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EngineeredMycoplasma pneumoniae
targeting dual-species bacterial biofilms:
a novel strategy against infections
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Antimicrobial resistance is amajor global health threat, potentially causing 8.22million deaths annually
by 2050. Polymicrobial biofilms significantly contribute to this crisis, leading to treatment failure,
especially in chronic airway infections caused by Staphylococcus aureus and Pseudomonas
aeruginosa, common in ventilator-associated pneumonia and cystic fibrosis. To address this, we
engineered an attenuated Mycoplasma pneumoniae strain, CV8_HAD, to secrete biofilm-disrupting
enzymes (PelAh, PslGh, A1-II’ and Dispersin B). CV8_HAD showed strong in vitro activity against
single and mixed-species biofilms of S. aureus and P. aeruginosa, and demonstrated in vivo efficacy
against S. aureus biofilms in mice and mixed infections in Galleria mellonella larvae. This study
establishes engineered M. pneumoniae as a promising therapeutic strategy for tackling microbial
biofilms and highlights the potential of G.mellonella larvae models as an alternative to mouse models
in advancing research on biofilm-targeting interventions.

Antimicrobial resistance (AMR) represents a critical global challenge to
public health and development. Recent studies reported a concerning rise in
AMR-related deaths in 2021 (i.e. 4.71million deaths associated with AMR),
foreseeing up to 8.22 million deaths globally by 20501. The six primary
bacterial pathogens associated with resistance-related mortality are
Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, Strepto-
coccus pneumoniae, Acinetobacter baumannii, and Pseudomonas aerugi-
nosa. These six species are on the WHO bacterial priority pathogens list2.
The pathogenicity of these bacteria is closely linked to their ability to form
biofilms, i.e. structured microbial communities encased in a self-produced
polymeric matrix that can colonize both biotic and abiotic surfaces. The
extracellular matrix of biofilms comprises diverse exopolymeric substances,
including polysaccharides, proteins, DNA, and lipids, predominantly syn-
thesized by the microorganisms3. Once established, bacterial biofilms can
evade host immune responses and exhibit heightened antibiotic resistance,
posing a more significant threat to human health than planktonic bacteria.
Biofilm formation is strongly associated with persistent and chronic infec-
tions, and it is estimated that 65–80% of hospital-acquired infections are
biofilm-related4,5.

In respiratory diseases, S. aureus and P. aeruginosa stand out as the
most frequent dual-species biofilms, linked to ventilator-associated

pneumonia (VAP)6–8, cystic fibrosis (CF)9,10, chronic obstructive pulmonary
disease (COPD)11, bronchiectasis12, and tracheobronchitis13. Since S. aureus
and P. aeruginosa frequently coexist in multi-species biofilms, their inter-
action has been extensively studied in vitro and in vivo. When grown
together in vitro under nutrient-limited conditions, P. aeruginosa typically
outcompetes S. aureus by producing anti-staphylococcal factors controlled
by the quorum sensing14–16. However, in vivo, these two species cooperate by
enhancing colonization and decreasing susceptibility to a range of clinically
relevant antibiotics13,17–22, ultimately leading to worse clinical outcomes
compared to those observed in single species infections13,21,23–26.

Given the complexity of multi-species biofilms in respiratory diseases,
a better outcome relies on therapies capable of degrading the extracellular
matrix producedbymultiple bacteria.Whilemany approaches for targeting
S. aureus27–32 or P. aeruginosa33,34 in individual biofilms were reported with
promising results against monocultures, their efficiency against poly-
microbial biofilms remains questionable35. Furthermore, the need to com-
bine various compounds, such as antiseptics, antibiotics, EDTA, and
proteases to achieve a synergistic antibiofilm effect28,35–38 presents logistical
and cost limitations, emphasizing the value of a single treatment capable of
delivering multiple agents simultaneously and in situ. In this context,
engineered bacteria are promising tools due to their capacity to colonize
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specific tissues and to deliver multiple biologically active molecules in situ39.
Recently, we described an innovative strategy able to destroy monoculture
biofilms in vivo in a preclinical mouse model, by using an engineered non-
virulent minimal bacterium derived from Mycoplasma pneumoniae32,33.
Importantly, the absence of a cell wall inM. pneumoniae allows the use of
engineered therapeutical M. pneumoniae strains degrading the biofilms
together with antibiotics that target the cell wall components of pathogenic
bacteria.

Despite promising in vivo results of engineeredM. pneumoniae strains
against biofilms formedby S. aureusorP. aeruginosa32,33, the potential of this
novel approach against multispecies biofilms has not been explored. Here,
we report the engineering of a new therapeuticM. pneumoniae attenuated
strain, namely CV8_HAD. In contrast to previously described therapeutic
strains32,33, CV8_HADisdesigned to simultaneously secrete a set of enzymes
(PelAh, PslGh, AI-II’ and Dispersin B) that disrupt S. aureus and P. aeru-
ginosa dual-species biofilms, thereby broadening its potential clinical
applications. First, we assessed the antibiofilm activity ofCV8_HADagainst
single and dual-species biofilms in vitro. Then, we characterized its activity
in vivo using Galleria mellonella larvae: in this versatile, cost-effective, and
ethically advantageous model we found an increase in the survival rate of
larvae infected with P. aeruginosa alone or in combination with S. aureus.

In conclusion, we present an engineered lung bacterium that dissolves
complex biofilms as a solution to treat resistance to antibiotics in respiratory
infectious diseases.

Results
Rational engineering ofMycoplasma pneumoniae strain
CV8_HAD
To generate the CV8_HAD strain, we introduced four genes encoding
biofilm-degrading enzymes into the genome of the attenuated M. pneu-
moniae strain CV840 via transposon mutagenesis. Specifically, as schema-
tized inFig. 1a,we incorporated: thehydrolytic PelAhandPslGhdomainsof
the glycoside hydrolases from P. aeruginosa, that target the Pel and Psl
exopolysaccharides (payload H); the alginate lyase A1-II′ from Sphingo-
monas sp., targeting alginate homo- and heteropolymers41 (payload A); and
the glycoside hydrolase Dispersin B from Aggregatibacter actinomyce-
temcomitans, targeting the exopolysaccharide PNAG (payloadD). Also, the

CV8_HA and CV8_D single mutants were built and used as controls. To
enable release into the supernatant (SN), the proteins were fused to the
optimized secretion signal MPN142_OPT32. Western blot analysis con-
firmed their presence in both cell lysates and the SN (Fig. 1b). The payloads
expression and secretion did not affect the in vitro growth rate (as deter-
minedbygrowth curves, SupplementaryFig. 1a) or the in vivopersistence of
the strains in murine lungs (Supplementary Fig. 1b).

CV8_HAD degrades multispecies biofilms in vitro
To validate the antibiofilm efficacy of the payloads carried by CV8_HAD,
we incubated SN samples from CV8 strains to 24h-mature biofilms pre-
formed in vitro by S. aureus strain Sa1598142,43, a strong biofilmproducer, or
P. aeruginosa lab-standard strain PAO1. Quantification of biofilm degra-
dationusing the crystal violetmethod showed that theCV8_Dcarrying only
payload D specifically degraded S. aureus biofilm (90% degradation com-
pared to the control strain CV8), CV8_HA carrying payloads H and A
specifically degraded P. aeruginosa (57% degradation), while CV8_HAD
degraded both S. aureus and P. aeruginosa (90% and 63% degradation,
respectively) (Fig. 1c, 1d).

To broaden the potential clinical applications of CV8_HAD, we fur-
ther validated its antibiofilm efficacy against a panel of five additional P.
aeruginosa and S. aureus strains isolated from patients with tracheobron-
chitis or bronchial colonization (Table 1) and one S. aureus (SAR10471)
isolated from a patient co-infected with P. aeruginosa (PAR10471). This
experiment confirmed the antibiofilm activity of CV8_HAD in a variety of
P. aeruginosa clinical isolates; however, it could not be evaluated in
SAR10471, as this strain did not exhibit detectable biofilm formation
(Supplementary Fig. 2).

After confirming the antibiofilm activity of CV8_HAD, we next tested
its antimicrobial effects. Growth of P. aeruginosa and S. aureus in the pre-
sence of CV8_HAD SN did not show a significant delay compared to CV8
SN, demonstrating that CV8_HAD payloads do not directly inhibit bac-
terial proliferation (Supplementary Fig. 3).

Since P. aeruginosa and S. aureus are frequently co-isolated from
biofilm-associated respiratorydiseases13,21,wenext investigated thepotential
of CV8_HAD SN to dissolve mixed biofilms. First, we produced dual-
species biofilms using twodifferent strain combinations: (1) amixture of the

Fig. 1 | CV8_HAD strain dissolves S. aureus andP.
aeruginosa biofilms in vitro. a Graphical repre-
sentation of the antibiofilm payloads secreted byM.
pneumoniae strain CV8_HAD. bWestern blot
analysis of CV8_HAD lysate and supernatant (SN)
showing expression of the payloads; the CV8 chassis
and the loaded ribosomal protein RL7 were used as
controls. c Representative images of crystal violet
assays used to quantify S. aureus (strain Sa15981) or
P. aeruginosa (strain PAO1) biofilms after treating
with SN from CV8 strains. CV8_D expresses pay-
load D only; CV8_HA expresses payloads H and A.
d Plot showing the quantification of biofilm dis-
solution byCV8 strains SN treatments in vitro, using
the crystal violet assay. Data are shown as the mean
of three independent experiments ± SEM.
***p < 0.001, ****p < 0.0001 by one-way Anova
followed by the post-hoc Tukey’s multiple
comparison tests.
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lab-standard strain PAO1 and the clinical isolate Sa15981, and (2) amixture
of the clinical co-isolated strains PAR10471 and SAR1047113. For each
combination, we inoculated S. aureus and P. aeruginosa at a CFU ratio of
4:1, to prevent P. aeruginosa from totally outcompeting S. aureus as pre-
viously observed13. This approach resulted in a robust multispecies biofilm
formation after 24 h. These biofilms were then incubated for six additional
hours with either CV8_HAD or CV8 supernatants. Crystal violet staining
revealed that CV8_HAD SN significantly degraded both dual-species bio-
films compared to the CV8 control SN, with 93% degradation of mixture 1
(Fig. 2a) and 68% degradation of mixture 2 (Fig. 2c). This bacterial biomass
reductionwas accompaniedbymore than2 logs reduction in S. aureusCFU,
with no statistical impact on P. aeruginosa CFU reduction under these
experimental conditions (Figs. 2b and 2d).

These data demonstrate that CV8_HADdissolvesmixed biofilms ofP.
aeruginosa and S. aureus in vitro.

CV8_HAD suppresses infections in Galleria mellonella larvae
After demonstrating that CV8_HAD dissolved dual-species biofilms
in vitro, we sought to test its anti-biofilm activity in vivo. Although we
succeeded to validate CV8_HAD anti-biofilm activity in a well-
characterized murine model of subcutaneous S. aureus biofilm (Supple-
mentary Fig. 4), we were unable to identify a reliablemurinemodel of dual-
species biofilm. Therefore, we set out to establish an alternative in vivo
infectionmodel usingG.mellonella (greaterwaxmoth) larvae to adddata on
the potential applications of our engineered strain. This extensively char-
acterized invertebrate organism has been demonstrated as a suitable model
for studyingmicrobial infections and antimicrobial agents efficacy, allowing
for faster and more versatile screening while requiring simpler infra-
structure and no animal welfare or ethical approvals44.

First, the toxicity of CV8_HAD was evaluated by inoculating larvae
(n = 15) with increasing doses of CV8_HAD ranking from 106 to 108 CFU/
larva, and monitoring larval survival over eight days. A group of larvae
(n = 15) inoculatedwith 3 × 102CFU/larvaofP. aeruginosa strainPAR7244,
was used as a virulence control, since it provides 100% lethality in 4 days.
The results showed that all larvae inoculated with CV8_HAD survived in
healthy condition until the end of the experiment (8 days post inoculation,
dpi, Supplementary Fig. 5a), exhibiting no clinical symptoms such as
reduced movement, failure to form a cocoon, or melanization, therefore
demonstrating that CV8_HAD is non-virulent in this model even at the
higher dose administered. Interestingly, although CV8_HAD persistence
decreases by three orders of magnitude beyond 24 h (Supplementary Fig.
5b), viable cells were still detectable in larvae up to three dpi.

Second, the therapeutic efficacy of CV8_HAD was evaluated in larvae
infectedwithP. aeruginosa and/or S. aureus. Treatments were administered
either 1 or 24 h post-infection (hpi) (Fig. 3a), and larval survival was
monitored for eight days. In PAR10471-infected larvae, CV8_HAD
increased the median survival compared to the control when administered
at both 1 hpi (seven days in CV8_HAD group vs. three days in CV8 con-
trols) and24hpi (more than50%of the larvaewere still alive at the endof the
study, vs. three days; Fig. 3b). In SAR10471-infected larvae, treatment with
CV8_HADhadno significant effect on survival when administered at 1 hpi,

Table 1 | Bacterial strains

Bacteria Strain Reference

Mycoplasma pneumoniae strain M129 CV8 40

CV8_HAD This work

CV8_HA

CV8_D

Pseudomonas aeruginosa PAO1 ATCC #47085*

PAR10471 13

PAR7244

PAR2746

PAR7115

PAR5091

Staphylococcus aureus Sa15981 43

SAR10471 13
*ATCC American Type Culture Collection.

Fig. 2 | CV8_HAD dissolves dual-species biofilms
in vitro. a, c Biofilms were obtained by co-culturing
P. aeruginosa and S. aureus in 96-wells for 24 h at
37 °C in static conditions. Then, biofilms were
washed and treated with supernatants (SN) from
CV8_HAD or the control strain CV8 for six hours
and subsequently quantified by crystal violet as
detailed in the Materials and methods. b, d The
proportion of P. aeruginosa and S. aureus viable
bacteria in the mixed biofilms was assessed after
each treatment by direct seeding on MacConkey
Agar or Mannitol Salt Agar, respectively. Data
shown are the mean ± SEM (n = 3) and statistical
significance by Student’s t-test:
**p < 0.01; ***p < 0.001.
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but showed efficacy when administered at 24 hpi (four days vs. two days;
Fig. 3c).

Larvae co-infectedwith SAR10471 and PAR10471 exhibitedmarkedly
higher mortality compared to single infections (approximately 100%
mortality at 48 h; Fig. 3d),most likely due to synergistic effects, as previously
reported13. In line with this, CV8_HAD treatment was not effective in co-
infected larvae when administered at 24 hpi; however, it significantly
delayed larvalmortalitywhenadministered at 1 hpi (Fig. 3d), indicating that
early administration of CV8_HAD is required to counteract biofilm-
associated virulence in co-infected larvae. The efficacy of CV8_HAD was
further confirmed in larvae infected with strain Sa15981 (Supplementary
Fig. 6), a strain that forms robust biofilm in vitro.

Taken together, our results demonstrate the efficacy of CV8_HADas a
therapeutic agent against P. aeruginosa and S. aureus mono- and dual-
species biofilm, not only in vitro but also in vivo in the G. mellonella
larvae model.

Discussion
Bacterial biofilms play an important role in a range of diseases in pulmonary
and critical caremedicine, such as catheter-associated infections, ventilator-
associated pneumonia, and chronic infections in cystic fibrosis45. In fact, an
estimated 60% of chronic or recurrent respiratory infections are directly
associated with bacterial biofilms, increasing patient morbidity and mor-
tality rates and economic burdens5. Biofilms create structures hindering
bacteria from the activity of antibiotics, immune system and other external
stressors, requiring treatments at high doses of antibiotics for long-lasting
periods that, despite it, frequently result in relapseswithpoorprognosis. The
presence of polymicrobial biofilms represents an additional complication,

being P. aeruginosa and S. aureus the agents more frequently found in
chronic and acute respiratory complex diseases6–13. One interesting
approach tosolve these clinical problems consists of thedevelopment of new
treatments directed to combine the biofilm dispersal with low doses of
antibiotics, allowing more rational and effective treatments32,33. Moreover,
biofilm dispersants can disrupt the planktonic propagation lifestyle of the
bacteria egressed from a mature biofilm, making these bacteria more sus-
ceptible to drugs and the host immune system.

Supporting this promising strategy, we present here a new therapeutic
approach based on an attenuated live bacterium, called CV8_HAD,
expressing simultaneously enzymes that target alginate, polysaccharides Pel
and Psl, and PNAG polymers. We first demonstrated CV8_HAD anti-
biofilm activity against single- and dual-species biofilm in vitro; then, we
validated CV8_HAD antibiofilm activity in a well-established S. aureus
biofilm murine model using a subcutaneously implanted sealed catheter.

Given the difficulty and lack of reliability of in vivomicemodelswithP.
aeruginosa biofilms, we finally validated the CV8_HAD in vivo activity
usingG.mellonella larvae,which represents a low-cost, reliable, and ethically
preferred model for testing novel antimicrobials44. This insect model is
increasingly used to evaluate antimicrobial compounds, but its potential for
studying antibiofilm agents and engineered therapeutic bacteria remains
largely unexplored. While previous studies have shown that S. aureus can
form biofilms on pre-implanted abiotic surfaces inside G. mellonella
larvae46, biofilm formation in larvae without the use of devices has not yet
been described. In our study, we provide evidence of device-free biofilm
formation in larvae. First, we demonstrated that the payloads secreted by
CV8_HAD do not inhibit planktonic bacterial growth (Supplementary Fig.
3). Therefore, its therapeutic efficacy in larvae is likely attributable to

Fig. 3 | CV8_HAD increases the survival of G. mellonella larvae infected with S.
aureus and/orP. aeruginosa. a Schematic representation of the experiments carried
out in larvae. Briefly, G. mellonella larvae (n = 15) were infected with different iso-
lates of S. aureus and/or P. aeruginosa, and treated 1 or 24 hpi with 107 CFU of
CV8_HAD; one group (n = 15) treated with CV8 was used as negative control.
Survival was monitored daily for eight days post-treatment (dpi), and graphically

represented by a Kaplan-Meyer survival curve. Results obtained in larvae infected
with bacterial strains: (b) PAR10471 (5 × 102 CFU), c SAR10471 (106 CFU), or d a
combination of SAR10471 and PAR10471 (106 CFU and 5 × 10 CFU, respectively).
Statistical comparisons were performed by the Log-rank (Mantel-Cox) test: n.s. =
not significant; * p = 0.024; **p = 0.005; **** p < 0.0001.
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interference with biofilm-associated virulence. Second, we observed varia-
bility in treatment efficacy across bacterial strains depending on the timing
of administration (1 or 24 hpi; Fig. 3). This variability correlates with the
strains’ ability to form biofilm in vitro (Supplementary Fig. 2): strains with a
higher biofilm-forming capacity (PAR10471 and Sa15981) responded bet-
ter to early treatment administration (1 hpi) compared to low biofilm-
forming strains (such as SAR10471). Third, confocal microscopy revealed
tightly packed aggregates of bacilli-shaped bacteria within P. aeruginosa-
infected larvae at 24 hpi, consistent with the presence of a biofilm (Sup-
plementary Fig. 7). Collectively, these findings strongly suggest that both S.
aureus and P. aeruginosa form biofilm-like aggregates within G. mellonella
larvae, consistent with biofilm development observed in other animal
models, three-dimensional lung epithelial cell system47, or even in biological
fluids48–54.

Importantly, our results establish a novel application of the G. mello-
nella infection model for screening the efficacy of antibiofilm compounds
delivered via live biotherapeutic products (LBP). Indeed, the optimal dosage
and timing of LPB administrationmust be carefully optimized, considering
several factors, including LBP persistence within the larvae, the intrinsic
ability of the infecting strain to form aggregates or biofilm, the bacterial load
in single infections, and the relative ratio of each species in co-infections. In
our experimental setting, the limited CV8_HAD persistence in larvae,
which decreases by three orders of magnitude beyond 24 hpi, combined
with the strain-dependent timing of biofilm formation, likely explains the
variability in treatment efficacy observed when administration occurred at
either 1 or 24 hpi.

A key limitation of using larval survival as a readout to screen for
antibiofilm activity is that biofilm-associated virulence represents only a
subset of the overall pathogenicity of a bacterium. Both S. aureus55 and P.
aeruginosa56 produce a wide array of virulence factors beyond those
involved in biofilm formation. Consequently, even when biofilm formation
is successfully impaired, other virulence mechanisms may still cause larval
death, potentially leading to an underestimation of the antibiofilm efficacy
of the treatment being evaluated. This likely explains why, despite the
therapeutic efficacy of CV8_HAD, larval mortality was still observed in our
experiments.

Noteworthy, the alginate, polysaccharides Pel and Psl, and PNAG
polymers biofilm matrix components disaggregated by CV8_HAD are not
exclusive of S. aureus and P. aeruginosa biofilms. Evidences suggest that Pel
is a commonbiofilmmatrix component inmanyGram-positive bacteria, as
the core pelDEADAFG locus is conserved across diverse species of bacilli,
clostridia, streptococci, and actinobacteria57. In fact, PelAh from P. aerugi-
nosa has been shown to disrupt Pel-based biofilm formed by the Bacillus
cereus57. Similarly, the PNAG biosynthesis pathway has been characterized
in multiple bacteria species58–62 and the enzyme dispersin B has been
reported to disperse biofilms formed by Staphylococcus epidermidis,
Escherichia coli K-1263, Bordetella bronchiseptica, and Bordetella pertussis64,
amongothers65. Thesefindings support the hypothesis thatCV8_HADmay
degrade biofilms formed by a wide range of pathogenic bacteria in the
context of complex multispecies biofilm in vivo.

Bacterial antibiotic resistance has reached a critical stage, coinciding
with a marked decline in the pharmaceutical industry’s development of
novel antibiotics. As conventional antibiotics become less reliable, alter-
native treatment strategies need to be explored to ensure effective therapies
against bacterial infections. Over the last decade, monoclonal antibodies
targeting bacterial toxins, including S. aureus’ α-hemolysin, have been
undergoing clinical trials66–68. Bacteriophages therapies are also under
consideration not only in in vivo models69 but also in clinical trials70–72,
demonstrating effectiveness of phage treatment againstP. aeruginosa and S.
aureus infections.

Another innovative approach for treating bacterial infections is
represented by engineered live bacteria. Preclinical studies described the
engineering of E. coliNissle 1917 to fight pathogenic bacteria in the gut, e.g.,
by expressing a microcin against Salmonella spp73., antimicrobial peptides
against Enterococcus spp74., or pyocin S5 against P. aeruginosa75. Acid lactic

bacteria have also been engineered against intestinal infections, e.g. Lacto-
coccus lactis secreting antimicrobial peptides against pathogenic E. coli and
Salmonella infections76, or Lactobacillus casei expressing Listeria adhesion
proteins to reduce L. monocytogenesmucosal colonization77.While all these
new approaches are designed to target infections in the intestinal tract, no
engineered live bacteria have been reported to tackle respiratory infections.
In this regard, M. pneumoniae offers many advantages as a chassis for
treatment of respiratory infections: (i) its natural niche are the airways; (ii) as
it lacks of a cell wall, it can be combined with antibiotics targeting the
peptidoglycan layer of pathogens33; (iii) its negligible genomerecombination
rate reduces the risk of gene horizontal transfer; (iv) its UGAcodon encodes
for tryptophan instead of a translation stop, providing an intrinsic bio-
containment mechanism; and (v) it can be grown in a defined, synthetic,
serum-free medium to upscale its good manufacturing practice-compliant
production78.

In conclusion, given the intrinsic properties ofM. pneumoniae as a
delivery vector, the previously demonstrated attenuation of the CV8
chassis in murine lungs40, and the ability of CV8_HAD to secrete
antibiofilm compounds effective against multispecies biofilms, we
highlight the translational promise of CV8_HAD as a novel living
therapeutic for combating biofilm-associated antimicrobial resistance.
While the present study does not use a respiratory infection model, our
findings provide a foundation for future work in this direction. Speci-
fically, upcoming studies will evaluate the efficacy of CV8_HAD in
relevant respiratory models. In a clinical context, we envision
CV8_HAD as a candidate therapeutic product for patients with chronic
or recurrent respiratory infections characterized by P. aeruginosa and S.
aureus biofilm formation, such as CF, COPD, and VAP. Formulated as
an inhalable suspension for respiratory delivery (e.g., via nebulizer, dry
powder inhaler, or intranasal spray), CV8_HAD could promote biofilm
dispersal in the airways, allowing its combination with lower doses of
antibiotics and enabling more rational and effective antimicrobial
therapies.

Methods
Bacterial strains, media, and growth conditions
A list of the bacterial strains used in this work and their original description
reference is in Table 1. Strains P. aeruginosa PAR10471 and S. aureus
SAR10471 are clinical isolates from a patient suffering respiratory
problems13. The attenuated strain CV8 derives from the wild-type M.
pneumoniae strainM129 (ATCC29342, subtype 1), inwhich genesmpn133
and mpn372 were deleted, and thempn051 gene was replaced by the gpsA
gene fromMycoplasma penetrans40.

M. pneumoniae strains were cultured in T75 flasks (VWR) with 25ml
of modifiedHayflick medium (here calledHayflick) and incubated at 37 °C
in a 5% CO2 supplement until the late exponential phase. Hayflick was
prepared with: 18.4 g/L of PPLO broth (Difco), 100mM HEPES, 0.0025%
phenol red (Sigma-Aldrich), and NaOH to pH 7.75 supplemented after
autoclaving with 20% heat-inactivated horse serum (Life Technologies),
55mM glucose, and 100 ug/mL ampicillin (Sigma-Alrich).When required,
bacto agar 1% (BD) was added before sterilization to prepare the solid
version, as well as the antibiotics for selection (all from Sigma-Aldrich):
tetracycline (2 μg/ml) or chloramphenicol (20 μg/ml). Unless otherwise
specified, P. aeruginosa and S. aureus strains were precultured in LB agar
plates and cultured routinely in tryptic soy broth (TSB; BD Difco) and
subsequent incubation at 37 °C, 600 rpm, overnight.

For P. aeruginosa and S. aureus in vitro growth curve assays, bacteria
were grownovernight inTSBmediumat37 °Con shaking.Thenextday, the
cultures were diluted to a OD600 of 0.1, and this suspension was added to
96-wells in the presence of 10% or 40% of CV8 or CV8_HAD supernatant.
The platewas incubated in aTECANplate reader (Infinite 200 Pro) at 37 °C
on shaking, and the OD600 was read every 20min. To obtain the super-
natants, M. pneumoniae was cultured in a T25 flask filled with 5ml of
Hayflick medium (free from antibiotics). After flask incubation at 37 °C for
three days, the SN was harvested in a 1.5mL tube, centrifuged at 17000 g at
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4 °C for 10min, andfiltered by 0.22-μm(Millipore). Thismethod allows the
obtention of a cell-free SN, as assessed by direct plating on Hayflick-agar
medium. The cell-free SN was kept at 4 °C or−20 °C until its use.

For M. pneumoniae in vitro growth curve, cell suspensions were
inoculated into 96-well plates and incubated statically at 37 °C in a TECAN
plate reader (Infinite 200 Pro). Absorbance at 430 nm and 560 nm was
measured every 2 h. The growth index at each time point was calculated as
the ratio of 430/560 nm, reflecting the colour change of the culturemedium
due to acidification, which correlates with an increase in biomass, as pre-
viously described79,80. Doubling times of the strains were calculated as ln(2)/
slope of the curve, considering the timepoints in the exponential phase only.

For M. pneumoniae maintenance in mice lungs, C57BL/6 mice were
intratracheally inoculatedwith 5 × 107 CFU of CV8 (n = 17) or CV8_HAD
(n = 10); the lungs were harvested at 2 and 4 days after inoculation,
homogenized, serial diluted, and seeded onto Hayflick-agar plates. After
10 days at 37 °C, colonies on the plates were counted.

Plasmids and generation of CV8 recombinant mutants
The CV8 recombinant mutants were generated by transforming mini-
transposon vectors by electroporation.

The mini-transposons vectors were generated by fusing the synthetic
promoter prEF-Tu to the selected enzymes genes (PelAh, PslGh, A1-II’,
and/orDspB) containing the signal peptidempn142opt32 at their N-termini
for secretion. Assembling of these vectors was made following the Gibson
method79. When required, gene fragments were synthesized by IDT Cor-
poration. Oligonucleotides were synthesized by Sigma-Aldrich, and the
PCR reactions were performed with Phusion DNA polymerase (Thermo
Fisher Scientific). The final sequence of all the plasmids was confirmed by
Sanger sequencing (Eurofins Genomics).

To transform the mini-transposons, CV8 was cultured in T75 culture
flasks with 25mL Hayflick medium at 37 °C and 5% CO2 until late expo-
nential phase. Cells were washed twice in precooled electroporation buffer
(272mM sucrose, Hepes 8mM, pH 7.4), scraped in 1ml electroporation
buffer, collected in a 1.5ml tube, and homogenized by rinsing ten times
through a 25-gauge syringe needle. Then, 50 µl of cell suspension were
mixed with 1.5 µg of the corresponding plasmid in a 0.1-cm cuvette, which
was kept on ice for 20min, submitted to electroporation (Biora Gene Pulser
Xcell Electroporation Systems) at 1250V/25 µF/100 Ω, and immediately
diluted in 420 µl of freshHayflick. The suspension obtainedwas transferred
to a 1.5ml tube, incubated at 37 °C for 3 h, and finally inoculated into a T25
plate with 5ml Hayflick supplemented with the antibiotic for selection
(tetracycline (2 μg/ml) or chloramphenicol (20 μg/ml). Resistant cells
usually expand within seven days of the transformation.

Western blot
To obtain cell lysates, cells growing in T75 flasks in exponential phase were
lysedwith 1ml SDS 4% (Sigma) andHepes 100mM(Sigma), and sonicated
(Bioruptor Plus from Diagenode) for 10min on HIGH position with an
intervalON/OFF of 30 sec on ice. Samples were subjected to SDS–PAGEon
a Novex™ 4–12% Bis-Tris Protein Gels in MOPS running buffer (Ther-
moFisher), transferred to nitrocellulosemembraneswith an iBlot 3Western
BlotTransfer Systems (ThermoFisher), blockedwith 5% skimmilk (Sigma),
hybridizedwith polyclonal primary antibodies (customizedbyProteogenix)
and then with HRP-conjugated secondary antibodies (anti-rabbit IgG,
Sigma A0545). After incubating the membrane with the HRP substrate
(ThermoFisher Pico), the chemiluminescent signal was detected with an
iBright CL750 Imaging System (ThermoFisher).

In vitro biofilm degradation assay
M. pneumoniae was cultured in a T25 flask filled with 5ml of Hayflick
medium (free from antibiotics). After flask incubation at 37 °C for three
days, the SN was harvested in a 1.5mL tube, centrifuged at 17000 g at 4 °C
for 10min, and filtered by 0.22-μm (Millipore). This method allows the
obtention of a cell-free SN, as assessed by direct plating on Hayflick-agar
medium. The cell-free SN was kept at 4 °C or−20 °C until its use.

On the other hand, P. aeruginosa and S. aureus cultures were grown in
TSB (37 °C, 600 rpm, overnight) by mixing 20 μl of stock in 20ml of TSB,
then diluted to an OD600 = 0.15 in the same broth culture, and distributed
(100 μl/well, in triplicate) into sterile 96-well polystyrene microtiter plates
(VWR). The plates were incubated at 37 °C, statically, for 24 h to allow
biofilm formation, and then washed with PBS to remove nonadherent cells
cells and the biofilms formed were treated with 100 μl/well ofM. pneumo-
niae SN for 6 h, at 37 °C. After incubation, the wells were washed with PBS
and stained with 150 μl of 0.1% Crystal Violet (Sigma) solution in water,
followed by three washes with PBS. The stained biofilm was solubilized by
adding 100 μl of 95% ethanol and incubating for 10min. Absorbance was
read at OD 595 nm using a TECAN plate reader (Infinite 200 Pro).

Also, the effect of CV8_HAD SN on P. aeruginosa and S. aureus
viabilitywas assessed byCFU/ml enumeration by resuspending the adhered
cells in 200 μl/well of PBS, serial dilution, and plating (100 µl/dilution, tri-
plicate) onMannitol Salt Agar (Condalab) orMacConkey Agar (Condalab)
or LB agar. The plates were incubated (37 °C, 24 h) and the mean ± SD
(n = 3) of CFU/ml was calculated and statistically compared by ANOVA
and the pos-hoc Least Significant Differences (LSD) tests, using GraphPad
Prism 8.0.1.

In vivo efficacy of CV8_HAD on catheter-associated biofilms by
[18F]FDG-Micro-PET in mice
Female CD1 outbreed mice (Charles River International) of 20–22 grams
body weight were accommodated with water and food ad libitum in the
animal facilities of the Institute of Agrobiotechnology (REGA ES/31-2010-
000013). Mouse handling and procedures were performed by accredited
personnel, in compliance with the current European and national regula-
tions, following the FELASA and ARRIVE welfare guidelines, with the
authorization of the competent authority of the Navarra Government
(codes 281/2020 and 282/2020).

S. aureus biofilm infection wasmonitored by the [18F]FDG-MicroPET
imaging in the previously developed and validated mouse model42. Upon
arrival, CD1 mice were acclimated for one week and randomly allocated to
cages. Sealed vialon® catheters were precolonized with Sa15981 and sub-
cutaneously implanted in CD1mice (n = 5); 24 h later, all micewere treated
with a single subcutaneous injection of CV8_HAD or CV8 as an untreated
control; and 1 and 4 days after treatment, biofilm signal was monitored by
intravenous injection of 18.8–1.9 MBq of [18F]FDG). To achieve this, PET
images were acquired 1 hour after radiotracer administration, over a 15-
minute period, using a MicroPET scanner (Mosaic; Philips, USA). Mice
were maintained under anaesthesia with 2% isoflurane in oxygen during
imaging. The images were reconstructed using a true 3D RAMLA algo-
rithm. The MicroPET images were analyzed using the PMOD software
(PMOD Technologies Ltd., Adliswil, Switzerland), and semiquantitative
results were expressed as the Standardized Uptake Value (SUV) index,
obtained as detailed42. After qualitative inspection of the images, volumes of
interest (VOI) were manually drawn on coronal 1-mm-thick consecutive
layers including the entire catheter area. For catheter image quantification,
manual bias of surrounding areas was avoided by a semi-automatically
generated new VOI, using the threshold of 60% maximum pixel for SUV
mean calculation (SUV60 index). Imaging Unit personnel were blinded to
group allocation while performing MicroPET scans. As established in our
previous works, SUV60 signal is a quantitative estimation of the bacterial
abundance, immune cell infiltration, and inflammation. Accordingly, the
efficacy of CV8_HAD treatment was determined by the mean SUV60
values (n = 5) detected in CV8_HAD vs. CV8 control groups, as well as the
mean SUV60values variations from1 to 4days after treatment, in eachmice
group. Statistical comparisons of SUV60 values were performed by Stu-
dent’s t-test (GraphPad Prism 8.0.1).

Survival of Galleria mellonella larvae
The larvae ofGalleriamellonellawere obtained fromour own hatchery, and
included in the infection assay according to the following criteria:: healthy-
looking aspect, weighing around 200–300mg, and no signs ofmelanization.
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To prepare the inocula, P. aeruginosa and S. aureus isolates were grown
overnight at 37 °C in 10mL of LB or 0.5X TSB supplemented with 1%
glucose, respectively, as optimized in previous studies13,80. Then, cells were
centrifuged at 5000 g, washed in PBS, and adjusted to the desired cell dose
required to kill G. mellonella over a 24–96 h period, as determined in pre-
vious studies. The selected doses ranged from 101 to 102 cfu per larvae for P.
aeruginosa, and from106 to 4 × 107 CFUper larvae for S. aureus isolates. For
the co-infections, the samebacterial burdenofP. aeruginosa and S. aureus as
the individual infections was used. Fifteen larvae per group were infected
through the left proleg with 10 μL of each bacterial suspension using a 50 μl
Hamilton Microliter syringe and incubated in the dark at 37 °C in empty
petri dishes. One or twenty-four hours later, larvae were treated with 107

CFU/larvae of CV8-HAD or the control strain CV8. The exact number of
bacteria inoculated was confirmed retrospectively by ten-fold serial dilu-
tions in PBS; plating (100ml/dilution, triplicate) on LB agar medium; and
incubation of plates for 24 h, at 37 °C. Larvaemortality wasmonitored daily
for eight days, considering that a larva was dead when showing these three
features: no response to touching, absence of cocoon, and black melaniza-
tion colour, following a standard scoringmethod81. The cumulative survival
curves were determined by Kaplan-Meier and statistically compared by the
log-rank (Mantel-Cox) test, using GraphPad Prism 8.0.1.

G. mellonella larvae processing and imaging
Larvae were fixed in formaldehyde (24 h at 4 °C), washed (3 times, 15min
each, at 4 °C), cryopreserved in 30% sucrose (5 days at 4 °C), and transferred
to O.C.T. compound for 46 h at 4 °C. Samples were then frozen on dry ice,
embedded in O.C.T. in cryo-moulds, and stored at –80 °C until cryo-
sectioning. Longitudinal sections (10 μm thick) were obtained from the
medial region of the larvae using a cryostat (Leica CM3050S). Sections were
mounted on pre-treated slides, dried for 40min on a heated plate at 37 °C
(Leica HI1220), washed in PBS (3 × 5min), and counterstained with
Hoechst 33342 (trihydrochloride trihydrate). Images were acquired using
confocal microscopy (Zeiss LSM980) at 63× magnification.

Data availability
All the raw data are available on request (Western Blot original images,
absorbances values of the crystal violet assays, CFU countings on plates,
SUV60values of theMicro-PET, counting of larvae survival, original images
of the confocal microscopy).
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