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Antibiotic resistance is fast spreading globally, leading to treatment failures and adverse clinical 
outcomes. This review focuses on the resistance mechanisms of the top five threatening pathogens 
identified by the World Health Organization’s global priority pathogens list: carbapenem-resistant 
Acinetobacter baumannii, carbapenem-resistant Pseudomonas aeruginosa, carbapenem-resistant, 
extended-spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae, vancomycin-resistant 
Enterococcus faecium and methicillin, vancomycin-resistant Staphylococcus aureus. Several novel 
drug candidates have shown promising results from in vitro and in vivo studies, as well as clinical 
trials. The novel drugs against carbapenem-resistant bacteria include LCB10-0200, apramycin, and 
eravacycline, while for Enterobacteriaceae, the drug candidates are LysSAP-26, DDS-04, SPR-206, 
nitroxoline, cefiderocol, and plazomicin. TNP-209, KBP-7072, and CRS3123 are agents against E. 
faecium, while Debio 1450, gepotidacin, delafloxacin, and dalbavancin are drugs against antibiotic-
resistant S. aureus. In addition to these identified drug candidates, continued in vitro and in vivo 
studies are required to investigate small molecules with potential antibacterial effects screened by 
computational receptor docking. As drug discovery progresses, preclinical and clinical studies should 
also be extensively conducted on the currently available therapeutic agents to unravel their potential 
antibacterial effect and spectrum of activity, as well as safety and efficacy profiles.
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Introduction
Antibiotic resistance poses a grave threat to the future 

of healthcare and medicine. Although the emergence 
of antibiotic resistance is a natural phenomenon that 
occurs over time due to genetic mutations, the overuse 
and inappropriate use of antibiotics has accelerated the 
evolution of bacteria and driven us towards a post-antibiotic 
era whereby treatment failure has been reported in the 
management of bacterial infections. According to Teoh et 
al., approximately 50% of prescribed antibiotics are deemed 
unnecessary, exposing bacteria to the mechanisms of drugs 
which has inevitably caused an increased need for new novel 
compounds to replace ineffective drugs (1). The development 
of novel antibiotics is further retarded by the low return on 
investment as the cost of developing an antibiotic is around 
US$1.5 billion in 2017, which only generates a return of $46 
million per year (2). The intrinsic resistance of chromosomal 
mutation developed is defined as a trait that is shared 
universally within a bacterial species, is independent of 
previous antibiotic exposure, and is not related to horizontal 
gene transfer (3). These mutated resistant bacteria may 
also spread the resistance genes to previously susceptible 
bacteria. This is termed horizontal evolution, whereby the 
attainment of genetic material from resistant organisms to 
other susceptible bacterial species allows them to acquire the 
resistance mechanism learned. This spread of antimicrobial 

resistance (AMR) is rapid due to the presence of plasmids 
and other transferrable gene components such as integrons, 
transposons, and genome islands (4). 

The antibiotic resistance phenomenon spreads globally 
causing an increase in major treatment failures and 
unwanted clinical outcomes throughout the globe. Given this 
posing a vital threat to the health of the public worldwide, 
the World Health Organization (WHO) released a global 
priority pathogens list (Global PPL) in February 2017 that 
comprised three categories: critical, high, and medium 
priority pathogens (5). This initiative is aimed to provide a 
framework for global research and the development of new 
drugs to overcome these high-resistance developing bacteria. 
This list also highlights the mechanism of gram-negative 
bacteria that can transfer genetic material among other non-
resistant bacteria in addition to their internal resistance. 

Gram-negative bacteria are found to be the most 
concerning due to their unique characteristic of having an 
outer membrane component that overlays the peptidoglycan 
layer compared to gram-positive bacteria which are missing 
an external membrane (Figure 1). This is a major reason 
attributed to intrinsic resistance developed by gram-
negative bacteria. As an example, the use of vancomycin 
in gram-negative is deemed useless because the drug is 
unable to pass through the external membrane compared 
to β-lactams that travel through porins or hydrophobic 
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drugs that diffuse across. Therefore, any changes that occur 
to the external membrane of gram-negative bacteria can 
inherently cause resistance to drugs, making gram-negative 
bacteria have superior resistance to antibiotics than gram-
positive bacteria (6).

In this review, the resistance mechanisms of the top 
5 threatening pathogens from the WHO global priority 
pathogens list were discussed, including carbapenem-
resistant Enterobacteriaceae which are Acinetobacter 
baumannii (CRAB) and carbapenem-resistant 
Pseudomonas aeruginosa (CRPA), carbapenem-resistant, 
extended-spectrum beta-lactamase (ESBL)-producing 
Enterobacteriaceae (CRE), as well as vancomycin-resistant 
Enterococcus faecium (VRE) and methicillin, vancomycin-
resistant Staphylococcus aureus (MRSA/VRSA). These 
pathogens are also most known and referred to as the 
ESKAPE bacteria, an acronym used to refer to nosocomial 
pathogens encompassing both gram-negative and gram-
positive species: E. faecium, S. aureus, K. pneumoniae, A. 

baumannii, P. aeruginosa, and Enterobacter  species, which 
are able to “escape” the antimicrobial effects of clinically 
used antibiotics. Besides that, this review also highlighted 
promising novel compounds to be developed in order 
to overcome the resistance against the abovementioned 
resistant bacteria.

Overview: Antibiotic resistance mechanisms 
ESKAPE pathogens have possessed various antibiotic 

resistance mechanisms including drug inactivation or 
alteration, modification of drug binding sites, reduction 
of intracellular drug accumulation, and biofilm formation 
(8). Drug inactivation or alteration is extensively used by 
ESKAPE bacteria to develop resistance against antibiotics. 
This can be carried out by the production of enzymes 
that modify or deactivate the antibiotics. For example, 
β-lactamases, which can inactivate the β-lactam ring 
structure which is essential for antibiotics, such as penicillin, 
cephalosporins, monobactams, and carbapenems. These 
β-lactamases produced by gram-negative bacteria are 
listed according to two classifications: (i) Ambler Scheme 
(molecular classification) and (ii) Bush-Jacoby-Medeiros 
system (9). These systems aim to classify the enzymes based 
on their functions, which introduces the opportunity to 
classify the various enzymes according to their selective 
resistance to different β-lactam antibiotics. Although 
the Ambler Scheme molecular structure classification is 
easier and more common to use, a functional classification 
should be the preferred method heading into future 
research and development of antibiotics, which group these 
β-lactamase enzymes according to their specific hydrolytic 
and inhibition properties for better selectivity towards 
infections in the clinical setting (8). Other than gram-
negative bacteria, gram-positive bacteria possess a similar 
resistance mechanism via the inactivation of antibiotics due 
to enzymatic hydrolysis by β-lactamases. Secondly, bacteria 
are resistant to antibiotics by reducing the susceptibility 
and affinity of the antibiotics toward the active site of the 
target protein, penicillin-binding protein (PBP), either by 
the addition of exogenous DNA or alteration of the PBP 
gene. Over-expression of efflux pump and reduction in 
membrane permeability can also further reduce antibiotic 
concentrations (10)(Figure 2).

Acinetobacter baumannii and Pseudomonas aeruginosa
A. baumannii is the most common Acinetobacter species 

Figure 1. Schematic representation of bacterial cell wall
(A) Gram-positive bacterial cell wall. (B) Gram-negative bacterial cell wall. Created 
with BioRender.com. Adapted from (7) with permission

Figure 2. Schematic illustration of general bacterial antibiotic-resistant mechanisms
PBP gene alteration and addition of exogenous DNA altered the antibiotic binding affinity towards penicillin-binding protein (PBP). β-lactamase production contributed to drug 
modification or inactivation. Permeability reduction and over-expression of efflux pump reduced antibiotic concentration. Created with BioRender.com
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associated with hospital-acquired infections worldwide, 
causing opportunistic infections of the skin, bloodstream, 
urinary tract, and other soft tissues in critically ill patients 
in the intensive care unit (ICU)(11). On the other hand, P. 
aeruginosa is an opportunistic pathogen that is a leading 
cause of morbidity and mortality in cystic fibrosis patients 
and immunocompromised individuals (12).

Antibiotic resistance mechanism of A. baumannii
Carbapenems such as doripenem, imipenem, and 

meropenem are reserved foremost agents for treating 
both gram-negative and positive bacterial infections. 
However, there is an increasing trend of carbapenem 
resistance in the hospitals of South and Southern Asia, 
especially in A. baumannii-calcoaceticus complex (AB) 
isolates (13). Three primary mechanisms can cause reduced 
carbapenem susceptibility in A. baumannii: production of 
carbapenemases, expression of multidrug efflux pumps, 
and reduced expression or mutations in porin channels and 
external membrane proteins (Table 1). The most critical 
mechanism of resistance involved the hydrolysis of drugs, 
which was caused by a combination of diverse intrinsic and 
acquired carbapenemases, a β-lactamase that hydrolyzes 
the activity of carbapenem antibiotics. Besides that, 
chromosomal oxacillinase (OXA-51 and its derivatives), 
usually expressed at low levels, also increases carbapenem 
resistance when up-regulated following the insertion of the 
element ISAba1 or ISAba9 (13). Carbapenem resistance 

is also reported in class A carbapenemases from Serratia 
marcescens enzymes (SME) and imipenem-hydrolyzing 
β-lactamase (IMI) families, known from Serratia and 
Enterobacter isolates but they usually remain susceptible 
to extended-spectrum cephalosporins (14). Class B 
metallo-β-lactamases (MBLS) have a wide, deadly, and 
strong range of carbapenem hydrolyzing activity and are 
resistant to all β-lactam drugs except for monobactams. 
These enzymes require a water molecule and a zinc 
divalent cation to inactivate the β-lactam structure. Class 
C β-lactamases whereby A. baumannii has intrinsic AmpC 
cephalosporinase and are not carbapenemases. But its 
overproduction together with an efflux system with or 
without decreased external membrane permeability can 
contribute to carbapenem resistance. On the other hand, 
class D or OXAs β-lactamases can hydrolyze extended-
spectrum cephalosporins and carbapenems (10).

The expression of multidrug efflux pumps is another 
mechanism of antibiotic resistance. Compared with external 
membrane porins which facilitate antibiotic uptake, efflux 
systems primarily remove the amount of antimicrobials 
by pumping them out of the cell.  There are four classes of 
efflux pumps, which are the resistance nodulation division 
(RND) superfamily, the major facilitator superfamily (MFS), 
the multidrug and toxic compound extrusion (MATE) 
family, and the small multidrug resistance (SMR) family 
transporters (15). AdeABC, AdeFGH, and AdeIJK are 
efflux pumps from the RND family that highly contribute 

Table 1. Summary of antibiotic resistance mechanisms for respective bacteria

OMP: outer membrane protein; ESBLs: extended-spectrum beta-lactamases; PBP: penicillin-binding proteins; L-PG: lysinylated-phosphatidylglyderol
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to carbapenem resistance. Zhu et al. confirmed that relative 
expression levels of AdeB in carbapenem-resistant A. 
baumannii were 10.4 to 62.3 times higher than carbapenem-
sensitive A. baumannii (16). These RND family pumps are 
typically structured to have a transporter protein on the 
internal membrane, a membrane fusion protein (MFP), 
and an OMP channel. Of all the genes, the specific gene of 
AdeABC produces the highest carbapenem resistance. 

On the other hand, alteration of bacterial envelope 
permeability due to the reduced expression or mutations in 
porin channels and external membrane proteins allows the 
transportation of antibiotics across the external membrane. 
Reduced expression of porins, such as 29-kDa protein 
(CarO or carbapenem-associated OMP), HMP-AB, and 
OmpW lead to carbapenem resistance in A. baumannii (17).

Antibiotic resistance mechanisms of P. aeruginosa
P. aeruginosa is found as intestinal normal flora 

responsible for ICU-acquired pneumonia infections in 
immunocompromised patients. It has developed multiple 
resistance mechanisms similar to A. baumannii with some 
exceptions as summarized in Table 1. Firstly, MBLs are also 
significant carbapenemases found in P. aeruginosa, such as 
mostly spread VIM, followed by IMP. Regional spreading 
of genes that encode for MBLs are identified such as São 
Paulo MBL-1 (SPM-1), German imipenemase (GIM-1), 
Australian imipenemase (AIM), Central Alberta MBL 
(CAM), Dutch imipenemase (DIM), Florence imipenemase 
(FIM), Hamburg MBL (HMB), São Paulo MBL (SPM), SIM, 
and NDM. Other β-lactamases of P. aeruginosa resistant to 
carbapenem apart from class B are Ambler class A enzymes 
KPC and GES/IBC. All mentioned enzymes are identical to 
the isolation from A. baumannii, except for OXA type class 
D carbapenemases that are rarely reported in P. aeruginosa, 
but there are emerging strains reported from Spain, India, 
the United Kingdom, and Belgium (18).

On the other hand, the most found efflux pumps 
observed in P. aeruginosa are the multidrug efflux system 
AB-Outer membrane protein M (MexAB-OPrM), which 
comprises the MexB pump, the MexA linker lipoprotein, 
and the OprM exit portal. MexAB acting synergistically with 
altered permeability of the external membrane increases 
the intrinsic resistance of P. aeruginosa towards multiple 
drugs. This leads to the next mechanism of resistance which 
is diminished external membrane permeability. OprD 
external membrane porin allows carbapenems to enter the 
bacteria, however, mutations of the OprD gene have led to 
porin loss and down-regulation. This loss of OprD porin is 
commonly observed to be significant and specific towards 
carbapenem resistance in P. aeruginosa (19).

Novel drugs against antibiotic-resistant A. baumanii and P. 
aeruginosa
Apramycin

Treatment with aminoglycosides is limited by its narrow 
therapeutic index and side effects. However, the structure 
of apramycin (EBL-1003), featuring a bicyclic sugar moiety 
and a mono-substituted deoxystreptamine that is well-
defined from other aminoglycosides, contributes to its 
unique properties. Other than its ability to impair bacterial 
protein translocation, apramycin will not be inactivated 
by modifying enzymes, is highly selective to bacteria 
mitochondrial ribosomes, and has fewer side effects 

compared to clinically approved aminoglycosides. Given 
its advantageous characteristics, apramycin is considered a 
desirable choice in human therapeutics (20).

Kang et al. conducted a study by comparing 
aminoglycosides that have been approved for human 
therapeutic use with a variety of resistant strain sets. The 
MIC50/90 values of apramycin for A.  baumannii and P. 
aeruginosa were 8/32 mg/l and 16/32 mg/l, respectively 
(20). Its MIC50/90 for A. baumannii were 8-fold lower than 
gentamicin, tobramycin, and amikacin. However, the MIC 
values of P. aeruginosa were not significantly different (20) 
(Table 2). In quality control strain, apramycin used for P. 
aeruginosa was consistently in range and had reliable MIC 
determinations within the range sets (20). A study of murine 
lung infection further investigated the effectiveness of 
apramycin with strain AR bank #0282 and reported > 99% 
or > 99.99% reduction of the CFU counts with 5 or >5 mg/kg 
of EBL-1003, respectively (21). Furthermore, a single dose 
of 125 mg/kg EBL-1003 in CRAB-infected mice resulted in 
an AUC of 339 h×μg/ml in plasma and 299 h×μg/ml in ELF, 
suggesting a favorable lung penetration of 88% and an even 
distribution pattern (21).

Eravacycline
The United States Food and Drug Administration (FDA) 

has approved eravacycline used for treating complicated 
intra-abdominal infections in adults.  Eravacycline, a 
novel synthetic fluorocycline antibiotic with the same 
structure as tigecycline, has been approved by the FDA for 
use against carbapenem non-susceptible A. baumannii. 
As a fluorocycline antibiotic, it inhibits bacterial protein 
synthesis by binding to the 30s ribosomal subunit (Figure ribosomal subunit (Figure 
3)(22). 3)(22). 

An in vitro study was accomplished with around 286 
A.  baumannii  isolates tested with anti-Acinetobacter 
reference drugs, such as beta-lactams, tetracyclines, 
fluoroquinolones, aminoglycosides, and colistin (22). The 
MIC50/90  of eravacycline was 0.5/1 mg/l, thus possessing a 
favorable bacteriostatic effect against the antibiotic-resistant 
strains. It has a lower MIC50/90 value compared to tigecycline, 
minocycline, and doxycycline with 1/2, 4/8, and 32/≥64 
mg/l, respectively. Furthermore, eracacycline was found to 
have same MIC50/90 values in OXA-type bacteria, including 
OXA-23, OXA-58, OXA-40, and OXA-51 carbapenemase 
A. baumannii, with MIC50/90 0.5/1, 0.5/0.5, 0.25/1 and range 
of 0.125 – 0.5 mg/l, respectively. In addition, the MICs for 
isolates with major international clonal lineages (IC strains) 
showed no significant difference compared to OXA-type 
isolates. The MIC50/90   for IC 1 strain and IC 2 strains was 
0.5/0.5 and 0.5/1.0 mg/l, respectively; whereas the MICs 
value was 0.25/1 mg/l for the non-clustering strain. Overall, 
eracacycline with a MIC of ≤1 mg/l was shown to inhibit 
the growth of 96.5% of carbapenem-resistant A. baumannii 
isolates (22)(Table 2).

Furthermore, a Phase 3 clinical trial (NCT01844856) 
was conducted on 541 participants with complicated intra-
abdominal infection (cIAI) to evaluate the efficacy and 
safety of eravacycline in comparison with ertapenem. The 
cure rate for the microbiological intent-to-treat population 
was 86.8% for the eravacycline treatment group and 87.6% 
for the ertapenem treatment group, with a difference of 
-0.80% (23). In addition, eravacycline also demonstrated 
higher cure rates compared to meropenem for cIAI in a 
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Table 2. Novel drugs against antibiotic resistant Acinetobacter baumannii and Pseudomonas aeruginosa

MIC: minimum inhibitory concentration; CRKP: carbapenem-resistant K. pneumoniae; CREC: carbapenem-resistant and/or cephalosporin-resistant E. coli; MBC: minimum 
bactericidal concentration; MIC90: minimum inhibitory concentration required to inhibit the growth of 90% of organisms; CFU/ml: colony-forming unit per milliliter; IV: 
intravenous; NDM: New Delhi metallo-beta-lactamase; MIC50: minimum inhibitory concentration required to inhibit the growth of 50% of organisms; KPC-2: Klebsiella 
pneumoniae carbapenemase-2; ME: microbiological eradication; TOC: test of cure; UTIs: urinary tract infections; HAP: hospital-acquired pneumonia; VAP: ventilator-associated 
pneumonia; HCAP: healthcare-associated pneumonia; BSI: bloodstream infections; mMITT: modified intention to treat group; CRE: carbapenem-resistant Enterobacteriaceae; 
ACM: all-cause mortality

Figure 3. Mechanisms of action of novel drugs against antibiotic-resistant Acinetobacter baumannii and Pseudomonas aeruginosa
(1) Apramycin inhibits bacterial ribosomes and impairs protein translocation. (2) Eravacycline inhibits bacterial 30s ribosome subunit and impairs bacterial protein biosynthesis. 
(3) LCB10-0200 increases the antibiotics’ influx into bacteria by using the ‘Trojan Horse’ strategy. Created with BioRender.com
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randomized controlled study (NCT02784704) (Table 2) (24). 
The findings highlight that the treatment with eravacycline 
was non-inferior to meropenem in adult patients with cIAI, 
including infections caused by resistant pathogens.

LCB10-0200 (GT-1)
LCB10-0200 (also known as GT-1) is a new siderophore-

cephalosporin drug developed to overcome the carbapenem-
resistant A. Baumanni and P. Aeruginosa. This drug uses 
the ‘Trojan horse’ strategy by conjugating a siderophore 
with modified cephalosporin to increase the influx of 
antibiotics into bacterial cells (25). While LCB10-0200 is 
still undergoing clinical trials and has not been approved by 
the FDA, its potential to overcome antimicrobial resistance 
is summarized in Table 2 (26). It is proposed that the 
siderophores could increase their membrane permeability, 
which in turn increases the antimicrobial activity of the 
conjugated cephalosporin (25). Although LCB10-0200 
was initially thought to primarily function as an antibiotic 
enhancer, it has been reported to possess noticeable 
antibacterial properties on its own. However, the exact 
mechanism of its antibacterial effect remains unclear, and 
further investigation is needed to elucidate its mechanism 
of action.

LCB10-0200 alone showed potent activity against 
meropenem-resistant A. baumannii and P. aeruginosa at 
MIC≤4 mg/l for 84.3% of isolates (ADC-, OXA-, and VIM-
producing A. baumannii and P. aeruginosa). Although it was 
observed that a slightly higher percentage of isolates (86.3%) 
have their growth impaired with the MIC of ≤4 mg/l, it did 
not have any significant difference in effect on the tested 
isolates (25). It was more effective in countering KPC-
, OXA-, non-fermenting gram-negative-type producing 
P. Aeruginosa and A. Baumannii compared to other drug 
molecules used. It had MIC50/90 values of 1/4 mg/l and 
0.5/32 mg/l for KPC-producing A. baumannii isolates and 
P. aeruginosa isolates, respectively; while the MIC50/90 values 
for OXA-type and non-fermenting gram-negative type 
were 0.5/4 mg/l and 0.5/16 mg/l, respectively. There was no 
resistance observed during the in vitro study (25). 

The efficacy of the compound was also evaluated with 
a murine model against the systemic infections caused by 
P. Aeruginosa. The infected mice were administered 4 dose 
levels of LCB10-0200 or ceftazidime subcutaneously after 
the first and fourth hours of infection.   The MIC(LCB10-0200/

Ceftazidine) values for P. aeruginosa PAO 1, 1912E, R1023, 
and ARC3509 were 0.25/0.25 mg/l, 0.25/2 mg/l, 0.125/16 
mg/l, and 0.5/64 mg/l, respectively. The outcome strongly 
indicates that LCB10-0200 was more effective and potent 
than ceftazidime which warrants the future investigation of 
the drug (27).

Enterobacteriaceae
Enterobacteriaceae, including species such as Escherichia 

coli, Klebsiella spp., and Enterobacter spp., are common 
multidrug-resistant bacteria that cause pneumonia, 
bloodstream infections, and urinary tract infections (UTIs) 
(10).

Antibiotic resistance mechanisms of Enterobacteriaceae
Enterobacteriaceae are known to produce ESBLs that 

have the ability to render wide-spectrum cephalosporins, 
monobactams, and penicillin inactive. These β-lactamases 

including class A temoniera (TEM)-1, TEM-2, and 
sulfhydryl reagent variable (SHV)-1, are among the most 
produced β-lactamases by Enterobacteriaceae. Gene 
mutations encoding for those enzymes have led to the 
emergence of new β-lactamases, with the capability to 
hydrolyze third-generation cephalosporins (10). In addition, 
Enterobacteriaceae can express other types of ESBLs such as 
CTX-Munich (CTX-M) which can inactivate cefotaxime, 
as well as AmpC β-lactamases which can inactivate third-
generation cephalosporins. Hence, the use of clavulanic 
acid and other β-lactamase inhibitors is often ineffective 
against these lactamases as indicated in Table 1. Unlike P. 
aeruginosa and A. baumannii, OXAs are rarely expressed by 
Enterobacteriaceae (10).

Other than ESBL-producing, there are two classes of 
carbapenem-resistant Enterobacteriaceae (CRE), namely 
carbapenemase-producing CRE (CP-CRE) and non-
carbapenemase-producing CRE (non-CP-CRE) (10). These 
carbapenem-hydrolyzing genes found in transferrable 
genetic components, such as integrons, transposons, 
plasmids, and insertion sequences, are the main reasons for 
carbapenem resistance, which permits horizontal sharing of 
genes to and among various bacterial species (28).

In CP-CRE, there are five major carbapenemases, 
including (1) Klebsiella pneumonia carbapenemase (KPC), 
class A serine based β-lactamases; (2) class B, New Delhi 
metallo-β-lactamases (NDM); (3) Verona integrin encoded 
metallo-β-lactamase (VIM); (4) class D, OXA or OXA-48-
like carbapenemases; and (5) IMP, active on imipenem (10).

In non-CP-CRE, resistance toward carbapenems is 
identified as ESBL and/or AmpC β-lactamase producing. 
However, the production of ESBL and AmpC β-lactamases 
alone are insufficient to confer resistance, yet the resistance 
can be acquired via synergistic interaction with another 
mechanism, including (i) Absence of significant external 
membrane porin groups, such as OmpC and OmpF. These 
external membrane porins are also referred to as OmpK36 
and OmpK35, respectively. This mechanism is frequently 
seen in CRE, as it decreases the external membrane 
permeability, leading to a decrease in drug uptake through 
the bacterial cell wall; (ii) Overproduction of efflux pumps 
such as AcrAB-TolC. It is a commonly found multidrug 
tripartite efflux pump comprising acrA, acrB, and tolC 
genes which encode for a membrane fusion protein of the 
periplasm, a transporter of the internal membrane, and 
a protein for the external membrane, respectively. It is a 
member of the RND superfamily and works synergistically 
with other mechanisms to increase resistance (28)(Table 1).

Novel drugs against antibiotic-resistant Enterobacteriaceae
LysSAP-26

LysSAP-26 is a promising in vitro medication against 
CRE, exerting antibacterial activity by creating pores in the 
cell wall via peptidoglycan digestion, leading to cell lysis 
caused by extensive high osmotic pressure (Figure 4). The 
gene for LysSAP-26 was extracted from the bacteriophage 
SAP-26 genome, and it has since been constructed and 
purified. LysSAP-26 had demonstrated a favorable in vitro 
bacteriostatic effect against K. pneumoniae strain (KCTC 
2208) and E. coli strain (ATCC 25922) with a MIC of 20 
µg/ml. The average observed MIC for both carbapenem-
resistant K. pneumoniae (CRKP) and carbapenem-resistant 
and/or cephalosporin-resistant E. coli (CREC) was 20 
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µg/ml and 35 µg/ml respectively, thus, supporting the 
potential effect of LysSAP-26 against carbapenem-resistant 
Enterobacteriaceae (29). However, a LysSAP-26 possessed 
a modest bactericidal effect as the minimum bactericidal 
concentration for both CRKP and CERC was more than 80 
µg/ml (29)(Table 3). 

In 2019, Summit Therapeutics Inc. suggested DDS-
04, a novel drug composed of three sub-derivatives, as 

a bactericidal agent that inhibits LolCDE and impedes 
bacterial lipoprotein transport as illustrated in Figure 4. 
Since the drug target is clinically unexploited, the risk of 
pre-existing resistance and cross-sensitivity is low. An in 
vitro study for three different derivatives was performed on 
CRKP and CREC (30). The reported MIC for K. pneumoniae 
ranged from 0.5 to 4 µg/ml, with a MIC90 of 1 to 2 µg/ml. 
For E. coli, the MIC was 0.5 to 2 µg/ml, with a MIC90 of 

Figure 4. Mechanisms of action of novel drugs against antibiotic-resistant Enterobacteriaceae
(1) LysSAP-26 induces peptidoglycan digestion, resulting in loss of cell wall integrity and cell lysis. (2) DDS-04 inhibits LolCDE transporter and impairs intracellular lipoprotein 
transportation. (3) SPR-206 impairs cell wall integrity via direct-acting IV potentiator effect. (4) Nitroxoline inhibits bacterial RNA polymerase by chelating divalent cation. (5) 
Cefiderovol enters cells via the “Trojan Horse” effect and binds and inhibits penicillin-binding proteins. (6) Plazomicin binds to the bacterial 30s ribosomal subunit. Created with 
BioRender.com
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0.5 to 1 µg/ml, indicating a favorable bacteriostatic effect. 
DDS-04 also showed a low frequency of resistance, with a 
range of 10-9 to 10-10 under the conditions of 4 to 16 times 
the MIC, which was an additional benefit of the compound 
for possessing a minimal risk of antibiotic resistance 
development. Moreover, DDS-04 was found to reduce 

bacterial burden in a murine model of UTI, with three days 
of three times daily IV 60 mg/kg leading to a significant 
reduction of E. coli UTI89 in urine from 107 CFU/ml to 1010 
CFU/ml (Table 3)(30).
SPR-206

SPR-206, a novel analog of polymyxin developed by 

Continued Table 3.

MIC: minimum inhibitory concentration; CRKP: carbapenem-resistant K. pneumoniae; CREC: carbapenem-resistant and/or cephalosporin-resistant E. coli; MBC: minimum 
bactericidal concentration; MIC90: minimum inhibitory concentration required to inhibit the growth of 90% of organisms; CFU/ml: colony-forming unit per milliliter; IV: 
intravenous; NDM: New Delhi metallo-beta-lactamase; MIC50: minimum inhibitory concentration required to inhibit the growth of 50% of organisms; KPC-2: Klebsiella 
pneumoniae carbapenemase-2; ME: microbiological eradication; TOC: test of cure; UTIs: urinary tract infections; HAP: hospital-acquired pneumonia; VAP: ventilator-associated 
pneumonia; HCAP: healthcare-associated pneumonia; BSI: bloodstream infections; mMITT: modified intention to treat group; CRE: carbapenem-resistant Enterobacteriaceae; 
ACM: all-cause mortality
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Sper Therapeutics Inc. has been proposed as a direct-acting 
intravenous (IV) potentiator against CRE. An in vitro study 
involving a total of 101 KPC-, NDM-, and OXA-producing 
strains of K. pneumoniae, E. coli, E. cloacae, and A. 
baumannii showed that SPR-206 exhibited potent activity 
against most of the isolates (Table 3). For NDM-producing 
Enterobacteriaceae, the MIC50 and MIC90 were 0.125 µg/ml 
and 0.25 µg/ml, respectively, while for KPC-2-producing 
Enterobacteriaceae, the MIC50 and MIC90 were 0.125 µg/
ml and 0.5 µg/ml, respectively (31). The antibacterial 
activity and toxicity of SPR-206 were further confirmed 
in another in vitro study, where the MIC values against E. 
coli IHMA558090, E. coli ATCC 25922, and K. pneumoniae 
ATCC 13882 were 8 µg/ml, 0.125 µg/ml, and 0.125 µg/ml, 
respectively, with lower cytotoxicity (32).

In an immunocompetent murine model with ascending 
UTI infection, SPR-206 showed promising clinical efficacy. 
The MIC of SPR-206 against E. coli ATCC 700928 and E. coli 
UTI89 was 0.03 µg/ml and 0.125 µg/ml, respectively, with a 
dosing of 4 mg/kg three times daily for three days leading 
to 3.05 CFU/g of E. coli ATCC 700928 and 3.11 CFU/g 
of E. coli UTI89 reductions of bacterial burden in mouse 
kidney (33). A Phase 1 randomized clinical trial to assess 
the safety and tolerability of SPR-206, was registered back in 
2018 (NCT03792308), but no results have been published 
to date. Additionally, two Phase 1 studies (NCT04865393 
and NCT04868292) are currently ongoing to investigate 
the intrapulmonary safety and pharmacokinetics profiles of 
SPR-206 (34, 35).

Nitroxoline
Other than the above-mentioned novel drugs, 

nitroxoline which was licensed back in 1954 for lower UTI 
was identified as a promising candidate to be studied. It 
was not included in treatment guidelines until 2016 due to 
a lack of data on resistance rates, MIC distributions, and 
the European Committee on Antimicrobial Susceptibility 
Testing (EUCAST)-confirmed break-points. Due to its 
low utilization in clinical practice, carbapenem-resistant 
Enterobacteriaceae was found to be susceptible to nitroxoline 
(36). Nitroxoline exerts a bacteriostatic effect by chelating 
the divalent cations required for bacterial RNA polymerase, 
thus impairing RNA biosynthesis. Based on an in vitro 
study carried out on 150 CRE isolates, nitroxoline possesses 
an encouraging killing effect with a MIC50 of 8 µg/ml and 
a MIC90 of 16 µg/ml (37). In another in vitro study with 
146 ESBL producing E.Coli, the observed diameter of the 
inhibition zone was 11–30 mm and the MIC ranged from 2 
to 64 µg/ml with MIC50 of 4 µg/ml and a MIC90 of 16 µg/ml 
(36)(Table 3).

Cefiderocol (S-649266)
Cefiderocol (S-649266) is a novel siderophore 

cephalosporin that was approved by the FDA in 2019. It 
demonstrated in vitro activity in suppressing carbapenem-
resistant Enterobacteriaceae through its Torjan-Horse 
killing effect (entering bacteria via bacterial porin channel) 
with a MIC90 of 0.5-1 µg/ml  (38). A Phase 2 clinical trial 
(NCT02321800) involving 452 hospitalized participants 
with complicated UTI was conducted in 2015-2016 to 
assess the efficacy and safety of intravenous cefiderocol. 
After receiving 2 g of cefiderocol by IV injection four times 
daily for 7 to 14 days, the microbiological eradication (ME) 

and clinical response obtained at Test of Cure (TOC) was 
72.6% (39). The Phase 3 randomized clinical trial conducted 
in 2019 (NCT02714595) demonstrated that cefiderocol was 
effective against various infections with a 50.0% ME rate in 
hospital-acquired pneumonia (HAP), ventilator-associated 
pneumonia (VAP), healthcare-associated pneumonia 
(HCAP) and bloodstream infections (BSI)/sepsis BSI/sepsis, 
and a 52.9% ME rate in complicated UTI as summarized in 
Table 3 (40).

Plazomicin 
A recently approved plazomicin that exerts bactericidal 

action against susceptible bacteria by binding to the bacterial 
30S ribosomal subunit, has undergone three clinical trials 
to determine its clinical efficacy (41). In a Phase 2 clinical 
trial (NCT01096849) which compared the efficacy and 
safety between plazomicin and levofloxacin in treating 
complicated UTI and acute pyelonephritis, 85% of the ME 
population showed complete eradication at the TOC visit 
(Table 3). Whereas 80% of patients were clinically cured and 
only 6.5% experienced a relapse after 1 month (42). A Phase 
3 study (NCT02486627) involving 609 patients reported that 
for the microbiologically modified intention-to-treat group, 
the clinical cure rate at day 5 was 88%, while at the TOC it 
was 81.7%. The clinical cure rate for ME groups on the other 
hand was 89.4% and 84.9% at day 5 and TOC, respectively. 
The rate of relapse was found to be as low as 1.8% (43). 
Similarly, another Phase 3 study (NCT01970371) reported 
that 85.7% of microbiological clearance was achieved at day 
5 while the all-cause mortality rates at days 14 and 28 were 
5.9% and 11.8%, respectively (44).

Enterococcus faecium
E. faecium  is a gram-positive bacterium that has 

developed multi-resistance to antibiotic drugs such as 
vancomycin and the wide use of antibiotics has brought the 
evolution of E. faecium  to a hospital-adapted pathogen (46).

Antibiotic resistance mechanism of E. faecium 
As an antibiotic against the β-lactams resistant gram-

positive bacteria, vancomycin has been used clinically in 
treating several severe infections, including meningitis, 
pneumonia, and sepsis (47).  Since the emergence of 
vancomycin-resistant Enterococcus (VRE) in England and 
France in 1986, VRE has become a major nosocomial 
pathogen worldwide due to its colonization strategy, 
persistence in the environment, and genome plasticity (48). 
The most common risk factors of VRE are due to excessive 
use of broad-spectrum antibiotics, underlying disease, 
and admission to high-risk departments such as oncology, 
transplant, and ICU (49). There are several mechanisms 
of resistance involved, including the modification of the 
binding target and mutation of genes. The mechanism 
of resistance to vancomycin in  E. faecium is potentially 
attributed to the modification of the binding target in 
vancomycin subsequently causing a change in the synthesis 
of peptidoglycan. The N-acetylmuramic acid (NAM) 
peptide terminal d-Ala-d-Ala is being replaced by d-Lac, 
and this eventually decreases the binding affinity between 
the precursors of the bacterial cell wall and the antibiotic 
(50)(Table 1). There are eight genotypes reported including 
VanA, VanB, VanD, VanE, VanG, VanL, VanM, and VanN 
with VanA and VanB being commonly found in hospital 
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isolates.  VRE management is challenging in the clinical 
setting as it depends solely on linezolid (49).

Other than vancomycin, linezolid resistance has also 
been demonstrated by E. faecium. According to the 
German National Reference Centre, it showed an increased 
development of resistance toward linezolid. The risk factor 
in developing linezolid resistance is attributed to prior 
exposure to linezolid (51). The most common mechanism 
of resistance of E. faecium toward vancomycin is associated 
with the mutation of G2576T and several variant genes 
in 23S ribosomal RNAs (52). In addition, mutations 
in ribosomal proteins such as  rplC  and  rplD have been 
identified as mechanisms of linezolid resistance (53). More 
recently, it has been reported that genetic elements on a 
plasmid, including the poxtA gene, also contribute to this 
resistance (54). 

Novel drugs against antibiotic-resistant F. faecium 
TNP-2092

TNP-2092 is a rifampin-quinolone composite 
antibacterial composed of rifamycin SV and 4H-4-oxo-
quinolizine pharmacophores that are covalently bonded 
(55). This novel drug inhibits RNA polymerase, DNA 
gyrase, and DNA topoisomerase IV, which are essential 
targets for bacteria residing in biofilms (Figure 5). In a study 
on mice with C. difficile-associated diarrhea (CDAD), TNP-
2092 exhibited superior efficacy compared to metronidazole 
and vancomycin, with no recurrence detected following 
therapy at a minimum dose of 6.67 mg/kg (Table 4). 
Moreover, TNP-2092 demonstrated greater activity against 
specific gram-negative bacteria species than rifaximin, 
suggesting its possible effects against vancomycin-resistant 
Enterococcus (56).

A Phase 2 clinical trial (NCT03964493) was conducted 
on 118 participants with acute bacterial skin and skin 
structure infection (ABSSSI) suspected or confirmed to be 
caused by gram-positive pathogens. The primary outcome 
showed that the adverse event (AE) rate was lower in 
patients administered with TNP-2092 (46.2%) than in those 
given vancomycin (48.7%). Additionally, the early clinical 

response (ECR) of TNP-2092 was reported at 76.2%, which 
is higher than vancomycin (67.5%)(Table 4). Therefore, 
TNP-2092 exhibits higher efficacy, tolerability, and better 
safety profile in ABSSSI patients, making it superior to 
vancomycin (57).

KBP-7072
KBP-7072 is a novel tetracycline derivative with broad-

spectrum antimicrobial properties against most pathogenic 
bacteria. It attaches to the main tetracycline recognition site 
on the 30S ribosomal subunit, implying that it functions as 
a protein synthesis inhibitor that inhibits A-site activation 
(Figure 5)(58). KBP-7072 is a novel third-generation 
tetracycline antibiotic that overcomes the widespread efflux 
and ribosomal protection resistance mechanisms that cause 
resistance in older-generation tetracyclines (59).

KBP-7072 demonstrated potent in vitro activity 
against many organisms, including E. faecium. The results 
revealed that KBP-7072 was active against 50 E. faecium  
strains (MIC50/90=0.03/0.03 mg/l; 100% inhibited at<0.12 
mg/l), and its activity was not adversely affected by 
susceptibility or nonsusceptibility to vancomycin. Based 
on its MIC50 values, KBP-7072 was 4-fold more powerful 
than doxycycline (MIC50/90=0.12/8 mg/l) and 2-fold 
more active than minocycline (MIC50/90=0.06/16 mg/l), 
omadacycline (MIC50/90=0.06/0.12 mg/l) and tigecycline 
(MIC50/90=0.06/0.06 mg/l)(Table 4). Thus, the potent activity 
of KBP-7072 supports further clinical investigation in 
organisms infected with E. faecium  in the future (59).

Three Phase 1 clinical trials (NCT02454361, 
NCT02654626, and NCT04532957) were conducted on 
healthy individuals to evaluate the safety, tolerability, and 
pharmacokinetics of a single dose of KBP-7072 but no 
results were posted upon completion of the study (Table 4) 
(59-61). Another clinical study was conducted to evaluate 
the dose-response and food-effect profile of KBP-7062 
(62). The study involved 30 healthy individuals in fasting 
cohorts of 30 mg, 100 mg, 300 mg, 600 mg, and 1000 mg, 
as well as a group that received a fed dose of 100 mg (62). 
The results indicated that all treatment-emergent adverse 

Figure 5. Mechanisms of action of novel drugs against antibiotic-resistant Enterococcus faecium
(1) TNP-2092 inhibits RNA polymerase, DNA gyrase, and DNA topoisomerase IV in a novel mechanism. (2) CRS3123 inhibits methionyl-tRNA synthetase (MetRS). (2) KBP-
7072 binds to 30S ribosomal subunit and inhibits A-site activation. Created with. BioRender.com
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Table 4. Novel drugs against antibiotic resistant Enterococcus faecium

*Ongoing study (recruiting)
FDA: United States Food and Drug Administration; ABSSSI: acute bacterial skin and skin structure infection; ECR: early clinical response; AE: adverse event; MIC: minimum 
inhibitory concentration; MIC50: minimum inhibitory concentration by 50%; MIC90: minimum inhibitory concentration by 90%; NA:Not available; tRNA: transfer ribonucleic acid
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events (TEAEs) were mild and were either unrelated or 
probably unrelated to the treatment (55). No serious adverse 
events were reported, and most of the adverse events were 
asymptomatic and resolved without intervention (62). 
Therefore, KBP-7072 exhibited a good safety profile and was 
well-tolerated at all doses. 

CRS3123
CRS3123 is a member of the 1-benzopyran class of 

organic compounds. This organic aromatic compound 
includes 1-benzopyran, a molecule composed of a 
benzene ring fused to a pyran with the oxygen atom in 
the 1-position (63). This new drug inhibits the synthesis 
of C. difficile toxin and spore formation by preventing C. 
difficile methionyl-tRNA synthetase (MetRS)(64).  In an 
in vitro study, CRS3123 was effective against a wide range 
of C. difficile strains, such as BI/NAP1/027 strains (MIC 
range=0.5 to 1 μg/ml), and gram-positive cocci, such as S. 
aureus, Streptococcus pyogenes, Enterococcus faecalis and E. 
faecium  (MIC90<1 μg/ml), but it was inactive against most 
of the gram-negative bacteria, such as Lactobacillus and 
Bifidobacterium. In short, CRS3123 was effective against 
C. difficile with high specificity and selectivity (65). The 
efficacy of CRS3123 was further evaluated in an in vivo 
C. difficile hamster gastrointestinal model (66). The result 
showed that CRS3123 inhibited de novo toxin production 
in high cell density (>108 cfu/ml) at a low concentration (1 
mg/l), and it was superior to vancomycin (20 mg/l), while 
metronidazole had no effect under these conditions. Thus, 
CRS3123 is a potential agent against C. difficile infections as 
it inhibits toxin production and spore formation, therefore 
reducing the severity and spread of the disease (66).

The safety profile of CRS3123 was determined through 
Phase 1 clinical trial (NCT01551004) in healthy individuals 
by ascending administration of CRS3123 of 100 mg, 200 mg, 
400 mg, 800 mg, and 1200 mg (Table 4)(67). The incidence 
of adverse events was 93.3% in the CRS3123 treated group 
and 90% in the placebo group. Nevertheless, no serious 
adverse events or immediate reactions were observed during 
the administration of CRS3123. The most reported adverse 
events were decreased hemoglobin, headache, and abnormal 
urine analysis. Overall, the mild to moderate adverse events 
observed in this study demonstrate that CRS3123 is well-
tolerated within this dosage range. Therefore, these findings 
support further research and development of CRS3123 for 
the treatment of C. difficile infections (67, 68).

Staphylococcus aureus
S. aureus is one of the common human pathogenic 

microorganisms that can cause skin and soft tissue 
infections, endocarditis, osteomyelitis, bacteremia, and 
lethal pneumonia (70). Antibiotic resistance towards 
S. aureus, including methicillin-resistant S. aureus 
(MRSA), vancomycin-intermediate S. aureus (VISA), and 
vancomycin-resistant S. aureus (VRSA) have increased in 
incidence, resulting in morbidity and mortality.

Antibiotic resistance mechanism of S. aureus
S. aureus possesses methicillin resistance via the 

inactivation of methicillin by β-lactamase. This is due to 
the beta-lactam ring of the drug being hydrolyzed by the 
enzyme β-lactamase and leading to the destruction of the 
binding site of antibiotics (71). In addition, the alteration 

of PBP2 reduces the binding affinity of penicillin and 
increases the rate of release of the bound drug compared 
to the normal PBP2. However, the major cause of resistance 
of methicillin in S. aureus is through PBP2a; mecA encodes 
protein PBP2a, a unique transpeptidase that can take over 
the reaction of PBPs to form the cross-link in peptidoglycan 
to help bacterial cell wall formation (72, 73)(Table 1).

In addition to methicillin resistance, clinical cases 
have been reported on the emergence of vancomycin-
resistant S. aureus (VRSA), which is completely resistant to 
vancomycin at a minimum inhibitory concentration (MIC) 
of ≥16 μg/ml. S. aureus strains with reduced susceptibility to 
vancomycin, with a MIC between 4-8 μg/ml, are referred to 
as vancomycin-intermediate Staphylococcus aureus (VISA) 
(74). Another type of vancomycin resistance, known as 
hetero-VISA, acts as the precursor to VISA and has varying 
susceptibilities to vancomycin, with MIC values ranging 
from <4 mg/l to ≥32 mg/l (75). The resistance mechanism 
in VISA involved the increase of cell wall turnover rate, 
resulting in an increase of non-cross-linked d-alanyl-d-
alanine (D-ala-D-ala) side chains and reduced chances of 
vancomycin binding to intracellular target molecules (76). 
Furthermore, gene mutations such as VanA resistance can 
also lead to vancomycin resistance by substituting D-ala-D-
ala with D-alanyl-D-Lactate, thereby reducing the affinity of 
vancomycin toward its binding site (77)(Table 1).

Various mechanisms of resistance are also reported for 
daptomycin. It involves the metabolism and dynamics of 
plasma membranes. This causes the change of components 
of the phospholipid, involving the phosphatidylglycerol 
(PG) lysyl-peptidoglycan and cardiolipin. When there 
is a decrease in the production of PG, this subsequently 
increases the conversion to lysyl-PG (L-PG), thus promoting 
bacterial resistance to daptomycin (78). In addition, 
many bacteria develop resistance to defensin-like cationic 
antimicrobial peptides (CAMPs) through the multiple 
peptide resistance factor (MprF). MprF is a large membrane 
protein that reduces bacterial affinity to CAMPs through the 
modification of anionic phospholipid PG with l-lysine (79). 
Mutation of MprF shows an increase in L-PG which leads 
to an increase in the transportation of positively charged 
L-PG from inside to outside of the plasma membrane 
(Table 1). This eventually decreases the negative charge 
outside the cell. When the cell membrane surface becomes 
more positive, it reduces the chance of daptomycin’s positive 
charge binding to it (77). 

Novel drugs against antibiotic-resistant S. aureus
Afabicin/Debio 1450

Afabicin, formerly known as Debio 1450 or AFN-1720, 
is a prodrug of afabicin desphosphono. It is the first drug of 
the novel antibiotic class that inhibits the synthesis of fatty 
acids (FASII) pathway in staphylococci bacteria by targeting 
enoyl-acyl carrier protein (FabI) reductase (Figure 6). FabI 
reduces enoyl-ACP to acyl-ACP in the final step of fatty acid 
chain elongation, which is important for the growth and 
survival of bacterial cells, and it is highly conserved across 
all staphylococcal species. By inhibiting FabI, ‘fabiotics’ 
represents a novel antibacterial class that has the potential 
to address the challenges of bacterial resistance.  

The MIC90 of Debio 1452 was 0.008 µg/ml against the 
MRSA isolates, which were collected in 2015 and 2016 (80) 
(Table 5). At the concentration of 0.06 µg/ml, it inhibited 
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Table 5. Novel drugs against antibiotic resistant Staphylococcus aureus

*Ongoing study (recruiting)
FDA: United States Food and Drug Administration; NA: not available; MRSA: methicillin-resistant Staphylococcus aureus; MIC50: minimum inhibitory concentration by 50%; 
MIC90: minimum inhibitory concentration by 90%; ECRR: early clinical response rate; BID: two times daily; UTI: urinary tract infection; ABSSSI: acute bacterial skin and skin 
structure infections; VISA: Vancomycin Intermediate Staphylococcus aureus; VRSA: Vancomycin Resistance Staphylococcus aureus; MRSABI: methicillin-resistant Staphylococcus 
aureus blood isolates; DNSSA: daptomycin-non-susceptible strains; AE: adverse events
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99.4% of organisms. There was no cross-resistance of Debio 
1452 with other antibacterial classes used in the treatment 
of infection caused by gram-positive pathogens (80). In 
an in vivo study, Debio 1452 was reported with significant 
effectiveness and high bone-to-plasma ratios of its active 
moiety in animal models infected with S. aureus-induced 
osteomyelitis (81).

Besides that, Debio 1450 also showed its efficacy in 
eradicating intracellular S. aureus in osteoblasts in patients 
who undergo hip replacement surgery. The findings from 
the clinical study (NCT02726438) showed that Debio 
1450 penetrates well into bone tissue with a mean ratio of 
2.88 when accounting for plasma and synovial fluid (82). 
Apart from this, a Phase 2 clinical trial (NCT02426918) 
involving 330 participants with acute bacterial skin and 
skin structure infections (ABSSSI) caused by S. aureus or 
MRSA was conducted to assess the efficacy of oral and 
intravenous Debio 1450 in comparison with oral linezolid 
and intravenous vancomycin. The early clinical response 
rate (ECRR) showed that Debio 1450 was non-inferior to 
vancomycin/linezolid with the outcome of 94.6% and 90.1% 
vs 91.1% (83)(Table 4).

Another Phase 2 randomized study (NCT03723551) 
was conducted in 2018 to assess the safety, tolerability, 
and efficacy of Debio 1450 in the treatment of participants 
with bone or joint infection caused by MRSA, methicillin-
susceptible Staphylococcus aureus (MSSA) and coagulase-
negative staphylococci (CoNS) and to compare it to 
standard of care. This study is ongoing and no results have 
been reported (84).

Gepotidacin
Gepotidacin is a novel drug that causes the inhibition 

of DNA gyrase and topoisomerase II through a unique 
mechanism that is different from the current approved 
therapeutic agent (Figure 6). Gepotidacin demonstrated 
activity against MRSA with MIC50 of 0.25 μg/ml and 
MIC90 of 0.5 μg/ml and its MIC values were not affected by 
other antibiotics such as linezolid, daptomycin, macrolide, 
clindamycin (inducible and constitutive), ceftaroline, and 

vancomycin resistance (85).
A Phase 3 clinical trial (NCT04020341) was conducted in 

2019 to evaluate the therapeutic response of oral gepotidacin 
compared to oral nitrofurantoin for uncomplicated UTI in 
adolescent and adult female subjects (86). Parallelly, another 
Phase 3 clinical trial (NCT04010539) was conducted 
in 2019 to assess the efficacy and safety between oral 
gepotidacin and intramuscular ceftriaxone in combination 
with oral azithromycin in the treatment of patients 
with uncomplicated urogenital infection caused by N. 
gonorrhoeae (Table 5). However, these two studies are still 
in the process of recruiting participants (87).

Delafloxacin
In June 2017, FDA approved delafloxacin, a 

fluoroquinolone antibacterial drug that inhibits the activity 
of bacterial DNA topoisomerase IV and DNA gyrase for 
the treatment of ABSSSI caused by S. aureus, including 
MSSA and MRSA (Figure 6). Delafloxacin demonstrated 
superior activity against MRSA blood isolates (MRSABIs), 
VISA, VRSA, and daptomycin-non-susceptible strains 
(DNSSA) with the MIC90 and susceptibility (%) of 1mg/l 
and 68%, 1 mg/l and 40%, 4 mg/l and 7%, and 1 mg/l 
and 38%, respectively. (88). Besides that, the efficacy and 
safety of delafloxacin were also studied in Phase 3 clinical 
trials (NCT01811732) in patients with ABSSSI to compare 
with vancomycin/aztreonam. In the intention-to-treat 
(ITT) population, the objective responses at 48 to 72 hr 
for delafloxacin and vancomycin/aztreonam were 78.2% 
and 80.9%, respectively, with a mean difference of -2.6%. 
Investigator assessment at the follow-up visit was similar 
between the two groups (52.0% vs 50.5%) and late follow-up 
(70.4% vs 66.6%). Bacterial eradication of MRSA was 100% 
and 98.5% and adverse events were similar for both groups 
(3.70% and 3.68%) (Table 5)(89).

 
Dalbavancin

Dalbavancin is a lipoglycopeptide antibiotic that binds to 
the d-alanyl-d-alanine terminus of the stem pentapeptide 
in the bacterial cell wall peptidoglycan to prevent cross-

Figure 6. Mechanisms of action of novel drugs against antibiotic resistant Staphylococcus aureus
(1) Debio 1450 inhibits the synthesis of fatty acids (FASII) pathway by targeting FabI and inhibit the fatty acid chain elongation which is important for the growth and survival 
of bacterial cells. (2) Gepotidacin inhibits DNA gyrase and topoisomerase II. (3) Delafloxacin inhibits the activity of bacterial DNA topoisomerase IV and DNA gyrase. (4) 
Dalbavancin binds to the D-alanyl-d-alanine terminus of the stem pentapeptide in the bacterial wall peptidoglycan to prevent cross-linking and synthesis of bacterial cell wall. 
Created with BioRender.com
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linking and ultimately interferes with the synthesis of the 
bacterial cell wall (Figure 6). It was approved by the FDA for 
the treatment of ABSSSI, including MRSA in 2014.

A Phase 4 randomized clinical trial (NCT03426761) was 
conducted on 50 participants to evaluate the efficacy and 
safety of dalbavancin in patients with osteomyelitis or joint 
infections caused by gram-positive bacteria. As dalbavancin 
has a prolonged half-life, it may reduce the total cost and 
morbidity rate of native joint and prosthetic joint infections 
with an infusion every 14 days to complete the treatment 
with an approximation of 4 years. No results were posted as 
the study is ongoing (90).

Apart from this, a Phase 2b clinical trial (NCT04775953) 
was conducted in 2021 to compare dalbavancin to standard-
of-care antibiotic therapy in patients with complicated 
bacteremia or right-sided native valve infective endocarditis 
(IE) caused by S. aureus who have cleared their baseline 
bacteremia. No results were posted as the study is still 
ongoing(91).

Conclusion 
In the pursuit of finding new ways to overcome 

antimicrobial resistance microbes, the discovery of new 
drug candidates is a strategy that has gained significant 
importance. Although the AMR strains could be tackled with 
multi-drug regimens or reserved drugs, the identification 
of novel molecules is an essential priority. Other than 
those short-listed drug candidates, in vitro and in vivo 
studies should also be conducted on small molecules in 
which their affinity towards drug targets could be screened 
by computational receptor docking. As drug discovery 
progresses, preclinical studies and clinical trials should 
also be extensively conducted on the currently available 
therapeutic agents to enhance the understanding of their 
potential antibacterial effects and spectrum of activity.
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