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Abstract  11 

The human skin microbiota forms a key barrier against skin pathogens and is important in modulating 12 

immune responses. Recent studies identify lactobacilli as endogenous inhabitants of healthy skin, 13 

while inflammatory skin conditions are often associated with a disturbed skin microbiome. 14 

Consequently, lactobacilli-based probiotics are explored as a novel treatment of inflammatory skin 15 

conditions through their topical skin application. This review focuses on the potential beneficial role 16 

of lactobacilli (family Lactobacillaceae) in the skin habitat, where they can exert multifactorial local 17 

mechanisms of action against pathogens and inflammation. On one hand, lactobacilli have been shown 18 

to directly compete with skin pathogens through adhesion inhibition, production of antimicrobial 19 

metabolites, and by influencing pathogen metabolism. The competitive anti-pathogenic action of 20 

lactobacilli has already been described mechanistically for common different skin pathogens, such as 21 

Staphylococcus aureus, Cutibacterium acnes, and Candida albicans. On the other hand, lactobacilli also 22 

have an immunomodulatory capacity associated with a reduction in excessive skin inflammation. Their 23 

influence on the immune system is mediated by bacterial metabolites and cell wall-associated or 24 

excreted microbe-associated molecular patterns (MAMPs). In addition, lactobacilli can also enhance 25 
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the skin barrier function, which is often disrupted as a result of infection or in inflammatory skin 26 

diseases. Some clinical trials have already translated these mechanistic insights into beneficial clinical 27 

outcomes, showing that topically applied lactobacilli can temporarily colonize the skin and promote 28 

skin health, but more and larger clinical trials are required to generate in vivo mechanistic insights and 29 

in-depth skin microbiome analysis.  30 

Introduction 31 

The skin is considered one of the largest organs in the human body (1) which plays an important barrier 32 

and protective role against invasion of pathogens, foreign substances, ultraviolet (UV) radiation, 33 

moisture loss and body temperature fluctuations (1). It is simultaneously influenced by various 34 

exogenous (surface interactions) and endogenous factors, such as systemic interactions and the skin 35 

metabolome, and forms the primary interface between the external environment and the internal 36 

body. The skin consists of two main layers, the top epidermis and dermis, and a third layer, the 37 

hypodermis or the subcutaneous tissue. The epidermis is the outermost protective layer and is formed 38 

by multiple layers of differentiated keratinocytes, with a top layer of terminally differentiated 39 

keratinocytes (stratum corneum) (2).  40 

The skin surface is colonized by diverse microbial communities, which collectively form the skin 41 

microbiota and play an important role in antagonizing skin pathogens and modulating immune 42 

responses. For example, skin commensals mediate the production of antimicrobial peptides and 43 

prevent hypersensitivity to allergens by promoting type 1 T-helper (Th1) cells (3,4). Despite the large 44 

number of skin microbiome studies, the activity and function of many skin microbes is still 45 

underexplored. Recently, lactobacilli have emerged as skin microbiota members associated with 46 

health. Different taxa of the Lactobacillaceae family (see (5) for the updated taxonomy) have been 47 

shown to be decreased on the skin of patients with skin disorders, such as diaper dermatitis (6), atopic 48 

dermatitis (7) and acne vulgaris (8). Therefore, their topical application in the treatment of common 49 

skin conditions through interventions in the skin microbiota show significant potential, as we 50 

demonstrated for acne vulgaris (8), but it should be further explored.  51 
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Beneficial lactobacilli have a long history of use to improve human health, for example as probiotics, 52 

i.e. “live micro-organisms that, when applied in adequate amounts, promote a health effect on the 53 

host” (9) or postbiotics, i.e. “preparations of inanimate microorganisms and/or their components that 54 

confer a health benefit on the host” (Salminen et al., submitted). Traditional orally administered 55 

probiotic lactobacilli can indirectly promote skin health (10), for example through immunomodulation, 56 

resulting in effects such as reduced skin reactivity and transepidermal water loss (11). These effects 57 

are facilitated via the gut-skin axis and can be linked with direct interaction of lactobacilli with the gut 58 

immune system, production of bioactive molecules (e.g. acetate) or gut microbiome modulation (10). 59 

Indeed, meta-analyses have shown that oral products with specific strains of lactobacilli are effective 60 

for the treatment of inflammatory skin conditions (12,13), such as atopic dermatitis, acne vulgaris and 61 

seborrheic dermatitis, and can improve wound healing (13,14).  62 

Recently, topical application of lactobacilli is emerging as a potentially more efficient and direct 63 

strategy for the prevention and treatment of skin disorders, especially since it has been suggested that 64 

protective immunity against skin pathogens rather depends on the bacteria found on the skin than the 65 

gut microbiota (4). In this review, we will focus on the potential beneficial role of lactobacilli on the 66 

skin.  67 

Factors shaping the seeding and maturation of the skin microbiota 68 

During and after birth, the skin of neonates is colonized by microorganisms originating from the 69 

mother’s birth canal, the outside environment, and the exposure to other individuals. Various studies 70 

have shown that the mode of delivery influences the composition of the neonates' skin microbiome 71 

during this neonatal window of opportunity crucial for immune homeostasis (15,16). For example, 16S 72 

rRNA amplicon sequencing of a cohort of neonates (n=81; born by vaginal delivery or Cesarean section- 73 

rate cesarean section 33.1%) has shown that the skin of newborns contains the highest relative 74 

abundance of Lactobacillaceae spp. of all body sites sampled at the day of their birth: 25.9% relative 75 

abundance (+/- 30.2% standard deviation) compared to respectively 16.6% for nares (+/- 26.6%), 15.4% 76 

for oral (+/- 19.0%) and 4.4% for stool (+/- 17.4%) samples. In this cohort, vaginally delivered babies 77 

also showed a significantly higher abundance of skin lactobacilli compared to neonates born by 78 
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(unlabored) cesarean delivery (16). The latter group also showed a significant reduced alpha-diversity 79 

in skin microbiome (16), supporting an earlier study which illustrated that neonates born through 80 

cesarean section showed reduced microbial diversity on their skin, oral and gut microbiome (15). The 81 

skin microbiome of neonates born by caesarian section (as compared to vaginal birth) appeared to 82 

resemble more the microbiota of the mother’s skin (beta-diversity analysis), dominated by 83 

Staphylococcus spp., Cutibacterium spp. and Corynebacterium spp. (16,17). Currently, shotgun 84 

metagenomic studies of the neonate skin microbiome are lacking (16), hindering classification of the 85 

neonate skin microbiota at sub-genus level. However, as it was suggested that the mother's vaginal 86 

and/or skin microbial community is vertically transmitted to the baby, we can expect that the 87 

transferred lactobacilli belong to typically vaginally associated taxa, such as Lactobacillus crispatus, 88 

Lactobacillus iners, Lactobacillus gasseri and Lactobacillus jensenii, similarly as was found for neonate 89 

oral and gut microbiomes (16–19). However, it should also be stressed that the neonate’s microbiota 90 

is still undifferentiated at the skin and other body habitats (17). After birth, it undergoes rapid changes 91 

influenced by the physiological characteristics of the skin and by multiple interactions with the 92 

environment. Already after the first week of life, the skin microbiome changes towards a more adult-93 

like composition. At 6 weeks, the relative abundance of lactobacilli on the skin has been shown to drop 94 

to 0.3% (+/-0.7% standard deviation) (16).  95 

The skin has different physiological characteristics across body sites, such as pH, dryness (production 96 

of sebum and sweat), body temperature and morphology, which all provide different 97 

microenvironments and influence skin microbiome composition (20–22). For example, the surface of 98 

the skin of healthy individuals has a low pH of approximately 4 to 6 (22,23), representing a key 99 

component for the maintenance of the epidermal barrier function and being an important defense 100 

mechanism against pathogens (24,25). The production of sebum and sweat affect the skin microbiota 101 

respectively by providing an antibacterial shield and by the thermoregulation of the skin by the release 102 

of heat from evaporation of water (20,26). Following studies focusing on single skin sites (27–29), Grice 103 

et al. (21) and Costello et al. (30) studied the microbiome of various skin body sites and reported that 104 

the four most detected phyla were Actinobacteria (51.8%), Firmicutes (24.4%), Proteobacteria (16.5%), 105 
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and Bacteroidetes (6.3%) (21). More than 62% of the detected 16S rRNA sequences were associated 106 

with three genera: Corynebacteria (22.8%- dominates moist body sites such as nostril and inner elbow 107 

and dry microenvironments such as the inside of the mid-forearm), Propionibacteria (23.0%- most 108 

abundant at sebaceous site such as scalp, face, back and inside the ear) and Staphylococcus (16.8%- 109 

also dominant at moist body sites)(21). Proteobacteria were also commonly found at moist and dry 110 

microenvironments, while Flavobacteriales were also typically found at the latter. Most adult skin 111 

microbiome studies also rely on amplicon sequencing strategies (reviewed in (2)) limited in their 112 

taxonomic resolution, but some metagenomic studies have brought clarity to the species-level 113 

composition of the skin microbiome. Cutibacterium acnes and Staphylococcus epidermidis are overall 114 

the most dominant species on healthy adult skin (2,31,32). 115 

While the human microbiota changes over time and is subjected to multiple influencing factors, we 116 

have recently found, by 16S rRNA amplicon sequencing and mining of publicly available skin 117 

metagenome shotgun datasets (by using the curatedMetagenomicData R-package), that lactobacilli 118 

are still prevalent on the adult skin. Species typically associated with the human vagina (L. crispatus, L. 119 

iners, L. gasseri and L. jensenii) are still the most prevalent lactobacilli on the adult skin (8). Also, 120 

members of the more niche-flexible Lactobacillaceae taxa, from the Lactiplantibacillus and 121 

Lactocaseibacillus, were frequently detected. Although lactobacilli generally do not occur in high 122 

relative abundances in adults (8,31), they can still be regarded as endogenous minor members of the 123 

skin microbiota with potential beneficial functions as we will review below.  124 

Disturbances of the skin microbiota in skin disorders 125 

While there is no definition of a healthy skin microbiota, a link has been proposed between the skin 126 

microbiota taxonomic composition and diversity, and general skin health (2). Certain taxa of the skin 127 

microbiota are considered opportunistic pathogens that can cause disease in susceptible individuals, 128 

including common opportunistic pathogens Staphylococcus aureus, C. acnes and Streptococcus 129 

pyogenes. S. aureus is associated with infectious skin diseases such as impetigo (33,34), folliculitis (35), 130 

furunculosis, hidradenitis suppurativa (36), psoriasis (37), abscesses (38) and even acne vulgaris (39). 131 

C. acnes is traditionally mainly linked to acne vulgaris, a chronic inflammatory skin condition of the 132 
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sebaceous follicles and glands (40,41). Streptococcus pyogenes is found on burn wounds (42) and 133 

associated with skin conditions such as impetigo, erysipelas and cellulitis (43). Also the fungal pathogen 134 

Candida albicans causes skin infections (44) and is associated with skin conditions such as atopic 135 

dermatitis (45). Skin infections caused by these pathogens can result in excessive inflammation (44,46), 136 

skin barrier disruption (47,48) and a decrease in skin microbiome diversity (Figure 1), which can 137 

manifest as such or are linked to skin conditions such as psoriasis and atopic dermatitis (49–51). 138 

In addition to the microbiota composition, the skin microbiota diversity is also linked to human health. 139 

As stated by the hygiene (52), old friends and biodiversity (53) hypotheses, microbial exposure in early 140 

childhood is linked to activation of immune regulatory pathways and reduction in overactive immune 141 

responses associated with immune-mediated conditions, such as allergic and inflammatory diseases 142 

(54,55). For example, attendance of day care in the first years of life and growing up or living in a farm 143 

environment has a positive effect on skin microbiome diversity (55,56). While these hypotheses are 144 

mainly based on epidemiological associations, recent experimental studies are investigating the 145 

positive influence of the environment on the skin health of children. Roslund et al. (55) have recently 146 

found that enriching daycare center yards for microbial biodiversity was associated with diversification 147 

of skin Gammaproteobacteria in children and elevated levels of systemic regulatory T cells and 148 

transforming growth factor-β1 (TGF-β1) responsible for regulation of inflammatory processes. The 149 

ratio of the regulatory cytokine interleukin-10 (IL-10) to pro-inflammatory IL-17A was increased. These 150 

promising data indicate that the microbiome and immune system of children can be beneficially 151 

influenced by the exposure to different environmental bacterial communities (55). Similar research is 152 

currently ongoing in the context of the large-scale BELSPO B@SEBALL (Biodiversity at School 153 

Environments Benefits for ALL) Belgian study that aims to unravel how the school playground 154 

environment positively affects children’s immune and mental health through changes in the skin 155 

microbiome (57). 156 

Indeed, in various skin disorders, such as atopic dermatitis and acne vulgaris, the skin microbiota 157 

appears to be less diverse and more dominated by opportunistic pathogens in comparison with healthy 158 

individuals. In patients with atopic dermatitis, a reduction in the overall microbial diversity has been 159 
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observed and flare-ups of the disease are associated with an abundant colonization of Staphylococcus 160 

spp. Meta-analysis (11 human studies, 16S rRNA amplicon sequencing) and more recent metagenomic 161 

shotgun and transcriptome analysis detected a lower bacterial diversity on atopic dermatitis skin, more 162 

specific a reduction in C. acnes, Lactobacillus spp., Burkholderia spp., Acinetobacter spp., 163 

Corynebacterium spp., and Enhydrobacter spp. (7,51). An association was also found between the 164 

disease severity and reduced Shannon diversity (49). In addition, S. aureus was shown to be 165 

significantly increased during flares: in 70% of atopic dermatitis patients the affected skin was 166 

colonized by S. aureus, in 39% of atopic dermatitis patients S. aureus is also found on unaffected skin 167 

(48). Increased S. aureus abundance was even correlated with an increased SCORAD (Scoring Atopic 168 

dermatitis) for disease severity (59). A reduced microbial diversity is thought to function in 169 

combination with the locally disturbed immune system in atopic dermatitis patients to lower the 170 

inhibition of S. aureus (25). It is well-known is that S. aureus has a pronounced pro-inflammatory effect 171 

on the skin due to toxins, modulins, superantigens and proteases produced by this species (24). This 172 

inflammatory effect of S. aureus on the skin has been shown to be strain dependent, with severe atopic 173 

dermatitis patients apparently being colonized with a single clade of S. aureus during disease flares 174 

(59). Moreover, S. aureus demonstrates strain-specific differences in eliciting skin inflammation, 175 

epidermal thickening and atopic dermatitis-specific immune signatures (59–61). This has also been 176 

linked to virulence factors, as another study showed that atopic dermatitis strains of S. aureus 177 

appeared to secrete higher amounts of toxins, such as toxic shock syndrome toxin 1 (TSST-1), 178 

staphylococcal enterotoxin B (SEB) and staphylococcal enterotoxin C (SEC) (62). In a recent study, 179 

enrichment of bacterial toxins, glycolysis, tryptophan metabolism and genes for inflammatory signaling 180 

was also detected in atopic dermatitis skin samples with a high abundance of S. aureus (51). 181 

A second highly prevalent skin condition that is associated with the skin microbiota, is acne vulgaris. 182 

As previously mentioned, acne vulgaris is a chronic inflammatory skin condition of the sebaceous 183 

follicles and glands linked to a high prevalence of C. acnes, in addition to hormonal factors (41). C. 184 

acnes is primarily known as a skin commensal in both acne patients and healthy individuals: it helps 185 

maintain a low skin pH by releasing fatty acids and inhibiting pathogens such as S. aureus and 186 
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Streptococcus (21,63). In acne vulgaris, C. acnes is known to promote the inflammation of the skin, 187 

especially by secreting lipase enzymes that metabolize sebum into free fatty acids (8,64). Recent 188 

studies suggest that the pathogenesis characteristics of C. acnes are also strain dependent. Acne-189 

related strains show an enrichment in virulence factors, an increased production of porphyrin, which 190 

can generate reactive oxygen species (ROS) and induce inflammation, and have a reduced abundance 191 

of metabolic synthesis genes (32,41,65). Next to C. acnes, also other skin bacteria are often mentioned 192 

to play a role in the acne pathogenesis. For example, Staphylococcus species can be linked to acne 193 

pathogenesis as pathobionts or disease modulators (39). Yet, the strain-dependency for S. aureus in 194 

acne pathogenesis is not well studied.  195 

In addition to atopic dermatitis and acne, a wide range of other skin diseases could also be linked to a 196 

disturbed skin microbiome and a high colonization with pathobionts, as mentioned above, such as 197 

psoriasis (37), folliculitis decalvans (35), impetigo (33) and hidradenitis suppurativa (36). 198 

Strain-specific mechanisms of lactobacilli against skin infections  199 

Various mechanisms of action could underlie beneficial actions of lactobacilli applied in the skin niche 200 

against bacterial infection and the related disease symptoms (8,66). They include both probiotic factors 201 

that can directly mediate health benefits (Figure 1) and adaptation factors that allow lactobacilli to 202 

temporarily colonize the skin. Of note, not only live lactobacilli, but also their postbiotic formulations 203 

in the form of heat-inactivated bacteria or lysates containing various microbe-associated molecular 204 

patterns (MAMPs) and bioactive metabolites have been shown to result in beneficial effects in vitro 205 

(67,68) and in vivo (69). Interestingly, bacteria and their products can be detected at 16S rRNA gene 206 

level and by immunostaining also in the skin layers below the epidermis, suggesting that their influence 207 

can extend to the dermis and possibly beyond (70). 208 

Exogenously applied lactobacilli, such as L. rhamnosus GG (67,71) and Limosilactibacillus reuteri DSM 209 

17938 (72) have been shown to exert direct and indirect anti-pathogenic action. Through direct binding 210 

interactions, lactobacilli or their lysates can prevent the adhesion of pathogens to keratinocytes, or 211 

actively displace the adhered pathogens, as demonstrated in vitro against S. aureus (67). For L. 212 

rhamnosus GG these effects appear to be at least in part mediated by its high adherence to human 213 
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keratinocytes through the unique SpaCBA pili (Figure 1) (71). Such high adhesion can also be an 214 

important adaptation factor for a longer retention time on the skin, and possibly also for co-215 

aggregation with S. aureus (71). Of note, a closely related strain L. rhamnosus GR-1 was not able to 216 

prevent the adhesion of S. aureus to keratinocytes, highlighting that the anti-pathogenic action of 217 

lactobacilli is often strain-specific (71). 218 

Lactobacilli are also a source of potent antimicrobial metabolites, including L- and D-lactic acid that are 219 

known to inhibit pathogen growth (71) and promote a healthy acidic pH of the skin (73) (Figure 1). 220 

Other cell-cell interactions and metabolites of lactobacilli can also impact skin pathogens that are more 221 

resistant to lower pH, including the fungal pathogen C. albicans (74). Our group identified 222 

exopolysaccharides and the major peptidoglycan hydrolase Msp1 as key molecules of L. rhamnosus 223 

GG that inhibited C. albicans hyphae formation and adhesion to host epithelial cells (75,76). More 224 

specifcially, the Msp1 enzyme can function as a chitinase capable of breaking down chitin important 225 

for fungal hyphae formation. In addition, lactic acid bacteria can produce bacteriocin-like substances 226 

or bacteriocins, i.e. ribosomally synthesized antimicrobial peptides, active against opportunistic skin 227 

pathogens such a C. acnes (77), S. pyogenes and S. aureus (78). Finally, lactobacilli can influence 228 

pathogen metabolism linked to disease symptoms. As such, the lipase activity of C. acnes which helps 229 

metabolize sebum into free fatty acids contributing to acne (64) was significantly reduced under the 230 

influence of L. rhamnosus GG, L. plantarum WCFS1 and L. pentosus KCA1 (8). 231 

Specific strains to lactobacilli also have an immunomodulatory function and can reduce excessive skin 232 

inflammation. These effects can be mediated by bacterial metabolites (e.g. Msp2/p40 of L. rhamnosus 233 

GG) or cell wall-associated and excreted MAMPs (e.g. SpaCBA pili of L. rhamnosus GG; Figure 1) that 234 

are recognized by the pattern-recognition receptors on host cells, such as Toll-like receptors (TLRs) 235 

(71,79,80). In contrast to pathogenic immune interactions, the resulting immune response rather leads 236 

to balanced immunity characterized by a reduction in pro-inflammatory signaling in favor of regulatory 237 

pathways (79). For example, interleukin IL‐6 and IL‐8 were both reduced upon application of live and 238 

lysed L reuteri DSM 17938 in reconstructed human epidermis and native skin models of UV B radiation-239 

induced inflammation (72). Application of extracellular vesicles of L. plantarum APsulloc 331261 was 240 
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also associated with induction of the regulatory cytokine IL-10, macrophage-characteristic cytokines 241 

IL-1β and granulocyte-macrophage colony-stimulating factor (GM-CSF), inhibition of pro-inflammatory 242 

cell surface markers (e.g. Human Leukocyte Antigen – DR α (HLA-DRα) of M1 macrophages) and 243 

promotion of anti-inflammatory M2 macrophages in vitro (81). While insights from oral application of 244 

lactobacilli in skin disease suggest beneficial induction of IL-10 and CD4+CD25+Foxp3+ regulatory T 245 

(Treg) lymphocytes (as reviewed in (10)), stimulation of Treg cells by cutaneous application of 246 

lactobacilli or their metabolites requires additional mechanistic research. Simultaneous co-incubation 247 

of human THP-1 monocytes with L. rhamnosus GG and S. aureus resulted in a less pronounced 248 

induction of nuclear factor (NF)-κB compared to their co-incubation with S. aureus alone, although it 249 

was challenging to disentangle the immunomodulatory and anti-pathogenic effects of lactobacilli in 250 

this in vitro experimental set-up (81). In addition to direct stimulation of immune and epithelial cells, 251 

antimicrobial compounds produced by lactobacilli could help suppress opportunistic skin pathogens 252 

such as S. aureus (8), similarly to the antimicrobial compounds produced by the host (3). In turn, a 253 

balanced microbiota consisting of commensals such as S. epidermidis in contrast to S. aureus could 254 

help promote Treg activity and release of anti-inflammatory IL-10 (83). 255 

Cutaneous application of specific lactobacilli is also associated with enhancement of the skin barrier 256 

function, which is key for preventing and treating a wide range of skin conditions associated with 257 

barrier disruption, such as atopic dermatitis (84). As such, L. plantarum ATCC 10241, L. reuteri ATCC 258 

55730 or L. rhamnosus GG have been shown to enhance epithelial barrier function through increasing 259 

expression of tight-junction proteins in primary human keratinocytes (85). In a reconstructed human 260 

epidermis model the barrier-enhancing mechanisms of lactobacilli were strain-specific. As such, the 261 

key proteins stimulated by L. rhamnosus GG were shown to be claudin-1 and occludin (86), while live 262 

and lysed L. reuteri DSM 17938 enhanced aquaporin 3 (AQP3) and laminin A/B levels, respectively (72). 263 

Furthermore, the lysate of L. rhamnosus GG could increase re-epithelialization of keratinocytes by 264 

promoting their migration (68). While the exact effector molecules in the skin niche are yet to be 265 

determined, the secreted Msp2/p40 protein of L. rhamnosus GG (Figure 1) has previously been shown 266 

to maintain barrier function in the colon epithelium by interacting with the epidermal growth factor 267 
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receptor (EGRF) (80). This receptor is also widely present on skin cells such as keratinocytes and is 268 

involved in skin repair and inflammation modulation (87). 269 

Promising intervention studies with topical probiotic lactobacilli 270 

The novel microbiome-level and mechanistic insights into the role of lactobacilli in the skin niche 271 

reviewed above, as well as tailored formulations for their application to the desiccated nutrient-poor 272 

environment of the skin (8), have paved the way for topical cutaneous application of exogenous 273 

lactobacilli. These insights can at least in part be translated into beneficial clinical outcomes. For 274 

example, in a recent translational study, our group demonstrated the feasibility and efficacy of 275 

applying a topical cream with live L. rhamnosus GG, Lactiplantibacillus plantarum WCFS1 and 276 

Lactiplantibacillus pentosus KCA1 in patients with mild-to-moderate acne symptoms, resulting in 277 

reduction in inflammatory lesions and comedone formation (8). Another study demonstrated local 278 

clinical improvement (SCORAD) with a lotion containing heat-treated Lactobacillus johnsonii NCC 533 279 

in atopic dermatitis patients (69). Both skin treatments resulted in a reduction in relative abundance 280 

of staphylococci within the skin microbiome. In our study (8) the anti-inflammatory effects of 281 

exogenous lactobacilli application was still observed 4 weeks after discontinuation of the topical 282 

application in acne patients (8), pointing at an immunological mechanism. Considering the strain-283 

specific activity of different lactobacilli and the various host targets through which they can exert their 284 

beneficial action, one of the advantages of applying mixtures of lactobacilli as in (8) could be their 285 

cumulative multifactorial working. Topical lactobacilli are also promising in clinical application for 286 

wound healing. L. plantarum ATC 10 has been shown to promote granulation, healing and decreased 287 

the bacterial load in burn wounds (88) and chronic venous ulcers in humans (89). In the latter study, 288 

this was associated with a reduction in apoptotic and necrotic cells and modulated IL-8 production 289 

(89). 290 

In addition to lactobacilli, probiotics from other taxa are emerging and explored in clinical studies. Of 291 

note, besides lactobacilli, topical application of live Roseomonas mucosa (90) and Vitreoscilla filiformis 292 

lysate (91) have shown clinical improvement for atopic dermatitis. Furthermore, research with non-293 

pathogenic S. epidermidis and Staphylococcus hominis strains hold promise for microbiome-based 294 
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therapies for atopic dermatitis through decreasing S. aureus colonization on human skin (92). Because 295 

of species- and strain-specific activity, inter-study comparison of alternative microbiome-based 296 

solutions is however difficult. 297 

Conclusions 298 

Lactobacilli are endogenous inhabitants of healthy skin and carefully selected topical Lactobacillaceae-299 

based probiotics are promising as an efficient and direct treatment of a wide range of skin conditions. 300 

At various skin sites, specific lactobacilli could demonstrate multifactorial local mechanisms of action 301 

against pathogens and inflammation. This includes direct anti-pathogenic activity, 302 

immunomodulation, promotion of skin barrier function, maintenance of a balanced microbiota and 303 

possibly additional mechanisms described in other body niches but yet to be demonstrated on the 304 

skin. Ultimately, in vitro mechanistic insights need to be translated into in vivo beneficial clinical 305 

outcomes. Clinical trials with topical lactobacilli formulations for different skin conditions have already 306 

shown promising results, but there is still a lack of sufficient large-scale trials, in vivo mechanistic 307 

insights and detailed skin microbiome analysis. 308 

 309 

Perspectives 310 

• A wide range of skin conditions are linked with microbiome perturbations. Lactobacilli are 311 

promising as a topical microbial therapy against many of these conditions and their importance 312 

is becoming more evident as more skin microbiome studies are conducted. 313 

• While much research still focuses on the oral administration of lactobacilli, the demonstrated 314 

multifactorial action of specific lactobacilli directly in the skin niche already includes anti-315 

pathogenic activity, immunomodulation, promotion of barrier function and maintenance of a 316 

balanced microbiota. Considering their long history of use and safety, formulations with live 317 

lactobacilli have a high translational potential from in vitro directly to application in humans.  318 

• An increasing number of clinical studies with topical lactobacilli are underway against common 319 

diseases such as atopic dermatitis. Larger double-blind placebo-controlled studies must be 320 
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encouraged. There is also a need for an integrated and more detailed analyses on skin 321 

microbiota modulation and strain-specific mechanisms of action in the skin niche. 322 
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Figure 357 

 358 

Figure 1. Postulated strain-specific mechanisms of action resulting in beneficial effects of lactobacilli 359 

in the skin niche, including proposed probiotic molecules with effects demonstrated in the skin 360 

and/or other niches. A textbook example combining several modes of action in the skin niche is the 361 

widely studied probiotic strain L. rhamnosus GG that can protect human keratinocytes from the 362 

pathogen S. aureus through direct inhibition of pathogen growth(8,71), as well as competitive binding 363 

and reduction in S. aureus adhesion(67) and interactions with TLR receptors on host cells(71). 364 

Abbreviations: AMPs: antimicrobial peptides; DC: dendritic cells; Th1, Th2, Th17: T helper cells; IL-17, 365 

IL-10: interleukins 17 and 10; MAMPs: microbe-associated molecular patters; PRRs: pattern-366 

recognition receptors; LLA, DLA: L- and D-Lactic acid; EPS: exopolysaccharides; Msp1/2: major secreted 367 

proteins 1 and 2. Created with BioRender.com. 368 
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