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Abstract Background: New tetracycline derivatives exhibit broad-spectrum antimicrobial
activities. This study aimed to assess the in vitro activity of eravacycline against common En-
terobacterales.
Methods: Clinical Enterobacterales isolates were collected between 2017 and 2021. The min-
imum inhibitory concentration (MIC) was determined using a broth microdilution test.
Results: We identified Klebsiella pneumoniae (n Z 300), Escherichia coli (n Z 300), Klebsiella
oxytoca (n Z 100), Enterobacter cloacae complex (n Z 100), Citrobacter freundii (n Z 100),
and Proteus mirabilis (n Z 100). All P. mirabilis strains were resistant to eravacycline.
Excluding P. mirabilis, the susceptibility rates to eravacycline, omadacycline, and tigecycline
were 75.2%, 66.9%, and 73%, respectively. The MIC50 and MIC90 (mg/L) of eravacycline were 0.5
and 4 for K. pneumoniae, 0.5 and 1 for E. coli, 0.5 and 1 for K. oxytoca, 0.5 and 2 for E. cloacae
complex, and 0.25 and 1 for C. freundii. In cefotaxime non-susceptible and meropenem sus-
ceptible Enterobacterales, excluding P. mirabilis, the susceptibility rates of eravacycline,
omadacycline, and tigecycline were 69.7%, 57.1%, and 66.2%. We found decreased susceptibil-
ity rates of three new tetracycline derivatives against meropenem non-susceptible Enterobac-
terales (eravacycline: 47.1%, omadacycline: 39.4%, and tigecycline: 39.4%). Eravacycline
showed a high susceptibility rate against cefotaxime non-susceptible and meropenem suscep-
tible K. oxytoca (100%), C. freundii (93.2%), E. coli (85.9%), and meropenem non-susceptible E.
coli (100%).
Conclusion: This study provides the MIC and susceptibility rate of eravacycline for common
Enterobacterales. Eravacycline could be a therapeutic choice for cefotaxime non-
susceptible or meropenem non-susceptible Enterobacterales, especially K. oxytoca, C.
freundii, and E. coli.
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Introduction

Enterobacterales are important normal flora and are com-
mon causes of community- or healthcare-related infection.1

Multiple drug-resistant bacteria are a substantial threat
associated with morbidity and mortality worldwide.2 Car-
bapenem is considered the last resort of treatment for
multidrug-resistant Enterobacterales.3 However, carbapen
em-resistant Enterobacterales are spreading rapidly, espe-
cially through carbapenemase-expressing plasmids. In addi-
tion, an increasing prevalence of carbapenem-resistant
Enterobacterales, especially in long-term care units, is
found around the world,4,5 which were listed as a critical
priority by the World Health Organization in 2016.2 New
tetracycline derivatives have broad-spectrum activity
against gram-positive and gram-negative bacteria and an-
aerobes, including a series of antibiotic-resistant bacteria,
and are listed as a potential choice of antibiotics against
infection by carbapenem-resistant Enterobacterales under
the guidance of the Infectious Diseases Society of America.6

Tigecycline was approved for the treatment of complicated
skin and skin structure infections and complicated intra-
abdominal infections by the U.S. Food and Drug Adminis-
tration (FDA) in 2005.7 Two new tetracycline derivatives,
omadacycline and eravacycline, were approved by the U.S.
FDA in 2018.8,9 Omadacycline was the first regimen for new
oral and intravenous tetracycline derivatives. A previous
study demonstrated the in vitro activity of omadacycline
against a broad spectrum of gram-positive microorganisms,
including methicillin-resistant Staphylococcus aureus,
vancomycin-resistant Enterococcus, and penicillin-resistant
Streptococcus pneumoniae.10 Omadacycline are indicated
for community-acquired bacterial pneumonia and acute
bacterial skin and skin structure infections. Eravacycline, a
synthetic fluorocycline antibiotic, comprises of the tetracy-
cline core scaffold with modifications in the tetracycline D
ring.9 The clinical studies IGNITE1 and IGNITE4 showed that
eravacycline is a potential antimicrobial agent in compli-
cated intra-abdominal infection.11,12 Additionally, eravacy-
cline has been indicated for complicated intra-abdominal
infections.

Drug susceptibility to eravacycline has been widely
established in Western countries.13e15 However, studies on
drug susceptibility to eravacycline in Taiwan are limited to
antimicrobial-resistant microorganisms.16 Therefore, this
study aimed to assess the in vitro antimicrobial activity of
eravacycline against clinical isolates of common Enter-
obacterales in Taiwan.

Methods

This cohort study was conducted at the National Taiwan
University Hospital (NTUH), a 2200-bed medical center
located in Taipei City, which provides both primary and
tertiary care. This study adhered with the principles of the
Declaration of Helsinki.
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Bacterial isolates

One thousand clinical isolates, namely Escherichia coli
(n Z 300), Enterobacter cloacae complex (n Z 100),
Klebsiella pneumoniae (n Z 300), Klebsiella oxytoca
(n Z 100), Citrobacter freundii (n Z 100), and Proteus
mirabilis (n Z 100) were collected at the NTUH from 2017
to 2021. All K. pneumoniae, E. coli, E. cloacae complex,
and P. mirabilis isolates were collected from blood sam-
ples. K. oxytoca and C. freundii were also collected from
blood samples (82 blood samples from K. oxytoca and 73
blood samples from C. freundii). Other isolates were ob-
tained from non-blood samples, including sputum, urine,
bile, ascites, anal swabs, throat swabs, and skin pus. All the
isolates were collected from different patients. Matrix-
assisted laser desorption ionization time-of-flight mass
spectrometry (Bruker BioTyper; Bruker Daltonics, Bremen,
Germany) was used to identify the isolates. Initial screening
for carbapenem non-susceptibility of all isolates was con-
ducted using Vitek 2 (bioMérieux, Inc, Hazelwood, MO,
USA). The carbapenems tested were ertapenem,
imipenem-cilastatin, and meropenem. We defined the
bacteria as carbapenem non-susceptible strains if the sus-
ceptibility to any carbapenem was intermediate or resis-
tant. We used a modified carbapenem inactivation method
(mCIM) test for the phenotypic detection of carbapenemase
in all carbapenem-non-susceptible Enterobacterales ac-
cording to the Clinical and Laboratory Standards Institute
(CLSI).17 Among the carbapenem-non-susceptible Enter-
obacterales with the carbapenemase-producing pheno-
type, carbapenemase genes, including bla-KPC, bla-NDM,
bla-OXA-48, bla-IMP, and bla-VIM, were detected using a
PCR Amplification Kit with Takara Taq (TAKARA, Kyoto,
Japan).18,19

Antimicrobial agents, susceptibility testing, and
minimum inhibitory concentration (MIC)
interpretative criteria

The antimicrobial agents selected for testing were erava-
cycline, omadacycline, tigecycline, meropenem, and
cefotaxime. The MIC of the antimicrobial agents was
determined using the broth microdilution method according
to the CLSI 2021.17 The interpretation breakpoints were
based on the CLSI (cefotaxime and meropenem),17 EUCAST
(eravacycline and tigecycline),20 and U.S. FDA (omadacy-
cline).21 Quality control was performed according to the
CLSI, using E. coli ATCC25922, Pseudomonas aeruginosa
ATCC27853, and S. aureus ATCC29213.

Statistical analyses

A two-sample test of proportions was used to compare the
susceptibility rates of the different antimicrobial agents. A
two-sided P-value of <0.05 was considered statistically
significant. Spearman’s correlation coefficient was used to
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analyze the correlation between the MICs of different
antimicrobial agents. We defined a strong correlation as rho
>0.7, moderate correlation as rho 0.40e0.69, and weak
correlation as 0 < rho <0.39.22 Cohen’s kappa coefficient
was used to evaluate the susceptibility agreement among
the three new tetracycline derivatives. We interpreted
Cohen’s kappa coefficient as slight (0e0.2), fair (0.21e0.4),
moderate (0.41e0.6), substantial (0.61e0.8), and almost
perfect agreement (0.81e1).23 Data were analyzed using
Stata software (version 14; StataCorp, College Station, TX,
USA).
Results

A total of 1000 clinical isolates of K. pneumoniae (nZ 300),
E. coli (n Z 300), K. oxytoca (n Z 100), E. cloacae complex
(n Z 100), C. freundii (n Z 100), and P. mirabilis (n Z 100)
were collected at the NTUH from 2017 to 2021. All isolates
of K. pneumoniae, E. coli, E. cloacae complex, and P.
mirabilis were collected from the blood samples. K. oxy-
toca and C. freundii were mainly isolated from blood
samples (82 and 73 isolates, respectively), whereas others
were isolated from the sputum, urine, bile, ascites, skin pus
samples, throat swabs, and anal swabs. The sputum, urine,
bile, ascites, and skin pus samples corresponded with
pneumonia, urinary tract infection, biliary tract infection,
peritonitis, and skin and soft tissue infection, respectively.
One throat swab (one isolate of K. oxytoca) was collected
from the oral ulcer. Three anal swabs (two isolates of K.
oxytoca and one isolate of C. freundii) were collected from
surveillance cultures in the intensive care units. All the
isolates were collected from different patients.

According to the results of Vitek 2, 152 carbapenem non-
susceptible clinical isolates were found within 1000 clinical
isolates, namely E. coli (n Z 12), E. cloacae complex
(nZ 25), K. pneumoniae (nZ 60), K. oxytoca (nZ 34), and
C. freundii (n Z 21). All P. mirabilis isolates were suscep-
tible to carbapenems. A total of 96 clinical isolates were
classified as carbapenemase-producing Enterobacterales
using the mCIM test. There were 91 carbapenemase-
producing isolates with identified carbapenemase geno-
types were identified. The number and species of
carbapenemase-producing Enterobacterales are summa-
rized in Table 1. One isolate of C. freundii carried bla-NDM
and bla-IMP. Five clinical carbapenemase-producing iso-
lates, namely, three isolates of K. pneumoniae, one isolate
of E. cloacae complex, and one isolate of C. freundii, failed
to identify with the carbapenemase genotype and were
excluded from Table 1.
Table 1 The numbers and species of carbapenemase-producing

Carbapenemase-producing
Enterobacterales (numbers)

bla-KPC isolates
(numbers)

bla-NDM isolate
(numbers)

K. pneumoniae (34) 22 0
E. coli (3) 0 0
K. oxytoca (31) 1 4
E. cloacae complex (8) 0 4
C. freundii (15)a 2 4

a One isolate of carbapenemase-producing C. freundii carried bla-
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The MIC distributions of the isolates are summarized in
Table 2. In a total of 1000 Enterobacterales isolates, the
susceptibility rates of eravacycline, omadacycline, and
tigecycline were 67.7%, 60.2%, and 65.7%, respectively. All
P. mirabilis isolates were resistant to new tetracycline
derivatives. Because P. mirabilis exhibits intrinsically
reduced susceptibility to tetracycline and its deriva-
tive,13,24,25 we might not use new tetracycline derivatives
for the treatment of P. mirabilis associated infections.
Therefore, we excluded P. mirabilis from the susceptibility
analysis to avoid underestimation of the susceptibility
rates. The susceptibility rates of the 900 clinical isolates to
eravacycline, omadacycline, and tigecycline were 75.2%,
66.9%, and 73%, respectively.

Among the Enterobacterales, excluding P. mirabilis, the
susceptibility rates were significantly higher for eravacy-
cline than for omadacycline (P < 0.001) but were similar to
tigecycline (P Z 0.35). The susceptibility rates of E. coli
(92.3% versus 73.7%, P < 0.001) and C. freundii (89% versus
74%, P Z 0.006) to eravacycline were significantly higher
than those of omadacycline. The susceptibility agreements
between eravacycline and tigecycline (kappa 0.76,
P < 0.001) and tigecycline and omadacycline (kappa 0.63,
P < 0.001). The susceptibility agreement between erava-
cycline and omadacycline was moderate (kappa 0.58,
P < 0.001). The MIC ranges of eravacycline were
0.125e16 mg/L for K. pneumoniae, 0.125e4 mg/L for E.
coli, 0.125e2 mg/L for K. oxytoca, 0.25e8 mg/L for E.
cloacae complex, and 0.125e4 mg/L for C. freundii. The
susceptibility rates of the different Enterobacterales to
eravacycline ranged from 52.3 to 92.3%. The MIC50 and
MIC90 of eravacycline were 0.5 mg/L and 4 mg/L for K.
pneumoniae, 0.5 mg/L and 1 mg/L for E. coli, 0.5 mg/L and
1 mg/L for K. oxytoca, 0.5 mg/L and 2 mg/L for E. cloacae
complex, and 0.25 mg/L and 1 mg/L for C. freundii,
respectively. The MIC distribution results of the selected
900 isolates were strongly correlated between eravacycline
and tigecycline (rho Z 0.73, P < 0.001, Fig. 1A) and
moderately correlated between eravacycline and omada-
cycline (rho Z 0.67, P < 0.002, Fig. 1B).

Among the cefotaxime non-susceptible and meropenem
susceptible isolates (n Z 343), the susceptibility rates to
eravacycline, omadacycline, and tigecycline were 69.7%,
57.1%, and 66.2%, respectively (Table 3). The MIC ranges of
eravacycline were 0.25e16 mg/L for K. pneumoniae,
0.125e4 mg/L for E. coli, 0.25e0.5 mg/L for K. oxytoca,
0.25e8 mg/L for E. cloacae complex, and 0.125e4 mg/L for
C. freundii. The susceptibility rates around different spe-
cies ranged from 41.2 to 100% and were relatively low in K.
pneumoniae (41.2%) and the E. cloacae complex (54.5%).
Enterobacterales with identified carbapenemase genotypes.

s bla-OXA-48 isolates
(numbers)

bla-IMP isolates
(numbers)

bla-VIM isolates
(numbers)

7 3 2
1 1 1
0 6 20
0 4 0
0 10 0

NDM and bla-IMP.



Table 2 Drug susceptibility and minimum inhibitory concentration distributions of the included Enterobacterales.

Pathogen (numbers) Eravacycline
Susceptibility (Na) MICb

range [MIC50, MIC90]

Omadacycline
Susceptibility
(Na) MICb range
[MIC50, MIC90]

Tigecycline
Susceptibility (Na) MICb

range [MIC50, MIC90]

Meropenem
Susceptibility (Na) MICb

range [MIC50, MIC90]

Cefotaxime
Susceptibility (Na) MICb

range [MIC50, MIC90]

K. pneumoniae
(300)

52.3% (157)
0.125e16 [0.5, 4]

52.7% (158)1 to
>32 [4, 32]

48.7% (146)0.25e16 [1, 4] 85% (255)�0.03 to
>16 [�0.03, 8]

53% (158)�0.06 to >32 [0.5, >32]

E. coli (300) 92.3% (277)
0.125e4 [0.5, 1]

73.7% (221)1 to
>32 [4, 8]

91.7% (275)
0.06e2 [0.25, 0.5]

98.7% (296)�0.03 to
>16 [�0.03, �0.03]

54% (162)�0.06 to >32 [0.125, >32]

K. oxytoca (100) 90% (90)
0.125e2 [0.5, 1]

83% (83)2e16 [4, 8] 85% (85)0.25e2 [0.5, 1] 68% (68)�0.03 to
>16 [�0.03, 16]

56% (56)�0.06 to >32 [0.125, >32]

E. cloacae
complex (100)

64% (64)
0.25e8 [0.5, 2]

66% (66)2e32 [4, 16] 66% (66)0.25e8 [0.5, 2] 93% (93)�0.03 to
>16 [0.06, 1]

38% (38)�0.06 to >32 [32, >32]

C. freundii (100) 89% (89)
0.125e4 [0.25, 1]

74% (74)2 to
>32 [4, 16]

85% (85)0.125e4 [0.25, 1] 84% (84)�0.03 to
>16 [�0.03, 4]

40% (40)�0.06 to >32 [32, >32]

P. mirabilis (100) 0% (0)2e16 [4, 4] 0% (0)>32 [>32, >32] 0% (0)2 to >16 [4, 8] 100% (100)0.06e1100
[0.125, 0.25]

86% (86)�0.06 to >32 [<0.06, 8]

Enterobacterales,
excluding P.
mirabilis (900)

75.2% (677)
0.125e16 [0.5, 1]

66.9% (602)1 to
>32 [4, 16]

73% (657)0.125e8 [0.5, 2] 88.4% (796)�0.03 to
>16 [�0.03, 2]

50.4% (454)�0.06 to >32 [1, >32]

All Enterobacterales
(1000)

67.7% (677)
0.125e16 [0.5, 1]

60.2% (602)1 to
>32 [4, 16]

65.7% (657)0.125
to >16 [0.5, 4]

89.6% (896)�0.03 to
>16 [�0.03, 2]

54% (540)<0.06 to >32 [0.25, >32]

a N: numbers.
b mg/L.

MIC: minimum inhibitory concentration.
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Table 3 Drug susceptibility and minimum inhibitory concentration distributions of cefotaxime non-susceptible and mer-
openem susceptible Enterobacterales.

Pathogen (numbers) Eravacycline
Susceptibility (Na) MICb

range [MIC50, MIC90]

Omadacycline
Susceptibility (Na) MICb

range [MIC50, MIC90]

Tigecycline
Susceptibility (Na) MICb

range [MIC50, MIC90]

K. pneumoniae (97) 41.2% (40) 0.25e16 [1, 8] 37.1% (36) 1 to >32 [8, 32] 30.9% (30) 0.25e16 [1, 4]
E. coli (135) 85.9% (116) 0.125e4 [0.5, 1] 60.7% (82) 1 to >32 [4, 8] 86.7% (117) 0.125e2 [0.25, 1]
K. oxytoca (12) 100% (12) 0.25e0.5 [0.25, 0.5] 58.3% (7) 2e16 [4, 16] 100% (12) 0.25e0.5 [0.5, 0.5]
E. cloacae complex (55) 54.5% (30) 0.25e8 [0.5, 2] 61.8% (34) 2e32 [4, 16] 54.5% (30) 0.25e8 [0.5, 2]
C. freundii (44) 93.2% (41) 0.125e4 [0.25, 0.5] 84.1% (37) 2e32 [4, 8] 86.4% (38) 0.125e2 [0.25, 1]
Enterobacterales,

excluding P.
mirabilis (343)

69.7% (239) 0.125e16 [0.5, 2] 57.1% (196) 1 to >32 [4, 16] 66.2% (227) 0.125e16 [0.5, 2]

a N: numbers.
b mg/L.

MIC: minimum inhibitory concentration.

Figure 1. Bubble plot comparing the MIC distribution of (A) eravacycline versus tigecycline and (B) eravacycline versus oma-
dacycline in all the isolates. P. mirabilis was excluded from this analysis. The bubble sizes indicate the isolates’ numbers.
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The susceptibility rates of cefotaxime non-susceptible and
meropenem-susceptible C. freundii, E. coli, and K. oxytoca
to eravacycline were 92.3%, 85.9%, and 100%, respectively.
The MIC50 and MIC90 of eravacycline were 1 mg/L and 8 mg/
L for K. pneumoniae, 0.5 mg/L and 1 mg/L for E. coli,
0.25 mg/L and 0.5 mg/L for K. oxytoca, 0.5 mg/L and 2 mg/
L for E. cloacae complex, and 0.25 mg/L and 0.5 mg/L for
C. freundii, respectively.

Among the meropenem non-susceptible isolates
(n Z 104), susceptibility rates to eravacycline, omadacy-
Table 4 Drug susceptibility and minimum inhibitory concentrat

Pathogen (numbers) Eravacycline
Susceptibility (Na) MICb

range [MIC50, MIC90]

O
Su
ra

K. pneumoniae (45) 20% (9)0.125e16 [2, 8] 20
E. coli (4) 100% (4)0.25e0.5 [0.5, 0.5] 75
K. oxytoca (32) 75% (24)0.25e1 [0.5, 1] 65
E. cloacae complex (7) 42.9% (3)0.5e2 [1, 2] 28
C. freundii (16) 56.3% (9)0.25e4 [0.5, 2] 37
Enterobacterales (104) 47.1% (49)0.125e16 [1, 4] 39

a N: numbers.
b mg/L.

MIC: minimum inhibitory concentration.
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cline, and tigecycline were 47.1%, 39.4%, and 39.4%,
respectively (Table 4). The susceptibility rates were similar
between eravacycline and tigecycline among meropenem
non-susceptible isolates (PZ0.26). The MIC ranges of era-
vacycline were 0.125e16 mg/L for K. pneumoniae,
0.25e0.5 mg/L for E. coli, 0.25e1 for K. oxytoca, 0.5e2 mg/
L for E. cloacae complex, and 0.25e4 mg/L for C. freundii.
The susceptibility rates ranged from 20 to 100% and
dramatically decreased in K. pneumoniae (20%), E. cloacae
complex (42.9%), and C. freundii (56.3%). We observed
ion distributions of the meropenem non-susceptible isolates.

madacycline
sceptibility (Na) MICb

nge [MIC50, MIC90]

Tigecycline
Susceptibility (Na) MICb

range [MIC50, MIC90]

% (9)1 to >32 [16, >32] 13.3% (6)0.25e16 [2, 8]
% (3)2e8 [2, 8] 100% (4)0.25e0.5 [0.25, 0.5]
.6% (21)2e16 [8, 16] 56.3 (18)0.25e2 [0.5, 2]
.6% (2)2e32 [8, 32] 57.1% (4)0.25e4 [0.5, 2]
.5% (6)2 to >32 [8, 32] 56.3% (9)0.25e4 [0.5, 4]
.4% (41)1 to >32 [8, >32] 39.4% (41)0.25e16 [1, 8]
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relatively high susceptibility rates to meropenem in non-
susceptible K. oxytoca (75%) and E. coli (100%). The MIC50

and MIC90 of eravacycline were 2 mg/L and 8 mg/L for K.
pneumoniae, 0.5 mg/L and 0.5 mg/L for E. coli, 0.5 mg/L
and 1 mg/L for K. oxytoca, 1 mg/L and 2 mg/L for E. cloacae
complex, and 0.5 mg/L and 2 mg/L for C. freundii, respec-
tively (Table 4). The MIC distribution of 104 meropenem non-
susceptible isolates was strongly correlated between erava-
cycline and tigecycline (rho Z 0.87, P < 0.001, Fig. 2A) and
between eravacycline and omadacycline (rho Z 0.77,
P < 0.001, Fig. 2B). The MIC distribution results of the 96
carbapenemase-producing isolates were strongly correlated
between eravacycline and tigecycline (rho Z 0.82,
P < 0.001, Fig. 3A) and between eravacycline and omada-
cycline (rho Z 0.78, P < 0.001, Fig. 3B).

In different genotypes of carbapenemase species, the
susceptibility rates of KPC-, NDM-, IMP-, VIM-, and OXA-48-
producing species to eravacycline were 28%, 41.7%, 45.8%,
87%, and 25%, respectively. The corresponding tigecycline
results were 12%, 41.7%, 41.7%, 78.3%, and 37.5%,
respectively.
Discussion

In our study, we evaluated the susceptibility of common
Enterobacterales to new tetracycline derivatives in Taiwan.
We also compared the in vitro susceptibilities to eravacy-
cline, omadacycline, and tigecycline. Strongly correlated
MIC distributions were observed for eravacycline and tige-
cycline. All P. mirabilis isolates were resistant to new
tetracycline derivatives. Among the common Enterobacte-
Figure 2. Bubble plot comparing the MIC distribution of (A) era
dacycline in meropenem non-susceptible isolates. The bubble size

Figure 3. Bubble plot comparing the MIC distribution of (A) era
dacycline in carbapenemase-producing isolates. The bubble sizes
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rales, excluding P. mirabilis, the susceptibility rate to
eravacycline was significantly higher than that to omada-
cycline (75.2% vs. 66.9%, P< 0.01) and similar to tigecycline
(75.2% vs. 73%, PZ0.35). Cohen’s kappa test also showed
substantial agreement of susceptibility between eravacy-
cline and tigecycline (kappa 0.76, P < 0.001) and between
tigecycline and omadacycline (kappa 0.63, P < 0.001).
Cohen’s kappa test showed a moderate agreement in sus-
ceptibility between eravacycline and omadacycline (kappa
0.58, P < 0.001). In all 104 meropenem non-susceptible
Enterobacterales, the susceptibility rate to eravacycline
was higher than that to omadacycline and tigecycline but
was not significantly different (47.1% vs. 39.4%, P Z 0.26).

To compare the effects of eravacycline against Enter-
obacterales. We performed Spearman’s correlation tests
for MICs between three new tetracycline derivatives,
including eravacycline versus omadacycline and eravacy-
cline versus tigecycline. The MIC distribution results of the
selected isolates were strongly correlated between erava-
cycline and tigecycline, and moderately correlated be-
tween eravacycline and omadacycline. These results imply
that the activity of eravacycline might be more similar to
tigecycline than omadacycline. However, further clinical
studies are warranted to apply these in vitro findings in
clinical practice.

In a global surveillance study, including Taiwan, erava-
cycline showed high susceptibility (EUCAST breakpoint
�0.5 mg/L) rates against gram-negative Enterobacterales
(92.6%), including Klebsiella species (90.6%), Enterobacter
species (89.6%), Citrobacter species (94.6%), and E. coli
(98.8%).13 In another study conducted in Taiwan from 2017
to 2020, new tetracycline derivatives, including
vacycline versus tigecycline and (B) eravacycline versus oma-
s indicate the isolates’ numbers.

vacycline versus tigecycline and (B) eravacycline versus oma-
indicate the isolates’ numbers.
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eravacycline, omadacycline, and tigecycline, also showed
high susceptibility rates against carbapenem-resistant E.
coli (96.2%, 92.3%, and 100%, respectively). The suscepti-
bility rates of carbapenem-resistant K. pneumoniae to
eravacycline, omadacycline, and tigecycline were rela-
tively low (84%, 56.6%, and 93.2%, respectively). Despite all
the new tetracycline derivatives having in vitro activity
against gram-positive and gram-negative microorganisms,
eravacycline had good activity against multidrug-resistant
Enterobacterales and Acinetobacter baumannii and was
preferred as a more effective regimen against gram-
negative microorganisms and broad-spectrum beta-lacta-
mase-producing bacteria compared to omadacycline.26

Omadacycline is less effective against carbapenem-
resistant K. pneumoniae than eravacycline.16 Additionally,
our study showed that eravacycline might exhibit a higher
susceptibility rate against Enterobacterales, especially E.
coli and C. freundii, than omadacycline. The C7 and C9
substituents contributed to the differences in structure
between the new tetracycline derivatives, which might also
result in different antimicrobial activity.27

In our study, the susceptibility rate of E. coli to erava-
cycline was similar to that in previous studies; however, the
susceptibility rates of K. pneumoniae (52.3%) and E.
cloacae complex (64%) to eravacycline were dramatically
lower than those in previous studies. In our study, tigecy-
cline also showed lower susceptibility rates against K.
pneumoniae (48.7%) and the E. cloacae complex (66%). This
may be explained by the different study settings used.
First, the isolates were collected from 16 hospitals in
Taiwan in the Surveillance of Multicenter Antimicrobial
Resistance in Taiwan (SMART) study.16 In this study, isolates
were collected from a tertiary medical center. The preva-
lence of multidrug resistance is high in NTUH.28 Despite
eravacycline-evading tetracycline-specific efflux pumps, it
remains vulnerable to multidrug efflux pumps and
tetracycline-degrading enzyme.29 Second, the MICs of era-
vacycline, omadacycline, and tigecycline were determined
using the Sensititre microbroth dilution method in the
SMART study.16 In our study, the MICs of the tested antibi-
otics were determined using the broth microdilution
method according to the CLSI. The tigecycline MIC of
automated antimicrobial susceptibility testing may differ
from that of the broth microdilution test.30,31 Using auto-
mated antimicrobial susceptibility testing, lower and un-
acceptable essential and categorical agreement rates were
obtained for isolates belonging to species other than E.
coli.32 In another study in Taiwan, the susceptibility rate of
imipenem-non-susceptible K. pneumoniae to eravacycline
was 36.8%, which is similar to that of our study. The MICs of
the tested antimicrobial agents were determined using the
broth microdilution test in that study.33 The difference in
the antimicrobial susceptibility test could be the reason for
the different results compared to those of previous studies.

The susceptibility rates to eravacycline, omadacycline,
and tigecycline decreased in the cefotaxime non-
susceptible isolates and meropenem non-susceptible iso-
lates; however, the MIC distributions were similar. The
mechanism of tetracyclines involves the inhibition of pro-
tein synthesis by binding to the 30 S ribosomal subunit of
the target bacteria.34 Common mechanisms of resistance
are efflux pump production, ribosomal protection, and
364
enzymatic inactivation of tetracyclines.35 Carbapenemase
is the most common mechanism of carbapenem resistance
in Enterobacterales. In a study on the in vitro antimicrobial
activity against carbapenemase-producing K. pneumoniae
conducted in Greece, the susceptibility rates to tigecycline
and eravacycline were 80.5% and 66.2%, respectively.
Among KPC-, NDM-, VIM-, and OXA-48 carbapenemase-pro-
ducing K. pneumoniae, the susceptibility rates to tigecy-
cline were similar (80e81.8%), but those to eravacycline
were very different (36.4e68.7%). OXA-48-producing K.
pneumoniae has the lowest susceptibility to eravacycline.36

Our study also noted the poor potency of eravacycline
against KPC- and OXA-48-producing Enterobacterales. The
susceptibility rates of the KPC- and OXA-48-producing spe-
cies to eravacycline were only 28% and 25%, respectively.
Although eravacycline was not hydrolyzed by carbapen-
emase, the coexistence of carbapenemase and efflux pump
might explain the susceptibility rate of carbapenemase-
producing microorganisms.14,37,38 We found that the sus-
ceptibility rates of new tetracycline derivatives to specific
carbapenemase-producing Enterobacterales, such as KPC-,
NDM-, IMP-, and OXA-48 producing strains were unsatis-
factory. Although new tetracycline derivatives were not
hydrolyzed by carbapenemase, the coexistence of carba-
penemase and efflux pump might explain the susceptibility
rate of carbapenemase-producing microorganisms. Howev-
er, our study could not confirm this hypothesis since we did
not test for the existence of the efflux pump. The mecha-
nism of differences in the susceptibility rates of new
tetracycline derivatives among different carbapenem-
resistant Enterobacterales and carbapenemase-producing
Enterobacterales is unclear and warrants further research.

Our study has several limitations. First, this study was
conducted based on a single tertiary medical care experi-
ence and could not present the environment in Taiwan.
Second, to estimate the bloodstream infection isolates
collected to determine the in vitro activity of eravacycline
against true infection, the severity of bloodstream infec-
tion might be more severe than that of complicated intra-
abdominal infections. We might have underestimated the
susceptibility of complicated intra-abdominal infections to
eravacycline. Thirdly, we collected six common species of
Enterobacterales, but several pathogenic microorganisms
were excluded from the study. Fourth, the number of some
isolates, such as meropenem non-susceptible E. coli, was
small, and the susceptibility rates could be affected by
bias. Fifth, the underlying resistance mechanisms of new
tetracycline derivatives were not explored in the present
study. Finally, this study was designed as an in vitro drug-
susceptibility test. The clinical efficacy of new tetracy-
cline derivatives should be established in clinical trials.
Conclusion

This study showed drug susceptibility to new tetracycline
derivatives, including eravacycline, omadacycline, and
tigecycline. Susceptibility rates to eravacycline and tige-
cycline were similar. Although there were no obvious dif-
ferences in MIC distributions among carbapenemase-
producing Enterobacterales, susceptibility to eravacycline
decreased in cefotaxime- and meropenem-non-susceptible
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Enterobacterales, especially K. pneumoniae and E. cloacae
complex. In other species, such as cefotaxime non-
susceptible and meropenem-susceptible C. freundii, E.
coli, and K. oxytoca or meropenem non-susceptible E. coli,
relatively high susceptibility rates of eravacycline were still
observed and could be a potential choice of therapy.
Antimicrobial susceptibility tests provide important infor-
mation for the treatment of infections, particularly drug-
resistant microorganism-related infections. This study
presents antimicrobial susceptibility data for new tetracy-
cline derivatives in Taiwan.
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