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Rifampin-soaked synthetic prosthetic grafts have been widely used for prevention or treatment of vascular
graft infections (VGls).

This in vitro study investigated the effect of the antibiotics daptomycin and vancomycin and the new recom-
binant bacteriophage endolysin HY-133 on vascular cells, as potential alternatives compared to rifampin.
Primary human ECs, vascular smooth muscle cells (vSMC), and fibroblasts were cultivated in 96-well plates and
incubated with rifampin, daptomycin, vancomycin, and endolysin HY-133 for 24 h. Subsequently, after wash-
ing, cell viability was determined by measuring mitochondrial ATP concentration. Antibiotics were used in their
corresponding minimum and maximum serum concentrations, in decimal multiples and in maximum soaking
concentration. The experiments were performed in triplicate.

The 10-fold max serum concentrations of rifampin, daptomycin, and vancomycin did not influence viability of
EC and vSMC (100 pg/ml, p>0.170). Higher concentrations of rifampin (>1 mg/ml) significantly (p<0.001) re-
duced cell viability of all cell types. For the other antibiotics, high concentrations (close to maximum soaking
concentration) were most cytotoxic for EC and vSMC and fibroblasts (p<0.001). Endolysin did not display any
cytotoxicity towards vascular cells.

Results of this in vitro study show the high cytotoxicity of rifampin against vascular cells, and may re-initiate
the discussion about the benefit of prophylactic pre-soaking in high concentrations of rifampin. Further studies
are necessary to determine the influence of rifampin on the restoration of vessel functionality versus its pro-
phylactic effect against VGls. Future use of recombinant phage endolysins for alternative prophylactic strate-
gies needs further investigations.
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Background

Vascular grafts are used in aortic reconstructions and in default
of autologous material in peripheral bypass operations. The
most commonly used polymers for the production of vascular
grafts are polyethylene terephthalate (“Dacron™”), polytetra-
fluoroethylene ethylene (e PTFE, “Teflon™”), and polyurethane
(PU), with acceptable biocompatibility to replace vessels of
large and medium diameter [1,2]. For bypass materials, autol-
ogous veins remain, however, superior in terms of primary pa-
tency, having the most optimal biological properties in terms
of tissue acceptance [3,4]. Homografts (cryopreserved arteri-
al allografts) are also an alternative in the treatment of infect-
ed grafts [5-7] as well as xenogenic pericardial patches [8].

Successful graft implantation requires prosthetic vascular graft
healing, which is a multicellular process requiring the coordi-
nation of host immune cells activity, migration, infiltration,
proliferation, and differentiation of endothelial cells (ECs),
smooth muscle cells (SMCs), and their progenitors. Negative
effects of exogenous factors (bacterial infection, nutrition de-
ficiencies, and stresses) lead to synthetic graft failure due to
thrombosis, anastomotic hyperplasia, and vascular graft infec-
tion (VGI), respectively [9].

Vascular graft infection occurs in 0.4-3% of cases and is as-
sociated with high morbidity and high mortality rates (10-
75%) [5,10,11]. Aortic endograft infection can be eradicated
by excision and in situ or extra-anatomic replacement, but is
often associated with early postoperative morbidity and mor-
tality (35%) and occasionally with a need for late removal for
reinfection [5]. Prosthetic graft replacement after explanation
is associated with higher reinfection and graft-related com-
plications and decreased survival compared with autogenous
reconstruction [5].

Considering that Gram-positive microorganisms typically cause
aortic graft infections, pre-soaking of the graft with antibi-
otics seemed an ideal solution for the prevention and treat-
ment of VGIs [11,12].

Numerous antibiotic agents (e.g., rifampin, daptomycin, and
vancomycin) have been tested in vitro and in preclinical stud-
ies as potential candidates, with conflicting results [13-15].
Considering also the limitation of antibiotic resistance, bacte-
riophage-based enzymes, so called endolysins, have been also
suggested as potential non-antibiotic impregnation agents [16].
Endolysins are phage-encoded peptidoglycan hydrolases em-
ployed by the majority of bacteriophages to enzymatically de-
grade the peptidoglycan layer of the host bacterium [17]. They
are considered a potential new class of antimicrobial agents
which could be used both for nasal decolonization of methicil-
lin-resistant Staphylococcus aureus (MRSA) [18,19] and invasive
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infections, as animal models have revealed considerably re-
duced bacterial numbers by endolysins in murine spleens and/or
protected systemically infected animals from death [17,20].

At present, common practice is the use of rifampin, due to its
well-known anti-staphylococcal activity [10]. Several random-
ized studies assessed the efficacy of rifampin-soaked grafts
to prevent VGls after aorto-iliofemoral reconstruction, with-
out showing any beneficial effect of the pre-soaking in terms
of lower reinfection rates after 2 years [21]. While the concen-
tration of rifampin (1 mg/ml) in these studies was low, there
are several case series of graft replacement after graft infec-
tions revealing acceptable reinfection rates in which high con-
centrations of rifampin (60 mg/ml) were used for graft pre-
soaking [12].

However, in vitro studies and animal studies revealed high cy-
totoxic effects on endothelial cells by concentrated rifampin
solutions [13,22].

To our best knowledge, there are no data about the cytotoxic
effects of the aforementioned antibiotics used for graft impreg-
nation as well as for the bacteriophage endolysin antimicrobi-
al effects. To inform the debate, we investigated the effect of
the antibiotics daptomycin, vancomycin and the novel bacte-
riophage endolysin HY-133 on vascular cells, as potential im-
pregnation alternatives compared to rifampin.

Material and Methods

Cell Culture

Primary human endothelial cells (HUVEC) were obtained from
the veins of human umbilical cords of 3 healthy donors, as de-
scribed before [23]. The experimental design was approved by
the Ethics Committee of the Faculty of Medicine, University
of Muenster. Written informed consent was obtained from
all donors. Cells were cultivated in endothelial cell medium
(C2210, PromoCell, Heidelberg, Germany) with the addition
of 100 U/ml penicillin and 100 pug/ml streptavidin (both from
Biochrom, Berlin, Germany).

Vascular smooth muscle cells (vSMC) from the coronary ar-
tery were purchased (Lonza, Cologne, Germany) and cultured
in DMEM with 4.5 g/l glucose, 10% fetal bovine serum, 2 mM
L-glutamine, 1 mM sodium-pyruvate, 100 U/ml penicillin, and
100 pg/ml streptavidin (Biochrom).

Fibroblasts (CCD-32Sk) were acquired from the American Type
Culture Collection (ATCC, Manassas, VA, USA) and cultivated
the same as vSMCs.
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Table 1. Minimum and maximum serum concentrations of antibiotics used and MIC, of HY-133 [24,25,54]. For each concentration and
cell type, at least n=4 wells were chosen. The experiment was repeated 3 times.

Antibiotics MiIc,, Minimum serum conc. Maximum serum conc. Max. soaking conc.
[ng/ml] (Min) [pg/ml] (Max) [pg/ml] [mg/ml]
Rifampin 0.03 0.1-1.0 4-10 60
”””” paptomycin 1 a7 s 100
”””” vancomyn 2 710 s s

Endolysin HY-133 0.5

Immediately before reaching a confluent monolayer, cells were
detached with trypsin (Biochrom). For the experiment, cells of
the 2" and 3 passage were seeded onto 96-well plates at a
cell density of 1x10° cells/cm?2.

Experiment set-up

After an attachment period of 24 h, cells were incubated with
different concentrations of rifampin (Eremfat®, Riemser Pharma,
Greifswald, Germany), daptomycin (Cubicin®, Novartis Pharma,
Niirnberg, Germany), vancomycin (Vancomycin CP, Hikma
Pharmaceuticals, Terrace, Portugal), and the recombinant bacte-
riophage endolysin HY-133 (Hyglos GmbH, Bernried, Germany).

The antibiotics and endolysin were reconstituted in DMEM me-
dium. Since daptomycin decreased the pH of medium, 10 mM
HEPES buffer was added. Antibiotic concentrations were used
in their corresponding minimum (MIN) and maximum (MAX)
serum concentration, in decimal multiples and in the maxi-
mum soaking concentration of the graft in vivo, which repre-
sents the upper limit to allow the substance powder to recon-
stitute into solution. Additionally, at all time points, a negative
control, consisting of the medium without the test compound
(antibiotics / endolysin), was included. All concentrations used
are listed in Table 1. HY-133 is a recombinant bacteriophage
endolysin against S. aureus, which is under development and
represents a further development of the recombinant bacterio-
phage endolysin PRF-119. The in vitro activity of PRF-119 has
been reported elsewhere in detail [24]. The minimum inhibi-
tory concentration (MIC, ) of HY-133 for S. aureus was dem-
onstrated to be 0.5 pg/ml [25]. Since this substance is not yet
available as powder or as a commercial formulation for hu-
man use, there are no data on human serum concentrations
of HY-133. Instead, we used HY-133 in the following concen-
trations: MIC,,, 2xMIC,,, 20xMIC,,, and 100xMIC,,.

For each concentration (including a negative control without
any antibiotic/endolysin) and cell type, at least n=4 wells were
chosen. The experiment was repeated 3 times.
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After 24-h incubation in the solutions listed in Table 1, cells
were washed with phosphate-buffered saline (PBS, Biochrom)
and cell viability was determined as described below.

Cell viability measurement

Cell viability was analyzed by measuring the mitochondrial ad-
enosine triphosphate (ATP) concentration using the CellTiter-
Glo® Luminescence assay (Promega, Mannheim, Germany),
as described before [26]. The number of viable cells is quan-
tified by their amount of ATP and is directly proportional to
the ATP concentration. In brief, after washing, 100 pl PBS and
100 pl Cell-TiterGlo® solution was added to each well. After
an incubation period of 5 min at room temperature, the lumi-
nescent signal was recorded using a multilabel plate reader.
Additionally, standard measurements with defined numbers
of ECs, vSMCs, and fibroblasts were performed, and ATP stan-
dard curves were produced with defined ATP-concentrations
(0.1-50 uM). The ATP measurement accuracy revealed an in-
ter-assay-variance of 2.1 and an intra-assay variance of 8.1.

Osmolarity and pH measurement of antibiotics

In order to exclude any cytotoxic effect of the antibiotics so-
lution due to non-physiological osmolarity or pH values, both
parameters were determined before incubation of the cells.

Osmolarity of the antibiotics solutions was within the upper
physiological range of the respective DMEM medium of 335+5.6
mosmol/l. The values listed for the respective antibiotics: ri-
fampin 339+11.3 mosmol/l, vancomycin 337+7.4 mosmol/|, dap-
tomycin 343+24.9 mosmol/|, and endolysin 336+5.3 mosmol/!|
(OsmoStation OM-6050, Menarini Diagnostics, Wien, Austria).
The pH values were within the physiological range of 7.15-7.45
(pH meter Five Easy FE20, Mettler Toledo, Schwerzenbach,
Switzerland).
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Statistical analysis

The statistical analysis was performed using commercially avail-
able software (SPSS 22.0, 2013, Chicago, IL; USA). Measurement
accuracy was calculated as coefficient of variability (CV) by es-
timating inter- and intra-assay variance. Continuous variables
are presented as mean +SD, median, and range. Before statis-
tical testing, each continuous variable was analyzed explor-
atively for normal distribution (Kolmogorov-Smirnov test). The
Mann-Whitney U test was used for comparison of non-para-
metric variables between study groups. Differences were con-
sidered significant at P<.05.

Results

Influence of rifampin

Rifampin concentrations up to the maximum serum concen-
tration (MAX) of 10 pug/ml did not influence cell viability of en-
dothelial cells. EC viability was decreased significantly to 44%
and 20% by 10-fold and 100-fold MAX (100 and 1000 pg/ml,
respectively; p<0.001), while higher concentrations up to the
maximum soaking concentration were absolutely cytotoxic
(p<0.001) (Figure 1).

In smooth muscle cells, viability was increased significant-
ly (p<0.001) with rifampin concentrations up to the 10-fold
MAX (100 pg/ml) while higher concentrations up to the max-
imal soaking concentrations of 60 mg/ml were also maximal-
ly cytotoxic for SMCs (p<0.001) (Figure 1).

In the presence of rifampin in its minimum serum concentra-
tion of 1 ug/ml, fibroblast viability was not influenced signifi-
cantly, but concentrations of MAX and 10-fold MAX decreased
fibroblast viability to 38% and 35%, respectively (p<0.010).
Higher concentrations and the maximum soaking concentra-
tions of 60 mg/ml were also maximally cytotoxic for fibro-
blasts (p<0.001) (Figure 1).

Influence of vancomycin

Vancomycin concentrations of 10 to 100 pg/ml slightly in-
creased EC viability significantly up to 130% of control (p<0.001)
while it decreased viability of SMC and fibroblasts to about
83% of the control (p<0.003). At concentrations of 1000 ug/
ml, EC viability was comparable to the controls, but SMC and
fibroblast viability dropped to 52% and 45%, respectively, and
were significantly lower (p<0.003). In the maximum soaking
concentration, vancomycin was maximally cytotoxic for all 3
cell types (p<0.001) (Figure 2).
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Figure 1. Influence of rifampin on vascular cells: EC (endothelial
cells), vSMC (vascular smooth muscle cells), and
fibroblasts. Cell viability of ECs and fibroblasts started
to decrease at max serum concentrations of rifampin,
while for SMC it occurred at 10-fold higher rifampin
values. No cell survival of SMCs and fibroblasts was
detected with 1000 pug/ml rifampin; the threshold was
10-fold higher for ECs. MIC,; — minimum inhibitory
concentration, Min — minimum serum concentration,
Max — maximum serum concentration. For each
concentration and cell type, at least n= 4 wells
were chosen. The experiment was repeated 3 times.
Mean intra-assay coefficient of variability (CV) was
2.00+0.89.
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Figure 2. Influence of vancomycin on vascular cells. Cell viability
of ECs, fibroblasts, and SMCs was not affected up to
a vancomycin concentration of 100 ug/ml. Compared
to the negative control and to the other cell types,
ECs displayed higher viability in the presence of
vancomycin. We found no survival of the 3 cell types
at 100 000 ug/ml vancomycin. MIC,; — minimum
inhibitory concentration, Min — minimum serum
concentration, Max — maximum serum concentration.
For each concentration and cell type, at least n=4 wells
were chosen. The experiment was repeated 3 times.
Mean intra-assay coefficient of variability (CV) was
1.31+0.76.
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Influence of daptomycin

All daptomycin concentrations reduced EC viability significantly
(p<0.001), even at the minimum serum concentration of 1 ug/
ml. Fibroblast viability started to decrease at concentrations
above the MAX: at 100 pg/ml only 80% of the cells were viable,
at 1000 pg/ml 75%, and at 10 000 pg/ml only 51% (p<0.001).
At daptomycin concentrations of <100 pg/ml, SMC viability
was even increased compared to the controls. The maximum
soaking concentration of 100 mg/ml was maximally cytotox-
ic for all 3 cell types (p<0.001) (Figure 3).

Influence of endolysin HY-133

Vascular cell viability was not decreased by endolysin con-
centrations of 0.5-10 ug/ml. Instead, at concentrations of 0.5
pg/ml, EC viability was increased (p=0.020). At higher endoly-
sin concentrations (50 ug/ml), viability of ECs and SMCs was
slightly decreased (p=0.025 and p=0.002, respectively), while
viability of fibroblasts was comparable to the control (Figure 4).

Discussion

The in vitro results of our study show the high cytotoxicity of
rifampin against vascular cells already at a 10-fold maximum
serum concentration. However, vancomycin and daptomycin
also revealed cytotoxic effects at comparable concentrations.
In summary, all antibiotics were 100% cytotoxic at their max-
imum re-suspending concentrations. No considerable cytotox-
ic effects were detected with endolysin HY-133, although very
high concentrations could not be investigated.

The efficacy of the bacteriophage endolysin to remove the bio-
films formed was demonstrated in several experiments [17].
Low concentrations of the endolysin LysH5 (0.15 mM) were
effective to decrease viable bacteria inside biofilms formed by
Staphylococcus aureus and Staphylococcus epidermidis strains.
LysH5 reduced staphylococcal sessile cell counts by 1-3 log
units compared with the untreated control, and sub-inhibito-
ry concentrations of this protein did not induce biofilm for-
mation. The results demonstrated that besides the notable
activity of endolysin LysH5 against staphylococcal biofilms,
persister cells were also inhibited, which raises new opportu-
nities as an adjuvant for some antibiotics [27].

The first evidence of the potential toxicity of high rifampin concen-
trations for endothelial cells was provided by the use of rifampin-
soaked grafts in cell culture flasks; however, cell density and actual
rifampin concentration used were not defined [13]. According to
the present investigation, the threshold of cell toxic rifampin con-
centrations seems to be the 10- to 100-fold MAX-concentration
for all types of vascular cells: EC, SMC, and fibroblasts.
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Figure 3. Influence of daptomycin on vascular cells. Cell
viability of ECs already decreased with daptomycin
concentration at MIC, . Viability of fibroblast and SMC
was not affected up to 100 ug/ml daptomycin and
decreased with higher concentrations. No survival of
the 3 cell types could be detected at 100 000 pg/ml
daptomycin. MIC,; — minimum inhibitory concentration,
Min — minimum serum concentration, Max — maximum
serum concentration. For each concentration and cell
type, at least n=4 wells were chosen. The experiment
was repeated 3 times. Mean intra-assay coefficient of
variability (CV) was 2.01+0.65.
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Figure 4. Influence of endolysin on vascular cells. Cell viability
of all 3 cell types was not affected up to 100xMIC
(50 pg/ml) endolysin. MIC,, — minimum inhibitory
concentration. For each concentration and cell type,
at least n=4 wells were chosen. The experiment was
repeated 3 times. Mean intra-assay coefficient of
variability (CV) was 1.79+0.51.

Preclinical experiments in a dog model with methicillin-resis-
tant Staphylococcus aureus (MRSA) and Escherichia coli graft
infections suggested that the observed necrosis at the anas-
tomoses in 25% of grafts soaked could have been caused by
rifampin toxicity against ECs [22], as the histological evalua-
tion of the anastomoses revealed that the necrosis was not
due to bacterial colonization [22].
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The toxicity of vancomycin was shown in early in vitro exper-
iments, in which release of lactate dehydrogenase (LDH) was
used as a measure of cell damage. LDH concentration increased
with rising vancomycin concentrations [28], but after 12-h in-
cubation with vancomycin concentrations of 10 to 1000 pg/ml,
the number of viable cells decreased slightly, and higher van-
comycin concentrations of 10 000 pg/ml led to a cell survival
rate of only 14.4% [28].

The first clinical indications of cytotoxicity of vancomycin were
discovered after paravasal injection of vancomycin, which
caused profound tissue necrosis [29]. Furthermore, vancomy-
cin is known to cause renal toxicity, which complicates and
limits clinical applications of this antimicrobial agent [30,31].
Therapeutic drug monitoring is recommended for patients re-
ceiving vancomycin to ensure its safe and effective use [32].
However, there is a lack of data on systemic exposure to van-
comycin in case of vascular graft impregnation with high con-
centrations of this drug. In addition, tissue concentrations of
vancomycin and other antibiotics, which can be achieved af-
ter graft impregnation, are insufficiently studied.

In 2000, Earnshaw suggested 3 main indications for use of the
rifampin- impregnated graft: as a routine prophylaxis against
infection whenever prosthetic material is inserted; selective-
ly in high-risk situations (such as the insertion of a prosthet-
ic graft through potentially infected sites); and as in situ re-
placement of established graft infection [21].

There have been 3 RCTs from 1991 to 1998 — an Italian study
with 600 patients [33], a European study with 2400 pa-
tients [34], and a Joint Vascular Research Group study with
155 patients [35,36] — exploring the effect of prophylactic pre-
soaking of synthetic prosthesis with rifampin on graft infection
after prosthetic aorto-iliofemoral replacement. In all of these
RCTs, a rifampin soaking concentration of 1 mg/ml was used.
Although there was a positive influence of rifampin pre-soak-
ing on early wound infections, with significantly lower infec-
tion rates at 3 months in 1 study (3.2% vs. 5.0% in R+ vs. R—
patients, respectively), there were no significant advantages
for rifampin bonding at 12 and 24 months [36,37].

Animal experiments with ovine carotid grafts infected with 108
CFU S. epidermidis or MRSA S. aureus revealed that higher ri-
fampin concentrations of 10 mg/ml were preferable to concen-
trations of 1.2 mg/ml only for S. epidermidis, while there were
no differences between the groups for MRSA S. aureus [38].

Adsorptive bondage of rifampicin (13 mg/ml) to collagen-im-
pregnated Dacron grafts had antibacterial activity lasting 3
weeks in vitro on blood agar plates inoculated with 107 CFU/ml
S. aureus [39]. In vivo, rifampin protected Dacron grafts from
bacterial infection of 1x108 CFU of S. aureus up to 7 days after
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implantation [40] or with low-dose 1x10° CFU of MRSA S. au-
reus [41].

For in situ replacement of established graft infections, numer-
ous case series with a total of more than 150 patients with
graft infections reported low reinfection rates with synthetic
grafts pre-soaked in high concentrations of rifampin (60 mg/
ml) [12,37,42-44]. Adjuvant modalities like omental or mus-
cle flap wrapping were often used [45].

Many case series with infected vascular grafts and essential
graft replacement with synthetic grafts pre-soaked with high
concentrations of rifampin had low reinfection rates [12,42].
Therefore, 2 of the main indications for use of rifampin-impreg-
nated grafts mentioned — high-risk situations and replacement
after established infection — seem to be recommendable and
inevitable. However, the in vitro results of the present study
revealed a high cytotoxicity of rifampin against vascular cells.
The use of rifampin as prophylaxis whenever prosthetic ma-
terial is used (Earnshaw’s first indication for rifampin) should
be re-assessed. At present, no recommendation for any indi-
cation of prophylactic use of rifampin can be provided due to
the lack of any evidence about its efficacy [46].

Vancomycin and daptomycin were used as additional antibi-
otics in our study. Both antimicrobial agents are broadly used
for systemic treatment of vascular graft infections [47,48].
Furthermore, both antibiotics were suggested for preventing
graft infections by their local release, including impregnation
and soaking techniques [13,15,49-52]. We therefore consid-
ered it worthwhile to include vancomycin and daptomycin in
our comprehensive evaluation.

A limitation of our study is the use of a statical in vitro mod-
el containing an antibiotic-dosage for 24 h. For example, in
vivo, rifampin would be released more continuously over 3
days with a peak dosage in the first hours (half-life in serum
is 3 h) [53]. Hypothetically, after application of the peak dos-
age, it would take more than 36 h for the residual rifampin
concentration to decrease below the MAX serum concentra-
tion. Another issue is that an in vitro model cannot represent
the vascular cell-cell and the vascular tissue interaction; there-
fore, the impact of antibiotics in high concentrations on the
tissue can only be speculated.

Conclusions

The in vitro results of the present study display high cytotox-
icity of rifampin against vascular cells and may re-initiate the
discussion about the advantages of prophylactic pre-soaking
with high concentrations of rifampin. Further in vivo studies
are necessary to determine the influence of rifampin on the
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restoration of vessel functionality also including long-term pa-
tency, especially in small caliber prosthesis versus its preven-
tive character for graft infections. The absence of serious cy-
totoxic effects by HY-133 warrants further investigations on
the use of recombinant phage endolysin as an alternative pro-
phylactic strategy.
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