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SUMMARY

Bacteria represent a promising dynamic delivery system for the treatment of disease. In the skin, the relevant
location of Cutibacterium acnes within the hair follicle makes this bacterium an attractive chassis for dermal
biotechnological applications. Here, we provide a genetic toolbox for the engineering of this traditionally
intractable bacterium, including basic gene expression tools, biocontainment strategies, markerless genetic
engineering, and dynamic transcriptional regulation. As a proof of concept, we develop an antioxidant-
secreting strain capable of reducing oxidative stress in a UV stress model.

INTRODUCTION

The skin is the largest organ in the human body. Beyond its func-
tion as a barrier against pathogens or environmental factors, the
skin holds relevant physiological functions such as heat regula-
tion or immune surveillance. At the same time, it represents a
crucial determinant of our physical appearance and social con-
tact.” More than 3,000 different conditions affect the skin, with
almost one third of the world’s population having at least
one.?® These diseases have a profound impact on patients’
quality of life, ranging from life-threatening (malignant mela-
noma) to chronic and socially impairing conditions (psoriasis,
atopic dermatitis [AD], or acne).® Environmental factors also in-
fluence skin health. For instance, excessive UV exposure causes
premature aging and skin cancer.? Current treatments against
the most frequent chronic skin conditions such as AD or psoria-
sis focus on symptom control and often cause side effects.>®
Novel treatments that target the underlying immune components
of these diseases are effective, but they pose an economic
burden on national healthcare systems’—e.g., dupilumab, a
monoclonal antibody used for AD that blocks interleukin (IL)-4
and IL-13, has a yearly cost of more than $30,000 per patient.®

Engineered live biotherapeutic products (eLBPs) aim to
combine the natural adaptation of human microbes to their
host® with the synthetic design of sensors, circuits, and actua-
tors that enhance the capabilities of those microbes. Although
some eLBPs have already shown encouraging results in treating
metabolic diseases,'®"" infections,'? or cancer'® in the gut or
even the lung,'*"® there are still few instances of skin eLBPs.

The most promising examples focus on engineering lactic acid
bacteria or Staphylococcus epidermidis (S. epidermidis) for
accelerated wound healing'® or as cancer vaccines'” and mos-
quito repellent,'® with promising preliminary results in mice.
These bacteria might produce transient benefits but are subop-
timal as a long-term skin-resident eLBP. Lactic acid bacteria are
not native skin residents, and their engraftment is low. Despite
being ubiquitous in the skin, S. epidermidis shows a lower rela-
tive abundance and a higher turnover compared with other
skin microbes like Cutibacterium acnes (C. acnes)'®and might
incur in horizontal gene transfer with related pathogens like
Staphylococcus aureus.?®

C. acnes is the most abundant skin commensal.?’ This gram-
positive and facultative anaerobic bacterium predominantly col-
onizes the pilosebaceous units, where it metabolizes sebum
lipids.?? This specialized ecological niche constitutes a privi-
leged location for eLBP deployment. The hair follicle is a physio-
logical hotspot relevant for immune education and the main
route for topical absorption of therapeutics.?® The turnover of
C. acnes in the skin is low, '® and genomic studies report virtually
monoclonal populations within pilosebaceous units,>* with
high genome stability across strains®°; the low competition and
low recombination events are relevant features regarding
biosafety.?® Although C. acnes has been historically associated
with acne vulgaris, the overabundance of C. acnes does not
adequately describe acne pathogenesis. Particular phylo-
types—principally type IA1 strains—are associated strongly
with this disease, whereas others—such as Il or lll—correlate
with healthy skin.?” In fact, some skin diseases such as AD
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Figure 1. Development of a toolbox for C. acnes genetic engineering

(A) List of all tools developed in this study.

(B) Schematics of C. acnes replicative plasmid optimizations.
(C) Average of population median mCherry fluorescent values of three independent replicates for nine different constitutive endogenous promoters, a synthetic
consensus promoter (BBa_J23119) from E. coli, and a control harboring a no-insert plasmid (Empty) for exponential and stationary growth phases.

(D) Average of population median fluorescent values for C. acnes harboring a fluorescent reporter (colored bars) compared with a no-insert plasmid control (gray
bars). Values depicted above bars indicate average fold change of three independent replicates.

(E) Pictures representative of the C. acnes KPA171202 wild-type strain grown either as a lawn or as single colonies in a Brucella media agar plate, supplemented

or not with X-gal.
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generally show a characteristic decrease in C. acnes proportion
in the skin.?® In addition, C. acnes can be transplanted from
donor to recipient skin using topical applications, which has
been shown to modulate the relative abundance of recipient
C. acnes strains for up to several weeks after an application of
10° bacteria embedded in a gel for 3 consecutive days.??*°
Taken together, C. acnes is an ideal chassis for skin eLBP devel-
opment due to its location, high abundance, relevance in healthy
skin, colonization capabilities, and low turnover, as we demon-
strated recently through a sebum modulation application.®’

In the present study, we establish an enabling toolbox for the
traditionally intractable C. acnes to promote the development of
microbiome-based skin therapies (Figure 1A). We demonstrate
the use of these tools to discover auxotrophies and to create
an antibiotic-marker-free strain for safe deployment in the skin.
Moreover, we design a set of natural and synthetic inducible sys-
tems for the exogenous or environmental activation of gene
expression. As a proof of concept for potential therapeutic appli-
cations, we create an antioxidant-producing strain able to
rescue keratinocytes from UV-induced oxidative stress.

RESULTS AND DISCUSSION

To construct this toolbox, we optimized a plasmid from Propio-
nibacterium freudenreichii previously described to replicate in
C. acnes®'"*>® (Figure 1B). First, we removed all non-essential
sequences as well as many restriction sites commonly used in
classical or Golden Gate cloning, reducing the total vector size
by more than 2 kb. Additionally, we adapted the plasmid for a
modaular cloning scheme based on isothermal (Gibson) assembly
that allows us to standardize all our genetic parts with common
prefix and suffix sequences for quick and modular cloning.®” We
also standardized and codon-optimized two antibiotic resis-
tance cassettes—based on the ermE gene from Saccharopoly-
spora erythraea and the cmx gene from Corynebacterium gluta-
micum—and used one or the other as the C. acnes selection
marker. The plasmid backbone contains two origins of replica-
tion (one for E. coli, the other for C. acnes) and two resistance
cassettes (one for each of the bacterial hosts). To facilitate the
straightforward replacement of those components, we flanked
them with unique restriction sites.

We wanted to develop a collection of genetic parts enabling us
and others to control and program the behavior of C. acnes. To
this goal, we first tested a set of nine endogenous constitutive
promoters that we previously identified by RNA sequencing
(RNA-seq) (see STAR Methods) spanning a wide range of
expression levels, with most functioning in both exponential
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and stationary growth phases (Figures 1C and S1). We also
tested a synthetic E. coli consensus promoter (BBa_J23119)
because of its similarity to the C. acnes —10 consensus box.*®
Interestingly, this promoter yielded the highest expression
among those tested, although its expression decayed in the sta-
tionary phase (Figures 1C and S1). We also observed that some
promoters showed a bimodal distribution, with one of the popu-
lations displaying a fluorescent intensity similar to that of the
negative control (Figure S1). We decided to report the median
of the entire population for simplifying comparisons with unimo-
dal samples (Figure S1).

We then used the BBa_J23119 synthetic promoter to validate
the suitability of seven fluorescent proteins as C. acnes re-
porters, including the anaerobic fluorescent tag pFAST.* Using
flow cytometry, we observed an increase in fluorescent signal for
all reporters when compared with an empty-plasmid control in
exponential phase (Figures 1D and S2). In this case, we observed
a clear bimodal distribution, except for pFAST. Therefore, we
decided to establish a threshold and calculate the median of
the population with the highest fluorescence intensity for com-
parisons (Figure S2). We selected mCherry for subsequent
experiments due to its dynamic range (Figure 1D), its reported
suitability in anaerobic bacteria after 2 h of maturation in aerobic
conditions,’®*! and its lack of dependence on commercial
ligands, unlike pFAST. We also validated the use of the
endogenous copy of lacZ—encoding beta-galactosidase—as a
genomic reporter in the presence of X-gal (Figures 1E and S3).
We next tested the strength of four different ribosome-binding
sites (RBS): two of these (RBS_3 and RBS_4) were designed us-
ing the RBS calculator,®” whereas the other two (RBS_1 and
RBS_2) were strong RBS sequences from E. coli—indeed, the
rRNA stretch that recognizes the Shine-Dalgarno sequence
is only one nucleotide different between C. acnes and E. coli
(Figures 1F and S4). We next measured the transcriptional termi-
nation of five sequences: two strong terminators reported to
work in E. coli (a natural one and a synthetic one)*? and three
C. acnes endogenous sequences selected from RNA-seq. We
used a dual reporter system where sfGFP and mCherry were
transcribed together but are separated by the evaluated termi-
nator sequence (Figure 1G). All five terminators yielded mCherry
levels that were reduced with respect to non-terminator spacer
controls and revealed terminator efficiencies ranging from 70%
to 90% compared with the Spacer_1 control (Figures 1G, S5,
and S6).

Human adults have a unique mixture of C. acnes strains.”’
Ideally, the engineering of different C. acnes strains could enable
strain-specific eLBPs tailored to the patient’s unique microbial

(F) Average of population median mCherry fluorescent values of three independent replicates for four different RBSs driving mCherry translation when expressed
with the constitutive promoter PPA_RS07095, compared with a no-insert plasmid control (Empty) for exponential and stationary growth phases. RBS_1 and
RBS_2 correspond to strong E. coli RBSs with the conserved AGGAGG motif, whereas RBS_3 and RBS_4 are de novo RBSs designed with the RBS calculator.®?
(G) Average of population median mCherry (red) and sfGFP (green) fluorescent values of three independent replicates for five different transcriptional terminator
sequences: the natural E. coli terminator ECK120033737, the synthetic terminator L3S2P21, and three endogenous terminator sequences from C. acnes. sfGFP
and mCherry are located in the same transcriptional unit and the terminator is placed in-between. The whole transcriptional unit is expressed using the
BBa_J23119 promoter and values are compared with a strain harboring a no-insert plasmid control (Empty) and two control strains with spacer sequences
(Spacer_1 or Spacer_2) but no terminator. The red dashed line indicates the mCherry fluorescent value for the no-insert plasmid control (Empty).

(H) Average of population median mCherry fluorescent values of three independent replicates for four different C. acnes strains expressing mCherry controlled
with the BBa_J23119 constitutive promoter (red), compared with the same strain harboring a no-insert plasmid (Empty, gray). The table below indicates the

C. acnes sequence locus sequence typing (SLST)*® or the recA-based phylotype

4 for each of the strains.
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Figure 2. CRISPR interference for quick prototyping of auxotrophies for biocontainment
(A) dCas9 and gRNA optimization against the genomic reporter lacZ (PPA_RS08600). Pictures show the absence or presence of blue color in a representative
C. acnes lawn or single colonies grown in Brucella media agar plates supplemented with X-gal.
(B) CRISPRI screen of C. acnes metabolic genes potentially leading to a single-gene knockout amino acid auxotrophy based on homology. Optical density at
600 nm (ODeqo) of C. acnes cultures grown for 1 day in the presence or absence of a specific amino acid, compared with a control (dCas9) without gRNA cassette
(i-e., without gRNA and its corresponding promoter). For instance, to evaluate His auxotrophy, the basal medium was supplemented with all amino acids except
histidine and growth was measured both in the absence and presence of histidine for the auxotroph and dCas9 control. The dashed gray line indicates the starting
culture ODgqp at 0.1. Statistical significance was determined using a Student’s t test to compare (i) between the strains grown in the presence and absence of the
studied amino acid or (i) between the knockdown strain and the gRNA-lacking control, both grown with amino acid supplementation. A p value < 0.001 is denoted
with three stars (***). The graph below represents the percentage of ODgqgg reduction of each strain grown in the absence of amino acid compared with the

supplemented amino acid condition.
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profile, therefore increasing engraftment. For this reason, we
wondered how suitable our optimized plasmid and molecular
tools were for other C. acnes strains spanning across two phylo-
types®® and four different sequence locus sequence typing
(SLST) types.® All tested strains were able to incorporate our
optimized plasmid and to express mCherry controlled by the
BBa_J23119 synthetic promoter in exponential phase (Figur-
es1H and S7). The fluorescent population in strain 09-9 was
~2.5-fold more fluorescent compared with the other strains.
Interestingly, 09-9 harbors a native plasmid, including a putative
tad locus hypothesized to be involved in plasmid transference.**
This plasmid might be having a direct or indirect effect in the
copy number of our engineered plasmid, thus affecting mCherry
expression. However, other unknown effects such as differential
promoter efficiencies across strains might also be involved in this
observation.

Then, we used our basic genetic parts to further develop more
advanced tools. To interrogate the function of endogenous
genes, we sought to validate the use of CRISPR interference
(CRISPRI) in C. acnes. We had observed that C. acnes is natu-
rally able to degrade the synthetic compound X-gal to yield
blue-colored colonies (Figure 1E), and we hypothesized that
this B-galactosidase activity was due to a genomic lacZ homo-
log, PPA_RS08600. We designed single-guide RNAs (sgRNAs)
against the 5 end of the lacZ coding sequence, and we
combined them with different expression levels of dCas9. De-
signs featuring high expression levels of dCas9 yielded colorless
colonies in the presence of X-gal regardless of the sgRNA used,
indicating an efficient repression of endogenous lacZ (Figures 2A
and S8).

Next, we focused on designing a biocontainment strategy for
C. acnes that ensures the safe deployment of therapeutically
relevant strains. Our goal was to generate an auxotrophic strain
without any heterologous antibiotic resistance gene. In view of
the low genome integration efficiency in C. acnes,®' we first
tested the use of Cas9 as a way to screen for genes that would
render C. acnes auxotrophic upon disruption. However, genome
targeting by Cas9 seemed to be toxic for C. acnes—which is
generally the case for bacteria due to non-repaired double-
stranded breaks** —as suggested by the lack of transformants.
Lowering the expression of Cas9 through the use of weaker pro-
moters yielded transformants, but they lacked any edit in the
genome. We then turned to plasmid-borne CRISPRI as a non-le-
thal approach to screen for genes that would yield auxotrophic
C. acnes strains upon knockout. We targeted eight different pu-
tative gene candidates whose individual disruption would lead to
an amino acid auxotrophy (Figure 2B), based on their homology
to auxotrophic strains described in the E. coli KEIO collection.*®
We then evaluated which of the CRISPRi knockdowns impaired
bacterial growth when the amino acid was not supplied in a rich
defined custom medium (see STAR Methods). Lysine and proline
biosynthesis pathway repression showed the highest growth
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defect compared with a dCas9-only control (Figure 2B). Histi-
dine, leucine, and tryptophan pathway repression also showed
growth defects, but growth was also reduced in the dCas9-
only control, suggesting that the wild-type expression of the tar-
geted genes cannot compensate for the absence of those amino
acids in the medium (Figure 2B). Interestingly, we did not
manage to knock down the cysteine pathway, likely due to the
relevance of this amino acid for C. acnes.*®

In the light of these results, we generated C. acnes 4lysA,
AproA, and 4hisB strains by using a homologous recombination
cassette harboring the erythromycin resistance gene ermE
(Figures 2C and S8). To enable the removal of the genome-inte-
grated antibiotic resistance gene, we flanked ermE with the attP
and attB recombination sites specific for the Bxbl serine inte-
grase. Constitutive expression of the Bxbl gene from a replica-
tive plasmid selected with a different antibiotic resistance marker
(cmx) resulted in the successful removal of the complete ermE
gene for all tested colonies after transformation (Figures 2C,
S9, and S10). After plasmid curation, we obtained three strains
without any heterologous antibiotic resistance that preserved
the corresponding gene deletions. As expected, the lack of
lysA and hisB was enough to impair the growth of C. acnes after
4 days of incubation in the absence of lysine or histidine, respec-
tively (Figures 2D and S11). In the case of histidine absence, the
wild type had reduced growth after 24 h, as observed previously
in the CRISPRI screening, but achieved a similar growth level to
the histidine-supplemented culture after 4 days of growth, in
contrast to the 4hisB strain (Figures 2D and S11). We observed
a similar behavior for lysine supplementation, where the wild
type experienced a slower growth but recovered within 4 days,
whereas the 4lysA strain did not show any growth during that
time. Regarding the proline auxotroph, proA deletion did not fully
suppress growth but yielded a growth delay in the absence of
proline that might impact its ability to compete with other skin-
resident microbes and therefore be enough for biocontainment
within the natural niche—the human skin (Figures 2D and S11).
Although the concentration of free Lys, His, and Pro in corneo-
cytes appears to be low on the skin surface,*” a more biologically
relevant and tissue realistic skin model is needed to further eval-
uate the performance of these auxotrophies as a real-world bio-
containment strategy.

One of the key benefits of eLBPs is their ability to detect host or
environmental signals and to dynamically produce relevant
molecules with therapeutic potential. To build such a dynamic
“smart” probiotic, we engineered different transcriptional sen-
sorsin C. acnes following two main strategies: the transplantation
of known transcription factors (TFs) from other organisms and the
de novo discovery of natural genetic resources from C. acnes. For
the first approach, we decided to focus on two well-known re-
pressors commonly used in model bacteria, TetR and PhIF. We
designed different inducible promoters by placing one or more
operator sequences (tetO or phlO) upstream, downstream, or

(C) Agarose gel showing the PCR ampilification of the lysA locus from a wild-type strain (WT), a strain with an erythromycin cassette insertion flanked by Bxbl
recombination sites (Insertion), and a third strain in which the erythromycin cassette has been removed through Bxbl expression (Recombined). The diagram
shows the process to obtain such as a strain and the expected size for each locus amplification.

(D) Growth of a 4lysA, 4proA, and 4hisB knockout strains compared with WT C. acnes in the presence or absence of L-lysine, L-proline, or L-histidine after 4 days
of incubation. The dashed gray line indicates the starting culture ODggg, 0.1. Statistical significance was determined using a Student’s t test to compare the strain
when grown in the presence and absence of the studied amino acid. A p value < 0.001 is denoted with three stars (***) and with ns when not significant.
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Figure 3. Engineered sensing and actuation in C. acnes

(A) Schematics of synthetic BBa_J23119-based promoters, including operator sequences from the TetR and PhIF transcriptional repressors (left). Fold-change
mCherry population median fluorescence upon induction, for different promoter architectures, in the presence or absence of the corresponding transcription
factor (right).

(B) Adaptation of temperature-responsive C. acnes endogenous genes for temperature sensing. The graph on top displays the coverage of RNA-seq reads for a
specific genome region containing the differentially expressed temperature-responsive operon. The diagrams depict the plasmid design of two temperature-
sensing plasmids, both carrying the temperature-sensitive HspR transcription factor regulated by two distinct constitutive promoters (PPA_RS09160 and
PPA_RS06745, respectively), alongside the temperature-responsive promoter controlling the pFAST reporter. The graph on the bottom right displays the average
mRNA fold change increase in these two temperature-sensing strains upon 42°C heat-shock treatment measured by RT-gPCR.

(C) Top: western blot detection of SodC-F1 constitutively produced and secreted to the supernatant (labeled as SN) by an engineered C. acnes strain, compared
with the cellular (labeled as C) fraction of the same strain. Bottom: western blot detection of aTc-inducible SodC-F1 production. Shown are supernatant (SN)
fractions of uninduced (—) and induced (+) cultures.

(D) Superoxide dismutase activity measured in the supernatant of three different SodC-F1-producing strains with different constitutive promoter strengths
(P(PPA_RS09745), P(PPA_RS09225) and P(PPA_RS07095)) compared with a no-insert plasmid control (Empty). Statistical significance was determined using a
Student’s t test to compare the SOD activity produced per strain. A p value < 0.001 is denoted with three stars (***), < 0.01 with one star (*), and with ns if not
significant.

(E) Reactive oxygen species (ROS) levels measured with CM-H2DCFDA fluorescent dye for N/TERT-2G keratinocytes cells exposed or not to UVB light. Cells
were treated with media (Ctrl), with the supernatant of strains producing SodC-F1 constitutively (from P(PPA_RS09225) or P(PPA_RS07095) promoters), or with
the supernatant of a no-insert plasmid control (Empty). Statistical significance was determined using an ANOVA to compare the ROS levels between samples. Ap
value < 0.001 is denoted with three stars (***) and with ns if not significant.

between the —35 and —10 boxes of BBa_J23119, and we com-  ible mCherry expression of up to ~7-fold compared with the non-
bined the resulting promoters with different expression levels of  induced control (Figures 3A, S12, and S13). Although sensors in
the corresponding TFs (Figure 3A). In the presence of theinducer model bacteria can display large dynamic ranges (of up to three
(a@Tc for TetR, DAPG for PhIF), some of the designs yielded induc-  or four orders of magnitude in some cases) as a result of
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numerous optimizations throughout years of research, the fold in-
duction of TFs used in non-model bacteria is generally more
modest, often in the range of one order of magnitude*®*—e.g.,
10-fold for GInR in Pseudomonas putida,*® 7-fold for FNR in Syn-
echocystis sp. PCC 6803, or 5-fold for AceT in Rhodococcus
opacus.”’

To discover and co-opt the natural TFs already present in the
C. acnes genome, we performed an RNA-seq on C. acnes upon
temperature shock, which represents an environmental signal
with potential relevance in the skin context. Indeed, tempera-
ture-change detection has been previously used to trigger the
self-destruction of bacteria leaving the body (i.e., kill switch) for
biocontainment,® or as an activation mechanism induced by ul-
trasounds.®®> We exposed C. acnes to a 42°C heat shock for
15 min and we looked for upregulated genes with RNA-seq.
From hidden Markov models (HMMs) and operon structure con-
servation, we identified a conserved DnaK-GrpE-DnaJ-HspR
chaperon operon well-known in other bacteria to regulate pro-
tein refolding in heat-shock stress (Figure 3B). Specifically, the
HspR transcriptional regulator is involved in the regulation of
the operon,®"°® and we thus cloned the regulatory sequence
together with the constitutively expressed HspR in our replica-
tive plasmid. We tested two plasmid constructs differing only
in the strength of the constitutive promoter used to express
HspR (Figure 3B). We measured the pFAST reporter mRNA
expression by RT-gPCR after a 42°C heat shock and observed
a 4- and 6-fold increase at the mRNA levels, respectively (Fig-
ure 3B). The higher fold change observed when HspR is ex-
pressed from the P(PPA_RS06745) promoter is likely due to
the greater abundance of the repressor due to the strength of
this constitutive promoter. Typically, higher repressor concen-
trations decrease basal expression levels and result in a greater
change in expression upon induction.*®

Ideally, eLBPs should have the dual ability to not only sense
the environment but also produce proteins or molecules with
therapeutic relevance directly on the appropriate biological
niche. Chronic inflammation and excessive UV exposure lead
to prolonged reactive oxygen species (ROS) release, eventually
damaging the skin structure and physiology.”” We therefore
engineered an antioxidant-secreting C. acnes strain for reducing
oxidative stress. Superoxide dismutases (SODs) are enzymes
that neutralize the superoxide anion (O,") and protect cells
from oxidative damage. Among these enzymes, the SodC-F1
from the enterohemorrhagic E. coli O157:H7 has shown to
be functional in the periplasm, stable against proteases, and
exhibit high catalytic activity, representing one of the principal
defense mechanisms of this bacterium against ROS.*® We hy-
pothesized that expressing this enzyme in C. acnes could reduce
ROS levels. To prove this, we first coupled the enzyme with a
secretion signal from a highly secreted endogenous protein,
RoxP.°*f° Indeed, the protein was correctly produced and
secreted (Figures 3C and S14), and it maintained its SOD activity
in the supernatant (Figure 3D). We also demonstrated the useful-
ness of our newly developed transcriptional sensors by con-
structing a strain that produces and secretes SodC-F1 in an
aTc-inducible manner (Figures 3C and S15). We next challenged
the immortalized keratinocyte cell line N/TERT-2G®"°? with UVB
to induce the formation of ROS. Thereafter, we treated the cells
with C. acnes supernatants and quantified ROS levels using the
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fluorescent dye CM-H2DCFDA. The SodC-F1 produced by
C. acnes was able to significantly reduce UV-mediated ROS
levels in keratinocytes (Figure 3E). The reduction correlated
with the strength of the promoter regulating SodC-F1 expres-
sion, suggesting that we would be able to adjust the antioxidant
activity of the engineered strain to match the requirements of the
final application. Yet, a more realistic skin model would be
needed to evaluate the advantages of using a living engineered
commensal compared with simple recombinant protein applica-
tion. Moreover, future deployments of this antioxidant eLBP
could incorporate inducible SOD expression, either through arti-
ficial inducers like aTc (Figures 3C and S15) or in response to
environmental triggers such as UV-damage markers produced
by keratinocytes. For instance, a bacterial ROS sensor (such
as OxyR®%) controlling the expression of SOD depending on
the ROS produced by keratinocytes upon UV exposure would
result in an adaptative antioxidant eLBP.

In conclusion, we have established C. acnes as an amenable
chassis for eLBPs development with potential applications in
the skin. We describe a versatile toolbox for its engineering, as
well as an auxotrophic strain, and antibiotic-free methodologies
for genetic engineering toward its safe application in the skin.
We demonstrate the detection of both artificial and environ-
mental cues by engineered C. acnes, and we provide a proof-
of-concept demonstration of oxidative stress reduction on kera-
tinocytes. Taken together, our results pave the way for the use of
C. acnes for microbiome-based skin therapies. Finally, all these
tools are available for the research community to accelerate skin
microbiome research using the most abundant skin commensal.
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Materials availability
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Data and code availability
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e This paper does not report original code. Custom scripts were only used
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o Any additional information required to reanalyze the data reported in this
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse anti-His antibody Bio-Rad Cat# MCA1396GA; RRID: AB_566361
Horseradish peroxidase-coupled anti-mouse antibody SantaCruz Cat# sc516102; RRID: AB_2687626
Bacterial and virus strains

E. coliNZYa NZYTech MBO01008

E. coli EC-24 Knédlseder et al.*' CECT30749
C. acnes KPA171202 DSMZ DSM 16379
C. acnes 09-9 Davidsson et al.*® RefSeq GCF_002600615.1
C. acnes AD24 Lood et al.** N/A

C. acnes H1 Lab isolate Lab collection N/A

C. acnes KPA171202 ALysA This study N/A

C. acnes KPA171202 AHisB This study N/A

C. acnes KPA171202 AProA This study N/A
Chemicals, peptides, and recombinant proteins

Brucella Medium Condalab 1012
GasPak EZ Anaerobe Pouch System BD BD260683
AnaeroGen System Thermo Scientific ANO0025A
Brain-heart infusion (BHI) Medium Condalab 1400

DMEM F-12 medium lacking aminoacids and US Biological D9807-02A
glucose (see Table S1 for the full components

list used for this media)

KAPA HiFi Roche KK2601
Phanta Max Vazyme 001
NuPAGE 4-12% gel Invitrogen NP0322BOX
Immobilon-P Transfer Membrane Merck Millipore IPVHO0010
Tris buffered saline Bio-Rad 1706435
Pierce ECL Western Blotting Substrate Thermo Fisher Scientific 32106
EpiLife medium Gibco MEPI500CA
Human keratinocyte culture supplement (HKGS) Gibco S0015
CnT-Prime CELLNnTEC CNT-PR
Hanks’ balanced salt solution (HBSS) Capricorn Scientific HBSS-2A
6-chloromethyl-2’,7’-dichlorodihydrofluorescein Invitrogen C6827
diacetate (CM-H2DCFDA)

DNasel Invitrogen 18068015
PowerUp SYBR Green Master Mix Life Technologies A25742
2,4-Diacetylphloroglucinol (DAPG) Cayman Chemical 16345
Anhydrotetracycline hydrochloride (aTc) Sigma 94664-10MG
Critical commercial assays

QIAquick PCR purification Qiagen 28104
QIAquick gel extraction Qiagen 28704
NZYMiniprep kit NZYTech MB01008
PureLink Maxiprep kit Invitrogen K210017
SOD activity assay kit Sigma CS0009
E.Z.N.A. Total RNA kit Omega bio-tek R6834-02
RevertAid First Strand cDNA Synthesis kit ThermoFisher K1622
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REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

RNA-seq Data This study ENA: PRJEB78978
See Data S1 for all plasmid This study N/A

sequences (GeneBank format) used in this study

Experimental models: Cell lines
N/TERT-2G Dickson et al.®” N/A

Oligonucleotides

See Table S2 for a full list of oligonucleotides This study N/A
used in this study

Recombinant DNA

See Table S3 for a full list of plasmids used This study N/A

in this study

Software and algorithms

FlowJo Treestar https://www.flowjo.com/

R R Core Team https://www.r-project.org/

flowCore package Hahne et al.®® https://doi.org/10.18129/B9.bioc.flowCore

changepoint package Killick and Eckley®® https://github.com/rkillick/changepoint

nf-core RNA-seq pipeline v3.0 Ewels et al.®” https://github.com/nf-core/rnaseq

Nextflow v20.12.0-edge Di Tommaso et al.®® https://www.nextflow.io/

Trim Galore v0.6.6 Babraham Institute https://www.bioinformatics.babraham.
ac.uk/projects/trim_galore/

STAR v2.6.1d Dobin et al.®® https://github.com/alexdobin/STAR

SAMtools v1.10 Lietal.® https://www.htslib.org/

FastQC v0.11.9 Babraham Institute https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/

BCFtools in v1.16 Li"! https://samtools.github.io/bcftools/

DeSeq2 Love et al.” https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html

R Scripts for Data Analysis and plotting This study https://doi.org/10.5281/zenodo.14346074

HMMscan Finn et al.”® https://www.ebi.ac.uk/Tools/
hmmer/search/hmmscan

GeCoViz Botas et al.” https://gecoviz.cgmlab.org/

Other

Amicon ultra 0.5mL 30K centrifugal filters Millipore UFC503096

1 mm electroporation cuvette Bio-Rad 1652089

Precellys 0.1 mm silica beads VWR 432-3754

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Microbial strains and media
C. acnes KPA171202 was obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ: DSM16379). C. acnes strain
09-9*° (GenBank: GCA_002600615.1) was kindly provided by Dr. Holger Briiggemann. C. acnes strain AD24°* was kindly provided by Dr.
Rolf Lood. All C. acnes strains were grown in Brucella agar plates (1012, Condalab) at 37 °C in anaerobic conditions generated either with
the GasPak EZ anaerobe pouch system (BD260683, BD) or the AnaeroGen System (AN0O025A, Thermo Scientific). For liquid cultures, a
starting culture of 0.1 ODggg Was inoculated in brain-heart infusion (BHI) media (1400, Condalab) and grown at 37 °C 110 r.p.m. in anaer-
obic conditions. Unless otherwise indicated, cultures were generally grown for 24h (i.e. exponential phase) to perform the experiment.
When appropriate, plates or liquid cultures were supplemented with either 5 ng mL™" chloramphenicol or 10 or 50 pg mL™" erythromycin.
For measuring promoter and RBS strength in stationary phase, cultures were grown for 4 days. For the synthetic sensors, liquid cultures
were incubated in the presence (or absence) of 100 ng mL™" aTC or 5 uM DAPG for 3.5 or 5 days, respectively.

For the experiments involving auxotrophies, C. acnes was grown using defined synthetic media based on DMEM F-12 medium lack-
ing amino acids and glucose (D9807-02A, US Biological) supplemented with 3.151 g L™ glucose and 1.2 g L' sodium bicarbonate. The
pH was adjusted to 6 with HCl and the media sterilized with a 0.2 um filter. Allamino acids were autoclaved and added unless indicated.
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C. acnes cultures were inoculated as previously mentioned with a starting ODggg of 0.1. and grown in anaerobic conditions. All media
components per Lareindicated in Table S1. To evaluate the auxotrophies, allaminoacids were added to the basal media except for the
one being tested. For instance, to evaluate histidine auxotrophy, the basal medium was supplemented with all amino acids except
histidine and growth was measured both in the absence and presence of histidine. For the calculation of relative reduction in
ODgpo, the ODggg reported in the condition without amino acid was subtracted to the ODgqg in the condition with amino acid and
the result was divided by the ODgqg in the condition with amino acid (% Reduction = (ODggg @a’ - ODggg W/0 aa’)/ODggg aa’).

For plasmid curation, cells were passaged twice by replating them in Brucella agar plates without the selecting antibiotic. Cells
were then resuspended in BHI and serial dilutions were performed in order to obtain single colonies after plating. Plates with individ-
ual colonies were replica-plated in a Brucella agar plate with the appropriate antibiotic to identify colonies that had lost the plasmid.

METHOD DETAILS

Plasmids and molecular biology

All plasmids in this study were based on the Propionibacterium freudenreichii replicative vector pBRESP36. or on a pUC-19
based suicide vector for homologous recombination’® (Table S3). PCR fragments were usually amplified with either KAPA HiFi
(KK2601, Roche) or Phanta Max (001, Vazyme) and purified using QIAquick PCR purification or gel extraction kits (28104/28704, Qia-
gen). Plasmids were built using a modular Gibson-based cloning method.®” The method consists of two steps: step 1 relies on
Gibson assembly of transcriptional units into individual intermediate plasmids; in step 2, these plasmids are digested, which gener-
ates flanking regions containing overlaps that drive a second Gibson assembly, thus yielding the final construct. For step 1, all DNA
parts were flanked by the same Prefix (CAGCCTGCGGTCCGG) and Suffix (TCGCTGGGACGCCCG) sequences.”® Basically, For and
Rev primers annealing to Prefix and Suffix sequences, respectively, were used for PCRs that added unique linkers to the DNA parts
(Table S2, Cloning primers). PCR amplifications were column-purified as specified above and assembled using a custom Gibson
enzyme mix (Centre de Regulacion Genomica CRG, 1 h 50 °C) into backbones previously digested with the appropriate restriction
enzymes (NEB, 1 h 37 °C) to generate the intermediate plasmids. In step 2, these intermediate plasmids were digested with enzyme
combinations that produced overlapping ends, purified, and assembled as described above to yield the final constructs. Plasmids
were transformed into chemically competent E. coli DH5a (MB00402, NZYtech) and plated in LB agar plates with the appropriate
antibiotic (50 pg mL™ Ampicillin, 50 ng mL™" Kanamycin, 50 ng mL™" Spectinomycin or 25 ug mL™" Chloramphenicol). Liquid cultures
were made in LB and incubated at 37°C 220 r.p.m. for plasmid extraction using the NZYMiniprep kit (MB01008, NZYtech). Purified
plasmids were sequenced using backbone-annealing primers by Sanger sequencing (Genewiz) (Table S2, Sequencing primers).
Following sequence verification, plasmids were shuttled through E. coli EC-24°" (#CE9CT30749 of the Spanish Type Culture Collec-
tion), which is a 4dam 4dcm 4hsdMS strain harbouring the C. acnes llIB methylase; this strain provides plasmids with the C. acnes
DNA methylation pattern and therefore prevents plasmid degradation by the C. acnes endogenous R-M system upon transformation.
Plasmids shuttled through EC-24 were then extracted either through the NZYMiniprep kit, the Miraprep protocol’” or the PureLink
Maxiprep kit (K210017, Invitrogen) to obtain enough DNA mass for electroporation. When necessary, plasmids were washed with
the Amicon ultra 0.5 mL 30K centrifugal filters (UFC503096, Millipore) according to manufacturer’s instructions to avoid arcing during
the electroporation. Sequence-verified, purified plasmids containing the C. acnes methylation pattern were ready for transformation
into C. acnes cells.

A35,36

C. acnes electrocompetent cell preparation and transformation

C. acnes electrocompetent cells were prepared as previously described.®' Briefly, C. acnes starting inocula of 0.1 ODggg Were grown
for 24h until ~1 ODggo. Then, cells were treated with 0.4 M Sucrose and 10 nug mL™ penicillin G for 5h. Afterwards, cells were centri-
fuged at 2367 r.c.f. for 10 minutes at 4°C and resuspended in electroporation buffer consisting of 272 mM sucrose, following a sec-
ond centrifugation with the same conditions. Cells were resuspended in 1 mL and transferred to a 1.5 mL microcentrifuge tube where
they were washed at 1657 r.c.f. for 10 minutes followed by 4 washes at 9391 r.c.f. for 1 minute each. After the last wash, cells were
resuspended in electroporation buffer supplemented with 10% glycerol, washed once again at 9391 r.c.f. for 1 minute and resus-
pended in 50 ulL of electroporation buffer with 10% glycerol per 50 mL of starting culture volume. Finally, cells were frozen in liquid
nitrogen and stored at -75°C for later use. For transformation, a cell aliquot was slowly thawed on ice, resuspended in 1 mL electro-
poration buffer and centrifuged at 9391 r.c.f. for 1 minute. After resuspension in the same initial volume with electroporation buffer,
cells were diluted four times with electroporation buffer to a final volume of 40 uL and either 1000 ng of DNA were added for replicative
plasmid transformation or 8000 ng for the suicide vectors. For electroporation, the mixture was transferred to a precooled 1 mm elec-
troporation cuvette (1652089, Bio-Rad) and electroporated at 1.5 kV, 25 pF and 400 Q. Immediately after the pulse, cells were resus-
pended in 100 pL of BHI medium and plated on Brucella agar plates for 24 h recovery at 37 °C in anaerobic conditions. Next day, cells
were collected with a cotton swab, resuspended in 1 mL BHI, centrifuged at 1657 r.c.f. for 5 minutes, resuspended in 100 puL BHI and
plated on 2 Brucella agar plates supplemented with the appropriate antibiotic for a 6-day incubation in anaerobic conditions at 37 °C.

Immunodetection of secreted SOD

Liquid cultures of recombinant C. acnes were grown in selective media for two days, in the case of constitutive expression, or four
days, for inducible expression. For inducible expression, the cultures were initially split in two and one of the halves was induced
with 100 ng mL™" anhydrotetracycline (aTc). Bacteria were collected by centrifugation at 10000 r.c.f. for 15 min and the pellet (cell
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fraction, C) was lysed using Precellys 0.1 mm silica beads (432-3754, VWR) and resuspended in Bolt LDS Sample buffer (Thermo
Fisher Scientific) containing 5% beta-mercaptoethanol. The supernatant (SN) containing the secreted SOD was subjected to tri-
chloroacetic acid (TCA) precipitation: samples were precipitated in 10% trichloroacetic acid for 30 min on ice, and precipitates
were pelleted by centrifugation at ~10,000 r.c.f. for 15 min at 4 °C. The pellets were washed twice with 500ul cold (—20 °C) acetone,
air-dried, and resuspended in Bolt LDS Sample buffer with 5% beta-mercaptoethanol. Cell and supernatant samples were boiled at
98 °C for 10 min, and equal amounts of C and SN fractions were analysed using SDS-PAGE and His-tag immunodetection. Briefly, a
NuPAGE 4-12% gel (NP0322BOX, Invitrogen) was run at 120 V for 1 h 30 min - 1 h 45 min, and proteins were transferred onto a PVDF
membrane (IPVYH00010, Immobilon-P Transfer Membrane, Merck Millipore) using a wet blotting apparatus running at 20 V for 1 h.
Membranes were blocked (1 h at room temperature or overnight at 4 °C) with 4% milk in TBST (Tris buffered saline (1706435,
Bio-Rad) containing 0.05% Tween 80) and incubated (1 h at room temperature or overnight at 4 °C) with mouse anti-His antibody
(MCA1396GA, Bio-Rad) diluted 1:800 in TBST-4% milk. Following three 10 min washes in TBST, membranes were incubated for
1 h in horseradish peroxidase-coupled anti-mouse antibody (sc516102, SantaCruz) diluted 1:1000 in TBST-4% milk, and washed
again three times 10 min each in TBST. Membranes were developed with Pierce ECL Western Blotting Substrate (32106, Thermo
Fisher Scientific) and recorded using a ChemiDoc MP Imaging System (Bio-Rad).

N/TERT-2G cell culture, UV-exposure and AD monolayer model

The immortalized keratinocyte cell line N/TERT-2G°"®? was obtained from the J. Rheinwald laboratory (Harvard Medical School,
Boston, USA). These cells were passaged in T25 or T75 flasks in keratinocyte-serum free EpilLife medium (MEPI5S00CA, Gibco)
with human keratinocyte culture supplement (HKGS) (S0015, Gibco) based on previously published protocols’® in a humidified
5% CO, incubator. Alternatively, CnT-Prime (CNT-PR, CELLNTEC) media was also used.

For UV-exposure, cells were seeded at 3.6 x 10% cells mL™" in 24 well plates. When confluent, cells were exposed for 30 minutes to
four UV-B lamps (302 nm) (Gel Dock XR+, Biorad). Then, cells were washed with Hanks’ balanced salt solution (HBSS) (HBSS-2A,
Capricorn Scientific) and dyed for 30 minutes at 37 °C with 20 uM 6-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-
H2DCFDA) (C6827, Invitrogen). After washing again with HBSS, we applied the 0.2 um filtered bacterial supernatant for 5h on the
cells, and we measured the ROS levels using a M Nano Infitine 200 Pro plate reader (Tecan) at an excitation/emission of 485/535nm.

RNA extraction

Total RNA was isolated by E.Z.N.A. Total RNA kit (R6834-02, Omega bio-tek). For bacterial RNA isolation, cultures were centrifuged
at 8000 r.c.f. for 5 minutes and resuspended in 1 mL TRK Lysis buffer. Then, cells were lysed using Precellys 0.1 mm silica beads
(432-3754, VWR) for 15 minutes in a Disruptor Genie (SI-D258, Scientific Industries) and the supernatant was collected after centri-
fugation for 4 minutes at 10.000r.c.f. for further processing. For human RNA isolation, 350 uL of TRK lysis buffer was added directly to
cells and taken for further processing according to manufacturer’s instructions. Briefly, extracted RNA in TRK buffer was mixed with
an equal volume of fresh ethanol 70% and loaded in the RNA isolation columns by centrifugation at 13.000 r.c.f. for 1 minute. Then
columns were washed with 500 pL of Wash Buffer |, 500 uL of Wash Buffer Il twice and a last 2 minute centrifugation to let the column
dry. The RNA was eluted with 40 pL. RNase free water and concentration was measured with NanoDrop One Spectrophotometer (ND-
ONE-W, ThermoFisher)

RT-qPCR

500 ng of isolated total RNA were treated with DNasel (18068015, Invitrogen) and used for cDNA synthesis using the RevertAid First
Strand cDNA Synthesis kit (K1622, ThermoFisher) according to the manufacturer’s protocols. Subsequent real-time quantitative
PCR (RT-gPCR) was performed using PowerUp SYBR Green Master Mix (A25742, Life Technologies). Target gene expression levels
were normalized using the housekeeping gene gyrase B (GyrB) from C. acnes. The AACT method was used to calculate relative
mRNA expression levels.”® All primers used are described in Table S2.

Homology search

We identified candidates for temperature sensing transcription factors among the differentially expressed genes obtained from the
RNA-seq. We manually used HMMscan’® to identify conserved domains in potential candidates and compared them with the do-
mains of known transcription factors related to temperature sensing in the literature.?° Then, we examined operon conservation using
GeCoViz'* and manually evaluated the domains shared between C. acnes potential homologs and reported heat-shock operon
genes described in the literature®® using HMMScan.

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry

C. acnes cells were analysed by flow cytometry on a LSR Fortessa 4L analyzer (BD) with a 488 nm laser and 530/30 band pass filter
for sfGFP, mCitrine and pFAST-Lime, a 405 nm laser with a 450/50 nm band pass filter for Cerulean, and a 561 nm laser with either a
610/20 band pass filter for EforCP and mCherry or a 585/15 nm for mKO2. For the terminator assay, cells were analysed on Attune Nxt
flow cytometer (Invitrogen) using a 488 nm laser and a 530/30 nm band-pass filter for sSfGFP, and a 561 nm laser together with a
620/15 nm filter for mCherry. Cells were centrifuged at 1657 r.c.f for 5 minutes and resuspended in PBS to ensure separation of
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cell events. FSC-H and SSC-H thresholds were set to exclude background events. Data was analysed using either FlowJo software
(Treestar) or a custom R script using the flowCore package.®® The fluorescence median of each gated population was calculated and
reported in this publication as the fluorescence value of a sample in arbitrary units (a.u.). This median was always calculated as the
median of the whole population unless otherwise indicated. For the experiment measuring the different reporters (Figure 1D) and the
experiment measuring mCherry with different C. acnes strains (Figure 1H), we defined an arbitrary threshold to select the populations
clearly more fluorescent than the negative control and reported the median fluorescence intensity of these selected populations for
each strain (Figures S2 and S7).

RNA-seq

Isolated RNA was analyzed for purity and integrity using Bioanalyzer (Agilent Technologies GmbH, Germany). Library construction
and RNA-sequencing was performed by Macrogen Inc. (Seoul, South Korea) using the Truseq Stranded Total RNA and sequenced
using an lllumina at 60M pair-reads depth. RNA-seq analysis was performed using the nf-core RNA-seq pipeline v3.0°"%" in Nextflow
v20.12.0-edge.®® Raw paired-end reads were trimmed using Trim Galore v0.6.6 and aligned to the C. acnes KPA171202 reference
genome (Genbank AE017283) using STAR v2.6.1d°° and SAMtools v1.10.”® Quality control was performed using FastQC v0.11.9.
Mapped reads were counted using mpileup from BCFtools in htslib v1.1.”" For temperature-sensitive promoters, differential gene
expression analysis between two heat shock samples and two controls was performed on the normalized read counts using De-
Seq2.”® Genes with a log fold-change greater than 3 were selected for further manual inspection of the read coverage across the
genetic locus. We extracted either 200 bp upstream the start codon or the whole intergenic region for those genes whose upregu-
lation was consistent all over their ORF. Similarly, constitutive promoters were selected among the genes within the 15% lowest vari-
ation coefficient (CV) and after manual inspection of the read coverage for uniformity. Again, the regulatory sequence was identified
as either the intergenic region or 200 bp upstream from the start codon. For endogenous terminator sequences, mean change points
were detected across the coverage pileup using the changepoint R package cpt.mean.®® Then, we calculated the segments between
change points and selected those segments containing at least one stop codon that had the greatest drop in expression compared
with their neighbouring segments. After manual inspection of those segments fulfilling these criteria, we selected as terminator se-
quences the intergenic regions within the selected segments.

SOD activity quantification

0.2 um-filtered C. acnes supernatants were transferred to a 96-well plate to measure the SOD activity using an SOD activity assay kit
(CS0009, Sigma) following manufacturer’s instructions. Briefly, 20 uL from supernatants were mixed with 160 uL of the WST dye, and
20 plL of xanthine oxidase were added to start the reaction. The SOD activity was calculated using a standard calibration curve. First,
the absorbance at 450 nm from each sample was averaged across replicates. To obtain the linearized SOD rate, a blank control was
subtracted from all samples and standards, and resulting values were divided by the absorbance of the control reaction lacking SOD.
The standards were then used for a linear regression to obtain the calibration parameters as the slope and intercept. Then the
following formula was applied.

_ SampleLSR — intercept «

1
Slope 0

SOD activity (units / mL)

Where Sample, sr is the linearized SOD rate of the sample and the multiplication by 10 corresponds to the dilution factor. A calibration
curve was only considered valid when its R? was higher than 0.95.

Statistics and reproducibility
Statistical analysis was performed using R and RStudio. Each experiment includes at least three independent replicates and graphs
include the mean + s.d. Unpaired one-way analysis of variance (ANOVA) was used for comparison between multiple groups followed
by Tukey’s multiple comparison post hoc unless specified in the figure legend. Results with p-value < 0.001 were considered highly
statistically significant (***). Results with p-value < 0.05 were considered as significant (*). All blots and gels were repeated at least
two times.

Terminator efficiency (Figure S7) was calculated with the following equation as previously described.®?

mCherry Terminator sfGFP Terminator
mCherry Spacer, SfGFP Spacer;

Terminator efficiency = 1 — (

Where Spacer_1 corresponds to the mCherry or the sfGFP fluorescence levels from the control harbouring only the Spacer_1
sequence and no terminator, and Terminator corresponds to the fluorescence levels of the terminator evaluated. Error bars were
calculated with the following formula, propagating the error of three biological replicates:

) 2
OmCherry Ratio )2 (mCher 1y Ratio X g GFPRaU’o)

Propagated error = ( GFP Ratio GFP Ratio?
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