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Background: Colistin is a polypeptide antibiotic drug that targets lipopolysaccharides
in the outer membrane of Gram-negative bacteria. Inactivation of the mgrB-gene is a
common mechanism behind colistin-resistance in Klebsiella pneumoniae (Kpn). Since
colistin is a cyclic polypeptide, it may exhibit cross-resistance with the antimicrobial
peptide LL-37, and with other innate effector mechanisms, but previous results
are inconclusive.

Objective: To study potential cross-resistance between colistin and LL-37, as well as
with other innate effector mechanisms, and to compare virulence of colistin-resistant
and susceptible Kpn strains.

Materials/Methods: Carbapenemase-producing Kpn from Oman (n = 17) were
subjected to antimicrobial susceptibility testing and whole genome sequencing.
Susceptibility to colistin and LL-37 was studied. The surface charge was determined
by zeta-potential measurements and the morphology of treated bacteria was analyzed
with electron microscopy. Bacterial survival was assessed in human whole blood and
serum, as well as in a zebrafish infection-model.

Results: Genome-analysis revealed insertion-sequences in the mgrB gene, as a cause
of colistin resistance in 8/17 isolates. Colistin-resistant (Col-R) isolates were found to
be more resistant to LL-37 compared to colistin-susceptible (Col-S) isolates, but only
at concentrations >50 pwg/ml. There was no significant difference in surface charge
between the isolates. The morphological changes were similar in both Col-R and Col-S
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isolates after exposure to LL-37. Finally, no survival difference between the Col-R and
Col-S isolates was observed in whole blood or serum, or in zebrafish embryos.

Conclusion: Cross-resistance between colistin and LL-37 was observed at elevated
concentrations of LL-37. However, Col-R and Col-S isolates exhibited similar survival
in serum and whole blood, and in a zebrafish infection-model, suggesting that cross-
resistance most likely play a limited role during physiological conditions. However, it
cannot be ruled out that the observed cross-resistance could be relevant in conditions
where LL-37 levels reach high concentrations, such as during infection or inflammation.

Keywords: cross-resistance, colistin, LL-37, innate immunity, zeta potential, whole blood killing assay, serum

killing assay, zebrafish

INTRODUCTION

Klebsiella pneumoniae (Kpn) is a significant nosocomial pathogen
worldwide. It causes an array of infections including bloodstream
infections, urinary tract infection, pneumonia, peritonitis, and
occasionally hospital-acquired meningitis (Paczosa and Mecsas,
2016). Carbapenemase-producing Kpn is a major threat in
the clinical setting due to the limited number of treatment
options. Many clinical isolates are only susceptible to colistin
(polymyxin E), which therefore has emerged as the last treatment
resort. However, the increasing use of colistin is mirrored with
an increasing bacterial resistance against this drug globally,
including Oman in the Arabian Peninsula (Liu et al., 2016;
Sonnevend et al., 2016; Mohsin et al., 2018).

Colistin is an antimicrobial peptide-related compound, with
a net positive charge at physiological pH. It binds to negatively
charged phosphate groups in the lipid A component of
lipopolysaccharides (LPS). As a consequence, the binding leads to
disruption and loss of bacterial cell membrane integrity, causing
cell death (Giske, 2015). Resistance to colistin is assumed to
be caused by reducing the net negative charge of lipid A. The
charged state of the bacterial surface can be assessed by measuring
the zeta potential of the bacterial surface (Fukuoka et al., 2008).

Colistin-resistance in Gram-negative bacteria can be
mediated via the plasmid-associated mcr genes (Sun et al,
2018). Interestingly, mcr-1 can be targeted with an inhibitor that
can restore antibiotic susceptibility to colistin in carbapenem-
resistant Enterobacteriaceae (Zhou et al., 2019). In addition,
colistin-resistance in Kpn is commonly caused by alterations
in the mgrB gene, which encodes a negative-feedback
regulator of the PhoQ-PhoP signaling system, resulting in
the upregulation of the Pmr lipopolysaccharide modification
system (Cannatelli et al., 2014).

Colistin and the antimicrobial peptide LL-37 share similar
bacteria-binding mechanisms, leading to the unresolved
hypothesis that cross-resistance between colistin and LL-
37 exists. Some studies have supported the cross-resistance
hypothesis (Llobet et al., 2009; Napier et al., 2013; Kadar et al,,
2015), whereas others have shown contrasting results (Moffatt
et al.,, 2013) or no correlation (Garcia-Quintanilla et al., 2014;
Dobias et al., 2017). In addition, altered virulence of Kpn as
a result of colistin-resistance is also a matter of debate and
some studies showed unaltered virulence by mgrB-insertions

(Cannatelli et al., 2015; Arena et al., 2016), whereas another study
reported increased virulence (Kidd et al., 2017).

Bacterial virulence can be assessed by several different
in vitro and in vivo methods. Common in vitro systems
include whole blood and serum bactericidal assays. The
former assesses the combined effects of complement activity,
opsonization, phagocytosis and intracellular killing, while the
serum bactericidal assay mainly evaluates bacterial susceptibility
to complement activity. In vivo models are often performed in
mice but more simple animal-models can be used. The zebrafish
model has increasingly been used to evaluate innate immune
mechanisms, including Kpn-virulence (Marcoleta et al., 2018).
Many innate immune pathways are conserved between mammals
and zebrafish, including complement, antimicrobial peptides and
phagocytic host defenses, here collectively designated as “innate
effector mechanisms” (Marcoleta et al., 2018).

We investigated potential cross-resistance between colistin
and innate effector mechanisms using a clinical collection of Col-
R and Col-S isolates from Oman. Strains were examined with
antimicrobial susceptibility testing, whole genome sequencing,
and electron microscopy imaging, and studies on bacterial
survival were conducted in whole blood and serum, as well as in
a zebrafish infection-model.

MATERIALS AND METHODS

Reagents

Blood and CLED agar plates, phosphate buffered saline (PBS;
10 mM; pH 7.4), lysogeny broth (LB; pH 7.5), cation-adjusted
Muller-Hinton Broth (CaMHB), and sterilized deionized water
(WID; pH 7.0) were obtained from the Substrate Unit at
Karolinska University Hospital, Stockholm, Sweden. RPMI-1640
was purchased from Invitrogen. Sodium polyanethole sulfonate
(SPS) and colistin sulfate were purchased from Sigma-Aldrich.
Stock solutions were prepared in PBS at 1000 pg/ml for colistin
and 10 mg/ml in sterilized distilled water for SPS. LL-37 was
purchased from Innovagen (Lund, Sweden) and dissolved in
0.1% trifluoroacetic acid (TFA; Fluka BioChemika), aliquoted
and stored at —20°C until used. The E3 medium (5 mM NaCl,
0.17 mM KCl, 0.33 mM CaCly, and 0.33 mM MgSOy4) was
provided by the zebrafish core facility at Karolinska Institutet,
Stockholm, Sweden.
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Bacterial Strains

As a national health policy in Oman, all clinical samples with
decreased susceptibility to carbapenem are sent to a central
public health laboratory for further characterization. Out of 245
Kpn isolates with preliminary carbapenem resistance, 8 showed
reduced susceptibility to colistin due to mgrB-insertion and were
included in this study. Additionally, 9 isolates were selected from
the collection using a random number table and included in
the study as a control group. All isolates included in this study
were collected between January and August 2015. Carbapenem
susceptibility was assessed by disk diffusion, and colistin
susceptibility was assessed by broth micro-dilution (BMD),
according to the EUCAST guidelines (The European Committee
on Antimicrobial Susceptibility Testing [EUCAST], 2016). Two
genetically similar strains from this collection were studied
further, Col-S (OM322) and Col-R (OM124). Additional strains
were used as controls: K. pneumoniae (ATCC25955), E. coli D-21
strain (CGSC5158) and Proteus mirabilis (ATCC29245).

Whole Genome and Sanger Sequencing

All isolates (n = 17) were subjected to DNA extraction using
the MagNA Pure 96 System (Roche Diagnostics Nederland,
Almere, Netherlands). Whole genome sequencing (WGS) was
performed for these isolates using HiSeq 2500 (Illumina, San
Diego, CA, United States) at SciLifeLab (Solna, Sweden). Raw
reads data generated in this study were deposited in SRA as
project PRJNA544438. The reads were assembled into contigs
using SPAdes (ver 3.9.0) (Bankevich et al., 2012). Sequence types
(ST) and core genome MLST were assigned according to the Kpn
MLST database (Jolley and Maiden, 2010). The same database
was used to identify virulence genes whereas capsular type was
determined using Kaptive web (Wick et al., 2018). Resistance
genes were identified using ResFinder (Zankari et al., 2012) and
CARD (McArthur et al., 2013). In silico DNA-DNA hybridization
(DDH) using the generalized linear model (GLM) and formula
2, as well as average nucleotide identity (ANI) analysis, were
employed for selected strains as described previously (Meier-
Kolthoff et al., 2013; Rodriguez-R and Konstantinidis, 2016). SNP
calling was done for selected strains with Microbial Genomics
Module 3.0 of CLC Genomics Workbench 11.0 (QIAGEN
bioinformatics, Aarhus, Denmark). PCR for the mgrB gene was
performed as described elsewhere (Cannatelli et al., 2014) and
Sanger sequencing was done to capture the sequence of the
insertion element (IS) and identify its type using the ISfinder
database (Siguier et al., 2006).

Bacterial Killing Assays for the
Genetically Similar Col-R and Col-S

Strains

Bacteria were grown in CaMHB at 37°C with shaking (220 rpm)
to reach exponential phase (ODgoonm = 0.4-0.6), and were
diluted to the starting bacterial inoculum in CaMHB or LB
media prior to each experiment. Bacteria were incubated with
either LL-37, blood or serum. After 2 h of incubation, bacteria
were serially diluted then plated on blood agar and incubated
overnight to measure colony forming unit (CFU) counts. For the

LL-37-killing assay, the bacterial inoculum (~5 x 10’ CFU/ml)
was treated with a range of LL-37 concentrations (3-100 pug/ml)
in CaMHB. For the blood killing assay, 100 pl of the bacterial
inoculum (~5 x 107 CFU/ml) was incubated with 900 ul
of 40% whole blood in RPMI-1640 medium. For the serum
killing assay, complement components in pooled sera was either
heat inactivated (56°C, 30 min) or chemically inactivated by
incubation with 1 mg/ml of SPS for 30 min at room temperature
(Palarasah et al., 2010). Treated and non-treated sera diluted
to 20% in PBS (900 pl) was incubated with 100 pl of each
overnight bacterial culture (Col-R, Col-S, ATCC25955, E. coli
D-21). For each strain in each experiment, bacteria without
treatment and media alone were used as growth controls and
negative controls, respectively. Each assay was performed at least
in three independent experiments.

Growth Curve Measurements

Bacterial growth was measured in the BioScreen C MBR
instrument (Oy Growth Curves AB Ltd.) which allows
turbidity measurements at an optical density (ODgponm) in
a precision incubator (37°C) equipped with a linear shaker. An
initial bacterial inoculum corresponding to an ODggy of 0.05
(1 x 10* CFU/ml) in logarithmic phase from each Kpn strain
(ATCC25955, Col-S, Col-R) and P. mirabilis (ATCC29245) was
incubated with 100 pg/ml of LL-37. Measurements were made
every 15 min over a time period of 20 h. ODgyy curves were
generated by plotting turbidity versus time. Each sample was
analyzed in duplicate.

Measurement of Bacterial Zeta Potential
The zeta potential of the bacteria was measured at 25°C using the
Zetasizer Nano ZS90 (Malvern Instruments, United Kingdom)
instrument as described previously (Soon et al, 2011).
Measurements were performed in two different diluents; sterile
deionized water (DIW; pH 7.0) and PBS (10 mM; pH 7.4) in
triplicates on three independently prepared bacterial suspensions
for Kpn strains (Col-R, Col-S, ATCC25955). Bacteria were grown
to exponential growth phase as described previously. A stock
suspension of 1 x 10° CFU/ml was prepared by harvesting
the cells from the broth culture by three centrifugation cycles
(3000 x g for 10 min at 25°C) and suspended in DIW
or PBS. A 10-fold dilution from the stock suspension was
performed immediately prior to each measurement. The surface
charge analysis was performed using electrophoretic mobility
measurements and the Helmholtz-Smoluchowski equation was
used for zeta potential calculations.

Electron Microscopy

For transmission electron microscope (TEM) and scanning
electron microscope (SEM) analysis, the two genetically similar
strains (Col-S and Col-R) were grown to log phase and diluted
to ~1 x 108 CFU/ml in CaMHB. Bacteria were left untreated as
control or were incubated with LL-37 at different concentrations
(50-200 mg/ml) at 37°C for 0.5 h or 2 h. Then, CFU counts
were performed in parallel. For TEM, mixtures were fixed in 2.5%
glutaraldehyde in PBS (0.1 M, pH 7.4) at room temperature for
30 min and rinsed in PBS prior to post-fixation using 2% osmium
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tetroxide in PBS at 4°C for 2 h. The samples were subsequently
dehydrated in ethanol followed by acetone and finally embedded
in LX-112. Ultrathin sections were prepared using a Leica EM
UC7 (Leica Microsystems) and contrasted with uranyl acetate
followed by Reynolds lead citrate. The sections were examined in
a Tecnai Spirit G2 Bio TWIN Electron microscope (Tecnai High-
Technologies) at 100 kV, and images acquired using a 2k x 2k
Veleta CCD camera (Olympus Soft Imaging Solutions GmbH).
SEM was performed to compare changes in the bacterial surface
between non-exposed bacteria and those exposed to a range of
LL-37 concentrations (50-200 pg/ml). For SEM, samples were
fixed using 2.5% glutaraldehyde PBS. The fixed samples were
adhered onto a pore membrane and washed in Milli-Q water
prior to stepwise ethanol dehydration and critical-point-drying
using carbon dioxide (Leica EM CPD 030). The pore membranes
were mounted on specimen stubs using carbon adhesive tabs and
sputter coated with platinum (Quorum Q150T ES). SEM images
were acquired using an Ultra 55 field emission scanning electron
microscope (Zeiss, Oberkochen, Germany) at 5 kV and the SE2
detector. Both TEM and SEM analyses were performed three
times for each strain.

Zebrafish Infection Model

The fertilized zebrafish embryos were lined against a glass
slide in a petri dish and microinjection was performed using a
glass needle (Harvard apparatus, Quebec, Canada) controlled
with a micromanipulator Narishige MN-153 (Narishige
International Limited, London, United Kingdom) connected
to an Eppendorf FemtoJet express (Eppendorf AG, Hamburg,
Germany). Microinjection (1-2 nL) of the bacterial suspension
(approximately 150-300 CFU of bacteria in E3 medium)
was performed into the yolk sac in 4-5 h post fertilized
embryos. In parallel, a control group was injected with E3
medium only. To determine the number of bacteria in the
injected volume, one drop was spread on agar plates before
injection. To determine the bacterial counts in the embryos,
1-3 embryos were digested and plated just immediately after
injection. Injected embryos were transferred into a petri
dish with E3 medium and incubated at 30°C for 72 h and
observed for any sign of disease and survival twice a day
under a stereomicroscope. Both experimental settings were
repeated four times.

Statistical Analysis

Data were analyzed by GraphPad Prism version 8.0.1 (GraphPad
software). Normality was tested using the Shapiro-Wilk test.
Based on normality test and number of groups examined
parametric tests (unpaired student’s ¢ test or ANOVA) or non-
parametric tests (Mann-Whitney or Kruskal-Wallis tests) were
used. If the P value for multi-group comparisons (ANOVA
and Kruskal-Wallis tests) were significant, post hoc tests were
performed using Tukey’s test (parametric data) or Dunn’s test
(non-parametric data) to obtain P values for specific comparisons
of interest between group means or medium. A P value of <0.05
was used for statistical significance. Log-rank (Mantel-Cox) test
was used for survival analyses.

RESULTS

Inactivation of mgrB Is a Common
Mechanism of Colistin-Resistance in

Kpn From Oman

The 17 clinical Kpn isolates were selected by virtue of being
carbapenem resistant (Table 1). Notably, the majority of isolates
produced the metallo-p-lactamase NDM-1 or different OXA-48-
like enzymes, which caused carbapenem resistance (Table 1).
In addition to carbapenem resistance, 8 out of the 17 isolates
were Col-R. They showed wild type PmrA/PmrB and PhoP/PhoQ
genes. However, the characterization of mgrB mutations by
sequencing revealed the presence of insertion elements (IS) in
the Col-R strains, with some diversity in IS types and site of
insertion. Most strains (n = 6/8) had ISKpn14 at different sites.
One isolate harbored ISKpn25 and another had an ISKpn14-like
insertion element.

Interestingly, this collection contained two Kpn urine isolates
with similar antibiotic susceptibility patterns against a large
panel of antibiotics (Supplementary Figure S1) but one isolate
OM124 was colistin resistant (Col-R, MIC 16 pg/ml) and the
other, OM322, was colistin susceptible (Col-S, MIC < 1 pg/ml).
Sanger-sequencing revealed that there was a 777 bp insertion at
nucleotide 37 of the mgrB gene in the colistin-resistant isolate
(OM124). This insertion, which was absent in OM322, was a
likely explanation of the colistin-resistant phenotype in isolate
OM124 (Supplementary Figure S1). It was identified as ISKpn14,
a part of the IS1 Superfamily.

The strains had very close genetic relationship. They shared
identical virulence genes and capsule types but had different
O-serotypes. All 8 genes that are used to define the O-serotype
in the Kaptive database (manC, manB, wzm, wzt, wbdD, wbdA,
wbdB, and wbdC) were present in OM124, whereas in OM322
mantB was absent and only seven genes were detected. However,
both shared an identical core genome of 694 genes and belonged
to ST11 (CG258) (Table 1). In silico DNA-DNA hybridization
(DDH) showed that the isolates were identical to 99.9%. They
differed only by 0.03% in GC content and by only 14 SNPs
(0.3%) out of 4719 compared SNPs after filtering. Also, their
average nucleotide identity (ANI) was 100%. The very close
genetic relationship between these strains made them suitable for
experiments to dissect the role of mgrB and colistin-resistance in
relation to innate effector mechanisms.

Cross-Resistance Between Colistin and
LL-37 Is Only Observed at LL-37

Concentrations >50 pg/ml

The three Kpn isolates (ATCC25955, Col-S and Col-R) were
incubated with different concentrations of LL-37 (Figure 1A).
Notably, no obvious effect of LL-37 against any of the isolates
at concentrations below 50 pg/ml was observed. At 50 pg/ml,
the Col-S strain appeared to be more susceptible to LL-37 than
the Col-R strain, but the difference did not reach statistical
significance. However, at 100 pg/ml there was a profound
difference between the strains with regard to susceptibility to
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TABLE 1 | Description of the isolates.

ID Hospital Source Colistin g-lactam ST Mer MIC Colistin** MgrB (nt)*** Capsule O-serotype Virulence genes
treatment type* (ng/ml)  MIC (Lg/ml)
Colistin resistant OM124 Khoula Urine Yes NDM-1 11 11 16 ISKpn14 (37) KL14 O3b acrABR, mrkABCDFHLJ, ureABD
strains OM501 Khoula Wound No OXA-48 101 12 8 ISKpn14-like (102) KL17 O1v1 acrABR, irp1, imp2, kfuABC,
mrkABCDFHLJ, ureABD
OM536 Nizwa Urine NA NDM-1 i 12 16 ISKpn14 (37) KL14 O3b acrABR, mrkABCDFHLJ, ureABD
OM568 Khoula Wound No NDM-1 + 101 9 16 ISKpn14 (102) KL17 O1v1 acrABR, irp1, ip2, kfuABC,
OXA-48 mrkABCDFHLJ, ureABD
OM588 Khoula Fecal No OXA-48 101 10 16 ISKpn14 (37) KL17 O1v1 acrABR, irp1, ip2, kfuABC,
mrkABCDFHLJ, ureABD
OM1234 Nizwa Urine No OXA-232 231 Ihl 8 ISKpn25 (23) KL51 O1v2 acrABR, irp1, ip2, iucABCD, iutA,
kfuABC, mrkABCDFHLJ, ureABD
OMB300 Nizwa NA NA NDM-1 11 NA 32 ISKpn14 (37) KL14 O8b acrABR, mrkABCDFHLJ, ureABD
OM290 Nizwa Urine No NDM-1 M 12 32 ISKpn14 (37) KL14 O3b acrABR, mrkABCDFHLJ, ureABD
Colistin Susceptible OoM322 Nizwa Urine No NDM-1 11 11 <1 NA KL14 OL104 acrABR, mrkABCDFHLJ, ureABD
strains OMO003 SQH Fecal No OXA-232 231 30 <2 NA KL15 O1v2 acrABR, irp1, ip2, kfuABC,
mrkABCDFHLJ, ureABD
OoM193 SQH respiratory No CTX-M-15 11 21 <2 NA KL15 04 acrABR, irp1, ip2, mkABCDFHLJ,
ureABD
OM334 Nizwa NA NA OXA-232 231 11 <2 NA KL51 O1v2 acrABR, irp1, ip2, kfuABC,
mrkABCDFHLJ, ureABD
OoM442 SQH Urine Yes NDM-1 147 14 <2 NA KL64 O2v1 acrABR, irp1, ip2, mkABCDFHLJ,
ureABD
OM562 Khoula Fecal No NDM-1 15 15 <2 NA KL24 O1v1 acrABR, irp1, ip2, kfuABC,
mrkABCDFHLJ, ureABD
OM589 Khoula Biopsy Yes OXA-181 147 24 <2 NA KL64 0O2v1 acrABR, irp1, ip2, mkABCDFHLJ,
ureABD
om876 NA NA NA NDM-1 1 7 <2 NA KL14 0O8b acrABR, mrkABCDFJ, ureABD
OM1794 lori Respiratory No NDM-1 11 12 <2 NA KL15 04 acrABR, irp1, ip2, mkABC,
ureABD
ATCC25955 1271 NA KL28 O1v2 acrABR, ureABD

*All clinical isolates carried blactx-m-15.

**Broth microdilution assay was used for measuring minimum inhibitory concentration values. ***All colistin resistance strains showed intact PmrA/PmrB and PhoP/PhoQ genes.

NA: not determined. MIC: minimum inhibitory concentration. nt: nucleotides. mer: Meropenem.
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A control of the experimental system, the intrinsically colistin-
resistant P. mirabilis was examined in parallel in the BioScreen-
10 . .
system and was completely resistant to LL-37 (Figure 1B). Next,
ns o ns we exposed all strains in the collection with mgrB-insertions
8 RN (n = 7) and all colistin susceptible strains (n = 9) to 50 and
_ initl inocuum 100 pg/ml of LL-37 (Table 1). The cross-resistance with LL-
E . .o
> 37 was statistically significant at 50 pg/ml (P = 0.0078) and at
6 .
2 100 pg/ml (P = 0.028) (Figure 1C).
o |
$ The mgrB-Insertion Does Not Alter the
--A—- CokR  --@-- ATCC25955 —@— Col-S Surface Charge
2 - pa p ~ = To examine the effect of mgrB-insertion on bacterial surface
LL-37 concentration (ig/ml) incubated for 2 h charge, the zeta potential for three Kpn isolates was measured.
B All strains exhibited a negative surface charge in deionized water
s (DIW) and PBS (Figure 2). The zeta potential values for the cells
' dispersed in PBS were lower compared to the values obtained
- ColR --e-- ATCC25955 . . L. .
- DO e i in DIW, probably due to the higher ionic strength in PBS
E that can suppress the surface charge of the bacteria (Table 2).
é’ 10 Unexpectedly, there was no obvious difference between the Col-
> R and Col-S isolates with regard to surface charge (P = 0.54
g
a
gos
)3
o DIW PBS
0
0.0
0 5 10 15 20 o e
Time (h) passed after treatment with 100 ug/ml of LL37 E
q A ns
c = —
121 ! i - . o~ ns
== susceptible strains =W mgrB inactivated strains Q9 s
o
101 o 401
- *x % n— 1 ATCC25955
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2 -60 *
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FIGURE 2 | Distribution of the zeta potential values in two diluents: DIW and
2 PBS. Zeta potential measurements were performed for Kpn strains (Col-R,
0 Col-S, ATCC-25955) of 1 x 108 CFU/ml in two different diluents DIW and
Growth control 50 ug/mi 100 pg/ml PBS. There were no stat?stical\y significant diﬁgrences between the Col-R and
Col-Sisolates (P = 0.54 in DIW and P > 0.99 in PBS). However, there was a
statistically significant difference between Col-R and ATCC strain in DIW (* in
FIGURE 1 | The effect of LL-37 on colistin-resistant and colistin-susceptible the figure, P = 0.022), but not in PBS (P = 0.30). Data plotted are
strains. (A) Bacterial Intial incoulom (dotted line) was exposed to a range of mean + SEM and represent the average of triplicates from three independent
LL-37 concentrations (3-100 pg/mi) for 2 h. The non-parametric experiments. The Kruskal-Wallis test was used to compare the three bacterial
Kruskal-Wallis test was used for statistical analysis. (B) Growth curves were strains. DIW; sterile deionized water. PBS; phosphate buffer saline.
measured using Bioscreen C. Bacteria (~1 x 108 CFU/ml) were incubated
with 100 pg/ml of LL-37 for 20 h. One-way ANOVA was used for statistical
analysis. (C) Initial bacterial inoculum (~5 x 107 CFU/mI) of Col-S isolates TABLE 2 | Zeta potential values of bacteria in two different solvents (PBS and
(n = 9) and Col-R isolates (n = 8) with mgrB gene insertion elements were DIW water).
exposed to 50 pg/ml or 100 pg/ml of LL-37 for 2 h. One way ANOVA was
used for statistical analysis. In all assays (A-C), the lowest limit of detection Bacterial strains Bacterial count Zeta Potential Zeta Potential
was (~1 x 10% CFU/ml). Data plotted are mean + SEM. Bacteria were grown (CFU log) (PBS) (DIW)
in CaMHB media. *P < 0.05; **P < 0.01; **P < 0.001. (Mean mV = SD) (Mean mV + SD)
ATCC 25955 7.8 —10.18 £ 0.59 —34.82 £ 1.44
Col-S (OM322) 7.6 —14.83 £ 5.03 —42.56 + 0.41
LL-37 (p = 0.0098). The results from the BioScreen-experiments  Col-R (OM124) 76 _17.49 + 0.73 _7.8842.04

verified this finding and revealed that 100 pg/ml of LL-37
inhibited all growth of the Col-S strain, whereas the Col-
R strain exhibited almost normal growth (p = 0.0041). As a

Average values of three separate measurements are presented. SD, standard
deviation; DIW, De-ionized water; PBS, Phosphate-buffered saline; CFU,
colony count unit.
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in DIW and P > 0.99 in PBS). Notably, the Col-R isolate had
a more negative surface charge compared to the ATCC control
isolate in water (P = 0.022, Dunn’s post hoc test), but not in PBS
(P =0.30, Figure 2).

LL-37 Causes Membrane-Damage and
Intracellular Changes in Both Col-S and
Col-R

Potential morphological changes in Kpn as a result of exposure to
LL-37 were examined. To that end, intracellular morphological
changes of bacterial cells after incubation with different
concentrations of LL-37 were determined using TEM. Non-
treated bacteria had intact membranes with an even distribution
of DNA (light area) and ribosome-rich areas (dark area,
Figure 3A). Bacterial exposure to LL-37 (100 pg/ml) for
30 min induced morphological changes inside the bacterial
cells, such as clustering of DNA and ribosomes in both
Col-R and Col-S strains. Treatment with LL-37 appeared to
cause the loss of the capsule layer in both isolates, even
though that the Col-R isolate was less susceptible to LL-37
concentrations above 50 pLg/ml based on CFU-counts (Figure 3A
and Supplementary Figure S2). SEM was performed to assess
potential changes in the surface structure. Bacterial cells of Col-S
and Col-R exposed to 100 pg/ml of LL-37 for 30 min appeared
to be more swollen compared to untreated controls (Figure 3B).
However, treatment with 100 and 200 pwg/ml of LL-37 for 2 h
caused swelling and pore formation in both strains (Figure 3B).
Overall, LL-37 caused profound changes in both the Col-S and
Col-R strains but no obvious differences between the isolates
could be observed using TEM or SEM.

No Difference in Pathogenicity or
Virulence Between Colistin-Resistant

and Susceptible Kpn-Isolates

Since concentrations of LL-37 above 50 j1g/ml can be considered
to be supra-physiological, we tested the survival of colistin
susceptible and resistant strains in whole blood and serum, which
are complex biological fluids and representative of innate effector
mechanisms in humans. In whole blood, the growth of Col-R and
Col-S were reduced with more than 2 log;¢ within 2 h. In contrast,
the Kpn control-strain (ATCC25955) was only reduced by 0.5
logio (Figure 4A). We further investigated the potential cause
of the killing in the clinical strains by testing bacterial growth
in serum; using both an intact and inactivated complement
system (Figure 4B). The control-strain E. coli D21 was readily
cleared in 20% serum, but grew well when complement was
inactivated. Notably, all three Kpn strains were slightly sensitive
to 20% serum, however, the clinical strains (Col-R and Col-S)
were more sensitive to serum compared to the Kpn control-strain
(ATCC25955). Interestingly, the serum-mediated killing of Kpn
appeared to be independent of complement, since inactivation of
this system did not affect bacterial growth.

To obtain further support for our findings from human
blood and serum, a zebrafish model was employed. All three
isolates grew well in the zebrafish-embryos, with an increase of
two logjo units up to 48 h post infection (Figure 4C). After

48 h, bacterial growth declined quite rapidly, which could be
explained by the fact that fish innate immune cells, particularly
neutrophils, develop after 32-48 h post fertilization (Fehr et al.,
2015). The ATCC-strain reached slightly higher CFU-counts
versus the Col-R and Col-S isolates, but the difference was
not statistically significant. Notably, there was no significant
difference between the Col-R and Col-S isolates with regard to
embryo survival (Figure 4D).

DISCUSSION

In this study, we only observed cross resistance between colistin
and LL-37 at concentrations above 50 pg/ml (or 11 pM) -
but not below this concentration - for LL-37 in Kpn-isolates
resistant to colistin due to an insertion element in the mgrB
gene. Further analysis showed that the surface charge of the
Col-R and Col-S isolates was similar. In addition, both isolates
showed morphological alterations and membrane damage
after exposure to LL-37, independent of colistin resistance.
Finally, both colistin-resistant and colistin-susceptible strains
were rapidly cleared by blood and serum, as well as in a
zebrafish model.

Despite the fact that colistin and LL-37 exhibit similar binding
mechanisms to LPS, the question of whether there is a cross-
resistance between colistin and LL-37 is still unresolved. The
potential cross-resistance is a worrying concern since AMPs are
effectors of the innate immune system, and resistance could
compromise the natural defenses against pathogens (Bell and
Gouyon, 2003). Previous data on cross resistance between colistin
and LL-37 are not conclusive. For example, in A. baumannii
there are several reports regarding cross-resistance (negative,
positive and null effects) (Moffatt et al., 2013; Napier et al., 2013;
Garcia-Quintanilla et al.,, 2014). For Kpn, no cross-resistance
between colistin and LL-37 has been observed, in either isolates
with mgrB inactivation due to IS5-like insertions or in isolates
with other chromosomal mechanisms (Dobias et al., 2017).
Notably, in the report by Dobias et al. (2017) the effects of
LL-37 were assessed at a lower range than the one used in
this study (<20 pg/ml or <4.5 wM). However, Kadar et al.
(2015) reported cross-resistance in Kpn between colistin and
other antibacterial compounds, including lactoferrin, lysozyme,
and protamine. Additionally Llobet et al. (2009) reported cross
resistance with human a-defensin 1 (HNP-1). It should be
noted, however, that there is no consensus on how to perform
these assays and the methodology differs significantly between
laboratories. For example, the protocols differed with regard
to media-composition, incubation time, and initial bacterial
inoculum, and each study has included unique strains with
different resistance mechanisms.

The physiological level of LL-37 varies within different tissues
and cells. Sorensen et al., determined the mean levels of hCAP18
(the pro-form of LL-37) in plasma to be 1.18 pg/ml (0.07 pM)
and in serum as 0.93 pg/ml (0.06 wM). While in neutrophils
they reported hCAP18 level to be as high as 640 pg/ml (40 pM)
in normal healthy volunteers (Sorensen et al., 1997). In normal
human skin, LL-37 is synthesized by epithelial cells and the
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LL37 (100 pg/mL) at 30 min

2 ).O‘:f‘ 8 —:'2 -

X

FIGURE 3 | LL-37 induced morphological changes to both colistin-resistant and susceptible isolates. Representative images are shown for the intracellular changes

ribosomes. Empty arrow; capsule. Black arrow; loss of capsule.

detected by TEM (A) and surface morphological changes visualized by SEM (B). Col-R and Col-S (1 x 108 CFU/ml) were exposed to different concentrations of
LL-37 (100 and 200 pg/ml) for 30 min, then visualized by TEM and SEM. One representative experiment out of three is shown. D; clustered DNA. R; clustered

levels are usually low (Frohm et al, 1997). However, during
pathological conditions the levels of LL-37 have been found
to be significantly higher. In multiple trauma patients, LL-37
levels were induced 15-fold in plasma (Lippross et al., 2012).
In addition, during skin infection or injury, the production is
strongly induced (Frohm et al, 1997; Dorschner et al., 2001;

Schauber et al., 2007). Furthermore, the level of LL-37 was
reported to be high in skin lesions due to inflammatory diseases,
such as psoriasis or rosacea (Reinholz et al., 2012). Moreover,
LL-37 levels were significantly elevated in serum specimens from
psoriasis patients to as high level as 1366 pg/ml (304 wM)
(Ong et al., 2002).
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FIGURE 4 | Pathogenicity and virulence of colistin-resistant and susceptible isolates. (A) Bacteria (~5 x 107 CFU/ml) were incubated in diluted human whole blood
for 2 h. (B) Diluted sera obtained from healthy individuals were incubated for 2 h with bacteria (~5 x 10* CFU/ml) directly or after complement inactivation by heating
or adding sodium polyanethole sulfonate (SPS). E. coli D-21, known to be susceptible to serum-killing, was used as a control. The lowest limit of detection was

~1 x 102 CFU. Data plotted are mean -+ SEM and represent at least three independent experiments. n.s.; not significant; non-parametric Kruskal-Waliis test. (C,D)
Zebrafish embryos were infected with 150-300 CFU of Col-R, Col-S, ATCC Kpn or medium, following incubation at 30°C for 72 h. (C) Bacterial growth in the
infected embryos over time is shown. Whole embryos were lysed (n = 1-3) for CFU count. No statistically significant difference between Col-R and Col-S was
observed. Data plotted are mean + SD. The non-parametric Kruskal-Wallis test was used for statistical analysis. (D) Survival curves for infected and control embryos
are shown. No statistically significant difference was observed between Col-R and Col-S strains, whereas a significant difference between embryos infected with the
ATCC strain could be noted. Data plotted are mean + SEM and represent four independent experiments. Log-rank (Mantel-Cox) test was used for survival analyses.

P < 0.001; ***P < 0.0001.

Given these data and our findings, we can conclude that
colistin-resistant strains would be unaffected in plasma or
serum from healthy individuals, where LL-37 is present at low
concentrations. However, during certain conditions a higher
release of LL-37 by neutrophils at the site of infection might
give an advantage for resistant strains to survive, compared to
colistin-susceptible strains. A similar selection pressure could
be expected in diseases with elevated levels of LL-37, such as
psoriasis, although this hypothesis remains to be proven.

Resistance to colistin is considered to be caused by a reduced
net negative charge of the LPS molecule with amine substituents
(L-4Ara4N and pEtN), which reduces the binding affinity of
colistin (Choi et al., 2016). A reduced surface charge has been
observed in strains that are naturally resistant to colistin, e.g.,
P. mirabilis (Sud and Feingold, 1970). The modification is
achieved by a large panel of genes mostly found on chromosomes
including, but not limited to, mgrB. Hence, mgrB alteration
plays a prominent role in colistin resistance (Olaitan et al.,
2014). We hypothesized that Col-R isolates would have lower
electronegative surface charge compared to Col-S based on

the assumption that the mgrB mutation could be associated
with the addition of Ara4N to lipid A (Cannatelli et al., 2014;
Wright et al., 2015). However, we did not observe statistically
significant differences between Col-S and Col-R isolates in either
water or PBS (Figure 2). Our finding is consistent with Ayerbe-
Algaba et al. (2018) who reported a minor difference of zeta
potential values in water for two clinical Kpn-isolates, Col-S and
Col-R of —36.7 & 0.88 and —35.27 & 0.72 mV, respectively. The
Col-R was due to mgrB-insertion, as was the case with the strains
we studied here (Ayerbe-Algaba et al., 2018). In contrast, Velkov
et al. (2014) reported that the zeta potentials for Col-S were
significantly lower than Col-R isolates in mid-logarithmic growth
phase in water. Taken together, our data suggest that the surface
charge is not a major determinant of colistin-resistance in Kpn.
Apart from the proposed lipid A dephosphorylation, other
factors could be controlled by mgrB gene. For example,
deacylation of lipid A has been described, which does not
appear to alter the surface charge but reduces susceptibility to
AMPs (Clements et al., 2007). Thus, colistin-resistance caused
by mgrB insertions could be related to changes in hydrophobic
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interactions or loss of the O-specific side chains in LPS, as
in Bordetella bronchiseptica (Banemann et al., 1998), which is
consistent with the fact that the strains studied here had different
O serotypes (Table 1). Strain OM124 had O3b while strain
OM322 had OL104 O-serotypes. OL104 is closely related to O3
serotypes (Follador et al., 2016). However, as we and others
(Iwahi et al., 1982; Sahly et al., 2004) report, the O-serotype
appears not to impact the susceptibility to serum. In all,
factors implicated in the transport of peptides across the outer
membrane are important for peptide resistance in Gram-negative
bacteria. These factors are not limited to the charge of the LPS
molecules, and could include the O-antigen (Weiss et al., 1980;
Rana et al., 1991).

To investigate whether a fitness cost could be observed for
the bacteria, we tested the isolates against other host defense
mechanisms, using whole blood and serum. Importantly, both
the Col-S and Col-R isolates were rapidly killed in whole blood
and serum. Combined, these results suggest that the mgrB-
insertion did not impact the survival in human blood or serum.
Moreover, our results indicate that MDR Kpn-isolates are more
susceptible to human blood and serum compared to a control
strain. Additionally, data from the zebrafish model showed
that the control strain reached higher bacterial counts and
caused higher mortality compared to Col-R and Col-S, which
could indicate a lower fitness of these isolates, consistent with
their MDR-phenotype. However, it should be noted that the
control isolate was different from the MDR Kpn used in this
study with regard to genetic background and sequence type.
Thus, conclusions regarding potential fitness-costs of MDR Kpn
require additional studies. In addition, the data from the zebrafish
embryo-model showed that there was no difference between
Col-R and Col-S with regard to bacterial growth or survival,
suggesting that mgrB-insertions do not impact bacterial fitness
in relation to innate immunity in a primitive model system,
like the zebrafish.

The question of whether mgrB-insertion and the Col-R
phenotype has any impact on virulence has been addressed in
previous studies. Others reported that there was no cost of fitness
associated with colistin resistance due to mgrB-insertion in vitro
as well as in vivo using the invertebrate G. mellonella infection
model (Cannatelli et al., 2015; Arena et al.,, 2016). In contrast,
Kidd et al. (2017), showed that mgrB-inactivation increased
virulence in the same infection model (G. mellonella), yet no
effect was observed in a mouse model of pneumonia. Thus, the
role of mgrB-insertions and the Col-R phenotype for virulence
in vivo has still not been fully resolved.

In conclusion, we found cross-resistance between colistin
and LL-37 at concentrations above 50 pg/ml in Kpn-isolates
with colistin-resistance due to mgrB-insertions but not below
this concentration. There was no difference between the Col-
R and Col-S isolates with regard to survival in human serum
or whole blood, or in a zebrafish infection-model. The clinical
implications of these findings are unclear, but it is possible
that cross-resistance between colistin and LL-37 can play a role
during infection or inflammation, where LL-37 concentrations
may be high enough to exert a selection pressure on bacterial

growth. It should be noted that potential interactions between
antimicrobial resistant bacteria and innate effector systems
remain largely unexplored. A detailed understanding of this area
could open up for novel therapeutic options against multidrug-
resistant bacteria.
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