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Abstract

The developmental speed of new antimicrobials does not meet the emergence of multidrug-
resistant bacteria sufficiently. A potential shortcut is assessing the antimicrobial activity of
already approved drugs. Intrudingly, the antibacterial action of glatiramer acetate (GA) has
recently been discovered. GA is a well-known and safe immunomodulatory drug particular
effective against Gram-negative bacteria, which disrupts biological membranes by resem-
bling the activity of antimicrobial peptides. Thus, GA can potentially be included in treatment
strategies used to combat infections caused by multidrug-resistant Gram-negatives. One
potential application is chronic respiratory infections caused by Pseudomonas aeruginosa,
however the safety of GA inhalation has never been assessed. Here, the safety of inhaling
nebulized GA is evaluated in a preclinical pig model. The potential side effects, i.e., broncho-
constriction, respiratory tract symptoms and systemic- and local inflammation were
assessed by ventilator monitoring, clinical observation, biochemistry, flowcytometry, and
histopathology. No signs of bronchoconstriction assessed by increased airway peak pres-
sure, Ppeak, Or decreased oxygen pressure were observed. Also, there were no signs of
local inflammation in the final histopathology examination of the pulmonary tissue. As we did
not observe any potential pulmonary side effects of inhaled GA, our preliminary results sug-
gest that GA inhalation is safe and potentially can be a part of the treatment strategy target-
ing chronic lung infections caused by multidrug-resistant Gram-negative bacteria.
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Introduction

The rise of multidrug-resistant Gram-negative bacteria is a major cause of concern in health-
care and constitutes significant challenges in infection management [1]. The development of
novel antimicrobials is slow, costly and not sufficient to meet the current challenges [2] and
only few drugs are in the pipeline [3]. Thus, repurposing drugs that are already approved and
well known regarding safety profiles and pharmacokinetics is highly relevant [2].

Recently, the antimicrobial effect of the immunomodulatory drug glatiramer acetate (GA)
was discovered [4]. In 1996, the US Food and Drug administration (FDA) approved GA
(Copaxone™, Teva Pharmaceutical Industries Ltd.), injected subcutaneously in a single daily
dose of 18 mg, which is now widely prescribed as a first-line treatment of relapsing-remitting
multiple sclerosis (MS) [5]. GA is generally well-tolerated, and no serious adverse events have
been recorded even when administered systemically [6,7]. The clinical effects of GA are not
fully elucidated but can largely be divided into activities that relate to anti-inflammatory and
neuroprotective responses [8].

Recently, GA was discovered to have chemical and biophysical properties in common with
the naturally occurring antimicrobial peptide LL-37, notably the ability to disrupt biological
membranes [9]. Owing to the close resemblance between the two compounds, we hypothe-
sized that the action of GA was due to interaction with cell membranes and that bacteria could
be susceptible to GA. We confirmed that GA indeed disrupted bacterial cell membranes, par-
ticularly the Gram-negative Pseudomonas aeruginosa, Escherichia coli and Acinetobacter bau-
mannii and to a lesser extent the Gram-positive Staphylococcus aureus [4]. Owing to the
mechanisms of action in which the main target is the bacterial membrane combined with
immunomodulatory effects, antimicrobial peptides are often effective against multidrug-resis-
tant bacteria [10]. Furthermore, many antimicrobial peptides are effective against biofilms,
which is also the case for GA [4]. Thus, GA opens up for treatment of serious infections with
Gram-negatives including multidrug-resistant bacteria.

While GA has not previously been used for inhalation therapy, it is a good candidate for
closer investigations for this purpose. Relevant target groups are patients chronically colonized
in the airways, here among patients with fibrotic lungs or cystic fibrosis and patients in ventila-
tion therapy with nosocomial pneumonia caused by Gram-negatives. In addition, inhalation
therapy can potentially be an alternative to injection therapy in multiple sclerosis treatment.

Herein, we evaluate the safety and general toxicology of GA inhalation in a porcine model
of repeated GA inhalations by nebulizer administration. We assess airway peak pressure
(Ppeak) as an indicator of bronchoconstriction; and white blood cell counts, inflammatory
parameters and pulmonary histopathology for detection of systemic or local inflammation.

Materials and methods
Experimental materials

Glatiramer acetate, GA. The clinically-used GA formulation (PubChem CID: 3,081,884;
Copaxone®), Teva Pharmaceutical Industries Ltd., Petah Tikva, Israel) was obtained from
Aarhus University Hospital pharmacy as pre-filled syringes containing 40 mg of GA.

Study animals and groups. Twelve young adult female outbreed Danish agricultural pigs
were obtained from a local, conventional farmer and kept at Paskehgjgard, Aarhus, with
unlimited access to food and water. The average body weight was 41 kg at the start of the
study. The study protocol was approved by The Animal Experiments Inspectorate (Danish
Veterinary and Food Administration, Ministry of Environment and Food of Denmark), ref.
no. 014-15-0201-00441 in accordance with the Directive 2010/63/EU, European Parliament
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on the protection of animals used for scientific purposes [11,12]. Four animals were used for
pilot studies and excluded from the final results. The remaining eight pigs were divided into
three groups: i) Four pigs inhaled 40 mg of nebulized GA (Lot C42137) diluted in isotonic
saline to a total of 5 ml; ii) two pigs received a subcutaneous (s.c.), injection of 40 mg GA; iii)
two pigs inhaled 40 mg of nebulized mannitol (inactive ingredient in Copaxone®)) diluted in
5 ml of isotone saline. Mannitol was chosen as it is often used as an inhaled agent in patients
with cystic fibrosis to loosen mucus in the airways [13]. Each animal received inhaled GA,
mannitol or GA s.c. three times with two to three weeks interval before being euthanized.

Experimental procedures

Sedation and intubation. Premedication was given with 125 mg tiletamine and 125 mg
zolazepam (Zoletil mix., Virbac, Taguig City, Philippines) and after 10 minutes intravenous
access was established in an ear vein and the pig was intubated and the ventilation controlled
by a ventilator (GE Datex-Ohmeda Advance S5 Anaesthesia Machine, Soma Technology,
Bloomfield, USA). Anaesthesia was maintained with a continuous intravenous infusion of Pro-
pofol (B. Braun Medical A/S, Copenhagen, Denmark). Following intubation and anaesthesia
induction, the animals where observed for at least 30 minutes prior to the intervention, which
was initiated at a time point where they were fully stable regarding haemodynamics and venti-
lation. At the end of each experiment, the anaesthesia was stopped and when the swallowing
reflex had returned the pigs were extubated and transported to the stable. After the last experi-
mental round, the animals were not woken, but instead euthanized with an intracardiac injec-
tion of pentobarbital while still in general anaesthesia.

GA administration. 40 mg GA (equivalent to 36 mg glatiramer base in one 1 ml vial) GA
were diluted to a final volume of 5 ml in isotonic saline. The solution was then dispensed in a
Jet-nebulizer (CirrusTM 2, INTERSURGICAL nebulizer universal Mouthpiece T-kit, Woking-
ham, UK) inserted between the tracheal tube and the ventilator tubing. The intratracheal route
was chosen as the animals had to be in general anaesthesia connected to a ventilator during
recording of pulmonary parameters. The GA was administered over ten minutes via nebuliza-
tion with an airflow of 8 I/min. Approximately, 74% of the volume output will be particles less
than five microns in diameter with a mass median diameter (MMD) of 3.3 microns.

Ventilator settings and pulmonary parameters. Bronchoconstriction was evaluated
mainly by ventilator Pp,, and subsequently by clinical exam as wheezing and prolonged expi-
ration. Ppe,x (cm H,0) and pO, were measured before, during and after the administration of
nebulized GA or mannitol or GA s.c. Ppeax can be measured when the ventilator is set on a vol-
ume-controlled mode with a constant inspiratory flow. In this mode, any bronchoconstriction
resulting in increased airway resistance will result in increased Ppeqx:

Resistance = A pressure / flow

The Pp,caic Was recorded from the ventilator and the pO, recorded from a transcutaneous
probe both every five minutes. The pulse was recorded every five minutes and the electrocar-
diogram followed on a monitor.

Blood sampling. For flow cytometry, blood samples were collected aseptically by vene-
puncture from the jugular vein into a sterile blood collection tube (K3 EDTA Vacutainer
tubes, Becton Dickinson, Franklin Lakes, NJ). For biochemical analyses, all samples were col-
lected in EDTA tubes (Becton Dickinson). Blood samples were drawn immediately before and
after intervention.

Biochemical analyses. Plasma creatinine, ALAT, ASAT and CRP were measured by pho-
tometry (Cobas 6000, Roche Diagnostics, Hvidovre, Denmark) in each animal during anaes-
thesia before and after administration of GA inhalation, GA s.c. or mannitol inhalation. The

PLOS ONE | https://doi.org/10.1371/journal.pone.0223647 October 10, 2019 3/10


https://doi.org/10.1371/journal.pone.0223647

@ PLOS|ONE

Inhaled glatiramer acetate against Gram-negatives does not induce pulmonary side effects in pigs

analyses were conducted by an experienced laboratory technician at the Department of Clini-
cal Biochemistry, Aarhus University Hospital, Aarhus, Denmark.

Immune cell analyses by flow cytometry. Direct immunofluorescence staining of 50 ul
whole blood was conducted by addition of 2.5 pl of anti CD14-FITC (Bio-Rad Laboratories,
Inc., Hercules, CA), 10 pl of anti CD18-APC (Becton Dickinson), 1 pl of anti CD5-FITC (Bio-
Rad), 20 ul of anti CD79a-PE (Bio-Rad), 1 ul of anti CD3-FITC (Bio-Rad), 1 pl of anti CD8a-
AF647 (Becton Dickinson), 1 pl of anti CD4a-PE-Cy7 (Becton Dickinson), 1 pl of anti
CD16-PE (Bio-Rad) and 1 ul of anti CD172a-FITC (Becton Dickinson). Samples were vor-
texed gently and incubated at room temperature for 15 min protected from light. Stained sam-
ples were treated with 425 pl FACS lysing solution (Becton Dickinson) to lyse erythrocytes
while preserving the leukocytes. Samples were briefly vortexed and incubated in the dark for
20 min at room temperature. Cells were washed twice in PBS supplemented with 0.5% BSA
(w/v) and 0.09% NaNj (v/v), centrifuged at 230xg for 5 min and finally resuspended in 250 pl
PBS supplemented with 0.5% BSA (w/v) and 0.09% NaNj; (v/v). Flow cytometry data were col-
lected on a Novocyte™ (ACEA Biosciences Inc., San Diego, CA) and analysed using FlowJo V.
10.0.8 software (FlowJo, Inc., Ashland, OR). The Novocyte™ enables accurate volumetric-based
cell counting for absolute cell counts without the need of reference counting beads.

Histopathology. Immediately after euthanizing, the lungs were removed and sections
from the main bronchi and peripheral parts including small bronchioles were preserved in
neutral-buffered, 10% formalin solution, blinded and stored for one week. The samples were
subsequently processed, embedded in paraffin, sectioned at approximately 5 um and stained
with haematoxylin and eosin (H&E). Microscopic examination included evaluation of the
main bronchi (carina) and peripheral lung tissue for the presence or absence of significant tis-
sue alterations and signs of inflammatory infiltrate.

Statistics. Pc.c was modelled using a regression with random intercepts for each pig and
each day, with independent residuals, and with a variance component for each day. Model
control showed an acceptable model fit. Margins and marginal effects were estimated.

A “Two-one-sided t-test” (TOST) [14], was used to test equivalence in effects between GA
inhaled and both GA s.c. and mannitol with respect to a measurement error on Ppc,i of 2
c¢cmH,O (Datex-Ohmeda Avance—User Reference Manual).

Comparison of blood cell counts was done based on regression similar to Ppe,i. The effects
(POST—PRE) were compared as differences with confidence intervals between mannitol and
GA inhaled and between GA s.c. and GA inhaled in Forest plot.

Results

The three administrations were done with an interval of two weeks between the first and sec-
ond and the third three weeks after the second administration. Over the five weeks study
period all pigs gained weight; the mannitol group 7.6 kg, the GA s.c. group 7.0 kg and the GA
inhalation group 9.8 kg showing that overall the pigs did well and were in good health. None
of the measured vital parameters varied significantly between the three sessions or between the
three groups (vital record data available here: DOI 10.6084/m9.figshare.9003164). A local
inflammatory response was observed at the injection site circumference (approx. 5 cm ¢) on
the two pigs receiving GA s.c., but this is a known side effect (> 10%) [15]. Apart from this, no
clinically abnormal signs were detected.

GA inhalation did not cause bronchoconstriction

Measured by a transcutaneous probe the pO, remained stable in all animals during all sessions
between 98% and 100% and was not analysed further. None of the animals showed clinical
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signs of bronchoconstriction observed as wheezing or prolonged expiration. The primary mea-
sure of interest was Py, recorded by the ventilator, as Pp. is closely related to any broncho-
constriction that may occur during inhalation. A total of five hundred data points was
available for Py statistical analyses. Py, remained low during the entire experiment, with
an insignificant increase in all three groups during anaesthesia (Table 1), which could be
expected as lung compliance are known to decrease slightly during anaesthesia in general. The
effect of GA inhalation on P, was tested equivalent (max P-value = 0.00) to the effects of
both GA s.c. and mannitol inhalation with respect to the ventilator measurement error on
Ppeak of £ 2 cmH,0. The TOST tests are visually confirmed by Fig 1 (all statistical analyses per-
formed can be accessed here: DOI 10.6084/m9.figshare.9003164). Our results indicate that GA
inhalation does not cause bronchoconstriction.

Biochemistry and bronchial mucosa were normal after GA inhalation

Routine photometry of blood samples showed that all CRP values measured remained below
detection limit (< 0.6 mg dI'") throughout the study. Likewise, all ALAT, ASAT and p-creati-
nine measurements were within the normal range and no significant changes were detected
(data available here: DOI 10.6084/m9.figshare.9003164). Histopathology of the bronchi and
bronchioles showed normal bronchial mucosa with ciliated pseudostratified columnar epithe-
lium with goblet cells in all samples from pigs receiving GA inhalation, GA s.c. and mannitol
inhalation. There were no signs of inflammatory infiltrate in either the mucosa or submucosa,
and the mucus lining the luminal surface was acellular (data summary available in a tabular
form here: DOI 10.6084/m?9.figshare.9003164).

GA inhalation affects white blood cell subsets similar to GA s.c.

As GA has an immunomodulating effect when administered s.c., we studied if inhaled GA
influenced white blood cell subsets. This was done by immune cell analyses by flow cytometry.
Except for CD16+ cells favouring GA inhalation, no difference in effect was detected for the
GA inhalation compared with the GA s.c. group (p < 0.05, Fig 2). Compared with mannitol
inhalation, the effect of GA inhalation was significantly larger for monocytes, CD3+ and CD4a
+ cells (Fig 2), but smaller for NK and CD16+ cells (p < 0.05, Fig 2). The CD3+ increase found
in both GA groups indicates that T-cells are GA sensitive, which is consistent with our previ-
ous findings [9]. We cannot thoroughly explain the mechanisms that lies behind this, but GA
is known to exhibit immunomodulatory effects [16].

Table 1. GA inhalation effect on bronchoconstriction measured as peak pressure, P,y

Group Time Mean (95% CI) Effect (95% CI)
Mannitol Pre 19.41 [18.18; 20.65]

Post 19.94 [18.78; 21.10] 0.523 [[0.050; 0.997]
GA s.c. Pre 20.40 [19.14; 21.65]

Post 21.18 [20.02; 22.34] 0.783 [0.263; 1.303]
GA inhaled Pre 19.32 [18.47; 20.18]

Post 20.53 [19.71; 21.35] 1.213 [0.942; 1.483]

Estimated means and effect with 95% CI of Ppcq in cm H,O pre and post inhalation for pigs receiving mannitol
inhalation, GA s.c. or GA inhalation. All changes are within the pressure monitoring accuracy (+ 2 cm H,0), and
thus not biologically different.

https://doi.org/10.1371/journal.pone.0223647.t001
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~0.69 (~1.23; -0.14)
Mannitol - GA Inhaled ©

-0.43 (-1.02; 0.16)
GA s.c. - GA Inhaled — _—

GA inhaled Idrger GA inhaled smaller

-2 -1 0 1 2
Differences in effects and 95% CI

Fig 1. Comparing the effect on Py, of GA inhaled with GA s.c. and mannitol. Although there is a statistically
significant larger effect for GA inhaled with respect to the effect of mannitol (confidence interval above red line at 0),
both confidence intervals lay within the bounds of the measurement error (-2 and 2 cmH,0), red vertical lines), i.e. they
are equivalent and clinically insignificant.

https://doi.org/10.1371/journal.pone.0223647.g001

Discussion

Pulmonary infections with multidrug-resistant bacteria are life-threatening and current treat-
ment options are not sufficient, why new approaches are necessary. We suggest that GA is
repurposed for inhalation therapy that can be included in treatment strategies in combination
with conventional antibiotics. Thus, we investigated the safety of inhaling GA in a pig model.
We found that our animals tolerated GA inhalation well and that there were no signs of
bronchoconstriction assessed by increased P, or decreased pO,, as well as no signs of inhala-
tion-induced airway inflammation.

The usual systemically administered doses used in adult humans are 20 mg GA s.c. once-
daily or 40 mg s.c. three-times-a-week. Our animals inhaled a double-daily human dose. This
was estimated based on the average weight of an adult of 70 kg compared to our pig’s average
body weight of 41 kg. Thus, we consider the 40 mg administered directly to the lungs a high
dose. The GA concentration proven effective by Christiansen et al in killing P. aeruginosa
planktonic cells and biofilms was 25 pug ml™* and 640 pg ml™ [4]. Thus, it is reasonable to
assume that an effective concentration can be achieved by GA inhalation of e.g. 5 mg adminis-
tered to the estimated 1-2.6 ml of epithelial lining fluid situated in bronchioles [17], depending
on lung disease severity.

As GA is known to exhibit immunomodulatory effects, we searched for changes in different
populations of immune cells. The GA mode of action in the treatment of multiple sclerosis is
not fully elucidated [18], but it is beyond doubt that GA is modulating the immune response,
which is also the case for several other antimicrobial peptides, including LL-37. GA has been
found to have a multitude of effects on the immune system, including: i) binding to various
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Mannitol — GA inhaled n (Thousands) (95% Cl)
Granulocytes + -372 (-1675; 932)
Lymphocytes s S B —600 (-1766; 566)

Monocytes —+ -186 (-368;-3) *
NK cells —_—— 941 ( 481; 1400) **
CD16+ —_— 1089 ( 334; 1844) **
CD172a+ o s 506 (-610; 1622)
CD18+ + —-129 (-2094; 1836)
CD3+ + —2524 (-4638;-411) *
CD4a+ — -335 (-636;-34) *
CD79a+ —_— 226 (-664; 1115)
CD8a+ — 557 (-19; 1132)

GA s.c. - GA inhaled

Granulocytes + 342 (-961; 1646)
Lymphocytes ——— 555 (-611; 1721)
Monocytes —— -38 (-221; 145)
NK cells —_ 173 (-287; 632)
CD16+ —_— 1311 ( 556; 2066) **
CD172a+ +——+— 1054 (-62; 2170)
CD18+ ¥ -1712 (-3677; 253)
CD3+ -+ -1192 (-3306; 921)
CD4a+ —H— -42 (-343; 258)
CD79a+ —_— -288 (-1177; 602)
CD8a+ +— 500 (-75; 1075)
GA inh larger GA inh smaller
—40|00.0 —20|00.0 0.0 20(;0.0
Thousands

Fig 2. WBC counts by flow cytometry (mean, 95% CI). Change in effect (POST—PRE) in blood cell counts
compared for mannitol and GA s.c. vs. GA inhaled. Effect (POST—PRE) is the increase in blood cell count for
mannitol, GA s.c., and GA inhaled. The effects are compared as differences between mannitol and GA inhaled, as well
as differences between GA s.c. and GA inhaled. The red line at zero should be within the shown confidence intervals if
there are no difference between mannitol and GA inhaled (above); or GA s.c. and GA inhaled (below). * p < 0.05; **

p <0.01.

https://doi.org/10.1371/journal.pone.0223647.9002

MHC class II molecules; ii) inhibitory effect on monocytes reactivity; iii) deviation of dendritic
cells and monocytes to produce less TNF-o and IL-12, more IL-10 and TGF-B; iv) to stimulate
Th2 anti-inflammatory responses by induction of specific Th2/3-cells that secrete high
amounts of IL-4, IL-5, IL-10, and TGF-f; v) prevalence and function elevation of T-regulatory
cells; vi) activation of the transcription factor Foxp3; vii) reduction of Th-17 cells and their
transcription factors RORyt; viii) improvement of the regulatory function of CD8+ T-cells; ix)
reduction in the overall expression of IFN-vy; decrease in the amount of Th-17 cells and an
increase in T-regulatory cells [16]. Here, no alterations in white blood cell counts were
observed between the GA s.c. and the GA inhalation groups except for CD16+ cells, neither
where there any local infiltrate of inflammatory cells detected by lower respiratory tract histo-
pathology. A few alterations between the GA inhalation group and the mannitol group was
evident, suggesting that some pulmonary GA uptake might occur. Yet for now, no data exists
on the proportion of inhaled GA that is absorbed systemically, why this should be assessed in a
larger scale study prior to clinical implementation.

We acknowledge that including only females is a limitation; however, boars were excluded
in this preliminary study as they are more aggressive and require bigger, individual stalls
according to the regulations [11,12]. Nevertheless, within the modest number of animals
included limited to females and three administration rounds, our data suggests that GA can
safely be inhaled in doses that may exhibit substantial bactericidal effect in situ.

Antimicrobial peptides are a part of non-specific innate immunity in almost all life domains
[19]. However, according to the existing literature, their successful application has likely been
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hampered by toxicity issues [20]. This was the case for colistin, a naturally occurring antimi-
crobial peptide, which was previously abandoned due to toxicity. Nevertheless, colistin was
recently reintroduced due to development of multidrug-resistance and is today considered as
an antibiotic of last resort for infections caused by multidrug-resistant Gram-negatives such as
P. aeruginosa and A. baumannii [20]. Known side effects of colistin inhalation include irrita-
tive respiratory tract symptoms, here among dyspnoea and bronchospasm. Thus, toxicity is a
considerable concern for pulmonary application of antimicrobial peptides, but these may also
be key in managing chronic lung infections developing multidrug-resistant strains due to
repeated antibiotic exposure, as well as nosocomial pulmonary infections caused by multi-
drug-resistant strains.

Currently, approximately twenty antimicrobial peptides are investigated in preclinical or
clinical trials, only few already available in the clinic and mainly for topical application [10].
GA has been used for more than twenty years, it is generally safe, and no serious adverse events
have been recorded [6,7]. Furthermore, GA is the preferred drug of choice for pregnant multi-
ple sclerosis patients. Thus, repurposing GA as an antimicrobial against lethal infections is a
promising strategy that can quickly be implemented in clinical settings and will likely not be
compromised by the known safety profile [4]. Advantageously, GA can be combined with
other antimicrobials as other antimicrobial peptides have been demonstrated to enhance anti-
biotic activity, lowering the antibiotic concentrations needed [21]. Thus, a synergistic effect
would be expected, owing to the distinct mechanism of action resulting in increased mem-
brane permeability. This could possibly re-introduce the use of antibiotics that are otherwise
abandoned due to resistance and poor biofilm activity. For instance, GA could be combined
with antibiotics where the resistance mechanism involves the bacterial membrane or where
the permeability is poor [22,23]. Furthermore, GA could advantageously be implemented in
the treatment of co-colonized patients, as it exhibits activity towards several relevant Gram-
negatives and to some extent also Gram-positives [4]. A broad-spectrum range, strong synergy
with conventional antibiotics and low probability of resistance development characterize anti-
microbial peptides in general [21].

In conclusion, our study suggests that inhalation of GA is well-tolerated and safe, as it did
not induce neither bronchoconstriction, nor changes in vital parameters, nor inflammation in
the lower respiratory tract with the high GA dose used. We did not observe any potential side
effects of inhalant GA, but the potential immunomodulatory effects would have to be more
thoroughly addressed in a larger scale study prior to clinical implementation. Nevertheless, a
new use of an already approved drug is a shortcut to meet the challenges in our combat against
pathogens. This preliminary study may pave the way for clinical trials in patients colonized in
their airways with multidrug resistant bacteria and other patients with chronic lung infections
caused by Gram-negatives such as P. aeruginosa.

Acknowledgments

The authors would like to thank Kira Sonnichsen Graahede (veterinary technician), Bettina
Winther Grumsen (laboratory technician) and Tine Vasegaard (medical laboratory techni-
cian) for excellent technical assistance.

Author Contributions
Conceptualization: Thomas Vorup-Jensen, Eskild Petersen.

Data curation: Sandra M. Skovdal, Stig Hill Christiansen, Karen Singers Johansen, Eskild
Petersen.

PLOS ONE | https://doi.org/10.1371/journal.pone.0223647 October 10, 2019 8/10


https://doi.org/10.1371/journal.pone.0223647

@ PLOS|ONE

Inhaled glatiramer acetate against Gram-negatives does not induce pulmonary side effects in pigs

Formal analysis: Sandra M. Skovdal, Stig Hill Christiansen, Niels Henrik Bruun, Eskild
Petersen.

Funding acquisition: Stig Hill Christiansen, Thomas Vorup-Jensen, Eskild Petersen.

Investigation: Sandra M. Skovdal, Stig Hill Christiansen, Karen Singers Johansen, Ida Elisa-
beth Holm, Eskild Petersen.

Methodology: Stig Hill Christiansen, Karen Singers Johansen, Ole Viborg, Thomas Vorup-
Jensen, Eskild Petersen.

Project administration: Stig Hill Christiansen, Thomas Vorup-Jensen, Eskild Petersen.
Resources: Ole Viborg, Thomas Vorup-Jensen, Eskild Petersen.

Software: Niels Henrik Bruun.

Supervision: Ole Viborg, Seren Jensen-Fangel, Thomas Vorup-Jensen, Eskild Petersen.
Validation: Ole Viborg, Thomas Vorup-Jensen, Eskild Petersen.

Visualization: Sandra M. Skovdal.

Writing - original draft: Sandra M. Skovdal, Eskild Petersen.

Writing - review & editing: Sandra M. Skovdal, Stig Hill Christiansen, Niels Henrik Bruun,
Seren Jensen-Fangel, Ida Elisabeth Holm, Thomas Vorup-Jensen, Eskild Petersen.

References

1. ElChakhtoura NG, Saade E, lovleva A, Yasmin M, Wilson B, Perez F, et al. Therapies for multidrug
resistant and extensively drug-resistant non-fermenting gram-negative bacteria causing nosocomial
infections: a perilous journey toward ‘molecularly targeted’ therapy. Expert Rev Anti Infect Ther. 2018;
16(2):89—-110. https://doi.org/10.1080/14787210.2018.1425139 PMID: 29310479

2. ChongCR, Sullivan DJ. New uses for old drugs. Nature. 2007 Aug 9; 448(7154):645-6. https://doi.org/
10.1038/448645a PMID: 17687303

3. BushK. Investigational Agents for the Treatment of Gram-Negative Bacterial Infections: A Reality
Check. ACS Infect Dis. 2015 Nov 13; 1(11):509—11. https://doi.org/10.1021/acsinfecdis.5b00100
PMID: 27623407

4. Christiansen SH, Murphy RA, Juul-Madsen K, Fredborg M, Hvam ML, Axelgaard E, et al. The Immuno-
modulatory Drug Glatiramer Acetate is Also an Effective Antimicrobial Agent that Kills Gram-negative
Bacteria. Sci Rep. 2017 Nov 15; 7(1):15653. https://doi.org/10.1038/s41598-017-15969-3 PMID:
29142299

5. Johnson KP, Brooks BR, Cohen JA, Ford CC, Goldstein J, Lisak RP, et al. Copolymer 1 reduces
relapse rate and improves disability in relapsing-remitting multiple sclerosis: results of a phase Ill multi-
center, double-blind placebo-controlled trial. The Copolymer 1 Multiple Sclerosis Study Group. Neurol-
ogy. 1995 Jul; 45(7):1268-76. https://doi.org/10.1212/wnl.45.7.1268 PMID: 7617181

6. Boster AL, Ford CC, Neudorfer O, Gilgun-Sherki Y. Glatiramer acetate: long-term safety and efficacy in
relapsing-remitting multiple sclerosis. Expert Rev Neurother. 2015 Jun; 15(6):575-86. https://doi.org/
10.1586/14737175.2015.1040768 PMID: 25924547

7. Ziemssen T, Ashtamker N, Rubinchick S, Knappertz V, Comi G. Long-term safety and tolerability of gla-
tiramer acetate 20 mg/ml in the treatment of relapsing forms of multiple sclerosis. Expert Opin Drug Saf.
2017 Feb; 16(2):247-55. https://doi.org/10.1080/14740338.2017.1274728 PMID: 27989217

8. Prod’homme T, Zamvil SS. The Evolving Mechanisms of Action of Glatiramer Acetate. Cold Spring
Harb Perspect Med. 2019 Feb 1; 9(2).

9. Christiansen SH, Zhang X, Juul-Madsen K, Hvam ML, Vad BS, Behrens MA, et al. The random co-poly-
mer glatiramer acetate rapidly kills primary human leukocytes through sialic-acid-dependent cell mem-
brane damage. Biochim Biophys Acta Biomembr. 2017; 1859(3):425-37. https://doi.org/10.1016/j.
bbamem.2017.01.001 PMID: 28064019

10. Sierra JM, Fusté E, Rabanal F, Vinuesa T, Vifias M. An overview of antimicrobial peptides and the latest
advances in their development. Expert Opin Biol Ther. 2017 Jun 3; 17(6):663—76. https://doi.org/10.
1080/14712598.2017.1315402 PMID: 28368216

PLOS ONE | https://doi.org/10.1371/journal.pone.0223647 October 10, 2019

9/10


https://doi.org/10.1080/14787210.2018.1425139
http://www.ncbi.nlm.nih.gov/pubmed/29310479
https://doi.org/10.1038/448645a
https://doi.org/10.1038/448645a
http://www.ncbi.nlm.nih.gov/pubmed/17687303
https://doi.org/10.1021/acsinfecdis.5b00100
http://www.ncbi.nlm.nih.gov/pubmed/27623407
https://doi.org/10.1038/s41598-017-15969-3
http://www.ncbi.nlm.nih.gov/pubmed/29142299
https://doi.org/10.1212/wnl.45.7.1268
http://www.ncbi.nlm.nih.gov/pubmed/7617181
https://doi.org/10.1586/14737175.2015.1040768
https://doi.org/10.1586/14737175.2015.1040768
http://www.ncbi.nlm.nih.gov/pubmed/25924547
https://doi.org/10.1080/14740338.2017.1274728
http://www.ncbi.nlm.nih.gov/pubmed/27989217
https://doi.org/10.1016/j.bbamem.2017.01.001
https://doi.org/10.1016/j.bbamem.2017.01.001
http://www.ncbi.nlm.nih.gov/pubmed/28064019
https://doi.org/10.1080/14712598.2017.1315402
https://doi.org/10.1080/14712598.2017.1315402
http://www.ncbi.nlm.nih.gov/pubmed/28368216
https://doi.org/10.1371/journal.pone.0223647

@ PLOS|ONE

Inhaled glatiramer acetate against Gram-negatives does not induce pulmonary side effects in pigs

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Retsinformation.dk. Bekendtggrelse af lov om dyreforsgg1) [Internet]. LBK nr 474 May 15, 2014. [cited
2019 May 2]. Available from: https://www.retsinformation.dk/Forms/R0710.aspx?id=%20162938.

European Commission. Legislation for the protection of animals used for scientific purposes—Environ-
ment [Internet]. [cited 2019 Feb 28]. Available from: http://ec.europa.eu/environment/chemicals/lab_
animals/legislation_en.htm

Flume PA, Aitken ML, Bilton D, Agent P, Charlton B, Forster E, et al. Optimising inhaled mannitol for
cystic fibrosis in an adult population. Breathe Sheff Engl. 2015 Mar; 11(1):39-48.

Schuirmann DJ. A comparison of the two one-sided tests procedure and the power approach for
assessing the equivalence of average bioavailability. J Pharmacokinet Biopharm. 1987 Dec; 15
(6):657—-80. PMID: 3450848

Selmaj K, Barkhof F, Belova AN, Wolf C, van den Tweel ER, Oberyé JJ, et al. Switching from branded
to generic glatiramer acetate: 15-month GATE trial extension results. Mult Scler Houndmills Basing-
stoke Engl. 2017 Dec; 23(14):1909-17.

Aharoni R. The mechanism of action of glatiramer acetate in multiple sclerosis and beyond. Autoimmun
Rev. 2013 Mar; 12(5):543-53. https://doi.org/10.1016/j.autrev.2012.09.005 PMID: 23051633

Widdicombe JH. Volume of airway surface liquid in health and disease. Am J Respir Crit Care Med.
2002 Jun 1; 165(11):1566.

Weinstock-Guttman B, Nair KV, Glajch JL, Ganguly TC, Kantor D. Two decades of glatiramer acetate:
From initial discovery to the current development of generics. J Neurol Sci. 2017 May 15; 376:255-9.
https://doi.org/10.1016/j.jns.2017.03.030 PMID: 28431621

Cruz J, Ortiz C, Guzman F, Fernandez-Lafuente R, Torres R. Antimicrobial peptides: promising com-
pounds against pathogenic microorganisms. Curr Med Chem. 2014; 21(20):2299-321. https://doi.org/
10.2174/0929867321666140217110155 PMID: 24533812

Karaiskos |, Souli M, Galani I, Giamarellou H. Colistin: still a lifesaver for the 21st century? Expert Opin
Drug Metab Toxicol. 2017 Jan 2; 13(1):59-71. https://doi.org/10.1080/17425255.2017.1230200 PMID:
27573251

Pletzer D, Coleman SR, Hancock RE. Anti-biofilm peptides as a new weapon in antimicrobial warfare.
Curr Opin Microbiol. 2016; 33:35—40. https://doi.org/10.1016/j.mib.2016.05.016 PMID: 27318321

Pletzer D, Mansour SC, Hancock REW. Synergy between conventional antibiotics and anti-biofilm pep-
tides in a murine, sub-cutaneous abscess model caused by recalcitrant ESKAPE pathogens. PLoS
Pathog. 2018; 14(6):e1007084. https://doi.org/10.1371/journal.ppat. 1007084 PMID: 29928049

Murphy RA, Harrison J, Schelenz S, Davies JC. P125 The multiple sclerosis drug, glatiramer acetate,
acts as a resistance breaker with antibiotics from different classes against cystic fibrosis strains of Pseu-
domonas aeruginosa. J Cyst Fibros. 2019; 18;S93. https://doi.org/10.1016/S1569-1993(19)30419-9.

PLOS ONE | https://doi.org/10.1371/journal.pone.0223647 October 10, 2019 10/10


https://www.retsinformation.dk/Forms/R0710.aspx?id=%20162938
http://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm
http://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm
http://www.ncbi.nlm.nih.gov/pubmed/3450848
https://doi.org/10.1016/j.autrev.2012.09.005
http://www.ncbi.nlm.nih.gov/pubmed/23051633
https://doi.org/10.1016/j.jns.2017.03.030
http://www.ncbi.nlm.nih.gov/pubmed/28431621
https://doi.org/10.2174/0929867321666140217110155
https://doi.org/10.2174/0929867321666140217110155
http://www.ncbi.nlm.nih.gov/pubmed/24533812
https://doi.org/10.1080/17425255.2017.1230200
http://www.ncbi.nlm.nih.gov/pubmed/27573251
https://doi.org/10.1016/j.mib.2016.05.016
http://www.ncbi.nlm.nih.gov/pubmed/27318321
https://doi.org/10.1371/journal.ppat.1007084
http://www.ncbi.nlm.nih.gov/pubmed/29928049
https://doi.org/10.1016/S1569-1993(19)30419-9
https://doi.org/10.1371/journal.pone.0223647

