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a b s t r a c t 

Objectives: Chronic wounds are characterised by prolonged inflammation, low mitogenic activity, high 

protease/low inhibitor activity, microbiota changes and biofilm formation, combined with the aetiology 

of the original insult. One strategy to promote healing is to terminate the parasitism-like relationship 

between the biofilm-growing pathogen and host response. Antimicrobial peptide AMC-109 is a potential 

treatment with low resistance potential and broad-spectrum coverage with rapid bactericidal effect. We 

aimed to investigate whether adjunctive AMC-109 could augment the ciprofloxacin effect in a chronic 

Pseudomonas aeruginosa wound model. 

Methods: Third-degree burns were inflicted on 33 BALB/c mice. Pseudomonas aeruginosa embedded in 

seaweed alginate was injected sub-eschar to mimic biofilm. Mice were randomised to receive AMC-109, 

combined AMC-109 and ciprofloxacin, ciprofloxacin, or placebo for 5 days followed by sample collection. 

Results: A lower bacterial load was seen in the double-treated group compared with either monotherapy 

group (AMC-109, p = 0.0076; ciprofloxacin, p = 0.0266). To evaluate the innate host response, cytokines 

and growth factors were quantified. The pro-inflammatory response was dampened in the double-treated 

mice compared with the mono-ciprofloxacin-treated group (p = 0.0 0 09). Lower mobilisation of neu- 

trophils from the bone marrow was indicated by reduced G-CSF in all treatment groups compared with 

placebo. Improved tissue remodelling was indicated by the highest level of tissue inhibitor of metallopro- 

teases and low metalloprotease level in the double-treated group. 

Conclusion: AMC-109 showed adjunctive antipseudomonal abilities augmenting the antimicrobial effect 

of ciprofloxacin in this wound model. The study indicates a potential role for AMC-109 in treating chronic 

wounds with complicating biofilm infections. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Chronic wounds, defined as wounds not healed within 3 

onths, are a substantial burden for individual patients and are 

egatively associated with physical, social and psychiatric functions 
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1] . In recent years, biofilm formation deep in non-healing wounds 

as been shown to contribute to wound pathogenesis and has been 

eported to be present in 78% of non-healing wounds [2] . 

Antibiotics are often used in an attempt to eradicate chronic 

iofilm infections, albeit with limited success. The reason for the 

ack of antibiotic efficacy can be attributed to several mechanisms. 

iofilm-growing bacteria develop tolerance to antibiotics and may 

ave a 10–10 0 0-fold increase in the minimum bactericidal concen- 

ration (MBC) compared with planktonic bacteria. This can be fur- 
ty for Antimicrobial Chemotherapy. This is an open access article under the CC 

https://doi.org/10.1016/j.jgar.2021.12.015
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jgar
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jgar.2021.12.015&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jgar.2021.12.015
http://creativecommons.org/licenses/by-nc-nd/4.0/


A.S. Laulund, F.A. Schwartz, L. Christophersen et al. Journal of Global Antimicrobial Resistance 29 (2022) 185–193 

t

t

b

t

d

t

t

c

t

t

c

m

h

t

t

o

c

w

c

d

p

t

f

b

s

f

T

A

t

m

d

r

p

t

r

n  

c

g

t

fi

i

a

a

n

a

[

w

n

f

P

c

2

2

(

a

U

t

a

s

t

w

G

(

o

i

v

a

w

r

g

t

p

h

μ
w

i

r

t

e

i

a

m

t

U

J

H

w

i

M

r

l

u

w

l

i

d

(

e

C

μ
(

a

m

h

p

d

s

m

W

t

i

p

t

s

t

f

b

p

her complicated by the acquisition of resistance based on muta- 

ions [3] . Unfavourable distribution of the antibiotic in the wound 

ed is often further complicated by the underlying condition of 

he patient, e.g. diabetes, arteriosclerosis or oedema, and is an ad- 

itional challenge limiting antimicrobial efficacy [4] . Furthermore, 

here is a substantial lack of knowledge about the host response 

o the recalcitrant biofilm in the non-healing wound. All of these 

omplicating factors, combined with the compromised health of 

he typical chronic wound patient, are the main reasons delaying 

he establishment of a general and efficient treatment regimen for 

hronic wounds. Therefore, it is crucial to identify novel treatment 

odalities that can improve the healing of chronic wounds by en- 

ancing antimicrobial therapies in order to eradicate biofilm infec- 

ions. 

Peptidic components of the innate immune system such as an- 

imicrobial peptides (AMPs) are potent agents with a wide range 

f activities. AMPs usually have high selectivity towards bacterial 

ells versus human cells, fast bacterial killing kinetics comparable 

ith or often superior to conventional antibiotics, and exhibit effi- 

iency in low doses [5] . AMPs may have different modes of action 

epending on the pathogen. They may upregulate transmembrane 

ores, interfere with bacterial cell wall, DNA, RNA or protein syn- 

hesis [ 6 , 7 ], produce proteolytic enzymes, and have antimetabolic 

unctions. In addition, some AMPs function as immune regulators 

y stimulating neutrophil chemotaxis and modifying gene expres- 

ion in the host [8] . 

One synthetic cationic amphiphilic peptide inspired by lacto- 

erricin is AMC-109, previously known as LTX-109 (Amicoat AS, 

romsø, Norway). AMC-109 is currently being evaluated as an 

MP for use as an adjuvant in medical devices. AMC-109 binds 

o the negatively charged bacterial membrane, with subsequent 

embrane disruption and cell lysis. No cross-resistance with other 

rugs has been detected and the development of resistance is 

are [ 9 , 10 ]. Unlike most naturally occurring AMPs, the synthetic 

eptide is stable against protease degradation. AMC-109 has been 

ested in different in vivo and in vitro experiments against a wide 

ange of pathogens, including Gram-negative Pseudomonas aerugi- 

osa , which is a key pathogen in chronic wounds [11] . The antimi-

robial activity of AMC-109 against P. aeruginosa has been investi- 

ated in vitro by Amicoat, where the minimum inhibitory concen- 

ration (MIC) ranged from 8–16 μg/mL [12] . AMC-109 also has ef- 

cient biofilm-eradicating properties against staphylococci [ 13 , 14 ]. 

So far, no safety issues regarding AMC-109 have been reported 

n clinical trials. In a trial of methicillin-resistant Staphylococcus 

ureus (MRSA) decolonisation, systemic exposure was low with 

 maximum drug concentration in plasma ( C max ) of 3.72–11.7 

g/mL at 1–2 h post-dosing. The peptide displayed low bioavail- 

bility when applied in the nostrils when formulated in a hydrogel 

14] . One reported side effect, especially important for a potential 

ound treatment, was minimal reversible epithelial lesions in the 

asal cavity during an MRSA decolonisation trial [14] . 

The aim of the present study was investigate the adjunctive ef- 

ect of AMC-109 in combination with ciprofloxacin on recalcitrant 

. aeruginosa biofilm infected wounds using an established murine 

hronic wound model. 

. Materials and methods 

.1. In vivo study design 

Twelve-week-old, pathogen-free, female BALB/c mice ( n = 33) 

Janvier Labs, Le Genest-Saint-Isle, France) were acclimatised in the 

nimal facility at the Biotech Research & Innovation Centre of the 

niversity of Copenhagen (Copenhagen, Denmark) 1 week prior to 

he start of the experiment. Mice were clinically scored daily by 
186 
ccredited personnel and humane endpoints were set prior to the 

tart of the experiment [15] . 

On experiment Day 0, the sacral area was shaved with an elec- 

ric razor and a full-thickness sacral burn wound (1.7 × 1.7 cm) 

as inflicted on all mice by hot air (EasyHeat 500; Robert Bosch 

mbH, Gerlingen, Germany) for 5seconds, after subcutaneously 

s.c.) administering 0.1 mL/10 g of Hypnorm/midazolam (mixture 

f 1 mL fentanyl 0.315 mg/mL + fluanisone 10 mg/mL, 2 mL ster- 

le water and 1 mL midazolam 5mg/mL) per mouse [16] . To pre- 

ent dehydration and hypothermia of the mice, liquid therapy was 

pplied (s.c.) in the neck region (NaCl 0.9%, 200 μL) and animals 

ere placed on an 35 °C heating mat during the 24-h post-surgery 

ecovery period. During this period, standard post-procedure anal- 

esia to prevent nociceptor activity in the area bordering up to the 

hird-degree burn was initiated with s.c. injections of buprenor- 

hine (100 μL 30 μg/mL) every sixth hour. This borderline zone 

as previously histopathologically been determined to be < 100 

m wide [17] , making the analgesia a precautionary measure. Mice 

ere kept in individually ventilated cages to avoid potential gnaw- 

ng of wounds. They had free access to chow, water and cage en- 

ichment materials such as toys and nest-building materials. 

On Day 4 post thermal infliction, 100 μL of a 10 7 CFU/mL solu- 

ion of P. aeruginosa (strain PAO1, Iglewski) was injected under the 

schar to produce a monobacterial biofilm infection. Prior to the 

njection, PAO1 was propagated overnight in Luria–Bertani medium 

t 37 °C. The overnight culture was centrifuged, re-suspended and 

ixed in a 1% alginate solution. The solution was then transferred 

o a syringe attached to a pump (model 3100; Graseby, London, 

K) and was pumped out through an encapsulation nozzle (Var 

30; Nisco Engineering, Zurich, Switzerland) into a CaCl 2 and Tris–

Cl buffer (pH 7.0). Beads were filtered and a washing procedure 

as performed twice in 0.9% NaCl with added CaCl 2 to avoid burst- 

ng of the beads. To determine CFU, beads were dissolved in 0.1 

 citric acid buffer (pH 5.0) and were plated to reach a bacte- 

ial concentration 1.0 × 10 7 for the sub-eschar injections the fol- 

owing day. Mice were observed and clinically scored on a reg- 

lar basis. No casualties due to the burn or analgesia procedure 

ere observed. The 33 mice were allocated randomly into the fol- 

owing groups after the a priori sample size was calculated us- 

ng the Bland–Altman nomogram: (I) 100 μL of AMC-109 (1% hy- 

rogel formulation) injected sub-eschar and 500 μL of saline s.c. 

 n = 9); (II) 100 μL of AMC-109 (1% hydrogel formulation) sub- 

schar and 500 μL of ciprofloxacin (2 mg/mL s.c.) (Fresenius Kabi, 

openhagen, Denmark; MIC = 0.75–1.00 μg/mL) ( n = 10); (III) 500 

L of ciprofloxacin (2 mg/mL s.c.) and 100 μL of saline sub-eschar 

 n = 8); and (IV) placebo, comprising 100 μL of saline sub-eschar 

nd 500 μL of saline s.c. ( n = 6). 

All injections of ciprofloxacin (or respective placebo) were ad- 

inistered s.c. in the abdomen once daily, with the first dosing 24 

 after establishment of the P. aeruginosa infection. 

We aimed to investigate whether two different compounds im- 

rove the effect when administered simultaneously. The specific 

osages both of ciprofloxacin and AMC-109 were based on initial 

tudies testing different dosages of the compounds in our specific 

odel to ensure a certain, although not complete, bacterial killing. 

orking with antibiotic dosages below the MIC when correlating 

he efficiency of antibiotics in experimental research and the clinic 

s an acknowledged approach. At the end of the dosing interval, 

lasma concentrations drop significantly below the MIC in the pa- 

ient, which is mimicked by sub-MIC dosing in the experimental 

etup. In addition, some patients have higher clearance rates due 

o altered clearance function, and different penetration rates of af- 

ected tissue are also seen. Suboptimal penetration is also seen in 

iofilm, unrelated to tissue type [18] . 

AMC-109 was administered in a hydrogel formulation com- 

osed of AMC-109 (1%), glycerol (10%), propylene glycol (20%), ben- 
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Fig. 1. Experimental setup. Twelve-week-old BALB/c mice ( n = 33) were inflicted with a full-thickness sacral burn wound under analgesia/anaesthesia and were infected 

sub-eschar with Pseudomonas aeruginosa embedded in alginate to mimic a biofilm. Mice were randomised into four groups as follows: (I) 100 μL of AMC-109 (1% hydrogel 

formulation) injected sub-eschar and 500 μL of saline s.c. ( n = 9); (II) 100 μL of AMC-109 (1% hydrogel formulation) sub-eschar and 500 μL of ciprofloxacin (2 mg/mL 

s.c.) ( n = 10); (III) 500 μL of ciprofloxacin (2 mg/mL s.c.) and 100 μL of saline sub-eschar ( n = 8); and (IV) placebo, comprising 100 μL of saline sub-eschar and 500 μL 

of saline s.c. ( n = 6). Mice were treated until sacrifice on Day 10 after wound establishment. Wounds were photographed for size evaluation. Wounds were collected and 

homogenised for quantitative bacteriology and host factor measurements by means of Luminex®. (s.c., subcutaneous.) 
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yl alcohol (2%) and hydroxyethyl cellulose (2%). The pH of the 

ydrogel was adjusted to pH = 5 by addition of sodium hydroxide. 

wo AMC-109 treatments were administered daily (starting at the 

ame time as ciprofloxacin) for 5 days. 

On the last day, all mice were sacrificed and wounds were col- 

ected (Day 10 after burn procedure) ( Fig. 1 ). No adverse events 

ccurred during the course of the experiment. 

.2. In vitro study design 

To evaluate a possible in vitro synergism between the AMP and 

iprofloxacin, two checkerboard assays were constructed, one in- 

estigating the effect of AMC-109 and ciprofloxacin on planktonic 

. aeruginosa and one on biofilm-mimicking bacteria embedded in 

lginate. 

A 96-well microtitre plate was inoculated with 100 μL of plank- 

onic PAO1 (10 7 CFU/mL). Luria–Bertani medium with increasing 

oncentrations of AMC-109 (0 to 40 μg/mL) and ciprofloxacin (0 to 

 μg/mL) were added to the wells. Each well held a unique con- 

entration combination of the two compounds. 

The same setup was designed for the PAO1 embedded in algi- 

ate. Plates were inoculated with 100 μL of PAO1 (10 7 CFU/mL) in 

eads and the concentrations of AMC-109 were increased to 160 

g/mL. The optical density was measured once every hour for 8 

 (with incubation in between) and plates were then incubated 

vernight. The following day, the optical density was read again 

nd the wells were plated to determine CFU. Fractional inhibitory 

oncentration (FIC) values were determined to evaluate a possible 

dditive or synergistic effect [19] . Both experimental setups were 

erformed in triplicate. 

.3. Digital photoplanimetry 

Wounds were photographed post-mortem for evaluation of 

acroscopic wound healing. Digital image analysis was performed 
187 
y two independent researchers using the program ImageJ (Na- 

ional Institutes of Health, Bethesda, MD, USA). 

.4. Wound collection 

Wounds were collected post-mortem in individual tubes con- 

aining 1.0 mL of saline using sterile surgical instruments. Wounds 

ere homogenised for 20 seconds at 14 0 0 0 rpm (Heidolph Silent 

rusher M; Heidolph Instruments, Schwabach, Germany). After mi- 

robiological quantification, samples were centrifuged for 10 min 

t 50 0 0 rpm and the supernatant was kept at –80 °C for cytokine

nalysis. 

.5. Quantitative bacteriology 

Ten-fold serial dilutions of the homogenate were prepared 

nd plated on modified Conradi–Drigalski substrate (‘blue plates’) 

Statens Serum Institut, Copenhagen, Denmark) and incubated 

vernight. CFU were counted and multiplied by the dilution factor. 

.6. Cytokines and growth factors 

Relevant cytokines and growth factors were quantified to de- 

ermine the wound response using a Luminex® 200 TM Platform 

Luminex Corp., Austin, TX, USA) with customised multiplex assays 

Bio-Techne R&D Systems, Minneapolis, MN, USA). 

.7. Ethics 

The in vivo experiment was approved by the Danish Animal Ex- 

eriments Inspectorate. The experiment complied with the ARRIVE 

uidelines and was carried out in accordance with the UK Animals 

Scientific Procedures) Act 1986 and associated guidelines, EU Di- 

ective 2010/63/EU for animal experiments. 
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Fig. 2. Quantification of colony-forming units (CFU). Female BALB/c mice were in- 

flicted with a burn wound and 4 days post-infliction were infected sub-eschar 

with 10 6 CFU of Pseudomonas aeruginosa . Treatment with AMC-109 (sub-eschar), 

ciprofloxacin (subcutaneous) or both was applied twice daily for 5 days. Animals 

were sacrificed (at Day 10 post burn), wounds were removed and homogenised, 

and quantitative bacteriology was performed. The lowest bacterial count was in the 

double-treated group [4.30 × 10 2 (50.0 0–4.0 0 × 10 3 )], followed by the ciprofloxacin 

monotherapy group [6.07 × 10 3 (3.50 × 10 2 –6.35 × 10 5 )] and the AMC-109 

monotherapy group [7.10 × 10 5 (2.00 × 10 3 –7.55 × 10 7 )]. The highest CFU was 

detected in the placebo group [3.05 × 10 8 (2.3 × 10 8 –7.40 × 10 8 )]. In the di- 

chotomous analyses, statistically significant differences were identified between the 

double-treated group and the two monotherapy groups. All CFU levels from the 

three treatment groups were, when individually analysed, different from the level 

of the placebo group. Displayed are the CFU of individual mice and the median and 

95% confidence interval of the group. 
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Fig. 3. Levels of the pro-inflammatory cytokine interleukin-1 beta (IL-1 β) in wound 

supernatants from the four groups analysed using a Luminex®. Levels of IL-1 β were 

significantly lower in mice receiving different combinations of treatment [from left 

on x -axis, 4.87 × 10 2 (3.75 × 10 2 –8.59 × 10 2 ), 4.65 × 10 2 (3.34 × 10 2 –6.86 × 10 2 ) 

and 7.85 × 10 2 (6.09 × 10 2 –1.05 × 10 3 )] compared with the level in the placebo 

group [5.50 × 10 3 (3.66 × 10 3 –9.65 × 10 3 )]. In a dichotomous analysis, the IL- 

1 β proinflammatory response was further dampened in the double-treated group 

compared with the ciprofloxacin monotherapy group. Displayed are the individual 

measured cytokine concentrations in pg/mL for every mouse as well as median and 

95% confidence interval for the group. 
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.8. Statistical analysis 

Non-parametric statistical methods were employed, including 

he Kruskal–Wallis by ranks for multiple comparisons. If a signifi- 

ant difference was detected, further Mann–Whitney tests where 

sed to compare groups dichotomously. A P -value of ≤0.05 was 

onsidered statistically significant. 

Statistical analyses of cytokine and growth factor levels were 

erformed on the observed concentration directly from the Lu- 

inex® platform. When measurements were just outside the stan- 

ard curve, the automated extrapolated values from the Luminex®

oftware were employed. Wound tissue densities were calculated 

s CFU/wound. All values are reported as the median with 95% 

onfidence interval (CI). 

Statistical analyses were performed using Microsoft Excel 

.15.41 (Microsoft Corp., Redmond, WA, USA) and GraphPad Prism 

.7.02 (GraphPad Software Inc., La Jolla, CA, USA). 

. Results 

.1. Quantitative bacteriology of Pseudomonas aeruginosa-infected 

ounds 

A significantly lower bacterial count was seen in the group 

eceiving the combination of the antimicrobial peptide AMC-109 

nd ciprofloxacin compared with the other groups ( Fig. 2 ), with a 

og reduction in CFU of 1.15 from the ciprofloxacin mono-treated 
188 
roup, 3.22 from the AMC-109 group and 5.58 from the placebo 

roup to the dual-treated group. 

Statistically significant differences were also found between 

he two mono-treated groups (AMC-109 or ciprofloxacin) and the 

ouble-treated group. A pronounced dichotomous distribution of 

FU was seen in the group receiving AMC-109 monotherapy that 

as not detected in any of the other groups. Lastly, all three treat- 

ent groups had significantly lower bacterial levels compared with 

he biofilm control group. 

.2. Evaluation of the innate host response 

The interleukin-1 beta (IL-1 β) level was significantly lower in 

ll of the treatment groups compared with the placebo (control) 

roup ( Fig. 3 ). The lowest level of IL-1 β was detected in the com-

ined treatment group, with a significant difference from the level 

n the ciprofloxacin monotherapy group but not from the level in 

he AMC-109 monotherapy group. 

Both the monotherapy and dual therapy groups had lower lev- 

ls of matrix metalloproteinase 8 (MMP8) and granulocyte-colony 

timulating factor (G-CSF) compared with the control group ( Figs 

 and 5 ). MMP8 is an indicator of wound proteolysis, and G- 

SF an indicator of mobilisation of polymorphonuclear neutrophils 

PMNs) from the bone marrow. No differences between the treat- 

ent groups were detected. 

Tissue inhibitor matrix metalloproteinase 1 (TIMP-1) levels, an 

ndicator of anti-proteolytic wound activity, was estimated in the 

ound samples ( Fig. 6 ). TIMP-1 levels in the AMC-109 monother- 

py and the double-treated group were similar and were higher 

han the levels in the ciprofloxacin and placebo groups. When 

roups were compared dichotomously, a significantly higher level 

f TIMP-1 was seen in the double-treated group compared with 

he mono-ciprofloxacin group. No difference was seen between the 

iprofloxacin monotherapy and control groups. 
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Fig. 4. Levels of metalloproteinase 8 (MMP8), an endopeptidase responsible for 

degradation of the extracellular matrix in wound supernatants from the four groups 

analysed using a Luminex®. Levels of MMP8 were lower in the treatment groups 

[from left on x -axis, 2.27 × 10 6 (1.40 × 10 6 –3.06 × 10 6 ), 2.07 × 10 6 (1.54 × 10 6 –

3.15 × 10 6 ) and 1.60 × 10 6 (1.40 × 10 6 –2.43 × 10 6 )] compared with the level in 

the placebo group [4.26 × 10 6 (3.38 × 10 6 –5.76 × 10 6 )]. No further differences 

were seen in the non-parametric unpaired Mann–Whitney analyses. Displayed are 

the individual measured cytokine concentrations in pg/mL for every mouse as well 

as the median and 95% confidence interval. 

Fig. 5. Levels of granulocyte-colony stimulating factor (G-CSF), a multifaceted gly- 

coprotein involved in differentiation of haematopoietic progenitor cells, collagen de- 

position, neovascularisation and re-epithelisation in wound supernatants from the 

four groups analysed using a Luminex®. All groups had different levels of G-CSF in 

the Kruskal–Wallis multivariate analysis. Levels were lower in the three groups of 

mice receiving different treatment combinations [from left on x -axis, 4.67 × 10 3 

(3.66 × 10 3 –7.06 × 10 3 ), 6.12 × 10 3 (3.81 × 10 3 –7.65 × 10 3 ) and 4.62 × 10 3 

(2.91 × 10 3 –8.48 × 10 3 )] compared with mice receiving placebo [1.00 × 10 4 

(6.15 × 10 3 –1.36 × 10 4 )]. No further significant differences were revealed in the 

dichotomous analyses. Displayed are the individual measured cytokine concentra- 

tions in pg/mL for every mouse as well as the median and 95% confidence interval 

for the group. 

Fig. 6. Levels of tissue inhibitor matrix metalloproteinase 1 (TIMP-1), a glycopro- 

tein representing anti-proteolytic wound activity in the wound supernatants from 

the four treatment groups analysed using a Luminex®. Levels of TIMP-1 were dif- 

ferent in the groups when analysed in the multivariate analysis [from left on x -axis, 

9.18 × 10 4 (6.43 × 10 4 –1.13 × 10 5 ), 8.94 × 10 4 (6.99 × 10 4 –1.14 × 10 5 ), 5.89 × 10 4 

(3.65 × 10 4 –7.91 × 10 4 and 4.81 × 10 4 (3.91–10 4 –5.48 × 10 4 )]. A significant differ- 

ence between the TIMP-1 level of mice receiving double therapy and mice receiving 

only ciprofloxacin was also seen when analysed dichotomously. Displayed are the 

individual measured cytokine concentrations in pg/mL for every mouse as well as 

the median and 95% confidence interval for the groups. 
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Osteopontin (OPN) was included as a marker of neovascularisa- 

ion. Quantification of OPN levels showed the lowest level in the 

ontrol group and the highest level in the double-treated group 

 Fig. 7 ). No significant differences between the treatment groups 

ere detected. 

The levels of CXCL1/KC (C-X-C motif chemokine ligand 

/keratinocytes-derived chemokine), a potent neutrophil chemoat- 

ractant, and RANTES/CCL5 (regulated on activation, normal T-cell 

xpressed and secreted/chemokine ligand 5), representing an adap- 

ive immune chemokine, did not differ in the four groups (data not 

hown). 

.3. Digital photoplanimetry 

A burn wound is shown in Fig. 8 . No differences in wound sizes

etween the four groups were observed at the time of sacrifice 

statistical analyses are not shown). 

.4. In vitro quantitative bacteriology 

The checkerboard analysis did not reveal any synergism or ad- 

itive effect when AMC-109 was combined with ciprofloxacin in 

itro. Plates inoculated with planktonic bacteria revealed MICs for 

oth compounds (0.125 μg/mL for ciprofloxacin and 40 μg/mL for 

MC-109), but the FIC values on all three plates showed indiffer- 

nce meaning that no synergism or antagonism was detected be- 

ween the two compounds. 

Plates inoculated with P. aeruginosa embedded in beads showed 

imilar MICs to the planktonic analysis for ciprofloxacin, but AMC- 

09 did not show inhibition of bacterial growth when the bacteria 

ere embedded in alginate beads. 
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Fig. 7. Levels of osteopontin, a glycoprotein with multiple suggested physiological 

functions, in the wound supernatants from the four treatment groups analysed us- 

ing a Luminex®. All groups had different levels when compared in a multivari- 

ate analysis [from left on x -axis, 1.25 × 10 5 (6.95 × 10 4 –1.34 × 10 5 ), 1.25 × 10 5 

(7.23 × 10 4 –1.00 × 10 5 ), 1.203 × 10 5 (5.58 × 10 4 –1.25 × 10 5 ) and 2.52 × 10 4 

(1.56 × 10 4 –4.99 × 10 4 )]. No significant differences between the treatment groups 

were detected. Displayed are the individual measured cytokine concentrations in 

pg/mL for every mouse as well as the median and 95% confidence interval for the 

groups 

Fig. 8. (A) Visual appearance of the burn wounds 1 day post thermal infliction. All 

wounds are similar at this point. After biofilm settlement and initiation of the dif- 

ferent treatment combinations the wounds develop differently. Mice in (B) and (C) 

are both photographed on sacrifice day, where wound B appears to have expanded 

with a likely loss of infection control and wound C has contracted visually. No sta- 

tistical differences based on wound size were detected between the groups. 

4

h

e

p

h

n

e

i

k

p

i

f

a

a

b

O

t

i

s

fl

i

s

m

i

t

i

g

t

j

a

t

c

m

a

o

i

[

c

p

t

e

g

n

g

w

s

p

i

c

[

s

t

c

i

c

l

a

s

t

i

p

f

a

c

g

. Discussion 

Complications of chronic wounds owing to biofilm infections 

ave attracted substantial and increasing interest during the lat- 

st decades. Although research in this area has resulted in an im- 

roved understanding of the mechanisms of pathophysiology and 
190 
ence could provide novel treatment options, the challenges of 

on-healing wounds remain sizeable. Due to the significant het- 

rogeneity of patients with chronic wounds, animal experiments 

n representative models are a substantial source for improving 

nowledge and identification of treatment candidates for this im- 

ortant clinical problem. 

Bacteria assembled in biofilm formation are characterised by 

ncreased tolerance to antimicrobial agents and the immune de- 

ences of the host. This tolerance is based on decreased metabolic 

ctivity thought to be caused by decreased access to nutrients 

nd oxygen as well as increased mutation frequencies within the 

iofilms. Most biofilm experiments investigate these two issues. 

ur setup focuses on the efficiency and possible synergy between 

wo compounds, one with known beneficial effects and one new 

mmune player, AMC-109. 

The present experimental setup was designed after a previous 

tudy performed with 30 mice. In this first study, mice were in- 

icted with similar P. aeruginosa biofilm wounds and were divided 

n two groups, one group treated with saline as placebo and the 

econd group treated with 200 μL of AMC-109 (1% hydrogel for- 

ulation). One-half of each group were terminated at day 1 after 

nfection (day 5 after burn) and the remaining on day 3 (day 7 af- 

er burn). Bacterial loads in the wounds were significantly reduced 

n the group receiving AMC-109 compared with the saline placebo 

roup on day 3 (p < 0.05). The present study was designed to fur- 

her analyse the antimicrobial effect of AMC-109 and a possible ad- 

unctive effect to ciprofloxacin. 

We found that topical AMC-109 injected under the eschar as 

n adjuvant to ciprofloxacin lowered the bacterial load. Dual an- 

ibiotic therapy for multidrug-resistant infections has long been 

onsidered superior to monotherapy if combined to eradicate the 

utant selection window of both compounds [20] . Choosing an 

dvantageous synergistic combination has increased the interest 

f various AMPs. The advantage that AMPs have over antibiotics 

s that they have multiple targets and rarely a specific receptor 

21] . The most prominent feature of AMPs is their net positive 

harge that acts on the negatively charged bacterial cell wall and 

lasma membrane components and, by disrupting this, increases 

he antibiotic bioavailability of the co-administered drug [22] . Sev- 

ral studies have already been published on this beneficial syner- 

istic combination to eliminate various multidrug-resistant gram- 

egative bacteria, MRSA [ 23 , 24 ] and even different bacteria con- 

regated in biofilms [25] . 

Adequate penetration of ciprofloxacin and AMC-109 into the 

ound base and the maintenance of sufficient serum levels is es- 

ential for wound healing in the clinical setting. Biofilms are im- 

ermeable by nature and thus result in limited drug availabil- 

ty at the site of infection. Despite this, topically administrated 

iprofloxacin has been proven efficient for bacterial elimination 

26] . Topical ciprofloxacin is therefore preferable to avoid adverse 

ystemic side effects in the clinical setting. In our experimen- 

al setting, we chose to work with subcutaneously administered 

iprofloxacin to ensure absorption of the exact dosage in all an- 

mals. AMC-109 administered intraperitoneally in mice has a de- 

reased effect in the target tissue because of absorption by the 

iver. A first pass effect was also seen when the compound was 

dministered intravenously in a rat whole-body autoradiography 

tudy [27] . 

Pseudomonas aeruginosa biofilm in wounds stimulates the host 

o increase the defence against bacterial virulence factors. Block- 

ng of IL-1 β or local treatment with the receptor antagonist have 

reviously been associated with improved wound healing [28] . We 

ound the level of IL-1 β to be the lowest in the group treated with 

 combination of ciprofloxacin and AMC-109, which was signifi- 

antly lower than in the ciprofloxacin monotherapy and placebo 

roups. This could indicate that the combination of AMC-109 and 
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iprofloxacin promotes a condition in the wounds with reduced 

nflammatory cellular infiltration and reduced fibrosis [29] . IL-1 β
lso stimulates the transcription and release of the phosphorylated 

lycoprotein OPN [30] . The matricellular protein OPN has a mul- 

ifaceted role, which includes control of the immune response at 

ifferent levels. The protein is classified as pro-inflammatory but 

lso has significant anti-inflammatory action. It has abilities for in- 

ucing neutrophilic endothelial adhesion and chemotaxis as well 

s stimulation of stem cells and participation in apoptosis reg- 

lation [31] . OPN modulates the dendritic cell response and in- 

reases MMP expression. OPN is also known to have neovasculari- 

ation and tissue remodelling/matrix reorganisation potential [32] . 

ur results, with higher levels of OPN in the treated groups with 

resumed improved healing versus the non-treated controls with 

ore inhibited healing, is in contrast to the observation that OPN 

nockout mice show accelerated healing [33] . However, previous 

tudies on OPN and wound healing are based on uninfected mice 

acrificed on different days up until 14 days post wound infliction 

 31 , 33 ]. Our BALB/c mice were infected after 4 days and were sac-

ificed on Day 10 after the burn procedure, resulting in two sep- 

rate insults activating the immune apparatus, which is also the 

cenario in the majority of clinical chronic wound cases. These dif- 

erent experimental settings could explain the possible discrepan- 

ies in OPN levels, with the lowest OPN levels in the non-treated 

roup with the highest bacteriology. We believe our results illus- 

rate a second OPN boost, underlining the multifaceted role of OPN 

ith a switch in the angiogenic balance towards neovascularisation 

nd thus a move towards the proliferating healing phase. This sup- 

orts the anti-inflammatory abilities of the protein, but needs to 

e investigated further. 

Overexpression and activation of MMP8 and reduced levels of 

he inhibitor TIMP-1 in the chronic wound edge (zone with mi- 

rating keratinocytes) and in the wound fluid are key participants 

n the pathogenesis of non-healing chronic wounds. Reactive oxy- 

en species (ROS) and MMPs are released when polymorphonu- 

lear leukocytes (PMNs) respond to the pathogen to disrupt and 

egrade the biofilm. However, as the biofilm perseveres and PMN 

hemotaxis is pathologically prolonged, collateral damage to the 

urrounding healthy tissue follows. The PMNs continually release 

MPs, prolonging the inflammatory phase of the wound as well 

s providing the biofilm with nutrients from the lysed immune 

ells . The MMP/TIMP interaction and the metalloproteinase acti- 

ation cascade ratios are highly regulated systems, but when the 

iofilm persists a normal function of MMP with an initial prote- 

lysis essential for keratinocyte migration and re-epithelialisation 

urns into tissue destruction and biofilm persistence [34] . 

TIMP-1 and other MMP modulators have previously been sug- 

ested as promising topical agents [ 35 , 36 ]. From our results on this

ynamic pivotal relationship, it can be interpreted that the excess 

rotease activity from MMP8 can be kept at bay by combining the 

ntimicrobial peptide AMC-109 with ciprofloxacin therapy. This is 

nderlined by the observed increase in the level of the glycopro- 

ein TIMP-1 in the double-treated group. 

G-CSF levels were reduced in all treatment groups, whereas it 

as still high in the control group. These findings support the the- 

ry that AMC-109 and ciprofloxacin treatments have resulted in 

rogression to the proliferative phase in the wound healing cas- 

ade including a decline in leukocyte migration. 

In the present study, the action of AMC-109 alone was able 

o significantly reduce bacterial CFU compared with the placebo- 

reated group; furthermore, our results suggest an immunomod- 

latory role of the peptide. The compound alone was able to re- 

uce the level of IL-1 β to similar levels of the double-treated 

roup and also showed an increased presence of TIMP-1 compara- 

le with the double-treated group. The group receiving both AMC- 

09 and ciprofloxacin differed in TIMP-1 and IL-1 β levels accord- 
191 
ngly compared with the ciprofloxacin monotherapy group, but not 

ompared with the AMC-109 monotherapy group. This observa- 

ion strongly indicates an additional immunomodulatory role of 

MC-109 and will have to be explored further in the future, in- 

luding for wounds of a non-infectious aetiology or in chronic 

ounds where the biofilm infection is under control. These find- 

ngs correlate with our in vitro findings where a synergistic or ad- 

itive effect between ciprofloxacin and AMC-109 was not identi- 

ed when the host response was not present in either planktonic 

r biofilm bacteria. The fact that the MIC was not determinable 

or the peptide in the in vitro alginate setup further suggests a 

oosted host response to eradicate these settled infections in ad- 

ition to the current antibiotic regimen. However, the absence of 

ynergism in vitro may not be that surprising since the lytic ef- 

ect of AMC-109 at concentrations above the MIC is rapid and may 

utcompete the ciprofloxacin effect, whereas lower concentrations 

loser to the MIC have a non-lytic effect similar to the related pep- 

ide Bac8c [37] . It should be noted that the effect profile of AMPs 

lose to the MIC is quite different (non-lytic) from the effect at 4–

 × MIC, where a direct membranolytic effect is observed. The al- 

inate beads used to mimic the P. aeruginosa biofilms in vitro cause 

inding of free AMC-109 to the polyanionic polymer, resulting in a 

ower antimicrobial concentration, which possibly explains the lack 

f in vitro effect [13] . 

There is a general concern about the development of AMP re- 

istance if used as a clinical drug. Several defence mechanisms by 

ifferent pathogens have been described, including a change in net 

urface charge [38] , capsule polysaccharides [39] or changed flu- 

dity of the outer membrane [40] , introduction of efflux pumps, 

r influx with AMP degradation in the cytoplasm [41] . Multiple 

esistance mechanisms have been described specifically in Pseu- 

omonas spp. [42] . Combining stable AMPs with conventional an- 

ibiotic drugs may prevent the development of resistance to both 

rugs owing to improved bacterial killing and the fact that it is 

hallenging to develop two different resistance mechanisms simul- 

aneously. Our results support this and, for the biofilm relevance of 

ur chronic wound model, we have shown aggregated bacteria in- 

ide the wounds completely resembling similar observations in hu- 

ans. We also observed an accumulation of inflammation in rela- 

ion to wound biofilms and that the inflammatory response was ar- 

ested in a polymorphonuclear neutrophils (PMN)-dominated state 

ompared with matrix (alginate) without bacteria [43] . We previ- 

usly looked into the synergy between another compound derived 

rom nature’s own defence, the PMN heterodimer S100A8/A9, and 

iprofloxacin in a similar setup [44] . As with AMC-109 combined 

ith ciprofloxacin, this experiment showed reduced pathogenic 

acterial burden but also a reduced resistance development in in- 

ected wounds when both compounds were administered [45] . 

Another shortcoming of natural AMPs is their large size (usually 

0–50 amino acids), resulting in pharmacokinetic concerns such 

s poor bioavailability, short half-lives and low metabolic stabil- 

ty. This shortcoming has to a large degree been circumvented by 

he development of short, synthetic variants of AMPs that are suffi- 

iently stable to be used in a clinical situation and additionally re- 

ain their antimicrobial activity, acceptable bioavailability and low 

oxicity [9] . 

The beneficial effect of AMC-109 on quantitative bacteriology 

nd changes in host factors indicate improved healing. However, 

uch improved healing of the wounds was not observed. This 

an be explained by the different predominant contraction healing 

echanism of rodents and the relatively short observation period. 

inally, we used a suboptimal dose of ciprofloxacin as well as AMC- 

09. This was done intentionally to reveal any potential adjunctive 

ffect of AMC-109 to ciprofloxacin. The dichotomous distribution 

f CFU in the AMC-109 monotherapy group is a valid visual indi- 

ator that this suboptimal dosage was achieved since some animals 
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. Conclusion 

Dual treatment with the synthetic AMP AMC-109 and the 

ntibiotic ciprofloxacin showed a promising antipseudomonal 

iofilm-eradicating effect in chronic wounds. In addition, a direct 

nti-inflammatory effect independent of the antibacterial effect 

as observed. Based on our observations, dual treatment induced 

ncreased bacterial killing and reduced inflammation with benefi- 

ial immunological alterations in wounds especially compared with 

he ciprofloxacin monotherapy and placebo groups. Further focus is 

eeded on these synthetic AMPs and their potential in wound care. 
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