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Objectives: Treatment of respiratory infections with non-typeable Haemophilus influenzae (NTHi) in COPD pa-
tients is complicated by biofilm formation, protecting the bacteria against the hosts’immune response and anti-
biotics. We investigated the antibiofilm and antibacterial effects of the alginate polymer OligoG, alone or
combined with ampicillin or ciprofloxacin, on mature NTHi biofilms.

Materials and methods: Two unrelated COPD strains with PBP3-mediated B-lactam resistance, with additional
TEM-1 B-lactamase (Hi-022) or quinolone resistance due to altered GyrA and ParC (Hi-072) were used.
Antibiofilm and antibacterial effects were assessed macroscopically, by measurement of biofilm biomass
(OD), and by viable cell counts, with determination of minimum biofilm inhibitory concentration (MBIC) and
the novel parameter ‘minimum concentration for 2 logyo drop in viable cells in biofilm’ (MB2LDC). Drug interac-
tions between OligoG and antibiotics were assessed by comparing expected and observed inhibitory effects (per-
cent inhibition of no-treatment control) of combined treatment.

Results: OligoG had dose-dependent biofilm disruptive abilities and a weak inhibitory effect on viable cells.
Combination with OligoG (64 g/L) significantly lowered MBIC for ampicillin (both strains) and MB2LDC for cipro-
floxacin (Hi-022). For Hi-022, there was significant synergism between OligoG and both antibiotics. For Hi-072,
interactions were subtle, but a tendency in direction of antagonism was significant at two concentrations of
ciprofloxacin.

Conclusions: OligoG shows promise as a potential adjuvant to antibiotics in NTHi infections, but strain-specific
factors appear to affect drug interactions and may lead to antagonism. More research is needed to clarify the
mechanisms of action of OligoG and interactions with antibiotics.

Introduction

COPD was the third leading cause of death in humans worldwide
in 2020.%2 Non-typeable Haemophilus influenzae (NTHi), a major
Gram-negative pathogen massively contributing to global mor-
bidity, mortality and antibiotic usage, is the most frequent bac-
terial cause of lower respiratory tract infections in COPD
patients and contributes to almost half of infectious exacerba-
tions.> The worldwide spread of transferable p-lactamases™®
forced a switch from ampicillin to B-lactamase-stable B-lactams
such as cephalosporins as recommended empirical therapy in se-
vere NTHi infections.” Since the year 2000, NTHi strains resistant
to cefotaxime and other extended-spectrum cephalosporins

have emerged in several geographical regions and constitute
approximately half of the isolates in Japan,”® and dissemination
of MDR strains with co-resistance to clinically important non-p-
lactams such as quinolones, trimethoprim/sulfamethoxazole,
tetracyclines and/or macrolides restrict alternative therapeutic
options.®>®9

The ability of NTHi to rapidly form biofilm is a central part of
pathogenesis in COPD and complicated respiratory tract infec-
tions.”1%71? The extracellular matrix (ECM) of NTHi biofilm con-
tains large amounts of double-stranded DNA (dsDNA),*® as well
as virulence determinants that facilitate adherence, tissue inva-
sion, and evasion of the host’s immune system, such as lipooligo-
saccharides (LOSs), high molecular weight (HMW) adhesin
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protein, Hap protein and IgA proteases.”**"” It has been sug-
gested that intra- and paracellular communities of NTHi may
serve as seeds for recurrent and chronic infections, which may
explain reports of antimicrobial therapy failure despite in vitro
susceptibility.>*>18 Notably, NTHi biofilm formation is promoted
by subinhibitory concentrations of p-lactam antibiotics.!??°
Whereas biofilm protects NTHi against f-lactams and other anti-
biotics,'®?%722 ECM destabilizers (e.g. EDTA and DNase) can re-
store the efficacy of antibiotics against NTHi in biofilm in vitro.?*
Biofilm destabilizers and inhibitors may therefore represent a no-
vel approach to prevention and treatment of respiratory NTHi in-
fections in COPD patients and other vulnerable patient groups.*?

Alginate oligosaccharides (AOSs) are water-soluble, biologic-
ally active substances with demonstrated anti-inflammatory
and antimicrobial effects.’*?*?® One of the most promising
AOSs against biofilm infections is ‘OligoG’ (OligoG CF5/20), a
low-toxic chelator with antibacterial, antibiofilm and antibiotic-
potentiating effects against MDR strains of several Gram-
negative species within the family Enterobacteriaceae and the
genera Pseudomonas, Acinetobacter and Burkholderia.***> The
exact mechanisms of action of OligoG on bacterial biofilm is
not known, but current understanding was recently summarized
by Hills et al.?” OligoG has orphan drug designation from the EMA
and the FDA and is documented safe for human clinical use.?®%°
Several Phase II clinical trials evaluating use of the substance in
cystic fibrosis are completed or ongoing (www.ClinicalTrials.
gov), and a recent study concluded that inhalation therapy
with OligoG may have some effect in reducing Burkholderia spp.
infection in cystic fibrosis.?®

We are not aware of previous studies on the effects of OligoG
or other AOSs on H. influenzae, and AOSs have to our knowledge
not been evaluated for clinical use in COPD patients. This study
aimed to investigate the in vitro antibiofilm and antibacterial ef-
fects of OligoG on mature NTHi biofilm, alone and in the presence
of antibiotics (ampicillin or ciprofloxacin), with particular em-
phasis on drug interactions (synergism or antagonism).

Materials and methods

OligoG

OligoG (OligoG CF-5/20) was obtained from the manufacturer
(AlgiPharma AS, Sandvika, Norway). The active ingredient, with the for-
mula (NaCgH;0Og),, is derived from the marine brown alga Laminaria hy-
perborea and has an average polymeric length of 18, a molecular
weight of 3200 g/mol, an alpha-L-guluronic acid content of 85%, and a
B-p-mannuronic acid content of 15%.242%3° For use in this study, spray
dry powder was dissolved in sterile brain heart infusion (BHI) broth using
magnetic rotation to obtain a homogenic 5% stock solution, which was
diluted in sterile BHI to 2%, 1% and 0.5% (corresponding to 64, 32 and
16 g/L, respectively) for use in the experiments.

Bacterial strains

Strains Hi-022 and Hi-072 were obtained from a collection of well-
characterized, anonymized clinical isolates of H. influenzae from a nation-
wide molecular epidemiologic study (D. Skaare, unpublished data). The
two strains were selected based on clinical data (sampled from COPD pa-
tients), different phylogenetic lineages and phenotypically expressed re-
sistance mechanisms towards quinolones®! and/or p-lactams (Table 1).
Upon inclusion, the strains were characterized by antimicrobial

susceptibility testing, including determination of MIC according to recom-
mendations from EUCAST, and by WGS (Ion S5 XL, Thermo Fisher
Scientific) with subsequent bioinformatic analyses (detailed in Table 1).

Biofilm formation and antimicrobial challenge assay

A biofilm assay suitable for assessment of antibacterial and antibiofilm
effects was established based on methods described in previous studies
of NTHi biofilms, with some modifications.'®2*2-3¢ Frozen cultures (one
pellet) were used to inoculate 5mL of preheated BHI broth (Oxoid,
Thermo Fisher Scientific) supplemented with 2 mg/L NAD (BioNor
Laboratories AS) and 10 mg/L haemin (Sigma-Aldrich) (sBHI) and incu-
bated at 35°C in 5% CO, for 24 h.1923323336 Cyltures were diluted 1:10
in 5mL of fresh sBHI to 1 McFarland (approximately 3x108 cfu/mL)
and incubated statically for approximately 2h to reach an OD at
600 nm (ODggp) of 0.3 by spectrophotometry (GeneQuant 1300, GE
Healthcare). For biofilm formation, 125 pL of culture and 100 pL of pre-
heated sBHI were added to each well of a round-bottom, polystyrene,
96-well microtitre plate (Greiner Bio-One GmbH). The plate was incubated
statically for 40 h at 35°C in 5% CO,, with careful replacement of broth
with fresh preheated sBHI broth after 16-18 h.>2>* Finally, the biofilms
were gently washed twice in sterile water to remove planktonic cells.?>3’

Mature biofilms were treated (24 h) with OligoG at concentrations of
16, 32 and 64 g/L, and with ampicillin or ciprofloxacin at concentrations
corresponding to three to four 2-fold dilutions centred around the re-
spective MICs. In addition, mature biofilms were challenged with OligoG
(fixed concentration of 64 g/L) in combination with ampicillin or cipro-
floxacin, using the same antibiotic concentrations as described above.
The OligoG concentrations were chosen based on an in vivo animal study
showing a kill effect on Pseudomonas aeruginosa in mouse lungs of
1-2 log,o at concentrations 0.5%-3%.38

After treatment, biomasses of each biofilm were determined spectro-
photometrically (ODggo) by thoroughly scraping and pipetting, followed
by vigorous resuspension in 5 mL of sBHI, as described by Dawe et al.>?
(with modifications). For quantification of viable cells, the suspensions
were diluted to 1078 and seeded quantitatively on Colombia agar plates
(BBL Colombia agar, Becton Dickinson) with 15 mg/L NAD and 15 mg/L
haemin. The agar plates were incubated at 35°C in 5% CO, for 48 h,
with subsequent determination of cfu/mL by colony counts.

In each challenge experiment (OligoG, ampicillin, ciprofloxacin,
OligoG/ampicillin and OligoG/ciprofloxacin), two sets of biofilm triplicates
were included as pretreatment control and no-treatment control, with
quantification of biofilm biomass and viable cells at 40 h (before treat-
ment) and 64 h, respectively.3%3°

The five challenge experiments were performed using different bio-
logical replicates (on separate days), each with three technical replicates.
Fifteen replicates of control biofilms (five biological and three technical)
were used to assess the relative contribution of biological and technical
factors to variability in viable cell counts.

Assessment of antibiofilm and antibacterial effects of
OligoG and/or antibiotics on mature biofilm

Antibiofilm effects were assessed by inspection for macroscopically vis-
ible changes in appearance and changes in biofilm biomass by measure-
ment of ODgqo after exposure to OligoG and/or antibiotics, compared with
no treatment.

Antibacterial effects were assessed by determination of minimum
biofilm inhibitory concentration (MBIC), the novel parameter ‘minimum
concentration for 2 logio drop in viable cells in biofilm’ (designated
‘MB2LDC’) and biofilm bactericidal concentration (BBC). MBIC was defined
as the concentration of tested substance resulting in no increase in viable
biofilm cells, while MB2LDC (this study) and BBC were defined as the con-
centrations resulting in >2 logio and >3 log;o drop in viable biofilm cells,
respectively, compared with no treatment.*® The rationale for the novel
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Table 1. Characteristics of the H. influenzae strains used in the experiments

Resistance mechanisms®

MIC (mg/L) and susceptibility category

Ampicillin/
Strain Source Serotype® STP B-Lactams Quinolones Ampicillin sulbactam Ciprofloxacin
Hi-022  Sputum from patient ~ Non-typeable ST836 TEM-1 B-lactamase None >16 (R) 8 (R) <0.06 (S)
with COPD Group III(+)
high-rPBP3¢
Hi-072  Sputum from patient ~ Non-typeable ST1 Group III(+) Altered GyrA and 2 (R) 2 (R) 1(R)

with COPD

high-rPBP3¢

ParC®

%Using hicap v.1.0.3 (https:/github.com/scwatts/hicap).
BBy MLST (https:/pubmlst.org/organisms/haemophilus-influenzae).

“Transferable genes were detected using ResFinder v.4.1 (https:/cge.food.dtu.dk/services/ResFinder); alterations in chromosomal genes were detected
by multiple sequence alignment of translated genes, with H. influenzae Rd KW20 (GCA_000027305) as reference.
dCharacterized by the $S385T, L389F and N526K substitutions in the transpeptidase region of PBP3.°

eSubstitutions in the QRDRs of GyrA (S84L) and ParC (S841) present.3!

"MICs were determined by broth microdilution according to recommendations from EUCAST (https://www.eucast.org/ast_of_bacteria), using custom
MIC panels (Sensititre NONAG7, Thermo Fisher Scientific), and interpreted (S, susceptible; R, resistant) according to the most recent version of the

EUCAST breakpoint table (version 13.0).

parameter MB2LDC is that a 2 log, drop is a widely used pharmacody-
namic parameter in time-kill studies and also corresponds to the clinical
effect of amoxicillin and ciprofloxacin.“*~** For combined treatment with
OligoG (64 g/L) and antibiotics, MBIC, MB2LDC and BBC values were ex-
pressed as the antibiotic concentration. For comparison of antibacterial
effects of individual antibiotic treatment and combined antibiotic/
OligoG treatment, we calculated ratios of MBIC, MB2LDC and BBC by anti-
biotic treatment to the same parameters by combined treatment. Ratios
of >8 were considered significant, corresponding to the definition of syn-
ergy by determination of MIC:MIC ratio (3 or more 2-fold dilutions).**

For a more sophisticated assessment of interactions between OligoG
and antibiotic (synergism or antagonism), we compared expected and
observed inhibitory effects of combined treatment on viable cells, ex-
pressed as percent change in viable cells (log;o cfu/mL) compared with
no-treatment control. The Bliss independence approach was used to cal-
culate expected inhibitory effects at each antibiotic concentration, using
the formula I; ;=1I; +I,-I;I, where I; and I, are the inhibitory effects by
individual treatments with drug 1 (OligoG) and 2 (antibiotic), respectively,
I ; represents the expected inhibitory effect of combined treatment, and
1,1, represents the product of I; and I,.>*® Mean inhibitory effects by in-
dividual treatments (I; and I) (three technical replicates) were used as
input in the formula to calculate the expected inhibitory effect of com-
bined treatment (I;,). The expected effect was compared with the ob-
served inhibitory effect of combined treatment, calculated separately
for each of the three technical replicates, with subsequent calculation
of means and determination of 95% CI. Significant synergism was de-
fined as ‘observed effect (lower 95% CI) > expected effect’ while signifi-
cant antagonism was defined as ‘observed effect (upper 95% CI)<
expected effect’.*®

Statistical analysis

Excel (Microsoft Corporation, Redmond, WA, USA) was used to organize,
analyse and visualize the data. Assessment of antibiofilm and antibacterial
effects was based on calculated means (ODgoo and mean logyo cfu/ml,
respectively) from triplicate testing. The relative contribution of biological
and technical factors to variability in viable cell counts (logo cfu/mL) in
the biofilm assay was assessed by comparing mean coefficients of vari-
ation (CV) for technical replicates with CV across five biological replicates

of each strain. Normal distribution was assessed using Q-Q Plot in SPSS
Statistics 28 (IBM, Armonk, NY, USA). Assessing significance of drug inter-
action was done by comparing mean expected inhibitory effect of com-
bined treatment with mean observed inhibitory effect and 95% CI
(described in detail above). CIs were determined assuming Student’s
t-distribution to account for the low sample size (triplicates) and the lack
of biological replicates in the challenge experiments.

Ethics

All personal data used in this study were anonymized. The study strains
were recruited from a study (D. Skaare, unpublished data) approved by
the Regional Committees for Medical and Health Research Ethics in
Norway (reference number 2018/1558) and the Norwegian Data
Protection Services (reference number 232381).

Data availability

Genomic sequences for strains Hi-022 and Hi-072 are deposited at https:/
www.ebi.ac.uk/ena under BioProject PRJEB49398, accession numbers
GCA_ 923256855 and GCA_923258785, respectively.

Results
Biofilm assay variability

For both strains, viable cell counts (logy cfu/mL) from the 15 re-
plicates (5 biological and 3 technical) of untreated biofilms (no-
treatment control) were normally distributed (data not shown).
Variability between technical replicates (mean CV 3.6% for both
strains) was comparable to the variability between biological re-
plicates (CV 4.4% and 3.0% for Hi-022 and Hi-072, respectively).

Antibiofilm effects of individual treatment of biofilms
with OligoG, ampicillin or ciprofloxacin
OligoG was found to have a concentration-dependent antibiofilm

effect on mature biofilm from both strains, assessed by macro-
scopic inspection (not shown). Compared with the no-treatment
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Figure 1. Antibacterial and antibiofilm effects of individual treatment of mature biofilms with OligoG, ampicillin or ciprofloxacin. Antibacterial effect
was measured as change in viable cells (log,o cfu/ml, left axis), while antibiofilm effect was measured as change in biofilm biomass (ODeoo, right axis).
All values are means of three technical replicates. NTC, no-treatment control. Vertical lines indicate MBIC (dashed), MB2LDC (dotted/dashed) and BBC
by individual treatment (summarized in Table 2; see text for definitions). Vertical axis scales are harmonized between plots for easier comparison.

control, treated biofilms were more dispersed and granulated,
and less sheetlike. In contrast, there were no noticeable macro-
scopic differences between no treatment and treatment with
ampicillin or ciprofloxacin. There were no clear dose-dependent
associations between exposure to OligoG or antibiotics and
changes in biofilm biomass at the tested concentrations
(Figure 1, dotted lines).

Antibacterial effects of individual treatment of biofilms
with OligoG, ampicillin or ciprofloxacin

Antibacterial effects of individual treatments of mature biofilms
with OligoG or antibiotics (expressed as changes in logo cfu/mL)
are shown in Figure 1. The corresponding MBIC, MB2LDC and BBC
values (indicated by vertical lines) are summarized in Table 2.
There was a weak concentration-dependent antibacterial effect
of OligoG on both strains, with MBIC values of <16 g/L (Hi-022)
and 32 g/L (Hi-072). At the concentration used for combined treat-
ment (64 g/L), the inhibitory effects of OligoG on the two strains
(calculated as percent inhibition of viable cells compared with no-
treatment control) were 8.9% and 6.5%, respectively (not shown).
The tested concentration ranges did not allow determination of
exact antibiotic MBICs for strain Hi-022. For strain Hi-072, the
ampicillin MBIC was one 2-fold dilution above MIC, whereas the

ciprofloxacin MBIC was identical to the corresponding MIC value
(Figure 1). AllMB2LDC and BBC values exceeded the tested concen-
tration ranges, i.e. a 2 logyo drop in cfu/mL compared with the no-
treatment control was not achieved for any of the tested strain/
drug combinations.

Antibiofilm effects of combined treatment of biofilms
with OligoG and ampicillin or ciprofloxacin

Biofilms treated with combinations of OligoG and antibiotics
showed macroscopic changes similar to those observed after in-
dividual treatment with OligoG alone (not shown). Compared
with no-treatment control, combined treatment resulted in con-
sistently decreased biofilm biomass (as measured by ODggo) for
all strain/drug combinations (Figure 2, dotted lines).

Antibacterial effects of combined treatment of biofilms
with OligoG and ampicillin or ciprofloxacin

Antibacterial effects of combined treatment of mature biofilms with
OligoG and antibiotics (expressed as changes in log;o cfu/mL) are
shown in Figure 2. The corresponding MBIC, MB2LDC and BBC va-
lues (indicated by vertical lines) are summarized in Table 2. For
both strains, all MBICs were equal to or lower than the lowest anti-
biotic concentration tested. Conversely, all MB2LDC and BBC values
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Figure 2. Antibacterial and antibiofilm effects of combined treatment of mature biofilms with antibiotic (ampicillin or ciprofloxacin) in combination
with 64 g/L OligoG. Antibacterial effect was measured as change in viable cells (logo cfu/mL, left axis), while antibiofilm effect was measured as
change in biofilm biomass (ODggo, right axis). All values are means of three technical replicates. NTC, no-treatment control. Vertical lines indicate
MBIC (dashed), MB2LDC (dotted/dashed) and BBC by combined treatment (summarized in Table 2; see text for definitions). Vertical axis scales are har-

monized between plots for easier comparison.

exceeded the tested concentration ranges, except for strain
Hi-022 and OligoG/ciprofloxacin, where a 2 log;o drop (MB2LDC)
was obtained with the lowest tested concentration of ciprofloxacin
(0.03 mg/L), and a 3 logy drop (BBC) was obtained with 0.5 mg/L
antibiotic. For the B-lactamase-positive strain Hi-022, there
was a marked drop in viable cells at the ampicillin concentration
corresponding to MIC for ampicillin/sulbactam (8 mg/L)
(Figure 2). Compared with individual antibiotic treatment, com-
bined treatment with antibiotic and OligoG gave significantly lower
MBIC for ampicillin (both strains) and MB2LDC for ciprofloxacin
(Hi-022) (Table 2). For the B-lactamase-positive strain Hi-022,

there was a marked drop in viable cells at the ampicillin concentra-
tion corresponding to MIC for ampicillin/sulbactam (8 mg/L)
(Figure 2).

Drug interactions between OligoG and antibiotics

Expected and observed inhibitory effects of combined treatment of
mature biofilms with OligoG and antibiotics (expressed as percent
inhibition of no-treatment control) are shown in Figure 3. For strain
Hi-022, we found significant synergistic effect between OligoG and
ampicillin at ampicillin concentrations in the range 8-256 mg/L, and
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Figure 3. Expected and observed inhibitory effects of combined treatment of mature biofilms with antibiotic (ampicillin or ciprofloxacin) and 64 g/L
OligoG. Inhibitory effects are expressed as percent change in viable cells (logo cfu/mL) compared with no-treatment control. Expected effects (dashed
lines) were calculated using the Bliss independence approach (see text for formula) with mean inhibitory effects by individual treatments (three tech-
nical replicates) as input. Observed inhibitory effects (full lines) were calculated separately for each of the three technical replicates, with subsequent
calculation of means and determination of 95% CI (assuming Student’s t-distribution to account for low sample size). Significant synergism was de-
fined as ‘observed effect (lower 95% CI) >expected effect’ while significant antagonism was defined as ‘observed effect (upper 95% CI) < expected
effect’. Significant synergism or antagonism is indicated by asterisks above or below 95% CI, respectively. Vertical lines indicate MBIC (dashed),
MB2LDC (dotted/dashed) and BBC by combined treatment (Table 2). Axis scales are harmonized for easier comparison.

between OligoG and ciprofloxacin at ciprofloxacin concentrations in
the range 0.125-1 mg/L. In contrast, there was generally little dif-
ference between the expected and observed inhibitory effects of
combined treatment for strain Hi-072. For this strain, the observed
effect of OligoG combined with ciprofloxacin tended to be weaker
than the expected effect (i.e. in the direction of antagonism) at ci-
profloxacin concentrations in the range 1-16 mg/L; however, the
difference was significant only at two concentrations (1 and
16 mg/L).

Discussion

In this in vitro study, we investigated the potential of the AOS
OligoG as a biofilm inhibitor for clinical use in combination with
antibiotics in NTHi infections. OligoG has shown promise as adju-
vant to several antibiotics for treatment of respiratory biofilm in-
fections caused by a wide range of Gram-negative bacteria.**3°
To the best of our knowledge, the present study is the first inves-
tigation of the effects of OligoG on H. influenzae, the first study
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Table 2. Antibacterial activity of individual or combined treatment with OligoG, ampicillin and/or ciprofloxacin on H. influenzae in mature biofilms

Ampicillin (mg/L)

alone or combined with OligoG (64 g/L)

Ciprofloxacin (mg/L)
alone or combined with OligoG (64 g/L)

OligoG Individual Combined Individual Combined
Strain  Parameter  (g/L) treatment treatment Ratio® treatment treatment Ratio®
Hi-022 MBIC <16 >500° <4 >125* <0.03 <0.03 Indeterminate
MB2LDC >64 >500° >500 Indeterminate >1 <0.03 >32*
BBC >64 >500¢ >500 Indeterminate >1 0.5 >2
Hi-072  MBIC 32 4 <0.5 >8* 1 <0.5 >1
MB2LDC >64 >64 >64 Indeterminate >16 >16 Indeterminate
BBC >64 >64 >64 Indeterminate >16 >16 Indeterminate

Asterisk indicates significant decrease (ratio >8).

%For technical reasons, the highest concentration tested was 500 mg/L (i.e. deviating from the standardized 2-fold scale)
PRatio of MBIC, MB2LDC or BBC by individual treatment to the same parameter by combined treatment.

exploring drug interactions between OligoG and ampicillin, and
only the second study performed independently of the manufac-
turer (the first being Hills et al.?”). Using mature NTHi biofilms
from two unrelated COPD strains, we found that OligoG inhibited
growth of bacteria in biofilm at concentrations <16 g/L and
32 g/L (MBIC). We are not aware of previous studies with deter-
mination of OligoG MBICs, but Khan et al.*° reported that 64 g/L
(2%) OligoG had no inhibitory effect on an Escherichia coli strain
in liquid culture, and variable inhibitory effect on Klebsiella pneu-
moniae strains. Although we did not investigate the activity of
OligoG against planktonic bacteria in the present study, these ob-
servations suggest that the intrinsic antibacterial activity of
OligoG, similar to other antimicrobial agents, may vary between
strains and species.

The basis for our selection of antibiotics was that ampicillin is
the preferred drug for parenteral treatment of infections with
susceptible strains of H. influenzae, while ciprofloxacin is an at-
tractive option for oral treatment of infections caused by
ampicillin-resistant strains. Moreover, some studies have sug-
gested that quinolones are more effective than aminopenicillins
against NTHi in mature biofilm.*?~2! In an in vitro study on NTHi in
biofilm, elimination rates of ciprofloxacin and amoxicillin/clavula-
nic acid were 68% and 3.6%, respectively.?! In contrast, another
study found no significant difference between the abilities of
ampicillin and ciprofloxacin to kill NTHi in biofilm in vitro.??

Arecent report illustrated that susceptibility to ciprofloxacin as
determined by conventional antimicrobial susceptibility testing is
no guarantee for therapeutic success in complicated respiratory
NTHi infections.? Susceptibility categorization of bacteria based
on planktonic bacteria (e.g. MIC) can not be used to predict thera-
peutic outcome in biofilm infections, and a standardized meth-
odology for susceptibility testing of bacteria in biofilm that
correlates to therapeutic outcome is lacking.*®*” MBIC is the
biofilm-specific pharmacodynamic parameter that corresponds
best to MIC. Although MBIC and MIC are based on different meth-
odologies and therefore not directly comparable, it is generally
assumed that the antibiotic concentration representing MBIC is
4- to 1000-fold higher than the corresponding MIC, depending
on bug/drug combination.*®*® Interestingly, for strain Hi-072,
antibiotic MBICs were similar to (ciprofloxacin) or only one

dilution higher (ampicillin) than the corresponding MICs. Our re-
sults are in line with previous investigations of the activities of
ampicillin and quinolones against NTHi in biofilm,'*“° suggesting
that NTHi biofilms may have different properties in terms of anti-
biotic penetration compared with other species.

MBIC and BBC are often used to express antibiotic effect on
bacteria in biofilm.“® Here, the additional novel parameter
MB2LDC s introduced as a biofilm-specific parallel to the antibac-
terial effect measure (2 log;o drop) corresponding to clinical ef-
fect in time-kill studies*?** We found that MB2LDC for
ciprofloxacin/OligoG and strain Hi-022 was significantly lower
than MB2LDC for ciprofloxacin alone, and lower than the clinical
MIC breakpoint recommended by EUCAST (susceptible<
0.06 mg/L). Similarly, ampicillin/OligoG MBICs were significantly
lower than ampicillin MBICs for both strains, and in the case of
strain Hi-072 lower than the clinical MIC breakpoint (susceptible <
1 mg/L). These observations suggest that combination with
OligoG could increase the probability of therapeutic effect of
ampicillin and ciprofloxacin in NTHi biofilm infections.

Current and emerging pharmaceutical strategies for combat-
ing respiratory biofilm infections, including combination of anti-
biotics and non-antibiotic adjuvants was recently reviewed by
Zhang et al.'? The authors underlined that the exact mechanism
of the antibiofilm effects of OligoG is unclear, but classified
OligoG among extracellular matrix-interfering agents with the
ability to potentiate a wide range of antibiotics.?* ?¢*° While
studies have shown that OligoG has intrinsic antimicrobial activ-
ity?* and/or that antibiotics are more effective combined with
OligoG than alone,?*?%3° we have not been able to identify
studies describing interactions between OligoG and antibiotics
in terms of assessing true synergy, i.e. whether the combined in-
hibitory effect exceeds the added effect of the two drugs. In the
present study, we used the approach described by Prichard et al.,
based on comparison of expected and observed combined in-
hibitory effects, with calculation of expected effect based on
the Bliss independence approach.*® Unlike the more widely
used FIC index (FICI), this approach allows assessment of drug
interactions without exact MBIC values for OligoG and all anti-
biotic/strain combinations.®® Our results suggest that OligoG
may act synergistically with both ampicillin and ciprofloxacin
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against NTHi, but that the effect varies between strains and in
some cases may even be antagonistic. Interestingly, for the
B-lactamase-producing strain Hi-022, ampicillin/OligoG MBIC
was lower than MIC for ampicillin/sulbactam. Further research
should clarify whether this reflects a possible interaction be-
tween OligoG and B-lactamase activity. Furthermore, synergy
was most evident for the strain with the lowest OligoG MBIC,
suggesting that lack of synergy may be linked to unidentified,
strain-specific OligoG resistance mechanisms. Nevertheless,
the synergism observed for strain Hi-022 is to our knowledge
the first report of demonstrated synergy between a biofilm in-
hibitor and antibiotics in H. influenzae, or between OligoG and
antibiotics overall. In contrast, a previous investigation (using
the FICI approach) found only additive effects between EDTA
and ampicillin or ciprofloxacin against NTHi in biofilm.**

This study has several limitations. First, the five challenge ex-
periments were performed with different, single biological repli-
cates. Consequently, whether biological variation between
different versions of the strains may have affected the results re-
mains largely unexplored, although assessment of variability
among untreated control biofilms suggested that technical fac-
tors had a larger impact than biological factors. Second, due to
the small sample size in each experiment (three technical repli-
cates), it was not possible to assess whether data were normally
distributed. To compensate for these uncertainties, we chose a
conservative statistical approach by assuming Student’s
t-distribution in our calculations of 95% CI. This may, on the other
hand, have led to underreporting of significant drug interactions.
Nevertheless, the experimental design does not allow firm con-
clusions and the results should be interpreted with caution.
Furthermore, the number of strains and drug concentration
ranges were limited, and broader investigations (additional
strains and antibiotics, combined with variable OligoG concentra-
tions) should be undertaken to further explore clinically relevant
drug interactions. In conclusion, OligoG shows promise as a po-
tential adjuvant to ampicillin and ciprofloxacin in NTHi infections,
but the usefulness in COPD patients must be validated in clinical
studies. Importantly, strain-specific factors appear to affect drug
interactions and may lead to significant antagonism. More re-
search is therefore needed to clarify the mechanisms of action
of OligoG and molecular mechanisms affecting interactions
with antibiotics.
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