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Skin microbiota secretomes 
modulate cutaneous innate 
immunity against Borrelia 
burgdorferi s.s
F. Baquer 1,2*, B. Jaulhac 1,2,3, C. Barthel 1, M. Paz 1, J. Wolfgramm 1, A. Müller 1, 
N. Boulanger 1,3,4 & A. Grillon 1,2,3,4

In Lyme borreliosis, the skin constitutes a major interface for the host, the bacteria and the tick. Skin 
immunity is provided by specialized immune cells but also by the resident cells: the keratinocytes 
and the fibroblasts. Discoveries on the role of the microbiome in the modulation of skin inflammation 
and immunity have reinforced the potential importance of the skin in vector-borne diseases. In this 
study, we analyzed in vitro the interaction of human primary keratinocytes and fibroblasts with 
Borrelia burgdorferi sensu stricto N40 in presence or absence of bacterial commensal supernatants. 
We aimed to highlight the role of resident skin cells and skin microbiome on the inflammation induced 
by B. burgdorferi s.s.. The secretomes of Staphylococcus epidermidis, Corynebacterium striatum and 
Cutibacterium acnes showed an overall increase in the expression of IL-8, CXCL1, MCP-1 and SOD-2 by 
fibroblasts, and of IL-8, CXCL1, MCP-1 and hBD-2 in the undifferentiated keratinocytes. Commensal 
bacteria showed a repressive effect on the expression of IL-8, CXCL1 and MCP-1 by differentiated 
keratinocytes. Besides the inflammatory effect observed in the presence of Borrelia on all cell types, 
the cutaneous microbiome appears to promote a rapid innate response of resident skin cells during the 
onset of Borrelia infection.

Lyme borreliosis is the first vector-borne disease in the temperate zone of the Northern  Hemisphere1. It is caused 
by a spirochete belonging to the Borrelia burgdorferi sensu lato (Borrelia Lyme Group) and 23 species are cur-
rently attached to  it2. The disease is transmitted by hard ticks Ixodes spp. during the blood  meal3. In arthropod-
borne diseases such as borreliosis, the skin of the vertebrate host plays a key role as the first interface encountered 
by  pathogens4. There, arthropod saliva and pathogens are co-inoculated in the skin and interact with resident skin 
cells, keratinocytes (KCs), fibroblasts (FBs) and immune  cells5,6. In a mouse model of Lyme borreliosis, skin has 
been showed to be a multiplication site before disseminating to target  organs7–9. Multiple studies have highlighted 
the crucial importance of tick saliva, immune escape factors from the bacteria and the relationship between 
Borrelia and immune cells in the persistence of the pathogen in the  skin10–18. FBs also produce chemokines and 
cytokines and other molecules in response to Borrelia (e.g. IL-8, CXCL-1, MCP-1, SOD-2, MMP-3)19,20.

More generally, resident skin cells are implicated in the immune response against pathogens. KCs, represent-
ing 90% of epidermal cells, express Pattern-Recognition-Receptors (PRRs) that detect pathogens, produce Anti-
Microbial-Peptides (AMPs) as β-defensins (e.g.hBD-2) and  cathelicidin21, as well as chemokines and cytokines 
(e.g.IL-8 and CXCL-1)22. In recent years, it clearly appears that the immunity of the skin is closely related to 
its microbiota. The interaction between the commensal flora and the skin has become an actively research 
field. Some studies point to the role of Staphylococcus epidermidis in stimulating the secretion of antimicrobial 
peptides by activating TLR2 via phenol-soluble modulines δ (PSMs)23,24. In addition, S. epidermis also play a 
role in the education and maintenance of immunity by the secretion of PSMε which is an agonist of the FPR2 
receptor responsible for the secretion of IL-8 and chemotaxis phenol-soluble  modulines25. Regarding Cutibac-
terium acnes, some strains are known to exacerbate immunity in the context of acne through activation of TLR2 
and TLR4 pathways by various chemotactic  factors26. The secretome of C. striatum remains mostly unknown 

OPEN

1Institut de Bactériologie, Fédération de Médecine Translationnelle de Strasbourg, University of Strasbourg, 
UR7290, ITI InnoVec, 3 Rue Koeberlé, 67000 Strasbourg, France. 2Laboratory of Bacteriology, Strasbourg 
University Hospital, 67000 Strasbourg, France. 3French National Reference Center for Borrelia, Strasbourg 
University Hospital, 67000 Strasbourg, France. 4These authors jointly supervised this work: N. Boulanger and 
A. Grillon. *email: baquer@unistra.fr

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-43566-0&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2023) 13:16393  | https://doi.org/10.1038/s41598-023-43566-0

www.nature.com/scientificreports/

and under-studied. Finally, the study of interactions between commensal microbiome and pathogenic species 
demonstrates complex interactions. They take place at the nutritional level with inhibition of  metabolism27, by 
blocking quorum  sensing28 and  colonization29 or by direct destruction by bacteriocin  secretion24,30,31. The skin 
can be divided into sebaceous, wet and dry zones, which constitute different ecological niches due to different 
environmental characteristics. These zones are dominated respectively by Cutibacterium spp., Staphylococcus 
spp. and Corynebacterium spp.32.

In skin wounds, it is known that the release of pro-inflammatory chemokines is necessary for the initiation of 
 repair33. However, the presence of normal skin flora helps to avoid an inflammatory response that is deleterious 
to the tissue. For example, lipoteichoic acid from S. epidermidis is described as an inhibitor of the TLR3 pro-
inflammatory signaling pathway on  KCs34, whereas it stimulates inflammation on other cell types (inflamma-
some activation). Basal layer KCs divide to regenerate the epidermis and FBs remodel the extracellular matrix. 
Macrophages attracted by the chemokine MCP-1 also help remodeling by eliminating matrix and polynuclear 
debris and maintain inflammation by phagocytosing bacteria. Finally, the polynuclear cells are attracted by the 
secretion of the chemokines IL-8 and CXCL1 and promote the restructuring of the epidermis by creating reticu-
lated structures by the phenomenon of  netosis33. The commensal flora therefore plays an important modulating 
role in the context of skin invasion.

During the bite of a hard tick, the hypostome and the two chelicerae of the arthropod penetrate the epidermis 
and are anchored into the dermis. This cutaneous injury develops during the course of a long-lasting blood meal 
of several days. Then during the infectious bite, tick saliva, pathogenic Borreliae and commensal skin bacteria 
tightly interact within the skin  environment35. Since no study has explored the relationship between Borrelia, 
skin microbiota and resident skin cells, we therefore used an in vitro model of incubation and co-incubation 
of resident skin cells (KCs and FBs) by secretomes of bacteria representative of the main skin flora: C. acnes, S. 
epidermidis, C. striatum; in the presence or absence of B. burgdorferi s.s. strain N40.

Results
Interaction Undifferentiated keratinocytes-Borrelia-commensal bacteria
Borrelia burgdorferi s.s. strain N40 alone (MOI 1:50) strongly induced IL-8 and hBD-2 gene expression 
(p < 0.0001) and moderately CXCL1 gene expression (p = 0.0173) of undifferentiated KCs (Fig. 1). Interestingly, 
supernatants of the different commensal bacteria weakly induced some of these inflammatory genes: S. epider-
midis supernatant (SSe) and C. striatum supernatant (SCs) induced IL-8 (expression and secretion) and CXCL-1 

Figure 1.  Measure of secreted IL-8 protein, fold change expression of IL-8, CXCL and hBD2 genes by 
undifferentiated human primary keratinocytes activated with/without Borrelia burgdorferi s.s N40 strain 
(Bor or B) and/or co-activated with (A, B, C, D) supernatant of Staphylococcus epidermidis (SSe) ; (E, F, G, 
H) supernatant of Cutibacterium acnes SCa; (I, J, K, L) supernatant of Corynebacterium striatum (SCs); (*** 
p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05, ns = not significant).
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whatever the concentration used (Fig. 1A,B,C,I,J,K). For hBD-2, a similar effect of induction was also observed, 
but only for the highest concentrations (10 and 15 μg/L) (Fig. 1D,L).

On the other hand, low concentration of C. acnes supernatant (SCa) (1 μg/L) did not trigger an inflammation 
of undifferentiated KCs (Fig. 1E,G,H); even a down regulation of IL-8 gene expression was observed (Fig. 1F). 
At higher concentrations (10 and 15 µg/mL), SCa incubations showed inducing effect on the IL-8 gene expres-
sion (Fig. 1E,F). A very weak inducing effect was also noticeable on the CXCL-1 and hBD-2 genes expression 
(10 µg/mL) (Fig. 1G,H).

Regarding co-incubations, the three commensal bacteria demonstrated synergistic effects with Borrelia N40 
on IL-8 and CXCL-1 gene expressions by undifferentiated KCs (Fig. 1B,C,F,G,J,K), but the measure of IL-8 secre-
tion by ELISA was only apparent for SCs, no matter the concentration used (Fig. 1I). Finally, a synergistic effect 
of commensal bacteria with Borrelia N40 strain on hBD-2 gene expression was also observed with SSe and SCs, 
but not for SCa (Fig. 1D,H,L).

Differentiated keratinocytes-Borrelia-commensal bacteria
Unlike undifferentiated KCs, Borrelia N40 strain alone (MOI 1:50) did not trigger IL-8 gene expression and 
secretion, nor CXCL-1 gene expression of differentiated KCs (Fig. 2A–C). An induction of hBD-2 gene expres-
sion was noticeable (p < 0.0001) (Fig. 2D).

Concerning SSe, a strong down regulation of IL-8 and CXCL-1 was observed with low and medium tested 
concentrations (Fig. 2B,C). This led to weak or absent IL-8 secretion (Fig. 2A). For hBD-2 gene expression, a 
dose dependent up-regulation was detected (Fig. 2D).

A similar effect, but more pronounced, was observed with SCs, with a strong down-regulation of IL-8 and 
CXCL-1 gene expression (Fig. 2I,J,K). Even hBD-2 gene expression was repressed by low concentration of SCs, 
followed by a weak induction at higher concentrations (Fig. 2L). About SCa, a down-regulation of IL-8 expres-
sion was observed with medium and high tested concentration (p = 0.0308, p < 0.0001) without modification of 

Figure 2.  Measure of secreted IL-8 protein, fold change expression of IL-8, CXCL and hBD2 genes by 
differentiated human primary keratinocytes activated with/without Borrelia burgdorferi s.s N40 (Bor or B) and/
or co-activated with (A, B, C, D) supernatant of Staphylococcus epidermidis (SSe) ; (E, F, G, H) supernatant of 
Cutibacterium acnes SCa; (I, J, K, L) supernatant of Corynebacterium striatum (SCs); (*** p ≤ 0.001, ** p ≤ 0.01, 
* p ≤ 0.05, ns = not significant).
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IL-8 secretion (Fig. 2E,F) and a repressive effect on CXCL1 was detected for high tested concentration (Fig. 2G). 
However, no noticeable effect on hBD-2 expression was observed with SCa (Fig. 2H).

Regarding co-incubations, surprisingly, a synergistic effect between Borrelia and SSe or SCs was observed on 
IL-8 gene expression and secretion (Fig. 2A,B,I,J). This effect was not noticeable with SCa (Fig. 2E,F). Effect of 
co-incubations on CXCL-1 gene expression showed a mild to strong down regulation with the three superna-
tants. This effect was higher with SCa and SCs than with SSe (Fig. 2C,G,K). Finally, SSe combined with Borrelia 
N40 did not alter hBD-2 expression compared to Borrelia N40 alone (Fig. 2D), SCa decreased hBD-2 induction 
by Borrelia N40 (Fig. 2H) while SCs increased hBD-2 induction only at concentrations of 1 and 10 µg/mL of 
Borrelia N40 (Fig. 2L).

Fibroblasts‑Borrelia-commensal bacteria
As expected, Borrelia N40 strain induced IL-8 secretion and upregulation of IL-8, CXCL-1, MCP-1 and SOD-2 
gene expression (Fig. 3). The only negative result was observed with MMP-3, where Borrelia N40 showed no 
effect on this gene expression (data not shown).

The three commensal bacteria supernatants alone induced an upregulation of IL-8 gene (Fig. 3B,G,L). 
This upregulation triggered an IL-8 secretion only by SSe and SCs, while little to no effect was observed with 
SCa (Fig. 3A,F,K). A small dose dependent effect on CXCL-1 and MCP-1 gene expression was also observed 
(Fig. 3C,D,H,I,M,N). Regarding SOD-2, a down-regulation was noticeable with SCa and SSe at the lowest con-
centration (1 µg/mL) (Fig. 3E,J). At higher concentrations, this effect continued to be observed with SCa, while 
SSe and SCs induced a weak positive response, weaker than Borrelia N40 alone (Fig. 3E,J,O).

Co-incubations of Borrelia N40 with the three supernatants showed different profiles. SSe with Borrelia 
N40 showed almost systematically a dose dependent synergistic effect on cytokines and chemokines tested 
(Fig. 3A–E). With SCs or SCa and Borrelia, this synergistic effect was only visible for MCP-1 and SOD-2 gene 
expression (Fig. 3N, O) while no remarkable effect was observed on IL-8 and CXCL-1 gene expression (Fig. 3L, 
M). Only high concentrations (15 µg/mL) of SCa or SCs triggered a CXCL-1 upregulation (Fig. 3H, M).

Discussion
The skin microbiome became a key element in different skin  disorders36. However, its role in vector-borne disease 
has been poorly investigated. One early study reported that germfree mice are more susceptible to Leishmania 
major, a parasite transmitted by the  sandfly37. More recently, in C57BL/6 germfree mouse, parasite multiplication 
was higher than in normal NMRI mice due to a lower number of CD4 + T cells producing cytokines interferon-γ 
(IFN-γ) controlling the infection. When the authors co-inoculated S. epidermidis with Leishmania in the latter 
mice, IFN-γ secreted by T cells was produced again and it rescued protective immunity against the parasitic 
 infection38.

The present work focuses on the effect of different commensal bacterial secretomes on the inflammation 
induced by Borrelia co-incubated with resident skin cells in different culture models. We used the secretomes 
since the bacterial wall components were shown to produce a systematic death of FBs and KCs (data not shown). 

Figure 3.  Measure of secreted IL-8 protein, fold change expression of IL-8, CXCL and hBD2 genes by human 
primary fibroblasts activated with/without Borrelia burgdorferi s.s N40 (Bor or B) and/or co-activated with 
(A, B, C, D) supernatant of Staphylococcus epidermidis (SSe) ; (E, F, G, H) supernatant of Cutibacterium acnes 
SCa; (I, J, K, L) supernatant of Corynebacterium striatum (SCs); (*** p ≤ 0.001, ** p ≤ 0.01, * p ≤ 0.05, ns = not 
significant).
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Indeed, the lipoteichoic acids contained in the wall of certain species of Gram-positive bacteria can cause a 
significant  toxicity39–41. In this context, the bicompartmental culture model or the use of the supernatant are the 
best alternatives. The use of the pooled secretome from several strains limits the biases related to the differences 
between strains and increases the reproducibility of the results. However, the use of a secretome can raise the 
question of the actual concentration of the bacterial secretome on the skin surface, but our model is designed to 
explore the effects of the secretome components to further identify them and characterize the pathways involved.

Our experimental model explored the role of two major resident skin cells, the KCs of the epidermis and the 
FBs of the dermis.

KCs are major protagonists; they make up the epidermis and are the first to be activated during skin invasion 
and play a sentinel  role42. They efficiently detect PAMPs and produce cytokines and PAMs. KCs differentiate as 
they progress to the outer layers of the skin. Differentiated KCs are in close contact with the skin microbiota, 
but they are less easily activated by stimuli due to the progressive loss of their nuclei as shown in this study. 
Bacterial secretomes have an overall repressive effect on differentiated KCs. The S. epidermidis secretome is an 
inducer of hBD-2, as described in the  literature23. Co-incubation with Borrelia widely increases the expression 
of the studied genes.

The low level of incubation of differentiated KCs in the presence of Borrelia can be explained by the low 
reactivity of these cells. In contrast, commensal bacteria supernatants induced a weak inflammation on undif-
ferentiated KCs. Co-incubations by Borrelia revealed a synergistic effect for SSe and SCa and a likely additional 
effect with SCs. Incubation of KCs by the commensal microbiota probably reflects the intrinsic role of control of 
innate immunity by the skin flora. These results are in accordance with the phenomenon of tolerance between 
the epidermis and the cutaneous microbiota present on the surface of the  skin43 and with the role of education 
and potentiation of innate immunity.

Concerning the FBs, they are a target of choice since during the tick bite, the hypostome and the two chelicerae 
are embedded in the dermis and then, the tick saliva and Borrelia come into direct contact with the FBS. They 
are known to play an amplifying role in the activation of innate immunity and are capable of producing a wide 
variety of cytokines and  chemokines44,45. SSe and SCs supernatants had an inducing effect on IL-8 secretion and 
transcription, the effect was much less pronounced with SCa. In addition, all three secretomes had a moderate 
inducing effect on the expression of the CXCL1 and MCP-1 chemokines. The modulation of SOD-2 expression 
was more complex, with upregulation at high concentration and downregulation at low concentration for SSe 
and SCa. SOD-2 expression usually increases in an inflammatory context; therefore, this modulation may reflect 
the absence of deleterious inflammation caused by the microbiota. As a co-incubation, commensal secretomes 
with Borrelia brings, presented a strong synergistic effect on IL-8 transcription and secretion in the presence of 
SSe while this effect seemed to be additional with SCa or SCs. All other genes were affected by a synergistic or 
additional effect in the presence of secretomes. No modulation of MMP-3 expression was observed by exposure 
to the secretome or Borrelia (data not shown). This may indicate that the detection of Borrelia by FBs did not 
induce early remodeling of the extracellular matrix facilitating pathogen dissemination.

Physiologically, the cutaneous microbiota mainly interacts with the KCs of the superficial layers in a mutu-
alistic way. Our results underline the pro-inflammatory power of skin flora on FBs and undifferentiated KCs 
during a skin injury such as a tick bite.

Co-incubation of skin resident cells shows that skin flora potentiates inflammatory signaling in the presence of 
Borrelia, already at the dose of 1 µg/ml. This effect is particularly marked for FBs. The discovery of synergistic and 
sometimes additive effects suggests the activation of different inflammation pathways by several molecules. The 
PRRs most often involved in bacterial recognition are the TLRs, which are widely expressed by KCs and  FBs46. 
The most involved receptor is probably TLR-2 which recognizes lipoteichoic acids but also the lipoproteins OspA 
and OspC of Borrelia47. This receptor is responsible for the activation of the MAPK and NF-κb  pathways46. These 
pathways control the upregulation of IL-8, CXCL1 and MCP-148. TLR-4 is unlikely to be activated by the three 
skin bacteria tested here which are all Gram (+) or Borrelia, which do not possess lipopolysaccharide, explain-
ing the lack of TNF-α induction (data not shown). Identification of the molecules of the different secretomes 
involved in the inflammation deserve to be done.

The co-incubation model shows that the skin microbiota potentiates the early innate response of skin resident 
cells to Borrelia. The importance of this incubation on the clearance of Borrelia by the immune system remains 
unclear in this in vitro model. Moreover, the intensity of incubation probably varies according to the strain of 
B. burgdorferi s.s.. It has been described that certain strains of the RST1 group induce greater production of 
interleukins and chemokines by macrophages and peripheral blood mononuclear cells than other  genotypes49. 
New models including professional immune cells and tick saliva are needed to improve our understanding of 
their interactions. Indeed, tick saliva is well-known for its immunosuppressive effect and it likely affects the 
early inflammation during the tick bite  process35. In addition, commensal bacteria modulate differently the skin 
inflammatory response. The anatomical diversity of the distribution of skin microbiota populations could pos-
sibly also influence the efficiency of early transmission depending on the bite site.

This in vitro model has its limitations since it does not take into account the impact of other immune cells, 
present in the skin. It focuses on the innate and early immunomodulatory effects of the resident cells of the 
dermis and epidermis. The use of animal models with controlled skin microbiota could allow a more detailed 
understanding of its role in the process of Borrelia transmission by Ixodes tick.

Material and method
Spirochete strain
B. burgdorferi s.s. strain N40 (North American strain isolated from I. scapularis) was used at passage 8, cultured 
in BSK-H medium (Sigma, Saint Quentin Fallavier, France) at 33 °C with 5%  CO2, and the pellet washed twice 
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before the assays to discard BSK-H medium remnants and replace it by KGM-gold medium (Lonza, Basel, Swit-
zerland) for KC experiments or FGM medium (Promocell, Heidelberg, Germany) for FB experiments. Bacterial 
viability was previously tested in KGM and FGM.

Bacterial cultures and secretome preparation
A total of 5 distinct strains for each commensal bacteria species isolated from human healthy skin samples at the 
bacteriology laboratory of Strasbourg University Hospital were used for the study. Samples were taken for routine 
ecological screening purposes, and each adult patient was checked for the absence of dermatological diseases. 
Detection of plasmids was not performed. All strains have been cultured in liquid Muller Hinton medium, 
37 °C for 24h in aerobic conditions for S. epidermidis and C. striatum and in anaerobic environment for C. acnes 
using GenBag anaerobic (Biomerieux, Marcy l’Etoile, France). Sterile supernatants of S. epidermidis (SSe), C. 
acnes (SCa) and C. striatum (SCs) were obtained after filtration (Nalgène 0.20 µm filters—Thermofisher). Sterile 
secretomes of each species were pooled and protein concentration was measured on ADVIA 2400 (Siemens). 
Strain purity and supernatant sterility were controlled by agar plate culture.

Cell cultures and incubations
Human Primary dermal FBs (NHDF, Promocell, Heidelberg, Germany) were maintained in FGM2 medium 
(Promocell, Heidelberg, Germany). Primary foreskin human KCs were obtained from pediatric surgery depart-
ment of Strasbourg University Hospital (ethics committee registration number: Pri2011-hus-5093). KCs were 
maintained in KGM-Gold™ media supplemented with Bullekit™ supplements (Promocell, Heidelberg, Germany).

To stimulate the cells, FBs and KCs were used at passage 3 to 5 and seeded at 7.5 ×  104 per well in a 24-well 
plate. For FBs incubation, at confluence and one day before incubation, FGM2 medium was replaced by FGM 
medium without foetal calf serum. For KCs incubation, cells were used at 80% confluence. To mimic normal 
skin, undifferentiated KCs and differentiated KCs were used. To obtain differentiated KCs, CaCl2 at 1.5 mM was 
added on the 80% confluence KCs layer 24 h before experiments. FBs and KCs were stimulated by the different 
secretomes of SSe, SCa and SCs alone, at different concentrations (1, 10 and 15 μg/L), diluted in the appropri-
ate culture media (FGM or KBM-gold), for 24 h. B. burgdorferi s.s. strain N40 alone at multiplicity of infection 
(MOI) of 50:1 for 24 h or co-stimulated by B. burgdorferi s.s. N40 and SSe, SCa and SCs at each concentration 
for 24 h. For KCs and FBs, IL-1β was used as a positive control for secretion and/or expression of IL-8, CXCL-1 
and hBD-2 (Table 1), unstimulated cell cultures were used as negative control.

IL-8 and TNFα ELISA
IL-8 secretion levels were measured in culture supernatants of unstimulated and Borrelia-stimulated cells 
by ELISA. The protocol was based on sandwich techniques (DuoSet® Human CXCL8/IL-8, Cat# DY208), as 
described by the manufacturer (R&D systems, Lille, France). Results are representative of three independent 
experiments.

RNA extraction and semi-quantitative real time PCR
After removal of the supernatant, FBs were immediately lysed using RNA Lysis buffer (Zymo Research, Irvine, 
California, United States). Duplicate wells were pooled and RNA extract were stored at – 80 °C. Then, total RNA 
were extracted using Quick-RNA Miniprep kit (Zymo Research, Irvine, California, United States) according to 
the manufacturer’s protocol.

Total RNA (500 µg) was reverse transcribed with the Superscript II first-strand synthesis system (Invitrogen, 
Cergy-Pontoise, France). Semiquantitative reverse transcription PCR (QRT-PCR) was done on an ABI Prism 
7000 (Applied Biosystems, Courtaboeuf,France) with specific primers and Power Sybrgreen reagent (Applied 
Biosystems, Courtaboeuf,France). The transcriptional expression of IL-8, CXCL1, MCP-1, SOD-2 and MMP-3 
genes were assessed by qRT-PCR on FBs while the targets for KCs were IL-8, CXCL1 and hBD-2 transcripts. 

Table 1.  Cell culture and incubation workflow (MOI 50:1 = 50 bacteria per cell).

Cells Expansion medium Incubation medium Bacterial supernatant B. burgdorferi s.s. N40 Positive control Negative control

Fibroblasts (FBs) FGM2 FGM

S. epidermidis 1, 10 or 15 µg/L

None or MOI 50:1

IL-1β

FGM
C. acnes 1, 10 or 15 µg/L

C. striatum 1, 10 or 15 µg/L

None MOI 50:1

Undifferentiated keratinocytes 
(KCs)

KGM

S. epidermidis 1, 10 or 15 µg/L

None or MOI 50:1

KGM

C. acnes 1, 10 or 15 µg/L

C. striatum 1, 10 or 15 µg/L

None MOI 50:1

Differentiated keratinocytes 
(KCs)

S. epidermidis 1, 10 or 15 µg/L

None or MOI 50:1C. acnes 1, 10 or 15 µg/L

C. striatum 1, 10 or 15 µg/L

None MOI 50:1
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Expression levels of all transcripts studied were normalized to β-actin housekeeping gene level and the relative 
changes in gene expression were compared with those of untreated cells using the  2−ΔΔCt method.

Statistics
For ELISA and QRT-PCR, each experiment of cell incubation with bacteria and secretome was carried out at 
least three times in independent experiments and all quantifications were performed in triplicate. Results are 
presented as means ± standard deviations (SDs) and were analyzed by Welsh’s test. Differences in values were 
considered significant at p < 0.05. For ELISAs, the data were the means ± SDs of triplicate values and were repre-
sentative of three independent experiments. For qRT-PCR, the values were normalized to the negative control 
(medium alone) for each experiment and shown as the fold change or Log Fold change of the control’s value. The 
means ± SDs of triplicate values were compared between stimulated and unstimulated cells and are representa-
tive of three independent experiments. Gaussian distribution of every condition has been assessed by Shapiro’s 
test with alpha risk < 5%.

Data availability
The datasets analysed during the current study are available in supplementary data. The datasets not shown are 
available from the corresponding author on reasonable request.

Received: 13 June 2023; Accepted: 26 September 2023
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