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Ulster University, Coleraine, United Kingdom

Cutibacterium (previously Propionibacterium) acnes is an anaerobic, Gram-positive
commensal of the human body. The bacterium has been associated with a variety of
diseases, including acne vulgaris, prosthetic joint infections, prostate cancer, and
sarcoidosis. The accumulation of C. acnes in diseases such as acne and prostate
cancer has been shown to correlate with enhanced inflammation. While the C. acnes-
induced proinflammatory axis, via NF-xB and MAPK signaling and inflammasome
activation, has been investigated over the last few decades, the potential role of C.
acnes in triggering the type | interferon (IFN-I) pathway has not been addressed. Our
results show that C. acnes induces the IFN-I signaling axis in human macrophages by
triggering the cGAS-STING pathway. In addition, IFN-I signaling induced by C. acnes
strongly depends on the adapter protein TRIF in a non-canonical manner; these signaling
events occurred in the absence of any detectable intracellular replication of the bacterium.
Collectively, our results provide important insight into C. acnes-induced intracellular
signaling cascades in human macrophages and suggest IFN-I as a factor in the
etiology of C. acnes-induced diseases. This knowledge may be valuable for developing
novel therapies targeting C. acnes in diseases where the accumulation of the bacterium
leads to an inflammatory pathology.

Keywords: Cutibacterium acnes, interferon, Listeria (L.) monocytogenes, cyclic GMP-AMP synthase, stimulator of

interferon genes, TIR-domain-containing adapter-inducing interferon-p, NFkB = nuclear factor kappa b, STAT
(signal transducer and activator of transcription)

INTRODUCTION

Cutibacterium acnes (previously Propionibacterium acnes) is an anaerobic, Gram-positive
bacterium that preferentially colonizes the human skin, as well as mucosal surfaces (1, 2). While
C. acnes has traditionally been considered a non-pathogenic resident of the human microbiota,
current literature challenges this notion. In particular, C. acnes has been shown to play a morbific
role during the inflammatory skin disease acne vulgaris (3), as well as prostate disease (2, 4, 5) and
infections following implant surgeries (6-10). The bacterium produces a range of pathogenic
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factors, including proteases, lipases and chemotactic factors for
macrophages, neutrophils and lymphocytes (11), and promotes
innate immune cells such as macrophages to secrete
inflammatory cytokines, particularly tumor necrosis factor o
(TNF-0), interleukin (IL)-6, IL-8, IL-12, and IL-1 family
members (12-15). Deciphering how C. acnes triggers the
innate immune response can be helpful for understanding
diseases where the accumulation of C. acnes plays a role, as
well as for the development of host-directed novel therapies.

Type I Interferons (IFN-I) contribute to many aspects of
immunity with a main focus on anti-viral responses (16, 17).
IFN-I contribute to inflammatory responses by stimulating and
amplifying the secretion of chemokines and other immune
mediators (18). Activation of the IFN system in the defense of
bacterial pathogens is not always beneficial, and may have
detrimental effects on the host during infection with certain
pathogens (18). For instance, enhanced IFN-I production during
Listeria monocytogenes (L.m.) infections is associated with
decreased innate immunity and reduced host resistance (19). In
general, there are several possibilities for pathogens to stimulate the
interferon pathway in host cells. For example, conserved structures
of bacterial cell surfaces can bind and activate membrane-bound
Toll-like receptors (TLR), with TLR4 as the main receptor for IFN-
I induction. IFN stimulation via the TLR4 axis requires the adapter
molecule TIR-domain-containing adapter-inducing interferon-§
(TRIF) (20, 21). As TLR4 recognizes lipopolysaccharides (LPS)
derived from Gram-negative bacteria, direct recognition of C. acnes
by TLR4-TRIF appears unlikely. However, in some macrophage
populations, such as those residing in the mouse peritoneum, TRIF
signaling connects to TLR2, thus coupling the recognition of
Gram-positive bacteria at the cell surface, or in endosomes, to
IFN-I synthesis (22). On the other hand, host cells can react to
cytosolic pathogenic intrusions by recognizing either foreign RNA
(RIG-I-like receptors; RLR), intracellular bacterial cell surface
components (NOD-like-receptors; NLR) or cytoplasmic DNA
(cytosolic DNA-binding sensors). Cyclic GMP-AMP synthase
(cGAS) is arguably the most prominent DNA sensing receptor
found in the cytoplasm with relevance during bacterial infections
(23, 24). DNA recognition by the sensor protein cGAS causes the
enzyme to produce cyclic GMP-AMP (cGAMP), a cyclic di-
nucleotide that associates with and activates stimulator of
interferon genes (STING), an essential scaffold for the activation
of interferon regulatory factors (IRF). As essential components of
active IFN-I gene promoters, IRFs play a critical role in the control
of IFN-I production (25). Some intracellular bacteria, most
prominently L.m., secrete cyclic-di-nucleotides that further
stimulate the adapter STING in a cGAS-independent manner
(26, 27). The potential role of C. acnes in triggering the
interferon signaling axis, and how it compares in this regard to
intracellular L.m., has not been considered yet and will be the main
focus of this study.

With our results we provide evidence that the Gram-positive
bacterium C. acnes triggers the interferon signaling axis in human
macrophages. In accordance with published data (12, 21, 28, 29) we
demonstrate a strong inflammatory cytokine response, as well as the
activation of the inflammasome. We further show that infection

with C. acnes stimulates IFN-I production via the cGAS-STING
pathway with a strong dependency on the adapter molecule TRIF.
In contrast to L.m., C. acnes-induced interferon production shows
complete dependence upon the cytoplasmic DNA sensor cGAS,
suggesting DNA as the only trigger. While the pro-inflammatory
cytokine response shows little variation between C. acnes strains, not
all strains elicit a strong interferon response. However, for the tested
strains the mechanism behind the induction of interferon signaling
in C. acnes infected macrophages, is the TRIF-dependent activation
of the cGAS-STING pathway.

MATERIALS AND METHODS

Cell Culture and Differentiation

Human monocytic THP-1 cells (ATCC #TIB-202 and Invivogen
#thp-isg) and U-937 cells (ATCC #CRL-1593.2) were
maintained in RPMI 1640 culture medium (Sigma-Aldrich)
supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (FBS) (Sigma-Aldrich) and 1% Penicillin/Streptomycin
(both Sigma-Aldrich) (referred to as “complete medium”).

For the differentiation into macrophage-like cells, human
monocytic THP-1 or U-937 cells were seeded in complete
medium supplemented with 100nM phorbol 12-myristate 13-
acetate (PMA) (Sigma-Aldrich #P1585). Cells were differentiated
for 2 days at 37°C and 5% CO, atmosphere. On the 3rd day,
media was exchanged to RPMI 1640 supplemented with 10% (v/
v) FBS and incubation at 37°C and 5% CO, was continued for an
additional 24 h.

HaCaT cells obtained from the German Cancer Research
Center (DKFZ, Heidelberg, Germany) were maintained in
DMEM culture medium (Sigma-Aldrich) plus 10% (v/v) FBS
and 1% Pen/Strep and kept at 37°C in a 5% CO, atmosphere.
Cells were split twice a week by washing once with PBS,
incubating for 10 min with 0.05% EDTA in PBS at 37°C
followed by a 10 min incubation with Trypsin-EDTA at 37°C.

Isolation of PBMCs and Monocytes From
Human Blood

Peripheral blood mononuclear cells (PBMC) were isolated by
density gradient centrifugation with LymphoprepTM (StemCell
Technologies, #07851) from fresh bufty coats of three healthy
donors received from the Austrian Red Cross. Erythrocytes were
removed using ACK lysing buffer (Gibco, #A10492-01). After
three washing steps, cell viability was measured (viability above
95%). Next, monocytes were isolated from PBMCs by negative
selection using EasySepTM Human Monocyte Isolation Kit
(StemCell Technologies, #19359) showing a viability above
91%. Monocytes were seeded on the same day in RPMI 1640
plus 10% (v/v) FBS and infected the following day.

Differentiation of Primary Monocytes Into
Monocyte-Derived Macrophages

Primary monocytes were seeded on the day of isolation in complete
medium in 6-well plates. For differentiation, cells were stimulated
with 100 ng/ml of recombinant human M-CSF (a kind gift from L.
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Ziegler-Heitbrock, Helmholtz Center, Munich, Germany). At day 4,
media were refreshed (complete medium plus M-CSF). On day 6,
media were exchanged to medium containing only 10% (v/v) FBS.
Infection experiments were performed with primary monocyte-
derived macrophages at day 7.

Bacterial Preparation and Infection
All C. acnes strains were cultured in brain-heart-infusion (BHI)
media (BD Bioscience) at 37°C under anaerobic conditions using
BD GasPak ™ (BD Bioscience). Bacteria were collected at
exponential growth phase (around 24 h after inoculation),
washed twice with 1x phosphate buffered saline (PBS) and
resuspended in RPMI 1640 supplemented with FBS. All
centrifugation steps were performed at 10,000x g for 5 min.
The following strains were used: NCTC737 (phylotype IA;;
ATCC6919); P. acn31 (phylotype IA,); KPA171202 (phylotype
IB; DSM16379); PV66 (phylotype IC); ATCC11828 (phylotype
II); Asnl2 (phylotype III) (see Table S1). Infection was
performed with a multiplicity of infection (MOI) of
approximately 50. At different time-points, cells were washed
twice with 1x PBS and lysed for either RNA or protein isolation.

L.m. strain LO28 and the LLO-deficient strain LO28Ahly were
grown overnight in BHI media at 37°C with continuously shaking.
After reaching stationary phase, bacteria were washed twice with 1x
PBS and resuspended in RPMI 1640 supplemented with 10% (v/v)
FBS. Centrifugation was performed at 10,000x g for 5 min. Cells
were infected with a MOI of approximately 40 for 1 h at 37°C.
Media was exchanged to RPMI 1640 supplemented with 10% (v/v)
FBS and 50 pug/ml gentamycin (MP Biomedicals, Santa Ana, US).
After 1 more h, media was replaced with RPMI 1640 supplemented
with 10% (v/v) FBS and 10 pg/ml gentamycin. After different time-
points, cells were washed twice with 1x PBS and lysed for RNA or
protein isolation.

LPS (Sigma-Aldrich #1.2637) was used at a final concentration
of 0.4 ug/ml.

Colony-Forming-Unit Assay

THP-1 and U-937 cells were seeded in 96-well plates and
differentiated using PMA (see above). Cells were infected with C.
acnes strain NCTC737, P. acn31, KPA171202, PV66, ATCC11828
and Asnl2 or L.m. strain LO28 or L.m. mutant strain LO28Ahly.
After 1-h post infection, media of all wells was exchanged to RPMI
1640 supplemented with 10% (v/v) FBS and 50 pug/ml gentamycin.
After another hour, media was replaced by RPMI 1640
supplemented with 10% (v/v) FBS and 10 ug/ml gentamycin.
After each timepoint, cells were washed twice with 1x PBS.
Subsequently, cells were burst open by adding sterile nuclease-free
water. Dilution series was made, and bacteria plated on either
Brucella blood agar (C. acnes; bioMeérieux Austria GmbH) or BHI
plates (L.m.). Brucella blood agar plates were incubated for 3 days at
37°C under anaerobic conditions. BHI plates with L.m. were kept
for 1.5 day at 37°C.

RNA Isolation, cDNA Synthesis,

and RT-gPCR

Total RNA isolation was performed using the NucleoSpin RNA
II kit (Macherey-Nagel, Catalog #740955). For the synthesis of

cDNA, Oligo (dT18) primer and RevertAid Reverse
Transcriptase (both Thermo-Fisher Scientific) were used. Real-
time quantitative-PCR was run on Eppendorf Mastercycler using
SybrGreen (Promega Catalog # A6002). Primers for real-time
qPCR are listed in Table S2.

Western Blot

THP-1 cells were lysed in Laemmli bufter (120 mM Tris-HCl, pH 8,
2% SDS, and 10% glycerol) and protein concentrations measured
using Pierce' " BCA Protein Assay kit (Thermo-Fisher Scientific). A
total of 20 pg of protein were resuspended with SDS-loading dye
(50% B-Mercaptoethanol, 0.02% Bromphenolblue), boiled and
loaded on a 10% SDS polyacrylamide gel. Proteins were
transferred on a nitrocellulose or PVDF membrane for 16 h at
200 mA and 2 h at 400 mA at 4°C using a carbonate transfer buffer
(3 mM Na,COj;, 10mM NaHCOs3, and 20% ethanol). Afterwards,
membranes were blocked in 5% (w/v) milk powder in TBS-T for 1-
2 h at room temperature. Membranes were incubated with the
appropriate primary antibody overnight at 4°C while shaking: o.-
Tubulin (Sigma Aldrich, Catalog # T9026, 1:5000); GAPDH
(Millipore, Catalog # ABS16, 1:3000); STAT1 (Santa Cruz,
Catalog # SC346, 1:1000); Phospho-STAT1 (Tyr701; Cell
signaling, Catalog # 9167, 1:1000); IRF9 (Santa Cruz, Catalog #
sc10793, 1:1000); IxB-ou (Cell signaling, Catalog #9242, 1:1000);
MyD88 (Cell signaling, Catalog # 4283, 1:1000); TRIF (Cell
signaling, Catalog # 4596, 1:1000); STING (Cell signaling, Catalog
# 13647, 1:1000); cGAS (Cell signaling, Catalog # 15102, 1:1000).
The membrane was then washed three times with TBS-T before
incubating for 1-2 h at room temperature with the appropriate
secondary antibody (Jackson ImmunoResearch Inc., Catalog # 111-
035-003, 1:6000, and Catalog # 115-035-144, 1:6000). After three
washing steps with 1x TBS-T, the membrane was incubated with
SuperSignal West Pico Chemiluminescent substrate (Thermo-
Fisher Scientific) and developed using the ChemiDoc" Imaging
system from Bio-Rad.

Luminex Assay

ProcartaPlex Mix&Match human 8-plex from Affymetrix
eBioscience was used for measuring cytokine levels in the
supernatant of C. acnes infected and uninfected cells. Protein
levels were measured at Affymetrix eBioscience, Campus Vienna
Biocenter 2, 1030 Vienna. The kit was used according to the
manufacturer’s specifications.

THP1 ISG Reporter Activity

Wildtype THP1-Blue™ ISG cells were differentiated in a 96-well
plate (5 x 10* cells/well) with PMA as described above. Cells were
infected with either L.m. strain LO28 or C. acnes strains NCTC737
and Asnl2 or stimulated with 0.4ug/ml LPS for either 24, 48, or
72 h. After each time-point, 20 pl of the supernatant was added to
180ul of QUANTI-Blue'™ solution (Invivogen, Cat. # rep-gbs) in a
flat-bottom 96-well plate and incubated at 37°C. Absorbance at 620
nm was measured using BioTek Synergy H1 Plate reader.

Genome-Editing via CRISPR-Cas9 System
The guide RNAs of human MYD88, TICAMI (gene encoding
human TRIF) and IRF9 were designed using Broad Institute GPP
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Web Portal (https://portals.broadinstitute.org/gpp/public/
analysis-tools/sgrnadesign). LacZ gRNA (non-targeting
control) (tgcgaatacgcccacgegat), MYD88 gRNA (TGTCTC
TGTTCTTGAACGTG); TICAMI gRNA (GGAGAACCATG
GCATGCAGG); IRF9 gRNA (ATACAGCTAAGACCA
TGTTC; published in Platanitis et al. (30)). Oligos were ligated
into the LentiCRISPRv2 plasmid. LentiCRISPRv2 was a gift from
Feng Zhang (Add gene plasmid # 52961; http://n2t.net/
addgene:52961; RRID : Addgene_52961) (31). THP-1 cells were
transduced, and single cells selected.

Vector for the guide RNAs of human TMEMI73 (gene
encoding human STING) and CGAS were ordered from
Sigma-Aldrich (U6gRNA-Cas9-2A-GFP-TMEM173 and
U6gRNA-Cas9-2A-GFP-MB21D1). TMEM173 gRNA
(GGGCCGACCGCATTTGGGAGGG); CGAS gRNA
(CGTCGGGCTGCTGAACACCGGQG).

Statistical Information

Data derived from RT-qPCR represent the mean values in a min/
max box plot. Differences in mRNA expression were compared
using the two-tailed unpaired t-test of the log transformed
values. Differences in bacterial loads (CFU) were compared
using the two-tailed unpaired t-test. All statistical analysis was
performed using GraphPad Prism. P-values: ns P > 0.05; *P <
0.05; **P < 0.01; ***P < 0.001. Number of biological replicates is
stated in the corresponding figure legend.

RESULTS

C. acnes Intracellular Degradation in
Human Macrophages

In order to analyze the ability of C. acnes to survive and/or
replicate inside of its host cell, we performed a CFU assay with C.
acnes, as well as with the Gram-positive bacteria L.m. whose
intracellular fate is well studied (32-34). L.m. is an invasive
bacterium that escapes the host phagosome using the pore-
forming toxin listeriolysin O (LLO). Recent literature suggests
that C. acnes may have developed strategies to neutralize
phagosomes in order to survive or even leave the phagosome
without being targeted for degradation by bactericidal effector
mechanisms (35). For direct comparison, we included a mutant
strain of L.m. (Ahly, lacking LLO) that is rapidly degraded by the
host cell. Indeed, while the load of wildtype L.m. increased
immensely over a period of 24 h (Figure 1A, Supplementary
Figure 1A), survival and/or propagation of the Ahly strain was
prevented by both THP-1 and U-937 cells in a similar time
period (Supplementary Figure 1B). C. acnes reference strain
NCTC737 (phylotype IA;) on the other hand showed results
comparable to the LLO mutant strain suggesting that THP-1 and
U-937 cells are indeed able to control C. acnes infections (Figure
1A, Supplementary Figure 1A). A similar pattern could be
observed after infection with strains representing each C. acnes
phylotype, suggesting a strain-independent host mechanism for
C. acnes degradation in THP-1 cells (Figure 1B).

C. acnes Stimulates an IFN-I Response in
Human Macrophages

We characterized the innate response to C. acnes infection by
determining the production of typical innate cytokines by PMA-
differentiated human THP-1 macrophages (Figure 2). C. acnes
strain NCTC737 (phylotype IA;) induced the expression of pro-
inflammatory (TNF-a, IL-1B, IL-1o. and IL-6) and anti-
inflammatory (IL-10) cytokines (Figure 2A). Furthermore,
C. acnes-infected THP-1 cells showed an increased secretion of
IL-1PB protein, confirming C. acnes-induced inflammasome
activation as published by Qin et al. (Figure 2B) (28). The
induction of inflammatory cytokines at the mRNA level
correlated with the secreted protein level in the supernatant of
infected cells. Interestingly, alongside a strong pro-inflammatory
cytokine response, we observed an elevated expression of IFN-3
as well as type I IFN-stimulated genes (ISGs), such as Interferon-
induced GTP-binding protein Mx1 (MX1) and Interferon-
induced protein with tetratricopeptide repeats 1 (IFIT1) in C.
acnes infected THP-1 cells in the delayed phase of infection. This
indicates that C. acnes not only activates an inflammatory
response in human macrophages, but in addition triggers a
type I IEN signature.

Comparing the cytokine response caused by infection with
different strains of C. acnes (one strain of each phylotype) we did
not observe any major differences in the amounts of
inflammatory cytokine mRNAs. In contrast, the IFN-I-induced
genes MX1 and IFITI differed vastly between strains (Figure
2C). Especially C. acnes strain Asnl2 (phylotype III), which has
been recently associated with the skin disease macular
hypomelanosis (36), was remarkably potent in inducing ISG
transcription. Thus, although C. acnes induced inflammatory
cytokine response seems to be strain independent, the induction
of ISGs differs when comparing various phylotypes.

Among the induced cytokines of Figure 2B, IL-6 is controlled
by both NFkB and IFN-I pathways (37), suggesting a potential
contribution of IEN-I to cytokine secretion during C. acnes
infection. To determine whether IFN-I activity alone suffices
for the detection of secreted gene products we used THP1-Blue' "
ISG cells that monitor the interferon signaling pathway and its
master transcription factor, the ISGF3 complex, through the
stable integration of a secreted embryonic alkaline phosphatase
(SEAP) reporter. Specifically, the reporter gene is under an ISG54
minimal promoter with five IFN-stimulated response elements
(ISREs). Secreted SEAP can be detected by QUANTI-Blue
colorimetric enzyme assay. While stimulation with LPS and
infection with L.m. showed high IFN-induced SEAP levels in
the supernatant of cells infected for both 24-72 h, absorbance
increased over time with C. acnes strain Asnl2 (Figure 2D). In
line with the mRNA expression of ISGs and IFN-B, cells infected
wth C. acnes strain NCTC737 released significantly smaller
quantities of SEAP.

To corroborate our findings with data from primary cells, we
analyzed the expression of pro-inflammatory cytokines and type-
I IFN signaling in primary monocytes from three different
donors. While mRNA expression of the pro-inflammatory
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FIGURE 1 | Intracellular degradation of C. acnes by human macrophages. A CFU assay was performed using PMA-differentiated THP-1 cells. (A) THP-1 cells were
either infected with C. acnes strain NCTC737 or L.m. for indicated timepoints. Graphs show the standard deviation and mean of five independent experiments.

(B) Differentiated THP-1 cells were infected with one strain of each C. acnes phylotype: NCTC737 (phylotype IA), P. acn31 (phylotype IAz), KPA171202 (phylotype
IB), PV66 (phylotype IC), ATCC11828 (phylotype Il), and Asn12 (phylotype Ill) for indicated timepoints. Graphs show the standard deviation and mean of three
independent experiments. (A, B) Unpaired t-test of log transformed values compared to the 2-h timepoint was calculated for each timepoint. P-values (P < 0.05;

cytokine TNF-o. and IL-1f were greatly induced upon infection
with either L.m. or C. acnes strains NCTC737 or Asnl12 as well as
upon stimulation with LPS, the induction of a type-I IFN
response was only upregulated upon LPS treatment which
could neither be seen with L.m. nor with any of the two
C. acnes strains used (Supplementary Figure S2A). On the
other hand, M-CSF-differentiated monocyte-derived

macrophages (MDMs) from the same donors strongly induced
the expression of IFN-B3 as well as MX1 in addition to a robust
inflammatory cytokine response shown by elevated mRNA
expression of TNF-oo and IL-1f (Figure 3A). In addition,
infection of primary MDMs with L.m. induced the
phosphorylation of STAT1 on Tyr70lat 6 and 24 h post
infection (Figure 3B). In line with the mRNA expression of
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IFN-f as well as MX1, we observed a strong phosphorylation of
STATT1 at Tyr701 with C. acnes strain Asn12 and a much weaker
signal with NCTC737.

As C. acnes is a commensal of the human skin, we were
interested in the inflammatory cytokine response as well as the
IFN-I signature in human keratinocytes. Thus, we infected the
human keratinocyte cell line HaCaT with either L.m., C. acnes strain
Asnl2 or stimulated them with LPS for 48 h. Compared to
macrophages, HaCaT cells showed only a minor induction of
cytokine expression upon infection, even with our positive
controls L.m. and LPS (Supplementary Figure S2B). Although
L.m. as well as Asnl12 induced mRNA expression of TNF-o, IL-6,
MX1 and IFIT1, the levels were only slightly above the basal state.
Taken together, differentiated THP-1 cells as well as primary human
macrophages induce an IFN-I signature as well as a strong
inflammatory response upon infection with C. acnes.

Multiple Intracellular Pathways Contribute
to Cytokine Production by C. acnes-
Infected Cells

Cytokine expression in infected cells is initiated by signals from
cell surface or endosomal TLRs as well as cytoplasmic nucleic
acid receptors and inflammasomes (21). We sought to determine
the signals targeting inflammatory cytokines and IFN-I in C.
acnes-infected cells by studying cells deficient for either myeloid
differentiation primary response 88 (MyD88) or TRIF (Figures
4A-C, Supplementary Figure S3A), the eponymous adapters
for the major pathways downstream of TLR. Recent
experimental evidence shows that C. acnes is recognized by a
TLR2/6 heterodimer in human keratinocytes (29), which signals
via the adapter molecule MyD88 to stimulate the expression
of inflammatory cytokines. Consistent with this, a knockout of
MyD88 in THP-1 cells completely abolished the expression of
the inflammatory cytokines TNF-o and IL-1P upon infection
with C. acnes, L.m., or LPS (Figure 4A). In line with the mRNA
expression of inflammatory cytokines, cells lacking MyD88 were
not able to degrade IxB-o0., the inhibitor of the transcription
factor nuclear factor ‘kappa-light-chain-enhancer’ of activated B-
cells (NF-xB), upon infection with either C. acnes or L.m.
(Figures 4B, C). Deletion of TRIF slightly reduced TNF-o
mRNA synthesis, but strongly increased that of IL-1fB. This
suggests a negative feed-back of the TRIF pathway on IL-1B
mRNA production through the MyD88 pathway.

Unlike the inflammatory cytokines, IFN-I-dependent STAT1
phosphorylation and ISG induction by either C. acnes or L.m.
remained largely unaffected by the absence of MyD88. In stark
contrast, the knockout of adapter molecule TRIF strongly reduced
ISG induction and STAT1 Tyr701 phosphorylation upon infection
with C. acnes or L.m. (Figures 4A-C). This finding was surprising
given the complete independence of L.m.-induced IEN-I production
in mouse bone marrow-derived macrophages (38). To examine
whether the involvement of TRIF reflected signaling through a non-
canonical, endosomal TLR2-TRIF pathway as recently observed in
mouse peritoneal macrophages infected with L.m. (22), we infected
THP-1 cells with the escape deficient L.m. strain Ahly. LLO-
deficient L.m. were still capable of inducing the pro-inflammatory

response via the TLR2 axis (TNF-a and IL-1 mRNA), however,
they were unable to stimulate IFN-I signaling as shown by the
mRNA expression of MX1 and IFIT1 (Figure S3B). This result
suggests that L.m.-induced ISG expression in THP-1 cells is
independent of TLR-TRIF signaling, however, dependent on the
adapter TRIF in a different signaling context.

IFN-I exert gene control via canonical and noncanonical
mechanisms (39). The canonical mode requires formation of the
interferon-stimulated gene factor 3 (ISGF3) complex, a trimeric
protein complex consisting of STAT1, STAT2 and IRF9. We used
IRF9 knockout THP-1 cells to examine whether the expression of
MX1 and IFIT1 was induced by the canonical IFN-I signaling
pathway in C. acnes-infected cells. Indeed, a knockout of IRF9
completely abolished the expression of ISGs upon infection with
C. acnes whereas it did not affect the proinflammatory cytokine
response (Figure 4D, Supplementary Figure S3C). Thus, C. acnes
induced IFN-I signaling occurs via the canonical type I
IFN pathway.

C. acnes-Induced Type | IFN Signaling
Requires a cGAS-STING Pathway

To further interrogate the role of TRIF in IFN-I production, we
investigated the role of STING and its upstream regulator cGAS.
These studies were in accordance with a recent report
demonstrating a TRIF requirement for STING signaling in
cells infected with herpes simplex virus (40).

Unlike wildtype cells, ISG induction in response to infection
with either C. acnes or L.m. was not detected in THP-1 cells
lacking STING (Supplementary Figure S4A, Figure 5A). The
complete lack of a response to IFN-I confirms the absence of
TLR2-TRIF signaling, which is independent of STING. As
expected, IFN signaling in LPS-stimulated cells was
independent of STING signaling as we observed a slight
increase in ISG expression. These results were corroborated by
showing that the phosphorylation of STAT1 on tyrosine 701 is
strongly reduced in both C. acnes and L.m.-infected cells lacking
the adapter STING (Figures 5B, C). In contrast, the degradation
of the NF-«B inhibitor IxB-o in wildtype and knockout cells was
similar. These results demonstrate that C. acnes induced type I
IFN signaling is dependent on the adapter STING, which is
positively regulated by the adapter TRIF.

When infected with C. acnes, cGAS-deficient THP-1 cells
revealed an essential function of the DNA sensor for the
induction of ISG expression, very similar to the STING
knockouts (Figure 6A). L.m. on the other hand was capable of
ISG induction in absence of cGAS. This is in accordance with
published data showing that L.mn. is able to stimulate STING in a
cGAS-independent manner (26, 27). Interestingly, cGAS
independence was much less pronounced when IFN-b
synthesis was measured at earlier time points (23). This raises
the possibility that cyclic di-nucleotides produced by L.m.
accumulate to generate cGAS-independence of STING
activation at delayed stages of infection.

In order to determine whether IFN signaling via the cGAS/
STING pathway is generally employed by C. acnes to stimulate
an IFN-I response independently of the phylotype, we performed
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NCTC737 or L.m. for indicated timepoints. Protein expression of [kB-a,, total STAT1, Phospho-Y701 STAT1 and tubulin (housekeeping gene) was measured by
Western blot. (C) The representative blots in (B) were quantified using Image Lab. Relative intensities of the bands were normalized to their corresponding tubulin
levels. Data represent relative intensities in percent to the corresponding uninfected control (equals 100%). (D) Differentiated wildtype and IRF9™" THP-1 cells were
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three independent experiments. P. values were calculated using the unpaired t-test of log transformed values (P < 0.05; **P < 0.01; **P < 0.001; *** P < 0.0001).
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IL-1B) or 24 h (MX1, IFIT1). HPRT-normalized gene expression was measured using RT-gPCR and shown as log transformed fold change to the uninfected sample.
Data represent the mean values of seven independent experiments. P values were calculated using the unpaired t-test of log transformed values (**P < 0.01; ***P <
0.0001). (B) Differentiated wildtype and STING-deficient THP-1 cells were infected with either C. acnes strain NCTC737 or L.m. for indicated timepoints. Protein
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infection experiments with C. acnes strain Asnl2, the most
potent IFN-I inducer (Figure 2C), in cells lacking either cGAS
or STING. As depicted in Figure 6B, C. acnes strain Asnl2
strongly induced ISG expression in wildtype cells. However, ISG
expression was lost in cells lacking either cGAS or STING. Taken
together our results suggest TRIF-dependent cGAS-STING
signals in a default pathway of IFN synthesis in C. acnes-
infected human macrophages (Figure 7).

C. acnes Intracellular Degradation Is
Independent of Inflammatory Cytokine and
Type | IFN Response

Cytokines shape the local inflammatory environment of a cell,
but they can also influence the establishment of cell-autonomous
immunity. To determine whether pro-inflammatory cytokine
and/or interferon responses impact on effector mechanisms that
influence bacterial growth we performed CFU assays with
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FIGURE 6 | Induction of innate immune signaling pathways in response to C. acnes infection in cGAS-deficient human macrophages. (A) Differentiated wildtype,
STING-deficient and cGAS-deficient THP-1 cells were infected with either C. acnes strain NCTC737, L.m. or stimulated with lipopolysaccharide (LPS; 0.4 pg/ml) for
either 6 (TNF-a, IL-1B) or 24 h (MX1, IFIT1). (B) Differentiated wildtype, STING-deficient and cGAS-deficient THP-1 cells were infected with either C. acnes strain
Asn12, L.m. or stimulated with lipopolysaccharide (LPS; 0.4 pug/ml) for either 6 (TNF-a., IL-1B) or 24 h (MX1, IFIT1). (A, B) HPRT-normalized gene expression was
measured using RT-gPCR and shown as log transformed fold change to the uninfected sample. Data represent the mean values of four independent experiments.
P values were calculated using the unpaired t-test of log transformed values (*P < 0.05; ***P < 0.001; ***P < 0.0001).

wildtype cells or cells lacking either MyD88, TRIF, STING or the
ISGF3 subunit IRF9. As depicted in Figure 8A, C. acnes recovery
from infected THP-1 cells did not significantly differ when
comparing wildtype versus any of the knockout cells. Contrary
to C. acnes, the intracellular growth of L.m. was curtailed by the
MyD88-dependent proinflammatory response (Figure 8B). This
differs from results obtained in mouse bone marrow-derived
macrophages (41). Surprisingly, the knockout of TRIF reduced
the growth of L.m. whereas such an effect was not observed when
IEN-I synthesis or response was abrogated by the knockouts of
STING or IRF9. This suggests that an IFN-independent activity
of TRIF blunts the ability of THP-1 cells to restrict L.m. growth.
Taken together, our data show that reduced proinflammatory
cytokine or IFN-I synthesis fails to make macrophages
permissive for intracellular growth of C. acnmes, and that the
TLR adaptors MyD88 and TRIF impinge on L.. replication in
opposing manners.

DISCUSSION

Infection with C. acnes is associated with a variety of diseases
ranging from inflammatory acne lesions of the skin to prostate
disease, soft-tissue infections and sarcoidosis. The latter disease,
characterized by bouts of inflammation in a variety of different

organs, has been genetically correlated with single-nucleotide
polymorphism (SNPs) in the nucleotide binding domains of the
genes encoding the intracellular pattern recognition receptor
NOD1 (42). The deposition and survival of C. acnes in internal
organs was proposed to result from its ability to survive in
circulating monocytes and epithelial cells [reviewed in (43)]. The
pathogenesis of the human skin disorder acne vulgaris is believed
to occur from altered keratinization (44), as well as elevated
sebum production (45), leading to proliferation of C. acnes in the
human hair follicle (15, 46). While the association of C. acnes
with acne (3) and post-surgical implant infection (6-10) is well-
described, its intracellular fate and means of inducing innate
immune signaling pathways is still not fully understood.

It has previously been shown that C. acnes induces a strong
inflammatory response in vitro from THP-1, as well as U937
monocytes (12), which is consistent with data showing that
inflammatory acne lesions have an elevated expression of
cytokines such as IL-1PB, TNF-o and IL-10 compared to
uninvolved adjacent skin (47). We now extend these studies to
primary human monocytes as well as monocyte-derived
macrophages. The data clearly show that the ability to induce
IFN-I synthesis is a property of differentiated macrophages much
more than of their monocyte progenitors. As C. acnes is a Gram-
positive bacterium, several studies have focused on the
recognition of the C. acnes’ peptidoglycan (PG) layer by
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boosts the cGAS/STING pathway in a TRIF-dependent manner is not known.

intracellular NOD receptors (42) and membrane-bound Toll-like
receptors, particularly TLR2, 1 and 6 (29, 48, 49). While there is a
clear understanding that C. acnes triggers inflammatory cytokine
expression via heterodimers of TLR2 with TLR1 or 6, followed by
the activation of the NF-xB as well as mitogen-activated protein
kinase (MAPK) signaling cascade (50, 51), it has not been known
if, and indeed, how C. acnes may induce the interferon signaling
pathway. In our studies, C. acnes infection of THP-1 cells lacking
the TLR adapter MyD88 clearly showed that production of
inflammatory cytokines, but not that of IFN-I, was driven by a
MyD88 pathway. This is perfectly in line with current literature
suggesting a TLR2, 1 and 6 dependency.

To our surprise, we observed that the interferon response in a
C. acnes infection strongly relied on the adapter TRIF. This
contradicts the notion that TRIF pathways are downstream of
TLRs 3 and 4, but not those recognizing ligands of Gram-positive
bacteria (52). Infection of differentiated THP-1 cells with the
Gram-positive bacterium L.m. showed similar dependency on
TRIF for IFN-I synthesis. The recognition of L.m. seems to
strongly depend on the macrophage population, as the IFN-I
production in mouse bone marrow-derived macrophages shows
complete independence of TRIF (38) while macrophages
residing the mouse peritoneum show IFN-I synthesis via a
TLR2-TRIF pathway upon L.m. infection (22). Therefore, one
possible interpretation of our results would be the wiring of a
TLR2-TRIF pathway in human macrophages. As for L.m.
infections in THP-1 cells, a TLR2-TRIF pathway for IFN-I
synthesis can be ruled out due to the lack of ISG expression
upon the infection with the escape-deficient hly mutant strain

FIGURE 7 | Model of the C. acnes-induced intracellular signaling pathways. C. acnes recognition in human macrophages is carried out by membrane bound toll-like
receptors with its adapter MyD88. This further leads to the activation of the NF-kB pathway and the subsequent expression of inflammatory cytokines. The TLR
adapter TRIF shows importance during C. acnes-induced IFN-signaling. TRIF can be activated by specific TLR activation on the cell membrane or in the endosome
and has also been shown to positively regulate the cGAS/STING pathway. Whether C. acnes is recognized by membrane-bound or endosomal TLR-TRIF or simply

which has been shown in this study. However, owing to our
finding of a drastic reduction of the response to IFN-I in either
TRIF, cGAS and STING knockout cells, we posit an association
between the cGAS-STING pathway and TRIF as proposed by
Wang et al. (40). These authors provide data showing that
TRIF is needed for STING dimerization and is, therefore,
required for STING-mediated transcriptional activation of
IRF3 homodimers. Thus, our data would be the first to extend
this signaling mechanism to a bacterial pathogen. Whereas
direct interaction between TRIF and STING was demonstrated,
an involvement of TLR in this interaction was not formally
ruled out.

We noted an enhanced expression of pro-inflammatory
cytokine mRNAs, especially those for TNF-o,, in knockouts of
either STING or cGAS. This increase was not observed in cells
deficient for the ISGF3 subunit IRF9, suggesting it is not result
of a transcription-based cooperativity between IRF and STAT
transcription factor families. A possible explanation is provided
by a report from Clark et al. (53) showing crosstalk between the
canonical IkB kinase (IKK) complex (IKKo-IKKB) and the
TANK-binding kinase 1 (TBK1)-IKKe kinases which
negatively regulates the canonical IKKs. Consequently, by
blocking the TBK1-IKKe axis downstream of STING activation
one would lose the negative regulation of the canonical IKKs and
would, therefore, enhance the inflammatory response.

Our data showed that different C. acnes phylotypes differ
significantly in their ability to produce a response to IFN-I,
however they show similar patterns in expression of pro-
inflammatory cytokines. This can be explained by the
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variations in morphological characteristics such as cell wall
composition, production of different virulence factors and
other immunologically relevant properties of the different
C. acnes phylotypes (2). This raises the possibility that
inflammatory diseases associated with these phylotypes are
more prone to the proinflammatory effects, such as the
synthesis of chemokines or the enhanced synthesis of some
inflammatory mediators such as nitric oxide (NO) (18).

We did not find any evidence of prolonged C. acnes survival in
infected THP-1 or U937 cells (Figure 1 and Supplementary
Figure S1). In fact, the loss of viable bacteria corresponded well to
that of the escape-deficient hly mutant of L.m. This suggests that
unlike wildtype L.m, C. acnes is not endowed with a widely
applicable mechanism for intracellular survival. Our data do not
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FIGURE 8 | Intracellular survival of C. acnes and L.m. in human macrophages deficient for either MyD88, TRIF, IRF9, or STING. Colony-forming-unit (CFU) assay
was performed using PMA-differentiated THP-1 cells deficient for either MyD88, TRIF, IRF9, or STING. THP-1 cells were either infected with C. acnes strain
NCTC737 (A) or L.m. (B) for indicated timepoints. Graphs show the standard deviation and mean of three independent experiments. Unpaired t-test of log

rule out, however, that some primary cell types might present
niches for intracellular survival and organismic spread. In
contrast to our data, Fischer et al. showed a persistence of C.
acnes in THP-1 cells over a period of 3 days (35). They suggested
that C. acnes can either neutralize the phagosomal acidic pH or
escape the phagosome in order to prevent its degradation, the
latter being in line with our data showing C. acnes-induced cGAS-
STING signaling. However, while using the same host cell, Fischer
et al. used a very low infection rate, different bacterial strains, as
well as different antibiotic treatments to kill extracellular bacteria,
which could explain the contrasting results. On the other hand,
Nakamura et al. discovered that C. acnes can be taken up by
autophagic vacuoles, especially when using high infection rates
(54). While C. acnes could persist in those vacuoles in HeLa cells
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after 3 days of infection, the loss of bacteria over time in either the
murine macrophage cell line RAW264.7 or mouse embryonic
fibroblasts (MEFs) suggests a cell type specificity for C. acnes
intracellular degradation. Interestingly, type-I IFN signaling does
not restrict C. acnes intracellular growth and/or host-induced
bacterial killing as seen in Figure 1B. Not even the most potent
strain in inducing an IFN-I axis, Asnl2, showed differences in
bacterial numbers counted by CFU.

Our data provide convincing evidence that C. acnes activates
the cGAS-STING pathway and that, unlike L.m., does not secrete
cyclic di-nucleotides capable of STING activation. An important
open question to be addressed in future research is how C. acnes
DNA acquires access to the intracellular sensor cGAS. This could
occur either through phagosome leakage or through a
cytoplasmic escape mechanism that is not necessarily associated
with intracellular growth. Another open question concerns the
consequences of an IFN response during C. acnes infection, both
for local and systemic inflammation. Taken together, studying the
innate immune signaling cascades activated downstream of C.
acnes recognition is an important step in order to fully understand
pathogenic characteristics. This information can further be used
for pathogen-specific novel therapies against diseases where
bacterial accumulation plays an essential role.
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