
There is a widely acknowledged need for new anti­
bacterial agents to address the global increase in resist­
ance, and this need for new agents is especially urgent 
for the treatment of antibiotic-​resistant Gram-​negative 
bacteria. In early 2017, the WHO convened a group 
of experts that used a multi-​criteria decision analysis 
method to prioritize the need for new drugs to treat 
antibiotic-​resistant bacteria1. The WHO assigned the 
highest priority to antibacterial drug research and devel­
opment for the Gram-​negative bacteria Acinetobacter, 
Pseudomonas and species of Enterobacterales that 
are resistant to carbapenems and are usually exten­
sively drug resistant (XDR)1. The same year, the WHO 
released a clinical pipeline report, which was updated in 
2018 and 2019 (refs2,3; WHO clinical pipeline report).  
The clinical pipeline reports analysed antibiotics and 
biologics according to their activity against the critical- 
​priority pathogens carbapenem-​resistant Acinetobacter 
baumannii (CRAB), carbapenem-​resistant Pseudomonas  
aeruginosa (CRPA), extended-​spectrum β-​lactamase  
(ESBL)-​producing Enterobacterales and carbapenem-​ 
resistant Enterobacterales (CRE). The level of innovation 
in the global clinical pipeline was assessed on the basis of 
the absence of pre-​existing cross-​resistance to currently 
used antibacterial drugs4.

In this Review, we summarize the current published 
literature and the publicly available information on anti­
bacterial agents in all phases of clinical development, 

according to the WHO pipeline report3. This Review 
is limited to antibacterial agents that were in clinical 
development for systemic human use and that did not 
yet have regulatory approval anywhere in the world for 
human use. Additionally, drugs against Clostridioides 
difficile infection are included, although mostly these 
agents are not absorbed systemically, because of their 
oral administration. The principal focus is on the ability 
of new agents to treat infections caused by bacteria that 
are XDR or pan-​drug-​resistant (PDR), the main driver of 
research and development5. Thus, bacteriological infor­
mation is an important basis for this analysis. We further 
analyse the gaps in the global clinical pipeline and the 
need for future antibacterial agents. Although other thera­
peutic and preventive approaches have been developed, 
in this Review we focus on direct-​acting small mole­
cules for therapeutic purposes (‘traditional antibiotics’). 
Non-​traditional therapies6,7 and anti-​tuberculosis treat­
ments8,9 have been extensively reviewed elsewhere. 
Discussing the economic challenges of antibacterial drug 
development is beyond the scope of this Review.

Top three resistant pathogens
Carbapenem-​resistant Acinetobacter baumannii. 
The prevalence of carbapenem resistance among 
Acinetobacter spp. is extremely variable, ranging from 
<10% to >90% (ref.10). XDR is common because of the 
diverse and extensive arsenal of chromosomally encoded 
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and acquired resistance genes carried by this pathogen 
(Fig. 1). Overexpression of the intrinsic chromosom­
ally encoded ß-​lactamase ADC (class C β-​lactamase in 
A. baumannii) and of OXA-51-​like enzymes, as well as of 
diverse acquired β-​lactamases — such as OXA-23-​like, 
OXA-24/40-​like, OXA-58-​like and class A β-​lactamases 
(for example, TEM and SHV) — found on a range of 
mobile genetic elements, is the main resistance mecha­
nism against β-​lactam antibiotics11. Combinations of 
different β-​lactamases and the accumulation of other 
resistance determinants, such as aminoglycoside-​
modifying enzymes, porin deficiencies, efflux or target 
protein modifications, render CRAB resistant to most of 
the usually available antibacterial drugs and increasingly 
also to tigecycline and colistin. XDR and PDR isolates 
are routinely being reported in some countries12,13.

Carbapenem-​resistant Pseudomonas aeruginosa. 
CRPA is genetically diverse and usually exhibits more 
than one resistance mechanism, including porin defi­
ciency (OprD), hyperproduction of the chromosom­
ally encoded cephalosporinase AmpC, efflux pumps 
and various class-​specific resistance mechanisms (for 
example, mutations in quinolone resistance-​determining 
regions)14. These chromosomally encoded resistance 
determinants, alone or in combination, affect carba­
penems and other β-​lactams differently, and diverse 
combinations are prevalent in isolates from distinct 
countries14. Loss of porins is the most common mecha­
nism leading to carbapenem resistance. Overexpression 
of one of the several efflux pumps (for example, mexB 
or mexY) is a nonspecific mechanism that especially 
affects cefepime, aminoglycosides, fluoroquinolones 
and meropenem15. Acquired resistance mechanisms such  
as β-​lactamases (for example, ESBLs or class B metallo-​
β-​lactamases (MBLs)) are often co-​transferred with 
genes that encode aminoglycoside-​modifying enzymes, 
but they are found less frequently than resistance con­
ferred by chromosomally encoded genes. The prevalence 
of MBLs, especially VIM and IMP, is highly variable in 
different countries, and they are becoming increasingly 
widespread in some regions14. The accumulation of sev­
eral resistance mechanisms to different antibacterial 
classes can lead to XDR or even PDR strains16 (Fig. 1).

Carbapenem-​resistant Enterobacterales. Carbapenem 
resistance in Enterobacterales (mainly Klebsiella pneu-
moniae, but also Enterobacter cloacae, Escherichia coli, 

Citrobacter spp. and Serratia marcescens) is caused by the 
production and high diversity of all β-​lactamase classes 
(class A, class B, class C and class D), which are often 
present in combination and confer resistance to almost 
all β-​lactam antibiotics (Fig. 1). The epidemiology of  
β-​lactamases is complex, as exemplified by the produc­
tion of MBLs (often NDM type), which ranges from 
1% in the United States to 100% in the Asia–Pacific 
region17,18, with prevalences of NDM-​producing E. coli 
of 83%, 13%, 1%, 1% and 2% in Asia, Europe, America, 
Africa and Oceania, respectively19. By contrast, the KPC 
class A carbapenemases are more widely distributed in 
the Americas, Korea and China20. In Europe, the preva­
lence of carbapenem resistance also differs greatly, with 
the highest rates in Mediterranean and Balkan coun­
tries21. Even the inter-​hospital prevalence of CRE and 
individual resistance mechanisms can range from <10% 
to 90%. New β-​lactamase variants with a range of amino 
acid substitutions, increased hydrolysis of the β-​lactam 
antibiotic, or amplification of the bla gene are commonly 
described. In addition, a diversity of KPC-2 and KPC-3 
variants conferring resistance to ceftazidime–avibactam 
are circulating in the United States and Europe22–24. The 
production of β-​lactamases may be accompanied by 
other resistance mechanisms — such as porin deficien­
cies with a similar, highly diverse epidemiology, upregu­
lated efflux pumps in E. coli and, rarely, insertions into 
E. coli penicillin-​binding protein 3 (PBP3) — that affect the 
microbiological activity of cephalosporins and monobac­
tams25,26. All these resistance-​mechanism-​related factors 
explain the high variability of susceptibility rates to new 
β-​lactam-​based therapies against CRE. In addition, CRE 
are also often resistant to unrelated antibacterial classes, 
such as fluoroquinolones, aminoglycosides, fosfomycin 
and tigecycline, thus making them XDR and some­
times PDR27. Associated resistance to colistin and 
tigecycline is linked to worse clinical outcomes28,29.  
In Greece, prevalences of ~30% for XDR and ~5% for 
PDR have been reported27. The propensity for specific 
clones of K. pneumoniae to spread in hospital envi­
ronments has been shown to correlate with the degree  
of resistance; distressingly, carbapenemase-​producing 
isolates have the highest transmissibility30,31.

β-​lactam-​based clinical pipeline
As is shown by the four recently approved β-​lactamase 
inhibitor (BLI) combinations (two approved since 2017) 
(Table 1), the clinical pipeline (Table 2) is characterized by 
new derivatives of the β-​lactam class or the functional class 
of BLIs, most of them focused on improvements in the 
coverage of Enterobacterales3. The renaissance of β-​lactam 
antibiotics in the beginning of the 21st century has 
enriched the therapy options and addressed class-​specific 
resistance due to the production of β-​lactamases by 
either combining a β-​lactam-​containing molecule with  
a BLI or modifying it to prevent hydrolysis.

β-​lactamase inhibitors and new combinations. BLIs have 
seen a remarkable evolution from β-​lactam-​derived mole­
cules to new chemical classes, the diazabicyclooctanes 
(DBOs) and boronate classes32. The DBO class has evolved 
from mostly functional BLIs, with avibactam–ceftazidime 

β-​lactamase
β-​lactamases are a 
heterogeneous group of 
enzymes produced by 
bacteria, used to hydrolyse 
β-​lactam antibiotics.

Porin
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of molecules across the outer 
membranes of Gram-​negative 
bacteria.

Penicillin-​binding protein
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as the first DBO combination, to compounds with addi­
tional relevant intrinsic antibacterial activity, through 
binding to PBP2 in enteric bacteria, one of the target 
proteins of β-​lactam antibiotics (Table 3). This intrinsic 
antibacterial activity, albeit modest in some cases, contri­
butes to a synergistic effect that may even extend the 
spectrum of the combination to some strains with MBL 
production, even if the MBLs are not inhibited. Boronate 
BLIs lack an intrinsic effect but have evolved into BLIs 
with a wider inhibitory spectrum to include some MBLs 
such as NDM and VIM (taniborbactam and the preclin­
ical BLI QPX7728). Given that β-​lactamases are mecha­
nistically and structurally distinct, finding a BLI that is 
equally effective against all classes and relevant enzymes 
remains difficult33,34.

The BLIs vaborbactam (boronate) and relebactam 
(DBO) have been approved recently in combination 
with meropenem and imipenem, respectively (Table 1). 
Vaborbactam inhibits class A and class C β-​lactamases, 
whereas meropenem is not hydrolysed by class C 
enzymes35. Relebactam is a DBO with inhibitory activity 
similar to that of avibactam against KPC36. Resistance 
against relebactam–imipenem in K. pneumoniae is 
mainly caused by MBLs, OXA-48, or GES carbapen­
emases or overexpression of the gene encoding KPC. 
The susceptibility rates in imipenem-​non-​susceptible 
K. pneumoniae and P. aeruginosa are 50% to 80% (ref.37). 
Thus, considerable pre-​existing cross-​resistance has 
been documented. BLIs cross the outer membrane of 
K. pneumoniae using OmpK35 and, preferably, OmpK36 
(refs35,38). In the case of concomitant porin deficiencies 
(an as-​yet-​rare mechanism), the BLI combinations 
would be ineffective.

Currently, nine BLI combinations (one β-​lactam, six 
DBOs and two boronates) are in clinical development.  
A tenth boronate BLI is ready for phase I but is not included 
yet in the clinical pipeline (Table 3). Aztreonam–avibactam 

is shown in Table 3 but not in Table 2, because it is a com­
bination of registered components. This combination 
unites the activity of aztreonam against MBL-​producing 
bacteria and the inhibitory activity of avibactam against 
class A, class C and some class D (OXA) enzymes, thus 
covering a broad spectrum of β-​lactamases. Other than 
belonging to different chemical classes (but the same func­
tional class), the BLIs differ in the extents to which they 
affect bacteria directly, owing to PBP2 binding (DBOs) 
and an extended inhibitory coverage that in some com­
pounds includes at least some MBLs (taniborbactam and 
QPX7728 in preclinical development).

The most advanced DBO in clinical development is 
durlobactam (ETX2514; intravenous only) with inhibi­
tory activity against class A and class C β-​lactamases and 
a broad range of class D β-​lactamases beyond OXA-48 
(for example, the OXA-23, OXA-24/40, OXA-51 and 
OXA-58 families). Because these β-​lactamases are 
the most prevalent resistance determinants in CRAB, the 
relevant company decided to develop this BLI in com­
bination with sulbactam (β-​lactam-​based BLI and PBP3 
inhibitor) for the treatment of A. baumannii infections. 
Resistance to the combination is currently rare and is 
driven by the presence of MBLs (such as NDM-1) or 
mutations in PBP3, which is the target of sulbactam39. 
In countries with extremely high resistance preval­
ence in Acinetobacter species, such as India, resistance 
to durlobactam–sulbactam is due to NDM-​producing 
isolates40. On the basis of whole-​genome-​sequencing 
analyses, changes in the expression of efflux pumps may 
additionally reduce susceptibility41.

Nacubactam and zidebactam are DBOs with inhib­
itory activity against class A, class C and some class D 
β-​lactamases, and they bind to PBP2, thus showing 
synergistic activity in Enterobacterales33. This effect 
arises when the PBP2-​directed activity of nacubac­
tam is combined with PBP3-​targeted agents such as 
cefepime42, whereas meropenem primarily binds to 
PBP2 in E. coli. Nacubactam, at lower minimal inhibitory  
concentrations (MICs) (≤4 mg/l if tested alone), dom­
inates the combination activity through PBP2 inhi­
bition and may contribute to activity against MBL 
producers at high nacubactam concentrations43. At 
higher MICs (MIC > 4 mg/l), nacubactam contributes 
to the combination activity against bacteria with class A  
or class C β-​lactamases, contingent on β-​lactamase 
inhibition42. Nacubactam has no intrinsic effect on 
non-​fermenters42,44. Similarly, zidebactam binds to PBP2 
and has intrinsic activity against E. coli and Klebsiella 
spp., but insufficient activity against Enterobacter spp. 
and no activity against Pseudomonas and Acinetobacter 
spp.45. In combination with cefepime (which inhibits 
PBP3), zidebactam adds these PBP2-​inhibiting poten­
cies in E. coli and Klebsiella spp. As expected, the activity 
against CRPA is mediocre or insufficient (close to or 
above the clinical breakpoint for cefepime in 50% of the 
strains, and absent in CRAB45,46). Reduced susceptibil­
ity to cefepime–zidebactam is mostly associated with 
MBLs (IMP or VIM) or with combinations of mecha­
nisms such as the overexpression of MexAB–OprM or 
MexXY efflux pumps, diminished OprD function and 
high-​level AmpC production46.
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Fig. 1 | Relevance of resistance determinants. The resistance determinants in 
carbapenem-​resistant Acinetobacter baumannii (CRAB), carbapenem-​resistant 
Pseudomonas aeruginosa (CRPA) and carbapenem-​resistant Enterobacterales (CRE)  
are diverse and mostly associated with nonspecific or acquired resistance to other, 
unrelated antibiotic classes. Carbapenem resistance is frequently caused by the interplay 
between common (blue) and less common and variable resistance determinants  
(green). Chromosomally encoded resistance determinants are depicted inside a cell 
shape, while acquired ones are shown outside the shape. In CRAB, the common 
resistance determinants are intrinsic chromosomally encoded β-​lactamases and 
acquired enzymes that are usually not inhibited by β-​lactamase inhibitors (BLIs). CRPA 
strains are characterized by chromosomally encoded resistance determinants (OprD 
deficiency, overexpression of efflux pumps and AmpC). Mutations in penicillin-​binding 
protein 3 (PBP3) are still rare and affect the combination partner of BLIs. In extensively 
drug-​resistant and pan-​drug-​resistant strains, additional, horizontally transferred 
resistance may accumulate. CRE are dominated by β-​lactamases of all classes with high 
geographical variation. Porin deficiency may be combined with β-​lactamases. In some 
areas, carbapenem resistance is associated with resistance to last-​resort antibiotic 
options. MBL, metallo-​β-​lactamases; ESBL, extended-​spectrum β-​lactamase.

Minimal inhibitory 
concentrations
(MICs). The lowest 
concentrations of different 
antibacterial compounds  
that prevent visible growth  
of bacteria.

Non-​fermenters
A heterogeneous group of 
bacteria that cannot use 
glucose and that thus are 
unable to generate energy 
through the fermentation of 
glucose. Important bacteria  
of this group are Pseudomonas 
and Acinetobacter.

Clinical breakpoint
The chosen concentration  
of an antibiotic that defines 
whether a species of bacteria is 
susceptible or resistant to the 
antibiotic, which is used to 
predict the clinical outcome.

www.nature.com/nrmicro

R e v i e w s

288 | May 2020 | volume 18	



Taniborbactam is a bicyclic boronate and acts as 
a dual-​action inhibitor of both serine-​β-​lactamases 
(SBLs) and MBLs47,48. The broad inhibitory activity 
includes class A and class C enzymes as well as the 
MBLs NDM and VIM, but not IMP, and moderately 
the OXA-48 carbapenemase (class D)47. In combina­
tion with cefepime, the MICs against NDM-​producing 
and VIM-​producing Enterobacterales are increased, and 
10% to 20% of strains are resistant49. Given the scant 
knowledge of boronate-​modifying enzymes, it will be 
of particular interest to observe whether unprecedented 
drug-​modifying reactions emerge in response to clinical  
use32. Cefepime-​non-​susceptible or meropenem-​non- 
susceptible P. aeruginosa show 20% to 30% resistance to 
taniborbactam–cefepime and thus can only be used for 
confirmed susceptible strains50. Another similar boro­
nate, QPX7728, is in preclinical studies. Although the 
latter shows an inhibitory spectrum similar to that of 
taniborbactam51, the main difference is its potential for 
intravenous and oral formulations.

Three BLI combinations for oral use are in clinical 
development, thus far focused mainly on development 
for treating urinary tract infections (UTIs): one boro­
nate BLI and two DBOs. The boronate BLI VNRX-7145 
(prodrug, active compound VNRX-5236) is combined 
with the oral cephalosporin ceftibuten. Its spectrum 

encompasses ESBL-​producing, KPC-​producing and 
OXA-48-​producing Enterobacterales52. Some weak­
ness in the enzyme inhibitory activity is seen with 
selected OXA and class C enzymes53. VNRX-7145 
restores the susceptibility of ceftibuten-​non-​susceptible 
Enterobacterales in 87% of strains, most efficiently in 
ESBL or KPC producers54. The oral DBO ETX0282 
(prodrug, active compound ETX1317) is combined with 
the oral cephalosporin cefpodoxime proxetil (prodrug) 
and is active against Enterobacterales strains producing 
ESBL, KPC or OXA-48-​like β-​lactamases. ETX0282 has 
intrinsic activity through PBP2 binding, with useful 
activity against Enterobacterales and synergy depending 
on its concentration. Whether this synergistic effect will 
be sufficient for treating MBL-​producing strains remains 
to be seen55. The second oral DBO is ARX-1796, an oral 
prodrug of avibactam that has mostly insufficient PBP2 
inhibitory activity56.

Finally, the penicillanic acid sulfone BLI enmeta­
zobactam is similar to tazobactam, with improved 
inhibitory activity of ESBL and OXA-48 enzymes in 
Enterobacterales, and is being developed in combina­
tion with an optimized dosage regimen of cefepime57. 
Cefepime is easier to potentiate than piperacillin, 
therefore achieving lower MICs of the combination in 
wild-​type strains as well as in ESBL, and some KPC-2 

Table 1 | Antibacterial agents that have been approved since 2017 by the FDA or EMA (modified according to the WHO report3)

Name  
(trade name)

Approved by  
(date, indication)

Antibiotic class Route of 
administration 
(market  
authorization holder)

Indications Expected 
activity against

Characteristics 

C
R

A
B

C
R

PA

C
R

E

O
th

er
a

N
C

R

C
C

T M
oA

Delafloxacin 
(USA: Baxdela, EU: 
Quofenix)

FDA (6/2017 ABSSSI, 
10/2019 CAP)

MAA

Fluoroquinolone Intravenous and oral 
(Melinta, Menarini)

ABSSSI, CAP ⚪ ⚪ ⚪ ⚫ - - - -

Vaborbactam 
and meropenem 
(Vabomere)

FDA (8/2017)

EMA (11/2018)

Boronate BLI 
and carbapenem

Intravenous  
(Melinta, Menarini)

cUTI ⚪ ⚪ ⚫b / ~ ✓ - -

Plazomicin (Zemdri) FDA (7/2018) Aminoglycoside Intravenous (Pliva) cUTI ⚪ ⚪ ⚫ / - - - -

Eravacycline 
(Xerava)

FDA (8/2018)

EMA (9/2018)

Tetracycline Intravenous  
(Tetraphase)

cIAI ? ⚪ ⚫ / - - - -

Omadacycline 
(Nuzyra)

FDA (10/2018) Tetracycline Intravenous and oral 
(Paratek)

CAP (intravenous), 
ABSSSI 
(intravenous, oral)

⚪ ⚪ ⚪ ⚫ - - - -

Relebactam 
and imipenem 
and cilastatin 
(Recarbrio)

FDA (7/2019)

MAA

DBO-​BLI and 
carbapenem 
and degradation 
inhibitor

Intravenous (Merck 
Sharp and Dohme)

cUTI, cIAI ⚪ ? ⚫b / - - - -

Lefamulin (Xenleta) FDA (8/2019)

MAA

Pleuromutilin Intravenous and oral 
(Nabriva)

CAP / / / ⚫ ~ ✓c - -

Cefiderocol 
(Fetroja)

FDA (11/2019)

MAA

Siderophore 
cephalosporin

Intravenous (Shionogi) cUTI ⚫ ⚫ ⚫ / ~ - - -

ABSSSI, acute bacterial skin and skin structure infections; BLI, β-​lactamase inhibitor; CAP, community-​acquired pneumonia; CC, new chemical class; cIAI, complicated 
intra-​abdominal infections; CRAB, carbapenem-​resistant Acinetobacter baumannii; CRE, third-​generation cephalosporin-​resistant and carbapenem-​resistant 
Enterobacterales; CRPA, carbapenem-​resistant Pseudomonas aeruginosa; cUTI, complicated urinary tract infection; DBO, diazabicyclooctane; EMA, European 
Medicines Agency; MAA, Marketing Authorization Application (EMA); MoA, new mode of action; NCR, no cross-​resistance to other antibiotic classes; PBP, 
penicillin-​binding protein; T, new target. aOther pathogens, mostly Gram-​positive and/or Neisseria gonorrhoeae. bActive against Klebsiella pneumoniae carbapenemase 
(KPC)-​producing but not metallo-​β-​lactamase-​producing Enterobacterales. cFirst systemic formulation of this class in humans, still used in animals and topically in 
humans. ●, active; ?, possibly active; ○, not or insufficiently active; /, activity not assessed; ✓, criterion fulfilled; ~, inconclusive data or no agreement among experts; 
-, criterion not fulfilled.
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and KPC-3, producers. Whether those theoretical 
advantages compared with piperacillin–tazobactam will 
translate into improved clinical efficacy in the therapy of 
ESBL-​producing Enterobacterales (not CRE) remains to 
be proven in randomized controlled clinical trials.

In general, the new BLI combinations contribute to 
improved options to treat KPC-​producing and OXA-48-​ 
producing Enterobacterales, especially Klebsiella spp., in 
countries where these are the prevailing resistance mecha­
nisms (Fig. 2). In countries where other β-​lactamases  

Table 2 | Antibacterial agents in clinical development (modified according to the WHO clinical pipeline report3)

Name (synonym) Phase Antibiotic class Route of administration 
(developer)

Expected activity 
against

Characteristics 

C
R

A
B

C
R

PA

C
R

E

O
th

er
a

N
C

R

C
C

T M
oA

Sulopenem (intravenous), 
Sulopenem etzadroxil and 
Probenecid (oral)

3 Penem Intravenous and oral (Iterum) ⚪ ⚪ ⚪b / - - - -

Durlobactam (ETX2514) 
and sulbactam

3 DBO-​BLI (PBP2 inhibitor) and 
β-​lactam-​BLI (PBP1 and PBP3 inhibitor)

Intravenous (Entasis) ⚫ / / / - - - -

Taniborbactam 
(VNRX-5133) and Cefepime

3 Boronate-​BLI and cephalosporin Intravenous (VenatoRx) ⚪ ? ⚫ / ~ ✓c - -

Enmetazobactam (AAI101) 
and Cefepime

3 β-​lactam-​BLI and cephalosporin Intravenous (Allecra) ⚪ ⚪ ⚪d / - - - -

Zoliflodacin 3 Topoisomerase inhibitor 
(Spiropyrimidenetrione)

Oral (Entasis/GARDP) / / / ⚫ ✓ ✓ - ✓

Gepotidacin 3 Topoisomerase inhibitor 
(Triazaacenaphthylene)

Intravenous and oral (GSK) / / / ⚫ ~ ✓ - ✓

Contezolid acefosamil 2/3f Oxazolidinone Intravenous and oral (MicuRx) / / / ⚫ - - - -

Afabicin (Debio-1450) 2 FabI inhibitor Intravenous and oral 
(Debiopharm)

/ / / ⚫ ✓ ✓ ✓ ✓

BOS-228 (LYS228) 2 Monobactam Intravenous (Boston 
Pharmaceuticals)

⚪ ⚪ ⚫ / - - - -

Nafithromycin (WCK-4873) 2 Macrolide Oral (Wockhardt) / / / ⚫ - - - -

TNP-2092 2 Rifamycin–quinolizinone conjugate Intravenous and oral (TenNor) / / / ? - - - -

Zidebactam and Cefepime 1 DBO-​BLI (PBP2 inhibitor) and 
cephalosporin

Intravenous (Wockhardt) ⚪ ? ⚫ / - - - -

Nacubactam and 
Meropenem

1 DBO-​BLI (PBP2 inhibitor) and 
carbapenem

Intravenous (NacuGen 
Therapeutics)

⚪ ⚪ ⚫e / - - - -

ETX0282 and Cefpodoxime 1 DBO-​BLI (PBP2 inhibitor) and 
cephalosporin

Oral (Entasis) ⚪ ⚪ ⚫e / - - - -

VNRX-7145 and Ceftibuten 1 Boronate-​BLI and cephalosporin Oral (VenatoRx) ⚪ ⚪ ⚫e / ~ ✓c - -

SPR741 and β-​lactam 1 Polymyxin (potentiator) and β-​lactam Intravenous (Spero) ? ? ? / - - - -

SPR206 1 Polymyxin Intravenous (Spero) ⚫ ⚫ ⚫ / - - - -

SPR720 1 GyrB inhibitor Oral (Spero) / / / ⚫g ~ ✓ ~ ~

KBP-7072 1 Tetracycline Oral (KBP BioSciences) ⚪ ⚪ ⚪ ⚫ - - - -

TP-271 1 Tetracycline Intravenous and oral 
(Tetraphase)

? ⚪ ⚪ ⚫ - - - -

TP-6076 1 Tetracycline Intravenous (Tetraphase) ⚫ ⚪ ? / - - - -

EBL-1003 (Apramycin) 1h Aminoglycoside Intravenous (Juvabis) ? - ? / - - - -

TNP-2198 1 Rifamycin–nitroimidazole conjugate Oral (TenNor) / / / ⚫ - - - -

TXA709 1 FtsZ inhibitor Oral and intravenous (Taxis) ⚪ ⚪ ⚪ ⚫ ✓ ✓ ✓ ✓
ARX-1796 (oral Avibactam 
prodrug)

1 DBO-​BLI and β-​lactam Oral (Arixa Pharmaceuticals) ⚪ ⚪ ⚫e / - - - -

BLI, β-​lactamase inhibitor; CC, new chemical class; CRAB, carbapenem-​resistant Acinetobacter baumannii; CRE, third-​generation cephalosporin-​resistant and 
carbapenem-​resistant Enterobacterales; CRPA, carbapenem-​resistant Pseudomonas aeruginosa; DBO, diazabicyclooctane; MoA, new mode of action; NCR, no 
cross-​resistance to other antibiotic classes; PBP, penicillin-​binding protein; T, new target. aOther pathogens, mostly Gram-​positive and/or Neisseria gonorrhoeae. 
bActive against extended-​spectrum β-​lactamase (ESBL)-​producing cephalosporin-​resistant but not carbapenem-​resistant Enterobacterales. cThe first boronate BLI 
is vaborbactam and was approved 2017 in combination with meropenem. dActive against ESBL-​producing cephalosporin-​resistant and some Klebsiella pneumoniae 
carbapenemase (KPC)-​producing carbapenem-​resistant Enterobacterales. eActive against KPC but not metallo-​β-​lactamase-​producing Enterobacterales. fContezolid 
acefosamil: phase II in USA. Contezolid oral: phase III in China, NDA in China expected in 2020. gDeveloped against non-​tuberculous mycobacteria and Mycobacterium 
tuberculosis. hCurrently used in animals. ●, active; ?, possibly active; ○, not or insufficiently active; /, activity not assessed; ✓, criterion fulfilled; ~, inconclusive data or 
no agreement among experts; -, criterion not fulfilled.
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dominate, they hardly make a difference to existing 
antibacterial drugs. Owing to at least some pre-​existing 
cross-​resistance, all these new β-​lactam antibiotics and 
BLI combinations should only be used with confirmed 
susceptibility results. This drug class has been and will 
continue to be used heavily, and hence, continued selec­
tion pressure through the new derivatives of this group 
will quickly lead to expected but also unexpected resist­
ances. The first signs of new resistance developments in 
Klebsiella spp. are already visible: ceftazidime–avibactam 
is vulnerable to KPC β-​lactamase mutants with increased 
hydrolytic capacity for ceftazidime. Such mutants can 
easily be obtained in vitro29 and have been selected in 
patients treated with ceftazidime–avibactam58. For 
ceftolozane–tazobactam, there are reports of in vivo 
selection of P. aeruginosa mutants with sequence muta­
tions in AmpC that confer resistance to both ceftolozane– 
tazobactam and ceftazidime–avibactam31,32. Many 
β-​lactamase-​encoding genes travel together on mobile 
elements with transmissible resistance factors for other 
antibacterial classes59. Selection pressures due to var­
ious antibiotic classes and the spread of such resistant 
bacteria may leave the new BLI combinations a short 
period of useful activity. Though each of the BLIs has 
its own inhibitory pattern, they may not translate into 
phenotypic differences in the MIC values of the com­
binations. However, good regional surveillance of 
molecular information regarding the most common 
β-​lactamases and non-​enzymatic mechanisms (porin 
deficiency and efflux), as well as broad antibiotic knowl­
edge, will be essential to making informed decisions and 
the best use of the new BLI combinations in specific 
health-​care environments60.

New stand-​alone β-​lactam antibiotics. Cefiderocol is a 
cephalosporin structurally related to ceftazidime and 
cefepime but more stable to various β-​lactamases. The 
cephalosporin molecule is linked to a siderophore that 

can bind to iron, which facilitates bacterial cell entry 
in addition to the usual entry via porin channels; this 
results in improved penetration of cefiderocol in the bac­
terial cell, which is most relevant in non-​fermenters61,62. 
In Enterobacterales, variations in iron transport channel 
expression, which varies by species and within species, 
may cause a wide distribution of MICs63. Compared with 
ceftazidime–avibactam, cefiderocol has similar in vitro 
microbiological activity against Enterobacterales and 
P. aeruginosa, but it is more active against Acinetobacter, 
Stenotrophomonas and Burkholderia species. The resist­
ance prevalence in CRE and CRPA is a little lower than 
with ceftazidime–avibactam64. The main weakness of 
cefiderocol is its limited activity against NDM-​producing 
E. coli as well as OXA-23-​producing and OXA-24-​
producing Acinetobacter spp65. MIC90 values are about 
eight doubling dilutions higher in KPC-2-​producing 
Enterobacterales than in wild-​type strains. Due to the 
very low MICs in wild-​type strains, the reduction of 
activity may still keep cefiderocol MICs for many strains 
below the clinical breakpoint63. Similarly, the reduced 
susceptibility of ESBL-​producing, carbapenemase-​
producing or AmpC-​producing strains may not translate 
into immediate clinical resistance63 but may be problem­
atic in critically ill patients with altered pharmacokinetic 
profiles. However, the most problematic XDR or PDR 
strains have variable susceptibility, with ~64% of NDM-​
producing pathogens testing as susceptible65. MICs 
clustering around the breakpoint may be the beginning 
of a stepwise development of resistance, and reliable 
susceptibility testing will be essential.

Cefiderocol has recently been approved by the FDA 
for the treatment of complicated UTIs (including pyelo­
nephritis) caused by susceptible Gram-​negative bacte­
ria in patients with limited or no alternative treatment 
options66. However, the results from a small descriptive 
study in critically ill patients with XDR Gram-​negative 
bacteria have raised concerns, as higher rates of 

Siderophore
Small, high-​affinity 
iron-​chelating compounds  
that are secreted by 
microorganisms and serve 
primarily to transport iron 
across cell membranes.

Table 3 | Activity of β-​lactamase inhibitors in combination (modified according to the WHO clinical pipeline report3)

β-​lactamase inhibitor (synonym, 
chemical class)

Combination 
partner

Development 
phase

ESBL-​E CRE CRAB CRPA

Class A 
(ESBL)

Class A 
(KPC)

Class D 
(OXA-48)

Class B 
(NDM)

PBP2

Durlobactam (ETX2514; DBO) Sulbactam 3 / / / / ⚫ ⚫ /

Enmetazobactam (AAI101; penicillanic 
acid sulfone)

Cefepime 3 ⚫ ? ⚪ ⚪ - ⚪ ⚪

Taniborbactam (VNRX-5133; boronate) Cefepime 3 ⚫ ⚫ ⚫ ⚫ - ⚪ ?

Avibactam (DBO) Aztreonam 3 ⚫ ⚫ ⚫ ⚫ ⚪ ⚪ ⚪
Zidebactam (DBO) Cefepime 1 ⚫ ⚫ ⚫ ? ⚫ ⚪ ?

Nacubactam (DBO) Meropenem 1 ⚫ ⚫ ⚫ ? ⚫ ⚪ ⚪
ETX0282 (DBO) Cefpodoxime 

(oral application)
1 ⚫ ⚫ ⚫ ⚪ ⚫ ⚪ ⚪

VNRX-7145 (boronate) Ceftibuten (oral 
application)

1 ⚫ ⚫ ⚫ ⚪ - ⚪ ⚪

ARX-1796 (DBO; oral avibactam prodrug) To be determined 
(oral application)

1 ? ? ? ⚪ ⚪ ⚪ ⚪

Activity of β-​lactamase inhibitors in combination against representative β-​lactamases in Enterobacterales, binding to PBP2 in Enterobacterales, and antibacterial 
activity of the BLI combination against critical priority pathogens. CRAB, carbapenem-​resistant Acinetobacter baumannii; CRPA, carbapenem-​resistant Pseudomonas 
aeruginosa; CRE, carbapenem-​resistant Enterobacterales; DBO, diazabicyclooctanes; ESBL-​E, extended-​spectrum β-​lactamase-​producing third-​generation 
cephalosporin-​resistant Enterobacterales; PBP2, penicillin-​binding protein 2. ●, active; ?, possibly active; ○, not or insufficiently active; /, activity not assessed;  
-, no inhibitory activity.
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infection-​related and non-​infection-​related deaths with 
treatment failure were seen for cefiderocol than for 
the comparator (best available therapy). In addition, the 
development of cefiderocol resistance during therapy 
was linked to poor outcomes. The results of this study, 
with its inherent limitations of a small descriptive trial, 
leave clinicians with little evidence to support the use of 
cefiderocol in patients with XDR Gram-​negative bac­
teria, especially Acinetobacter spp. and Pseudomonas 
spp.67. A better understanding of cefiderocol efficacy 
and the associated risk factors will require additional 
well-​designed studies.

BOS-228 is a new monobactam in phase II clinical 
development. Like other monobactams, BOS-228 inhib­
its PBP3 and is stable to MBLs. Additionally, it has been 
modified to resist hydrolysis by most serine β-​lactamases 
in Enterobacteriaceae68. Cross-​resistance exists with 
aztreonam when non-​β-​lactamase mechanisms are 
involved (for example, upregulated efflux and/or porin 
downregulation, or mutations in PBP3 and the envelope 
stress response system)69.

Sulopenem and tebipenem, in the form of bioavail­
able esters, are both in phase III clinical development 
and will provide new oral therapies for ESBL-​producing 
(MDR) Enterobacteriaceae, but they also confront the 
medical community with specific challenges. Sulopenem 
is a thiopenem with intravenous and oral formulations 

(prodrug), whereas tebipenem is an orally available car­
bapenem (as a prodrug) that was approved in Japan in 
2009 for the treatment of paediatric respiratory tract 
infections (therefore, it is not included in Table 2). Both 
antibiotics have similar spectra against Gram-​negative 
bacteria compared with ertapenem, which focuses on 
ESBL-​producing Enterobacteriaceae. These agents 
show complete cross-​resistance with ertapenem and 
other carbapenems70. Sulopenem failed to demonstrate 
non-​inferiority compared with ertapenem for compli­
cated intra-​abdominal infections in a recent phase III 
trial71. Sulopenem and tebipenem were developed for 
community-​acquired uncomplicated UTIs and for oral 
follow-​on after intravenous therapy for complicated 
UTIs72,73. If used widely, they will most likely exert a 
strong selection pressure for carbapenem resistance, 
like any other carbapenem74. Antibiotic stewardship 
programmes would need to be established in the com­
munity to mitigate this risk. From the public health 
perspective, oral carbapenem-​sparing options for the 
treatment of MDR strains would be preferable.

Tetracycline derivatives
New semisynthetic and synthetic tetracycline derivatives, 
based on new chemistry approaches, have been recently 
approved or are in clinical development. Tetracyclines 
were discovered in the 1940s and have been widely used 
in human and veterinary medicine and in agricultural 
applications, which has contributed to the widespread 
dissemination of tetracycline resistance. Efflux pumps 
and ribosome protection proteins are the most com­
mon resistance mechanisms75. In Gram-​negative bacte­
ria, target-​site mutations have been described, recently 
even for tigecycline76. Lately, enzymatic degradation 
has gained more attention, as new, highly transferrable 
plasmid-​mediated tetracycline-​inactivating enzymes, 
Tet(X3) and Tet(X4), have been described and are glob­
ally present. They degrade all tetracyclines, including 
tigecycline and the recently approved eravacycline and 
omadacycline77–79. Such plasmids may carry other resist­
ance determinants, such as mcr1 (colistin resistance) and 
genes encoding MBLs (for example, NDM), thus poten­
tially rendering isolates XDR78,80. The fully synthetic 
eravacycline (intravenous) has activity against CRE 
comparable to tigecycline and exhibits cross-​resistance 
with tigecycline79,81. The semisynthetic minocycline 
derivative omadacycline has been recently approved 
for the oral and intravenous treatment of acute bac­
terial skin and skin structure infections (ABSSSI) and 
community-​acquired pneumonia (CAP). The activity 
against XDR Enterobacterales is insufficient82.

Three more tetracyclines are in early clinical develop­
ment: first is KBP-7022, with a spectrum similar to tige­
cycline83,84 but lower MICs in Acinetobacter spp.85. No 
information is available about cross-​resistance with tige­
cycline. The second tetracycline is TP-6076, with acti­
vity against Enterobacterales and Acinetobacter spp. 
and lower MICs than tigecycline. The impact of these 
in  vitro findings is not known yet, pending phar­
macokinetic–pharmacodynamic studies and break­
point decisions. In tigecycline-​non-​susceptible and 
minocycline-​non-​susceptible Acinetobacter isolates, 
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• High rate of pre-existing 
cross-resistance due to 
specific OXA β-lactamases, 
less due to penetration 
and/or efflux and other 
resistance 
• Most BLI combinations 
are not active

High rate of pre-existing 
cross-resistance due to 
penetration and/or 
efflux barriers and other 
resistance mechanisms

High geographical 
variation of β-lactamase 
epidemiology and thus 
high variation of BLI 
usefulness in different 
regions

Fig. 2 | Numbers of antibiotics in clinical development or approved since 2017 with 
activity against the critical priority pathogens CRAB, CRPA and CRE. The most 
recently approved or currently developed new antibiotics have focused on carbapenem-​
resistant Enterobacterales (CRE), but cover them incompletely and dependent on the 
geographic distribution of resistance determinants. These CRE antibiotics may cover 
bacteria that produce only extended-​spectrum β-​lactamases (ESBL), or may have added 
activity against KPC and OXA-48 enzymes, or even additional activity against some 
metallo-​β-​lactamases (MBL). Carbapenem-​resistant Acinetobacter baumannii (CRAB)  
has multiple intrinsic and acquired resistance mechanisms, which causes high rates of 
extensive drug resistance and pan drug resistance. The efficacy of the few new antibiotics  
with activity against Acinetobacter spp. is limited, owing to pre-​existing reduced 
susceptibility or non-​susceptibility in the most resistant strains. The rate of pre-​existing 
cross-​resistance in carbapenem-​resistant Pseudomonas aeruginosa (CRPA) is high, and no 
substantial solution will be provided by new antibiotics. BLI, β-​lactamase inhibitor.
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the MICs of TP-6076 were slightly increased86. In  
K. pneumoniae, tigecycline-​resistant strains are mostly 
also resistant to TP-6076 (ref.87), and resistance to 
tigecycline in carbapenem-​resistant strains is high in 
some areas27. Resistance in K. pneumoniae is due to 
overexpressed RamA, a transcriptional regulator that 
modulates efflux pump expression88. Such a resistance 
mechanism is increasingly found in CRE with porin 
deficiency, production of various β-​lactamases and 
aminoglycoside-​inactivating enzymes28, thus reduc­
ing the value of this antibiotic as a treatment option 
for the most resistant bacteria. It is not yet known 
whether the liabilities of tigecycline, including low 
plasma exposure, concentration-​independent plasma 
protein binding and adverse-​event concerns, will be 
mirrored by the new tetracyclines89. Preliminary infor­
mation points to an adverse-​event profile of TP-6067 
similar to that of tigecycline, with dose-​dependent gastro­
intestinal side effects, including nausea and vomiting as 
the most frequently reported adverse effects. The third 
tetracycline — TP-271, a synthetic tetracycline — is 
very similar to tigecycline and is active against respira­
tory pathogens. It is not affected by Tet(M) (ribosomal 
protection protein), but is affected by Tet(A) (efflux) and 
Tet(X) (enzymatic inactivation)90.

Similar to other derivatives of long-​used classes, the 
new tetracyclines address some class-​specific resistance 
mechanisms of the older representatives of this class, such 
as doxycycline, but have a high degree of cross-​resistance 
to tigecycline. They do not represent reliable alternatives 
for XDR or PDR Gram-​negative bacteria. Potential bene­
fits over tigecycline regarding non-​potency-​related 
characteristics, such as pharmacokinetics and safety, have 
not been shown so far.

Other derivatives of old classes
In addition to β-​lactams, β-​lactamase inhibitors and 
tetracyclines, a few other old classes have been used as 
starting points to develop derivatives. The polymyxins 
are seeing a revival with SPR206, a polymyxin deriva­
tive with slightly improved potency that also reduces 
the magnitude of cross-​resistance. The increasingly 
described plasmid-​mediated mcr resistance is often 
associated with other resistance genes that encode for 
β-​lactamases (including carbapenemase) and for resist­
ances to other antibacterial classes, which may include 
fluoroquinolones and aminoglycosides91. Thus, sev­
eral antibiotic classes may select for XDR or even PDR 
strains. Carbapenem-​resistant K. pneumoniae, which 
also exhibited resistance to colistin in more than 30% of 
the strains, has been described in a recent study28. It is 
not clear yet how polymyxin resistance and associated 
cross-​resistance to unrelated classes will develop over 
the next years, whether SPR206 will be of any benefit in 
polymyxin-​resistant strains and whether the promise of 
lower class-​specific toxicity will hold true in patients92.

Another polymyxin derivative (SPR741), with limited 
intrinsic activity but improved safety, is being studied for 
permeabilization of the outer membrane, thereby granting 
antibacterial agents access to their intracellular targets93. 
The most beneficial combinations of such a ‘potentiator’ 
strategy are not known yet, and development is pending.

The aminoglycoside class has seen a recent addition, 
plazomicin, to reduce the impact of aminoglycoside-​ 
modifying enzymes. Although plazomicin has activity 
against many CRE isolates, organisms that produce the 
NDM-1 MBL or OXA-48 enzymes are often resistant to 
plazomicin, due to co-​production of ribosomal methyl 
transferase94,95. Another aminoglycoside has also entered 
its first trials in humans. This aminoglycoside, apramy­
cin, has been licensed since 1980 for oral use in veterinary 
medicine. It was active in 87% of carbapenem-​resistant 
Klebsiella isolates from Greek hospitals, a susceptibility 
rate similar to that for plazomicin. Though apramycin is 
not affected by 16S rRNA methylases that cause resistance 
to plazomicin and all other aminoglycosides, it is ineffec­
tive against the acetyltransferase AAC(3)-​IV-​producing 
strains96,97. Resistance in human isolates was already 
described in 1993 (ref.98). Its usefulness against XDR 
Gram-​negative strains will depend on the future epide­
miology of aminoglycoside resistance, but rapid resist­
ance development and spread could be anticipated if 
apramycin were to be used clinically.

Derivatives of old classes with activity against Gram- 
​positive bacteria are in clinical development. No infor­
mation on their differentiation from the drugs already 
available has been published concerning the oxazolidi­
none contezolid, with equal activity and non-​inferiority 
compared with linezolid99, and the ketolide nafithromy­
cin, which is comparable to telithromycin100. Two rifa­
mycin conjugates, TNP-2092 (rifamycin–quinolizinone 
conjugate with rifampicin-​like activity101) and TNP-2198 
(rifamycin–nitroimidazole conjugate) are in clinical 
development. The published information has been 
insufficient to assess the potential clinical usefulness of 
these rifamycin conjugates.

Beyond old classes
New chemical scaffolds, new targets or binding sites, 
and a new mode of action. Two new antibiotics that 
represent new chemical scaffolds with activity against 
Gram-​positive bacteria are in clinical development. The 
target FabI, an enoyl-​ACP reductase that is the rate-​
limiting enzyme in the last step for fatty-​acid biosynthe­
sis, is known from existing FabI inhibitors (isoniazid, 
Mycobacterium tuberculosis) and triclosan (in some 
consumer products)102. Afabicin (Debio-1450) is a new 
intravenously and orally administered FabI inhibitor that 
exhibits selective antibacterial activity against staphylo­
coccal species103. As expected, there is no cross-​resistance 
with other antibacterial drugs used for staphylococcal 
infections104. Preliminary studies have indicated that 
afabicin may not be prone to rapid emergence of resist­
ance, despite binding to a single target, possibly due to 
its high-​affinity binding102. It is currently being devel­
oped for the treatment of bone and joint infections105. 
Other FabI inhibitors are in preclinical development 
(for example, MUT056399)106.

The prodrug TXA709 is a benzamide compound 
and targets the bacterial protein FtsZ, which has an 
essential role in septum formation and prevents bac­
terial cell division without a eukaryotic homologue107. 
Its activity is focused on S. aureus, with no pre-​existing 
cross-​resistance to commonly used antibiotics, due to its 

FtsZ
A protein, encoded by the  
ftsZ gene, that is essential for 
producing a new cell wall within 
dividing bacterial cells.
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new chemical class, new target and new mode of action. 
As expected, this single-​target agent leads to a relatively 
high frequency of resistance, which may be mitigated by 
using it in combination with other agents108. Though the 
immediate medical need for a new drug against multi­
resistant S. aureus is low, a new-​class antibacterial drug 
may be valuable in selected cases and on a broader basis 
in the future.

The topoisomerase inhibitors zoliflodacin (spiropy­
rimidinetrione) and gepotidacin (triazaacenaphthylene) 
are new chemical scaffolds and bind to gyrase, the same 
target as for the fluoroquinolones, but at distinct binding 
sites. They were developed for the treatment of uncompli­
cated urogenital gonorrhoea. Due to its different chemi­
cal structure and distinct binding site, zoliflodacin has 
so far not shown to be cross-​resistant to fluoroquinolo­
nes109. For gepotidacin, a phase II study in uncomplicated 
urogenital gonorrhoea raised some questions regarding 
cross-​resistance to ciprofloxacin and the emergence of 
resistance. Three isolates with higher gepotidacin MICs 
were quinolone resistant and showed a mutation in the 
parC gene, which is known to affect gepotidacin bind­
ing. Two of these isolates developed high-​level resist­
ance to gepotidacin and were bacteriological failures 
in the clinical trial110. Due to overlapping binding sites, 
gepotidacin may show some cross-​resistance to cipro­
floxacin, and resistance may soon emerge once it is used 
in clinical practice. Gepotidacin is currently also being 
developed for uncomplicated UTIs. Its MICs against 
fluoroquinolone-​susceptible E. coli are much higher than 
for levofloxacin, but cross-​resistance to fluoroquinolones 
has not been described yet in E. coli111,112.

Although fluoroquinolones target both the DNA gyrase  
GyrA subunit and the topoisomerase IV ParC subunit, 
no inhibitor of GyrB and/or ParE is currently in clini­
cal use113. The new GyrB inhibitor SPR-720 (amino­
benzimidazole) inhibits the ATPase activity of gyrase 
in M. tuberculosis and non-​tuberculous mycobacteria 
(NTM)114. It will be developed for these bacteria.

The development of intravenous murepavidin, 
a cyclic peptide that targets the lipopolysaccharide trans­
port protein D (LptD) in P. aeruginosa, was terminated 
in July 2019 owing to concerns about nephrotoxicity 
observed in phase III. The inhaled form of murepavidin 
is in preclinical development for P. aeruginosa infec­
tions in patients with cystic fibrosis. Therefore, it is not 
included in Table 2.

Lefamulin, a member of the pleuromutilin class, was 
approved by the FDA for the treatment of community-​ 
acquired bacterial pneumonia in 2019 (ref.115). Though 
pleuromutilins are an established class for systemic use 
in veterinary medicine and have been used topically in 
humans (retapamulin was approved in 2007), lefamulin 
represents a new scaffold for systemic use in humans. 
Whether the prior use and selection pressure of this 
class will accelerate the emergence of resistance against 
lefamulin remains to be seen. Caution should be exer­
cised when prescribing this drug to patients with QT 
prolongation and ventricular arrhythmias. It has shown 
embryo-​fetal toxicity in animals and should not be pre­
scribed to pregnant women and females of reproductive 
potential without effective contraception115.

New antibacterial agents against Clostridioides difficile. 
New antibacterial drugs against C. difficile infection are 
being developed with the goal of reducing recurrences. 
These agents are usually orally available and not absorbed, 
and thus systemic pharmacokinetics and toxicity do not 
represent major challenges in the discovery process. This 
group of antibiotics has been included because they rep­
resent mainly new chemical classes with new targets and 
new modes of action. The most advanced compound is 
ridinilazole, a bis-​benzimidazole that has been suggested 
to inhibit cell division and is associated with reduction 
in spore and toxin production116,117. Three new chemical 
structures with new targets and new modes of action are 
in early clinical development. MGB-​BP3 is a distamy­
cin derivative and binds to the DNA minor groove118.  
It acts on multiple binding sites and interferes with tran­
scription. ACX-362E is a synthetic purine and targets 
DNA polymerase IIIC119. CRS-3123 is a diaryldiamine 
derivative that inhibits the Met-​aminoacyl-​tRNA syn­
thetase120. Little information is available about the pro­
pensity for rapid emergence of single-​step resistance due 
to mutations in the target of CRS-3123. The clinical value 
of these new drugs will depend on proof that they can 
reliably reduce the rate of recurrence.

Conclusion
This narrative overview has critically reviewed the anti­
bacterial agents in clinical development and confirms 
the limited scope of these new antibacterial agents, 
especially against Gram-​negative critical-​priority path­
ogens. In particular, all agents in development against 
the critical-​priority pathogens exhibit some degree 
of pre-​existing cross-​resistance. A summary of our 
conclusions may be found in Box 1.

The global clinical pipeline is dominated by deriva­
tives of known chemical and functional classes. Though 
the experience with widely used antibacterial classes 
and familiarity with class-​specific safety profiles and 

DNA gyrase
An enzyme within the class  
of topoisomerases that has 
multiple roles in DNA 
replication, recombination  
and transcription.

Topoisomerase
An enzyme that participates  
in the overwinding or 
underwinding of DNA.

Box 1 | Antibacterial drugs in clinical development and future perspectives

•	The clinical pipeline is dominated by derivatives of most major known chemical and 
functional classes, especially β-​lactams and β-​lactamase inhibitors (BLIs), but also 
tetracyclines.

•	All antibiotic candidates currently under development to treat infections caused by the 
WHO critical-​priority bacteria have at least some cross-​resistance with existing agents.

•	Selected class-​specific resistance mechanisms are being addressed, others remain 
unaffected.

•	The rate of cross-​resistance is relatively high in extensively drug-​resistant (XDR) strains 
and specifically in pan-​drug-​resistant (PDR) strains.

•	The pipeline focused on carbapenem-​resistant Enterobacterales (CRE) has incomplete 
β-​lactamase coverage, especially for β-​lactamases prevalent in Asia and Africa, but 
also in some European countries.

•	Susceptibility rates depend on the epidemiology of resistance mechanisms in different 
regions and locations.

•	The best use of new drugs is achieved if the regional molecular resistance epidemiology 
is known and if agents are selected according to susceptibility tests.

•	Few innovative new antibiotics are being developed against Staphylococcus aureus,  
as well as Neisseria gonorrhoeae and Clostridioides difficile.

•	There is a continued high need for innovation, especially for new-​class antibiotics 
without pre-​existing cross-​resistance.
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pharmacokinetic and pharmacodynamic properties 
are good starting points for antibacterial research and 
development programmes, chemical modifications 
lead to improvements that are usually incremental and 
address only selected class-​specific resistance mecha­
nisms that are known at the time of lead optimization, 
whereas other mechanisms remain unaffected. Thus,  
a relatively high rate of pre-​existing cross-​resistance in 
XDR strains or substantially increased MICs compared 
with the wild-​type strains may limit the benefit of such 
new therapies in many geographic regions and locations. 
They are unlikely to ease the global threat of XDR and 
PDR Gram-​negative bacteria. Knowledge of the surveil­
lance data on the distribution of molecular epidemio­
logy and resistance mechanisms at the local level will be 
an absolute prerequisite for adequate therapy decisions. 
This fact, and the focus on one or a few specific patho­
gens, limits these antibacterial drugs for use in the initial 
treatment phase of critically ill patients, before pathogen 
and susceptibility profiles are known.

Most new drugs in clinical development are 
not active against CRAB. The three compounds that  
are active (a BLI combination, a polymyxin derivative and 
a tetracycline derivative) are all affected by pre-​existing 
cross-​resistance or by substantially increased MICs com­
pared with wild-​type strains, which may reduce their 
efficacy in critically ill patients due to pharmacokinetic 
and pharmacokinetic–pharmacodynamic variability121. 
In Pseudomonas spp., nonspecific resistance mechanisms 
such as porin deficiency and overexpressed efflux pumps 
may lead to a high baseline resistance rate to new deriv­
atives and reduce the usefulness not only of new BLI 
combinations but also of other antibacterial classes.

In addition to pre-​existing cross-​resistance in all key 
bacterial pathogens, new resistance will emerge rapidly 
to newly introduced derivatives if they are used widely 
and replace older empiric therapies without adequate 
stewardship. The emergence of new resistance determi­
nants is also driven by all currently used antibiotics of 
the old class. Some of these examples have already been 
described for ceftazidime–avibactam, other BLI combi­
nations, new tetracyclines and plazomicin. Unpredictable 
components of the evolution of resistance to known anti­
bacterial classes122 may increase the risk of unacceptably 
high rates of resistance to a new derivative that emerge 
during development or soon thereafter. Though discov­
ering and developing new chemical structures for new 
bacterial targets is extremely challenging, it is the most 
promising strategy for starting with an effective anti­
bacterial agent without pre-​existing cross-​resistance. 
Substantial efforts should be directed to this endeavour.

The antibacterial drugs currently in phase III clini­
cal development that target Gram-​negative bacteria 

are usually evaluated for the treatment of complicated 
UTIs, complicated intra-​abdominal infections (cIAI), 
and sometimes hospital-​acquired pneumonia (HAP) and  
ventilator-​associated pneumonia (VAP) caused by 
susceptible bacteria. They are compared to standard-​ 
of-​care antibiotics in non-​inferiority clinical trial 
designs. Though complicated UTI and cIAI caused by 
susceptible bacteria are not a high unmet medical need, 
as several antibacterial alternatives exist, this develop­
ment strategy is aligned with a streamlined regulatory 
pathway that ensures a more robust safety population. 
When a new antibacterial drug is approved, clinicians 
often have minimal information about its efficacy in 
patients infected with XDR or PDR bacteria, where 
the medical need is highest, even when clinical trials 
are designed to include such patients. In addition to 
the streamlined pivotal studies undertaken to achieve 
approval, only company-​sponsored non-​clinical infor­
mation is available to provide some early indications of 
potential differentiations between similar drugs. After 
approval, physicians are faced with a lack of independ­
ent critical analysis of the data and evidence, a lack 
of surveillance systems to rapidly detect new patterns of 
resistance, a lack of updated therapeutic guidelines and 
a lack of rapid diagnostic capabilities in many institu­
tions. Nevertheless, these new antibiotics may still be 
useful for individual patients or specific situations, even 
without the availability of needed evidence at the time of 
approval based on careful situation-​specific evaluation 
of the new drug.

All the new-​class antibacterial agents focus on Gram- 
​positive bacteria (especially S. aureus or C. difficile) or 
Gram-​negative cocci (for example, Neisseria gonor
rhoeae), thus highlighting the scientific barriers to 
antibiotic discovery in the field of Gram-​negative rods. 
Overcoming barriers to drug penetration and efflux 
avoidance for Gram-​negative bacteria is still a main 
hurdle that impedes innovation123.

In conclusion, the need for research and develop­
ment of new antibacterial drugs, especially against the 
WHO critical-​priority pathogens, is still strong. Efforts 
should focus on innovation and antibacterial agents 
without pre-​existing cross-​resistance (that is, on new 
classes or new targets) in order to provide drugs for the 
most resistant pathogens and prepare for unpredictable 
resistance challenges in the future. The discovery of such 
new antibiotics will require sustained commitment over 
a long time period; substantial levels of resources will be 
needed to solve the numerous challenges of new-​class 
antibacterial agents, and collective efforts will be needed 
to expand the science base.
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