LUND UNIVERSITY

Dynamics of a Staphylococcus aureus infective endocarditis simulation model

Schwartz, Franziska A.; Nielsen, Luna; Andersen, Jessica Struve; Bock, Magnus;
Christophersen, Lars; Sunnerhagen, Torgny; Lerche, Christian Johann; Bay, Lene;
Bundgaard, Henning; Hgiby, Niels; Moser, Claus

Published in:
APMIS

DOI:
10.1111/apm.13231

2022

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):

Schwartz, F. A., Nielsen, L., Andersen, J. S., Bock, M., Christophersen, L., Sunnerhagen, T., Lerche, C. J., Bay,
L., Bundgaard, H., Hgiby, N., & Moser, C. (2022). Dynamics of a Staphylococcus aureus infective endocarditis
simulation model. APMIS, 130(8 ), 515-523. https://doi.org/10.1111/apm.13231

Total number of authors:
11

Creative Commons License:
CC BY-NC-ND

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY
PO Box 117

221 00 Lund
+46 46-222 00 00

Download date: 05. Aug. 2024


https://doi.org/10.1111/apm.13231
https://portal.research.lu.se/en/publications/8ef21a74-1d83-4d8b-a5c9-8b172bac8eb3
https://doi.org/10.1111/apm.13231

JOURNAL OF PATHOLOGY,

MICROBIOLOGY AND IMMUNOLOGY

© 2022 The Authors. APMIS published by John Wiley & Sons Ltd on behalf of Scandinavian Societies for Medical Microbiology and

Pathology.
DOI 10.1111/apm.13231

Dynamics of a Staphylococcus aureus infective

endocarditis simulation model

FRANZISKA A. SCHWARTZ,! LUNA NIELSEN,'? JESSICA STRUVE ANDERSEN,'?
MAGNUS BOCK,' LARS CHRISTOPHERSEN,' TORGNY SUNNERHAGEN,!**
CHRISTIAN JOHANN LERCHE,’ LENE BAY,® HENNING BUNDGAARD,”® NIELS HOIBY!® and
CLAUS MOSER'"®

'Department of Clinical Microbiology, Rigshospitalet, Copenhagen, Denmark; *Department of Technology,
Faculty of Health, University College Copenhagen, Copenhagen, Denmark; Section for Infection Medicine,
Department of Sciences Lund, Lund University, Lund, Sweden; “Department of Clinical Microbiology, Office
for Medical Services, Lund, Sweden; *Department of Infectious Diseases, Rigshospitalet, Copenhagen,
Denmark; *Department of Immunology and Microbiology, Costerton Biofilm Center, University of
Copenhagen, Copenhagen, Denmark; 'Department of Cardiology, Copenhagen University Hospital Herlev,
Copenhagen, Denmark; and *Department of Clinical Medicine, University of Copenhagen, Copenhagen,
Denmark

Schwartz FA, Nielsen L, Andersen JS, Bock M, Christophersen L, Sunnerhagen T, Lerche CJ, Bay L, Bundgaard
H, Lerche CJ, Hoiby N, Moser C. Dynamics of a Staphylococcus aureus infective endocarditis simulation model.
APMIS. 2022.

Infective endocarditis (IE) is a serious infection of the inner surface of heart, resulting from minor lesions in the endo-
cardium. The damage induces a healing reaction, which leads to recruitment of fibrin and immune cells. This sterile
healing vegetation can be colonized during temporary bacteremia, inducing IE. We have previously established a novel
in vitro 1E model using a simulated IE vegetation (IEV) model produced from whole venous blood, on which we achie-
ved stable bacterial colonization after 24 h. The bacteria were organized in biofilm aggregates and displayed increased
tolerance toward antibiotics. In this current study, we aimed at further characterizing the time course of biofilm forma-
tion and the impact on antibiotic tolerance development. We found that a Staphylococcus aureus reference strain, as
well as three clinical IE isolates formed biofilms on the IEV after 6 h. When treatment was initiated immediately after
infection, the antibiotic effect was significantly higher than when treatment was started after the biofilm was allowed to
mature. We could follow the biofilm development microscopically by visualizing growing bacterial aggregates on the
IEV. The findings indicate that mature, antibiotic-tolerant biofilms can be formed in our model already after 6 h, acce-
lerating the screening for optimal treatment strategies for IE.
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Infective endocarditis (IE) is a relatively rare, but
life-threatening infection of the endocardium, the
inner layer of the heart, often involving native or
prosthetic heart valves or implanted devices, such as
pacemakers [1]. Left-sided IE is increasing in inci-
dence over the last two decades [2-4] and has sub-
stantial fatality rates even under modern treatment
[5]. The most frequently identified microbial etiology
in IE is Staphylococcus aureus [1,6-8]. The patho-
physiological basis for development of IE on native
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tissue is a lesion or minor defect in the endothelium
of the endocardium, inducing a sterile healing vege-
tation consisting of fibrin, platelets, and leukocytes.
This vegetation on the exposed heart surface, most
often the valve, is susceptible to bacterial coloniza-
tion during temporary bacteremia [9]. The bacteria
attach to the healing defect and form a vegetation of
bacteria, fibrin, and recruited immune cells, resulting
in a biofilm mode of growth [10,11]. The biofilm
grows with further recruitment of immune cells and
with bacteria producing the extracellular matrix,
both leading to further damage of the heart valves.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, 1
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Biofilms are considered a treatment challenge in IE
[12,13] as they are characterized by slow growth and
increased tolerance toward a wide range of antimi-
crobial agents and the host immune response [11].

The biofilm mode of growth is considered a sig-
nificant contributor to the antibiotic tolerance of
bacteria in IE, making surgery (in approximately
one quarter of the cases) and high-dose long-term
antibiotic treatment necessary for clearance of the
infection [14]. The choice of antibiotic regimen for
the individual patients is based on the minimal inhi-
bitory concentration (MIC) of the infecting organ-
ism, as well as on clinical experience; however, this
is often not optimal. MICs of a bacterium are deter-
mined based on planktonic, exponentially growing
bacteria in a laboratory setting and do not take into
account that metabolically more inactive, biofilm
growing bacteria exhibit an increased tolerance
toward a wide range of antibiotics [15,16].

In order to improve the treatment and to identify
novel treatment options, it is important to find exper-
imental setups that can more realistically mimic the
antibiotic tolerance development in slow growing
biofilms. We have previously shown that we can
establish a biofilm on biological simulated IE vegeta-
tions (IEVs), consisting of condensed blood, thereby
containing fibrin, viable thrombocytes, and leuko-
cytes [17], which are the essential components seen in
the sterile healing vegetation in IE. We have pro-
vided evidence that the most relevant IE species, S.
aureus, Enterococcus faecalis, and Streptococcus mitis
grow in biofilm aggregates on our IEVs and exhibit
an increased tolerance toward tobramycin, ciproflox-
acin, and penicillin [17]. Previously, for proof-of-
concept, we allowed the bacteria to form biofilms on
the vegetation for 24 h, without following the
dynamics of biofilm formation by means of temporal
development of aggregates and antimicrobial toler-
ance. The purpose of this current project was to fur-
ther characterize the key features of biofilm mode of
growth in this novel IE simulation model by visualiz-
ing the formation of bacterial aggregates and the
time-dependent development of antibiotic tolerance
of the bacterial biofilms.

MATERIALS AND METHODS

Preparation of the IE vegetation simulation model

The simulated IE vegetations (IEV) were prepared as we
previously described [17]. In short, the IEVs were prepared
from whole blood through a specific centrifugation pro-
cess, resulting in a patch which consists of three distinct
layers of fibrin, thrombocytes, and leukocytes. One full
patch was 2.5 cm in diameter and 1-2 mm thick. Each
patch was divided into seven 6 mm IEVs using punch
biopsies (Kai industries, Solingen, Germany) and random-
ized to the different treatment groups.

Preparation of assay medium

All bacteria and antibiotics were diluted in a medium con-
taining equal parts of Krebs—Ringer buffer (SSC Panum,
Copenhagen, Denmark; containing 0.2% (5.2 mM) D-
Glucose (Merck, Darmstadt, GER)), and lysogeny broth
(LB).

Bacterial preparation

Clinical IE isolates of Staphylococcus aureus were derived
from the sample collection of the Partial Oral antibiotic
Endocarditis Treatment (POET) trial [14,18]. The bacterial
strains used in this project are listed in Table 1.

The minimal inhibitory concentrations (MICs) for peni-
cillin, tobramycin, and ciprofloxacin were determined by
E-tests (Biomérieux, Ballerup, Denmark). The bacteria
were incubated overnight (shaking, 38°C) in LB. After
preparation of the patches, the bacterial culture was
diluted in the assay medium.

Preparation of antibiotics

Penicillin (Penicillin G, 1.2 g, Panpharma, Luitré, France),
Tobramycin (40 mg/mL, Eurocept international, Ankev-
een, Netherlands), and Ciprofloxacin (2 mg/mL, Fresenius
Kabi, Uppsala, Sweden) were diluted in the assay medium
to final well concentrations of 10x MIC of the respective
bacterial strain.

Antibiotic exposure assay

The workflow of the antibiotic exposure assay is depicted
in Fig. 1.

Day O0—Preparation of an overnight culture of
the respective bacteria in LB.

Day l—Inoculation and Biofilm formation: The
IEVs were randomized into the wells of a 96-
well plate (fibrin-side facing up). Fifty pL of a
1:1000 diluted bacterial overnight culture (corre-
sponding to approx. 10° CFU/mL; in assay med-
ium) was added to each IEV. Initially (0 h), or
after 3 or 6 h, 150 pL of either assay-medium or
the respective antibiotics (10x MIC) were added,
and the plates were incubated for 24 h at 37°C
under gentle tilting.

Day 2—After a treatment period of 24 h, the
IEVs were transferred into 2 mL tubes (Nerbe
plus, Winsen/Luher, Germany), containing
200 pL 0.9% saline (SSC Panum, Copenhagen,
Denmark) and 1 glass bead (VWR International,
Seborg, Denmark). The samples were homoge-
nized in a TissueLyser IT (Qiagen, Copenhagen,
Denmark) (30 min; 30/s). Serial dilutions were
prepared in 0.9% saline containing 2.5%
Tween80 (Merck, Darmstadt, Germany). Samples
were plated on blood agar (SSI, Hillered, Den-
mark) and incubated at 38 °C overnight. Colony
forming units (CFU) were counted the next day.

2 © 2022 The Authors. APMIS published by John Wiley & Sons Ltd on behalf of Scandinavian Societies for Medical Microbiology and Pathology.
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Table 1. Staphylococcus aureus strains used in this work

Strain Specifics MIC (pg/mL)
Penicillin G Tobramycin Ciprofloxacin
Staphylococcus aureus NCTC 83254 0.03 0.125 0.25
AH 2547 (GFP-tagged NCTC 8325-4) 0.03 0.125 0.25
Clinical IE isolate R 0.5 0.64
Clinical IE isolate R 0.25 0.19-0.25
Clinical IE isolate R 0.75 0.64-0.94

Abbreviations:MIC, minimal inhibitory concentration; GFP, Green-fluorescent protein; IE, Infective endocarditis.

Bacterial overnight
culture in LB

|

Adjust to 1-10°
CFU/mL
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a start point control

Addition of 150 pL antibiotics to
reach 10x MIC in the well

Fig. 1. Experimental workflow for antibiotic exposure assay. Fibrin-rich patches were freshly produced from whole blood
of healthy, voluntary donors and divided into 6 mm punch biopsies. At the start of the experiment, each biopsy was inocu-
lated with 5 x 10* CFU of a Staphylococcus aureus suspension to create the IEVs. At the start and after 3 or 6 h, some
IEVs were homogenized (2 mL tubes containing one glass bead and 200 pL saline, TissueLyserlIl, 30/s, 10 min) and plated
for CFU count as a start control. Other biopsies were treated with 10x MIC concentrations of tobramycin, ciprofloxacin,
penicillin, or their combinations. After 24 h of treatment, the IEVs were homogenized and CFU were evaluated the next

day.

Antibiotic tolerance was defined as a < 2 log reduction
of CFU/g.

Microscopy

IEVs inoculated with the GFP-tagged S. aureus strain
were transferred into Eppendorf tubes containing 10%
buffered formalin either initially or 3, 6, or 9 h post-
bacterial inoculation. IEV were stored in formalin at 4°C
in the dark until use.

Tissue preparation was performed at the University of
Copenhagen (Histolab Panum Institute, Copenhagen,
Denmark). From each IEV, slides were made by cutting

vertical sections in the middle of the IEV for either hema-
toxylin/eosin (H&E) staining (Histolab Panum Institute,
Copenhagen, Denmark) or keeping them unstained for
detection of GFP-tagged bacteria.

Unstained slides for visualization of GFP-tagged bacte-
ria were deparaffinized by sequential washing: Xylene (two
times, 3 min), 50:50 mixture of Xylene and 100% Ethanol
(3 min), 100% ethanol (two times, 3 min), then 3 min
each in 95%, 70%, and 50% ethanol. The slides were
rinsed and stored in tap water until further use.

Slides were evaluated for the formation of bacterial
aggregates on the IEVs by light microscopy (Olympus
BX53, Ballerup, Denmark) or fluorescent microscopy
(100x magnification: Olympus BX53 with fluorescence

© 2022 The Authors. APMIS published by John Wiley & Sons Ltd on behalf of Scandinavian Societies for Medical Microbiology and Pathology. 3
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cube, Ballerup, Denmark; 630x magnification: see below
under CLSM) (Imaging software: cellSense, Olympus, Bal-
lerup, Denmark).

Confocal laser scanning microscopy

For confocal laser scanning microscopy (CLSM), IEVs
incubated with GFP-tagged S. aureus for 24 h were
washed, loaded onto microscopy slides (fibrin side facing
up), and covered with a cover slip.

CLSM (Axio Imager.Z2, LSM710 CLSM; Zeiss, Jena,
Germany/3D reconstruction software Zen Black 2010 (ver-
sion 6.0; Zeiss)/image analysis software Imaris (version 8,
Bitplane, Zuerich, Switzerland)) was carried out at the
Costerton Biofilm Center, University of Copenhagen
(Denmark). CLSM images were recorded at an excitation
wavelength of 488 nm and an emission wavelength of
492-589 nm with the corresponding beam-splitter MBS
594 (Zeiss) using a 63x/1.4 plan-apochromat oil objective
(Zeiss). Images with a resolution of 1024 x 1024 pixels
(scanned twice) and a color depth of 16 bits were subse-
quently deconvoluted into Tiff-files.

Ethical considerations

This project exclusively utilizes blood from anonymous,
voluntary healthy donors, which cannot be linked to speci-
fic persons and is therefore exempted from approval by
the Committee on Health Research Ethics, according to
Danish legislation (Komitéloven §14, Stk.3). In addition,
all biological material was discarded after ending the
experiments.

Statistics

Statistical analyses were carried out in Prism 9 (Graph-
Pad, San Diego, USA; version 9.0.0). Quantitative non-
parametric data were analyzed by Mann—Whitney test or
Kruskal-Wallis for multiple comparisons. A p-value
< 0.05 was regarded statistically significant.

RESULTS

Formation of microscopically visible bacterial
aggregates

Light microscopy of the IEVs revealed visible
biofilm-like bacterial aggregates as early as 6 h
after inoculation, while no bacteria could be seen
after 0 and 3 h. Biofilm was exclusively found on
the fibrin layer, not on the leukocyte layer (Fig. 2,
left panels). Using fluorescence microscopy, we
could confirm that the bacteria seen in light micro-
scopy are S. aureus due to the strong GFP-signal
(Fig. 2, right panels).

Confocal laser scanning microscopy of the IEVs
incubated with GFP-tagged S. aureus for 24 h, con-
firmed the dispersed aggregate formation on the fib-
rin surface in high resolution (Fig. 3).

Development of antibiotic tolerance after 6 h

When initiating a 24-h antibiotic treatment period
at the same timepoint as inoculation or 3 or 6 h
after, an overall increase in antibiotic tolerance was
seen (Fig. 4). Figure 4A displays the results for the
laboratory S. aureus strain MH 8325, while Fig. 4B
shows the combined results for all four S. aureus
strains tested. Penicillin alone and in combination
with tobramycin and ciprofloxacin was only tested
for the laboratory strain, as the clinical isolates
were resistant toward this antibiotic. The log;q
reductions of viable bacteria compared with the
bacterial number at treatment right before initiation
and compared with the untreated controls at the
endpoint, are displayed in Table 2.

Figure 4A + B and Table 2 show that tobramy-
cin alone could only achieve a reduction of biofilm
growth, but no Kkilling. While treatment initiated
right after inoculation achieved a 2.6 (Fig. 4A)/1.85
(Fig. 4B) log;o CFU growth inhibition compared
with untreated controls, no bacterial reduction was
detected after 6 h.

Ciprofloxacin and penicillin (only Fig. 4A), as
well as the combination treatments, were able to
reduce the viable bacteria in the biofilm, compared
with the start point before treatment initiation.
However, the efficiency of the antibiotics decreased
when treatment was started 6 h after inoculation,
compared with right after inoculation (Table 2).
Notably, only the combination treatment of cipro-
floxacin and penicillin on the laboratory strain
achieved a comparable 2 log CFU reduction com-
pared with treatment start for all three timepoints.

DISCUSSION

We have previously shown that our model is suit-
able to establish an antibiotic-tolerant biofilm on
the surface of the IEVs after 24 h, with bacteriolo-
gies comparable with observations in valve vegeta-
tions seen in IE patients [17]. Here, we have further
evaluated the dynamics by means of correlating the
time course of biofilm establishment to the develop-
ment of antibiotic tolerance. In vitro biofilm devel-
opment is considered to be a three-step process,
consisting of bacterial attachment, biofilm matura-
tion, and biofilm detachment [19]. For the labora-
tory S. aureus strain 8325-4, that was used here,
multiple important virulence factors to enable the
initial colonization, are well known (e.g. [20-22]).
We could show that S. aureus attached to the IEVs
within a few seconds (Fig. 4: “before”; data not
shown). This was expected, as the bacterial adhe-
sion to different surfaces is rapidly mediated by

4 © 2022 The Authors. APMIS published by John Wiley & Sons Ltd on behalf of Scandinavian Societies for Medical Microbiology and Pathology.
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Time [h] 0 6
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(100x
magnification)
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surface
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Fig. 2. Biofilm development is microscopically visible after 6 h. IEVs were inoculated with 5 x 10* CFU GFP-tagged Sta-
phylococcus aureus and 2 1EVs were transferred into 4% formalin either right after infection (0 h), or after 3, 6, and 9 h.
Fixated IEVs were stored in formalin in the fridge until usage. IEVs were then embedded in paraffin, and vertical slices
were prepared for microscopy by H&E staining (light microscopy, left panels) or deparaffination for detection of GFP-
tagged bacteria (fluorescence microscopy, right panels) to ensure that the observed aggregates are indeed S. aureus. Dis-
played are representative areas of 2 biopsies at 0 and 6 h after inoculation at 100- and 1000-fold (H&E) or 630-fold (GFP)
magnification. Biofilm-like bacterial aggregates (white arrows) were observed after 6 and 9 (data not shown) hours and
located exclusively on the fibrin-surface of the IEV.

Fig. 3. Confocal laser scanning microscopy reveals uneven distribution of biofilms on the fibrin surface of the IEV. IEVs
were inoculated with 5 x 10* CFU GFP-tagged Staphylococcus aureus and incubated for 24 h. IEVs were washed twice in
200 pL saline and loaded onto microscopy slides with the fibrin surface facing up. Bacterial biofilm formation was
observed with confocal laser scanning microscopy in 100x magnification (A) and 630x magnification (B). Displayed is the
top-down view of a representative area of one IEV (A) and one of the aggregates in close up (B).

charge forces and has previously been shown to
occur on artificial surfaces within seconds [23].
Correspondingly, in Fig. 4, it can be seen that
even bacteria that were treated immediately after
being added to the IEV, were not eradicated by a
single exposure to above-MIC concentrations of the
antibiotics tobramycin, ciprofloxacin (all strains,
Fig. 4A,B), and penicillin (only laboratory strain,
Fig. 4A). They were, however, more susceptible to
antibiotics than bacteria that were allowed to form

biofilms for 3 or 6 h prior to infection (Fig. 4A,B).
This was demonstrated by decreasing log;o reduc-
tions of the CFU of antibiotic-treated IEVs com-
pared with the start and to untreated controls at
the same endpoint. This correlates with the gener-
ally known phenomenon that the minimal biofilm
inhibitory concentration (MBIC) and the minimal
biofilm eradication concentration (MBEC) are often
2-1000-fold higher compared with the MIC of the
bacteria [24-26].

© 2022 The Authors. APMIS published by John Wiley & Sons Ltd on behalf of Scandinavian Societies for Medical Microbiology and Pathology. 5
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Fig. 4. Development of antimicrobial tolerance during Staphylococcus aureus biofilm formation. IEVs were inoculated with
5 x 10° CFU S. aureus NCTC 8325-4 (A) or NCTC 8325-4 and 3 different clinical IE isolates (B). Treatment with peni-
cillin, tobramycin, ciprofloxacin, or their combinations (all at 10x MIC concentrations) was initiated either right at the
start, or after 3 or 6 h and applied for 24 h. “Start” control-IEVs were homogenized before treatment-initiation. Untreated
(“no antibiotics™) controls were supplied with a corresponding volume of fresh media. All IEVs were homogenized 24 h
after treatment start and CFU were counted the day after. The experiment was performed with IEVs produced from blood
of three (NCTC 8325-4) or two (clinical isolates) different donors. One dot represents the mean of duplicates or triplicates
from one donor. Displayed are the means + SD (A) or SEM (B). Relevant statistically significant differences are indicated

with: *: p < 0.05; **: p < 0.01, and ***: p < 0.001.

With this current work, we wanted to evaluate if
biofilm development in our IEV model requires full
24 h, which is the duration of several other studies
to observe the mature biofilms [27,28]. We could,
however, demonstrate that biofilms could already
develop after 6 h under the chosen conditions,
which is in line with similar observations made in
P. aeruginosa biofilm development [29]. This is

influenced by the initial inoculum of 10° CFU/mL,
resulting in 5 x 10* CFU/IEV, corresponding to
approx. 2 x 10° CFU/g IEV. It is uncertain which
bacterial burden in the blood stream is sufficient to
establish adhesion to the endocardium, resulting in
initiation of IE [30]. In one study, rats were intra-
venously injected with 10° and 10* CFU S. aureus
[31]. In an average rat (300 g) with a total blood

6 © 2022 The Authors. APMIS published by John Wiley & Sons Ltd on behalf of Scandinavian Societies for Medical Microbiology and Pathology.
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Table 2. Log;, reductions of Fig. 4

Antibiotic Treatment start Logo reduction compared to

(h after inoculation) Treatment start Untreated endpoint
Tobramycin 0 —/—- 2.6/1.85

3 —/- 0.37/0.36

6 —/= —/-
Ciprofloxacin 0 1.48/1.72 4.8/5

3 2.95/3.29 4.72/5.03

6 0.89/0.48 1.29/0.63
Penicillin 0 1.39 4.71

3 2.17 3.93

6 0.84 1.24
Tobramycin + Ciprofloxacin 0 3.91/3.46 7.23/6.74

3 3.07/3.05 4.83/4.79

6 0.57/0.73 0.97/0.88
Tobramycin + Penicillin 0 2.61 5.94

3 2.63 4.4

6 1.72 2.11
Ciprofloxacin + Penicillin 0 2.14 5.47

3 2.62 4.38

6 2.19 2.59

Note:The means of the values displayed in Fig. 4A and B were calculated. Log;y CFU reductions of the treated samples
were set in comparison with colony counts before treatment initiation and to untreated controls at the endpoint. Values
seperated by a slash indicate the results for Fig. 4A/B. The “—” indicates no reduction.

volume of around 20 mL, this inoculum approxi-
mately corresponds to 50 to 5 x 10*> CFU/mL
blood. The study demonstrated that even low inoc-
ulation concentrations were able to establish endo-
carditis in approximately half of the rats. However,
we have previously shown that an inoculum above
10* CFU/g IEV was required to establish stable
infections in our model, characterized by bacterial
loads comparable with animal models and other
in vitro models [17]. Bacterial inocula between the
used concentration of 2 x 10° CFU/g, but above
the threshold concentration of 10* CFU/g resulted
in an up to 3 h delay of biofilm formation (data
not shown), while inocula below the threshold only
infrequently and unstably resulted in biofilm forma-
tion. Having mature biofilms already after 6 h,
compared with the previously used 24 h, allows us
to expose the biofilms to antibiotics one day earlier,
speeding up the screening of anti-biofilm activity.
Our in vitro data suggest that bacteria are able to
change into a metabolically slow growing biofilm
state within a relatively short time; however, a pos-
sible clinical relevance of this observation remains
to be evaluated further in future experiments.

In the present study, we tested our simulation
IEV model using three clinical isolates from IE
patients from the POET study [14,18]. All produced
penicillinase and were therefore resistant to peni-
cillin. As around one third of clinical S. aureus iso-
lates remain penicillin-susceptible [32,33], we chose
to also include our penicillin-susceptible laboratory
reference strain in this project. As could be
expected, all four employed S. aureus strains

resulted in stable biofilm formation and reacted
similarly to the tested antibiotics. This was further-
more independent of the blood donor, indicating
that the model can be a reliable way to screen anti-
biofilm activities and antibiotic efficacies against a
wide range of bacterial isolates from IE patients.
Regarding the response of the IE vegetation sim-
ulation model to the chosen antibiotics, different
patterns were observed. Our data suggest that
aminoglycosides, such as tobramycin, have very lim-
ited effect on biofilm-resident S. aureus (Fig. 4).
This is in line with our observations using a rat
model of S. aureus aorta IE where tobramycin was
ineffective in killing bacteria on the heart valves and
in the myocardium [34,35], supporting that amino-
glycosides are not an eligible antibiotic class for
monotherapy of S. aureus IE. Both the fluoro-
quinolone and penicillin revealed better antibacterial
effects (Fig. 4) until tolerance was obtained. After
clarifying the essential temporal dynamics between
bacterial aggregate formation and development of
antibiotic tolerance to tobramycin, ciprofloxacin,
and penicillin, we can proceed to use our IEV model
to test optimal antibiotic combinations, concentra-
tions, and treatment timing and to study additional
important IE pathogens as mentioned above.

CONCLUSION

In this project, we investigated the temporal dynam-
ics of our novel IEV model. We were able to evalu-
ate the time-course of biofilm development and

© 2022 The Authors. APMIS published by John Wiley & Sons Ltd on behalf of Scandinavian Societies for Medical Microbiology and Pathology. 7
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correlate it directly to the development of antibiotic
tolerance. We showed that under the chosen condi-
tions, mature biofilms were established after 6 h,
which was characterized by antibiotic tolerance and
microscopically visible biofilm-like bacterial aggre-
gates on the fibrin surface of the patch. Based on
these results, we can proceed to use the IEV model
to investigate optimal antibiotic and anti-biofilm
treatment strategies against other clinical IE bacte-
ria, such as E. faecalis or Streptococcus spp.

We thank Heidi M. Poulsen from the Panum Histolab for
the sample preparations for the microscopy.
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