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Preface to ”Hospital Acquired Infections, Multidrug
Resistant (MDR) Bacteria, Alternative Approaches to
Antibiotic Therapy”

Bacterial resistance to known and currently used antibiotics represents a growing issue

worldwide. It poses a major problem in the treatment of infectious diseases in general and

hospital-acquired infections in particular. This is in part due to the overuse and misuse of antibiotics

in past decades, which led to the selection of highly resistant bacteria and even so-called superbugs

–multidrug-resistant (MDR) bacteria. Nosocomial infections, particularly, are often caused by MDR

bacterial pathogens and the treatment of such infections is very complicated and extensive, often

leading to various side effects, including adverse effects on the natural human microbiome. At the

same time, the development of novel antibiotics is lagging with very few new ones in the pipeline.

Finding viable alternatives to treat such infections may help to overcome these therapeutic issues.

Even though MDR bacteria are widespread globally, their epidemiology varies by region.

Hospital-acquired infections caused by MDR bacteria remain an unresolved problem in the healthcare

system. A very important part of the overall therapeutic approach is the microbiological examination

of adequate clinical materials, including molecular typing that may identify epidemiologically related

cases and reveal the source or route of transmission, including possible clonal spread of bacterial

pathogens.

This publication thus focuses on the field of bacterial resistance, mainly in the hospital settings,

adequate antibiotic therapy, and identification of compounds useful to battle this growing issue.

We hope that it finds its readers among clinical microbiologists, infectious disease specialists and

epidemiologists worldwide, bringing to them current developments useful for their future work.

Pavel Bostik and Milan Kolar

Editors

vii
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Abstract: The article describes activities of an antibiotic center at a university hospital in the Czech
Republic and presents the results of antibiotic stewardship program implementation over a period of
10 years. It provides data on the development of resistance of Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa and Staphylococcus aureus to selected antibiotic agents as well as consump-
tion data for various antibiotic classes. The genetic basis of resistance to beta-lactam antibiotics
and its clonal spread were also assessed. The study showed significant correlations between
aminoglycoside consumption and resistance of Escherichia coli and Klebsiella pneumoniae to gen-
tamicin (r = 0.712, r = 0.869), fluoroquinolone consumption and resistance of Klebsiella pneumoniae to
ciprofloxacin (r = 0.896), aminoglycoside consumption and resistance of Pseudomonas aeruginosa to
amikacin (r = 0.716), as well as carbapenem consumption and resistance of Pseudomonas aeruginosa
to meropenem (r = 0.855). Genotyping of ESBL- positive isolates of Klebsiella pneumoniae and
Escherichia coli showed a predominance of CTX-M-type; in AmpC-positive strains, DHA, EBC and
CIT enzymes prevailed. Of 19 meropenem-resistant strains of Klebsiella pneumoniae, two were iden-
tified as NDM-positive. Clonal spread of these strains was not detected. The results suggest that
comprehensive antibiotic stewardship implementation in a healthcare facility may help to maintain
the effectiveness of antibiotics against bacterial pathogens. Particularly beneficial is the work of
clinical microbiologists who, among other things, approve administration of antibiotics to patients
with bacterial infections and directly participate in their antibiotic therapy.

Keywords: antibiotic stewardship; resistance; consumption of antibiotics; clonal spread

1. Introduction

Antibiotic stewardship may be defined as a set of measures leading to rational antibi-
otic therapy based on the adequate selection of antibacterial agents, appropriate duration
of their administration and a suitable route of administration [1–4]. The need for antibiotic
stewardship implementation stems from the likely prospect of antibiotics losing their effec-
tiveness and thus their ability to treat bacterial infections [5–7]. The increasing prevalence
of bacteria resistant to antibacterial drugs, mainly those producing extended-spectrum
beta-lactamases including metallo-beta-lactamases and carbapenemases opens the pos-
sibility of a new non-antibiotic era in which adequate antibiotics will be unavailable to

1
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treat infections caused by multidrug-resistant bacteria [8,9]. To prevent this, antibiotic
stewardship programs have been developed as comprehensive systems comprising a range
of activities that may be briefly characterized as follows:

• early and adequate microbiological diagnosis including the correct interpretation of
microbiological results,

• early and reliable detection of the susceptibility/resistance of bacterial pathogens to
antibiotics consistent with the European guidelines, namely those by the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) [10],

• immediate reporting of critical results (e.g., information on positive blood cultures),
• regular assessment of the prevalence of pathogenic bacteria and their antibiotic resistance

and development of local guidelines for initial antibiotic therapy based on these data,
• adequate antibiotic prophylaxis.

It must be stressed, however, that the scope of antibiotic stewardship is much broader,
involving numerous other activities that are also very important for adequate antibiotic
therapy and preventing the spread of multidrug-resistant bacteria. These activities may be
described as follows:

• analyzing the routes of spread of multidrug-resistant bacteria using modern
molecular methods,

• providing antibiotic consultant service for clinical physicians and deciding on antibi-
otic administration based on microbiological results and the knowledge of primary
resistance of bacterial pathogens in patients with bacterial infections,

• assessing the consumption of antibiotics in the relevant epidemiological units and, if
needed, introducing necessary regulatory measures,

• close cooperation with hospital hygiene officers, epidemiologists and clinical pharma-
cologists.

At the University Hospital Olomouc, Czech Republic, antibiotic stewardship is coor-
dinated by the Antibiotic Center, a section of the Department of Microbiology. Based on
analyses of the development of bacterial resistance and antibiotic consumption, including
the overall costs of this group of drugs, recommendations for initial antibiotic therapy
and prophylaxis are formulated and quarterly presented to the hospital management who
subsequently approve these recommendations and make them valid.

The article describes efforts of the Antibiotic Center and presents outcomes of its
activity over a period of 10 years (2010–2019).

2. Materials and Methods
2.1. Characteristics of the Healthcare Facility

The University Hospital Olomouc is one of the largest inpatient healthcare facilities in
the Czech Republic, dating back to 1896. It is part of a network of nine teaching hospitals
directly controlled by the Ministry of Health of the Czech Republic. Basic data on the
facility are shown in Table 1.

Table 1. Basic information on the University Hospital Olomouc in 2019.

No. of units 68

No. of beds 1198

No. of employees 4199

No. of outpatients per year 925,162

No. of inpatients per year 53,633

Mean length of stay (days) 5.6

No. of operations per year 22,715

No. of units 68

2
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2.2. Process of Approving Antibiotic Administration

To better understand the study, it is reasonable to define the process of approving
antibiotic administration at the University Hospital Olomouc. For a particular patient with
a bacterial infection, the attending physician selects an antibiotic based on their own clinical
reasoning and microbiological results (if available), while observing the hospital’s guide-
lines for initial antibiotic therapy. Alternatively, an adequate antibiotic is recommended
by a clinical microbiologist based on a consultation with the attending physician. If an
antibiotic is selected to treat a particular bacterial infection, its administration must be
approved by an Antibiotic Center member. The approval is granted electronically using
the hospital information system. The clinical microbiologist (always holding a specialist
qualification in medical microbiology) verifies the selection of the antibiotic focusing on all
microbiological test results and, if adequate, approves its administration. The Antibiotic
Center member has the right to disapprove administration of an antibiotic in case:

• some required data are missing (e.g., diagnosis of infection or antibiotic dosage),
• they reasonably doubt that the antibiotic has been adequately selected,
• ongoing microbiological tests have identified bacteria whose definitive susceptibility

is yet to be determined but due to their primary resistance to the selected antibiotic,
this cannot be approved.

In case of disapproval, the reason and a more adequate antibiotic or recommendations
from a consultation with the Antibiotic Center clinical microbiologist are entered into the
hospital information system. This takes place daily between 7 a.m. and 4 p.m. Outside
these hours, antibiotic therapy is selected in line with the hospital’s guidelines and the
antibiotic therapy is scrutinized on the following day.

2.3. Assessing Antibiotic Consumption

A computerized database of the hospital’s Department of Pharmacology was used to
obtain data on antibiotic consumption during the study period. The data were processed
according to the 2020 ATC/DDD system and expressed as numbers of defined daily doses
for various antibiotic classes [11]. Antibiotic consumption was analyzed for both the
entire hospital and its Department of Anesthesiology and Intensive Care Medicine with
25 intensive care beds.

2.4. Identification of Bacteria and Determination of Their Susceptibility/Resistance to
Antibacterial Agents

Bacterial pathogens (Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and
Staphylococcus aureus) were isolated from clinical samples (tracheal secretion, bronchoalve-
olar lavage fluid, sputum, blood, urine, pus, puncture samples, wound secretion, bile,
cerebrospinal fluid) obtained from hospitalized patients with a suspected bacterial infection.
For each patient, only the first isolate from particular clinical samples was included.

The identification of bacteria was performed by MALDI-TOF MS (Biotyper Microflex,
Bruker Daltonics, Bremen, Germany) [12].

The susceptibility/resistance to antibiotics was tested using a broth microdilution
method according to the EUCAST [10]. The following reference strains were used as quality
control organisms: Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853 and
Staphylococcus aureus ATCC 29213. All strains of Staphylococcus aureus were also tested for the
resistance to methicillin using selective diagnostic chromogenic media (Colorex/TM/MRSA,
TRIOS, Prague, Czech Republic) and an immunochromatographic assay for the detection
of PBP2a (PBP2a SA Culture Colony Test, AlereTM, Abbott, Prague, Czech Republic). The
production of beta-lactamases, such as ESBL and AmpC, was detected by phenotypic
tests [13]. The production of carbapenemases was detected by the Carba NP test [14].

Additionally, methicillin-resistant Staphylococcus aureus (MRSA) strains isolated from
the Department of Anesthesiology and Intensive Care Medicine patients were confirmed
by the mecA gene detection [15]. The production of ESBL and AmpC beta-lactamases in
Escherichia coli and Klebsiella pneumoniae was confirmed by PCR detection of the bla genes

3
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only in pre-defined groups of strains/patients from above mentioned department (from
tracheal aspirates in patients with hospital-acquired pneumonia, from stool in hospital-
ized patients etc.) [13]. The search for potential production of carbapenemases in the
meropenem-resistant Klebsiella pneumoniae strains at this department was carried out by
simplex PCR with primers targeting blaFRI, blaGES, blaGIM, blaIMI, blaIMP, blaKPC, blaNDM,
blaVIM, blaOXA-23 and blaOXA-48. Detailed information on the primers is listed in Table 2.
PCR assays were performed on Rotor-Gene TM 6000 (Corbett Research, Mortlake, Aus-
tralia). PCR was run in a final volume of 25 µL using 100 ng of DNA template, 0.5 µM of
forward and reverse primers, 200 µM of each dNTP, 2.5 mM of MgCl2 and 1.25 U Combi
Taq Polymerase (Top-Bio, Vestec, Czech Republic) in 1× Buffer (Top-Bio, Vestec, Czech
Republic). The PCR conditions were as follows: initial denaturation at 94 ◦C for 3 min,
followed by 30 cycles at 94 ◦C for 30 s, 72 ◦C for different times (45 s to 60 s) with a final
extension at 72 ◦C for 10 min. PCR products were then separated on a 1% agarose gel
containing SYBR Safe (Invitrogen) and visualized on a UV transilluminator. Bacterial
isolates for genetic analysis were stored in cryotubes at−80 ◦C (Cryobank B, ITEST, Hradec
Králové, Czech Republic).

Table 2. Primer sequences used to detect the carbapenemase genes by PCR.

Target
(Subtypes) Primer Name Sequence (5′ to 3′ Direction) a Amplicon Size

(bp) Tm (◦C) Reference

FRI (8) FRI-F/R ACAGACARGATGAGAGATTTCCT,
CAGGTRCCTGTTTTATCGCC 538 58 This study

GES (42) GES-F/R ACGTTCAAGTTTCCGCTAG,
GGCAACTAATTCGTCACGT 624 53 This study

GIM (2) GIM-F/R TCGACACACCTTGGTCTGAA,
AACTTCCAACTTTGCCATGC 477 55 Ellington et al.,

2007 [16]

IMI (11) IMI-F/R CTACGCTTTAGACACTGGC,
AGGTTTCCTTTTCACGCTCA 482 54 Mlynarcik

et al., 2016 [17]

IMP (69) IMP-F1/R1 GAGTGGCTTAATTCTCRATC,
CCAAACYACTASGTTATCT 183 52 Mlynarcik

et al., 2016 [17]

IMP (2) IMP-F2/R2 GCGGAATAGGGTGGCTTA,
AGTTGCTTGGTTTTGATGGTT 435 52 This study

IMP (3) IMP-F3/R3 TGACGGGGTTAGTTATTGGCT,
CGGTTTCGCTATGACCTGAA 248 57 Mlynarcik

et al., 2019 [18]

KPC (51) KPC-F/R GTTCTGCTGTCTTGTCTCTCA,
CGGTCGTGTTTCCCTTTAG 625 56 This study

NDM (29) NDM-F/R GGGGATTGCGACTTATGC,
AGATTGCCGAGCGACTTG 258 53 Mlynarcik

et al., 2019 [18]

OXA-23-like
(37)

OXA(23-like)-
F/R

ACTTGCTATGTGGTTGCTTCTC,
ACCTTTTCTCGCCCTTCCAT 310 56 Mlynarcik

et al., 2016 [17]

OXA-48-like
(31)

OXA(48-like)-
F/R

AACGGGCGAACCAAGCATTTT,
TGAGCACTTCTTTTGTGATGGCT 597 57 Mlynarcik

et al., 2016 [17]

VIM (68) VIM-F/R CGCGGAGATTGARAAGCAAA,
CGCAGCACCRGGATAGAARA 247 57 Mlynarcik

et al., 2016 [17]
a For degenerate primers: R = A or G; S = G or C; Y = C or T.

2.5. Clonality

The clonality of MRSA and meropenem-resistant isolates of Klebsiella pneumoniae de-
tected at the Department of Anesthesiology and Intensive Care Medicine was assessed with
pulsed-field gel electrophoresis (PFGE). Bacterial DNA extracted with a technique described
by Husičková et al. [19] was digested by the XbaI restriction endonuclease (New England
Biolabs, Ipswitch, MA, USA) for 24 h at 37 ◦C in Klebsiella pneumoniae isolates and by the

4
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SmaI restriction endonuclease (New England Biolabs, Ipswitch, MA, USA) for 24 h at 25 ◦C
in Staphylococcus aureus strains. The obtained DNA fragments were separated by PFGE on
1.2% agarose gel for 24 h at 6 V/cm and pulse times of 2–35 s for both Klebsiella pneumoniae
and Staphylococcus aureus strains. Subsequently, the gel was stained with ethidium bromide.
The resulting restriction profiles were analyzed with the GelCompar II software (Applied
Maths, Kortrijk, Belgium) using the Dice coefficient (1.2%) for comparing similarity and
unweighted pair group method with arithmetic means for cluster analysis. The results were
interpreted according to criteria described by Tenover et al. [20].

2.6. Statistical Analysis

Trends in the consumption of antibacterial agents, or antibiotic classes, bacterial
resistance and their relationships were analyzed with Spearman’s correlation. The data
were processed with IBM SPSS Statistics 22 (Armonk, NY, USA).

3. Results

Tables 3–6 show the prevalence of Escherichia coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa and Staphylococcus aureus strains resistant to selected antibiotics over the 10-year
period for the entire hospital. The results indicate an increase in resistance of Escherichia coli
to piperacillin/tazobactam (r = 0.939), gentamicin (r = 0.826), ciprofloxacin (r = 0.816)
and cefotaxime (r = 0.734). In Klebsiella pneumoniae, resistance to ciprofloxacin (r = 0.665)
and cefotaxime increased (r = 0.644). Pseudomonas aeruginosa was shown to increase its
resistance to colistin (r = 0.722) and amikacin (r = 0.691).

Table 3. Resistance of Escherichia coli to antibiotics at the University Hospital Olomouc in 2010–2019.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

AMS 28 (4118) 23 (3552) 28 (3558) 19 (3464) 22 (3529) 22 (3905) 25 (3998) 26 (4145) 24 (4133) 26 (4350)
PPT 10 (3121) 9 (2652) 11 (2624) 11 (2482) 13 (2525) 14 (2751) 16 (2953) 14 (3256) 15 (3078) 18 (3091)
CTX 9 (3143) 8 (2650) 13 (2624) 12 (2480) 14 (2522) 15 (2748) 16 (2950) 13 (3236) 14 (3084) 15 (3077)
MER 0 (3120) 0 (2651) 0 (2623) 0 (2482) 0 (2525) 0 (2750) 0 (2954) 0 (3257) 0 (3078) 0 (3091)
GEN 6 (4161) 6 (3552) 7 (3557) 6 (3464) 7 (3529) 8 (3908) 9 (3997) 8 (4144) 8 (4168) 8 (4378)
AMI 4 (3120) 3 (2651) 3 (2624) 3 (2480) 4 (2521) 3 (2751) 2 (2953) 2 (3255) 1 (3076) 1 (3091)
CIP 21 (3144) 18 (2651) 22 (2624) 20 (2481) 21 (2523) 21 (2754) 24 (2954) 23 (3257) 26 (3082) 27 (3093)
COL 0 (4129) 1 (3250) 0 (3558) 0 (3463) 1 (3529) 1 (3905) 0 (3999) 0 (4143) 0 (4147) 0 (4354)
TIG 1 (3080) 0 (2645) 1 (2623) 4 (2480) 2 (2520) 4 (2744) 1 (2948) 0 (3234) 1 (3079) 1 (3071)

Legend: Resistance percentages (total number of isolates tested), AMS—ampicillin/sulbactam, PPT—piperacillin/tazobactam, CTX—
cefotaxime, MER—meropenem, GEN—gentamicin, AMI—amikacin, CIP—ciprofloxacin, COL—colistin, TIG—tigecycline.

Table 4. Resistance of Klebsiella pneumoniae to antibiotics at the University Hospital Olomouc in 2010–2019.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

AMS 55 (2534) 50 (1868) 46 (2017) 43 (2180) 52 (2341) 54 (2247) 52 (2189) 54 (2124) 49 (2104) 49 (2240)
PPT 42 (2270) 41 (1725) 39 (1821) 42 (1958) 51 (2147) 52 (2072) 52 (1986) 53 (1977) 48 (1927) 46 (2046)
CTX 38 (2275) 39 (1725) 37 (1821) 40 (1958) 50 (2152) 51 (2072) 51 (1988) 51 (1958) 46 (1930) 43 (2044)
MER 0 (2270) <1 (1724) <1 (1818) <1 (1958) <1 (2147) 0 (2069) <1 (1986) <1 (1975) <1 (1926) <1 (2047)
GEN 35 (2554) 36 (1867) 31 (2017) 35 (2180) 42 (2337) 45 (2247) 44 (2191) 45 (2123) 37 (2106) 36 (2243)
AMI 11 (2269) 7 (1725) 5 (1821) 5 (1954) 6 (2147) 4 (2070) 3 (1985) 2 (1976) 2 (1926) 1 (2044)
CIP 40 (2275) 42 (1725) 37 (1821) 40 (1958) 48 (2147) 52 (2072) 54 (1988) 54 (1978) 49 (1927) 46 (2048)
COL 1 (2538) 5 (1868) 5 (2017) 4 (2179) 3 (2337) 2 (2247) 2 (2187) 1 (2122) 3 (2102) 1 (2229)
TIG 4 (2254) 6 (1725) 9 (1821) 12 (1958) 8 (2150) 11 (2070) 8 (1985) 5 (1957) 7 (1929) 8 (2041)

Legend: Resistance percentages (total number of isolates tested).
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Table 5. Resistance of Pseudomonas aeruginosa to antibiotics at the University Hospital Olomouc in 2010–2019.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

PPT 8 (1360) 23 (1353) 24 (1627) 30 (1677) 26 (1529) 28 (1664) 17 (1689) 13 (1541) 13 (1472) 14 (1725)
CTZ 18 (1367) 19 (1353) 15 (1625) 24 (1677) 18 (1529) 18 (1664) 12 (1689) 9 (1541) 13 (1472) 17 (1724)
MER 28 (1367) 39 (1353) 36 (1627) 40 (1677) 36 (1529) 39 (1664) 37 (1688) 32 (1541) 28 (1471) 34 (1724)
GEN 22 (1367) 23 (1350) 22 (1626) 26 (1678) 25 (1529) 25 (1664) 20 (1689) 16 (1540) 16 (1471) 11 (1722)
AMI 1 (1367) 5 (1352) 4 (1627) 4 (1677) 4 (1528) 5 (1664) 7 (1689) 5 (1541) 6 (1470) 5 (1725)
CIP 34 (1366) 35 (1353) 34 (1627) 38 (1675) 34 (1528) 32 (1664) 26 (1689) 24 (1540) 24 (1471) 23 (1725)
COL 0 (1043) 0 (1349) 0 (1625) 0 (1678) 0 (1529) 0 (1664) 1 (1689) 0 (1538) 1 (1469) 1 (1725)

Legend: Resistance percentages (total number of isolates tested), CTZ—ceftazidime.

Table 6. Resistance of Staphylococcus aureus to antibiotics at the University Hospital Olomouc in 2010–2019.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

OXA 3 (2129) 4 (1744) 3 (1794) 4 (1825) 3 (1860) 4 (2031) 4 (2111) 6 (2149) 4 (2559) 4 (2615)
CIP 5 (2125) 5 (1746) 5 (1794) 6 (1825) 7 (1860) 7 (2029) 7 (2110) 8 (2150) 7 (2560) 7 (2615)

GEN 4 (2106) 8 (1739) 11 (1792) 8 (1826) 10 (1858) 8 (2005) 6 (2100) 6 (2148) 6 (2560) 7 (2608)
VAN 0 (2127) 0 (1742) 0 (1793) 0 (1822) 0 (1856) 0 (2002) 0 (2072) 0 (2146) 0 (2556) 0 (2610)

Legend: Resistance percentages (total number of isolates tested), OXA—oxacillin, VAN—vancomycin.

Consumption of antibiotics or antibiotic classes at the University Hospital Olomouc is
shown in Table 7. The data indicate increasing consumption of carbapenems (r = 0.964),
tigecycline (r = 0.879), third- and fourth-generation cephalosporins (r = 0.867) and flu-
oroquinolones (r = 0.733). Conversely, consumption of penicillins combined with beta-
lactamase inhibitors decreased (r = −0.745). Analysis of the relationship between antibiotic
consumption and resistance in the entire hospital showed significant correlations between
aminoglycoside consumption and resistance of Escherichia coli to gentamicin (r = 0.712), fluo-
roquinolone consumption and resistance of Klebsiella pneumoniae to ciprofloxacin (r = 0.896)
and aminoglycoside consumption and resistance of Pseudomonas aeruginosa to amikacin
(r = 0.716) (Figures 1–3).

Table 7. Antibiotic consumption in defined daily doses (DDDs) at the University Hospital Olomouc.

Antibiotic
Class/Antibiotic 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Penicillins combined
with beta-lactamase

inhibitors
89,977 80,212 77,168 76,803 76,937 81,889 70,248 71,774 74,446 76,427

3rd and 4th generation
cephalosporins 4497 4056 3713 4018 4188 4601 4812 5553 6250 7716

Carbapenems 4518 5216 6223 6761 9956 10,242 10,910 12,322 13,196 11,900

Aminoglycosides 8433 10,636 10,695 10,657 9937 10,911 11,517 11,208 10,756 10,413

Fluoroquinolones 11,322 10,870 10,618 11,365 11,935 13,642 14,875 12,957 13,133 12,421

Colistin 714 1153 1261 1738 1905 2278 1648 1714 1832 1669

Glycopeptides 2921 2464 3026 3167 4578 4048 4012 3322 3152 3088

Tigecycline 554 572 426 499 1314 1302 2334 2683 3019 2824
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Tables 8–11 document resistance of particular bacterial species at the Department
of Anesthesiology and Intensive Care Medicine over the study period. The results show
increasing resistance of Escherichia coli to piperacillin/tazobactam (r = 0.845) and cefotaxime
(r = 0.729), resistance of Klebsiella pneumoniae to cefotaxime (r = 0.778) and resistance of
Pseudomonas aeruginosa to meropenem (r = 0.988).

Table 8. Resistance of Escherichia coli to antibiotics at the Department of Anesthesiology and Intensive Care Medicine in 2010–2019.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

AMS 40 (115) 48 (143) 49 (140) 28 (129) 45 (110) 42 (103) 37 (97) 45 (102) 44 (116) 34 (182)
PPT 13 (116) 21 (141) 20 (138) 16 (125) 15 (107) 23 (100) 22 (98) 25 (102) 27 (117) 25 (182)
CTX 9 (116) 16 (141) 17 (138) 14 (125) 10 (107) 20 (100) 14 (97) 18 (102) 26 (117) 31 (182)
MER 0 (116) 0 (141) 0 (138) 0 (125) 0 (107) 0 (100) 0 (98) 0 (102) 0 (117) 0 (182)
GEN 6 (116) 20 (143) 16 (140) 13 (129) 12 (110) 11 (103) 12 (97) 13 (102) 18 (117) 23 (182)
AMI 7 (116) 6 (141) 9 (138) 2 (125) 8 (105) 3 (100) 5 (98) 5 (102) 1 (117) 2 (182)
CIP 35 (116) 30 (141) 27 (138) 27 (125) 29 (107) 24 (100) 30 (97) 34 (102) 36 (117) 29 (182)
COL 0 (116) 3 (142) 1 (140) 0 (129) 0 (110) 1 (103) 0 (98) 0 (102) 0 (116) 0 (182)
TIG 0 (115) 2 (140) 0 (138) 4 (125) 0 (107) 8 (100) 0 (97) 1 (102) 2 (117) 3 (182)

Legend: Resistance percentages (total number of isolates tested).

At the Department of Anesthesiology and Intensive Care Medicine, consumption of
tigecycline (r = 0.939), carbapenems (r = 0.879), third- and fourth-generation cephalosporins
(r = 0.867) and glycopeptides (r = 0.636) increased (Table 12). There were significant
correlations between carbapenem consumption and resistance of Pseudomonas aeruginosa to
meropenem (r = 0.855) as well as between aminoglycoside consumption and resistance of
Klebsiella pneumoniae to gentamicin (r = 0.869) (Figures 4 and 5).
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Table 9. Resistance of Klebsiella pneumoniae to antibiotics at the Department of Anesthesiology and Intensive Care Medicine
in 2010–2019.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

AMS 72 (148) 78 (181) 75 (165) 66 (247) 70 (234) 77 (222) 77 (145) 76 (127) 80 (196) 76 (404)
PPT 58 (149) 67 (181) 61 (165) 65 (247) 62 (233) 73 (222) 71 (145) 65 (126) 67 (195) 69 (401)
CTX 49 (149) 64 (181) 58 (165) 62 (247) 60 (234) 74 (222) 71 (145) 63 (126) 74 (195) 78 (404)
MER 0 (149) 3 (181) 0 (165) <1 (247) <1 (233) 0 (222) 2 (145) 2 (125) 1 (195) 1 (402)
GEN 46 (149) 64 (181) 54 (165) 63 (247) 60 (233) 75 (222) 72 (145) 60 (127) 62 (195) 71 (402)
AMI 19 (149) 14 (181) 9 (165) 13 (246) 17 (233) 6 (222) 6 (145) 4 (126) 2 (195) 7 (402)
CIP 64 (149) 71 (181) 53 (165) 63 (247) 64 (233) 76 (222) 75 (145) 67 (126) 77 (195) 72 (402)
COL 3 (148) 13 (181) 10 (165) 8 (247) 9 (233) 2 (222) 7 (145) 2 (127) 6 (195) 1 (398)
TIG 7 (148) 9 (181) 13 (165) 12 (247) 7 (234) 8 (222) 17 (145) 6 (126) 12 (195) 7 (403)

Legend: Resistance percentages (total number of isolates tested).

Table 10. Resistance of Pseudomonas aeruginosa to antibiotics at the Department of Anesthesiology and Intensive Care
Medicine in 2010–2019.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

PPT 29 (106) 32 (150) 39 (188) 41 (200) 45 (224) 42 (223) 46 (150) 44 (111) 39 (142) 43 (219)
CTZ 32 (106) 35 (150) 39 (188) 41 (200) 48 (224) 42 (223) 35 (150) 34 (111) 31 (142) 33 (218)
MER 22 (106) 31 (150) 33 (188) 38 (200) 36 (224) 44 (223) 52 (149) 53 (111) 56 (142) 59 (219)
GEN 31 (106) 42 (150) 44 (188) 37 (200) 36 (224) 43 (223) 36 (150) 26 (109) 33 (141) 32 (217)
AMI 0 (106) 5 (149) 5 (188) 2 (200) 5 (224) 7 (223) 9 (150) 12 (111) 16 (141) 3 (219)
CIP 29 (106) 33 (150) 48 (188) 47 (200) 41 (224) 43 (223) 40 (150) 35 (111) 37 (142) 35 (219)
COL 0 (83) 0 (150) 0 (188) 0 (200) 0 (224) 0 (223) 0 (150) 0 (109) 2 (142) 1 (217)

Legend: Resistance percentages (total number of isolates tested).

Table 11. Resistance of Staphylococcus aureus to antibiotics at the Department of Anesthesiology and Intensive Care Medicine
in 2010–2019.

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

OXA 9 (46) 5 (37) 9 (56) 14 (65) 6 (47) 16 (45) 5 (43) 6 (48) 12 (49) 5 (83)
CIP 11 (46) 8 (37) 7 (56) 20 (65) 4 (47) 18 (45) 7 (43) 6 (48) 16 (49) 11 (83)

GEN 0 (45) 0 (37) 13 (56) 5 (65) 6 (47) 5 (43) 2 (43) 6 (48) 4 (49) 11 (83)
VAN 2 (46) 0 (37) 0 (56) 0 (65) 0 (47) 0 (43) 0 (42) 0 (48) 0 (48) 0 (83)

Legend: Resistance percentages (total number of isolates tested).

Table 12. Antibiotic consumption in defined daily doses (DDD) at the Department of Anesthesiology and Intensive Care Medicine.

Antibiotic Class/Antibiotic 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Penicillins combined with
beta-lactamase inhibitors 1539 1463 1369 1376 1357 1288 1486 1519 1339 1473

3rd and 4th generation
cephalosporins 125 130 234 144 428 241 260 325 394 556

Carbapenems 618 739 505 946 1290 1427 1298 1280 1498 1822

Aminoglycosides 209 691 629 667 682 806 812 589 677 841

Fluoroquinolones 589 460 514 576 501 639 670 484 398 510

Colistin 167 253 233 410 433 498 340 190 228 478

Glycopeptides 83 75 128 204 191 237 324 158 148 249

Tigecycline 55 85 80 70 185 230 245 275 450 415
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Figure 5. Correlation between carbapenem consumption (in numbers of defined daily doses) and
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Genotyping of ESBL- positive isolates of Klebsiella pneumoniae and Escherichia coli
in particular patient groups (from tracheal aspirates in patients with hospital-acquired
pneumonia, from stool in hospitalized patients etc.) at the Department of Anesthesiology
and Intensive Care Medicine showed a predominance of CTX-M-type, namely of the CTX-M-
15 and CTX-M-9 types (data not shown). In AmpC-positive strains, EBC and CIT enzymes
prevailed in Escherichia coli and the DHA type in Klebsiella pneumoniae (data not shown).

Between 2010 and 2019, a total of 19 meropenem-resistant strains of Klebsiella pneumoniae
were detected in patients staying at the Department of Anesthesiology and Intensive
Care Medicine. Only 2 strains were NDM-positive (data not shown). However, no other
carbapenemase genes were detected. The total number of isolated MRSA at the Department
of Anesthesiology and Intensive Care Medicine was 45 strains. In case of meropenem-
resistant Klebsiella pneumoniae strains and MRSA, no significant clonal spread was noted.
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No identical clone was detected in meropenem-resistant Klebsiella pneumoniae isolates and
only two pairs of identical MRSA strains were identified.

4. Discussion

Today’s medicine is characterized by exponentially expanding knowledge in all spe-
cialties, resulting in considerable improvements of both diagnostic and therapeutic activi-
ties. Despite past achievements, however, there is one issue posing a serious therapeutic
challenge. It is the role of bacterial infections that have continued to increase in recent years.
One reason is rising resistance of bacteria to the effects of antibacterial drugs and the associ-
ated risk of treatment failure. Numerous studies have been published documenting higher
mortality and shorter survival of patients with infections caused by multidrug-resistant
bacteria compared to those due to susceptible strains of the same species [21–25]. The
present study yielded interesting results when compared with the national and European
resistance rates as reported by the European Antimicrobial Resistance Surveillance Network
(EARS-Net). In 2019, the mean prevalence of MRSA in the Czech Republic and Europe
was 13% and 15%, respectively; the University Hospital Olomouc rates ranged from 3% to
6% [26,27]. Similarly, very low prevalence was also noted for meropenem-resistant strains
of Klebsiella pneumoniae. According to the ECDC’s Annual Epidemiological Report for 2019,
the mean prevalence of carbapenem-resistant strains of Klebsiella pneumoniae in Europe
was 8%, with some European countries even reporting rates higher than 10% [26]. At the
University Hospital Olomouc, however, the resistance of this species to meropenem did not
exceed 1% or, in case of the Department of Anesthesiology and Intensive Care Medicine,
3%. Only two strains were found to produce NDM- carbapenemases. For meropenem-
resistant isolates without the carbapenemase gene, we assume that the resistance is due
to mechanisms such as loss or mutation of porins with AmpC beta-lactamase or ESBL
hyperproduction or overexpression of the efflux pumps.

There were considerable differences in resistance of Klebsiella pneumoniae to third-
generation cephalosporins in Europe (31%) and in the Czech Republic (50%) in 2019 [26,27].
The University Hospital Olomouc rate (43%) was below the mean rate for the entire country.

Resistance of Escherichia coli to cefotaxime and resistance of Pseudomonas aeruginosa to
ceftazidime, aminoglycosides and fluoroquinolones at the University Hospital Olomouc
do not greatly differ from the mean rates in Europe.

Of concern is the prevalence of Pseudomonas aeruginosa strains resistant to meropenem
(34%), exceeding both the Czech (15%) and European (17%) mean rates [26,27]. However,
carbapenems are mainly needed to treat infections caused by members of Enterobacterales
producing ESBL and AmpC beta-lactamases; the resistance of these bacterial species to
meropenem does not increase. Despite that, there will be efforts to reduce carbapenem
consumption in the following years. It should be stated that carbapenems account for 6% of
the overall antibiotic consumption at the University Hospital Olomouc (unpublished data).

With the exception of a higher prevalence of meropenem-resistant Pseudomonas aeruginosa,
prevalence rates of other studied phenotypes are below the rates reported by the EU-
CAST [26,27]. The main causes of the development and spread of bacterial resistance
are the administration of antibiotics and their selection pressure [28–34]. Therefore, the
restriction of certain antibacterial agents and relevant antibiotic classes aimed to limit their
selection pressure is a possible solution to the problem [35]. However, selection pressure is a
more complex issue. Apparently, consumption of certain antibiotics may only be reduced if
the consumption of others increases. Moreover, antibiotic resistance is often multiple, mean-
ing that selection pressure of a particular antibiotic agent results in increased resistance to
other antibiotics, for example, resistance of ESBL-positive enterobacteria to cephalosporins
and fluoroquinolones or resistance of MRSA to clindamycin [36,37]. Another important as-
pect influencing the selective pressure is antibiotic concentration, that is the correct dosage
of antibiotics and their distribution in the body. Clinical microbiologists and physicians care
about the accurate dosage in terms of pharmacodynamic/pharmacokinetic parameters to
achieve satisfactory outcomes in patients. However, the question is how the selected dosage
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and the final concentration of an antibiotic promotes the genesis of resistant mutants. The
phenomenon of bacterial resistance represents a complex problem and the emergence of
antibiotic-resistant mutants depends on different aspects such physiology, genetics, historical
behavior of bacterial populations, antibiotic-bacterium dynamics and others [38,39].

Studies have shown that there may not be a direct relationship between the admin-
istration of selected antibiotics and bacterial resistance. Several studies failed to confirm
correlations between bacterial resistance to particular antibiotic classes and their consump-
tion [40–42]. Similarly, Htoutou Sedláková et al. reported decreasing consumption of
third-generation cephalosporins and fluoroquinolones but increasing resistance of Enter-
obacteriaceae to these drugs [43]. This may be due to multiple mechanisms. Some authors
claim that the relationship between antibiotic consumption and resistance disappears after
a certain resistance threshold is exceeded, since mobile genetic elements (in particular
plasmids and transposons) circulate in bacterial populations and a decrease in antibiotic
selection pressure does not influence this phenomenon any more [44]. It is documented
that transfer rates of ESBL-plasmids are highest in the absence of the antibiotic [45]. An-
other explanation could be the collateral effect of antibiotics, which means that not only
subinhibitory concentrations of an antibiotic could stimulate the emergence and the dis-
semination of its corresponding resistant gene, but that collateral stimulation by other
antibiotics is also possible. For example, the mobile genetic element carrying the gene for
tetracycline resistance is able to exhibit a 1000-fold increase of its transfer frequency when
exposed to subinhibitory concentrations of tetracyclines, but also macrolides, lincosamides
and streptogramins [46].

Our findings suggest that the increasing bacterial resistance is mainly determined
by the selection pressure of antibiotics. Neither significant horizontal clonal spread of
multidrug-resistant bacteria nor increasing bacterial resistance to a particular antibiotic
whose consumption decreases have been observed.

As part of antibiotic resistance surveillance, the Antibiotic Center not only controls
the appropriate administration of antibiotics, that is the adequate indication and dosage
in a particular patient, but also regularly monitors important bacterial resistance phe-
notypes and genotypes, in particular MRSA, vancomycin-resistant enterococci, ESBL-
and AmpC-positive Enterobacterales, Gram-negative bacteria resistant to carbapenems,
fluoroquinolones and others, as well as their clonal spread. For technical reasons, such
surveillance is not performed in the entire hospital, but is mostly limited to selected de-
partments and pre-defined patient groups and time periods. This approach to antibiotic
stewardship has been reflected in numerous studies carried out at our department [47–50].
Based on their outcomes, certain conclusions have been drawn and relevant measures have
been implemented such as evidence-based recommendations for consultant microbiologists
and attending physicians concerning an adequate selection of antibiotic agents, guidelines
for initial antibiotic therapy including antibiotic prophylaxis, restriction of certain antibiotic
classes or improvement of hygiene and epidemiological measures.

The present study showed a significant relationship between aminoglycoside con-
sumption and resistance of Escherichia coli and Klebsiella pneumoniae to gentamicin, results
consistent with those in our 2014 study [43]. Moreover, there were correlations between
fluoroquinolone consumption and resistance of Klebsiella pneumoniae to ciprofloxacin and be-
tween aminoglycoside consumption and resistance of Pseudomonas aeruginosa to amikacin,
consistent with findings published by other authors [34,51]. Another reason for increas-
ing bacterial resistance may be the horizontal or clonal spread of genetically identical
strains of particular species among patients. In this case, the selection pressure of antibi-
otics may be of less importance and external environmental factors may play a role, for
example, those related to healthcare staff. Examples include a study by Hricová et al.
on vancomycin-resistant enterococci in patients with hematological malignancies at the
University Hospital Olomouc reporting 67% clonality of isolated strains or outbreaks of
epidemic MRSA clones in various parts of the world [48,52–54]. The present study, how-
ever, did not show a significant clonal spread of MRSA and meropenem-resistant strains
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of Klebsiella pneumoniae isolated from Department of Anesthesiology and Intensive Care
Medicine patients, highlighting the role of horizontal resistance gene transfer in the spread
of antibiotic resistance. Further, there is no doubt that the use of antibiotics contributes to the
development of resistance by acquiring resistance genes and maintenance of chromosomal
resistance-associated mutations [38]. However, determining the exact effect of antibiotic use
on the development of resistance is problematic. Moreover, it is increasingly claimed that
the emergence, maintenance and spread of resistance traits are also influenced by social,
economic and genetic factors.

5. Conclusions

The presented data suggest low rates of bacterial resistance at the University Hospital
Olomouc, with the only exception being an increased prevalence of meropenem-resistant
strains of Pseudomonas aeruginosa. This confirms the importance of antibiotic stewardship
and surveillance of antimicrobial resistance, including the use of molecular biology meth-
ods, for maintaining the effectiveness of antibiotics and limiting the spread of multidrug-
resistant bacterial pathogens. Data on the prevalence of bacterial resistance and the results
of molecular genetic analysis of multidrug-resistant strains must form the basis for practical
antibiotic stewardship. These should include a definition of optimal regimens for initial
antibiotic therapy and assessment of the sources and routes of spread of multidrug-resistant
bacteria so that adequate hygiene and epidemiological measures may be introduced. It is
apparent that besides obtaining data for the entire hospital, hospital departments need to be
individually assessed and adequate antibiotic stewardship measures must be implemented
based on the results.
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Abstract: The growing bacterial resistance to available β-lactam antibiotics is a very serious pub-
lic health problem, especially due to the production of a wide range of β-lactamases. At present,
clinically important bacteria are increasingly acquiring new elements of resistance to carbapenems
and polymyxins, including extended-spectrum β-lactamases (ESBLs), carbapenemases and phos-
phoethanolamine transferases of the MCR type. These bacterial enzymes limit therapeutic options
in human and veterinary medicine. It must be emphasized that there is a real risk of losing the
ability to treat serious and life-threatening infections. The present study aimed to design specific
oligonucleotides for rapid PCR detection of ESBL-encoding genes and in silico analysis of selected
ESBL enzymes. A total of 58 primers were designed to detect 49 types of different ESBL genes. After
comparing the amino acid sequences of ESBLs (CTX-M, SHV and TEM), phylogenetic trees were
created based on the presence of conserved amino acids and homologous motifs. This study indicates
that the proposed primers should be able to specifically detect more than 99.8% of all described ESBL
enzymes. The results suggest that the in silico tested primers could be used for PCR to detect the
presence of ESBL genes in various bacteria, as well as to monitor their spread.

Keywords: ESBL; antibiotic resistance; bacteria; PCR; primer

1. Introduction

The mechanisms that bacterial pathogens have developed to fight antibiotics are many,
one of them being production of enzymes degrading particular antibacterial agents. In case of
β-lactam antibiotics, the enzymes are β-lactamases. To date, more than 7000 β-lactamases have
been described in the Beta-Lactamase DataBase (BLDB) [1], which have different characteristics
in terms of their substrate specificities. A special group is made up of β-lactamases with an
extended spectrum of activity (extended-spectrum β-lactamases, ESBLs), which can inacti-
vate broad-spectrum β-lactam antibiotics (e.g., penicillins, cephalosporins and monobactams).
These enzymes are classified into Ambler molecular classes A and D; within the Bush-
Jacoby-Medeiros classification system, they belong to groups 2be and 2d. While a common
feature of class A ESBLs is their sensitivity to the activity of inhibitors such as clavulanic
acid, sulbactam and tazobactam, class D β-lactamases (oxacillinases; OXA) are resistant to
them. Furthermore, class C ESBLs have also been described (e.g., ADC). Some may also
hydrolyze carbapenems, like the chromosomally encoded ADC-68 enzyme described in
Acinetobacter baumannii (A. baumannii), whose R2 and C-loops allow better accommodation
of carbapenems [2]. Moreover, weak hydrolytic activity against carbapenems was also
described for some other variants such as ACT-1, ACT-28, CMY-2 or CMY-10 (AmpC type
β-lactamase) [3,4].

Regarding OXA enzymes, an OXA-23 subfamily variant (OXA-146 with an alanine
duplication at position 220) possessing both ESBL and carbapenem-hydrolyzing class D
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β-lactamase properties has been described [5]. Recently, two novel ESBL genes probably
associated with small mobilizable plasmids, named blaRSA1 and blaRSA2, have been found
in Indian river sediments, the latter also showing weak carbapenemase activity [6]. In
addition, increased carbapenem resistance may be observed due to the production of ESBL
enzymes if some secondary resistant mechanisms such as porin loss are present [7].

A great proportion of ESBLs are TEM (Temoneira class A extended-spectrum β-
lactamase) or SHV (sulfhydryl variant of the TEM enzyme) enzyme derivatives. However,
the most widespread enzymes are CTX-M (cefotaxime-hydrolyzing β-lactamase–Munich)
whose production and dissemination rates have increased significantly since the mid-
1990s [8]. Newly discovered and, in terms of occurrence, unusual class A ESBL enzymes
include BEL, BES, GES (Guiana extended-spectrum β-lactamase), PER, VEB, SFO and
TLA β-lactamases. In addition, the ESBL phenotype has been reported in other groups of
β-lactamases such as CARB and L2. Additional minor ESBL types, such as FONA, BPU and
YOC, have also been recently identified [9–11]. An interesting example of the minor ESBL
group is SFO-1 encoded by a plasmid which includes the ampR regulatory gene, which
allows for β-lactamase induction in a manner similar to class C β-lactamases. Minor ESBL
enzymes are rare but often can associate with resistance genes against other antibiotics
such as aminoglycosides or quinolones [12–14].

Many ESBL genes have been identified as a source of acquired resistance, but further
studies show that ESBLs also occur naturally in clinically relevant pathogens and in envi-
ronmental species. For example, many chromosomally encoded and naturally occurring
ESBLs, such as CSP-1, KLUA-1, KLUC-1, OXY-1 RAHN-1 and SGM-1, have been described
in various bacteria, although their role in phenotypic resistance is small [15,16]. Other
enzymes with the ESBL phenotype include chromosomally encoded metallo-β-lactamases
(MBLs), HMB-1, as well as KHM-1 found in multidrug-resistant bacteria [17].

GES enzymes were first classified as ESBLs due to a large number of hydrolyzable
substrates including penicillins and cephalosporins with an extended spectrum. Since GES
enzymes hydrolyzed, to a lesser extent, imipenem as well, they were also included among
group 2f carbapenemases. Genes encoding this enzyme family can be located in integrons
on plasmids. Even though they are rare, there have been reports about their presence
worldwide [18].

Most SHV enzymes with an extended spectrum are derived from SHV-1 with differ-
ences in one or more amino acids; this small change is sufficient to create an extended
spectrum. In particular, it is the G238S or E240K substitutions, with a serine residue being
responsible for ceftazidime hydrolysis and a lysine residue for cefotaxime cleavage (both
third-generation cephalosporins) [12]. Carbapenems do not belong to the hydrolytic profile
of SHV enzymes, but there was a clinical isolate of Klebsiella pneumoniae (K. pneumoniae)
with low sensitivity to some extended-spectrum cephalosporins as well as to imipenem.
Subsequently, it has been found that a β-lactamase variant of SHV-1 with amino acid
change A146V, designated SHV-38, is responsible for reduced imipenem sensitivity. Genes
encoding SHV-38 are located on chromosomes, which means that it is the first SHV chromo-
somal enzyme with an extended spectrum of hydrolysis [19]. CTX-M enzymes do not have
the ability to hydrolyze carbapenems. However, relatively recently identified CTX-M-33, a
derivative of the globally widespread enzyme CTX-M-15 differing only in one amino acid
substitution (N109S), exhibited the ability to hydrolyze meropenem. This property results
from the substitution of N109S and strong selection of the antibiotic [20].

Enterobacteriaceae members are the main ESBL producers and they have mainly been
recorded in hospital and community environments. However, the presence of ESBL pro-
ducers (mainly CTX-M-15) has also been shown in foodstuffs of animal origin (e.g., cow’s
milk, dairy products, chicken), suggesting possible transfer through the food chain [21,22].
In addition, an increasing number of ESBL-producing enterobacteria isolated from water
environments have been observed [23]. In this case, a total of 10 ESBL-positive isolates [nine
Escherichia coli (E. coli) and one K. pneumoniae] were identified in four well waters out of 100.
ESBL genotyping revealed that CTX-M-15 was present nine times and CTX-M-27 was
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produced once. This and many other studies suggest that, for example, ESBL-producing
enterobacteria in rural waters can spread to animals and humans via drinking water.

In view of the growing clinical importance of ESBL enzymes, their detection is also
necessary in routine microbiological practice. The present study was concerned with (1) in
silico analysis of ESBL enzymes, and (2) designing primers serving to detect all described
ESBL genes.

2. Results
2.1. In Silico Analysis of ESBL Enzymes

A search of the BLDB and BLASTn databases showed that a wide variety of class A
and C β-lactamases, MBLs and class D β-lactamases such as OXA have been described for
both enterobacteria and Gram-negative non-fermenting bacteria. The study of selected
clinically significant ESBL enzymes (CTX-M, SHV, TEM) revealed that the most widespread
group in bacterial genera were ESBL enzymes of the TEM type found in 45 genera, followed
by CTX-M in 25 and SHV in 23 genera (Table 1). In addition, ESBL enzymes of the CTX-M,
GES, OXA (OXA-1-like, OXA-2-like, OXA-10-like), SHV, TEM and VEB types are most
commonly found in selected enterobacteria (Enterobacter spp., Escherichia spp., Klebsiella
spp.) and Gram-negative non-fermenting rods (Acinetobacter spp., Pseudomonas spp.; data
not shown).

Table 1. Distribution of (extended-spectrum β-lactamases) ESBL enzymes in bacterial genera.

Bacterial Genera ESBL Enzymes Bacterial Genera ESBL Enzymes

Achromobacter TEM Legionella TEM
Acinetobacter CTX-M, SHV, TEM Lysobacter TEM

Aeromonas CTX-M, SHV, TEM Morganella CTX-M, SHV, TEM
Alcaligenes TEM Mycobacterium TEM

Atlantibacter CTX-M, TEM Neisseia TEM
Bacillus CTX-M, SHV, TEM Nocardia TEM

Bordetella TEM Ochrobactrum CTX-M, SHV
Brevibacterium CTX-M, TEM Pantoea CTX-M, TEM

Brucella TEM Pasteurella TEM
Burkholderia CTX-M, SHV Proteus CTX-M, SHV, TEM

Campylobacter TEM Providencia CTX-M, TEM
Cedecea SHV Pseudomonas CTX-M, SHV, TEM

Citrobacter CTX-M, SHV, TEM Pseudochrobactrum CTX-M
Cronobacter SHV, TEM Ralstonia TEM

Elizabethkingia
(formerly

Chryseobacterium)
TEM Raoultella CTX-M, SHV, TEM

Enterobacter CTX-M, SHV, TEM Salmonella CTX-M, SHV, TEM
Enterococcus SHV, TEM Serratia CTX-M, SHV, TEM

Erwinia TEM Shewanella CTX-M
Escherichia CTX-M, SHV, TEM Shigella CTX-M, SHV, TEM

Haemophilus TEM Staphylococcus TEM
Hafnia TEM Stenotrophomonas SHV

Kerstersia SHV Streptococcus TEM
Klebsiella CTX-M, SHV, TEM Streptomyces TEM
Kluyvera CTX-M, SHV, TEM Superficieibacter SHV, TEM

Lactobacillus TEM Vibrio CTX-M, TEM
Leclercia CTX-M, TEM Yersinia TEM

In silico analysis of ESBL enzymes was used to detect the presence of various con-
served amino acids and motifs. Several conserved amino acids such as methionine-cysteine-
serine-threonine-serine-lysine at positions 71–76 (71-MCSTSK-76; numbering according
to CTX-M-1; Figure 1A) were identified within studied CTX-M enzymes. In this figure,
there are no remaining amino acid sections and amino acids such as methionine at position
1 (M1), glutamine at positions 34, 35 and 268 (Q34, Q35 and Q268), leucine at position
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37 (L37), alanine and glutamic acid at positions 273–274 (273-AE-274), leucine and alanine
at positions 280–281 (280-LA-281) and alanine at position 284 (A284).
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Figure 1. Comparison of 216, 199 and 199 amino acid sequences of (A) CTX-M (cefotaxime-hydrolyzing β-lactamase–
Munich); (B) SHV (sulfhydryl variant of the TEM enzyme; and (C) TEM (Temoneira class A extended-spectrum β-lactamase
enzymes), respectively. The analysis and image creation were performed in Geneious Prime. Only the same amino acid
residues in all sequences are highlighted in the figure. The green panel indicates amino acids that are identical in all
sequences on a given position. Different amino acids are marked with dots.

Comparison of the amino acid sequences of the selected CTX-M showed the same
(55.3–99.7%) sequence identity between them. For example, CTX-M-150 and CTX-M-151
had only 55.3% amino acid identity, whereas for CTX-M-155 and CTX-M-157, it was 99.7%
identity (results not shown).

Reconstruction of the phylogenetic tree allowed monitoring of the affinity of individual
amino acid sequences of CTX-M enzymes. Overall, 216 types of different CTX-M were
included in the analysis. CTX-M enzymes were divided into several main groups and
subgroups, see Figure 2).
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By comparing the 199 sequences of SHV enzymes, individually conserved motifs
of active sites including X-X-phenylalanine-lysine were identified at positions 66–69 (66-
XXFK-69; numbering according to SHV-1; Figure 1B). Other amino acid sections and amino
acids which are not shown in the figure include arginine at positions 2 and 5 (R2, R5),
isoleucine at positions 8 to 9 (I8, I9), leucine at positions 11 to 12, 17 and 26 (11-LL-12, L17,
L26), valine at position 19 (V19), serine-proline-glutamine at positions 22–24 (22-SPQ-24),
glutamine-isoleucine-lysine at positions 28–30 (28-QIK-30), serine and glutamic acid at
positions 32–33 (32-SE-33), serine and glycine at positions 37–38 (37-SG-38), methionine at
position 266 (M266), glutamine at position 271 (Q271), isoleucine and alanine at positions
273–274 (273-IA-274), glycine at position 277 (G277), alanine at position 279 (A279) and
glutamic acid-histidine-tryptophan-glutamine at positions 282–285 (282-EHWQ-285).

In this case, the comparison of the amino acid sequences of SHV enzymes showed
93.1–99.7% sequence identity between them. For example, SHV-16 and SHV-100 had 93.1%
amino acid consensus, while in the case of SHV-7 and SHV-105, the identity was 99.7%
(results not shown).

The relationships of individual SHV enzymes were shown using a phylogenetic tree.
A rooted phylogenetic tree enabled us to distinguish different clusters and identify several
major groups and subgroups (Figure 3).
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Conserved amino acids and motifs including serine-threonine-phenylalanine-lysine
at positions 68–71 (68-STFK-71; numbering according to TEM-1; Figure 1C) were identified
by analysis of another 199 sequences of TEM enzymes. The remaining identical amino acid
sections and amino acids which are not shown in the figure include methionine at position
1 (M1), histidine-phenylalanine-arginine-valine at positions 5–8 (5-HFRV-8), proline and
phenylalanine at positions 12–13 (12-PF-13), alanine-alanine-phenylalanine-cysteine at
positions 15–18 (15-AAFC-18), proline-valine-phenylalanine at positions 20–22 (20-PVF-22),
proline at position 25 (P25), threonine at position 27 (T27), valine-lysine-valine at positions
29–31 (29-VKV-31), alanine and glutamic acid at positions 34–35 (34-AE-35), glutamic acid-
isoleucine-glycine at positions 277–279 (277-EIG-279), and serine-leucine-isoleucine-lysine
at positions 281–284 (281-SLIK-284).

The amino acid consensus of the studied sequences of TEM enzymes were in the
range of 93.4–99.7%. The lowest 93.4% amino acid consensus was recorded, for example,
at TEM-178 and TEM-194, with 99.7% consensus, for example, between TEM-189 and
TEM-191 (results are not shown).

By using a phylogenetic tree, relationships among TEM enzymes were shown based
on the similarity of amino acid sequences. A rooted phylogenetic tree allowed us to observe
different clusters and identify several major groups and subgroups (Figure 4).
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Point mutation studies showed that the highest numbers of amino acid changes were
observed in the CTX-M, OXY, TEM, SHV, PER and VEB types, namely 6344, 904, 534, 418,
162 and 61, respectively (Table 2). In case of CTX-M enzymes, the most common amino
acid changes recorded were as follows: S→ T (275 times, this amino acid change was also
described in all remaining ESBL enzymes), K → Q (217 times) and Q → R (198 times).
Conversely, amino acid changes recorded only once were A→ I, M, Q or R, etc. The most
common amino acid changes in the remaining ESBL enzymes included A→ T (108 times),
I→ V (15 times), L→ Q (73 times), E→ K (82 times) and I→ V (14 times) in OXY, PER,
SHV, TEM and VEB, respectively.

Table 2. Point mutations in selected ESBL enzymes.

Amino Acid
Change Number of Mutations (Amino Acid Position)

from to CTX-M * OXY * PER * SHV * TEM * VEB *

A C 7 (22) 2 (7)
A D 36 (32/131/157) 3 (114) 1 (264) 1 (230)
A E 28 (35/46/157/222/236) 21 (230) 2 (114/166) 1 (38)

A G 158 (16/64/73/131/136/
157/297) 10 (240) 1 (7) 3 (205/259) 2 (235/280)

A I 1 (16)
A K 22 (64/244)
A M 1 (73)
A N 36 (35)
A P 78 (59/78/272) 1 (15) 1 (183)
A Q 1 (157) 2 (151)
A R 1 (222) 1 (151) 1 (185)

A S 102
(35/46/151/235/244) 2 (240) 4 (109) 1 (23) 3 (9/40/266)

A T 110 (16/18/35/90/120/
131/137/161/222/244)

108
(16/30/32/38/
56/129/171/
208/240/284)

1 (11)
14

(20/23/63/90/125/
135/157/161/204)

12 (9/183/
235/280) 4 (248)

A V 74 (16/35/88/131/135/
137/163) 32 (16/233)

20
(20/63/125/135/137/
145/157/188/205/

218/264/288)

18
(23/40/182/222/

266/276)

A W 1 (299)
C N 1 (9)
C R 1 (134)
C S 1 (9)
D A 69 (36) 1 (39) 4 (155) 3 (195/231)
D E 160 (218/303) 1 (242) 2 (168/230) 2 (155/177)
D G 179 (259/270) 4 (115/195/230/231) 2 (113/161)
D H 23 (36/292/303) 2 (112) 1 (161)
D K 2 (303)
D N 40 (36/218/270/303) 28 (39/58) 1 (195) 3 (36/113/174)
D P 1 (292) 1 (33)
D Q 1 (218)
D S 25 (36/65/256/303)
E A 106 (47/177)

E D 35 (98/169) 22
(92/99/149/278) 2 (29/273) 1 (26)

E G 1 (47) 1 (33) 3 (59/75/177) 2 (164/237)

E K 3 (47/132/169) 1 (278) 37 (29/100/256/289) 82 (26/62/102/
166/237)

E N 1 (169)
E P 1 (107)

E Q 85 (98/132) 4 (92) 8
(119/193/224) 1 (75)
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Table 2. Cont.

Amino Acid
Change Number of Mutations (Amino Acid Position)

from to CTX-M * OXY * PER * SHV * TEM * VEB *

E R 1 (256) 1 (237)
E T 1 (98)
E V 3 (23) 1 (237)
F A 10 (12)
F L 1 (12) 3 (19) 3 (14/228)
F M 72 (12)
F S 21 (12) 1 (162)
F W 1 (22)
F Y 2 (64)
G A 31 (25/217) 4 (149/190) 6 (158/191/255)
G C 3 (47/132/169) 1 (258)

G D 1 (159) 11 (98/154/167/245) 4
(39/90/194/236)

G E 1 (25) 1 (41) 2 (158/296) 1 (216)
G H 1 (304)
G K 1 (126)
G N 1 (53) 1 (236)
G R 4 (54/234/304) 1 (296) 2 (154/236)

G S 27 (25/213/234/
253/304) 30 (24/75) 42 (65/155/167/255) 40 (194/236)

G V 2 (194/263)
H D 2 (134/154)
H F 1 (123)
H K 1 (152)
H L 2 (134) 4 (285)
H N 1 (156)
H Q 74 (152) 1 (22)
H R 5 (24/151)
H T 1 (107)
H Y 3 (123)
I A 1 (69) 2 (5/97)
I F 1 (119) 11 (6) 1 (11)
I L 1 (150) 5 (33) 3 (61/194) 2 (297/302)
I M 4 (111) 1 (275) 1 (259)
I P 4 (3)
I R 1 (11)
I S 1 (300)
I T 13 (69) 7 (5/40/97) 2 (275/297) 1 (275) 1 (18)

I V 170 (69/108/266/275) 7 (111)
15

(61/162/194/
245/258)

3 (6/58) 5
(125/171/256) 14 (18)

K A 5 (109/110/299) 23 (102) 3 (102)
K D 1 (214)
K E 36 (93/122/269) 27 (180) 1 (113) 1 (32)
K G 1 (214)
K H 73 (4/214)
K L 1 (148) 20 (140)
K N 80 (3/214/286) 20 (101) 2 (209/271)
K P 81 (110)

K Q 217
(4/44/94/109/269/286) 2 (196) 1 (144)

K R 103 (3/44/94/109/122/
229/251/299) 7 (196/246) 5 (251/271) 2 (237)

K S 7 (110/214)
K T 91 (3/269) 1 (190)
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Table 2. Cont.

Amino Acid
Change Number of Mutations (Amino Acid Position)

from to CTX-M * OXY * PER * SHV * TEM * VEB *

L A 4 (9/14/23/210) 2 (256)

L F 121 (14/24/30/130/305) 1 (84) 6 (124/133/189) 23
(19/55/100/136) 1 (56)

L G 2 (30/70)
L I 111 (9/149/166/276) 24 (2) 1 (256) 4 (19/135/218)
L M 5 (9/22/102/207/242) 23 (2/11) 4 (75/260) 2 (17/237) 3 (47/219)
L N 1 (305)
L P 4 (130/149/212) 1 (262) 4 (38/62/102/301) 1 (49)
L Q 2 (60/180) 73 (33/62)
L R 5 (8/102/133/185) 1 (10)
L S 3 (14/23/305)

L V 193 (9/60/101/153/216) 3 (305) 2 (159/210) 4
(28/38/100/247)

L Y 15 (224/305)
M A 69 (14)
M G 1 (197)

M I 1 (86) 35 (12/141) 1 (160) 3 (80) 10
(66/67/153/180)

M K 4 (3)
M L 105 (228) 20 (12) 3 (160) 1 (80) 17 (67)
M T 21 (14) 34 (180)
M V 7 (80/140/228) 11 (67/184)

N D 89 (62/125/143) 36
(54/90/200/256) 3 (308) 2 (269/291) 12 (272) 6 (294)

N E 1 (86)
N G 12 (66/100/125)
N H 25 (36/65/256/303) 10 (90) 2 (269) 4 (134/173)
N I 1 (270) 1 (173)
N K 2 (100/209) 1 (169)
N L 1 (100)
N Q 141 (100/209)
N S 27 (100/103/117/181) 3 (98/272)
N T 1 (66) 1 (168)
N W 1 (209)
N Y 1 (115) 1 (200)
P A 3 (29/178/194) 3 (123) 1 (143)
P G 1 (268)
P H 1 (178)
P K 105 (99) 23 (91)
P L 3 (178/188) 1 (269) 3 (156/268/284)
P N 4 (91)
P Q 95 (156/178/185/285)

P S 18 (178/283) 1 (170) 7 (18/27/190/
236/243/284) 1 (143)

P T 29 (29/178/283) 1 (123)
Q A 77 (11/165/220)
Q D 1 (199)
Q E 35 (165/284) 1 (165)
Q H 1 (68) 23 (34/156) 2 (223/293) 1 (88)
Q I 1 (68)
Q K 2 (11/223) 2 (94/183) 38 (4/37)
Q L 3 (11/165/199) 4 (156/270) 1 (129)
Q P 1 (116) 2 (175/214) 1 (203)
Q R 198 (11/68/239) 27 (35/156) 1 (158) 1 (37) 3 (97/204)
Q S 128 (33/51/165)
Q T 10 (165)
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Table 2. Cont.

Amino Acid
Change Number of Mutations (Amino Acid Position)

from to CTX-M * OXY * PER * SHV * TEM * VEB *

Q V
R A 4 (176/271)
R C 1 (72) 9 (162/241)
R G 2 (10/175) 2 (232) 2 (118/241)

R H 25 (10/271/291) 9 (43/68/194) 5 (54/72/219) 22
(162/238/241)

R K 131 (10/50/105/208)

R L 37 (10/72/195) 7
(76/175/222/232/290) 4 (241/271)

R M 1 (97)
R N 1 (43)
R P 73 (76/105) 1 (175) 1 (41)
R Q 74 (10/50/208/221/290) 4 (257/307) 6 (202/271)

R S 4 (10/105/175) 10 (43/225) 17 (54/109/219) 37
(63/162/241)

R T 1 (41)
R V 2 (72)
S A 110 (52/67/111/296) 45 (25/89/103) 1 (280)
S C 1 (245) 1 (4) 1 (221)
S D 4 (2)
S E 2 (280)
S F 1 (12)

S G 101 (111/134/141/
158/237/245) 39 (143/231) 2 (18) 2 (36/144) 7 (128/264)

S H 2 (289)
S I 3 (134/254) 1 (192) 2 (286)
S K 36 (158/296)
S L 1 (220)

S N 6 (26/237/254/289) 29
(4/29/157/275) 3 (81/213) 1 (122)

S P 1 (104)
S Q 1 (97)
S R 83 (5/237/289)

S T 275 (67/97/129/141) 37 (4/44/174) 10 (12/37/
121/135) 1 (117) 3 (128/233) 2 (131)

S V 2 (219) 2 (89)

T A
192

(13/17/19/21/34/144/
206/211/226/281/302)

11
(13/165/293) 9 (16/69/82/252) 9 (25/

176/219)

T C 81 (19)
T D 1 (233)
T G 3 (17/19) 1 (178)
T H 2 (226/233)
T I 6 (176/182/226/278) 48 (9/61) 4 (152/212) 1 (267)
T K 3 (34/170/211) 3 (202) 1 (186)
T M 134 (13/17/226) 8 (168) 1 (283) 19 (261) 10 (104)
T N 1 (176) 2 (16/212) 1 (186)
T P 90 (19/21) 1 (16) 1 (112)

T S 130 (21/127/170/179/
182/192/193/206) 34 (9/184) 3 (95/221) 4 (129/160/283)

T V 108 (144/206) 1 (61) 3 (24)
V A 98 (27/85/106/248) 20 (161) 1 (290) 2 (86/91) 2 (19)
V E 1 (78) 7 (19)
V F 1 (293) 3 (9) 2 (153) 1 (258)
V G 3 (37/247)
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Table 2. Cont.

Amino Acid
Change Number of Mutations (Amino Acid Position)

from to CTX-M * OXY * PER * SHV * TEM * VEB *

V I 175 (2/20/37/114/
159/293/301) 2 (261) 2 (235) 1 (130) 6 (82)

V L 22 (20/91) 11 (17/94) 3 (17) 1 (86)
V M 35 (2/37) 5 (86/91/95/277)
V P 1 (27)
V Q 2 (27/106)
V R
V S 2 (225/247) 1 (42)
V T 68 (247)
W C 1 (163)
W G 2 (163)
W L 1 (163)
W P 1 (176
W R 1 (246) 1 (71) 5 (163)
Y C 10 (31)
Y F 1 (31) 8 (5) 1 (103)
Y G
Y H 22 (31) 1 (144) 4 (115) 2 (5/108)
Y N 1 (103)
Y S 1 (31) 1 (103)
Y W 1 (71)

Total numbers of mutations: CTX-M: 6344, OXY: 904, PER: 162, SHV: 418, TEM: 534, VEB: 61. Numbers of amino acid insertions: CTX-M: 6,
OXY: 10, PER: 0, SHV: 9, TEM: 0, VEB: 0. Numbers of amino acid deletions: CTX-M: 3, OXY: 8, PER: 0, SHV: 2, TEM: 3, VEB: 1. * Total
numbers of analyzed sequences: CTX-M (216), OXY (48), PER (15), SHV (199), TEM (199), VEB (27).

2.2. Detection of ESBL-Positive Bacteria with PCR

A total of 49 different types of ESBLs were analyzed in this study, including 1438 β-
lactamase genes, of which only 624 enzymes had ESBL phenotype based on BLDB database
and literature search. There were 42 members of class A β-lactamases (e.g., CARB, CTX-M,
GES, OXY, PER, SHV, TEM, VEB), two members of the class C β-lactamase family (ADC
and YOC), two gene families of the subclass B1 (HMB and KHM), and three members
of class D β-lactamases (BPU, CDD and OXA; 5 OXA subgroups, OXA-18 and OXA-45;
Table 3). In case of the most numerous groups of ESBL enzymes (CTX-M, SHV, TEM),
there were 216, 199 and 199 variants of these enzymes with GenBank accession numbers,
respectively. The CTX-M enzymes were subclassified based on similarity of amino acid
sequences into 5 groups (CTX-M-1-like, CTX-M-2-like, CTX-M-8-like, CTX-M-9-like and
CTX-M-151-like). A total of 58 specific primer pairs for ESBL detection were designed
(Table 3) in silico using Primer3 (Geneious, Biomatters). The primer-BLAST results showed
that these primers could detect all or almost all allelic variants of these so far described
types of enzymes that are commonly found in bacteria.

3. Discussion

Currently, clinically significant bacteria are increasingly resistant to carbapenems and
polymyxins due to the production of ESBL, carbapenemases and phosphoethanolamine
transferases of the MCR type, which can overcome the last-line antibiotics for the treatment
of infections caused by multidrug-resistant Gram-negative bacterial pathogens [24–26].

For the past decade, we have observed a global rapid increase in ESBL- and carbapenemase-
producing bacteria in animals intended for food production [27]. Other sources of transmis-
sion and dissemination of β-lactamases include, besides hospital or community environ-
ments, also coins and paper currency. An example is the presence of various Gram-negative
bacteria producing CTX-M-type ESBLs and OXA-48 carbapenemase on the surface of Alge-
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rian currency. Especially simultaneous manipulation of money and food contributes to the
spread of infectious agents and thus of bacterial resistance to antibiotics [28].

ESBLs have become a global problem in the treatment of hospitalized patients after
the introduction of β-lactam antibiotics with an extended spectrum of activity into clinical
practice. Most microorganisms producing these enzymes belong to the Enterobacteriaceae
family, the most widespread producers being K. pneumoniae and E. coli isolated from the
hospital environment. ESBL-producing bacterial strains are most commonly found in
hospital patients, with the risk factors being prolonged hospital stay, disease severity, pre-
vious exposure to antibiotics, time spent in intensive care or presence of a urinary/arterial
catheter [12,29].

The ever-expanding problem of ESBL resistance is largely due to frequent and un-
justified prescription, especially of broad-spectrum cephalosporins. Increasing resistance
to third-generation cephalosporins in E. coli isolates can be observed in a gradient from
northern to southern countries, with the lowest and highest percentage in Northern and
Southern Europe, respectively. The current resistance status can be evaluated using the
EARS-NET database. For example, the percentage of E. coli isolates resistant to third-
generation cephalosporins in 2019 was 7.8% in Sweden, compared to 30.9% in Italy. In
case of K. pneumoniae, resistance to third-generation cephalosporins in most European
countries was below 60%, but exceeded 70% in some countries such as Bulgaria (data ob-
tained from the EARS-NET database; https://ecdc.europa.eu/en/antimicrobial-resistance/
surveillance-and-disease-data/data-ecdc, accessed on 31 March 2021).

By the end of the 1990s, the majority of identified SHV- and TEM-type ESBLs orig-
inated from nosocomial isolates of K. pneumoniae (especially in intensive care units). In
the following years, the epidemiological situation concerning ESBLs underwent dramatic
changes. The main producers of ESBLs were E. coli strains expressing CTX-M-type β-
lactamases that spread mainly through mobile genetic elements. There was also an increase
in the number of isolates from the community, mostly from patients with urinary infection [30].

One of the objectives of the present study was comparison of amino acid sequences
of the investigated ESBL enzymes to elucidate the conserved amino acids and motifs
(sections). The presence of various conserved motifs is discussed by many authors [31].
The present study showed a large number of conserved motifs and amino acid residues in
the selected ESBL enzymes (Figure 1A–C). The seemingly smaller amount of conserved
amino acid residues and sections may be primarily related to the use of all variants of the
studied ESBL types. Within the analyzed types of ESBL enzymes, the lowest amino acid
identity was found for CTX-M enzymes, ranging from 55.3 to 99.7%, which also correlates
with the highest number of point mutations (Table 2) found in this enzyme group.

Sometimes it is not easy to classify some β-lactamases into subgroups based on
sequential and other properties because they are rather varied. Phylogenetic trees were
created (Figures 2–4), which show similarity of the studied subtypes of ESBL enzymes.
Obviously, there is a great variety between genes encoding individual types of ESBL.

In general, many proposed primers or methods described in the literature are gener-
ally useful for detecting the most common types of ESBL but do not cover all variants of
these genes. Therefore, the present study aimed to design specific primers for rapid PCR
detection of all known ESBL genes described in the BLDB database. Briefly, our results sug-
gest that proposed primers (58 primer pairs; Table 3) have the ability to specifically detect
623 analyzed ESBL subtypes (99.8%) and are suitable for detection and epidemiological
analysis of all described ESBL genes in various bacteria. Additional primers for detection
of β-lactamase genes, including carbapenemases [e.g., blaKPC (Klebsiella pneumoniae car-
bapenemase), blaNDM (New Delhi MBL), blaVIM (Verona integron-encoded MBL)] and OXA
subgroups, are described elsewhere [27,32–34].

The CARB-F2/R2 primers were designed to detect seven CARB subtypes, including
CARB-10 (ESBL) enzyme. A total of 51 subtypes of these enzymes have been described.
The remaining subtypes of CARB enzymes except for CARB-42 could be verified using
the specific primers described previously [34]. This could be detected with an additional
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primer (F-TCTCTCCTCGAGCAACAAA, R-AAGTGAGAGCTCGGTTTCT; Tm: 53, PCR
product: 708 bp). The L2-F1/R1 primers can be used to detect 18 L2 subtypes, including
four L2-1/-2/-3/-E-10 (ESBL) enzymes, while not being able to distinguish 4 subtypes.
The remaining L2 subtypes can be detected using the L2-F2/R2 primers [34]. To confirm
the presence of the blaKLUB, blaKLUG and blaKLUY genes, the primers CTX-M-F1/R1 could
be used to detect all two, five and five different subtypes listed in the BLDB database,
respectively. The primers CTX-M-F/R were used to detect 215 subtypes of blaCTX-M-like
genes but were unable to distinguish one allelic variant (CTX-M-151). Thus, a primer
(F-CAGTAAAGTGATGGCGGTAG, R–ATACCACGGCAATATCGTTG; Tm: 54 ◦C, PCR
product: 536 bp) could be used to detect it. The primers ADC-F/R (ADC-F1/R1 to ADC-
F4/R4) were used to detect 31 ESBL subtypes (e.g., ADC-33, ADC-117, ADC-140) of the
blaADC-like genes. The remaining 12 subtypes of ADC enzymes could be detected using the
specific primers described elsewhere [34]. The OXA(7)-F/R primer was aimed at detecting
38 subtypes of the blaOXA-48-like genes, including ESBL types OXA-163 and OXA-405. To
date, a total of 41 subtypes of OXA-48-like enzymes have been described in the BLDB
database. Another 3 specific OXA-48-like subtypes (OXA-436/-535/-731) could be tested
using the primer (F-ACGAGAATAMACAGCAGGG, R-GATAMACAGGCACAACCGA;
Tm: 56, PCR product: 228 bp).

We are currently witnessing increasing antibiotic resistance in clinically important
bacteria, which is associated with the discovery of new enzymes that break down antibi-
otics, in our case ESBLs, which appear over time. In some cases, very numerous variants
of these enzymes appear, which can significantly limit their accurate detection. Therefore,
continuous analysis of all known ESBL enzymes and design of more specific primers is
necessary to prevent their spread. For example, OXA enzymes represent a rapidly growing
family that includes over 943 enzymes [1] that are highly diverse in terms of sequence.
However, in case of OXA enzymes, another difficulty is their accurate and timely detection,
since OXA-encoding genes are expressed only in the presence of functional promoters
represented by insertion sequences. Another very large group is, for example, AmpC
β-lactamases blaEC (formerly blaESC, chromosomally encoded cephalosporinases), in which
more than 2200 variants have been described and their number is growing. Although
these are only chromosomally encoded β-lactamases, some exhibit the ESBL phenotype
and, together with overexpression of efflux pumps and low outer membrane permeabil-
ity, they are increasingly reported with regard to multidrug resistance, for example in
A. baumannii [35]. Ultimately, this suggests that antibiotic resistance in bacteria is a complex
phenomenon.

Authors often state that broad-spectrum cephalosporin-resistant isolates are ESBL-
negative [36]. Therefore, we cannot rule out the possibility that these bacterial strains
also contain other rare ESBL types such as CARB, KLUC or very rare OXA variants.
Furthermore, we must also consider other resistance mechanisms, such as over-production
of chromosomal AmpC, increased expression of an efflux pump or reduced permeability
of the outer membrane, with new and non-described resistance mechanisms not being
excluded. The solution seems to be transcriptome sequencing, as well as other forms of
sequencing, such as whole genome sequencing, which will provide new possibilities for
resistance prediction in the near future.
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4. Materials and Methods
4.1. Sequence Analysis

A total of 624 sequences of genes encoding ESBLs (with definitive assignment) de-
scribed in the BLDB (http://bldb.eu; last accessed in 31 May 2021) [1] were downloaded
from the GenBank database. Comparison of nucleotide/amino acid sequences and muta-
tion analysis were performed using the bioinformatics software Geneious Prime (Biomat-
ters). Multiple sequence alignments were carried out using the default settings of the
Geneious alignment algorithm (cost matrix: 51% similarity; gap open penalty: 12; and gap
extension penalty: 3) to identify highly homologous regions suitable for designing primers.

4.2. Phylogenetic Tree Construction

The phylogenetic tree was made by Geneious software using PhyML based on the Le
and Gascuel model. The first phylogenetic tree was obtained by comparing 216 various
types of CTX-M enzymes; the second and third ones consist of 199 SHV and 199 TEM
β-lactamases, respectively.

4.3. Designing Primers for PCR

Homologous regions in nucleotide sequences were used for designing primers with
Primer3 (Geneious Prime) with the following requirements: an optimal melting tempera-
ture of 52–60 ◦C, a GC content varying from 40% to 60%, an optimal oligo length between
17 and 22 base pairs, and an amplification product size of 225 to 820 base pairs. All the
oligonucleotides were tested in silico for hybridization with ESBL genes contained in the
BLDB database. The primer specifications are listed in Table 3.

5. Conclusions

The present study reports 58 in silico and in vitro tested primer pairs for PCR assay
that may be able to distinguish 99.8% of ESBL-producing bacteria. These may be part of
diagnostic tests for the detection of observed resistance genes in bacterial pathogens. Such
diagnostic tests can be used for early detection, monitoring and dissemination of ESBLs,
thus contributing to reducing the spread of ESBL-positive bacteria, adequate antibiotic
treatment and reducing health care costs.
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acquisition, P.M.; investigation, P.M., H.C., V.Z. and M.K.; methodology, P.M.; project administration,
P.M.; resources, P.M. and M.K.; supervision, P.M.; validation, H.C. and V.Z.; visualization, P.M. and
V.Z.; writing—original draft, P.M. and H.C.; writing—review & editing, P.M. and M.K. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Junior Grant from Palacky University Olomouc (JG_2019_005),
“Increasing Internationalization of the Faculty of Medicine and Dentistry, Palacky University Olo-
mouc” (SPP 210015017) and IGA LF 2021_022 project.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

A alanine
AmpC ampicillin chromosomal cephalosporinase
BSBL broad-spectrum β-lactamase
C cysteine
CARBA carbapenemase
CTX-M cefotaxime-hydrolyzing β-lactamase–Munich
E glutamic acid
ESBLs extended-spectrum β-lactamases
F phenylalanine
G glycine
GES Guiana extended-spectrum β-lactamase
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H histidine
I isoleucine
K lysine
KPC Klebsiella pneumoniae carbapenemase
L leucine
M methionine
MBLs metallo- β-lactamases
NDM New Delhi metallo- β-lactamase
NSBL narrow-spectrum β-lactamase
OXA oxacillinases
P proline
Q glutamine
R arginine
S serine
SHV sulfhydryl variant of the TEM enzyme
T threonine
TEM Temoneira class A extended-spectrum β-lactamase
V valine
W tryptophan
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Abstract: Staphylococcus (S.) aureus is an important causative agent of wound infections with in-
creasing incidence in the past decades. Specifically, the emergence of methicillin-resistant S. aureus
(MRSA) causes serious problems, especially in nosocomial infections. Therefore, there is an urgent
need to develop of alternative or supportive antimicrobial therapeutic modalities to meet these
challenges. Purified compounds from hops have previously shown promising antimicrobial effects
against MRSA isolates in vitro. In this study, purified beta-acids from hops were tested for their
potential antimicrobial and healing properties using a porcine model of wounds infected by MRSA.
The results show highly significant antimicrobial effects of the active substance in both the powder
and Ambiderman-based application forms compared to both no-treatment control and treatment
with Framycoin. Moreover, the macroscopic evaluation of the wounds during the treatment using
the standardized Wound Healing Continuum indicated positive effects of the beta-acids on the
overall wound healing. This is further supported by the microscopic data, which showed a clear
improvement of the inflammatory parameters in the wounds treated by beta-acids. Thus, using the
porcine model, we demonstrate significant therapeutic effects of hops compounds in the management
of wounds infected by MRSA. Beta-acids from hops, therefore, represent a suitable candidate for the
treatment of non-responsive nosocomial tissue infections by MRSA.

Keywords: hops; methicillin-resistant; Staphylococcus aureus; infection; porcine model

1. Introduction

Staphylococcus (S.) aureus is an etiologic agent of various infections in both humans
and animals. These bacteria colonize the entry of the nasal cavity in up to 80% of the
human population and can be found on other mucosal surfaces [1]. Its pathogenic potential
is associated with a variety of diseases, ranging from minor skin infections to the life-
threatening toxic shock syndrome. The skin and soft tissue infections (SSTI) caused by
S. aureus represent one of the major current healthcare problems. SSTI are very often
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associated with inpatient care and S. aureus has become a major nosocomial pathogen
worldwide [2,3].

For many years, the management of SSTI was accomplished using beta-lactam an-
timicrobial drugs that are effective against β-hemolytic streptococci. The emergence of
antibiotic-resistant strains of S. aureus, commonly known as methicillin-resistant S. aureus
(MRSA), has complicated the use of these standard treatment regimens. The increased
prevalence of MRSA especially in nosocomial settings significantly increases the morbid-
ity, mortality, length of stay, and cost burden. In addition, the utilization of standard
antibiotic treatment schemes further induces bacterial resistance and can create an even
higher burden for the patient [4]. To reverse this continually increasing bacterial resistance,
effective non-classical antimicrobial treatment alternatives are urgently needed and have
been investigated for several years. Among those, various hops extracts and individual
hops compounds have shown an antimicrobial potential, and therefore, represent a useful
solution for the treatment of SSTI. The biological activities of such compounds have been
known for some time, including their antimicrobial and anti-inflammatory effects. The
data from various laboratories, including ours, have shown potent in vitro antimicrobial
activities of hops compounds (isolated from Humulus lupulus L.), such as xanthohumol
or alfa- and beta-acids against many bacterial pathogens, such as MRSA, Pseudomonas
aeruginosa, Helicobacter pylori, or Clostridium spp. [5–7]. With their minimal inhibitory con-
centrations being close to commonly used antibiotics, these compounds may represent
useful treatment alternatives provided that they show these antimicrobial effects in vivo
as well.

While various animal models may prove suitable for the in vivo studies of SSTI, the
porcine model is commonly used in experimental wound healing and treatment exper-
iments. The pig, therefore, is the animal of choice when developing a wound infection
model due to its similarity of skin anatomy, physiology, and immune system to humans.
Porcine models are well accepted as being one of the best for human dermal repair due to
the similarities between porcine and human skin [8–12].

The purpose of this study was to analyze antimicrobial and therapeutic effects of
natural compounds isolated from hops in the porcine model of MRSA-infected wounds.

2. Results

Our previous data showed that both xanthohumol and beta-acids from hops possess
strong antimicrobial activity against MRSA in vitro under the standard testing condi-
tions [5,13]. However, when using antimicrobial substances in vivo, especially in wounds,
binding of the tested compounds to the proteins secreted during the healing process may
substantially modify their efficacy. An assessment using a modified agar diffusion method
in the presence of BSA was, therefore, performed to quantitate the antimicrobial effect of
the hop compounds in the presence of increased concentrations of proteins (Figure 1).

The diameters of inhibition zones for individual hops compounds and a hydrophilic
base—Ambiderman control—are presented in Table 1. Indeed, the presence of BSA sub-
stantially decreased the antimicrobial activities of the tested compounds. The growth
inhibition of MRSA was no longer detectable in xanthohumol at any concentration used.
Only beta-acids retained the antimicrobial effect, but it was achieved at higher concentra-
tions than in standard in vitro testing conditions without the addition of BSA [13]. The
tested concentrations—3%, 5%, and 10%—did not show any significant differences in
the diameters of the inhibition zones. Based on these results, the further evaluation of
xanthohumol in the in vivo porcine model was not performed.

The experimental porcine model was subsequently established to evaluate the an-
tibacterial and healing effects of purified hops compounds in vivo. External wounds were
created and experimentally infected with a quantified dose of bacterial suspension of
MRSA. The beta-acids from hops were applied to the wounds on days 3 and 7 after infec-
tion either in a powder form or in Ambiderman base during standard surgical dressing.
Framycoin was used as a positive control due to its efficacy against a wide spectrum of bac-
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teria and general suitability in the porcine model [14]. Bacterial load in the wounds, their
size and macroscopic appearance on the standardized Wound Healing Continuum [15]
were assessed.Antibiotics 2021, 10, x FOR PEER REVIEW 3 of 15 
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control), (B) 10% xanthohumol, (C) 3% beta-acids and (D) 10% beta-acids. Inhibition zones. 
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Figure 1. Antimicrobial activity of hop compounds in vitro. Agar diffusion test was performed using
MRSA and compounds applied in Ambiderman base. (A) Ambiderman base only (negative control),
(B) 10% xanthohumol, (C) 3% beta-acids and (D) 10% beta-acids. Inhibition zones.

Table 1. The antimicrobial activity of hops compounds against the MRSA strain obtained by the agar
diffusion method.

Tested Compound
Diameter of Inhibition Zone (mm) 1

3% 5% 10%

Beta-acids 11.2 ± 1.1 11.6 ± 1.3 12.8 ± 0.8
Xanthohumol 0 0 0

Ambiderman 0 0 0
1 Data are presented as mean ± standard deviation of inhibition zone diameters (n = 5).

The first quantitation of MRSA in the wounds was performed on day 3 post-inoculation
before the application of the first treatment to verify the infection of the wounds and then
on days 7 and 10 to record the anti-microbial effect of the applied substances. The effects of
beta-acids on the growth of MRSA are shown in Figure 2.
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Figure 2. The effects of beta-acids on MRSA growth. Quantitation of MRSA in wounds before
and on day 10 (after) of the treatment protocol is shown. Statistical significance (nonparametric
Kruskal–Wallis test, multiple comparison test): * p < 0.05, *** p < 0.001, **** p < 0.0001.

All the wounds infected with MRSA showed a comparable bacterial growth before the
treatments started. While some decrease in the culture score could be observed even in the
untreated wounds, highly significant reductions of the bacterial growth were detected in
the wounds treated with beta-acids in both the lotion and powder forms when compared
to the pre-treatment levels (p < 0.05 and p < 0.0001, respectively). In addition, the beta-acid
powder treatment exhibited a highly significant antimicrobial effect when compared to
Framycoin (p < 0.001), which had no effect on the MRSA growth. Comparison of the
bacterial growth levels in beta-acid treated wounds to the untreated ones revealed a clear
positive effect of the beta-acid powder, although it was not statistically significant. These
data show that the beta-acids exhibit a strong antimicrobial effect against the MRSA and
this effect is pronounced the most when the substances are applied in the powder form.

To assess the effect of the compounds on wound healing, the areas of individual
wounds were compared first as the general indicator of the healing process. Figure 3 shows
that wound areas decreased during the experiment regardless of the infection or treatment
used. Such results point to the innately high healing potential of porcine skin.

For more detailed wound assessment, the wound management framework character-
istics were recorded and compared for the individual treatment modalities. In general, the
signs of ongoing infection were clearly present during the first surgical dressing on day 3.
The wounds with MRSA were characterized by hyperemia, redness in the surroundings,
and pungent odor. On day 7, however, the wounds with beta-acids showed significant
improvement compared to both the negative controls and Framycoin treatment. Wounds
with beta-acids showed a decrease in redness, secretion, and odor. On day 10, the wounds
treated with beta-acids were filled with fresh granulation tissue. Once again, the most
pronounced effects were observed with the powder form of beta-acids. The detailed data
for each wound recorded using original scales of the Wound Healing Continuum are
available in Table S1 (Supplementary Material). To allow for further statistical analysis the
original criteria were assigned numeric scores and the results of the color score and the
total score evaluation on day 10 of the experiment are shown in Figure 4.
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Figure 4. The wound healing evaluation. Individual wound characteristics were assigned numerical
scores and the analysis for day 10 is shown. Statistical analysis was performed with the nonparametric
Kruskal–Wallis test and the multiple comparison test (* p < 0.05 and ** p < 0.01).

While the color characteristics alone showed no significant differences between the
individual treatments, the application of beta-acids exhibited a clear positive effect on the
overall healing score. Beta-acids in powder form show marked and significant differences
when compared to the untreated and Framycoin-treated wounds. Interestingly, the overall
healing was improved even in comparison to the uninfected wounds, indicating a potential
effect on the wound healing per se, not only in connection to its anti-microbial effects.

Finally, the effects of beta-acids on the MRSA-infected wounds were assessed on the
microscopic level. Tissue samples from the wounds were processed as indicated in the
Materials and Methods section, and the following categories of parameters were scored:
epithelial tissue recovery, connective tissue recovery, and inflammatory parameters. The
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results of the effect of the treatments on the individual inflammatory parameters are shown
in Figure 5.
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Figure 5. The histopathological score of the inflammatory response. The statistical analysis was performed with the
parametric one-way ANOVA test with post hoc Dunn’s comparison test (* p < 0.05).

The data show that beta-acids in both application forms exhibit distinct positive
effects on microabscess formation and total inflammation score compared to the untreated
wounds. These effects were statistically significant when beta-acids were applied in the
powder form (p < 0.05). Representative microphotographs of the inflammatory changes in
wounds after the infection and treatment with beta-acids are shown in Figure 6.
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Figure 6. Histopathological changes in the wounds infected with MRSA. Naphthol AS-D chloroacetate-stained samples of
porcine skin taken from the center of wounds, 100-fold the original magnification. (A) Non-infected samples with mild
granulocyte infiltration underneath a fibrin clot. (B) Infected wound receiving no treatment with three microabscesses
(indicated by arrows) and generally moderate granulocyte infiltration in the surrounding connective tissue. (C) Infected
wound treated with beta-acid powder, showing mild granulocyte infiltration underneath a fibrin clot.

No effects of the infection or individual treatments were observed in the epithelial
and connective tissue recovery parameters (Supplementary Figures S1–S5).
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3. Discussion

Bacterial skin and soft tissue infections represented by impetigo, folliculitis, furuncle,
carbuncle, erysipelas, cellulitis, fasciitis, and myonecrosis are frequently caused by Staphy-
lococcus aureus. Kolar et al. proved that the most prevalent etiological agent of infected
decubitus ulcers, leg ulcers, and bacterial infections of surgical wounds was S. aureus with
an MRSA frequency of 9% [16]. At the same time, MRSA is one of the most common noso-
comial pathogens with a worldwide distribution. Because of its higher resistance against
regularly used antibiotics, the research of effective drugs with antimicrobial properties
are still necessary. Several new antibiotics were developed in the past 20 years, which
are active against certain strains of MRSA and also present a potential in the treatment
of wounds (reviewed in [17]). Non-healing wounds currently represent one of the most
common problems encountered in healthcare systems and hospitals. The healing process
is often complicated by wound infection with nosocomial bacterial strains, which may
lead to the development of chronic wounds requiring long-term treatment [18]. Given this
situation, there is an urgent need for useful therapeutics providing both a healing effect
and antimicrobial activity. The use of topical antibacterial treatments has clear advantages
in the treatment of infected wounds [19]. However, while the antibiotic resistance of the
bacteria is still on the rise, the antibiotic research and development has been stalled due to
commercial and regulatory reasons [20–22].

Due to all the reasons above, there has been an increasing interest in recent years in
compounds derived from plants and herbs for their medicinal properties and anti-microbial
activities [17]. Thus, for example, tea tree oil and manuka honey have been shown to exert
positive effects on healing of MRSA-infected wounds as adjuvant therapeutics improving
the effect of antibiotics [23,24]. Numerous studies have shown that the hop cones represent
an abundant source of components with apparent antimicrobial effects against selected
strains of bacteria, viruses, fungi, and protozoa. One of the specific properties for the use of
hop derivatives as therapeutics is their low cytotoxicity. These features lead to their safety
and the absence of side effects. The antibacterial properties of some purified compounds
from hops, namely xanthohumol and beta-acids, were determined for many pathogens
(including MRSA) in vitro in the past [5,6,13].

The standard approach of testing individual compounds from natural sources rarely
produces clinically valuable products, and potent activity against planktonic bacteria in a
standard lab media rarely translates to the in vivo efficacy. Numerous studies have used
porcine models to evaluate the therapeutic effects of novel compounds, treatments, or
devices on wound healing processes [25–28].

In the presented study, the efficiency of the treatment with hop-isolated beta-acids was
tested in the porcine model of external wounds infected with MRSA. We first successfully
determined the antimicrobial activity of tested compounds against this pathogen in vitro
under the conditions simulating the wound environment. The antimicrobial activity of
xanthohumol on plates with 3% BSA content was no longer detectable. The antimicrobial
effects of beta-acids were still detectable, but at much higher concentrations than the MICs
detected using the standard conditions [13]. The effect was seen at all three concentrations
used with no clear dose-dependent effects. This suggests that binding of beta-acids from
hops to the proteins affects their antimicrobial properties, and therefore, the concentrations
in the in vivo treatments have to be adjusted accordingly.

The in vivo activity of beta-acids was tested using a porcine model of external wounds
that were previously infected with MRSA. Two modes of application of the active com-
pounds have been used in this study—the lotion with Ambiderman base and the powder
form—to investigate whether the mode of application influences the effect in the wounds.
Ambiderman was selected based on our preliminary results from the in vitro tests, where
it showed good release parameters for the hop compounds among the nine different bases
tested (data not shown). The individual modes required differential approaches in the
application and choice of dressings to ascertain that the compounds were uniformly spread
in the wound and did not leak out between the individual dressings. Thus, beta-acids in
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lotion were applied in a standardized volume to uniformly fill each wound and covered
with standard Curad dressings. The powder form was spread on each wound uniformly
by a sterile loop and then covered with Polymem pads. These are non-adherent and
non-absorbent polyurethane pads frequently used as dressings of skin wounds in surgery
in combination with antibacterial substances [29,30]. As such, these pads prevent the
leakage of the powdered substance out of the wound and its absorption into the dressing.
Regardless of the application form, the amount of the active substance per wound was kept
uniform to allow for direct comparisons. Both application forms of beta-acids exhibited
strong antimicrobial properties against the MRSA infection in vivo. This was manifested by
both the reduction of MRSA in the wounds and a decrease in inflammation when compared
to the untreated controls. However, the powder form of beta-acids has shown both stronger
antimicrobial effects and healing potential, which were statistically significant. This may
be in part due to the mode of application, where the powder is applied to the wound and
covered by a non-adherent dressing.

This study illustrates the antimicrobial and therapeutic potential of beta-bitter acids
in wound healing with MRSA contamination. The obtained results show a potential of
these compounds to be developed into an antimicrobial treatment scheme or to be used
in combination with standardly used drugs. In fact, having all the following properties,
beta-acids could represent an ideal topical antimicrobial for the use in chronic wounds:
targeted antimicrobial spectrum, rapid and persistent activity allowing for infrequent
dosing, low local absorption, activity in the presence of exudate, and low cost [31].

4. Materials and Methods
4.1. Hop Compounds

Pure beta-acids of hops were isolated from CO2 extract (variety Magnum; Hopsteiner,
Germany) by two purification steps according to schedule elaborated by the Hop Research
Institute [32]. The first step involved partitioning of the extract solution in toluene in
an alkaline medium of disodium carbonate (c = 0.2 mol·L−1) and sodium hydroxide
(c = 1 mol·L−1). In the second step, crude extract of beta-acids containing up to 3% w/w
of residual alpha-acids was recrystallized from the mixed solvent acetonitrile/water. The
final preparation of the beta-acids was entirely free of alpha-acid residues. Residual solvent
was removed by incubation at 40 ◦C and beta-acids of the minimal purity of 98% were then
reconditioned in a refrigerator for 24 h and kept at −18 ◦C until further use. The lotions
containing 3%, 5%, and 10% (w/w) of xanthohumol or beta-acids were prepared by mixing
the purified compounds with hydrophilic base Ambiderman (containing 8 g of paraffinum
liquidum, 12 g of paraffinum solidum, 2 g of alcohol stearilicus, 5 g of propylenglycolum,
2 g of slovasol 2430, 0.5 g of carbomera, 0.6 g of trolaminum, 0.2 g of methylparabenum,
0.05 g of propylparabenum, and 69.65 g of aqua purificata in 100 g). This formulation was
previously shown to be effective in vitro [13].

4.2. Bacterial Strain and Culture Conditions

The methicillin-resistant S. aureus used in this study was from the collection of isolates
of the Department of Microbiology of University Hospital in Olomouc (Czech Republic).
The strain was cultured on blood agar, Mannitol Salt Phenol Red agar and Oxacillin Resis-
tance Screening Agar Base (all from LabMediaServis, Jaromer, Czech Republic). Bacterial
stocks for cryopreservation were prepared on porous beads (ITEST, Hradec Kralove, Czech
Republic). For each experiment, fresh bacterial culture was prepared by inoculation of the
porous bead with MRSA onto the blood agar plate. The subsequent culture was performed
under aerobic conditions at 37 ◦C for 24 h.

Quantitation of bacterial growth in the wounds was performed by a semiquantitative
culture analysis [33–36]. The swab samples from the wounds were inoculated onto agar
plates. Then, the inocula were spread further using subsequent streaks of the loop pro-
gressing from quadrant 1 of the plate (the swab inoculum) towards quadrants 2, 3, and 4 in
a step-wise fashion. The results were then reported as 1+, 2+, 3+, and 4+, indicating the
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number of the quadrant where the presence of bacterial growth was still detected, or as
0 for no apparent growth. The number of the quadrant with a detected growth directly
correlates to the quantity of the bacteria in the inoculum.

4.3. In Vitro Antimicrobial Testing of Hops Compounds

The evaluation of antimicrobial activities of tested compounds from hops was per-
formed using a modified protocol of agar diffusion test. Briefly, the bacterial inoculum in a
physiologic solution with a turbidity of 0.5 degrees of the McFarland scale was prepared
from a pure bacterial culture incubated for 24 h. Subsequently, the Mueller-Hinton agar
containing culture dishes supplemented with 3% bovine albumin (BSA) were inoculated by
streaking with the swab containing the inoculum. After 3–5 min of drying, the wells for the
tested compounds were prepared using a sterile puncher. The distance of the center of each
well from the edge of the petri dish was 24 mm and no closer than 10 to 15 mm. Afterward,
each individual tested substance was applied into the wells at concentrations 3%, 5%, and
10% in a volume of 200 µL in three replicates. The agar plates were then incubated at 37 ◦C
for 24 h and the diameter of zones of inhibition was recorded using a standardized ruler.

4.4. Animals and Housing

Six experimental adult female pigs (Sus scrofa f. domestica, hybrid of Czech White and
Landrace breeds; weight mean 50 ± 0.3 kg) were enrolled into the study. The pigs were
housed in an accredited vivarium (temperature 21 ± 1 ◦C, naturally light/dark cycle). All
animals were fed with standard assorted A1 food (VKS Pohledecti Dvoraci, Havlickuv
Brod, Czech Republic) in equal amounts twice a day and had free access to drinking water.
The acclimatization period was 7 days before the experiment. The project was approved by
the Institutional Review Board of the Animal Care Committee of the University of Defence
(record number MO 54549/2017–684800 and MO 103191/2018–684800), Faculty of Military
Health Sciences, Hradec Kralove, Czech Republic. Animals were treated in accordance
with the European Convention for the Protection of Vertebrate Animals and in accordance
with the ARRIVE Guidelines [37]. All workers who manipulated animals are holders of
a Certificate of Professional Competence to Design Experiments and Experimental Trials
under the Animal Welfare.

4.5. Experimental Model

The animals were anesthetized 30 min before start of the procedure with 30 mg/kg of
ketamine (Narkamon, Bioveta, Ivanovice na Hane, Czech Republic), 40 mg·kg−1 azaperone
(Stressnil, Janssen Pharmaceutica, Beerse, Belgium), and 0.05 mg·kg-1 of atropine (Atropin
Biotika, Biotika Bohemia, Prague, Czech Republic), using intra-muscular injection. An
intravenous application of propofol (Fresenius Kabi AG, Bad Homburg, Germany) was
used for the subsequent maintenance of general anesthesia. The dorsal and lateral thorax
of pigs were clipped, washed with an antimicrobial-free soap, and shaved with a razor.
Each animal was intubated and prepared for surgery using isopropyl alcohol to disinfect
the skin surface. The site of the wound creation was designated with a marking pen on
the skin over the dorsal muscle of the pig. Ten deep surgical wounds were aseptically
created by the scalpel using a sterile stainless steel template with the internal dimensions
of 3.5 × 3.5 cm (Figure 7).

The wounds penetrated the level of the muscular fascia (approximately 0.5 cm deep).
The wounds were separated by 30 mm of unwounded skin in between. Eight wounds
were then inoculated with 0.1 mL of MRSA suspension at uniform concentrations of
9 × 105 CFU per mL and allowed to sit undisturbed for 2 min. Two non-infected wounds
treated with 0.1 mL sterile saline solution were used in the study as a negative control.
All wounds were covered with sterile compress. The wounds subsequently treated with
the powder form of beta-acids were covered by non-adherent Curad dressings (Medline,
Northfield, Minnesota), two layers of Omnifix Elastic (Hartmann Rico, Veverska Bityska,
Czech Republic), and the entire animal loosely wrapped with elastic wrap. After each
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procedure, the general appearance of the animals was followed, including the willingness
to eat and drink, signs of lameness or pain, and signs of systematic disease.
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4.6. Wound Treatments and Macroscopic Assessment

In all of the experiments, two wounds on each animal were established as negative
controls (infection-free). The rest of the wounds were infected by MRSA suspension
at uniform concentrations (see experimental model). The timeline of the experiment is
provided in Figure 8.
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On days 3 and 7 after the wound creation, the antibacterial compounds were applied
during surgical dressings. Framycoin (active substances: zinc bacitracin 2500 IU, neomycin
sulfas 52 mg in 10 g of ointment) in the amount of 1.5 g·wound−1 was used in two wounds
on each animal as a positive control. The wounds were, thus, subsequently analyzed in the
following categories—uninfected (n = 12), infected with no treatment (n = 8), Framycoin
application (n = 8), application of beta-acids in powder form (n = 12), and in Ambiderman
base (n = 12). The amount of beta-acids applied was kept uniform at 300 mg·wound−1.
Thus, the following procedures were used in the respective wounds: 300 mg·wound−1 of
beta-acid powder were applied and uniformly spread on the wound surface by a sterile
loop, while 3 mL of 10% beta-acid in Ambiderman base were applied to fill the wound. All
dressings were performed in general anesthesia as follows. The animals were anesthetized
30 min before the procedure with 30 mg·kg−1 of ketamine (Narkamon, Bioveta) and
0.05 mg·kg−1 of atropine (AtropinBiotika, Biotika Bohemia), using intra-muscular injection.
An intravenous application of propofol (Fresenius Kabi AG) was used for subsequent
maintenance of general anesthesia. Before the first application of the hop substances on
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day 3, bacterial swab samples were taken from all wounds to evaluate the magnitude of
MRSA infection. The wounds were macroscopically evaluated and pictures were taken.

After that, the active substances were applied to the wounds. The beta-acids in lotion
filled the entire wound. The wounds were then covered with sterile compresses 5 × 5 cm
and with two layers of Omnifix Elastic. The beta-acids in the powder form were dispersed
over the whole wound area, after which the wound was filled with Polymem pads and
covered with sterile compresses 5 × 5 cm and two layers of Omnifix Elastic. Wounds with
Framycoin lotion were covered with compresses 5 × 5 cm and covered with two layers of
Omnifix Elastic.

On day 7, the dressings and substance applications were performed in a similar
manner, including the wound examinations. In the wounds with the lotion small irrigation
with physiological saline solution was necessary to remove the dressing without wound
irritation. On day 10 after the wound creation, the experiment was terminated: the
last swabs were taken and, following the euthanasia, cross-sections of the wounds were
sampled for histopathology.

During each surgical dressing the wound healing process was scored using The
Wound Healing Continuum (color-based continuum) [15]. Briefly, this system scores
selected criteria of wound appearance using colors (Black, Black-Yellow, Yellow, Yellow-
Red, Red, Red-Pink, Pink) and the presence or absence of wound secretions, odor, and
redness. A black wound base indicates a necrotic tissue with no healing potential. A yellow
wound presents adherent fibrous material, which together with wound exudate is an ideal
medium for bacterial growth and ongoing infection. The Red and Red-Pink tissue presents
new vessel growth, granulation tissue matrix, and indicates wound healing.

4.7. Histopathology Examination

Collected samples were fixed in 10% neutral buffered formalin (Bamed, Ceske Bude-
jovice, Czech Republic). Subsequently, they were histologically processed and stained with
hematoxylin and eosin (both from Merck, Kenilworth, NJ, USA), according to Pejchal et al. [38].
Additionally, hydrated samples were stained with naphthol AS-D chloroacetate (specific
esterase) Kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s in-
structions and with Masson’s trichrome staining according to the procedure published
previously [39].

Histopathological parameters were evaluated using an Olympus BX51 microscope
(Olympus, Tokyo, Japan) by a histopathologist who was blinded to the treatment. The total
histopathological score was defined as the sum of the nine parameters described in Table 2.

Table 2. Histopathological parameters of wound healing.

Score 0 1 2 3

Healing of Epithelial Layer

Extent of the newly
formed layer

Does not Reach the
Cutting Edge On the Cutting Edge ≤50% of the Wound a ≥50% of the Wound a

Differentiation none spinous granular

Healing of Connective Tissue

Amount of Granulation
Tissue profound moderate scanty absent

Collagen Fiber
Orientation vertical mixed horizontal

Collagen Fiber Pattern reticular mixed fascicle

Amount of Early
Collagen profound moderate minimal absent

Amount of Mature
Collagen absent minimal moderate profound
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Table 2. Cont.

Score 0 1 2 3

Inflammatory Response

Inflammatory Infiltrate Plenty Moderate Mild A few

Presence of
MicroAbscesses ≥2 1 none

a does not include the cutting edge.

These parameters included healing of the epithelial layer (extent of newly formed
epithelial layer and its predominant differentiation), healing of connective tissue (amount
of granulation tissue, collagen fiber orientation, collagen fiber pattern, amount of early
collagen, and amount of mature collagen), and the inflammatory response (inflamma-
tory infiltrate, presence of microabscesses). Parameters 1, 2, and 3 were evaluated from
hematoxylin-eosin-stained samples. Masson’s trichrome-stained samples were used to
measure parameters 4–7. Finally, naphthol AS-D chloroacetate-stained samples helped to
score parameters 8 and 9. All these indicators were evaluated only in the area covering one
microscopic field at 200-fold magnification beneath the fibrin or epithelial layer from the
right to the left edge of the wound (at the surface).

4.8. Data Analysis

Data of wound monitoring were analyzed using Excel (Microsoft® 2010) software or
imported into GraphPad Prism 9 (version 9.1.0, GraphPad Software Inc., San Diego, CA,
USA) for further analysis. The normality was tested using the Shapiro–Wilk test. Normally
distributed data were analyzed using a one-way ANOVA with post-hoc test. Non-normally
distributed data were analyzed by a Kruskal–Wallis test with multiple comparison test.
The differences were considered significant when p ≤ 0.05.

5. Conclusions

Taken together, the data from our porcine model of the in vivo infection of MRSA-
infected wounds show clear effects of beta-acids from hops on both the reduction of
bacterial load in the wounds and improvement of macroscopic as well as microscopic
parameters of wound healing. The powder application form of beta-acids shows superior
results to those obtained with the active compound in the Ambiderman base. The presented
study determined in the animal model that the beta-bitter from hop acids significantly
improve both the wound healing process and antibacterial activity. Thus, these compounds
could have potential for human application.

6. Patents

Bostik P, Sleha R, Houska M, Mikyska A, Krofta K inventors. Lecebna latka z chmele
pro tezce se hojici rany jako nahrada antibiotik a zpusob jeji aplikace (Medicinal substance
from hops for difficult-to-heal wounds as a substitute for antibiotics and the method of its
application). Czech patent application number PV 2021–195. Industrial Property Office of
the Czech Republic. Apr 19, 2021. Czech

Bostik P, Sleha R, Houska M, Mikyska A, Krofta K inventors. Lecebna latka z chmele
pro tezce se hojici rany jako nahrada antibiotik a zpusob jeji aplikace (Medicinal substance
from hops for difficult-to-heal wounds as a substitute for antibiotics and the method of its
application). Czech utility model application number PUV 2021–38741. Industrial Property
Office of the Czech Republic. 19 April 2021. Czech

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics10060708/s1, Table S1, The original wound healing evaluation scores; Figure S1,
The histopathological score of epithelial tissue parameters; Figure S2, The histopathological score of
connective tissue recovery; Figure S3, The total histopathological score; Figure S4, Histopathological
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changes in the wounds infected with MRSA; Figure S5, Histopathological changes in the wounds
infected with MRSA.
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Abstract: Clostridioides (C.) difficile is an important causative pathogen of nosocomial gastrointestinal
infections in humans with an increasing incidence, morbidity, and mortality. The available treatment
options against this pathogen are limited. The standard antibiotics are expensive, can promote
emerging resistance, and the recurrence rate of the infection is high. Therefore, there is an urgent
need for new approaches to meet these challenges. One of the possible treatment alternatives is to
use compounds available in commonly used plants. In this study, purified extracts isolated from
hops—alpha and beta acids and xanthohumol—were tested in vivo for their inhibitory effect against
C. difficile. A rat model of the peroral intestinal infection by C. difficile has been developed. The results
show that both xanthohumol and beta acids from hops exert a notable antimicrobial effect in the
C. difficile infection. The xanthohumol application showed the most pronounced antimicrobial effect
together with an improvement of local inflammatory signs in the large intestine. Thus, the hops
compounds represent promising antimicrobial agents for the treatment of intestinal infections caused
by C. difficile.

Keywords: hops; C. difficile; infection; rat model

1. Introduction

C. difficile (formerly Clostridium difficile) is an anaerobic, spore-forming Gram-positive
bacterium, which is widely found in the mammalian gastrointestinal tract (GIT), including
in humans. Its growth is under physiological circumstances suppressed by the intestinal mi-
crobiome. One of the main virulence factors of C. difficile is the ability to form aerotolerant
spores allowing bacteria to persist within the host and to disseminate by patient-to-patient
contact or environmental contamination. Clostridial toxins A and B represent other im-
portant pathogenetic factors. These exotoxins have enterotoxic and cytotoxic activity that
cause primary symptoms of the disease [1–3].

C. difficile is opportunistic bacteria, a pathological role which usually manifests in
hospital settings in patients with antibiotic treatment that alter the colonic microbiome.
The extensive antibiotic resistance of C. difficile leads to its proliferation in the colon and
toxin production. The other patient-related risk factors affecting this process are advanced
age, increased severity of underlying illness, prior hospitalization, use of feeding tubes,
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gastrointestinal surgery, and therapy using proton-pump inhibitors. Clinical symptoms of
C. difficile infection manifest by signs ranging from mild diarrhea to pseudomembranous
colitis, toxic megacolon, bowel perforation, and sepsis [4,5].

The treatment strategy of the C. difficile-induced infection depends on the health status
of the patient and comorbidities. The first step in treating C. difficile is to discontinue
the antibiotic therapy that triggered the C. difficile overgrowth leading to symptoms or,
if necessary, to replace the antibiotic with another one. In intermediate and severe cases,
antibiotics remain the recommended treatment. Vancomycin and metronidazole are the
antibiotics of choice. They are the most efficient ones in clinical practice. The other drugs
utilized in such cases include fidaxomicin, tigecycline, or teicoplanin. Recurrent C. difficile
infections occur in up to 35% of cases due to the relapse of infection or reinfection with
another strain [6–9]. Preserving physiological microbiome and microbial diversity in the
gastrointestinal tract may prevent or even treat the disease. Other potential therapeuti-
cal modalities represent non-antibiotic therapies, such as the application of probiotics,
intravenous immunoglobulins, and fecal transplants [2,5,10].

However, the commonly used antibiotic therapy could induce bacterial resistance and
create a burden for the patient. Therefore, effective non-antibiotic alternatives are urgently
needed and have been a focus of research for several years, including plant derivatives.
Among those, various hops extracts and individual hops compounds have been known for
some time for their antimicrobial activity. Strong antimicrobial activity of hops compounds
(isolated from Humulus lupulus L.), including xanthohumol or alfa- and beta-bitter acids,
has been reported against C. difficile in vitro. With minimal inhibitory concentrations being
close to commonly used antibiotics, these compounds may represent a potential alternative
for treating C. difficile infections [11–16].

Various animals pretreated with antibiotic regimens followed by oral challenge with
C. difficile have been used as suitable models for C. difficile-induced disease [1,5,17–20].

The aim of this study was to determine the antibacterial properties of pure hops
extracts of alpha- and beta-bitter acids and xanthohumol in C. difficile infection in vivo. For
this purpose, a rat model of infection was developed.

2. Results

To evaluate the in vivo antibacterial effect of purified hops compounds, the experimen-
tal animals were first conditioned using an antibiotic regimen to clear their intestines from
microflora and the endogenous C. difficile infection. The animals were then experimentally
infected with a quantified dose of ribotyped hypervirulent C. difficile strain. Several differ-
ent bacterial isolates were first tested for their pathogenicity in rats leading to the selection
of the most pathogenic one (data not shown). A total of 35 animals divided into five
experimental groups were then monitored for both the general signs of C. difficile-induced
disease and for the presence of the bacteria in feces. Prior to the infection of animals with
the experimental strain, only two animals tested positive for the endogenous colonization
with C. difficile. Both of them belonged to the group subsequently treated with beta-bitter
acids. One of these rats died during the experiment. Within three days post-infection, all
animals were culture positive for the presence of vegetative form or spores of C. difficile.
The general clinical symptoms of C. difficile infection were also observed in all animals
(apathy, bristle coat). At this time point, the administration of antibacterial substances
started (xanthohumol, beta-acids, xanthohumol + beta-acids, or vancomycin), except for
the control group which received no treatment. Alpha bitter acids were not included in this
study as they showed only a limited effectivity in vitro [13] and no effect in a preliminary
experiment in vivo (data not shown).

The body weight of each animal was monitored during the entire experiment. Until
day 3 post-infection, all infected animals suffered weight loss, and several rats also exhibited
symptoms of diarrhea. After the onset of antimicrobial treatment, the body weight of each
treated animal started to improve rapidly. As illustrated in Figure 1, all tested hops
compounds and vancomycin effectively stopped further weight loss of animals and led
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to the normalization of their body weight compared to the untreated control group. All
treated groups showed significant differences in body weight on days 7, 8, and 9 (p < 0.05)
compared to the untreated control. The most profound and rapid positive effect of the hops
compound was observed especially in the beta-bitter acid group. This was despite the fact
that the animals in all three hops compound-treated groups exhibited the most pronounced
weight loss after the infection but before the treatment. The other clinical symptoms in
animals in the treated groups improved as well.
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Figure 1. The proportion of body weight of infected rats during the C. difficile infection. Data are
presented as means of the animal body weights at the individual time points relative to their body
weight at the onset of the experiment (day-5). The animals were infected on day 0, and treatments
started on day 3. XN—xanthohumol, Beta—beta-acids.

The quantitative determination of C. difficile in fecal samples showed the ability of
tested compounds to reduce the bacterial load (Figure 2). During the treatment period
(samples collected on days 3, 5, 7, and 9 post-infection), all three hops-compound treatment
modalities showed similar inhibitory effects when compared to the untreated control.
The reduction of the bacterial load was observed from day 3 post-infection. In all three
treatment groups the differences in bacterial load of C. difficile were significant (p < 0.05)
when compared to the untreated controls. Treatment by vancomycin in the positive control
group showed a rapid decline of the bacterial load from day 5 (Figure 2).

We further evaluated the effect of treatments on the infection in intestines in experi-
mental animals both at the macroscopical and microscopical levels after the termination of
the experiment. The macroscopical evaluation showed marked hyperemia and swelling of
the bowel in the animals from the untreated group. All the administered treatments led to
a physiological bowel appearance after the termination of the experiment. Representative
examples are shown in Figure 3.
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Figure 3. Macroscopical evaluation of C. difficile infection in the large and small intestines. (A) Normal
macroscopical finding in the Xanthohumol treated rat; (B) edema in the large intestine (red arrow)
and (C) hyperemia in the small intestine in infected untreated rats (yellow arrow).
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The histopathological samples were collected at the end of the experiment (day 10).
Microscopical examination showed C. difficile infection-induced edema and leukocyte
infiltration in the large intestine of untreated animals. These findings were significantly
reduced by all treatments (examples shown in Figure 4).
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Figure 4. Histopathological changes in the colon from rats infected with C. difficile 10 days post-infection (A) with no
treatment and (B) treated with xanthohumol. Tissue samples are stained with a naphthol AS-D chloroacetate kit and
counterstained with hematoxylin (200-fold original magnification). C. difficile infection leads to high neutrophil infiltration
(red color) and edema (A), which is substantially reduced by the xanthohumol treatment (B).

Further analysis showed (Figure 5) that treatments with xanthohumol or beta-bitter
acids reduced the edema in the large intestine. Additionally, the individual compounds
significantly reduced the histopathological score of inflammation. Quantitation of neu-
trophils in the mucosal and submucosal tissues showed that all treatment modalities led to
significant decreases in the numbers of neutrophils per microscopic field.

The extent of histopathological changes in the small intestine of infected rats was
generally low, even in untreated controls (data not shown).

Taken together, xanthohumol and beta-bitter acids show a clear antimicrobial effect
against C. difficile infection in vivo, leading to both notable decreases in bacterial load
(significant especially at days 5 and 7 post-infection) and normalization of inflammatory
markers in the mucosal and submucosal tissues of the large intestine. The best antimicrobial
effects in this model in vivo are obtained with the administration of either xanthohumol
alone or a mixture of xanthohumol and beta-bitter acids from hops. In addition, the
developed and presented animal model in rats provides a useful tool in studies of the
pathogenesis and therapy of colitis induced by C. difficile infection.
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3. Discussion

C. difficile is one of the most common nosocomial pathogens with a worldwide dis-
tribution. It has been associated with pseudomembranous colitis, often leading to life-
threatening diarrhea with increased morbidity and mortality rates. The currently used
therapeutic management of C. difficile infection is achieved by the termination of “unnec-
essary” antibiotics that may lead to the development of the condition and administration
of antimicrobials effective against C. difficile. The currently used ones are represented by
vancomycin and metronidazole. However, the infection has a relatively high recurrence
rate. The recurrent disease and fulminant courses require an intra-intestinal or parenteral
administration of antibiotics. Some drugs, such as metronidazole, are characterized by a
high resorption rate and present with serious side effects. Thus, there is an ongoing search
for alternative therapies for this disease. One of those is, for example, the fecal microbial
transplantation [9,21,22].

Another possible approach explored is the use of compounds with antimicrobial
effects available in commonly used plants. Numerous studies have shown that the hops
cones represent an abundant source of components with apparent antimicrobial effects
against certain bacteria, viruses, fungi, and protozoa. Some of the specific properties for
using these hops derivatives as therapeutics is their low cytotoxicity, specifically for the
use in the GIT, and their very low adsorption. These features lead to their safety and the
absence of side effects. The antibacterial properties of some purified compounds from hops,
namely xanthohumol and beta-bitter acids, were determined in vitro for many pathogens,
including C. difficile, in the past [13].

In the present study, the efficiency of the treatment with two compounds isolated
from hops and their mixture was tested in an animal model of the C. difficile-induced
gastrointestinal infection. We first successfully established the rat model for the C. difficile
bowel infection. In this model, the bacteria from the hypervirulent human strain were
atraumatically introduced into the GIT of animals pre-conditioned with a regimen of
antibiotics. In contrast to the hamster model historically used for C. difficile infection, the
course of the infection in rats is not fulminant and lethal, which allows for an extended
antimicrobial efficacy testing. Thus, the rat model is more similar to the disease course of
C. difficile bowel infection in humans, which will allow not only for in vivo testing of novel
antimicrobials but potentially for studies of disease pathogenesis as well.

The results of this study show that all the hops derivatives tested possess antimicro-
bial properties against the C. difficile infection in vivo. However, the pure xanthohumol
exhibited higher antimicrobial potential in our model than the other hops compounds
tested. It significantly decreased the bacterial load of C. difficile in fecal samples after two
days of application. These results further corroborate our previously published data of the
high in vitro activity of xanthohumol against C. difficile determined by the broth dilution
method. Similar antimicrobial effects were observed for the combination of xanthohumol
and beta-bitter acids. Treatments by these substances also had positive effects on body
weight and other general signs of the disease in experimental animals compared to the
untreated control.

Finally, this work illustrates the antimicrobial potential of the tested compounds
against C. difficile in in vivo testing. These results show that namely xanthohumol has
the potential of being developed into an antimicrobial treatment regimen or to be used in
combination with standardly used drugs. The advantage of xanthohumol for such use is
its minimal resorption in the intestine, thus allowing for the administration of large doses
with no or minimal side effects.

Mechanisms underlying antimicrobial activity of hops-derived compounds have not
been extensively studied. Several reports suggest that these compounds affect bacterial
cell membrane integrity, interfere with fatty acid metabolism, and lead to an accumulation
of protons intracellularly and subsequent cell starvation [23–25]. A combination of these
mechanisms may underlie effects of these compounds against C. difficile observed in the
presented study. However, the elucidation of the exact mechanism will need further
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investigation. Taken together, the results show the purified substances from hops are
promising candidates for further development and use in difficult-to-treat infections in
humans, such as colitis caused by C. difficile.

4. Materials and Methods
4.1. Hops Compounds

A pure isolate of beta-acids was prepared at the Hop Research Institute in Zatec
and further purified at the Research Institute of Brewing and Malting according to the
procedure described by Krofta et al. [26]. The first step involved partitioning the CO2 hops
extract solution in an alkaline medium of sodium carbonate and sodium hydroxide to
separate the alpha-acids and beta-acids fractions. In the next step, the crude beta-fraction
has been used for the isolation of pure beta-acids (99.7% w/w) through crystallization from
the solvent mixture. The isolate of xanthohumol (84.3% w/w) was prepared following
the procedure described by Biendl [27]. The process consists of the selective sorption of
prenylflavonoids from ethanolic hops extract on polyvinylpyrrolidone. The isolate contains,
in addition to xanthohumol, the whole spectrum of different hops prenylflavonoids. A
stock solution with a concentration of xanthohumol or beta-acids of 100 mg/1 mL was
prepared by dissolving the isolates in dimethyl sulfoxide.

4.2. Bacterial Strain and Culture Conditions

The bacterial strain of C. difficile used in this study was from the collection of isolates
of the Department of Medical Microbiology of Thomayer Hospital in Prague (Czech
Republic). The hypervirulent strain 176 was isolated and ribotyped at the Institute of
Microbiology, University Hospital and Second Medical Faculty, Charles University in
Prague. The ribotype analysis was performed using PCR ribotyping and detection of
the presence of toxin production governing genes (tcdA (A), tcdB (B), cdtA, and cdtB
(binary)) was performed by a multiplex PCR. The strain was cultured on selective C. difficile
blood agar (LabMediaServis, Jaromer, Czech Republic) supplemented with norfloxacin
(12 µg/mL) and moxalactam (32 µg/mL). Bacterial stocks for cryopreservation were
prepared on porous beads (ITEST, Hradec Kralove, Czech Republic). For each experiment,
fresh bacterial culture was prepared as follows. The porous bead with C. difficile was
inoculated onto the agar plate. The culture was performed under anaerobic conditions
using an anaerobic gas chamber and an AnaeroGen sachet (Oxoid, Basingstoke, UK) at
37 ◦C for 48 h.

4.3. Animals and Housing

Male Wistar rats (weight 330–460 g) were purchased from VELAZ (Prague, Czech
Republic). The animals were housed under veterinary control and standard conditions
(light cycle 12 h/12 h, standard laboratory diet, and water ad libitum). All the experiments
were performed with permission and under the supervision of the Ethics Committee of the
Faculty of Military Health Sciences (Hradec Kralove, Czech Republic).

4.4. Experimental Model

The experimental animals were subjected to the following protocol to establish a suit-
able animal model for testing the compound’s in vivo antibacterial activity. On day 5, water
containing antibiotic mixture, consisting of amikacin (9.66 mg/kg, Braun Medical, Prague,
Czech Republic), colistin (4.2 mg/kg, Teva Pharmaceuticals, Prague, Czech Republic),
gentamicin (3.5 mg/kg, LONZA, Basel, Switzerland), metronidazole (21.5 mg/kg, Braun
Medical, Prague, Czech Republic), and vancomycin (4.5 mg/kg, Mylan SAS, Saint Priest,
France), was given to each animal by intragastric gavage in a total volume of 1 mL. This
was followed with identical doses of amikacin, gentamicin, and colistin at day 2. A single
dose of clindamycin (10 mg/kg; Fresenius Cabi, Germany) was given intraperitoneally at
day 1. On day 0, the stool samples were sampled before the experimental bacterial infection
to screen for any endogenous colonization with C. difficile. Then each rat was administered
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with a single dose of C. difficile suspension (3 × 108 cells in 1 mL) by intragastric gavage.
Rats were then monitored every day for general signs of infection (diarrhea, weight loss,
and infection symptoms), and stool samples were collected for C. difficile identification
until day 10 post-infection by culture and quantification at day 3, 5, 7, 9 post-infection by
qPCR (Figure 6). For the evaluation of antibacterial effects of hops compounds, the animals
were divided into 5 experimental groups of 7 animals each. There were two control groups:
animals in the negative control group I received no antibacterial treatment, while those
in the positive control group II received vancomycin (150 mg/L, Mylan SAS, St. Priest,
France) as the “standard” antibiotic used in the treatment of pseudomembranous colitis.
Animals in groups III, IV, and V were treated with xanthohumol, beta-bitter acids, or a
mixture of both substances at the concentration 5 mg/kg, respectively. All antibacterial
agents were administered every day by intragastric gavage from day 3 post-infection. On
day 10 post-infection, the animals were euthanized, and samples from the small and large
intestine were collected for further histological examination.
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4.5. DNA Isolation and Real-Time PCR

The DNA from stool samples of rats was isolated by HigherPurity Stool DNA Isolation
kit (Canvax Biotech S.L., Córdoba, Spain) according to the manufacturer’s instructions.
DNA samples were then stored at −20 ◦C until qPCR analysis.

The qPCR assay was performed using C. difficile Genesig Advanced Kit (PrimerDesign,
Camberley, UK). The amplification reactions were carried out in a final volume of 20 µL,
which consisted of 5 µL of the template and 15 µL of the master mix, containing Oasig
2X qPCR Master Mix, 300 nM of each primer and 150 nM fluorescence-labeled probe and
distilled water. The assay was performed with the CFX Touch Real-Time PCR Detection
System (Biorad, Hercules, CA, USA). The amplification conditions consisted of an initial
enzyme activation at 95 ◦C for 2 min, followed by 50 cycles of denaturation at 95 ◦C for
10 s, primer annealing at 54 ◦C for 30 s, and data collection at 60 ◦C for 1 min. Fluorogenic
data was collected through the FAM and VIC channels.

4.6. Histopathology Examination

Collected samples were fixed in 10% neutral buffered formalin (Bamed, Ceske Bude-
jovice, Czech Republic). Subsequently, they were histologically processed and stained
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with hematoxylin and eosin (both from Merck, Kenilworth, NJ, USA), according to Pe-
jchal et al. [28]. The histopathological analysis was performed using a BX-51 microscope
(Olympus, Tokyo, Japan) and a semiquantitative scale developer by Shelby et al. [20].

Neutrophil granulocytes were detected using Naphthol AS-D Chloroacetate (spe-
cific esterase) Kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s
instructions. Naphthol AS-D Chloroacetate positive cells were measured in 6 randomly se-
lected microscopic fields in the mucosal and submucosal compartments at 400fold original
magnification on a BX-51 microscope.

4.7. Data Analysis

Data obtained by the qPCR assay and weight monitoring were analyzed using Excel
(Microsoft® 2010) software or imported into GraphPad Prism 6 (version 6.05, GraphPad
Software Inc., San Diego, CA USA) for further analysis. The normality was tested using the
Shapiro–Wilk test. Normally distributed data were analyzed using one-way ANOVA with
post hoc Student’s t-test. Non-normally distributed data were analyzed by Kruskal–Wallis
test with post hoc Mann–Whitney test. The differences were considered significant when
p ≤ 0.05.
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Abstract: Enterococci are important bacterial pathogens, and their significance is even greater in
the case of vancomycin-resistant enterococci (VRE). The study analyzed the presence of VRE in
the gastrointestinal tract (GIT) of hemato-oncological patients. Active screening using selective
agars yielded VRE for phenotypic and genotypic analyses. Isolated strains were identified with
MALDI-TOF MS, (Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry)
their susceptibility to antibiotics was tested, and resistance genes (vanA, vanB, vanC-1, vanC2-C3)
and genes encoding virulence factors (asa1, gelE, cylA, esp, hyl) were detected. Pulsed-field gel
electrophoresis was used to assess the relationship of the isolated strains. Over a period of three
years, 103 VanA-type VRE were identified in 1405 hemato-oncological patients. The most frequently
detected virulence factor was extracellular surface protein (84%), followed by hyaluronidase (40%).
Unique restriction profiles were observed in 33% of strains; clonality was detected in 67% of isolates.
The study found that 7% of hemato-oncological patients carried VRE in their GIT. In all cases,
the species identified was Enterococcus faecium. No clone persisted for the entire 3-year study period.
However, genetically different clusters were observed for shorter periods of time, no longer than
eight months, with identical VRE spreading among patients.

Keywords: VRE; GIT; hemato-oncological patients; clonality

1. Introduction

In today’s medicine, important bacterial pathogens are enterococci. As etiological agents, they are
responsible for community as well as healthcare-associated infections (HAIs), particularly in patients
with prolonged hospital stays, severe underlying disease, or previous broad-spectrum antibiotic
therapy [1]. Sievert et al. reported that enterococci belong to the most common bacterial pathogens
causing HAIs in the USA [2]. According to a 2017 U.S. study, enterococci were implicated in 14%
of HAIs in the country [3]. Using results from a large multicenter study involving 15 centers
in the Czech Republic, Kolář et al. documented that 9% of bloodstream infections were due to
enterococci [4]. Herkel et al. found that enterococci accounted for 5% of all bacterial pathogens causing
healthcare-associated pneumonia [5]. In these cases, they originated in the upper gastrointestinal
tract (GIT), with pneumonia developing as a result of gastric content regurgitation and subsequent
microaspiration [6]. Since approximately the 1970s, a vast majority of enterococcal HAIs have been
caused by Enterococcus faecium and Enterococcus faecalis [7].
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Treatment of enterococcal infections is considerably influenced not only by their natural resistance
to many antibacterial agents, but also by acquired resistance, representing a factor limiting antibiotic
therapy. A therapeutic challenge and real threat to patients are vancomycin-resistant enterococci (VRE).
The most widespread VRE type is the VanA phenotype, determined by the D-alanyl-D-lactate structure
encoded by the vanA gene that is very often located on transposon Tn1546 [8–11]. The first description
of VRE comes from the UK and was published in 1988 [12]. In the Czech Republic, VRE were first
detected in hemato-oncological patients at the University Hospital Olomouc in 1997 [13].

At present, a serious public issue is the presence of multidrug-resistant bacteria including VRE in
the GIT as components of the normal microflora. The clinical significance of multidrug-resistant bacteria
in the GIT was documented by Kolář et al. In their study, an ESBL-positive strain of Klebsiella pneumoniae
and an AmpC-positive strain of Enterobacter cloacae, isolated from rectal swabs and thus being part
of gastrointestinal bacterial flora, were found to be identical with strains causing bacterial infections,
namely urinary tract infection and bloodstream infection [14]. Arias and Murray reported translocation
of enterococci across the GIT wall into the bloodstream with subsequent endocarditis [7]. This fact
is of utmost importance in VRE that may be part of GIT microflora, with the length of hospital
stay or interventions such as hemodialysis, transplantation, and application of artificial materials
playing an important role [15–17]. Heisel et al. showed that the proportion of patients with VRE
colonization of the GIT changed from 3% before hospital admission to 59% during their hospital
stay [18]. Another important factor promoting the presence of VRE in the GIT is the selection pressure of
antibiotics. Kolář et al. documented the positive selection pressure of third-generation cephalosporins
and glycopeptides with regard to the presence of VRE [19]. Paterson et al. found that after treatment
with piperacillin-tazobactam or cefepime, 26% and 31%, respectively, of patients primarily tested
negative for VRE were colonized with these bacteria [20].

Data from the EARS-Net provide information on the current prevalence of VRE in the
Czech Republic [21]. The percentage of vancomycin-resistant strains of E. faecium ranges from 4% to
13% [22–24]. However, this prominent European database only considers blood isolates and cannot
provide more accurate comprehensive data on the prevalence of VRE in both the community and
hospital human populations including GIT carriage. In the Czech Republic, such data were last
published by Kolář et al. in 2006 [19,25]. In their study on the prevalence of VRE in hemato-oncological
patients in a Czech university hospital, these strains accounted for 5% of all isolated enterococci.
The most frequent strains were VanA-type E. faecium (78%) and VanB-type E. faecalis (10%). The fact
that VRE were most frequently isolated from rectal swabs (55%) illustrates the significance of their
carriage in the GIT [19].

A key role in the etiopathogenesis of infections caused by enterococci may be played by
selected virulence factors. These are essential for biofilm formation and subsequent colonization [26].
The presence of selected virulence factors in VRE was studied by Yang et al. For E. faecium, the most
frequent gene was esp, encoding extracellular surface protein, detected in 90% of strains. Additionally
present (28%) was the hyl (hyaluronidase) gene. The combination of these two genes (esp + hyl) was
noted in 26% of isolates. Genes encoding aggregation substance (asa1), cytolysin (cylA), or gelatinase
(gelE) were not detected in E. faecium, but only in E. faecalis strains, which were considerably less
frequently detected in the study [27].

The present study aimed to determine the presence of VRE in the GIT of hemato-oncological
patients in the University Hospital Olomouc and to carry out their genetic analysis including the
assessment of selected virulence factors.
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2. Results

Over a 3-year study period, stool samples and perianal swabs obtained from 1405 subjects were
analyzed and a total of 103 VRE were isolated, suggesting that 7.3% of hemato-oncological patients
carried VRE in their GIT. In all cases, the species identified was E. faecium.

The results of VRE susceptibility testing showed very high susceptibility to linezolid (100%) and
tigecycline (96%) and, conversely, 100% resistance to ampicillin and teicoplanin (Table 1).

Table 1. Susceptibility of vancomycin-resistant enterococci (VRE) to selected antibiotics (percentages).

Year/Antibiotic AMP TIG TET TEI FUR LNZ

2016 0 100 71 0 100 100
2017 0 88 43 0 84 100
2018 0 100 35 0 48 100

2016–2018 0 96 48 0 76 100

Legend: AMP—ampicillin, TIG—tigecycline, TET—tetracycline, TEI—teicoplanin, FUR—nitrofurantoin, LNZ—linezolid.

In all isolated VRE, the vanA gene was present. Strains with VanB, VanC-1, and VanC2-C3
phenotypes were not detected.

Analysis of the selected virulence factors showed that extracellular surface protein (esp) was most
frequent. It was present in 84% of isolates, either alone (53%) or in combination with hyaluronidase (esp
+ hyl) in 31% of isolates. Hyaluronidase (hyl) was found in 40% of isolates (alone in 9%). No virulence
factor was present in 7% of isolates.

Based on the pulsed-field gel electrophoresis (PFGE) results, a dendrogram was produced,
as shown in Figure 1. Among the 103 VRE, a total of 69 strains were identified and distributed into
18 groups (A–R) based on their similarity (tolerance 1.5; cut-off, 95%). Thus, the overall clonality was
67%. The remaining 34 strains (33%) had unique restriction profiles. Within individual clonal groups,
isolates showed 98% similarity. Clone G was the largest cluster, containing 12 strains. Genotypes A, E, F,
H, I, J, O, P, and Q were relatively small, all containing two strains. Clones D, N, and R contained three
strains each. Five strains in Clone M were isolated from patients staying in the same ward over a period
of one month. Analysis of the time–spatial relationships of these patients confirmed transmission of
a single VRE clone, but failed to identify the index patient or other source of the outbreak. Clone G
consisted of 12 strains isolated from patients over a period of eight months. Clone K consisted of
eight strains, all of which were isolated over a period of three months, namely September–November
2017. Similarly, Clone C consisted of eight strains, isolated over four months (September–December
2018). Clone B contained five strains isolated over three months (January–March 2017) and clone L
consisted of fours strains obtained over six months in 2018. The timeline of the prevalence of VRE
clones throughout the study duration is shown in Figure 2.

67



Antibiotics 2020, 9, 785
Antibiotics 2020, 9, x FOR PEER REVIEW 4 of 10 

 
Figure 1. Pulsed-field gel electrophoresis (PFGE) dendrogram of 103 vancomycin-resistant E. faecium
isolates. The letters represent 18 clonal groups of VRE (A–R) based on their similarity.
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Figure 2. Timeline of the prevalence of VRE clones throughout the study duration. The letters represent
18 clonal groups of VRE (A–R) based on their similarity.

3. Discussion

Infections caused by VRE are often preceded by gastrointestinal colonization with these significant
bacterial pathogens. A meta-analysis of 45 studies comprising over 8000 patients with malignancies
showed approximately 20% colonization of the GIT with VRE [28]. In a 2019 study on GIT colonization
with resistant bacteria in patients with acute myeloid leukemia, Ballo et al. even detected a much
higher rate of 74% VRE colonization [29]. In the same year, another study found that VRE-colonized
patients were as much as 24 times more likely to develop bloodstream infections caused by these
strains [30]. Of importance is also the increase in the prevalence of VRE in the GIT of nursing facility
patients from 10% to 29%, with MRSA detection rates declining from 37% to 13% over the 2003–2016
period [31]. In the present study, VRE were detected in the GIT of only 7% of hemato-oncological
patients. This may be explained by very low prevalence of VRE (below 1%, unpublished data) in
the GIT of people living in the community in the region from which the monitored patients come.
Another important reason is the implementation of bacteriological surveillance in hemato-oncological
patients including active search for bacterial strains with dangerous resistance phenotypes (e.g., VRE,
ESBL-, AmpC- and KPC-positive enterobacteria) in the microflora of the upper respiratory tract and
GIT. In the case of positive detection, barrier measures were strictly observed in these patients.

A study by Pudová et al. showed that the GIT is an important source of enterococci causing
healthcare-associated pneumonia [6]. If VRE were implicated, the situation would be much more
serious due to potential failure of initial antibiotic therapy. Therefore, these dangerous bacteria need to
be detected in the GIT of patients, especially immunocompromised ones. All VRE isolated in our study
belong to the VanA phenotype of E. faecium strains. In a 2006 study conducted in the same department,
genetic analysis of VRE revealed that in hemato-oncological patients, the most frequent source was the
GIT (55%) and the strains were mostly VanA-positive E. faecium (78%) and VanB-positive E. faecalis
(10%) [19].

In Europe, the most frequent VRE phenotype is VanA [32]. This was confirmed by the results
of genetic analysis of VRE in the present study showing that the vanA gene was present in 100%
of the tested isolates while the vanB, vanC-1, and vanC2/C3 genes were completely absent. This is
consistent with results from a 2018 Serbian study by Jovanović et al. investigating VRE isolated from
the oropharynx and stools of hemato-oncological patients. They also showed 100% presence of the
vanA gene and 0% presence of the vanB gene [33].

Virulence factors are likely to play an important role in the etiopathogenesis of enterococcal
infections [34,35]. These factors contribute to colonization, biofilm formation, and the production
of enzymes potentially increasing the severity of developing infections [7]. In the present study,
selected virulence factors were identified in 93% of isolated VRE. The presence of the most frequent
virulence factor (esp) was lower than that in a similar 2018 study [36]. While Marchi et al. reported
97% prevalence of the esp gene in VRE, there were 84% of esp-positive VRE in hemato-oncological
patients in the present study. Molecular analysis of virulence factors in VRE isolated from oncological
patients is available in a 2013 Mexican study. Compared to our study, the esp gene was less frequent,
being present in 50% of VRE isolates. The hyl gene was detected in 17% of cases compared with 40%
in the present study. The esp + hyl gene combination was equally present in both studies, namely in
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31% in the present study and in 33% in the study by Ochoa et al. [37]. Comparison of the presence of
virulence factors between individual VRE clones did not show significant differences.

Even though VRE are widespread globally, their epidemiology varies by region. The spread
of VRE between various hospitals was illustrated by a study from Ireland that had long faced high
VRE prevalence rates, reaching approximately 45% [24,38]. Recurring VRE outbreaks remained an
unresolved problem in the healthcare system. Only adequately selected molecular typing methods
may confirm or rule out epidemiologically related cases. If a new outbreak or merely increased rate
of VRE is reasonably suspected, the clonal relationship of strains needs to be analyzed to reveal the
source or route of transmission of the infection. In the present study, the clonal relationship of strains
was assessed with PFGE. Despite certain limitations, PFGE continues to be considered a gold-standard
method as its results may be quantified with high discriminatory ability and reproducibility [39,40].
In the present study, molecular typing results confirmed clonal spread of identical strains in 67% of
tested VRE isolates. This confirms the possibility of colonization in staff members and subsequent
transmission to hospitalized patients via various environmental vectors. Apparently, the hands of the
staff members are the most important one. The literature also mentions wastewater in a commode
as an appropriate vehicle for VRE survival, enabling spread in the form of aerosol or by contact
with hands or clothes [41]. With regard to the finding of unique profiles in 33% of analyzed VRE,
their endogenous origin from the GIT is to be admitted, with the following selection caused by
broad-spectrum antibiotic therapy.

Analysis of the restriction profiles of individual clones yielded clonal groups containing two to
12 strains obtained from various patients. The study results suggest that no single epidemic clone
was spreading at the hemato-oncology department for a longer period of time and that individual
epidemic clones were present for limited time intervals of one to eight months. It can be assumed that
the time of occurrence of individual VRE clones was mainly conditioned by the length of hospital stay.
There were no changes in the environmental parameters during the study (e.g., remodeling of the
rooms or new ventilation).

4. Materials and Methods

Between 1 January 2016 and 31 December 2018, stool samples and perianal swabs were collected
from patients staying at the Department of Hemato-Oncology, University Hospital Olomouc to isolate
enterococci using standard procedures. All samples were inoculated onto both blood agar plates and
Brilliance VRE Agar chromogenic screening plates (Oxoid, Brno, Czech Republic). Species identification
of isolates was carried out with MALDI-TOF MS (Biotyper Microflex, Bruker Daltonics, Billerica,
MA, USA). From each patient, only one isolate identified as the first one was included. Strains were
stored in cryotubes at −80 ◦C (Cryobank B, ITEST, Hradec Králové, Czech Republic). Stool samples
and perianal swabs were collected only as part of standard clinical care.

Susceptibility to antibiotics (ampicillin, tigecycline, tetracycline, teicoplanin, nitrofurantoin,
and linezolid) was tested using the microdilution method as recommended by the EUCAST [42].
Staphylococcus aureus ATCC 29213 and Enterococcus faecalis ATCC 29212 reference strains were used for
quality control.

DNA for genetic analysis was isolated with a Qiagen Kit (DNeasy Blood and Tissue Kit,
Qiagen, Hilden, Germany). A PCR (polymerase chain reaction) method was used to detect
glycopeptide resistance genes (vanA, vanB, vanC-1, vanC2-C3) with primers as specified in Table 2 [43].
The amplification conditions were as follows: initial denaturation at 95 ◦C for 7 min, followed by
35 denaturation cycles at 95 ◦C/30 s, annealing at 62 ◦C/30 s, extension at 72 ◦C/60 s, and final
extension at 72 ◦C for 7 min. Selected virulence factors were identified with multiplex PCR [44].
The presence of genes encoding gelatinase (gelE), aggregation substance (asa1), hyaluronidase (hyl),
cytolysin (cylA), and extracellular surface protein (esp) was investigated using the primers listed in
Table 2. The reaction was run under the following conditions: initial denaturation at 95 ◦C for 15 min,
followed by 30 denaturation cycles at 95 ◦C/60 s, annealing at 62 ◦C/60 s, extension at 72 ◦C/60 s,
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and final extension at 72 ◦C for 10 min. The final products were separated in 1.5% agarose gel at
110 V for 60 min using SYBR Safe DNA Gel Stain (Thermo Fisher Scientific, Waltham, MA, USA).
Visualization was carried out under UV light with a UV transilluminator (Transluminator DiscoveryTM,
UltraLum, Claremont, CA, USA).

Table 2. PCR primers and products for detecting van genes and virulence factor genes.

Gene Sequence (5′→3′) Size (bp) Reference

van Genes

vanA
GGGAAAACGACAATTGC

732

[42]

GTACAATGCGGCCGTTA

vanB
ATGGGAAGCCGATAGTC

635GATTTCGTTCCTCGACC

vanC-1
GGTATCAAGGAAACCTC

822CTTCCGCCATCATAGCT

vanC2-C3
CTCCTACGATTCTCTTG

439CGAGCAAGACCTTTAAG
Virulence Factor Genes

asa1
GCACGCTATTACGAACTATGA

375

[43]

TAAGAAAGAACATCACCACGA

gelE TATGACAATGCTTTTTGGGAT
213AGATGCACCCGAAATAATATA

cylA ACTCGGGGATTGATAGGC
688GCTGCTAAAGCTGCGCTT

esp AGATTTCATCTTTGATTCTTGG
510AATTGATTCTTTAGCATCTGG

hyl ACAGAAGAGCTGCAGGAAATG
276GACTGACGTCCAAGTTTCCAA

Molecular typing of all isolated VRE was performed using PFGE. Intact DNA was obtained
according to a previously described protocol [45]. Restriction cleavage of blocks with DNA was carried
out in a SmaI restriction enzyme solution (Takara Biotechnology, Kyoto, Japan) containing 5 µL of
SmaI restriction buffer, 5 µL of 0.1% BSA, 50 µL of deionized water, and 10U of SmaI. The blocks
were incubated at 30 ◦C overnight. Restriction fragments were separated in 1.2% (w/v) agarose gel in
the CHEF-DRII system (Bio-Rad, Hercules, CA, USA). The parameters selected for analysis were as
follows: 24 h, voltage 6 V·cm−1, and pulse times 2–35 s. The restriction fragments were assessed with
GelCompare, version 2.0 (Applied Maths, Kortrijk, Belgium). The similarity coefficient was calculated
using the Dice algorithm (based on the Dice coefficient of similarity of macrorestriction profiles set
at 2%). Individual clusters were analyzed with the UPGMA (unweighted pair group method with
arithmetic mean) algorithm and the results were interpreted using criteria defined by Tenover et al. [46].

5. Conclusions

The results of PFGE showed no significant outbreak of clonal spread of VRE, but confirmed
repeated smaller outbreaks. As seen from the constructed timeline, there was no single hospital strain
with an unchanged genetic profile to repeatedly occur over the three-year study period. During that
time, a total of 18 clonal groups were identified. In 2016, an identical VRE clone detected in 12 patients
persisted for as long as eight months. The year 2017 seems to be most diverse, with only 1-month
persistence of a clone replaced by a genetically different clone being noted in four cases. The number of
clone groups in the last year was comparable to that in 2017 as it only decreased by one group. However,
identical strains persisted for a longer time in various patients and no clone persisted for less than
three months. Moreover, the study revealed the presence of genetically unique isolates accounting for
33% of all VRE. One of the risk factors for colonization is the long-term hospital stay of patients sharing
the same room combined with the ability of enterococci to persist in the hospital environment [19].
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It is those small groups of clones identified in two or three patients in the present study that suggest
their spread among patients hospitalized at the same time. The potential routes of transmission are
the hands of both patients and healthcare professionals or even family members visiting patients.
Considering the selection pressure of antibiotics used, the immune status of hemato-oncological
patients and chemotherapy, if administered, the likely source of VRE is their GIT.
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Abstract: Staphylococcus aureus is one of the major causes of bloodstream infections. The aim of our
study was to characterize methicillin-resistant Staphylococcus aureus (MRSA) isolates from blood of
patients hospitalized in the Czech Republic between 2016 and 2018. All MRSA strains were tested for
antibiotic susceptibility, analyzed by spa typing and clustered using a Based Upon Repeat Pattern
(BURP) algorithm. The representative isolates of the four most common spa types and representative
isolates of all spa clonal complexes were further typed by multilocus sequence typing (MLST) and
staphylococcal cassette chromosome mec (SCCmec) typing. The majority of MRSA strains were
resistant to ciprofloxacin (94%), erythromycin (95.5%) and clindamycin (95.6%). Among the 618
strains analyzed, 52 different spa types were detected. BURP analysis divided them into six different
clusters. The most common spa types were t003, t586, t014 and t002, all belonging to the CC5 (clonal
complex). CC5 was the most abundant MLST CC of our study, comprising of 91.7% (n = 565) of
spa-typeable isolates. Other CCs present in our study were CC398, CC22, CC8, CC45 and CC97. To
our knowledge, this is the biggest nationwide study aimed at typing MRSA blood isolates from the
Czech Republic.

Keywords: Staphylococcus aureus; MRSA; spa typing; MLST; SCCmec typing; clonal analysis;
epidemiology

1. Introduction

Staphylococcus aureus is an important opportunistic pathogen both in communities
and in hospitals. It can cause broad spectrum of diseases, e.g., skin, soft tissue infections,
heart, pleuropulmonary and osteoarticular infections [1]. It is considered to be one of
the major causes of bloodstream infections (BSI) in Europe [2]. It was reported that a
patient with bacteremia caused by methicillin-resistant Staphylococcus aureus (MRSA) is
at a higher risk of all-cause mortality than a patient infected by methicillin-susceptible
Staphylococcus aureus (MSSA) [3]. According to the European Antimicrobial Resistance
Surveillance Network (EARS-Net) data, the proportion of MRSA isolates from blood from
2005 (until 2018) in the Czech Republic was around 14% (in the preceding years it was
lower, from 4.3% to 8.5%) [4]. It is important to type MRSA isolates to get an insight into
epidemiology, limit its possible spread or imply the infection control measures. Studies
conducted over time engaged with typing Czech MRSA strains using different molecular
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methods such as multilocus sequence typing (MLST), staphylococcal cassette chromosome
mec (SCCmec) typing, pulsed-field gel electrophoresis (PFGE) and ribotyping revealed
clonal replacements. In 1996–1997 the most common MRSA clone was Brazilian clone
(ST239, SCCmecIIIA, PFGE type B, ribotype H1) and Iberian clone (ST247, SCCmecIA, PFGE
type A, ribotype H2) [5]. Around the year 2000, Brazilian clone was replaced by a unique
“Czech clone”. They differed only in PFGE type and ribotype (F and H6 for the Czech
clone, respectively) [6]. After 2001, epidemic clone EMRSA-15 (ST22, SCCmecIV) was
detected increasingly [7]. Another clonal replacement was detected using staphylococcal
protein A typing method (spa typing). Grundmann et al. [8] in his multicentric European
study showed that the majority of Czech MRSA blood isolates from 2006–2007 period were
typed as t003 (t003/ST225/SCCmecII). The retrospective typing of staphylococcal protein
A gene of Czech MRSA blood isolates revealed that the clonal replacement took place in
2004, when the most common spa type t030 isolates were replaced by t003 isolates [9]. It
was accompanied by the shift of antibiotic susceptibility of rifampicin and gentamicin [9].
Type t003 was the second most common MRSA spa type from bloodstream infections in
2011 in Europe [3]. As the previous studies have shown, the dominance of MRSA clones
undergoes dynamic changes. The aim of our study was to type Czech MRSA blood isolates
phenotypically (antibiotic susceptibility), genotypically (spa typing, MLST, SCCmec typing)
and to infer their clonal relatedness by clustering them using Based Upon Repeat Pattern
(BURP) algorithm.

2. Results
2.1. Antimicrobial Susceptibility of MRSA Strains

In total, in the 2016–2018 period, 618 single-patient MRSA blood isolates from the
participating Czech EARS-Net laboratories were sent and analyzed in the National Refer-
ence Laboratory for Antibiotics (NRL for ATB), National Institute of Public Health (Prague,
the Czech Republic). Resistance to methicillin (screened by cefoxitine disc [30 µg]) was
confirmed by PCR for mec genes. All MRSA strains possessed an mecA gene (and were
mecC negative). The majority of strains were resistant to erythromycin (n = 590; 95.5%), clin-
damycin (n = 591 (including 76 strains with inducible resistance); 95.6%), and ciprofloxacin
(n = 581; 94.0%). Only 77 strains (12.5%) were resistant to gentamicin, 53 (8.6%) to chlo-
ramphenicol and 48 (7.8%) to tetracycline. The resistance to other antibiotics was rare: 15
strains (2.4%) were resistant to fusidic acid, 13 (2.1%) to rifampicin, 9 (1.5%) to trimetho-
prim/sulfamethoxazole and 6 (1.0%) to ceftaroline. All the confirmed MRSA isolates were
susceptible to tigecycline, vancomycin and linezolid. The frequency of antibiotic resistance
(%) over the study period is shown in Figure 1. The majority of strains (n = 600; 97.1%)
were multidrug-resistant (MDR; i.e., non-susceptibility to at least one agent in three or
more antimicrobial categories [10]). The most common MDR antibiotic resistance profile
(resistance to cefoxitine, erythromycin, clindamycin and ciprofloxacin) was present in 429
(69.4%) strains. The more detailed characteristics of all the isolates from our study are
shown in the Supplementary Table S1.
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Figure 1. Frequency of antibiotic resistance (%) of the 618 single-patient MRSA blood iso-
lates over the study period (2016–2018). CPT: ceftaroline, ERY: erythromycin, CLI: clindamycin,
CMP: chloramphenicol, TET: tetracycline, GEN: gentamicin, CIP: ciprofloxacin, SXT: trimetho-
prim/sulfamethoxazole, RIF: rifampicin, FUS: fusidic acid. All the isolates were resistant to cefoxitine
and susceptible to tigecycline, vancomycin and linezolid.

2.2. spa Typing, Cluster Analysis and Antibiotic Susceptibility within spa CCs

Altogether, 52 different spa types were detected in this study (Figure 2). Four spa types
were dominant: t003 (n = 239; 38.8%), t586 (n = 129; 20.9%), t014 (n = 121; 19.6%) and t002
(n = 27; 4.4%). They were followed by t034 (n = 8; 1.3%), t045 (n = 8; 1.3%) and t127 (n = 7;
1.1%). Several spa types (n = 28; 53.8%) were detected only once. Two strains out of 618
(0.3%) were not typeable by spa typing.

The proportion of t003 and t002 did not differ much over the studied period (34.7–41.6%
and 3.3–5.1%, respectively). The proportion of t586 isolates increased from 11.6% in 2016 to
around 25% in the subsequent years. The proportion of t014 isolates decreased to 14.2% in
2018 (from more than 20% in the preceding years).

The majority of the spa-typeable isolates (n = 465; 75.5%) were grouped into 6 different
clusters (4 spa CCs) (Figure 2). Cluster 5 and 6 did not have any founder and were not
assigned into any spa CC (n = 5 strains; 0.8%). Several strains (n = 17; 2.8%) belonging to 6
different spa types were singletons. BURP algorithm excluded 134 (21.8%) strains from the
analysis because of an inadequate number of repeats (Figure 2).

spa CC003 (cluster number 1) comprised of the greatest number of strains and the
three most common spa types (t003, t002 and t014) (Figure 2). The majority of these strains
were resistant to erythromycin, clindamycin and ciprofloxacin (Table 1). The second cluster,
spa CC011, was the only cluster with a high proportion of tetracycline resistance (n = 13;
92.9%). The majority of isolates (>50%) within the two remaining spa CCs (2436 and 024)
were resistant to erythromycin and ciprofloxacin. Five isolates (71.4%) from spa CC2436
were also clindamycin resistant; the resistance was inducible in 4 out of 5 aforementioned
isolates. Gentamicin resistance (66.7%) was higher among isolates belonging to the cluster
number 6 (no founder); however, this cluster did not consist of the representative number
of isolates. The percentage of MDR strains and the number of resistances to different
antibiotics for each spa CC is shown in Table 1.
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Figure 2. Based Upon Repeat Pattern (BURP) clustering of the spa-typed isolates. Isolates were clustered by Ridom Staph
Type software using the following parameters: spa types were clustered if the cost was less or equal 6 and spa types that
were shorter than 4 repeats were excluded from the analysis. The number in brackets represents number of isolates. The
majority of the spa typeable isolates (75.5%) were grouped into 6 different clusters; 21.8% of the isolates were excluded from
analysis and 2.8% of isolates were evaluated as singletons.
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2.3. spa Types and Resistance to Tetracycline

The high proportion of tetracycline resistance within spa CC011 prompted us to
investigate its prevalence among the different spa types further. A high prevalence was
detected in strains belonging to spa type t011 (n = 2; 100%), t034 (n = 7; 87.5%), t127 (n = 6;
85.7%) and t437 (n = 4; 66.7%). These spa types either belonged to spa CC011 (t011 and
t034) or were classified as singletons (t127, t437). The four most common spa types, t586,
t003, t014 and t002, had a low proportion of resistance to tetracycline: n = 13 (10.1%), n = 6
(2.5%), n = 3 (2.5%) and n = 0 (0%), respectively.

2.4. MLST, SCCmec Typing and MLST CCs in Relation to the Different spa CCs (BURP Clustering)

Representative isolates differing in antibiotic susceptibility profile of each spa CC (or
cluster), together with singletons and strains excluded from BURP analysis, were further
analyzed by MLST and SCCmec typing. Altogether, 40 isolates were typed: nine isolates
belonging to spa cluster 1 (spa CC003), five isolates from cluster 2 (spa CC011), four isolates
from cluster 3 (spa CC2436), three isolates from cluster 4 (spa CC024), two isolates belonging
to cluster 5, three isolates from cluster 6, six isolates classified as singletons and eight strains
excluded from BURP analysis because of inadequate number of repeats (Table 2).

In total, thirteen different MLST sequence types (STs) were typed among the 40
aforementioned isolates: ST1 (n = 1), ST5 (n = 2), ST8 (n = 3), ST22 (n = 4), ST45 (n = 4),
ST59 (n = 1), ST72 (n = 1), ST97 (n = 3), ST225 (n = 13), ST398 (n = 5), ST1472 (n = 1), ST1535
(n = 1) and ST5688 (n = 1, new ST). They belonged to MLST CC1 (ST1), CC5 (ST225, ST5,
ST5688), CC8 (ST8, ST72), CC15 (ST1535), CC22 (ST22), CC30 (ST1472), CC45 (ST45), CC59
(ST59), CC97 (ST97) and CC398 (ST398).

Strains were clustered in the same way either by BURP analysis or by Bionumerics
software (MLST CC) with the exception of the two spa types. t4000 and t330 (classified as
singletons by BURP analysis) belonged to MLST CC8 and CC45, respectively. For the more
detailed relationship between different spa types and MLST CCs, see Table 2.

Four different SCCmec types were detected in our study. Isolates belonging to MLST
CC5 were mainly typed as SCCmecII (15/16 isolates). Isolates belonging to other MLST
CCs possessed either SCCmecIV, V or VT type (Table 2).

Table 2. Results of the more detailed genotyping of the representative isolates differing in antibiotic susceptibility profiles
belonging to the different spa clusters, singletons or strains excluded from BURP analysis.

Strain spa Type spa Cluster spa CC MLST ST MLST CC SCCmec Type Resistance to Antibiotics 1

B0040949 t003 1 003 225 CC5 II CIP, GEN, ERY, CLI
B0041781 t003 1 003 225 CC5 II CMP, CIP, RIF, ERY, CLI
B0047063 t003 1 003 225 CC5 II CIP, ERY, CLI
B0034821 t586 excluded excluded 225 CC5 II CMP, CIP, GEN, ERY, CLI,
B0038966 t586 excluded excluded 225 CC5 II CIP, ERY, CLI
B0043165 t586 excluded excluded 225 CC5 II CIP, GEN, ERY, CLI, TET
B0037533 t014 1 003 225 CC5 II CIP, GEN
B0040744 t014 1 003 225 CC5 II CIP, GEN, ERY, CLI
B0047366 t014 1 003 225 CC5 II CIP, ERY, CLI
B0037993 t002 1 003 5 CC5 II CMP, CIP, GEN, ERY, CLI
B0040837 t002 1 003 5688 CC5 IV -
B0042384 t002 1 003 5 CC5 II CIP, ERY, CLI
B0033841 t535 excluded excluded 225 CC5 II CIP, ERY, CLI
B0039941 t2379 excluded excluded 225 CC5 II CIP, ERY, CLI
B0040619 t2379 excluded excluded 225 CC5 II CIP, ERY, CLI
B0047250 t2379 excluded excluded 225 CC5 II CIP, ERY, CLI
B0038416 t011 2 011 398 CC398 V CIP, TET
B0046007 t011 2 011 398 CC398 IV CIP, GEN, SXT, TET
B0037087 t034 2 011 398 CC398 V CLI, TET
B0043212 t034 2 011 398 CC398 V CIP, CLI, TET
B0044843 t034 2 011 398 CC398 V ERY, CLI, TET
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Table 2. Cont.

Strain spa Type spa Cluster spa CC MLST ST MLST CC SCCmec Type Resistance to Antibiotics 1

B0034866 t032 3 2436 22 CC22 IV CIP
B0039472 t032 3 2436 22 CC22 IV CIP, ERY, CLI
B0036602 t2436 3 2436 22 CC22 IV CIP, ERY, CLI
B0040230 t2436 3 2436 22 CC22 IV CIP, ERY, CLI
B0034699 t008 4 024 8 CC8 nt ERY
B0043674 t008 4 024 8 CC8 IV CIP, ERY
B0043848 t008 4 024 8 CC8 IV CIP, ERY, CLI
B0045550 t4000 singleton singleton 72 CC8 nt GEN, FUS
B0043746 t015 5 no founder 45 CC45 IV -
B0044462 t1231 5 no founder 45 CC45 IV -
B0032812 t026 excluded excluded 45 CC45 IV -
B0033429 t330 singleton singleton 45 CC45 IV ERY, CLI
B0040776 t267 6 no founder 97 CC97 V GEN
B0037227 t359 6 no founder 97 CC97 V GEN, FUS
B0048151 t359 6 no founder 97 CC97 IV -
B0048051 t084 singleton singleton 1535 CC15 V GEN, FUS, TET
B0042118 t127 singleton singleton 1 CC1 IV ERY, CLI, TET
B0040853 t437 singleton singleton 59 CC59 VT CMP, ERY, CLI, TET
B0033532 t665 singleton singleton 1472 CC30 IV CIP, ERY, TET

CC: clonal complex, ST: sequence type, ERY: erythromycin, CLI: clindamycin, CMP: chloramphenicol, TET: tetracycline, GEN: gentamicin,
CIP: ciprofloxacin, SXT: trimethoprim/sulfamethoxazole, RIF: rifampicin, FUS: fusidic acid; 1 cefoxitine is not listed in the antibiotic
resistance profiles, since all the isolates were resistant.

2.5. Distribution of the Major spa Types and MLST CCs among the Czech Regions

Figure 3 and Table 3 show the distribution of the four major spa types and MLST CCs
among the Czech regions. t003 strains were sent to NRL for ATB from all the Czech regions
(n = 13; except the Moravian-Silesian, from which we did not obtain any MRSA strains).
t003 was ubiquitous. It was dominant in the eastern part of the country: in the Olomouc
region it was the only spa type detected and in Zlin region it represented more than 90% of
the isolates. t586 strains (≥25% of the strains) were mainly isolated from the northwestern,
southwestern and middle western part of the country. t014 strains were not detected in
three regions (eastern/southeastern part of the country) and t002 strains in five regions.
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ing to the different MLST CCs among the Czech regions. 

Region 
No. of Particip. 

Laboratories 
No. of 

Isolates 1 
No. of spa 

Types 

No. (%) of Isolates 
  CC5   

CC398 CC22 CC8 CC45 CC97 
Other 
CCs t003 t586 t014 t002 other 

Prague 9 180 29 
56 

(31.1) 
46 

(25.6) 
30 

(16.7) 
6 

(3.3) 
18 

(10) 
4 

(2.2) 
3 

(1.7) 
6 
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1 

(0.6) 
2 

(1.1) 
8 

(4.4) 
Central 

Bohemian 
4 40 8 

7 
(17.5) 

10  
(25) 

8 
(20) 

10 
(25) 

3 
(7.5) 

1 
(2.5) 

0 0 0 0 
1 

(2.5) 

South Bohemian 4 84 9 
23 

(27.4) 
48 

(57.1) 
6 

(7.1) 
0 

6 
(7.1) 

0 0 0 
1 

(1.2) 
0 0 

Pilsen 2 76 15 31 
(40.8) 

3 
(3.9) 

28 
(36.8) 

1 
(1.3) 

5 
(6.6) 

0 3 
(3.9) 

1 
(1.3) 

1 
(1.3) 

0 3 
(3.9) 

Karlovy Vary 1 25 7 
16 

(64) 
3 

(12) 
2 

(8) 
0 

1 
(4) 

2 
(8) 

1 
(4) 

0 0 0 0 

Usti nad Labem 2 28 7 
18 

(64.2) 
1 

(3.6) 
5 

(17.8) 
0 

2 
(7.1) 

1 
(3.6) 

0 0 0 0 
1 

(3.6) 

Liberec 1 13 5 
2  

(15.4) 
5  

(38.5) 
3 

(23) 
1 

(7.7) 
2  

(15.4) 
0 0 0 0 0 0 

Hradec Kralove 3 40 9 
12 

(30) 0 
15 

(37.5) 
4 

(10) 
5 

(12.5) 
2 

(5) 0 0 
1 

(2.5) 0 
1 

(2.5) 

Figure 3. The distribution of the major spa types and MLST CCs among the Czech regions. A: Prague Region; S: Central
Bohemian Region; C: South Bohemian Region; P: Pilsen Region; K: Karlovy Vary Region; U: Usti nad Labem Region; L:
Liberec Region; H: Hradec Kralove Region; E: Pardubice Region; J: Vysocina Region; B: South Moravian Region; M: Olomouc
Region; T: Moravian-Silesian Region; Z: Zlin Region.
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3. Discussion

In our study we analyzed genotypically and phenotypically 618 MRSA strains isolated
from blood of patients hospitalized in the Czech Republic in period 2016–2018. It represents
75% of the Czech MRSA isolates submitted to the EARS-Net.

We demonstrate that the majority of MRSA strains in our study are resistant to
erythromycin, clindamycin and ciprofloxacin. A recent study from the Czech Republic
also confirmed the high frequency of MRSA isolates resistant to antibiotics from the same
classes (erythromycin, clindamycin and ofloxacin); however, only 4.5% of the studied
MRSA isolates were derived from bloodstream infections (BSI) [11]. The earlier study
concerning the antibiotic resistance of blood isolates from the Czech Republic (collection of
MRSA blood isolates from 20 hospitals from the 2000–2002 period) reported resistance to
more antibiotics (also gentamicin and rifampicin) [6]. This shift in a resistance phenotype
is a result of clonal displacement (from ST239 to ST225 and ST5) [6,9].

We detected 52 different spa types among 616 spa-typeable MRSA strains. The most
common spa types included t003, t586, t014 and t002, respectively. Type t003 is the most
prevalent spa type from blood isolates in the Czech Republic from 2004 [9]. Our result
concerning the high abundance of t003, t002 and t014 is in concordance with the multicentric
European study that spa-typed MRSA blood isolates collected in 25 European countries,
where t003 was reported to be the second most common, t002 the fourth and t014 the
twentieth most common spa type [3]. High prevalence of t003, t586 and t014 was also
detected in a recent Czech study investigating MRSA strains originating from various
infections [11]. Neradova et al. detected a high proportion of t003, t002 and t014 from BSI
from the Czech university hospital [12]. Types t003 and t014 were also detected to be the
dominant spa types in a study investigating MRSA outbreak in the intensive care unit in
the Czech tertiary care hospital [13]. Interesting is the high proportion of t586 (20.9% of the
isolates) in our study. According to the Ridom Spa server database [14], this spa type has
been reported in many European countries (e.g., Germany, Netherlands, France, Belgium,
Croatia, Norway, Spain); however, to our knowledge, there has not been any other country
detecting such a high proportion of it. MRSA strains typed as t586 were isolated from
blood of patients hospitalized in the Czech Republic [11]; however, this is the first study
detecting it from blood on a nationwide scale.

The spa type distribution varied between the Czech regions. t003 was widespread,
it was the most frequently isolated from the eastern part of the country. t586 isolates
were frequently isolated from northwestern, southwestern and middle western part of the
country (Liberec, Prague, Central Bohemian and South Bohemian regions). Our results
corroborate the observation of the recent study conducted by Tkadlec et al. [11] They typed
MRSA isolated from various infection sites (or asymptomatic colonization) from 11 Czech
hospitals. It is important to note that the dominance of just one spa type (or few) in some
regions (our study) does not mean that the other spa types are not present in these parts
of the country. The number of participating laboratories from different regions should be
taken into consideration. Some laboratories participating in EARS-Net send only data,
thus NRL for ATB does not obtain strains for further typing. From some regions we obtain
strains from laboratories belonging to small healthcare facilities rather than laboratories
from big hospitals. This might underrepresent prevalence of different spa types among the
Czech regions in our study.

spa-typeable strains were divided into 6 clusters. Representative strains of each spa
CC differing in antibiograms were typed by MLST and SCCmec typing. Our data analysis
shows that the clustering results of BURP analysis and results from Bionumerics software
(MLST CCs) are comparable. Isolates were clustered in the same way with either of the two
aforementioned methods, with the exception of two spa types, which were evaluated as
singletons by BURP analysis. Strommenger et al. [15] showed 96.8% concordance between
the two methods (spa typing/BURP and MLST/eBURST).

Altogether, 565 (91.7%) MRSA strains from our study belonged to CC5. CC5 was
reported to be the most abundant MLST CC of staphylococcal isolates from invasive infec-
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tions in Europe, of which 80% were MRSA [16]. According to the results of more detailed
genotyping of the representative strains, we can say that the most common genotype (clone)
in our study was ST225/SCCmecII. This correlates with the results of whole-genome se-
quencing data of MRSA from invasive infections from Aanensen et al. [16] The geographic
origin of this clone was Middle Europe, more exactly the Czech Republic and Germany.
The European clade of ST225 is the descendant of the American clade. It diverged around
1995 and spread to several European countries (Germany, the Czech Republic, Switzerland
and Denmark) [17]. Another clone present in our study, ST5/SCCmecII, was previously
characterized as a USA100 clone (New York/Japan Clone) [18–20]. ST5 is an ancestor of
ST225 with the variation in one MLST locus [17]. ST5-SCCmecII was reported also in other
European countries, e.g., Hungary, Portugal or Austria [21–23]. We might hypothesize that
the strain of genotype ST5688/SCCmecIV was derived from the Pediatric clone, which is
characterized as ST5/SCCmecIV [24]. The difference between ST5 and ST5688 is only a
single nucleotide in the internal fragment of the pta gene.

Our study demonstrates that livestock-associated MRSA (LA-MRSA) were isolated
from the human bloodstream infections. The majority of the strains (92.9%) in the second
cluster (spa CC011–MLST CC398) were resistant to tetracycline, which is a common marker
of LA-MRSA [25]. All the t011 (spa CC 011) strains and the majority of the t034 (spa CC
011) and t127 strains (singletons) (87.5% and 85.7%, respectively) were resistant to the
aforementioned antibiotic. The t011 and t034 isolates were typed as ST398 and possessed
SCCmecIV or V element. The presence of the ST398 LA-MRSA strains and related spa types
in the Czech Republic was confirmed by several studies. Tegegne et al. [26] reported a
wide geographical spread of these strains (isolated from bulk tank milk of cows, sheep
and goats) throughout the country. These spa types were detected in more than 90% of
the spa-typed MRSA strains from the Czech livestock animals (pigs, cattle, goats and
sheep) as well as from food of animal origin and the environment [27]. A recent study [28]
investigated nasal MRSA carriage among veterinary professionals from the Czech Republic.
The majority of isolates belonged to ST398 and were clustered into spa CC011. Tkadlec
et al. [11] showed that 2.5% of the MRSA strains isolated from the various infections were
of CC398. The results of our study show that LA-MRSA are also able to cause serious
infections (bloodstream); however, the prevalence of these strains among MRSA isolated
from blood remains low (2.3%). LA-MRSA ST398 could be the cause of a hospital outbreak,
as reported by Wulf et al. [29].

EMRSA-15 (ST22/SCCmecIV) strains appeared in the early nineties and subsequently
spread to the various hospitals in the United Kingdom and gradually disseminated to
other European countries [30]. After 2001, this epidemic clone was detected in hospitals
in the Czech Republic [7]. Our study demonstrates the presence of this clone among the
isolates from BSI. Strains typed as ST22/SCCmecIV (spa types t032 and t2436) were grouped
in the spa CC2436 (MLST CC22). Faria et al. [31] characterized MRSA isolated from BSI
from Portugal, when the majority of them were typed as EMRSA-15. Another study [32]
detected the presence of this clone in intensive care units from five different countries
(years 2008–2011).

t008, t024, t304 and t4000 strains in our study (spa CC 024 and one singleton) belong
to MLST CC8. The presence of t008 and t024 MRSA spa types in BSI in Europe is quite
frequent: Grundman et al. [3] showed that t008 is the third most common and t024 is the
15th most common MRSA spa type isolated from blood of patients. Tkadlec et al. [11]
detected CC8 strains (t008, t024, etc.) to be the second most frequently isolated MLST CC
from MRSA infections of various origin from the 11 Czech hospitals. More than 64% of
them were reported to be community associated (CA-MRSA).

Two isolates of t015 and t1231 (spa cluster 5), one t026 isolate (excluded from BURP
analysis) and one t330 isolate (singleton) belong to MLST CC45. In 2006, S. aureus isolated
from BSI typed as CC45 was one of the predominant clones circulating in Europe [16]. In
our study we demonstrate the presence of the “Berlin IV” clone, which is characterized
as ST45/SCCmecIV [33]. All the four aforementioned isolates were of the same genotype.
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This clone was also isolated from a nasal swab of the Czech MRSA carrier in 2008 [34]. This
epidemic MRSA was initially isolated in Berlin hospitals in early nineties and subsequently
disseminated to other areas of Germany [33,35]. A recent phylogenetic analysis proposes
that acquisition of the SCCmecIV element occurred multiple times within the staphylococcal
ST45 population [33].

The last spa cluster 6 in our study consisted of two t359 strains and one t267 strain.
These isolates were typed as ST97 (MLST CC97). They possessed a SCCmecIV or SCCmecV
element. CC97 MRSA strains were isolated from various infections (data from the Czech
Republic, 0.9% of all the strains from the study) and their origin was CA-MRSA [11].
Studies have shown that ST97 MRSA are able to cause hospital outbreak [36,37].

Our study has typed a large collection of samples (75% of the Czech MRSA blood
isolates submitted to EARS-Net in 2016–2018 period). Its limitation lies in a choice of
the representative isolates belonging to the different spa CCs (for MLST analysis and
SCCmec typing). Not all the spa types within some clonal complexes were further typed
(for example, within the spa CC003 we further typed isolates belonging to the three most
common spa types and no other rare spa types). This might underrepresent the presented
diversity of genotypes.

Our study demonstrates that strains belonging to CC5 (ST225, ST5) are the most
prevalent among MRSA isolated from the blood cultures from the Czech Republic. The
majority of these strains confer a multidrug-resistant phenotype. Although other clones
(e.g., EMRSA-15, Berlin IV) appear sporadically, CC5 clones remain the dominant MRSA
bloodstream isolates from 2004.

4. Materials and Methods
4.1. Bacterial Strains

S. aureus strains isolated from blood of patients hospitalized in Czech hospitals in
2016–2018 were sent to the National Reference Laboratory for Antibiotics (NRL for ATB),
National Institute of Public Health (Prague, the Czech Republic), by laboratories par-
ticipating in EARS-Net, which is the largest publicly funded system for surveillance of
antimicrobial resistance in Europe (https://www.ecdc.europa.eu/en/about-us/networks/
disease-networks-and-laboratory-networks/ears-net-about, accessed on the 18 December
2020). At least two blood culture (BC) sets were taken and incubated in BC bottles in
automatic systems for 5 days. Positive BC bottles were inoculated on blood agar plates
and bacterial colonies were subsequently identified by Matrix—Assisted Laser Desorption
Ionization—Time of Flight Mass Spectometry (MALDI-TOF) or other commonly used
methods [38]. A total number of 1887 S. aureus isolates were reported to EARS-Net in
2016 (45 reporting laboratories), 1944 in 2017 (47 reporting laboratories) and 2244 in 2018
(48 reporting laboratories) (Table 4) [39]. Population sample representativeness, hospital
sample representativeness and isolate representativeness was high during the studied
period. Blood culture sets/1000 patient days was 18.0 in 2016 and 2017 and 17.0 in 2018
(Table 4) [39]. The staphylococcal isolates data are submitted into EARS-Net annually by
the data manager on behalf of the participating laboratories, the majority of the isolates
are regularly sent to NRL for ATB for confirmation and further typization. We obtained
and analyzed 618 single-patient MRSA strains sent by 37 laboratories over the study pe-
riod. This number represents 75% (n = 618/824) of all the MRSA strains submitted to the
EARS-Net. In 2016 it was 69.2% (n = 182/263), 84% in 2017 (n = 216/257) and 72.4% in 2018
(n = 220/304) (Table 4) [39]. The estimated national population coverage included in the
EARS-Net was 85% in 2016 and 2017. In 2018 it counted for 81% [39].

Isolates were inoculated on Nutrient Agar (OXOID, the Czech Republic) and cultivated
overnight at 35 ◦C in aerobic atmosphere. Strain confirmation to the corresponding species
was performed using MALDI-TOF (Microflex Bruker; Bremen, Germany) by flexControl
software (Bruker Daltonics; Bremen, Germany).
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Table 4. Number of reported isolates and data on the sample representativeness according to EARS-Net and number of
MRSA strains sent to NRL for ATB from the participating laboratories in EARS-Net.

Year of the Study
Reference

2016 2017 2018

No. of reported staphylococcal isolates

EARS-Net

1887 1944 2244
[39]

No. of MRSA (%) 263
(13.9)

257
(13.2) 304 (13.6)

No. of single-patient MRSA strains sent to NRL for ATB from
the laboratories participating in EARS-Net (% are calculated
from the number of MRSA isolates reported in EARS-Net) NRL for ATB

182
(69.2)

216
(84.0)

220
(72.4) this study

Number of participating laboratories in our study 31 37 36

Population sample representativeness

EARS-Net

high high high

[39]
Hospital sample representativeness high high high
Isolate sample representativeness high high high

Blood culture sets/1000 patient days 18.0 18.0 17.0
Estimated national population coverage (%) 85 85 81

4.2. Antibiotic Susceptibility Testing and MRSA Detection

Susceptibility to erythromycin, clindamycin, chloramphenicol, tigecycline, gentamicin,
ciprofloxacin, trimethoprim/sulfamethoxazole, rifampicin, fusidic acid, vancomycin and
linezolid was tested using broth microdilution method, while susceptibility to ceftaro-
line and tetracycline by disc diffusion method (according to the EUCAST methodology,
breakpoints ver. 9.0—EUCAST 2019 [40]). Susceptibility to ceftaroline was tested using
breakpoints for indications other than pneumonia (resistant <17mm, susceptible ≥20 mm).
Inducible clindamycin resistance was tested by a broth microdilution method according
to the CLSI methodology [41]. Methicillin resistance was screened using cefoxitine disc
(30 µg). Strains with the zone diameter <22 mm were reported as MRSA.

4.3. Molecular Typing
4.3.1. mecA/mecC Detection

The presence of genes encoding alternative penicillin-binding proteins (methicillin
resistance) was confirmed by polymerase chain reaction (PCR) screening for mecA/mecC
genes. mecA was detected using P4 (5′-TCC AGA TTA CAA CTT CAC CAG G-3′) and P7
(5′-CCA CTT CAT ATC TTG TAA CG-3′) primers [42]. PCR conditions were 4 min at 94 ◦C,
followed by 30 cycles of 45 s at 94 ◦C, 45 s at 50 ◦C and 1 min at 72 ◦C. The final elongation
was 2 min at 72 ◦C (Bio-Rad, DNA Engine Dyad® Dual-Bay Thermal Cycler; Bio-Rad
Laboratories, Hercules, California, USA). mecC gene was detected according to Stegger
et al. [43]. All the primers used in our study are listed in the Supplementary Table S2.

4.3.2. spa Typing and Based Upon Repeat Analysis (BURP)

In all MRSA isolates, a single locus of the repeat region X of the S. aureus protein A
gene (spa) was sequenced. DNA amplification and DNA preparation for Sanger sequencing
were performed according to the protocol from the official Ridom Spa Server website [44]
using primers 1113f (5′-TAA AGA CGA TCC TTC GGT GAG C-3′) and 1514r (5′-CAG
CAG TAG TGC CGT TTG CTT-3′). Sequences were evaluated and spa types determined
using Ridom StaphType software.

To infer the clonal relatedness based on spa polymorphisms (spa CCs), MRSA strains
were clustered by BURP analysis using Ridom StaphType software. Clustering parameters
were chosen according to the RidomStaph Type user guide [45]: spa types were clustered if
cost was less or equal 6 (value defining cluster dimension, the default value was used) and
spa types that were shorter than 4 repeats were excluded (to include the highest number of
spa types, the least possible value recommended was used). The strains with inadequate
number of repeats were excluded from BURP analysis.
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4.3.3. Multilocus Sequence Typing (MLST)

MLST was performed as described by Enright et al. [46] The sequences of the seven
approximately 450 bp long internal fragments of the housekeeping genes (carbamate
kinase—arcC, shikimate dehydrogenase—aroE, glycerol kinase—glpF, guanylate kinase—
gmk, phosphate acetyltransferase—pta, triosephosphate isomerase—tpi and acetyl coen-
zyme A acetyltransferase—yqiL) were amplified by PCR and sequenced by Sanger sequenc-
ing. The assignment of analyzed sequences and the determination of sequence types (STs)
and clonal complexes (CCs) was done by Bionumerics software (ver. 7.6).

4.3.4. SCCmec Typing

The assignment of SCCmec elements was performed using multiplex PCR according
to the protocol employed by Milheiriço et al. [47] SCCmec types II and V (untypeable
by the aforementioned method) were determined using an alternative set of primers
(Supplementary Table S2) according to Zhang et al. [48] DNA sequence of SCCmec type
VT isolates was amplified using primers for SCCmec type V: Type V-F (5′-GAA CAT TGT
TAC TTA AAT GAG CG-3′) and Type V-R (5′-TGA AAG TTG TAC CCT TGA CAC C-
3′) [48]. PCR product of about 1600 bp was sequenced using Sanger sequencing. Sequence
shared 100% identity with type V staphylococcal cassette chromosome of strain TSGH17
(AB512767.1) [49], which was reported as type VT [50]. It was also identical with sequences
of other VT (VII) strains (AB478780.1, AB462393.1) [49,51].

5. Conclusions

To our knowledge, this study has typed (both phenotypically and genotypically) the
largest collection of the Czech MRSA isolates from blood cultures so far. In general, MRSA
strains were mainly resistant to erythromycin, clindamycin and ciprofloxacin. The majority
of the isolates belonged to MLST CC5, with the most prevalent spa types t003, t586, t014
and t002. We have demonstrated that the dominant MRSA clone was ST225/SCCmecII. We
confirmed the presence of LA-MRSA within strains grouped in the spa CC011 (CC398) as
well as other MRSA clones.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10040395/s1, Table S1: The characteristics of the 618 MRSA isolates from blood of
patients hospitalized in the Czech Republic (2016–2018), Table S2: Primers used in the study.
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Citation: Papajk, J.; Mezerová, K.;

Uvízl, R.; Štosová, T.; Kolář, M.
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Abstract: Ventilator-associated pneumonia (VAP) is one of the most severe complications affect-
ing mechanically ventilated patients. The condition is caused by microaspiration of potentially
pathogenic bacteria from the upper respiratory tract into the lower respiratory tract or by bacterial
pathogens from exogenous sources such as healthcare personnel, devices, aids, fluids and air. The
aim of our prospective, observational study was to confirm the hypothesis that in the etiology of
VAP, an important role is played by etiological agents from the upper airway bacterial microflora.
At the same time, we studied the hypothesis that the vertical spread of bacterial pathogens is more
frequent than their horizontal spread among patients. A total of 697 patients required mechanical
ventilation for more than 48 h. The criteria for VAP were met by 47 patients. Clonality of bacterial
isolates from 20 patients was determined by comparing their macrorestriction profiles obtained by
pulsed-field gel electrophoresis (PFGE). Among these 20 patients, a total of 29 PFGE pulsotypes of
Klebsiella spp. and Escherichia spp. strains were observed. The high variability of clones proves that
there was no circulation of bacterial pathogens among hospitalized patients. Our finding confirms
the development of VAP as a result of bacterial microaspiration and therefore the endogenous origin
of VAP.

Keywords: ventilator-associated pneumonia; Klebsiella spp.; Escherichia spp.; pulsed-field gel elec-
trophoresis (PFGE); clonality; endogenous infection

1. Introduction

Ventilator-associated pneumonia (VAP) is one of the most severe complications affect-
ing mechanically ventilated patients. VAP has a considerable impact on patient prognosis
due to longer ventilation time and higher mortality. The incidence of VAP is reported to
be 9–27% [1]. The risk of developing VAP is highest in the first five days of mechanical
ventilation and then gradually decreases [2]. Mortality associated with VAP is 33–50%,
depending on the bacterial pathogen, adequacy of the antibiotic therapy and comorbidities
of the patient [1]. With strict preventive measures in place, the death rate may decrease
to approximately 9–13% [3]. The incidence of VAP is influenced by a range of risk fac-
tors contributing to undesirable microaspiration of potentially pathogenic bacteria into
the lower respiratory tract. Microaspirations occur not only due to respiratory invasive
procedures, including intubation or bronchoscopy, but also passively due to leakage of
pooled secretions (from the paranasal sinuses, nasopharynx, oropharynx or stomach) from
the space above the endotracheal tube cuff. Even insertion of the tube itself disrupts the
natural barrier protecting the airways [4] and a biofilm forming on its surface may become
a source of bacterial contamination of the lower respiratory tract [5]. All these mechanisms,
individually or together, participate in the endogenous origin of VAP. The independent risk
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factors for VAP are mainly previous administration of antibiotics and patient comorbidi-
ties [1]. The exogenous sources of bacterial pathogens responsible for VAP in the intensive
care setting may include healthcare personnel, devices, aids, fluids or air [6].

The study aimed to confirm the hypothesis that in the etiology of VAP, an important
role is played by etiological agents from the upper airway bacterial flora, and that vertical
spread of bacterial pathogens is more common than their horizontal spread among patients.

2. Results

Patients over 18 years of age hospitalized at the Department of Anesthesiology, Re-
suscitation and Intensive Care Medicine, University Hospital Olomouc, Czech Republic,
between 11 January 2018 and 22 May 2020 were involved in this prospective, observa-
tional study.

Over the study period, a total of 697 patients required mechanical ventilation for more
than 48 h. The criteria for VAP were met by 47 patients. The clonality study included 20
patients (18 males, 2 females) whose VAP was caused by Klebsiella spp. and Escherichia spp.
As for demographic data, only age was normally distributed (median 58, interquartile
range, IQR, 23–83). The other parameters showed non-normal distribution. The mean body
mass index was 28 ± 5 (median 28, IQR 19–48). The median Acute Physiology and Chronic
Health Evaluation II (APACHE II) score on admission was 24 (IQR 14–32). The median
duration of mechanical ventilation and intensive care unit (ICU) stay was 11 days (IQR
5–43) and 13 days (IQR 6–44), respectively. The patients had a 30-day mortality rate of 20%.

A total of 49 Klebsiella spp. and Escherichia spp. isolates were obtained from 20 pa-
tients. Of those, nine Escherichia spp. isolates came from five patients and 40 Klebsiella
spp. isolates from 17 patients; the latter included four isolates from patients from whom
Klebsiella variicola or Escherichia spp. isolates were also obtained.

2.1. PFGE Analysis of Klebsiella spp. Isolates

For 26 Klebsiella pneumoniae isolates from 12 patients, different restriction profiles
obtained with SpeI digestion of DNAs were observed, resulting in 16 pulsotypes. Isolates
with identical restriction profiles were documented among different types of samples
collected from the patients (Figure 1). Additionally, more than one clone was observed
among isolates coming from patients referred to as PAT 8, PAT 9 and PAT 12.

Clustering analysis of nine isolates identified as Klebsiella variicola coming from five
patients contributed to our finding that there was no clonal spread among patients in the
Department of Anesthesiology, Resuscitation and Intensive Care Medicine. Furthermore,
more than one clone was observed in the patient PAT 2 (Figure 2). A dendrogram con-
structed for five Klebsiella oxytoca isolates coming from 2 patients supported clonal diversity
among different patients (Figure 3). Nevertheless, the phylogenetic tree based on PFGE
profiles revealed identical strains isolated from different types of samples collected from
each patient.
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2.2. PFGE Analysis of Escherichia spp. Isolates

PFGE identified three pulsotypes among five Escherichia coli isolates belonging to three
patients (Figure 4), supporting clonal diversity among different patients. The same results
were obtained by restriction profiles of Escherichia hermannii DNA as four isolates were
categorized to two phylotypes corresponding with patient codes (Figure 5).
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In 15 patients (75%), the bacterial pathogen that caused VAP was isolated from the
upper respiratory tract before the development of VAP, or bacterial strains identified from
the upper respiratory tract and endotracheal aspirate (ETA) samples showed identical
restriction profiles in the same patient. In the remaining five patients, we confirmed the
presence of the detected pathogen only in ETA samples after VAP had occurred.

3. Discussion

Over the study period, the incidence of VAP in the Department of Anesthesiology,
Resuscitation and Intensive Care Medicine reached 7%, a lower rate compared to long-
term reports [1]. The incidence was compared to 2018 data (1 January–31 December
2018) showing 20 cases of VAP among 291 patients mechanically ventilated for over 48 h
(unpublished data). The 2018 rate was also 7%, suggesting a stable incidence of VAP in
the department. In their comparison of data from the National Healthcare Safety Network,
Dudeck et al. reported a downward trend in the incidence of VAP [7,8]. However, recent
guidelines by the Infectious Diseases Society of America and the American Thoracic
Society state a stable VAP rate (approx. 10%) in mechanically ventilated patients [9].
The present study found a mortality rate of 20% among VAP patients. A meta-analysis
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by Melsen et al. reported lower overall mortality (13%). However, the opposite was
true for comparable patient subgroups (APACHE II score 20–29), with rates of 20% and
36%, respectively [3]. Mortality rates in different studies are also difficult to compare
due to various methodologies. According to Forel et al., 28-day and 90-day mortality
of patients with VAP was 27% and 42%, respectively [10]. While a study from Thailand
documented 30-day mortality of 46% [11], Tejada et al. reported a rate of 44% without time
specification [12]. A multi-center study by Herkel et al. assessed 30-day mortality with
regard to adequate or inadequate empirical antibiotic therapy (27% vs. 45%) [13].

In the pathogenesis of VAP, microaspiration of bacteria from secretions in the space
above the endotracheal tube cuff or the oropharynx plays the major role. Less frequently,
the infection is caused by exogenously acquired pathogens. Thus, most VAP cases are of
endogenous origin [6,14]. The risk factors for the development of VAP are mainly urgent
tracheal intubation, reintubation, bronchoscopy and intolerance of enteral feeding, that is,
situations representing a higher risk of microaspiration [15]. The introduction of routine
assessment of the bacterial flora in both the upper and lower respiratory tract has allowed
early identification of bacterial pathogens responsible for VAP. ETA sample collection
results in more frequently detected pathogens (93%) compared to not only oropharyngeal
swab (OS) and gastric aspiration samples (59% and 57%, respectively), but especially to
protected specimen brushing (36%) [16]. The latter approach has the lowest sensitivity of all
invasive techniques and is therefore not routinely performed, as stated in a meta-analysis
by Fernando et al. [17]. Our results suggest that taking OS and ETA samples twice a week
is sufficient.

To the best of our knowledge, this is the first study comparing the clonality of Kleb-
siella and Escherichia spp. strains isolated from different types of samples in each patient
with VAP. Among 20 patients, a total of 29 PFGE pulsotypes were observed. Restriction
profiles obtained from 26 K. pneumoniae isolates revealed 16 pulsotypes among 12 patients.
K. variicola isolates also showed high variability of clones, as six pulsotypes were obtained
from isolates belonging to five patients. Where K. oxytoca, E. coli and E. hermannii isolates
were analyzed by PFGE, the number of pulsotypes always corresponded with the number
of patients, proving that there was no circulation of pathogen among hospitalized patients.

Comparison of PFGE pulsotypes obtained in this study also showed high variability
of bacterial clones among different patients, which correlates with a study by Hanulik et al.
demonstrating clonal diversity among 23 K. pneumoniae isolates with only three pairs of
clones belonging to six different patients [18]. A later study by Pudova et al. observed
unique restriction profiles of analyzed isolates (74%) from hospital-acquired pneumonia
(HAP) patients, suggesting only rare clonal spread of HAP bacterial pathogens among
individual patients [19]. Unlike our study, circulation of multidrug-resistant K. pneumoniae
isolates causing VAP in Egypt was confirmed by PFGE analysis. A study by Mohamed et al.
included 19 clinical isolates from different patients and four environmental isolates, re-
sulting in 17 pulsotypes. The restriction profiles of clinical and environmental isolates
were similar, suggesting the exogenous origin of VAP infection [20]. Identical clones of
K. pneumoniae were also detected in 29% of VAP patients in China. Clonal relationship of
the K. pneumoniae strains was studied by random amplified polymorphic DNA (RAPD)
and multilocus sequence typing, revealing 21 different RAPD patterns and 25 sequence
types (ST) among 49 K. pneumoniae isolates. The most frequent clone, ST23 (43% prevalence)
corresponding to hypervirulent K. pneumoniae (hvKP), evinced an identical RAPD pattern
for all analyzed isolates, suggesting their epidemiological relationship [21]. According
to a study by Tabrizi et al., hvKP isolated from mechanically-ventilated drug-poisoning
patients was related to ST23 with the same PFGE pulsotype pattern, also underlining its
epidemiological importance [22]. Based on our PFGE results, no epidemiologic strain was
detected among the investigated patients.

In 75% of patients, the identified bacterial pathogen was first isolated from the upper
respiratory tract as part of the bacterial flora. Subsequently, its presence in the endotracheal
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secretion of a patient with clinically expressed VAP was confirmed. This finding confirms the
development of VAP resulting from bacterial microaspiration as reported by Pudova et al. [19].

The study limitations are its retrospective design, evaluation of only two bacterial
species, and inclusion of only one center.

4. Materials and Methods
4.1. Patients and Clinical Material

All patients over 18 years of age who required mechanical ventilation for more than
48 h at the Department of Anesthesiology, Resuscitation and Intensive Care Medicine
over the study period were involved in the study. Biological samples for microbiology
testing, collected as described below, were a routine part of standard care for mechanically
ventilated patients.

4.2. Sample Processing

The study included patients who met the clinical criteria for VAP caused by strains of
Klebsiella spp. and Escherichia spp. The clinical signs of pneumonia are defined as the pres-
ence of newly developed or progressive infiltrates on chest radiographs plus at least two
other signs of respiratory tract infection: temperature > 38 ◦C, purulent sputum, leukocyto-
sis (white blood cell, WBC > 10 × 103/mm3) or leukopenia (WBC < 4 × 103/mm3), signs
of inflammation on auscultation, cough and/or respiratory insufficiency with a PaO2/FiO2
ratio of ≤300 mm Hg that develop after more than 48 h of mechanical ventilation.

Excluded were patients with signs of pneumonia at the time of initiation of mechanical
ventilation or with neutropenia, organ donors, those who later switched to withhold
therapy or palliative care, and patients with VAP caused by bacterial pathogens other than
Klebsiella spp. and Escherichia spp.

4.3. Collection of Samples for Microbiological Culture and Identification of Isolated Bacteria

In all patients, OS samples were taken on admission and then twice weekly, and
ETA samples were taken twice weekly following the initiation of mechanical ventilation.
OS samples were collected from the back wall of the oropharynx using a commercially
available sample collection kit with a transport medium (Copan Diagnostics, Murrieta, CA,
USA). ETA samples were collected by aspiration of secretions from an orotracheal tube
using a sterile closed collecting system, with subsequent rinsing of the suction catheter with
10 mL of sterile saline and closing of the test tube with a sterile stopper. The identification of
bacteria was performed by MALDI-TOF MS (Biotyper Microflex, Bruker Daltonics, Bremen,
Germany) [23]. The study analyzed all Escherichia spp. and Klebsiella spp. strains isolated
from OS and ETA collected from the enrolled patients. Table S1 in Supplementary data
summarizes isolated bacterical species, dates of sample collection and VAP diagnosis of
the enrolled patients.

4.4. Genotyping of Selected Bacterial Isolates

Clonal relationships of bacterial isolates were determined by comparing their macrore-
striction profiles obtained by pulsed-field gel electrophoresis (PFGE). Bacterial DNA was
isolated according to a protocol previously described in a study by Husickova et al. [24].
Briefly, DNA was isolated from a bacterial culture incubated at 37 ◦C for 16 h in Mueller–
Hinton broth. The cells were washed three times with washing buffer followed by dilution
of bacteria for optical density of 1.0–1.5 at 600 nm. The cells were subsequently mixed with
2% low melting point agarose (Bio-Rad, Hercules, CA, USA) to form blocks. The prepared
agarose blocks were incubated at 37 ◦C in lysis buffer containing lysozyme. After 24 h,
the blocks were transferred into deproteination buffer with proteinase K and incubated at
55 ◦C for another 24 h. The obtained blocks were finally washed in TE buffer and stored
at 4 ◦C. According to manufacturer’s instructions, enzymes XbaI and SpeI (New England
Biolabs, Ipswich, MA, USA) were used for DNA restriction. Escherichia spp. isolates were
digested by XbaI while SpeI-digested genomic DNA was used for obtaining restriction
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profiles of Klebsiella spp. isolates. The obtained DNA fragments were separated by PFGE,
which was carried out in 1.2% agarose gel at 6 V cm−1 and pulse times of 2–35 s for 24 h.
Thiourea (final concentration 50 µM) was added to an electrophoresis buffer in order to
improve the typeability of the strains. Ethidium bromide was used for staining the gel, the
obtained restriction profiles were documented by an imaging device and compared by the
GelCompar II software (Applied Maths, Kortrijk, Belgium). Dendrograms were constructed
by the unweighted pair group method with arithmetic mean combined with a hierarchical
clustering method with Dice’s coefficient. Optimization and band matching tolerance was
set at 2%. Restriction profiles reaching 97% similarity were considered identical.

4.5. Statistical Analysis

Data were analyzed with IBM SPSS Statistics for Windows version 23.0 (IBM Corp.,
Armonk, NY, USA). Quantitative variables are presented as means and standard deviations
(SD), minimum and maximum values and medians. The Shapiro–Wilk test for normal-
ity was used to verify that most data are not normally distributed (the only exception
being age). Qualitative data (males/females, 30-day mortality) are presented as counts
and percentages.

5. Conclusions

The results of this study, namely unique profiles confirming high variability of bac-
terial pathogens isolated from different patients, led us to conclude that the isolates did
not spread among the hospitalized patients, suggesting that all VAP infections were en-
dogenously acquired. At the same time, the results prove that strict adherence to hygiene
and epidemiological precautions and careful surveillance of bacterial pathogens causing
VAP, including assessment of the upper respiratory tract microflora, in clinical practice,
may effectively prevent the horizontal spread of bacterial pathogens among mechanically
ventilated patients. The observations of the study also indicate that bacterial microflora
of the upper respiratory tract might predict the pathogens implicated in VAP. Thus, reg-
ular screening of a patient’s oral microflora might guide empirical antibiotic treatment
when the patient subsequently develops VAP, possibly increasing the rate of appropriate
antibiotic treatment.
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Author Contributions: Conceptualization, M.K. and J.P.; Methodology, K.M., T.Š. and R.U.; Formal
Analysis, K.M. and R.U.; Investigation, J.P.; Resources, J.P.; Data Curation, K.M., T.Š. and J.P.; Writing—
original draft preparation, K.M., M.K. and J.P.; Writing—review and editing, K.M., M.K. and J.P.;
Visualization, K.M. and J.P.; Supervision, M.K. and R.U. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the grant IGA_LF_2021_022 and project MH CZ—DRO
(FNOL, 00098892).

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Joint Institutional Ethics Committee of University
Hospital Olomouc Ethics Committee (no. 173/2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. (In case informed consent to participation in the study could not be obtained due to the
provision of continuous analgesia/sedation to mechanically ventilated patients, close relatives were
asked for it and properly informed).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to protection of privacy of patients
included in the study.

Acknowledgments: The authors are thankful to K. Langová for performing statistical analyses.

97



Antibiotics 2021, 10, 674

Conflicts of Interest: The authors declare no conflict of interest.

References
1. American Thoracic Society; Infectious Diseases Society of America. Guidelines for the Management of Adults with Hospital-

acquired, Ventilator-associated, and Healthcare-associated Pneumonia. Am. J. Respir. Crit. Care Med. 2005, 171, 388–416.
[CrossRef] [PubMed]

2. Chastre, J.; Fagon, J.-Y. Ventilator-associated Pneumonia. Am. J. Respir. Crit. Care Med. 2002, 165, 867–903. [CrossRef]
3. Melsen, W.G.; Rovers, M.M.; Groenwold, R.H.; Bergmans, D.C.; Camus, C.; Bauer, T.T.; Hanisch, E.; Klarin, B.; Koeman, M.A.;

Krueger, W.; et al. Attributable mortality of ventilator-associated pneumonia: A meta-analysis of individual patient data from
randomised prevention studies. Lancet Infect. Dis. 2013, 13, 665–671. [CrossRef]

4. Zolfaghari, P.S.; La Wyncoll, D. The tracheal tube: Gateway to ventilator-associated pneumonia. Crit. Care 2011, 15, 310. [CrossRef]
[PubMed]

5. Hunter, J.D. Ventilator associated pneumonia. BMJ 2012, 344, e3325. [CrossRef] [PubMed]
6. Safdar, N.; Crnich, C.J.; Maki, D.G. The pathogenesis of ventilator-associated pneumonia: Its relevance to developing effective

strategies for prevention. Respir. Care 2005, 50, 725–739.
7. Dudeck, M.A.; Weiner, L.M.; Allen-Bridson, K.; Malpiedi, P.J.; Peterson, K.D.; Pollock, D.A.; Sievert, D.M.; Edwards, J.R. National

Healthcare Safety Network (NHSN) report, data summary for 2012, Device-associated module. Am. J. Infect. Control 2013,
41, 1148–1166. [CrossRef]

8. Dudeck, M.A.; Horan, T.C.; Peterson, K.D.; Allen-Bridson, K.; Morrell, G.; Pollock, D.A.; Edwards, J.R. National Healthcare Safety
Network (NHSN) Report, data summary for 2010, device-associated module. Am. J. Infect. Control 2011, 39, 798–816. [CrossRef]

9. Kalil, A.C.; Metersky, M.L.; Klompas, M.; Muscedere, J.; Sweeney, D.A.; Palmer, L.B.; Napolitano, L.M.; O’Grady, N.P.; Bartlett,
J.G.; Carratalà, J.; et al. Management of Adults With Hospital-acquired and Ventilator-associated Pneumonia: 2016 Clinical
Practice Guidelines by the Infectious Diseases Society of America and the American Thoracic Society. Clin. Infect. Dis. 2016,
63, e61–e111. [CrossRef]

10. Forel, J.-M.; Voillet, F.; Pulina, D.; Gacouin, A.; Perrin, G.; Barrau, K.; Jaber, S.; Arnal, J.-M.; Fathallah, M.; Auquier, P.; et al.
Ventilator-associated pneumonia and ICU mortality in severe ARDS patients ventilated according to a lung-protective strategy.
Crit. Care 2012, 16, R65. [CrossRef]

11. Werarak, P.; Kiratisin, P.; Thamlikitkul, V. Hospital-acquired pneumonia and ventilator-associated pneumonia in adults at Siriraj
Hospital: Etiology, clinical outcomes, and impact of antimicrobial resistance. J. Med. Assoc. Thai. 2010, 93, S126–S138.

12. Artigas, A.T.; Dronda, S.B.; Vallés, E.C.; Marco, J.M.; Usón, M.C.V.; Figueras, P.; Suarez, F.J.; Hernández, A. Risk factors for
nosocomial pneumonia in critically ill trauma patients. Crit. Care Med. 2001, 29, 304–309. [CrossRef]

13. Herkel, T.; Uvizl, R.; Doubravska, L.; Adamus, M.; Gabrhelik, T.; Sedlakova, M.H.; Kolar, M.; Hanulik, V.; Pudova, V.; Langova,
K.; et al. Epidemiology of hospital-acquired pneumonia: Results of a Central European multicenter, prospective, observational
study compared with data from the European region. Biomed. Pap. 2016, 160, 448–455. [CrossRef]

14. Berthelot, P.; Grattard, F.; Mahul, P.; Pain, P.; Jospé, R.; Venet, C.; Carricajo, A.; Aubert, G.; Ros, A.; Dumont, A.; et al. Prospective
study of nosocomial colonization and infection due to Pseudomonas aeruginosa in mechanically ventilated patients. Intensiv.
Care Med. 2001, 27, 503–512. [CrossRef]

15. Uvizl, R.; Kolar, M.; Herkel, T.; Vobrova, M.; Langova, K. Possibilities for modifying risk factors for the development of hospital-
acquired pneumonia in intensive care patients: Results of a retrospective, observational study. Biomed. Pap. 2017, 161, 303–309.
[CrossRef]
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Abstract: Bacterial infections are an important cause of mortality and morbidity in newborns. The
main risk factors include low birth weight and prematurity. The study identified the most common
bacterial pathogens causing neonatal infections including their resistance to antibiotics in the Neona-
tal Department of the University Hospital Olomouc. Additionally, the cut-off for distinguishing early-
from late-onset neonatal infections was assessed. The results of this study show that a cut-off value
of 72 h after birth is more suitable. Only in case of early-onset infections arising within 72 h of birth,
initial antibiotic therapy based on gentamicin with ampicillin or amoxicillin/clavulanic acid may
be recommended. It has been established that with the 72-h cut-off, late-onset infections caused by
bacteria more resistant to antibiotics may be detected more frequently, a finding that is absolutely
crucial for antibiotic treatment strategy.

Keywords: newborn; infection; bacteria; antibiotic therapy

1. Introduction

Neonatal infections may be defined as infectious diseases occurring in newborns
within 4 weeks after birth. They may be classified as early-onset or late-onset, with the
cut-off for distinguishing early- from late-onset infections ranging between 72 h and 7 days.

Early-onset neonatal infections are caused by microorganisms transmitted in utero
or as the baby moves down the birth passage (antepartum or intrapartum), with 85%
of them occurring within 24 h from birth [1,2]. The most common etiologic agents are
Escherichia coli, Streptococcus agalactiae (GBS), and Listeria monocytogenes. Less frequently,
chlamydias and mycoplasmas are shown to play an etiologic role [3–5]. For initial antibi-
otic therapy, ampicillin or amoxicillin with clavulanic acid, combined with gentamicin are
recommended [2,6,7]. In the literature, however, information is available about increas-
ing resistance of Escherichia coli to antibiotics including aminopenicillins combined with
inhibitors of bacterial beta-lactamases (ampicillin/sulbactam and amoxicillin/clavulanic
acid) and potential failure of antibiotic therapy [8–11]. The risk factors for the develop-
ment of early-onset infections include vaginal colonization with GBS, prelabor rupture
of membranes, prematurity, multiple abortions, maternal malnutrition, and congenital
abnormalities [12–14].

Late-onset neonatal infections are caused by bacteria associated with hospital care.
Multidrug-resistant bacteria are frequently responsible for these infections. Important
sources are artificial materials, in particular, cannulas or catheters [13,15]. The most
common bacterial pathogens are Staphylococcus aureus, coagulase-negative staphylococci,
Klebsiella pneumoniae, Escherichia coli, Enterobacter spp., Serratia marcescens, Pseudomonas
aeruginosa, Acinetobacter baumannii, anaerobic bacteria, and yeasts [16–18]. The risk factors
for acquiring infections include prematurity, congenital abnormalities, and invasive care
such as central venous catheter placement or respiratory support [13,19]. In many cases,
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antibiotic therapy requires application of antibacterial drugs effective against multidrug-
resistant bacteria such as carbapenems, glycopeptides, and aminoglycosides in relevant
combinations [20].

A very important part of the overall therapeutic approach to neonatal infections
is microbiological examination of adequate clinical materials, in particular, blood and
cerebrospinal fluid cultures. The obtained results allow targeted antibiotic therapy based
on identification of bacterial pathogens and determination of their susceptibility/resistance
to antibiotics. Under defined conditions, nasopharyngeal and rectal swabs, pharyngeal
aspirate, urine, and other specimens may also be of clinical importance if very carefully
interpreted [21].

Our study aimed to assess the cut-offs for distinguishing early- from late-onset neona-
tal infections and determine the most frequent bacterial pathogens causing or suspected of
causing neonatal infections, including their resistance to antibacterial drugs.

2. Results

Over a 3-year period, a total of 7221 newborns were either born or transported to
the Neonatal Department of the University Hospital Olomouc. Neonatal infections were
treated in 364 cases (5%), in whom 263 bacterial and 59 mycotic pathogens were isolated.

Clinical sepsis (72%) was most common in newborns, followed by bloodstream in-
fections (13%) and pneumonia (9%); less frequent were meningitis (1%) and necrotizing
enterocolitis (1%). In 4% of newborns treated for infections of unclear origin, no bacterial
pathogens were isolated.

The sample consisted of the following gestational age subgroups: term 38%, moderate
to late preterm 28%, very preterm 20% and extremely preterm newborns 14%. The birth
weight subgroups were as follows: normal birth weight 41%, low birth weight 26%, very
low birth weight 14% and extremely low birth weight 19%.

The most frequently isolated bacteria were Escherichia coli (22%), Klebsiella pneumoniae
(12%), coagulase-negative staphylococci (12%), and Staphylococcus aureus (10%) (Table 1).
The results show that Enterobacterales accounted for more than half (56%) of all bacterial
pathogens. Streptococcus agalactiae caused infection in only nine newborns and Listeria
monocytogenes was detected in a single infant. Besides bacterial pathogens, Candida spp.
were responsible for 59 cases of infections (majority of which was treated topically), with
Candida albicans causing infections in 47 (<1%) newborns. Candida parapsilosis and Candida
tropicalis were confirmed as etiologic agents in only 7 and 5 neonatal infections, respectively.

Overall, 6% of newborns in 2015 and 5% in both 2016 and 2017 were treated with
antibiotics for confirmed or suspected early- or late-onset infection. Table 2 shows bacterial
pathogens causing early- and late-onset infections as defined by the two cut-offs (72 h and
7 days).

Table 1. Bacteria isolated from newborns prior to initiation of antibiotic therapy.

Bacterial Species No. of Isolates Percentage

Escherichia coli 57 22
Klebsiella pneumoniae 31 12

Coagulase-negative staphylococci 31 12
Staphylococcus aureus 25 10
Enterobacter cloacae 16 6

Klebsiella oxytoca 16 6
Stenotrophomonas maltophilia 15 6

Pseudomonas aeruginosa 14 5
Enterococcus faecalis 11 4

Streptococcus agalactiae 9 3
Burkholderia cepacia complex 8 3

Citrobacter freundii 4 2
Ralstonia picketii/insidiosa 4 2

Pseudomonas putida 2 1
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Table 1. Cont.

Bacterial Species No. of Isolates Percentage

Acinetobacter baumannii 2 1
Klebsiella aerogenes 2 1
Enterobacter kobei 2 1

Serratia marcescens 2 1
Haemophilus influenzae type b 2 1

Enterobacter asburiae 2 1
Others 8 3

Legend: others—bacteria isolated only once (Salmonella Enteritidis, Providencia rettgeri, Proteus mirabilis, Morganella
morganii, Listeria monocytogenes, Streptococcus anginosus, Streptococcus intermedius, and Enterococcus faecium).

Table 2. Numbers of bacterial/mycotic pathogens from newborns treated with antibiotics with regard to different cut-offs
for distinguishing between early- and late-onset infections.

Bacterial Pathogen Early-Onset (Absolute No.) Late-Onset (Absolute No.)

≤72 h ≤7 days >72 h >7 days p-Value

Escherichia coli 15 26 42 31 <0.001
Klebsiella pneumoniae 10 19 21 12 0.002

Coagulase-negative staphylococci 4 15 27 16 <0.001
Staphylococcus aureus 3 12 22 13 0.002
Enterobacter cloacae 5 9 11 7 0.063

Klebsiella oxytoca 2 7 14 9 0.031
Stenotrophomonas maltophilia 1 7 14 8 0.016

Pseudomonas aeruginosa 1 8 13 6 0.008
Enterococcus faecalis 3 7 8 4 0.063

Streptococcus agalactiae 8 9 1 0 0.500
Burkholderia cepacia complex 0 3 8 5 0.125

Citrobacter freundii 1 3 3 1
Ralstonia picketii/insidiosa 0 3 4 1

Pseudomonas putida 0 0 2 2
Acinetobacter baumannii 0 1 2 1

Klebsiella aerogenes 0 1 2 1
Enterobacter kobei 0 0 2 2

Serratia marcescens 0 0 2 2
Haemophilus influenzae type b 1 2 1 0

Enterobacter asburiae 0 1 2 1
Other bacteria 3 6 5 2

Mycotic pathogen ≤72 h ≤7 days >72 h >7 days

Candida albicans 3 24 44 23 <0.001
Candida parapsilosis 0 3 7 4 0.125

Candida tropicalis 0 2 5 3

Legend: p-values are given for bacterial and Candida species with a number of isolates > 5.

When the 72-h cut-off for developing symptoms of early-onset infection was applied,
a total of 57 pathogens were isolated, mostly enterobacteria (58%). The most frequently
isolated species were Escherichia coli (26%) and Klebsiella pneumoniae (18%). The use of the
other cut-off, i.e., early-onset infections in the first 7 days of life, resulted in isolation of
139 pathogenic bacteria. The most common organisms were enterobacteria (47%), mainly
Escherichia coli (19%) and Klebsiella pneumoniae (14%), followed by Gram-positive bacteria
(31%), mainly coagulase-negative staphylococci (11%) and Staphylococcus aureus (9%).

In case of late-onset infections defined by the 72-h cut-off, a total of 206 bacterial
pathogens were isolated. The most common were enterobacteria (48%), in particular,
Escherichia coli (20%), followed by Klebsiella pneumoniae (10%) and Enterobacter cloacae (5%).
Further, there were 28% of Gram-positive bacteria (coagulase-negative staphylococci in
13% and Staphylococcus aureus in 11%). When late-onset neonatal infections were defined
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by symptoms occurring from the eighth day, 124 bacterial pathogens were identified; the
most frequent species were Escherichia coli (25%) and Klebsiella pneumoniae (10%).

Assessment of the two cut-offs (i.e., ≤72 h and ≤7 days of life) showed that the
presence changed for most bacterial species. This was obvious in case of coagulase-
negative staphylococci; when the 72-h cut-off was applied, only 4 out of 31 cases could
be characterized as early-onset, as compared with 15 cases when using the 7-day cut-off.
Similar differences were observed for Staphylococcus aureus, Escherichia coli, and Klebsiella
pneumoniae (Figure 1). Yet another example may be non-fermenting Gram-negative bacteria.
Out of 14 cases with Pseudomonas aeruginosa infection, 1 and 8 were interpreted as early-
onset according to the 72-h and 7-day cut-offs, respectively. Similarly, among 15 cases in
which Stenotrophomonas maltophilia was isolated, only 1 was early-onset when the 72-h
cut-off was used, as compared with 7 cases when applying the other cut-off. In case of
Candida albicans infections, it is clear that according to the 72-h cut-off, only 3 out of 47 cases
could be defined as early-onset, while with the 7-day cut-off, it was 24 cases (Figure 1).

Figure 1. Proportional representation of early- and late-onset infections with regard to both cut-offs (72-h and 7-day) shown
for Klebsiella pneumoniae, Escherichia coli, Staphylococcus aureus, coagulase-negative staphylococci, Pseudomonas aeruginosa,
and Candida albicans.

Table 3 shows the numbers of suspected or confirmed causative bacteria isolated from
newborns treated with antibiotics as well as the numbers of newborns in whom no bacterial
pathogen was detected. According to the results, only one bacterial species was isolated
in 76% of newborns, more than one microorganisms were isolated in 9% and no etiologic
agent was identified in 15% of infants with clinical sepsis.

Table 3. Identification of etiologic agents causing/suspected of causing neonatal infections.

Etiology of Confirmed or
Suspected Infections

2015
(Absolute No.)

2016
(Absolute No.)

2017
(Absolute No.)

No identified pathogen 19 23 14
Monomicrobial etiology 101 81 94
Polymicrobial etiology 12 9 11

Total 132 113 119
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The results suggest relatively good susceptibility of the most frequently isolated
enterobacteria (Escherichia coli, Klebsiella pneumoniae, Enterobacter cloacae, and Klebsiella
oxytoca) to antibacterial drugs with the exception of ampicillin and cefazolin. Production
of broad-spectrum beta-lactamases (only ESBL and AmpC types) was confirmed in eight
strains, i.e., 6% of isolated enterobacteria (Table 4). All those strains were isolated from
neonates who developed infection from day 4 of life onwards. Resistance to meropenem
was not noted.

Table 4. Broad-spectrum beta-lactamase (ESBL- and AmpC only)-positive enterobacteria.

Species No. of Strains Type of Broad-Spectrum Beta-Lactamase

Klebsiella pneumoniae 3 ESBL—CTX-M-15
Klebsiella pneumoniae 1 ESBL—CTX-M-9

Escherichia coli 2 ESBL—CTX-M-15
Enterobacter cloacae 1 AmpC—EBC
Citrobacter freundii 1 AmpC—CIT

Pulsed-field gel electrophoresis (PFGE) of 3 CTX-M-15-positive Klebsiella pneumonia
and 2 CTX-M-15-positive Escherichia coli strains showed that those were strains with
unique restriction genetic profiles. Therefore, clonal horizontal transmission was ruled out
(Figures 2 and 3).

Figure 2. Pulsed-field gel electrophoresis (PFGE) of 3 CTX-M-15-positive Klebsiella pneumonia strains.

Figure 3. PFGE of 2 CTX-M-15-positive Escherichia coli strains.

The most frequently isolated Gram-positive bacteria, Staphylococcus aureus, was 100%
susceptible to oxacillin. It means that methicillin-resistant Staphylococcus aureus (MRSA)
was not detected. Very high susceptibility was found to ciprofloxacin, erythromycin,
clindamycin, gentamicin, and glycopeptides (vancomycin and teicoplanin). Higher resis-
tance levels were documented in coagulase-negative staphylococci, but vancomycin and
teicoplanin were found to be very effective. Isolated strains of Enterococcus faecalis and
Streptococcus agalactiae were 100% susceptible to ampicillin and glycopeptides (vancomycin
and teicoplanin).

Susceptibility of the most frequently isolated bacterial pathogens to antibiotics is
illustrated in Tables 5 and 6.
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Table 5. Susceptibility of enterobacteria to selected antibiotics (percentages).

Antibiotic/Pathogen Escherichiacoli Klebsiella pneumoniae Klebsiella oxytoca Enterobacter cloacae

AMI 95 100 100 100
AMP 28 0 0 0
AMS 84 90 100 0
CIP 98 90 100 100
COL 100 87 94 81
CPM 98 90 100 94
CRX 95 90 100 0
CTX 95 90 100 81
CTZ 98 90 100 81
CZL 77 77 44 0
GEN 88 90 100 100
MER 100 100 100 100
PPT 96 90 100 81
TOB 88 90 100 100

Legend: AMI—amikacin, AMP—ampicillin, AMS—ampicillin/sulbactam, CIP—ciprofloxacin, COL—colistin, CPM—cefepime, CRX—
cefuroxime, CTX—cefotaxime, CTZ—ceftazidime, CZL—cefazolin, GEN—gentamicin, MER—meropenem, PPT—piperacillin/tazobactam,
TOB—tobramycin.

Table 6. Susceptibility of Staphylococcus aureus and coagulase-negative staphylococci to selected
antibiotics (percentages).

Antibiotic/Pathogen Staphylococcus aureus Coagulase-Negative Staphylococci

OXA 100 28
CIP 100 57
CLI 80 51
TEI 100 93

VAN 100 93
ERY 80 30
GEN 80 45

Legend: OXA—oxacillin, CLI—clindamycin, TEI—teicoplanin, VAN—vancomycin, ERY—erythromycin.

3. Discussion

An indispensable part of the therapeutic approach to neonatal infections is application
of antibacterial drugs immediately after establishing the diagnosis or as soon as strong
suspicion arises. Antibiotic regimens should consider microbiological examinations of
the newborn and its mother as well as local results of surveillance of the most common
bacterial pathogens and their resistance to antibiotics. Based on microbiology test results,
an integral part of the overall therapeutic approach, targeted antibiotic therapy should
be administered.

Over the study period, a total of 7221 newborns were hospitalized in the Neonatal
Department of the University Hospital Olomouc, with bacterial infections being treated
in 5% of them. This percentage is very high for several reasons. Some of the neonates
were transported to our tertiary neonatal unit due to serious health complications. As
some preterm neonates were treated more than once, the percentage reflects the number
of treated cases rather than the number of treated children. Therefore, the rate is not the
incidence of neonatal infections, but the incidence of antibiotic treatment, preemptive in
some cases. The study results suggest that the most common bacterial agents causing or
suspected of causing neonatal infections were enterobacteria (52% of all isolated pathogens)
and staphylococci (21%). The most frequent causative species were Escherichia coli (22%),
Klebsiella pneumoniae (12%), coagulase-negative staphylococci (12%), and Staphylococcus
aureus (10%). Candida spp. infections were caused by Candida albicans in the vast majority
of cases (80%). These results are consistent with those published by Russell who found that
in neonatal infections, the most common isolates were Escherichia coli, coagulase-negative
staphylococci, Staphylococcus aureus, and Enterococcus spp. [22]. Shane et al. reported that
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in neonatal infections, Streptococcus agalactiae (43%) and Escherichia coli (29%) were most
frequently isolated. These species belong to the most important pathogens contributing
to the development of early-onset neonatal infections. According to the authors, late-
onset infections were caused by Staphylococcus aureus, coagulase-negative staphylococci,
enterococci, enterobacteria, and Streptococcus pyogenes [23]. In a study by Bulkowstein et al.,
the most common pathogens causing early-onset infections were Escherichia coli (34%),
Streptococcus agalactiae (22%), Klebsiella pneumoniae (13%), Enterococcus faecalis (9%), and
Staphylococcus aureus (5%). The spectrum of pathogens was similar for late-onset infections;
most frequently, the authors isolated Escherichia coli (29%), Streptococcus pneumoniae (13%),
Staphylococcus aureus (9%), and Klebsiella pneumoniae (7%) [24].

Given the present results, the 72-h cut-off appears to be more suitable for distinguish-
ing early- from late-onset neonatal infections. Therefore, the use of a different antibiotics
could be advised. Within 72 h of birth, microorganisms transmitted from the mother in
utero or during birth were isolated more frequently. However, when infections developing
in the first 7 days of life were considered as early-onset, more bacteria associated with
nosocomial infections were isolated. Our results indicate that with the 72-h cut-off, bac-
teria originating from the mother (mainly Streptococcus agalactiae) were detected. At the
same time, the frequency of non-fermenting bacteria (e.g., Stenotrophomonas maltophilia and
Pseudomonas aeruginosa) was very low. With the 7-day cut-off for early neonatal infections,
almost a double number of bacterial pathogens was identified. These bacteria show higher
levels of resistance to antibiotics, and they are very often associated with hospital care and
nosocomial infections. It should be emphasized that infections caused by enterobacteria
producing broad-spectrum beta-lactamases would also fall into the category of early-onset
infections if the 7-day cut-off was used. However, if the 72-h cut-off was applied, all
these infections would be characterized as late-onset. Alternatively, bacterial strains were
detected that tend to be related to the use of long-term central venous catheters, in partic-
ular coagulase-negative staphylococci. It has been established that with the 72-h cut-off,
late-onset infections caused by bacteria more resistant to antibiotics may be detected more
frequently, a finding that is absolutely crucial for antibiotic treatment strategy.

Infections caused by Candida spp. are associated with significant morbidity and mor-
tality in infants. As with bacterial infections, premature babies with extremely low birth
weight (less than 1000 g) are most at risk of mycotic infections [25]. A rather serious disease
of premature neonates is candidiasis, which can manifest as candidemia, urinary tract
infection, or as impairment of any tissue or structure. The risk factors for developing
candidiasis include prematurity, central vascular catheterization, abdominal surgery, necro-
tizing enterocolitis, exposure to broad-spectrum antibacterial agents (e.g., third-generation
cephalosporins and carbapenems), parenteral nutrition, antacid use, and endotracheal
intubation [26]. The use of catheters or endotracheal tubes destroys the body’s natural bar-
riers, allowing yeasts to penetrate, multiply, and invade sterile body areas. It is, therefore,
clear that mycotic infection would not be possible without prior colonization. According to
Roilides, the species most commonly occurring in pediatric patients are Candida albicans
(50%), Candida parapsilosis (21%), and Candida tropicalis (10%) [27]. The same species were
also most frequent in the present study. The highest rates of yeasts were noted after the
first 72 h of life. In these cases, it is more preferable to use the 72-h cut-off for early neonatal
infections, since almost 10 times less yeasts were detected compared to the 7-day cut-off.

In the present study, GBS accounted for a very small proportion (3%) of bacterial
pathogens identified over the 3-year period. This species mainly plays a role in early-onset
infections. This fact was confirmed by the present study, with 8 out of 9 GBS strains being
isolated in the first 72 h of life. It may be calculated that GBS neonatal infection affected
1.2 newborns per 1000 live births. According to Strakova et al., the incidence of invasive
streptococcal neonatal infections ranged from 0.7 to 1.0 cases per 1000 live births in 2001 and
2002 [28]. Simetka et al. reported early-onset GBS infections in 1.2 newborns per 1000 live
births in 2003–2005 [29]. These findings may be explained by very effective prophylaxis as
early as in the prenatal period, that is screening of all pregnant women between 35 and
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37 weeks of gestation, early laboratory diagnosis and relevant prepartum/intrapartum
antibiotic prophylaxis [30–32].

In the present study, antimicrobial susceptibility testing showed relatively high effi-
cacy of antibiotics. No MRSA strains or vancomycin-resistant enterococci were detected.
Production of broad-spectrum beta-lactamases (CTX-M-15, CTX-M-9, EBC, and CIT) was
confirmed in only 6% of enterobacteria with unique genetic profiles; no clonal spread was
confirmed. On the other hand, a considerable therapeutic problem is posed by multidrug-
resistant strains of Stenotrophomonas maltophilia and Burkholderia cepacia complex susceptible
to antibiotics contraindicated in neonatal care.

The main limitation of the study is its retrospective character. In addition, data from
only one neonatal center were processed. It is most crucial to follow local antimicrobial
resistance surveillance results when choosing initial antibiotic treatment.

4. Material and Methods

The primary outcome of the study is to evaluate the cut-offs for distinguishing early-
from late-onset neonatal infections. In neonatology, there are two most used cut-offs. They
are 72 h of life and 7 days of life [1,2,6,11,13]. The aim of the study was to evaluate these
existing and widely used cut-offs, based on bacteria isolated in specific postnatal age. We
did not want to suggest a new cut-off. The secondary outcome can be characterized as the
determination of the most frequent bacterial/mycotic pathogens causing or suspected of
causing neonatal infections, including resistance to antibacterial drugs.

Biological samples (urine, stools, blood cultures, venous cannulas, cerebrospinal fluid,
bronchoalveolar lavage fluid, axillary, throat, nasal, ear, conjunctival, and wound swabs)
were obtained from newborns before antibiotic treatment. All biological samples were
collected only as part of standard clinical care and active bacterial surveillance program.

Patients’ parents gave informed consent to hospitalization, sample collection, and
anonymous enrollment in the study. Ethics committee approval was not required as the
study did not interfere with the diagnostic and therapeutic process.

The case inclusion criterion was antibiotic treatment, irrespective of infection type,
provided to newborns staying in the Neonatal Department of the University Hospital
Olomouc in 2015–2017. No patient treated with antibiotics was excluded from the study.
To define infections, the modified NEO-KISS criteria were used for early- as well as late-
onset sepsis.

Bacterial isolates were identified by MALDI-TOF MS (Biotyper Microflex, Bruker
Daltonics, Bremen, Germany) [33]. Each identified strain was included only once in
the database.

Bacteria isolated from blood or cerebrospinal fluid were considered to be etiologic
agents. If a newborn was treated with antibiotics and bacteria were isolated from other
samples, the bacteria were identified as a suspected etiologic agent.

Susceptibility to antibiotics was determined by using the microdilution method in
accordance with the EUCAST recommendations [34]. Production of ESBLs and AmpC-type
beta-lactamases was detected by relevant phenotypic tests and confirmed by PCR detecting
genes specific for particular beta-lactamase types [35].

The similarity of 3 CTX-M-15-positive Klebsiella pneumoniae and 2 CTX-M-15-positive
Escherichia coli isolates was assessed with PFGE. Bacterial DNA was isolated using a
technique described by Husickova et al. and digested by the XbaI restriction endonuclease
(New England Biolabs, Ipswich, MA, USA) for 24 h at 37 ◦C [36]. The obtained DNA
fragments were separated by PFGE on 1.2% agarose gel for 24 h at 6 V/cm and pulse
times of 2–35 s. Subsequently, the gel was stained with ethidium bromide. The resulting
restriction profiles were analyzed with the GelCompar II software (Applied Maths, Kortrijk,
Belgium) using the Dice coefficient (1.2%) for comparing similarity and unweighted pair
group method with arithmetic means for cluster analysis. The results were interpreted
according to criteria described by Tenover et al. [37].
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Statistical analyses were conducted using IBM SPSS Statistics version 22 (IBM, New
York City, NY, USA) and the statistical environment R, version 4.0.2. The presence of
bacteria assessed according to both cut-offs was compared with the McNemar’s one-sided
test. The tests were performed at a 0.05 level of significance.

5. Conclusions

The results clearly show that the therapeutic approach to neonatal infections must be
based on their character including classification as early-/late-onset. As a cut-off value,
72 h after birth are more suitable. At the same time, it must be stressed that microbiological
tests are necessary to allow targeted antibiotic therapy including application of adequate
antibiotics if multidrug-resistant bacterial pathogens are detected. The results of this
study confirm that only in case of early-onset infections arising within 72 h of birth, initial
antibiotic therapy based on gentamicin with ampicillin or amoxicillin/clavulanic acid may
be recommended. It is also clear that initial antibiotic treatment must be based on local
surveillance of the most common bacterial pathogens and their resistance to antibiotics.
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Abstract: The aim of this study was to map and investigate linezolid resistance mechanisms in
linezolid-resistant enterococci in the Czech Republic from 2009 to 2019. Altogether, 1442 isolates of
Enterococcus faecium and Enterococcus faecalis were examined in the National Reference Laboratory for
Antibiotics. Among them, 8% of isolates (n = 115) were resistant to linezolid (E. faecium/n = 106, E.
faecalis/n = 9). Only three strains of E. faecium were resistant to tigecycline, 72.6% of isolates were
resistant to vancomycin. One isolate of E. faecium harbored the cfr gene. The majority (87%, n = 11) of
E. faecium strains were resistant to linezolid because of the mutation G2576T in the domain V of the
23S rRNA. This mutation was detected also in two strains of E. faecalis. The presence of the optrA
gene was the dominant mechanism of linezolid resistance in E. faecalis isolates. None of enterococci
contained cfrB, poxtA genes, or any amino acid mutation in genes encoding ribosomal proteins. No
mechanism of resistance was identified in 4 out of 106 E. faecium linezolid resistant isolates in this
study. Seventeen sequence types (STs) including four novel STs were identified in this work. Clonal
complex CC17 was found in all E. faecium isolates.

Keywords: Enterococcus faecium; Enterococcus faecalis; linezolid resistance; 23S rRNA; optrA

1. Introduction

Enterococci are Gram-positive bacteria, commensals of the gastrointestinal tract and
opportunistic pathogens able to cause community-acquired and nosocomial infections.
Two species, Enterococcus faecium and Enterococcus faecalis, are considered to be one of the
most important nosocomial pathogens worldwide [1]. They cause life-threatening infec-
tions especially in elderly, polymorbid and immunocompromised patients [2]. Increasing
resistance of enterococci to penicillin, aminoglycosides, glycopeptides or to the last resort
antibiotics (daptomycin, tigecycline, linezolid) prevents these drugs from being effective in
the treatment of infections caused by these bacteria [3].

Linezolid is a bacteriostatic antibiotic efficient only against Gram-positive bacteria
including methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin resistant
enterococci [4]. It inhibits the accuracy of the protein translation by binding to the peptidyl
transferase centrum (PTC) in the V domain of the 23S rRNA inside the 50S ribosomal
subunit [5]. Since the introduction of linezolid into clinical use in 2000 (USA) [4], seven
mechanisms have been described as related to the linezolid resistance in enterococci: Mu-
tations in the 23S rRNA and genes encoding ribosomal proteins L3, L4, and L22, the
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acquisition of plasmid carrying genes cfr (chloramphenicol-florfenicol) [6], optrA (ABC
transporter that confers resistance to oxazolidinones and phenicols) [7] and poxtA (ABC
transporter; resistance to oxazolidinones, phenicols and tetracyclines) [8]. The most com-
mon mechanism of linezolid resistance in enterococci is the conversion of G to T at position
2576 in the 23S rRNA [9]. Ribosomal proteins L3, L4, L22 play an important role in the
stabilization and conformation of the ribosome (PTC). Therefore, mutations in genes (rplC,
rplD, and rplV) encoding these proteins lead to the amino acid changes followed by dis-
ruption of translation. This type of mechanism is predominantly linked with linezolid
resistance in Staphylococcus epidermidis [10].

The gene cfr encodes a methyltransferase that catalyzes the posttranscriptional methy-
lation of nucleotide A2503 in the 23S rRNA [10]. It has been described for the first time
in S. aureus in 2005 [11], and it can be transferred across different bacterial species and
genera [12]. New mechanisms, optrA (China, 2015) [7] and poxtA [8], belonging to the
ABC-F family of ATP-binding cassette (efflux pump genes) were revealed recently. Com-
parative analysis at the protein levels in the genome of linezolid resistant S. aureus revealed
32% protein homology between them [8]. Gene optrA has been more often detected in
livestock than in humans and its occurrence is more associated with E. faecalis than E.
faecium strains [1]. PoxtA was originally identified in Italian isolate MRSA in 2018 [8] and
its prevalence amongst the enterococcal population is still under investigation.

The purpose of this study was to investigate the spread of linezolid resistant entero-
cocci acquired from human clinical specimens in the Czech Republic over the period of 10
years, and to analyze molecular mechanisms of their resistance to linezolid.

2. Results
2.1. Antibiotic Susceptibility of Linezolid Resistant Isolates of E. faecium and E. faecalis

Altogether, 1442 enterococcal isolates (791/58.5%/E. faecium, 651/45%/E. faecalis)
were examined in the National Reference Laboratory for Antibiotics from 2009 to 2019.
Of them, 115 strains (8%) were resistant to linezolid: 106 isolates (13.4%) of E. faecium
and 9 strains (1.4%) of E. faecalis. The number of linezolid resistant enterococci increased
from 2009 to 2019 (E. faecium; from 2009/0 to 2019/32, E. faecalis; from 2009/0 to 2019/4,
Supplementary Figure S1). Resistance to vancomycin was confirmed in 72.6% (n = 77)
of E. faecium strains. Resistance to teicoplanin was detected in 70% (n = 74) of isolates,
2.8% (n = 3) of strains were resistant to tigecycline. The majority of linezolid resistant E.
faecium isolates were resistant also to gentamicin (76.5%, n = 89) and streptomycin (69%, n
= 79). None of linezolid resistant E. faecalis strains was resistant to ampicillin, teicoplanin,
vancomycin and tigecycline. All of them were resistant to gentamicin, 4 isolates also to
streptomycin (Table 1, Supplementary Table S1).

2.2. Mechanisms of Linezolid and Vancomycin Resistance

Altogether, 93.4% (n = 99) of E. faecium isolates harbored the point mutation G2576T
in the V domain of the 23S rRNA, two strains of E. faecium were positive for the presence of
optrA gene, one isolate was cfr positive. There was not revealed the mechanism of linezolid
resistance in four isolates. In 7 out of 9 E. faecalis isolates, the presence of optrA gene was
confirmed, the mutation G2576T was revealed in two samples. Resistance to vancomycin
was detected only in E. faecium strains. The presence of vanA (92%, n = 71), and vanB (n = 2)
genes was confirmed. Four isolates were resistant to vancomycin due to the combination
of vanA, vanB (n = 4) genes (Table 1, Supplementary Table S1).
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2.3. Molecular Typing-MLST Analysis

Altogether, 12 different sequence types (STs) were found in linezolid resistant E.
faecium strains. The most frequent STs detected were ST80 (n = 53) and ST117 (n = 24),
followed by ST18 (n = 13), ST761 (n = 4), ST78 (n = 3). Other STs were represented by a
single or two isolates: ST17 (n = 2), ST203 (n = 1), ST552 (n = 1), ST262 (n = 1). Due to the
new type of gyd allele, three novel STs were identified in the study: ST1487 (n = 1), ST3501
(n = 2), ST3502 (n = 1) (Supplementary Figure S2). Almost all strains of E. faecium (97%, n =
103) belonged to the same clonal complex, CC17 (Table 1, Supplementary Table S1). MLST
typing revealed a high genetic variability within the group of E. faecalis strains. Altogether,
there were confirmed 5 STs: ST6/CC2 (n = 1)/, ST476/CC476 (n = 3), ST480 (n = 2), ST858
(n = 2) and a new ST1982 (n = 1) (Supplementary Figure S3).

3. Discussion

This is the first study mapping linezolid resistant enterococci acquired from human
clinical specimen in the Czech Republic. Enterococci have become one of the most prevalent
(nosocomial) pathogens over the past decades and linezolid provides one of the therapeutic
options for infections caused by this bacteria.

Among 1442 enterococci sent to the National Reference Laboratory for Antibiotics
from 2009 to 2019, 8% of them were resistant to linezolid. Congruently with other European
countries, the pattern of occurrence of linezolid resistant enterococci increased from year to
year (0/2009-36/2019) [9,13]. Except for 3 strains (2.6%) almost all analyzed enterococci
were susceptible to tigecycline, an alternative option in the treatment of enterococcal infec-
tions. In accordance with this observation, the majority of the European countries reports
generally low prevalence (<1%) of isolates resistant to last-resort antibiotics (daptomycin,
tigecycline, linezolid) [14]. A lower rate of linezolid resistance in enterococci could be ex-
plained by lower selection pressure of this antibiotic or by its mechanism. The substitution
of G to T in the position 2576 in the 23S rRNA develops as a spontaneous mutation. It was
reported that the frequency of the spontaneous resistance to linezolid (in enterococci) is
lower than to other antibiotics [15]. This statement has been confirmed also in this work,
87.8% (101/115) of linezolid resistant enterococci contained the mutation G2576T in the
23S rRNA [16]. Mutations in rplC, rplD, and rplV genes were not observed in this work.
Mutations in genes encoding ribosomal proteins (L3, L4, L22) were more commonly seen
in coagulase-negative staphylococci (preferentially S. epidermidis) than in enterococci [17].

The rate of E. faecium isolates harboring gene optrA was negligible. Altogether, only
two isolates (ST262, ST3502) were positive for the optrA gene. This result is not surpris-
ing, the occurrence of optrA has been associated more with E. faecalis than E. faecium
species [18,19]. The presence of the gene optrA was the dominant mechanism responsible
for the linezolid resistance in E. faecalis strains. It is worth noting, that optrA positive
linezolid resistant enterococci can confer MICs of linezolid different than other linezolid
resistant enterococci [20]. All enterococci positive for the gene optrA were associated with
MICs for linezolid at the level up to 8 mg/L. The majority of enterococci harboring the
G2576T mutation had MICs ≥ 16 mg/L.

None from enterococci analyzed in this work harbored the gene poxtA. This, a novel
antibiotic resistance determinant, was until now identified only in one clinical isolate
of E. faecium in Greece in 2018 [21]. Despite the sporadic occurrence of the poxtA, the
scattered distribution of this gene among the different Gram-positive species (e.g., S. aureus,
Enterococcus spp., etc.) deserves an attention [22].

At present, eight different types of van genes conferring vancomycin resistance mecha-
nisms are known. The vanA and vanB resistance genotypes are the most frequently detected
variants in clinical isolates of E. faecium and E. faecalis worldwide [14]. Vancomycin resis-
tance caused by the presence of gene vanA was a dominant mechanism in the group of
vancomycin resistant enterococci in the Czech Republic. Due to the location of the gene
vanA on plasmid, this fragment of DNA can spread easier than vanB, which is usually a
part of the bacterial chromosome [23]. Based on the global spread of enterococci resistant
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to the different kinds of antibiotics (including the last resort antibiotics), a molecular epi-
demiology studies are performed to obtain insights into the dissemination of these strains.
MLST is a molecular typing method with suitable discriminatory power [23] very often
used for this purpose. One pandemic clone of CC17 was detected in linezolid resistant
E. faecium isolates in the Czech Republic from 2009 to 2019. The enterococcal lineage of
CC17 is responsible for the spread of linezolid and vancomycin resistance in hospitals all
around the world [1]. Moreover, strains belonging to this clonal complex show persistence
in the environment and high colonization capability [24]. In this study, linezolid resistant
enterococci belonged to 12 different STs, but a majority (50%) of isolates typed as ST80
was observed [25]. ST80 was described for the first time in blood of Israeli patient in 1997
(unpublished data, the source: pubmlst.org). Since then it has been detected all over the
world. ST18, ST78, and ST117 were associated with enterococci also in other European coun-
tries [24,25]. ST17, ST203, and ST552 were observed earlier by Egan et al. in Ireland [26]. In
concordance with others, a high risk STs associated with linezolid resistance in enterococci
involved also ST262 [27], ST761 [28] and newly identified STs 3501, 3502, 1487 and 1982.
A classical hospital-associated CC2 (ST6) of E. faecalis has been already detected in Spain
and Poland [29,30]. STs 585 and 476 have been observed in overall diverse population of
optrA-positive E. faecalis strains in Portugal [31].

Inability to infer the linezolid resistance mechanism in three E. faecium isolates suggests
the possibility of presence of additional mechanisms of resistance. It is supported by results
of studies on enterococci with a silent mechanism of resistance, but still exhibiting linezolid
resistance [32]. Enterococci are adaptable bacteria characterized by a high plasticity of
genome (a high rate of DNA recombination). Therefore, novel mechanisms of resistance
to different kinds of antibiotics have emerged relatively rapidly. Efflux pumps, cell wall
thickness and biofilm formation are still discussed as putative alternative pathways of
linezolid resistance [33,34].

In conclusion, this study provided the first insight into the population structure of
linezolid resistant enterococci in the Czech Republic within the period of 10 years. It
showed that the rate of linezolid resistant enterococci was comparable with other European
countries and it increased in both groups of examined enterococci. The main mechanism
of linezolid resistance among clinical E. faecium isolates was the G2576T mutation in the
domain V of the 23S rRNA. The presence of gene optrA was the major cause of linezolid
resistance in E. faecalis strains. A high risk clone CC17 was the only CC detected in linezolid
resistant E. faecium strains in the Czech Republic within last decade.

Still increasing prevalence of enterococci resistant to the last resort antibiotics as well
as their ability to acquire novel DNA fragments encoding (new) resistance determinants
predestine these bacteria to even more successful spreading. Therefore, enterococci resistant
to linezolid represents a public health concern and monitoring the spread of these bacteria
is necessary.

4. Materials and Methods
4.1. Bacterial Isolates

Screening of E. faecium/E. faecalis strains is performed as a part of European An-
timicrobial Resistance Surveillance Network (EARS-Net) and the study of Monitoring
of Antibiotic Resistance in the National Reference Laboratory for Antibiotics (National
Institute of Public Health, Prague, Czech Republic). Enterococci presented in this study
were acquired from 40 laboratories in the period from 2009 to 2019. The majority of strains,
61% (n = 875), was of invasive origin (blood; n = 873, cerebrospinal fluid; n = 2). The rest of
isolates was acquired form non-invasive clinical specimens, and involved surgical wound,
urine, pus, sputum, catheter, aspirate, bile, and swab (mouth, throat, nose, and vagina).
Altogether, 5% (n = 70) of enterococci were isolated from rectal swab and stool sample.
One isolate was of unknown origin. Characteristics of linezolid resistant strains are given
in the Supplementary Table S1. Enterococci resistant to linezolid are further examined
to reveal the mechanism of linezolid resistance and their epidemiological relationship
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(MLST). Resistance to linezolid (≥4 mg/L) was defined according to the European Com-
mittee on Antimicrobial Susceptibility Testing (EUCAST) breakpoint (www.eucast.org).
All strains were routinely cultivated on Columbia blood agar (Oxoid, Brno, Czech Repub-
lic) aerobically at 36 ± 1 ◦C. Identification of strains was performed by Matrix-Assisted
Laser Desorption Ionization-Time of Flight Mass Spectrometry (MALDI-TOF MS; Microflex
Bruker, Bremen, Germany) according to the manufacturer’s protocol (www.bruker.com).

4.2. Susceptibility Testing

Minimal inhibitory concentrations (MICs) of ampicillin, linezolid, teicoplanin, van-
comycin, gentamicin, streptomycin, and tigecycline were determined by broth microdilu-
tion method according to ISO 20776-1. Interpretation of susceptibility testing results was
performed as recommended by EUCAST, version according to a corresponding year (last
used version 9.0). Strains ATCC 29212 and ATCC 51299 were used as quality control in this
study (both strains recommended by EUCAST; www.eucast.org).

4.3. Detection of Determinants of Linezolid Resistance

Mechanism of resistance to linezolid was determined by PCR (cfr, cfrB, oprA, and poxtA)
and Sanger sequencing (23S rRNA, rplC, rplD, and rplV). DNA extraction was obtained
from a fresh culture (24 hours) according to the manufacturer’s protocol (GenElute TM
Bacterial Genomic DNA Kits, Sigma Aldrich, St. Louis, MO, USA). The list of enterococcal
specific primers and settings of PCR used in the study are given in the Supplementary Table
S2. PCR products of cfr, oprA were resolved in 1.5% agarose (TopVision Agarose, Thermo
Scientific, St. Louis, MO, USA) in electrophoresis (5 V/cm) for 45 minutes. NCTC13923 was
used as control strain for optrA detection in this study. The detection of cfr, poxtA, and cfrB
was performed according to procedures as described previously [8,12,35]. The amplified
fragments of the 23S rRNA, rplC, rplD, and rplV were sequenced by analyzer Applied
Biosystems 3130xL. Point mutation/s associated with linezolid resistance were analyzed
using software Bionumerics 7.6.2 (Applied Maths, Ghent, East Flanders, Belgium).

4.4. Detection of Mechanism of Vancomycin Resistance

Isolates resistant to linezolid and simultaneously resistant to vancomycin were further
examined. The mechanism of resistance to vancomycin was screened by PCR using primers
under conditions that are listed in the Supplementary Table S2. Electrophoresis was carried
out as described above.

4.5. MLST Typing of Linezolid Resistant Strains of E. faecium, E. faecalis

Epidemiology of enterococci was investigated by the multilocus sequence typing
(MLST) analysis as described earlier [36]. Seven primers targeting adk (adenylate kinase),
atpA (ATP synthase, alpha subunit), ddl (d-alanine:d-alanine ligase), gyd (glyceraldehyde-
3-phosphate dehydrogenase), gdh (glucose-6-phosphate dehydrogenase), purK (phospho-
ribosylaminoimidazol carboxylase ATPase subunit) and pstS (phosphate ATP-binding
cassette transporter) alleles were used to amplify target region in E. faecium isolates. PstS
(phosphate ATP binding cassette transporter), gki (putative glucokinase), aroE (shikimate
5-dehydrogenase), xpt (shikimate 5-dehydrogenase), gyd, gdh, and yiqL (acetyl-coenzyme
A acetyltransferase) were used for MLST analysis of E. faecalis strains. Alleles gyd and
gdh were amplified using the same primers for both species. The list of primers used
for MLST analysis of enterococci is given in the Supplementary Table S3. All sequences
were processed by analyser (Applied Biosystems 3130xL, Foster City, CA, USA). Allelic
profiles, sequence types (STs) and clonal complexes (CC) of enterococci were determined
using Bionumerics 7.6.2 (Applied Maths, Ghent, East Flanders, Belgium) and free available
website pubmlst.org (https://pubmlst.org/organisms).

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-638
2/10/2/219/s1, Figure S1: Detection of linezolid resistant enterococci acquired from human clinical
specimen in the Czech Republic from 2009 to 2019, Figure S2: STs occurrence in the group of linezolid
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resistant E. faecium (n = 106) strains from 2009 to 2019, Figure S3: STs occurrence in the group of
linezolid resistant E. faecalis (n = 9) isolates from 2009 to 2019, Table S1: Phenotypic and genotypic
characteristics of the 115 linezolid-resistant enterococcal isolates examined in the NRL for ATB
between 2009 and 2019, Table S2: Primers used in the study, Table S3: Primers used in the MLST
analysis of E. faecium and E. faecalis isolates.
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Abstract: There are few multicenter investigations regarding the relationship between antimicro-
bial resistance (AMR) and infection-control activities in Japanese hospitals. Hence, we aimed to
identify Japanese hospital subgroups based on facility characteristics and infection-control activities.
Moreover, we evaluated the relationship between AMR and hospital subgroups. We conducted
a cross-sectional study using administrative claims data and antimicrobial susceptibility data in
124 hospitals from April 2016 to March 2017. Hospitals were classified using cluster analysis based
the principal component analysis-transformed data. We assessed the relationship between each
cluster and AMR using analysis of variance. Ten variables were selected and transformed into
four principal components, and five clusters were identified. Cluster 5 had high infection control
activity. Cluster 2 had partially lower activity of infection control than the other clusters. Clusters 3
and 4 had a higher rate of surgeries than Cluster 1. The methicillin-resistant Staphylococcus aureus
(MRSA)/S. aureus detection rate was lowest in Cluster 1, followed, respectively, by Clusters 5, 2, 4,
and 3. The MRSA/S. aureus detection rate differed significantly between Clusters 4 and 5 (p = 0.0046).
Our findings suggest that aggressive examination practices are associated with low AMR whereas
surgeries, an infection risk factor, are associated with high AMR.

Keywords: antimicrobial resistance; infection prevention and control; antimicrobial stewardship;
hospital; cluster analysis; principal component analysis

1. Introduction

Antimicrobial resistance (AMR) is an emerging global public health crisis. In Japan,
the National Action Plan on AMR 2016–2020 issued in 2016, demanded medical institutions
to promote comprehensive AMR control, linking the efforts of the existing infection control
team (ICT) at the field level with those of the antimicrobial stewardship program (ASP) [1].
Methicillin-resistant Staphylococcus aureus (MRSA) is the most common AMR and should
be monitored by each institution [2]. One of the goals of the action plan was to reduce
the MRSA resistance rate to 20% by 2020 [1]. In 2020, the MRSA resistance rate decreased;
however, it is still much higher than the corresponding outcome indices [3].

Quality indicators (QIs) related to infection control and the proper use of antibacterial
agents including hand disinfection compliance rates, implementation of facility guide-
lines [4] and the implementation rate of Therapeutic Drug Monitoring (TDM), have been
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proposed [5]. In Japan, a surveillance system called Japan Surveillance for Infection Pre-
vention and Healthcare Epidemiology (J-SIPHE) is in operation, and clinical indicators
(e.g., antibacterial drug usage, blood culture collection rate, etc.) of participating institutions
were collected [6]. In this way, various Qis have been proposed as infection control indica-
tors, but implementing them remains difficult as there is no clear benchmark. Individual
indicators are intricately intertwined and should be evaluated comprehensively [7].

The Japanese Ministry of Health, Labour and Welfare (MHLW) incorporated the
medical fee for infection prevention and control (IPC), which is classified into two types
(IPC type 1 or IPC type 2) [8]. Type 1 applies to physicians or nurses with >0.8 full-time
equivalent (FTE), while type 2 applies to each member with >0.5 FTE [9,10]. However,
some facilities had difficulties claiming the IPC medical fee because of shortages in infec-
tion control supply materials, as well as human resources and facility equipment [11,12].
Therefore, we believe that it is necessary to evaluate not only IPC and ASP but also the
status of the facility when considering the relationship with AMR.

The optimal Qis for evaluating IPC are unclear. Additionally, there are differences
in medical care, human resources, and physical resources even in facilities with a similar
type of IPC medical fee. Thus, it is difficult to distinguish between facilities based on
specific QI or medical fee. A more practical approach to understanding individual IPC and
its underlying mechanism is to consider the specific facility factors and infection control
measures. Furthermore, there is a need to evaluate the factors that may be related to AMR.

In this study, we aimed to objectively summarize the variables associated with infection
control and identify facility clusters based on structure and process factors. Moreover, we
assessed the relationships between AMR and these clusters to clarify the factors that may
affect AMR. The conceptual framework that guided our study was the quality of care model
developed by Donabedian [13]. This conceptual framework comprises the following three
domains: structure factors, process factors, and AMR (Figure 1). We conducted a principal
component analysis to transform the selected variables included in the cluster analysis [14].

Figure 1. Conceptual framework.

2. Results

A total of 124 hospitals were analyzed, excluding 21 hospitals from 145 participating
hospitals in this study. Data from these 21 hospitals were missing the following variables:
the diagnostic procedure combination/per-diem payment system (DPC/PDPS) data file (4),
the Japan Nosocomial Infections Surveillance (JANIS) specimen data (n = 10), JANIS patient
age data (n = 6), and JANIS microbial susceptibility data (n = 1). Characteristics of the
124 analyzed hospitals are described in Table 1. The structure factors represented by the
median number of beds in the facilities was 330 (interquartile range [IQR]: 223–478) beds;
the median length of hospital stay was 12.4 (IQR: 11.1–14.1) days; the rate of surgeries for
surgical site infection (SSI) surveillance among all surgeries was 26.5% ± 5.6%; 59.7% of the
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facilities were located in the eastern region of Japan; and 92.7% claimed IPC type 1 medical
fee. The process-related factors were represented by the TDM implementation rate for
vancomycin (79.2%), multiple sets of blood culture (81.1%), blood culture contamination
(3.1%), number of Clostridioides difficile (CD) detection tests (4.2/1000 bed days), blood
culture collected prior to broad spectrum antibiotic therapy (60.1%), and the number of
bacterial tests (9.8/100 bed days). The median MRSA/Staphylococcus aureus (S. aureus)
detection rate was 42.3% (IQR: 33.3–52.5).

Table 1. Hospital baseline characteristics for principal component analysis: median (interquartile
range) or %.

Characteristics Hospital Baseline (n = 124)

Structure factors
Number of beds (beds) a 330 (223–478)

Number of patients admissions per year (patients) a 7099 (4576–11284)
Average length of stay (days) 12.4 (11.1–14.1)

Rate of surgeries (%) b 26.5 (5.6)
ICU patient admissions (%) a 0.3 (0–4.9)

CVC use patients (%) a 6.0 (4.6–8.5)
UC use patients (%) a 12.2 (9.4–15.1)

Region (East Japan: %) 59.7
Medical fee for IPC type 1 (%) 92.7

Teaching Hospital (%) a 87.1
7:1 hospital charge index (%) a 96.0
Pharmaceutical service (%) a 65.3

Process factors
TDM implementation rate for vancomycin (%) 79.2 (67.0–84.9)

Multiple sets of blood cultures (%) 81.1 (68.7–88.5)
Contamination of blood cultures (%) 3.1 (1.9–4.6)

Number of CD detected test (/1000 bed days) 4.2 (2.6–5.4)
Blood culture collected prior to broad spectrum antibiotic

therapy (%) c 60.1 (40.8–71.5)

Specimens for culture prior to broad spectrum antibiotic
therapy (%) a,c 82.4 (72.6–88.4)

Number of bacterial tests (/100 bed days) 9.8 (6.7–12.9)
AUD of antibiotic injection (/100 bed days) a 15.8 (12.8–19.1)
DOT of antibiotic injection (/100 bed days) a 26.3 (22.4–30.3)

Antimicrobial resistance
MRSA/S. aureus detection rate a 42.3 (33.3–52.5)

ICU, Intensive care unit; CVC, Central venous catheter; UC, Urinary catheter; IPC, Infection Prevention and
Control; TDM, Therapeutic Drug Monitoring; CD, Clostridioides difficile; AUD, Antimicrobial Use Density; DOT,
Days of Therapy; MRSA, Methicillin-resistant Staphylococcus aureus. a Variables not used for the principal
component analysis. b Values are expressed as mean (SD, standard deviation). c Highly correlated was computed
(γ = 0.76). Correlation of variation (CV) was calculated for both blood culture collected prior to broad spectrum
antibiotic therapy (CV = 34.3) and specimens for culture prior to broad spectrum antibiotic therapy (CV = 18.2);
the former was used.

We performed a principal component analysis based on an optimal subset of ten
selected variables (in the first principal component created with all variables, there were
no variables with eigenvectors >0.4, when eleven variables were selected, the cumulative
eigen-value was less than 60%). Four structure factors including average length of stay,
rate of surgeries, region, and IPC type were selected. By contrast, six process factors
including the TDM implementation rate for vancomycin, multiple sets of blood cultures,
blood culture contamination, the number of bacterial tests, the number of CD-detected
tests, and blood culture collected prior to broad spectrum antibiotic therapy were selected.
The first four principal components with eigenvalues >1 explained 63.0% of the variance
and were therefore retained for further cluster analysis (Table A1). The first principal
component accounted for 24.9% of variance for which the three factor scores with the
largest eigenvectors were the number of bacterial tests, blood culture collected prior to
broad spectrum antibiotic therapy, and number of CD detected tests. Therefore, the first
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principal component was characterized as the component for “bacterial test”. Likewise,
the second principal component, accounting for 14.8% of variance, was characterized
as “surgeries”, because the components were the rate of surgery, average length of stay,
and region. The third principal component, which accounted for 12.9% of variance, was
characterized as the “ability of infection control team”, as the components were the TDM
implementation rate for vancomycin, medical fee for IPC type, and rate of blood culture
contamination. The fourth principal component, which accounted for 10.8% of variance,
was characterized as “skill in performing blood cultures”, as the components were multiple
sets of blood cultures performed and blood culture contamination.

A hierarchical cluster analysis was performed among the 124 facilities based on
the four principal components derived from the principal component analysis, and six
distinct clusters were obtained (Figure 2). Cluster 6 included only one facility with data
on the number of bacterial tests (52.0/100 bed days) and the number of CD detected
tests (27.0/1000 bed days), and those values were considered outliers because they were
significantly different from those of the other clusters. Therefore, we excluded this Cluster
from further analysis. Cluster 1 (n = 25; 20%), Cluster 2 (n = 13; 11%), Cluster 3 (n = 5; 4%),
Cluster 4 (n = 49; 40%), and Cluster 5 (n = 31; 25%) were established.

Figure 2. Dendrogram illustrating the results of the cluster analysis. Cluster 1 (n = 25), Cluster 2
(n = 13), Cluster 3 (n = 5), Cluster 4 (n = 49), Cluster 5 (n = 31), Cluster 6 (n = 1). Cluster 6 only had
one facility, thus, it was considered an outlier and was excluded in the subsequent analyses.

Table 2 shows the clinical characteristics of the five clusters. The median number
of beds decreased from the highest to lowest, as follows: Cluster 5, Cluster 4, Cluster 2,
Cluster 1, and Cluster 3. Cluster 2, Cluster 4, and Cluster 5 included almost all facilities
with IPC type 1. Cluster 5 had the shortest average length of stay (10.9 days) and the highest
number of bacterial tests (14.6/100 bed days). Cluster 4 had the highest rate of surgeries
(29.3%) and second longest average length of stay (13.2 days). Additionally, Cluster 4 had a
lower number of blood cultures collected prior to broad spectrum antibiotic therapy (59.2%)
and a lower number of bacterial tests (8.5/100 bed days) than Cluster 5. All facilities in
Cluster 2 claimed IPC type 1. Meanwhile, Cluster 2 had the lowest number of multiple
sets of blood cultures (46.3%) and the highest rate of contaminated blood cultures (4.1%).
Cluster 1 was composed of facilities with both IPC types 1 and 2 and the lowest rate of
surgeries (22.1%), while the number of blood cultures collected prior to broad spectrum
antibiotic therapy (40.6%) was lower than for Cluster 2 and Cluster 5. Cluster 1 also had
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the second lowest number of bacterial tests (6.8/100 bed days). Cluster 3 was composed
of facilities with IPC type 2 only. The average length of stay in Cluster 3 was longer than
that in other clusters (14.9 days), and it had the lowest TDM implementation rate for
vancomycin (9.7%), the lowest rate for blood culture collected prior to broad spectrum
antibiotic therapy (30.1%), and the lowest number of bacterial tests (6.7/100 bed days).
Table A2 shows more detailed data.

Table 2. Hospital characteristics according to the five clusters identified using principal component
analysis-based cluster analysis: median or %.

Cluster 1
(n = 25)

Cluster 2
(n = 13)

Cluster 3
(n = 5)

Cluster 4
(n = 49)

Cluster 5
(n = 31)

Overall
p-Value

Structure factors
Number of beds (beds) 269 275 106 e 304 e 466 c,d 0.0002

Number of patients admissions per year
(patients) 6303 5789 c 2587 b,d,e 6184 c 11,046 c,d <0.001

Average length of stay (days) 12.5 13.4 14.9 e 13.2 e 10.9 c, d <0.001
Rate of surgeries (%) f 22.1 ± 4.8 25.3 ± 4.7 29.1 ± 6.3 29.3 ± 5.4 a,e 25.3 ± 3.7 d 0.0055 g

ICU patient admissions (%) 3.0 0 0 0 3.7 0.0365
CVC use patients (%) 6.1 8.0 c 3.1 b,e 5.6 6.4 c 0.0159
UC use patients (%) 13.3 12.3 14.2 12.1 12.0 0.3219

Region (East Japan: %) 92.0 84.6 0 36.7 70.9
Medical fee for IPC type 1 (%) 84.0 100 0 100 100

Teaching Hospital (%) 76.0 92.3 60.0 87.8 96.7
7:1 hospital charge index (%) 92.0 100 100 94.0 100
Pharmaceutical service (%) 64.0 76.9 40.0 65.3 64.5

Process factors
TDM implementation rate for vancomycin (%) 64.3 b,d,e 82.1 a 9.7 d,e 80.0 a,c 80.8 a,c <0.001

Multiple sets of blood cultures (%) 80.6 b 46.3 a,c,d,e 78.0 b 82.3 b 85.0 b <0.001
Contamination of blood cultures (%) 4.0 4.1 3.5 3.0 2.4 0.0988

Number of CD detected test (/1000 bed days) 3.8 3.7 4.4 3.8 e 5.4 d 0.0114
Blood culture collected prior to broad

spectrum antibiotic therapy (%) 40.6 d,e 60.9 30.1 e 59.2 a,e 72.3 a,c,d <0.001

Specimens for culture prior to broad spectrum
antibiotic therapy (%) 72.8 d,e 87.3 63.0 e 81.8 a,e 85.9 <0.001

Number of bacterial tests (/100 bed days) 6.8 e 10.3 e 6.7 e 8.5 e 14.6 a,b,c,d <0.001
AUD of antibiotic injection (/100 bed days) 15.4 e 18.3 12.8 14.5 e 19.1 a,d <0.001
DOT of antibiotic injection (/100 bed days) 25.6 e 28.3 d 24.9 23.5 b,e 30.1 a,d <0.001

ICU, Intensive care unit; CVC, Central venous catheter; UC, Urinary catheter; IPC, Infection Prevention and
Control; TDM, Therapeutic Drug Monitoring; CD, Clostridioides difficile; AUD, Antimicrobial Use Density; DOT,
Days of Therapy; MRSA, Methicillin-resistant Staphylococcus aureus. a different form Cluster 1 (p < 0.05), b different
form Cluster 2 (p < 0.05), c different form Cluster 3 (p < 0.05), d different form Cluster 4 (p < 0.05), e different form
Cluster 5 (p < 0.05). f mean ± SD. g ANOVA/Tukey–Kramer test.

Figure 3 shows a summary of the characteristics of the five clusters (based on Tables 1 and 2)
in addition to the relationship between clusters and the MRSA/S. aureus detection rate.
The MRSA/S. aureus detection rate ranked from the lowest to highest as follows: Cluster 1,
Cluster 5, Cluster 2, Cluster 4, and Cluster 3 (36.8%, 37.3%, 40.6%, 47.0%, and 50.0%,
respectively). The Kruskal–Wallis test followed by the Steel–Dwass test revealed significant
differences between Cluster 4 and Cluster 5 (p = 0.0046).
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Figure 3. MRSA/S. aureus detection rate and summary of cluster characteristics. Each box plot is
composed of five horizontal lines that display the minimum and maximum values and the 25th, 50th,
and 75th percentiles of the corresponding variable. The cluster summary was categorized into three
levels (Frequently, Moderate, Rare) or (Long, Middle, Short) based on the median value at hospital
baseline (Table 1) and the comparison of that variable with each cluster (Table 2). a Medical fee for
IPC type 1 or type 2. b Taking into account multiple sets of blood cultures and contamination of
blood cultures. c Taking into account the number of CD detected test, blood cultures collected prior
to broad spectrum antibiotic therapy, and number of bacterial tests. S. aureus, Staphylococcus aureus;
MRSA, methicillin-resistant S. aureus; IPC, Infection Prevention and Control; TDM, Therapeutic
Drug Monitoring.

3. Discussion

In this study, we implemented a principal component analysis-based cluster analysis
of structure and process factors, which eventually resulted in the identification of five
clusters. Our results indicate that when evaluating the MRSA detection rate for each facility,
consideration should be paid to not only process factors but also structure factors including
resources (e.g., number of medical staff) or risk factors (e.g., surgery), as these are also
related with AMR.

We conducted multicenter analyses by principal component analysis-based cluster
analysis. This method required many samples, which were not only useful in reducing
dimensionality but also in detecting the key features of the data. This method has been
applied to common diseases, such as chronic obstructive pulmonary disease, dermato-
myositis, and chronic heart failure [15–18]. However, it has scarcely been used in evaluating
infection control in health facilities.

This study showed the need to consider AMR in terms of infection control and facility
characteristics, especially the number of bacterial examinations and surgeries related to
SSI. For instance, the MRSA/S. aureus ratio between Cluster 4 and Cluster 5 had significant
differences. In this study, Cluster 5 had the highest rate of activity for infection control.
International guidelines demonstrate the detection of bacterial species, followed by op-
timization of antimicrobial stewardship, and prevention of growing AMR [19]. In our
study, Cluster 4 had the highest rate of surgeries. The National Healthcare Safety Network
reported that S. aureus is the most common pathogen of SSIs and that the proportion of SSIs
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caused by S. aureus increased to 30%, with MRSA comprising 49.2% [20]. Many surgeries
for SSI surveillance may have reflected the high detection rate of AMR. Cluster 2 showed a
higher MRSA/S. aureus detection rate than Cluster 5. A previous descriptive study reported
by a Japanese university hospital showed that ICT recommendation improved the ratio
of multiple sets of blood culture, similarly, affecting AMR [21]. Partial infection control
activities may be insufficient (e.g., education of blood culture for medical staff) and may
represent poor ICT activity, thereby affecting AMR. Cluster 3 was composed of facilities
collecting IPC type 2 medical fees. These facilities did not have enough human resources,
medical resources, and stratified facilities, as reported in previous studies [9,10]. In this
study, the MRSA/S. aureus rate was the highest in Cluster 3, which suggests that IPC type 2
facilities require national level support for better implementation of infection control. Clus-
ter 1 had low rates of infection control activities, surgeries, and MRSA/S. aureus detection.
A recent retrospective study of one small-sized and eleven medium-sized hospitals (range:
73–354 number of beds) reported that these hospitals had a low number of bacterial tests,
which meant that patients with serious infections were likely to be transferred to an acute
care hospital. Therefore, AMR-isolation rates were reflected as lower in these hospitals [22].
Cluster 1 may reflect only a few incidents of encountering AMR, and infection-control
activity could also possibly be low.

Nevertheless, there are also several limitations to our study. First, various factors
that may affect resource use were not considered in our study because of the lack of
available data. For example, a previous study reported that compliance with hand hygiene
reduced nosocomial infections and MRSA transmission [23]. However, the usage of alcohol
disinfection in the hospital is not recorded in the administrative data, and hence could not be
used. These data may influence the MRSA/S. aureus detection rate. Second, as participation
in this study was voluntary, the participating hospitals may not be representative of all
hospitals in Japan. Moreover, a project managed by Kyushu University believes that the
hospitals that participated in JANIS and participated in this study were already highly
conscious of infection control; however, we were not able to evaluate associated biases.
Future studies should evaluate not only the recruited hospitals but also all hospitals in
Japan. Third, our two sets of data were not linked by individual patient identification.
This limitation meant that patients in the DPC data cannot be linked with the JANIS data.
Therefore, it was not possible to directly evaluate the medical procedures of patients with
submitted bacterial tests. As an alternative, facility-level variables were obtained from the
data to achieve our purpose. Our conceptual model showed that AMR is affected by the
activity of the facilities; hence, we found the evaluation of variables at the facility-level to be
appropriate. In the future, more detailed analyses may be possible if databases containing
the provided medical care data and detected bacterial data at the individual patient-level
are constructed.

4. Materials and Methods
4.1. Data Source

The administrative claims data were based on the DPC/PDPS, which is a national
administrative claims database for acute inpatient care in Japan. Nationally uniform
electronic DPC data include facility information (e.g., number of beds), patient clinical
information (e.g., age, sex, disease, and admission and discharge date), and information on
medical procedures (e.g., drug administration, surgery, examination, procedure, their codes,
and cost) [24,25] used for patient classification and the DPC-based reimbursement system.
They are used to improve systems and policies, including hospital management and service
reimbursement. The JANIS data, which include microbiological data, provide information
regarding patient demographics, specimen reception dates, specimen sources, types of
bacteria, and susceptibility test results [26]. Moreover, the JANIS data encompass all testing
results regardless of characteristics, such as infection status, colonization, or carrier status.
JANIS has been launched as a voluntary AMR surveillance funded by the MHLW and
managed by the National Institute of Infectious Diseases. JANIS clinical laboratory division
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collects comprehensive specimen-based data, which comply with JANIS data format, from
participating hospitals each month.

We conducted a cross-sectional database analysis. We used both administrative claims
data and microbiological data obtained from a research project managed by Kyu-shu
University [27]. The project aimed to analyze the association between infection control,
including antimicrobial consumption, and AMR. Kyushu University collected two sets
of data from 145 acute care Japanese hospitals, which responded to the call for voluntary
study participation.

The DPC/PDPS data and the JANIS data have different datasets. These data have
common facility identifications, but not common patient identifications. Furthermore,
our research objective was at the facility-level and not at the patient-level. Therefore, the
variables collected and calculated were based on the identification of each facility.

4.2. Study Inclusion and Exclusion Criteria

This study included patients who had been admitted and included in the DPC data
in each facility as well as those with specimen reception dates as indicated in the JANIS
data between 1 April 2016, and 31 March 2017. Facilities without records of patient
characteristics, hospitalizations, procedures, drugs, surgeries, or microbial susceptibility
data were excluded because these variables were necessary for the principal component
analysis and cluster analysis.

4.3. Variable Definitions and Facility Categories

Variables from the DPC data and JANIS data were obtained, calculated, and sum-
marized at the facility-level and were evaluated as potential candidate variables for the
following three domains: structure factor, process factor, and outcome. These definitions
are presented in Table A3. The region and number of hospital beds were obtained from
the DPC data. The following variables were also calculated from the DPC data: number
of patient admissions per year, average length of stay, rate of surgeries, intensive care
unit patient admissions, central venous catheter use, urinary catheter use, medical fee for
IPC type (type 1 or type 2), hospital status (teaching or non-teaching), hospital charge
index (7:1 or 10:1), and pharmaceutical services (claimed or non-claimed). Process factors
included the following variables calculated from the JANIS data: multiple sets of blood
cultures and contamination of blood cultures. Moreover, the following variables were cal-
culated from DPC data: TDM implementation rate for vancomycin, number of CD detected
tests, blood culture collected prior to broad spectrum antibiotic therapy, specimens for
culture prior to broad spectrum antibiotic therapy, number of bacterial tests, antimicrobial
use density (AUD) of antibiotic injections, and days of therapy (DOT) of antibiotic injections.
AMR included the MRSA/S. aureus detection rate calculated from the JANIS data.

4.4. Principal Component Analysis and Cluster Analysis

Principal component analysis is a dimension-reducing method that replaces the vari-
ables in a dataset with a smaller number of derived variables. Dimension reduction may
help to remove redundant variables that could possibly hinder the clustering process [18,28].
The goal of the principal component analysis was to extract a number of principal com-
ponents to be used as clustering variables. One way to perform principal component
analysis is by selecting a subset of variables that best approximates all the variables [29].
During variable selection for principal component analysis, we performed the following
steps: first, we selected variables that can be considered resources for hospital infection
control and excluded similar variables that reflect the size of the hospitals. In this study,
medical fee for IPC type had been selected. The AMR domain was also selected for the
outcome measure. Second, for the independent variables, correlations between survey
variables were computed. Variables that were highly correlated (γ > 0.70) were avoided
for simultaneous use in the principal component analysis and only either one was used.
The coefficient of variation (CV) was calculated for highly correlated variables, and those
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with the largest CVs were selected for principal component analysis. Third, the optimal
variable subset was explored in performing principal component analysis following these
criteria: (1) greater number of variables, (2) fewer number of principal components with an
eigenvalue >1, and (3) cumulative eigenvalue >60%. Variables with eigenvectors >0.4 were
considered principal components.

A hierarchical cluster analysis was performed based on the Euclidean distances among
the principal components [30]. We implemented the Ward method to minimize the total
variance within clusters [31]. The number of clusters were based on the distribution of
variables among the clusters.

4.5. Statistical Analyses

After performing the cluster analysis and choosing the number of clusters, each
variable was compared among the clusters, and each cluster was labeled. We then compared
the outcome measure (MRSA/S. aureus detection rate), which was the parameter that had
not been used for the principal component analysis and cluster analysis. Continuous
variables are expressed as means (standard deviation [SD]) or medians (interquartile
range [IQR]) depending on whether their distributions are normal or skewed. Categorical
variables are expressed as numbers (percentages) and binary variables are coded as 0/1
forms. Differences in characteristics between the clusters were assessed using an analysis
of variance for continuous normally distributed variables, and non-parametric Kruskal–
Wallis tests were used for non-normally distributed variables. All statistical analyses were
performed with SAS 9.4 (SAS Institute, Cary, NC, USA), and p < 0.05 was defined as
statistically significant.

5. Conclusions

We established a novel exploratory statistical methodology for multicenter Japanese
hospitals, which led to the identification of subgroups based on structure and infection
control factors. Our results suggest the importance of a multidimensional assessment
of AMR, involving structure and infection control factors. Antimicrobial stewardship,
including aggressive examination, is associated with low AMR while surgeries, an infection
risk factor, are associated with high AMR. For more detailed research, it would be desirable
to establish a database associating patient information with microbiological detection.
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Appendix A

Table A1. Principal component analysis.

Eigenvalue % of Variance Eigenvector

Principal component 1: “Bacterial tests” 2.49 24.9
Number of bacterial tests 0.52
Blood culture collected prior to broad spectrum antibiotic therapy 0.49
Number of CD detected test 0.42
Principal component 2: “Operations” 1.47 14.8
Rate of surgeries 0.53
Region −0.58
Average length of stay 0.44
Principal component 3: “Ability of ICT” 1.29 12.9
TDM implementation rate for vancomycin 0.41
Medical fee for IPC type 1 0.60
Contamination of blood cultures −0.4
Principal component 4: “Skill in performing blood cultures” 1.08 10.8
Multiple sets of blood culture −0.7
Contamination of blood cultures 0.51

CD, Clostridioides difficile; ICT, Infection Control Team; TDM, Therapeutic Drug Monitoring; IPC, Infection
Prevention and Control.

Table A2. Hospital characteristics according to the five clusters identified using principal component
analysis-based cluster analysis: median (interquartile range), or %.

Cluster 1
(n = 25)

Cluster 2
(n = 13)

Cluster 3
(n = 5)

Cluster 4
(n = 49)

Cluster 5
(n = 31)

Overall
p-Value g

Structure factors

Number of beds (beds) 269
(190–490)

275
(218–559)

106
(100–163) e

304
(210–377) e

466
(337–505) c,d 0.0002

Number of patients admissions
per year (patients)

6303
(4291–11901)

5789
(3952–12,996) c

2587
(1919–2962) b,d,e

6184
(4429–9231) c

11,046
(8988–13,612) c,d <0.001

Average length of stay (days) 12.5
(11.2–13.4)

13.4
(10.7–14.8)

14.9
(13.2–20.4) e

13.2
(11.7–15) e

10.9
(9.9–11.8) c,d <0.001

Rate of surgeries (%) f 22.1 ± 4.8 d 25.3 ± 4.7 29.1 ± 6.3 29.3 ± 5.4 a,e 25.3 ± 3.7 d 0.0055 g

ICU patient admissions (%) 3.0
(0–9.5)

0
(0–5.5)

0
(0–0)

0
(0–4.6)

3.7
(0–4.9) 0.0365

CVC use patients (%) 6.1
(4.7–9.6)

8.0
(5.0–9.7) c

3.1
(1.7–4.7) b,e

5.6
(3.9–8.0)

6.4
(4.7–8.1) c 0.0159

UC use patients (%) 13.3
(9.2–18.7)

12.3
(9.4–14.4)

14.2
(11.2–21.6)

12.1
(9.8–13.4)

12.0
(8.6–15.1) 0.3219

Region (East Japan: %) 92.0 84.6 0 36.7 70.9
Medical fee for IPC type 1 (%) 84.0 100 0 100 100
Teaching Hospital (%) 76.0 92.3 60.0 87.8 96.7
7:1 hospital charge index (%) 92.0 100 100 94.0 100
Pharmaceutical service (%) 64.0 76.9 40.0 65.3 64.5
Process factors
TDM implementation rate for
vancomycin (%)

64.3
(40.3–73.0) b,d,e

82.1
(60.5–86.8) a

9.7
(4.9–61.5) d,e

80.0
(71.4–87.3) a,c

80.8
(76.3–88.7) a,c <0.001

Multiple sets of blood cultures (%) 80.6
(66.5–86.5) b

46.3
(13.7–51.5) a,c,d,e

78.0
(74.5–88.5) b

82.3
(75.2–87.3) b

85.0
(74.0–92.4) b <0.001

Contamination of blood
cultures (%)

4.0
(2.5–4.9)

4.1
(1.3–9.2)

3.5
(2.6–5.3)

3.0
(1.8–4.2)

2.4
(1.9–3.7) 0.0988

Number of CD detected test
(/1000 bed-days)

3.8
(1.5–5.1)

3.7
(2.5–4.9)

4.4
(1.6–8.2)

3.8
(2.5–4.6) e

5.4
(4–6.1) d 0.0114

Blood culture collected prior to
broad spectrum antibiotic
therapy (%)

40.6
(34.8–53.6) d,e

60.9
(37.7–74.8)

30.1
(21.4–45.1) e

59.2
(41.8–64.6) a,e

72.3
(66.3–79.6) a,c,d <0.001

Specimens for culture prior to
broad spectrum antibiotic
therapy (%)

72.8
(63.4–80.4) d,e

87.3
(72.3–90.2)

63.0
(43.9–68.4) e

81.8
(74.6–85.7) a,e

85.9
(83.5–92.3) a,c,d <0.001

Number of bacterial tests
(/100 bed-days)

6.8
(5.6–9.4) e

10.3
(7.2–11.1) e

6.7
(2.4–9.3) e

8.5
(6.5–10.5) e

14.6
(11.6–19.0) a,b,c,d <0.001
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Table A2. Cont.

Cluster 1
(n = 25)

Cluster 2
(n = 13)

Cluster 3
(n = 5)

Cluster 4
(n = 49)

Cluster 5
(n = 31)

Overall
p-Value g

AUD of antibiotic injection
(/100 bed-days)

15.4
(12.1–17.4) e

18.3
(14.1–20.2)

12.8
(10.5–16.7)

14.5
(11.1–16.0) e

19.1
(17.2–21.9) a,d <0.001

DOT of antibiotic injection
(/100 bed-days)

25.6
(21.7–28.4) e

28.3
(26.1–31.4) d

24.9
(16.7–26.3)

23.5
(19.6–26.8) b,e

30.1
(26.6–32.3) a,d <0.001

ICU, Intensive care unit; CVC, Central venous catheter; UC, Urinary catheter; IPC, Infection Prevention and
Control; TDM, Therapeutic Drug Monitoring; CD, Clostridioides difficile; AUD, Antimicrobial Use Density; DOT,
Days of Therapy; MRSA, Methicillin-resistant Staphylococcus aureus. a different form Cluster 1 (p < 0.05), b different
form Cluster 2 (p < 0.05), c different form Cluster 3 (p < 0.05), d different form Cluster 4 (p < 0.05), e different form
Cluster 5 (p < 0.05). f mean ± SD. g ANOVA/Tukey–Kramer test.

Table A3. Definition of variables.

Name Units Definition

Structure factors
Number of beds Beds Number of hospital beds
Number of admissions patients
per year Patients

Average length of stay Days
Rate of surgeries % Number of JANIS SSI surveillance/Number of all surgeries × 100
ICU admission patients % ICU admission patients/Number of admission patients per year

CVC patients % Number of Central Venous Catheter used patients/Number of
admission patients per year × 100

UC patients % Number of urinary Catheter used patients/Number of admission
patients per year × 100

Region % West Japan = 0, East Japan = 1
Medical fee for IPC type 1 % Medical fee for IPC type 2 = 0, Medical fee for IPC type 1 = 1
Teaching Hospital % Non-Teaching Hospital = 0, Teaching Hospital = 1
7:1 hospital charge index % 10:1 hospital charge index = 0, 7:1 hospital charge index = 1
Pharmaceutical service % Non-Pharmaceutical service = 0, Pharmaceutical service = 1
Process factors
TDM implementation rate for
vancomycin % TDM performed patients in denominator/Patient treatment duration

>3 days for vancomycin

Multiple sets of blood culture % Number of patients in whom multiple blood cultures were taken/Total
number of patients who blood cultures were taken

Contamination of blood cultures % Number of contaminated cultures/Number of patients in whom
multiple blood cultures were taken

Number of CD detected tests /1000 bed-days Number of CD detected tests/length of hospital stay for
inpatients × 1000

Blood culture collected prior to
broad spectrum antibiotic therapy %

Before starting broad spectrum systemic antibiotic therapy in
hospitalized adults with at least one blood culture/Admitted broad
spectrum systemic antibiotic therapy

Specimens for culture prior to
broad spectrum antibiotic therapy %

Before starting broad spectrum systemic antibiotic therapy in
hospitalized adults with bacterial culture/Admitted broad spectrum
systemic antibiotic therapy

Number of bacterial tests /100 bed-days Number of bacterial tests/length of hospital stay for inpatients × 100

AUD of antibiotic injection /100 bed-days Antimicrobial consumptions (g)/(DDD a × length of hospital stay for
inpatients) × 100

DOT of antibiotic injection /100 bed-days DOT/length of hospital stay for inpatients × 100
Antimicrobial resistance

MRSA/S. aureus detection rate % MRSA detected patients/Number of MRSA + MSSA detected
patients × 100

a Used WHO ATC/DDD index ver.2016. JANIS: Japan Nosocomial Infections Surveillance; SSI: Surgical site
infection ICU, Intensive care unit; CVC, Central venous catheter; UC, Urinary catheter; IPC, Infection Prevention
and Control; TDM, Therapeutic Drug Monitoring; CD, Clostridioides difficile; AUD, Antimicrobial Use Density;
DOT, Days of Therapy; S. aureus, Staphylococcus aureus; MRSA, Methicillin-resistant S. aureus; MSSA, Methicillin-
susceptible S. aureus.
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Abstract: To provide evidence of the cross-contamination of emerging pathogenic microbes in a local
network between long-term care facilities (LTCFs) and hospitals, this study emphasizes the molecular
typing, the prevalence of virulence genes, and the antibiotic resistance pattern of methicillin-resistant
Staphylococcus aureus. MRSA isolates were characterized from 246 samples collected from LTCFs,
medical tubes of LTCF residents, and hospital environments of two cities, Chiayi and Changhua.
Species identification, molecular characterization, and drug resistance analysis were performed.
Hospital environments had a higher MRSA detection rate than that of LTCF environments, where
moist samples are a hotspot of MRSA habitats, including tube samples from LTCF residents. All
MRSA isolates in this study carried the exfoliative toxin eta gene (100%). The majority of MRSA
isolates were resistant to erythromycin (76.7%), gentamicin (60%), and ciprofloxacin (55%). The
percentage of multidrug-resistant MRSA isolates was approximately 50%. The enterobacterial
repetitive intergenic consensus polymerase chain reaction results showed that 18 MRSA isolates
belonged to a specific cluster. This implied that genetically similar isolates were spread between
hospitals and LTCFs in Changhua city. This study highlights the threat to the health of LTCFs’
residents posed by hospital contact with MRSA.

Keywords: methicillin-resistant Staphylococcus aureus (MRSA); long term care facilities (LTCF); mul-
tidrug resistance (MDR); SCCmec typing; enterobacterial repetitive intergenic consensus-polymerase
chain reaction (ERIC-PCR)

1. Introduction

In the past few decades, long-term care facilities (LTCFs) have faced an extreme
threat from multidrug resistant (MDR) infectious pathogens [1,2]. The most abundant
opportunistic pathogen is methicillin-resistant Staphylococcus aureus (MRSA), which not
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only affects healthcare centers, but is also associated with community and livestock in-
fections [3–5]. The presence of SCCmec elements, consisting of mecA and psm-mec genes,
enables resistance to various antibiotics including cephalosporins, oxacillin, imipenem,
nafcillin, and p-lactam [6–8]. The most common molecular mechanism that enables re-
sistance to these kinds of antibiotics is the mecA gene, which can synthesize PBP2A (a
low-affinity penicillin-binding protein) and enables the continued synthesis of staphylococ-
cal cell wall peptidoglycan through peptidoglycan transpeptidation when a high amount
of beta-lactam antibiotics is present [9]. The mecA gene is situated on the staphylococcal
cassette chromosome mec (SCCmec). Depending on the position of the mec and ccr complex
sequences, SCCmec can be divided into I-to-VII types [10]. Globally, hospital-associated
MRSA infections have been shown to be highly related to types I, II, and III of SCCmec and
are sometimes enhanced by SCCmec IV. Moreover, community-associated MRSA infections
commonly have a relationship with SCCmec type IV, V, or VII [10–12]. In Asia, there is
strong evidence that the above-mentioned strains of MRSA generate ubiquitous epidemic
nosocomial infections for health care and LTCF residents [13,14]. The previous study
highlighted the presence of various virulence factors such as toxic shock syndrome toxin-1
(tsst-1), Panton–Valentine leukocidine (PVL), enterotoxins (entA-E), and exfoliative toxin
(eta, etb) in MRSA isolates. These could enhance the severity of the infection during the
pathogenesis process [15].

Continued spreading of infection-related diseases in hospitals and LTCF environments
through these pathogens is not only hard to control but also requires proper surveillance,
since they are not susceptible to antibiotic treatment [16–18]. Polymerase chain reac-
tion (PCR)-based tools are commonly specific, low-cost methods to identify MDR and
virulence genes, providing significant data during surveillance in hospital and LTCF envi-
ronments [19,20]. For example, enterobacterial repetitive intergenic consensus sequence
targeted PCR (ERIC-PCR) enables strain-level identification of these pathogens at the
molecular level to categorize their genotyping in a range of evolutionary and epidemi-
ological aspects [21]. Moreover, antibiotic susceptibility tests against largely populated
antibiotics for these bacteria [22]. The distribution of these bacteria in hospital or LTCF
environments has been well reported, although there is poor documentation of the pattern
of distribution in terms of the infected hosts moving between these environments [23–26].

MRSA cross-contamination between hospitals and LTCFs is an important issue for
public health, and most related research has focused on patients. In this study, our objectives
were to classify molecular patterns and provide hotspot information on the environmental
MRSA in a hospital and an affiliated LTCF. ERIC-PCR and SCCmec typing were performed
for epidemiological typing of MRSA. Moreover, as the antibiotic resistance of MRSA is an
urgent problem for public health, virulence gene profiling and antibiotic resistance were
also conducted in this study.

2. Results
2.1. Detecting Rates of MRSA from LTCFs and Hospitals in Two Cities

A total of 246 LTCFs and hospital samples were collected to quantify the detection rate
of MRSA. The overall percentage of MRSA prevalence in Changhua was 23.8% (39/164),
and was 23.2% (19/82) in Chiayi (Table 1). The rate of MRSA in Changhua from LTCF (25%,
33/132) was higher than that from hospital samples (18.8%, 6/32). For Chiayi, samples from
the hospital environment (25%, 8/32) contributed a higher rate than LTCF environment
samples (22%, 11/50). For categorical division between arid versus moist samples, MRSA
was detected in 22.2% (10/45) and 18.4% (7/38) of moist samples in the LTCF environments
at Changhua and Chiayi, respectively; no MRSA was found in arid samples of LTCF from
Changhua, although for Chiayi, 33.3% (4/12) were from arid samples. Thus, moist samples
from Changhua and Chiayi hospitals accounted for 30% (n = 20) and 31.3% (n = 16) of the
MRSA detection rate, respectively. Although the Changhua hospital arid samples had a
detection rate of zero, this reached 18.3% (n = 16) for Chiayi hospital. The relative rate
of MRSA detection included hospital environment samples for the outpatient floor (0%,
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n = 18, vs. 14.3% n = 7), inpatient floor (28.6%, n = 7, vs. 50%, n = 6), and used ward area
(57.1%, n = 7, vs. 30%, n = 10) for Changhua versus Chiayi, respectively. In addition, the
detection rate of MRSA in mild area samples was less frequent than that in the severe
area in the LTCF environment of Chiayi (11.5%, n = 26; 33.3%, n = 24). In the Chiayi
City hospital environment, the used ward samples had a higher prevalence rate of MRSA
than the vacant ward samples (30%, n = 10 and 11.1%, n = 9, respectively). In addition,
63 indwelling medical tubes from LTCF residents of Changhua were tested for MRSA. The
highest detection rate was obtained from nasogastric tubes, at 60% (n = 15), followed by
tracheostomy tubes at 38.9% (n = 18), whereas the lowest detection rate was from Foley
catheter-balloon samples (23.3%, n = 30).

Table 1. Prevalence of MRSA from various samples.

Sampling Locations Sampling Sources Sample Types Number (%)

Changhua
city

LTCF
environment

Moist samples (n = 45) 10 (22.2%)
Arid samples (n = 24) 0 (0%)

Total LTCF environment (n = 69) 10 (14.5%)

LTCF dwelling medical tubes

Foley catheter-balloons from LTCF residents (n = 30) 7 (23.3%)
Nasogastric tubes from LTCF residents (n = 15) 9 (60%)

Tracheostomy tubes from LTCF residents (n = 18) 7 (38.9%)

Total tubes from LTCF residents (n = 63) 23 (36.5%)

Total LTCF samples (n = 132) 33 (25%)

Hospital
environment

Moist samples (n = 20) 6 (30%)
Arid samples (n = 12) 0 (0)%

Outpatient floor (n = 18) 0 (0%)
Inpatient floor (n = 7) 2 (28.6%)
Ward (used) (n = 7) 4 (57.1%)

Total hospital samples (n = 32) 6 (18.8%)

Total Changhua city samples (n = 164) 39 (23.8%)

Chiayi
city

LTCF
environment

Mild area (n = 26) 3 (11.5%)
Severe area (n = 24) 8 (33.3%)

Moist samples (n = 38) 7 (18.4%)
Arid samples (n = 12) 4 (33.3%)

Total LTCF samples (n = 50) 11 (22%)

Hospital
environment

Outpatient building 1F (n = 7) 1 (14.3%)
Inpatient building 1F (n = 6) 3 (50%)

Total building 1F (n = 13) 4 (30.8%)

Ward (vacancy) (n = 9) 1 (11.1%)
Ward (used) (n = 10) 3 (30%)
Total wards (n = 19) 4 (21.1%)

Moist samples (n = 16) 5 (31.3%)
Arid samples (n = 16) 3 (18.8%)

Total hospital samples (n = 32) 8 (25%)

Total Chiayi city samples (n = 82) 19 (23.2%)

Total Changhua city and Chiayi city samples (n = 246) 58 (23.6%)

2.2. SCCmec PCR Typing for Predicting the Source of the MRSA Strains

We purified 60 MRSA isolates from 246 samples. Their distribution in terms of
sampling location and source, as well as different types of SCCmec PCR typing, are shown
in Table 2. The majority of the 60 isolated MRSA strains belonged to SCCmec IV (48.3%,
29/60) and SCCmec III (41.7%, 25/60). Approximately 40% (24/60) of MRSA strains carried
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PVL toxin genes. In addition, 51.7% (31/60) of all strains were related to hospital-associated
MRSA (HA-MRSA), 30% (18/60) were community-associated MRSA (CA-MRSA) and
18.3% (11/60) were livestock-associated MRSA (LA-MRSA). The SCCmec III group was
detected in both hospital environments (50%) and LTCF samples (54%) in Changhua;
however, in Chiayi, this group was present at a higher percentage in hospital samples
(37.5%) compared with that found in LTCF samples (9.1%). For SCCmec IV detection, the
percentage in LTCF samples was much higher than in hospital samples for both Changhua
(40% vs. 16.7%, respectively) and Chiayi (90.9% vs. 50%, respectively).

Table 2. SCCmec PCR typing results of the 60 MRSA isolates.

Sampling
Locations

Sampling
Sources

SCCmec
I

SCCmec
II

SCCmec
III

SCCmec
IV

SCCmec
V PVL

HA-
MRSA

(I, II, III)

CA-
MRSA

(IV+PVL,
V+PVL)

LA-
MRSA
(IV, V)

Changhua
City

LTCF environment
(n = 12) 2 (16.7%) 0 (0%) 3 (25%) 7 (58.3%) 0 (0%) 2 (16.7%) 5 (41.7%) 2 (16.7%) 5 (41.7%)

Tubes from LTCF
residents
(n = 23)

1 (4.3%) 0 (0%) 15 (65.2%) 7 (30.4%) 0 (0%) 9 (39.1%) 16 (69.6%) 6 (26.1%) 1 (4.3%)

Total LTCF isolates
(n = 35) 3 (8.6%) 0 (0%) 18 (51.4%) 14 (40%) 0 (0%) 11 (31.4%) 21 (60%) 8 (22.9%) 6 (17.1%)

Hospital environment
(n = 6) 0 (0%) 2 (33.3%) 3 (50%) 1 (16.7%) 0 (0%) 0 (0%) 5 (83.3%) 0 (0%) 1 (16.7%)

Total Changhua city
isolates (n = 41) 3 (7.3%) 2 (4.9%) 21 (51.2%) 15 (36.6%) 0 (0%) 11 (26.8%) 26 (63.4%) 8 (19.5%) 7 (17.1%)

Chiayi
City

LTCF environment
(n = 11) 0 (0%) 0 (0%) 1 (9.1%) 10 (90.9%) 0 (0%) 7 (63.6%) 1 (9.1%) 7 (63.6%) 3 (27.3%)

Hospital environment
(n = 8) 1 (12.5%) 0 (0%) 3 (37.5%) 4 (50%) 0 (0%) 6 (75%) 4 (50%) 3 (37.5%) 1 (12.5%)

Total Chiayi city isolates
(n = 19) 1 (5.3%) 0 (0%) 4 (21.1%) 14 (73.7%) 0 (0%) 13 (68.4%) 5 (26.3%) 10 (52.6%) 4 (21.1%)

Total Changhua City and Chiayi city
isolates (n = 60) 4 (6.7%) 2 (3.3%) 25 (41.7%) 29 (48.3%) 0 (0%) 24 (40%) 31 (51.7%) 18 (30%) 11 (18.3%)

For MRSA, 31.4% of LTCF samples in Changhua but none of the hospital samples
contained the PVL gene, whereas in Chiayi, the percentage of LTCF samples with PVL
(64.6%) was less than that of hospital samples (75%). The detection percentages of HA-
MRSA, CA-MRSA, and LA-MRSA in Changhua were 63.4%, 19.5%, and 17.1% (n = 41),
respectively; isolates from the hospital environment accounted for 83.3% (n = 6) of HA-
MRSA, 0% of CA-MRSA (n = 6), and 16.7% of LA-MRSA (n = 6). Samples from LTCF
resident tubes contained higher amounts of HA-MRSA strains (69.6%, n = 23, vs. 41.7%,
n = 12, respectively) and CA-MRSA (26.1%, n = 23, vs. 16.7%, n = 12, respectively) than
those from the LTCF environment, although isolates from LTCF environments were mostly
related to LA-associated MRSA (41.7%, n = 12) than to isolates from tube samples of LTCF
residents (4.3%, n = 23). For Chiayi-isolated MRSA strains, 26.3% (n = 19) were HA-MRSA,
52.6% were CA-MRSA, and 21.1% were related to LA-MRSA. Furthermore, 50% (n = 8) of
MRSA prevalence was HA-MRSA from the hospital environment, although, for the LTCF
environment, this amount was lower (9.1%, n = 11); however, the detection rates of CA-
and LA-associated MRSA isolates in LTCF environment samples (63.3% and 27.3%; n = 11,
respectively) were higher than those collected from the hospital environment (37.5% and
12.5%; n = 8, respectively).

2.3. The Detection of Toxin Genes by PCR

All isolated MRSA strains carried the exfoliative toxin eta gene (100%, 60/60) (Table 3).
A lower number of enterotoxin genes were present, including entA, entB, and entC (3.3%,
16.7%, and 13.3%, respectively), but no samples carried the entD, entE, or tsst-1 genes. In
Changhua samples, the entA (16.7%, n = 6) and eta (100%, n = 6) genes were detected in
isolated MRSA strains from the hospital environment, whereas other toxin genes were
not found in all other isolates from this area. However, for MRSA strains from LTCF envi-
ronment, the only genes detected were entC and eta (8.3% and 100%; n = 12, respectively).
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Enterotoxin genes entB (34.8%), entC (26.1%), and eta (100%) were found in MRSA isolates
from medical tubes of LTCF residents. In Chiayi, isolates from the LTCF environment only
carried the eta gene, whereas MRSA isolates from the hospital environment carried the
entA, entB, entC, etb, and eta genes (12.5%, 25%, 12.5%, 25%, and 100%, n = 8, respectively).

Table 3. PCR detection of toxin genes from the 60 MRSA strains.

Sampling
Locations

Sampling
Sources entA entB entC entD entE Eta etb tsst-1

Changhua
city

LTCF environment
(n = 12) 0 (0%) 0 (0%) 1 (8.3%) 0 (0%) 0 (0%) 12 (100%) 0 (0%) 0 (0%)

Tubes from LTCF
residents
(n = 23)

0 (0%) 8 (34.8%) 6 (26.1%) 0 (0%) 0 (0%) 23 (100%) 0 (0%) 0 (0%)

Total LTCF isolates
(n = 35) 0 (0%) 8 (22.9%) 7 (20%) 0 (0%) 0 (0%) 35 (100%) 0 (0%) 0 (0%)

Hospital environment
(n = 6) 1 (16.7%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 6 (100%) 0 (0%) 0 (0%)

Total Changhua City
isolates
(n = 41)

1 (2.4%) 8 (19.5%) 7 (17.1%) 0 (0%) 0 (0%) 41 (100%) 0 (0%) 0 (0%)

Chiayi
city

LTCF environment
(n = 11) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 11 (100%) 0 (0%) 0 (0%)

Hospital environment
(n = 8) 1 (12.5%) 2 (25%) 1 (12.5%) 0 (0%) 0 (0%) 8 (100%) 2 (25%) 0 (0%)

Total Chiayi City
isolates
(n = 19)

1 (5.3%) 2 (10.5%) 1 (5.3%) 0 (0%) 0 (0%) 19 (100%) 2 (10.5%) 0 (0%)

Total Changhua city and Chiayi city
isolates (n = 60) 2 (3.3%) 10 (16.7%) 8 (13.3%) 0 (0%) 0 (0%) 60 (100%) 2 (3.3%) 0 (0%)

2.4. Antimicrobial Susceptibility of the MRSA Strains

Eight types of antibiotics were used to analyze the antibiotic resistance capability of the
60 isolated MRSA strains. Overall, the resistance was ranked in order of highest to lowest
as erythromycin, gentamicin, ciprofloxacin, clindamycin, tetracycline, sulfamethoxazole-
trimethoprim, rifampicin, and chloramphenicol (Table 4). MRSA isolates from Changhua
city had higher antimicrobial resistance compared to the Chiayi city. In addition, the
Changhua hospital environment’s isolates had a higher percentage of resistance against
most of the antibiotics, except chloramphenicol and rifampicin, compared to Changhua
LTCF environment’s isolates. However, a higher percentage of isolates from Changhua
LTCF resident tube samples were capable of resisting gentamicin. All the isolates from
the Chiayi city LTCF environment were resistant to ciprofloxacin and erythromycin (100%,
n = 11), and only one isolate was resistant to tetracycline and gentamicin. In the case of
the Chiayi hospital environment, although the percentages of isolates able to resist the
ciprofloxacin and erythromycin (50% and 62.5%, n = 8) were observed, this value was
significantly higher in Chiayi LTCF environment samples.

For MDR profiling (Table 5), six MRSA isolates (83%) from the Changhua hospital
environment had the highest degree of MDR. In the Changhua LTCF environment, the
degree of MDR reached 50% (n = 12). In addition, for tube samples, 65.2% (n = 23) of
isolates were found to be MDR. For Chiayi, only 37.5% (n = 8) of the total isolates from the
hospital environment were MDR, whereas in the LTCF environment, only one isolate was
MDR (9.1%).
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Table 4. Antimicrobial susceptibility results of the 60 MRSA strains.

Sampling
Locations Sampling Sources C CIP DA E G RA S/T T MDR

Changhua
city

LTCF environment
(n = 12) 0 (0%) 5

(41.7%)
2

(16.7%)
7

(58.3%)
10

(83.3%)
3

(25%)
5

(41.7%)
5

(41.7%)
6

(50%)
tubes from LTCF

residents
(n = 23)

3
(13.3%)

8
(34.8%)

10
(43.5%)

17
(73.9%)

18
(78.3%)

1
(4.3%)

4
(17.4%)

4
(17.4%)

15
(65.2%)

LTCF isolates
(n = 35)

3
(8.6%)

13
(37.1%)

12
(34.3%)

24
(68.6%)

28
(80%)

4
(11.4%)

9
(25.7%)

9
(25.7%)

21
(60%)

Hospital environment
(n = 6) 0 (0%) 5

(83.3%)
5

(83.3%)
6

(100%)
6

(100%) 0 (0%) 5
(83.3%)

5
(83.3%)

5
(83.3%)

Total Changhua city
isolates
(n = 41)

3
(7.3%)

18
(43.9%)

17
(41.5%)

30
(73.2%)

34
(82.9%)

4
(9.8%)

14
(34.1%)

14
(34.1%)

26
(63.4%)

Chiayi city

LTCF environment
(n = 11) 0 (0%) 11

(100%) 0 (0%) 11
(100%)

1
(9.1%) 0 (0%) 0 (0%) 1

(9.1%)
1

(9.1%)
Hospital environment

(n = 8) 0 (0%) 4
(50%)

2
(25%)

5
(62.5%)

1
(12.5%)

1
(12.5%)

1
(12.5%)

2
(25%)

3
(37.5%)

Total Chiayi city
isolates
(n = 19)

0 (0%) 15
(78.9%)

2
(10.5%)

16
(84.2%)

2
(10.5%)

1
(5.3%)

1
(5.3%)

3
(15.8%)

4
(21.1%)

Total Changhua city and Chiayi city
isolates (n = 60) 3 (5%) 33

(55%)
19

(31.7%)
46

(76.7%)
36

(60%)
5

(8.3%)
15

(25%)
17

(28.3%)
30

(50%)

C: chloramphenicol; CIP: ciprofloxacin; DA: clindamycin; E: erythromycin; G: gentamicin; RA: rifampicin; S/T: sulfamethoxazole-
trimethoprim; T: tetracycline; MDR: multidrug resistance.

Table 5. MDR pattern profile results of 30 MRSA strains.

Sampling Locations Changhua City Chiayi City
Total

MDR StrainsSampling Sources LTCF
Environment

Tubes from
LTCF

Residents

Hospital
Environment

LTCF
Environment

Hospital
Environment

CIP-DA-E-G-S/T-T (6 drugs) 2 5 7

C-DA-E-G-S/T (5 drugs) 2
4CIP-E-G-RA-S/T (5 drugs) 1

CIP-E-G-RA-T (5 drugs) 1

CIP-E-G-S/T (4 drugs) 1

5
CIP-E-G-T (4 drugs) 1

CIP-G-S/T-T (4 drugs) 1
DA-E-G-RA (4 drugs) 1
G-RA-S/T-T (4 drugs) 1

C-DA-E (3 drugs) 1

14

CIP-E-G (3 drugs) 2
CIP-ST-T (3 drugs) 1
DA-E-G (3 drugs) 7
DA-E-T (3 drugs) 1
E-G-T (3 drugs) 1

G-RA-S/T (3 drugs) 1

Total strains 6 15 5 1 3 30

C: chloramphenicol; CIP: ciprofloxacin; DA: clindamycin; E: erythromycin; G: gentamicin; RA: rifampicin; S/T: sulfamethoxazole-
trimethoprim; T: tetracycline; MDR: multidrug resistance.
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2.5. Genetic Diversity Analysis by ERIC-PCR

The combination of ERIC-PCR analysis with strain information for the 60 MRSA
isolates is shown in Figure 1. The MRSA isolates in this study could be divided into three
clusters by ERIC-PCR analysis: cluster 1 (24 isolates), cluster 2 (35 isolates), and cluster 3
(one isolate). We further divided cluster 1 into two sub-clusters (Cluster 1-1 and Cluster
1-2). Cluster 1-1 contained more MRSA strains than Cluster 1-2, and maximum number
of this cluster’s isolates were isolated from Chiayi city samples predominantly consist
of SCCmec type IV + PVL genes, classified as community associated, non-MDR MRSA
clones, and only carried the eta toxin gene. The MRSA isolates that belonged to Cluster
1-2 (6 isolates) were related to HA-MRSA and contained SCCmec element III and the eta
toxin gene. These isolates were MDR strains from Changhua city’s LTCF resident samples.
Cluster 2 included three sub-clusters: 2-1-1, 2-1-2, and 2-2. The MRSA isolates of sub-cluster
2-1-1 presented a similar genetic profile as cluster 1-2, with the exception of the entB gene,
which was present only in cluster 2-1-1.
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Figure 1. Genetical diversity of MRSA strains by ERIC-PCR combined with MDR pattern, SCCmec typing and toxin profile.

Furthermore, all isolates from clusters 2-1-1 and 1-2 were isolated from the dwelling
medical tubes of Changhua LTFC residents. Eighteen MRSA isolates belonging to Cluster
2-1-2 showed high MDR properties combined with the eta gene and all were isolated from
the hospital and LTCF environments of Changhua. The MRSA isolates of Cluster 2-2 were
isolated from a range of samples, and the HA-MRSA isolates that contained SCCmec III
elements and carried more than one toxin gene (entB, entC, eta, etc.) were predominant
in this cluster. Cluster 3, considered as the outgroup, contained only one MRSA isolate
isolated from a Changhua LTCF resident’s tube sample.
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The chi-square test was used to evaluate the discriminatory power of ERIC-PCR
associated with the factors of all isolates, for example, sampling location, sampling source,
SCCmec typing, drug resistance, and toxin gene profile. This showed that only the sampling
source (P > 0.05) had no significant association with ERIC-PCR analysis while all the
remaining parameters had a significant association with cluster classification of ERIC-PCR.

3. Discussion

MRSA is one of the most predominant multidrug-resistant pathogens worldwide, and
Asia is among the regions with the highest incidence in the world [27–29]. The estimated
percentage of MRSA in hospital samples varies from 28% to >70% in Asia [30]. Studies
regarding hospital environmental MRSA showed that the average prevalence was 2.2%
and 11.8% in Ireland and Canada, respectively [31,32]. Several studies have focused on
the isolation of MRSA from hospital curtains with MRSA detection percentages ranging
from 15.5% to 31.6% [26,29,33]. In our case, MRSA prevalence in hospital environment
samples was 18.8% in Changhua city and 25% in Chiayi city. The differences in MRSA
prevalence in hospital and LTCF environments may be due to the sample type and local
hygiene conditions. A UK study showed that MRSA detection rates were 40% and 17% in
LTCF environmental samples in 2011 and 2013, respectively [34]. This study also implied
that the lower frequency in 2013 might be due to improved infrastructure in the new
LTCF. This agreed with our results that showed a lower MRSA detection percentage in
Chiayi LTCF, which had a better hygiene environment compared to that of Changhua
LTCF. Liu et al. demonstrated a disparity in MRSA detection rates between six LTCFs
and concluded that improved infrastructure and a good hygiene environment constitute a
powerful approach for reducing MRSA prevalence [27]. Our results implied that MRSA
strains were present with high occurrence in moist environments, which agreed with other
investigations, as moist samples act as prominent hotspots of MRSA distribution [7,8].
Here, the highest detection rate of MRSA was in nasogastric tubes, which are frequently
used in LTCF residents.

The predominant SCCmec types were SCCmec III and IV, which agrees with studies
of LTCFs in Taiwan [27,29]. However, the predominant SCCmec types in the two hospital
environments of this study were different. The dominant type was SCCmec III in Chunghua
hospital but was SCCmec IV in Chiayi hospital. HA-MRSA (31 isolates) was the dominant
classification in this study, where HA-MRSA typically belongs to SCCmec I, II, and III [30].
Clinical studies in Taiwan also indicated that most of the HA-MRSA strains from hospitals
belonged to SCCmec III [30,35,36]. Between 17.1% and 21.1% of LA-MRSA strains were
isolated from hospitals and CTCFs, respectively, and all LA-MRSA isolated here belonged
to SCCmec IV+PVL. This type is the same as our previous LA-MRSA study in the river basin
of Chiayi [37]. Huang and Che’s study also concluded that more than 80% of Asian-specific
LA-MRSA strains in Taiwan carried SCCmec IV and PVL genes, which strengthens our
results [38].

The eta and etb enterotoxin-associated genes and tsst-1 are frequently prevalent viru-
lence genes that vary between countries [30,33,39]. All the MRSA strains isolated in this
study carry the eta gene; eta is reported to be the most privileged virulence factor-encoded
gene, although this is contradicted in some reports [33,40–42]. Additionally, in contrast
to other studies, we did not detect any entD, entE, and tsst-1-positive strains [33,42]. This
showed that the distribution of toxin profiles of MRSA was highly diverse and implied
geographic differences in these distributions. The MRSA isolates carrying the entB or
entC genes all belonged to SSCmec III, except for one CA-MRSA isolate that carried two
toxin genes, whereas all other isolates carried the eta gene only. This result is similar to
the marginal differences identified in the distribution of toxin genes with SCCmec types
reported by Fooladi et al. [33].

Antibiotic susceptibility testing revealed that MRSA isolates were more resistant
to ciprofloxacin, erythromycin, and gentamicin than to other antibiotics, and 50% of
these were related to MDR. MRSA from the hospital environment had more MDR ability
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compared with that from the LTCF environment. Furthermore, the prevalence of MDR
MRSA was higher in Changhua city than in Chiayi city, and these were mainly HA-MRSA
strains, followed by CA-MRSA from hospital environmental samples and LTCF resident
samples, which agreed with a previous report [43]. Twenty-six of a total of 30 MDR
MRSA isolates were identified in Changhua city and, among them, seven isolates were
resistant to six antibiotics; this is an urgent and concerning issue and implies a cross-
contamination problem.

ERIC-PCR is one of the most effective DNA-based molecular typing methods used
to categorize MRSA isolates associated with epidemiological modeling and helps to track
their spreading route [44]. In our ERIC-PCR fingerprinting, most of the MRSA isolates
carrying the SCCmec IV + PVL genes (CA-MRSA) were from Chiayi LTCF environment
samples and belonged to Cluster 1-1. Sub-clusters 1-1 and 2-1-1 were all from the Changhua
LTFC resident samples, indicating that there were two main types of MRSA distributed in
these LTCF residents.

In contrast, isolates in sub-cluster 2-1-1 from Changhua hospital and LTCFs generally
consisted of SCCmec III (HA-MRSA) with MDR isolates. This finding implied that a geneti-
cally similar type of MRSA had spread between LTCFs and hospitals. ERIC-PCR aided
the discrimination of resistance patterns among SCCmec types reported in our previous
study [37]. ERIC-PCR is a popular tool for determining the genetic relatedness of differ-
ent multidrug-resistant pathogenic bacteria from environmental samples, and previous
analyses are consistent with our results [45,46]. This conclusion is further supported by
the chi-square statistical hypothesis, where the individual significance score was < 0.05
with ERIC-PCR results. A similar analysis, adopted by Akindolire et. al. to distinguish
the genetic diversity of isolated MRSA strains from their samples, strongly supported
our ERIC-PCR results [47]. Therefore, using the ERIC-PCR figure combined with more
detailed information, including toxin profiles, sampling location, other typing methods,
and drug-resistant profiles, is a favorable approach to provide a complete understanding
of pathogen transmission, microbial contamination, and surveillance spot information.

4. Materials and Methods
4.1. Sampling Information and Collection Method

Samples were taken from the hospital and LTCF environment of two cities in Tai-
wan (Changhua and Chiayi). For Changhua, the collected samples were from Hanming
Christian Hospital (24.061271◦ N, 120.535643◦ E) and affiliated nursing homes (Auspicious
Long-Term Care Center) (24.080745◦ N, 120.545247◦ E). Similarly, for Chiayi city, we col-
lected samples from Chiayi Christian Hospital (23.499264◦ N, 120.450161◦ E) and affiliated
nursing homes (Pau-Kang Long Term Care Center) (23.506819◦ N, 120.450287◦ E). A total of
246 samples were collected from LTCFs and hospital environments of both cities, including
from medical tubes of LTCF residents, which are further categorized according to their type
details, are described in Supplemental Table S1. Sterile cotton swabs were used to collect
bacterial samples from the surface of each sampling point. Swabs were soaked in 5 mL of
sterile phosphate buffer saline (PBS) in a centrifuge tube for storage and transported, at
low temperature, to the laboratory for analysis.

4.2. Isolation Method of MRSA

To isolate MRSA from collected samples a two-step selective culture process was used.
For the growth of MRSA colonies, we used CHROMagar™ MRSA (TPM ready-to-use
media) and Baird-Parker agar (TPM ready-to-use media). The colonies that were grown
on the respective cultured agar plate after the incubation period (30 ◦C for 24 h), were
transferred into a sterile test tube containing brain heart infusion broth for pure culture [48].
Species identification, molecular characterization, and drug resistance analysis of isolated
colony pure were performed using 300 µL broth from the enrichment culture.
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4.3. PCR Identification of MRSA Strains

An aliquot of 300–600 µL of well-grown bacterial culture was centrifuged for 5 min at
10,000 rpm for DNA extraction. Genomic DNA was extracted using a commercial bacterial
DNA extraction kit (MagPurix Bacterial DNA Extraction Kit, ZP02006, Taiwan, China).
A reference bacterial genomic DNA (MRSA ATCC 29213) was used as a positive control
(extracted by the same method and kit) [37]. After gDNA extraction, the PCR reaction
mixture was prepared using 300 µg of gDNA with primers and master mix (Fast-RunTM
Taq Master Mix with Dye). The total PCR reaction volume was 25 µL, and PCR reaction
conditions are described in Supplemental Table S2. ERIC-PCR was used for PCR-based
typing, and BioNumerics software was used to analyze kinship typing [37,49]. The nuc
and mecA genes were used for the identification of MRSA strain types [50]. SCCmec
and Panton–Valentine leukocidine (PVL) were used to confirm the classification of mec
elements [51]. Some enterotoxins, toxic shock syndrome toxin-1 (TSST-1), and exfoliative
toxins (ETs) genes were targeted for detection within the S. aureus. Finally, all PCR products
were assessed by electrophoresis (110 V, 30 min, 1.5% agarose gel) to check the respective
gene-specific amplicons.

4.4. Antibiotic Susceptibility Test

The following antibiotics—chloramphenicol (30 µg), ciprofloxacin (5 µg), clindamycin
(2 µg), erythromycin (15 µg), gentamicin (10 µg), tetracycline (5 µg), rifampicin (30 µg) and
sulfamethoxazole-trimethoprim (23.75/1.75 µg)—were used to test the antibiotic resistance
of the MRSA isolates using the disc diffusion method as per the guidelines of the Clinical
and Laboratory Standards Institute (CLSI, I-M45-P, 2006). These tests were conducted on
Mueller–Hinton agar plates (TPM Ready-to-use media) [37].

5. Conclusions

This study showed that MRSA occurs at relatively higher rates in moist samples,
especially in LTCF resident dwelling tubes. The eta gene was commonly found in all MRSA
isolates. The hospital environmental MRSA isolates from Chiayi city carried the highest
amount of enterotoxin genes, such as entA, entB, and entC, compared with those from
Changhua city. Additionally, the MRSA isolates from the hospital environment and LTCF
resident dwelling tubes exhibited high percentages of multidrug resistance to the following
antibiotics: ciprofloxacin, clindamycin, erythromycin, sulfamethoxazole-trimethoprim, and
tetracycline. The multidrug resistance problem of healthcare-associated MRSA is more
severe in Changhua city than in Chiayi city. The SCCmec III containing HA-MRSA was
identified as rank one and PVL + SCCmec IV element carrying CA-MRSA was rank two
group of MRSA strain among 60 isolated S. aureus clones. ERIC-PCR was an effective tool
for epidemiological characterization of MRSA isolates. The presence of genetically similar
and multidrug-resistant MRSA in hospitals and their affiliated LTCFs is a threat to public
health and needs to be closely monitored and controlled.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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Abstract: Objective: To analyze the clinical and economic impact of community-onset urinary tract in-
fections (UTIs) caused by extended-spectrum beta-lactamase (ESBL)-producing Klebsiella pneumoniae
requiring hospitalization. Methods: A retrospective cohort study that included all adults with a UTI
caused by K. pneumoniae that were admitted to a tertiary care hospital in Barcelona, Spain, between
2011 and 2015. Demographic, clinical, and economic data were analyzed. Results: One hundred and
seventy-three episodes of UTIs caused by K. pneumoniae were studied; 112 were non-ESBL-producing
and 61 were ESBL-producing. Multivariate analysis identified ESBL production, acute confusional
state associated with UTI, shock, and the time taken to obtain adequate treatment as risk factors
for clinical failure during the first seven days. An economic analysis showed differences between
ESBL-producing and non-ESBL-producing K. pneumoniae for the total cost of hospitalization per
episode (mean EUR 6718 vs EUR 3688, respectively). Multivariate analysis of the higher costs of
UTI episodes found statistically significant differences for ESBL production and the time taken to
obtain adequate treatment. Conclusion: UTIs caused by ESBL-producing K. pneumoniae requiring
hospitalization and the time taken to obtain adequate antimicrobial therapy are associated with
worse clinical and economic outcomes.

Keywords: ESBL-producing Klebsiella pneumoniae; urinary tract infection; clinical impact; economic impact

1. Introduction

Extended-spectrum beta-lactamases (ESBLs) are enzymes produced by Gram-negative
bacilli that inactivate oxyimino beta-lactam antibiotics (cephalosporins and aztreonam),
but not cephamycins (cefoxitin) or carbapenems. They are generally plasmid-mediated and
are derived from other enzymes with a narrower spectrum of hydrolysis. Al-though many
species of Gram-negative bacilli can produce ESBLs, Escherichia coli and Klebsiella pneumoniae
are the major ESBL producers. According to the WHO, ESBL-producing Enterobacterales
must be regarded as critical priority pathogens due to their resistance to antibiotics [1].
ESBL-producing bacteria are a major cause of both community-based and healthcare-
associated infections and are globally disseminated, although their incidence varies in
different parts of the world [2]. An increase in community-acquired ESBL-producing
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E. coli and K. pneumoniae has been recently reported [3]. K. pneumoniae is associated with
pneumonia, urinary tract infections (UTIs), intra-abdominal infections and sepsis [4]. Data
on the incidence of UTIs in Spain place K. pneumoniae as the second cause of UTIs of
community and nosocomial origin [5].

ESBL-producing K. pneumoniae has been considered almost exclusively as a nosoco-
mial pathogen due to its epidemiological behavior, although recent data show that it is also
an important agent involved in processes of community origin [6]. Data from a multicenter
study conducted in 11 hospitals in Spain from 2011 to 2016 showed an overall increase
in ESBL-producing K. pneumoniae, compared to a similar study covering the 2002–2010
period, reaching a frequency of more than 18% in 2016. In that study, ESBLs were more
prevalent in K. pneumoniae (16.3%) and E. coli (9.5%) isolates of nosocomial origin, followed
by community-acquired K. pneumoniae (9.5%) [7].

Infections produced by ESBL-producing microorganisms pose important therapeutic
challenges. The fact that ESBL-producing bacteria are resistant to all penicillins and
cephalosporins, including third- and fourth-generation ones, means that infections due
to these bacteria have limited therapeutic options [8]. As a result, infections caused by
ESBL-producing bacteria can lead to increased mortality, an increased length of hospital
stay, and higher hospital costs compared with infections caused by non-ESBL-producing
bacteria of the same species [9,10]. The same phenomenon tends to be significantly stronger
among patients with ESBL-producing K. pneumoniae infections compared with those with
ESBL-producing E. coli infections [11].

A study was recently carried out to assess the clinical impact and consumption of
health resources among patients with community-onset UTIs due to ESBL-producing
E. coli admitted to our hospital. In that study, the presence of ESBL among E. coli strains
was associated with higher clinical failure rates in the first seven days, as well as higher
economic costs [12].

Bearing in mind that UTIs place an economic burden on both society and the health-
care system, that K. pneumoniae is a frequent cause of UTIs, and that ESBL-producing
Enterobacterales cannot be considered a homogeneous group, the objective of this study was
to analyze the clinical and economic impact of ESBL-producing K. pneumoniae as a cause of
UTI in patients requiring admission to our hospital.

2. Results

One hundred and seventy-three UTI episodes met the criteria for inclusion during
the study period and were included; 112 were due to non-ESBL-producing K. pneumoniae
and 61 were due to ESBL-producing K. pneumoniae. The baseline characteristics of patients,
broken down into those with and without ESBL infections, are shown in Table 1.

The bivariate analysis showed a significantly higher prevalence of men, AHA-UTIs,
and previous antibiotic use (especially quinolones and cephalosporins) in the ESBL group.
The clinical characteristics and procedures carried out on the studied patients, comparing
ESBL and non-ESBL infections, are shown in Table 2. Among the admissions caused
by ESBL-producing K. pneumoniae, there was a significantly higher clinical prevalence
of cystitis; more frequent clinical failure at seven days; a longer time taken to obtain
adequate treatment; longer hospitalization; and a more frequent use of infectious disease
specialist consultants, pharmacy intervention, and home hospitalization. Among non-ESBL-
producing K. pneumoniae infections, there was a more frequent use of adequate empirical
antibiotics and a higher number of positive blood cultures, cases of pyelonephritis, and
cases of sepsis.
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Table 1. Univariate analysis of patient characteristics.

Non-ESBL ESBL p-Value *

Total 112 61
Sex, male 29 (25.9%) 28 (45.9%) 0.011
Age (in years) 72.8 ± 18.8 75.8 ± 12.1 0.200
AHA-UTI 34 (30.1%) 38 (63.3%) <0.001
Diabetes mellitus 50 (44.6%) 30 (49.2%) 0.633
Dementia 28 (25%) 13 (21.3%) 0.709
Immunosuppressive treatment 40 (35.7%) 25 (41%) 0.515
McCabe Index 2.38 ± 0.67 2.4 ± 0.64 0.105
Charlson Comorbidity Index
Urinary catheterization

6.02 ± 2.7
8 (7%)

6.54 ± 2.12
10 (16.4%)

0.198
0.070

Other urinary catheters 9 (8%) 3 (4.9%) 0.543
Previous urological manipulation 16 (14.3%) 11 (18%) 0.519
Urological pathology 36 (32.1%) 22 (36.1%) 0.617
Kidney transplant 7 (6.3%) 2 (3.3%) 0.496
History of recurrent UTIs 39 (34.8%) 25 (41%) 0.510
History of pyelonephritis 16 (14.3%) 7 (11.5%) 0.648
Urinary incontinence 14 (12.5%) 14 (23%) 0.860
Previous antibiotic 38(33.9%) 39(63.9%) <0.001

Amoxicillin/clavulanic acid 20 (17.9%) 10 (16.4%) 0.808
Trimethoprim/sulfamethoxazole 1 (0.9%) 2 (3.3%) 0.284
Quinolones 7 (6.3%) 10 (16.4%) 0.032
Fosfomycin 4 (3.6%) 3 (4.9%) 0.698
Cephalosporin 2 (1.8%) 6 (9.8%) 0.024
Carbapenems 1 (0.9%) 4 (6.6%) 0.053
Aminoglycosides 0 (0%) 1 (1.6%) 0.353
Linezolid 2 (1.8%) 1 (1.6%) 1.000
Others 1 (0.9%) 2 (3.3%) 0.284

* Student’s t-test, or Mann–Whitney U was used for comparing quantitative variables. The Chi-square test was
used for comparing qualitative variables. ESBL: extended spectrum betalactamases; AHA-UTI: ambulatory
Health Care-Associated Urinary Tract Infection. HCA-UTI: Health Care-Associated Urinary Tract Infection.
CA-UTI: Community-Acquired Urinary Tract Infection.

Table 2. Univariate analysis of clinical data.

Non-ESBL ESBL p-Value *

Cystitis 17 (15.2%) 23 (37.7%) 0.001
Pyelonephritis 39 (34.8%) 12 (19.7%) 0.038
Confusion syndrome associated with UTIs 34 (30.4%) 21 (34.4%) 0.611
Prostatitis 6 (5.4%) 2 (3.3%) 0.714
Sepsis 40 (35.7%) 12 (19.7%) 0.037
Shock 6 (5.4%) 0 (0%) 0.091
Positive blood culture 45 (40.2%) 13 (21.3%) 0.012
Infectious diseases intervention 32 (28.6%) 43 (70.5%) <0.001
Pharmacy intervention 9 (8%) 13 (21.3%) 0.017
Appropriate empirical treatment 104 (92.9%) 23 (37.7%) <0.001
Time to adequate treatment (days) 0.54 ± 1.4 1.59 ± 2.1 <0.001
Duration of hospital treatment (days) 4.57 ± 2.64 4.06 ± 4.1 0.956
Clinical response at seven days 82 (73.2%) 31 (50.8%) 0.004
Days of hospitalization 8.43 ± 6.42 11.62 ± 7.1 0.003
Readmission for the same UTI 24 (21.4%) 17 (27.9%) 0.355
Emergency consultation a 25 (22.3%) 18 (29.5%) 0.358
Home hospitalization 5 (4.5%) 10 (16.4%) 0.011
ICU admission 6 (5.4%) 0 (0%) 0.091
Mortality within 30 days 12 (10.7%) 3 (4.9%) 0.263

a Re-consultation in the emergency room within 30 days after discharge; * Student’s t-test or Mann–Whitney U
was used for comparing quantitative variables. The Chi-square test was used for comparing qualitative variables.
ESBL: extended spectrum betalactamases; ICU: intensive care unit.
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In the non-ESBL-producing group, the most commonly used empiric antibiotics
were cephalosporins (32.1%), amoxicillin/clavulanate (30.4%), and carbapenems (11.6%);
adequate coverage was achieved in 92.9% of cases. In the ESBL-producing group, the most
commonly used empiric treatments were amoxicillin/clavulanate (26.2%), cephalosporins
(19.7%), and carbapenems (18%), and adequate coverage was achieved in only 37.7% of
cases. The antibiotics most commonly used as directed therapy in the non-ESBL-producing
group were ciprofloxacin (45.5%) and amoxicillin/clavulanate (19.6%), and, in the ESBL-
producing group, ertapenem (45.6%) and imipenem (29.5%).

Table 3 shows the multivariate analysis of factors associated with clinical failure at
seven days. ESBL production, the acute confusional state associated with a UTI, shock,
and the time taken to obtain adequate therapy were factors independently associated with
clinical failure at seven days.

An analysis of economic data can be found in Table 4. The analysis showed a mean
difference of EUR 3.030 between the two groups for the total cost of hospitalization in
favor of the ESBL-producing group. The costs associated with medication, nursing, and
antibiotics accounted for this difference.

Table 5 shows the multivariate analysis of costs. The presence of ESBL, shock at
admission, time taken to obtain adequate treatment, and the length of hospitalization were
variables independently associated with higher hospitalization costs.

We performed a post-hoc power calculation to compare the median of the cost of
hospitalization between non-ESBL and ESBL groups. The power of the study for comparing
the costs was 1.0.

Table 3. Univariate and multivariate analysis of factors associated with clinical failure at seven days.

OR (95%CI) p-Value * Adjusted OR p-Value **

Sex, male 1.230 (0.626,2.415) 0.548 1.182 (0.501,2.785) 0.702
Age > 77 1.155 (0.886,1.505) 0.286 1.129 (0.856,1.487) 0.388
Infectious diseases intervention 1.676 (0.891,3.154) 0.109
Pharmacy intervention 1.683 (0.681,4.161) 0.259
Previous antibiotic 1.314 (0.700,2.465) 0.396 1.763 (0.756,4.114) 0.189
Immunosuppressive treatment 2.001 (1.052,3.805) 0.034
Urinary catheterization 0.505 (0.159,1.609) 0.248
Other catheters 0.157 (0.020,1.248) 0.080
Previous urological manipulation 0.280 (0.092,0.851) 0.025
Urological pathology 0.543 (0.270,1.089) 0.086
History of recurrent UTIs 1.092 (0.572,2.084) 0.790
Diabetes 0.679 (0.360,1.280) 0.231
Urological neoplasms 0.176 (0.051,0.609) 0.006
McCabe–Jackson Index > 2 0.899 (0.684,1.181) 0.446 1.108 (0.848,1.447) 0.451
Charlson Comobilidity Index > 5.8 1.062 (0.862,1.308) 0.571 1.695 (0.921,3.120) 0.090
Bacteremia 1.936 (1.006,3.724) 0.048 2.412 (0.351,16.538) 0.370
Cystitis 1.018 (0.485,2.138) 0.962 1.656 (0.562,4.877) 0.360
Pyelonephritis 0.410 (0.192,0.875) 0.021 0.782 (0.246,2.487) 0.678
Prostatitis 0 (0,0) 0.999
Confusion syndrome associated
with UTIs 2.215 (1.142,4.296) 0.019 5.155 (1.670,15.906) 0.004

Sepsis 2.275 (1.163,4.451) 0.016 3.758 (0.519,27.208) 0.190
Shock 3.964 (0.705,22.306) 0.118 7.239 (1.008,51.983) 0.049
ESBL 2.645 (1.376,5.084) 0.004 2.622 (1.086,6.328) 0.032
Time to adequate treatment 1.359 (1.092,1.692) 0.006 1.364 (1.059,1.755) 0.016
Appropriate empirical treatment 0.217 (0.106,0.443) <0.001
Duration of hospital treatment 1.285 (1.161,1.422) <0.001
CA-UTI 0.997 (0.528,1.881) 0.993

* Univariate analysis: Student’s t-test or Mann–Whitney U used for comparing quantitative variables. The Chi-square test was used
for comparing qualitative variables. ** Multivariate analysis: binary logistic regression through the forward stepwise approach; ESBL:
extended spectrum betalactamases; CA-UTI: Community-Acquired Urinary Tract Infection; OR: odds ratio.
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Table 4. Univariate analysis of the economic impact of ESBL and non-ESBL-producing K. pneumoniae
in Euros.

Non-ESBL med[P25,P75] ESBL med[P25,P75] p-Value *

Cost of hospitalization 3688 [1783,4141] 6718 [3322,9611] <0.001
Cost of pharmacy 457 [174,577] 888 [325,1158] 0.001
Cost of antibiotics 47 [7,31] 380 [87,544] <0.001
Cost of nursery 1809 [880,2294] 4581 [2375,6630] <0.001
Cost of laboratory 165 [39,201] 171 [81,192] 0.852
Cost of radiology 94 [0,111] 62 [1,72] 0.205
Cost of inter

consultations 60 [0,33] 65 [0,71] 0.818

Cost of Emergency Room
visits 341 [0,760] 463 [0,663] 0.218

* Student’s t-test or Mann–Whitney U. ESBL: extended spectrum betalactamases; med: median; P25:1st quartile;
P75:3rd quartile

Table 5. Univariate and multivariate analysis of the cost of the UTI episode.

DM (95%CI) p−Value * Adjusted DM p−Value **

ESBL 3446 (2330,4561) <0.001 2569 (993,4144) 0.002
Sex, male 417 (−1126,1960) 0.594 −285 (−1578,1008) 0.663
Age > 77 −117 (−727,373) 0.526 −101 (−1578,1008) 0.602
Infectious diseases intervention 2718 (1582,3854) <0.001
Pharmacy intervention 2977 (814,5140) 0.007
Previous antibiotic 957 (−592,2508) 0.224
Immunosuppressive treatment 2304 (703,3904) 0.005
Previous urological manipulation −1202 (−3073,668) 0.206
Urological pathology −1353 (−2706,−1) 0.050
History of recurrent UTIs 647 (−1013,2308) 0.442
Urological neoplasms −1648 (−3347,51) 0.057 −413 (−1953,1127) 0.596
McCabe–Jackson Index > 2 39 (−421,501) 0.865
Charlson Comorbidity Index > 5.8 0.56 (−714,715) 0.999
Bacteriemia 2031 (114,3949) 0.038 1617 (−762,3996) 0.181
Cystitis 1847 (115,3579) 0.037
Pyelonephritis 401 (−1371,2173) 0.655
Prostatitis −1653 (−4984,1677) 0.328
Sepsis 1772 (−144,3690) 0.070 −479 (−2944−1985) 0.701
Shock 8750 (4680,12820) <0.001 6812 (3925−9699) <0.001
Others −413 (−2001,1174) 0.608
Time to adequate treatment 612 (117,1107) 0.016 546 (82,1010) 0.021
Appropriate empirical treatment −3552 (−4928,−2177) <0.001 157 (−1635,1950) 0.862
Duration of hospital treatment 494 (298,629) <0.001 266 (140,392) <0.001
CA−UTI −827 (−2371,717) 0.291 788 (−1101,1391) 0.818

* Univariate analysis: Student’s t-test or Mann–Whitney U were used for comparing quantitative variables. The Chi-square test was used
for comparing qualitative variables. ** Multivariate analysis: binary logistic regression through the forward stepwise approach; ESBLE:
extended spectrum betalactamases; DM: difference between the median of the group that presents the variable and the median of the
group that does not present it. The positivity of the value indicates an increase in the cost in the presence of the variable and the negativity
decrease in the cost. CA-UTI: Community-Acquired Urinary Tract Infection.

3. Discussion

The present study showed that the clinical outcomes were worse and the hospital
costs were higher for community-onset UTIs caused by ESBL-producing K. pneumoniae
requiring hospitalization compared to the UTIs caused by non-ESBL-producing K. pneu-
moniae. These findings confirm that ESBL Enterobacterales are, as the WHO states, critical
priority pathogens, adding more support for this argument. [1].

There are several risk factors for the acquisition of a UTI caused by ESBL-producing
microorganisms, including healthcare contact, previous antibiotic use, recurrent UTIs, a
urinary catheter, old age, and male gender [13]. Our study identified a higher prevalence
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of ambulatory healthcare-associated infections, previous antibiotic use, and male gender in
the ESBL-producing group. Ambulatory healthcare-associated UTIs have previously been
identified as more frequently caused by antibiotic-resistant microorganisms than community-
acquired UTIs and have important clinical consequences [13]. Higher male gender prevalence
could be attributed to the fact that UTIs in males tend to have more hospitalization criteria.
These findings are similar to those from a recent study from Denmark [14].

There was a significant difference in the clinical response (22.4%) between the two
groups, with lower response rates in the ESBL-producing group, similar to previous
studies performed with E. coli [11]. A recent study was also carried out to assess the
clinical impact and consumption of health resources among patients with community-
onset UTIs due to ESBL-producing E. coli admitted to hospital. In that study, the presence
of ESBL among E. coli strains was associated with higher clinical failure rates in the first
seven days, as well as higher economic costs. Similar to the present study, in that study
ESBL production was significantly related to clinical failure, and mean differences in the
cost of hospitalization were EUR 2,368 [12]. Other variables associated with a worse
clinical response were clinical presentation with a confusional state and shock. The time
taken to obtain adequate antimicrobial therapy was also an independent factor associated
with a worse clinical response. Previous studies have shown that patients who received
adequate empirical treatment were more likely to have a better clinical course [15]. Hospital
stay was significantly longer in ESBL-UTI patients. This is another important clinical
consequence that could probably be avoided or reduced by improving initial or early
antimicrobial management. Our data confirm that inadequate antimicrobial therapy is
associated with a worse prognosis for patients with K. pneumoniae UTIs requiring hospital
admission without differences in mortality. These findings are similar to those from a
recent study from Denmark [16]. Infectious diseases specialist consultations or pharmacy
interventions were more frequent in ESBL episodes. However, in the multivariate analysis
of the clinical response at day 7, these interventions were not statistically significant,
probably because they have an influence on the directed antimicrobial therapy, and not on
the empirical therapy.

Interestingly, we observed that among patients with ESBL-producing K. pneumoniae
infections, there was a higher prevalence of cystitis, whereas among patients with non-
ESBL-producing K. pneumoniae UTIs clinical symptoms of pyelonephritis, positive blood
cultures, sepsis, and ICU admission were more prevalent. These data seem to indicate a
lower virulence in ESBL strains, a phenomenon that has already been reported in other
studies involving E. coli, in which the acquisition of quinolone resistance was associated
with a loss of virulence factors [17]. The relationship between resistance and bacterial
virulence has also been studied in recent years. For instance, the acquisition by E.coli
of the OXA-10, OXA-24 or SFO-1 family of beta-lactamases is known to be associated
with a loss of virulence due to alterations in the formation of peptidoglycan, probably
caused by residual enzymatic activity in the β-lactamases, similar to that of penicillin-
binding proteins [18]. In the case of K. pneumoniae, there are studies describing the role of
mechanisms such as the deletion of ompK36 and ompK36 porins in the loss of virulence
and the acquisition of resistance [19]. Our cohort was comprised of community-acquired
and ambulatory healthcare-associated UTIs, which are environments in which the selective
pressure of antibiotics is not as high as in the nosocomial setting. It is likely that the loss
of virulence in these environments due to the acquisition of resistance is better tolerated
by microorganisms.

With respect to the economic impact, we showed that the total hospitalization costs
associated with patients with ESBL-producing K. pneumoniae UTIs admitted to hospital
were almost double those of patients with non-ESBL-producing K. pneumoniae UTIs. The
cost of medication and the nursing costs accounted for the difference in total cost. The
difference in medication cost was mainly due to the use of more expensive antibiotics such
as carbapenems. The time taken to obtain adequate treatment was also identified as a
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variable related to the increased total cost of hospitalization and was probably an indirect
effect of a worse clinical response, as seen in previous studies [9,12].

The main limitation of our study was its retrospective design. However, this design
permitted the study of a higher number of patients in less time.

4. Materials and Methods

A retrospective cohort study was conducted from January 2011 to January 2016 at
the Hospital del Mar, a tertiary university hospital with 420 beds serving a population
of 340,000 people in the city of Barcelona (Spain). The study included all adults (older
than 17 years) admitted to the Hospital del Mar during the study period with urinary tract
infections and a urine culture that tested positive for K. pneumoniae. The only UTI origins
considered were strictly community-acquired (CA) and ambulatory healthcare-associated
(AHA). Hospital-acquired UTIs were excluded. In cases of multiple episodes requiring
admission, only the first episode was studied. UTIs caused by microorganisms other than
K. pneumoniae, cultures showing mixed flora, and patients with asymptomatic bacteriuria
were excluded.

4.1. Variables

Patient data were collected retrospectively from hospital electronic medical records.
The following variables were collected: demographic and epidemiological factors (age,
gender, underlying diseases, use of immunosuppressive therapy, prior antibiotic treatment),
clinical and microbiological data (UTI symptoms, sepsis, shock, empirical and definitive
antibiotic treatment, time to obtain adequate treatment, clinical response at seven days,
infectious diseases and/or pharmacy services interventions, ICU admission, emergency
room visits after discharge, hospital readmissions, convalescent or subacute hospitalization
after discharge, mortality at 30 days), and risk factors for ESBL-producing K. pneumo-
niae (urinary catheter, urological manipulation, urologic conditions, type of acquisition:
community-acquired (CA) versus ambulatory healthcare-associated (AHA). The Charlson
Index was used to classify comorbidities [20] and the McCabe–Jackson index was used
to classify their severity [21]. The main variable used to analyze the clinical impact was
clinical response seven days after admission. The variables selected to study the use of
clinical resources were: duration of hospitalization, cost of hospitalization, use and cost
of antibiotic treatment, emergency room visits, use of home hospitalization and the need
for re-admission after 30 days. The costs of hospitalization were obtained from the hos-
pital database and were broken down into cost of medication, cost of antibiotics, cost of
nursing, laboratory costs, radiology costs, pharmacy costs, specialist consultations and
emergency visits.

4.2. Definitions

A diagnosis of symptomatic UTI was established if the patient presented with one of
the following signs or symptoms: a fever of >38 ◦C, urinary urgency, polyuria, dysuria or
suprapubic pain, and a positive urine culture (more than 105 CFU of uropathogen per mL
of urine). Five UTI syndromes were considered:

1. Cystitis: the presence of dysuria, urinary frequency, urgency and occasionally hema-
turia in patients without fever (axillary temperature < 38 ◦C).

2. Pyelonephritis: the presence of fever (axillary temperature > 38 ◦C) and spontaneous
lumbar pain or pain on costovertebral percussion, with or without increased urinary
frequency, dysuria or urine retention.

3. Acute prostatitis: a sudden febrile episode in men accompanied by lower back and
perineal pain with polyuria or dysuria, and/or urinary retention.

4. The confusional state associated with UTIs was defined as an episode of confusion
attributed to an underlying UTI after excluding other infectious foci and other causes.

5. Urinary sepsis: a systemic inflammatory response syndrome with a positive urine culture
or blood culture for an uropathogen with no other apparent source of infection [22].
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A CA-UTI was defined as a UTI detected within the first 48 h of hospital admission
that did not meet the criteria for an AHA-UTI. An AHA-UTI was defined as a UTI detected
within the first 48 h of hospital admission and met one of the following criteria [14]:

1. The patient had received specialized treatment at home by qualified healthcare work-
ers within 30 days prior to hospital admission.

2. The patient had attended a day hospital, hemodialysis clinic or had received intra-
venous chemotherapy within 30 days prior to hospital admission.

3. Hospitalization for more than 48 h during the 90 days preceding the current admission.
4. Resident in a long-term care facility or nursing home.
5. The patient had undergone an invasive urinary procedure within 30 days of the

episode or had a long-term indwelling urethral catheter.

A community-onset UTI was defined as any CA-UTI or AHA-UTI.
Previous antibiotic therapy was defined as the use of antibiotics in the three months

prior to the diagnosis of a UTI. Empirical therapy was administered before the in vitro
susceptibility of the uropathogen that caused the episode was known. Empirical therapy
was considered inadequate if the microorganism causing the UTI was not fully susceptible
to the antibiotic used.

The response to treatment at seven days was considered satisfactory if the patient
was asymptomatic or there was a significant improvement in the signs and symptoms of
infection; the treatment response was unsatisfactory if there was persistence or progression
of signs and symptoms of infection, if a change in pharmacological agent was required
after three days of treatment, or if an infection-related death occurred.

4.3. Statistical Analysis

Data from patients with and without ESBL-producing K. pneumoniae were compared.
Quantitative variables were compared using the Student’s t-test or the Mann–Whitney U
test if the distribution of the data was not normal. Qualitative variables were compared
using the Chi-square test. Bivariate and multivariate analyses were performed to elucidate
the variables independently related to clinical failure at seven days and to higher hospital
costs. The clinical response was analyzed by binary logistic regression. Multivariate
median regression models were conducted through the forward stepwise approach. This
was performed in terms of statistical signification of coefficients of variables (p < 0.1), but
also to ensure clinical consistency of variables included in the model.

With respect to hospital costs, the normality of the variables was assessed by histogram
inspection, testing for normality with a QQ-plot, and applying the Shapiro–Wilk W–test.
Once non-normality was established (p < 0.001), hospital costs were analyzed by median
regression. Associations with p-values < 0.05 were regarded as statistically significant.
Statistical analyses were performed using the SPSS v.22 and STATA v.15.1 packages.

5. Conclusions

In conclusion, our study shows that the production of ESBL by K. pneumoniae causing
community-onset UTIs and the time taken to obtain adequate antimicrobial therapy are
independent factors for a worse clinical response and higher healthcare costs. It is important
to identify risk factors in order to categorize these patients earlier so that they benefit from
the appropriate empirical treatment that leads to a better clinical response and reduced
hospitalization costs. Rapid diagnostic tests are also important in this scenario.

More studies of infections caused by multidrug-resistant bacteria in the community
should be performed in order to prevent acquisition and optimize the management of
infections in an attempt to reduce their clinical and economic burden.
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Abstract: Urinary tract infections (UTIs) are a leading cause of morbidity for both males and fe-
males. The overconsumption of antibiotics in general medicine, veterinary, or agriculture has
led to a spike in drug-resistant microorganisms; obtaining standardized results is imposed by
standard definitions for various categories of drug-resistant bacteria—such as multiple-drug re-
sistant (MDR), extensive drug-resistant (XDR), and pan drug-resistant (PDR). This retrospective
study conducted in three university teaching hospitals in Romania has analyzed urine probes from
15,231 patients, of which 698 (4.58%) presented multidrug-resistant strains. Escherichia coli was the
leading uropathogen 283 (40.54%), presenting the highest resistance to quinolones (R = 72.08%)
and penicillin (R = 66.78%) with the most important patterns of resistance for penicillin, sulfon-
amides, and quinolones (12.01%) and aminoglycosides, aztreonam, cephalosporins, and quinolones
(9.89%). Klebsiella spp. followed—260 (37.24%) with the highest resistance to amoxicillin-clavulanate
(R = 94.61%) and cephalosporins (R = 94.23%); the leading patterns were observed for aminogly-
cosides, aminopenicillins + β-lactams inhibitor, sulfonamides, and cephalosporins (12.69%) and
aminoglycosides, aztreonam, cephalosporins, quinolones (9.23%). The insufficient research of MDR
strains on the Romanian population is promoting these findings as an important tool for any clinician
treating MDR-UTIs.

Keywords: urinary tract infections; UTIs; MDR; Escherichia coli; Klebsiella; uropathogens; AMR;
antibiotic resistance

1. Introduction

Urinary tract infections (UTIs) represent a common disorder treated by urologists
and general medical practitioners, accounting for an important percentage of the yearly
healthcare costs [1]. Most UTIs are treated on ambulatory patients [2]. However, the
increasing resistance to the first-line antibiotic treatment [3–5] and the rising quota of this
condition [6] have urged the research of new lines of therapy. In practice, we must combine
updated data on uropathogens’ resistance profiles and sensibility rates of antimicrobial
agents used in the treatment of UTIs.
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Several factors are linked to promoting the increasing spread of bacterial resistance to
antibiotics in community settings. The most important vector of increasing resistance is
represented by the overuse of antimicrobials in general medicine, veterinary, or agriculture,
which enables the selection and spread of drug-resistant strains [7]. Other risk factors
are host-related; an extensive review of the literature [8] aiming to detect the risk factors
associated with multidrug-resistance (MDR) UTIs has highlighted 12 possible factors:

• Probable factors: urinary catheterization, previous hospitalization, previous antibiotic
treatment, nursing home resident;

• Possible risk factor: age, previous UTI, male gender;
• Unlikely risk factors: diabetes, recent travel, ethnicity, immunocompromised, female

gender.

International assemblies of heads of departments from international specialized fo-
rums such as the European Center for Disease Prevention and Control (Stockholm, Sweden),
Office of Infectious Diseases, Department of Health and Human Services from Center for
Disease Prevention and Control (Atlanta, GA, USA), and Division of Epidemiology, Tel
Aviv Sourasky Medical Center (Tel Aviv, Israel) [9] proposed standard definitions for
various categories of drug-resistant bacteria. These are classified as [9]:

• “multiple drug-resistant” (MDR)—nonsusceptible to one or more antibiotic agent in
three or more antimicrobial categories,

• “extensive” or “extremely” drug-resistant (XDR)—nonsusceptible to one or more
antibiotic agents in all but two or less antimicrobial classes, and

• “pan drug-resistant”(PDR)—nonsusceptible to all antimicrobial agents listed.

They admitted that a better understanding of highly resistant bacterial strains and
obtaining comparability data would be facilitated if these definitions were applied world-
wide.

The European Association of Urology (EAU) via EAU Guidelines on Urological In-
fections from 2020 [10] recommends empirical treatment of uncomplicated urological
infections using sulfonamides (TMP-SMX), phosphonic acids (fosfomycin), or nitrofuran-
toin. Fluoroquinolones (ciprofloxacin and levofloxacin) may be used only as an alternative
therapy while also considering locoregional resistance rates. Carbapenems (imipenem
and meropenem) should be used only as reserved therapy or in special conditions such as
urosepsis.

This study aimed to determine the resistance profiles of the most frequent multidrug-
resistant uropathogen strains involved in UTIs on a Romanian male and female cohort.
The preliminary data [11] have shown Escherichia coli as the most frequent bacteria (42.9%)
implicated in UTIs, followed by Klebsiella spp. (21.17%), Enterococcus spp. (18.66%), Proteus
spp. (7.75%), Staphylococcus spp. (4.91%), and Pseudomonas aeruginosa (4.58%). The limited
number of MDR strains studied in previous research, the necessity of determining specific
resistance patterns for each bacteria against common antibiotic classes in treating UTIs, and
comparing the results with the international findings were the decisive factors in initiating
the study.

2. Results

A total number of 698 cases of MDR-UTIs were registered in all three centers during
research, as follows: 262 patients (37.53%) at “Prof. Dr. Th Burghele” Clinical Hospital
(BCH), 278 cases (39.82%) at Elias University Hospital (EUH), and 158 samples (22.63%) at
Mures County Hospital (MCH). A detailed report on MDR-UTIs uropathogen distributions
for each center is presented in Table 1 and Figure 1.

160



Antibiotics 2021, 10, 523

Table 1. MDR isolated uropathogens.

Isolated Bacteria
BCH EUH MCH Total

n % n % n % n %

Gram negative 226 86.25 266 95.68 152 96.20 644 92.26
Escherichia coli 75 28.62 109 39.20 99 62.65 283 40.54
Klebsiella spp. 114 43.51 111 39.92 35 22.15 260 37.24

Pseudomonas aeruginosa 20 7.63 29 10.43 11 6.96 60 8.59
Proteus spp. 17 6.48 17 6.11 7 4.43 41 5.87

Gram positive 36 13.74 12 4.31 6 3.79 54 7.73
Enterococcus spp. 13 4.96 11 3.95 6 3.79 30 4.29

Staphylococcus spp. 23 8.77 1 0.35 - - 24 3.43

n—number, %—percentage, BCH—Burghele Clinical Hospital, EUH—Elias University Hospital, and MCH—Mures County Hospital.

Figure 1. Distribution of the MDR uropathogens in the study centers.

Except for BCH center, where Klebsiella spp. (43.51%) surpassed E. coli (28.62%) in
prevalence, the rest of the Gram-negative uropathogens respected the distribution in all
subjects. Overall, Enterococcus spp. was the most incriminated Gram-positive bacterial
strain, except for the BCH center, where Staphylococcus spp. surpassed it in prevalence; in
the EUH center, a single strain of MDR-Staphylococcus spp. was detected; as for the MCH
center, none of these pathogens were registered.

In terms of age-group distribution, both males and females showed an increased
prevalence at the lower pole of the distribution axis with 6.45% females and 6.68% males
in their 18–29 years. We noted a progressive increase in MDR-UTIs with every decade of
life. This highlights the correlation between age and incidence of UTIs; a high quota was
observed in seniors between 60–69, representing 24.73% in females and 30.07% in males,
with a peak of incidence in patients over 70 years old—48.28% in the overall population.
Detailed data on age-group distribution is displayed in Table 2.
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Table 2. Female and male age group distribution of the MDR uropathogens.

Age Groups (Years)
Females Males Total

n % n % n %

18–29 18 6.45 28 6.68 46 6.59
30–39 14 5.01 9 2.14 23 3.29
40–49 16 5.73 15 3.57 31 4.44
50–59 33 11.82 33 7.87 66 9.45
60–69 69 24.73 126 30.07 195 27.93
≥70 129 46.23 208 49.64 337 48.28

n—number and %—percentage.

E. coli, the most frequent microbial strain, showed the highest resistance rate (R) to
quinolones-levofloxacin—72.08%, followed by penicillin-ampicillin—66.78%, cephalosporins-
ceftazidime—60.07%, and aminopenicillins + β lactamase-amoxicillin-clavulanate—56.89%.
A good sensitivity (S) was observed for fosfomycin—83.74%, followed by amikacin—66.78%
and nitrofurantoin—39%.

Detailed information of each Gram-negative bacterial strains, including resistance and
sensitivity profiles and overall statistics, are included in Figure 2 and Table 3.

Klebsiella ranked as the second-most common uropathogen in the study. It showed
an outstanding resistance to all antibiotic classes, led by amoxicillin-clavulanate—94.61%,
followed by ceftazidime—94.23%, levofloxacin—63.84%, and amikacin—53.07%. No good
sensitivity was observed for either of the tested antibiotics. None of them showed resistance
below 10%. The lowest resistance was obtained for fosfomycin—15.75%, nitrofurantoin—
21.92%, and carbapenems—imipenem and meropenem—21.15% and 23.46%, respectively.

Figure 2. Gram-negative uropathogen resistance profiles (AG—aminoglycosides, AM + C—amoxicillin + clavulanic
ac., AMP—ampicillin, AZ—aztreonam, SF—sulfonamides, C—cephalosporins, FO—Fosfomycin, IMP—imipenem, Q—
quinolones, MER—meropenem, and NF—nitrofurantoin).

162



A
nt

ib
io

tic
s

20
21

,1
0,

52
3

Ta
bl

e
3.

G
ra

m
-n

eg
at

iv
e

ur
op

at
ho

ge
n

re
si

st
an

ce
pr

ofi
le

s.

A
nt

ib
io

ti
cs

G
ra

m
-N

eg
at

iv
e

O
rg

an
is

m
s

Is
ol

at
ed

Es
ch

er
ic

hi
a

co
li

K
le

bs
ie

ll
a

sp
p.

P
se

ud
om

on
as

ae
ru

gi
no

sa
P

ro
te

us
sp

p.
To

ta
l

R
S

N
A

R
S

N
A

R
S

N
A

R
S

N
A

R
S

N
A

n
(%

)
n

(%
)

n
(%

)
n

(%
)

n
(%

)
n

(%
)

n
(%

)
n

(%
)

n
(%

)
n

(%
)

n
(%

)
n

(%
)

n
(%

)
n

%
n

%

A
m

ik
ac

in
84

(2
9.

68
)

18
9

(6
6.

78
)

10
(3

.5
3)

13
8

(5
3.

07
)

12
0

(4
6.

15
)

2
(0

.7
6)

53
(8

8.
33

)
6

(1
0.

0)
1

(1
.6

6)
14

(3
4.

14
)

27
(6

5.
85

)
-

28
9

(4
4.

87
)

34
2

(5
3.

1)
13

(2
.0

1)
A

m
ox

ic
ill

in
-

C
la

vu
la

ni
c

ac
.

16
1

(5
6.

89
)

11
4

(4
0.

28
)

8
(2

.8
2)

24
6

(9
4.

61
)

11
(4

.2
3)

3
(1

.1
5)

-
-

-
33

(8
0.

48
)

7
(1

7.
07

)
1

(2
.4

3)
44

0
(7

5.
34

)
13

2
(2

2.
6)

12
(2

.0
5)

A
m

pi
ci

lli
n

18
9

(6
6.

78
)

6
(2

.1
2)

88
(3

1.
09

)
-

-
-

-
-

-
23

(5
6.

09
)

2
(4

.8
7)

16
(3

9.
02

)
21

2
(6

5.
43

)
8

(2
.4

6)
10

4
(3

2.
09

)
A

zt
re

on
am

-
-

-
10

8
(4

1.
53

)
3

(1
.1

5)
14

9
(5

7.
3)

18
(3

0.
0)

2
(3

.3
3)

40
(6

6.
66

)
11

(2
6.

82
)

6
(1

4.
63

)
24

(5
8.

53
)

13
7

(3
7.

95
)

11
(3

.0
4)

21
3

(5
9.

0)
Tr

im
et

ho
pr

im
/

Su
lf

am
et

ho
xa

zo
le

14
1

(4
9.

82
)

58
(2

0.
49

)
84

(2
9.

68
)

10
2

(3
9.

23
)

35
(1

3.
46

)
12

3
(4

7.
3)

7
(1

1.
66

)
1

(1
.6

6)
52

(8
6.

66
)

20
(4

8.
78

)
4

(9
.7

5)
17

(4
1.

46
)

27
0

(4
1.

92
)

98
(1

5.
21

)
27

6
(4

2.
85

)

C
ef

ta
zi

di
m

e
17

0
(6

0.
07

)
10

1
(3

5.
68

)
12

(4
.2

4)
24

5
(9

4.
23

)
14

(5
.3

8)
1

(0
.3

8)
54

(9
0.

0)
6

(1
0.

0)
0

34
(8

2.
92

)
6

(1
4.

63
)

1
(2

.4
3)

50
3

(7
8.

10
)

12
7

(1
9.

72
)

14
(2

.1
7)

Fo
sf

om
yc

in
20

(7
.0

6)
23

7
(8

3.
74

)
26

(9
.1

8)
41

(1
5.

76
)

60
(2

3.
07

)
15

9
(6

1.
15

)
-

-
-

10
(2

4.
39

)
6

(1
4.

63
)

25
(6

0.
97

)
71

(1
2.

15
)

30
3

(5
1.

88
)

21
0

(3
5.

95
)

Im
ip

en
em

2
(0

.7
)

81
(2

8.
62

)
20

0
(7

0.
67

)
55

(2
1.

15
)

13
6

(5
2.

3)
69

(2
6.

53
)

45
(7

5.
0)

6
(1

0.
0)

9
(1

5.
0)

4
(9

.7
5)

12
(2

9.
26

)
25

(6
0.

97
)

10
6

(1
6.

45
)

23
5

(3
6.

49
)

30
3

(4
7.

04
)

Le
vo

flo
xa

ci
n

20
4

(7
2.

08
)

47
(1

6.
6)

32
(1

1.
30

)
16

6
(6

3.
84

)
68

(2
6.

15
)

26
(1

0.
0)

58
(9

6.
66

)
1

(1
.6

6)
1

(1
.6

6)
24

(5
8.

53
)

10
(2

4.
39

)
7

(1
7.

07
)

45
2

(7
0.

18
)

12
6

(1
9.

56
)

66
(1

0.
24

)
M

er
op

en
em

2
(0

.7
)

86
(3

0.
38

)
19

5
(6

8.
90

)
61

(2
3.

46
)

14
5

(5
5.

76
)

54
(2

0.
76

)
42

(7
0.

0)
10

(1
6.

66
)

8
(1

3.
33

)
5

(1
2.

19
)

27
(6

5.
85

)
9

(2
1.

95
)

11
0

(1
7.

08
)

26
8

(4
1.

61
)

26
6

(4
1.

3)
N

it
ro

fu
ra

nt
oi

n
47

(1
6.

6)
11

1
(3

9.
22

)
12

5
(4

4.
16

)
57

(2
1.

92
)

38
(1

4.
61

)
16

5
(6

3.
46

)
8

(1
3.

33
)

5
(8

.3
3)

47
(7

8.
33

)
-

-
-

11
2

(1
8.

57
)

15
4

(2
5.

53
)

33
7

(5
5.

88
)

n—
nu

m
be

r,
%

—
pe

rc
en

ta
ge

;R
—

re
si

st
an

t,
S—

se
ns

it
iv

e,
an

d
N

A
—

no
ta

va
ila

bl
e.

163



Antibiotics 2021, 10, 523

The third-most frequent uropathogen, P. aeruginosa, shows almost complete resis-
tance in MDR strains to quinolones-levofloxacin—96.66%; alarmingly, a high resistance
is also observed for cephalosporins-ceftazidime—88.33%, followed by aminoglycosides-
amikacin—88.33%. Surprisingly, the resistance to carbapenems in MDR P. aeruginosa is the
highest in all pathogens for this antimicrobial class, accounting for imipenem—75% and
meropenem—70%.

Proteus spp. is considered a nosocomial uropathogen, consistently discovered in pa-
tients presenting complicated UTIs. Protea (a group of pathogens including Proteus, Providen-
tia, and Morganella spp.) are naturally resistant to colistin and nitrofurantoin and have raised
resistance to carbapenems [12]. Our study discovered lower resistance rates than other
Gram-negative bacteria, showing the highest resistance profile to ceftazidime—82.92%, fol-
lowed by amoxicillin-clavulanate—80.48%, levofloxacin—58.53%, and ampicillin—56.09%.
Relatively preserved sensitivity was observed for amikacin and meropenem—both 65.85%.

Both Gram-positive bacteria in this study make up for less than 10% of the total
strains: Staphylococcus spp.—3.43% and Enterococcus spp.—4.29%; in both cases, the highest
resistance was observed for quinolones (Staphylococcus spp.—91.66% and Enterococcus
spp.—63.33%) and penicillin (Staphylococcus spp.—83.33% and Enterococcus spp.—70.0%).

The most frequent association of antimicrobial classes involved in common MDR strains
was represented by amoxicillin-clavulanate, aztreonam, cephalosporins, and quinolones in 56
isolates (8.02%), followed by aminoglycosides, amoxicillin + clavulanate, sulfonamides, and
cephalosporins in 5.01%; penicillin, sulfonamides, and quinolones in 4.87%; and aminoglyco-
sides, amoxicillin + clavulanate, aztreonam, cephalosporins, carbapenems, and quinolones in
4.01%. Detailed outcomes of the 10th-most common MDR strain resistance patterns can be
found in Table 4.

Table 4. Most common MDR profiles.

Antibiotics n (%)

Amoxicillin + Clavulanate, Aztreonam, Cephalosporins, Quinolones 56 (8.02)
Aminoglycosides, Amoxicillin + Clavulanate, Sulfonamides, Cephalosporins 35 (5.01)

Penicillin, Sulfonamides, Quinolones 34 (4.87)
Aminoglycosides, Amoxicillin + Clavulanate, Aztreonam, Cephalosporins,

Carbapenems, Quinolones 28 (4.01)

Amoxicillin + Clavulanate, Aztreonam, Cephalosporins, Quinolones,
Nitrofurantoin 21 (3.0)

Aminoglycosides, Amoxicillin + Clavulanate, Aztreonam, Cephalosporins,
Quinolones 19 (2.72)

Aminoglycosides, Penicillin, Cephalosporins 17 (2.43)
Aminoglycosides, Sulfonamides, Cephalosporins 14 (2.0)

Penicillin, Cephalosporins, Quinolones 12 (1.71)
Aminoglycosides, Cephalosporins, Carbapenems, Quinolones 11 (1.57)

n—number and %—percentage.

The resistance profile for E. coli and Klebsiella presented similarities, as well as notice-
able differences, in the results. For E. coli, a high resistance to various combinations can be
observed, such as penicillin, sulfonamides, and quinolones (n = 34 strains); aminoglyco-
sides, aztreonam, cephalosporins, and quinolones (n = 28 strains); and aminoglycosides,
aminopenicillins + β-lactams inhibitor, aztreonam, cephalosporins, and quinolones (n = 9
strains)—Figure 3.
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Figure 3. Escherichia coli resistance profiles of MDR strains (Ag—aminoglycosides, Am + C—
aminopenicillins + β-lactams inhibitor, Az—aztreonam, C—cephalosporins, P—penicillin, Q—quinolones,
and Sf—sulfonamides).

Klebsiella spp. revealed resistance to aminoglycosides, aminopenicillins + β-lactams
inhibitor, sulfonamides, and cephalosporins (n = 33 strains), followed by aminoglyco-
sides, aztreonam, cephalosporins, and quinolones (n = 24 strains) and aminoglycosides,
aminopenicillins + β-lactams inhibitor, aztreonam, cephalosporins, carbapenems, and
quinolones (n = 18 strains)—Figure 4. E. coli proved resistant mostly to penicillin and
quinolones, while Klebsiella spp. to aminoglycosides, the aminopenicillins+ β-lactams
inhibitor, or even carbapenems.

Figure 4. Klebsiella spp. resistance profiles of MDR strains (Ag—aminoglycosides, Am + C—
aminopenicillins + β-lactams inhibitor, Az—aztreonam, C—cephalosporins, Cb—carbapenems,
Nf—nitrofurantoin, Q—quinolones, and Sf—sulfonamides).

E. coli proved resistant mostly to penicillin and quinolones, while Klebsiella spp. to
aminoglycosides, the aminopenicillins+ β -lactams inhibitor, or even carbapenems.

3. Discussion

Infections located in the urinary tract are a common cause of urological treatment
among the general population. Moreover, acquiring a bacterial strain that shows resistance
to multiple antimicrobial agents in use overlaps the primary morbidity of UTIs alone,
leading to an excessively dangerous disease that in the absence of prompt and adequate
treatment, can cause lots of problems. Due to overuse of antibiotics in various fields, such
as general medicine, veterinary, or agriculture, an alarming increase of MDR strains among
uropathogens was detected; taking into account the lack of locoregional data on MDR-UTIs
incidence and resistance patterns, results from a six-month multicenter “cross-sectional”
retrospective study are provided.
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3.1. MDR Uropathogens in Relation with Patients Age

Throughout the entire cohort of patients, one could see a general trend of progressive
growth in MDR-UTIs with every decade of life. This highlights the correlation between
age and incidence of UTIs, just like Rowe et al. [13] summarized in a literature review.
A high quota was observed in seniors between 60–69 years old, representing 24.73% in
females and 30.07% in males, with a peak of incidence in patients over 70 years old—48.28%
in the overall population. It has been shown that multiple risk factors are associated
with the prevalence of UTIs in the elderly male population, such as prostate enlargement,
urolithiasis, urinary tract neoplasia, renal failure, or urethral strictures [14,15].

In the elderly female population, various risk factors are associated with UTIs. The
studies performed by Hu et al. [16], Brown et al. [17], and a literature review from Mody
et al. [18] demonstrated that a history of UTIs during early lifetime, diabetes, functional
disability, urinary retention, presence of urinary catheters, history of urogynecology surgery
(all of them eventually combined with estrogen deficiency) are common risk factors-related
with this age category. As an exception, a spike of incidence is underlined at the lower
pole of the distribution axis; the increased number of positive MDR urine cultures in these
patients is linked to the most active sexual period in both sexes, at the end of puberty, as
Foxman B. [19] and Chu et al. [20] previously showed in their papers. It has been proven
that high frequency of sexual intercourse, use of male condoms, contraceptive diaphragms,
spermicides, and abusing some of the antimicrobials are key factors of acquiring UTIs at a
younger age [21].

3.2. Comparison of MDR Escherichia coli Patterns with Other Studies

For the most common uropathogen in the tested cohort, high resistance rates to the
most common antimicrobial agents were observed; similar results for MDR E. coli strains,
with amoxicillin R = 55.6% and nitrofurantoin R = 7.9%, were obtained by Baral et al. [22]
in 2012, while the results for ceftazidime and amikacin were R = 100% and R = 6.2%,
respectively. Dehbanipour et al. [23] performed a study in Iran in 2016 that showed an
alarming resistance in MDR E. coli to amikacin (R = 89.1%) higher than our findings and
with an even higher difference compared to nitrofurantoin (R = 85.9%). The same paper
admitted increasing resistance to carbapenems (meropenem), while we observed a still
very low resistance in this group—R = 0.7%—both to imipenem and meropenem.

In terms of MDR patterns, E. coli showed the highest one to penicillin and quinolones;
the last one appeared in almost all MDR E. coli patterns. Linhares et al. [24] developed
a similar study in 2015 in Aveiro, Portugal analyzing 4376 MDR uropathogens strains,
searching for resistance patterns in MDR microorganisms; the report highlighted the
highest resistance to the combination of penicillin, sulfonamides, and quinolones with
12.6%, followed by cephalosporins, nitrofurans, and penicillin with 7.8%; cephalosporins,
penicillin, and sulfonamides in 6.6%; and cephalosporins, penicillin, quinolones, and
sulfonamides with 6.0%. Contrary to the Portuguese research, the current findings suggest
an increasing resistance for aminopenicillins and aminoglycosides in the tested MDR
strains. A recent study from Iasi, Romania, conducted in early 2020 [25], obtained similar
locoregional results, highlighting an increasing resistance to carbapenems. Surprisingly,
the tested strains showed good sensitivity to fosfomycin (S = 83.74%); similar findings
were reported by Sultan et al. in 2014 [26]. His study analyzed the resistance rates among
uropathogens, especially MDR strains, highlighting 100% sensitivity to this drug from
ESBL and non-ESBL Enterobacteriaceae, Staphylococcus aureus, and Enterococcus fecalis.

3.3. Comparison of MDR Klebsiella Patterns with Other Studies

Klebsiella spp. is the Gram-negative bacteria ranked as the second-most frequent
uropathogen in MDR-UTIs but the first in terms of resistance, as previously shown. Mishra
et al. [27] published in 2013 extensive research on 996 MDR uropathogen strains sampled
from hospitalized patients that were tested for common antibiotics in three different time
phases. High rates of resistance were observed for Klebsiella spp. to multiple antibiotic
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classes. The Indian study highlighted higher resistance in 2013 compared to our results
for amikacin (R = 65%, 76%, and 79%); trimethoprim-sulfamethoxazole (R = 66%, 69%,
and 78%); and nitrofurantoin (R = 69%, 71%, and 76%), while, for amoxicillin-clavulanate
(R = 54%, 67%, and 76%); ceftazidime (R = 64%, 69%, and 73%); and levofloxacin (R = 47%,
49%, and 53%), better sensitivity in all three phases was observed, contrary to our results.

One can see that, for both E. coli and Klebsiella spp., the two most common uropathogens
in MDR strains, an alarmingly increased resistance for beta-lactams and fluoroquinolones
has been reported by many researchers. Various mechanisms of resistance—such as enzy-
matic inactivation, target modification, reduced permeability reduction, or active efflux,
are cited for the beta-lactams [28]. For fluoroquinolones, chromosomal mutations altering
target enzymes DNA gyrase and topoisomerase IV or activating the efflux systems and
pumping drugs out of the cytoplasm, concomitant with the loss of porin channels for drug
entry [29], are key factors in the resistance patterns. Numerous studies have highlighted
the increasing resistance to beta-lactams (penicillin, aminopenicillins, and cephalosporins)
and—even if numbers are still low—a continuous growth for carbapenems [30] for all
uropathogens (especially for E. coli and Klebsiella spp. [31–33]). The same can be stated in
regard to quinolones [34,35].

Thus, a careful administration for both antimicrobial classes is recommended, always
considering the locoregional studies on antimicrobial resistance patterns. The European
Guidelines on Urological Infections [10] also suggest similar cautiousness.

3.4. How MDR Strains Modify Our Daily Practice in UTIs

According to the European Association of Urology [10], the primal evaluation of a
patient suspecting an UTI imposes an empiric antibiotic treatment, taking into account
locoregional patterns of resistance, followed by the collection of urine specimens for
uroculture; the antibiogram will later conduct the definitive treatment of the specific
UTI. In suspected cases of MDR microorganisms, a careful decision on recommending an
antibiotic should be made.

A recent study from Germany conducted by Bischoff et al. [36] that was following the
empiric antibiotic therapy in UTIs in patients with risk factors for resistant uropathogens
noticed that, in patients with two or more risk factors, the lowest susceptibility was
represented by quinolones-ciprofloxacin (S = 51.8%). A second-generation cephalosporin-
cefuroxime (S = 53.7%) followed, then a third-generation cephalosporin-cefpodoxime
(S = 60.7%), a wide broad-spectrum penicillin with a beta lactamase inhibitor-piperacillin/
tazobactam (S = 75.0%), an aminoglycoside-gentamycin (S = 75.0%), another third-generation
cephalosporin-ceftazidime (S = 76.8%), and the highest susceptibility was reported for
carbapenems-imipenem (S = 91.1%). Another recent study from Italy published by
Gasperini et al. [37] concerning MDR UTI bacteria in geriatric population also high-
lighted the increased uropathogen resistance for quinolones-levofloxacin (R = 80.0%)
and ciprofloxacin (R = 55.3%); cephalosporins-cefepime, cefotaxime, and ceftazidime
(R = 45.8%, 59.4%, and 51.6%, respectively); and aminopenicillin with beta lactamase
inhibitor-amoxicillin/clavulanic acid (R = 50.0%) was noted. Favorable sensitivity patterns
for aminoglycosides-amikacin (R = 9.4%) and carbapenems-meropenem (R = 8.5%) were
also noted.

All this data endorses the presented results, as this study observed the highest resis-
tance for quinolones, cephalosporins, and aminopenicillins; intermediate resistance was
noted for amikacin; and confined sensitivity was observed for carbapenems, although not
enough ubiquitous testing in all three centers was conducted for this drug class. Surpris-
ingly, promising sensibility was noted for fosfomycin; this “old forgotten drug”, as Bradley
J Gardiner [38] referred to it in a study from early 2019 concerning the resistance patterns
for nitrofurantoin and fosfomycin, could be an effective alternative for these patients,
especially in uncomplicated UTIs.
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Although fosfomycin is both a safe and effective drug in the management of the
empiric treatment of a UTI, as MDR strains breed complicated features, its efficiency and
usage must be limited to cystitis.

When a MDR uropathogen is suspected in complicated UTIs, the only viable treatment
is represented by carbapenems.

3.5. Limitations

The impossibility of determining each bacterial species’ genus in all involved centers is
the major limitation of the study. It would have been helpful if the minimal inhibitory con-
centration of each drug was measured, providing a better understanding of the resistance
dynamics in each of the tested strains. The clinical information of every patient was not
available, especially in the ambulatory patients, to allow a correlation between resistance
profiles and risk factors, plus medical history. One of the study’s primary limitations was
represented by the lack of assessment of the risk factors contributing to the emerging of
multidrug resistance, resulting in the impossibility of suggesting specific recommendations.
Considering that the study was performed only in tertiary-care hospitals where patients
with more severe pathology are managed, this could represent a risk of selection bias.

All the aforementioned would have improved the accuracy of the recommendations
that would eventually reduce acquiring MDR bacteria.

4. Materials and Methods
4.1. Study Design and Sample Population

This descriptive “cross-sectional” retrospective study was conducted at three different
clinical hospitals in two University centers: “Prof Dr. Th Burghele” Clinical Hospital (BCH)
and Elias University Hospital (EUH) from Bucharest, Romania and Mures County Hospital
(MCH) from Targu Mures, Romania. The data collection was conducted for six months,
between 1 September 2018 and 28 February 2019.

Urine probes from 15,231 patients were collected for bacterial analysis, out of which
3444 (22.61%) presented positive urine cultures with more than 105 CFU/mL and 698
(4.58%) showed criteria of MDR-UTIs. The representative diagram of patient dynamics is
illustrated in Figure 5.

Figure 5. Diagram of the screened and enrolled patients in the study.

Information on age, sex, and social–demographic status were registered for each
patient; both hospitalized and ambulatory treated patients were considered for this study;
thus, an exhaustive medical history for the second group was not available.

4.2. Inclusion and Exclusion Criteria

The inclusion criteria:

1. Positive urine culture ≥ 105 CFU/mL;
2. Single bacteria strain on urine culture;
3. Age ≥ 18 years;

168



Antibiotics 2021, 10, 523

4. Standards of MDR-UTIs (nonsusceptible uropathogen to one or more antibiotic agents
in three or more antimicrobial categories).

The exclusion criteria:

1. Urine culture < 105 CFU/mL;
2. Two or more bacterial strains on uroculture;
3. No requirements of admission into the MDR group;
4. Presence of permanent urinary catheter (>1 month).

4.3. Sample Collection, Bacterial Culture, Identification of Uropathogens, and Antibiotic
Susceptibility Test

The European and Romanian Association of Urology guidelines [10,39] on urological
infections are followed to treat UTIs among patients from all clinics. In each case, a
minimum 7–10 days were considered between the last antibiotic treatment and urine
sampling for proper microbiological testing.

International Safety Standards [40] were followed for urine collecting techniques.
After inoculation and incubation, microorganisms were identified based on specific Gram
reactions, morphology, and biochemical characteristics. In all cases, the Clinical Laboratory
Standard Institute (CLSI) [41] guidelines were followed for a comprehensive determination
of sensitivity and resistance rates for each of the antibiotics tested to obtain the antibiogram.

Bacterial culture, the identification of uropathogens, and the antibiotic susceptibility
test used were previously described in more detail [3,4,11].

4.4. Statistical Analysis

Data analysis was conducted using Microsoft Excel software (version 2020, Microsoft
Corporation, Redmond, WA, USA); simple descriptive statistics were calculated. The
relations of the variables were analyzed using frequency and percentage.

5. Conclusions

The current study acknowledged E. coli as the most common urinary pathogen among
the MDR bacteria involved in UTIs among hospitalized and ambulatory patients. The
incidence of MDR-UTIs increases with age distribution, peaking among the over 70 years
old group of patients. In both the Gram-negative and Gram-positive groups, the highest
resistance was noted for quinolones and β-lactams; alarmingly, the resistance to carbapen-
ems rose, peaking with P. aeruginosa. Overall, the most common MDR resistance profiles
were associated with aminopenicillins, quinolones, and cephalosporins. Together, E. coli
and Klebsiella represented more than three-quarters of the identified MDR strains.

As MDR in urological infections are evolving, we strongly recommend the surveillance
of resistance profiles and assessing the risk factors. A proper antibiotic administration pol-
icy should be implemented considering new MDR resistance data entailing the locoregional
results.
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antimicrobial resistance spectrum of uropathogens in a Romanian male population. Microorganisms 2020, 8, 848. [CrossRef]
[PubMed]

4. Petca, R.-C.; Mares, , C.; Petca, A.; Negoit,ă, S.; Popescu, R.-I.; Bot, , M.; Barabás, E.; Chibelean, C.B. Spectrum and Antibiotic
Resistance of Uropathogens in Romanian Females. Antibiotics 2020, 9, 472. [CrossRef] [PubMed]

5. Sanchez, G.V.; Master, R.N.; Karlowsky, J.A.; Bordon, J.M. In vitro antimicrobial resistance of urinary Escherichia coli isolates
among US outpatients from 2000 to 2010. Antimicrob. Agents Chemother. 2012, 56, 2181–2183. [CrossRef] [PubMed]

6. Medina, M.; Castillo-Pino, E. An introduction to the epidemiology and burden of urinary tract infections. Ther. Adv. Urol. 2019,
11, 1756287219832172. [CrossRef] [PubMed]

7. Furuya, E.; Lowy, F. Antimicrobial-resistant bacteria in the community setting. Nat. Rev. Microbiol. 2006, 4, 36–45. [CrossRef]
[PubMed]

8. Tenney, J.; Hudson, N.; Alnifaidy, H.; Li, J.T.C.; Fung, K.H. Risk factors for aquiring multidrug-resistant organisms in urinary
tract infections: A systematic literature review. Saudi Pharm. J. 2018, 26, 678–684. [CrossRef] [PubMed]

9. Magiorakos, A.P.; Srinivasan, A.; Carey, R.B.; Carmeli, Y.; Falagas, M.E.; Giske, C.G.; Harbarth, S.; Hindler, J.F.; Kahlmeter, G.;
Olsson-Liljequist, B.; et al. Multidrug-resistant, extensively drug-resistant and pandrug-resistant bacteria: An international expert
proposal for interim standard definitions for acquired resistance. Clin. Microbiol. Infect. 2012, 18, 268–281. [CrossRef] [PubMed]

10. Bonkat, G.; Bartoletti, R.; Bruyere, F.; Cai, T.; Geerlings, S.E.; Köves, B.; Schubert, S.; Wagenlehner, F. EAU Guidelines on Urological
Infections; European Association of Urology: Arnhem, The Netherlands, 2018.

11. Petca, R.C.; Popescu, R.I.; Mares, C.; Petca, A.; Mehedintu, C.; Sandu, I.; Maru, N. Antibiotic resistance profile of common
uropathogens implicated in urinary tract infections in Romania. Farmacia 2019, 67, 994–1004. [CrossRef]

12. Gajdács, M.; Urbán, E. Comparative epidemiology and resistance trends of Proteae in urinary tract infections of inpatients and
outpatients: A 10-year retrospective study. Antibiotics 2019, 8, 91. [CrossRef]

13. Rowe, T.A.; Juthani-Mehta, M. Urinary tract infection in older adults. Aging Health 2013, 9, 519–528. [CrossRef]
14. Alpay, Y.; Aykin, N.; Korkmaz, P.; Gulduren, H.M.; Caglan, F.C. Urinary tract infections in the geriatric patients. Pak. J. Med. Sci.

2018, 34, 67–72. [CrossRef]
15. Rodriguez-Mañas, L. Urinary tract infections in the elderly: A review of disease characteristics and current treatment options.

Drugs Context 2020, 9. [CrossRef]
16. Hu, K.K.; Boyko, E.J.; Scholes, D.; Normand, E.; Chen, C.L.; Grafton, J.; Fihn, S.D. Risk factors for urinary tract infections in

postmenopausal women. Arch. Intern. Med. 2004, 164, 989–993. [CrossRef]
17. Brown, J.S.; Vittinghoff, E.; Kanaya, A.M.; Agarwal, S.K.; Hulley, S.; Foxman, B. Heart and Estrogen/Progestin Replacement

Study Research Group. Urinary tract infections in postmenopausal women: Effect of hormone therapy and risk factors. Obstet.
Gynecol. 2001, 98, 1045–1052. [CrossRef]

18. Mody, L.; Juthani-Mehta, M. Urinary tract infections in older women: A clinical review. JAMA 2014, 311, 844–854. [CrossRef]
19. Foxman, B. Epidemiology of urinary tract infections: Incidence, morbidity, and economic costs. Am. J. Med. 2002, 113 (Suppl. 1A),

5S–13S. [CrossRef]
20. Chu, C.M.; Lowder, J.L. Diagnosis and treatment of urinary tract infections across age groups. Am. J. Obstet. Gynecol. 2018, 219,

40–51. [CrossRef]

170



Antibiotics 2021, 10, 523

21. Lema, V.M.; Lema, A.P.V. Sexual activity and the risk of acute uncomplicated urinary tract infection in premenopausal women:
Implications for reproductive health programming. Obstet. Gynecol. Int. J. 2018, 9, 00303. [CrossRef]

22. Baral, P.; Neupane, S.; Marasini, B.P.; Ghimire, K.R.; Lekhak, B.; Shrestha, B. High prevalence of multidrug resistance in bacterial
uropathogens from Kathmandu, Nepal. BMC Res. Notes 2012, 5, 38. [CrossRef] [PubMed]

23. Dehbanipour, R.; Rastaghi, S.; Sedighi, M.; Maleki, N.; Faghri, J. High prevalence of multidrug-resistance uropathogenic
Escherichia coli strains, Isfahan, Iran. J. Nat. Sci. Biol. Med. 2016, 7, 22–26. [CrossRef] [PubMed]

24. Linhares, I.; Raposo, T.; Rodrigues, A.; Almeida, A. Incidence and diversity of antimicrobial multidrug resistance profiles of
uropathogenic bacteria. Biomed Res. Int. 2015, 2015, 354084. [CrossRef] [PubMed]

25. Manciuc, C.; Mihai, I.F.; Filip-Ciubotaru, F.; Lacatusu, G.A. Resistance profile of multidrug-resistant urinary tract infections and
their susceptibility to carbapenems. Farmacia 2020, 68, 715–721. [CrossRef]

26. Sultan, A.; Rizvi, M.; Khan, F.; Sami, H.; Shukla, I.; Khan, H.M. Increasing antimicrobial resistance among uropathogens: Is
fosfomycin the answer? Urol. Ann. 2015, 7, 26–30. [CrossRef]

27. Mishra, M.P.; Debata, N.K.; Padhy, R.N. Surveillance of multidrug resistant uropathogenic bacteria in hospitalized patients in
Indian. Asian Pac. J. Trop. Biomed. 2013, 3, 315–324. [CrossRef]

28. Padmini, N.; Ajilda, A.A.K.; Sivakumar, N.; Selvakumar, G. Extended spectrum β-lactamase producing Escherichia coli and
Klebsiella pneumoniae: Critical tools for antibiotic resistance pattern. J. Basic Microbiol. 2017, 57, 460–470. [CrossRef]

29. Martínez-Martínez, L.; Pascual, A.; García, I.; Tran, J.; Jacoby, G. Interaction of plasmid and host quinolone resistance. J. Antimicrob.
Chemother. 2003, 51, 1037–1039. [CrossRef]

30. Shahbazi, S.; Asadi Karam, M.R.; Habibi, M.; Talebi, A.; Bouzari, S. Distribution of extended-spectrum β-lactam, quinolone
and carbapenem resistance genes, and genetic diversity among uropathogenic Escherichia coli isolates in Tehran, Iran. J. Glob.
Antimicrob. Resist. 2018, 14, 118–125. [CrossRef]

31. Toner, L.; Papa, N.; Aliyu, S.H.; Dev, H.; Lawrentschuk, N.; Al-Hayek, S. Extended-spectrum beta-lactamase producing
Enterobacteriaceae in hospital urinary tract infections: Incidence and antibiotic susceptibility profile over 9 years. World J. Urol.
2016, 34, 1031–1037. [CrossRef]

32. Sbiti, M.; Lahmadi, K.; Louzi, L. Profil épidémiologique des entérobactéries uropathogènes productrices de bêta lactamases à
spectre élargi. Pan. Afr. Med. J. 2017, 28, 29. [CrossRef]

33. Grude, N.; Tveten, Y.; Kristiansen, B.E. Urinary tract infections in Norway: Bacterial aetiology and susceptibility. A retrospective
study of clinical isolates. Clin. Microbiol. Infect. 2001, 7, 543–547. [CrossRef]

34. Corkill, J.E.; Anson, J.J.; Hart, C.A. High prevalence of the plasmid-mediated quinolone resistance determinant qnrA in multidrug-
resistant Enterobacteriaceae from blood cultures in Liverpool, UK. J. Antimicrob. Chemother. 2005, 56, 1115–1117. [CrossRef]

35. Jacoby, G.A.; Walsh, K.E.; Mills, D.M.; Walker, V.J.; Oh, H.; Robicsek, A.; Hooper, D.C. qnrB, another plasmid-mediated gene for
quinolone resistance. Antimicrob. Agents Chemother. 2006, 50, 1178–1182. [CrossRef]

36. Bischoff, S.; Walter, T.; Gerigk, M.; Ebert, M.; Vogelmann, R. Empiric antibiotic therapy in urinary tract infection in patients with
risk factors for antibiotic resistance in a German emergency department. BMC Infect. Dis. 2018, 18, 56. [CrossRef]

37. Gasperini, B.; Cherubini, A.; Lucarelli, M.; Espinosa, E.; Prospero, E. Multidrug-resistant bacterial infections in geriatric
hospitalized patients before and after the COVID-19 outbreak: Results from a retrospective observational study in two geriatric
wards. Antibiotics 2021, 10, 95. [CrossRef]

38. Gardiner, B.J.; Stewardson, A.J.; Abbott, I.J.; Peleg, A.Y. Nitrofurantoin and fosfomycin for resistant urinary tract infections: Old
drugs for emerging problems. Aust. Prescr. 2019, 42, 14–19. [CrossRef]

39. Benea, E.O.; Gavriliu, L.C.; Popescu, C.; Popescu, G.A. Ghidul Angelescu. Terapie Antimicrobiana 2018, 3rd ed.; Editura Bucuresti:
Bucharest, Romania, 2018; pp. 181–192.

40. World Health Organization. Guidelines for the Collection of Clinical Specimens during Field Investigation of Outbreaks; World Health
Organization: Geneva, Switzerland, 2000; pp. 1–51.

41. Clinical and Laboratory Standards Institute®(CLSI). M 100 Performance Standards for Antimicrobial Susceptibility Testing,
28th ed. Available online: https://clsi.org/standards/products/microbiology/documents/m100/ (accessed on 10 May 2020).

171





antibiotics

Article

Short-Course Versus Long-Course Colistin for Treatment of
Carbapenem-Resistant A. baumannii in Cancer Patient

Wasan Katip 1,2,* , Suriyon Uitrakul 3 and Peninnah Oberdorfer 2,4

Citation: Katip, W.; Uitrakul, S.;

Oberdorfer, P. Short-Course Versus

Long-Course Colistin for Treatment of

Carbapenem-Resistant A. baumannii

in Cancer Patient. Antibiotics 2021, 10,

484. https://doi.org/10.3390/

antibiotics10050484

Academic Editor: Pavel Bostik

Received: 9 March 2021

Accepted: 20 April 2021

Published: 22 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Pharmaceutical Care, Faculty of Pharmacy, Chiang Mai University,
Chiang Mai 50200, Thailand

2 Epidemiology Research Group of Infectious Disease (ERGID), Chiang Mai University,
Chiang Mai 50200, Thailand; aoberdor@med.cmu.ac.th

3 Department of Pharmaceutical Care, School of Pharmacy, Walailak University, Thai Buri 80160, Thailand;
Suriyon.ui@wu.ac.th

4 Division of Infectious Diseases, Department of Pediatrics, Faculty of Medicine, Chiang Mai University,
Chiang Mai 50200, Thailand

* Correspondence: wasankatip@gmail.com; Tel.: +66-53-944342-3

Abstract: Carbapenem-resistant Acinetobacter baumannii (CRAB) is one of the most commonly re-
ported nosocomial infections in cancer patients and could be fatal because of suboptimal immune
defenses in these patients. We aimed to compare clinical response, microbiological response, nephro-
toxicity, and 30-day mortality between cancer patients who received short (<14 days) and long
(≥14 days) courses of colistin for treatment of CRAB infection. A retrospective cohort study was
conducted in cancer patients with CRAB infection who received short or long courses of colistin
between 2015 to 2017 at Chiang Mai University Hospital (CMUH). A total of 128 patients met the
inclusion criteria. The results of this study show that patients who received long course of colistin
therapy had a higher rate of clinical response; adjusted odds ratio (OR) was 3.16 times in patients
receiving long-course colistin therapy (95%CI, 1.37–7.28; p value = 0.007). Microbiological response
in patients with long course was 4.65 times (adjusted OR) higher than short course therapy (95%CI,
1.72–12.54; p value = 0.002). Moreover, there was no significant difference in nephrotoxicity (adjusted
OR, 0.91, 95%CI, 0.39–2.11; p value = 0.826) between the two durations of therapy. Thirty-day mor-
tality in the long-course therapy group was 0.11 times (adjusted OR) compared to the short-course
therapy group (95%CI, 0.03–0.38; p value = 0.001). Propensity score analyses also demonstrated
similar results. In conclusion, cancer patients who received a long course of colistin therapy presented
greater clinical and microbiological responses and lower 30-day mortality but similar nephrotoxicity
as compared with those who a received short course. Therefore, a long course of colistin therapy
should be considered for management of CRAB infection in cancer patients.

Keywords: cancer patients; duration of treatment; colistin; propensity score analysis; multidrug-
resistant Acinetobacter baumannii

1. Introduction

Patients with cancer are at-risk of infections caused by antibiotic resistant Gram-
negative bacteria. Acinetobacter baumannii is one of the most commonly reported nosocomial
infections in cancer patients [1]. A. baumannii has been identified in patients with solid
tumors, hematological malignancies, neutropenia, and those in the Intensive Care Unit
(ICU) [2–4]. Infections caused by A. baumannii can be fatal in patients with suboptimal
immune defenses, especially cancer patients [1,2]. Moreover, the prevalence and mortality
rate of carbapenem-resistant A. baumannii (CRAB) has increased. The mortality rate of
patients with cancer and multidrug-resistant (MDR) A. baumannii infection has reached
55% [5].

Colistin treatment for Acinetobacter baumannii infection is one of the most debated
regimens [6]. Therefore, several alternative treatments are suggested, such as tigecycline,
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amikacin, and sulbactam. Tigecycline is one of the active antibiotics against CRAB and
appears to be a potential alternative therapeutic option for the treatment of CRAB [6,7].
However, tigecycline provides low concentration in plasma, and this limits its use in
blood stream infections [6]. Furthermore, tigecycline has been shown to be inferior to the
comparator drugs and has shown higher mortality rate in VAP patients [7]. For amikacin
and sulbactam, although they have shown anti-CRAB efficacy, their nephrotoxicity and
high resistance rate among CRAB limits their use [6]. Therefore, as compared with the
other drugs, colistin is still safe and effective for the treatment of CRAB infection [6].

Colistin is one of the most widely prescribed medicines for the treatment of carbapenem-
resistant A. baumannii (CRAB). It has long been acknowledged that higher consumption
of colistin resulted in higher risk of MDR bacteria, as well as higher treatment cost [6].
Theoretically, short-course treatment decreases ecological pressure and eliminates adverse
effects without affecting the outcome [8]. Nonetheless, a subgroup of ventilator-associated
pneumonia (VAP) patients who were infected with non-maturing Gram-negative microor-
ganisms had higher recurrence of pulmonary infection with the short-course (8 days)
treatment regimen than with the long-course regimen [9].

The duration of colistin treatment CRAB is typically ≥7 to 14 days [10–12]. However,
CRAB is known as a significant and difficult-to-treat pathogen with complex resistance.
This characteristic is a real challenge to all clinicians and leads to the use of colistin for
longer than 2 weeks for established infections in many patients [12].

There was a randomized, open-label, clinical trial that studied 210 patients with life-
threatening infections due to extensively drug-resistant (XDR) A. baumannii. The recruited
patients were randomly assigned to either colistin alone or colistin plus rifampicin groups.
The primary end point of the study was overall 30-day mortality. Treatment had to be
administered for at least 10 days and up to a maximum of 21 days [12].

However, the optimal treatment duration for a specific group of CRAB-infected cancer
patients still remains to be determined. Therefore, the primary objective of this study was
to compare clinical outcome, microbiological response, and nephrotoxicity between cancer
patients receiving a short course (<14 days) and long course (≥14 days) of colistin for
treatment of CRAB. The secondary objective of this study was to compare 30-day mortality
rates between patients who received short and long courses of antimicrobial therapy for
CRAB pneumonia.

2. Results

One hundred and twenty-eight cancer patients with CRAB infection were recruited
in the study; there were 84 patients in the short course and 44 patients in the long course
of colistin therapy. For median duration of therapy, the short-course group had 7 days
duration (interquartile range (IQR), 5–9 days) while the long-course group had 14 days
duration (IQR, 14–15 days). Overall, the median age was 62 years, and 78 patients (61%)
were female. The majority of infectious disease was pneumonia (72%). Patients in the
short and long courses of colistin therapy were comparable in most baseline demographics
and clinical characteristics, although the numbers of patient in both group were different
(Table 1). The number of patients who received short and long courses of colistin therapy
is shown in Figure 1.

When assessing the outcomes and toxicity of colistin therapy, Fisher’s exact test
showed that the clinical and microbiological response of CRAB infection was higher in the
long-course therapy group than in the short-course. There was no significant difference in
nephrotoxicity between both patient groups (54 cases (64.29%) in short-course group and
27 cases (61.36%) in long-course group, p value = 0.847). Moreover, the 30-day mortality of
CRAB infection was higher in the short course than in the long course of colistin therapy
group (32 (38.10%) and 5 (11.36%), respectively, p value = 0.002), as shown in Table 2.
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Table 1. Demographic and clinical characteristics of patients in short and long courses of
colistin therapy.

Characteristic Short Course (n = 84) Long Course (n = 44) p Value

Sex (no. (%) of patients)
Male 31 (36.90) 19 (43.18) 0.568
Female 53 (63.10) 25 (56.82)
Age (years), mean ± SD 61.39 ± 13.44 63.41 ± 14.22 0.431
Type of malignancy, n (%)
Solid tumor 73 (86.91) 38 (86.36) 1.000

- Lung cancer 17 (20.24) 10 (22.73)

- Brain cancer 9 (10.71) 1 (2.27)

- Liver, bile duct, and GI
cancer 10 (11.90) 3 (6.82)

- Urogenital cancer 7 (8.33) 6 (13.64)

- Colon cancer 9 (10.71) 8 (18.18)

- Bone cancer 6 (7.14) 1 (2.27)

- Head and neck cancer 6 (7.14) 4 (3.70)

- Gynecologic cancer 9 (10.71) 5 (11.36)

Hematologic malignancies 11 (13.09) 6 (13.64) 1.000

- Lymphoma 6 (7.14) 4 (9.09)

- Leukemia 5 (5.95) 2 (4.55)

Comorbidities *, n (%) 44 (52.38) 23 (52.27) 1.000

- Hypertension 20 (23.81) 13 (29.55) 0.527

- Cardiovascular disease 17 (20.24) 10 (22.73) 0.821

- Diabetes mellitus 7 (8.33) 4 (9.09) 1.000

- Chronic kidney disease 7 (8.33) 1 (2.27) 0.262

- Chronic liver disease 5 (5.95) 0 (0.00) 0.164

- Chronic obstructive
pulmonary disease 8 (9.52) 9 (20.45) 0.103

ICU status, n (%) 50 (59.52) 28 (63.64) 0.706
Septic shock, n (%) 51 (60.71) 27 (61.36) 1.000
Mechanical ventilation, n (%) 58 (69.05) 39 (88.64) 0.017
Charlson score, mean ± SD 4.14 ± 2.39) 4.32 ± 2.32 0.691
Baseline SCr, mg/dl,
median (IQR) 0.7 (0.5–1.2) 0.9 (0.5–1.6) 0.281
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Table 1. Cont.

Characteristic Short Course (n = 84) Long Course (n = 44) p Value

Baseline GFR, ml/min,
median (IQR) 94.96 (29.65–114.68) 67.6 (29.83–110.21) 0.394

Baseline GFR < 50, mL/min,
n (%) 27 (32.14) 17 (38.64) 0.557

Baseline GFR < 20, mL/min,
n (%) 16 (19.05) 7 (15.91) 0.810

Total CMS dose, g, median
(IQR) 1.68 (1.04–2.40) 3.22 (2.10–4.50) 0.001

Meropenem, n (%) 25 (29.76) 13 (29.55) 1.000
Concomitant nephrotoxic
medications **, n (%)
Aminoglycosides 3 (3.57) 3 (6.82) 0.413
Diuretics 59 (70.24) 37 (84.09) 0.131
Amphotericin B 4 (4.76) 7 (15.91) 0.046
Vasopressor 49 (58.33) 29 (65.91) 0.450
Vancomycin 38 (45.24) 30 (68.18) 0.016
Duration of IV colistin (day),
mean ± SD 7.13 ± 2.99 15.82 ± 4.10 0.001

Length of hospital stay (day),
median (IQR) 31.5 (20–52) 43.5 (35–57.5) 0.001

Source of CRAB infection,
n (%) 0.065

Pneumonia 56 (66.67) 36 (81.82)
Bacteremia 3 (3.57) 3 (6.82)
UTI 17 (20.24) 2 (4.55)
Other # 8 (9.52) 3 (6.82)
Colistin MICs, median
(min–max) 0.25 (0.094–1.5) 0.25 (0.064–1.5) 0.853

IV, intravenous; SCr, serum creatinine; GFR, glomerular filtration rate; SD, standard deviation; GI, gas-
trointestinal tract; UTI, urinary tract infection; IQR, interquartile range. * Patients with > 1 disease;
** Patients prescribed > 1 drug; # Other included intercostal drainage, surgical site infection.

Figure 1. Number of patients who received short and long courses of colistin therapy.
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Table 2. Overall outcomes and toxicity in short and long courses of colistin therapy.

Outcome Short Course (n = 84) Long Courses (n = 44) p Value

Clinical response 39 (46.43) 31 (70.45) 0.015
Microbiological response 49 (58.33) 38 (86.36) 0.001
Nephrotoxicity
(RIFLE criteria) 54 (64.29) 27 (61.36) 0.847

- Risk 17 (20.23) 10 (22.72)

- Injury 17 (20.23) 4 (9.09)

- Failure 20 (23.83) 13 (29.55)

- Loss - -

- ESRD - -

30-day mortality 32 (38.10) 5 (11.36) 0.002

Univariate and Multiple Logistic Regression Analyses of the Outcomes

The results of univariate analysis indicate significant differences in clinical response,
microbiologic response, and 30-day mortality rates between the short- and long-course
groups. Table 3 shows similar nephrotoxicity rates in both groups. However, a signifi-
cantly higher clinical response rate (odds ratio (OR), 3.16; 95% confidence interval (CI),
1.37–7.28; p value = 0.007), higher microbiological response rate (OR, 4.65; 95% CI, 1.72
to 12.54; p value = 0.002), and lower 30-day mortality rate (OR, 0.11; 95% CI, 0.03 to 0.38;
p value = 0.001) were observed in patients who received long-course therapy as compared
with short-course therapy based on multiple logistic regression analysis. However, the
nephrotoxicity rates were not different (OR, 0.91; 95% CI, 0.39 to 2.11; p value = 0.826)
(Table 3). Other predictors of clinical response were septic shock and Charlson score ≥ 4,
and the predictor of microbiological response was septic shock. Age of 60 years or more
could predict higher nephrotoxicity. Other independent risk factors for 30-day mortality
were septic shock, Charlson score ≥ 4, and baseline Scr ≥ 1 mg/dl (Table 3).

The results of propensity score analysis using inverse probability weighting with
variables associated with long-course therapy showed a significant difference in clinical re-
sponse, microbiological response, and 30-day mortality rate (p value = 0.001, p value = 0.001
and p value = 0.001, respectively, Table 3). Factors that were used in the analysis were age,
sex, vancomycin, amphotericin B, septic shock, Charlson score, comorbidities, stay in ICU
during infection, mechanical ventilation during infection, baseline serum creatinine, source
of CRAB infection, and type of malignancy.

Table 3. The outcomes of cancer patients receiving short-course and long-course colistin for CRAB infection (n = 128).

Outcome and
Variable

Univariate Analysis Logistic Regression Analysis Propensity Score Analysis
(IPW)

Crude OR 95%CI p Value Adjusted OR 95%CI for
Adjusted OR p Value OR 95%CI p Value

Clinical response
Long course

colistin therapy 2.75 1.26–5.98 0.011 3.16 1.37–7.28 0.007 1.30 1.11–1.52 0.001

Septic shock 0.35 0.16–0.74 0.006 0.30 0.13–0.68 0.004
Charlson score ≥ 4 0.39 0.19–0.79 0.010 0.34 0.16–0.74 0.006

Microbiological
response

Long course
colistin therapy 4.52 1.73–11.86 0.002 4.65 1.72–12.54 0.002 1.32 1.14–1.52 0.001

Septic shock 0.38 0.17–0.87 0.022 0.37 0.15–0.88 0.024
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Table 3. Cont.

Outcome and
Variable

Univariate Analysis Logistic Regression Analysis Propensity Score Analysis
(IPW)

Crude OR 95%CI p Value Adjusted OR 95%CI for
Adjusted OR p Value OR 95%CI p Value

Nephrotoxicity
Long course

colistin therapy 0.88 0.42–1.87 0.745 0.91 0.39–2.11 0.826 1.02 0.85–1.22 0.861

Age ≥ 60 years 1.72 0.83–3.57 0.146 2.31 1.01–5.33 0.049
30 days mortality

Long course
colistin therapy 0.21 0.07–0.58 0.003 0.11 0.03–0.38 0.001 0.73 0.65–0.83 0.001

Septic shock 6.26 2.29–17.50 0.001 6.20 1.67–23.10 0.007
Charlson score ≥ 4 4.53 1.95–10.49 0.001 7.12 2.40–21.10 0.001

Baseline Scr ≥
1 mg/dl 2.39 1.10–5.22 0.028 2.85 1.02–7.97 0.046

CI, confidence interval; ICU, intensive care unit; OR, odds ratio; IPW, inverse probability weighting.

3. Discussion

The results from this study point out that greater clinical and microbiological responses
were achieved in cancer patients who received a long-course colistin therapy compared
with a short-course. Additionally, no significant difference in nephrotoxicity rate between
the two groups was detected. Furthermore, cancer patients who received long-course
colistin therapy had lower 30-day mortality rate than the short-course. These findings
were supported by logistic regression analysis and propensity score analysis using inverse
probability weighting for both primary outcome (i.e., clinical response, microbiologic
response, and nephrotoxicity) and secondary outcome (30-day mortality).

Guidelines of antimicrobial therapy are important tools that can help clinicians to
make decisions about the duration of treatment. The optimization of antimicrobial duration
might also be an important factor for management of CRAB infection in cancer patients.
However, prior studies examining the impact of duration of antimicrobial therapy in can-
cer patients with CRAB infection remain limited. Most randomized controlled trials on
duration of antibiotic therapy do not include difficult-to-treat patients or pathogens, such
as immunocompromised patients, critically ill patients, specific infection foci, P. aeruginosa
infection, and A. baumannii infection [13]. Therefore, the optimal duration of antimicro-
bial therapy for cancer patients with CRAB infection remains uncertain and needs to
be investigated.

In some recent studies, the duration of antibiotic therapy for Acinetobacter baumannii
infection was not well defined [10–14]. In previous studies, the definition typically used
for short-course treatment was less than 10 days, while long-course treatment was typi-
cally defined as more than or equal to 10 days [15–17]. However, some studies defined
treatment of longer than 7 or 8 days as a long-course duration [9,18]. In the clinical prac-
tice guidelines by the Infectious Diseases Society of America and the American Thoracic
Society (IDSA/ATS), a 7-day course of antimicrobial therapy was strongly recommended
for hospital-acquired and ventilator-associated pneumonia rather than a longer dura-
tion, even in non-fermentative Gram-negative bacilli infection including P. aeruginosa and
A. baumannii [19]. Remarkably, A. baumannii might be one of the most debated pathogens
for antibiotic treatment duration; many clinicians usually consider continuation of antibi-
otic therapy for up to 2 weeks in many patients with established infection [10–14]. However,
using antibiotics for 14 days was classified as a long treatment duration in many studies
and guidelines [9–12,14–19]. Based on the mentioned information, especially in immuno-
compromised patients, a 14-day duration was defined as long course therapy; this cut-off
was longer than most studies but was set based on the principle of immunocompromised
status of patients [9–12,14–19]. Nevertheless, with regard to the patient distribution, where
approximately 70% of patients in the long-course group received 14 days of treatment, the
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effect on the 14-day patients could dominate the effect of other patients. This, therefore,
should be considered because the results might be altered if another cut-off were used.

The difference in duration of treatment between 8 and 15 days was analyzed by
subgroup in a randomized controlled trial that was conducted in 401 patients with VAP.
There was no significant difference in 28-day mortality rate between the two groups with
non-fermentative Gram-negative bacilli; the 8-day group had 23.4% and the 15-day group
had 30.2% 28-day mortality rates (−6.8% difference; 90% CI: −17.5–4.1). Likewise, no
significant difference was observed in clinical response. However, in the 8-day group,
the rate of recurrent pulmonary infection was higher than in the other group: 40.6% and
25.4%, respectively (15.2% difference; 90% CI: 3.9–26.6) [9]. Therefore, longer antibiotic
therapy might be necessary and should be considered in patients with VAP caused by
non-fermentative Gram-negative bacilli (1.7% was A. baumannii) [9].

Multiple logistic regression and propensity score analysis showed that patients in this
study who received a long course of colistin were more likely than those who received a
short course to experience clinical response (61% and 26%, respectively; p value = 0.005)
and microbiological response (61% and 34%, respectively; p value = 0.013). These data
further support the notion that longer colistin therapy is highly useful in the treatment of
MDR A. baumannii in cancer patients.

The results of this study were consistent with the retrospective study by Nelson et al. [20]
that included 117 patients with a short course and 294 patients with a long course of an-
timicrobial therapy (median duration of 8.5 and 13.3 days, respectively) for uncomplicated
Gram-negative bloodstream infection. The propensity score adjusted risk of treatment
failure was higher in patients with a short course of antimicrobial agents compared with a
long course (HR 2.60, 95% CI: 1.20–5.53, p value = 0.02). Moreover, the compromised im-
mune status was found to be a risk factor for treatment failure (HR 4.30, 95% CI: 1.57–10.80,
p value = 0.006). However, the abovementioned study was not conducted using a spe-
cific treatment for A. baumannii infection, so this result might not be applicable in this
pathogen [20].

Another study by Hachem et al. [21] evaluated the efficacy of colistin in cancer
patients, mostly patients with hematological malignancy treated for multidrug-resistant
Pseudomonas aeruginosa infection; it was found that clinical cure rate was 61% and median
treatment duration of colistin was 20 days (range from 5–58). However, the objective of
this study was not to investigate duration of treatment, so the result found for duration in
the Hachem et al. [21] study could not indicate a suitable duration of treatment.

Nazer et al. [22] described that microbiological clearance was observed in 51 patients
(66.2%) on day 13 ± 9 (mean ± SD) after starting colistin therapy. They found that 35
out of 89 patients with cancer and CRAB infection (39.3%) met the RIFLE criteria for
nephrotoxicity, with a mean of 9 ± 7 days from the initiation of colistin therapy. Duration
of IV colistin was 15.8 ± 11 days (mean ± SD). However, the mentioned study was not
designed to compare the courses of antibiotic therapy, so there was no control group for
comparison [22].

Theoretically, in cases where a patient has good clinical response without clinical
features of infection, the duration of antibiotic therapy should be shortened from the
traditional 14–21 days (long course) to a period as short as 7 days (short course) because
a short-course therapeutic approach can reduce ecological pressure and diminish side
effects. However, cancer patients with CRAB in this recent study had lower clinical and
microbiological responses when using a short-course treatment regimen. There were
several reasons for the requirement of a long course (>14 days) of antibiotic therapy in
CRAB-infected patients. First, one of the potential causes of delayed eradication of CRAB
from the body might be attributed to chemotherapy administration, which diminishes
neutrophil function [23]. Since neutrophils have several essential roles in host resistance
to respiratory infection from many organisms as well as from A. baumannii [24], cancer
patients infected with CRAB should considered for longer antibiotic therapy. Secondly,
antibacterial therapy aims to reduce the number of bacteria, but in most cases, antibacterial
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efficacy relies on the immune system to eliminate bacteria completely. However, patients
with malignancy can sometimes have neutropenia and lack of the defense mechanisms that
are present in patients with intact immune systems. Therefore, a higher pharmacokinetic
(PK)–pharmacodynamic (PD) target and longer antibiotic therapy may be required in
immunosuppressed patients such as cancer patients. This hypothesis is supported by
the neutropenic mouse thigh model, where it was found that neutropenia increased the
required magnitude of PK/PD index by 50% to 100% (i.e., 1.5–2.0-fold) [25,26].

The poor outcomes reported in this study might be caused by underlying malignant
diseases in patient population, but there were also other potential contributing factors. After
adjusting the potential confounders, other predictors of clinical response were detected,
including septic shock (OR, 0.3; 95% CI, 0.13 to 0.68; p value = 0.004) and Charlson score ≥ 4
(OR, 0.34; 95% CI, 0.16 to 0.74; p value = 0.006), and the predictor of microbiological
response was septic shock (OR, 0.37; 95% CI, 0.15 to 0.88; p value = 0.024). The other
independent risk factors for 30-day mortality were septic shock (OR, 6.20; 95% CI, 1.67 to
23.10; p value = 0.007), Charlson score ≥ 4 (OR, 7.12; 95% CI, 2.40 to 21.10; p value = 0.001),
and baseline Scr ≥ 1 mg/dl (OR, 2.85; 95% CI, 1.02 to 7.97; p value = 0.046).

In the present study, 54 (64.29%) and 27 (61.36%) patients developed nephrotoxicity
during short course and long course therapy (p value = 0.847), respectively. The incidence
of nephrotoxicity observed in this study was within the range that has been reported
in previous studies, ranging from 20% to 69% [27–29]. The other factor that was found
correlated with nephrotoxicity was age equal or greater than 60 years (OR, 2.31; 95%CI,
1.01–5.33).

Regarding antimicrobial stewardship, reducing the length of antibiotic course might
be effective in reducing antibiotic resistance through the abovementioned mechanism.
However, this study observed higher rates of clinical and microbiological response, similar
nephrotoxicity, and a lower rate of 30-day mortality in the long-course therapy than in short-
course therapy. Therefore, in the specific group of cancer patients with CRAB infection,
consideration of longer treatment was necessary.

This study differed from other previously reported studies since all patients here
had underlying cancer. Eighty-six percent of the patients had solid tumor, and the rest
had hematologic malignancy. Additionally, all patients in this study had CRAB infection
without any other infections.

There were some limitations in this study. Firstly, the methodology of this study
was retrospective, which could possibly have allowed unknown variables to affect the
results. However, sensitivity analysis was used to adjust for the suspected confounding
factors, and the obtained results still led to the same conclusion. Secondly, in a previous
prospective study, the incidence of acute kidney injury (AKI) during therapy was strongly
correlated with baseline renal function and plasma colistin concentration. Patients with
a higher creatinine clearance (CLCR) had higher rates of AKI than those with a lower
CLCR [30]. As this study did not measure plasma colistin concentration, there was a lack
of pharmacokinetic information, which was considered one of limitations of this study.
However, therapeutic drug monitoring, especially for colistin, is not routinely performed
in clinical practice in Thailand. RIFLE criteria were therefore used to assess nephrotoxicity
outcome. The baseline renal functions were not significantly different between short- and
long-course treatment groups. Moreover, logistic regression analysis and propensity score
analysis using inverse probability weighting with variables associated with long-course
therapy were performed to adjust any variables that were different between short- and long-
course treatment groups. Thirdly, this study did not describe the type of chemotherapy
that patients might have been administered, so the results of this study should be carefully
interpreted based on cancer patient status. Fourthly, this study did not explore patient
blood counts, which might affect the outcomes.
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4. Materials and Methods

This retrospective cohort study was conducted at Chiang Mai University Hospital
(CMUH), Chiang Mai, Thailand, from January 2015 to August 2017. The methodology
was approved by the ethics committee on human research of the Faculty of Medicine,
Chiang Mai University, with a waiver of informed consent for retrospective data collection
under the condition of anonymously stored data collected. Medical chart records and
microbiology laboratory data of cancer patients with CRAB infection were reviewed. The
criteria used to identify and classify infection were outlined by the Center for Disease
Control and Prevention (CDC) [31]. The inclusion criteria were age equal or greater than
18 years, colistin treatment for more than 2 days for documented CRAB infection, and
receipt of only one course of colistin treatment. The exclusion criteria were the presence
of other types of Gram-negative infection, and treatment with hemodialysis or renal
replacement therapy. The primary exposure was duration of antibiotic treatment, divided
into short-course and long-course therapy. The first day of colistin therapy was defined as
the day that CRAB cultures were obtained. Short-course antimicrobial therapy was defined
as a total duration of colistin <14 days after the first day. Long-course therapy was defined
as a total duration of colistin ≥14 days after the first day. The duration was the first day of
intravenous colistin use until fully discontinuation.

The following information was collected: age, sex, type and site of malignancy, co-
morbidities, dates of admission and discharge, medical history, ICU admission, the need
for mechanical ventilation, Charlson score, previous nosocomial infection, clinical course,
length of hospital stay, and hospital discharge diagnosis. Data on positive bacterial cul-
tures, antibiotic susceptibilities, colistin minimum inhibitory concentration (MIC), source
of CRAB infection, subsequent culture results, and the duration of colistin therapy were
also collected. Side effects related to colistin, baseline serum creatinine, baseline GFR, total
colistin dose, and the development of septic shock during the evolution of CRAB infection
were recorded, as well as the concomitant nephrotoxic medications that could potentially
cause nephrotoxicity, hospital discharge diagnosis, outcome, nephrotoxicity (base on RIFLE
criteria), and 30-day mortality.

CRAB was defined as A. baumannii that was resistant to carbapenems but sensitive to
colistin. Dosage of antibiotic regimens was based on the respective hospital guidelines: LD
colistin 300 mg of colistin base activity (CBA) once at the start of treatment course and then
150 mg of CBA every 12 h. Colistin administration was adjusted according to renal function.
Dose and interval were adjusted according to Cockcroft and Gault creatinine clearance
estimates if patients had moderate-to-severe renal impairment (creatinine clearance rate,
<50 mL/min). For example, a loading dose of 300 mg followed by maintenance dose of
150! mg CBA every 24 h was administered for creatinine clearance rate of 20–50 mL/min,
or 150 mg CBA every 48 h was administered for creatinine clearance rate of <20 mL/min.

4.1. Outcome Assessment

Three primary outcomes in this study were clinical response, microbiological response,
and nephrotoxicity after treatment. Clinical response of treatment was assessed by reso-
lution or partial resolution of the present symptoms and signs of CARB infection at the
end of colistin treatment. Patients who failed to achieve all criteria for clinical response
were defined as clinical failures. Microbiological response was defined as obtaining two
consecutive negative CARB cultures from the site of infection after the initial positive cul-
ture, whereas microbiological failure was defined as persistence of CARB in the subsequent
specimen cultures. Renal toxicity was defined as detection of any stage of acute kidney
injury outlined in the RIFLE classification [32]. The secondary outcome of the study was
30-day mortality, which was defined as death within 30 days after initial colistin treatment
for CARB infection.
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4.2. Antimicrobial Susceptibility Testing

A. baumannii was discovered using traditional cultures and biochemical methods at
CMUH’s Clinical Microbiology Division. The Clinical and Laboratory Standards Institute
(CLSI) protocol [33] was used to assess antimicrobial susceptibility. Antibiotic susceptibility
to A. baumannii was determined using the VITEK 2 method, and colistin susceptibility
was determined using broth microdilution, with resistance identified as a colistin MIC
breakpoint >2 mg/L. The Vitek 2 system (bioMerieux, Marcy I ‘Etoile, France) is a fully
automated system that uses a fluorogenic approach to identify organisms and a turbidi-
metric process to assess susceptibility. Antimicrobial susceptibility testing with VITEK 2
demonstrated high compliance with standard methods for evaluating antimicrobial MICs,
with a time benefit of hours to days and increased reproducibility [34,35].

4.3. Statistical Analysis

Stata 14 software was used to analyze all of the results (Stata-Corp, College Sta-
tion, TX, USA). The duration of colistin therapy was mainly compared between the two
treatment groups.

General characteristics and basic information of patients were analyzed with descrip-
tive statistics, including percentage, frequency, average, and standard deviation. Using
Fisher’s exact test, the average comparison case of sample basic data and the average of
other statistical methods was the independent t test when data were distributed normally,
and the Mann–Whitney U test when data were not normally distributed. The signifi-
cance level was set as 0.05. Fisher’s exact test was used to compare differences in rates of
clinical response, microbiologic response, nephrotoxicity, and 30-day mortality between
short-course and long-course colistin therapy.

Furthermore, factors that might affect the four outcomes, i.e., clinical response, mi-
crobiologic response, nephrotoxicity, and 30-day mortality, were adjusted using logistic
regression. The evaluated factors included age, comorbidities, stay in an intensive care unit
(ICU) during infection, course of colistin therapy, septic shock, Charlson score, baseline
serum creatinine, type of malignancy, mechanical ventilation during infection, type of
nephrotoxic medication, and source of CRAB infection. Firstly, univariate analysis was
performed to evaluate the predictive effect of each factor. Next, any factors with a p value
of < 0.25 from univariate test were included in a full multiple logistic model. Lastly, factors
were removed from the model one at a time until all factors remaining in the model had 5%
significance level, except that course of colistin therapy remained in the model, regardless
of its p value.

For sensitivity analysis, a propensity score for courses of colistin therapy and estimated
ORs with inverse probability weighting methods was developed using variables likely
to influence the outcomes of both primary outcome (i.e., clinical response, microbiologic
response and nephrotoxicity) and secondary outcome (30-day mortality).

5. Conclusions

The results of this study suggest that a long course of colistin was preferred in the
treatment of CRAB infection in a cancer population, based on higher rates of clinical and
microbiological response. Furthermore, cancer patients who received a long course of
colistin had a lower 30-day mortality rate but the same nephrotoxicity rate. A long course
of colistin therapy, therefore, should be considered for the management of CRAB infection
in cancer patients.
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Abstract: Carbapenem-resistant Klebsiella pneumoniae (CR-Kp) and Acinetobacter baumannii (CR-Ab)
represent important cause of severe infections in intensive care unit (ICU) patients. N-Acetylcysteine
(NAC) is a mucolytic agent with antioxidant and anti-inflammatory properties, showing also in-
vitro antibacterial activity. Aim was to evaluate the effect on 30-day mortality of the addition of
intravenous NAC to antibiotics in ICU patients with CR-Kp or CR-Ab septic shock. A retrospective,
observational case:control study (1:2) in patients with septic shock caused by CR-Kp or CR-Ab
hospitalized in two different ICUs was conducted. Cases included patients receiving NAC plus
antimicrobials, controls included patients not receiving NAC. Cases and controls were matched for
age, SAPS II, causative agent and source of infection. No differences in age, sex, SAPS II score or time
to initiate definitive therapy were observed between cases and controls. Pneumonia and bacteremia
were the leading infections. Overall, mortality was 48.9% (33.3% vs. 56.7% in cases and controls,
p = 0.05). Independent risk factors for mortality were not receiving NAC (p = 0.002) and CR-Ab
(p = 0.034) whereas therapy with two in-vitro active antibiotics (p = 0.014) and time to initial definite
therapy (p = 0.026) were protective. NAC plus antibiotics might reduce the 30-day mortality rate in
ICU patients with CR-Kp and CR-Ab septic shock.

Keywords: carbapenem-resistant Klebsiella pneumoniae; carbapenem-resistant Acinetobacter baumannii;
N-acetylcysteine; septic shock; critically ill patients

1. Introduction

Carbapenem-resistant Klebsiella pneumoniae (CR-Kp) and Acinetobacter baumannii (CR-
Ab) represent nowadays an important cause of severe infections in intensive care unit (ICU)
patients and mortality rates are significantly associated to septic shock [1–6]. Protective
factors that influence the clinical outcome include early appropriate antibiotic treatment,
adequate source control and number of in-vitro active antimicrobials, whereas septic shock
caused by CR-Ab might exhibit a mortality rate up to 60% [6,7]. Therefore, in the context
of increasing antimicrobial resistance and restricted therapeutic options typical of the
contemporary era, there is a growing scientific interest on finding possible therapeutic
adjuvants for sepsis and septic shock [8–11]. Since septic shock is characterized by excessive
and unbalanced production of pro-inflammatory cytokines, reactive oxygen species and a
marked alteration of circulation, compounds able to counteract these effects might find a
rationale in the treatment of this condition [12–17].
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N-Acetylcysteine (NAC) is a mucolytic agent with antioxidant and anti-inflammatory
properties, commonly used for the treatment of acetaminophen overdose or respiratory
conditions with high mucus production [18–20]. Beyond this, NAC showed also in-vitro
activity against several bacteria including multi-drug resistant (MDR) ones and viruses and
demonstrated a synergistic interaction with antibiotics or antivirals [21–30]. In addition,
animal models showed improvement of organ damage and a reduction of microvascular
dysfunction following NAC administration in endotoxin-induced shock [12,31], rendering
this compound attractive for the clinical use as a therapeutic adjuvant in case of infections.

To date, clinical studies evaluating NAC in septic shock gave conflicting results;
however, most of them were not recent [32–37]. On the other hand, a recent randomized
clinical trial investigating the effect of different anti-oxidants as adjuvants in septic shock
showed that NAC was able to improve antioxidant capacity [38].

Besides the common use of NAC in the clinical practice, currently in some Italian cen-
ters including the ICU of IRCCS Neuromed (Pozzilli, Italy), intravenous NAC is routinely
administered in critically ill patients with respiratory conditions characterized by excessive
and/or thick mucus production.

Therefore, based on these premises, the purpose of the study was to evaluate the
effect on 30-day mortality of the addition of intravenous NAC to antibiotic therapy in ICU
patients with septic shock caused by CR-Kp or CR-Ab.

2. Results

During the study period, there were 41 cases of patients who had septic shock caused
by CR-Kp or CR-Ab treated with NAC. Eleven out of 41 (26.8%) were excluded from the
study: central nervous system infections (four cases), no sufficient data (four cases) or no
matched controls (three cases). Eventually, 90 patients were enrolled in the study (30 cases
and 60 matched controls) (Figure 1).
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Figure 1. Flow-chart of the study.

Mean age was 58.1 and 59.2 years in case and control groups, respectively. 80% of
cases and 68.3% of controls were male. SAPS II was 35.3 and 38.6 in cases and controls,
respectively. Previous antibiotic therapy was recorded in 63.3% and 48.3% of cases and
controls, respectively, whereas a previous CR-Kp or CR-Ab colonization was found in
43.3% and 28.3% of cases and controls, respectively. Length of ICU stay was statistically
significant longer in cases than in controls (51.4 vs. 27.8 days, p < 0.001). Study population
characteristics are shown in Table 1.
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Table 1. Characteristics of patients with septic shock caused by carbapenem-resistant Klebsiella pneumoniae (CR-Kp) and
Acinetobacter baumannii (CR-Ab).

Cases ◦
n = 30

Controls ◦
n = 60 p-Value

Age, years (mean ± SD) 58.1 ± 17.7 59.2 ± 14.19 *

Male sex, n (%) 24 (80) 41 (68.3) 0.32

SAPS II 35.33 ± 17.7 38.57 ± 11.5 *

Lenght of ICU stay, days (mean ± SD) 51.4 ± 27.9 27.8 ± 20 <0.0001

Previous (90-d) hospitalization, n (%) 14 (46.6) 21 (35) 0.36

Previous (90-d) ICU admission, n (%) 4 (13.3) 6 (10) 0.72

Previous (90-d) surgery, n (%) 14 (43.3) 17 (28.3) 0.16

Previous (90-d) antibiotic therapy, n (%) 19 (63.3) 29 (48.3) 0.26

Previous colonization with CR-Kp or CR-Ab, n (%) 13 (43.3) 17 (28.3) 0.16

Comorbidities, n (%)
- chronic liver disease

- neoplasm
- diabetes mellitus

- cardiovascular diseases
- chronic renal failure

- COPD

6 (20)
6 (20)
6 (20)

18 (60)
0 (0)

3 (10)

7 (11.6)
2 (3.3)
15 (25)

19 (31.6)
2 (3.3)

11 (18.3)

0.34
0.01
0.79
0.01
0.55
0.37

Causes of ICU admission, n (%)
- respiratory failure

- septic shock
- stroke

- post-surgery
- trauma

- cardiac arrest

6 (20)
3 (10)

12 (40)
6 (20)
2 (6.6)
1 (3.3)

20 (33.3)
14 (23.3)

4 (6.6)
7 (11.6)
9 (15)
6 (10)

0.22
0.16

0.0002
0.34
0.32
0.41

Source of infection, n (%)
- pneumonia

- primary bacteremia
20 (66.7)
10 (33.3)

40 (66.7)
20 (33.3) *

Causative agent, n (%)
- CR-Kp
- CR-Ab

18 (60)
12 (40)

36 (60)
24 (40) *

Colistin-resistant strains, n (%) 8 (26.7) 29 (31.7) 0.54

Adequate source control, n (%) 10 (33.3) 31 (51.6) 0.12

Number of antibiotics used as definitive therapy, n (%)
- no definite therapy

- 1 antibiotic
- 2 antibiotics
- 3 antibiotics
- 4 antibiotics

1 (3.4)
0 (0)

12 (40)
13 (43.3)
4 (13.3)

1 (1.7)
5 (8.3)

19 (31.6)
28 (46.7)
7 (11.7)

0.99
0.16
0.48
0.82
0.99

Type of antimicrobial combinations, n (%)
- Carbapenem-containing regimen

- Colistin-containing regimen
- Tigecycline-containing regimen

- Aminoglycoside-containing regimen
- Rifampin-containing regimen

22 (73.3)
24 (80)
7 (23.3)
6 (20)
2 (6.7)

44 (73.3)
33 (55)
33 (55)

8 (13.33)
13 (20)

0.99
0.02
0.007
0.53
0.12

≥2 in-vitro active antibiotics within 24 h
from septic shock, n (%) 5 (16.7) 14 (23.3) 0.58

≥2 in-vitro active antibiotics definitive, n (%) 6 (20) 16 (26.7) 0.60

Time to initial definitive therapy, days (mean ± SD) 2.7 ± 0.4 2.65 ± 0.2 0.86

NAC dosage, mg/die (mean± SD)
Range

1520 ± 504
(1200–3000) NA

Length of antibiotic therapy, days (mean± SD) 15.1 ± 7.9 12.3 ± 8.3 0.12

Length of NAC therapy, days (mean± SD) 16.6 ± 7.1 NA

Adverse effects of NAC therapy, n(%) 0 (0) NA

Outcome, n (%)
- 7-day mortality
- 14-day mortality
- 30-day mortality

4 (13.3)
6 (20)

10 (33.3)

15 (25)
19 (31.7)
34 (56.7)

0.18
0.32
0.051

◦: Cases included patients receiving intravenous NAC in combination with antimicrobials, controls included patients not receiving NAC.
Data collection for cases was blinded for the outcome. *: Cases and controls were matched for age, SAPS II, source of infection and causative
agent. ICU: Intensive Care Unit. CR-Kp: Carbapenem-resistant Klebsiella pneumoniae; CR-Ab: Carbapenem-resistant Acinetobacter baumannii;
COPD: Chronic Obstructive Pulmonary Disease. NA: not applicable.
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In both groups pneumonia was the most frequent source of infection (66.7%), fol-
lowed by primary bacteremia (33.3%). As for causative agent, 60% and 40% of patients
had a septic shock caused by CR-Kp and CR-Ab, respectively. Colistin resistant strains
represented 26.7% and 31.7% of isolates in case and control group, respectively, without
statistical differences.

Combination therapy was used in almost all patients. In case group, 40% (12/30) of
patients received a combination of two antibiotics, 43.3% (13/30) a combination of three an-
tibiotics and 13.3% (4/30) a combination of four antibiotics. A definitive antibiotic regimen
containing colistin and/or carbapenem was the most commonly used, respectively in 80%
and 73.3% of cases, followed by regimens containing tigecycline (23.3%) and aminoglyco-
side (20%). In control group, 8.3% (5/60) of patients received monotherapy, 31.6% (19/60)
of patients received a combination of two antibiotics, 46.7% (28/60) a combination of
three antibiotics and 11.7% (7/60) a combination of four antibiotics. A definitive antibiotic
regimen containing carbapenem (73.3%) was the most used, followed by regimens con-
taining colistin (55%), tigecycline (55%) and aminoglycoside (13.3%). Rifampin-containing
regimens were used in 6.7% and 20% in cases and controls, respectively (p = 0.12). No
differences were observed in the two study groups regarding the use of carbapenems, while
colistin-containing regimen was used more frequently in cases than in controls (p = 0.02).
Conversely, tigecycline-containing regimen was used more frequently in controls (p = 0.007)
(Table 1).

Time to initiate definitive antibiotic therapy was 2.7 days for both groups. Length
of antibiotic therapy was similar in the two groups, 15.1 days for cases and 12.3 days for
controls (p = 0.12).

In the first 24 h from septic shock onset, treatment with two or more antibiotics display-
ing in vitro activity was reported in 16.7% of cases and in 23.3% of controls and definitive
therapy with two or more antibiotics displaying in vitro activity was reported in 20% of
cases and 26.7% of controls, without statistical differences. The mean (± SD) administered
NAC dosage was 1520 ± 504 mg/die, ranging from 1200 to 3000 mg/die, according to
treating physicians. Mean (± SD) duration of NAC treatment was 16.6 ± 7.1 days and no
adverse events were recorded during NAC administration.

Overall 7-day (13.3% in cases, 25% in controls) and 14-day (20% in cases, 31.7% in
controls) mortality rates were lower in cases than controls, without reaching the statistical
significance. On the other hand, the 30-day mortality rate (48.9%) was lower in cases than
controls at univariate analysis (33.3% in cases versus 56.7% in controls, p = 0.05). Figure 2
shows the 30-day overall survival rate in cases and controls.

In addition, mortality was higher when septic shock was caused by CR-Ab [22/36
(61.1%) versus 22/54 (40.7%) in CR-Ab and CR-Kp, respectively].

At the univariate analysis, risk factor for mortality were age (p = 0.01), CR-Ab infection
(p < 0.001), not receiving NAC (p = 0.05), whereas time to initiate definitive therapy
(p = 0.017) and definitive therapy with two or more antibiotics displaying in vitro activity
(p = 0.005) were protective.

At the multivariate analysis, independent risk factors for mortality were not receiving
NAC (HR: 3.6; 95% CI, 1.59 to 8.22; p = 0.002) and CR-Ab infection (HR: 2.8; 95% CI, 1.08 to
7.24; p = 0.034); whereas time to initiate definitive therapy (HR: 0.83; 95% CI, 0.70 to 0.98;
p = 0.026) and definitive therapy with two or more antibiotics displaying in vitro activity
(HR: 0.21; 95% CI, 0.06 to 0.73; p = 0.014) were protective, regardless of age, sex, SAPS II
score, source of infection or the type of antibiotics used as definitive therapy (Table 2).
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Figure 2. Overall 30-day survival rate in patients with carbapenem-resistant K. pneumoniae or A.
baumannii septic shock receiving antibiotics plus intravenous NAC (cases, n = 30) or antibiotics only
(controls, n = 60).

Table 2. Indipendent risk factors for 30-day mortality of patients with septic shock caused by carbapenem-resistant Klebsiella
pneumoniae and Acinetobacter baumannii.

Variable
Univariate Analysis Multivariate Analysis

HR 95% CI p-Value HR 95% CI p-Value

Controls
(not receiving NAC) 1.99 0.98–4.04 0.05 3.61 1.59–8.22 0.002

Sex 0.88 0.46–1.68 0.70 1.35 0.68–2.69 0.38

Age 1.02 1.00–1.05 0.015 1.02 0.99–1.05 0.17

SAPS II 1.01 0.99–1.03 0.30 1.01 0.98–1.05 0.25

CR-Ab 3.29 1.81–6.00 <0.001 2.79 1.07–7.24 0.03

≥2 in-vitro active antibiotics 0.22 0.08–0.63 0.005 0.21 0.06–0.73 0.014

Number of antibiotics in definitive therapy 0.69 0.47–1.03 0.07 0.65 0.39–1.09 0.10

Pneumonia 1.74 0.86–3.53 0.12 0.79 0.32–1.94 0.62

Use of colistin 0.94 0.51–1.73 0.86 0.50 0.19–1.32 0.16

Time to definitive antibiotic therapy 0.81 0.69–0.96 0.01 0.82 0.69–0.97 0.026

NAC: N-acetylcysteine; CR-Ab: Carbapenem-resistant Acinetobacter baumannii. SAPS II: Simplified Acute Physiology Score II. CI: Confi-
dence interval.

3. Discussion

Septic shock is associated with high mortality rate, particularly when caused by CR Kp
or CR Ab [5,6,39,40] being the latter associated to a worse prognosis [39]. To the best of our
knowledge, this case-control study analyzed for the first time the effects on 30-day mortality
of NAC administration in addition to antibiotic therapy in critically ill patients with septic
shock due to CR-Kp or CR-Ab. With this regard, we were able to demonstrate that in
patients who received NAC, 30-day mortality was significantly lower than in controls.

NAC is the N-acetyl derivative of the amino acid L-cysteine with anti-oxidant proper-
ties thanks to the increase of glutathione in the body, able to reduce free oxygen radicals
and to inhibit the effect of pro-inflammatory cytokines [41]. Additionally, NAC has also a
vasodilatation activity on microcirculation that improves locoregional blood flow [17]. All
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of the abovementioned phenomena may have important implications in the setting of a
dysregulated host response to infection with a high release of pro-inflammatory cytokines,
reactive oxygen species and a profound alteration of microcirculation, as it occurs in septic
shock [13–16]. In animal models, it was demonstrated that NAC ameliorates endotoxin
shock-induced organ damage through the reduction of free radicals and inflammatory
cytokines production [31]. Of note, this effect was observed when NAC was administered
either as a pre-treatment or as a post-treatment drug [31] Furthermore, several studies
demonstrated in vitro activity of NAC against a large variety of microorganisms, including
K. pneumoniae and A. baumannii [21–23,26]. In particular, preliminary results from our
group showed that NAC was highly synergic with meropenem against clinical strains of
CR-Kp and CR-Ab whereas Pollini et al. found a remarkable synergism of colistin/NAC
combinations against CR-Ab [21,22,26].

However, in spite of the promising results from both in vitro and animal studies,
human studies might suggest otherwise. On one side, some NAC studies in patients with
sepsis showed encouraging results as far as improved tissue oxygenation and hepatos-
planchnic flow, decreased oxidative damage and reduction in IL-8 blood concentrations
are concerned [32–36]. On the other hand, a meta-analysis of 41 randomized clinical trials
investigating the role of NAC on clinical outcomes in sepsis patients showed no benefit on
mortality, length of stay, duration of mechanical ventilation, and incidence of new organ
failure with early or late NAC administration [37]. Rather, the latter was associated with
hemodynamic instability. As a consequence, the authors concluded that clinicians should
not routinely use intravenous NAC in sepsis. The conclusion was confirmed even after sub-
groups analysis between studies focusing on systemic inflammatory response syndrome
or sepsis/septic shock. However, when looking in depth within the meta-analysis, all
studies referred to the period 1991–2009 and heterogeneity among study populations was
also observed [37]. Furthermore, in almost all studies NAC was given after the sepsis
syndrome had been established, potentially too late to be beneficial on outcome. Addi-
tionally, another potentially important concern was that high doses have been used in the
majority of the abovementioned randomized clinical trials, namely 150 mg/kg, which may
allow formation of toxic intermediate molecules interfering with potential benefits of NAC
therapy [42].

Conversely, in our study NAC was administered at the very early phase of infection
before the development of sepsis syndrome and the mean dosage of NAC (1520 mg/die)
was lower than that used in previous study, thus reducing the risk of toxic intermedi-
ates production.

Finally, a recent randomized clinical trial investigating the effect of different anti-
oxidants in septic shock showed that NAC was able to improve antioxidant capacity, in the
absence of significant adverse reactions or side effects [38].

Early antibiotic therapy represents a cornerstone of critical care management in septic
shock patients [4,40,43–46]. Accordingly, in our study a protective effect on mortality was
related to the time to initiate definitive therapy, defined as the time between infection
onset and initial definitive in vitro active therapy. Combination therapy was the most
used treatment in our study; however, previous studies suggested that the key factor for
decreasing the mortality is not the number of drugs used but rather the administration of at
least two in vitro-active antibiotics, in particular for CR-Kp [6,46,47]. Treatment with two
or more in vitro-active antibiotics is difficult to achieve in the presence of MDR bacteria
because limited options are available to treat these infections, especially for CR-Ab. In fact,
in our study only 36.7% of patients were treated with two or more antibiotics showing
in vitro activity against the isolates and this probably explains the high mortality rates
observed in our population, which is, however, similar to that reported in the literature [6].
Nevertheless, treatment with two or more in vitro-active antibiotics was associated with
lower mortality.
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Although a difference was observed in the two study groups regarding the use of
regimens containing colistin and tigecycline, with the former more frequently used in cases
than controls, this did not affect overall mortality.

In our study, 30-day mortality for CR-Ab was higher than that observed for CR-Kp.
The impact of CR-Ab on clinical outcome was also highlighted in multivariable analysis,
thus confirming the recent literature data, which showed a mortality rate of up to 60% and
40% in the presence of septic shock caused by CR-Ab and CR-Kp, respectively [5,6,48].

Our study has some limitations that should be acknowledged. First, the retrospective
nature of the study is an intrinsic limitation of this analysis. Second, the sample size is
relatively low and included all patients with septic shock caused by CR-Kp or CR-Ab
observed in the two ICUs, without a sample size calculation. Therefore, the results of our
study might be considered preliminary and further multicenter prospective studies are
needed to confirm our findings. Third, cases and controls came from two distinct cohorts
of patients and therefore differences could be related to intrinsic differences between
populations and microorganism, despite the extensive patients’ matching (age, SAPS II
score, causative agent and source of infection). However, we were confident that the
potential differences were minimized by the fact that both ICUs had a dedicated Infectious
Diseases consultant who was in charge for the treatment of all patients and who belonged
to the same well-established consultation system. Consequently, the Infectious Diseases
consultants had the same diagnostic and therapeutic approach towards patients admitted
to these 2 ICUs (Supplementary Figure S1). Fourth, NAC was not administered in all
cases at the same dosage and timing and consequently the results need to be interpreted
cautiously. Lastly, since study population included mainly patients who had pneumonia,
conclusions should mostly apply to ICU patients with pneumonia-associated septic shock
caused by CR-Kp and CR-Ab. An additional limitation was the lack of oxidative markers
(i.e nitrate/nitrite ratio, glutathione) measurements before and after NAC therapy.

Nevertheless, we believe that the present investigation has some important strenghts,
which might have contributed to bias reduction, such as: (i) patients were matched for
several variables, which might have had theirselves an influence on the primary outcome
of the study (30-day mortality); (ii) each ICU had a dedicated infectious diseases consul-
tant referring to the same well-established consultation system, thus assuring the same
clinical and therapeutic approach to infections in both cases and controls. Furthermore, it
represents a real-life clinical experience providing useful suggestions to clinicians about
the management of a difficult-to-treat infection such as septic shock caused by CR-Kp
and CR-Ab.

4. Materials and Methods

We performed a retrospective, observational case:control study (1:2) in patients with
septic shock caused by CR-Kp or CR-Ab hospitalized in two different ICUs [IRCCS Neu-
romed for cases and Sapienza University (Rome, Italy) for controls, the latter derived
from a historical cohort of patients [6]. Both ICUs have a dedicated Infectious Diseases
consultant referring to a well-established consultation system at Policlinico Umberto I,
Sapienza University of Rome, with the same clinical and therapeutic approach [49–51]
(Supplementary Figure S1). Cases included patients with septic shock receiving intra-
venous NAC in combination with antimicrobials, controls included patients with septic
shock not receiving NAC. For every case, two matched controls were randomly selected
from patients who did not receive NAC. Cases and controls were matched for age, SAPS
II score, causative agent and source of infection. Data collection for cases was blinded
for the outcome. Inclusion criteria were: (i) ICU admission, (ii) presence of septic shock
during ICU stay, (iii) laboratory documented and confirmed infection by CR-Kp or CR-Ab
and iv) intravenous administration of NAC for cases, whereas exclusion criteria were (i)
a documented infection localized to the central nervous system at admission or during
hospital stay, (ii) age under 18 years old or (iii) missing key data.
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The Ethical Commitees approved the study (no. 4547–2017 for Sapienza; approval
20 March 2019 for IRCCS Neuromed) whereas informed consent was waived due to the
retrospective nature of the research.

4.1. Baseline Assessment

Patient data were extracted from medical records and from hospital computerized
databases or clinical charts. The following information was reviewed: demographics,
clinical and laboratory findings, comorbid conditions, microbiological data, duration of
ICU and hospital stay, incidence of infections during hospitalization, treatments and
procedures administered during hospitalization and/or in the 90 days prior to infection,
classes of antibiotics received on admission and/or after admission before a positive culture
of a biological sample was obtained, the simplified acute physiology score II (SAPS II) at
the time of infection, source of infection, antibiotic regimens used for CR-Ab or CR-Kp
infections, and 30-day mortality. According to both hospital’s guidelines, colonization with
CR-Kp and CR-Ab strains was routinely evaluated by rectal swab, respiratory specimens
and urine culture at the time of ICU admission and every week afterwards.

4.2. Definitions

Infections were defined according to the standard definitions of the ECDC [52] and
septic shock was defined according to the SEPSIS-3 criteria definition, a subset of sepsis
with persisting hypotension requiring vasopressors to maintain mean arterial pressure
of 65 mmHg or greater and having a serum lactate level greater than 2 mmol/L despite
adequate volume resuscitation [53].

A CR-Ab or CR-Kp infection was defined as clinical signs of infection and culture of
blood, urine, cerebrospinal fluid or a biological sample from skin and skin structures, lung,
or abdomen yielding a CR-Ab or a CR-Kp strain.

Infection onset was defined as the date of collection of the index culture (i.e., the first
blood culture that yielded the study isolate). Infections were classified as hospital acquired
if the index culture had been collected > 48 h after hospital admission and no signs or
symptoms of infection had been noted at admission. Primary bloodstream infection (BSI)
was defined as BSI occurring in patients without a recognized source of infection.

The severity of clinical conditions was determined by using SAPS II score calculated
at the time of septic shock onset. Length of hospital and ICU stay were calculated as the
number of days from the date of admission to the date of discharge or death.

Depending on the number of drugs used (one or more), treatment regimens were clas-
sified as monotherapy or combination therapy. Definitive antibiotic therapy was defined
as the definitive antimicrobial treatment based on in vitro CR-Ab or CR-Kp isolates suscep-
tibilities. Antibiotic regimens were also classified according to the following: one antibiotic
displaying in vitro activity, and two or more antibiotics displaying in vitro activity. Time to
initial definitive therapy was the time between infection onset and initial definitive therapy.

Intravenous NAC was administered in patients with respiratory conditions char-
acterized by excessive and/or thick mucus production as soon as signs of a possible
infection developed (i.e., at the very early phase of infection) as adjunctive therapy and
stopped together with antibiotic therapy. Dosages of intravenous NAC ranged from 1200
to 3000 mg/die, according to treating physicians. Intravenous NAC was administered in
saline solution with 30–60 min infusion rate.

4.3. Statistical Analysis

Continuous variables were compared using Student’s t test or Mann-Whitney U test
and were described as mean ± standard deviation (SD) or as median and interquartile
range (IQR) according to whether the distribution of the variables was normal or non-
normal. Chi-squared test (χ2) and Fisher’s exact test were used to compare categorical
variables. Univariate and multivariate analyses were performed to evaluate factors related
to 30-days mortality. Variables with a p value two-sided <0.05 were considered statistically
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significant. The results obtained were analyzed using a commercially available statistical
software package (version 15, STATA Corp, College Station, TX, USA: StataCorp LLC).

5. Conclusions

In conclusion, in the challenging context of increasing antimicrobial resistance and
restricted therapeutic options, this study suggests that a combined use of NAC plus
antibiotics might reduce the 30-day mortality rate in ICU patients with septic shock caused
by CR-Kp and CR-Ab. Therefore, our preliminary data seem to encourage further clinical
investigations on the role of NAC as an adjuvant therapy in ICU patients with septic shock
due to multi-drug resistant Gram-negative bacilli.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079
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