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ABSTRACT There is an urgent global need for new strategies and drugs to control
and treat multidrug-resistant bacterial infections. In 2017, the World Health Organization
(WHO) released a list of 12 antibiotic-resistant priority pathogens and began to critically
analyze the antibacterial clinical pipeline. This review analyzes “traditional” and “nontra-
ditional” antibacterial agents and modulators in clinical development current on 30 June
2021 with activity against the WHO priority pathogens mycobacteria and Clostridioides
difficile. Since 2017, 12 new antibacterial drugs have been approved globally, but only
vaborbactam belongs to a new antibacterial class. Also innovative is the cephalosporin
derivative cefiderocol, which incorporates an iron-chelating siderophore that facilitates
Gram-negative bacteria cell entry. Overall, there were 76 antibacterial agents in clinical
development (45 traditional and 31 nontraditional), with 28 in phase 1, 32 in phase 2,
12 in phase 3, and 4 under regulatory evaluation. Forty-one out of 76 (54%) targeted
WHO priority pathogens, 16 (21%) were against mycobacteria, 15 (20%) were against C.
difficile, and 4 (5%) were nontraditional agents with broad-spectrum effects. Nineteen of
the 76 antibacterial agents have new pharmacophores, and 4 of these have new modes
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of actions not previously exploited by marketed antibacterial drugs. Despite there being
76 antibacterial clinical candidates, this analysis indicated that there were still relatively
few clinically differentiated antibacterial agents in late-stage clinical development, espe-
cially against critical-priority pathogens. We believe that future antibacterial research
and development (R&D) should focus on the development of innovative and clinically
differentiated candidates that have clear and feasible progression pathways to the
market.

KEYWORDS antibacterial pipeline, antibiotic, traditional, nontraditional, clinical trials,
WHO priority pathogens, tuberculosis, mycobacteria, Clostridioides difficile

The need for new antibacterial drugs to treat multidrug-resistant (MDR) bacterial
infections is a critical global health issue, which has been recognized by many gov-

ernmental, nongovernmental, and intergovernmental organizations (1, 2), including the
World Health Organization (WHO). In February 2017, the WHO released a list of 12 antibi-
otic-resistant priority pathogens (Fig. 1), which are still among the most important bacte-
rial infectious threats to human health (3–5). The WHO has also been critically analyzing
the antibacterial pipeline since 2017, along with The Pew Charitable Trusts (6), which has
resulted in the publication of four reports in 2017 (7), 2018 (8), 2019 (9), and 2021 (10).
These pipeline reports and the WHO bacterial priority pathogen list have been used by
policy makers, funders/sponsors, researchers, and developers to help guide the discovery
and development of new antibacterial treatments. The U.S. Centers for Disease Control
and Prevention (CDC) also released important pathogen (bacteria and fungi) threat lists
in 2019 (11) and 2013 (12). While the WHO and CDC lists mostly overlap, there are some
differences: the WHO list has ampicillin-resistant Haemophilus influenzae as a medium-
priority pathogen, while the CDC list has Clostridioides difficile as an urgent threat, eryth-
romycin-resistant group A Streptococcus and clindamycin-resistant group B Streptococcus
as concerning threats, and drug-resistant Mycoplasma genitalium and Bordetella pertussis
on a watch list. In March 2021, India released its own priority pathogen list (13), which
included two pathogens, coagulase-negative staphylococci (CoNS) and Neisseria menin-
gitidis (meningococcal disease), that are not in the WHO and CDC lists. The WHO is plan-
ning to update their priority pathogen list in 2022.

The discovery of new antibacterial drugs with activity against MDR bacteria is very chal-
lenging due to difficulties in designing products with suitable physicochemical properties
(leading to desirable pharmacokinetics/pharmacodynamics properties) and acceptable
toxicity profiles. Another major challenge is the lack of a suitable economic model that can
provide long-term support for biotech and small companies developing new antibacterial
agents (14–17). Factors underlying the lack of support include (i) the fact that antibacterial
treatments are available for most bacterial infections, with most available as inexpensive
generics, (ii) the typical short treatment duration of acute bacterial infections (18), (iii) the
time and cost associated with traditional research and development (R&D) models, (iv)
stewardship measures that—aiming at preserving new antibiotics efficacy—appropriately
encourage prescribers to reserve new antibiotics and place them in the bottom of clinical
guidelines as last-resort treatments, and (v) a lack of funding for phase 2 and 3 trials (19).
All these elements have led to a market environment that is only marginally, if at all, profit-
able for most antibacterial drug developers. For example, the highest revenue for a patent
protected antimicrobial in the United States in 2018 was US$138 million for the cephalo-
sporin ceftaroline (17). The top 10 antimicrobials by sales in the United States in 2018,
which included nine antibacterial drugs and the antifungal isavuconazole, had a total reve-
nue of US$644 million. This drops down even further for the antibacterial drugs ranked 6
to 10 in sales (total sales revenues US$136 million, average $27.2 million). This is in stark
contrast to the top-selling 2018 drug, adalimumab (therapeutic area: rheumatology),
which had a total U.S. revenue of US$13.680 billion; even the revenue from the 10th high-
est selling drug in 2018, the anticoagulant apixaban, had US$3.76 billion revenue. This sig-
nificant discrepancy in revenue helps to explain why most of the large pharmaceutical
companies have either stopped or reduced their antibacterial R&D programs (19).
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The WHO has published an economic model that demonstrates these financial chal-
lenges (20). To address this issue, several “push” and “pull” development incentives are
being proposed and implemented in several countries (21–25). Push-funding policies aim
to reduce early development costs of developers by providing funding (e.g., grant support,
contract funding, tax incentives, and private/public partnerships), while pull-funding poli-
cies aim to optimize the late stage of drug development and create viable market demand
for sponsors (e.g., market entry rewards, extended exclusivity period, tradable market
voucher, and higher reimbursement) (26). For example, the United Kingdom’s antibiotic
subscription pilot is the first ever fully delinked antibiotic pull incentive (27, 28). In the
United States, the PASTEUR Act is a bipartisan bill that, if passed into law, would similarly
create a delinked reward model for novel and clinically needed new antimicrobials (29, 30).

In the last few years, there has been an increase in so-called “nontraditional”
approaches to antibacterial therapy, developing drugs that have different modes of
action compared to the “traditional” direct-acting antibacterial agents (31, 32). These
nontraditional antibacterial agents can prevent or treat bacterial infections through
several modes of action, including directly or indirectly inhibiting bacterial growth, in-
hibiting virulence, ameliorating resistance, restoring the gut microbiome, or boosting
the immune system to clear infections (Table 1). However, most of these candidates

TABLE 1 The five classification categories of nontraditional antibacterial agents

Nontraditional classification Definition
Antibodies A protein component of the immune system (or synthetic equivalent) that circulates in the

blood and recognizes foreign substances like bacteria and viruses
Bacteriophages and phage-derived enzymes Substances that directly cause pathogen lysis that are phage-derived recombinant enzymes or

phages (including those engineered as nano-delivery vehicles)
Microbiome-modulating agents Approaches that seek to modify the microbiome to eliminate or prevent carriage of resistant or

pathogenic bacteria manipulating the metabolism of microbiota
Immunomodulating agents Compounds that augment, stimulate, or suppress host immune responses that modify the

course of infection
Miscellaneous agents Group of strategies that seek to (i) inhibit the production or the activity of virulence factors such

as toxins, (ii) impede bacterial adhesion to host cells and biofilm formation, (iii) interrupt or
inhibit bacterial communication, and (iv) inhibit resistance mechanisms

FIG 1 List of the WHO’s critical-, high-, and medium-priority pathogens (3, 4) and mycobacteria. *, Enterobacteriaceae
(Escherichia coli, Enterobacter spp., and Klebsiella pneumoniae) and Enterobacterales (Morganella spp., Proteus spp.,
Providencia spp., and Serratia spp.).
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are being clinically evaluated (33) as adjuvant therapies in combination with “standard
of care” antibiotics. To date, there have been only three nontraditional antibacterial
agents approved, all of which are monoclonal antibodies (MAb). Bezlotoxumab
(approved by the FDA in 2016) binds and neutralizes Clostridioides difficile toxin B and
was approved after the completion of two phase 3 clinical trials (NCT01241552 and
NCT01513239) (34). Raxibacumab was authorized for the treatment of inhalational an-
thrax in adults and children (approved 2012 by the FDA) (35). Obiltoxaximab (US FDA,
2016; EMA, 2020) (36), like raxibacumab, has been approved to control the symptoms
of inhaled anthrax toxins; while the safety profiles of raxibacumab and obiltoxaximab
have been investigated in healthy volunteers, fortunately they have not yet been used
clinically (37).

In this review, we discuss traditional and nontraditional antibacterial agents that were
being evaluated in clinical trials on 30 June 2021 for the treatment of infections caused by
the WHO priority pathogens Mycobacterium tuberculosis (38) and nontuberculosis mycobac-
teria (NTM) (39) and C. difficile, which is not a WHO priority pathogen but is considered by
the CDC to be an urgent threat (11). A brief overview of the drug development process and
drug regulatory agencies are provided in the supplemental information. Data for this review
were based on the WHO’s antibacterial agents in clinical development reports published in
2021 (10), 2018 (8), 2019 (9), and 2017 (7), as well as WHO’s preclinical pipeline analyses (10,
40). First, we examined antibacterial drugs that had been approved anywhere in the world
between 1 July 2017 and 30 June 2021 (Table 2, Fig. 2). Next, we analyzed the traditional
and nontraditional antibacterial agents being evaluated in phase 1 to 3 clinical trials or those
having a new drug application (NDA)/market authorization application (MAA) submitted to
a regulatory body with a cutoff date of 30 June 2021 that had not previously been granted
market authorization for human use anywhere in the world (Tables 3 to 8). The traditional
and nontraditional antibacterial drug candidates were then analyzed by development phase
(Fig. 3), target organism type (Fig. 4), and new pharmacophore types (Fig. 5).

METHODOLOGY
Scope and inclusion/exclusion criteria. This review details the antibacterial drugs

that have been approved for the treatment of WHO priority pathogens anywhere in
the world between 1 July 2017 and 30 June 2021. Also included in this analysis are tra-
ditional and nontraditional antibacterial agents administered by intravenous (i.v.),
intramuscular (i.m.), oral, inhalation, enema, and colonoscopy administration routes
that are currently being evaluated in phase 1 to 3 clinical trials or have NDA/MAA
applications under consideration that have not previously been granted market au-
thorization for human use anywhere in the world. Antibacterial agents were restricted
to those being developed or that have the potential to treat bacterial infections caused
by the WHO priority pathogens (Fig. 1), mycobacteria, or C. difficile and are included
only if they are new chemical entities (NCEs) (traditional or nontraditional) or new bio-
logical entities (NBEs) (nontraditional) not already accorded market authorization for
human use anywhere in the world. Antibacterial agents whose development programs
have been terminated, are no longer listed on a company’s development pipeline, or
have not had any development update for three or more years have been excluded in
this analysis and are listed in the supplemental information (Table S1). This review
does not include new formulations of approved antibacterial drugs, vaccines, topical
decolonizing agents, nonspecific inorganic substances, and antibacterial agents devel-
oped only for topical applications such as creams, ointments, or eye drops. Fixed-dose
combinations of potentiators and antibacterial agents are included if they contain an
NCE or an NBE.

Search strategy. Data from the 2020 WHO antibacterial pipeline report (10) were
used as a starting point for this updated analysis. Recent antibacterial pipeline reviews
(41–43), previous WHO reports (7, 9), and The Pew Charitable Trusts’ antibiotic devel-
opment pipeline reviews (6) were also consulted. Additional references were identified
using searches of antibacterial compound names and their synonyms from PubMed
(https://pubmed.ncbi.nlm.nih.gov/), Google Scholar (https://scholar.google.com.au/),
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FIG 2 Structures of antibacterial drugs approved worldwide since 2017 and their approved indications and
targeted priority pathogens with country and year of first approval.
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and conference abstracts and posters. The U.S. NIH (https://clinicaltrials.gov/) and WHO
International Clinical Trials Registry Platform (ICTRP) clinical trial databases (https://www.who
.int/clinical-trials-registry-platform), the commercial database AdisInsight (https://adisinsight
.springer.com/), and the Access to Medicine Foundation’s Antimicrobial Resistance Bench-
mark 2020 Antibacterials data (44) were searched. The websites of pharmaceutical companies
active in antibacterial R&D and antibacterial development funders and foundations were also
searched.

ANALYSIS AND DISCUSSION
Antibacterial drugs approved since 2017. Twelve new antibacterial drugs (Table 2,

Fig. 2) have been approved since the WHO’s first analysis of the clinical antibacterial
pipeline in 2017 (7). The most recent approval was in China in June 2021 for the oxazoli-
dinone contezolid as a treatment for complicated skin and soft tissue infections (cSSTI)
caused by Gram-positive bacteria, including methicillin-resistant Staphylococcus aureus
(MRSA) and vancomycin-resistant enterococci (VRE) (45).

Only 1 of the 12 approved antibacterial drugs, the boronate b-lactamase inhibitor
(BLI) vaborbactam, which is used in combination with meropenem, has a new antibac-
terial drug-related pharmacophore. Also, the cephalosporin cefiderocol (46, 47) is note-
worthy, as it is the first marketed b-lactam (cephalosporin) that has an iron-chelating
siderophore incorporated into the structure, which facilitates Gram-negative bacteria
outer membrane entry. The other 10 are members of previously approved antibacterial
classes: three fluoroquinolones (delafloxacin, lascufloxacin, and levonadifloxacin), two
tetracyclines (eravacycline and omadacycline), one aminoglycoside (plazomicin), one
pleuromutilin (lefamulin), one nitroimidazole (pretomanid), one diazabicyclooctane
(DBO) BLI (relebactam), and one oxazolidinone (contezolid). Of the 12 new antibacterial
drugs, 6 target carbapenem-resistant Enterobacterales (CRE), 5 target other WHO prior-
ity pathogens (high and medium priority), and 1 was approved to treat MDR/

TABLE 3 Traditional antibacterial agents and combinations in NDA and phase 3 clinical development against WHO priority pathogens

Name (synonym) Phase Antibacterial class
Route of
administration Developer

Expected activity against
priority pathogensa Innovationb

CRAB CRPA CRE OPP NCR CC T MoA
Solithromycin (T-4288) NDAc Macrolide i.v. & oral iFUJIFILM Toyama

Chemical
NA NA NA ld — — — —

Sulopenem, Sulopenem
etzadroxil/probenecid

NDAe b-Lactam (penem) i.v. & oral Iterum * * *f NA — — — —

Durlobactam (ETX-2514)1
sulbactam

3 DBO-BLI/PBP2 binder1
b-lactam-BLI/PBP1,3
binder

i.v. Entasis l * * NA — — — —

Taniborbactam (VNRX-
5133)1 cefepime

3 Boronate BLI1
b-lactam
(cephalosporin)

i.v. VenatoRx/GARDP * l l NA ? � — —

Enmetazobactam (AAI-101)
1 cefepime

3 BLI1 b-lactam
(cephalosporin)

i.v. Allecra * * *g NA — — — —

Zoliflodacin 3 Spiropyrimidenetrione
(topoisomerase
inhibitor)

Oral Entasis/GARDP NA NA NA ld � � — �

Gepotidacin 3 Triazaacenaphthylene
(topoisomerase
inhibitor)

i.v. & oral GSK NA NA NA ld ? �/?h — �

Nafithromycin (WCK-4873) 3 Macrolide Oral Wockhardt NA NA NA ld — — — —
Benapenem 2/3 b-Lactam (carbapenem) i.v. Sichuan Pharmaceutical * * * NA — — — —

aPathogen activity:l, active; ?, possibly active;*, not or insufficiently active; NA, activity not assessed, as the antibiotic is focused and developed for only either Gram-
positive cocci or Gram-negative rods. Agents not active against critical-priority pathogens were assessed for activity against OPP, which includes the high and medium
WHO priority pathogens.

bInnovation assessment:�, criterion fulfilled; ?, inconclusive data;—, criterion not fulfilled. CC, chemical class; MOA, new mode of action; NCR, no cross-resistance; T, new
target.

cSolithromycin NDA for otorhinolaryngological infections submitted in Japan in April 2019.
dOPP target pathogens: solithromycin, S. pneumoniae; nafithromycin, S. aureus and S. pneumoniae; gepotidacin, N. gonorrhoeae and E. coli; zoliflodacin, N. gonorrhoeae.
eSulopenem etzadroxil NDA submitted in USA for uncomplicated UTI (uUTI) in November 2020.
fActive against ESBL-producing cephalosporin-resistant but not carbapenem-resistant Enterobacterales.
gActive against ESBL-producing cephalosporin-resistant and some KPC-producing CRE.
hGepotidacin is being tested in two distinct phase 3 programs: gonorrhea (NCR�) and uUTI (NCR ?).
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extensively drug-resistant tuberculosis (XDR-TB) in combination with two other drugs,
bedaquiline and linezolid. However, it is noted that lefamulin (48) is the first systemi-
cally administered pleuromutilin approved for human use (retapamulin was approved
for human topical use and valnemulin and tiamulin for veterinary medicine).

Traditional antibacterial agents in phase 3 clinical trials or with NDAs submitted
against WHO priority pathogens. We identified two compounds, solithromycin and
sulopenem, that have had NDAs submitted to the Japanese PMDA and U.S. FDA,
respectively. Although after this review’s cutoff date, in late July 2021, the FDA indi-
cated that sulopenem will require further clinical trials to be undertaken (49). Three
BLI/b-lactam combinations (durlobactam/sulbactam, taniborbactam/cefepime, and
enmetazobactam/cefepime) and two compounds being developed to treat Neisseria
gonorrhoeae infections (zoliflodacin and gepotidacin) are currently in phase 3 trials
(Table 3). Gepotidacin is also being evaluated in a phase 3 trial to treat urinary tract
infections (UTIs). Updating the 2020 WHO report (10), nafithromycin is now being eval-
uated in a phase 3 trial (CTRI/2019/11/021964) for treatment of community-associated
pneumonia (CAP) in India, and the phase 2/3 trial (NCT04505683) of benapenem in
China has been completed for complicated urinary tract infections (cUTI), including
acute pyelonephritis.

Other phase 3 agents of interest: ATM-AVI and tebipenem pivoxil. There are two
antibacterial agents in phase 3 development that did not meet this review’s inclusion

TABLE 4 Traditional antibacterial agents and combinations in phase 1 and 2 clinical development against WHO priority pathogens

Name (synonym) Phase Antibacterial class
Route of
administration Developer

Expected activity against
priority pathogensa Innovationb

CRAB CRPA CRE OPP NCR CC T MoA
Afabicin (Debio-1450) 2 Pyrido-enamide (FabI

inhibitor)
i.v. & oral Debiopharm NA NA NA lc � � � �

TNP-2092 2 Rifamycin-quinolizinone
hybrid

i.v. & oral TenNor Therapeutics NA NA NA lc — — — —

TNP-2198 1b/2a Rifamycin-nitroimidazole
conjugate

Oral TenNor Therapeutics NA NA NA lc — — — —

Zidebactam1 cefepime 1d DBO-BLI/PBP2 binder e 1
cephalosporin

i.v. Wockhardt l l l NA — — — —

Nacubactam (OP0595)1
meropenem

1 DBO-BLI/PBP2 binder e 1
b-lactam (carbapenem)

i.v. Meiji Seika * *f l NA — — — —

ETX02821 cefpodoxime 1 DBO-BLI/PBP2 binder e 1
b-lactam
(cephalosporin)

Oral Entasis Therapeutics * * l NA — — — —

XNW-41071 imipenem
1 cilastatin

1 BLI1 b-lactam
(carbapenem) /
degradation inhibitor

i.v. Sinovent ? ? ? ? ? ? ? ?

VNRX-71451 ceftibuten 1 Boronate BLI1 b-lactam
(cephalosporin)

Oral VenatoRx Pharmaceuticals * * l NA ? � — —

SPR-206 1 Polymyxin i.v. Spero Therapeutics l l l NA — — — —
MRX-8 1 Polymyxin i.v. MicuRx l l l NA — — — —
QPX-9003 1 Polymyxin i.v. Qpex Biopharma ? ? ? ? ? ? ? ?
KBP-7072 1 Tetracycline Oral KBP BioSciences l * * lc — — — —
EBL-1003 (apramycin) 1f Aminoglycoside i.v. Juvabis l * l NA — — — —
TXA-709 1 “Difluorobenzamide” (FtsZ

inhibitor)
i.v. & oral TAXIS Pharmaceutical * * * lc � � � �

ARX-1796 (oral
avibactam prodrug)

1 DBO-BLI1 b-lactam
(undisclosed)

Oral Arixa/Pfizerg * * lh NA — — — —

PLG0206 (WLBU2) 1 Cationic peptide i.v.h Peptilogics ?i ?i ?i lc,j ? � ? ?
QPX7728k 1 QPX2014 /

QPX77281 QPX2015
1 Boronate-BLI1 b-lactam

(undisclosed) /
boronate-BLI1
b-lactam (undisclosed)

i.v. / i.v. & oral Qpex Biopharma l l l NA ? — — —

aPathogen activity:l, active; ?, possibly active;*, not or insufficiently active; NA, activity not assessed, as the antibiotic is focused and developed for only either Gram-
positive cocci or Gram-negative rods. Agents not active against critical-priority pathogens were assessed for activity against OPP, which includes the high and medium
WHO priority pathogens.

bInnovation assessment:�, criterion fulfilled; ?, inconclusive data;—, criterion not fulfilled. CC, chemical class; MOA, newmode of action; NCR, no cross-resistance; T, new target.
cOPP target pathogens: TNP-2198, H. pylori; afabicin, TNP-2092, KBP-7072, TXA-109, and PLG0206, S. aureus.
dA phase 3 trial for zidebactam1 cefepime was registered in July 2021 for cUTI or acute pyelonephritis (NCT04979806).
eThe DBO-BLIs zidebactam, nacubactam, and ETX0282 also have some antibacterial activity and have been classified as b-lactam enhancers (BLE) (97–99).
fPreviously used as an antibacterial treatment in animals.
gActivity against AmpC-producing and KPC-producing CRPA. Active against KPC- but not MBL-producing Enterobacteriaceae.
hThe original developer, Arixa Pharmaceuticals, was acquired by Pfizer in October 2020.
iPLG0206 was evaluated in phase 1 using i.v. administration, but development is currently focused on use as an irrigation solution for prosthetic joint infections.
jPeptilogics recently reported that coagulase-negative staphylococci, E. coli, Enterobacter cloacae, Citrobacter freundii, P. aeruginosa, and A. baumannii (100).
kQPX7728 is being evaluated with two separate b-lactams, QPX-2014 and QPX2015.
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criteria (see “Scope and inclusion/exclusion criteria”) that are noteworthy. The first is the
aztreonam (monobactam-type b-lactam) and avibactam (BLI) combination (ATM-AVI),
which was not included, as both components are previously approved drugs. ATM-AVI is
being studied by Pfizer in a phase 3 trial (NCT03580044) to treat serious infection due to
metallo-b-lactamase (MBL)-producing Gram-negative bacteria (50, 51) with support
from the Biomedical Advanced Research and Development Authority (BARDA),
Innovative Medicines Initiative (IMI), and AbbVie, through their 2020 acquisition of
Allergan. The second is the carbapenem prodrug tebipenem pivoxil (52, 53), which was
first approved for pediatric use in Japan in 2009 but has not been used elsewhere. Spero
Therapeutics recently completed a phase 3 trial (NCT03788967) for tebipenem pivoxil
(SPR994) as an oral treatment for Gram-negative cUTI and acute pyelonephritis infec-
tions. Clinically, the oral administration of tebipenem pivoxil could provide an alternative
to i.v. administered carbapenems.

Traditional antibacterial agents in phase 1 and 2 clinical trials being developed
against WHO priority pathogens. We identified 2 compounds in phase 2, 1 in phase
1/2a, and 14 in phase 1 development (Table 4). Since the 1 September 2020 cutoff
date of the 2020 WHO pipeline report (10), two new polymyxin derivatives, MRX-8 (54,
55) (NCT04649541) and QPX-9003 (56, 57) (NCT04808414), started phase 1 trials in
November 2020 and June 2021, respectively, as potential treatments for MDR Gram-

TABLE 5 Traditional antibacterial agents in clinical development for the treatment of TB and nontuberculous mycobacteria (NTM)

Name (synonym) Phase Antibiotic class
Route of
administration Developer

Innovationa

NCR CC T MoA
GSK-3036656 (GSK070) 2 Oxaborole (Leu-Rs

inhibitor)
Oral GSK � � � �

Delpazolid (LCB01-0371) 2b Oxazolidinone Oral LegoChem Biosciences/
HaiHe Biopharma

— — — —

Sutezolid 2 Oxazolidinone Oral TB Alliance/Sequella — — — —
Telacebec (Q-203) 2 Imidazopyridine amide Oral Qurient � � � �

TBA-7371 2 Azaindole (DprE1
inhibitor)

Oral TB Alliance/Bill & Melinda
Gates Foundation/
Foundation for Neglected
Disease Research

� � � �

SPR720 2ab Benzimidazole ethyl urea
(GyrB inhibitorc)

Oral Spero/Bill & Melinda Gates
Foundation

— � — —

TBI-166 (pyrifazimine)d 2 Riminophenazine
(clofazimine-analogue)

Oral Institute of Materia Medica/
TB Alliance/Chinese
Academy of Medical
Sciences/Peking Union
Medical College

— — — —

OPC-167832 1/2 3,4-Dihydrocarbostyril
(DprE1 inhibitor)

Oral Otsuka � � � �

BTZ-043 1/2 Benzothiazinone (DprE1
inhibitor)

Oral University of Munich/Hans
Knöll Institute, Jena/
German Center for
Infection Research

� � � �

Macozinone (PBTZ-169) 1 Benzothiazinone (DprE1
inhibitor)

Oral Innovative Medicines for
Tuberculosis Foundation/
Nearmedic Plus

� � � �

TBI-223 1 Oxazolidinone Oral TB Alliance/Institute of
Materia Medica

— — — —

TBAJ-876 1 Diarylquinoline Oral TB Alliance — — — —
TBAJ-587 1 Diarylquinoline Oral TB Alliance — — — —
GSK 2556286 (GSK-286) 1 Undisclosed Oral GSK/TB Drug Accelerator/

Bill & Melinda Gates
Foundation

? � � ?

aInnovation assessment:�, criterion fulfilled; ?, inconclusive data;—, criterion not fulfilled. CC, chemical class; MOA, newmode of action; NCR, no cross-resistance; T, new
target.

bThis phase 2a trial (NCT04553406) was on FDA clinical hold, but this was lifted in January 2022.
cThis is not considered to be a new mode of action, as the GyrB/ParE inhibitor novobiocin was once marketed but is no longer in clinical use.
dThe lead drug clofazimine is approved to treat leprosy and has been used off-label for TB treatment.
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negative pathogens. XNW-4107 is a BLI being that is developed in combination with
imipenem and cilastatin that started a phase 1 in June 2021 (NCT04801043). The devel-
oper, Sinovent, has indicated that the XNW-4107 combination will be developed to
treat patients with CRE, CRAB, and drug-resistant Pseudomonas aeruginosa (58). The
structures of MRX-8, QPX-9003, and XNW-4107 have not been publicly disclosed.
Finally, the rifamycin-quinolizinone hybrid TNP-2198 has moved into a Helicobacter
pylori phase 1/2a trial (59).

Traditional antibacterial agents against M. tuberculosis and nontuberculosis
mycobacteria. There are currently 14 traditional antibacterial agents being evaluated
in clinical trials against mycobacteria: 7 in phase 2, 2 in phase 1/2a, and 6 in phase 1.
There also are two nontraditional antibacterial agents, CYT107 (NTM) and BVL-GSK098
(M. tuberculosis), under clinical investigation. In addition to these trials, there are also
approximately 20 ongoing phase 3 trials (60) investigating new combinations and dos-
ing regimens of previously approved TB drugs, which were not included in this review
due to the selection criteria. Thirteen of the traditional antibacterial candidates target
M. tuberculosis, and only one, SPR720, is in development for lung infections caused by
the NTMs, Mycobacterium avium complex, and Mycobacterium abscessus (Table 5).
Eight of the 14 traditional antibacterial agents belong to new classes, and 9 have new
antibacterial pharmacophores (see below).

Since the 2020 WHO report (10) was released, two new compounds, TBAJ-587
(NCT04890535) and GSK 2556286 (NCT04472897), have entered phase 1 trials. TBAJ-
587 is a bedaquiline analog with enhanced in vitro potency and a projected reduced
cardiovascular liability (61, 62). GSK 2556286 (GSK-286) acts directly on M. tuberculosis,
and its mode of action has not been disclosed but has been proposed to involve cho-
lesterol catabolism (63, 64). In addition, TBI-166 (pyrifazimine) has moved to phase 2
(NCT04670120) and BTZ-043 has started a new phase 1/2 trial (NCT04044001).

Traditional antibacterial agents being developed against C. difficile. There are
currently five traditional antibacterial agents (Table 6), one in phase 3 (ridinilazole) and
four in phase 2 (DNV-3837, MGB-BP-3, ibezapolstat, and CRS3123), being developed to
treat C. difficile. Antibacterial drugs used to treat C. difficile infections (CDI) are usually
administered orally and absorbed poorly, as the infection is localized in the colon. This
has encouraged the development of four new antibacterial classes and modes of
action (ridinilazole, MGB-BP-3, ibezapolstat, and CRS3123; Fig. 5), while DNV-3837 is dif-
ferentiated through its administration via i.v. infusion and is being targeted for use in
patients who are unable to receive oral administration. Since the 2020 WHO report (10)
was published, CRS3123 has started a phase 2 trial (NCT04781387).

Nontraditional antibacterial agents in phase 3 clinical trials.We found two non-
traditional antibacterial agents in the NDA/MAA phase and four in phase 3 develop-
ment (Table 7). Three are being developed to treat S. aureus infections: tosatoxumab is
an MAb (65), exebacase is a phage-derived recombinant protein (66), and reltecimod is

TABLE 6 Traditional antibacterial agents in clinical development for the treatment of C. difficile infections

Name (synonym) Phase Antibiotic class
Route of
administration Developer

Innovationa

NCR CC T MoA
Ridinilazole 3 Bis-benzimidazole Oral Summit Therapeutics � � � �

DNV-3837 (MCB-3837) 2 Oxazolidinone-quinolone
hybrid

i.v. Deinove ? — — —

MGB-BP-3 2 Distamycin (DNA minor
groove binder)

Oral MGB Biopharma ? � � �

Ibezapolstat (ACX-
362E)

2 “Substituted guanine” (DNA
polymerase IIIC inhibitor)

Oral Acurx Pharmaceuticals ? � � �

CRS3123 2 “Diaryldiamine” (methionyl-
tRNA synthetase
inhibitor; MetRS)

Oral Crestone/NIAID � � � �

aInnovation assessment:�, criterion fulfilled; ?, inconclusive data;—, criterion not fulfilled. CC, chemical class; MOA, newmode of action; NCR, no cross-resistance; T, new
target. These agents are being developed for C. difficile infections, and their activity against WHO priority pathogens was not assessed.
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an immune modulator (CD28 T-lymphocyte receptor mimetic) (67). Three are being
developed to treat C. difficile infections: SER-109 consists of purified Firmicutes spores
(68), RBX2660 is a liquid suspension of screened donor fecal microbiota (69, 70), and
BB128 is a lyophilized donor fecal microbiota product. SER-109 has already successfully
completed one phase 3 trial (NCT03183128) (71).

Since the publication of the 2020 WHO pipeline report (10), a phase 3 trial
(NCT03931941) has started to evaluate RBX2660 as a treatment of C. difficile, while
BiomeBank has submitted an MAA to the Australian Therapeutic Goods Association
(TGA) for BB128 as a potential treatment of recurrent C. difficile and ulcerative colitis
(72). BiomeBank already has provisional approval for its use in Australia as a class 2 bio-
logic. In addition, Atox Bio applied for an NDA in December 2020 for reltecimod as a
potential supportive treatment for necrotizing soft tissue infections (NSTI) (73).

Nontraditional antibacterial agents in phases 1 and 2. There are 10 nontradi-
tional antibacterial agents in phase 2, 6 in phase 1/2a, 8 in phase 1 clinical trials, and 1
not disclosed by clinical phase (Table 8). Combined with the 4 in phase 3 and 2 at the
NDA/MAA stage, there are 31 nontraditional agents overall in clinical development.

There are seven nontraditional antibacterial agents not detailed in the 2020 WHO
report (10): CYT107, TRL1068, BVL-GSK098, and four bacteriophage products. CYT107 is
a glycosylated recombinant human interleukin (IL-7) that is being tested in a phase 2
trial (NCT04154826) to evaluate its immunotherapeutic response in patients with NTM
lung disease. CYT107 has been evaluated in other clinical trials, including a phase 2b
trial (NCT02640807) that reported a 3- to 4-fold increase in the absolute lymphocyte
count and in circulating CD41 and CD81 T cells with CYT107 in sepsis patients (pre-
dominantly secondary to pneumonia and abdominal infections) (74). TRL1068 is an
MAb that binds to a DNABII epitope conserved across both Gram-positive and Gram-
negative bacteria, which leads to bacterial biofilm disintegration, and is being eval-
uated in a phase 1 trial (NCT04763759) for prosthetic joint infections (75, 76). BVL-
GSK098 recently entered phase 1 (NCT04654143) and works through inactivation of a
TetR-like repressor, EthR2, thereby enhancing ethionamide activation (77). BVL-GSK098
is intended to be used clinically in combination with ethionamide or prothionamide

TABLE 7 Nontraditional antibacterial agents in phase 3 clinical development

Name (synonym) Phase An�bacterial class Route of
administra�on

Developer Expected ac�vity
against priority
pathogens

Legend. : an�bodies; : bacteriophages and phage-derived enzymes; : microbiome modula�ng; : immunomodula�ng agents; 

: miscellaneous (e.g. virulence, adhesion, biofilm and quorum sensing)

BB128 MAAa Live biotherapeu�c product colonoscopy BiomeBank C. difficile

reltecimod (AB103) NDAb
Antagonist of both superan�gen
exotoxins and the CD28 T-cell
receptor

i.v. Atox Bio S. aureus

tosatoxumab (AR-301) 3
An�-S. aureus immunoglobulin M
(IgM) monoclonal an�body

i.v.
Aridis
Pharmaceu�cals

S. aureus

exebacase (CF-301) 3 Phage endolysin i.v. ContraFect S. aureus

SER-109 3 Live biotherapeu�c product oral Seres Therapeu�cs C. difficile

RBX2660 3 Live biotherapeu�c product enema Ferring C. difficile

aSubmitted to the Australian Therapeutic Goods Association (TGA) as a potential treatment for recurrent C. difficile infections in June 2021.
bSubmitted to the U.S. FDA as a potential treatment for necrotizing soft tissue infections (NSTI) in December 2020.
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TABLE 8 Nontraditional antibacterial agents in phase 1 and 2 clinical development for WHO priority pathogens, mycobacteria, and C. difficile
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(78). Adaptive Phage Therapeutics are undertaking a phase 1/2 trial (APT.UTI.001,
NCT04287478) to evaluate its PhageBank therapy in patients with UTI. There are also
three other phage products, AP-PA02 (NCT04596319), YPT-01 (NCT04684641), and
BX004-A (NCT05010577), being evaluated in phase 1/2 trials with cystic fibrosis
patients with P. aeruginosa infections. For the phage-derived endolysin tonabacase (N-
Rephasin SAL200), a new phase 1 trial has been initiated and it has been renamed
LSVT-1701 (79, 80).

Antibacterial candidates in clinical trials with new pharmacophores. Although
there have been significant efforts to identify antibacterial agents with new modes of
action, most marketed antibacterial drugs still fall into four overarching mechanistic
classes: inhibition of cell envelope biogenesis, DNA homeostasis, RNA homeostasis,

FIG 4 Traditional and nontraditional antibacterials categorized by development phase and activity against WHO critical
pathogens, WHO high- and medium-priority pathogens TB and NTM, C. difficile, and nontraditional nonspecific G1ve/
G2ve activity.

FIG 3 Number of traditional and nontraditional antibacterials by (A) development phase and (B) development against WHO priority
pathogens, TB and NTM, C. difficile, and G1ve/G2ve.
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and protein synthesis (81). A pharmacophore describes the part of a molecular struc-
ture that is responsible for a particular biological or pharmacological activity and is a
key component, along with antibacterial activity differences, to decide whether an
antibacterial agent belongs to a new class or subclass of antibiotics. It is possible to
have antibacterial drugs and clinical candidates with the same mode of action but
with different pharmacophores, which can have significant effects on biological activ-
ity, metabolism, and pharmacokinetics. For example, there are four compounds in clini-
cal development that inhibit the M. tuberculosis cell wall synthesis enzyme decaprenyl-
phosphoryl-b-D-ribose 29-epimerase (DprE1) that have three distinct pharmacophores:
benzothiazinone (BTZ), azaindole, and 3,4-dicarbostyril (Fig. 5, Fig. S2).

There are 19 antibacterial agents with 18 new pharmacophores (macozinone and
BTZ-043 are both BTZs) with seven inhibiting cell envelope synthesis, two acting at the
protein synthesis level and five affecting DNA synthesis (Fig. 5, structures in supple-
mental information Fig. S1 to S3). Telacebec inhibits the mycobacterial respiratory sys-
tem (82, 83), which was first targeted by bedaquiline, via inhibition of the respiratory
complex bc1 (84). Half of the 18 new pharmacophores target mycobacteria, and 4 tar-
get C. difficile.

FIG 5 Antibacterials with new pharmacophores not previously found in human antibacterial drugs by target
class, target, antibacterial name (current development phase), and antibacterial class. Abbreviations: TB,
tuberculosis; Sa, S. aureus; Cd, C. difficile, Ec, E. coli; Ng, N. gonorrhoeae; NTM, nontuberculosis mycobacteria;
G2, Gram-negative bacteria.
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Four of 19 antibacterial agents have new overarching modes of actions not previ-
ously exploited by marketed antibacterial drugs. Two target virulence: fluorothyazinon
(phase 2, NCT03638830) and GSK 3882347 (phase 1, NCT04488770). Ftortiazinon inhib-
its the Gram-negative type III secretion system (85) and is being evaluated in a trial in
combination with cefepime, and GSK 3882347 functions as an antagonist of the Gram-
negative type 1 pilus adhesin (FimH) (86). BVL-GSK098 (phase 1, NCT04654143) (77)
directly inhibits ethionamide-acquired resistance, while GSK 2556286 (phase 1 trial,
NCT04472897) is proposed to involve M. tuberculosis cholesterol catabolism (63, 64).

Antibacterial agents that have halted or stopped clinical development. Drug
development is inherently risky, and it is not uncommon for clinical development pro-
grams to be terminated or halted. The most common reasons for stopping develop-
ment include lack of clinical efficacy, off-target toxicity, and commercial considerations
(87). While antibacterial agents can drop out of the pipeline due to efficacy and resist-
ance issues, it is more common to be due to toxicity and commercial concerns (16, 41,
88). A list of antibacterial compounds and nontraditional moieties whose development
has been terminated or halted are listed in the supplemental information (Table S1).

Current pipeline analysis. There are 76 antibacterial agents in clinical development
using this review’s inclusion criteria, which are divided into 45 traditional and 31 nontra-
ditional antibacterial agents (Fig. 3). Seventy-nine percent (60/76) of the antibacterial
drug candidates are in phase 1 (28) and phase 2 (32), but as expected, this number falls
away for late-stage development agents (12 in phase 3 and 4 NDA/MAA). This relatively
low number of candidates in the later stages of drug development generally reflects the
usual level of attrition in the pipeline, which is caused by several factors, including lack
of efficacy, unacceptable toxicity, and market factors (87, 88). The number of early devel-
opment candidates is encouraging and reinforces research efforts and recent funding
that have been invested into discovery and preclinical development. For example, CARB-
X has funded 92 early-stage R&D drug and diagnostics projects since its inception 5 years
ago (89), while GARDP (90) has signed license and codevelopment agreements with the
companies that are developing two innovative products, zoliflodacin (target: gonorrhea)
and cefepime-taniborbactam (target: cUTI). In addition, the AMR Action Fund plans to
help support late-stage development of 3 to 4 new antibacterial candidates by 2030,
which could help increase the number of new approvals (17, 91).

The fact that there are 76 antibacterial candidates currently being evaluated in clini-
cal trials is promising, but it needs to be asked whether these agents will address
future clinical needs. To evaluate this, pipeline agents are analyzed here for activity ver-
sus each of the major pathogen categories.

The potential impact of nontraditional antibacterial agents. Nontraditional anti-
bacterial agents have the potential to improve the clinical outcomes using alternative
mechanisms to traditional antibacterial drugs. Although the number of nontraditional
antibacterial agents entering clinical trials continues to increase, only one has been
approved that successfully completed phase 3 trials: bezlotoxumab (34), which is a C.
difficile toxin B-binding MAb. One of the main issues facing nontraditional agent devel-
opers has been clinical trial design (32, 33), except for adjunctive agents that are being
developed in combination with standard of care drugs.

WHO priority pathogens. A total of 26/76 (34%) and 16/76 (21%) antibacterial
agents are being developed to target the critical- and high/medium-priority WHO prior-
ity pathogens, respectively. This represents 55% of the total pipeline, and it is encourag-
ing to observe product development being directed against the key pathogens. For the
traditional antibacterial agents, only two compounds, gepotidacin and zoliflodacin,
which are both new chemical classes, target priority pathogens (E. coli critical and N. gon-
orrhoeae high). b-Lactams, with and without BLI inhibitors, account for a majority of the
other antibacterial agents in development against critical-priority pathogens.

Although there are six nontraditional agents in late-stage clinical development
(Table 7), only three of these target the high-priority pathogen S. aureus; although
there is need for innovative drugs to treat S. aureus infection, there are already several
treatment options currently available to clinicians. There are nine agents in phase 1
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and 2 trials being developed against critical WHO priority pathogens: four bacterio-
phages, one CRISP-Cas3 enhanced phage (LBP-EC01), two antivirulence (ftortiazinon
and GSK-3882347), MAb-like recombinant protein (LMN-01), and an alginate oligosac-
charide fragment (OligoG). Antibacterial developers and funders need to continue to
develop pathways that allow the most promising of these antibacterial agents to rap-
idly progress through to late-stage clinical trials and beyond.

TB and NTM. There are 16/76 (21%) candidates being developed to treat mycobac-
terial infections (14 TB and 2 NTM), which includes nine small molecules with new
pharmacophores (Fig. 5, Fig. S2). Despite the considerable challenges associated with
TB drug development (92), progress has been accelerated from sustained funding and
guidance by organizations such as the TB Alliance and the Gates Foundation (93). The
next challenge will be to move the most promising candidates through the pipeline
and select and clinically evaluate the optimal drug regimens.

C. difficile. There are also 15/76 (20%) agents in development to treat C. difficile
infections, with 10 of these being nontraditional and 5 traditional antibacterial agents.
Four of the five traditional antibacterial agents would be new classes if approved (Fig.
S3). Of the 10 nontraditional agents, 7 are biotherapeutic products, 1 is an MAb (IM-
01), and 2 are antibiotic inactivators (ribaxamase and DAV132). There are already sev-
eral C. difficile drugs on the market, and it will be interesting to monitor the impact of
any new approvals of small molecular antibacterial drugs and nontraditional biothera-
peutic products and the effect that these will have on clinical practice and the market.

Broad-spectrum agents active against Gram-negative and Gram-positive bacteria.
Four of the 76 (5%) are nontraditional antibacterial agents with broad-spectrum anti-
bacterial effects, which was achieved through a variety of mechanisms: a recombinant
gelsolin protein Rhu-pGSN boosts the immune system, the MAb TRL1068 disrupts bio-
films, the synthetic glycan KB109 modulates the gut microbiome composition and
metabolic output, and the liposomal agent CAL02 captures and neutralizes bacterial
toxins.

CONCLUSION

Since its release in 2017, the WHO’s priority pathogen list (Fig. 1) has become a
focus for antibacterial R&D and stewardship initiatives. The WHO also started analyzing
the antibacterial pipeline in 2017, and since then, only vaborbactam (boronate BLI) of
the 12 approved antibacterial drugs (Table 2, Fig. 2) is not a derivative of a previously
approved class. Importantly, vaborbactam is used in combination with meropenem to
treat Enterobacterales infections, which are critical-priority pathogens. The cephalospo-
rin derivative cefiderocol is also noteworthy, as it displays activity against all three criti-
cal-priority pathogens, CRAB, CRPA, and CRE, regardless of the carbapenemase mecha-
nism, and is the first marketed antibacterial drug that incorporates an iron-chelating
siderophore.

Renewed focus to identify new antibacterial drugs against MDR bacteria, combined
with several recent financing mechanisms, has helped to increase the number of tradi-
tional and nontraditional antibacterial agents moving through the preclinical (94) and
clinical development pipelines (41, 90, 95, 96). Despite a total of 76 antibacterial candi-
dates (45 traditional and 31 nontraditional) being evaluated in clinical trials on 30 June
2021, our analysis indicated that there were still relatively few clinically differentiated
antibacterial agents in late-stage clinical development, especially against critical-prior-
ity pathogens. In addition, we identified 18 new antibacterial pharmacophores, but
only 2 had activity against priority pathogens with most targeted mycobacteria and C.
difficile. It is important to try to keep on identifying and developing antibacterial
agents with new modes of action to try to slow down antibacterial drug resistance.
Furthermore, we believe that future antibacterial R&D should focus on the develop-
ment of innovative and clinically differentiated candidates that have clear and feasible
progression pathways right through development and onto the market. There needs
to be a development focus on quality over quantity, especially with limited develop-
ment resources, ever-increasing numbers of MDR infections, and potential return-on-
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investment issues associated with development, manufacture, regulatory compliance,
and distribution costs.

Formidable challenges that we believe remain that still need further attention are
as follows:

� Difficulty in discovering novel antibacterial leads with selective activity against MDR
bacteria that are nontoxic and have suitable pharmacokinetic and pharmacodynamic
properties, especially with newmodes of action

� Current unmet medical need for new drugs to treat drug-resistant A. baumannii
(e.g. CRAB) and P. aeruginosa (e.g. CRPA) infections

� Development of antibacterial agents for use in neonates and children
� Development of efficient progression pathways for nontraditional antibacterial

candidates through the manufacturing, clinical trials, and approval processes
� Difficulties in optimal trial design and selection of relevant intended target

population
� Sustained advocacy for strong and sustainable political support and

governmental commitments to promote R&D and help developers overcome
economic, scientific, and technical barriers

� Implementation of business models that improve the current market dynamics
with a focus on developing and securing approval of truly innovative and
clinically differentiated antibacterial treatments

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
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