lineage (P � .05) vari-
ations were also observed after PMA treatment, with a higher
load of the most abundant bacteria and fungi observed in the
PMA-treated HF epithelium (Figure 2b). This preliminary
sequencing data in two donors might suggest that the HF
epithelium offers easier access for viable microbial coloni-
zation and/or that these microbes find here more favorable
growth conditions.

Taxonomical characterization showed no PMA influence
on total microbial abundance (Supplementary Figure S5),
with C. acnes and M. restricta remaining among the most
abundant species (Figure 2). Identification of Sphingomonas
and Acinetobacter was also possible; however, given that
these were amplified only after PMA treatment and are
associated with contaminants from DNA extraction reagents,
their presence requires further evaluation (Salter et al, 2014).
Interestingly, after PMA, there was a shift in the abundance of
C. acnes, M. restricta, and S. epidermidis, showing a higher
abundance of these in the DP, infundibulum, and epithelial
tissues (Figure 2cee).

To visualize 2 core viable HF bacteria with the highest
predominance and variability between regions (C. acnes and
S. epidermidis), FISH of human HFs was conducted with the
eubacterial 16S, C. acnese, and S. epidermidisespecific
probes. Bacteria were ubiquitously distributed, yet showed
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Figure 1. Human HF microbiota vary between HF regions, tissue lineage, and donors of different age. (a) Representative scheme of the nine anatomical

divisions of the HF separated with LCM (left) and respective laser cuts as seen under the LCM microscope (right). Divided areas are as follows: (1) dermal papilla,

(2) epithelial bulb tissue, (3) mesenchymal bulb tissue, (4) epithelial suprabulbar tissue, (5) mesenchymal suprabulbar tissue, (6) epithelial isthmus tissue, (7)

mesenchymal isthmus tissue, (8) epithelial infundibulum tissue, and (9) mesenchymal infundibulum tissue. Shotgun metagenomic sequencing of healthy

unmanipulated HFs after LCM was performed. Relative abundance of the top 10 main bacterial and fungal species found in the HF compared between (b) each

of the 5 HF anatomically distinct regions, (c) the 2 main HF tissue lineages, and (d) donor age group is shown. Note that the unclassified Staphylococcus plasmid

was identified by BLAST search and this identification is shown in Supplementary Table S5. Relative abundance of 3 selected HF microbiota species—(e)

Cutibacterium acnes, (f) Malassezia restricta, and (g) Staphylococcus epidermidis—per HF region, tissue lineage, and donor age group is shown. Data pooled
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Figure 2. PMA treatment limits HF

microbiota abundance and conserves

regional and tissue-lineage variations.

PMA shotgun metagenomic

sequencing of healthy unmanipulated

HFs after LCM was performed.

Relative abundance of the top 10

main bacterial and fungal species in

(a) 5 anatomically distinct HF regions

and (b) the 2 main tissue lineages

found in the HF is shown.

Interestingly, PMA treatment depleted

the HF bacterial and fungal reads in

the suprabulbar area. Relative

abundance of 3 selected HF

microbiota species before (left) and

after (right) PMA treatment—(c)

Cutibacterium acnes, (d) Malassezia

restricta, and (e) Staphylococcus

epidermidis—per HF region and tissue

lineage is shown. Data pooled from

n ¼ 2 donors, corresponding to n ¼ 5

HFs per donor, are represented as

mean � SEM. D’Agostino and Pearson

omnibus normality test, no Gaussian

distribution, and ManneWhitney test,

n.s., were performed. DP, dermal

papilla; HF, hair follicle; LCM, laser-

capture microdissection; n.s., not

significant; PMA, propidium

monoazide.

=
from n ¼ 10 donors (for b, c, and eeg) or n ¼ 5 donors each (for d), corresponding to n ¼ 5 HFs per donor, are represented as mean � SEM. D’Agostino and

Pearson omnibus normality test, Gaussian distribution, and ordinary 1-way ANOVA were performed; #/†P < .05, ##P < .01, and ****P < .0001. # denotes a

significant difference from the DP; † denotes a significant difference from the bulb, and * denotes a significant difference from the epithelium. BLAST, Basic

Local Alignment Search Tool; DP, dermal papilla; HF, hair follicle; HS, hair shaft; IRS, inner root sheath; LCM, laser-capture microdissection; ORS, outer root

sheath; WS, immunological watershed.
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Figure 3. Representative FISH visualization of C. acnes and S. epidermidis in 5 areas of the scalp HF per donor age group. (a) Representative image showcasing

the four HF areas where FISH was imaged, namely: (1) DP, (2) bulb, (3) suprabulbar, (4) isthmus, and (5) infundibulum. FISH analysis of healthy unmanipulated

and freshly frozen HFs in a (b) donor aged <35 years and (c) donor aged >55 years, with the 16S eubacterial probe (red) and C. acnese(left) or S.

epidermidisespecific (right) probes (yellow) (Supplementary Table S2), was performed. Nuclei are counterstained with DAPI (blue). Single-channel images

display high magnification inserts of the areas marked with white rectangles where double-positive dots could be found. Yellow arrows demark those double-

positive dots, indicating the presence of C. acnes (left) or S. epidermidis (right). Bar ¼ 100 mm. CTS, connective tissue sheath; DP, dermal papilla; HF, hair

follicle; ORS, outer root sheath.
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the highest load in the bulb (Figure 3b2 and c2) and distal HF
(Figure 3b4, b5, c4, and c5). While C. acnes was ubiquitous
(Figure 3b and c), S. epidermidis was visualized mostly in the
bulb/suprabulbar and infundibulum regions (Figure 3b and
c). These findings support previous studies emphasizing C.
acnes, S. epidermidis, and M. restricta as main human HF
microbiota therapeutic targets (Fournière et al, 2020; Jo et al,
2022; Park et al, 2018). Contrasting with the sequencing data,
FISH showed that total bacterial load (16S rRNA) within the
DP was low, yet confirmed a similar abundance of S. epi-
dermidis and C. acnes in this region of the HF (Figure 3b1
and c1). This could result from the error associated with
metagenomic analysis of low biomass compartments (Liu
et al, 2022), such as the DP, or from the differential meth-
odology used. Also, while metagenomic shotgun sequencing
was generated from 5 complete full-length HFs per donor,
FISH was imaged only in single HF sections per donor.

After viability analysis, the human HF microbiota func-
tional profile was also evaluated, by metagenomic shotgun
sequencing, revealing significant differences between regions
(P � .001), tissue lineage (P � .001), and donor age group (P
� .001). Interestingly, the microbiota of the suprabulbar and
isthmus regions, mesenchyme, and younger donors exhibited
the highest gene content related to carbohydrate, amino acid,
vitamin, pigment, metabolic cofactor, RNA and protein
metabolism, and virulence (Supplementary Figure S6a). After
PMA treatment, regional and tissue lineage differences in the
enriched pathways were also found (P � .01) (Supplementary
Figure S6b). Notably, this analysis with PMA treatment found
highest gene content related to the above-mentioned path-
ways, in addition to fatty acid and lipid metabolism found in
the DP (Supplementary Figure S6a), the HF’s mesenchymal
command center (Abreu et al, 2020; Andl et al, 2023;
Geyfman et al, 2015; Paus and Cotsarelis, 1999; Schneider
et al, 2009).

Targeted restriction of S. epidermidis abundance
manipulates human HF transcriptional profile

To probe the functional impact of selected microbiota on
human HF biology, HF organ cultures were infected with S.
epidermidisespecific (SEP1) bacteriophages (Melo et al,
2014). This successfully depleted S. epidermidis in 3 of 4
samples and increased total bacterial load in 2 of 4 samples,
as assessed by RT-qPCR (Figure 4a and b). Given the known
ecological interactions between S. epidermidis, C. acnes, and
S. aureus (Supplementary Text S3), skin/HF microbiota
identified in dysbiosis-associated HF diseases (Fournière et al,
2020; Tsuru et al, 2021), the indirect SEP1 effects on the latter
bacteria were also evaluated. This revealed C. acnes
reduction in all samples and S. aureus increase in 2 of 4
samples (Figure 4b), suggesting both microbeemicrobe
regulation and baseline microbiota interindividual varia-
tions (Supplementary Text S3).

HF transcriptomic profiling of this bacteriophage-induced
dysbiosis by RNA sequencing revealed modulation of 923
intrafollicularly transcribed genes compared with those of
unmanipulated controls (denoted asD0) and 843 differentially
regulated genes in D0 versus those in vehicle-treated HFs
(Figure 4c and d). Comparison of SEP1 treatmentespecific
versus vehicle-regulated transcripts showed upregulation of

immune regulatory genes, includingMRC1 (in 2 of 4 donors),
CD274, IL1R2, IRAK2, RNF125, and PIK3CD (Supplementary
Figure S7a and b) (Arimoto et al, 2007; Cannons et al, 2021;
Castillo et al, 2021; Kuninaka et al, 2022; Pilkington et al,
2018; Sibaud, 2018). Subsequent enrichment analyses of
SEP1-regulated genes (Figure 4c, pink) indicated significantHF
growth and development; melanogenesis; lipid, glucose, and
carbohydrate metabolism; and mitochondrial function tran-
scription modulation (Figure 4e and f). Namely, HF growth-
promoting genes were downregulated after SEP1, such as
PLCB2, SOSTDC1, LTBP2, LGR5, FGF18, CNR1, and ITGA6
(Bodó et al, 2007; Kawanoet al, 2005; Polkoff et al, 2022; Rittié
et al, 2009; Yoon and Detmar, 2022), with upregulation of
growth and development inhibitors, including KREMEN2,
PTGS1, serpins, SOX11, and PYGL (Figlak et al, 2021; Garza
et al, 2012; Jensen et al, 2000; Miao et al, 2019; Zhu et al,
2020) (Figure 4g). Reduced mitochondrial activity and mela-
nogenesis gene transcription were also seen, namely in
SLC25A34, SCL25A35,DCT, and POMC (Figure 4g and h) (Ng
et al, 2022; Slominski et al, 2000; Tiede et al, 2021), together
with upregulation ofmitophagy and ROS clearance genes, that
is, BNIP2L and SOD2 (Figure 4h) (Li et al, 2021; Tang et al,
2016).

Immunohistochemistry and immunofluorescence analysis
of anagen VI HFs after SEP1 treatment for 2 days
(Supplementary Figure S7cee) surprisingly showed a ten-
dential decrease in hair matrix keratinocyte autophagic flux,
as evaluated by LC3b expression (Supplementary Figure S7f
and g). During the short HF organ cultured period used,
which was selected due to the progressive tissue damage
resulting from microbial overgrowth when antibiotics are
omitted from the culture medium (Bispo Lousada et al, 2021;
Edelkamp et al., 2023), no changes in mitochondrial activity
and melanogenesis were seen, as quantitatively evaluated by
MTCO1 and gp100 protein expression (Supplementary
Figure S7hek) and melanin histochemistry (Supplementary
Figure S7l and m). Notably, previous studies have assessed
intrafollicular protein expression after 6e7 days of culture
(Nicu et al, 2021; Suzuki et al, 2023). Therefore, although
validation is necessary, these modifications suggest that S.
epidermidis depletion and/or consequential dysbiosis alter
the gene expression profile and autophagic flux of human
scalp HFs.

Butyrate treatment delays catagen progression and
stimulates intrafollicular melanosome production ex vivo

Considering the transcriptional changes observed after SEP1
treatment, to further explore the effects of the HF microbiota
and their metabolites on hair biology, organ cultured human
scalp HFs were treated with butyrate. Butyrate is a HF
microbiota-derived metabolite, produced by various mem-
bers of the identified HF microbiota (Supplementary Text S4),
including S. epidermidis (Traisaeng et al, 2019), one of the
top 10 and more variable species between HF regions
(Figure 1g). In addition, this metabolite is known to impact on
lipid and glucose metabolism, mitochondrial function, and
autophagy (Hu et al., 2020; Zhang et al., 2021, 2022). This is
important in the current context since these are determinants
of anagen duration (Figlak et al., 2021; Parodi et al., 2018)
(Supplementary Text S4).
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Figure 4. Restriction of S. epidermidis growth with SEP1 bacteriophage treatment regulates several HF growth, development, melanogenesis; lipid, glucose,

and carbohydrate metabolism; and mitochondrial function genes. Healthy microdissected HFs were cultured in the absence of antibiotics and the presence of

SM buffer (vehicle) or SEP1 bacteriophages and evaluated by RT-qPCR and RNA sequencing after 30 h of bacteriophage infection. Relative fold change of the (a)

16S gene and (b) C. acnese, S. epidermidise, and S. aureusespecific genes after SEP1 treatment, as analyzed by RT-qPCR. Data from technical triplicates,

corresponding to n ¼ 4 donors, and to n ¼ 2 HFs per donor, are represented as mean � SEM. D’Agostino and Pearson omnibus normality test, no Gaussian

distribution, KruskalleWallis test, and Dunn’s multiple comparison test (#P < .05) and ManneWhitney test (*P < .05) were performed compared with the

vehicle. Symbol colors represent the different individuals. (c) Euler diagram showing the number of significantly regulated genes between the vehicle control
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Butyrate significantly decreased the percentage of mid-
catagen HFs, thus delaying catagen progression
(Figure 5aec), as confirmed by a significantly lower hair
cycle score (Figure 5b). However, keratinocyte proliferation
in the hair matrix was unaffected (Supplementary Figure S8a
and b). Given the SEP1 treatment effects on melanogenesis,
HF pigmentation after butyrate was also evaluated
(O’Sullivan et al, 2021). This showed significantly increased
gp100 protein expression within the HF pigmentary unit
(Figure 5d and e), suggesting increased melanosome pro-
duction (Hardman et al, 2015; O’Sullivan et al, 2021; Sevilla
et al, 2023), while no changes in HF melanin synthesis were
detectable during this short culture period (Supplementary
Figure S8ced).

Butyrate may promote intrafollicular autophagy,
mitochondrial activity, and AMP production

Given the importance of metabolism, mitochondrial function,
and autophagy for HF growth (Chai et al, 2019; Figlak et al,
2021; Lemasters et al, 2017; Parodi et al, 2018; Vidali et al,
2014) and the impact of SEP1 treatment, the effects of buty-
rate on these were explored by quantitative immunohisto-
morphometry. Butyrate significantly increased the number of
LC3bþ autophagosomes (Figure 5f and g) and mitochondrial
function, as measured by MTCO1 protein expression, a read-
out parameter that correlates well with TFAM and PGC1a
expression and mitochondrial activity in human HFs (Vidali
et al, 2016, 2014) (Figure 5h and i).

Finally, to probe how butyrate impacts intrafollicular AMP
production and thereby HF microbiota management, the
expression of 3 key intrafollicular AMPs—dermcidin (DCD),
psoriasin (S100A7), and LL-37 (CAMP) (Chéret et al, 2018;
Emelianov et al, 2012; Yao et al, 2022)—was assessed. While
no changes in S100A7 and CAMP expression were observed
(Supplementary Figure S8e), butyrate increased DCD mRNA
and significantly increased its protein expression
(Figure 5jel).

Hence, this key S. epidermidis metabolite appears to alter
selected human HF functions ex vivo, namely HF cycling,
premelanosome synthesis, mitochondrial function, auto-
phagy, and dermcidin production.

DISCUSSION
By combining LCM, metagenomic shotgun sequencing, and
PMA assays, this study reveals significant HF microbiota
abundance and viability variations on the basis of HF
compartment, tissue lineage, and donor age. This approach
revealed that, unexpectedly, the most predominant microbial
species show the highest abundance within the HF mesen-
chyme, driven by C. acnes and M. restricta, which are also
the most abundant viable species. S. epidermidis abundance

showed great variations between HF compartments, sug-
gesting that these colonizers are sensitive to compartmen-
talized habitat fluctuations, finding optimal growth
conditions in the hair bulb and distal epithelium. Function-
ally, this pilot data on the modulation of HF gene trascription
by S. epidermidisespecific lytic bacteriophages indicate a
downregulation of genes involved in the control of HF growth
and development, metabolism, and melanogenesis. Like-
wise, that butyrate treatment may promote intrafollicular
autophagy and mitochondrial function and stimulate intra-
follicular dermicidin production. These findings suggest that
the observed variations in HF microbiota distribution may
translate into functional changes via differences in microbial
metabolite production within distinct HF compartments.

Although this study provides the most comprehensive
analysis of human scalp HF microbiota available to date, the
overall taxonomic profile found is similar to previous reports
(Bouslimani et al, 2015; Hall et al, 2018; Ho et al, 2019;
Pinto et al, 2019; Ring et al, 2019), confirming C. acnes, M.
restricta, and Propionibacterium phages predominance in
human scalp/HF microbiota (Hall et al, 2018; James et al,
2013). In addition, this study analyzed the HF-specific
archaeal communities, demonstrating the presence of halo-
philes and methanogens (Probst et al, 2013). However, their
presence and function remain to be confirmed, given their
low biomass, which represents a study limitation
(Supplementary Text S5), the limited available databases, and
since these findings might constitute a transient environ-
mental layer (Umbach et al, 2021).

Furthermore, in contrast to previous reports, which likely
also have sampled skin surface and extrafollicular microbiota
(Hall et al., 2018; Pinto et al., 2019), our HF-specific sam-
pling methodology revealed a striking absence of S. aureus
and M. globosa among the top 10 species identified. That a
high load of the top identified species was also found in the
mesenchyme of untreated samples also contrasts with previ-
ous evaluations that had suggested maximal microbial load
in the distal HF epithelium (Polak-Witka et al, 2021). Instead,
our PMA treatment results from HFs of two donors corre-
spond with the latter study, which nevertheless had meth-
odologically missed sampling of the proximal HF and/or did
not compare tissue lineages. Although other evaluations
(Alexeyev et al, 2012; Jahns and Alexeyev, 2014) also did not
distinguish lineages, interestingly, a C. acnes invasion anal-
ysis of hidradenitis suppurativa samples showed mesen-
chymal and dermal tissue invasion, with lower detection of
these bacteria in the epithelium (Jahns et al, 2014). Yet, given
that our study could analyze only 10 donors and the PMA
treatment was performed only on two donors, quantitative
analyses in additional donors comparing the microbiota

=
(right) or SEP1 bacteriophage (left) treatment with control healthy untreated HFs (denoted as D0). The further analyzed genes correspond to the left of the

diagram (pink), meaning those genes regulated only after treatment with SEP1 bacteriophages. (d) Volcano plots with the log2FC of the P-adjusted value of the

differentially regulated genes between the vehicle control and the D0 control (left) and between the SEP1 bacteriophage treatment and the D0 control (right).

Lines indicate 1 and �1 log2FC values and P-adjusted value significance. (e, f) Significantly enriched gene clusters and respective P-adjusted values found by

GO, KEGG pathway, and functional annotation analysis cluster with the DAVID online tool (Sherman et al, 2022) in (e) HF growth, development, and

melanogenesis and (f) metabolism and mitochondrial function clusters. Heat map comparison between the SEP1 treatment and vehicle control displaying the

regulated genes within each GO analysis cluster per individual (1e4)—(g) HF growth, development, and melanogenesis and (h) metabolism and mitochondrial

function clusters—is shown. Underlined genes in each heatmap correspond to genes mentioned in the text. Data are from n ¼ 4 donors, corresponding to n ¼ 2

HFs per donor. GO, Gene Ontology; h, hour; HF, hair follicle; KEGG, Kyoto Encyclopedia of Genes and Genomes; log2FC, log2 fold change.
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Figure 5. Butyrate delays catagen progression and significantly promotes gp100, LC3b, MTCO1, and DCD protein expression ex vivo. Healthy microdissected

HFs were cultured for 7e8 days in the presence of antibiotics, with William complete medium (vehicle) or 1 mM butyrate. (a) Percentage of catagen HFs, as

staged on the basis of MF histochemistry and Ki-67/TUNEL immunofluorescence, and (b) hair cycle score (in arbitrary units: 200 [early catagen] and 300 [mid-

catagen]). Pooled data are from n ¼ 9 donors, corresponding to n ¼ 13e22 full-length and amputated catagen HFs. (c) Representative MF histochemistry

images. Bar ¼ 100 mm. (d) Integrated gp100 immunoreactivity in the pigmentary unit of anagen VI HFs and (e) respective representative images, with delineated

area of analysis. (f) Number of L3Cb dots within the pcHM of anagen VI HFs and (g) respective representative images. (h) MTCO1 immunohistochemistry e in

the pHC and ORS of anagen VI HFs (in selected donors) and (i) respective representative images, with indication of the areas analyzed. (j) DCD gene expression

changes after 24 h of butyrate treatment, with donor-dependent effects. Data are from n ¼ 4 donors. (k) DCD protein expression in the HF suprabulbar region
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distribution of the HF mesenchyme with epithelium and be-
tween proximal and distal HF compartments are needed for
definitive characterization of the human scalp HF micro-
biota. If confirmed, the higher C. acnes abundance in the
proximal mesenchyme might indicate, for example, a role in
HF mesenchymal stem cell proliferation and migration, as
observed in the human gut and bone marrow (Markandey
et al, 2021; Silveira et al, 2019). Furthermore, because HFs
often display C. acnes biofilms (Jahns and Alexeyev, 2014), it
is possible that the HF mesenchyme facilitates biofilm for-
mation, as reported in C. acnes infection of bone
morrowederived mesenchymal stem cells (Dubus et al,
2022; El-Mahdy et al, 2021; Jahns and Alexeyev, 2014). HF
infection with C. acnesespecific bacteriophages could
interrogate the impact of these bacteria on the inductive
properties of the HF mesenchyme, as measured by changes in
the activity/expression of key DP morphogens, such as, ver-
sican, noggin, and hepatocyte GF (Geyfman et al, 2015; Paus
and Foitzik, 2004; Schneider et al, 2009).

The differential distribution of HF microbiota abundance
observed herein may reflect compartment-specific metabolic
and nutritional variations (Figlak et al, 2021; Purba et al,
2021; Williams et al, 2020) but also age-related environ-
ment alterations in the HF (Supplementary Text S6) as well as
immunologically distinct HF habitats (Bertolini et al, 2020;
Purba et al, 2021). The HF mesenchyme offers greater prox-
imity to the dermal white adipose tissue and blood vessels
than the epithelium, thereby offering a lipid-rich environment
with higher oxygen levels (Kruglikov et al, 2022; Nicu et al,
2021; Poblet et al, 2018). This could shape the microbiota
according to their nutritional and oxygen dependencies. In
addition, the human HF epithelium abundantly generates
AMPs (Chéret et al, 2018; Emelianov et al, 2012; Reithmayer
et al, 2009; Yao et al, 2022), is rich in free radical-producing
mitochondria (Lemasters et al, 2017; Vidali et al, 2014), and
is distally populated by functional Langerhans and T cells.
Contrarily, the HF mesenchyme appears to generate fewer
AMPs, is mitochondria poor, and is mainly populated by mast
cells and macrophages (Bertolini et al, 2014; Christoph et al,
2000; Hardman et al, 2019). These major functional differ-
ences must impact microbial distribution, abundance,
viability, and secretory activities. Hence, it deserves explo-
ration whether the predicted microbial metabolic functions,
which may directly influence HF biology (Supplementary
Figure S6), at least potentiate compartmentalized metabolic
differences (Figlak et al, 2021; Purba et al, 2021). Indeed,
characterization of the skin surface microbiota and their
potential metabolites suggests that these microbes alter the
chemical composition of the skin microenvironment. For
example, the variation in Propionibacteria might directly
correlate with the levels of oleic acid (Bouslimani et al,
2015).

The limited viability of healthy human scalp microbiota
found by PMA assay (Supplementary Text S2) is

independently supported by ribosomal RNA FISH data,
which confirmed the PMA-induced reduction of the bacterial
load. Although the human scalp HF mycobiota warrants
stricter evaluation, our viability data support that C. acnes, S.
epidermidis, and M. restricta are the most significant thera-
peutic targets among viable microbiota. This is clinically
relevant because their dysbiosis is associated with acne vul-
garis, hidradenitis suppurativa, dandruff, and alopecia areata
(Lousada et al, 2021; Polak-Witka et al, 2020; Rinaldi et al.,
2022).

Although these functional pilot data are preliminary, the
modulation of the human HF transcriptional profile and
LC3b protein expression by S. epidermidiseselective bacte-
riophage treatment suggest that a) individual changes in the
HF microbiota abundance could indeed impact human HF
physiology, and b) that the selective manipulation of human
HF microbiota is feasible in principle, at least ex vivo.
Similarly, if follow-up studies confirm that defined HF
microbiota metabolites, such as butyrate, stimulate intra-
follicular autophagic flux, mitochondrial activity, melano-
some, and/or AMP production, the application of selected
microbial-derived short-chain fatty acids deserves explora-
tion as a strategy for the management of HF-associated der-
matoses where any of these is defective. Given the similar
effects that both SEP1 bacteriophage and butyrate treatment
exert on the intrafollicular mRNA and protein expression
profile, it might be hypothesized that butyrate reduction is
the mechanism of action that underlies the observed effects
of S. epidermidis growth restriction; this requires confirma-
tion, for example, by biochemical measurement of butyrate
levels and lipidomic profiling. Hence, although these pre-
liminary data already suggest that manipulation of the hu-
man HF microbiota might be therapeutically relevant, they
only provide a starting point for systematic follow-up studies
that generate mechanistic insights.

MATERIALS AND METHODS
Human HF collection

This research was conducted according to the Declaration of Hel-

sinki principles. Scalp anagen VI HFs were obtained from routine

hair transplantation or facelift surgery after informed, written patient

consent and ethics committee approval from the Comité de Bioética

de la Universidad Fernando Pessoa Canarias (03 (2020-06-22)) and

the Monasterium Laboratory Biobank (University of Muenster 2019-

297-f-S, study plan 2020-954-f-S) (donor information is presented in

Supplementary Table S1). Scalp HFs were directly embedded in

optimal cutting temperature cryomatrix to preserve the in vivo

microbiota (LCM-coupled metagenomics) or processed for SEP1 or

butyrate treatment in organ culture.

LCM, PMA treatment, and DNA extraction

LCM from 10 donors (5 HFs per donor) was performed as previously

described (Lousada et al, 2023) on a contactless LCM system and

without histological processing. Briefly, optimal cutting temperature

compoundeembedded samples were cryosectioned (10 mm) and

=
after 7e8 days of ex vivo HF culture (from n ¼ 6 donors) and (l) respective representative images. Data are represented as mean � SEM. D’Agostino and Pearson

omnibus normality test, if data followed Gaussian distribution, and unpaired t-test (for f, h, and k) (*P < .05 and **P < 0.01) and ManneWhitney test (for a, b,

and d) (*P < .05), if data did not follow Gaussian distribution, were performed. CTS, connective tissue sheath; DP, dermal papilla; h, hour; HF, hair follicle; MF,

MassoneFontana; ORS, outer root sheath; pcHM, precortical hair matrix; pHC, proximal hair matrix; PMU, pigmentary unit.
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further laser-capture microdissected into 9 compartments (Figure 1a)

with a PALM MicroBeam (Zeiss) and the associated PALM Robo

software (Zeiss). After LCM, additional samples from 2 donors

(Supplementary Table S1) were treated with PMA to probe microbial

viability, as described byWang et al (2021). DNAwas extracted with

the SmartExtract DNA kit (Eurogentec), according to the manufac-

turer’s instructions, followed by ethanol precipitation. Negative

control samples were generated by LCM of tissue-free areas of

optimal cutting temperature coumpound, whereas positive control

samples were generated by the addition of a known plasmid to the

extracted DNA of laser-microdissected samples from a randomly

chosen donor (data not shown). In addition, during sequencing and

library preparations, DNA- and DNAse-free water controls were

further carried out and excluded after sequencing, given the absence

of reads.

Shotgun metagenomic sequencing and bioinformatic
analysis

Precipitated DNA samples were shotgun sequenced at CosmosID

Metagenomics Cloud (app.cosmosid.com), CosmosID (www.

cosmosid.com). Before sequencing, DNA sample concentrations

were measured by Qubit Assay (detection range of 0.1e120 ng).

Given that some samples and negative controls were found to be

below the assay threshold of detection (Supplementary Table S2), all

samples were processed for sequencing. Libraries were constructed

with a modified Illumina Nextera XT library preparation kit protocol

and sequenced with an Illumina HiSeq 2 � 150 bp (20 M reads)

(Grogan et al, 2019). Reads were processed with the Sunbeam

pipeline; quality was evaluated using FastQC (version 0.11.5; Bab-

raham Bioinformatics). Raw sequences are deposited on the

Sequence Read Archive database under accession numbers

PRJNA937066 and PRJNA937065. Adapter removal and trimming

were done with cutadapt, version 2.6 (Martin, 2011), and Trimmo-

matic, version 0.36 (Bolger et al, 2014), with custom parameters

(LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36).

Low-complexity sequences were detected with Komplexity, version

0.3.6 (Clarke et al, 2019). High-quality reads were mapped to the

SEED database through translated homology search or the GRCh37,

and those with 50% similarity across 60% of the read length were

removed. The remaining reads were classified with Kraken2 and

PlusPF database from 2021-05-17 (Wood et al, 2019) or annotated

to Subsystems using Super-Focus (Silva et al, 2016). Samples with

<500 counts assigned were filtered, and sample differences were

accounted for by selection of random subsample to 500 counts.

Alphadiversitywasmeasuredusing theShannondiversity index, and

beta diversity was measured using BrayeCurtis dissimilarities. Differ-

ences were evaluated with the nonparametric t-test, KruskaleWallis

test, nonparametric ANOVA, and ScheirereRayeHare test. Permuta-

tional multivariate ANOVA testing was used to identify the differ-

ences between the analyzed HF regions. BrayeCurtis dissimilarities

distances between donors were compared, and, owing and in order

to account for the high interindividual variability, a regression

analysis of the donor identification was performed, assuming these

as categorical variables. Another regression analysis was performed

on the remaining identified variability using the different variables of

interest (age, region, and tissue lineage) as the explanatory variable.

For quality control, a second bioinformatic analysis, with the

removal of the negative control samples as threshold was performed

(data not shown). Given the high degree of similarities, the direct

approach was chosen for displayed.

FISH visualization

FISH was performed using the RNAscope Multiplex kit (Advanced

Cell Diagnostics), following the manufacturer’s instructions (probe

details are provided in Supplementary Table S3).

Human HF organ culture (SEP1 bacteriophage or butyrate
treatment)

Human anagen VI HFs were microdissected as described elsewhere

(Edelkamp et al, 2020), cultured in Williams complete medium and

treated with 108 plague-forming unit/ml SEP1 bacteriophage sus-

pension, SM buffer, or 1 mM sodium butyrate (Supplementary Text

S4). Bacteriophage suspensions were obtained from the Uni-

versidade do Minho (Melo et al, 2020, 2018) and propagated as

described in Melo et al (2014). Bacteriophage infectivity was tested

by spot assays and quantified by plaque assays. HF SEP1 bacterio-

phage (Melo et al, 2018, 2014) or SM buffer (vehicle) treatment was

done 24 hours after HF culture without antibiotics (Langan et al,

2015), and collection for RNA extraction was done 30 hours after

infection for RNA sequencing and after 2e3 days (according to the

amount of microbial growth (Bispo Lousada et al, 2021; Edelkamp et

al., 2023) for protein expression analysis. Control healthy unma-

nipulated HFs (denoted as D0) were collected for RNA extraction

prior to culture. Sodium butyrate (Sigma-Aldrich) treatment

(Häselbarth et al, 2020; Schwarz et al, 2017) was done in media

with antibiotics (penicillin/streptomycin mix, Thermo Fisher Scien-

tific) and 25 mg/ml amphotericin B (Thermo Fisher Scientific)

(Langan et al, 2015; Magerl et al, 2008) for 7e8 days.

Immunohistochemistry, immunofluorescence microscopy,
and quantitative (immuno)histomorphometry

Cryosections (6 mm) were stained for Ki-67/TUNEL, LC3b, and

gp100 immunofluorescence and MTCO1 and DCD reactivity

(Supplementary Table S4). TUNEL immunofluorescence was per-

formed using the ApopTag fluorescein in situ apoptosis detection kit

(Merck), according to the manufacturer’s instructions. Quantitative

melanin histomorphometry was performed by MassoneFontana, as

previously described (Hardman et al, 2015).

Hair cycle assessment

Hair cycle staging and score were assessed histologically on the

basis of morphology, MassoneFontana, and Ki-67/TUNEL (immuno)

histochemistry, as previously described (Kloepper et al, 2010;

Langan et al, 2015). Hair cycle score was calculated using an

arbitrary score (anagen ¼ 100, early catagen ¼ 200, and mid-

catagen ¼ 300).

RNA extraction and RT-qPCR

For microbial RT-qPCR, total RNA was extracted from 2e3 full-

length HFs. A total of 200 ml TRIzol (Thermo Fisher Scientific)

were added to the HFs in a bead-beating extraction tube (Precellys,

Bertin Technologies), and extraction was carried out with the Pre-

cellys Evolution Homogenizer (Bertin Instruments) with 5� (20

seconds at 8000 r.p.m. and 30 seconds rest) at 4 �C, followed by

10,000g centrifugation for 5 minutes, 100 ml chloroform, and

centrifugation at 10,000g for 5 minutes. The resulting aqueous phase

was processed using the PicoPure kit (Applied Biosystems), ac-

cording to the manufacturer’s instructions. For RNA sequencing and

butyrate treatmenteinduced AMP expression evaluation, total RNA

was isolated from 3 HFs using the PicoPure RNA isolation kit

(Applied Biosystems).
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Bacterial RT-qPCR after SEP1 infection was assessed by SYBR

Green assay (Bio-Rad Laboratories), with 16S ribosomal RNA gene

(V1eV2), C. acnese, and S. epidermidisespecific primers

(Supplementary Table S3). DCD, CAMP, and S100A7 expressions

after butyrate were evaluated using Taqman assay and probes

(Supplementary Table S3). Details are provided in Supplementary

Materials and Methods.

RNA sequencing and bioinformatic analysis

Total RNAwas sequenced using a NovaSeq 6000, 2 � 100 bp (30 M

clusters per sample). Library was prepared with SMART-Seq Stranded

Kit (Takara). Read demultiplexing was performed with Illumina

bcl2fastq (2.20). Adapters were trimmed with Skewer (version 0.2.2)

(Jiang et al, 2014), and reads were aligned to the GRCh38.105 using

STAR (version 2.7.10a) (Dobin et al, 2013). Data were deposited in a

public database and can be found under accession number

GSE225849. Quality was analyzed with FastQC (version 0.11.9)

(Andrews, 2010). Normalized counts were calculated with DESeq2

(version 1.30.1) (Love et al, 2014). Fold-change comparison be-

tween groups was done on the basis of normalized read counts ratio.

Fold change was considered relevant if it was �2 (upregulation) or

�0.5 (downregulation). An additional cutoff of counts per million

mapped reads �0.5 was chosen for the transcript of interest (for

upregulation) or for the reference (for downregulation). The DAVID

online tool was used for Gene Ontology, Kyoto Encyclopedia of

Genes and Genomes pathway, and functional annotations (Sherman

et al, 2022).

Statistical analysis of immunofluorescence microscopy and
RT-qPCR

Statistical analyses were performed using GraphPad Prism 9

(GraphPad Software). Given the common microbiome intra-

individual variability and that each HF represents an individual

miniorgan, each HF was statistically observed as a single entity

(Jahns et al, 2015; Schneider et al, 2009). Data were assessed for

normality with D’Agostino and Pearson omnibus normality test.

Normally distributed datasets were compared with an unpaired t-test

or 1-way ANOVA. The remaining datasets were compared with the

nonparametric unpaired Mann-Whitney or KruskaleWallis tests.

Data are expressed as mean � SEM. P < .05 was considered sig-

nificant. Further details are provided in Supplementary Materials and

Methods.
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SUPPLEMENTARY TEXT S1

Gammaretrovirus murine leukemia virus dominated the
virome in all HF compartments, with the exception of the
suprabulbar region, where Gemycircularvirus Pter-
opuseassociated Gemycircularvirus 10 was more predomi-
nant (Supplementary Figure S3a). These were followed by
colonization with Propionibacterium phages in all compart-
ments and Pseudomonas phages also within the DP. Inter-
estingly, these translated into a higher representation of the
top most abundant species in the epithelial tissues, which
were dominated by Gammaretrovirus murine leukemia virus,
G Pteropuseassociated Gemycircularvirus 10, and Faecali-
bacterium phages, a profile similar to the virome composition
of older donors (Supplementary Figure S3b and c).

In contrast, the top 10 archaeal species were more abun-
dant in the bulb region, whereas the DP registered the lowest
diversity (Supplementary Figure S3d). Most interestingly,
although Natronomonas sp YPL13 and Mathanobrevibacter
smithii were more abundant in the epithelium, the mesen-
chyme registered a higher abundance of Halomicrobium sp
LC1Hm and Halopenitus persicus (Supplementary
Figure S3e). Variations in these communities were also
found with age, where Halalkalicoccus jeotgali and Sac-
charolobus solfataricus were more abundant in younger do-
nors, whereas M smithii and Natronomonas sp YPL13 were
more abundant in older donors (Supplementary Figure S3f).

SUPPLEMENTARY TEXT S2
Propidium monoazide (PMA) is a photoreactive dye that
covalently binds free DNA and DNA from nonintact mem-
brane cells, given that it does not penetrate viable membrane
cells, to allow selective investigation and profiling of
membrane-intact microorganisms (Joo et al., 2019; Lee et al.,
2022). Hence, PMA treatment chemically reduces the contri-
bution of free DNA and allows the enriched evaluation of
viable microbes (Joo et al., 2019; Lee et al., 2022). Although
this technique provides a better overview of the viable com-
mensals, it has been shown to not quantitatively represent the
entirety of the viable microbial communities in complex
samples, mostly overrepresenting these communities and
underrepresenting low-abundance microorganisms (Wang
et al, 2021). Furthermore, result variations according to PMA
concentration, light intensity, incubation time, and the
analyzed tissue have also been reported (Mancabelli et al,
2021; Wang et al, 2021).

SUPPLEMENTARY TEXT S3
The skin and HF microbiota species Staphylococcus epi-
dermidis and Cutibacterium acnes are regarded as beneficial
bacteria given their protective role against pathogens suchas S.
aureus (Fournière et al, 2020). Indeed, both these species were
shown to inhibit pathogenic S. aureus growth, biofilm forma-
tion, and virulence, through the production of bacteriocins,
metalloproteinases, phenol-solublemodulins, and short-chain
fatty acids (Fournière et al, 2020). Furthermore, some S. epi-
dermidis strains have shown inhibitory activity against certain
C. acnes isolates, whereas C. acnes inhibited S. epidermidis
biofilm formation (Christensen et al, 2016; Claudel et al,
2019).

Interestingly, in contrast with these previously reported
interactions, the SEP1 bacteriophage therapyeinduced
decrease in S. epidermidis abundance resulted in a
decrease in C. acnes and an increase in S. aureus abundance.
Despite this, this community regulation pattern was previ-
ously observed in HF cultures, where the increase in Staph-
ylococcus correlated with the decrease in Cutibacterium
(Bispo Lousada et al, 2021). Hence, the decrease in S. epi-
dermidis likely resulted in the observed S. aureus increase
and thereby C. acnes decrease. Therefore, these data further
suggest that although S. aureus in healthy scalp HFs does not
represent the top 10 abundant species, its abundance is
increased in culture or by the depletion of S. epidermidis, a
phenomenon often observed in dysbiosis, for example, in
hidradenitis suppurativa (Chopra et al, 2022; �Swierczewska
et al, 2022; Wark and Cains, 2021).

SUPPLEMENTARY TEXT S4
Several bacterial metabolites, such as short-chain fatty acids,
have been shown to modulate human biology, particularly in
the gut microbiome (Portincasa et al, 2022). Among these,
butyrate is produced by various of the identifiedHF colonizers,
including Faecalibacterium,Pseudomonas,and S. epidermidis
(Kircher et al, 2022; Thompson et al, 2020; Traisaeng et al,
2019). The latter metabolize butyrate in the presence of glyc-
erol, which in the HF can be obtained by sebaceous gland
triglyceride hydrolysis (Choi et al, 2005; Fluhr et al, 2003;
Negari et al, 2021). Interestingly, this metabolite was found to
promote epithelial cell metabolism and barrier function in the
human gut (Sanford et al., 2019; Trompette et al., 2022).
Furthermore, a role of butyrate in lipid and glucose meta-
bolism,mitochondrial function, autophagy, prevention of ROS
and nitric oxide production, and inflammation has been re-
ported (Hu et al., 2020; Zhang et al., 2021, 2022). This is
important in the current HF biology context because auto-
phagic flux in the human hair matrix and intrafollicular energy
metabolism are important determinants of anagen duration
(Figlak et al, 2021; Parodi et al, 2018). Hence, the role of
butyrate on HF growth, metabolism, autophagy, and antimi-
crobial peptide expression (dermcidin) was assessed.

SUPPLEMENTARY TEXT S5
Limitations of our study that deserve to be considered when
interpreting our data include the low number of samples that
could be investigated, the usual pitfalls of low biomass studies
(Kennedy et al, 2023), and the preliminary nature of our
functional pilot analyses, all of which require confirmation/
validation in follow-up studies to permit definitive conclusions.
Yet, in contrast to the findings in some previous human
microbiome studies, the likelihood of contamination during the
clinical procedure (Kennedy et al, 2023) is very low because
the scalp skin surface was rigorously disinfected before surgery,
followed by sterile HF microdissection free of extrafollicular
tissue. Despite its limitations, the combination of metagenomic
shotgun sequencing of defined, anatomical HF compartments
assessed by laser-capture microdissection (including functional
microbiome profiling); FISH confirmation of the intrafollicular
localization of 2 selected microbiota; viability testing; and
functional microbiome manipulation by HF infection with an
S. epidermisespecific bacteriophage presented in this study
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provides, to our knowledge, the most comprehensive charac-
terization of the human scalp HF microbiota available to date
and generates intriguing leads that inform and guide follow-up
work.

SUPPLEMENTARY TEXT S6
Interesting variations in the abundance profile and respective
functional potential according to donor age were also
observed. Namely, there was an increase in the abundance of
M. restricta and C. acnes in relation to the HF microbiota
profile in older donors (Figure 1d), together with a decrease in
the functional profile. Nevertheless, individually, the abun-
dance of these microbes decreased with age (Figure 1e and f).
Although given the limited number of individuals evaluated in
this study (n ¼ 5), the lack of analysis of these data after PMA
treatment, since only 2 donors were assessed, and the high
interindividual variations observed in these data should be
corroborated; these are in line with skin microbiome age dif-
ference evaluations (Kim et al, 2022; Luna, 2020). Hence,
these variations could be reflective of age-related environ-
mental differences and possibly the epidemiology of HF dis-
eases. Although acne vulgaris mainly affects younger
individuals, androgenetic alopecia primarily affects patients
aged>50 years, with both featuringC. acnes dysbiosis (Layton
et al, 2021; Ho et al, 2022, 2019). It is thought that these derive
from age-related changes in HF biology, particularly the hor-
monal alterations in adolescence, which could drive the
observed dysbiosis and promote disease pathobiology (Ho
et al, 2022; Park et al, 2022).

SUPPLEMENTARY MATERIALS AND METHODS
RT-qPCR

Bacterial RT-qPCR after SEP1 infection was assessed by SYBR
Green assay (Bio-Rad Laboratories) in triplicates, with 16S ri-
bosomal RNA gene (V1eV2), C. acnese, and S. epi-
dermidisespecific primers (Supplementary Table S2). Each
qPCR reaction mixture consisted of SYBR Green qPCR Mix
(Bio-Rad Laboratories), and 400nMof eachprimerwas reverse
transcribed using the Tetro cDNA synthesis kit (Bioline Inter-
national), according to the manufacturer’s instructions. The
amplification program consisted of an initial denaturation step
at 95 �C for 10 minutes, followed by 40 cycles of denaturation
at 95 �C for 30 seconds, and annealing at 60 �C for 1 minute,
followedbyamelt curve stage at 95 �C for 15 seconds, 60 �C for
1 minute, and 95 �C for 1 second. DCD, CAMP, and S100A7
expressions after butyrate were evaluated in triplicates using
Taqman probes (Supplementary Table S2) and protocol
(Thermo Fisher Scientific). Reactions were assessed using
Quantstudio3 Real-Time PCR system with the associated
software (Applied Biosystems).

qRT-PCR statistical methodology

Since following phage infection, total bacterial load, as
evaluated by 16S ribosomal RNA gene expression, varied
between the experimental groups, bacterial RT-qPCR was
normalized to the human housekeeping gene GAPDH and
quantified after this normalization. For RT-qPCR analysis,
undetermined values were assumed to correspond to the

highest amount of amplification cycles used (40) to allow for
evaluation of expression changes.
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amicepituitaryethyroid axis hormones stimulate mitochondrial function
and biogenesis in human hair follicles. J Invest Dermatol 2014;134:33e42.

Wang Y, Yan Y, Thompson KN, Bae S, Accorsi EK, Zhang Y, et al.
Whole microbial community viability is not quantitatively reflected
by propidium monoazide sequencing approach. Microbiome 2021;9:
17.

Wark KJL, Cains GD. The microbiome in hidradenitis suppurativa: a review.
Dermatol Ther. Springer 2021;11:39.

Zhang L, Liu C, Jiang Q, Yin Y. Butyrate in energy metabolism: there is still
more to learn. Trends Endocrinol Metab. TEM 2021;32:159e69.

Zhang Y, Xu S, Qian Y, He X, Mo C, Yang X, et al. Sodium butyrate attenuates
rotenone-induced toxicity by activation of autophagy through epigeneti-
cally regulating PGC-1a expression in PC12 cells. Brain Res 2022;1776:
147749.

MB Lousada et al.
Human Hair Follicle Microbiome

Journal of Investigative Dermatology (2024), Volume 1441367.e3

http://refhub.elsevier.com/S0022-202X(23)03119-6/sref151
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref151
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref151
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref132
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref132
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref132
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref132
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref132
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref152
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref152
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref152
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref152
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref153
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref153
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref153
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref153
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref154
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref154
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref154
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref155
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref155
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref155
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref155
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref156
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref156
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref156
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref156
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref157
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref157
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref157
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref158
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref158
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref158
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref158
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref133
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref133
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref133
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref133
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref159
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref159
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref159
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref160
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref160
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref160
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref160
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref161
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref161
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref161
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref161
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref162
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref162
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref162
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref162
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref163
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref163
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref163
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref163
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref163
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref134
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref134
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref134
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref134
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref135
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref135
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref135
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref135
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref135
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref136
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref136
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref136
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref136
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref136
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref136
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref137
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref137
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref137
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref137
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref164
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref164
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref165
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref165
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref165
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref166
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref166
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref166
http://refhub.elsevier.com/S0022-202X(23)03119-6/sref166


Supplementary Figure S1. Alpha-

diversity based on the Shannon

diversity index between donors and

NMDS plot for beta-diversity patterns

based on BrayeCurtis distances

between HF regions and tissue

lineages. Shotgun metagenomic

sequencing of healthy unmanipulated

HFs after LCM was performed,

dividing the HFs into 5 anatomical

regions (DP, bulb, suprabulbar,

isthmus, and infundibulum) and 2

main tissue lineages (epithelium and

mesenchyme). (a) Alpha-diversity

comparison between the ten donors

evaluated as measured by the

Shannon-diversity index. (b) Beta-

diversity comparison between the two

HF tissue lineages (indicated by

symbol shape) and between the five

HF regions (indicated by symbol

color), as measured by the Bray-Curtis

distances. ScheirereRayeHare

nonparametric test was performed; *P

< .05 (Shannon diversity index). Data

are from n ¼ 10 donors,

corresponding to n ¼ 5 HFs per donor.

DP, dermal papilla; HF, hair follicle;

LCM, laser-capture microdissection;

NMDS, nonmetric multidimensional

scaling.
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Supplementary Figure S2. Shotgun

metagenomic sequencing of healthy

unmanipulated HFs after LCM.

Relative abundance of the identified

HF microbiome (aec) kingdoms and

(def) the top 10 bacteria phyla,

compared between each of the (a, d) 5

HF anatomically distinct regions, (b, e)

2 main tissue lineages, and (c, f) donor

age groups. Data were pooled from

n ¼ 10 donors (for a and b and d and

e) and n ¼ 5 donors per group (for c

and f), corresponding to n ¼ 5 HFs per

donor. DP, dermal papilla; HF, hair

follicle; LCM, laser-capture

microdissection.
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Supplementary Figure S3. Shotgun metagenomic sequencing of healthy unmanipulated HFs after LCM. Relative abundance of the top 10 main bacterial and

fungal species found in each HF compartment (DP, bulb, suprabulbar, isthmus and infundibulum) per donor (each bar representing an individual male donor) is

shown. Data were from n ¼ 10 donors, corresponding to n ¼ 5 HFs per donor. DP, dermal papilla; HF, hair follicle; LCM, laser-capture microdissection.
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Supplementary Figure S4. Viral and

archaeal HF microbiota composition

varies according to region, tissue

lineage, and donor age group.

Shotgun metagenomic sequencing of

healthy unmanipulated HFs after LCM

was performed. Relative abundance of

the main viral species found in the HF

compared between (a) each of the 5

HF anatomically distinct regions, (b)

the 2 main HF tissue lineage tissue

types, and (c) the donor age group is

shown. Relative abundance of the top

10 main archaeal species found in the

HF compared between (d) each of the

5 HF anatomically distinct regions, (e)

the 2 main HF tissue lineage tissue

types, and (f) donor age group is

shown. Data were pooled from n ¼ 10

donors (for a and b and d and e) and

n ¼ 5 donors each (for c and f),

corresponding to n ¼ 5 HFs per donor.

DP, dermal papilla; HF, hair follicle;

LCM, laser-capture microdissection.
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Supplementary Figure S5. PMA

shotgun metagenomic sequencing of

healthy unmanipulated HFs after

LCM. Relative abundance of the HF

microbiota kingdoms compared

between (a) each of the 5 HF

anatomically distinct regions and (b)

the 2 main HF tissue lineages after

PMA treatment is shown. Interestingly,

PMA treatment depleted the HF

bacteriota and mycobiota in the

suprabulbar area, showing no reads in

this HF compartment. Data were

pooled from n ¼ 2 donors,

corresponding to n ¼ 5 HFs per donor.

DP, dermal papilla; HF, hair follicle;

LCM, laser-capture microdissection;

PMA, propidium monoazide.
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Supplementary Figure S6. Predicted functional profile of the HF microbiota exhibits variations according to HF region, tissue lineage, and donor age group.

High-quality reads from the generated shotgun metagenomic sequencing libraries were used to infer the functional profile of pathway enrichment on the basis of

microbiota-derived genes. Normalized corresponding heat map comparison of the pathways with the most genetic representation among the HF microbiota

between (a) untreated HF regions, tissue lineages, and donor age group and (b) PMA-treated HF regions and tissue lineages was performed. Underlined

processes represent the pathways that varied the most between comparisons. Data were pooled from n ¼ 10 (for a) and n ¼ 2 (for b) donors, corresponding to

n ¼ 5 HFs per donor. DP, dermal papilla; HF, hair follicle; PMA, propidium monoazide.
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Supplementary Figure S7. SEP1 bacteriophage treatment and S. epidermidis abundance restriction alter HF biology.Healthy microdissected HFs were cultured

in the absence of antibiotics and the presence of SM buffer (vehicle) or SEP1 bacteriophages and evaluated by RT-qPCR and RNA sequencing after 30 h of

bacteriophage infection. (a) Significantly enriched immune regulation gene clusters found by RNA sequencing within the genes regulated only by SEP1

treatment and respective P-adjusted values, as found by GO, KEGG pathway, and functional annotation analysis cluster with the DAVID online tool (Sherman

et al, 2022), and (b) respective heat map RNA-sequencing comparison of SEP1 treatment with vehicle control displaying the differentially regulated genes in the

immune regulation cluster. Data are from n ¼ 4 donors, corresponding to n ¼ 2 HFs per donor. (c) Percentage of catagen HFs, as staged on the basis of MF

histochemistry and Ki-67/TUNEL immunofluorescence. (d) Hair cycle score (in arbitrary units: 100 [anagen] and 200 [early catagen]). Pooled data are from n ¼
5 donors, corresponding to n ¼ 28e29 full-length HFs. (e) Respective Ki-67/TUNEL representative images. (f) Number of L3Cb dots within the precortical hair
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Supplementary Figure S8. Butyrate treatment does not affect intrafollicular Ki-67, melanin, S100A7, and CAMP expression. Healthy microdissected HFs were

cultured for 7e8 days in the presence of antibiotics, with Williams complete medium only (vehicle) or 1 mM butyrate. (a) Fold change of the number of

proliferative (Ki-67epositive) hair matrix keratinocytes after butyrate treatment, as evaluated in catagen and anagen HFs, and (b) respective representative

images. (c) Fold change of melanin content in anagen VI HFs after treatment with butyrate within the HM and PMU assessed by MF histochemistry, and (d)

respective representative images, with delineated analyzed areas. Bar ¼ 100 mm. Data from n ¼ 8 donors, corresponding to n ¼ 27e34 HFs, are represented as

mean � SEM. D’Agostino and Pearson omnibus normality test, Gaussian distribution, unpaired t-test (for c), and ManneWhitney test (for a) were performed,

compared with the vehicle. (e) Psoriasin (S100A7) and LL-37 (CAMP) gene expression changes after 24 h of treatment with butyrate as measured by RT-qPCR.

Results are expressed as mean � SEM from n ¼ 5e6 donors, corresponding to n ¼ 3 HFs per donor. h, hour; HF, hair follicle; HM, hair matrix; MF,

MassoneFontana; PMU, pigmentary unit.

=
matrix of anagen VI HFs and (g) respective representative images, with the area of evaluation marked in white. (h) MTCO1 immunohistochemistry in the pHM

and ORS of anagen VI HFs and (i) respective representative images, with the areas of evaluation delineated. (j) Integrated gp100 immunofluorescence in the

pigmentary unit of anagen VI HFs, and (k) respective representative images, with the area of evaluation delineated. (l) Fold change of melanin content in anagen

VI HFs after treatment with butyrate within the HM and PMU assessed by MF histochemistry and (m) respective representative images, with the areas of

evaluation delineated. Data from n ¼ 5 donors, corresponding to n ¼ 16e23 anagen VI HFs, are presented as mean � SEM. D’Agostino and Pearson omnibus

normality test, no Gaussian distribution, KruskalleWallis test, and ManneWhitney test, n.s., were performed; bars ¼ 100 mm. GO, Gene Ontology; h, hour; HF,

hair follicle; HM, hair matrix; KEGG, Kyoto Encyclopedia of Genes and Genomes; MF, MassoneFontana; n.s., not significant; ORS, outer root sheath; pHM,

proximal hair matrix; PMU, pigmentary unit.
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Supplementary Table S1. Donor Information

Experiment Figures Donor Demographics Donor Material

Shotgun metagenomics and FISH Figures 1 and 3 and
Supplementary Figures S1e4

and S6a

10 males: 5 aged 22
e34 þ 5 aged 57e64 y

Occipital scalp HFs

Shotgun metagenomics—PMA treatment Figure 2 and Supplementary
Figures S5 and S6b

2 males: aged 59 and 64 y Occipital scalp HFs

Bacteriophage therapy and RNA sequencing Figure 4aeh and
Supplementary Figure S7a

and b

3 males: aged 27e40 y þ
1 female: aged 54 y

Occipital and supraauricular scalp HFs

Bacteriophage therapy and protein expression Figure 4iek and
Supplementary Figure S7cem

5 males: aged 35e58 y Occipital and temporal scalp HFs

Butyrate treatment Figure 5 and Supplementary
Figure S8

7 males: aged 29e66 y þ
5 females: aged 20e66 y

Occipital and forehead HFs

Abbreviations: HF, hair follicle; PMA, propidium monoazide.
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Supplementary Table S2. DNA Concentrations Measured by QuBit Assay before Metagenomic Shotgun
Sequencing

Sample
DNA Concentration

(ng/ml) Sample
DNA Concentration

(ng/ml) Sample
DNA Concentration

(ng/ml)

Donor 1 DP 0.102 Donor 5 DP 0.244 Donor 9 DP Below threshold

Donor 1 bulb mesenchyme 0.364 Donor 5 bulb mesenchyme 0.544 Donor 9 bulb mesenchyme 0.188

Donor 1 bulb epidermis 1.7 Donor 5 bulb epidermis 2.1 Donor 9 bulb epidermis Below threshold

Donor 1 suprabulbar
mesenchyme

0.108 Donor 5 suprabulbar
mesenchyme

0.248 Donor 9 suprabulbar
mesenchyme

Below threshold

Donor 1 suprabulbar
epidermis

0.56 Donor 5 suprabulbar
epidermis

0.846 Donor 9 suprabulbar
epidermis

0.242

Donor 1 isthmus
mesenchyme

Below threshold Donor 5 isthmus
mesenchyme

0.132 Donor 9 isthmus
mesenchyme

0.116

Donor 1 isthmus epidermis 0.262 Donor 5 isthmus epidermis 0.506 Donor 9 isthmus epidermis Below threshold

Donor 1 infundibulum
mesenchyme

Below threshold Donor 5 infundibulum
mesenchyme

Below threshold Donor 9 infundibulum
mesenchyme

Below threshold

Donor 1 infundibulum
epidermis

0.346 Donor 5 infundibulum
epidermis

0.256 Donor 9 infundibulum
epidermis

0.142

Donor 1 negative control Below threshold Donor 5 negative control Below threshold Donor 9 negative control Below threshold

Donor 2 DP below threshold Donor 6 DP Below threshold Donor 10 DP Below threshold

Donor 2 bulb mesenchyme 0.214 Donor 6 bulb mesenchyme 0.286 Donor 10 bulb mesenchyme 0.306

donor 2 bulb epidermis 1.82 Donor 6 bulb epidermis 1.05 Donor 10 bulb epidermis 0.588

donor 2 Suprabulbar
mesenchyme

0.104 Donor 6 suprabulbar
mesenchyme

0.26 Donor 10 suprabulbar
mesenchyme

Below threshold

Donor 2 suprabulbarar
epidermis

0.292 Donor 6 suprabulbar
epidermis

0.802 Donor 10 suprabulbar
epidermis

Below threshold

Donor 2 isthmus
mesenchyme

0.118 Donor 6 isthmus
mesenchyme

0.128 Donor 10 isthmus
mesenchyme

Below threshold

Donor 2 isthmus epidermis 0.616 Donor 6 isthmus epidermis 0.254 Donor 10 isthmus epidermis 0.176

Donor 2 infundibulum
mesenchyme

0.214 Donor 6 infundibulum
mesenchyme

Below threshold Donor 10 infundibulum
mesenchyme

0.1

Donor 2 infundibulum
epidermis

0.35 Donor 6 infundibulum
epidermis

Below threshold Donor 10 infundibulum
epidermis

0.17

Donor 2 negative control Below threshold Donor 6 negative control Below threshold Donor 10 negative control Below threshold

Donor 3 DP Below threshold Donor 7 DP 0.36

Donor 3 bulb mesenchyme 0.208 donor 7 bulb mesenchyme 0.5

Donor 3 bulb epidermis Below threshold Donor 7 bulb epidermis 2.28

Donor 3 suprabulbar
mesenchyme

Below threshold Donor 7 suprabulbar
mesenchyme

0.434

Donor 3 suprabulbar
epidermis

Below threshold Donor 7 suprabulbar
epidermis

1.01

Donor 3 isthmus
mesenchyme

Below threshold Donor 7 isthmus
mesenchyme

0.136

Donor 3 isthmus epidermis Below threshold Donor 7 isthmus epidermis 0.234

Donor 3 infundibulum
mesenchyme

0.208 Donor 7 infundibulum
mesenchyme

0.172

Donor 3 infundibulum
epidermis

Below threshold donor 7 infundibulum
epidermis

0.396

Donor 3 negative control Below threshold Donor 7 negative control Below threshold

Donor 4 DP Below threshold Donor 8 DP Below threshold

Donor 4 bulb mesenchyme 0.56 Donor 8 bulb mesenchyme 0.288

Donor 4 bulb epidermis 2.22 Donor 8 bulb epidermis 1.21

Donor 4 suprabulbar
mesenchyme

0.21 Donor 8 suprabulbar
mesenchyme

0.104

Donor 4 suprabulbar
epidermis

0.75 Donor 8 suprabulbar
epidermis

0.708

Donor 4 isthmus
mesenchyme

0.188 Donor 8 isthmus
mesenchyme

0.152

Donor 4 isthmus epidermis 1.23 Donor 8 isthmus epidermis 0.36

Donor 4 infundibulum
mesenchyme

Below threshold Donor 8 infundibulum
mesenchyme

0.15

Donor 4 infundibulum
epidermis

1.02 Donor 8 infundibulum
epidermis

0.294

Donor 4 negative control 0.214 Donor 8 negative control Below threshold

Abbreviation: DP, dermal papilla.

MB Lousada et al.
Human Hair Follicle Microbiome

Journal of Investigative Dermatology (2024), Volume 1441367.e13



Supplementary Table S3. Nucleotide Sequences and Probes Used

Probe Name Description Sequence Reference

16S RNAscope Probe e EB-16S-rRNA-C2 — ACDBio, catalog number 464461-C2

C acnes RNAscope Probe e Propionibacterium
acnes-16S

— ACDBio, catalog number 31393

S epidermidis RNAscope Probe e S epidermidis-16S — ACDBio, catalog number 562431

DapB RNAscope Negative Control Probe — ACDBio, catalog number, 310043

27F qPCR universal bacterial 16S forward primer 5’-AGAGTTTGATCCTGGCTCAG-3’ Flores et al, 2012

338R qPCR universal bacterial 16S reverse primer 5’-TGCTGCCTCCCGTAGGAGT-3’ Flores et al, 2012

S epidermidis F qPCR S epidermidisespecific forward primer 5’-ATTGATGACGATGCGCCTTT-3’ This study

S epidermidis R qPCR S epidermidisespecific reverse primer 5’-TGCTCCTGCAAGAGATTGAC-3’ This study

PAR-1 qPCR C acnesespecific forward primer 5’-AGCTCGGTGGGGTTCTCTCATC-3’ McDowell et al., 2005

PAR-2 qPCR C acnesespecific reverse primer 5’-GCTTCCTCATACCACTGGTCATC-3’ McDowell et al., 2005

nucF qPCR S aureusespecific forward primer 5’-GCGATTGATGGTGATACGGTT-3’ Brakstad et al., 1992

nucR qPCR S aureusespecific reverse primer 5’-AGCCAAGCCTTGACGAACTAAAGC-3’ Brakstad et al., 1992

DCD Taqman dermcidin probe — Catalog number Hs01556562_g1
(Applied Biosystems)

CAMP Taqman LL-37 probe — Catalog number Hs00189038_m1
(Applied Biosystems)

S100A7 Taqman psoriasin probe — Catalog number Hs00161488_m1
(Applied Biosystems)

GAPDH Taqman GAPDH probe — Catalog number Hs99999905_m1
(Applied Biosystems)

Abbreviation: rRNA, ribosomal RNA.

Supplementary Table S4. Summary of the IF and IHC Staining Protocols Used

Target Ki-67 LC3b MTCO1 Gp100 DCD

Fixation 4% PFA Acetone Acetone Acetone 4% PFA

Blocking 10% normal goat serum 10% normal goat serum 3% H2O2 — Avidin-biotin blocking kit
(Vector Laboratories)

Primary
antibody

1:800 Mouse-Anti human
Ki-67 (Cell Signalling
Technology) (Campiche
et al, 2022; Cao et al,

2021)

1:400 rabbit anti-human
LC3B D11 (Cell Signalling
Technology) (Vidali et al,

2014)

1:800 rabbit
anti-MTCO1 (Abcam)
(Vidali et al, 2014)

1:200 Mouse
anti-human NKI-
beteb (Monosan)
(Campiche et al,

2019)

1:500 Rabbit anti-human DCD
(Atlas Antibodies)

Secondary
antibody

Goat anti-mouse IgG
eRhodamine Red (Jackson

ImmunoResearch)

Goat anti-rabbit IgG
Rhodamine (Jackson
ImmunoResearch)

Goat anti-rabbit
ebiotinylated (Jackson
ImmunoResearch)

Goat anti-mouse
Rhodamine (Jackson
ImmunoResearch)

Goat anti-rabbit biotinylated
(Jackson ImmunoResearch)

Amplification
system/
chromogen

Rhodamine Red Rhodamine Red ABC-alkaline phosphatase
kit (VectaStain) and AEC
kit (Vector Laboratories)

Rhodamine Red ABC-alkaline phosphatase kit
(VectaStain) and Alkaline

Phosphatase Fast Red tablets
(Merck)

Washing
buffer

PBS PBS TBS PBS TBS

Counterstain DAPI DAPI Hematoxylin DAPI Hematoxylin

Negative
controls

Omission of primary antibody, and negative immunoreactivity in tissue compartments/cells that typically do not express the antigen

Internal
positive
control

Correspondence with previously published antigen expression patterns in human skin or HFs
(Chéret et al, 2018; Parodi et al, 2018; Vidali et al, 2014)

Analysis Proximal hair matrix
(Kloepper et al, 2010)

Precortical hair matrix of
anagen VI HFs (Parodi et al,

2018)

Proximal hair matrix and
ORS (Schindelin et al.,
2012; Vidali et al, 2014)

Pigmentary unit of
anagen VI HFs
(Hardman et al,

2015)

Intrafollicular epithelium
(Chéret et al, 2018)

Abbreviations: H2O2, hydrogen peroxide; HF, hair follicle; PFA, paraformaldehyde; ORS, outer root sheath.
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Supplementary Table S5. BLAST Identification of the Unclassified Staphylococcus Plasmid Sequences

Description Scientific Name E-Value Percentage of Identity (%) Accession

Clostridium Botulinum strain
Mfbjulcb6 chromosome, complete genome

Clostridium botulinum 2e-68 98.68 NZ_CP027778.1

Bacillus amyloliquefaciens strain
CAS02 plasmid unamed, complete sequence

Bacillus amyloliquefaciens 2e-68 98.68 CP071933.1

Staphylococcus epidermidis strain 48 plasmid
pSE48-4, complete sequence

Staphylococcus epidermidis 2e-68 98.68 CP090928.1
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