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Antimicrobial peptides (AMPs) have been propo-
sed as a promising new class of antimicrobials
despite warnings that therapeutic use could
drive the evolution of pathogens resistant to our
own immunity peptides. Using experimental
evolution, we demonstrate that Staphylococcus
aureus rapidly evolved resistance to pexiganan,
a drug-candidate for diabetic leg ulcer infec-
tions. Evolved resistance was costly in terms of
impaired growth rate, but costs-of-resistance
were completely ameliorated by compensatory
adaptation. Crucially, we show that, in some
populations, experimentally evolved resistance
to pexiganan provided S. aureus with cross-
resistance to human-neutrophil-defensin-1, a
key component of the innate immune response
to infection. This unintended consequence of
therapeutic use could drastically undermine our
innate immune system’ ability to control and
clear microbial infections. OQur results therefore
highlight grave potential risks of AMP therapies,
with implications for their development.
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1. INTRODUCTION

Antimicrobial peptides (AMP) are small cationic mol-
ecules produced as part of the innate immune
response. AMPs display cidal activity against viral, bac-
terial and fungal pathogens, but despite exposure to
AMPs during infection, levels of resistance in natural
microbial populations are typically low [1,2]. This
has led to the assumption that resistance to AMPs
cannot evolve, or that high costs-of-resistance prevent
persistence of resistant strains [2]. Therefore synthetic
AMPs, often derived from naturally occurring AMPs,
are seen as good alternatives to antibiotics and will
be clinically available, by some estimates, within
10 years [1,3]. However, therapeutic use is likely to
generate strong directional selection for resistance
thereby driving its evolution [4], while compensatory
mutations could ameliorate associated costs-of-
resistance [2]. Of graver concern than resistance to
the therapy itself, though, is the untested potential
for evolved cross-resistance to our own immunity pep-
tides. This could undermine our innate immune
system’s ability to prevent superficial infections
progressing into life-threatening systemic disease [2].
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Pexiganan is a synthetic AMP derived from frog magai-
nin, and has been proposed as a candidate treatment for
diabetic leg ulcer infections [5—7]. While such infections
are often polymicrobial, Staphylococcus aureus is the pre-
dominant pathogen [7]. Neutrophils are recruited to the
site of infection following an inflammatory response [8],
where they take up bacterial cells as well as degranulate,
releasing a suite of bactericidal proteins and antimicrobial
peptides [9]. To determine whether AMP therapy selects
for cross-resistance to a host peptide, we experimentally
evolved resistance to pexiganan in S. aureus and then
tested evolved strains for cross-resistance to human-neu-
trophil-defensin-1 (HNP-1). It is important to note that
HNP-1 and pexiganan belong to structurally distinct
classes of antimicrobial peptide with contrasting modes
of action [10]. Additionally, we tested whether there
were costs associated with pexiganan resistance, and whe-
ther costs-of-resistance could be ameliorated by
compensatory adaptation in absence of pexiganan.

2. MATERIAL AND METHODS

(a) Resistance selection experiment

All experiments were performed in cation-adjusted Mueller—Hinton
broth and incubated at 37°C with continuous shaking (200 r.p.m.).
A S. aureus nasal carriage isolate was streaked on agar to randomly
isolate eight independent colonies that were stored in 15 per cent
glycerol at —80°C. Eight 2 ml cultures were founded with approxi-
mately 107 isogenic cells of an overnight culture of one of the
previously selected colonies and propagated by serial transfer. Six
replicate populations were supplemented with increasing concen-
trations of pexiganan acetate, and two controls were propagated in
the absence of AMP. From a starting concentration of 16 ugml !
pexiganan acetate, every 48 h we transferred 2 per cent of each cul-
ture to two flasks containing fresh medium with either the same
concentration of peptide as used previously, or a twofold increased
concentration. When growth was observed in the higher concen-
tration this culture was used for subsequent inoculation. This
procedure was repeated until populations grew for two consecutive
transfers in 1024 pgml ™' of peptide.

(b) Quantifying pexiganan minimal inhibitory concentration
(MIC) and costs-of-resistance

Pexiganan minimal inhibitory concentrations for ancestral and
evolved bacteria (stored in 15% glycerol at —80°C) were determined
by microtitre broth dilution methods using standard protocols [11]
slightly modified to use cation-adjusted Mueller—Hinton broth and
96-well polypropylene microtitre plates. Maximal growth rate
(Vmax) of ancestral and evolved bacteria was quantified in the
absence of pexiganan acetate in a 96-well plate reader (BioTec
ELx808). For each well, optical density (600 nm) was taken every
5min and Vjax was estimated during exponential growth from
log-e transformed optical density values.

(¢) Compensatory adaptation selection experiment

To test whether costs-of-resistance could be ameliorated, three inde-
pendent colonies from the population with the highest cost-of-
resistance (SA3; see §3) and its ancestral clone were used to initiate
five replicate populations each. Populations were propagated as
10 ml cultures by daily transfer of 0.1 per cent of each population
for 10 transfers in the absence of pexiganan acetate. Pexiganan
MIC and Vyax were estimated for founding and evolved bacteria.

(d) Quantifying cross-resistance

Evolved bacteria and each founding ancestral clone were examined
for susceptibility to HNP-1, which is routinely determined by
bactericidal assays [12]. Overnight cultures were diluted 100-fold
and allowed to grow for 3h in order for cells to reach mid log
phase. After washing, the cultures were diluted in fresh medium
to final cell density approximately 3 x 10° colony forming units
ml~! and added to a 96-well polypropylene microtitre plate. HNP-
1 (end concentration: 50 pg ml™!) or purified water (control) was
added and cultures were grown for 4h. At 0 and 4 h, dilutions
were plated on brain heart infusion agar plates to estimate cell
densities. Growth was calculated by dividing 4 h log-density by 0 h
log-density. Resistance was calculated as the ratio of growth in the
presence versus absence of HNP-1.
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Figure 1. Evolved resistance to pexiganan has associated
costs that can be ameliorated by compensatory adaptation.
(@) Vmax plotted against pexiganan MIC for ancestral and
evolved bacteria. Asterisks indicate significant difference by
t-test between ancestral and evolved Vyax (F*p <0.001,
##% 5 < 0.0001). (b) Vpmax of ancestral and evolved SA3 bac-
teria before (light grey) and after (dark grey) selection in the
absence of pexiganan. All compensated bacteria retained
resistance to pexiganan (data not shown).

3. RESULTS

Within 14 transfers, five of six populations were
capable of growth in 1024 wg ml ™' pexiganan. Evolved
bacteria had elevated MICs approximately 10—-50x
higher than ancestral bacteria (figure la; one-sample
t-test, t = 3.159, d.f. =4, p = 0.03). Three replicates
displayed impaired maximal growth rates (Vyax) in
the absence of pexiganan (figure 1a), and we obser-
ved a negative relationship between Vyax and MIC
(figure la; p= —0.877, p=0.022). This suggests
that there were costs associated with resistance to pex-
iganan, and that more highly resistant bacteria suffered
greater costs. However, the cost of pexiganan resist-
ance could be compensated; clones from SA3, the
population with the highest cost-of-resistance, attained
growth rates comparable to the ancestor while retain-
ing resistance following serial-transfer in the absence
of pexiganan (figure 1b0).

Two replicate lines selected in the presence of pexiga-
nan displayed increased resistance to HNP-1 compared
with ancestral bacteria (figure 2; two-sample r-tests:
SAl, t=5.376, d.f. =10, p = 0.0003; SA5, ¢t = 6.058,
d.f. =6, p = 0.0009), while control bacteria selected in
the absence of pexiganan displayed no change (figure
2). Therefore, evolved resistance to pexiganan could
confer cross-resistance to HNP-1, although this was
not evident in all our replicate lines (paired-sample
t-test of ancestral and evolved means, : = 1.365, d.f. =
4, p=0.24), and we observed no correlation between
the degree of resistance to pexiganan and the degree of
cross-resistance to HNP-1 (p = 0.049, p = 0.9).
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Figure 2. Resistance to pexiganan provides cross-resistance
to HNP-1. Bars represent the ratio of growth rates in pres-
ence versus absence of HNP-1 for ancestral (light grey)
and evolved (dark grey) bacteria; a value of 1 represents no
inhibition of growth by HNP-1.

4. DISCUSSION

We demonstrate that S. aureus rapidly evolved resistance to
pexiganan and that associated costs-of-resistance could be
completely ameliorated by a short period of compensa-
tory adaptation. This confirms that pathogens targeted
by AMP therapies are likely to evolve resistance [4] and
suggests that associated costs-of-resistance are unlikely
to prevent persistence of resistant strains. Crucially, we
provide the first evidence that evolved resistance to a thera-
peutic AMP can provide cross-resistance to a human
immunity peptide. Since pexiganan and HNP-1 belong
to structurally distinct classes of antimicrobial peptide
with contrasting modes of action [10], synclinal selection
for resistance to HNP-1 is perhaps even more worrying.

We observed variation between replicate lines in
evolved pexiganan MIC, perhaps suggesting that differ-
ent mechanisms of resistance arose in these independent
lineages. Moreover, we observed no correlation between
the degree of resistance to pexiganan and the degree of
cross-resistance to HNP-1; indeed, cross-resistant bac-
teria acquired only intermediate levels of pexiganan
resistance and at relatively moderate costs. This sug-
gests that resistance mechanisms offering generalized
protection against multiple AMPs may actually be less
effective at protecting cells against the target therapeu-
tic AMP. Cross-resistance may therefore be selected
against under strong directional therapeutic selection,
if more specific and effective resistance mechanisms
exist within the population. Conversely, cross-resistant
genotypes could be favoured if host-peptides also exert
appreciable selection at the site of infection.

We chose to use a nasal carriage isolate of S. aureus
in our experiments. While this has the advantage of
bringing our study closer to clinical reality, it has the
disadvantage that no neutrally marked strains were
available for use in direct competition experiments.
This methodology is the ‘gold-standard’ for quanti-
fication of changes in fitness of evolved bacteria
relative to their ancestor, and produces more accurate
estimates of fitness than the Vjiax assays used here.
However, as Vyax only estimates one component of
fitness (maximal growth rate) it is likely that costs-
of-resistance have been underestimated, rather than
overestimated in our study.

Our findings raise serious concerns about the long-
term risks associated with the development and the use
of AMP therapies. Unlike resistance to traditional
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antibiotics, which may select solely for cross-resistance
to other antibiotics, resistance to therapeutic AMPs
may commonly compromise our natural immune
defences. This unintended consequence of therapeutic
use may fundamentally alter the interaction with our
commensal microbiome, and potentiate a rise in
opportunistic infection. Therefore, while AMP thera-
pies may prove to be efficacious in the short term,
their use could have catastrophic longer term conse-
quences for our ability to control microbial infections.
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