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In the current scenario of high antibiotic resistance, the search for therapeutic options against
Pseudomonas aeruginosa must be approached from different perspectives: cell-wall biology as source

. of bacterial weak points and ourimmune system as source of weapons. Our recent study suggests

. that once the permeability barrier has been overcome, the activity of our cell-wall-targeting immune

. proteins is notably enhanced, more in mutants with impaired peptidoglycan recycling. The present

. work aims at analyzing the activity of these proteins [lysozyme and Peptidoglycan-Recognition-

. Proteins (PGLYRPs)], alone or with a permeabilizer (subinhibitory colistin) in clinical strains, along

. with other features related to the cell-wall. We compared the most relevant and complementary

. scenarios: acute (bacteremia) and chronic infections [early/late isolates from lungs of cystic fibrosis
(CF) patients]. Although a low activity of lysozyme/PGLYRPs per se (except punctual highly susceptible
strains) was found, the colistin addition significantly increased their activity regardless of the strains’
colistin resistance levels. Our results show increased susceptibility in late CF isolates, suggesting that
CF adaptation renders P. aeruginosa more vulnerable to proteins targeting the cell-wall. Thus, our work
suggests that attacking some P. aeruginosa cell-wall biology-related elements to increase the activity of
our innate weapons could be a promising therapeutic strategy.

. Pseudomonas aeruginosa is one of the most important opportunistic pathogens and a very frequent cause of acute
. nosocomial and chronic infections in patients with underlying chronic respiratory diseases such as cystic fibrosis
(CF)!-3. Its most striking feature is the outstanding capacity for antibiotic resistance development through the
. selection of chromosomal mutations and/or the horizontal acquisition of resistance determinants*-®. Increasing
. worldwide resistance levels compromise our therapeutic arsenal, making the finding of new targets essential,
. at least to make the infections less harmful for patients (antivirulence therapies)’. Amongst the lines searching
for useful weak points in P. aeruginosa biology, some focus on the cell-wall and more specifically the pepti-
doglycan (PGN) and its metabolism, which is the target for 3-lactams, the most used antipseudomonal drugs
. in clinical practice. In this regard, some works have proposed the pathways regulating the expression of the
: AmpC B-lactamase, intimately linked to the PGN metabolism, as targets to avoid/revert 3-lactam resistance in
: P.aeruginosa®'2. Additionally, many different elements have been proposed in the gram-negatives’ PGN biology
as therapeutic targets, mainly in the field of anti-virulence'. In this context, we have recently shown that P. aerug-
inosa PGN recycling exerts a key protective role against the immune proteins targeting this structure [lysozyme
and PGN Recognition Proteins (PGLYRPs)']. A low activity of lysozyme or PGLYRPs was shown against the
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Figure 1. Survival rates of the P. aeruginosa clinical strains after treatment with lysozyme 25 mg/L. Incubation
with lysozyme was performed as explained in materials and methods (1 x 10° CFUs of each strain, 37°C, 180
r.p.m. agitation, 1h), and the survival percentage was calculated with regards to the initial inoculum. Each
column represents the mean value of at least three independent assays for each specific strain, whereas the error
bar represents the standard deviation (SD). In the CF pairs of isogenic isolates, the green columns correspond
to early and the black to late isolates, respectively. All the bacteremia strains are displayed with red columns.
The asterisks over the bars indicate a statistically significant difference between the early/late isolates in the
specific pair(s) of CF strains, P < 0.05 in the One-way ANOVA with post hoc Tukey’s multiple comparison

test. The differences among bacteria treated with lysozyme and controls (bacteria incubated in the assay buffer
without protein) were statistically significant in all the cases, with a slight growth in the control tubes (bacterial
survival > 100%, P < 0.05, data not shown). The box below displays the statistical parameters obtained when
analyzing the outcomes of the strains grouping them in the three collections (bacteremia, early CF isolates and
late CF isolates). The performed ¢ tests were two-tailed in all the cases; only when comparing the early with late
CF isolates, a paired test was applied. *A P value < 0.05 was considered statistically significant regarding the
differences among the mean values of collections. NA: Not applicable.

reference strain PAO1 but an important increase was found when a well-known permeabilizing agent (colistin)!®
was added at subinhibitory concentrations. Moreover, this effect was dramatically enhanced in mutants with
impaired PGN recycling'“.

Therefore, this work was aimed at analyzing the activity of these proteins per se or combined with subinhibi-
tory colistin in clinical strains for the first time. We analyzed the two most relevant and complementary scenarios,
acute infections (bloodstream isolates) and chronic infections (early/late isolates from lungs of CF patients). It
is well known that P. aeruginosa accumulates multiple adaptive mutations, such as those leading to virulence
attenuation or antimicrobial resistance, that promote persistence in the CF lung niche, where bacteria are notably
protected against the diffusion of certain immune elements mainly thanks to the mucus and biofilm lifestyle!'*-'s.
This scenario is completely different to that the bloodstream demands for infection development, in which acute
virulence is determinant'. Thus, we aimed to search for the correlations between the characterized pheno-
types and additional cell wall-linked features to explore the potential implications of these circumstances and
the obtained data. Among these features, the susceptibility against serum and 3-Defensin 1 and accessory traits
weaklier related with the cell-wall, such as the inflammatory and cytotoxic capacities, were analyzed. Altogether,
our results show that attacking some of the P. aeruginosa cell-wall biology-related elements to increase the activity
of our innate humoral weapons could be a very promising therapeutic strategy. Moreover, our results draw a com-
plex scenario revealing the participation of many actors ultimately defining the phenotypes of the clinical strains
in terms of their susceptibility to the studied innate weapons, which opens a new horizon in the search for targets
to habilitate these elements as future antipseudomonal resources.

Results

Lysozyme and PGLYRPs show a modest in vitro activity per se on clinical strains, with punc-
tual exceptions. As can be observed in Fig. 1 and the Supplementary DataSet S1, the overall activity of
lysozyme in the three collections (bacteremia, early CF and late CF isolates) was modest, with mean survival
percentages circa 50-60%, very similar to those of the reference strains PAO1 and PA14 (54% and 60%). Even
though the One-way ANOVA test indicated that the susceptibility behaviors were heterogeneous, when compar-
ing the survival percentages among the collections, the differences were never statistically significant (P > 0.05).
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Figure 2. Bacterial survival after treatment with lysozyme 25 mg/L, in the mpL knockout mutant (PW?7798)
from the UW Library?, and its originary wildtype strain (PAO1-UW). Incubations were performed as
explained in materials and methods (1 x 10° CFUs of each strain, 37 °C, 180 r.p.m. agitation, 1h), and the
survival percentage was calculated with regards to the initial inoculum. Each column represents the mean value
of at least three independent assays for each strain, whereas the error bar represents the standard deviation
(SD). *Statistically significant differences between the two strains: P < 0.05 in the Student’ ¢ test. The differences
among bacteria treated with lysozyme and controls (bacteria incubated in the assay buffer without protein)
were statistically significant in all the cases, with a slight growth in the control tubes (bacterial survival > 100%,
P <0.05, data not shown).

Nevertheless, some strains stood out due to their high susceptibility, with survival rates well below the mean
values, e.g. PAFQ15-3 or PAFQI11-10, both below 10%. When comparing the pairs of CF early/late isolates, the
differences were statistically significant (One-way ANOVA with post hoc Tukey’s test) in only three of them, but
with no clear trend regarding susceptibility overtime.

Although investigation of the genetic basis for the eventual attention-calling phenotypes was not a major
objective of this study, some clues can be given for the increased susceptibility of isolate PAFQ11-10 to lysozyme.
In this sense, a comparison of the published genomes of the pair PAFQ11% revealed the mutational inactivation
(premature stop codon) of the gene PA4010 (mpl) in PAFQ11-10, among other mutations. Since this gene is
related with PGN recycling"??, it was considered as potentially responsible for lysozyme susceptibility. Therefore,
we tested the susceptibility of the mpl KO mutant from the University of Washington (UW) Library?. Our results,
displayed in Fig. 2, suggest that mpl disruption seems clearly involved, since the bacterial survival decreased to
less than a fifth in the mpl mutant, compared to wildtype (P < 0.0001).

Finally, the overall activity of PGLYRPs was even lower than that of lysozyme, with mean survival rates of
circa 80%, very uniform among all the strains (with no statistically significant differences among collections,
Supplementary Fig. S1). Therefore, we found no phenotypes of high susceptibility to PGLYRPs, or trends when
comparing CF initial/late isolates.

Subinhibitory colistin significantly enhances the activity of lysozyme/PGLYRPs, with greater
effect on cystic fibrosis than on the bacteremia isolates regardless of their minimum inhibi-
tory concentrations. As can be observed in Figs 3-5 and the Supplementary DataSet S1, the overall activ-
ity increase of the combined treatments (lysozyme/PGLYRPs + colistin) was very important in the majority of
the strains regardless of the collection. The colistin concentration used (0.025 mg/L) was sub-inhibitory, since
it was fairly well below the minimum inhibitory concentrations (MICs) of all the strains (the lowest MIC was
0.12mg/L, Supplementary DataSet S1). As can be observed in this DataSet, where we display the fold-reduction
in bacterial survival of each combined treatment with regards to incubation with the corresponding protein
alone, virtually all the strains showed values at least at the reference strains levels (circa 10-fold). Nevertheless,
the activity empowerment was quite variable: in the case of lysozyme + colistin, the ranges of fold-reduction
in viability were 5.8-821.3 for bacteremia, and 6.9-145.5 for CF isolates. In the case of PGLYRP1 + colistin,
the ranges were 8.8-78.1 (bacteremia) and 10.1-216.9 (CF), and regarding PGLYRP2 + colistin, the ranges were
6.5-63.7 (bacteremia) and 7.5-301.4 (CF). Thus, the activity increase was outstandingly high for some of the
strains/treatments, such as PABA-28 or PAFQ21-1109-05 (lysozyme), PAFQ21-1088-10 (PGLYRP1) or PAFQ11-
10 (PGLYRP2) (Supplementary DataSet S1). The reason some strains showed outstanding viability decreases
for some of the combined treatments still remains to be ascertained. However, an obvious explanation could be
the colistin susceptibility of each strain and therefore, in this case, some correlation between the MICs and the
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Figure 3. Survival rates of the P. aeruginosa clinical strains after treatment with lysozyme + colistin

(25mg/L + 0.025 mg/L). Incubation was performed as explained in materials and methods (1 x 10 CFUs of
each strain, 37 °C, 180 r.p.m. agitation, 1h), and the survival percentage was calculated with regards to the initial
inoculum. Each column represents the mean value of at least three independent assays for each specific strain,
whereas the error bar represents the standard deviation (SD). In the CF pairs of isogenic isolates, the green
columns correspond to early and the black to late isolates, respectively. All the bacteremia strains are displayed
with red columns. The asterisks over the bars indicate a statistically significant difference between the early/late
isolates in the specific pair(s) of CF strains, P < 0.05 in the One-way ANOVA with post hoc Tukey’s multiple
comparison test. The differences among bacteria treated with lysozyme + colistin and controls (bacteria
incubated in the assay buffer without protein) were statistically significant in all the cases, with a slight growth
in the control tubes (bacterial survival >100%, P < 0.05, data not shown). The box below displays the statistical
parameters obtained when analyzing the outcomes of the strains grouping them in the three collections
(bacteremia, early CF isolates and late CF isolates). The performed f tests were two-tailed in all the cases; only
when comparing the early with late CF isolates, a paired test was applied. *A P value < 0.05 was considered
statistically significant regarding the differences among the mean values of collections. NA: Not applicable.

activity empowerment with colistin should exist. But our results suggest that the activity empowerment was not
linked to the MICs: a correlation between the bactericidal and the permeabilizing activities of colistin was not
seen. In fact, some strains showing clinical colistin resistance levels (MIC =8 mg/L) such as PABA-48 or PAFQ12-
146-07 showed no decreased empowerment of the combined treatment. Likewise, some of the strains with the
lowest MICs, such as PAFQ15-10 or PABA-120 (0.12 mg/L), were not among those with the higher decreases
in survival after adding colistin. To confirm these clues, and to determine whether resistance to colistin could
impair the combined treatments, we incorporated the phoQ KO mutant from the UW Transposon Library?.
phoQ inactivation has been shown to cause colistin resistance in P. aeruginosa*->, and be inactivated in the strain
PAFQ12-146-07 (MIC =8 mg/L)¥. Thus, we used the lysozyme and lysozyme + colistin treatments as indicators,
comparing the phoQ mutant behavior with that of wildtype. As can be observed in Fig. 6, the decrease in sur-
vival when comparing lysozyme with the combined treatment was circa 10-fold both in PAO1'* and the mutant.
Therefore, colistin resistance mediated by phoQ inactivation does not seem to interfere with the lysozyme activity
empowerment provided by the subinhibitory colistin.

Regarding the descriptive statistics on the combined treatments, our results draw a clear trend separating
the acute strains from those of CE. As observed in Fig. 3 and the Supplementary DataSet S1, a significantly
higher susceptibility for lysozyme + colistin was found for CF strains (no differences between early/late isolates)
compared with those from bacteremia: a circa three-fold decrease in survival. A similar trend was found for
PGLYRPs + colistin treatments (Supplementary DataSet S1 and Figs 4 and 5), with a particular feature: the CF
late isolates were significantly more susceptible than the early ones (survival decreases between two/three-fold).
Another interesting fact regarding the different combined treatments is that the level of activity increase was
often not proportional amongst themselves. For instance, the strain PABA-28, with an outstanding decrease in
survival for lysozyme + colistin (circa 800-fold), showed a survival against PGLYRP1 + colistin at the level of
reference strains. Conversely, there were some strains showing especially high susceptible phenotypes against
the three combined treatments, as we recently described for mutants with impaired PGN recycling'*: the strains
PABA-12 and PABA-37, as well as the CF isolate PAFQ11-10, with survival percentages < 0.3% for the three
combinations in this latter strain (Supplementary DataSet S1). To gain insight into the basis for these different
degrees of susceptibility to lysozyme/PGLYRPs (per se or with colistin), we studied the capacity of our strains’
cell-walls to counteract the osmotic pressure. It has been described that defects in the cell-wall metabolism render
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Figure 4. Survival rates of the P. aeruginosa clinical strains studied after treatment with PGLYRP1 + colistin
(50 mg/L +0.025 mg/L). Incubation was performed as explained in materials and methods (1 x 10°> CFUs

of each strain, 2h at 180 r.p.m., 37 °C), and the survival percentage was calculated with regards to the initial
inoculum. Each column represents the mean value of at least three independent assays for each specific strain,
whereas the error bar represents the standard deviation (SD). In the CF pairs of isogenic isolates, the green
columns correspond to early and the black to late isolates, respectively. All the bacteremia strains are displayed
with red columns. The asterisks over the bars indicate a statistically significant difference between the early/late
isolates in the specific pair(s) of CF strains, P < 0.05 in the One-way ANOVA with post hoc Tukey’s multiple
comparison test. The differences among bacteria treated with PGLYRP1 + colistin and controls (bacteria
incubated in the assay buffer without protein) were statistically significant in all the cases, with a slight growth
in the control tubes (bacterial survival > 100%, P < 0.05, data not shown). The box below displays the statistical
parameters obtained when analyzing the outcomes of the strains grouping them in the three collections
(bacteremia, early CF isolates and late CF isolates). The performed f tests were two-tailed in all the cases; only
when comparing the early with late CF isolates, a paired test was applied. *A P value < 0.05 was considered
statistically significant regarding the differences among the mean values of collections. NA: Not applicable.

a weakened capacity to resist the hypo-osmotic shock?®?. But as can be observed in Supplementary Fig. S2, no
direct cause-effect relatedness between osmotic shock susceptibility and the previously highlighted phenotypes
could be found. This suggests that a simple structural weakening of the cell-wall would not be the most likely
explanation for the enhanced susceptibilities to the studied treatments.

Cystic fibrosis isolates are more susceptible against serum but not against 3-Defensin 1 in com-
parison with bacteremia strains. To ascertain if the results displayed above could be related with addi-
tional cell-wall features, we characterized our collections in terms of susceptibility to other immune weapons
targeting this structure: complement system (non-immune human serum is typically used for the study of the
complement-mediated killing***") and 3-Defensin 1.

The CF strains were bodily more serum-susceptible than those from bacteremia (Fig. 7 and Supplementary
DataSet S1), although no trend when comparing the early/late isolates was evidenced. These results were
expected since it has been reported that CF niche adaptation often renders strains with shorter or even absent
LPS O-antigen chains, known to be usually serum-sensitive’*-32. Nevertheless, the lack of O-antigen (driving to
a non-typeable strain) did not necessarily involve serum susceptibility: i.e., the isolates from pairs PAFQ24 and
PAFQ28 (all of them non-typeable) were much more serum-resistant than those from the pair PAFQO5 (serotype
O1), showing high susceptibility (<2.5% of survival, Supplementary DataSet S1).

Regarding the activity of 3-Defensin 1, published data suggest that the different variants of this cationic pep-
tide are highly effective bactericidal weapons**=3¢ that can also be observed in our results: the overall activity
was very high with no significant differences among collections (Supplementary Fig. S3 and Supplementary
DataSet S1). In fact, the 3-Defensin 1 treatment caused a higher reduction in bacterial viability among the treat-
ments studied in this work. Moreover, what can be also deduced from our results is that a correlation between
susceptibility levels to serum and defensin did not exist: some strains showing serum resistance were very sus-
ceptible to defensin (such as the majority of bacteremia strains) or vice-versa. For these reasons, an interesting
issue could be to find out the basis for the increased survival rate of some of the strains (PABA-142, PABA-211,
PAFQ10-11, PAFQ11-10 or the pair PAFQ24) against defensin, which could reveal clues to understand the exact
mechanism(s) of action of this family of immune weapons, which is still a controversial issue”%.
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Collections | Bacteremia | Early CF | Late CF Median | Range
Bacteremia [ NA 0.62 0.024* |59 1.1-12.0
Early CF 0.62 NA <0.0001* | 5.9 3.01-12.4
Late CF 0.024* <0.0001* | NA 2.8 0.22-7.3

Figure 5. Survival rates of the P. aeruginosa clinical strains studied after treatment with PGLYRP2 + colistin
(50 mg/L +0.025 mg/L). Incubation was performed as explained in materials and methods (1 x 10° CFUs

of each strain, 2h at 180 r.p.m., 37 °C), and the survival percentage was calculated with regards to the initial
inoculum. Each column represents the mean value of at least three independent assays for each specific strain,
whereas the error bar represents the standard deviation (SD). In the CF pairs of isogenic isolates, the green
columns correspond to early and the black to late isolates, respectively. All the bacteremia strains are displayed
with red columns. The asterisks over the bars indicate a statistically significant difference between the early/late
isolates in the specific pair(s) of CF strains, P < 0.05 in the One-way ANOVA with post hoc Tukey’s multiple
comparison test. The differences among bacteria treated with PGLYRP2 + colistin and controls (bacteria
incubated in the assay buffer without protein) were statistically significant in all the cases, with a slight growth
in the control tubes (bacterial survival >100%, P < 0.05, data not shown). The box below displays the statistical
parameters obtained when analyzing the outcomes of the strains grouping them in the three collections
(bacteremia, early CF isolates and late CF isolates). The performed ¢ tests were two-tailed in all the cases; only
when comparing the early with late CF isolates, a paired test was applied. *A P value < 0.05 was considered
statistically significant regarding the differences among the mean values of collections. NA: Not applicable.
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Figure 6. Bacterial survival after treatment with lysozyme (25 mg/L) or lysozyme plus colistin
(25mg/L+0.025mg/L), in the phoQ knockout mutant (PW3132) from the UW Library?, and its originary
wildtype strain (PAO1-UW). Incubations were performed as explained in materials and methods, and the
survival percentage was calculated with regards to the initial inoculum. Each column represents the mean value
of at least three independent assays for each strain, whereas the error bar represents the standard deviation (SD).
*Statistically significant differences between the two treatments: P < 0.05 in the Student’s ¢ test. The differences
among bacteria treated with lysozyme and controls (bacteria incubated in the assay buffer without protein)

were statistically significant in all the cases, with a slight growth in the control tubes (bacterial survival > 100%,
P <0.05, data not shown).
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Late CF 0.0005* 0.127 NA 41.2 0.47-113.75

Figure 7. Survival rates of the P. aeruginosa clinical strains studied after treatment with 25% human fresh
non-immune serum. Incubation was performed as explained in materials and methods (approximately 2 x 10°
CFUs of each strain, 37 °C, 30 minutes), and the survival percentage was calculated with regards to samples

in which the serum was inactive (heat-inactivated). Each column represents the mean value of at least three
independent assays for each specific strain, whereas the error bar represents the standard deviation (SD). In the
CF pairs of isogenic isolates, the green columns correspond to early and the black to late isolates, respectively.
All the bacteremia strains are displayed with red columns. The asterisks over the bars indicate a statistically
significant difference between the early/late isolates in the specific pair(s) of CF strains, P < 0.05 in the One-
way ANOVA with post hoc Tukey’s multiple comparison test. The differences among bacteria treated with 25%
serum and controls (bacteria incubated in the assay buffer with 25% heat-inactivated serum) were statistically
significant in all the cases, with a slight growth in the control tubes (bacterial survival > 100%, P < 0.05, data not
shown). The box below displays the statistical parameters obtained when analyzing the outcomes of the strains
grouping them in the three collections (bacteremia, early CF isolates and late CF isolates). The performed f tests
were two-tailed in all the cases; only when comparing the early with late CF isolates, a paired test was applied.
*A Pvalue < 0.05 was considered statistically significant regarding the differences among the mean values of
collections. NA: Not applicable.

Lack of association between profiles of susceptibility against immune proteins targeting
the cell-wall and cytotoxic/inflammatory capacities. Finally, we attempted to identify correlations
between the phenotypes described in the previous sections and additional markers more weakly related to the
cell envelopes, but highly relevant for pathogenesis, such as the cytotoxicity or inflammatory capacity. Our results
showed that overall the bacteremia strains were more cytotoxic than the CF ones. This analysis was statisti-
cally significant compared with late CF isolates but not with early ones (Supplementary Fig. S4, Supplementary
DataSet S1). Indeed, it is widely accepted that the loss of virulence is a hallmark of CF strains that tends to be
selected during adaptation to CF niche***. With regards to the elicited inflammatory response (Supplementary
Fig. S5, Supplementary DataSet S1), the CF strains were overall more inflammatory than those from bacteremia
(although with no statistical significance), which is in agreement with works claiming that, although adaptation
to CF renders less virulent strains, their pro-inflammatory capacity remains very high, likely contributing to
pathogenesis>**~¥’. In any case, in the light of our findings and these previous works, what could be deduced is
that the inflammatory response elicited by CF or acute strains is highly variable and that a general trend cannot
be easily drawn.

Finally, a search for correlations by hierarchical clustering among strains/phenotypes was performed, with
the results being displayed in Fig. 8. As can be observed, apart from the previously mentioned trends of increased
susceptibility of the CF strains against the combined treatments, it is very difficult to extract more common
markers for the strains of each collection. The formation of three clusters was obtained, with two of them only
being constituted by bacteremia-proceeding isolates. Nevertheless, the rest of bacteremia strains were clustered
together with CF ones, showing that the correlations among the studied parameters seem weak. Moreover, a clear
separation between early-late CF isolates was not obtained. All these circumstances could at least be partially
explained by the complex heterogeneity of populations that have been shown to co-exist in the CF patient’s lungs,
even constituting a single strain with the typical biofilm lifestyle cells but also with planktonic variants*®*,
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Figure 8. Hierarchical clustering of the strains according to the 10 measured variables showing statistically
significant differences among strains (thus, the PGLYRPs treatments alone were not included). The values were
normalized by Z-score, and the unsupervised hierarchical clustering (UPGMA, Euclidean distance, Minimum
Similarity value =0.5) was performed using the software HCE 3.5, available at http://www.cs.umd.edu/hcil/hce/
(University of Maryland). The lighter green and red are represented the squares, the lower and higher than the
Z-score are the values, respectively. Therefore, the closer to black, the closer to 0 is the Z-score.

Discussion

In this work, the susceptibility to the innate humoral weapons targeting the PGN lysozyme and PGLYRPs
(alone or in combination with the permeabilizing agent colistin'#!*), has been characterized for the first time
in P. aeruginosa clinical isolates from the two most relevant and complementary scenarios: acute (bloodstream)
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vs. chronic (CF lung) infections. The overall activity of these proteins per se was low in the majority of the
strains, with some exceptions showing increased lysozyme susceptibility. In this regard, we propose the dis-
ruption of mpl gene (likely entailing a PGN recycling impairment) as explanation for the above-mentioned
increased susceptibility in the strain PAFQ11-10. mpl encodes the UDP-N-acetylmuramate:L-alanyl-gamma-D-
glutamyl-meso-diaminopimelate ligase that allows the recycling of tripeptides to contribute to the PGN mono-
mers’ biosynthesis'*’. Mpl inactivation has been related with mild AmpC hyperexpression and 3-lactam resist-
ance, an obvious reason for its selection in CF'?1?2%! and has been proposed as antibacterial target through the
use of toxic alternate substrates®, data adding relevance to our findings.

We have recently observed that strains with impaired PGN recycling (KO mutants in
AmpD-AmpDh2-AmpDh3, NagZ, AmpG) show increased susceptibility to lysozyme and PGLYRPs but only
when subinhibitory colistin is added'. Thus, we hypothesize that at least some of the strains showing high sus-
ceptibility to the combined treatments could have mutations altering the PGN recycling. In this sense, although
we have previously found the presence of polymorphisms in AmpDh2, AmpDh3, NagZ or AmpG in some of the
strains used in this work (PAFQ6, PAFQ10, PAFQ15 and PAFQ24 pairs)>-, the existence of inactivating muta-
tions in these genes in clinical strains has barely been investigated elsewhere. Therefore, since the effect of these
polymorphisms has not yet been determined, then it cannot be affirmed that the cause of their enhanced suscep-
tibility is linked to a PGN recycling blockade. Conversely, the disruption of mplin PAFQ11-10 likely impairs PGN
recycling, at least regarding the tripeptide’s re-utilization.

What is also interesting about the PAFQ11-10 isolate is its high lysozyme susceptibility even without the need
for permeabilization, which adds importance to its study as a source of therapeutic targets, namely mpl and/or
additional ones. In fact, the existence of elements involved in PGN metabolism with implications as potential
targets, such as the inactivation of murA and murD driving to a major attenuation of P. aeruginosa virulence, has
been reported®. Nevertheless, it is still unclear whether the increased susceptibility linked to mpl loss is due to
PGN structural defects significant enough to sensitize the bacterium in spite of the permeability barrier, and/or to
a disorganized outer membrane facilitating the entrance of lysozyme (already described for other targets?), and/
or to additional reasons. Similarly, it still needs to be determined whether the concomitant hyper-susceptibility of
PAFQI11-10 to PGLYRPs + colistin is related to this mpl inactivation. However, the linkage mpl-PGLYRP2 suscep-
tibility seems more plausible, given the PGN lytic activity that this protein displays, on the contrary of PGLYRP1
(allegedly not reaching the PGN in gram-negatives to exert its bactericidal activity)>"-%.

Moreover, to the contrary of what happens for other variables during the adaptation to the CF niche such as
mutation frequency®!, antibiotic resistance!, etc.?”%, our results suggest that there is no general rule for lysozyme
susceptibility evolution when comparing acute, and early/late chronic strains. Therefore, the lysozyme suscepti-
bility patterns we display could be more related with the particularities of each patient of procedence. Thus, for
instance, the host’s level of lysozyme activity (influenced by mucus osmolarity®*, level of free docosahexaenoic
acid®, degree of interaction with anionic biopolymers in the inflamed lung® etc.) could have played a role in the
selection of the mentioned phenotypes, obtained as a collateral effect of adaptation to the specific niche. A similar
explanation could be given for the observed trends of increased susceptibility of late CF isolates against lysozyme/
PLGYRPs + colistin. Moreover, our data suggest that adaptation to CF niche could cause collateral damages in
the cell-wall entailing increases in susceptibility against lysozyme earlier (visible in initial isolates) than against
PGLYRPs (only visible in late CF isolates).

The modest activity of lysozyme per se is not surprising, since it apparently needs a permeabilizer to exert
its lytic activity on the gram-negative PGN, achieved through other actors in vivo (lactoferrin and/or defen-
sins)!4¢7-70 In fact, the antipseudomonal activity of lysozyme in these works was shown to be modest, although
the number of tested strains was very limited. Hence, our work shows that lysozyme resistance is not a constant,
and that some attention-calling phenotypes of enhanced susceptibility can be found if analyzing large collections
of clinical isolates.

Dealing with bacterial adaptation, in this case with regards to colistin resistance, in P. aeruginosa, it is well
known that certain mutations cause the addition of phosphoethanolamine and/or 4-amino-4-deoxy-L-arabinose
to lipid A within the LPS, which reduces the interaction with colistin?#*>7!. We have used the phoQ mutant, dis-
playing a notably increase on the colistin MIC**%, to ascertain whether resistance mechanisms could impair the
activity empowerment of the combined treatments. Our results show that the increase in the antipseudomonal
power of lysozyme/PGLYRPs after colistin addition is not affected, enforcing the potential of these combinations
as future therapeutic options. In fact, the adjuvant power of colistin over unconventional antibiotic combina-
tions’>7* has been reported. Furthermore, although some works have suggested that colistin resistance could
entail cross-resistance to antimicrobial peptides in Enterobacter cloacae and Acinetobacter baumannii based
on LPS modifications’>"7%, this has never been proven for P. aeruginosa. As such, the existence of P. aeruginosa
colistin-resistant mutants due to LPS total loss has not been proven either and conversely, mutations in genes
involved in its synthesis, such as galU, IptC or wapR, significantly decrease the MICs?®. These facts suggest that P
aeruginosa shows some particularities in the colistin resistance development of which we should take advantage,
and mainly in the context we describe here by potentiating the effects of our cell-wall-targeting weapons.

With regards to serum, our results are in accordance with previous studies showing a fair predominance of
serum-susceptible strains in CF patients®***27%-82, The loss of O-antigen typically found on CF isolates (rendering
non-typeable strains often reported to be serum-susceptible) is also in accordance with our results: 19 of our
24 CF isolates were non-typeable. But, precisely because of this we perhaps expected an overall higher degree
of susceptibility in our CF isolates [less than the half could be considered susceptible (survival below 1%)], and
even a trend to increased susceptibility when comparing early with late CF isolates. Nevertheless, some works
have demonstrated that the existence of non-typeable strains (lacking O-antigen) proceeding from CF patients
and showing serum-resistance was not that exceptional®*#4. These studies also proved that the typeable isolates
are not necessarily serum-resistant, features that some of our strains display. Moreover, the observation of a
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trend using two isolates (early-late) does not always ensure covering the necessary time lapse to visualize the
selection of a certain phenotype. This is what may have happened with some of our CF isolates. This hypothe-
sis has been previously suggested in other works dealing with additional adaptations during the CF process®.
Thus, our results suggest questioning the classic conception of CF-proceeding strains being almost uniformly
susceptible to serum®7°-%2, In any case, as could be argued for the rest of treatments and phenotypes, the par-
ticularities of CF lung (poor diffusion of complement compounds and/or reduced level of immune activation
enabled by the biofilm lifestyle and/or by the loss of O-chains, etc.) have been proposed to allow the selection of
complement-susceptible phenotypes in exchange for other benefits achieved through adaptive mutations®-#>-%7,
Otherwise, the need for LPS-linked resistance to killing and opsonization by complement to survive within the
bloodstream®-%° has been highlighted, which obviously supports the results of high resistance of our bacteremia
strains.

On the contrary, our results (the overall inflammatory capacity of CF strains was higher than that of bacter-
emia) would not be in line with works defending the selection of less inflammatory variants of LPS/PGN in CF
strains in order to decrease immune activation and recognition, and thus ameliorate chronic persistence?*2. Our
data would not agree either with those works claiming that the reduced inflammation found in CF strains is due
to factors such as TTSS downregulation, alginate production or quorum-sensing-related genes mutations®>-*°.
Conversely, several studies**” claim that the loss of inflammatory capacity is not a hallmark of chronic strains in
contrast with virulence attenuation, which would support our results in this regard.

Although little information dealing with defensins” antipseudomonal power has been published, it seems to
be in line with our findings, given the potent activity we have shown in vitro**-*>$%%, These innate weapons seem
to play an essential defensive role: its absence has been related to increased severity of infection in animal mod-
els**=%, whereas P. aeruginosa has been shown to induce the expression of defensins on epithelia®”. Defensins have
been classically thought to be bactericidal only through membrane permeabilization®”, but recent works have
suggested that not all the variants share a common mechanism of action®®. In fact, the defensin we have taken
as model, (3-defensin 1), has been shown to be incapable of permeabilizing the E. coli membrane although its
antibacterial power is similar to that of other defensins proved to be membrane-permeabilizers®**®. Finally, the
role of the LPS as a defense against these innate peptides has been previously shown for Salmonella®® but not for
P, aeruginosa. In fact, our results seem to be in line with this, since some CF strains (e.g. the PAFQ24 pair), shown
to be non-typeable and hence with probable loss of O-chains, were highly resistant against defensin treatment.

Altogether our results suggest that the generation of diverse phenotypes we display here is a very complex and
multifactorial issue, in which several actors could be taking part. Therefore, each strain’s phenotype should be
individually approached to ascertain the molecular basis, with it being very difficult to draw general trends. Thus,
not only the bacterial adaptation to each patient and specific niche (bloodstream/CF lung) but also the complex
modes of action of lysozyme and PGLYRPs could contribute to generate particularities among the studied treat-
ments/strains. For instance, in the case of lysozyme, besides a classic PGN-degrading activity it has been bestowed
with membrane-disturbing power®-1%.. On the other hand, PGLYRP1 (and PGLYRP3 and 4), is considered an
inducer of multiple stresses driving to bacterial suicide independent of PGN lysis®’~%. This complexity is illus-
trated by the lack of uniformity among strains regarding the susceptibility profiles against different treatments,
a circumstance that must be emphasized and is easily visible in two of the most attention-calling strains in this
work: PABA-12 and PAFQ11-10. Both strains were highly susceptible to PGLYRPs after permeabilization, but
remained resistant to their action when colistin was absent. On the contrary, they were highly susceptible to
lysozyme alone, suggesting that lysozyme penetrates better than PGLYRPs. Therefore, their enhanced suscep-
tibility could be more related to defects on PGN structure than on permeability barrier. Nevertheless, a certain
influence of this latter cannot be discarded either because, whereas PABA-12 only showed considerable resistance
to PGLYPRSs per se and osmotic shock, PAFQ11-10 was highly resistant to serum and defensin treatments. Thus,
one alternative possibility could be that PABA-12 showed significant enough defects in the permeability barrier to
sensitize the cells against almost all the treatments. This would be supported by the lack of agglutination regarding
the serotyping of this strain, suggesting a truncated LPS which would obviously impair the permeability barrier.
Nevertheless, the lack of agglutination cannot be the only cause, since none of the rest of non-typeable strains
were as pan-susceptible as PABA-12 (Supplementary DataSet S1). On the contrary, the mechanistic basis for the
susceptibility of PAFQ11-10 against lysozyme and PGLYRPs + colistin would be probably less related with per-
meability issues, and more related to PGN recycling impairments caused by the mentioned mpl mutation, that
may not affect the serum/defensin susceptibility.

As additional evidence of this complexity, some other actors could be considered to influence the phenotypes
against the treatments we characterize in this study. For instance, a potential impact of the antibiotic resistance
profile (more specifically regarding 3-lactams, given its obvious relatedness with the PGN biology), and/or the
production of alginate (mucoid phenotype) over the susceptibility to the cell-wall-targeting proteins could exist.
Nevertheless, when analyzing these two parameters, (Supplementary DataSet S1), no correlation between the
mucoid phenotype (8 of our 24 CF isolates showed this phenotype) or the ceftazidime resistance (marker for
B-lactam resistance) could be established with an increase/decrease of susceptibility to the studied treatments.
Nevertheless, although in our assays the alginate hyperproduction seemed to confer no clear advantadges for
bacterial survival, we cannot assume that the combinations we propose are not prone to sequestration by biofilm
matrix in a chronically infected patient. Therefore, it iwould be an important issue to be also addressed in the
future using appropriate models.

Moreover, it has been described that the CF-proceeding strains often display a lower elastase activity in com-
parison with those proceeding from acute infections!*>!%*. To rule out the possibility of our CF strains having an
increased susceptibility to lysozyme/PGLYRPs (+colistin) due to a diminished elastase production, we deter-
mined their elastase activity as previously described!**. However, no significant differences among collections
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were found [median values of elastase activity with regards to PAO1 (considered 1); bacteremia: 0.83, early CF:
1.2, late CF: 0.82 (data not shown)] thus minimizing the potential impact of this feature over our final results.

Either way, a fact that could add potential and relevance to our findings is that PGLYRPs are elements to which
the development of additional resistance by pathogens is considered unlikely!%. This is because typical antibiotics
have one primary target and mode of action, whereas PGLYRPs (and probably lysozyme) bind to different ele-
ments of bacterial envelopes and show different mechanisms of action (PGN degradation, permeabilization of
membranes, etc.), which would make the selection of specific resistance mechanisms!*>!% difficult. In fact, studies
with natural and engineered antimicrobial peptides have been becoming a trend in recent years in the field of
anti-biofilm activity and/or as alternative options per se or in combination with other antimicrobials in order to
curb the threat of bacterial resistance increase to the classic antibiotics!®’-!!. Thus, our work fits this expanding
field, envisaged as an encouraging therapeutic strategy to defeat P. aeruginosa infections.

Concluding Remarks

The encouraging results we show here enforce the idea that attacking some of the P. aeruginosa cell-wall
biology-related elements (using subinhibitory colistin as permeabilizer or through targets weakening the cell-wall)
to increase the activity of our innate humoral weapons targeting the PGN or being the adjuvant for the use of exog-
enous lysozyme/PGLYRPs to be administered as a combined treatment, could be a very promising therapeutic
strategy. Moreover, there is scarce evidence of additional resistance development capacity P. aeruginosa.
And, even more if we consider that the increase of activity of lysozyme/PGLYRPs seems to be independent of colistin
resistance mechanisms. Our findings also indicate that P, aeruginosa, when adapting to CF niche, tends to accumu-
late changes that render the cell more susceptible to the cited innate proteins. Besides, our results suggest that many
factors are involved in the generation of each phenotype, and hence, even when analyzing susceptibility against
closely related immune weapons, each strain is a particular case and few general trends can be extracted. However,
these facts are indeed convenient since almost each strain probably displays a very particular array of mutations
in diverse targets driving to the final phenotype. This is well worth future study to reveal potential therapeutic
targets, a very urgent need in the current panorama of antipseudomonal drugs shortage.

Methods

Bacterial strains and antimicrobial susceptibility testing. Besides the reference strains for compar-
ative purposes (PAO1 and PA14), all the strains used in this work belong to two previously described collections
of clinical isolates and are displayed in Data Set S1, together with their relevant features. First, twelve strains iso-
lated from bacteremia patients and belonging to a collection from a Spanish multicenter study''? were included.
These strains were selected in order to have representatives of hospitals from different areas of Spain, different
profiles of antibiotic resistance''?, and of the most relevant/prevalent clones (sequence types, STs). Second, we
used twelve pairs of sequential isogenic isolates [early-late isolate, obtained with a difference of at least 3 years
from a total of 10 patients (thus, from two of the patients, two pairs of isolates were obtained on each, at different
time points)], proceeding from a previously published work'!*. When indicated, P. aeruginosa knockout mutants
from the University of Washington Transposon Library were used, always in comparison with their origina-
tive wildtype strain (PAO1-UW)?. The susceptibility (minimal inhibitory concentration, MIC) against colistin
(Sigma-Aldrich) was determined through broth microdilution as recommended by EUCAST (www.eucast.org).

O-antigenSerotyping. Bio-Rad monoclonal antisera for the 16 more usually detected serotypes of P. aeruginosa
were used to type the different isolates used in this study, following the manufacturer’s reccommendations.

Lysozyme susceptibility assays. The bactericidal activity of chicken egg white lysozyme (50000 units/mg
protein; >99% protein) (Sigma-Aldrich) was assessed in all the strains following previously described protocols'.
A total of 1 x 10° CFUs of each strain, proceeding from overnight LB broth cultures, were incubated in sodium
phosphate buffer (10mM [pH 7.0]) with 25 mg/L of lysozyme (in a total volume of reaction of 0.3 mL) for 1h at
37°C-180 rpm agitation, and quantified by serial plating at the beginning and end of incubation. The experiments
were also performed with the addition of colistin as a permeabilizing agent, at a final sub-inhibitory concentra-
tion of 0.025mg/L, in independent experiments. Additionally, the effect of colistin alone on the different strains
was also studied, using the same procedure and buffer without adding lysozyme. All experiments were performed
at least in triplicate.

PGLYRPs susceptibility assays. The bactericidal activity of purified human PGLYRP1 or PGLYRP2
(AmsBio), was assessed in all the strains following previously described procedures'. Suspensions of approxi-
mately 1 x 10° stationary phase CFUs were incubated 2 h at 180 rpm-37 °C in the assay buffer: 50 mg/L of the cor-
responding PGRP, 5mM Tris-HCI buffer (pH 7.6), containing NaCl 150 mM, ZnSO4 5 uM, Glycerol 5% and LB
broth 1%. The viable bacteria were quantified by serial plating on LB agar plates at the beginning and end of incu-
bation. The experiments were also performed with the addition of colistin, at a final sub-inhibitory concentration
of 0.025 mg/L, in independent experiments. Additionally, the effect of colistin alone on the different strains was
also studied, using the same procedure and buffers without the addition of any PGLYRP. All experiments were
performed at least in triplicate.

Serum bacterial killing.  Serum bactericidal assays were performed following previously described proto-
cols''>. Bacteria from overnight LB agar plates were resuspended in PBS with Ca and Mg (Sigma-Aldrich) to a
final concentration of approx. 2.5 x 107 CFU/mL; 80 ul of this suspension were mixed with 40 pl of PBS with Ca
and Mg and 40 ul of nonimmune human serum (NHS) or heat-inactivated (HI) NHS. The samples were incu-
bated at 37 °C for 30 min and then serially diluted and plated to determine the bacterial killing with regards to the
number of bacteria in tubes with HI-NHS. Experiments were always performed at least in triplicate.
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Human 3-Defensin 1 susceptibility assays. Susceptibility assays were performed following previously
described protocols''®!!” with slight modifications. Suspensions of approximately 1 x 10° stationary phase CFUs
of each strain were incubated 2 h at 180 rpm-37°C in the assay buffer: 10 mM sodium phosphate buffer pH 7.4,
with a final concentration of 10 ug/mL of human (3-Defensin 1 (AmsBio), in a volume of reaction of 50 uL. Serial
dilutions and plating at time point 0 and in the end of incubation were used to calculate the percentage of bacte-
rial survival. These assays were performed at least in triplicate.

Osmotic shock assays. The resistance of all the strains against hypo-osmotic shock was assessed following
published protocols with slight modifications?*!8. Overnight LB broth cultures were centrifuged and washed
three times with double distilled water and afterwards resuspended in a final volume of 20 mL of double distilled
water at a final concentration of 1 x 105 CFUs/mL. The suspensions were incubated at room temperature for
24 hours with gentle agitation. The bacterial viability was quantified through colony count after serial dilutions
and plating at the beginning and the end of incubation. The assay was performed at least three independent times
per strain.

Cell culture and cytotoxicity assays. The A549 human type II alveolar epithelial cell line was purchased
from Cell Line Service and used between the passages 3 and 30. The cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Sigma-Aldrich) supplemented with 10% of heat-inactivated fetal bovine serum,
10mM HEPES, 2 mM L-glutamine and 1X antibiotic-antimycotic solution (Biowest). Cells were seeded at approx.
1 x 10° cells per well in 24-well plates the day before experiments. The day after, the cells were at approx. 80% of
confluence, and were infected at a MOI of 100, following previously described protocols®. Briefly, bacteria were
grown to log phase and diluted in RPMI 1640 medium (without phenol red and without fetal serum to avoid
interferences with posterior assays) (Biowest) before infection. Afterwards, the old medium was removed, the
wells washed with PBS, and the new medium containing the bacteria finally added to each well. The plates were
then centrifuged (1000 g for 5min) to synchronize the arrival of bacteria to the cells. After 3hours incubation,
the medium was collected and used to determine the cytotoxicity of each strain. For this purpose, the Lactate
DesHydrogenase (LDH) release from the death cells was measured using the Cytotoxicity Detection Kit PLUS
(Roche), following manufacturer’s instructions. These assays were performed with samples proceeding from at
least 9 wells of cell culture plates (three wells from each of 3 independent plates) per strain.

Inflammatory response.  To assess the inflammatory response elicited by the different strains over the A549
cell cultures, the secretion of IL-8 interleukin was used as an indicator®®. To infect the cells, the same protocol
used for LDH release was followed, but a MOI of 5 was used instead of 100, to match the cytotoxicity levels of all
the strains (always below 5%). The supernatants of cells after infection were used as samples and non-infected
wells were used as basal controls. The Human IL-8/NAP-1 Instant ELISA kit (eBioscience-Affymetrix) was used
following the manufacturer’s instructions. The IL-8 release assays were performed with samples proceeding from
at least 9 wells of cell culture plates (three wells from each of 3 independent plates) per strain.

Data analysis. The GraphPad Prism 5 software was used for graphical representation and statistical analysis.
The variables were compared using the one-way ANOVA (with or without the post hoc Tukey’s multiple compari-
son test) or the Student ¢ test as appropriate, being a P value of < 0.05 considered statistically significant.

For the hierarchical clustering of the strains, only the parameters shown to be significantly different
among strains were considered. The unsupervised clustering of the data was performed (Z-score normaliza-
tion, UPGMA, Euclidean distance), using the software HCE 3.5, available at http://www.cs.umd.edu/hcil/hce/
(University of Maryland).

References
1. Lyczak, ]. B., Cannon, C. L. & Pier, G. B. Establishment of Pseudomonas aeruginosa infection: lessons from a versatile opportunist.
Microbes Infect 2, 1051-60 (2000).
2. Gellatly, S. & Hancock, R. E. Pseudomonas aeruginosa: new insights into pathogenesis and host defenses. Pathog Dis 67, 159-173
(2013).
3. Lopez-Causapé, C., Rojo-Molinero, E., Macia, M. D. & Oliver, A. The problems of antibiotic resistance in cystic fibrosis and
solutions. Expert Rev Respir Med 9, 73-88 (2015).
4. Livermore, D. M. Has the era of untreatable infections arrived? ] Antimicrob Chemother 64, i29-136 (2009).
5. Poole, K. Pseudomonas aeruginosa: resistance to the max. Front Microbiol 2, 65 (2011).
6. Breidenstein, E. B., de la Fuente-Nufiez, C. & Hancock, R. E. Pseudomonas aeruginosa: all roads lead to resistance. Trends Microbiol
19,419-26 (2011).
7. Dickey, S. W, Cheung, G. Y. C. & Otto, M. Different drugs for bad bugs: antivirulence strategies in the age of antibiotic resistance.
Nat Rev Drug Discov 16, 457-71 (2017).
8. Moya, B. et al. Pan-B-lactam resistance development in Pseudomonas aeruginosa clinical strains: molecular mechanisms, penicillin-
binding protein profiles, and binding affinities. Antimicrob Agents Chemother 56, 4771-8 (2012).
9. Zamorano, L. et al. AmpG inactivation restores susceptibility of pan-beta-lactam-resistant Pseudomonas aeruginosa clinical strains.
Antimicrob Agents Chemother 55,1990-6 (2011).
10. Mark, B. L., Vocadlo, D. J. & Oliver, A. Providing 3-lactams a helping hand: targeting the AmpC (3-lactamase induction pathway.
Future Microbiol 6, 1415-27 (2011). Erratum in: Future Microbiol 7, 306 (2012).
11. Juan, C, Torrens, G., Gonzalez-Nicolau, M. & Oliver, A. Diversity and regulation of intrinsic 3-lactamases from non-fermenting
and other Gram-negative opportunistic pathogens. FEMS Microbiol Rev 41, 781-815 (2017).
12. Hamou-Segarra, M. et al. Synergistic activity of fosfomycin, 3-lactams and peptidoglycan recycling inhibition against Pseudomonas
aeruginosa. | Antimicrob Chemother 72, 448-54 (2017).
13. Juan, C., Torrens, G., Barceld, I. M. & Oliver, A. Interplay between peptidoglycan biology and virulence in gram-negative
pathogens. Microbiol Mol Biol Rev 82 (2018).
14. Torrens, G. et al. Targeting the permeability barrier and peptidoglycan recycling pathways to disarm Pseudomonas aeruginosa
against the innate immune system. PLoS One 12, €0181932 (2017).
15. Vaara, M. Agents That Increase the Permeability of the Outer Membrane. Microbiological Reviews 56, 395-411 (1992).

SCIENTIFICREPORTS | (2019) 9:3575 | https://doi.org/10.1038/s41598-019-40440-w 12


https://doi.org/10.1038/s41598-019-40440-w
http://www.cs.umd.edu/hcil/hce/

www.nature.com/scientificreports/

16.
17.
18.
. Berube, B. J., Rangel, S. M. & Hauser, A. R. Pseudomonas aeruginosa: breaking down barriers. Curr Genet 62, 109-13 (2016).
20.
21.
22.

23.
. Miller, A. K. et al. PhoQ mutations promote lipid A modification and polymyxin resistance of Pseudomonas aeruginosa found in

25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

37.
38.

39.
40.
41.
42,
43.

44.

45.
46.
47.
48.
49.
50.
51.

52.
53.

54.

55.

56.

57.

Oliver, A. & Mena, A. Bacterial hypermutation in cystic fibrosis, not only for antibiotic resistance. Clin Microbiol Infect 16, 798-808
(2010).

Moskowitz, S. M. & Ernst, R. K. The role of Pseudomonas lipopolysaccharide in cystic fibrosis airway infection. Subcell Biochem 53,
241-53 (2010).

Mulcahy, L. R., Isabella, V. M. & Lewis, K. Pseudomonas aeruginosa biofilms in disease. Microb Ecol 68, 1-12 (2014).

Lopez-Causapé, C., Rubio, R., Cabot, G. & Oliver, A. Evolution of the Pseudomonas aeruginosa Aminoglycoside Mutational
Resistome In Vitro and in the Cystic Fibrosis Setting. Antimicrob Agents Chemother 62 (2018).

Tsutsumi, Y., Tomita, H. & Tanimoto, K. Identification of novel genes responsible for overexpression of ampC in Pseudomonas
aeruginosa PAO1. Antimicrob Agents Chemother 57, 5987-5993 (2013).

Diaz-Caballero, J. et al. Selective sweeps and parallel pathoadaptation drive Pseudomonas aeruginosa evolution in the cystic fibrosis
Lung. MBio 6, €00981-15 (2015).

Jacobs, M. A. et al. Comprehensive transposon mutant library of Pseudomonas aeruginosa. PNAS 100, 14339-14344 (2003).

colistin-treated cystic fibrosis patients. Antimicrob Agents Chemother 55, 5761-9 (2011).

Olaitan, A. O., Morand, S. & Rolain, J. M. Mechanisms of polymyxin resistance: acquired and intrinsic resistance in bacteria.
Frontiers in Microbiology 5, 643 (2014).

Fernandez, L. et al. Characterization of the polymyxin B resistome of Pseudomonas aeruginosa. Antimicrob Agents Chemother 57,
110-119 (2013).

Qadi, M. et al. Surfactant Protein A Recognizes Outer Membrane Protein OprH on Pseudomonas aeruginosa Isolates From
Individuals With Chronic Infection. J Infect Dis 214, 1449-1455 (2016).

Lee, K. M. et al. A Genetic Screen Reveals Novel Targets to Render Pseudomonas aeruginosa Sensitive to Lysozyme and Cell Wall-
Targeting Antibiotics. Front Cell Infect Microbiol 7, 59 (2017).

Kim, J. K. et al. Bacterial cell wall synthesis gene uppP is required for Burkholderia colonization of the Stinkbug Gut. Appl Environ
Microbiol 79, 4879-86 (2013).

Lam, J. S., Taylor, V. L., Islam, S. T., Hao, Y. & Kocincova, D. Genetic and Functional Diversity of Pseudomonas aeruginosa
Lipopolysaccharide. Front Microbiol 2,118 (2011).

Martinez-Ramos, I. et al. Overexpression of MexCD-Opr] reduces Pseudomonas aeruginosa virulence by increasing its
susceptibility to complement-mediated killing. Antimicrob Agents Chemother 58, 2426-2429 (2014).

Maldonado, R. E, Sa-Correia, I. & Valvano, M. A. Lipopolysaccharide modification in Gram-negative bacteria during chronic
infection. FEMS Microbiol Rev 40, 480-93 (2016).

Wu, M., McClellan, S. A., Barrett, R. P. & Hazlett, L. D. Beta-defensin-2 promotes resistance against infection with P. aeruginosa. ]
Immunol 182, 1609-16 (2009).

Wu, M., McClellan, S. A., Barrett, R. P, Zhang, Y. & Hazlett, L. D. Beta-defensins 2 and 3 together promote resistance to
Pseudomonas aeruginosa Keratitis. ] Immunol 183, 8054-60 (2009).

Routsias, J. G., Karagounis, P,, Parvulesku, G., Legakis, N. J. & Tsakris, A. In vitro bactericidal activity of human beta-defensin 2
against nosocomial strains. Peptides 319, 1654-60 (2010).

Tai, K. P. et al. Microbicidal effects of o and 6-defensins against antibiotic-resistant Staphylococcus aureus and Pseudomonas
aeruginosa. Innate Immun 21, 17-29 (2015).

Wang, G. Human antimicrobial peptides and proteins. Pharmaceuticals (Basel) 7, 545-94 (2014).

Mathew, B. & Nagaraj, R. Variations in the interaction of human defensins with Escherichia coli: Possible implications in bacterial
killing. PLoS One 12, €0175858 (2017).

Cullen, L. et al. Phenotypic characterization of an international Pseudomonas aeruginosa reference panel: strains of cystic fibrosis
(CF) origin show less in vivo virulence than non-CF strains. Microbiology 161, 1961-77 (2015).

Marvig, R. L., Sommer, L. M., Molin, S. & Johansen, H. K. Convergent evolution and adaptation of Pseudomonas aeruginosa within
patients with cysticfibrosis. Nat Genet 47, 57-64 (2015).

Lore, N. I et al. Cystic fibrosis-niche adaptation of Pseudomonas aeruginosa reduces virulence in multipleinfection hosts. PLoS One
7,e35648 (2012).

Jain, M. et al. Evolution of Pseudomonas aeruginosa type III secretion in cystic fibrosis: a paradigm of chronic infection. Transl Res
152, 257-64 (2008).

Harmer, C. J. et al. Pseudomonas aeruginosa strains from the chronically infected cystic fibrosis lung display increased invasiveness
of A549 epithelial cells over time. Microb Pathog 53, 37-43 (2012).

Hu, H. et al. Type 3 secretion system effector genotype and secretion phenotype of longitudinally collected Pseudomonas
aeruginosa isolates from young children diagnosed with cystic fibrosis following newborn screening. Clin Microbiol Infect 19,
266-72 (2013).

Hawdon, N. A. et al. Cellular responses of A549 alveolar epithelial cells to serially collected Pseudomonas aeruginosa from cystic
fibrosis patients at different stages of pulmonary infection. FEMS Immunol Med Microbiol 59, 207-220 (2010).

Chekabab, S. M. et al. Staphylococcus aureus Inhibits IL-8 Responses Induced by Pseudomonas aeruginosa in Airway Epithelial
Cells. PLoS One 10, e0137753 (2015).

LaFayette, S. L. et al. Cystic fibrosis-adapted Pseudomonas aeruginosa quorum sensing lasR mutants cause hyperinflammatory
responses. Sci Adv 1, https://doi.org/10.1126/sciadv.1500199 (2015).

Winstanley, C., O’Brien, S. & Brockhurst, M. A. Pseudomonas aeruginosa Evolutionary Adaptation and Diversification in Cystic
Fibrosis Chronic Lung Infections. Trends Microbiol 24, 327-337 (2016).

de la Fuente-Nufiez, C., Reffuveille, F, Fernandez, L. & Hancock, R. E. Bacterial biofilm development as a multicellular adaptation:
antibiotic resistance and new therapeutic strategies. Curr Opin Microbiol 16, 580-9 (2013).

Dik, D. A, Fisher, J. F. & Mobashery, S. Cell-Wall Recycling of the Gram-Negative Bacteria and the Nexus to Antibiotic Resistance.
Chem Rev 118, 5952-5984 (2018).

Wang, K. et al. The rapid in vivo evolution of Pseudomonas aeruginosa in ventilator-associated pneumonia patients leads to
attenuated virulence. Open Biol 7, https://doi.org/10.1098/rsob.170029 (2017).

Hervé, M. et al. Synthetic tripeptides as alternate substrates of murein peptide ligase (Mpl). Biochimie 95, 1120-6 (2013).

Cabot, G. et al. Deciphering the Resistome of the Widespread Pseudomonas aeruginosa Sequence Type 175 International High-Risk
Clone through Whole-Genome Sequencing. Antimicrob Agents Chemother 60, 7415-7423 (2016).

Lépez-Causapé, C. et al. Evolution of the Pseudomonas aeruginosa mutational resistome in an international Cystic Fibrosis clone.
Sci Rep 7, 5555 (2017).

Del Barrio-Tofifio, E. et al. Genomics and Susceptibility Profiles of Extensively Drug-Resistant Pseudomonas aeruginosa Isolates
from Spain. Antimicrob Agents Chemother 61, https://doi.org/10.1128/AAC.02352-17. Erratum in: Antimicrob Agents Chemother
62 (2017).

Elamin, A. A. et al. Novel drug targets in cell wall biosynthesis exploited by gene disruption in Pseudomonas aeruginosa. PLoS One
12, 0186801 (2017).

Kashyap, D. R. et al. Peptidoglycan recognition proteins kill bacteria by inducing oxidative, thiol, and metal stress. PLoS Pathog 10,
€1004280 (2014).

SCIENTIFICREPORTS | (2019) 9:3575 | https://doi.org/10.1038/s41598-019-40440-w 13


https://doi.org/10.1038/s41598-019-40440-w
https://doi.org/10.1126/sciadv.1500199
https://doi.org/10.1098/rsob.170029
https://doi.org/10.1128/AAC.02352-17

www.nature.com/scientificreports/

58.

59.

60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.

74.
75.

76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.

89.
. Younger, J. G. et al. Murine complement interactions with Pseudomonas aeruginosa and their consequences during pneumonia. Am

91.
92.
93.
94.
95.
96.
97.

98.

Kashyap, D. R. et al. Peptidoglycan recognition proteins kill bacteria by activating protein-sensing two-component systems. Nat
Med 17, 676-83 (2011).

Kashyap, D. R., Kuzma, M., Kowalczyk, D. A., Gupta, D. & Dziarski, R. Bactericidal peptidoglycan recognition protein induces
oxidative stress in Escherichia coli through a block in respiratory chain and increase in central carbon catabolism. Mol Microbiol
105, 755-776 (2017).

Dziarski, R., Kashyap, D. R. & Gupta, D. Mammalian peptidoglycan recognition proteins kill bacteria by activating two-component
systems and modulate microbiome and inflammation. Microb Drug Resist 18, 280-5 (2012).

Oliver, A., Cantén, R., Campo, P., Baquero, F. & Bldzquez, J. High frequency of hypermutable Pseudomonas aeruginosa in cystic
fibrosis lung infection. Science 288, 1251-4 (2000).

Amiel, E.,, Lovewell, R. R., O’Toole, G. A., Hogan, D. A. & Berwin, B. Pseudomonas aeruginosa evasion of phagocytosis is mediated
by loss of swimming motility and is independent of flagellum expression. Infect Immun 78, 2937-45 (2010).

Clarke, L. L. et al. Abnormal Paneth cell granule dissolution and compromised resistance to bacterial colonization in the intestine
of CF mice. Am ] Physiol Gastrointest Liver Physiol 286, G1050-8 (2004).

Henderson, A. G. et al. Cystic fibrosis airway secretions exhibit mucin hyperconcentration and increased osmotic pressure. J Clin
Invest 124, 3047-60 (2014).

Martinez, J. G. et al. Membrane-Targeted Synergistic Activity of Docosahexaenoic Acid and Lysozyme against Pseudomonas
aeruginosa. The Biochemical Journal 419, 193-200 (2009).

Griswold, K. E. et al. Bioengineered lysozyme in combination therapies for Pseudomonas aeruginosa lung infections. Bioengineered
5,143-147 (2014).

Ellison, R. T. 3rd. & Giehl, T. J. Killing of gram-negative bacteria by lactoferrin and lysozyme. ] Clin Invest 88, 1080-91 (1991).
Kohashi, O. et al. Bactericidal activities of rat defensins and synthetic rabbit defensins on Staphylococci, Klebsiella pneumoniae
(Chedid, 277, and 8N3), Pseudomonas aeruginosa (mucoid and nonmucoid strains), Salmonella typhimurium (Ra, Rc, Rd, and Re
of LPS mutants) and Escherichia coli. Microbiol Immunol 36, 369-80. Erratum in: Microbiol Immunol 36, (1992).

Kadurugamuwa, J. L., Lam, J. S. & Beveridge, T. J. Interaction of gentamicin with the A band and B band lipopolysaccharides of
Pseudomonas aeruginosa and its possible lethal effect. Antimicrob Agents Chemother 37,715-21 (1993).

Branen, J. K. & Davidson, P. M. Enhancement of nisin, lysozyme, and monolaurin antimicrobial activities by
ethylenediaminetetraacetic acid and lactoferrin. Int ] Food Microbiol 90, 63-74 (2004).

Moskowitz, S. M., Ernst, R. K. & Miller, S. I. PmrAB, a two-component regulatory system of Pseudomonas aeruginosa that
modulates resistance to cationic antimicrobial peptides and addition of aminoarabinose to lipid A. J Bacteriol 186, 575-9 (2004).
Vidaillac, C., Benichou, L. & Duval, R. E. In vitro synergy of colistin combinations against colistin-resistant Acinetobacter
baumannii, Pseudomonas aeruginosa, and Klebsiella pneumoniae isolates. Antimicrob Agents Chemother 56, 4856-4861 (2012).
Bergen, P. J. et al. Optimizing Polymyxin Combinations Against Resistant Gram-Negative Bacteria. Infect Dis Ther 4, 391-415
(2015).

Lenhard, J. R., Nation, R. L. & Tsuji, B. T. Synergistic combinations of polymyxins. Int ] Antimicrob Agents 48, 607-613 (2016).
Napier, B. A. et al. Clinical use of colistin induces cross-resistance to host antimicrobials in Acinetobacter baumannii. MBio 4,
€00021-13 (2013).

Napier, B. A,, Band, V., Burd, E. M. & Weiss, D. S. Colistin heteroresistance in Enterobacter cloacae is associated with cross-
resistance to the host antimicrobial lysozyme. Antimicrob Agents Chemother 58, 5594-7 (2014).

Fleitas, O. & Franco, O. L. Induced Bacterial Cross-Resistance toward Host Antimicrobial Peptides: A Worrying Phenomenon.
Front Microbiol 27, 381 (2016).

MacNair, C. R. et al. Overcoming mcr-1 mediated colistin resistance with colistin in combination with other antibiotics. Nature
Communications 9, 458 (2018).

Hancock, R. E. et al. Pseudomonas aeruginosa isolates from patients with cystic fibrosis: a class of serum-sensitive, nontypable
strains deficient in lipopolysaccharide O side chains. Infect Immun 42, 170-7 (1983).

Penketh, A, Pitt, T., Roberts, D., Hodson, M. E. & Batten, J. C. The relationship of phenotype changes in Pseudomonas aeruginosa
to the clinical condition of patients with cystic fibrosis. Am Rev Respir Dis 127, 605-8 (1983).

Schiller, N. L., Hatch, R. A. & Joiner, K. A. Complement activation and C3 binding by serum-sensitive and serum-resistant strains
of Pseudomonas aeruginosa. Infect Immun 57, 1707-1713 (1989).

Dasgupta, T. et al. Characterization of lipopolysaccharide-deficient mutants of Pseudomonas aeruginosa derived from serotypes
03, 05, and O6. Infect Immun 62, 809-17 (1994).

Pitt, T. L., MacDougall, J., Penketh, A. R. & Cooke, E. M. Polyagglutinating and non-typable strains of Pseudomonas aeruginosa in
cystic fibrosis. ] Med Microbiol 21, 179-86 (1986).

Pier, G. B., Desjardins, D., Aguilar, T., Barnard, M. & Speert, D. P. Polysaccharide surface antigens expressed by nonmucoid isolates
of Pseudomonas aeruginosa from cystic fibrosis patients. J Clin Microbiol 24, 189-96 (1986).

Pier, G. B. & Ames, P. Mediation of the Killing of rough, mucoid isolates of Pseudomonas aeruginosa from patients with cystic
fibrosis by the alternative pathway of complement. J Infect Dis 150, 223-8 (1984).

Lange, K. H. et al. Experimental chronic Pseudomonas aeruginosa lung infection in rats. Non-specific stimulation with LPS reduces
lethality as efficiently as specific immunization. APMIS 103, 367-74 (1995).

Fick, R. B. Jr., Robbins, R. A., Squier, S. U,, Schoderbek, W. E. & Russ, W. D. Complement activation in cystic fibrosis respiratory
fluids: in vivo and in vitro generation of C5a and chemotactic activity. Pediatr Res 20, 1258-68 (1986).

Cerquetti, M. C., Sordelli, D. O., Bellanti, . A. & Hooke, A. M. Lung defenses against Pseudomonas aeruginosa in C5-deficient mice
with different genetic backgrounds. Infect Immun 52, 853-7 (1986).

Ohno, A. et al. Role of LPS length in clearance rate of bacteria from the bloodstream in mice. Microbiology 141, 2749-56 (1995).

J Respir Cell Mol Biol 29, 432-8 (2003).

Cigana, C. et al. Pseudomonas aeruginosa exploits lipid A and muropeptides modification as a strategy to lower innate immunity
during cystic fibrosis lung infection. PLoS One 4, €8439 (2009).

Di Lorenzo, F. et al. Persistent cystic fibrosis isolate Pseudomonas aeruginosa strain RP73 exhibits an under-acylated LPS structure
responsible of its low inflammatory activity. Mol Immunol 63, 166-75 (2015).

Epelman, S. et al. Different domains of Pseudomonas aeruginosa exoenzyme S activate distinct TLRs. J Immunol 173, 2031-40
(2004).

Cigana, C,, Lor¢, N. I, Bernardini, M. L. & Bragonzi, A. Dampening Host Sensing and Avoiding Recognition in Pseudomonas
aeruginosa Pneumonia. Journal of Biomedicine and Biotechnology 2011, 852513 (2011).

Lee, V. T, Smith, R. S., Timmler, B. & Lory, S. Activities of Pseudomonas aeruginosa effectors secreted by the Type III secretion
system in vitro and during infection. Infect Immun 73, 1695-705 (2005).

Beringer, P. M. et al. Rhesus 6-defensin-1 (RTD-1) exhibits in vitro and in vivo activity against cystic fibrosis strains of Pseudomonas
aeruginosa. | Antimicrob Chemother 71, 181-8 (2016).

Harder, J. et al. Mucoid Pseudomonas aeruginosa, TNF-alpha, and IL-1beta, but not IL-6, induce human beta-defensin-2 in
respiratory epithelia. Am ] Respir Cell Mol Biol 22, 714-21 (2000).

Valore, E. V. et al. Human beta-defensin-1: an antimicrobial peptide of urogenital tissues. Journal of Clinical Investigation 101,
1633-1642 (1998).

SCIENTIFICREPORTS | (2019) 9:3575 | https://doi.org/10.1038/s41598-019-40440-w 14


https://doi.org/10.1038/s41598-019-40440-w

www.nature.com/scientificreports/

99. Diiring, K., Porsch, P, Mahn, A., Brinkmann, O. & Gieffers, W. The non-enzymatic microbicidal activity of lysozymes. FEBS Lett
449,93-100 (1999).

100. Ibrahim, H. R., Thomas, U. & Pellegrini, A. A helix-loop-helix peptide at the upper lip of the active site cleft of lysozyme confers
potent antimicrobial activity with membrane permeabilization action. J Biol Chem 276, 43767-43774 (2001).

101. Nash, J. A,, Ballard, T. N., Weaver, T. E. & Akinbi, H. T. The peptidoglycan-degrading property of lysozyme is not required for
bactericidal activity in vivo. ] Immunol 177, 519-26 (2006).

102. Ohman, D. E. & Chakrabarty, A. M. Utilization of human respiratory secretions by mucoid Pseudomonas aeruginosa of cystic
fibrosis origin. Infect Immun 37, 662-669 (1982).

103. Woods, D. E., Schaffer, M. S., Rabin, H. R., Campbell, G. D. & Sokol, P. A. Phenotypic comparison of Pseudomonas aeruginosa
strains isolated from a variety of clinical sites. J Clin Microbiol 24, 260-264 (1986).

104. Petermann, S. R., Doetkott, C. & Rust, L. Elastase deficiency phenotype of Pseudomonas aeruginosa canine otitis externa isolates.
Clin Diagn Lab Immunol 8, 632-6 (2001).

105. Dziarski, R. & Gupta, D. How innate immunity proteins kill bacteria and why they are not prone to resistance. Curr Genet 64,
125-129 (2018).

106. Dziarski, R., Platt, K. A., Gelius, E., Steiner, H. & Gupta, D. Defect in neutrophil killing and increased susceptibility to infection
with non-pathogenic Gram-positive bacteria in peptidoglycan recognition protein-S (PGRP-S)-deficient mice. Blood 102, 689-697
(2003).

107. Casciaro, B. et al Esculentin-1a Derived Antipseudomonal Peptides: Limited Induction of Resistance and Synergy with Aztreonam.
Protein Pept Lett (2018).

108. Reffuveille, F, de la Fuente-Nuiez, C., Mansour, S. & Hancock, R. E. A broad-spectrum antibiofilm peptide enhances antibiotic
action against bacterial biofilms. Antimicrob Agents Chemother 58, 536371 (2014).

109. de la Fuente-Nuiiez, C. et al. Anti-Biofilm and Immunomodulatory Activities of Peptides That Inhibit Biofilms Formed by
Pathogens Isolated from Cystic Fibrosis Patients. Antibiotics (Basel) 3, 509-26 (2014).

110. Thamri, A. et al. Peptide modification results in the formation of a dimer with a 60-fold enhanced antimicrobial activity. PLoS One
12,e0173783 (2017).

111. Lin, Q, Deslouches, B., Montelaro, R. C. & Dj, Y. P. Prevention of ESKAPE pathogen biofilm formation by antimicrobial peptides
WLBU?2 and LL37. Int ] Antimicrob Agents 52, 667-672 (2018).

112. Cabot, G. et al. Overexpression of AmpC and efflux pumps in Pseudomonas aeruginosa isolates from bloodstream infections:
prevalence and impact on resistance in a Spanish multicenter study. Antimicrob Agents Chemother 55, 1906-11 (2011).

113. Magiorakos, A. P. et al. Multidrug-resistant, extensively drug-resistant and pandrug-resistant bacteria: an international expert
proposal for interim standard definitions for acquired resistance. Clin Microbiol Infect 18, 268-81 (2012).

114. Loépez-Causapé, C. et al. Clonal dissemination, emergence of mutator lineages and antibiotic resistance evolution in Pseudomonas
aeruginosa cystic fibrosis chronic lung infection. PLoS One 8, 71001 (2013).

115. Pérez-Gallego, M. et al. Impact of AmpC Derepression on Fitness and Virulence: the Mechanism or the Pathway? MBio 7, https://
doi.org/10.1128/mBi0.01783-16 (2016).

116. Maisetta, G. et al. In vitro bactericidal activity of human beta-defensin 3 against multidrug-resistant nosocomial strains. Antimicrob
Agents Chemother 50, 806-9 (2006).

117. Yanagi, S. et al. Isolation of human beta-defensin-4 in lung tissue and its increase in lower respiratory tract infection. Respir Res 6,
130 (2005).

118. Cushnie, T. P. et al. Variables to be considered when assessing the photocatalytic destruction of bacterial pathogens. Chemosphere
74, 1374-8 (2009).

Acknowledgements

This work was supported by the Ministerio de Economia y Competitividad of Spain and the Instituto de
Salud Carlos III, cofinanced by the European Regional Development Fund (ERDF; A way to achieve Europe)
through the Spanish Network for the Research in Infectious Diseases (RD12/0015 and RD16/0016), and grants
CP12/03324, PI15/00088, and PI15/02212. . M.B. is funded by the project SOIB Jove: Qualificats Sector Public
(JQ-SP 18/17), cofinanced by SOIB, Garantia Juvenil, and the European Social Fund. Authors thank Jonathan
McFarland for his assistance in English corrections.

Author Contributions

G.T. conceived the study, performed laboratory experiments, analyzed results and wrote the manuscript. . M.B.
and M.P--G. performed laboratory experiments and analyzed results. M.E.-S., S.T.-G., M.M.-B,, M.G.-N,, Y.C.-V,,
and E.R.-R., performed laboratory experiments. G.C., C.L.-C. and E.R.-M. contributed materials and reviewed
the manuscript. A.O. and C.J. conceived the study, analyzed results and wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-40440-w.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

2 License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS | (2019) 9:3575 | https://doi.org/10.1038/s41598-019-40440-w 15


https://doi.org/10.1038/s41598-019-40440-w
https://doi.org/10.1128/mBio.01783-16
https://doi.org/10.1128/mBio.01783-16
https://doi.org/10.1038/s41598-019-40440-w
http://creativecommons.org/licenses/by/4.0/

	Profiling the susceptibility of Pseudomonas aeruginosa strains from acute and chronic infections to cell-wall-targeting imm ...
	Results

	Lysozyme and PGLYRPs show a modest in vitro activity per se on clinical strains, with punctual exceptions. 
	Subinhibitory colistin significantly enhances the activity of lysozyme/PGLYRPs, with greater effect on cystic fibrosis than ...
	Cystic fibrosis isolates are more susceptible against serum but not against β-Defensin 1 in comparison with bacteremia stra ...
	Lack of association between profiles of susceptibility against immune proteins targeting the cell-wall and cytotoxic/inflam ...

	Discussion

	Concluding Remarks

	Methods

	Bacterial strains and antimicrobial susceptibility testing. 
	O-antigen Serotyping. 
	Lysozyme susceptibility assays. 
	PGLYRPs susceptibility assays. 
	Serum bacterial killing. 
	Human β-Defensin 1 susceptibility assays. 
	Osmotic shock assays. 
	Cell culture and cytotoxicity assays. 
	Inflammatory response. 
	Data analysis. 

	Acknowledgements

	Figure 1 Survival rates of the P.
	Figure 2 Bacterial survival after treatment with lysozyme 25 mg/L, in the mpL knockout mutant (PW7798) from the UW Library22, and its originary wildtype strain (PAO1-UW).
	Figure 3 Survival rates of the P.
	Figure 4 Survival rates of the P.
	Figure 5 Survival rates of the P.
	Figure 6 Bacterial survival after treatment with lysozyme (25 mg/L) or lysozyme plus colistin (25 mg/L + 0.
	Figure 7 Survival rates of the P.
	Figure 8 Hierarchical clustering of the strains according to the 10 measured variables showing statistically significant differences among strains (thus, the PGLYRPs treatments alone were not included).




