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Biofilm: a «sticky» microbial consortium

= Biofilm is generally known as community (consortium) of microbes,
established in a three-dimensional structure, that can be attached - to
abiotic (prosthetic devices) or biotic (epithelia) surfaces — or floating

" |n these aggregates, bacteria are physically joined together and they
produce an extracellular matrix that contains many different types of
extracellular polymeric substances (EPS) including exopolysaccharides,
extracellular DNA (eDNA), RNA, proteins, and lipids!3
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P aeruginosa biofilm (Pompilio et al, DMID 2016)



Clinical relevance of biofilm

= Bacteria in biofilms are inherently more
resistant - up to 1.000 times - to various
antimicrobials (antibiotics and disinfectants)
and to the host immune response than their
planktonic counterparts.*>

= This leads to chronic infection which
threatens many lives worldwide.?
Microscopic investigations of numerous
chronic infections have in fact revealed that
bacteria are physically aggregated in biofilm.

DEVICE-RELATED INFECTIONS

Ventricular derivations

TISSUE-RELATED INFECTIONS

Contact lenses

Chronic otitis media,
chronic sinusitis

Endotracheal tubes

Chrenic tonsillitis, dental plaque,

chronic laryngitis

Central vascular catheters

Endocarditis

Prosthetic cardiac valves,

pacemakers and vascular grafts

Lung infection in cystic fibrosis

| Tissue fillers, breast implants

Kidney stones

| Peripheral vascular catheters

Biliary tract infections

Urinary catheters

Urinary tract infections

Orthopedic implants and
prosthetic joints

Osteomyelitis

Chronic wounds

SN

Lebeaux et al, Microbiol Mol Biol Rev. 2014:510

The major hallmarks of in vivo biofilms are thus a coherent cluster of aggregated bacteria
embedded in a matrix, which tolerate the host defense and high concentrations of

antimicrobial agents even over longer times

Table 1. Biofilm-associated infections (BAl)

Infection type

Reference example

Tissue-associated
Dental Caries

Periodontitis

Cystic fibrosis lung
infections
Chronic otitis media

Chronic Rhinosinusitis
Chronic tonsillitis
Chronic wounds

Musculoskeletal infections:

Osteomyelitis/
Endocarditis
Urinary tract infection

Infectious kidney stones/
biliary tract infections

Implant/medical device
associated
Cardiac devices

Catheter and shunts

Contact lenses

Dental Implants
Orthopedic prostheses
Soft tissue fillers
Suturesfsurgical meshes
Stents

Vascular grafts

Ventilator-associated
prieurmonia

Theilade & Theilade (1970), Diaz et al.
(2006), Dige et al. (2007), Zijnge et al.
(2010)

Listgarten (1976), Berthold & Listgarten
(1986), Wecke et al. (2000), Marsh

et al (2011)

Heaiby (1977), Lam et al. (1980),
Bjarnsholt et al. (2009&)

Hall-Stoodley et al (2006), Homoe

et al. (2000)

Sanderson et al. (2006), Li et al. (2011)
Chole & Faddis (2003)

Bjarnsholt et al. (2008), James et al.
(2008)

Gristina et al. (1985), Gristina &
Costerton (1985), Marrie &

Costerton (1985)

Stewart et al. (1980), Moter (2010),
Mallmann et al. (2009)

Nickel & Costerton (1992), Reid

et al. (2000)

Parsek & Singh (2003), Marcus

et al. (2008), Scheithauer et af. (2009),
Wang et al (2010)

(see reviews) Donlan & Costerton
(2002), Donlan (2002)

Marrie et al. (1982), Rohacek et al.
(2010)

Stoodley et al (2010), Wang et al.
(2010), Rolighed Thomsen et al.
(2011),

Stapleton & Dart {1995)

Kumar et al. (2012)

Stoodley et al. (2008, 2011)
Bjarnsholt et al. (2009b)

Kathju et al. (2009, 2010)

‘Waar et al. (2005)

Kaebnick et al. (1987), Makis &
Stern (2010)

Hawe et al. (2009)




Reduced susceptibility to antibiotics

Antimicrobial tolerance of biofilms

Related to biofilm mode of growth, tolerance reverts after biofilm-to-planktonic transition

Specific genetic
mechanisms

Multifactorial, since it is attributed to: Presence of 17025 Periplasmic
persister cells [ ‘“i ):\% 3
N . . or e . . . glucans",
= limited penetration of the antibiotics through biofilm®’ S — - 0
through the ECM h] Ap= WY e

= antibiotic electric interaction with EPS/e-DNA (i.e. aminoglycosides) or
enzymatic inactivation (i.e. B-lactamases)

‘ Drug indifference |

differential growth rates and nutrient gradients within the biofilm31!

= the outer layers, aerobic and metabolically active, are susceptible contrarily to the inner ones, slowly grew
under anaerobic and nutrient-deficient conditions

horizontal gene transfer?

= cell spatial contiguity favors effective horizontal gene transfer between bacteria

presence of «persisters»!314

= |ow fraction (<0.1%) of differentiated dormant cells; also resistant to antibiotics killing non-growing cells
= expression of biofilm-specific genes!>
= ndvB in P. aeruginosa encodes periplasmic glucans sequestring tobramycin

= upregulation of efflux pumps
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In vitro activity of levofloxacin against planktonic TP F e ADP

and biofilm Stenotrophomonas maltophilia lifestyles

under conditions relevant to pulmonary infection in smeD expression in planktonic cells smeD expression in biofilm cells
cystic fibrosis, and relationship with SmeDEF
multidrug efflux pump expression 5

Increased smeD expression during
planktonic-to-biofilm transition, both under
«standard» and «CF-like» conditions
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@ Viable cells 0% Levofloxacin o~ Matrix Blue bars, «standard» conditions
@ Dead or damaged cells OM, outer membrane; PS, periplasmic space; IM, inner membrane Yellow bars, «CF-like» conditions

Multidrug efflux pump SmeDEF overexpression during planktonic-to-biofilm transition causes
increased resistance of S. maltophilia biofilm to levofloxacin




Reduced susceptibility to antibiotics

Antimicrobial resistance of biofilms

Not related to the biofilm mode of growth (also maintained by planktonic cells following disruption),
resistance is due to mutations:

= acquisition of chromosomal mutations, causing:1®
= upregulation of efflux pump system
= derepression of enzymes (i.e. AmpC B-lactamase)
= permeability changes
= altered antibiotic targets (PBPs)
= accumulation of mutations can be facilitated by hypermutator microorganims:17-20

= 100- to 1000-fold increased mutation rate, due to defects in DNA repair or error avoidance systems
(MMRS, GO system, prevention of oxidative damage produced by ROS)

= antibiotic therapy also selects for hypermutators

= highly prevalent in chronic respiratory infections: isolated in 30-60% of CF patients, acute-to-chronic
transition leads to increased prevalence (0 to 65%) (P. aeruginosa, S. maltophilia)



1' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 23 August 2017
doi: 10.3389/fmicb.2017.01590

Evolution of Stenotrophomonas
maltophilia in Cystic Fibrosis Lung
over Chronic Infection: A Genomic
and Phenotypic Population Study

Alfonso Esposito, Arianna Pompilio?, Clotilde Bettua', Valentina Crocetta?,
Elisabetta Giacobazzi', Ersilia Fiscarelli®, Olivier Jousson'* and Giovanni Di Bonaventura?

" Centre for Integrative Biology, University of Trento, Trento, ltaly,  Department of Medical, Oral, and Biotechnological
Sciences, Center of Excelfence on Aging and Translational Medicine (CeSI-MeT), Universita degli Studi “G. d’Annunzio”
Chieti-Pescara, Chieti, ftaly, * Laboratory of Cystic Fibrosis Microbiology, “Bambino Gesu” Hospital, Rome, Italy

Hypermutation plays an important role in development,
adaptation and diversification of S. maltophilia population
causing chronic infections in CF lung
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Supplementary Figure 6f. Mutation frequency of 5. maltophilia strains collected over 12-year period from 10 CF patients. A} Overall mutation frequency. Results are median + interquartile range.
B) Mutation frequency stratified on selected STs. Horizontal lines are median values. Strains were classified into four categories based on mutation frequency (f}: hypo-mutators (f £ 8 x 1079,
normo-mutators (8 x 107% < f< 4 x 107%), weak-mutators (4 x 107 < f< 4 x 1077}, and strong-mutators (f 24 x 107). * p<0.05, ** p<0.01, **** p<0.001, Kruskall-Wallis + Dunn’s multiple
comparison post-test. C) Temporal trend of mutation frequency according to selected STs. D) Temporal trend of mutation frequency in each «ST-patient» combination. The statistical significance

of temporal trends was assessed by linear regression.



Standard AST is
not useful for
biofilm-related
infections

Pathogen susceptibility to antibiotics is typically evaluated on
planktonic cells, as recommended by several international
guidelines (EUCAST, CLSI)

However, successful treatment of chronic infections usually requires
eradication of the bacterial pathogens growing in a biofilm showing
increased tolerance/resistance to antibiotics vs. planktonic
counterparts?!-30

Therefore, antibiotic concentrations used in standard ASTs, although
effective against planktonic bacteria in vitro, are not predictive of
the concentrations required to eradicate biofilm-related infections,
thus leading to treatment failure and consequent chronicization31-34

Nevertheless, the current lack of standardization of the methods,
parameters and interpretation of results limits the application of the
obtained data to the clinical setting, including the comparison of
different treatment strategies

It is necessary to search for dedicated laboratory technologies to
accurately assess the susceptibility of biofilms to antibiotics during

diagnostic testing




Biofilm-related infections
A «dedicated» laboratory diagnostic work-flow

Diagnosis of
infection

«standard» AST AST on
(EUCAST) preformed biofilm

«Targeted» «Targeted»
antibiotic therapy antibiotic therapy




Commonly employed models for biofilm investigation

T (@) Taylor & Francis
http://dx.doi.org/10.1080/1040841X.2016.1208146 aylor &Francis Group
. . . . oo . 3536 REVIEW ARTICLE 8 OPEN ACCESS
In vitro biofilm models are basically classifiable in two types:>-: Critical review on biofilm methods

Joana Azeredo® ([, Nuno F. Azevedo” (%, Romain Briandet® (¥, Nuno Cerca® (&, Tom Coenyed ®.
Ana Rita Costa® (), Mickaél Desvaux® (&, Giovanni Di Bonav_entura' (@, Michel Hébraud® @,
Zoran Jaglic® (®, Miroslava Kacaniova” (), Susanne Knachel' (@, Analia Lourenco! @, Filipe Mergulhdo® (),

CLOSED (“batch culture” based) models: Rikke Louise Meyer* 3, George Nychas' (3, Manuel Simdes® @, Odile Tresse™ ( and Claus Sternberg” @
" microorganisms with relatively fast growth rate are provided
with limited amounts of nutrients within an enclosed container :
= simple, reproducible, and applicable in high-throughput analysis i
= easily implemented into a microbiology laboratory’s routine

OPEN (”continuous culture” based) models:
" microorganisms with controlled growth rate are provided with
nutrients via continuous media flow
= yseful for in-depth study of biofilm formation since they try to
replicate in vivo conditions through the control of nutrient
delivery, flow, and temperature
= difficult to implement in a classic diagnostic workflow

P
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“Batch culture” based models for biofilm AST

Calgary biofilm device

= Biofilm formation is assayed - with either rocking or no movement - at the coverlid, onto MV
pegs that fit into the wells of a microtiter plate containing growth medium and bacteria3’ |

= The peg lids are then rinsed and placed onto flat-bottomed microtiter plates, where they are
incubated (18-20h, 37°C) in the presence of different antibiotic concentrations3’ Peg

= The peg lids are rinsed, placed into antibiotic-free medium in a flat-bottomed microtiter
plate (biofilm recovery plate) where biofilm is detached by light centrifugation/sonication3’

= Biofilm measurement:3842

" ODg,, measured before and after 6h-incubation at 37°C. Adequate biofilm growth for
the positive control wells is defined as a mean OD., difference of 20.05

= viable cell count, quantitative PCR, and tetrazolium salts

= Used for biofilm AST, including evaluation of food-related antimicrobials, and to compare
efficacies of multiple antibiotic combinations against CF P. aeruginosa biofilm*3->2

ASTM
ul I[ INTERNATIONAL

= Standardized device, also ideal for HTP screening of new anti-biofilm compounds AEIB)



“Batch culture” based models for biofilm AST

BioFilm® ring test

= |t allows for the measurement of the adhesion, the initial step of biofilm, in modified 96-well polystyrene
microtiter plates by use of magnetic microbeads and a scanning plate reader>3

= Biofilm-associated adherence is determined when beads remain scattered after the application of a magnetic
field; in contrast, beads are immobilized in the center of the well bottom in the presence of planktonic cells®*>>

= Published studies on biofilm formation by nontypeable H. influenzae strains (COPD, otitis media, pneumoniae), S.
aureus and S. epidermidis (acute and chronic osteomyelitis, infectious arthritis), and P. aeruginosa CF strains~%->8

= A recent extension of BRT is Antibiofilmogram®, which was tested for susceptibility profile testing of bone and
joint infection-related S. aureus and P. aeruginosa CF biofilms>°0

1 min to move inefficient on
o =1 - m,””m - ¢ No visible spot biofilm formation
< B | Bests Y ! "
@ N - — / - Free beads are attracted by the magnet Antibiotic
BHI Atb1, Atb2... 4h - 37°C

reading under each well efficient on
+ magnetic beads "____‘“_ | L""___""- 0 Spot visible biofilm formation

+ inoculum 0

/,\ Magnetisation Beads trapped in a biofilm are unable Antibiotic




“Continuous culture” based models for biofilm AST

Flow cell models

Glass Flow Break Air Flow

I
A

= Biofilm formation allowed in a capillar, onto coupon or glass slide
= They enable a non-destructive, real-time, microscopic observation of the 5

antibiotic effect against biofilm:61-54

= |ive/dead staining with fluorochromes

= structural parameters measured by COMSTAT software (i.e. biomass,
average and maximum thickness, roughness coefficient,...)

= Viability can also be determined by cell viable count after detaching biofilms by
washing the channels with glass beads in NaCl®>

= Completely autoclavable and re-useable

= Particularly indicated for biofilm-associated wound infections: “Gram-negative
shift”, observed in wound infections,®®° occurs only under flow conditions







“Continuous culture” based models for biofilm AST

Microfluidic systems

Incubation for 24 h

Inoculation into Tryptic Soy Broth &
Cell stained with Syto 9

= The smaller volumes used in microfluidic devices, along with the
ability to produce multiple concentration gradients provided a faster,
cheaper and reliable alternative to current ASTs”0-78

= Microfluidics-based devices, including BioFlux device, are fully
integrated platforms consisting of modified 96-well plates with laminar
flow chambers, a shear-flow control system, an imaging system, and
advanced software for data collection and analysis’®

= Activity of antibiotic evaluated by image analysis’ or fluorescence ' i ,r‘ | _
(using GFP-tagged bacteria or Live/Dead staining)’%-7> d

c

= Used to assess susceptibility of biofilm by P. aeruginosa, E. coli’>"’ Aiciog
. « . . . Igt:;:::e b In‘l’t | Outlet
= While robust and promising, these models require expensive i)
fresh M

equipment and genetically modified bacteria or selective labels Microfuigic  [medem [

channel > p——_ =
Biofilm
growth

Microscope
Objective



“Continuous culture” based models for biofilm AST

CDC biofilm reactor

= Biofilms develop on rotating coupons suspended from the lid
and immersed in growth medium.

= Antimicrobial agents can be added to the bulk fluid phase,
simultaneously exposing all coupons.

= Sampling achieved by removing coupon holder at desired times.

= Coupons are sonicated, and then vigorously vortexed to dislodge
and disperse the cells from the biofilm.

= Biofilm measurement by plate counting or CLSM staining.”®7°

Inlet port

= Standardized device, indicated for modeling prosthesis-related
biofilms, due to high flexibility in choosing material and the
presence of high shear stress

Lid supporting
slides

| Slides supporting
coupons

Vessel

‘ Sampling__|
. coupons

e o [ ]
o o] e
o o j o
Medium | Stir bar
| J = Outlet port
ASTM
AEIW INTERNATIONAL






“Continuous culture” based models for biofilm AST

Drip flow biofilm reactor

= |t consists of completely separate parallel channels, each one with an individual lid
to keep the aseptic conditions during the sampling process.

= Each channel contains a coupon that may be made of a variety of materials.

" The medium enters in each chamber through a 21-gauge needle inserted in the lid
septum, then runs down the length of the coupons (low shear) that is maintained at
an angle of 10°.

= Several studies used the DFBR to assess the efficacy of disinfection strategies for
biofilm control.80-83

= Standardized, it is suitable to mimic low shear stress situations and the biofilm }
growth occurs at the air/liquid interface (CF lungs, teeth biofilms and wounds).84-8°

eedle and
septum

1ovable
egs Glass slide

Ag]:b) ASTM
{17 INTERNATIONAL

Close-up of biofilm



When an
alternative (biofilm)
susceptibility
testing is
«justified»?

Alternative susceptibility testing is justified only if the
following requirements can be met:

1. the results cannot be predicted on the basis of
current microbiological characterization

2. the results can be interpreted in a way that provides
clinical benefit




Quantitying the antibiotic activity on biofilms

Pharmacodynamic parameters

TABLE 2. Pharmacodynamic parameters of antimicrobial activity in planktonic and biofilm-growing bacteria

Parameter Definition

MIC The lowest concentration of an antibiotic that inhibits the visible growth of a planktonic culture after overnight incubation

> MBIC The lowest concentration of an antibiotic that resulted in an OD difference of <I0% (| log difference in growth after 6 h of incubation) of the mean
of two positive control well readings

MBC The lowest concentration of an antibiotic producing a 99.9% CFU reduction of the initial inoculum of a planktonic culture
> BBC The lowest concentration of an antibiotic producing a 99.9% reduction of the CFUs recovered from a biofilm culture as compared to the growth control
» MBEC The lowest concentration of an antibiotic that prevents visible growth in the recovery medium used to collect biofilm cells
» BPC Same as the MBIC, but bacterial inoculation and antibiotic exposure occur simultaneously

BBC, biofilm bactericidal concentration; BPC, biofilm-prevention concentration; MBC, minimal bactericidal concentration; MBEC, minimal biofilm-eradication concentration;

MBIC, minimal biofilm inhibitory concentration; OD, optical density.
Macia et al, Clin Microbiol Infect 2014

a = 150
‘ﬂg_ 100~ """ MBEC of mature biofilm: 128 png per ml
o
= 5o T MBEC of young biofilm: 64 ng per ml
c _
3 2
5 § 16—F-----------—--- MBIC of mature biofilm: 16 pg per ml
© biofilm eradication £
] £
b5 2 124
g 3
5 % MBIC of young biofilm: 8 ng per ml
U . _— O MBC: 8 ng per ml
planktonic cells eradication 2
o
2 4o
8
. T MIC: 2 ng per ml
S
@) 0 T T =1

1 1 1
. . 0 50 100 150 200 250
Time (minutes) Time (minutes
ime (minutes



1. Biofilm AST cannot be predicted by conventional AST

TABLE 3. Comparison of planktonic and biofilm growth pharmacodynamic parameters of antimicrobial activity described for

Pseudomonas aeruginosa

U se Of b | Ofl I m susce ptl b | I Ity a SsayS h as s h own t h at Antibiotic MIC (mglL) MBIC (mg/L) MBEC (mg/L) MBEC (mg/L) BBC (mg/L) BPC (mglL) Biofilm model

. . . on eme . . AZT @ >128° » 8 1024 = : -, Calgary device
antimicrobial susceptibility based on biofilm growth o o o 16 S
1MP 291 ey 64"132* 4"1‘;:‘ . |924=f>|024" 255"d 33" Calgary device
H H g H CIP 0.5%0.125%/1 171 0.25%1 4 2564 1 Calgary devi

differs significantly from that based on planktonic one: Tos 2 2 i ¥ Colary doin
coL 292° 16/16° 19/8° 128° 64° o Calgary device

AZM 1287128° 2'/16° >128° = 512° 8° Calgary device

CXA-101 0.5° = 0.5° = 0.5° = Calgary device

AZM, azithromycin; AZT, aztreonam; BBC, biofilm bactericidal concentration; BPC, biofilm-prevention concentration; CAZ, ceftazidime; CIP, ciprofloxacin; COL, colistin; IMP,

= Biofilm-PD parameters were found to be 100 to 1000
times higher than planktonic-ones®’-#, Further:%0-23 R

®Obtained from [64]. Pseudomonas aeruginosa ATCC 27853 values.
“Obrained from [88]. PAOI values.

- . _ TH _ ‘:Obta!ned from [89]. Fifty per cm'. value of a clinical collection.
time-dependent killing of B-lactams veined fom 58 PAG! o Macia et al, Clin Microbiol Infect 2014

= concentration- or dose-dependent killing for
ciprofloxacin, colistin and tobramycin

Table 3. Effect of susceptibility test method and drug selection hierarchy on antibiotic assignments (n = 40)

u Site—d e pe N d e nt ki I I i ng: aga i nst meta b0| ica | |y Assignment to antibiotic class or combination (% of regimens)
active outer layers (ciprofloxacin, beta-lactams, chronic hicrarchy acute hierarchy

tObramyCin), Or quiescent inner |ayers (CO“Stin) Antibiotic class or combination MIC BIC MIC BIC
[lL'ticlam ) 100.0 42.5 100.0 65.0
» The adoption of biofilm AST leds to substantially Foroameions 600 0 300 020
. . . . Macrolide ND* 575 ND* 15.0
different simulated regimens compared with BLaciam + anoglycoride 0 100 700 550

. . . . - ‘fiCla]Tl + _uoroqumo ()DCI A . A .
conventional testing (i.e. CF patients)® Jrinoglyeoride ¢ fuoroguinelone - 100 . 73
Aminoglycoside + macrolide ND* 5.0 ND* 25
Fluoroguinolone + macrolide ND* 425 ND* 5.0

“Because of historical high-level resistance, azithromycin MICs were not determined, thus macrolides were not considered for conventional regimens.

Moskowitz et al, J Antimicrob Chemother 2005



When an
alternative (biofilm)
susceptibility
testing is
«justified»?

Alternative susceptibility testing is justified only if the
following requirements can be met:

1.

the results cannot be predicted on the basis of
current microbiological characterization

. the results can be interpreted in a way that

provides clinical benefit



PK/PD parameters for biofilm-related treatment decisions

What is a “significant reduction” for medically relevant biofilms?

= Deciphering what may be a “target reference” there are two sides of the fence to consider when posing
guestions around the performance standards of an agent that cites claims on “effectiveness” or “efficacy”:

1. there is a regulatory perspective that looks to determine a “target reference” based on standardized
approaches using statistical attributes

2. how well in vitro results translate to clinical efficacy and if this target reference correlates to improvements
in clinical symptoms and resolution of chronic infections

= Although clinical isolate comparisons using biofilm susceptibility testing have been restricted to a very small
number of species (mainly P. aeruginosa, E. coli, S. epidermidis, S. aureus), it has been suggested that treatment
decisions should be based on MBIC or MBEC values®>

= However, currently there is contrasting/insufficient evidence on what would be a potential target value:
= MBIC does not predict clinical success of treatment for catheter-related BSIs due to enterococci®®

= MBEC does not demonstrate superiority of treatment based on biofilm AST over conventional AST in two
randomized controlled clinical trials addressing treatment of P. aeruginosa infections in CF patients®’



2. Biofilm susceptibility antibiotic testing is

not a better predictor of clinical response

=\ Cochrane
é) Library
= A recent systematic review compared biofilm AST-driven therapy to
conventional AST-driven therapy in the treatment of P. aeruginosa

i nfe Ct i on i N C F p at i e nts . 97 Standard versus biofilm antimicrobial susceptibility testing to

guide antibiotic therapy in cystic fibrosis (Review)

= The searches identified two multicentre, randomized, double-blind
controlled clinical trials. I
= Selected outcomes: FEV (L and % predicted), Time to next exacerbation, e ———n
Adverse events, Sputum density, Quality of life. R r Cystic Fibrosis Airway infection -
= MBIC values assessed by Calgary biofilm device. i+ e o e ey WP i
» There was no difference in any of the selected outcomes between the two g1 b
groups in either trial. | ——
Randomized controlled trial of biofilm antimicrobial @mm

susceptibility testing in cystic fibrosis patients?<

Yvonne C.W. Yau *, Felix Ratjen °, Elizabeth Tullis ¥, Pearce Wilcox ¢, Andreas Freitag °,
Mark Chilvers , Hartmut Grasemann °, James Zlosnik £, David Speert 2, Mary Corey ",
Sanja Stanojevic °, Larissa Matukas ', Timothy Ronan Leahy /, Sarah Shih ', Valerie Waters '+

The current evidence is insufficient to recommend choosing antibiotics based on biofilm AST
rather than conventional AST in the treatment of biofilm-related infections




Why are in vitro tests NOT predictive of the in vivo situation?

Physicochemical and biological factors

Most of our knowledge regarding biofilm derives from in vitro assays, although most in vitro models are poorly
representative of the “environment” observed at the infection site

Biofilm features IN VIVO?&-104 IN VITRO
Test medium sputum, saliva, urine, blood commonly used media (e.g. TSB, ca-MHB)
Flow type mostly dynamic mostly static

not always exposed to a continuous flow of

Exposure to nutrients fresh media or suspended in static liquid continuous
Exposure to antibiotics indirectly reached by antibiotics direct
Adhesion to a surface not _always; biofiIrT] can be embgdded in tissue oy
or sited between implant and tissue
Organization can be nonattached, relatively small, aggregates «mushroom-like» structure
Atmosphere mostly hypoxic or anoxic mostly aerobic
Etiology often polymicrobial mostly monomicrobial
Host response inflammatory response elicited not considered

underestimated (isolates selected for

Microbial diversity can be high prevalence or specific morphotypes)




In vitro testing of antimicrobial susceptibility of biofilm

The importance to choose a reliable model

The selection of the model system can have a profound influence on the results.

For example, CF P. aeruginosa biofilm grown under “CF-like” conditions is:

more resistant to tobramycin
(artificial sputum medium)

more susceptible to colistin
(acidic pH, anaerobic conditions)

°
lee Journal of Visualized Experiments

www.jove.com

Video Article
Use of Artificial Sputum Medium to Test Antibiotic Efficacy Against
Gontents liss avallbleat SfenceDiect P Pseudomonas aeruginosa in Conditions More Relevant to the Cystic Fibrosis
Diagnostic Microbiology and Infectious Disease Lung
o
journal homepage: www.elsevier.com/locate/diagmicrobio 3 :‘: Sebastian Kirchner', Joanne L Fo(hergillz, Elli A. Wright', Chloe E. James', Eilidh Mowat', Craig Winstanley1
Table 3
In vitro activity of colistin against 5-day-old biofilms formed by 12 P. aeruginosa strains
In vitro activity of colistin against biofilm by Pseudomonas aeruginosa is W) isolated from CF patients. e - -
.. . . . o 5 N rains
significantly improved under “cystic fibrosis-like Strain MBEC (pg/mL) MBEC ratio PSMIC g (ug/ml) BSMIC g (ug/ml)
physicochemical conditions Under the following (“Standard”/“CF-like") Aerobic Microaerophilic? Aerobic Microaerophilic 2
Arianna Pompilio *®, Valentina Crocetta *P, Stefano Pomponio *°, conditions: PAO1 4 4 8 >512
PRI e i Di abxk
Ersilia Fiscarelli , Giovanni Di Bonaventura “Standard” “CF-like™ Liverpool Epidemic Strain (LES) isolates
Pal 256 64 4 LESB582" 8 64 64 128
5 Pa2 128 128 1
Standard CF-like o ) 128 05 LES4002 32 128 8 256
a e N : - Pad 512 512 1 LESB25 16 32 256 512
w Pa5 256 128 2
|<—( Pa6 ~1024 128 >8 LESB55 16 64 64 >512
g Pa7 1024 128 8 LESB64 16 64 >512 >512
[= Pag 64 32 2 P
4 8 32 >512
= Pal0 1024 256 4 LES431
Pal6é 32 32 1 LESB49 16 64 64 256
Fal8 236 125 2 LES109 32 128 2 >512
_ Pa21 1024 512 2
E MBEC5q? 256 128 Non-LES isolates
S MBECs0” 1024 512 49461 16 32 16 >512
3 MBEC,nge 32t0>1024 32-512
> 59032 0.5 2 4 >512
= MBEC was measured both under “standard” CLSl-recommended (aerobiosis, pH 7.4) and
5 “CF-like” (anaerobiosis, pH 6.4) conditions. In bold are the MBEC ratio values showing a 59073 »512 >512 »812 >512
6‘ i significant difference (>2-log,) between MBEC values obtained under 2 experimental 59076 16 32 32 >512
o conditions considered. 27 3 16 4 >512
* MBECs represents the MBEC value at which >50% of the strains are inhibited.
b MBECq represents the MBEC value at which >90% of the strains are inhibited. 45 18 32 4 >512

Table 1. Susceptibility of P. aeruginosa to tobramycin.




In vitro testing of antimicrobial susceptibility of biofilm

Choosing a reliable model

Biofilm-related

. . In vitro models Surface preconditioning?® Medium
infection
- urine (urinary catheters)
- blood components (fibrin, : :
s . - urine (urinary catheters)
- CDC biofilm reactor laminin, collagen), serum, .
prostheses . : . - blood or serum (CVC, hip prostheses)
- Robbins device plasma (CVC, hip prostheses) e . .
. pe ) - artificial saliva (ventilators)
- saline, artificial saliva
(ventilators)
- flow cell® - collagen, fibronectin
wound - Duckworth biofilm model¢© NAd - serum, plasma, whole blood; saline'0>106
- drip flow biofilm reactor - simulated wound fluid1%”
- drip flow biofilm reactor I .
CF lung P NA - artificial sputum medium?9°

- alginate bead0®

2 Preconditioning of the device is needed when it is expected to be exposed to a clinical environment prior to contacting microbes.

b Flow cell allows for “"Gram-negative shift".

¢ Duckworth model might be used as the test dressing can be applied directly on top of the biofilm, akin to the treatment of a real wound.
4 NA, not applicable



Bridging the gap
between in vitro and
in vivo biofilms

Choosing a reliable
model

s
o

Models are often chosen based on their simplicity, ability to reflect
growth conditions of the bacterial species tested, preferences of
the investigators and resources available.

However, other criteria should be considered. Among those:

= Biofilm should grow under environmental conditions
similar to the infection site:

= surface, growth (synthetic) medium, shear stress, pH,
temperature, O, level

* host immune response remains difficult to reproduce

= Surface conditioning is needed when substratum is
expected to be exposed to a clinical environment prior to
contacting microorganisms

» The method should allow minimal sample handling to
reduce contamination or to avoid alteration of biofilm
structure during the testing




Summing up

Although both scientific and medical communities have the awareness of the role of biofilms in human health and
disease, we are not further along in the battle against biofilm-associated infections:

* (minimal) data correlating in vitro results to clinical outcomes indicate that biofilm AST are not representative of
the clinical efficacy

= clinicians find difficult to understand how in vitro methods translate to something of clinical relevance

To let the biofilm be included as part of the clinician’s decision-making in terms of infection management we need:

= a standardized laboratory diagnosis of biofilm-related infection: clinicians need to start asking if the patient has
a chronic biofilm or an acute infection

= a3 standardized ad simple-to-use biofilm assay highly predictive of in vivo outcome: current in vitro tests are
not predicting how the antibiotic will perform clinically

= an appropriate outcome, so clinicians understand the “effectiveness” of a drug, whether biofilm was reduced (if
so, by how much?) or even eradicated; importantly, any reductions or killing of a biofilm should be associated
with a reduction of infective symptoms and improved patient outcome



= to “humanize” in vitro models so that they accurately
reproduce the conditions observed in vivo, making them
compatible with routine clinical microbiology laboratory
practice

s
o

= to standardize the procedures, parameters and
' : K. breakpoints (i.e. MBIC, MBEC) to applicate the obtained
Brldgl Nng the gdp data to the clinical setting, including the comparison of

between /n vitro and .. different treatment strategies

= to perform in vitro studies comparing biofilm AST-driven
therapy to conventional AST-driven therapy in the

Futu re St rategies _ treatment of biofilm-related infections

= more in vivo studies and clinical trials based on biofilm
AST-driven therapy

in vivo biofilms




Thanks a lot for your attention !
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Bridging the gap
between in vitro and in
vivo biofilms

Searching for AST
platforms beyond the
commonplace ones

" Thermo-reversible polymers

" Chip calorimetry

* Microfluidic-electrochemical coupled system
» Alginate bead

" Duckworth biofilm device

... and many others ...



New models for biofilm AST
Poloxamer thermo-reversible matrix

= Poloxamer 407 is a nontoxic, inert, di-block copolymer of polyoxypropylene
and polyoxyethylene.

= The key feature of poloxamers is their thermo-reversible properties: liquid at
< 15°C, they become a semisolid gel at higher temperatures.

J Infect Chemother (2011) 17:195-199
DOI 10.1007/510156-010-0109-x

ORIGINAL ARTICLE

Measuring antimicrobial susceptibility of Pseudomonas
aeruginosa using Poloxamer 407 gel
Hiroyuki Yamada - Naohito Koike -

Tomoko Ehara - Tetsuya Matsumoto

Aztreonam

= Microorganisms cultured in a semi-solid poloxamer matrix form

microcolonies exhibiting a biofilm phenotype with increased tolerance to
disinfectants, antimicrobials and silver-containing wound dressings.®>-%°

= Antibiotic efficacy measured by fluorescence (Syto9) or viable cell count.

ADVANTAGES:

» Easy and improved biofilm recovery after
poloxamer liquefaction by “flash cooling”

= Biofilm not attached to a surface (e.g. CF lung
infections, chronic wound)
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New models for biofilm AST
Chip calorimetry

= |t detects microorganisms via their metabolic heat and can be applied
for the real-time monitoring of biofilm activity.

= A flow-through system is needed to avoid bias due to planktonic cells.

= Arecently developed chip-calorimeter has been validated for P.
putida biofilm AST, against ATP content and cell viable count.100.101

= The main component is a silicon chip, with a thermo-sensitive
membrane containing 118 BiSb/Sb thermocouples, that converts the
heat bacteria-generated into a voltage signal.

= Short thermal equilibration times (12 sec).

* Ongoing development of multichannel chip-calorimetry
(measurement of separated samples with one calorimeter) or
calorimetric reading of microtiter plates.

ADVANTAGES:

= not required biofilm disruption or recultivation (long-term real-time monitoring)
= small size (high flexibility, low medium consumption)

= informative about antibiotic mechanism of action

ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Jan. 2010, p. 312-319
0066-4804/10/$12.00  doi:10.1128/ AAC.00583-09
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

and Bacteriostatic Treatments of Biofilms’

Vol. 54, No. 1

Chip Calorimetry for Fast and Reliable Evaluation of Bactericidal

F. Buchholz,! A. Wolf,? J. Lerchner,? F. Mertens,> H. Harms,' and T. Maskow'*

TU Bergakademie Freiberg, Institute of Physical Chemistry, Freiberg, Germany*

F. Mariana et al. / International Journal of Medical Microbiology 303 (2013) 158-165
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Fig. 1. Scheme of a calorimeter chip with flow-through chamber (A) and photograph of the chip-calorimeter without flow-through chamber (B). The tempered inner
(cylindric) and outer (ashlar-formed) thermostats were opened for better visibility.
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View Journal | View Issue

Microfluidic-electrochemical coupled system 7. srwishasms s

Cite this: Analyst, 2015, 140, 7195

biofilms+

Thaddaeus A. Webster, Hunter J. Sismaet, I-ping J. Chan and Edgar D. Goluch*

= A cheaper and easier method of determining the relative amount of live cells in a biofilm under
exposure to antibiotics can be achieved by monitoring the electrochemical response of the system.

= P ageruginosa produces the blue electro-active molecule pyocyanin (PYO), a potential marker of cell
viability and virulence.11%111 PYQ is able to undergo reversible redox (exchange of electrons)
reactions, and its presence can be measured with standard electrochemical techniques.112.113

[PYO)/uM

F j}ter

ADVANTAGES:

= an electrochemical sensor
might be used for monitoring
the status of infections in vivo
while antibiotic treatment.

[Live PA14]/10° Cells/mL

0 4 100
[Colistin Sulfate]/mg/L

Fig. 3 (A) Response of PA14 biofilms at selected time points during the
48 hour experiments. (BL = Bacteria loaded into the chamber). Left axis:
average peak current (blank subtracted) measured over time in PA14
cultures exposed to colistin sulfate at 0 (green right slash), 4 (red left
slash, low MIC), 16 (blue crosses, High MIC), and 100 mg L™ (pink no
slash lines). Right axis: approximate pyocyanin concentration based on
calibration curve. * indicates time points where only two replicates were
used. ** indicates P < 0.05 from ANOVA analysis of the 16 and 100 mg
L™ antibiotic concentrations against the control. (B) Live cell counts
from PA14 after exposure to 0, 4, 100 mg L™* colistin sulfate. Error bars
are one standard deviation of mean for 3 samples. ** indicates P < 0.05
from ANOVA analysis between the number of cells.
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New models for biofilm AST Pseudomonas aeruginosa Aggregate

Formation in an Alginate Bead Model

Alglnate bead SyStem System Exhibits /n Vivo-Like

Characteristics

Majken Senderholm,® Kasper Nerskov Kragh,? Klaus Koren,”
Tim Holm Jakobsen,*® Sophie E. Darch,© Maria Alhede,® Peter @strup Jensen,®

= Biofilm growth into alginate beads incorporating the alternative electron acceptor NO;- Marvin Whitelev.< Michael Kuhl.>* Thomas Biarnsholt*
into the beads, to mimic P. aeruginosa anaerobic growth.

Tobramycin treatment

Control

= Spatially structured aggregates similar to those seen in CF lungs and chronic wounds:114115
= separated by a secondary matrix and not attached to a surface
= steep O, concentration gradients in the alginate beads
= alginate-encapsulated bacteria are less metabolically active

= tolerance toward tobramycin is dependent on the physiological growth stage of P.
aeruginosa rather than on transport limitation
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“Continuous culture” based models for biofilm AST
Duckworth biofilm device

ch 215 (2018) 141-147

Contents lists available at ScienceDirect

Microbiological Research

journal homepage: www.elsevier.com/locate/micres

= Single part instrument, consists of individual channels.11®

A novel flow-system to establish experimental biofilms for modelling )

u BiOfiImS can be CUItured on Ce”UIOSG (MF'MiIIipore; CeIIUIOse chronic wound infection and testing the efficacy of wound dressings )
acetate/ce”ulose nitrate) diSkS for recovery and enumeration’ Or On glass Peter F. Duckworth™”, Richard S. Rowlands®, Michele E. Barbour®, Sarah E. Maddocks®
coverslips for microscopic analysis.

= Advantages: re-usable (sterilizable), technical expertise not required, no
cross contamination, can be 3D-printed in a variety of materials, throughput,
multi-sample analysis.

= Particularly indicated for chronic wound biofilms which are typically not
submerged but grow at the air-liquid interface of the wound bed, being
“fed” from beneath by wound exudate. This approach also allows for the

application of wound dressings. Side view Top view
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New models for biofilm AST
Collagen gel matrix-based model

Simulated Wound Fluid (SWF): 50% Fetal Bovine Serum + 50%
Peptone Water in 0.1% sterile saline (Werthén et al., 2010)
Collagen gel matrix: bovine collagen type | + SWF + | NaOH 0.1 M

1-day biofilm

;‘ frontiers
in Microbiology

ORIGINAL RESEARCH
published: 22 December 2017
doi: 10.3389/fmicb.2017.02591

7-day biofilm

Myroides odoratimimus Forms
Structurally Complex and Inherently
Antibiotic-Resistant Biofilm in a
Wound-Like in vitro Model

Arianna Pompilio ™%, Giuseppe Galardi™?, Fabio Verginelli*?, Maurizio Muzzi*,
Andrea Di Giulio* and Giovanni Di Bonaventura'?
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“Continuous culture” based models for biofilm AST
Robbins device

= |t consists of a pipe with several threaded holes where coupons are mounted on the end of screws placed
into the liquid stream.

= The coupons are aligned parallel to the fluid flow and can be removed independently.

= Artifacts due to the handling of the samples, entry effects are common (a stabilization length is required to
allow direct comparison of the biofilm obtained in different coupons).

= Advantages: it can sustain continued biofilm growth for several weeks or more without interruption.6263

= Mainly used for testing the antibiotic susceptibility of oral biofilm (S. sanguis, P. gingivalis, S. mutans),%4-¢’
and also on central venous catheters®® and voice prostheses.°
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Laboratory model to assess AST of biofilm
BEST™(Biofilm Eradication Surface Testing)

It is a batch culture based model in which catheter segments are attached to a custom designed lid that exposes only the coated sides to the

challenge fluids.
This method minimizes the handling of test and control samples, as well as significantly reducing contamination incidences. In addition, it is a

high throughput assay, as it is designed to handle 6—12 samples at a time.
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