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ABSTRACT

Infections due to carbapenem-resistant Escherichia coli (CREC) are
problematic due to limitation in treatment options. Combination therapies of existing
antimicrobial agents have become a reliable strategy to control these infections. In this
study, the synergistic effects of meropenem in combination with aminoglycosides were
assessed by checkerboard and time-Kkill assays. Of the 35 isolates, 19 isolates (54.3%)
were resistant to carbapenems (imipenem and meropenem) with the MIC ranges from
16 to 128 pg/ mL. These isolates were resistant to almost all antibiotic classes.
Molecular characteristics revealed co-harboring of carbapenemase ( blanpwm-1, blanom-s
and blaoxa-4g) and extended-spectrum B-lactamases (ESBL) genes (blactx-m, blaskv
and blatem). The checkerboard assay displayed synergistic effects of meropenem and
several aminoglycosides against most CREC isolates. Time-kill assays further
demonstrated strong synergistic effects of meropenem in combination with either
amikacin, gentamicin, kanamycin, streptomycin, and tobramycin. The results suggested
that meropenem in combination with aminoglycoside therapy might be an efficient
optional treatment for infections cause by CREC.

Keywords: aminoglycosides, antibiotic synergism, carbapenem-
resistant Escherichia coli, combination therapy, extended-spectrum B-lactamase genes.
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Abstract: Infections due to carbapenem-resistant Escherichia coli (CREC) are problematic due to
limitation in treatment options. Combination therapies of existing antimicrobial agents have become
a reliable strategy to control these infections. In this study, the synergistic effects of meropenem
in combination with aminoglycosides were assessed by checkerboard and time-kill assays. Of
the 35 isolates, 19 isolates (54.3%) were resistant to carbapenems (imipenem and meropenem)
with the MIC ranges from 16 to 128 pug/mL. These isolates were resistant to almost all antibiotic
classes. Molecular characteristics revealed co-harboring of carbapenemase (blanpat1, blanpas and
blapxa-48) and extended-spectrum B-lactamases (ESBL) genes (blactx.m, blasyy and blatgyy). The
checkerboard assay displayed synergistic effects of meropenem and several aminoglycosides against
most CREC isolates. Time-kill assays further demonstrated strong synergistic effects of meropenem
in combination with either amikacin, gentamicin, kanamycin, streptomycin, and tobramycin. The
results suggested that meropenem in combination with aminoglycoside therapy might be an efficient
optional treatment for infections cause by CREC.

Keywords: aminoglycosides; antibiotic synergism; carbapenem-resistant Escherichia coli; combination
therapy; ESBL genes

1. Introduction

Infections due to carbapenem-resistant Escherichia coli (CREC), particularly the New
Delhi metallo-B-lactamases (NDM)-producing isolates, are critically problematic to global
health care [1]. These infections usually yield unfavorable clinical outcomes, prolonged
length of hospitalization and high hospital costs [2]. The national antimicrobial resistance
surveillance data reported by the Thailand National Institute of Health (2016-2018), in-
dicated a high prevalence of carbapenem-resistant Enterobacteriaceae (CRE) (93%) among
hospitalized patients in Thailand [3]. In the past, carbapenems were the most reliable
antimicrobial agents against hospital-acquired infections caused by extended-spectrum
B-lactamase (ESBL)-producing Enterobacteriaceae [4]. However, extensive usage as both
empirical and definitive regimens [5], resulted in the emergence of CRE [4].

Enterobacteriaceae resistance to carbapenems is mainly associated with the production
of several kinds of carbapenemases, which are enzymes capable of hydrolyzing carbapen-
ems and other 3-lactams [6]. In addition, the lack of porin proteins by alteration in the per-
meability of the bacterial cell membrane, and overexpression of efflux pumps are additive
carbapenem resistance mechanisms [7]. Numerous epidemiological studies have suggested

Antibiotics 2021, 10, 1023. https:/ /doi.org /10.3390 /antibiotics10081023
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that the acquisition of carbapenemase-encoding genes might lead to a rapid outbreak
mostly in the hospital-setting and sometimes in the community-setting [8-10]. Moreover,
the specific class of the carbapenemase should be considered during the development of
novel antimicrobial agents as each class possesses a unique mechanism and spectrum of
activity [11]. Previous studies have reported that ceftazidime-avibactam binds reversibly
toclass A, C, and some D (3-lactamases [12,13], whereas imipenem-cilastatin-relebactam
and meropenem-vaborbactam reversibly and competitively inhibited class A and C -
lactamases [14,15]. However, these antibiotics did not inhibit metallo-f3-lactamases such
as NDM carbapenemases [12,14,15]. Globally, the predominant carbapenemases include
NDM, Klebsiella pneumoniae carbapenemase (KPC), Verona integrin-encoded metallo-f3-
lactamase (VIM), imipenemase (IMP), and oxacillinases (OXA)-type enzymes, which are
encoded by blanpwm, blaxpc, blayiv, blanvip, and blaoxa genes, respectively [6]. However,
blanpy has gained relevance due to the high-level of resistance to many clinically available
B-lactams and ease of horizontal transfer between different isolates. To date, several vari-
ants of NDM enzymes have been identified [16] with amino acid substitutions at different
positions. NDM-5 differed from NDM-1 by substitutions at positions 88 (Val—Leu) and
154 (Met—Leu), and several studies have showed that blaxpys is carried by conjugatable
IncX3 plasmids responsible for the rapid spread [17-19].

Currently, therapeutic options for the management of infections caused by CREC
are limited [20]. Moreover, the development of new antimicrobial agents are costly, time-
consuming, and require various stages of toxicological evaluations to ensure safety [11].
Hence, combining existing antimicrobial agents has become a strategy against several kinds
of infections caused by multi-drug resistant (MDR) organisms [21]. Previous studies have
supported the use of combination therapy as an effective treatment option for infections
caused by several MDR Gram-negative bacteria [22-24]. A recent study demonstrated
the synergistic effect of meropenem and aminoglycosides against KPC-2 and NDM-1-
producing carbapenem-resistant Klebsiella pneumoniae [25]. Additionally, the ability of
meropenem to potentiate aminoglycoside activity, largely dependent on the MexXY-OprM
multidrug efflux system, has been shown [26]. However, data for combinations between
meropenem and several aminoglycosides against CREC harboring blaxpy genes is lacking.
This study evaluated the effects of meropenem in combination with several commonly
used aminoglycosides (amikacin, gentamicin, kanamycin, streptomycin, and tobramycin)
on CREC isolates harboring blaxpy genes.

2. Results and Discussion
2.1. Bacterial Isolates

A total of 35 suspected CREC isolates were collected from eight hospitals located in
Southern Thailand. The isolates were obtained from various clinical specimens, including
blood (1 = 11), rectal (1 =19), throat (n = 3) and environment (# = 2). Data of isolates and an-
timicrobial response to imipenem and meropenem are shown in Supplementary Materials
Table S1. The results indicated that 19 isolates were resistant to carbapenems. Demographic
information, clinical data and outcomes of the patients infected with CREC are presented
in Table S2. Similar to previous reports of risk factors associated with CRE acquisition or
infection [27,28], most of patients in this study had previous exposure to various antimi-
crobial agents, particularly carbapenems. The results support previous observation that
exposure to antibiotics including B-lactams such as carbapenems and cephalosporins, as
well as fluoroquinolones were associated with CRE [23]. Patient information indicated that
most of the patients were admitted in intensive care units (ICU), which are in consonance
with observations of a previous study that showed high prevalence of carbapenemase
producing Enterobacteriaceae in the ICU [29].

2.2. The Antibiogram of Carbapenem-Resistant E. coli Isolates

The susceptibility profile of CREC isolates was evaluated against 15 conventional an-
tibiotics including carbapenems (imipenem and meropenem), aminoglycosides (amikacin,
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gentamicin, kanamycin, streptomycin, and tobramycin), cefoperazone-sulbactam,
ceftolozane-tazobactam, colistin, cephalosporins (cefotaxime and ceftazidime), fosfomycin,
and glycylcyclines (minocycline and tigecycline). The MICs of antibiotics except carbapen-
ems and aminoglycosides were recorded in Table S3 and summarized in Table 1. The results
suggested that three antibiotics including colistin, fosfomycin, and amikacin were effective
against CREC isolates, with percentage efficacy of 100%, 89.47% and 73.7%, respectively.

To date, polymyxins, fosfomycin, aminoglycosides, and tigecycline are considered
choice drugs for the management of infections caused by carbapenem-resistant Gram-
negative bacteria [30]. However, resistance to these antibiotics is increasing rapidly with
high chance of toxicity due to the relative high doses required for monotherapy medications.
Results of this study revealed that approximately 79% of CREC isolates were resistant
to tigecycline, contrary to previous reports of 0.7% and 11.2% [31,32]. In addition, the
low plasma levels of tigecycline [33] constitutes a clinical concern for mono-therapeutic
administration. Polymyxin on the other hand showed excellent antimicrobial effects against
CREC with a 100% susceptibility. However, the nephrotoxicity and poor tissue perfusion
of polymyxins [34] are limiting factors hindering extensive therapeutic usage. The rapid
acquisition of resistance and sodium overload with intravenous fosfomycin [35] are also of
clinical concern.

Table 1. Summary of antimicrobial susceptibility of 19 carbapenem-resistant isolates.

MIC (ug/mL) Percentage %
Antibiotics
Range MICsp MICgo Susceptible Intermediate Resistant
Aminoglycoside
Amikacin 2->1024 4 >1024 737 0 26.3
Gentamicin 1->1024 64 >1024 21 5.3 73.7
Kanamycin 8—>1024 128 >1024 21 0 79
Streptomycin 16-1024 512 1024 0 0 100
Tobramycin 1->1024 32 >1024 53 10.5 842
pB-lactam + B-lactamase inhibitor
Cefoperazone-sulbactam 256-> 1024 512 >1024 53 0 947
Ceftolozane-tazobactam 1024-> 1024 >1024 >1024 53 0 947
Carbapenem
Imipenem 16-128 64 128 0 0 100
Meropenem 32-128 128 128 0 0 100
Cephalosporin
Cefotaxime 256> 1024 >1024 >1024 0 0 100
Ceftazidime 1024-> 1024 >1024 >1024 0 0 100
Fluoroquinolone
Ciprofloxacin 0.5-512 128 256 53 10.5 84.2
Levofloxacin <0.5-64 16 32 26.3 0 737
Glycyleycline
Minocycline <2-16 <2 16 684 158 158
Tigecycline 0.0625-4 2 4 21 0 79
Other

Colistin 0.252 0.5 2 100 0 0
Fosfomycin 16-1024 16 1024 89.5 0 10.5

2.3. Antimicrobial Susceptibility to Carbapenem and Aminoglycosides

The MIC of carbapenems and aminoglycosides on 19 CREC isolates were determined
by the broth microdilution method (Table 2) The 19 isolates were resistant to imipenem
(MICsp = 64 pug/mL and MICyy = 128 pg/mL), meropenem (MICs = 128 pg/mL and
MICy = 128 pg/mL), and streptomycin (MICsy = 512 pug/mL and MICqy = 1024 pug/mL).
In addition, 16 isolates were resistant to tobramycin (MICsj = 32 pug/mL and MICq, >
1024 pg/mL), while two isolates were intermediate. Furthermore, 14 and 15 isolates
displayed resistance against gentamicin (MICsj = 64 ug/mL and MICy > 1024 pg/mL)
and kanamycin (MIC5) = 128 pg/mL and MICy, > 1024 ug/mL), respectively. In contrast,
amikacin showed high efficacy on 14 isolates.
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Table 2. Antibacterial profile of aminoglycoside and carbapenem resistance in 19 carbapenem-resistant Escherichia coli isolates.

Clinical bla Genotype MIC (pg/mL)
- 1r;1ct Soutrce Carbapenem Aminoglycoside
solate
Carbapenemase ESBL Imipenem Meropenem  Amikacin ~ Gentamicin ~ Kanamycin  Streptomycin ~ Tobramycin
CREC1 Rectal blanpy blacTxm, blaTem 64 (R) 64 (R) 205 64 (R) 16 (5) 1024 (R) 16 (R)
CREC2 Rectal blaxpya blacTx, blatem 64 (R) 64 (R) 2(9) 64 (R) 16(S) 1024 (R) 8(I)
CREC3 Rectal 5 bl"”;)m“ ;’“S“"' 128 (R) 128(R) 64 (R) 64 (R) 64 (R) 25 (R) 128 (R)
CREC4 Throat blanputs blacrxa, ey 64 (R) 64 (R) 405 2R 64 (R) 512(R) 2R
CREC5 Rectal blanpus blacrxm, blaTey 64 (R) 64 (R) 4(9) 64 (R) 64 (R) 512(R) 2 (R)
CREC6 Rectal blanpus blacrxag, blaTev R (R) 64 (R) 4(9) 19 2() 64 (R) 8(1)
CREC7 Throat blanDM- blacTxw, blaTe 128(R) 128(R) 8() 128(R) 25 (R) 512 (R) 64 (R)
CRECS8 Rectal blaxpya blacTxm, blaTem 128(R) 128(R) 8() 128 (R) 128 (R) 16(R) 64 (R)
CREC9  Environment blanpya blacrxom, blaTay 64 (R) 128(R) 8() 64 (R) 512 (R) 512 (R) 64 (R)
CREC10 Rectal : blarey 64 (R) 128(R) 4(9) 05(9) 8(9) 2(R) 1(9)
CREC11 Blood 2 blacrx, blaTey R(R) 64 (R) SI24[R)  SI04(R)  >1024(@®R) 2(R) >1024 (R)
CREC 12 Blood blanpus blacrxom, blaTey 64 (R) 128(R) S124R)  >104(R) >1024 (R) 2(R) >1024 (R)
CREC 13 Blood blanDMS blacTxm, blaTe R (R) 128(R) 8(5) 1(9) 128(R) 2(R) 2(R)
CREC 14 Blood blaxpws blatem 16(R) 2[R SI24(R) >104(R) >1024 (R) 1024 (R) 512(R)
CREC15 Blood blanDMS blactxw, blaTem 64 (R) 64 (R) 4(9) 1(9) 128 (R) 512 (R) 16(R)
CREC 16 Blood blanpus blacTxom, blaTey 64 (R) 128(R) 2(9) 128 (R) 128 (R) 512(R) 16(R)
CREC17 Blood blanpys blagpy 64 (R) 128 (R) 409 64 (R) 64 (R) 25 (R) 16 (R)
CREC18 Blood Z{‘:NDM-I' blacrx, blaTey 64 (R) 128(R) 4(9) 64 (R) 128(R) 25 (R) 2R
OXA-48
CREC 19 Blood blaxpya blacTx, blatem 128 (R) 32(R) 128(R) 8(1) 1024 (R) 512 (R) 128 (R)

R, resistant; S, susceptible; I, intermediate.

XVIII
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Aminoglycosides are an important class of bactericidal antibiotics that are frequently
used for the treatment of severe infections caused by Gram-negative bacteria. The major
resistance mechanism to aminoglycosides in Gram-negative bacteria is the production
of aminoglycoside-modifying enzymes (AMEs) or the modification of ribosome by ac-
quired 16S rRNA methyltransferases (RMTases) [36,37]. AMEs modify select to specific
aminoglycosides, hence bacterial isolates show discordant susceptibility among different
aminoglycosides.

A previous study demonstrated the co-occurrence of aminoglycoside and 3-lactam
resistance mechanisms in E. coli isolates [38]. In addition, co-harboring of ESBLs, carbapen-
emases, and 16S rRNA methylase genes within a plasmid have been noted to result in
multidrug-resistance in Enterobacteriaceae [39].

2.4. Genotypic Resistance Mechanism in Carbapenem-Resistant E. coli Isolates

The 19 CREC isolates were screened for antimicrobial resistance genes including car-
bapenemase genes (blaxpc, blapvp, blayin, blaxpwm, and blagxa-sg) and ESBL genes (blatgy,
blagyyy, and blactx-m) using PCR (Table 3). The results for carbapenemase genes, demon-
strated high prevalence of blanpy-1 and blanpaes. However, blagya-4g was observed in
one of the tested isolates. Furthermore, co-harboring of carbapenemase and ESBL genes
were represented in almost all isolates. The results showed that six isolates with blanpas-1
co-harbored blacrxav and blatgy (Table 2). Additionally, CREC 18 carrying blanpy-1 and
blagxa-48, co-harbored ESBL genes (blactx-y and blargy). blanpys was found in nine
isolates co-harboring ESBL genes (blactx-m and blatgy). However, two out of the nine
isolates that harbored blaxpa.s had only blatgy. The results further showed that three of
the isolates had no carbapenemase genes but carried ESBL genes. According to the Ambler
classification method, carbapenemase-produced by Enterobacteriaceae can be classified into
three classes including class A, class B, and class D B-lactamases [6]. However, the clinical
relevance of Ambler class C is still unknown [40]. The most widely spread carbapene-
mase in E. coli include class A; KPC, class B; NDM-1, NDM-5, NDM-9, and VIM, class
D; OXA-48, OXA-181, and OXA-244 [41,42]. Class A, B and D pB-lactamases enzymes are
plasmid-mediated and are responsible for the high levels of antimicrobial resistance and
rapid dissemination by horizontal transfer [43]. Epidemiological studies have revealed
the diversity of carbapenemases predominate in several regions and countries [43]. In
the United States, Argentina, Columbia, Greece, Israel, and Italy, KPC-producing Enter-
obacteriaceae, are mostly endemic among nosocomial isolates [1]. NDM was reported as
the main carbapenemase-mediating resistance in E. coli isolates in India, Pakistan, and Sri
Lanka, whereas OXA-48 was reported in North Africa, Malta, and Turkey [44]. NDM and
OXA-48 were identified in both nosocomial and community-acquired pathogens [43,45]. A
recent study done in Thailand reported a high prevalence (99%) of CREC isolates having
at least one carbapenemase-producing gene (CP-gene) [3]. The most common CP-gene
among CREC isolates in Thailand were blaxpy (94%) and a blagx a-ag-like (18%) gene [3]. In
this study, blaxpy was found in 16 isolates, including seven isolates harboring blaxpy-1
and nine isolates harboring blaxpy.s. Similar results were reported in a recent study with
a high prevalence of NDM-1 in E. coli [46]. The increased usage of antibiotics maybe
driving the evolution of NDM-1 variants. M154L amino acid substitution in NDM-5 was
the most common substitution in all NDMs variants leading to increase carbapenemase
activity [47]. However, a previous study reported that the difference in the activity of
NDM-5 and NDM-1 is due to variations in the affinity for zinc [48]. Moreover, V8SL
amino acid substitution in NDM-5 contribute to lower catalytic activity on imipenem and
meropenem [49]. Several studies showed that blaypys.s was carried by IncX3 plasmids
which have been shown to be conjugatable and could explain the rapid spread of blanpm-s-
carrying isolates [50]. However, blagpc which is the most commonly found in the United
States [1], was not presented in this study. So far, the prevalence of blagpc in Thailand has
remained very low. A previous report indicated a 0.02% (1 = 12,741) prevalence of blakpc.13
among Enterobacteriaceae and 1.7% (n = 181) among CRE isolates [51], whereas a separate
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report showed that the prevalence rate of blakpc.> in CRE isolates was 0.13% (1 = 2245) [52].
Furthermore, the study illustrated the co-existence of carbapenemase and ESBL genes in
CREC isolates. Carbapenems were used as first-line antibiotic for treatment of infection
caused by extended-spectrum [3-lactamase (ESBL)-producing Enterobacteriaceae. Thus, the
co-harboring of multiple antibiotic resistance genes will promote multi-resistance, which
might amount to significant therapeutic concerns.

Table 3. Primers used for PCR amplification of carbapenemase and ESBL genes.

Primer Name Sequence (5 to 3') Amplicon Size (bp) Reference
Carbapenemase
Bl IMP-F GGAATAGAGTGGCTTAAYTCTC 230
IMP-R GGTTTAAYAAAACAACCACC
- KPC-F CGTCTAGTTCTGCTGTCTTG 798
KPC-R CTTGTCATCCTTGTTAGGCG
blanpyg NDM-F GGTTTGGCGATCTGGTTTTC 621 53]
: NDM-R CGGAATGGCTCATCACGATC A5
Bl i OXA-F GCGTGGTTAAGGATGAACAC 438
OXA-R CATCAAGTTCAACCCAACCG
Blavisa VIM-F GATGGTGTTTGGTCGCATA 390
VIM-R CGAATGCGCAGCACCAG
Extended-spectrum fB-lactamase
— CTX-M-Ul ATGTGCAGYACCAGTAARGTKATGGC 573
i CTX-M-U2 TGGGTRAARTARGTSACCAGAAYCAGCGG
Wi bla-SHV.SE ATGCGTTATATTCGCCTGTG 747 [54]
bla-SHV.AS TGCTTTGTTATTCGGGCCAA Z
bl TEM-164.S TCGCCGCATACACTATTCTCAGAATGA 45
g TEM-165.AS ACGCTCACCGGCTCCAGATTTAT

2.5. The Combined Effect of Meropenem and Aminoglycosides

The results of antimicrobial combinations against the 19 CREC isolates are shown in
Table 4 and summarized in Table S4. Synergistic effects were observed for meropenem
plus gentamicin and meropenem plus streptomycin in 16 (84.2%) isolates, followed by
meropenem plus kanamycin and meropenem plus tobramycin in 15 (79%) isolates. Further-
more, synergistic activity was observed in 13 (68.4%) isolates for meropenem plus amikacin.
The isolate CREC 11 (blactx-m and blatgy), with high resistance to aminoglycosides, was
resistant to all combinations, while isolate CREC 12 (blanpm-s, blactx-m and blatgyy) was
susceptible to meropenem plus amikacin, or gentamicin, or streptomycin combinations.
Combination of meropenem plus gentamicin and meropenem plus tobramycin exhibited
synergism against CREC 14 (blaxpwm-s and blatgy). The cross resistance of CREC 11 to all
the combinations might be due to the cumulative effects of other resistance mechanisms
such as overexpression of efflux pump and/or porin with the 3-lactamases leading to high
level of resistance. However, the results did not reveal an antagonistic effect for the tested
combinations.

The results revealed that addition of aminoglycosides as adjunctive therapy to
meropenem could restore meropenem activity against CREC isolate harboring blanpy.
Combination of meropenem and aminoglycosides might promote membrane disruption
since aminoglycosides exert disruptive effects on the outer membrane structure by binding
with the negatively charged lipopolysaccharides in the outer membrane of Gram-negative
bacteria. Thus, the aminoglycoside promotes the permeabilizing effect and enhances the
periplasmic target site penetration of other antibiotics such as carbapenems used in combi-
nation [55,56]. Meropenem is a safe, well-tolerated, and commonly used as monotherapy or
as combination regimens for hospital-acquired infection due to several MDR Gram-negative
bacteria [57-59]. Similarly, aminoglycosides are effective against Gram-negative aerobic
bacteria including resistant Enterobacteriaceae [60]. However, aminoglycosides monothera-
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pies can lead to unfavorable clinical outcomes due to rapid emergence of resistance, and
nephrotoxicity among patients with prolonged usage of aminoglycosides [61,62].

Table 4. Effects of meropenem and aminoglycosides combinations on 19 carbapenem-resistant Escherichia coli.

. Meropenem + Meropenem + Meropenem + Meropenem + Meropenem +

Clinical Amikacin Gentamicin Kanamycin Streptomycin Tobramycin

Tealate MIC? ZFICI MIC? ZFICI MIC? ZFICI MIC? ZFICI MIC? ZFICI
CREC1 8/05 0.38(S) 2/8 0.16 (S) 8/4 0.38(S) 1/256 0.27 () 4/2 0.19 (5)
CREC2 16/0.125 031(S) 2/8 0.16 (S) 16/4 0.50 (S) 1/256 0.27(5) 4/2 0.31(S)
CREC3 8/16 0.31(S) 2/16 027 (S) 32/8 0.38(S) 32/32 0.38(5) 4/8 0.09 (S)
CREC 4 4/1 0.31(S) 8/8 038 (S) 8/16 0.38(S) 8/64 0.25(5) 8/4 0.25(S)
CREC5 16/025 031(S) 2/8 0.16 (S) 4/16 0.31(S) 8/64 0.25(5) 8/4 0.25(S)
CREC 6 8/2 063(I)  8/0.125  0.25(S) 4/8 0.31(S) 8/8 0.25(5) 2/2 0.28 (S)
CREC7 8/2 0.31(S) 8/8 0.13(S) 8/32 0.19 (5) 4/128 0.28 (S) 8/8 0.19 (S)
CREC 8 2/2 027(S) 2/16 0.14 (5) 32/32 0.50 (S) 128/1 1.02 (S) 8/8 0.19 (S)
CRECY 4/2 028 (5) 16/8 025(S) 8/32 0.19 (5) 8/128 0.31(S) 16/8 0.25(S)
CREC 10 4/2 053(1)  4/0125 028(S) 16/2 0.38(S) 16/8 0.38 (S) 32/0.5 0.75 (I)
CREC 11 32/32 053 (I) 16/512 0.75 (T) 64/8 1.01 (I) 64/8 125(I) 64/1024  2.00(T)
CREC12  32/256  0.50(S) 8/128 0.19(5) 64/8 0.51(I) 32/8 0.50 (S) 64/8 0.51 (I)
CREC 13 2/2 0.27(S) 1/0.5 0.51 (I) 2/32 0.27 (S) 4/16 0.53 (S) 2/8 0.27 (S)
CREC 14 16/32 05301 05/128 0.14(5)  16/512 1.00 (I) 1/128 0.16 (I) 4/64 0.25(S)
CREC 15 16/1 038 (5) 8/0.25 031 () 2/32 0.27(S) 32/1 0.25(S) 8/4 0.31(S)
CREC16 64/025  0.63() 4/16 0.16 (5) 4/32 0.28 (S) 8/128 0.31 (I) 16/2 0.25(S)
CREC 17 32/2 0.75(I) 4/8 0.16 (S) 16/16 0.38(S) 8/64 0.31(9) 8/8 0.56 (I)
CREC 18 32/1 0.50(S) 2/16 027 () 16/32 0.38(S) 8/64 0.31(S) 4/8 0.28 (S)
CREC 19 2/32 031(5) 16/2 0.75 (T) 4/512 0.63 (I) 4/128 0.38 (S) 8/32 0.50 (S)

S, synergy; I, indifferent. * minimum inhibitory concentration of combination of meropenem/aminoglycoside. The FICI results for each
combination were interpreted as follows: FICI < 0.5, synergism; 0.5 < FICI < 4, indifference; and FICI > 4, antagonism.

2.6. Time-Kill Assay

The time-kill effects of meropenem combined with either amikacin, gentamicin,
kanamycin, streptomycin, or tobramycin were evaluated on CREC 12 (Figure 1). The
results revealed a synergistic bactericidal effect at 1/4 meropenem plus 1/4 amikacin
at 4 h. (Figure 1A) and 1/4 meropenem plus 1/4 gentamicin at 2 h. (Figure 1B) with
a >3 logyy CFU/mL reduction in cell growth when compared to the MIC of individual
antibiotics. Furthermore, an indifferent effect was revealed at 1/4 meropenem plus 1/4
kanamycin (Figure 1C). At 12 h, combination between 1/4 meropenem plus 1/4 strepto-
mycin (Figure 1D) presented a synergistic bactericidal effect, while combination of 1/4
meropenem plus 1/4 Tobramycin revealed a synergistic effect (Figure 1E).

For CREC 18 at 8 h, 1/4 meropenem plus 1/4 amikacin showed a synergistic bacte-
ricidal effect (Figure 2A). Similar results were observed at 4 h with 1/4 meropenem plus
1/4 gentamicin (Figure 2B), at 8 h for 1/4 meropenem plus 1/4 kanamycin (Figure 2C), or
1/4 streptomycin (Figure 2D), and at 2 h for 1/4 meropenem plus 1/4 tobramycin against
isolate CREC 18 (Figure 2E). However, a regrowth was observed at 8 h for meropenem
and tobramycin combination, and at 12 h for meropenem and amikacin or gentamicin
combination. Our results showed inconsistencies between the FICI, and time kill methods.
Similar findings have been reported by previous studies [63,64].
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Figure 1. Time-kill curves of 1/4 MIC (32 pg/mL) meropenem and 1/4 MIC aminoglycosides combination against CREC

12: (A) amikacin (256 pug/mL), (B) gentamicin (256 pg/mL), (C) kanamycin (256 pg/mL), (D) streptomycin (8 pg/mL), and
(E) tobramycin (256 pg/mL).
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Figure 2. Time-kill curves of 1/4 MIC (32 pg /mL) meropenem and 1/4 MIC aminoglycosides combination against CREC
18: (A) amikacin (1 pg/mL), (B) gentamicin (16 pug/mL), (C) kanamycin (32 pg/mL), (D) streptomycin (64 pg/mL), and (E)

tobramycin (8 pg/mL).

3. Materials and Methods
3.1. Chemical and Media

All culture media were purchased from Becton Dickinson & Co. Difco TM (Franklin
Lakes, NJ, USA). Colistin sulfate, minocycline hydrochloride, and tobramycin were ob-
tained from Sigma-Aldrich, (Saint Louis, MO, USA). Amikacin, ciprofloxacin, cefotaxime,
gentamicin, kanamycin, levofloxacin, and streptomycin were purchased from Siam Bheasach
Co, Ltd. (Bangkok, Thailand). Tigecycline was purchased from Pfizer Inc. (Philadelphia,
PA, USA). Ceftazidime was obtained from Reyoung Pharmaceutical Co., Ltd. (Shandong,
China). Imipenem was obtained from Merck Sharp & Dohme Corp. (Elkton, VA, USA).
Meropenem was obtained from M&H Manufacturing Co. Ltd. (Samutprakarn, Thai-
land). Cefoperazone /sulbactam was obtained from L.B.S. Laboratory Ltd. (Bangkok,
Thailand). Ceftolozane /tazobactam was obtained from Steri-Pharma, LLC (Syracuse, NY,
USA). Fosfomycin was obtained from Meiji Seika Kaisha, Ltd. (Tokyo, Japan).

3.2. Bacterial Collection and Identification

A total of 35 suspected CREC isolates were collected from eight hospitals located in
Southern Thailand. The isolates grew on MacConkey agar supplemented with imipenem
at 6 pg/mlL. All isolates were identified to species level using standard biochemical tests
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and MALDI-TOF-MS. E. coli ATCC 25922 was used as quality control. The samples were
kept in tryptic soy broth supplemented with 20% glycerol and stored at —80 °C.

3.3. Screening for Carbapenem Resistance

Resistance of the 35 suspected CREC isolates was assessed by the broth microdilution
method according to the Clinical and Laboratory Standards Institute [65]. Briefly, the
isolates were grown in cation-adjusted Mueller-Hinton broth (CAMHB). Bacterial cultures
were adjusted with sterile 0.85% NaCl to McFarland 0.5 turbidity standard. Aliquot of
100 pL diluted bacterial suspension (1 x 10° CFU/mL) was mixed with 100 pL antibiotic
in a 96-well plate and incubated at 37 °C for 18 h. The minimum inhibitory concentration
(MIC) was expressed as the lowest concentration of the antibiotic that inhibits visible
growth after incubation as indicated by the resazurin test.

3.4. Antibiogram of Carbapenem-Resistant Isolates

Confirmed CREC isolates were exposed to 17 conventional antibiotics including car-
bapenem (imipenem and meropenem), aminoglycosides (amikacin, gentamicin, kanamycin,
streptomycin, and tobramycin), cefoperazone-sulbactam, ceftolozane-tazobactam,
cephalosporins (cefotaxime and ceftazidime), colistin, fluoroquinolone (ciprofloxacin and
levofloxacin), fosfomycin, glycylcyclines (minocycline and tigecycline). The MICs of the an-
tibiotics were determined using the broth microdilution method as previously detailed. The
MIC for fosfomycin, was determined by the agar dilution method. Briefly, cation-adjusted
Mueller-Hinton agar (CAMHA) was supplemented with 25 mg/L glucose-6-phosphate
(G6P) as recommended by CLSI guidelines [65]. The bacterial suspension (approximately
1 x 10* CFU/mL) was spotted at 10 microliters on the surface of each agar plate containing
the antibiotic.

3.5. Genotypic Determination of Carbapenemase and ESBL

Genomic DNA from E. coli was prepared using Presto™ Mini gDNA Bacteria Kit.
Quantification of the extracted DNA was determined by spectroscopy at 260 nm. Antimi-
crobial resistance genes, including carbapenemase (blapvp, blagpc, blaxpm, blaoxa4s, and
blayny) and ESBL (blactx-m, blasy, and blagy) were detected by PCR using the primers
shown in Table 3. The amplification conditions for detecting IMP, KPC, and OXA-48 genes
were initial denaturation at 94 °C for 10 m, 36 cycles of 94 °C for 30 s, 52 °C for 40 s, and
72 °C for 50 s, and final elongation at 72 °C for 5 m. The amplification condition for NDM
and VIM genes were initial denaturation at 94 °C for 10 m, 36 cycles of 94 °C for 30 s,
56 °C for 40 s, and 72 °C for 50 s, and final elongation at 72 °C for 5 m. The amplification
conditions for detecting ESBL genes included CTX-M, SHV, and TEM genes were initial
denaturation at 95 °C for 15m, 30 cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 2 m,
and final elongation at 72 °C for 10 m.

3.6. Checkerboard Technique

The synergistic activities of meropenem combined with five aminoglycosides (amikacin,
gentamicin, kanamycin, streptomycin, and tobramycin) on CREC were determined by
the checkerboard technique. Briefly, 100 uL of 1 x 10° CFU/mL bacterial suspension was
added to wells containing 50 uL of each subinhibitory concentrations of meropenem and
aminoglycosides. The plates were incubated for 18 h at 37 °C. Inhibitory concentrations
were determined as concentrations without bacterial growth as indicated by the resazurin
test. The experiments were performed in triplicate for three independent repeats. The activ-
ity of the antimicrobial combinations was defined by the fractional inhibitory concentration
index (FICI), as follows:

MIC of drug A in combination L MIC of drug B in combination
MIC of drug A alone MIC of drug B alone

FICI = (1
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FICI results for each combination were interpreted as follows: FICI < 0.5, synergism;
0.5 < FICI < 4, indifference; and FICI > 4, antagonism. E. coli ATCC 25922 was used as
standard control strains for the assays [66].

3.7. Time-Kill Assay

The activity of meropenem and aminoglycosides combinations were confirmed by
the time-kill assay. Antibiotics were tested alone and in combination at 1/4 MIC. An
inoculum size of 1 x 10° CFU/mL was added and incubated at 37 °C. Bacterial growth
controls were maintained throughout the experiment. Bacterial growth was assessed at
0,2,4, 8,12 and 18 h by plating 10-fold serially diluted suspensions on Mueller-Hinton
agar plates. Plates were incubated overnight at 37 °C, and the number of colonies were
counted. The experiments were performed in triplicate and recorded as mean averages.
Bactericidal activity was defined as a >3 log;y) CFU/mL reduction when compare the
number of viable cells at time zero (0 h). Antibiotic combination synergism was defined as
a >2 logyg CFU/mL at 18 h for the antimicrobial combination, compared with the most
active agent. Indifferent was defined as <2 logig CFU/mL increase or decrease at 18 h
for the drug combination when compare with the most active drug and antagonism was
defined as >2 logj) CFU/mL increase between the combination and the most active single
drug [67].

4. Conclusions

Combination therapies have been highlighted as a possible treatment option for
the management of infections caused by drug resistant bacterial isolates. This study
demonstrated that combinations of meropenem with aminoglycoside might still be an
efficient therapeutic option for the treatment of CREC harboring blaxpm-1 and blanpws.
However, due to indifferent results observed with the FICI, it is important to consider other
mechanisms of aminoglycoside and carbapenem co-resistance. In addition, further studies
on toxicology, pharmacokinetics and pharmacodynamics of these combination regimens
are required prior to clinical trials.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390 /antibiotics 10081023 /s1, Table S1: Screening for carbapenem resistance in 35 suspected
carbapenem-resistant Escherichia coli isolates, Table S2: Clinical information and outcome of patients in
19 carbapenem-resistant Escherichia coli (CREC) isolates, Table S3: Minimum inhibitory concentrations
of antimicrobial agents against the 19 carbapenem-resistant Escherichia coliisolates, Table S4: Summary
of the synergistic effects of meropenem in combination with aminoglycosides against 19 carbapenem-
resistant Escherichia coli.

Author Contributions: P.T., experimental design, experimentation, manuscript drafting, and data
analysis; O.FN., experimentation, writing, editing, and revision; T.S., experimental design, su-
pervision; S.P.V,, providing funding, supervision, and editing; S.C., conceptualization, providing
funding, supervision, and editing. All authors have read and agreed to the published version of
the manuscript.

Funding: The work was funded by National Research Council of Thailand (NRCT), Grant No.
N41A640071.

Institutional Review Board Statement: This retrospective study was approved by the Institutional
Review Board (IRB) of the Faculty of Medicine, Prince of Songkla University, Thailand (EC: 54-080-
14-1-2). The researchers were granted permission to extract the data from the database with a waiver
of consent because of the observational nature of the study. All data were fully anonymized before
being accessed and analyzed.

Data Availability Statement: Data is contained within the article or Supplementary Material.

Acknowledgments: The authors wish to thank the Postdoctoral Fellowship, Prince of Songkla
University.

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



XXVI

Antibiotics 2021, 10, 1023 12 0f 14

References

1. van Duin, D.; Doi, Y. The global epidemiology of carbapenemase-producing Enterobacteriaceae. Virulence 2017, 8, 460-469.
[CrossRef]

2. Adams, D.J.; Susi, A.; Nylund, C.M. Clinical characteristics, risk factors, and outcomes of patients hospitalized in the US military
health system with carbapenem-resistant Enterobacteriaceae infection. An. J. Infect. Control 2020, 48, 644-649. [CrossRef]

3. Paveenkittiporn, W.; Lyman, M.; Biedron, C.; Chea, N.; Bunthi, C.; Kolwaite, A.; Janejai, N. Molecular epidemiology of
carbapenem-resistant Enterobacterales in Thailand, 2016-2018. Antimicrob. Resist. Infect. Control 2021, 10, 1-8. [CrossRef]

4. Sheu,C.C;Lin, S.Y,; Chang, Y.T; Lee, C.Y.; Chen, Y.H.; Hsueh, PR. Management of infections caused by extended-spectrum
p-lactamase-producing Enterobacteriaceae: Current evidence and future prospects. Expert Rev. Anti Infect. Ther. 2018, 16, 205-218.
[CrossRef]

5. Gutiérrez-Gutiérrez, B.; Rodriguez-Bafio, ]. Current options for the treatment of infections due to extended-spectrum beta-
lactamase-producing Enterobacteriaceae in different groups of patients. Clin. Microbiol. Infect. 2019, 25, 932-942. [CrossRef]
[PubMed]

6.  Nordmann, P; Naas, T.; Poirel, L. Global spread of Carbapenemase-producing Enterobacteriaceae. Enterg. Infect. Dis. 2011, 17,
1791-1798. [CrossRef] [PubMed]

7. Patel, G,; Bonomo, R. “Stormy waters ahead”: Global emergence of carbapenemases. Front. Microbiol. 2013, 4,48. [CrossRef]
[PubMed]

8. Hayakawa, K.; Nakano, R; Hase, R.; Shimatani, M.; Kato, H.; Hasumi, J.; Doi, A.; Sekiya, N.; Nei, T.; Okinaka, K.; et al.
Comparison between IMP carbapenemase-producing Enterobacteriaceae and non-carbapenemase-producing Enterobacteri-
aceae: A multicentre prospective study of the clinical and molecular epidemiology of carbapenem-resistant Enterobacteriaceae.
J. Antimicrob. Chemother. 2019, 75, 697-708. [CrossRef] [PubMed]

9. Logan, LK.; Weinstein, R.A. The Epidemiology of Carbapenem-Resistant Enterobacteriaceae: The Impact and Evolution of a
Global Menace. . Infect. Dis. 2017, 215, S28-S36. [CrossRef] [PubMed]

10. Zhang, Y.; Wang, Q.; Yin, Y,; Chen, H.; Jin, L.; Gu, B.; Xie, L.; Yang, C,; Ma, X,; Li, H.; et al. Epidemiology of Carbapenem-Resistant
Enterobacteriaceae Infections: Report from the China CRE Network. Antimicrob. Agents Chemother. 2018, 62, e01882-17. [CrossRef]

11.  Doi, Y. Treatment Options for Carbapenem-resistant Gram-negative Bacterial Infections. Clin. Infect. Dis. 2019, 69, S565-S575.
[CrossRef]

12.  Falcone, M.; Paterson, D. Spotlight on ceftazidime/avibactam: A new option for MDR Gram-negative infections. J. Antinicrob.
Chemother. 2016, 71,2713-2722. [CrossRef] [PubMed]

13.  Shields, RK.; Potoski, B.A.; Haidar, G.; Hao, B.; Doi, Y.; Chen, L,; Press, E.G.; Kreiswirth, B.N.; Clancy, C.].; Nguyen, M.H.
Clinical Outcomes, Drug Toxicity, and Emergence of Ceftazidime-Avibactam Resistance Among Patients Treated for Carbapenem-
Resistant Enterobacteriaceae Infections. Clin. Infect. Dis. 2016, 63, 1615-1618. [CrossRef]

14. Livermore, D.M.; Mushtaq, S. Activity of biapenem (RPX2003) combined with the boronate p-lactamase inhibitor RPX7009
against carbapenem-resistant Enterobacteriaceae. J. Antimicrob. Chemother. 2013, 68, 1825-1831. [CrossRef]

15. Livermore, D.M.; Warner, M.; Mushtaq, S. Activity of MK-7655 combined with imipenem against Enterobacteriaceae and
Pseudomonas aeruginosa. J. Antimicrob. Chemother. 2013, 68, 2286-2290. [CrossRef]

16. Wu, W,; Feng, Y.; Tang, G.; Qiao, F.; McNally, A.; Zong, Z. NDM Metallo-B-Lactamases and Their Bacterial Producers in Health
Care Settings. Clin. Microbiol. Rev. 2019, 32, e00115-18. [CrossRef]

17.  Sun, P; Xia, W;; Liu, G,; Huang, X; Tang, C.; Liu, C.; Xu, Y,; Ni, F; Mei, Y,; Pan, S. Characterization Of bla (NDM-5)-Positive
Escherichia coli Prevalent In A University Hospital In Eastern China. Infect. Drug Resist. 2019, 12, 3029-3038. [CrossRef] [PubMed]

18. Yang, P; Xie, Y,; Feng, P.; Zong, Z. blaNDM-5 carried by an IncX3 plasmid in Escherichia coli sequence type 167. Antimicrob.
Agents Chemother. 2014, 58, 7548-7552. [CrossRef]

19. Li X, Fu, Y.; Shen, M.; Huang, D.; Du, X.; Hu, Q.; Zhou, Y.; Wang, D.; Yu, Y. Dissemination of bla(NDM-5) gene via an IncX3-type
plasmid among non-clonal Escherichia coli in China. Anfimicrob. Resist. Infect. Control 2018, 7, 59. [CrossRef] [PubMed]

20. Sheu, C.C;Chang, Y.T,; Lin, S.Y,; Chen, Y.H.; Hsueh, PR. Infections Caused by Carbapenem-Resistant Enterobacteriaceae: An
Update on Therapeutic Options. Front. Microbiol. 2019, 10, 80. [CrossRef] [PubMed]

21. Pacios, O, Blasco, L.; Bleriot, I; Fernandez-Garcia, L.; Gonzdlez Bardanca, M.; Ambroa, A.; Lépez, M.; Bou, G.; Tomas, M.
Strategies to Combat Multidrug-Resistant and Persistent Infectious Diseases. Anfibiotics 2020, 9, 65. [CrossRef]

22.  Nwabor, O.F; Terbtothakun, P.; Voravuthikunchai, S.P; Chusri, S. Evaluation of the Synergistic Antibacterial Effects of Fosfomycin
in Combination with Selected Antibiotics against Carbapenem-Resistant Acinetobacter baumannii. Pharmaceuticals 2021, 14, 185.
[CrossRef] [PubMed]

23.  Ontong, J.C.; Ozioma, N.F; Voravuthikunchai, S.P.; Chusri, S. Synergistic antibacterial effects of colistin in combination with
aminoglycoside, carbapenems, cephalosporins, fluoroquinolones, tetracyclines, fosfomycin, and piperacillin on multidrug
resistant Klebsiella pneumoniae isolates. PLoS ONE 2021, 16, €0244673. [CrossRef] [PubMed]

24, Chukamnerd, A.; Pomwised, R.; Paing Phoo, M.T; Terbtothakun, P.; Hortiwakul, T.; Charoenmak, B.; Chusri, S. In vitro synergistic
activity of fosfomycin in combination with other antimicrobial agents against carbapenem-resistant Klebsiella pneumoniae
isolated from patients in a hospital in Thailand. J. Infect. Chemother. 2021, 27, 507-514. [CrossRef]



XXVII

Antibiotics 2021, 10, 1023 13 of 14

25. Liu, E; Jia, P; Li, X.; Zhou, M.; Kudinha, T,; Wu, C.; Xu, Y.; Yang, Q. In vitro and in vivo Effect of Antimicrobial Agent
Combinations Against Carbapenem-Resistant Klebsiella pneumoniae with Different Resistance Mechanisms in China. Infect.
Drug Resist. 2021, 14, 917-928. [CrossRef] [PubMed]

26. Poole, K.; Gilmour, C.; Farha, M.A.; Parkins, M.D.; Klinoski, R.; Brown, E.D. Meropenem potentiation of aminoglycoside activity
against Pseudomonas aeruginosa: Involvement of the MexXY-OprM multidrug efflux system. ]. Antimicrob. Chemother. 2018, 73,
1247-1255. [CrossRef] [PubMed]

27.  Gupta, N.; Limbago, B.M.; Patel, ].B.; Kallen, A.]. Carbapenem-resistant Enterobacteriaceae: Epidemiology and prevention. Clin.
Infect. Dis. 2011, 53, 60-67. [CrossRef]

28. Chotiprasitsakul, D.; Srichatrapimuk, S.; Kirdlarp, S.; Pyden, A.D.; Santanirand, P. Epidemiology of carbapenem-resistant
Enterobacteriaceae: A 5-year experience at a tertiary care hospital. Infect. Drug Resist. 2019, 12, 461-468. [CrossRef]

29. Segagni Lusignani, L.; Presterl, E.; Zatorska, B.; Van den Nest, M.; Diab-Elschahawi, M. Infection control and risk factors for
acquisition of carbapenemase-producing enterobacteriaceae. A 5year (2011-2016) case-control study. Antimicrob. Resist. Infect.
Control 2020, 9, 18. [CrossRef]

30. Rodriguez-Bano, ].; Gutiérrez-Gutiérrez, B.; Machuca, I; Pascual, A. Treatment of Infections Caused by Extended-Spectrum-Beta-
Lactamase-, AmpC-, and Carbapenemase-Producing Enterobacteriaceae. Clin. Microbiol. Rev. 2018, 31, €00079-17. [CrossRef]

31. Guh, A.Y; Bulens, SN.,; Mu, Y.; Jacob, ].T.; Reno, J.; Scott, ].; Wilson, L.E.; Vaeth, E.; Lynfield, R.; Shaw, K M.; et al. Epidemiology
of Carbapenem-Resistant Enterobacteriaceae in 7 US Communities, 2012-2013. JAMA 2015, 314, 1479-1487. [CrossRef]

32. Han, J.H,; Goldstein, EJ.; Wise, ].; Bilker, W.B.; Tolomeo, P.; Lautenbach, E. Epidemiology of Carbapenem-Resistant Klebsiella
pneumoniae in a Network of Long-Term Acute Care Hospitals. Clin. Infect. Dis. 2017, 64, 839-844. [CrossRef]

33. Sun,HK;Ong, C.T; Umer, A.; Harper, D.; Troy, S.; Nightingale, C.H.; Nicolau, D.P. Pharmacokinetic profile of tigecycline in
serum and skin blister fluid of healthy subjects after multiple intravenous administrations. Antimicrob. Agents Chemother. 2005, 49,
1629-1632. [CrossRef] [PubMed]

34.  Vattimo Mde, F,; Watanabe, M.; da Fonseca, C.D.; Neiva, L.B.; Pessoa, E.A.; Borges, ET. Polymyxin B Nephrotoxicity: From Organ
to Cell Damage. PLoS ONE 2016, 11, e0161057. [CrossRef] [PubMed]

35. Hashemian, SM.R.; Farhadi, Z.; Farhadi, T. Fosfomycin: The characteristics, activity, and use in critical care. Ther. Clin. Risk
Manag. 2019, 15, 525-530. [CrossRef]

36. Doi, Y.; Wachino, ] I; Arakawa, Y. Aminoglycoside Resistance: The Emergence of Acquired 16S Ribosomal RNA Methyltrans-
ferases. Infect. Dis. Clin. N. Am. 2016, 30, 523-537. [CrossRef] [PubMed]

37. Ramirez, M.S.; Tolmasky, M.E. Aminoglycoside modifying enzymes. Drug Resist. Updates 2010, 13, 151-171. [CrossRef] [PubMed]

38. Bodendoerfer, E.; Marchesi, M.; Imkamp, F.; Courvalin, P.; Bottger, E.C.; Mancini, S. Co-occurrence of aminoglycoside and
p-lactam resistance mechanisms in aminoglycoside- non-susceptible Escherichia coli isolated in the Zurich area, Switzerland. Int.
J. Antimicrob. Agents 2020, 56, 106019. [CrossRef] [PubMed]

39. Iredell, J.; Brown, J.; Tagg, K. Antibiotic resistance in Enterobacteriaceae: Mechanisms and clinical implications. BMJ 2016, 352.
[CrossRef] [PubMed]

40. Queenan, AM.; Bush, K. Carbapenemases: The versatile beta-lactamases. Clin. Microbiol. Rev. 2007, 20, 440-458. [CrossRef]

41. Okoche, D.; Asiimwe, B.B.; Katabazi, F.A.; Kato, L.; Najjuka, C.E. Prevalence and Characterization of Carbapenem-Resistant
Enterobacteriaceae Isolated from Mulago National Referral Hospital, Uganda. PLoS ONE 2015, 10, 0135745. [CrossRef]

42. Boutal, H.; Vogel, A.; Bernabeu, S.; Devilliers, K.; Creton, E.; Cotellon, G.; Plaisance, M.; Oueslati, S.; Dortet, L.; Jousset, A.;
etal. A multiplex lateral flow immunoassay for the rapid identification of NDM-, KPC-, IMP- and VIM-type and OXA-48-like
carbapenemase-producing Enterobacteriaceae. ]. Antimicrob. Chemother. 2018, 73, 909-915. [CrossRef]

43. Suay-Garcia, B.; Pérez-Gracia, M.T. Present and Future of Carbapenem-resistant Enterobacteriaceae (CRE) Infections. Antibiotics
2019, 8, 122. [CrossRef] [PubMed]

4. Dortet, L.; Cuzon, G.; Ponties, V.; Nordmann, P. Trends in carbapenemase-producing Enterobacteriaceae, France, 2012 to 2014.
Eurosurveillance 2017, 22, 30461. [CrossRef]

45.  Nordmann, P; Poirel, L. The difficult-to-control spread of carbapenemase producers among Enterobacteriaceae worldwide. Clin.
Microbiol. Infect. 2014, 20, 821-830. [CrossRef]

46. Chang, Y.T; Siu, LK.; Wang, ].T.; Wu, T.L.; Chen, Y.H.; Chuang, Y.C.; Lin, ].C.; Lu, P.L. Resistance mechanisms and molecular
epidemiology of carbapenem-nonsusceptible Escherichia coli in Taiwan, 2012-2015. Infect. Drug Resist. 2019, 12, 2113-2123.
[CrossRef] [PubMed]

47. Groundwater, PW,; Xu, S,; Lai, F; Varadi, L.; Tan, J.; Perry, ].D.; Hibbs, D.E. New Delhi metallo-B-lactamase-1: Structure,
inhibitors and detection of producers. Future Med. Chem. 2016, 8, 993-1012. [CrossRef] [PubMed]

48. Cheng, Z,; Thomas, PW.; Ju, L.; Bergstrom, A.; Mason, K.; Clayton, D.; Miller, C,; Bethel, C.R.; VanPelt, ].; Tierney, D.L. Evolution
of New Delhi metallo-B-lactamase (NDM) in the clinic: Effects of NDM mutations on stability, zinc affinity, and mono-zinc
activity. J. Biol. Chem. 2018, 293, 12606-12618. [CrossRef] [PubMed]

49. Khan, S;; Ali, A;; Khan, A.U. Structural and functional insight of New Delhi Metallo -lactamase-1 variants. Fufure Med. Chem.
2018, 10, 221-229. [CrossRef]

50. Tian, X,; Zheng, X,; Sun, Y,; Fang, R.; Zhang, S.; Zhang, X.; Lin, ].; Cao, J.; Zhou, T. Molecular Mechanisms and Epidemiology of
Carbapenem-Resistant Escherichia coli Isolated from Chinese Patients During 2002-2017. Infect. Drug Resist. 2020, 13, 501-512.
[CrossRef]



XXVIII

Antibiotics 2021, 10, 1023 140f14

51.  Netikul, T; Kiratisin, P. Genetic Characterization of Carbapenem-Resistant Enterobacteriaceae and the Spread of Carbapenem-
Resistant Klebsiella pneumonia ST340 at a University Hospital in Thailand. PLoS ONE 2015, 10, e0139116. [CrossRef] [PubMed]

52.  Kerdsin, A.; Deekae, S.; Chayangsu, S.; Hatrongjit, R.; Chopiitt, P.; Takeuchi, D.; Akeda, Y.; Tomono, K.; Hamada, S. Genomic
characterization of an emerging bla(KPC-2) carrying Enterobacteriaceae clinical isolates in Thailand. Sci. Rep. 2019, 9, 18521.
[CrossRef] [PubMed]

53. Poirel, L; Walsh, TR; Cuvillier, V., Nordmann, P. Multiplex PCR for detection of acquired carbapenemase genes. Diagn. Microbiol.
Infect. Dis. 2011, 70, 119-123. [CrossRef] [PubMed]

54.  Monstein, H.J.; Ostholm-Balkhed, A.; Nilsson, M.V.; Nilsson, M.; Dornbusch, K.; Nilsson, L.E. Multiplex PCR amplification assay
for the detection of blaSHV, blaTEM and blaCTX-M genes in Enterobacteriaceae. APMIS 2007, 115, 1400-1408. [CrossRef]

55.  Yadav, R.; Bulitta, ].B.; Schneider, EK.; Shin, B.S.; Velkov, T.; Nation, R.L.; Landersdorfer, C.B. Aminoglycoside Concentrations
Required for Synergy with Carbapenems against Pseudomonas aeruginosa Determined via Mechanistic Studies and Modeling.
Antimicrob. Agents Chemother. 2017, 61, e00722-17. [CrossRef]

56. Kadurugamuwa, J.L; Lam, ].S.; Beveridge, T.. Interaction of gentamicin with the A band and B band lipopolysaccharides of
Pseudomonas aeruginosa and its possible lethal effect. Antimicrob. Agents Chemother. 1993, 37, 715-721. [CrossRef] [PubMed]

57.  Papp-Wallace, KM.; Endimiani, A ; Taracila, M.A.; Bonomo, R.A. Carbapenems: Past, present, and future. Antimicrob. Agents
Chemother. 2011, 55, 4943-4960. [CrossRef]

58. Linden, P. Safety profile of meropenem: An updated review of over 6,000 patients treated with meropenem. Drug Saf. 2007, 30,
657-668. [CrossRef]

59. Baldwin, C.M.; Lyseng-Williamson, K.A.; Keam, S.]. Meropenem: A review of its use in the treatment of serious bacterial
infections. Drugs 2008, 68, 803-838. [CrossRef] [PubMed]

60. Zavascki, A.P; Klee, B.O.; Bulitta, ].B. Aminoglycosides against carbapenem-resistant Enterobacteriaceae in the critically ill: The
pitfalls of aminoglycoside susceptibility. Expert Rev. Anti Infect. Ther. 2017, 15, 519-526. [CrossRef]

61. Wargo, K.A.; Edwards, ].D. Aminoglycoside-induced nephrotoxicity. J. Pharm. Pract. 2014, 27, 573-577. [CrossRef] [PubMed]

62. Baciewicz, AM,; Sokos, D.R.; Cowan, R.I. Aminoglycoside-associated nephrotoxicity in the elderly. Ann. Pharmacother. 2003, 37,
182-186. [CrossRef] [PubMed]

63. Leite, G.C,; Neto, L.V.P; Gaudereto, ].].; de Maio Carrilho, C.M.D.; Rossi, E; Levin, AS.; Costa, S. Effect of antibiotics combination
and comparison of methods for detection of synergism in multiresistant Gram-negative bacteria. ]. Infect. Dis. Ther. 2015, 3, 1-9.
[CrossRef]

64. Petersen, PJ.; Labthavikul, P; Jones, C.H.; Bradford, PA. In vitro antibacterial activities of tigecycline in combination with other
antimicrobial agents determined by chequerboard and time-kill kinetic analysis. J. Antimicrob. Chemother. 2006, 57, 573-576.
[CrossRef]

65. CLSL Performance Standards for Antimicrobial Susceptibility Testing. In CLSI Supplement M100; Clinical and Laboratory
Standards Institute: Wayne, PA, USA, 2018; Volume 28.

66. Odds, FC. Synergy, antagonism, and what the chequerboard puts between them. . Antimicrob. Chemother. 2003, 52, 1. [CrossRef]

67. Cebrero-Cangueiro, T.; Alvarez-Marin, R.; Labrador-Herrera, G.; Smani, Y,; Cordero-Matia, E.; Pachén, J.; Pachon-Ibanez, M.E.
In vitro Activity of Pentamidine Alone and in Combination With Aminoglycosides, Tigecycline, Rifampicin, and Doripenem
Against Clinical Strains of Carbapenemase-Producing and/or Colistin-Resistant Enterobacteriaceae. Front. Cell. Infect. Microbiol.
2018, 8, 363. [CrossRef]



CHAPTER 1

INTRODUCTION

Background

Infections due to carbapenem-resistant Escherichia coli (CREC),
particularly the New Delhi metallo-p-lactamases (NDM)-producing isolates,
are critically problematic to global health care (1). These infections usually yield
unfavourable clinical outcomes, prolonged length of hospitalization and high hospital
costs (2). The national antimicrobial resistance surveillance data reported by
the Thailand National Institute of Health (2016-2018), indicated a high prevalence of
carbapenem-resistant Enterobacteriaceae (CRE) (93%) among hospitalized patients
in Thailand (3). In the past, carbapenems were the most reliable antimicrobial
agents against hospital-acquired infections caused by extended-spectrum B-lactamase
(ESBL)-producing Enterobacteriaceae (4). However, extensive usage as both
empirical and definitive regimens (5), resulted in the emergence of CRE (4).

Enterobacteriaceae resistance to carbapenems is mainly associated with
the production of several kinds of carbapenemases, which are enzymes capable
of hydrolyzing carbapenems and other B-lactams (6). In addition, the lack of porin
proteins by alteration in the permeability of the bacterial cell membrane,

and overexpression of efflux pumps are additive carbapenem resistance mechanisms



(7). Numerous epidemiological studies have suggested that the acquisition of
carbapenemase-encoding genes might lead to a rapid outbreak mostly in the hospital
setting and sometimes in the community setting (8-10). Moreover, the specific class of
the carbapenemase should be considered during the development of novel antimicrobial
agents as each class possesses a unique mechanism and spectrum of activity (11).
Previous studies have reported that ceftazidime-avibactam binds reversibly to class A,
C, and some D B-lactamases (12, 13), whereas imipenem-cilastatin-relebactam and
meropenem-vaborbactam reversibly and competitively inhibited class A and C
B-lactamases (14, 15). However, these antibiotics did not inhibit metallo-p-lactamases
such as NDM carbapenemases (12, 14, 15). Globally, the predominant carbapenemases
include NDM, Klebsiella pneumoniae carbapenemase (KPC), Verona integrin-encoded
metallo-B-lactamase (VIM) , imipenemase (IMP), and oxacillinases (OXA)-type
enzymes, which are encoded by blanowm, blakec, blavim, blaive, and blaoxa genes,
respectively (6). However, blanpm has gained relevance due to the high level of
resistance to many clinically available B-lactams and ease of horizontal transfer
between different isolates. To date, several variants of NDM enzymes have been
identified (16) with amino acid substitutions at different positions. NDM-5 differed
from NDM-1 by substitutions at positions 88 (Val - Leu) and 154 (Met - Leu), and
several studies have shown that blanpwm-s is carried by conjugatable IncX3 plasmids
responsible for the rapid spread (17-19).

Currently, therapeutic options for the management of infections caused
by CREC are limited (20). Moreover, the development of new antimicrobial agents

is costly, time-consuming, and require various stages of toxicological evaluations



to ensure safety (11). Hence, combining existing antimicrobial agents has become
a strategy against several kinds of infections caused by multi-drug resistant (MDR)
organisms (21). Previous studies have supported the use of combination therapy
as an effective treatment option for infections caused by several MDR Gram-negative
bacteria (22-24). A recent study demonstrated the synergistic effect of meropenem and
aminoglycosides against KPC-2 and NDM-1-producing carbapenem-resistant
Klebsiella pneumoniae (25). Additionally, the ability of meropenem to potentiate
aminoglycoside activity, largely dependent on the MexXY-OprM multidrug efflux
system, has been shown (26). However, data for combinations between meropenem
and several aminoglycosides against CREC harbouring blanom genes is lacking.
This study evaluated the effects of meropenem in combination with several
commonly used aminoglycosides (amikacin, gentamicin, kanamycin, streptomycin,

and tobramycin) on CREC isolates harbouring blanom genes.



Review of literature

1. Antibiotics

Antibiotics can be divided into two types based on the type of action,
including bactericidal and bacteriostatic. Several antibiotics were generated from soil
microbes such as bacterial genus: Streptomyces spp., Actinomyces spp., Bacillus spp.
and Fungi: Penicillium spp. and Cephalosporium spp. (27) Furthermore, semisynthetic
and chemotherapeutic drugs were grouped by the process of synthesis. Semisynthetic
drugs are synthesized by modifying the chemical structure of natural compounds,
in order to increase their properties such as reducing toxicity and improving stability
(28). Another type is chemotherapeutic drugs, which are chemically synthesized from
laboratories (29). The spectrum activities of antibiotics consist of broad-spectrum
activity and narrow-spectrum activity (30). The commonly used antibiotics were

summarized in Table 1.



Table 1. Antibiotic classification (31).

Class of antibiotics

Examples

Mode of
action

B-lactams

B-lactamase inhibitors

avibactam,
clavulanic acid,

sulbactam,

tazobactam

- aminopenicillins
pennicillinas

amoxicillin,
ampicillin

e sensible

natural penicillin

penicillin G,
penicillin VK

penicillins penicillinase resistant

dicloxacillin,
nafcillin,
oxacillin

. carboxypenicillins
anti- yp

carbenicillin,
ticarcillin

pseudomona
| ureidopenicillin

azlocillin,
mezlocillin,
piperacillin

1%t generation

cefadroxil,

cefazolin,
cephalexine,
cephradrine

2" generation

cefaclor,

cefoxitin,

cefprozil,
cefuroxime

cephalosporins

3 generation

cefoperazone,
ceftriaxone,
cefotaxime,
ceftazidime

4™ generation

cefepime,
cefpirome

5% generation

ceftaroline,
ceftolozane

carbapenems

doripenem,
ertapenem,
imipenem,
meropenem

monobactams

aztreonam

no
lactams

glycopeptides

dalbavancin,
oritavancin,
telavancin,

vancomycin

other

colistin,
daptomycin,

isoniazid,
polymixin B

cell wall
synthesis
inhibitors




Class of antibiotics

Examples

Mode of
action

aminoglycosides

amikacin,
gentamicin,
kanamycin,
streptomycin,
tobramycin

tetracyclines

democlocyclin,
doxycyclin,
minocycling,
tetracyclin
tigecyclin

oxazolidonones

linezolid,
tidezolid

streptogramins

quinupristin

chloramphenicol

macrolides

erythromycin,
clarithromycin,
azithromycin

lincosamides

clindamycin,
lincomycin

protein
synthesis
inhibitors

fluoroquinolones

ciprofloxacin,
levofloxacin,
norfloxacin,

sparfloxacin

guinolones

nalidixic acid

DNA
topoisomerases
inhibitors

sulfonamides

Sulfamethoxazole
, sulfasalazine,
sulfisoxazole

DHFR inhibitors

pyrimethamine,
trimethoprim

folic acid
synthesis
inhibitor

nitroimidazoles

metronidazole,
tinidazole

DNA damage

rifampin

mRNA
synthesis




Mode of action of antibiotics

antibiotics were sorted into 5 groups following the mechanism of action
of antibiotic (32).

1) Inhibitor of cell wall synthesis

Cell wall structure of bacteria differs from other organisms by
the presence of peptidoglycan that surrounds bacterial cells, which is not found
in a eukaryote. Hence, the bacterial cell wall is target site of various antibiotics due to
selective toxicity that is effective only for bacteria not specific for humans and animals.
The functions of bacterial cell wall are to maintain the bacterial cell shape and protect
bacteria from lysis due to high osmotic pressure (33, 34). The main component in
the bacterial cell wall is peptidoglycan, which is consist of N-acetylglucosamine and
N-acetylmuramic acid and was cross-linked with short peptides by the reaction of
transpeptidase and carboxypeptidase, known as penicillin-binding proteins (PBPs) (35).
Antibiotics that function as an inhibitor of cell wall synthesis are B-lactam drugs
(penicillin, cephalosporins, carbapenems, and monobactams), glycopeptide

(vancomycin and teicoplanin), and fosfomycin.

2) Inhibitor of protein synthesis

Protein synthesis comprises transcription and translation, which have
four main steps: initiation, elongation, termination, and recycling (36). The main
structure of protein synthesis is the ribosome, which transforms the genetic information
encoded in the messenger RNA (mRNA) into the polypeptide sequence. Bacterial 70S

ribosomes consist of two subunits, including 30S subunit and 50S subunit. Inhibition



of protein synthesis stops or slows the growth of bacterial cells (37). Antibiotics that
inhibit protein synthesis such as aminoglycosides (amikacin, gentamicin, kanamycin,
tobramycin, and streptomycin), tetracycline (doxycycline, minocycline, tetracycline,

and tigecycline), macrolide (azithromycin, clarithromycin, and erythromycin).

3) Inhibitor of nucleic acid synthesis

Bacterial DNA synthesis requires a group of enzymes, which is involved
in DNA replication, known as topoisomerases. Lacking these enzymes will result
in abnormal DNA formation (38, 39). Quinolones are a group of antibiotics that
interrupt nucleic acid synthesis by inhibiting topoisomerase (most frequently type Il
topoisomerase), which involve DNA replication. Antibiotics in quinolone group such

as ciprofloxacin, norfloxacin, ofloxacin, and levofloxacin (40).

4) Inhibitor of essential metabolite synthesis

Antibiotics that inhibit essential metabolite synthesis are synthetic
drugs. In this type of inhibition, an enzyme is inhibited in the process of tetrahydrofolate
production, which was used in nucleic synthesis reactions. For examples of antibiotics

in this group are sulfonamide and trimethoprim (41).

5) Inhibitor of cell membrane function

The primary function of bacterial cell wall is to protect the cell from
internal pressure. The peptidoglycan was considered as a permeability barrier except
for small substrates (42). Polymyxins, which are positively charged molecule

antibiotics, were generated from Paenibacillus polymyxa (Bacillus polymyxa) (43).



The function of polymyxins is to inhibit bacterial membrane by interacting with lipid
A of an outer membrane and disrupting the phospholipids. These actions lead
to osmotic imbalance causing cell death (44). Polymyxins have 5 types (A-E types)
but only 2 types were used, polymyxin B and polymyxin E (colistin). Daptomycin
is a cyclic lipopeptide that was generated from Streptomyces roseosporus (45). The
main structure is the peptide core which is attached to the fatty acid chain. Normally,
Daptomycin was used in the treatment of Methicillin-resistant Staphylococcus aureus

and Staphylococcus aureus (46).

Mechanism of antibiotic resistance in bacteria

Mechanisms of antibiotic resistance are classified into intrinsic
resistance and acquired resistance. For intrinsic resistance, some bacterial species have
a unique structural characteristic that provides resistance to certain antibiotics (42).
On the contrary, acquired resistance is the naturally susceptible bacteria develop
resistance against antibiotics by acquiring genes from other bacterial strains. The main
mechanisms of antibiotic resistance in Gram-negative bacteria consist of three
mechanisms (47), including enzymatic degradation, structural modification of porins,

and overexpression of efflux pump.

1) Enzymatic degradation

B-lactams operate by binding with PBPs interrupting the cross-linked of
the glycan chains in bacterial cell walls. B-lactamase enzymes (Table 2) are common

mechanisms in bacterial resistance to antibiotics, which hydrolyze the amide bond of
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the B-lactam ring resulting in the inactivation of the antibiotics. In Enterobacteriaceae
family, p-lactamase enzyme locates in the periplasmic space inhibiting antibiotics
before it reads to the PBPs. TEM and SHV are two types of P-lactamases

in Enterobacteriaceae which are encoded in plasmid or transposon (48).

Aminoglycosides can bind to the 30S subunit ribosome inhibiting
bacterial protein synthesis. Modifying enzymes are causing bacterial resistance
in aminoglycosides. There are 3 main chemical modifications, including
acetyltransferases (AACs), nucleotidyltransferase (ANTS), or phosphotransferases

(APHs) (49).



Table 2. B-lactamase enzyme classification (50)

11

Classification

B-lactamase Enzyme Example
Bush Jacoby Ambler
AmpC,
ACT-1,
1 Class C cephalosporinase CMY-2,
DHA-1,
FOX-1
2a penicillinase PC1
TEM-1,
TEM-2,
2b penicillinase SHV-1,
TEM-3,
Class A SHV-2
Serine CTX-M-15
p-lactamase 2be ESBL TEM-30,
SHV-10
inhibitor-
2br resistant TEM
(IRT)
- OXA-1,
2d oxacillinase OXA-10,
OXA-11,
2de Class D OXA-ESBL OXA-15
odf OXA OXA-23,
carbapenemase OXA-48
IMP, VIIM,
3a Class B1 NDM
B-:\:(?t?rlr:gse 3b Class B2 carbapenemase  CphA, imiS
3c Class B3 L1
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2) Structural modification of porins

The reduction of antibiotic influx can restrict intracellular access
to an antibiotic. Porin proteins generally control an influxion of substrates, which are
able to form to be open channels. These proteins allow the passive transportation
of molecules across lipid bilayer membranes. Thus, porins can be considered
as potential targets for bactericidal agents. The modification in porin structures result
in an alteration of membrane permeability and it is a mechanism of bacteria to escape

from antibiotics (51).

3) Overexpression of efflux pump.

Bacterial efflux systems consist of five different families of transporters,
including the resistance nodulation division (RND) family, the major facilitator
superfamily (MFS), the small multidrug resistance (SMR), the multidrug and toxic
compound extrusion (MATE) families, and the ATP-binding cassette (ABC)
superfamilies (Figure 1) (52). ABC transporters apply ATP hydrolysis as the energy
source, but the others are dependent on proton motive force (31). The efflux systems

that associate with E. coli were summarized in Table 3.



¢
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Current Opinion in Structural Biology

Figure 1. The structure of five efflux pumps superfamilies (52).
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Table 3. Examples of efflux pumps belong to major efflux pump families in
Escherichia coli strain.

Efflux
pump Example Substrate References
family
ABC MacAB-TolC macrolides (53)
chloramphenicol, doxycycline,
MdfA _ _ (54)
MES norfloxacin, tetracycline
QepA/QepA2 fluoroquinolones (55)
B-lactam, chloramphenicol,
fluoroquinolones, macrolides,
AcrAB-TolC o o _ (56),(57)
RND novobiocin, rifampicin, tetracycline,
tigecycline
OgxAB chloramphenicol, fluorogquinolones (58)
acriflavine, ethidium bromide, quaternary
SMR EmrE ) (59), (60)
ammonium compounds

2. Escherichia coli

E. coli is a bacterium in the member of Enterobacteriaceae family.

The most prevalent in gastrointestinal tracts of humans and warm-blood animals.

Generally, E. coli is a normal flora microorganism and lives in a mutually beneficial

association with hosts. Moreover, it was considered as an opportunistic pathogen

causing the prominence of urinary tract infection, meningitis, neonatal, and septicaemia

(61).



15

Resistance mechanisms of Escherichia coli

Prolonged and extensive usage of antibiotics over time resulted in
an increased incidence of resistance in E. coli Multidrug-resistant strains are rising
worldwide due to the spread of genes, which are located on mobile genetic elements,
including plasmids, integrons and transposons.

E.coli is intrinsically resistant to penicillin G, which is the first
B-lactam in clinical practice, due to the outer membrane barrier (62). Furthermore,
B-lactamase production is an important factor that causes broad-spectrum resistance
to p-lactam. B-lactamases, the wide classes of enzymes, are regularly produced by
Enterobacteriaceae and frequently encoded on plasmids (63). Several different types
of B-lactamases were described in (Table 2). ESBLs provide resistance to various
antibiotics including third and fourth generation cephalosporins and monobactams.

Currently, carbapenem resistance in Enterobacteriaceae was classified
to be an urgent threat level by CDC. The prevalence problems in nosocomial infection
are primarily caused by plasmid-encoded carbapenemases (6). Fluoroquinolone
resistance genes are frequently observed in combination with ESBL gene.
Fluoroquinolone resistance gnr and aac(6’) Ib-cr genes are frequently associated
with pB-lactam resistance genes, mainly blacrtx-m-14 and blactx-m-15 (64, 65).
For aminoglycoside resistance, alteration of the 16S rRNA site by methyltransferase

enzymes has emerged as a serious threat. Moreover, the 16S rRNA methyltransferase

armA gene is often accompanied by the carbapenemase genes on the same mobile

genetic element lead to pan drug-resistant mechanisms in bacteria (66, 67).
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3. Combination therapy

Since the emergence of a widespread of MDR, combination therapy has
been used in critically ill patient treatments.
The advantages of using combination therapy such as (68)
1) Toxicity of monotherapy may decrease when each of the antibiotics is selected
to combine by using at a lower concentration.
2) An increasing of features to cover all bacterial pathogens when combination
therapy is used by using more than one antibiotic.
3) The synergistic action of antibiotics combination of two or more antibiotics
being greater than individual activity
4) The opportunity of the emergence of resistance against two drugs are lower than

a single drug.
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Objectives

1. To evaluate the occurrence of ESBL- and carbapenemase genes among
carbapenem-resistant E. coli

2. To study the antibiotic susceptibility pattern in carbapenem-resistant E. coli
isolated from the patients

3. To investigate the synergistic effect of meropenem in combination with

aminoglycosides against carbapenem-resistant E. coli
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CHAPTER 2

MATERIALS AND METHODS

1. Chemical and Media

All culture media were purchased from Becton Dickinson & Co. Difco
TM (Franklin Lakes, NJ, USA). Colistin sulfate, minocycline hydrochloride, and
tobramycin were obtained from Sigma- Aldrich, (Saint Louis, MO, USA). Amikacin,
ciprofloxacin, cefotaxime, gentamicin, kanamycin, levofloxacin, and streptomycin
were purchased from Siam Bheasach Co, Ltd. (Bangkok, Thailand). Tigecycline was
purchased from Pfizer Inc. (Philadelphia, PA, USA). Ceftazidime was obtained from
Reyoung Pharmaceutical Co., Ltd. (Shandong, China). Imipenem was obtained from
Merck Sharp & Dohme Corp. (Elkton, VA, USA). Meropenem was obtained from
M&H Manufacturing Co. Ltd. (Samutprakarn, Thailand).Cefoperazone/sulbactam was
obtained from L.B.S. Laboratory Ltd. (Bangkok, Thailand). Ceftolozane/tazobactam
was obtained from Steri-Pharma, LLC (Syracuse, NY, USA). Fosfomycin was obtained

from Meiji Seika Kaisha, Ltd. (Tokyo, Japan).
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2. Bacterial Collection and Identification

A total of 35 suspected CREC isolates were collected from eight
hospitals located in Southern Thailand. The isolates grew on MacConkey agar
supplemented with imipenem at 6 pug/mL. All isolates were identified to species level
using standard biochemical tests and MALDI-TOF-MS. E. coli ATCC 25922 was used
as quality control. The samples were kept in tryptic soy broth supplemented with 20%

glycerol and stored at -80 °C.

3. Screening for Carbapenem Resistance

Resistance of the 35 suspected CREC isolates was assessed by the broth
microdilution method according to the Clinical and Laboratory Standards Institute (69).
Briefly, the isolates were grown in cation-adjusted Mueller-Hinton broth (CAMHB).
Bacterial cultures were adjusted with sterile 0.85% NaCl to McFarland 0.5 turbidity
standard. An aliquot of 100 pL diluted bacterial suspension (1x10® CFU/mL) was
mixed with 100 pL antibiotic in a 96-well plate and incubated at 37 °C for 18 h.
The minimum inhibitory concentration (MIC) was expressed as the lowest
concentration of the antibiotic that inhibits visible growth after incubation as indicated

by the resazurin test.
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4. Antibiogram of Carbapenem-Resistant Isolates

Confirmed CREC isolates were exposed to 17 conventional antibiotics
including carbapenem (imipenem and meropenem), aminoglycosides (amikacin,
gentamicin, kanamycin, streptomycin, and tobramycin), cefoperazone-sulbactam,
ceftolozane-tazobactam, cephalosporins (cefotaxime and ceftazidime), colistin,
fluoroquinolone (ciprofloxacin and levofloxacin), fosfomycin, glycylcyclines
(minocycline and tigecycline). The MICs of the antibiotics were determined using
the broth microdilution method as previously detailed. The MIC for fosfomycin, was
determined by the agar dilution method. Briefly, cation-adjusted Mueller-Hinton agar
(CAMHA) was supplemented with 25mg/L  glucose-6-phosphate  (G6P)
as recommended by CLSI guidelines (69). The bacterial suspension (approximately
1x10* CFU/mL) was spotted at 10 pL on the surface of each agar plate containing

the antibiotic.

5. Genotypic Determination of Carbapenemase and ESBL

Genomic DNA from E. coli was prepared using Presto™ Mini gDNA
Bacteria Kit. Quantification of the extracted DNA was determined by spectroscopy
at 260 nm. Antimicrobial resistance genes, including carbapenemase (blaivpe, blakec,
blanowm, blaoxa-4s, and blavim) and ESBL (blacTx-m, blasnv, and blatem) were detected
by PCR using the primers shown in Table 4. The amplification conditions for detecting
IMP, KPC, and OXA-48 genes were initial denaturation at 94 °C for 10 m, 36 cycles
of 94 °C for 30 s, 52 °C for 40 s, and 72 °C for 50 s, and final elongation at 72 °C for

5 m. The amplification condition for NDM and VIM genes were initial denaturation
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at 94 °C for 10 m, 36 cycles of 94 °C for 30 s, 56 °C for 40 s, and 72 °C for 50 s, and
final elongation at 72 °C for 5 m. The amplification conditions for detecting ESBL
genes included CTX-M, SHV, and TEM genes were initial denaturation at 95 °C for 15
m, 30 cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 2 m, and final elongation

at 72 °C for 10 m.
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Table 4. Primers used for PCR amplification of carbapenemase and ESBL genes.

Primer name Sequence (5’ to 3°) A_mpllcon Reference
size (bp)
Carbapenemase
IMP-F GGAATAGAGTGGCTTAAYTCTC
b|a||v|p 232
IMP-R GGTTTAAYAAAACAACCACC
KPC-F CGTCTAGTTCTGCTGTCTTG
blaKpc 798
KPC-R CTTGTCATCCTTGTTAGGCG
NDM-F GGTTTGGCGATCTGGTTTTC
blanom 621 70)
NDM-R CGGAATGGCTCATCACGATC
OXA-F GCGTGGTTAAGGATGAACAC
b|aox/.\.43 438
OXA-R CATCAAGTTCAACCCAACCG
VIM-F GATGGTGTTTGGTCGCATA
blavim 390
VIM-R CGAATGCGCAGCACCAG
Extended-spectrum p-lactamase
CTX-M-Ul ATGTGCAGYACCAGTAARGTKATGGC
b|ac'rx.M 573
CTX-M-U2 TGGGTRAARTARGTSACCAGAAYCAGCGG
bla-SHV.SE ATGCGTTATATTCGCCTGTG
blashy 747 (71)
bla-SHV.AS TGCTTTGTTATTCGGGCCAA

TEM-164.S TCGCCGCATACACTATTCTCAGAATGA
blarem 445

TEM-165.AS ACGCTCACCGGCTCCAGATTTAT




23

6. Checkerboard Technique

The synergistic activities of meropenem combined with five
aminoglycosides (amikacin, gentamicin, kanamycin, streptomycin, and tobramycin) on
CREC were determined by the checkerboard technique. Briefly, 100 pL of 1x10°
CFU/mL bacterial suspension was added to wells containing 50 pL of each
subinhibitory concentration of meropenem and aminoglycosides. The plates were
incubated for 18 h at 37 °C. Inhibitory concentrations were determined
as concentrations without bacterial growth as indicated by the resazurin test.
The experiments were performed in triplicate for three independent repeats.
The activity of the antimicrobial combinations were defined by the fractional inhibitory

concentration index (FICI), as follows:

MIC of drug A in combination MIC of drug B in combination

FICI =
MIC of drug A alone MIC of drug B alone

FICI results for each combination were interpreted as follows: FICI
< 0.5, synergism; 0.5 < FICI < 4, indifference; and FICI > 4, antagonism. E. coli ATCC

25922 was used as standard control strains for the assays (72).

7. Time-Kill Assay

The activity of meropenem and aminoglycosides combinations were
confirmed by the time-Kkill assay. Antibiotics were tested alone and in combination at
1/4 MIC. An inoculum size of 1x10°® CFU/mL was added and incubated at 37 °C.
Bacterial growth controls were maintained throughout the experiment. Bacterial growth

was assessed at 0, 2, 4, 8, 12, and 18 h by plating 10-fold serially diluted suspensions
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on Muller-Hinton agar plates. Plates were incubated overnight at 37 °C, and the number
of colonies were counted. The experiments were performed in triplicate and recorded
as mean averages. Bactericidal activity was defined as a > 3 logio CFU/mL reduction
when compare the number of viable cells at time zero (0 h). Antibiotic combination
synergism was defined as a> 2 logio CFU/mL at 18 h for the antimicrobial combination,
compared with the most active agent. Indifferent was defined as < 2 logio CFU/mL
increase or decrease at 18 h for the drug combination when compare with the most
active drug and antagonism was defined as > 2 logio CFU/mL increase between

the combination and the most active single drug (73).
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CHAPTER 3

RESULTS AND DISCUSSION

1. Bacterial Isolates

A total of 35 suspected CREC isolates were collected from eight
hospitals located in Southern Thailand. The isolates were obtained from various clinical
specimens, including blood (n = 11), rectal (n= 19), throat (n= 3) and environment
(n= 2). Data of isolates and antimicrobial response to imipenem and meropenem are
shown in Table 5. The results indicated that 19 isolates were resistant to carbapenems.
Demographic information, clinical data and outcomes of the patients infected with
CREC are presented in Table 6. Similar to previous reports of risk factors associated
with CRE acquisition or infection (74, 75), most patients in this study had previous
exposure to various antimicrobial agents, particularly carbapenems. The results support
previous observation that exposure to antibiotics including p-lactams such as
carbapenems and cephalosporins, as well as fluoroquinolones were associated with
CRE (23). Patient information indicated that most of the patients were admitted to
intensive care units (ICU), which are in consonance with observations of a previous
study that showed a high prevalence of carbapenemase-producing Enterobacteriaceae

in the ICU (76).
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Table 5. Screening for carbapenem resistance in 35 suspected carbapenem-resistant
Escherichia coli isolates

Clinical Source of MIC (ug/ml)

- Code . - -

isolate isolation Imipenem Meropenem
EC1 1PSUseplR/2 Rectal 0.25(S) 0.25 (S
EC2 1PSU6R/2 Rectal 0.25 (S) 0.0156 (S)
EC3 2PSUGR/1 Rectal 64 (R) 64 (R)
EC4 2PSUGR/2 Rectal 64 (R) 64 (R)
EC5 1HY4R/2 Rectal 0.25 (S) 0.0156 (S)
EC6 1HY8R Rectal 128 (R) 128 (R)
EC7 1HY13Th/1 Throat 64 (R) 64 (R)
EC8 1HY13R/1 Rectal 64 (R) 64 (R)
EC9 1SK1R/1 Rectal 0.25 (S) 0.0156 (S)
EC10 2ST1R/1 Rectal 0.25 (S) 0.0156 (S)
EC11 2ST4R/2 Rectal 0.25 (S) 0.0156 (S)
EC12 2ST7R/1 Rectal 0.25 (S) 0.003 (S)
EC13 2STT7R/2 Rectal 0.25 (S) 0.25 (S)
EC14 1PT5R/1 Rectal 32 (R) 64 (R)
EC15 1PA5Th/1 Throat 0.25 (S) 0.0156 (S)
EC16 1PASE Environment 0.25 () 0.0156 (S)
EC17 1PA21Th/1 Throat 128 (R) 128 (R)
EC18 1PA21R Rectal 128 (R) 128 (R)
EC19 1PA21E Environment 64 (R) 128 (R)
EC20 2PA3R/1 Rectal 0.25 (S) 0.0156 (S)
EC21 2PA3R/2 Rectal 0.25 (S) 0.0156 (S)
EC22 2PATR/1 Rectal 0.5(S) 0.0156 (S)
EC23 2PA9R/1 Rectal 0.25 (S) 0.0156 (S)
EC24 2PA21R/1 Rectal 64 (R) 128 (R)
EC25 SKO018 Blood 32(R) 64 (R)
EC26 SKO019 Blood 0.5(S) 0.0156 (S)
EC27 SK020 Blood 0.25 (S) 0.0156 (S)
EC28 SK021 Blood 64 (R) 128 (R)
EC29 TROO3 Blood 32(R) 128 (R)
EC30 PT024 Blood 16 (R) 32(R)
EC31 PT033 Blood 64 (R) 128 (R)
EC32 PT048 Blood 64 (R) 128 (R)
EC33 PTO51 Blood 64 (R) 128 (R)
EC34 NTO002 Blood 64 (R) 128 (R)
EC35 NTO004 Blood 128 (R) 32(R)

R, resistant; S, susceptible



Table 6. Clinical information of patients in 19 carbapenem-resistant Escherichia coli (CREC) isolates.

Isolate Code Hospital S_ourc_e of Sex Age Initial Underlying disease Previous use of antibiotics
isolation ward
CREC1 2PSU6GR/1 DM, HTN, DLD
. ICU § ’ ! CRO, IMP
CREC? 2PSUBR/2 Songklanagarind Rectal M 73 medicine CVA, CAD, CKD
CREC3 1HY8R Hatyai Rectal M 63 ICU HTN, CKD CRO, MEM
medicine
CREC4 1HY13Th/l Hatyai Throat ICU
. F 59 surgery DM, CVA, CAD CRO, ETP
CREC5 1HY13R/1 Hatyal Rectal
CREC6 1PT5R/1 Phatthalung Rectal M 48 mel((j:icL:Jine HTN, DLD, CKD CRO, CAZ, PIP/TAZ. IMP
CREC7 1PA21Th/1 Pattani Throat General
CRECS 1PA21R Pattani Rectal M 84 medicine DLD, CVA, CAD CAZ, MEM
CREC9 1PA21E Pattani Environment
CREC10 2PA21IR/1 Pattani Rectal M 47 n?;;i:f"e CAD CRO, PIP/TAZ
CREC11 SKO018 Songkhla Blood General
CREC12 SK021 Songkhla Blood M6l medicine COPD CRO, AZM, PIPITAZ
CREC13  TRO003 Trang Blood F 46 Suergzrr‘;‘/' HTN, CVA, CKD CRO, LVX, ETP
CREC14 PT024 Pattani Blood F ICU CKD, COPD CRO, IMP
surgery
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Source of Initial

Isolate Code Hospital . . Sex Age Underlying disease Previous use of antibiotics
isolation ward
. General
CREC15 PT033 Pattani Blood M 36 medicine HTN, CKD CAZ, LVX, MEM
CREC16 PT048 Pattani Blood M 37 melg:i(L:Jine DM, CKD CRO, PIP/TAZ, IMP
CREC17 PT051 Pattani Blood M 41 Sulr(g:gleer CAD, CKD LVX, IMP
CREC18  NTO002 Naradhiwas Blood Foe5 Ocnerd DM CRO, LVX, IMP
Rajanagarindra surgery
CREC19  NTO004 Naradhiwas Blood Foag Oeneral HTN, CKD CRO, MEM
Rajanagarindra medicine

AZM, azithromycin; CAD, coronary artery disease; CAZ, ceftazidime; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; CRO,
ceftriaxone; CVA, cerebrovascular disease; DM, diabetes mellitus; DLD, dyslipidemia; ETP, ertapenem; HTN, hypertension; IMP, imipenem; LV X, levofloxacin;
MEM, meropenem; PIP/TAZ, piperacillin/tazobact
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2. The Antibiogram of Carbapenem-Resistant E. coli Isolates

The susceptibility profile of CREC isolates was evaluated against 15
conventional antibiotics including carbapenems (imipenem and meropenem),
aminoglycosides (amikacin, gentamicin, kanamycin, streptomycin, and tobramycin),
cefoperazone-sulbactam, ceftolozane-tazobactam, colistin, cephalosporins (cefotaxime
and ceftazidime), fosfomycin, and glycylcyclines (minocycline and tigecycline).
The MICs of antibiotics except carbapenems and aminoglycosides were recorded in
Table 7 and summarized in Table 8. The results suggested that three antibiotics
including colistin, fosfomycin, and amikacin were effective against CREC isolates,
with percentage efficacy of 100% , 89.5% and 73.7%, respectively. To date,
polymyxins, fosfomycin, aminoglycosides, and tigecycline are considered choice drugs
for the management of infections caused by carbapenem- resistant Gram-negative
bacteria (77). However, resistance to these antibiotics is increasing rapidly with a high
chance of toxicity due to the relatively high doses required for monotherapy
medications. Results of this study revealed that approximately 79% of CREC isolates
were resistant to tigecycline, contrary to previous reports of 0.7% and 11.2% (78, 79).
In addition, the low plasma levels of tigecycline (80) constitute a clinical concern for
mono-therapeutic administration. Polymyxin on the other hand showed excellent
antimicrobial effects against CREC with a 100% susceptibility. However,
the nephrotoxicity and poor tissue perfusion of polymyxins (81) are limiting factors
hindering extensive therapeutic usage. The rapid acquisition of resistance and sodium

overload with intravenous fosfomycin (82) are also of clinical concern.



Table 7. Minimum inhibitory concentrations of antimicrobial agents against the 19 carbapenem-resistant Escherichia coli isolates

Minimum inhibitory concentration (ug/ml)

. B-Iact[;ﬁgstgri?\hibitor Cephalosporins Fluoroquinolone Glycylcyclines Other

Tote BB e § : 2 E 2 i £

g 88 E 2 g 3 g > g 3

£z &8 % : ] E g £ 3 ;

Q 4 oY © o 'S 2 - £ -
CREC1 512 (R) >1024 (R) >1024 (R) >1024 (R) 64 (R) 32 (R) 1(R) <2 (S) 0.5 (S) 16 (S)
CREC2 512 (R) >1024 (R) >1024 (R) >1024 (R) 128 (R) 32 (R) 1(R) <2 (S) 2(S) 16 (S)
CREC3 32 (S) 4 (S) 256 (R) 1024 (R) 4 (R) <0.5 (S) 2(R) <2 (S) 1(S) 64 (S)
CREC4  >1024(R)  >1024(R) >1024(R) >1024 (R) 128 (R) 16 (R) 0.5 (S) 16 (R) 0.5 (S) 16 (S)
CREC5  >1024(R)  >1024(R) >1024(R) >1024 (R) 128 (R) 16 (R) 1(R) <2 (S) 0.5 (S) 16 (S)
CREC6 512 (R) >1024 (R) >1024 (R) >1024 (R) 0.5 (S) <0.5 (S) 0.5 (S) <2 (S) 0.5 (S) 16 (S)
CREC7  >1024(R)  >1024(R) >1024(R) >1024 (R) 2(1) 2(S) 2 (R) 8 (1) 0.5 (S) 16 (S)
CREC8  >1024(R)  >1024(R) >1024(R) >1024 (R) 4 (R) 1(S) 2 (R) 4(S) 2(S) 16 (S)
CREC9  >1024(R)  >1024(R) >1024(R) >1024 (R) 2(1) 1(S) 2 (R) 8 (1) 0.5 (S) 16 (S)
CREC10 >1024(R)  >1024(R) >1024(R) >1024(R) 64 (R) 32 (R) 1(R) 4(S) 1(S) 16 (S)
CREC11 512 (R) >1024 (R) >1024 (R) >1024 (R) 128 (R) 16 (R) 4 (R) <2(S) 0.25 (S) 16 (S)
CREC12 >1024(R)  >1024(R) >1024(R) >1024(R) 64 (R) 8(R) 2 (R) <2(S) 0.25 (S) 16 (S)
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Minimum inhibitory concentration (ug/ml)

B-lactam . . .
| p-lactamase inhibitor Cephalosporins Fluoroquinolone Glycylcyclines Other
Clinical @ £ < - ®
isolate § E % s £ q§) S S = = c 3
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CREC13  >1024 (R) >1024 (R) 256 (R) >1024 (R) 128 (R) 8 (R) 2(R) <2(S) 0.5 (S) 16 (S)
CREC14  >1024 (R) >1024 (R)  >1024(R) >1024 (R) 16 (R) 8 (R) 0.06 (S) 8 (I 1(S) 16 (S)
CREC15 256 (R) >1024 (R)  >1024(R) >1024 (R) 128 (R) 8 (R) 0.25(S) <2 (S) 1(S) 16 (S)
CREC16 512 (R) >1024 (R)  >1024(R) >1024 (R) 256 (R) 32(R) 2(R) 16 (R) 1(S) 32(S)
CREC17 512 (R) >1024 (R)  >1024(R) >1024 (R) 256 (R) 32(R) 2(R) 16 (R) 0.5(S) 16 (S)
CREC18 512 (R) >1024 (R) >1024 (R) >1024 (R) 512 (R) 64 (R) 2 (R) <2 (S) 0.5 (S) 1024 (R)
CREC19 512 (R) >1024 (R) >1024 (R) >1024 (R) 256 (R) 16 (R) 4 (R) <2 (S) 1(S) 1024 (R)

R, resistant; I, intermediate; S, susceptible
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Table 8. Summary of antimicrobial susceptibility of 19 carbapenem-resistant Escherichia coli isolates.

MIC (pug/mL) Percentage %

Antibiotics Range MICso  MICg  Susceptible Intermediate  Resistant
Aminoglycoside
Amikacin 2->1024 4 > 1024 73.7 0 26.3
Gentamicin 1->1024 64 > 1024 21 5.3 73.7
Kanamycin 8->1024 128 > 1024 21 0 79
Streptomycin 16 - 1024 512 1024 0 0 100
Tobramycin 1->1024 32 > 1024 5.3 10.5 84.2
B-lactam + B-lactamase inhibitor
Cefoperazone-sulbactam 256 - > 1024 512 > 1024 5.3 0 94.7
Ceftolozane-tazobactam 1024 ->1024 >1024 >1024 5.3 0 94.7
Carbapenem
Imipenem 16 - 128 64 128 0 0 100
Meropenem 32-128 128 128 0 0 100
Cephalosporin
Cefotaxime 256 ->1024 >1024 >1024 0 0 100
Ceftazidime 1024 ->1024 >1024 >1024 0 0 100
Fluoroquinolone
Ciprofloxacin 0.5-512 128 256 5.3 10.5 84.2
Levofloxacin <0.5-64 16 32 26.3 0 73.7
Glycylcycline
Minocycline <2-16 <2 16 68.4 15.8 15.8
Tigecycline 0.0625 - 4 2 4 21 0 79
Other
Colistin 0.25-2 0.5 2 100 0 0
Fosfomycin 16 - 1024 16 1024 89.5 0 10.5
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3. Antimicrobial Susceptibility to Carbapenem and Aminoglycosides

The MIC of carbapenems and aminoglycosides on 19 CREC isolates
were determined by the broth microdilution method ( Table 9). The 19 isolates
were resistant to imipenem (MIC50 = 64 pg/mL and MIC90 = 128 pug/mL), meropenem
(MIC50 = 128 pg/mL and MIC90 = 128 pg/mL), and streptomycin (MIC50 = 512
pg/mL and MIC90 = 1024 pg/mL). In addition, 16 isolates were resistant to tobramycin
(MIC50 = 32 pug/mL and MIC90 > 1024 ug/mL), while two isolates were intermediate.
Furthermore, 14 and 15 isolates displayed resistance against gentamicin (MIC50 = 64
pg/mL and MIC90 > 1024 pg/mL) and kanamycin (MIC50 = 128 pg/mL and MIC90
> 1024 ng/mL), respectively. In contrast, amikacin showed high efficacy on 14 isolates.

Aminoglycosides are an important class of bactericidal antibiotics that
are frequently used for the treatment of severe infections caused by Gram-negative
bacteria. The major resistance mechanism to aminoglycosides in Gram-negative
bacteria is the production of aminoglycoside-modifying enzymes (AMES) or
the modification of the ribosome by acquired 16S rRNA methyltransferases (RMTases)
(49, 83). AMEs modify select to specific aminoglycosides, hence bacterial isolates
show discordant susceptibility among different aminoglycosides. A previous study
demonstrated the co-occurrence of aminoglycoside and p-lactam resistance
mechanisms in E. coli isolates (84). In addition, co-harbouring of ESBLs,
carbapenemases, and 16S rRNA methylase genes within a plasmid has been noted to

result in multidrug resistance in Enterobacteriaceae (85).



Table 9. Antibacterial profile of aminoglycoside and carbapenem resistance in 19 carbapenem-resistant Escherichia coli isolates.

MIC (ug/mL)
bla genotype carbapenem aminoglycoside
Clinical c S - < c S c
isolate Source 2 e S 2 S, 2 S\
carbapenemase ESBL o 9 X % % S %
£ 5 £ = = S 5
< ()
= = > X & 8
CREC1 Rectal blanpm-1 blacTx-m, blatem 64 (R) 64 (R) 2 (S) 64 (R) 16(S) 1024 (R) 16(R)
CREC 2 Rectal blanbm-1 blacTx-m, blatem 64 (R) 64 (R) 2 (S) 64 (R) 16 (S) 1024 (R) 8 (I
CREC3 Rectal - blactx-m, blashy, blatem 128 (R) 128 (R) 64 (R) 64 (R) 64 (R) 256(R) 128 (R)
CREC 4 Throat blanom-s blactx-m, blatem 64 (R) 64 (R) 4(S) 32 (R) 64(R) 512(R) 32(R)
CRECS5 Rectal blanom-s blacTx-m, blatem 64 (R) 64 (R) 4(S) 64 (R) 64(R) 512(R) 32(R)
CREC6  Rectal blanowm-s blacTx-m, blatem 32(R) 64(R)  4(S) 1(S) 32(S) 64(R)  8(I)
CREC7 Throat blanbm-1 blacTx-m, blatem 128 (R) 128 (R) 8 (S) 128(R) 256 (R) 512(R) 64 (R)
CREC 8 Rectal blanpm-1 blacTx-m, blatem 128 (R) 128 (R) 8(S) 128(R) 128 (R) 16(R) 64 (R)
CREC9 Environment blanpm-1 blacTx-m, blatem 64 (R) 128(R) 8(S) 64 (R) 512(R) 512(R) 64 (R)
CREC 10 Rectal - blaTtem 64 (R) 128 (R) 4(S) 0.5(S) 8(S) 32 (R) 1(S)
CREC 11 Blood - blacTx-m, blarem 32(R) 64(R) >1024 (R)>1024 (R)>1024 (R) 32(R) >1024(R)
CREC 12 Blood blanom-s blactx-m, blatem 64 (R) 128 (R) > 1024 (R) > 1024 (R) >1024 (R) 32 (R) >1024 (R)
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bla genotype

MIC (ug/mL)

carbapenem aminoglycoside
c
carbapenemase ESBL g = X 3 £ S £
CREC 13 Blood blanpm-s blacTx-m, blatem 32(R) 128(R) 8(S) 1(S) 128(R) 32 (R) 32 (R)
CREC14  Blood blanowm-s blatem 16 (R) 32(R) >1024 (R)>1024 (R) > 1024 (R) 1024 (R) 512 (R)
CREC 15 Blood blanoms blacTx-m, blatem 64(R) 64(R)  4(S) 1(S) 128 (R) 512(R) 16 (R)
CREC 16 Blood blanpwm-s blacTx-m, blatem 64 (R) 128(R) 2(S) 128(R) 128(R) 512(R) 16(R)
CREC 17 Blood blanpwm-s blarem 64 (R) 128(R) 4(S) 64 (R) 64 (R) 256(R) 16(R)
CREC 18 Blood blanom-1, blaoxa-4s blacTx-m, blatem 64 (R) 128(R) 4(S) 64(R) 128(R) 256(R) 32(R)
CREC 19 Blood blanpwm-1 blacTx-m, blatem 128(R) 32(R) 128 (R) 8( 1024 (R) 512(R) 128 (R)

R, resistant; S, susceptible; I, intermediate
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4. Genotypic Resistance Mechanism in Carbapenem-Resistant E. coli Isolates
The 19 CREC isolates were screened for antimicrobial resistance genes
including carbapenemase genes (blakpc, blaive, blavim, blanom, and blaoxa-48) and
ESBL genes (blatem, blasky, and blactx-m) using PCR (Table 10). The results for
carbapenemase genes demonstrated high prevalence of blanpm-1 and blanpm-s.
However, blaoxa- 4 Was observed in one of the tested isolates. Furthermore,
co- harbouring of carbapenemase and ESBL genes were represented in almost all
isolates. The results showed that six isolates with blanpwm-1 co-harboured blactx-m and
blatrem (Table 9). Additionally, CREC 18 carrying blanom-1 and blaoxa-ss,
co-harboured ESBL genes (blactx-m and blatem). blanowm-s was found in nine isolates
co-harboring ESBL genes (blactx-m and blatem). However, two out of the nine isolates
that harboured blanowm-s had only blarem. The results further showed that three of the
isolates had no carbapenemase genes but carried ESBL genes. According to the Ambler
classification method, carbapenemase-produced by Enterobacteriaceae can be
classified into three classes including class A, class B, and class D B-lactamases (6).
However, the clinical relevance of Ambler class C is still unknown (86). The most
widely spread carbapenemase in E. coli include class A; KPC, class B; NDM-1,
NDM-5, NDM-9, and VIM, class D; OXA-48, OXA-181, and OXA-244 (87, 88). Class
A, B and D B-lactamases enzymes are plasmid-mediated and are responsible for the

high levels of antimicrobial resistance and rapid dissemination by horizontal transfer
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(89). Epidemiological studies have revealed the diversity of carbapenemases
predominate in several regions and countries (89). In the United States, Argentina,
Columbia, Greece, Israel, and Italy, KPC-producing Enterobacteriaceae, are mostly
endemic among nosocomial isolates (1). NDM was reported as the main
carbapenemase-mediating resistance in E. coli isolates in India, Pakistan, and Sri
Lanka, whereas OXA-48 was reported in North Africa, Malta, and Turkey (90). NDM
and OXA-48 were identified in both nosocomial and community-acquired pathogens
(89, 91). A recent study done in Thailand reported a high prevalence (99%) of CREC
isolates having at least one carbapenemase- producing gene ( CP-gene) (3).
The most common CP-gene among CREC isolates in Thailand were blanpm (94%) and
a blaoxa-ss-like (18%) gene (3). In this study, blanom was found in 16 isolates, including
seven isolates harbouring blanom-1 and nine isolates harbouring blanowm-s. Similar
results were reported in a recent study with a high prevalence of NDM-1 in E. coli (92).
The increased usage of antibiotics may be driving the evolution of NDM-1 variants.
M154L amino acid substitution in NDM-5 was the most common substitution in all
NDMs variants leading to increase carbapenemase activity (93). However, a previous
study reported that the difference in the activity of NDM-5 and NDM-1 is due to
variations in the affinity for zinc (94). Moreover, V88L amino acid substitution in
NDM-5 contribute to lower catalytic activity on imipenem and meropenem (95).

Several studies showed that blanom-5 was carried by IncX3 plasmids which have been
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shown to be conjugatable and could explain the rapid spread of blanpm-s carrying
isolates (96). However, blakec which is the most commonly found in the United States
(1), was not presented in this study. So far, the prevalence of blakpc in Thailand has
remained very low. A previous report indicated a 0.02% (n = 12,741) prevalence of
blakpc-13 among Enterobacteriaceae and 1.7% (n = 181) among CRE isolates (97),
whereas a separate report showed that the prevalence rate of blakpc-2 in CRE isolates
was 0.13% (n = 2245) (98). Furthermore, the study illustrated the co-existence of
carbapenemase and ESBL genes in CREC isolates. Carbapenems were used as
first-line antibiotics for the treatment of infection caused by extended-spectrum
B-lactamase (ESBL)-producing Enterobacteriaceae. Thus, the co-harboring of multiple
antibiotic resistance genes will promote multi-resistance, which might amount to

significant therapeutic concerns.



Table 10. Effects of meropenem and aminoglycosides combinations on 19 carbapenem-resistant Escherichia coli.

Clinical meropenem+amikacin meropenem-+gentamicin meropene+kanamycin meropenem+streptomycin  meropenem-+tobramycin

Isolate MIC? EFICI MIC? EFICI MIC? XFICI MIC? XFICI MIC? XFICI
CREC 1 8/0.5 0.38 (S) 2/8 0.16 (S) 8/4 0.38 (S) 1/256 0.27 (S) 4/2 0.19 (S)
CREC2  16/0.125  0.31(S) 2/8 0.16 (S) 16/4 0.50 (S) 1/256 0.27 (S) 4/2 0.31(S)
CREC 3 8/16 031(S)  2/16 0.27 (S) 32/8 0.38 (S) 32/32 0.38 (S) 4/8 0.09 (S)
CREC 4 4/1 0.31(S) 8/8 0.38 (S) 8/16 0.38 (S) 8/64 0.25 (S) 8/4 0.25 (S)
CREC5  16/025  0.31(S) 2/8 0.16 (S) 4116 0.31(S) 8/64 0.25 (S) 8/4 0.25 (S)
CREC 6 8/2 0.63(l)  8/0.125 0.25 (S) 4/8 0.31(S) 8/8 0.25 (S) 2/2 0.28 (S)
CREC 7 8/2 0.31(S) 8/8 0.13 (S) 8/32 0.19 (S) 4/128 0.28 (S) 8/8 0.19 (S)
CREC 8 2/2 027(S)  2/16 0.14 (S) 32132 0.50(S) 128/1 1.02 (S) 8/8 0.19 (S)
CREC 9 412 0.28(S)  16/8 0.25 (S) 8/32 0.19 (S) 8/128 0.31(S) 16/8 0.25 (S)
CREC 10 412 053(l)  4/0.125 0.28 (S) 16/2 0.38 (S) 16/8 0.38 (S) 32/0.5 0.75 (1)
CREC 11 32/32 053()  16/512 0.75 (1) 64/8 1.01 (1) 64/8 1.25 (1) 64/1024 2.00 (1)
CREC12  32/256  050(S)  8/128 0.19 (S) 64/8 0.51 (1) 32/8 0.50 (S) 64/8 0.51 (1)
CREC 13 2/2 027(S)  1/05 0.51 (1) 2/32 0.27 (S) 4/16 0.53 (S) 2/8 0.27 (S)
CREC 14 16/32 053()  0.5/128 0.14 (S) 16/512  1.00 (1) 1/128 0.16 (1) 4164 0.25 (S)
CREC 15 16/1 0.38(S)  8/0.25 0.31(S) 2/32 0.27 (S) 32/1 0.25 (S) 8/4 0.31(S)
CREC16  64/025  0.63(l) 4/16 0.16 (S) 4/32 0.28 (S) 8/128 0.31 (1) 16/2 0.25 (S)

CREC 17 32/2 0.75 (1) 4/8 0.16 (S) 16/16  0.38 (S) 8/64 0.31 (S) 8/8 0.56 (1)




meropenem+amikacin meropenem-+gentamicin meropene+kanamycin meropenem+streptomycin  meropenem-+tobramycin

Clinical

Isolate MIC? IFICI MIC? IFICI MIC? XFICI MIC? XFICI MIC? IFICI
CREC 18 32/1 0.50 (S) 2/16 0.27 (S) 16/32 0.38 (S) 8/64 0.31 (S) 4/8 0.28 (S)
CREC 19 2/32 0.31 (S) 16/2 0.75 (I) 4/512 0.63 (I) 4/128 0.38 (S) 8/32 0.50 (S)

S, synergy; I, indifferent.  minimum inhibitory concentration of combination of meropenem/aminoglycoside. The FICI results for each
combination were interpreted as follows: FICI < 0.5, synergism; 0.5 < FICI < 4, indifference; and FICI > 4, antagonism.
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5. The Combined Effect of Meropenem and Aminoglycosides

The results of antimicrobial combinations against the 19 CREC isolates are
shown in Table 4 and summarized in Table 11. Synergistic effects were observed for
meropenem plus gentamicin and meropenem plus streptomycin in 16 (84.2%) isolates,
followed by meropenem plus kanamycin and meropenem plus tobramycin in 15 (79%)
isolates. Furthermore, synergistic activity was observed in 13 (68.4%) isolates for
meropenem plus amikacin. The isolate CREC 11 (blactx-m and blatem), with high
resistance to aminoglycosides, was resistant to all combinations, while isolate CREC
12 (blanpm-s, blactx-m and blatem) was susceptible to meropenem plus amikacin, or
gentamicin, or streptomycin combinations. The combination of meropenem plus
gentamicin and meropenem plus tobramycin exhibited synergism against CREC 14
(blanom-s and blaTtem). The cross-resistance of CREC 11 to all the combinations might
be due to the cumulative effects of other resistance mechanisms such as overexpression
of efflux pump and/or porin with the B-lactamases leading to high level of resistance.
However, the results did not reveal an antagonistic effect for the tested combinations.

The results revealed that the addition of aminoglycosides as adjunctive therapy
to meropenem could restore meropenem activity against CREC isolate harbouring
blanom. Combination of meropenem and aminoglycosides might promote membrane
disruption since aminoglycosides exert disruptive effects on the outer membrane
structure by binding with the negatively charged lipopolysaccharides in the outer
membrane of Gram- negative bacteria. Thus, the aminoglycoside promotes the

permeabilizing effect and enhances the periplasmic target site penetration of other
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antibiotics such as carbapenems used in combination (99, 100). Meropenem is a safe,
well-tolerated, and commonly used as monotherapy or as combination regimens for
hospital-acquired infection due to several MDR Gram-negative bacteria (101, 102).
Similarly, aminoglycosides are effective against Gram-negative aerobic bacteria
including  resistant  Enterobacteriaceae  (103). However, aminoglycosides
monotherapies can lead to unfavourable clinical outcomes due to rapid emergence of
resistance, and nephrotoxicity among patients with prolonged usage of
aminoglycosides (104, 105).

Table 11. Summary of the synergistic effects of meropenem in combination with
aminoglycosides against 19 carbapenem-resistant Escherichia coli.

o Outcomes
Combination : .
Synergism (%) Indifference (%)

meropenem + amikacin 13 (68.4) 6 (31.6)
meropenem + gentamicin 16 (84.2) 3 (15.8)
meropenem + kanamycin 15 (78.9) 4 (21.1)
meropenem + streptomycin 16 (84.2) 3 (15.8)
meropenem + tobramycin 15 (78.9) 4 (21.1)

6. Time-Kill Assay

The time-kill effects of meropenem combined with either amikacin, gentamicin,
kanamycin, streptomycin, or tobramycin were evaluated on CREC 12 (Figure 2). The
results revealed a synergistic bactericidal effect at 1/4 meropenem plus 1/4 amikacin

at 4 h. (Figure 2A) and 1/4 meropenem plus 1/4 gentamicin at 2 h. (Figure 2B) with
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a >3 logio CFU/mL reduction in cell growth when compared to the MIC of individual
antibiotics. Furthermore, an indifferent effect was revealed at 1/4 meropenem plus
1/4 kanamycin (Figure 2C). At 12 h, the combination between 1/4 meropenem plus
1/4 streptomycin (Figure 2D) presented a synergistic bactericidal effect, while the
combination of 1/4 meropenem plus 1/4 Tobramycin revealed a synergistic effect
(Figure 2E) . For CREC 18 at 8 h, 1/4 meropenem plus 1/4 amikacin showed
a synergistic bactericidal effect (Figure 3A). Similar results were observed at 4 h with
1/4 meropenem plus 1/4 gentamicin (Figure 3B), at 8 h for 1/4 meropenem plus 1/4
kanamycin (Figure 3C), or 1/4 streptomycin (Figure 3D), and at 2 h for 1/4 meropenem
plus 1/4 tobramycin against isolate CREC 18 (Figure 3E). However, a regrowth was
observed at 8 h for meropenem and tobramycin combination, and at 12 h for
meropenem and amikacin or gentamicin combination. Our results showed
inconsistencies between the FICI and time-kill methods. Similar findings have been

reported by previous studies (106, 107).
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Figure 2. Time-kill curves of 1/4 MIC (32 pug/mL) meropenem and 1/4 MIC
aminoglycosides combination against CREC 12. (A) Amikacin (256 pg/mL),
(B) Gentamicin (256 pg/mL), (C) Kanamycin (256 pug/mL), (D) Streptomycin
(8 pg/mL), and (E) Tobramycin (256 pg/mL).
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Figure 3. Time-kill curves of 1/4 MIC (32 pg/mL) meropenem and 1/4 MIC
aminoglycosides combination against CREC 18. (A) Amikacin (1 pug/mL), (B)
Gentamicin (16 pg/mL), (C) Kanamycin (32 pg/mL), (D) Streptomycin (64
pg/mL), and (E) Tobramycin (8 pg/mL).
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CHAPTER 4

CONCLUSION

Combination therapies have been highlighted as a possible treatment option
for the management of infections caused by drug-resistant bacterial isolates. This study
demonstrated that combinations of meropenem with aminoglycoside might still be
an efficient therapeutic option for the treatment of CREC harbouring blanom-1 and
blanom-s. However, due to indifferent results observed with the FICI, it is important to
consider other mechanisms of aminoglycoside and carbapenem co- resistance.
In addition, further studies on toxicology, pharmacokinetics and pharmacodynamics of

these combination regimens are required prior to clinical trials.
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Culture Media

1. Cation-adjusted Mueller-Hinton broth

Approximate Formula *Per Liter

Beef Extract 30 g
Acid Hydrolysate of Casein 175 ¢
Starch 15 g

Suspend 22 g of the power in 1 L of purified water. Mix thoroughly. Heat with
frequent agitation and boil for 1 minute to completely dissolve the powder. Autoclave
at 116 to 121°C for 10 minutes. Do not overheat at any time. Test samples of the

finished product for performance using stable, typical control cultures.

2. Tryptic Soy Agar

Approximate Formula *Per Liter

Pancreatic Digest of Casein 150 g
Papic Digest of Soybean 50 g
Sodium Chloride 50 g

Agar 150 ¢
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Suspend 40.0 g of the powder in 1 L of purified water. Mix thoroughly. Heat
with frequent agitation and boil for 1 minute to completely dissolve the powder.

Autoclave at 121°C for 15 minutes.
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