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254 Figure 1 — Lactobacillus taxa in skin samples of 16S rRNA amplicon and shotgun metagenomic data
255 (a) Presence and absence of Lactobacillus in skin samples of this study, the Human Microbiome
256 Project (HMPv35)* and shotgun metagenomic datasets from three studies™ *>*™*® accessed
257 through the curatedMetaganomics R Package. (b) Comparison of relative abundance of Lactobacillus
258 in different niches of the three used datasets. The y-axis is represented in log scale. (c) 16S rRNA
259 cladogram of the Lactobacillus Genus Complex. Branches are colored based on phylogenetic
260 placement of Lactobacillus ASVs from this study and the phylogenetic group (as described by Duar et
261 al.™®) they belong to. Tip labels are colored based on the 12 most abundant Lactobacillus species
262 found in the skin shotgun metagenomic datasets. (d and e) The most abundant Lactobacillus
263 members in this study (d) and the skin shotgun metagenomic datasets (e) colored according to the
264 phylogenetic group of the Lactobacillus Genus Complex they belong to.
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266 Figure 2 - In vitro selection of Lactobacillus strains for targeted application against acne vulgaris.
267 (a) Schematic overview of the rationale for the selection. Each criterion needs to be taken into
268 account upon selection. Laboratory or genomic prediction tests exist for each criterion. More
269 information can be found in the main text. (b) Antimicrobial activity of the spent-culture supernatant
270 of the selected Lactobacillus strains against the two pathobionts tested, C. acnes and S. aureus, and
271 compared to the positive control (10 mg/mL Clindamycin, a common antibiotic used in acne). MRS at
272 pH4, which is comparable to the pH of the spent supernatant of lactobacilli, was used as a negative
273 control. (¢} Inhibition of lipase activity of C. acnes by the spent-culture supernatant of the selected
274 Lactobacillus strains, and compared to the positive control (10 mg/mL Clindamycin) and the negative
275 control (MRS). (d) Concentration of L-lactic acid and D-lactic acid as key antimicrobial and skin-
276 modulating molecules produced by the selected lactobacilli after overnight incubation in MRS broth.
277 (e) Skin cell viability results of NHEK cells after addition of the selected lactobacilli compared to the
278 negative control, keratinocyte growth medium 2, and positive controls, S. aureus and Triton-X,
279 measured at 450 nm using an XTT assay. Statistical analysis were performed using a Mann-Whitney

280 test where * = p<0.05 and ** = p<0.01.
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Figure 3 - Formulating live lactobacilli in a topical cream

(a) Schematic representation of the micro-encapsulating process with the bacteria in the core
suspension and an outer shell made by the shell solution. (b) Resulting micro-capsules with a core of
freeze-dried bacteria suspended in oil compared to microcapsules in which a force is applied just
before application on the skin, hereby releasing the bacteria and activating them through water-
uptake. (c) Survival of the bacteria in the microcapsules after different days compared to non-
encapsulated freeze dried bacterial powder in an O/W cream. (d) Survival of the encapsulated
bacteria in o/w cream tested according to the International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use Q1A(R2). Statistical analysis was performed using
a Two-way ANOVA where * = p<0.05, *** = p<0.001 and **** = p<0.0001.
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293 Figure 4 — Impact of the Lactobacillus cream on the skin microbiome
294 (a) Schematic overview of the POC intervention study with the O/W cream containing the selected
295 and formulated lactobacilli, the visits at which a skin swab was taken and dermatological symptom
296 analysis was performed by the dermatologist. The cream was applied twice daily for 8 weeks with a
297 minimal dose of 10° CFU/application. (b) Relative abundance of Staphylococcus and
298 Propionibacterium/ Cutibacterium respectively at baseline and over the four visits of the study
299 (right). For the baseling, skin samples of the 30 healthy volunteers without acne symptoms (cfr.
300 Figure 1) and 27 patients with mild-to-moderate acne symptoms were compared. Of these 27 acne
301 patients, 10 patients (indicated with blue dots) were included in the Lactobacillus intervention Study
302 (Study) shown at the right side of each panel. For the study visits, p< 0.05 for visit 3 versus visit 1
303 based on Wilcoxon ranks test is indicated with a star. (c) PCOA plot distributing samples according to
304 beta-diversity (Bray-Curtis distance). Similar samples are located closely to each other, and colored
305 by visit. (d) Microbial communities during the study period with the genus-level taxonomy indicated
306 (top), relative abundance of the three Lactobacillus ASVs resulting from the cream (middle) and
307 observed growth on MRS medium (top row on agar, bottom row growth in MRS broth) after addition
308 of the skin samples (bottom). Other Lactobacillus ASVs were not observed at a higher relative
309 abundance than 1%. Samples were ordered by participant and by visit.
310
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Figure 5- Effect of the Lactobacillus cream on acne symptoms and correlation with microbiome
data

(a) Evolution of counts of inflammatory lesions (left) and comedones (right) over the course of the
study, grouped by visit. All 10 patients included in the pilot study showed a clinical improvement
after the application of the cream as exemplified with a picture of the acne spot area of one patients
at visit 1 versus visit 2. Statistical analysis were performed using a Wilcoxon matched-pairs signed
rank test where * = p<0.05 and ** = p<0.01 (b) Correlation of relative abundances of Staphylococcus
(top), Propionibacterium/Cutibacterium (middle) and Lactobacillus (bottom) to comedonal counts,
per visit. Pearson correlation coefficient and p-values are indicated where p<0.05.
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Figure 6 - Schematic overview of the main findings of this study on how live lactobacilli formulated
in a topical cream modulate skin microbiome and improve acne symptoms.

Specific Lactobacillus strains were selected and formulated in capsules in an oil (O) in water (W)
cream that release the probiotics upon rubbing on the skin. Microbiome analysis (16S amplicon
sequencing), as well as counting of comedone and inflammatory lesions substantiated that these
lactobacilli could reduce inflammation and comedone formation, as well have transient impact on
the skin microbiome, especially by decreasing the relative abundance of staphylococci and C. acnes
as acnhe pathobionts. The postulated mode of action (also indicated with * in table) includes their
antimicrobial activity against pathobionts by lactic acid (this study), competitive exclusion*’,** and
possibly bacteriocins*®**, their capacity to reduce inflammation, e.g. by the serine-threonine rich
protein StsP of L. plantarum WCFS1* or SpaCBA pili of L. rhamnosus GG**>*, and their capacity to
promote re-epithelialization33'34, by e.g. the secreted proteins Mspl (p75)/Msp2 (p40) for L.
rhamnosus GG Yet, the involvement of these probiotic effector molecules remains to be further
substantiated in follow-up work.
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336 Methods

337 Bacterial growth. Lactobacillus strains were grown at 37°C in de Man, Rogosa and Sharpe (MRS)
338 medium (BD Difco, Erembodegem, Belgium). Propionibacterium acnes ATCC6919 was inoculated in
339 reinforced clostridial broth (LabM Limited, Heywood, UK), supplemented with 0.2% Tween20 and
340 cultured microaerobically (5% CO,) at 37°C. Staphylococcus aureus ATCC29213 was grown in Mueller-
341 Hinton broth at 37°C. Solid media contained 1.5% (w/v) agar. Time-course experiments were also
342 performed analysing the antimicrobial activity of spent culture supernatant (SCS) of the selected
343 Lactobacillus strains against C. acnes and S. aureus ATCC29213 (cfr. **). Additionally, the impact of
344 this SCS (10%) on the lipase activity of C. acnes was determined as previously described °.

345 Human skin cell culture. Normal human epidermal keratinocytes (NHEK) cells from juvenile foreskin
346 from pooled donors were purchased from Promocell (Heidelberg, Germany) and cultured according
347 to manufacturer’s recommendations in Keratinocyt Growth medium 2 (Promocell, Heidelberg,
348 Germany). Cytotoxicity of probiotic strains was assessed using the 2,3-Bis(2-methoxy-4-nitro-5-
349 sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT, Sigma-Aldrich) cell viability assay. NHEK cells were
350 seeded at a density of 5000 cells/well in 96-well plates and cultured until confluent. Overnight
351 cultures of probiotic strains or S. aureus were added to the wells with or without NHEK cells at 10°
352 CFU/well and incubated for 2 h at 5% CO2 and 37°C. Triton X-100 (0.5%) was used as a positive
353 control.

354 Collection of skin samples and total microbial DNA extractions. Skin samples were collected by
355 brushing the cheek (control group) or the affected area on the face (patients) with a FlogSwab
356 (Copan) over an area of + 10 cm” or around the lesions. Swabs were then transferred to a falcon
357 containing 800l Bead solution of QlAamp PowerFecal DNA kit (Qiagen). Samples were stored at 4°C
358 until further processing (maximally 14 days). Before DNA extraction, samples were vortexed for 1
359 minute, after which the Bead solution was transferred to the bead tube. Subsequent steps of the
360 DNA extraction were executed according to manufacturer’s instructions.
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361 lllumina MiSeq 16S rDNA gene amplicon sequencing. The primers used for lllumina MiSeq
362 sequencing were based on the previously described 27F-338R or 515F-806R primers>* and altered for
363 dual-index paired-end sequencing, as described earlier™ (Extended Data Table 4). Separate runs
364 were carried out for V1V2 and V4 rRNA gene variable regions. Quality control and processing of reads
365 was performed using the R package DADA2, version 1.6.0 *°. Denoised reads (amplicon sequence
366 variants or ASVs) were merged and read pairs with one or more conflicting bases between the
367 forward and reverse read were removed. Chimeric sequences were removed using the function
368 “removeBimeraDenovo”. Finally, ASVs were classified from the kingdom to the genus level using the
369 EzBioCloud 16S database®. A species annotation was added to each ASV by listing the species of all
370 16S sequences in the database that showed an exact match to the ASV sequence. Contaminants
371 were identified using the approach of Jervis-Bardy et al *’. ASVs with a strong negative correlation
372 between relative abundances and total sample read counts were considered contamination. For each
373 ASV, this correlation was calculated and tested for significance. ASVs with a p-value less than 0.0001
374 were removed. Samples were filtered by removing those with less than 1000 reads left after all read
375 and ASV filtering steps.

376 Biostatistical and bioinformatics analysis. Processing of the ASV table, ASV annotations (e.g.
377 classification) and sample annotations (metadata) were performed using the in-house R package
378 “tidyamplicons”, publicly available at github.com/SWittouck/tidyamplicons. For the analyses at the
379 genus level, ASV read counts were aggregated at the genus level or, if unavailable, at the most
380 specific level at which taxonomic annotation was available.

381 Analysis of public datasets. Processed OTU-table and sample metadata from the Human Microbiome
382 Project (HMPv35)* and the shotgun metagenomic datasets were retrieved using the MicrobeDS R
383 package and curatedMetagenomics R package™ respectively. All data was loaded, processed and
384 visualized in the R-environment using Phyloseq. All scripts are available at
385 https://github.com/LebeerlLab/skin_acne_study.
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386 gPCR for estimation of absolute bacterial concentrations. qPCR was performed in duplicate on a 20-
387 fold dilution (to avoid interference of PCR inhibitors) of total DNA isolated from the samples, using
388 the StepOnePlus real time gPCR system (Applied Biosystems®, Foster City, California, USA), SYBR®
389 Green chemistry (PowerUp™ SYBR® Green Master Mix, Applied Biosystems®, Foster City, California,
390 USA) and primers as indicated in Extended Data Table 4. Standard curves were used to estimate
391 bacterial concentrations in the samples and derived from serially diluted DNA from an overnight
392 culture of Lactobacillus crispatus LMG12005 isolated similarly as the samples. Bacterial concentration
393 was determined by plating.

394 Formulation of lactobacilli in microcapsules and O/W cream. A single colony of the three selected
395 probiotic strains was grown until stationary phase and lyophilized. The lyophilized bacterial powder
396 was grinded and milled (Frewitt, Switzerland) to obtain a fine powder (+ 10" CFU/gram) and
397 subsequently encapsulated via a core-shell encapsulation approach. Briefly, the strains were mixed in
398 equal amounts and homogeneously suspended to obtain a stable oil-based feed core suspension.
399 The shell feed solution contained a hydrocolloid alginate polymer as gelling agent. Both liquid feeds
400 were pumped to a concentric nozzle, to obtain a concentric fluid flow. The laminar liquid flow was
401 broken up by a vibrational unit to obtain spherical -droplets that were solidified upon falling in a
402 calcium-based solidification solution, forming the capsules. The collected capsules (10° - 10%°
403 CFU/gram) were washed and suspended in an oil-in-water cream containing the following
404 ingredients: Aqua, Glycerin, Polyglyceryl-3 Rice Branate, Propylheptyl Caprylate, Cetyl Alcohol, Nylon
405 6/12, Caprylic/Capric Triglyceride, Squalane, PEG-400, Cyclopentasiloxane, Cetearyl Alcohol, Prunus
406 Amygdalus Dulcis Oil, Allantoin, Limnanthes Alba Seed Oil, Tocopheryl Acetate, Xanthan Gum,
407 Cyclohexasiloxane, Helianthus Annuus Seed Qil, Algin, p-Anisic Acid, Silica Dimethyl Silylate, Disodium
408 EDTA, Sodium Hydroxide, Hydrochloric Acid. The ingredients of this cream, mainly the emulsifiers
409 and preservatives, were selected to be compatible with the micro-capsules and bacteria, both during
410 storage and upon release of the probiotics. Hereto, the impact of the topical cream without the
411 capsules on the growth of four skin reference bacteria (S. aureus, S. epidermidis, L. crispatus and C.
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412 acnes) was evaluated at a concentration of 1, 10 and 100 mg/ml, by a time-course analysis of 0D600
413 measurements as described above. Mechanical force (rubbing on the skin) was confirmed to break
414 the capsules, releasing the inner core material containing the suspended probiotics. Skin irritation
415 tests with the O/W cream containing the freeze —dried lactobacilli were performed as described
416 previously™®.

417 Proof-of-concept human in patients with acne vulgaris. A proof-of-concept clinical trial was
418 performed on patients with mild-to-moderate acne vulgaris included after careful assessment of the
419 responsible dermatologist by counting of comedones and inflammatory lesions (Extended Data
420 Table 3). Patients were men between 12-25 years. Exclusion criteria were use of oral antibiotics
421 within 4 weeks prior to start of the study and use of systemic retinoids within 6 months prior to start
422 of study. Subjects provided written informed consent before the study began. Patients were asked to
423 apply the topical probiotic cream (containing 10° CFU of each Lactobacillus strain per application of 1
424 g of the topical cream). Patients were asked to apply the cream twice daily for 56 days (8 weeks). The
425 patients were seen by a dermatologist at start (before the therapy) (visit 1), week 4 (visit 2), week 8
426 (visit 3) and week 10 (visit 4). A skin swab was taken at each visit, total DNA was extracted and
427 amplified for 16S amplicon sequencing as described above. Moreover, a clinical scoring was
428 performed and a photograph taken at each visit.

429

430 Clinical trial registration. The protocol of this study was in accordance with the Declaration of
431 Helsinki, and was approved by the ethics committee of the University Hospital of Antwerp (Belgium)
432 before initiation of the study. The study was given the approval number B300201628507 (Belgian
433 registration) and registered online at clinicaltrials.gov with unique identifier NCT03469076.

434

435 Data availability. Sequencing data are available at the European Nucleotide Archive with the
436 accession number PRJEB27311.
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