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TO THE EDITOR
Sebocytes are resident cells of the
pilosebaceous unit and are essential to
acne pathogenesis through their role in
sebum production. Although sebocytes
have traditionally been thought of only
as lipid-producing cells, recent findings
show that sebocytes and other skin-
resident cells, such as keratinocytes,
also function as innate immune cells,
capable of secreting proinflammatory
cytokines and releasing antimicrobial
peptides (AMPs) in response to bacte-
rial triggers like Propionibacterium
acnes (Nagy et al., 2005, 2006).
P. acnes has been shown to exist within
the follicular lumen (Kligman, 1974;
Knutson, 1974) but has not yet been
directly visualized in sebocytes or
keratinocytes along the follicle. None-
theless, P. acnes-specific 16s ribosomal
RNA has been identified within the
follicle and dermis in normal skin
(Nakatsuji et al., 2013).
To broaden the understanding of
sebocytes as immunocompetent cells,
we further investigated and identified
new innate immune properties of
sebocytes—their ability to uptake
P. acnes and induce antimicrobial
response by two distinct pathways, via
the lysosomal pathway and AMP
induction. Although there is no clear
evidence for P. acnes within sebocytes
in vivo, the killing of intracellular bac-
teria by sebocytes could have a role
when sebocytes encounter P. acnes in
the intact or ruptured follicle as part of
acne pathogenesis.

Using confocal fluorescence micro-
scopy, we visualized the interaction of
cultured sebocytes with P. acnes at
0.5 multiplicity of infection, using the
immortalized human sebocyte cell
line SEB-1. Upon infection, SEB-1
cells were found to internalize
P. acnes within 30 minutes (Figure 1a).
Because P. acnes is classified as an
extracellular bacteria, its presence
within the sebocyte suggests it could
be actively taken up by various
mechanisms. Further studies are
required to understand the specific
active processes involved in the uptake
of P. acnes by sebocytes.

We next assessed the antimicrobial
activity of sebocytes infected with
P. acnes by measuring the number of
viable intracellular bacteria using a
colony-formation unit assay. Sebocytes
were washed three times with phos-
phate buffered saline to wash away
extracellular bacteria before the assay.
The percentage of viable P. acnes after
24 hours of incubation was 30% of the
amount that was initially internalized
(Figure 1b), suggesting that SEB-1 could
not only internalize P. acnes but also
trigger a significant antimicrobial
response.

Because lysosomal pathways are
often used by phagocytes to induce an
antimicrobial response (Cooper, 2000),
we examined the possibility of a lyso-
somal pathway mediating antimicrobial
activity in sebocytes. First, our confocal
microscopy images showed that
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Figure 1. Antimicrobial activity of sebocytes against P. acnes and effect of lysosomal pathway

inhibition on P. acnes viability. (a) P. acnes (MOI ¼ 0.5) labeled with CTC, a monotetrazolium

redox dye that produces a fluorescent formazan upon reduction by live bacterium, was added to

cultured SEB-1 cells labeled with MHC class I surface protein-specific antibodies and DAPI and

then imaged using confocal fluorescence microscopy after 30 minutes. Scale bar ¼ 10 mm. (b) Cells

were infected with P. acnes (MOI ¼ 5) for 3 hours, washed three times with phosphate buffered saline,

counted, and plated. Sebocytes were lysed by resuspension of 0.3% solution of saponin with vigorous

pipetting after 45 minutes (day 0) or 24 hours (day 1), and the viable intracellular bacterial load

was assessed using CFU assay and compared with day 0. (c) Cultured SEB-1 cells were labeled with

MHC class I surface protein-specific antibodies, DAPI, and CD107a antibody, then imaged using

confocal fluorescence microscopy. Scale bar ¼ 50 mm. (d) Cultured SEB-1 cells were pretreated

with NH4Cl (1 mmol/L or 10mmol/L) or medium alone for 1 hour before stimulation with P. acnes

(MOI ¼ 10). Viable intracellular bacterial load was assessed using CFU assay after 24 hours, and

relative percent viability was calculated based on initial inoculum. Data shown are the mean of

CFU/cell of triplicate wells � standard deviation, representative of three individual experiments.

**P < 0.01. Post hoc two-tailed Student t test was used for comparison between two groups. CFU,

colony-formation unit; MHC, major histocompatibility complex; MOI, multiplicity of infection;

NH4Cl, ammonium chloride.
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cultured SEB-1 cells indeed express
lysosomes, shown by labeling with
lysosomal-associated membrane pro-
tein 1 (LAMP1 or CD107a) (Figure 1c).
We next assessed the functional role of
these lysosomes by inhibiting the lyso-
somal pathway with ammonium chlo-
ride (NH4Cl), which inhibits lysosome
migration and phagosome-lysosome
fusion (Hart et al., 1983). The addition
of NH4Cl, in a concentration-
dependent manner, inhibited lyso-
somal function in SEB-1 cells and
resulted in significantly more viable
P. acnes after 24 hours (Figure 1d).

Innate cells also induce antimicro-
bial response via induction of endoge-
nous AMPs. Human beta defensin-2
(hBD2) has been shown to be an
important antimicrobial response
against skin pathogens (Harder et al.,
1997; Nakatsuji et al., 2010). We
therefore investigated whether hBD2
induction was also involved in SEB-1
cells’ antimicrobial response. We stim-
ulated SEB-1 cells with P. acnes and
measured the expression of the hBD2
gene, DEFB4. Because P. acnes has
been shown to induce innate response
via the TLR2-dependent pathway (Kim,
2005), we sought to determine whether
the induction of AMPs in sebocytes was
also TLR2-dependent. We found that
P. acnes induced DEFB4 (Figure 2a)
and that the expression of DEFB4 is
dependent on TLR2, because induction
of DEFB4 by P. acnes was inhibited by
60% in the presence of neutralizing
anti-TLR2 antibody.

To specifically evaluate antimicrobial
activity related to TLR2, we stimulated
SEB-1 cells with Pam3Cys, a TLR1/TRL2
agonist (TLR2/1L) before infection with
P. acnes. Pam3Cys is commonly used
to study TLR2 activity, although
P. acnes itself activates TLR2 indepen-
dently of TLR1. Treatment of sebocytes
with TLR2/1L enhanced antimicrobial
activity by 40% compared with me-
dium alone (Figure 2b), indicating
increased antimicrobial activity medi-
ated through TLR2. Because P. acnes
induced DEFB4 in a TLR2-dependent
manner, we evaluated its role in the
enhanced antimicrobial activity
induced by TLR2/1L. Transfection of
SEB-1 cells with small interfering RNA
oligonucleotides complementary to
DEFB4mRNA eliminated the enhanced
antimicrobial activity induced by TLR2/
1L, with bacterial viability similar to
medium control (Figure 2b and c). In
cells transfected with the scrambled
small interfering RNA control, antimi-
crobial activity was similar to that in
nontransfected control cells, with 37%
enhanced antimicrobial activity
compared with medium control. Thus,
these data suggest that DEFB4 is
involved in TLR2-mediated antimicro-
bial activity against P. acnes. None-
theless, sebocytes transfected with
DEFB4 small interfering RNA main-
tained antimicrobial activity equal to
media control, indicating that multiple
alternative mechanisms also provide
antimicrobial response in sebocytes.

Thus, we show that sebocytes exert
an antimicrobial response against
P. acnes in vitro through internalization
and identify the lysosomal pathway and
TLR2-mediated hBD2 induction as po-
tential mechanisms of the antimicrobial
activity observed. Our growing under-
standing of sebocytes portrays these
skin-resident cells as more complicated
www.jidonline.org 2099
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Figure 2. Antimicrobial activity against P. acnes based on antimicrobial peptides. (a) Cultured SEB-1

cells were pretreated with medium (open bar), 10mg/ml isotype control antibody (shaded bar), or 10mg/ml

TLR2-blocking antibody (filled bar) for 1 hour before stimulation with P. acnes (MOI ¼ 5) or media for 24

hours. DEFB4 mRNA levels were measured by real-time PCR and normalized to housekeeping gene

GADPH. (b) Cultured SEB-1 cells were transfected with siDEFB4 or siCTRL. Sebocytes transfected with

siDEFB4 or siCTRL and untransfected sebocytes were treated with medium or TLR2/1L for 24 hours

before infection with P. acnes (MOI ¼ 0.5). Cells were washed after 3 hours, and their intracellular

bacterial viability was determined by CFU assay after 24 hours. Relative antimicrobial activity was

calculated as medium control minus TLR2/1L value divided by the media control value, multiplied by

100. (c) Cultured SEB-1 cells were transfected with siDEFB4 or siCTRL. Baseline DEFB4 gene expression

levels were measured by real-time PCR and normalized to the housekeeping gene GADPH. Data shown

are the mean of triplicate wells � standard deviation, representative of three individual experiments.

**P < 0.01, ***P < 0.001. Post hoc two-tailed Student t test was used for comparison between two groups.

CFU, colony-formation unit; MOI, multiplicity of infection; siCTRL, scramble control; siDEFB4, small

interfering RNA oligonucleotides complementary to DEFB4 mRNA.
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than previously thought. Sebocytes
can contribute to acne pathogenesis
through sebum production and secre-
tion of inflammatory cytokines, and
they also possess properties that pro-
vide a mechanism for reduction of
bacteria by exerting significant antimi-
crobial activity against P. acnes through
internalization and production of anti-
microbial peptides.

The innate immune system must
rapidly recognize microbial pathogens
Journal of Investigative Dermatology (2016), Volum
and trigger inflammation and antimi-
crobial responses to limit infection.
However, the very same mechanisms
intended to mitigate pathogens can
cause tissue injury when the immune
system reacts abnormally, leading to
clinical manifestation of disease and
associated morbidity. In the case of
acne, the normal skin commensal
microbe, P. acnes, induces a host
response with resultant inflammation,
leading to pathology.
e 136
As immunocompetent cells, sebo-
cytes may contribute to the balance
between limiting P. acnes infection
through induction of antimicrobial
responses and inducing inflammation,
thus contributing to tissue injury
through a dysregulated immune
response. Further understanding of
the immune defense mechanisms
used by sebocytes against P. acnes and
the inflammation propagated by
sebocytes may lead to development of
new therapeutic targets and therapeu-
tics in acne and other dermatologic
conditions in which sebocytes play
an active role. Further studies are
needed not only to assess the clinical
relevance of our in vitro findings but
also to further characterize the role of
sebocytes by myriad other immune
features.
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TO THE EDITOR
Diphencyprone (DPCP), a hapten that
causes delayed-type hypersensitivity
reactions, has been used to treat
cutaneous metastases in melanoma
patients. An 84% regression rate was
observed in a case series of 50 patients
who had cutaneous melanoma metas-
tases treated with multiple topical
DPCP applications (Damian et al.,
2014). However, the immunological
mechanisms underlying these cases
of regression are not well understood.
Previously, our group characterized
normal skin reactions in healthy vol-
unteers upon a single application of
topical DPCP gel (Gulati et al., 2014).
Several immune pathways that we
found to be induced by DPCP in
normal skin, including IFN-g and
granulysin, may mediate the anti-
melanoma responses that have been
observed clinically. In this study, we
used the same topical DPCP formula-
tion, which we previously applied only
once to healthy volunteers, and applied
it multiple times to patients with
cutaneous melanoma metastases. Our
cohort included six melanoma patients,
of whom five exhibited partial or com-
plete melanoma metastasis regression
in response to DPCP treatment. Written
informed consent was obtained from all
subjects, and the study adhered to the
Declaration of Helsinki Principles. By
both immunohistochemical and gene
expression approaches, we compre-
hensively characterized the immune
reactions induced by DPCP in these
patients. We present results from five
of six patients treated with DPCP,
excluding patient 001, who left the
trial before a delayed-type hypersensi-
tivity reaction could be successfully
induced (see Supplementary Materials
and Methods and Supplementary
Table S1 online). All five patients
showed partial or complete regression
of their cutaneous metastases upon
DPCP treatment (see Figure 1 for
an example of complete clinical
and MLANA immunohistochemical
response). Further evidence of suc-
cessful melanoma regression came
from profiling of the global set of gene
expression changes in these reactions
by microarray analysis (data deposited
in the NCBI’s Gene Expression
Omnibus, GSE accession number
GSE82105). Because the five patients
received different numbers of repeated
applications of DPCP, we defined each
patient’s final biopsy sample as
“chronic.” When comparing the
chronic biopsy samples with the pre-
DPCP metastasis biopsy samples,
many of the most significantly down-
regulated genes were hallmark mela-
noma or melanocyte genes, such as
PRAME, TYR, OCA2, DCT, and
MLANA, which were down-regulated
12- to 22-fold (Table 1).
To better ascertain the mechanisms
involved in immune-mediated tumor
regression induced by DPCP, we stud-
ied biopsy tissue samples from the pa-
tients at various time points. In line with
our healthy volunteer data (Gulati et al.,
2014), DPCP applications in melanoma
patients led to extensive immune cell
infiltrates, including CD3þ T cells,
CD11cþ myeloid dendritic cells, and
CD163þ macrophages, both after a
single and repeated applications. These
infiltrates persisted in follow-up bi-
opsies performed 30 days after cessa-
tion of DPCP treatment (see
Supplementary Figure S1a online). In
addition to these cells, which are pre-
sumably integral to immune-mediated
antimelanoma responses, we found
that DPCP application led to increases
in granulysin. By two-color immuno-
fluorescence, granulysin co-localized
with NKp46þ natural killer cells more
than CD8þ cytotoxic T cells (see
Supplementary Figure S1b). However,
based on quantitative reverse tran-
scriptaseePCR analysis, the levels of
induction of various immune effectors,
including IFNG and GNLY, after one
application of DPCP were significantly
lower in the melanoma patients than in
the corresponding skin sites of healthy
volunteers previously studied
(Figure 1b), thus suggesting background
immune suppression in the setting of
melanoma, along with possible age-
related changes because the mela-
noma patients tended to be older than
the healthy volunteers.

Because the down-regulation of the
five “melanoma signature” genes found
www.jidonline.org 2101
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