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Executive summary

This report presents an analysis of
antibacterial agents in preclinical
(fourth annual review) and clinical
(sixth annual review) development.
The analysis covers traditional
(direct-acting small molecules) and
non-traditional antibacterial agents
in development worldwide.

The report evaluates to what extent the present pipeline
addresses infections caused by drug-resistant bacterial
priority pathogens (BPPs) according to the updated 2024
WHO bacterial priority pathogen list (BPPL)* to provide
an overview of the current R&D landscape and steer
development towards the most urgent unmet medical
needs. The report also assesses traditional agents with
respect to whether they meet a set of predefined criteria
for innovation, namely no cross-resistance; new target,
mode of action (MoA) and/or class; and a new analysis on
trends. For the purpose of this review, agents targeting
drug-resistant Mycobacterium tuberculosis are discussed
separately from drugs targeting the other WHO BPPs.
The review also includes products intended against
Clostridioides difficile and Helicobacter pylori, given

the clinical importance of these pathogens and
associated resistance.

The WHO Secretariat’s pipeline team, along with

an advisory group of experts, rigorously evaluated
antibacterial agents in clinical and preclinical
development. The process involved pre-consultation
surveys, in-depth discussions during a 2-day virtual
meeting and use of a newly developed assessment
matrix. The 2023 pipeline report was circulated among
allmembers and observers of the advisory group for
feedback before publication. The full methodology is
described in section 7 on methods.

Key facts about the

clinical pipeline

The current clinical antibacterial pipeline contains
97 antibacterial agents and/or combinations that
include at least one new therapeutic entity. Of these,
57 are traditional antibacterial agents and 40 are
non-traditional. There are four products in New Drug
Application /Marketing Authorization Application
(NDA/MAA) stages: three traditional agents and one
non-traditional agent.

Of the 57 traditional antibacterials, 12 new products
entered the clinical pipeline since the last report. In
addition, three agents were either discontinued or
no recent information was available since the last
report (see Table 8).

Of the 57 traditional antibacterials, 32 (56%) are
intended against the WHO BPPs and 19 (33%)
against drug-resistant M. tuberculosis. Additionally,
five (9%) traditional agents are being developed
against C. difficile, and one (2%) against H. pylori.

Analysis of the 32 traditional antibacterials under
development against WHO BPPs other than
M. tuberculosis, found that:

- Twelve fulfil at least one of the WHO innovation
criteria; however, of these 12, only four are active
against at least one WHO “critical” pathogen.?
Six innovative agents are active against high
and medium priority pathogens? (i.e., other
priority pathogens - OPPs), including two
against carbapenem-resistant Pseudomonas
aeruginosa (CRPA).

« Several agents have insufficient evidence of activity?
and are assessed as possibly active towards critical
pathogens (n=9) and/or OPPs? (n=5).

+ Forty-seven per cent of traditional antibiotics
(15/32) are B-lactam or B-lactam/B-lactamase-
inhibitor (B-lactam/BLI) combinations with a
major gap in activity against metallo-p-lactamase
(MBL) producers.

! To guide readers, especially those in drug discovery and development, in interpreting priority for R&D, please refer to section 5.7 on the BPPL update and

recommendations for R&D.

2 Critical, high and medium BPPs are presented in the WHO 2024 BPPL in Box 1.

3 See activity assessment in section 7 on methods.
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Key facts about the
clinical pipeline (continued)

Analysis of the 19 antibiotics developed against
drug-resistant M. tuberculosis found that 10 (53%)
are assessed as innovative according to the

WHO criteria.

Of the 40 non-traditional antibacterials, 30 are
intended against WHO BPPs, nine agents are
directed against C. difficile, and one addresses
H. pylori. Analysis of the 30 non-traditional
antibacterials against WHO BPPs shows that:

» Most are bacteriophages or phage-derived
enzymes (n = 13), seven are antibodies, three
are anti-virulence agents, two are immune-
modulating agents, one is a microbiome-
modulating agent, and four are grouped as
miscellaneous agents.

« Three new non-traditional products entered
the clinical pipeline since the last report; all are
microbiome-modulating agents.

» Of the 30 non-traditional antibacterials against
WHO BPPs, 13 target WHO critical bacteria (five
target Escherichia coli - including one against
adherent-invasive E. coli (AIEC) strains, and one
against E. coli/Campylobacter jejuni — and seven
are extended-spectrum agents with activity
against Gram-positive and Gram-negative
bacteria, including three against biofilm-producing
pathogens (two monoclonal antibodies and one
engineered cationic antimicrobial peptide).

Key facts about newly approved
antibacterials

« Since 1 July 2017, 16 new antibacterials have been
approved by the FDA, the EMA or any stringent
regulatory authority (SRA)/WHO Listed Authority
(WLA), * of which there has been only one since the
last report (1).

» Only two antimicrobial agents with activity against
carbapenem-resistant Acinetobacter baumannii
(CRAB) - cefiderocol and sulbactam-durlobactam -
have been approved since July 2017.

« The first microbiome-modulating agents (three
products against C. difficile) were authorized® in
2022 and 2023.

Approximately 77% (10/13) of the traditional
agents approved since July 2017 belong to existing
antibiotic classes for which resistance mechanisms
are well known.

Key facts about clinical
pipeline trends

Since the first release of the WHO antibacterial
pipeline analysis reportin 2017 and up to

31 December 2023, the following trends were
observed in the pipeline:

+ The number of both traditional and non-
traditional agents addressing the WHO BPPs has
increased, with Gram-negative broad-spectrum
agents being far more numerous in the 2023
pipeline report compared to 2017.°

+ Extended-spectrum (both Gram-positive and
Gram-negative) traditional and non-traditional
agentsin clinical development increased from 0 in
2017 to 9 (14%) in 2023.

« Oraltraditional antibacterial formulations
decreased from 47% in 2017 to 37.5% in 2023. The
same negative trend is observed in the number of
antibacterials with both iv and oral formulations.
In general, oral formulations in the 2023 pipeline
are limited and represent a significant unmet
medical need. Other routes of administration
(intra-articular, intraurethral/irrigation and
inhalation) were not a feature of the 2017 pipeline
but collectively represented 15% in 2023.

+ Therange of indications addressed by traditional
agents expanded in 2023 compared to 2017;
however, indications in complex and more severe
pathologies, including hospital-acquired bacterial
pneumonia (HABP)/ventilator-associated bacterial
pneumonia (VABP) or bloodstream infections
(BSls), have decreased or are insufficiently
represented.

« Thereis animbalance in the availability of
antibacterial agents with paediatric indications
and/or formulations against the WHO BPPs when
compared to those for adults.

Overall, antibacterial agents in the clinical
pipeline combined with those approved in
the last six years are still insufficient to tackle
the ever growing threat of the emergence and
spread of drug-resistant infections.

4 For more information, see WHO’s health topic on WLAs (19).

5 All medicines must be authorized before they can be marketed and made available to patients. In this report the terms authorized and approved are both used

to indicate that a marketing authorization has been issued.

¢ Broad-spectrum agents target two or more pathogens from the WHO BPPL.
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Key facts about the
preclinical pipeline

Overall 244 products in preclinical development
targeting WHO 2023 BPPs and C. difficile are being
progressed by 141 individual developers/groups.

The preclinical pipeline is dynamic and innovative,
with agents being developed in many parts of the
world to prevent and treat drug-resistant bacterial
infections.

Preclinical research projects are captured across all
WHO regions, with most programmes (54.9%) being
developed in the European Region followed by the
Region of the Americas (34.8%). For the first time,
one programme was captured from the Eastern
Mediterranean Region in addition to one programme
from the African Region.

« One hundred and fifty-three products are broad-
spectrum agents that have claimed activity
against more than one pathogen from the BPPL.

« Ninety-one agents (37.3%) are narrow spectrum
and target a single pathogen. A total of 43
products target one of the WHO critical priority
pathogens (CPPs), including 26 products intended
against M. tuberculosis. When considering the
high priority group, a total of 20 programmes are
directed against Pseudomonas aeruginosa, along
with 12 directed against Staphylococcus aureus
and eight against Neisseria gonorrhoeae.

+ Ninety-three products (38.1%) are classified as
non-traditional. These include bacteriophages,
virulence inhibitors, immunomodulatory
compounds and potentiator agents,
among others.

Results from the pre-clinical and clinical
antibacterial pipeline are based on publicly
available data and are available to download from
the WHO Global R&D Health Observatory (link
below). WHO will continue to collect and make
available this data on a regular basis to promote
innovation, collaboration and transparency in the
scientifically and economically challenging field
of early antibacterial discovery and development
to collectively move forward in developing the
needed products to prevent and treat drug-resistant
bacterial infections.

Editorial note: In this report, the terms antibacterial
agents and antibiotics are used somewhat
interchangeably when referring to small molecules,
whereas for non-traditional agents the term
antibacterial agents is most appropriate. In this
context, the antibiotics under analysis are those
that kill or prevent bacterial growth. Also, in this
report the order Enterobacterales was used instead
of the family Enterobacteriaceae; the same applies
to Clostridioides difficile, which replaces the former
nomenclature Clostridium difficile.

All data contained in this report can be
downloaded from the WHO Global Observatory
on Health R&D.
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1. Introduction

Antimicrobial resistance (AMR) continues to
pose a significant global public health threat,
ranking among the top 10 challenges faced
by humanity (2). In 2019 alone, AMR was
associated with the deaths of 4.95 million
individuals (3). One out of every five deaths
related to AMR occurred in children under
the age of 5, underscoring the urgent need
for a global, coordinated action.

Beyond its devastating impact on human lives, AMR also
jeopardizes the global economy, with implications for
international trade, health care expenditures and overall
productivity. If left unaddressed, by 2050 the economic
toll of AMR could reach a staggering US$ 100 trillion (4).

The link between AMR and use of antibiotics is well
established. Additionally, the misuse of medically
important antibiotics in farms, aquaculture and in
agriculture (5) is a significant contributor to the rising
prevalence of AMR. Moreover, AMR is influenced by a

wide array of additional risk factors, encompassing
environmental, governance and socioeconomic elements.
To effectively address AMR, adoption of a multifaceted
approach is crucial. This includes implementation of
surveillance and tracking systems, antibiotic stewardship,
and infection prevention and control measures. At

the same time, it is imperative to bolster laboratory
capabilities, monitor drug use while enhancing access
and invest in the development of innovative and

effective antibacterial agents as well as novel diagnostic
approaches and vaccines.

This report by WHO sheds light on the progress made

in combating AMR through R&D on new therapeutic
options. The report highlights the innovation potential

of traditional antibiotics and emphasizes the remaining
challenges to ensuring a robust pipeline of effective
antibiotic treatments. The report emphasizes the

urgent need to address the rising prevalence of AMR by
developing effective solutions to combat bacteria causing
life-threatening bloodstream infections. Although beyond
the scope of this report, equally importantis a
comprehensive AMR action plan which includes
stewardship of new and existing antibiotics, regulation

of agricultural antibiotic use and R&D advancement of
vaccines and diagnostics.

Global trends in drug resistance

The urgent need for effective antibacterial drugs is further
highlighted by increasing resistance trends. The 2022
WHO report on the Global Antimicrobial Resistance and
Use Surveillance System (GLASS) (6) report revealed
alarming levels of resistance. The resistance rate towards
cephalosporin exceeds 50% in Klebsiella pneumoniae,
which typically necessitate the use of carbapenems (i.e.,
“Reserve” antibiotics), while over 50% resistance towards
carbapenems in Acinetobacter spp. Leaves patients with
very few options. Over 60% of N. gonorrhoeae isolates
showed resistance to ciprofloxacin, one of the most
frequently prescribed oral antibacterials. Similarly, more
than 20% of isolates of E. coli, the primary pathogen
responsible for urinary tract infection (UTI), demonstrated
resistance to both first-line (ampicillin and co-trimoxazole)
and second-line (fluoroquinolone) treatment.

While some resistance trends have remained stable over
the past 4 years, the rates of BSI caused by resistant E. coli,
Salmonella spp., and resistant N. gonorrhoeae infections
have increased by at least 15% compared to 2017 figures.

Updating the WHO BPPL

Recognizing the ever-evolving nature of the antibiotic
resistance crisis, the 2017 WHO BPPL (7) has been updated
to reflect changing trends in resistance, the distribution
of bacterial infections, their burden and the emergence
of new resistance mechanisms. This analysis evaluates
the current pipeline of antibacterial agents against the
new WHO 2024 BPPL (see also section 5.7. WHO 2024
BPPL changes and implications for R&D for novel
antibacterial agents).
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2. Agents that obtained market
authorization since 1 July 2017

Since the first WHO analysis of the clinical
antibacterial pipeline in 2017, 13 new antibiotics
and three new non-traditional antibacterial
agents have been approved for marketing by
the FDA, the EMA or other SRA or WLA.#

2.1 Innovation assessment

Antibiotics either authorized or in the pipeline are
evaluated against four WHO innovation criteria: new
chemical class, new target, new MoA and absence of
cross-resistance. The WHO innovation criteria are poorly
addressed by newly authorized agents. Only two of the
newly approved agents, vaborbactam (approved in
combination with meropenem) and lefamulin,” represent
new chemical classes and therefore meet one of the four
innovation criteria. Most recently approved agents are
derivatives of known classes, including combination of the
penicillin analogue sulbactam with the diazabicyclooctane
(DBO) BLI durlobactam; the siderophore cephalosporin
cefiderocol; the fluoroquinolone derivatives delafloxacin,
lascufloxacin and levonadifloxacin (developed as the
prodrug alalevonadifloxacin); and the tetracycline
derivatives eravacycline and omadacycline. Currently,
data to evaluate the potential for cross-resistance

are inconclusive for two compounds: vaborbactam in
combination with meropenem and lefamulin. No newly
approved agents show any new mechanism of action or
new molecular target.

2.2 Evaluation against the WHO priority
pathogens list

In terms of activity, most newly approved agents have

an indication for classic syndrome-based indications, for
example treatment of complicated urinary tract infection
(cUTI), complicated intra-abdominal infection (clAl),
community-associated bacterial pneumonia (CABP),
HABP and/or acute bacterial skin and skin structure
infection (ABSSSI). Only two agents target CRAB, one of
which, cefiderocol, is also active against both CRPA and
carbapenem-resistant Enterobacterales (CRE), while
sulbactam/durlobactam is not active against other
priority bacteria. Five of the 13 approved antibiotics target
one or more types of CRE (most data available are for

E. coli and K. pneumoniae), and seven are active against
other high or medium priory pathogens from the WHO
2024 BPPL, including one product for extremely resistant
or multidrug-resistant tuberculosis (XDR/MDR-TB).

CRPA is also targeted by the combination of imipenem
with cilastatin and the BLI relebactam, but with limited
evidence of efficacy from randomized control trials (RCTs)
at present (8).

7 Pleuromutilins were discovered in the 1950s and were used in veterinary medicine. Lefamulin is a pleuromutilin antibiotic that has been developed for human

use; chemical properties have been modified to offer an iv/oral form.
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2.3 Product descriptions

2.3.1 Traditional agents

A new antibiotic, the sulbactam + durlobactam
combination (Xacduro), was approved by the FDA in 2023
for HABP and VABP caused by susceptible strains of A.
baumannii, for patients 18 years of age and older (9).

Sulbactam + durlobactam: Sulbactam is a penicillin
analogue BLI with intrinsic activity against A. baumannii,
while durlobactam is a diazabicyclooctane class of BLIs
with activity against A, C and D serine 3-lactamases (10).
The combination is intended for the parenteral route. The
efficacy of sulbactam + durlobactam was established in a
multicentre, active-controlled, open-label, non-inferiority
clinical trial in 177 hospitalized adults with pneumonia
mostly caused by CRAB. Patients were randomized into
two arms and received either sulbactam + durlobactam or
colistin for up to 14 days, both combined with imipenem
and cilastatin. The primary end-point was mortality

from all causes within 28 days. A total of 19% of patients
(12 of 63 patients) in the sulbactam + durlobactam arm
died, compared to 32% of patients (20 of 62 patients) in
the colistin arm, showing non-inferiority of sulbactam +
durlobactam to colistin. Acute kidney injury (AKI) was less
frequent with sulbactam + durlobactam (0/91) compared
to colistin (8/86) (11).

Sulbactam + durlobactam is one of only two authorized
agents (after cefiderocol) to address CRAB (but not MBL-
producing strains), a CPP, and possesses the potential
to significantly impact the successful treatment of
CRAB-induced infections despite meeting none of the
WHO innovation criteria. Mortality rates due to CRAB
are extremely high, ranging between 40% and 60%,
with some studies showing even higher rates in critically
ill patients (12).

2.3.2 Non-traditional agents

The three new non-traditional agents are live
biotherapeutic products and have all been approved
for preventing recurrence of C. difficile infection (CDI)
following antibiotic treatment in adults (Table 1b).
SER-109 (VOWST) was approved by the FDA in 2023,
BB128 (Biomictra) by Australia’s Therapeutic Goods
Administration (TGA) in 2022 and RBX2660 (Rebyota) by
the FDA in 2022.

SER-109 (VOWST) contains a collection of pathogen-free,
purified bacterial spores of multiple firmicutes, derived
from healthy human donor stools. The FDA has approved
SER-109 for preventing recurrence of CDI following
antibiotic treatment in adults. SER-109 acts by restoring
the gut microbiota and can be administered by the oral
route. The clinical development programme included
two Phase 3 studies, SERES-012 and SERES-013. After 8
weeks of treatment in the SERES-012 study, statistically
significantly fewer SER-109 recipients (11 of 89) showed
CDI recurrence than did placebo recipients (37 of 93)
(12.4% vs 39.8%; RR 0.32 (95% Cl: 0.18-0.58). The most
common adverse events included abdominal distension,
constipation, chills and diarrhoea (15).

RBX2660 (Rebyota) is a faecal microbiota product
authorized by the FDA to prevent recurrent CDI in adults.
RBX2660 is administered rectally in one dose. The safety
and efficacy of the treatment were evaluated by the FDA in
two randomized, double-blind, placebo-controlled trials
and in open-label studies. Recurrent CDI was prevented

in 70.6% of patients administered RBX2660 vs a 57.5%
reduction observed in the placebo group. The most
common adverse events were abdominal pain, bloating,
diarrhoea, gas and nausea (16).

BB128 (Biomictra) is a faecal transplant therapy
authorized by the Australia’s TGA. This biotherapeutic
product is intended to restore the gut microbiota in
treating recurrent CDI. It is formulated as a frozen syringe
for colonic and enema delivery. Capsules to improve
patient access could be made available in the future (17).
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Table 1b. Non-traditional antibacterial agents that gained market authorization between 1 July
2017 and 31 December 2023

Marketing . . Reference
authorization Approved by Antibacterial Route of Approved Pathogen i

Holder(s) (date) class administration indication/s (e

Name (trade

name)

SER-109
(VOWST (faecal
microbiota
spores, live-
brpk))

Seres

BB128
(Biomictra
faecal
microbiota)

RBX2660
(Rebyota
(faecal
microbiota,
live-jsim))

Ferring

Therapeutics

BiomeBank

Pharmaceuticals

Live
biotherapeutic
product

Live
biotherapeutic
product

Live
biotherapeutic
product

PO

Endoscopic
delivery or
enema

Enema

Recurrent/
refractory
diarrhoea
prevention?

C. difficile

Recurrent/
refractory
diarrhoea
prevention?

C. difficile

Recurrent/
refractory
diarrhoea
prevention?

C. difficile
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CDI: C. difficile infection; FDA: United States Food and Drug Administration; PO: per os (oral); rCDI: recurrent C. difficile infection; TGA: Australian Therapeutic

Goods Administration.

2 Prevention of recurrence of Clostridioides difficile infection (CDI) in individuals 18 years of age and older, following antibiotic treatment for recurrent CDI.






12

3. Agents in clinical development

The following sections describe the current
clinical antibacterial development pipeline
with activity against WHO 2024 BPPL. In this
report agents intended against M. tuberculosis
are discussed in a dedicated section. Although
not included in the 2024 BPPL, agents against
CDI and H. pylori have also been reviewed,
given their clinical importance and the limited
therapeutic options.

The report is organized as follows:

- Sections 3.1-3.2 provide an overview and analysis of
traditional, direct-acting small molecules in clinical
development and at the NDA/MAA stage:

- 3.1 Antibacterial agents targeting WHO priority
pathogens (excluding M. tuberculosis).

- 3.2 Antibacterial agents targeting M. tuberculosis.

- Section 3.3 provides an overview of non-traditional
antibacterial agents targeting WHO priority pathogens
in clinical development and at the NDA/MAA stage.

- Section 3.4 provides an overview of traditional and
non-traditional antibacterial agents targeting C. difficile
and H. pylori.

- Section 3.5 includes agents that are not under active
development and/or are no longer listed in a company’s
pipeline or for which there is no recent information.

Potential for clinical utility and clinical
differentiation of antibacterials under
development

The potential for clinical utility and clinical differentiation
for each of the Phase 1-3 traditional and non-traditional
antibacterials is described in detail in the annexes.

The data are based on pharmacology, spectrum of
activity, sought therapeutic indications, pharmaceutical
formulation, route of administration and proposed
posology, and clinical trial design and results, and are
drawn from published information. The scope is to
highlight certain drug attributes that would be relevant
for potential clinical use, including information on clinical
trial study, design and results. As products advance

in their development, a more comprehensive profile

can be drawn in terms of dose-response, safety and
expected efficacy.

Since the last report, published in 2022 (1), product
profiles have been developed for both traditional and
non-traditional agents intended against drug-resistant
infections, including drug-resistant TB, CDI and

H. pylori. The product profiles contain direct links to their
respective trials registered under clinical trial registries.

Overview

As of 31 December 2023, there are 97 antibacterial agents
with new therapeutic entities targeting WHO BPPs,

M. tuberculosis, C. difficile and H. pylori in different phases
of clinical development (Phases 1-3 and NDA/MAA) (Fig. 1).
A new therapeutic entity is defined as any antibacterial
agent that represents a new substance, a new chemical
entity, a new biological entity and/or a new molecular
entity (18).

Most of the traditional and non-traditional agents are in
early stage of clinical development. Only 15 agents are
in Phase 2/3 or Phase 3, and four agents are at the
NDA/MAA stage.
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Fig. 1. Number of traditional and non-traditional antibacterials by clinical development phase

(Phases 1-3 and NDAs/MAAs)

Number of antibacterial agents

Phase 1 (33)

Phase 1/2 & 2 (45)

Phase 2/3 &3 (15)

NDA/MAA (4)

Phase of development

B Traditional B Non-traditional

MAA: Marketing Authorization Application; NDA: New Drug Application.

Of the 57 traditional agents in clinical development,

32 target WHO bacterial priorities excluding M.
tuberculosis, 19 target drug-resistant M. tuberculosis, five
target C. difficile and one targets H. pylori (Fig. 2). Of the 32
products intended for BPPs, 56 % (n = 18) have conclusive
evidence of activity against at least one of the Gram-
negative pathogens listed as critical in the BPPL: eight
target CRAB (five of which also target CRE and/or third-
generation CRE (3GCRE)), and 15 target CRE and/or 3GCRE.

Of the 32 antibiotics in development for BPPs, six show
conclusive evidence of activity against CRPA, an important
pathogen for R&D, and another seven are active against
OPPs that are high or medium priority on the WHO BPPL.

As Fig. 2 shows, among traditional agents, 12 are active
and three possibly active on critical pathogens only,
while seven are active only on OPPs. In addition, six
traditional agents are active (note: when sufficiently active
against one critical pathogen/order for CRE and 3GCRE out
of three plus active against one OPP) and seven possibly
active (note: when possibly active against one critical
pathogen/order for CRE and 3GCRE out of three plus one
OPP) against both CPPs and OPPs.

Of the 40 non-traditional antibacterials, 30 are intended
against BPPs, mostly against high and medium priority
pathogens, whereas nine agents are directed against

C. difficile, and one against H. pylori. No non-traditional
agents target M. tuberculosis.

Progression or discontinuation of the
antibacterial pipeline since the 2021 report
to 31 December 2023

Fig. 3 presents the trend of progression or discontinuation
of antibacterial agents under development since the last
WHO report (1), published in June 2022. The 2023 analysis
provides significant findings such as the increase from

80 productsin 2021 to 97 in 2023, the approval of an
additional four agents against WHO BPPs since 2017 and
the discontinuation of four agents.

For the purpose of this analysis, the following definitions
were used:

« new entry: any new antibacterial agent and/or
combination that includes at least one new therapeutic
entity that entered the pipeline in Phases 1-3, including
products that were not captured in the report for 2021.
The analysis also covers discontinued products that
were revived;

« discontinued: products that are not under active
development and/or are no longer listed in a company’s
pipeline;

+ advanced to market: any product that has received
marketing authorization from an SRA or WLA (19); and

« NDA/MAA: any product that is under regulatory review
by an SRA or a WLA (19).



14 2023 Antibacterial agents in clinical and preclinical development: an overview and analysis

Fig 2. Number of traditional and non-traditional antibacterials in clinical development (Phases
1-3 and NDAs/MAAs) by intended target

Number of antibacterial agents

Traditional Non-traditional Traditional Non-traditional Traditional Non-traditional Traditional Non-traditional Traditional
(32) (30) (32) (30) (32) (30) (6) (10) (19)
Critical (CPP) High & medium (OPP) Both CPP& OPP C. difficile & H. pylori ~ Drug-resistant

M. tuberculosis
Phase of development
Active Il Possibly active

CPP: critical priority pathogen; OPP: other priority pathogen.

Note: The category “BOTH CPP & OPP” refers to agents active against pathogens in both critical and other priority groups (high and medium).

Agents that are considered possibly active (see section 7.1.3 on assessment of activity against priority pathogens and innovation) and indicated with a
question mark (?) in Table 2 are included in this count

Fig. 3. Number of products entering and exiting the pipeline since the 2021 report to
31 December 2023
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2QPX7728+2015 and QPX7728+2014, previously reported as two separate programmes, are now assessed as one in this pipeline analysis.
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Analysis, including trends on products in
clinical development

The WHO BPPL, released in 2017, identified 12 priority
pathogens posing a significant threat to public health
and for which R&D should be prioritized (20). The pivotal
WHO antibacterial pipeline analysis report, published in
the same year, revealed that only 46 antibiotics under
development demonstrated promising activity against
BPPs (21). Almost 7 years have passed since the first
WHO BPPL. During this time WHO has been monitoring
the pipeline on an annual basis, which now gives us an
opportunity to consider the evolution of the pipeline since
the list was published.

A series of targeted trend analyses have been performed
for this pipeline review, examining product formulations,
activity and desired clinical indications data from 2017
to 31 December 2023, the cut-off date of the present
analysis. The results of the trend analyses emphasize
improvements and gaps in the current 2023 pipeline
compared to the start of the observation period in 2017.
The results highlight the ongoing urgent need for the
development of highly effective antibiotics in a robust
and sustainable pipeline. The geographic distribution

of research facilities contributing to the clinical pipeline
is also examined, to provide insight into the global
landscape of antibiotic research and development
endeavours. Additionally, evaluation of the presence or
absence of paediatric investigation plans sheds light on
the extent to which the specific needs of the paediatric
population are being addressed in the antibiotic
development process.

2N
\Q/
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Antibacterial agents by spectrum of activity

The total number of products addressing WHO BPPs
increased from 43 in 2017 to 62 in 2023. There has been
a clear shift in antibacterials (traditional plus non-
traditional drugs) with activity against Gram-positive
bacteria, which decreased from 58% (18) in 2017 to 27%
(17) in 2023, compared to agents with activity against
Gram-negative bacteria, which increased from 35% (15)
pathogens in 2017 to 50% (31) in 2023. Of note, the total
number of extended-spectrum agents, with activity
against both Gram-positive and Gram-negative WHO
BPPs, increased from only 2.3% (1) in 2017 to 15% (8) in
2023 (Fig. 4).

In particular, when comparing broad spectrum Gram-
negative agents, their proportion increased from 5% (2)
to 24% (15) (Fig. 5).
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Fig. 4. Spectrum of activity of traditional and non-traditional antibacterial agents against BPPs
in the 2017 vs 2023 clinical pipeline
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Note: Only traditional antibacterials with sufficient data supporting activity (full dot in Table 2) are considered for the analysis. Traditional agents with at
presentinsufficient data to support activity are included in the “other” group. In referring to the spectrum of activity of clinically exploited agents, extended
spectrum denotes agents that target both Gram-positive and Gram-negative pathogens.

Agents with activity against drug-resistant TB, C. difficile and H. pylori (limited to 2023) are not included in this analysis.

Fig. 5. Traditional and non-traditional agents active against Gram-negative bacteria in the 2017
vs 2023 clinical pipeline
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Note: Only traditional antibacterials with sufficient data supporting activity (full dot in Table 2) are considered for the analysis.
In referring to the spectrum of activity of clinically exploited agents, broad-spectrum Gram-negative denotes agents that target two or more Gram-negative
pathogens/orders for CRE and 3GCRE.
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Fig. 6. Percentage of antibacterials (traditional and non-traditional) in the clinical pipeline

against BPPs by formulation, 2017-2023

0
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Note: Agents with activity against drug-resistant TB and C. difficile are not included in this analysis; agents with activity against H. pylori were removed from the

2023 analysis.

Analysis of clinical formulations for the period
2017-2023

In clinical practice, it is important to have a diverse
array of options for treating severe drug-resistant
bacterial infections. When applied correctly, parenteral
formulations are essential for eliciting a rapid response
and are also valuable for optimized therapy, as they are
typically administered directly by health care providers.
At the same time, the availability of oral formulations for
antibiotics plays a pivotal role in stepping down patients
and facilitating outpatient treatment.

Fig. 6 shows the trend in the development of agents
from 1 May 2017 to 31 December 2023. Intravenous
formulations predominate annually. Disappointingly, the
proportion of oral medications has decreased from 47%
(n=16)in 2017 to 34% (n=21) in 2023. Since 2020, there
has been a noteworthy increase in the number of other
formulations, such as intraurethral/irrigation, intra-
articular and inhalation, from 2% (n=1) in 2020 to 15%
(n=11)in 2023.

Paediatric investigation plans/study plans for
antibiotics in late-stage development

Bacterial infections, particularly pneumonia, neonatal
sepsis and gastrointestinal (Gl) infection, continue to be
leading causes of infectious mortality among children
under the age of 5 worldwide (22). Antibiotics are the
most prescribed medications for children. However, many
antibiotics authorized for use in adults lack authorized
indications for paediatric use and often lack optimal
formulations for administration to children, toddlers and
neonates (23). To assess the potential for traditional late-
stage clinical candidates® to target severe drug-resistant
infections in children and neonates, a survey and a search
in the EMA paediatric investigational plan (PIP) repository
were conducted. Our results show that of the 14 products
in Phase 2 development or later, six have an approved/
amended PIP, whereas nine have presented no PIP yet,
including all three products in Phase 2. The agents with

a PIP are: solithromycin (2016), cefepime + taniborbactam
(2020), cefepime + enmetazobactam (2022), zoliflodacin
(2022), gepotidacin (2022) and cefepime + zidebactam
(2021). Three of these six products are in Phase 3
(zoliflodacin, gepotidacin, cefepime + zidebactam), and
three are at the NDA/MAA stage (solithromycin, cefepime +
taniborbactam, cefepime + enmetazobactam).

8 Forthe purpose of this analysis, late-stage are products in Phase 2, Phase 3 and at the NDA/MAA stage.
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For antibiotics with existing PIPs, registered clinical trials + For sulopenem, despite the absence of a PIP, a Phase 1
in paediatric subjects were searched in ClinicalTrials.gov: study was found for hospitalized patients 12-18 years
of age receiving background antibiotic treatment for
uncomplicated UTI (uUTI), cUTI, acute pyelonephritis or
complicated intra-abdominal infection.

« For solithromycin, three paediatric studies were
completed (see Annex 2), two Phase 1 studies
(0-17 and 12-17) and a Phase 2/3 study in children

and adolescents. This review underscores the limited number of clinical

- For cefepime + enmetazobactam, a Phase 2 study is trials involving paediatric antibiotics on a global scale, and
intended to evaluate the combination in paediatric the time gap between approval of the adult indication and
participants to support extension of the indication to completion of a paediatric development plan. A noticeable
children with cUTI. The estimated completion date is imbalance is evident when comparing antibiotic drug
2025/2026. development efforts for adults and children.

+ For gepotidacin, the date of the PIP deferral is March

2028. However, adolescents (12-18 years old) have been : ; ) : .
included as part of the adult pharmacokinetics (PK) and Analysis of antibacterial candidates in the

safety investigation. clinical pipeline, 2017-2023, by target

« For cefepime + zidebactam, the estimated completion ) o o
of the paediatric investigation plan is July 2029; no The following analysis (Fig. 7) presents the distribution
paediatric study is currently registered. of antibacterial agents (traditional and non-traditional)

according to their activity against CPPs or only OPPs.

An increase in the proportion of agents targeting critical
pathogens can be observed for both traditional and non-
traditional products.

« For cefepime + taniborbactam, the date of the PIP
completion is June 2027; no paediatric study is currently
registered.

« For zoliflodacin, the date of PIP completion is June 2024;
no paediatric study is currently registered.

Fig. 7. Proportion of (A) traditional and (B) non-traditional antibacterial agents in clinical
development for critical vs other priority pathogens, 2017-2023
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CPP: critical priority pathogen; OPP: other priority pathogen.

Note: Only traditional agents with sufficient data showing activity against each group of pathogens (full dot in Table 2) were included. Traditional agents with
at present insufficient data supporting activity are included in the “other” group. Agents with activity against drug-resistant TB and C. difficile are not included
in this analysis; agents with activity against H. pylori were removed from the 2023 analysis. Each bar is labelled with the absolute number of CPP or OPP agents
captured, while the y-axis displays the proportion of CPP and OPP products based on the annual total.
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Limitations of this analysis include the fact that some
agents display activity against multiple pathogens; for
instance, products addressing both CPPs and OPPs have
been counted as active against CPPs, while the OPP group
includes agents active only against OPPs. In addition, for
2023, the updated classification of pathogens (2024 WHO
BPPL, see Box 1) was taken into consideration as was a
revised activity assessment (see section 7 on methods),
which may have impacted the results.

Analysis of antibacterial agents in late-stage
development according to the indication(s)
foreseen

To assess the progress in agents for treating severe, drug-
resistant bacterial infections caused by BPPs from 2017 to
31 December 2023, late-stage antibacterial agents (note:
for the purpose of this analysis, those in Phase 2 and 3) were
analysed based on their intended therapeutic indications
(Fig. 8).

19

Overall, agents that are intended against cUTI/uUTI and
pulmonary infections represent the majority of Phase 2
and 3 antibacterials (43% (20/46) in 2017 and 34% (21/62)
in 2023). Marketing authorizations between 2017 and 2023
tend to align with this trend, as nine of the 13 traditional
agents have been approved for use in cUTI/uUTI, CABP
and HABP/VABP (Table 1a).

The 2023 pipeline also shows an expansion of clinical
indications, including prosthetic joint infections (PJIs),
infections in cystic fibrosis (CF) patients, H. pylori
infections and shigellosis, all of which were not addressed
in the 2017 list. For infections in CF patients and PJls,

this is distinctly due to the increasing catalogue of non-
traditional antibacterials intended against these clinical
syndromes. A noteworthy decrease in ABSSSI indications
under development from 2017 (n =8, 19%) to 2023 (n =4,
6%) may likely be due to the recent authorization of four
antibacterials with this indication.

Fig. 8. Phase 2 and 3 antibacterial products in clinical development by intended therapeutic

indication(s), 2017 and 2023
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ABSSSI: acute bacterial skin and skin structure infection; AGE: acute gastroenteritis; CABP: community-associated bacterial pneumonia; CDI: C. difficile
infection; CF: cystic fibrosis; clAl: complicated intra-abdominal infection; cUTI: complicated urinary tract infection; Gl: gastrointestinal; HABP: hospital-
*acquired bacterial pneumonia; MDR-TB: multidrug-resistant tuberculosis; PJI: prosthetic joint infection; uUTI: uncomplicated urinary tract infection; VABP:

ventilator-associated bacterial pneumonia.
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Snapshot of geographical location of
antibacterial research facilities

This analysis is intended to provide a snapshot of where
antibacterial R&D happens (Fig. 9). It is based on the
location of headquarters of research facilities, including
academic groups/universities, biotechnology companies
(large, medium, small and micro) and foundations. For this
analysis, economies are divided into four income groups

- low, lower-middle, upper-middle and high - according

to the World Bank 2023 classification (24). Income is
measured using gross national income per capita, in

US dollars (25).

Over 90% of antibacterial product development takes
place in high-income (84%) and upper-middle-income
(12%) settings, which are likely closer to funding
opportunities and R&D initiatives in other therapeutic
areas. Only four products are being developed in a lower-
middle-income economy. Of note, no antibacterial drugs
were found to be under clinical development by research
facilities in low-income economies.

3.1 Antibacterial agents being developed
against WHO priority pathogens

Activity assessment and changes since the last update

Overall, the pipeline contains 57 traditional agents in
clinical development. Of these, currently 32 target WHO
priority pathogens and 19 target drug-resistant TB

(Fig. 2). More than half (n = 17, 53%) of the 32 products
have confirmed activity against at least one of the
critical Gram-negative bacterial pathogens, eight target
CRAB, and 15 target CRE and/or 3GCRE. Furthermore, 13
compounds display activity against OPPs, including six
that target CRPA (Table 2). An additional five traditional
antibacterials are under development for treatment of
CDI, along with one agent designed for H. pylori treatment
(see section 3.4.1).

Since the last update, several advancements have been
observed. The cefepime-taniborbactam combination
advanced to NDA/MAA status. A Phase 3 trial with
cefepime in combination with zidebactam (WCK 5222)
vs meropenem started for cUTI or acute pyelonephritis.
The combination showed activity against CRE, 3GCRE
and CRPA, including MBL-producing P. aeruginosa (26).
Two DBO BLls, namely, cefepime + nacubactam (OP0595)
and aztreonam + nacubactam (OP0595), have entered
the pipeline in Phase 3, both being a combination of an
authorized agent and a new chemical entity. Two novel
products, murepavadin (POL7080, iMPV) and RECCE 327
(R327), entered the pipeline in Phase 1/2.

Fig. 9. Percentage of antibacterial agents in clinical development, by location of
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Murepavadin, a macrocyclic compound, demonstrated
specific activity against P. aeruginosa, while RECCE

327, a synthetic polymer, targets several pathogens. In
addition, four new products entered the pipeline in Phase
1: OMNS®, zidebactam in combination with ertapenem,
meropenem in combination with ANT3310 and KSP-1007
in combination with meropenem (MEROPEN). These

new entries bring the total number of traditional agents
currently in Phase 1 to 16.

Up to 3 million newborns get serious
infections that lead to sepsis every year;
however, today neonatal sepsis caused by
antibiotic-resistant bacteria is not or only
poorly addressed by antimicrobials in

the pipeline.

The current antibiotic clinical pipeline continues to be
dominated by -lactam/BLI combinations (n =13, 41%

of antibiotics targeting WHO priority pathogens). Out of
nine new entries in the clinical development pipeline, only
three agents are not 3-lactam/BLI combinations (Fig. 10).
These are murepavadin,®’ OMN6 and RECCE 327. Of note,
RECCE 327 has still no peer-reviewed data available and
as such is considered to have conclusive data neither for
activity nor for innovation assessment.

Innovation assessment

Of the 32 traditional antibiotics under development
against BPPs, excluding TB drugs, 12 meet at least one of
the four WHO innovation criteria. Gepotidacin meets two
innovation criteria for new chemical class and new MoA.
Three products - zoliflodacin, murepavadin and OMN6

- meet three innovation criteria. Only two, afabicin and
TXAT09, meet all four innovation criteria.

When evaluating the absence of cross-resistance,
inconclusive data are associated with 11 agents.
Perhaps in the near future, as development progresses,
new evidence will allow the inclusion of at least some
of these 11 antibacterials among innovative drugs.
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Of the 12 innovative agents, only four are active

against at least one of the WHO critical Gram-negative
bacteria: OMNG, cefepime + taniborbactam, ceftibuten
+ ledaborbactam and xeruborbactam. The latter three
compounds are a combination of a boronate BLI with a
B-lactam, and the functional class of BLIs is predicted to
show some cross-resistance to other BLI classes when
used clinically, despite having been classified as a new
chemical class.

Among the 12 innovative agents:

- one B-lactam/boronate BLI is under regulatory
evaluation by the FDA (cefepime + taniborbactam),
and two topoisomerase inhibitors (zoliflodacin and
gepotidacin) are in Phase 3;

« one NBTI (BWC0977) isin Phase 1;

+ one novel pyrido-enamide (afabicin, a Fabl inhibitor)
isin Phase 2;

- two agents disruptive of cell membrane integrity,
murepavadin and OMNSG, are in Phase 1/2 and 1,
respectively; and

+ alsoin Phase 1 development are one filamenting
temperature-sensitive Z (FtsZ) inhibitor (TXA709),
one third-generation aminomethylcycline
(zifanocycline) and two -lactam/boronate
BLI combination (meropenem + KSP-1007
and xeruborbactam + -lactam).

Of the 12 innovative compounds, seven also target
OPPs, although at present only four have sufficient data
to be assessed as active. Among all seven innovative
compounds developed against OPPs, two agents,
zoliflodacin and gepotidacin, belong to a new class of
topoisomerase Il inhibitors. They are chemically distinct
and target different binding sites on the same enzyme.

Little information exists on potential cross-resistance with
other topoisomerase Il inhibitors, although some cross-
resistance has been reported for gepotidacin, and in vitro
evolutionary resistance has been reported for zoliflodacin
in N. gonorrhoeae. One additional novel bacterial
topoisomerase Il inhibitor (NBTI), BWC0977, is claimed to
have a broader spectrum, including CRAB, CRE, CRPA and
other OPPs, with reduced potential for cross-resistance.
However, publicly available data are at present insufficient
to thoroughly assess innovation.

When observing the distribution of traditional
antibacterial agents according to their antibiotic class
(Fig. 10), most antibiotics that target WHO priority
pathogens are 3-lactam or -lactam/BLI combinations
(n =15, 47%), followed by polymyxins and NBTIs
(n=3,9%), host defence peptides (n =2, 6%) and
macrolide/ketolides (n =2, 6%).

°® Murepavadin was previously tested as an iv formulation in HABP and VABP in two Phase 3 trials terminated in 2019 due to safety concerns. Currently it is being

studied as inhaled formulation for P. aeruginosa infection, CF and NCFB.



2023 Antibacterial agents in clinical and preclinical development: an overview and analysis

22

, - » A
A - N a/t
- - , 1A

VON 1 DI ¥ON

uoneaouu]

/ X O
/ ; .
/ 2é .
. / /
i / aé
. / /
/ X o
/ X .
/ . .
N / /

eddO VddD 3J¥I9E

suaSoyjed

Eb- o)

/

6]
o]
[Ele]
@
el
o]
el
E)

~

ol

avyd

Ayaond ysuieSe A)innoe pajyradx3

JusaWISSISSe
Ayanoe ay)
Sunuoddns

eyep
1e21uIPuUoN

IENIIET

ex1as Ifio

1pJeyoom

aJesulwar
/3pIeyxdoMm

ASS

dayvo
/(sonnadesayy
sisejug Jaw.oy)
eAlnoOUU|

sonnadesay|
wniay|

sainadesay)
IRENN

SauRIpaN
15949A3/d AUV

/s1ea1nasew
-Jeyd X403eusp

Jed1wayd

eweAlo]
wyiyilng

19dojanag

A

Al

0d

od/n

Od

od/n

N

A

0d/M

uonjeslsiuiwpe
Jo aynoy

Japulq zdgd/I19-0€d
+ (wejdoeqouow) wejde-g

1apuliq zddd/I1g-04aa
+ (uodsojeydad) weide-g

Japulq zddd/119-04da
+ (uodsojeydsd) weyoed-g

ap11033¥/apljosde

(1onqiyur ssesswosiodoy)
aud)jAyydeuadeezen]

(1ouqryur asesawosiodoy)
auouauaplwAdosids

(wauadoiyy) weyoel-g

179 + (uodsojeydsd) weyoe-g

119 ®1euoiOq
+ (uodsojeydad) wejoe-g

apijo3ax/apijoIde

sse)d JeLia)deqnuy

VYV Pue vaN

VanN

VaN

aseyd

»(5650d0)
wejldeqndoep + weuoalizy

»(5650d0)
wejdeqnoeu + awidaye)

o(TTTS MOM)
wejdeqapiz + swidaye)

(€287-YOM) upAwoIygeN

uepiyodan

uaepoyyijoz

p1oauaqo.ud/|ixoipezya
wauadojns ‘wauadojng

(TOT-1VY) weldeqozelswus
+(d3417ax3) swidaye)

(EETS-XUNA)
wejdoeqgioqiuel + awidaye)

(88¢-1) udAwouayijos

(dpod Auedwod) NNI

suadoyied Ayuond oHM Isutede padojanap 3ulaq syuade jeldadeqiuy ‘g aqel



23

3. Agentsin clinical development

18ouolys
- - » 1A / ° . ° ° /ewueydolg Al
xadD
- - ; sjesinadsew
4 ¢ / X ¢ * X -leyd XJO}euap 0d
B R B R sonnadesay|
\ X . . X E w_wmur_m -
' ' ' h \ . X X X g w_xwﬂm o
. R . s|esinad
i 12 i 12 I i 12 i 12 @ -ewieyq 970y 1eaidoy/al
- N - _ sonnadesay |
foa e e g o
- - - R . wJieydoig
\ X h X X 8 DSNCNDX >_
- - - ; . R ., aouaIdsolg A
/ X « ue 5 iodong !

juauwssoasse

WOW L 20 ¥IN .ddO Vdud 3¥I9E 3I¥) agyyy ANAdeay
Sunuoddns

suaSoyyed eyep uolnjeJjsiuiwpe
uonenouu| fAyaonid ysuieSe A}innoe payradx3 jesiunpuoN Jadojanag Jo 3ynoy

wejoe|-g
Al P350]2SIpun + |1g-a)euoiog

|1g-91eU0I0q
+ (uodsojeydad) weyoe-g

1apulq zdgd/I18-08d
+ (uodsojeydsd) weyoed-g

Japulq zddd/ig
-09qa + (wauadeqJed) weyde-g

punodwod
Jnpwiwopidad o1ph5040e

JawAjod (u1ajoide) 213dYuAs

plgAy suouizijouinb-upAweyry

(1031q1yut |qed) apiweua-opLAd

(wauadeqsed) weyde-g

Jomquyul

uonepeJ3ap + (wauadeqied)
we)del-g +119-09d

sse)d jerLaydeqiuUy

(8TT6¥9-S) weyde)-g

T 4 (8224xdD) weypeqiogniay

(SYTL-XYNA)
wejoeqioqgepa) + uaingiys)

pC8T0X13
+]119x0.4d awixopodja)

»(5650d0)
wejdeqnoeu + wauadosay

‘T (AdW! ‘080.70d) utpeaedainpy

T (Lzed) L2e 3003y

[4 ¢60C-dNL

14 (0svT-0198Q) UPIqeyy

4 wauadeuag

unelse)d + wauadiwi
+ (LOTYMNX) weyoeqouny

(dpod Auedwod) NNI

suadoyied Ayond QHM Isulede padojanap 3uiaq syuade |eldldegIIuY ‘(PaNUIRU0D) Z 91qel



2023 Antibacterial agents in clinical and preclinical development: an overview and analysis

24

Japuliq zdgd/I19-09da

- - - - / 12 . (] (] SvS olqejuy Al + (wauadeqes) weyeT-g T 0TEELNY + wauadosapy
) ) ) ) aiviN Japuiq zddd/Ing
/ & ® ® X /3pieyxyoom M -09Q + (wauadeqJed) weyoel-g T PUIEIDECRIE & URUREED. 2
s N N I I I / I ° 1e21paN XIUWQO Al apndad aouajap 1soy 30asu| T INWO
) yoieasay 119N ]9A0U
4 ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ syiomsng Od/M ‘sauouIzexo-ouizedhd T 11600Mmd
12 12 12 ol X X X X ol ayo0y Al apndad o1pAdouoe T (90099Y) uidjeqeinsoz
S)es1nad (1onqiyut 7syd)
A 2 A , ° X X X X —eweyd SIXVL 0d/n SPILEZUIGOION}YIG T 60LVX1
- - - - / A i ° ° sigeanr Al apIsodAj3ouiwy T 4(£00T-193) uPAweady
_ ) _ sadudIdsoIg (aunaAo1Ay3awoulwe) )
A o X 12 12 . dav 0d/n auiphoenyal T (2202-dgy) aundhoouesz
ERITETRN]
- - - wé / . 12 i . T L.M Nl uixAwkjod 1 €006Xd0
- - - - / ° . . . XYNIIN Al uixAwAjod 1 8-XHIN
- - - - / ° ° ° ° sonnadesayl Al uixAwAjod T (90z-4ds) ueuedardn

oJads

juauwssoasse

30 ¥DN .ddO Vd¥) 3¥I9E 3¥) gvyy AMandeay
Sunuoddns

suaSoyyed eyep uolnjeJjsiuiwpe
uonenouu| fAyaonid ysuieSe A}innoe payradx3 jesiunpuoN Jadojanag Jo 3ynoy sse)d jeldd)deqiuy aseyd (dpod Auedwod) NNI

suadoyied Ayond QHM Isulede padojanap 3uiaq syuade |eldldegIIuY ‘(PaNUIRU0D) Z 91qel



25

3. Agentsin clinical development

*SU01323S 3UIMO]|0} 3Y} Ul pue / pue 9 $3]qe] Ul |1e1ap ul pajuasald ase syuade asay | “sisAjeue siyy ul papn|dul jou aJe LIojAd ‘H pue ajiiyip * ‘g1 3sulede papuajul syualdy 230N

‘(ejep u33sod

‘70T 18 12 98p1IHIoYS) gy JueISISal ul3si|o) Isutee ANAIDY “(£Z0z “1e 30 luojedwez) gyy) ysuteSe A}a13oe Suimoys elep oAIA Ul pue 043iA ul paysiignd *je 33 luojedwez ‘durjadid juasaid ay3 ur uoisn|dul o} suljpeap sy} Jaye ‘yzog Alenuer uj,
*(TZ0T "1e 39 BANJUDARUOYG IQ) "S]EWIUR Ul JUSWILa.] |elI9}dedijue ue se pasn AJsnoinaid 4

*(€20¢ "1e 39 uenyz) sulesls JuelsIsal-ul}sijod ysulede sasop Jay3iy 18 AUAIDY w

BIUOWNaUd-Tellu05050U-YJIm-s3usned
“Jo-JUSWIEa -0 3-10)-UIpeARdaIN-jo-5alpnis-TN-aseqd-a3-ul-uau]joIua-5) e -A[Telod a1-10qdATod/3]3111e/ W00 97 eds0Iq MMM//SATIT "Suiaduod A}94es 0} anp 6TOZ Ul Paleulw.a) sjel) € aseyd z ul dyA pue dyH Ul Al Se pa3sal A|snolnaid,

‘uol1eINWIO) SOd dY3 10} d]ge]IBAR 9JB BIEP [EDIUID ON 4
*s3y3u Ayaadoud jenyoa) aqul Juspuadapul A)ny sassassod 1ng s3uIpjoH jed1znadewseyd uenydis jo Aseipisgns e st wieydoig nyzueny

*(€20T 18 39 1UO3RIS ‘TTOT "B 32 I1) 10 ‘F-¥D D€ IsuleSe ejep Juaidiynsul Ing apjuownaud y-4I9¢ Isutede AHARdY,

*(€20¢ "1e 39 1Uojeld) D3-y¥D Isulese |ON (WD Buidnpold-Ddy spiemoy AHAIDY

"(220T 1232 17) 91N SA AHAIROR ON {9657LG d3ed A|Iqadadsns ing ‘gyyd Sudnpouad- TG- pue Lz- ‘€Z-¥YXO SP4emo3 AHIAIDY 5

*(€20Z "1e 39 Ja10191) 4oded auo ul umoys /jod *g Suidnpoid a1)-WAN JUeISISaI WeldedIne-Weuoaljze Jsulede A}IA1DY,

‘s|ie3ap Joj a)1y04d 3onpoud 99s "ANANde 3)qissod 3s933ns suswiaa paje|nwis uewny Yiim pauieiqo eyep jewiue paylwi

*S19dUBYUS We)de)-¢g Se paljIsse)d uaaq aney pue A}IAIIOe |e1I9)0B(IIUR SWOS dARY OS|e Z8Z0X L3 PUe (Weldeqndeu) G650d0 ‘Weideqapiz s|1g-09d 3yl »

*1)03 "7 3suie8e Ajuo ajqejiee elep |el4} |eDIUID T 3Seyd ||ews e pue |ed[ul|d-uon

‘(€z0z 1 32 uIgNyY)

spunoJ3yoeq awos ul3sea) 18 Q| uldexojjoidid paseasdul ul 3uiynsal ‘uexo)yoadid Jo 9duasaid ay) ul apaoyLiouob N Aq paiinboe aq ued uoINIISqNS N6z A 9449 3y "uldepoj4joz 03 A)jiqidadsns saonpas uolIN}Isqns N6z d g4A9 ay L 4
‘pjjuOW]pS 1IN Y04 pue 1920503da.3s ¥ dnoud jueysisal-apljoidew ‘snadodownaud Juelsisal-apl|oddew ‘wnidaey IYA ‘9020y.LIouob ‘N 4O ‘VSHIN ‘wnidaey IYA

://60JM4d ‘Wwnidaey YA PUR YSYI (ZL0L-d M) dUl]dAd0URHZ SYSHIN :60LV X1 PUB Z60Z-dNL ‘UIdIgqe)e (ySY N pue apaoy.Liouob ‘N :uidepiyodsd pue uidepoyoz ‘epiuownaud 'S pue snanp °s :uldAwolye ‘epiuownaud s :uldAWoIy os - s3984e3 ddO «
*Pa]11J1NJ 30U UOLIDYIID - {BIBP BAISN|DUODU| i {PB]|IJ|NJ UOLIDYIID A :JUBWISSISSE UOIJRAOUU|

'Pa3S9} JOU / LDA13dE JoU X (9A130R A|qISSod ; DAI30E e :JUBWISSISSE AJAIIOY

*12202043}Ud

jue)sIsal-uAwWodueA :3YA ‘eluownaud pajeldosse-103e|IIuaA (dyA {Uo13da4ul 1oel) Aleurin pajedndwodun |1 NN {sajelaldeqolalud juelsisal-uriodsoleydad uonesaussd-paiyy :yI9¢ {s1sojndiagni :g] 1981e3 mau ;| {(jeso) so 4ad :50d ‘z utsyoud
3uipuig-uniuad :izdad ‘usSoyied Ayuond 4ay3o :dd 0 ‘leproydAy-uou :| N ‘9sewelde)-g-ojjeaw 1yjag maN AN ‘uonedijddy Snig maN YN 92Ue)sISai-ss04d ou :YIN (S103Iqiyul asesswosiodoy || 9dAy jelisyoeq janou | LGN Snainp sn22020jAydpis
JUBSISAU-UI||IDIYIDW (YSYN UOIIDE JO SPOW YO UOIFRIIUSIUOD AJOJIqIYUl WNWIUIW D[ dSewe)del-g-ojjeraw gy 9sewauadequed apiuownaud 'y :Dd) ‘eluownaud pajeldosse-je3idsoy :dyH {snouaneujul :Al (diysiauried Juswdolanaq pue
42Jeasay 21101G1UY |eq0]9 :dayVO {Z dAI}ISUs-ainjesadwa) Suijuawelly :zsi4 ‘Juesisal-auojouinboionyy ;404 ‘@seionpal uieyold Jatiied jAde-|Aous :jqe4 asewelde)-g wnioads-papusixe :19s3 Duedoo)dAdiqezelp :0dq ‘osoubniap o Jueisisal
-wauadequed :ydyD ‘apiuownaud °y Juelsisal-wauadeqied :dyyd ‘jod ‘7 Juelsisal-wauadeqied :3-yD $9]et930eqolaju] Juelsisal-wauadequed 13y {UUDWNDG “y Jue)sisai-wauadequed :gyyD (5Se)d |ediwayd 1)) (oligiyul aseweydel-g :g

ejep oJUA U] @

e)ep OAIAU| @

paniinyjou uoLd}I) -
elep aAIsnpuodu| ¢
pajynjuoLl) A

e}ep pamalnaJ-199d-JoN
2}RP PIMIINDI-199d

:JUdWISSISSY Uoljenouu] Koy 91qeL
P I1d d3euoloq (N3do¥3In)
= = , ¢ / 2 ¢ ¢ ¢ uoddiuteq T

+ (wauadeqJed) weyoel-g 100T-dSY + wauadoiapy

owoywns

juauwssoasse

VON 1 2D ¥IN .ddO Vd¥d 3¥I9E 3¥D Ainnde ayy
Sunuoddns

suaSoyyed eyep uolnjeJjsiuiwpe
uoneaouu] fAyaonid ysuieSe A}innoe payradx3 1es1ulpuon 12dojanaqg Jo 3ynoy sse)d jeldd3deqniuy aseyd (dpod Auedwod) NNI

suagdoyied Aysond OHM Isutede padojanap 3ulaq syuagde elua3deqijuy ‘(panuiuod) ¢ a1qel


https://www.biospace.com/article/polyphor-temporarily-halts-enrollment-in-the-phase-iii-studies-of-murepavadin-for-the-treatment-of-patients-with-nosocomial-pneumonia/
https://www.biospace.com/article/polyphor-temporarily-halts-enrollment-in-the-phase-iii-studies-of-murepavadin-for-the-treatment-of-patients-with-nosocomial-pneumonia/

26 2023 Antibacterial agents in clinical and preclinical development: an overview and analysis

Fig. 10. Distribution of traditional agents according to their antibiotic class
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3.1.1 Cellwallinhibitors

3.1.1.1 B-LactamsandBLlIs

B-Lactams are a well-established group of antibiotics

that inhibit bacterial cell wall formation through

covalent linking to penicillin-binding proteins (PBPs) and
subsequent disruption of peptidoglycan biosynthesis. This
class includes penicillins, cephalosporins, carbapenems
and monobactams (34).

Resistant bacteria produce enzymes (B-lactamases) that
hydrolyse B-lactam antibiotics, making many of these
agents ineffective. In addition, the spread of extended-
spectrum B-lactamases (ESBLs) that confer resistance to
broad-spectrum cephalosporins, and of carbapenemases
that confer resistance to carbapenems, is a major threat
(34). Currently, resistance mediated by carbapenemases
presents a significant public health challenge, sometimes
causing even the most potent antibiotic class,
carbapenems, to lose their effectiveness.

[3-Lactamases comprise four structural classes, known as
A, B, Cand D (35). Class B enzymes are MBLs that contain
zinc in their active site. The zincion activates a water
molecule which serves as the nucleophile that hydrolyses
the B-lactam moiety. The remaining three classes

(A, Cand D) are serine-B-lactamases that use a serine
nucleophile to hydrolyse 3-lactams. ESBLs mostly belong
to Class A. Enzymes with carbapenemase activity are
found among Class A - K. pneumoniae carbapenemases
(KPCs), imipenem-hydrolysing 3-lactamases (IMIs) and

15

Serratia marcescens enzymes (SMEs); Class B MBLs -
active-on-imipenem-type -lactamases (IMPs), New Delhi
MBLs (NDMs) and Verona integron-encoded MBLs (VIMs);
and Class D oxacillinases (OXAs) (36).

The main strategy for circumventing hydrolysis of
B-lactams is to combine a 3-lactam antibiotic with a

BLI to restore the bacterium sensitivity to the B-lactam.
Traditional BLIs (such as clavulanic acid, tazobactam and
sulbactam) inhibit some ESBLs to a certain degree but do
not fully inhibit Class A carbapenemases.

Over the past years, some new BLI combinations with
carbapenems or cephalosporins have entered the market
(e.g., ceftolozane + tazobactam, ceftazidime + avibactam
and meropenem + vaborbactam) (37) in addition to a
siderophore cephalosporin, cefiderocol, which exhibits
in vitro activity againstisolates carrying all B-lactamase
classes. The newest agent authorized, sulbactam +
durlobactam (Xacduro), also inhibits OXA from CRAB.

Most of the BLIs in the clinical pipeline target Class A
enzymes (ESBLs and KPCs), along with some D enzymes.
However, only two agents - xeruborbactam and
taniborbactam (broad-spectrum BLIs) - can also inhibit
Class B enzymes, although heteroresistance to cefepime +
taniborbactam has been described.

Table 3 shows the activity of different B-lactams and
B-lactam/BLI combinations approved since 2017 and
currently in development against the most clinically
relevant B-lactamases, including carbapenemases.
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Table 3. Activity of B-lactams and [3-lactam/BLI combinations approved since 2017
and currently in development against the most clinically relevant B-lactamases,
including carbapenemases

B-Lactams and B-lactam/ ESBL KPC OXA MBL | cRAB
Reference BLI combinations (CTX-M) (KPC-2,-3) (OXA-48) (NDM) OXA CRPA
Approved Vaborbactam + meropenem . . . X X X
Approved Relebactam +imipenem + cilastatin . . . X X ?
Approved Cefiderocol . . . ° . .
Approved Sulbactam+ durlobactam (ETX-2514) X X X X o X
NCT05826990 Cefepime + enmetazobactam (AAI-101) . ? X X X X
NCT05584657 Sulopenem . X X X X X

Cefepime+ taniborbactam

NCT03840148 (VNRX-5133) . . . 7 - .
NCT04505683 Benapenem X X X
NCT04979806 Cefepime +zidebactam o ? pe
NCT03491748  Cefpodoxime proxetil + ETX0282 . X X
NCT02972255 Meropenem + nacubactam (OP0595) . ?¢ X
NCT05072444 z(se_r:fgozrzbga)ctam (QPX7728) + b-lactam . . .
NCT05204368 ::;ftzzcntam (XNW4107) + imipenem + ? X ?
i +
NCT05488678 (C\fétl'?t)’:;izs) ledaborbactam o X X
NCT05645757 Ertapenem +zidebactam o X X
NCT05887908 Cefepime + nacubactam (OP0595) X 7 X
NCT05887908 Aztreonam + nacubactam (OP0595) o . X
NCT05905913 Meropenem + ANT3310 o / o
NCT05226923 Meropenem + KSP-1007 (MEROPEN) ? ? ?

Pathogen activity: ® active; ? possibly active; X not active; / not tested.

Market authorized

2 Heteroresistance described (38).

® MICs for CRAB isolates (183) expressing OXA23,24 and 58 clustered around 8-16 mg/L, compared with 64 mg/L for cefepime alone and >128 mg/L for
zidebactam alone (39).

©Not active in vivo against IMP6 producing-KP (40,41) See product profile for details
94 Loss of activity if co-production of class C and class D (OXA48-like) SBL (42).
€ Active against MBL-producing E.coli, but not K. pneumoniae. Not active against Enterobacteriales with the combination of MBL+OXA48 (43).
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With the exception of three agents (cefiderocol,
xeruborbactam (formerly QPX7728) + 3-lactam (S-649228)
and aztreonam + nacubactam), and potentially three other
3-lactam + BLI combinations (cefepime + taniborbactam,
cefepime + zidebactam and cefepime + nacubactam), a
notable development gap exists for agents that are active
against B-lactamase producers, specifically Class B (MBLS)
enzyme-producing bacteria.

Xeruborbactam is being developed for use in combination
with S-649228, an oral 3-lactam whose structure remains
undisclosed (formerly QPX2014). In vitro and in animal
studies showed that xeruborbactam restored the potency
of multiple B-lactam antibiotics against B-lactamase-
producing isolates of Gram-negative bacilli, including
CRAB, KPC-producing K. pneumoniae and CRPA.

Finally, while some BLIs in the pipeline - such as ETX0282,
nacubactam, zidebactam and ANT3310 - have intrinsic
antibacterial activity, based on binding to penicillin-
binding protein 2 (PBP2), and may result in synergistic
antibacterial activity in some Enterobacterales (44), other
mechanisms may still confer resistance to B-lactam/BLI
combinations, despite their inhibition of B-lactamases
(45,46,47). Similarly, P. aeruginosa and, to a certain extent,
A. baumannii have developed resistance mechanisms
beyond the production of B-lactamases, including
decreased permeability of the outer membrane and
upregulation of efflux pumps and modified PBPs. This
situation further confirms the need for more innovative
compounds/strategies to address critical antibacterial-
resistant Gram-negative pathogens.

3.1.2 Cell membrane disruptors

3.1.2.1 Polymyxins

Polymyxins are cationic polypeptides that act to disrupt
the phospholipid structure of the outer cell membrane
and increase cell permeability. They were resurrected

as a last-resort antibiotic against XDR Gram-negative
bacteria, despite their well-documented side effects
(nephro- and neurotoxicity) compared with newer Gram-
negative antibiotics (48). Colistin and polymyxin B (PMB)
are increasingly used, but resistance has also emerged in
response to increased use. Three polymyxin derivatives,
MRX-8, QPX9003 and upleganan (SPR-206), with a possible
better safety profile, are in early clinical development
(Table 2).

3.1.2.2 Host defence peptides

Host defence peptides (HDPs), also termed antimicrobial
peptides, are naturally occurring peptides produced by
both invertebrate and vertebrate species that can combat
infection through their direct microbicidal properties and/
or by influencing the host’s immune response. However,
many HDPs cause lysis of erythrocytes and display
cytotoxicity against a variety of cells (49). In the last
decade, efforts have been devoted to designing synthetic
peptides from sequences of HDPs with optimized
antimicrobial functions in vivo and improving the safety
profile (i.e., avoiding haemolytic or cytotoxic effects on
healthy vertebrate cells) (50).

Currently, two agents from this group are under clinical
development (Table 2). OMNG6 is an engineered 40-amino-
acid cyclic peptide based on a cecropin (i.e., insect
peptide) derivative that binds to and penetrates bacterial
membranes, causing loss of the membrane ionic gradient
balance and bacterial death (51). OMN6 was selected

due to its improved stability and significant decrease

in proteolytic degradation, together with a bactericidal
effect on Gram-negative bacteria and a lack of cytotoxicity
towards eukaryote cells (51). It is currently under
evaluation for treatment of CRAB infection.

Murepavadin is a synthetic lipidated HDP mimetic that
selectively targets LptD, a P. aeruginosa outer membrane
lipopolysaccharide protein transporter (52). Although
evaluation of iv administration of murepavadin in
nosocomial pneumonia was halted due to reports of
kidney injury, an inhaled formulation of the antibacterial
is under investigation for its potential effectiveness in
treating Pseudomonas infection in patients with CF (53).

3.1.2.3 Tethered macrocyclic peptides

Zosurabalpin/RG6006 is in Phase 1 for treatment of
HABP, VABP and bacteraemia caused by CRAB. Its newly
elucidated mechanism of action involves blocking the
transport of bacterial lipopolysaccharide from the inner
membrane to its outer membrane destination, through
inhibition of LptB2FGC complex (54).

3.1.3 Protein synthesis inhibitors

3.1.3.1 Tetracyclines

Tetracyclines are broad-spectrum bacteriostatic
antibiotics that in 1948 were discovered to have activity
against Gram-positive and Gram-negative bacteria.
Tetracyclines bind to the A-site of the 30S ribosomal
subunit and inhibit binding of tRNA, preventing
synthesis of polypeptides (55). Following the discovery
of tetracycline, chemical modifications enabled
development of numerous semi-synthetic and, later, fully
synthetic tetracyclines with improved activity against
emerging MDR bacteria (56). Since their introduction,
more than a thousand tetracycline resistance genes have
been reported. They are often associated with mobile
genetic elements, including efflux pumps, ribosomal
protection proteins, mosaic genes and mutations in
ribosomal proteins.

The semi-synthetic parenteral glycylcycline tigecycline
was approved in 2005. This agent overcomes certain class-
specific resistance mechanisms. In 2018 the FDA approved
both iv and oral formulations of omadacycline (a semi-
synthetic aminomethylcycline analogue of minocycline)
and an iv formulation for eravacycline (synthetic
fluorocycline).

Currently, only one third-generation aminomethylcycline
(zifanocycline/KBP-7072) is in Phase 1 clinical trial.
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3.1.3.2 Aminoglycosides

Aminoglycosides are bactericidal and are active

against Gram-negative bacteria such as Pseudomonas
spp., Acinetobacter spp. and Enterobacter spp. They
inhibit protein synthesis and are administered via

the iv or intramuscular (IM) route. Commonly used
aminoglycosides such as gentamicin, netilmicin,
tobramycin and amikacin show different resistance rates
globally. The most common resistance mechanism is
production of aminoglycoside-modifying enzymes and,
more recently, bacterial ribosome-modifying enzymes
(16S rRNA methylases), which often occur in B-lactamase-
producing Enterobacterales (57). The most recently
approved aminoglycoside, plazomicin, was optimized to
address most aminoglycoside-modifying enzymes. But it
is currently approved only in the USA; the EU marketing
authorization application was withdrawn due to financial
limitations (58,59). Currently, only one aminoglycoside,
apramycin (EBL-1003), is in Phase 1 clinical trial.

3.1.3.3 Macrolides and ketolides

Macrolides disrupt protein synthesis through binding to
the 50S ribosomal subunit peptidyl transferase centre

at the nascent peptide exit tunnel (60,61). They are
bacteriostatic, with activity against many Gram-positive
bacteria and limited activity against Gram-negative
bacteria. Second-generation semi-synthetic derivatives
of the first natural product include clarithromycin and
azithromycin (62). Ketolides, a subclass of macrolides, are
erythromycin derivatives that feature an additional cyclic
carbamate and replacement of the cladinose sugar by a
ketone. Ketolides have higher affinity than macrolides
for domains Il and V of the 23S rRNA and retain activity
against the main resistance mechanisms of erythromycin
(target-site modification by inducible methylation and
efflux-pump-mediated resistance) (63). Two ketolides

are currently in clinical development: nafithromycin

is in Phase 3 clinical trial, and solithromycin is at the

NDA stage.

3.1.4 NBTIs

Topoisomerase inhibitors include quinolones, which
are synthetic bactericidal antibiotics discovered in the
1960s. The drugs in use today are fluoroquinolones.
They target two essential type IIA topoisomerases: DNA
gyrase and topoisomerase IV. Fluoroquinolones bind
preferentially to the DNA gyrase subunit GyrA and to the
topoisomerase IV subunit ParC (64). Three new non-
fluoroquinolone NBTIs are currently in development.
Zoliflodacin and gepotidacin, which are in Phase 3, have
new chemical structures with distinct (but potentially
overlapping) binding sites with fluoroquinolones

(65); BWC0977, which is at present in Phase 1 and has
no peer-reviewed published data, is claimed to have
distinct binding sites and similar activity against GyrA
and topoisomerase |V. Gepotidacin targets 3GCRE
responsible for UTl and N. gonorrhoeae. Zoliflofacin has
been developed for N. gonorrhoeae infection but is also
active against methicillin-resistant S. aureus (MRSA),
while BWC0977 targets all critical Gram-negative
pathogens and CRPA.
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3.1.5 Fablinhibitors - pyrido-enamide

Fabl (an NADH-dependent enoyl-acyl carrier protein
reductase, encoded by fabl) is a critical enzyme for the
final step in elongation of fatty acid biosynthesis in
many bacteria. As such, it is an attractive target for drug
development. Fabl inhibitors have been known since the
1950s and are represented by isoniazid (in addition to
inhibiting Fabl, isoniazid also inhibits the InhA enzyme,
an enoyl-acyl carrier protein reductase) for TB treatment,
and the non-specific biocide and slow-binding Fabl
inhibitor triclosan. These agents have different binding
characteristics (66). It is not known whether they exert
selection pressure on staphylococci, which could lead to
cross-resistance (67,68). One Fabl inhibitor, afabicin, is
currently in clinical development (Phase 2).

3.1.6 FtsZinhibitors

Filamenting temperature-sensitive Z is a vital cell division
protein that is conserved in most bacteria. It undergoes
assembly at the mid-cell, forming a dynamic membrane-
attached ring structure which then recruits other division
proteins to the Z-ring to form the divisome. Inhibiting
FtsZ blocks cell division, and thus it is an attractive
antibacterial target (69,70). One FtsZ inhibitor, TXA709, is
currently in clinical development (Phase 1).

3.1.7 ATP production disruptors

Disruption of ATP production in bacterial cells when
targeted as the main mechanism of action, not secondary
to other cell perturbation mechanisms, carries the
potential to confer activity against both Gram-positive
and Gram-negative pathogens. Being a novel target, the
potential for resistance is presumably low at present.
Only one product, RECCE 327, is currently in clinical
development (Phase 1). It is claimed to have broad-
spectrum activity against MDR strains of Gram-positive
and Gram-negative bacteria. However, no peer-reviewed
data are yet available.

3.1.8 Antibiotic hybrids

Antibiotic hybrids have been researched in the last few
decades, with a focus on antibiotics conjugated to a range
of functional moieties to create dual-acting agents. The
building of the heterodimer is aimed at achieving higher
efficacy of the constituent pharmacophores by improved
on-site targeting, halted bacterial efflux, and protection
from enzymatic degradation with concomitant reduced
toxicity (71).

One conjugate, TNP-2092, a rifamycin-quinolizinone
hybrid, is currently in Phase 2 development for ABSSSI.

It received orphan drug designation for PJI. TNP-2092 is
able to overcome fluoroquinolone efflux pumps, which
may be explained by steric interference from the rifamycin
pharmacophore (72).
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3.1.9 Noteworthy compounds in development that do
not meet inclusion criteria

This analysis mostly focuses on new antibacterial
treatments. It does not include already authorized
compounds that are being repurposed, pharmaceutically
optimized (e.g., new formulation, route of administration)
or studied for new indications.

However, improvement of existing agents, including novel
combinations of existing agents, as well as new paediatric
or oral formulations, agents with improved safety features
and reduced drug-drug interactions can have significant
clinical utility in managing patients with serious bacterial
infections due to Gram-negative bacteria, including MBL-
producing MDR pathogens for which treatment options
are limited or nonexistent. Thus, this section describes
development projects that do not meet the inclusion
criteria (see section 7 on methods) yet were identified by
the analysis as noteworthy and with potential impact on
clinical practice.

Aztreonam + avibactam. Aztreonam and avibactam were
first approved by the FDA in 1986 and 2015, respectively.
The aztreonam (monobactam-type 3-lactam) and
avibactam (DBO-type BLI inhibitor) combination (ATM-
AVl) was evaluated in two Phase 3 trials (NCT03329092,
NCT03580044) to treat serious infection due to MBL-
producing Gram-negative bacteria in BSI, cUTI, clAl, HABP
and VABP (73,74,75).

Topline results published online showed in the REVISIT
study (NCT03329092), comparing ATM-AVI + metronidazole
with meropenem + colistin, that clinical cure rates in

the intent-to-treat (ITT) population were 76.4% (95% Cl:
70.3-81.8) vs 74.0% (95% Cl: 65.0-81.7) for HABP/VABP,
respectively, and 41.7% (95% Cl: 26.7-57.9) vs 45.9% (95%
Cl: 34.9-57.3) among patients with clAl, respectively.

These findings were further supported by results from the
ASSEMBLE study (NCT03580044), which included 15 adult
patients and compared aztreonam-avibactam to the best-
available therapy. At the test-of-cure (TOC) visit, 41.7%
(5/12) patients with infections due to confirmed MBL-
producing Gram-negative bacteria were cured compared
with none (0/3) of the patients on best-available therapy.
The treatment emergent adverse events (TEAES) of the
ATM-AVI arm were in line with those of those reported

for aztreonam alone. No patient treated with ATM-AVI
experienced a treatment-related serious adverse event.

BV100. BV100 is an iv formulation of rifabutin (RIF) being
developed to treat hospital infections caused by CRAB.
Rifabutin is a semi-synthetic rifamycin that was first
approved in 1992 by the FDA as an oral formulation for
treatment of disseminated Mycobacterium avium complex
disease in patients with advanced HIV infection. The
BV100 safety and pharmacokinetic profile were studied
in three Phase 1 trials (NCT04636983, NCT05086107,
NCT05087069) (76,77,78). In 2023 a multicentre Phase

2 study (NCT05685615) started to investigate the PK,
efficacy and safety of iv BV100 combined with PMB

in VABP patients with suspected or confirmed CRAB
infection.

The recently elucidated MoA shows active and selective
uptake of RIF by the siderophore receptor FhuE into

the Gram-negative bacterial species, such as CRAB,
overcoming common rifampicin resistance mechanisms
and leading to high intracellular concentrations.

In preclinical studies, RIF showed in vitro activity on

the 293 CRAB clinical isolates tested, with a MIC50/90 of
0.008/1 mg/L, and was more potent in vitro with respect to
all other antibiotics tested, including colistin, tigecycline
and cefiderocol (MIC90 of 8 mg/L). Rifabutin remained
active on resistant subpopulations, including strains
resistant to the siderophore-cephalosporin cefiderocol
(MIC90 of 2 mg/L, n = 23). Rifabutin concentrations of

2 mg/L are required; therefore, an iv formulation is likely
required (79).

Tebipenem pivoxil hydrobromide (TBP-PI-HBr).
Tebipenem pivoxil has been approved since 2009 in Japan,
where it has been used for the treatment of ear, nose and
throat infections, otitis media and bacterial pneumonia.
The active ingredient is tebipenem, a carbapenem, and

it has been modified (esterified) as an oral prodrug to
provide oral bioavailability of 60%. The oral formulation
may allow an early switch from iv administration during
treatment in stable patients, opening the option of early
discharge from the hospital or outpatient therapy. A
Phase 3 trial (NCT03788967), which was completed in May
2020, showed TBP-PI was non-inferior to iv ertapenem

in treatment of hospitalized adult patients with cUTI or
AP (80). TBP-PI targets uropathogenic Enterobacterales,
including ESBL-producing and fluoroquinolone-resistant
strains, but not carbapenem-resistant strains, with
activity similar to other carbapenemes. It is not active
against A. baumannii or P. aeruginosa.

Ceftibuten + avibactam tomilopil (CTB + AVP) PF-
07612577 is a combination of a -lactam (cephalosporin)
+ DBO-BLI. Avibactam tomilopil is the orally available
prodrug of the DBO-BLI avibactam. In vitro studies have
shown that CTB + AVP is active against a large collection
of contemporary Enterobacterales spp. isolated from
patients with cUTI (81). CTB + AVP demonstrated increased
activity against ESBL-producing, KPC-producing,
chromosomal AmpC-positive, OXA-48-like-producing and
acquired AmpC-producing isolates compared to cefibuten
alone (82). CTB + AVP is currently being developed for

oral treatment of cUTI, including pyelonephritis caused
by resistant Enterobacterales. Recruiting is currently
underway for a Phase 1 trial (83,84).


https://clinicaltrials.gov/study/NCT03329092
https://clinicaltrials.gov/study/NCT03580044
https://clinicaltrials.gov/study/NCT03329092
https://clinicaltrials.gov/study/NCT03580044
https://clinicaltrials.gov/study/NCT04636983?intr=%09BV100&rank=2
https://clinicaltrials.gov/study/NCT05086107?intr=%09BV100&rank=4
https://clinicaltrials.gov/study/NCT05087069?intr=%09BV100&rank=3
https://clinicaltrials.gov/study/NCT05685615?intr=%09BV100&rank=5
https://clinicaltrials.gov/study/NCT03788967?intr=Tebipenem%20pivoxil%20hydrobromide&rank=10
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3.2 Agentsin development for treating drug-
resistant TB

The vast majority of human TB is caused by

M. tuberculosis. An estimated 10.6 million

(95% Ul: 9.9-11 million) people fellill with TB in 2021, an
increase of 4.5% from 2020. Among them, an estimated
450 000 people fellill with multidrug- or rifampicin-
resistant TB. In 2021, an estimated 1.6 million deaths
were due to TB among HIV-negative and -positive people
(85). Member States assembled at the United Nations on
22 September 2023 and adopted a political declaration
reaffirming their commitment to end TB by 2030. They
also asked for innovative and more effective solutions,
including vaccines, to address all forms of TB, including
drug-resistant TB (86). For deeper insights on TB burden,
along with recommended combination regimens, please
consult the WHO TB Programme research and innovation
website (87).

Between 1 November 2021 and 31 December 2023, one
new traditional agent for the treatment of M. tuberculosis
entered Phase 1. TBD09 (MK7762) belongs to the
oxazolidinone class and was discovered by Merck as part
of the TB Drug Accelerator (88).

Three new TB drug entries are in Phase 2:

- Alpibectir BVL-GSK098 + ethionamide acts
on bacterial transcriptional regulators via a new
mechanism, stimulating novel bioactivation pathways
for ethionamide and resulting in a potential increase of
ethionamide efficacy, while simultaneously overcoming
resistance to the drug.

- Dovramilast (CC-11050, AMR-634) is a selective
inhibitor of the enzyme PDE4 that downregulates
tumour necrosis a (TNF-a) and interleukin 10 (IL-10)
production in macrophages, reducing excessive
pathological activation of the immune system by
M. tuberculosis. The compound recently completed
Phase 2a clinical trials for TB (NCT02968927) and stage 1
of a two-stage trial for non-TB mycobacteria (NTM).

- Sanfetrinem cilexetil is an oral B-lactam (first-in-class
tricyclic carbapenem) developed in the 1990s whose
development was stopped prior to Phase 3, primarily
based on commercial considerations. It is now being
repurposed for treatment of drug-sensitive and drug-
resistant TB.
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Additionally, two TB drugs were captured in Phase 2/3
and 3, respectively:

+ SQ109 targets the mycolic acid transporter MmpL3 in
M. tuberculosis. It completed three Phase 1 studies in
the USA and two Phase 2 studies in drug-sensitive TB
patients in Africa, in addition to a Phase 2b-3 study in
Russia.

- Sudapyridine (WX-081) is a novel diarylpyridine which
showed an improved PK and safety profile compared to
bedaquiline. Currently patients are being enrolled in a
Phase 3 study in Beijing, China.

In addition to the agents referenced above, there are also:

- four TB drugs under development that target DrpE1,;
+ one leucyl-tRNA synthetase (LeuRs) inhibitor;

+ three oxazolidinones;

+ oneriminophenazine (a clofazimine analogue);

- two diarylquinolines;

- one adenylyl cyclase Rv1625c agonist; and

+ animidazopyridine amide.

Overall, 19 agents are being developed against drug-
resistant M. tuberculosis (Table 4). Of these 19 agents, six
meet the innovation criterion of absence of known cross-
resistance. Almost half of these (n =9) belong to a new
class, and eight have a new MoA and intended target.

Of the 19 agents being developed against M. tuberculosis,
more than half (11/19) meet at least one innovation
criterium; six meet the innovation criterium “no cross-
resistance”; nine represent a new chemical class; and
eight have a new target and a new MoA. In the last decade
the pipeline of TB medicines has advanced significantly,
and several agents are promising candidates for potential
new treatment strategies.


https://classic.clinicaltrials.gov/ct2/show/NCT02968927
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Table 4. Antibacterial agents for the treatment of mycobacteria TB in clinical development

Name (synonym)

Phase

Antibiotic class

Route of
administration

Developer

Innovation

Mycobacterial ATP

idi WX-081 P h hai Ji Bi h - -
Sudapyridine (WX-081) 3 synthase inhibition 0 Shanghai Jiatan Biotec
- University of Munich / Hans
B h DprEl
BTZ-043 2 . er?z<.)t e (D) PO Knoll Institute, Jena / German v v
inhibitor) .
Center for Infection Research
Delpazolid (RMW2001, - LegoChem Biosciences / Haihe
LCB01-0371) 2 Oxazolidinone PO Biopharma i )
Ganfeborole, Oxaborole (LeuRs
2 PO GSK
GSK3036656 (GSK070) inhibitor) v v
Sutezolid (PF-2341272, o TB Alliance / Sequella / Gates
2 [0} lid PO - -
PNU-100480) xazolidinone MRI / Aurum Institute
Azaindole (DprE1 TB Alliance / Gates MRI /
TBA-7371 2 . P PO Foundation for Neglected N4 N4
inhibitor) .
Diseases Research
Telacebec (Q203) 2 Imidazopyridine amide PO Qurient / Infectex / TB Alliance v v
Quabodepistat 3,4-Dihydrocarbostyril
2 P k MRI
(OPC-167832) (DprE1 inhibitor) 0 ST (RIS Vo
Diarylquinoline .
TBAJ-876 2 L PO TB Alliance - -
(bedaquiline analogue)
Institute of Materia Medica /
Pyrifazimine (TBI-166)° 2 R|m|n9phenazme PO B Allla.nce/('lhlnese Acafiemy i .
(clofazimine analogue) of Medical Sciences / Peking
Union Medical College
Amido piperidine
Alpibectir (BVL-GSK098) (inactivation of TetR- .
. . 2 . PO BioV GSK v -
+ethionamide like repressor EthR2) foversys /
spiroisoxazoline
Dovramilast (CC-11050, 5 PDE4 inhibitor (host PO Medicines Development for v )
AMR 634) immune response) Global Health
SQ109 2 Ethylenediamine PO Sequella - N4
Sanfetrinem cilexetil 2 Tricyclic B-lactam PO GSK / Gates MRI - -
TBI-223 1 Oxazolidinone PO 8 Alll.ance /_Instltute of - -
Materia Medica
Ad Iyl [ GSK/TBD Accelerat
GSK2556286 (GSK286) 1 enylylcyciase PO /T8 Drug Accelerator / N

Rv1625c agonist

Gates MRI
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Table 4 (continued). Antibacterial agents for the treatment of mycobacteria TB in clinical
development

Innovation

—— Route of
Name (synonym) Phase Antibiotic class administration Developer

Benzothiazinone (DprEl Innovative Medicines for

PO N4 v Vv v

M i PBTZ-169 1 L . .
acozinone ( ) inhibitor) Tuberculosis / Nearmedic Plus

Diarylquinoline

(bedaquiline analogue) UL ) . . )

TBAJ-587 1

TBDO09 (MK7762) 1 Oxazolidinone PO Gates MRI - - - -

Innovation assessment: v criterion fulfilled; ? Inconclusive data; - criterion not fulfilled.

CC: chemical class; DprEl: decaprenylphosphoryl-B-D-ribose 2°-epimerase; LeuRS: leucyl-tRNA synthetase; MOA: new mode of action; NCR: no cross-
resistance; T: new target; TB: tuberculosis.

The lead drug clofazimine is approved to treat leprosy and has been used off-label for TB.

See Annex 15 for drug profiles.

3.3 Non-traditional antibacterials

Development of alternative strategies to direct-acting small molecule antibacterials and 3-lactam/BLI combinations
is drawing increased interest (89).These alternatives are collectively known as non-traditional antibacterials. They
aim to prevent or treat bacterial infections by directly or indirectly inhibiting bacterial growth, inhibiting virulence,
ameliorating antibacterial resistance, boosting the human immune system and positively altering and/or restoring a
healthy microbiome (90).
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This report classifies non-traditional antibacterials
into six categories:

- Antibodies inactivate or neutralize a pathogen, a
virulence factor or a toxin or binders.

- Anti-virulence agents interfere with bacterial
virulence factors but are neither bacteriostatic nor
bactericidal.

- Bacteriophages and phage-derived enzymes
cause direct lysis of a target bacteria by phages
or recombinant enzymes and/or phages that have
been engineered as nanodelivery vehicles.

« Immunomodulating agents augment/stimulate
or suppress host immune responses that modify
the course of infection.

+ Microbiome-modulating agents modify the
microbiome to eliminate or prevent carriage of
resistant or pathogenic bacteria.

- Miscellaneous agents inhibit the production or
activity of virulence factors - toxin production
and virulence factor secretion, impeding bacterial
adhesion to host cells and biofilm formation,
interrupting or inhibiting bacterial communication
and downregulating virulence.

Thirty non-traditional antibacterials against WHO BPPs
are under active clinical development: 13 of these are
bacteriophages and phage-derived enzymes, seven
are antibodies, three are anti-virulence agents, two
are immunomodulating agents, one is a microbiome-
modulating agent and four are miscellaneous agents
(Table 5 and Fig. 11). Of the agents targeting CPPs,
four target E. coli, one is directed against vancomycin-
resistant enterococcus (VRE) and one agent targets
Shigella. Moreover, 36% (n = 11) are against S. aureus
and 30% (n =9) target P. aeruginosa. Seven agents, all
intended for use with antibiotics, have an extended
spectrum of activity against Gram-positive and
Gram-negative organisms.

In addition, nine non-traditional agents target C. difficile
and one agent targets H. pylori infections, bringing the
total number of non-traditional agents under clinical
development to 40.

3.3.1 Non-traditional antibacterials targeting BPPs

Of the 30 non-traditional antibacterials against WHO
BPPs, 13 target WHO critical bacteria (five are against

E. coli, including one against AIEC strains, and one against
E. coli/C. jejuni, and seven are extended-spectrum agents
with activity against Gram-positive and Gram-negative
bacteria, including three against biofilm-producing
pathogens (two monoclonal antibodies and one
engineered cationic antimicrobial peptide). One product
is intended for Shigella, a high priority species in the WHO
BPPL, whereas 21 products target WHO high and medium
priority Gram-negative bacteria (nine target P. aeruginosa,
10 target S. aureus, one is against S. pneumoniae, and one
is directed against VRE).

Only one non-traditional agent, reltecimod (AB103), is
at the NDA/MAA stage, whereas the majority are in early
clinical stages. Some of these agents are designed to be
given with existing therapy and thus face the additional
challenge of needing to be shown to produce a superior
outcome when added to best standard of care (SOC).
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Table 5. Non-traditional antibacterial agents in clinical development

Category

Antibodies

Antiviulence

Trial
registration
code

NCT03816956

NCT05331885

NCT05339802

NCT04763759

NCT05629741

NCT04182490

ISRCTN17978477

NCT03638830

NCT05138822

NCT05274802

Name (synonym) Phase

Tosatoxumab 3
(AR-301)
Suvratoxumab 3
(AR-320)
9MW1411 2
TRL1068

1
(calpurbatug)
CMTX-101 1b/2
LMN-101 2
RESP-X

1
(INFEX702)

Ftortiazinon
(fluorothyazinone) 2
+ cefepime

GSK3882347 1b

ALS-4 1

Antibacterial
class

mAb anti-
S. aureus

mAb anti-
S. aureus
(a-toxin)

mAb anti-
S. aureus
(a-toxin)

mAb biofilm
disruption

mAb biofilm
disruption

mAb-like
recombinant
protein (anti-
filament A)

mADb,
antivirulence
activity

Anti-virulence
(thyazinone
T3SS) +
cephalosporin

Anti-virulence
(type 1 fimbrin
D-mannose-
specific adhesin,
FimH inhibitor)

Anti-virulence
(staphyloxanthin
biosynthesis
inhibition)

Route of
administration

PO

PO

PO

PO

Priority
pathogen(s)

Clinical

Developer
P indication

Aridis
VABP &
Pharmaceuticals aureus
s Freond
Pharmaceuticals p . . S. aureus
. in high-risk
patients
Mabwell
(Shanghai) ABSSSI S. aureus
Bioscience
Gram-positive
Trellis Pl and Gram-
Bioscience negative
pathogens
CABP of Gram-positive
Clarametyx and Gram-
. moderate .
Biosciences . negative
severity
pathogens
Lumen Traveller’s E. coli,
Bioscience diarrhoea C. jejuni
Chronic
P. aeruginosa
Infex lung infection

. P. aeruginosa
in non-CF g

bronchiectasis
patients (NCFB)

Therapeutics

Gamaleya
Research
Institute of  cUTI caused by .
. . . P. aeruginosa
Epidemiology  P. aeruginosa
and
Microbiology
GSK uuTI E. coli
Aptorum Group MRSA ABSSSI S. aureus
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Table 5 (continued). Non-traditional antibacterial agents in clinical development

Category

Bacteriophages and phage-derived enzymes

Trial
registration
code

NCT04160468

NCT03089697
(terminated b),
NCT05329168
(withdrawn c)

NCT05616221

NCT04596319
(SWARM-Pa)

NCT04684641

NCT05010577

NCT05488340

NCT05277350

NCT05177107
(DFO)

NCT05269121
(ACTIVEL)

NCT05269134
(ACTIVE2)

NCT05453578
(WRAIR-PAM-
CF1)

Name (synonym) Phase

Exebacase
1b/2
(CF-301) b/
LSVT-1701,
N-Rephasin 5
(SAL200,
Tonabacase)
2
AP-PA02
1/2
YPT-01 1/2
BX004-A 1/2
LBP-ECO1 2/3
SNIPROO1 1
2b
APT Phagebank 1/2
2
1b/2

Antibacterial
class

Phage endolysin

Phage endolysin

Bacteriophage

Bacteriophage

Bacteriophage

Bacteriophage

CRISPR-Cas3
enhanced phage

CRISPR-Cas3
enhanced phage

Bacteriophage

Bacteriophage

Bacteriophage

Bacteriophage

Route of

administration

intra-articular

inhalation

inhalation

inhalation

Inhalation

irrigation/iv

PO

intra-articular

intra-articular

Clinical

Developer
P indication

ContraFect PJI
Roivant MRSA
Sciences ¢ bacteraemia
Chronic
Armata P. aeruginosa
Pharmaceuticals lunginfection
in non-CF
Chronic
Armata P. aeruginosa
Pharmaceuticals lunginfection
inCF
Chronic

Felix
Biotechnology /
Yale University

P. aeruginosa
lung infection

in CF
Chronic
BiomX P. agrugmgsa
lung infections
inCF
Locus Recurrent uUTI
. caused by MDR
Biosciences .
E. coli
Prevention
of BSlin
SNIPR Biome  patients with
haematologic
malignancy
Adaptive Ph.age DFO
Therapeutics
Adaptive Ph.age Chronic PJI
Therapeutics
A .
CEOT Ph.age Chronic PJI
Therapeutics
hroni
Adaptive Phage ¢ rohlc
. P. aeruginosa
UGS lung infection
WRAIR &

in CF

Priority
pathogen(s)

S. aureus

S. aureus

P. aeruginosa

P. aeruginosa

P. aeruginosa

P. aeruginosa

E. coli

E. coli

S. aureus

Gram-positive

and Gram-
negative
pathogens

Gram-positive

and Gram-
negative
pathogens

P. aeruginosa
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Table 5 (continued). Non-traditional antibacterial agents in clinical development

Tri
. s . Antibacterial Route of Clinical Priority
Category registration Name (synonym) Phase . . . Developer e ae as
code class administration indication  pathogen(s)
Knee/hip
Phages: PP1493 . . . PJI with the
NCT05369104 and PP1815 2 Bacteriophage intra-articular PHAXIAM indication of S. aureus
DAIR and SAT
NCT03808103 EcoActive 1/2a Bacteriophage PO Intralytix Crohn’s disease E. coli, AIEC
NCT05182749 ShigActive 1/2a Bacteriophage PO Intralytix Shigellosis Shigella

VRE colonization
NCT05715619 VRELysin 1/2a  Bacteriophage PO Intralytix and associated VRE
bacteraemia

Bacteriophages and phage-derived
enzymes (continued)

. . A t .
NCT05184764 AP-SA02 1b/2a Bacteriophage iv rma a' Bacteraemia S. aureus
Pharmaceuticals
Synthetic
peptide
antagonist
NCT04995653  Re.tecimod npa  Ofboth iv AtoxBio  |\ecrotizingsoft o o
(AB103) superantigen tissue infection

exotoxins and
the CD28 T-cell

Immune-modulating agents

receptor
) Gram-positive
. . Hospitalized
Rhu-pGSN . BioA . . dG -
NCT03466073 Rhu-pGSN 1b/2a UP. iv ' egls. patients with an rf‘;\m
protein Therapeutics negative
acute CABP
pathogens
3
c
(]
80
L]
.§° Microbiome
s modulator Reduce GvHD Gram-positive
3 . g
3 NCT04995653  SER-155 1b (fe.rme'?ted PO seres ) In patients andGr.am'
£ microbiome, Therapeutics undergoing negative
g commensal HSCT pathogens
2 bacteria)
)
2
=
=
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Table 5 (continued). Non-traditional antibacterial agents in clinical development

Trial
Categor re is:Iraation Name (synonym) Phase GOUL T LU Developer LI Priority

gory gcode ynony class administration P indication  pathogen(s)
Anti-biofilm Chronic
(alginate .

P.
NCT03822455 OligoG (CF-5/20) 2 oligosaccharide, inhalation AlgiPharma lu:e(:ggg:)i P. aeruginosa

G-block gin .
fragment)

Gram-positive
= Anti-biofilm and Gram-
=5 P . . .

NCT0545357 PLGO02 1b/2 P PJI
E CT05453578 G0206 b/ (eCAPS) irrigation eptilogics ) S
8 pathogens
E
K] Broad-spectrum
E . .
anti-toxin Eagle
NCTO0577 4
CT0577600 CAL02 2 liposomal iv Pharmaceuticals CABP S. pneumoniae
(SCABP)
agentand e
nanoparticle
Anti-i
. " |'|ron . . . Aridis P. aeruginosa .
NCT03027609 AR501 (Panaecin) 1/2a (gallium citrate inhalation Pharmaceuticals pneumonia P. aeruginosa
solution)

ABSSSI: acute bacterial skin and skin structure infection; AIEC: adherent-invasive E. coli; BSI: bloodstream infection; CABP: community-acquired bacterial
pneumonia; CF: cystic fibrosis; CRISPR: clustered regularly interspaced short palindromic repeats; cUTI: complicated urinary tract infection; DAIR:
debridement, antibiotics and implant retention; DFO: diabetic foot osteomyelitis; eCAPs: engineered cationic antimicrobial peptides; FimH: type 1 fimbrin
D-mannose-specific adhesin; FPFV: first patient first visit; GvHD: graft vs host disease; HSCT: haematopoietic stem cell transplant; iv: intravenous; mAb:
monoclonal antibody; MDR: multidrug-resistant; MRSA: methicillin-resistant S. aureus; NFCB: non-cystic fibrosis bronchiectasis; PA: P. aeruginosa; PJI:
prosthetic joint infection; PO: per os (oral); Rhu-pGSN: rhu-plasma gelsolin; SAT: suppressive antibiotic therapy; T3SS: type Il secretion system; uUTI:
uncomplicated urinary tract infection; VABP: ventilator-associated bacterial pneumonia; VRE: vancomycin-resistant enterococci.

2 Licensed from AstraZeneca

b Terminated: Enrollment into this study was terminated by the Sponsor prior to completion for strategic reasons.
¢Withdrawn: business decision before FPFV; not related to any safety concerns

dLicensed from iNtRON

¢ Licensed from Combioxin

N
M

7
N

il
)



3. Agentsin clinical development

39

Fig. 11. Non-traditional antibacterials in the clinical pipeline
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Note: Agents with activity against C. difficile, drug-resistant TB and H. pylori are not included in these figures.

3.3.1.1 Antibodies

When potentially harmful or foreign substances (antigens)
such as pathogens or toxic chemicals are detected by the
immune system, antibodies are produced that bind to
the antigen (at the epitope) and facilitate their removal.
Monoclonal antibodies are excreted as homogeneous
groups of antibodies by a single clone of plasma B cells
and interact with one specific epitope on the antigen.

In contrast, polyclonal antibodies are a heterogeneous
group produced by different clones of plasma B cells that
interact with multiple epitopes of the antigen.

Due to multiple factors, including their homogeneity,
selectivity and lower potential for cross-reactivity,
monoclonal antibodies have emerged as an important
treatment modality for several therapeutic areas in recent
years. These areas include oncology, multiple sclerosis,
systemic lupus erythematous, respiratory syncytial virus
and, most recently, COVID-19. In addition, monoclonal
antibodies are receiving increasing attention for treatment
of bacterial infections (91).

Historically, antibodies have been used as antitoxins
(toxin-neutralizing antibodies), as they are able to bind
directly to a toxin, either causing its removal or blocking
its active site. The diphtheria antitoxins discovered in 1891
provide an example. Only recently have antibodies been
studied against bacteria themselves. Antibody therapies
can target numerous bacterial epitopes and virulence
factors, including surface proteins, bacterial toxins and
polysaccharides. However, development challenges
remain, including identifying optimal bacterial targets and
clinical trial design (92).

Currently, seven antibodies are in clinical development
against BPP (Table 5), with five targeting selected
bacteria, albeit with different mechanisms and antibody
compositions. Three of these are being developed against
S. aureus (tosatoxumab (AR-301), suvratoxumab (AR-302)

and 9MW1411, one against P. aeruginosa (RESP-X), one
against C. jejuni and E. coli (LMN-101) and two (CMTX-101
and TRL1068) against the biofilms caused by various
Gram-positive and Gram-negative bacteria.

3.3.1.2 Anti-virulence agents

Virulence factors enable bacterial colonization,
immunoevasion and immunosuppression. They also play
arole in obtaining nutriments and in damaging host cells.
Anti-virulence agents interfere with adhesins, toxins and
bacterial communication and, as a result, block bacterial
pathogenicity (93).

Three non-traditional anti-virulence agents are in the
clinical pipeline: ftortiazinon, a bacterial type Ill secretion
system (T3SS) inhibitor; GSK3882347, an adhesion protein
inhibitor, and ALS-4 (target undisclosed).

3.3.1.3 Bacteriophages and phage-derived enzymes

Bacteriophages (also known as phages) are viruses that
infect and replicate in bacteria. Since their discovery in
1915, phages have been used to treat infections in the
former Soviet Union, France and central Europe (94). In
recent years, evaluating phages as new antibacterial
agents has attracted renewed interest, including in the
food animal industry. One option is to use the enzymes
produced by phages, called lysins, which degrade
bacterial cell walls. Another option is to use phages (or
combinations of phages) selected from phage banks as
specific therapy to treat specific individual patients with
drug-resistant bacterial infections. A third option is to
employ predefined phage cocktails selected to overcome
the specificity of single phages and to sufficiently broaden
the host range to allow empirical use. Some developers
are also exploring synthetic biology techniques to
engineer phages with more potent and broader activity
spectra as vehicles to deliver lysins and bactericidal
payloads.
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In this review, only bacteriophage and phage-based
therapeutics in clinical trials have been considered; a
total of 13 phage cocktails were used under an Emergency
Investigational New Drug application. Expanded access/
compassionate use, national magistral frameworks (95) or
the equivalent are notincluded in the present analysis.

3.3.1.4 Immunomodulating agents

The human immune system is highly effective at
identifying and eliminating pathogens from the body.
However, it can become overwhelmed or blocked,
resulting in severe infection caused by bacteria, fungi,
viruses or parasites. Host-directed immunomodulatory
therapies seek to enhance protective immunity while
minimizing tissue damage. Two non-traditional agents,
reltecimod (AB103) and Rhu-pGSN (rhu-plasma gelsolin),
are currently undergoing clinical trials to evaluate their
immunomodulating effects.

3.3.1.5 Microbiome-modulating agents

Antibacterial agents have the potential to alter the
delicate balance of the human microbiome, a critical
component in maintaining human overall health by aiding
in digestion, immune function and protection against
harmful pathogens like C. difficile. Additionally, the use of
these agents can create selective pressure on bacteria,
leading to survival and proliferation of resistant bacterial
pathogens (96,97). As of the last WHO report in 2021,
three microbiome-modulating products for the treatment
of recurrent CDI had received marketing authorization
(SER-109, BB128 and RBX2660).

Currently nine microbiome-modulating agents are in
clinical trials. Eight of these agents are live biotherapeutic
products under investigation to treat CDI or H. pylori and
are described in section 3.4.1 - VE303, RBX-7455, NTCM-M3
(VP20621), MET-2, ADS024 (formerly ART24) and MBK-01 -
oneis an antibiotic inactivator (SYN-004), and SVT-1C469
targets H. pylori. An additional agent, SER-155, is aimed at
reducing breakthrough bacteraemia in certain high-risk
populations, such as haematopoietic stem-cell transplant
(HSCT) patients.

3.3.1.6 Miscellaneous

Four antibacterial non-traditional agents in the pipeline
fall under the miscellaneous category. Two inhibit
biofilm formation: OligoG, an alginate oligosaccharide
fragment derived from seaweed being investigated in
the treatment of P. aeruginosa lung infection in patients
with CF, and PLG0206, an engineered cationic antibiotic
peptide as adjunct treatment for PJI after total knee
arthroplasty (TKA).

CALO2 is a mixture of liposomes that binds and neutralizes
bacterial toxins, to be used in association with antibiotics.
This MoA confers to CAL02 a potential broad spectrum of
activity. Itis currently being investigated in severe CABP in
a Phase 2 trial.

AR-501 is an inhalable form of gallium citrate which acts
as an iron analogue to starve bacteria of iron. The agent is
currently under investigation for bacterial lung infection in
patients with CF.

3.4 Agentsin development for treating CDI
and H. pylori

Infection with C. difficile can cause serious bacterial
infections, such as severe enterocolitis and life-
threatening damage to the colon, that are a serious public
health threat. CDI is primarily managed by prevention,
control and antimicrobial stewardship activities. CDI

is associated with antibiotic use and mostly affects

frail patients orimmune-compromised patients. CDI
infection is the most prevalent health-care-associated
infection (98).

Candidates in development are included in this report for
completeness, as extensive of antimicrobials is linked to
CDI, and rising resistance is a cause for concern (99).

H. pyloriis a common bacterium that infects the stomach,
potentially leading to inflammation and peptic ulcers

in the upper digestive tract. It weakens the stomach
lining by producing urease, an enzyme which neutralizes
stomach acids, making the stomach more susceptible to
damage from digestive fluids. Additionally, the bacteria
can adhere to stomach cells, causing inflammation.
Although many people carry H. pylori without symptoms,
itis a primary cause of ulcers. Moreover, its mechanism
forincreasing stomach acid production remains not fully
understood. Although H. pyloriis no longer included in
the WHO BPPL, H. pylori strains resistant to antimicrobials
are evolving. Eradication of the bacterium is becoming
more and more complex, involving an increasing number
of antimicrobials, with reduced therapeutic compliance
and a higher rate of treatment-related adverse events. In
the attempt to drive developer attention regarding this
issue, drugs under development against H. pylori are also
included in this report.

3.4.1 Agentsindevelopment against CDI

3.4.1.1 Traditional agents against CDI

Five traditional antibacterials for the treatment of CDI

are currently in clinical development, one in Phase 3 and
fourin Phase 2. Four of these five agents against CDI are
considered innovative, with two agents - ridinilazole

and CRS3123 - addressing all four innovation criteria.
However, the Ri-CoDIFy Phase 3 trial of ridinilazole did not
meet its primary end-point. In addition, the ongoing trial
in the paediatric population was terminated in alignment
with a corporate decision to pursue further development
of the drug candidate with a partner.
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Table 6. Traditional antibacterials in clinical development for the treatment of C. difficile
and H. pylori

Innovation

Route of

Name (synonym) Phase Antibiotic class administration Developer Pathogen

Ridinilazole 32 Bis-benzimidazole il ot Summit. C. difficile v v v N4
absorbed Therapeutics

CRS3123 2 Diaryldiamine oral Crestone/NIAID C. difficile v v v N4

:Jx;\cll:si;gn MCB-3837) 2 2;( ? nZ;)llci)TQ ﬁ;;—'id v Deinove Gllifial I ) ) )

s I e s G T

MGB-BP-3 o BEMEE el e MGBBiopharma  C.difficile ? v «

minor groove binder) absorbed

: , Rifamycin-

Rifasutenizol 3 n;t?::ri(i::jnazole oral TenNor H. pylori -

(TNP-2198) ) Therapeutics R
conjugate

Innovation assessment: v criterion fulfilled; ? Inconclusive data; - criterion not fulfilled.

CC: chemical class; CDlIs: C. difficile infections; iv: intravenous; MoA: new mode of action; NCR: no cross-resistance; NIAID: National Institute of Allergy and
Infectious Diseases; T: new target.

2 following negative results from the phase 3 study, the ongoing study in adolescent study was terminated in alignment with corporate decision to pursue
further development of drug candidate with a partner.
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3.4.1.2 Non-traditional agents against CDI

Nine non-traditional antibacterials are being developed against CDI (Table 7).

Table 7. Non-traditional antibacterials in clinical development for the treatment of C. difficile
and H. pylori

Name Antibacterial Route of Clinical

D Path
(synonym) class administration GTALT L indication athogen

Category Trialregistration code

" Chicken egg-
'% derived
§ NCT04121169 IM-01 2 anti-C. difficile PO ImmuniMed CDI C. difficile
;E polyclonal
antibody
Live .
. . H. pylori .
ACTRN12620000923965  SVT-1C469 1 biotherapeutic PO Servatus . H. pylori
product gastritis
Live Vedanta
NCT03788434 VE303 2 biotherapeutic PO Biosciences rCDI C. difficile
product
Live
" NCT02865616 MET-2 1 biotherapeutic PO NuBiyota/Takeda rCDI C. difficile
T product
(]
)
& Live Ferring
.E NCT02981316 RBX7455 1 biotherapeutic PO Pharmaceuticals rCDI C. difficile
% product (Rebiotix)
©
CE’ Prevention
] YN-004 Antibioti fCDIi
£  NCT04692181 >YN-00 o Antibiotic PO Theriva Biologics® " 21" ¢ difficile
° (ribaxamase) inactivator allogeneic
= HCST
b
s ADS024 Live Adiso
NCT04891965 (formerly 1 biotherapeutic PO Therapeutics® rCDI C. difficile
ART24) product P
Live Mikrobiomik
Not yet registered MBK-01 3 biotherapeutic PO Healthcare rCDI C. difficile
product Company
NTCM-M3 L|.ve . Destiny -
NCT01259726 (VP20621) 2 biotherapeutic PO Pharma, Sebela rCDI C. difficile
product Pharmaceuticals

w
T g
s 2
w
@ S Phage endolysin
c O .

and three toxin-

S5 NCT05330182 LMN-201 g3 2Nt X! PO Lumen Bioscience ~ rCDI  C. difficile
K~ binding proteins
s% (5D, E3and 7F)
)
o 8

[~}

CDI: C. difficile infection; HCST: haematopoietic cell transplant; PO: per os (oral); rCDI: recurrent CDI.
2Formerly Synthetic Biologics

® Formerly Artugen Therapeutics and Bacainn Therapeutics
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3.4.2 Agentsin development against H. pylori

Currently one traditional and one non-traditional agent
are under clinical investigation for H. pylori infection. The
traditional agent, rifasutenizol (TNP-2198), a rifamycin-
nitroimidazole conjugate, is currently in Phase 3. It does
not address any of the WHO innovation criteria, but it is
the first traditional product developed specifically for

H. pyloriinfection (Table 6).

The non-traditional agent SVT-1C469 is a mix of bacterial
strains claimed to inhibit growth of H. pylori and modulate
immune and inflammatory responses (Table 7).
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3.5 Agents not under active development or
for which there is no recent information

In the antibacterial field it is not uncommon for companies
to suspend product development for several years, in

the hope that they may find the necessary financing to
continue development at a later stage or that the product
may be bought by another company. In addition, some
developmental programmes were substantially curtailed
by the COVID-19 outbreak.

Some of these compounds are still listed in the (online)
clinical development pipelines of the sponsoring
developers, but typically do not move through the clinical
development pathway. If such products do not show any
activity for at least 3 years, they are listed in Table 8 as
agents that are not under active development. Agents
that were discontinued/terminated on or after 2017 are
also listed in Table 8.

Three antibacterial agents have been added to this
table since the last review: two agents against C. difficile
(DAV132 and CP101) and one monoclonal antibody

- AR101 (Aerumab, KPBA-101) - for the P. aeruginosa
lipopolysaccharide serotype O11 (Table 8).

72N
\Q/
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Table 8. Agents not under active development by year of activity last reported

Year activity last

Name (synonym) Phase Antibiotic class Pathogen activity Developer e
GSK-3342830 y  Siderophore- Gram-negative GSK 2017
cephalosporin
AIC-499 + . L
- 4L -
unknown BLI 1 B-Lactam + BLI Gram-negative AiCuris 2017
DS-2969 p Newclass(GyrB e re Daiichi Sankyo 2017
inhibitor)
514G3 Anti-S. aureus IgG .
1/2 . X h 2017
L TaE | / mAb S. aureus biotec 0
Polymyxin Spero
-741 +
;Pl:c-::::n 1 (potentiator) + Gram-negative Therapeutics / 2018
B-lactam Everest Medicines
Cefilavancin (TD- Glycopeptldg- R-Pharm /
3 cephalosporin S. aureus Theravance 2018
1792, RD-1792) . .
hybrid Biopharma
Ramoplanin 2 Lipodepsipeptide C. difficile Nanotherapeutics 2018
Ancremonam Boston
(BOS-228, LYS- 2 Monobactam CRE . 2018
Pharmaceuticals
228)
Cadazolid 3 Ox'azohdmone-' C. difficile Actellon. 2019
quinolone hybrid Pharmaceuticals
Recida
New class (LpxC . Therapeutics /
RC-01 (T 1228) 1 inhibitor) Gram-negative =il oy 2019
Chemical
GT-1 1 Slderophore.- Gram-negative Geom . 2019
cephalosporin Therapeutics
MK-3866 1 BL Gram-negative Merck Sharp & 2019
Dohme
Anti-P. geruginosa Pharrr/;\z:cheIZticals
AR-105 (Aerucin) 2 fully human IgG1 P. aeruginosa . 2019
(Serum Institute of
mAb .
India)
BCM-0184 1 Und|§closed (likely S aureus Bloudlum 2019
peptide) Pharmaceuticals
Iclaprim 3 DHFR inhibitor S. aureus Motif Bio 2020
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Table 8 (continued). Agents not under active development by year of activity last reported

Year activity last

Name (synonym) Phase Antibiotic class Pathogen activity Developer e
MEDI-3902 Anti-P. aeruginosa AstraZeneca
(gremubamab) 2 IgG mAb SHEILE (MedImmune) 2020
OPS-2071 2 Quinolone C. difficile Otsuka 2020
AR-101 (Aerumab P. aeruginosa LPS ALelS
KPBA-101) ’ 2 mAb s'erot ge Gl Pharmaceuticals / 2020
yp Kenta Biotech
Anti-S. aureus IgG
DSTA4637S 1 mAb / rifamycin S. aureus Genentech (Roche) 2021
conjugate
KB109 N/A  Syntheticglycan  Crom-positiveand Kaleido 2021
Gram- negative Biosciences
KB109 N/A  Syntheticglycan ~ Cram-positiveand Kaleido 2021
Gram- negative Biosciences
La Jolla
S, aureus and Pharmaceutical
TP-271 1 Tetracycline ’ ) Company 2021
S. pneumoniae
(Tetraphase
Pharmaceuticals)
La Jolla
Pharmaceutical
TP-6076 1 Tetracycline A. baumannii Company 2021
(Tetraphase
Pharmaceuticals)
Antibiotic
inactivator
DAV132° 2 and protective C. difficile Da Volterra 2022
colon-targeted
adsorbent
Live
CpP1o01° 2 biotherapeutic C. difficile Finch Therapeutics 2023
product
Bacteriophage® 3 Phage Gram-positiveand  Tashkent Pediatric 2023

Gram-negative

Medical Institute

BLI: B-lactamase inhibitor; CRE: carbapenem-resistant Enterobacterales; DHFR: dihydrofolate reductase inhibitor; GyrB: DNA gyrase subunit B; 1gG:
immunoglobulin G; LPS: lipopolysaccharide; mAb: monoclonal antibody; MoA: mode of action; N/A: not applicable.

Underlined: New chemical class.

2These antibacterials were previously listed as “in development” in the 2021 WHO pipeline report.
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4. Agents in preclinical

development

The first WHO analysis of antibacterial agents
against priority pathogens in preclinical
development was published in 2019 to guide
the R&D of new antibacterial agents. Since
2019, WHO has continued to review the
preclinical pipeline on an annual basis to
identify how the early-stage R&D ecosystem
is responding to the priority pathogens list.
This snapshot review of the preclinical pipeline identifies
promising innovative products that may move forward
to the clinical pipeline and eventually to market. While it

is more difficult to fully analyse the preclinical pipeline,
as not all programmes are disclosed and there is far

greater turnover in the programmes due to both scientific

progress and available resources, the snapshot helps
identify trends in the broader antibacterial
R&D ecosystem.

4.1 Preclinical pipeline overview

The total number of preclinical programmes and unique
groups developing the products across the four pipeline
analyses performed since 2019 has been very similar.

Overall, 244 preclinical projects are affiliated with 141
institutions, which is consistent with the three previous
preclinical pipeline reviews performed since 2019 (Fig. 12).
The 2023 preclinical pipeline analysis show a wide
geographical distribution of developers across all six WHO
regions (Fig. 13A) originating from 29 different countries
(Fig. 13B). Most data in the 2023 survey were collected
from groups in the European Region (n =73, 51.8%) and
the Region of the Americas (n =50, 35.5%).

Fig. 12. Total number of preclinical programmes and unique groups developing the products
across the four pipeline analyses performed since 2019
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Fig. 13. Geographical distribution of the 141 institutions with preclinical pipeline projects
across the 2019-2023 analysis shown by WHO geographical regions (panel A) or by country
(panel B)
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The 141 institutions were classified either as academic
universities, companies or foundations. Most institutions
in the 2023 analysis are commercial companies (n =112,
79.4%), followed by academic institutions (n =25, 17.7%)
and foundations (n =4, 2.8%). The dominance of
commercial companies performing antimicrobial product
development has remained stable over four consecutive
years of analysis (Fig. 14). The 112 commercial institutions
were further analysed by company size as well as whether
they are publicly traded or privately owned. Most of the
companies are privately owned (n =95, 84.8%), and a

49

significant proportion (n =97, 86.7%) of all companies
contain <50 employees, with over half (n =62, 55.4%)
having < 10 employees (Fig. 15). This trend confirms

what has been observed in prior years, which is that a
significant majority of the preclinical pipeline developers
are very small, privately funded organizations. This is also
indicative of the number of large pharmaceuticals firms
that have exited the antibacterial discovery area. A certain
bias can also be expected, since large pharmaceutical
companies remaining active in the area did not disclose
their preclinical pipeline.

Fig. 14. Categorization of groups with preclinical pipeline projects by type
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Fig. 15. Categorization of companies with preclinical pipeline projects by ownership and size
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It should be noted, however, that 32 of the 121 developers
(26.5%) included in the 2021 analysis were lost in the
2023 pipeline review, as the presence of the programme
could not be verified. This high level of turnover in groups
developing antimicrobial products continues to highlight
the fragility of the overall ecosystem.

Micro < 11 employees Small=11-50 employees
Medium =51-500 employees Large>501 employees

4.2 Categorization of preclinical agents

A large variety of different agents characterize preclinical
development. The majority of the programmes are
traditional agents, mostly represented by direct-acting
small molecules) (n =115, 47.1%), followed by a large
number of direct-acting peptide programmes (n =33,
13.5%) (Table 9).

Overall, there are 93 non-traditional products,
representing 38.1% of the preclinical pipeline. The largest
contributing groups are bacteriophage programmes
(n=29,11.9%) and indirect-acting small molecules
(n=23,9.4%) (Table 9).



4. Agentsin preclinical development

51

Table 9. Distribution of preclinical programmes by antibacterial agent category

Product type

Small molecule - direct acting

Small molecule - indirect acting®

Peptide - direct acting

Peptide - indirect acting?

Large molecule - direct acting?

Large molecule - indirect acting®
Bacteriophage / bacteriophage products®
Biologic (antibody or other biotherapeutic)?
Nucleic acid-based product?
Immunomodulators?
Microbiome-modifying agents?
Decolonization agents

Total

2Non-traditional agents.

Atotal of 196 (80.3%) programmes are being developed
as single agents, along with 39 (16%) whose development
includes a combination agent. Only nine programmes
are developing a novel combination with an unapproved
partner agent.

For comparison, the relative percentages of the preclinical
pipeline from 2020, 2021 and 2023 that belonged to
these different categories (modalities) have been
assessed. However, as the programme categorization
was performed differently in 2019 - i.e., it also included
vaccines that now are captured by a dedicated WHO
review (100) - those data are not included in the present
review (Fig. 16). The relative stability of the pipeline
composition with respect to the different modalities,
despite the turnover of developers and programmes, is
apparent. It does appear that the large number of non-

2023 Number 2023 %
115 47.1
23 9.4
33 13.5

1 0.4
17 7.0
3 1.2
29 11.9
7 2.9
1 0.4
9 3.7
3 1.2
3 1.2
244 100.0

traditional agents that were first observed using this
categorization in 2020 has stabilized. Between 40% and
50% of the preclinical pipeline has remained focused on
direct-acting small molecules since 2020 (Fig. 16).

Several analyses were performed to understand the
progression of the preclinical pipeline in 2023, and then
compared with past analyses to understand the dynamics
of the ecosystem. The programmes were grouped by
their self-declared preclinical development stage and
compared with data collected in previous years (Fig. 17).
The relative proportion of programmes in each stage of
development has remained relatively constant over the
3-year period, suggesting that as projects either fail or
progress into clinical development, they are replaced by
new programmes.
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Fig. 16. Categorization of preclinical pipeline projects by biological modality over the last three
pipeline reviews
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Fig. 17. Categorization of programmes by stage of preclinical development across four

consecutive analyses
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IND: Investigational New Drug.

The 2023 analysis captured 62 programmes (25.4%) that
are listed as being in the Investigational New Drug (IND)-
enabling phase of preclinical development, a significantly
larger number than in earlier pipeline reports.

A closer inspection of these programmes revealed that 19
are listed as being at the same stage of development in
2021. However, 24 programmes progressed from earlier
stagesin 2021 to the IND-enabling phase. Also, 19 new
programmes were not captured in the 2021 pipeline
analysis, which explains the significant growth at this later
stage of development. It will be important to monitor
whether this growth will be maintained going forward or
whether it may be due to the time passed since the last
pipeline analysis.

An analysis of the 34 programmes listed in the IND-
enabling stage from 2021 was also performed. In addition
to the 19 programmes that were in the same phase in
2021, six have progressed into clinical studies, eight were
not included in 2023 as the status of the programme could
not be verified, and one programme regressed slightly.

Table 10 shows the 244 products categorized by their
antibacterial MoA against their self-declared preclinical
development stage. Overall, the large number of direct-
acting peptide and bacteriophage programmes resulted
in a significant number (n = 68, 27.9%) of products that
have a direct membrane effect. For 25 (10.2%) products,
no information on the MoA is available (either unknown or
not disclosed) (Table 10).
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MoA category
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Total
number
(%)

Anti-virulence

Cell wall synthesis - BL and/or BLI

Cell wall synthesis - other
Central metabolism

Direct membrane effect
DNA replication / synthesis
Protein synthesis

RNA synthesis
Immunomodulation

Other cellular function
Potentiator or enabling agent
Not disclosed

Unknown

Decolonization

Total

25 (10.2)
7(2.9)
32(13.1)
10 (4.1)
68 (27.9)
16 (6.6)
18 (7.4)
5(2.0)
14 (5.7)
17 (7.0)
6(2.5)
14 (5.7)
11 (4.5)

1(0.4)

244 (100)

16

12

22

0

104

10

30

1

78

10

16

0

62

BL: B-lactam; BLI: B-lactamase inhibitor; CTA: clinical trial application; IND: Investigational New Drug; LO: lead optimization; MoA: mode of action;

PCC: preclinical candidate.

4.3 Antibacterial spectrum of agents in the

preclinical pipeline

Preclinical pipeline results show that a significant

number of products (n =91, 37.1%) are focused against

a single pathogen, which solidifies the trend that a

significant portion of the pipeline is being developed as
more narrow-spectrum therapies rather than broader
spectrum?® agents. One hundred and fifty-three products
are broad-spectrum agents and have claimed activity

against more than one pathogen from the BPPL.

A total of 43 products target one of the WHO CPPs, of
which 26 products are intended against M. tuberculosis.
In the high priority group, a total of 20 programmes are
directed against P. aeruginosa, along with 12 directed
against S. aureus and eight against N. gonorrhoeae

(Table 11).

1 Narrow-spectrum refers to agents that target a single species.
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Table 11. Distribution of species-specific programmes by the WHO BPPL

Species-specific

Organism Total products® TG WHO PPL

A. baumannii 65 6

E. coli® 84 6

K. pneumoniae® 85 5 Critical
Enterobacter spp.? 65 0

M. tuberculosis 43 26

Salmonella spp. 29 0

Shigella spp. 22 0

E. faecium 53 1

High

P. aeruginosa 94 20

Salmonella spp. 29 0

S. aureus 94 12

Group A Streptococci 3 0

S. pneumoniae 52 1

Medium

H. influenzae 17 0

Group B Streptococci 3 0

C. difficile 24 3

Not disclosed 4 N/A

Broad G+/G-¢ 6 0

Gram-negative® 2 0

OMIPd 4 3

Total 91

CR: carbapenem-resistant; G+/G-: Gram-positive/Gram-negative; N/A: not applicable; OMIP: other medically important pathogens; PPL: priority pathogen
list; 3GC: third-generation cephalosporin; WHO: World Health Organization.

2 Note that products with activity against multiple species will be counted against each species.

b Activity against CR and 3GC isolates is not always disclosed, and so species activity is represented.
©Activity against individual bacterial species was not provided.

¢ Other medically important pathogens.

Examination of the 91 narrow-spectrum programmes
indicated that these products against P. aeruginosa were
distributed across most of the different product types
(Table 11) as well as six different MoAs (Table 12).
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Table 12. Distribution of narrow-spectrum programmes by product type and WHO BPPL

Bacterial Pathogen

Critical Medium

5 5
s o o
2 Q. 3 () o o
Mode-of-Action S 2 2 2 8 4 2 3 s & ¢ 3
S s L & v g € ¢ g8 @ = & R = 2
Category S & 8 & S & » 3 £ £ 3 2 o &£ o2 F =
€ @& & © & T ®& S ©» & =& ¢ E ¢ ¢ & =
S o S S 3 o = (7] =1 o S 4+ S =S + = s
S o o S S g [} E o I (o] (%} [} = (%] o o
s ¥ & 5 3 > = L g s < <& & m :
s 5 = £ 5 W S S Y 5 1 < o °©
T < § =3 =3T3
G} G}
Small molecule - 35
. . 2 21 1 4 2 1 2 2
direct acting (38.5)
Small molecule - 14
- . 1 4 2 4
indirect acting (15.4)
Peptlde - direct 4(a.2) 1 3
acting
Large molecule - 6 (6.6) 1 1 2 11
direct acting
Large molecule - 2(2.2) 5
indirect acting )
Bacteriophage/ 29
Bacteriophage 2 5 3 1 6 5
(24.2)
products
Biologic
(Antibody or other 5(5.5) 1 1 2 1
biotherapeutic)
MICF?bI'Ome 1(1.1) 1
modifying agents
Immunomodulators  2(2.2) 1 1

91(100) 6 6 5 0 26 0 0 1 20 8 12 0 1 0 0 3 3

BPPL: bacterial priority pathogen list; CR: carbapenem-resistant; 3GCR: third-generation cephalosporin-resistant; WHO: World Health Organization.

2 Other medically important pathogens.
b Activity against CR and 3GCRisolates is not always disclosed, and so species activity is represented.
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Table 13. Distribution of narrow-spectrum programmes by product type and WHO BPPL

Bacterial Pathogen

Critical Medium

5 S
s o o
= o 3 () o (o]
Mode-of-Action = B & 2 g 4 2 g s & g 8
S s . & » a &€ o g g £ £ R = %
Category S & 8§ & 3 & v 3 £ £ 3 ¢ S £ ¢ T &
g Qo g O o Ko S O (@) = = et S 1<} st &= =
S © S 8§ © ¢ T ¢ 3 o 3 B 3 & B = =
S 4 © 9@ € s g & § £ &S @9 © T Y T o
QO =y o E E = N S o (%) <C < = [an)] 8]
< 3 : S 5 Lu Q > a = E =
< F = 3 = s 5
(G] (G}
Anti-virulence 15 1 1 6 1 4 2
(16.5)
Cell wall synthesis - 0
BL and/or BLI
Cell wall synthesis -
Other 9(9.9) 6 2 1
Central metabolism 5(5.5) 3 1 1
Direct membrane 25
effect (27.5) 2 3 4 18 6 1
DNA icati
rep.llcatlon/ 4(4.4) 1 1 1 1
synthesis
Protein synthesis 3(3.3) 3
RNA synthesis 2(2.2) 2
Immunomodulation 4 (4.4) 2 2
Other cellular 11
function (12.1) 1 6 2 1 1
Poten.tlator or 4(4.4) 5 1 1
Enabling agent
Decolonization 0
Not disclosed 4 (4.4) 1 2 1
Unknown 5(5.5) 3 1 1

91(100) 6 6 5 0 26 0 O 1 20 8 12 0 1 0 o0 3 3

BL: B-lactam; BLI: B-lactamase inhibitor; BPPL: bacterial priority pathogen list; CR: carbapenem-resistant; MoA: mode of action; 3GCR: third-generation
cephalosporin-resistant; WHO: World Health Organization.

20ther medically important pathogens.

b Activity against CR and 3GCRisolates is not always disclosed, and so species activity is represented.
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Fig. 18 shows the results of an analysis of trends in
narrow-spectrum programmes across the four preclinical
pipeline reviews. The percentage of the total number of
programmes has remained relatively stable since 2019,
fluctuating between 37% and 45%. The two dominant
pathogens against which most narrow-spectrum
products are directed have remained the same over the
four pipeline analyses. Products targeting P. aeruginosa
have fluctuated between 18% and 23%, whereas for M.
tuberculosis the range has been significantly wider, with
a high of 43% in 2019 and a low of 21.1% in 2021.

Preclinical development in the context of global AMR
burden

In 2022, the Lancet published a landmark study (101)
(known as the GRAM study) estimating the global
mortality burden either directly attributable to, or
associated with, pathogens resistant to antibacterial
drugs. The data gathered from this analysis of the
preclinical pipeline were evaluated in relation to

the global burden of disease to assess whether the
antibacterial R&D ecosystem was truly addressing global
needs (Fig. 19).

Limitations of this analysis include the fact that several
of the pathogens included in the global burden of
disease study are not listed in the WHO BPPL (Fig. 19).
Consequently, programmes with activity against these

species may not have been submitted by the programme
sponsors to the WHO preclinical data call (see section 7.2
on the preclinical pipeline review methodology). Further,
many developers may not have evaluated activity against
a full panel of bacterial species and, therefore, may not
have reported activity for this analysis. However, two
observations of this analysis are (i) that there are fewer
agents with activity against S. pneumoniae given the
burden of mortality, although this may be impacted by the
large focus on preventative immunization for this species,
and (ii) that there is significant effort in the pipeline to
develop agents (broad and narrow spectrum) against

P. aeruginosa despite its ranking sixth in the burden of
mortality study.

The analysis and assessment of the preclinical pipeline
relies largely on data submitted by the respective
developers through the open WHO data call. Data were
thoroughly cleaned and, where available, other sources
were used for additional information, or the developer
was contacted to clarify or fill gaps in the submission.

In the absence of clinical data as well as detailed data on
the different molecules in development, no independent
assessment was undertaken with respect to the bacterial
targets or the innovativeness of individual projects. This
review should be considered as a snapshot and not a
complete analysis. WHO expects to hold another open
WHO data call for the next preclinical pipeline review and
encourages wide participation.

Fig. 18. Analysis of narrow-spectrum programmes across four consecutive preclinical pipeline

reviews
252
250 245 244
217
200
(%]
(]
€
€
o
‘éﬂ 150
o
—
@]
]
I 100 100 (44.9%) 95
S (39.7%) 0 91
= (43.8%) (37.3%)
50
0
2019 2020 2021 2023

B Total programmes

M Narrow-spectrum programmes



4. Agentsin preclinical development 59

Fig. 19. Analysis of the bacterial spectrum of the total and species-specific programmes from
the 2023 pipeline analysis (panel A) in the same order as the organisms associated with the
largest global mortality burden (panel B)

A Total programmes . - .

Narrow-spectrum programmes
100
94 94
g4 85
80

65 65

60
53 52
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Source: GRAM study (Lancet, 2022) (101).

Note: The order of the pathogens is the same in both panels and the colour-coding is based on the 2024 WHO BPPL category. In panel B: The light bars represent
the number of attributable deaths to AMR, while the darker bars are the number of associated deaths to AMR. One pathogen (N. gonorrhoeae) ranked as “high” by
WHO was notincluded in the GRAM study and therefore is not included in this comparison.
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5. Discussion

5.1 Newly approved agents against BPPs:
progress made, but more is needed to address
critical priority pathogens

5.1.1 Innovation

Antibiotics approved since 2017 show a limited degree
of innovation. Only two of the approved agents are
considered innovative, representing a new chemical
class, while more than 80% of recently approved agents
are derivatives of known classes to which multiple
resistance mechanisms already exist. Having no newly
authorized agents with a new MoA or addressing a new
target underlines the scientific and technical challenge
in discovering novel compounds that are both effective
against bacteria and safe for humans. In the field of
antibacterial R&D, effectively combatting the emergence
of drug resistance stands as a primary challenge. However,
this critical issue remains inadequately addressed by
newly authorized agents. When assessing the absence
of cross-resistance, nearly all compounds exhibit cross-
resistance with other agents, while inconclusive data

are associated with two compounds: vaborbactam in
combination with meropenem, and lefamulin.

5.1.2 Activity assessment

In terms of indications, most authorized antibacterials
are intended to treat cUTI, clAl, CABP/HABP and/or
ABSSSI. Although the 2022 GLASS analysis reported

high levels of resistance in pathogens frequently causing
hospital-associated BSI, few antimicrobial agents in the
pipeline stillinclude BSI as a foreseen indication. Data
on bacteraemia must be provided in the context of the
primary infection under investigation for a candidate
antibacterial agent.

When evaluating the target of antibiotics approved since
2017, a gap is evident in products addressing Gram-
negative bacteria, in particular CRAB and CRPA.

Given that only six products have been
authorized to combat critical bacterial
pathogens that cause drug-resistant
infections with the highest rates of
mortality and morbidity, new products
are urgently needed.

Most (seven out of 13) of the newly approved antibiotics
are classified as Reserve according to the WHO 2023
Access, Watch Reserve (AWaRe) classification (102),

while three are in the Watch group. Contezolid and the
combination sulbactam + durlobactam have not been
evaluated yet but are likely to fall within the Reserve
group, like drugs of their class. This confirms that the
vast majority of newly approved antibacterials will be
considered last-resort antibiotics, to be used only when
previous treatment lines have failed. The tendency of
Reserve antibiotics to prompt development of resistance
through their use emphasizes the pressing need to
establish a continuous reserve of innovative antibacterials
designed to combat WHO priority pathogens. These
should ideally possess the capability to overcome
multiple bacterial resistance mechanisms while enabling
optimal therapy.

5.1.3 The access challenge

When newly authorized products receive their first
marketing authorization, say from the FDA or EMA, they
still face significant access challenges even in the same
geographic area where the product is authorized. From a
recent analysis of a large database of hospitals (619) in the
USA, researchers found that prescribers in settings with
relatively high difficult-to-treat resistant Gram-negative
infections are slow to adopt new therapies that are
accessible to them. This is due, at least in part, to a lack of
available susceptibility testing, poor evidence of efficacy
generalizable to the hospitalized population with resistant
Gram-negative infections, lack of hospital reimbursement
and lack of perceived added benefit of new agents (103).
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At the same time, low- and middle-income countries
face significant challenges in accessing newly registered
reserve antibiotics, according to the 2023 access

to medicines report (104). This is mainly because

new antibiotics are predominantly developed in
high-income countries (section 3, Fig. 9) and are
subsequently introduced into these countries with
established unmet needs and antibiotic stewardship
protocols (105). Furthermore, LMICs often face recurring
shortages of these new antibiotics once they are
registered, due to high costs and fragile, fragmented
antibiotic supply chains (106). Satisfactory access to
the full armamentarium of marketed antibiotics may
also be limited in high-income countries. As pointed
out by a recent publication, only three of the 14 high-
income countries under study had access to the 18 new
antibacterial agents identified by the authors (107). In
the EU, marketing authorization is not always followed
by commercial availability in every state, with no
significant difference in access between “innovative”
and “noninnovative” antibacterials (107).

Afurtherissue limiting the clinical use of new
antibiotics is that policymakers may lack sufficient
data to make informed decisions about the selection
of necessary antibiotics.

Post-approval usage data is needed for
newly approved antibiotics to evaluate
real-life pathogen-specific indications
and the relevance of their use in different
countries and populations.

5.2 Traditional antibacterials under
development: still a long way towards
an optimized armamentarium of
therapeutic agents

5.2.1 Innovation

Of the 32 traditional antibiotics under development
against BPPs (excluding TB drugs), 12 meet at least one of
the four WHO innovation criteria; only two meet all four
criteria. Of these 12, only four are active against a critical
Gram-negative bacterium; none of them meet all four
innovation criteria. The traditional antibacterial pipeline
lacks sufficient innovation (see section 3.1).

The TB pipeline contains 19 candidates and has significantly
progressed in the last decade, showing a good degree of
innovation with several agents that are promising candidates
for potential new treatment strategies against drug-resistant
M. tuberculosis. Several candidates are in development with
new targets and MoAs that could potentially optimize patient
treatment and increase tolerability. However, there is still a
high unmet medical need for efficacious treatment regimens
against XDR-TB (people with MDR-TB with additional
resistance to fluoroquinolones and at least one other group A
drug, e.g., bedaquiline, linezolid) (85,108).

Overall there are five traditional products in the pipeline
for CDI, four of which are considered innovative, with two
agents, ridinilazole and CRS3123, that address all four
innovation criteria. All agents seem to have favourable
pharmacokinetic/pharmacodynamic (PK/PD) profiles, and
narrow-spectrum activity selective for C. difficile with no
negative effect on the gut microbiota composition. Most of
them inhibit C. difficile sporulation and toxin production,
and all carry the potential for more effective and safer
therapies compared to SOC.

Only one agent against H. pyloriis currently under clinical
development. Although not addressing any of the WHO
innovation criteria, the drug is the first product developed
specifically for H. pylori infection.

5.2.2 Activity assessment

The number of antibiotics with sufficient evidence

of activity against WHO critical pathogens increased
from 12 out of 34 agents targeting BPPs (35%) in 2017

to 18 out of 32 (56%) in 2023 (Fig. 5). This important
achievement may be due, at least in part, to publication
of the first WHO BPPL in 2017, which may have directed
developers towards difficult-to-treat pathogens. However
antibacterial agents in clinical development do not
sufficiently address the problem of extensively or pan-
drug-resistant Gram-negative bacteria. In particular,
CRAB and CRPA continue to be insufficiently addressed.
Since the last update, only two new products which

have entered the clinical pipeline target CRAB (OMN6
and the combination of meropenem + ANT3310), one
product selectively targets CRPA (murepavadin), and four
agents target CRE. All are combinations of DBO-BLI/PBP2
binder + B-lactam. The number of traditional agents with
confirmed extended-spectrum (both Gram-positive and
Gram-negative) was quite smallin both 2017 and 2023
(zero vs two) (Fig. 4). Three additional agents (RECCE 327,
BWC0977 and OMNG6) do show potential broad-spectrum
activity, but at present data are insufficient for a sound
conclusion.
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Opinions currently differ regarding the pros and cons of
extended-spectrum antibiotics. These drugs are crucial to
providing timely and efficacious empiric therapy in critical
situations and emergencies regardless of the bacterial
phenotype; but their uncontrolled wide use also runs the risk
of hampering stewardship efforts, damaging the microbiota
and rapidly promoting resistance. If this trend is confirmed

in the following years, regulatory agencies will probably
need to set the scene for safe development of these agents
together with clear indications and limitations on use.

The proportion of oral medications has decreased

from 47% (n = 16/34) in 2017 to 37% (n = 12/32) (Fig. 6).

In particular, the 2023 pipeline lacks oral antibiotic
treatment options for ESBL-producing bacteria and CRE.
Such options could enable treatment outside of a health
care facility or reduce the duration of iv treatment within
such a facility. No agents for oral use figure among the
new entries since the last update, bringing the total
number of oral traditional agents that target CRE/3GCRE
to four of 15 products currently under development.

A growing number of reported cases of patients with cUTI
caused by ESBL bacteria has been observed, not only in
patients who acquired the infection outside a hospital but
also in pregnant women with bacteriuria and simple UTI.
Bacteraemia caused by ESBL-producing Enterobacterales
in hospital is usually resistant to current oral medicines
but can be cured with iv antibacterial treatment. Having
new oral and iv/oral switch options would allow patients
to be discharged without the need for home iv therapy.
However, only three antibacterials targeting CRE and/or
3GCRE have both iv and oral formulations - sulopenem,
apramycin'* and gepotidacin.

Oral formulations for antimicrobials
are needed that allow earlier hospital
discharge and facilitate outpatient
treatment.

Only one carbapenem (benapenem, Phase 2) and

one penem (sulopenem, Phase 3) are currently being
evaluated in late-stage clinical development against
ESBL-producing infections. In addition, two 3-lactam/
BLI combinations (cefepime + taniborbactam and
cefepime + enmetazobactam) have submitted an NDA/
MAA to the FDA and to the FDA and EMA, respectively,
for treatment of ESBL-producing Enterobacterales
infection that could spare the use of carbapenems.
Optimally, new antibacterial drugs to treat ESBL-
producing Enterobacterales infection would not increase
carbapenem resistance; but this is difficult to achieve,
especially when new agents are so often in the same
broad class as the carbapenems.
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Afurther gap in the pipeline is the scarce number of
clinical trials informing paediatric indications. PIPs/
paediatric study plans are generally submitted to
regulatory agencies in the late phase of development.
Today, the majority of Phase 3 traditional drugs in the
pipeline have no approved PIP. In addition, the few PIPs
approved often grant a deferral that delays completion of
the PIP and, thus, the availability of paediatric data. Based
on this scenario, a considerable amount of time will be
needed before extension of indication to the paediatric
population will be granted for those new antibacterials
that will progress to market (209). This may encourage
off-label use of antibiotics in children without sufficient
data to correctly inform posology. Of note, suboptimal
antibiotic dosing in children may result in toxicity or
treatment failure and may drive AMR in both children

and adults.

to fight AMR, but demonstration of the clinical
impact of innovative approaches may be
challenging

Non-traditional antibacterials could be used as an
alternative to, or complementary and synergistic with,
traditional antibacterial agents that are being pursued,
and hold the potential to curb AMR. In the present
scenario, where traditional products have a limited
lifespan before resistance emerges, unconventional
approaches could offer opportunities to tackle AMR from
different angles.

Since the last report, three non-traditional agents have
been approved, all for preventing recurrence of CDI
following antibiotic treatment for recurrent CDI. The three
non-traditional agents are the first microbiome-based
drugs approved by regulatory authorities. The approval
of these three agents represents a turning point in the
authorization of non-traditional antibacterial agents.

Analysis of the clinical pipeline included 30 non-traditional
antibacterials, with one agent at the NDA/MAA stage and
three products at advanced clinical stages of development
(Table 5). Non-traditional antibacterials encompass a
variety of different approaches from phage and phage
cocktails (n = 13) (the most represented category, which
includes some clustered regularly interspersed short
palindromic repeats (CRISPR)-based technology) to
antibodies (n =7), including some for biofilm disruption.
Most common indications are prevention of CDI,
pulmonary infection due to P. aeruginosa in patients with
CF (n=6) or without CF (n=2), and PJI (n =6). Drugs under
current development are mostly narrow-spectrum agents,
most of which target S. aureus and CDI. This selectivity
confirms a trend also observed in the preclinical space.
Narrow-spectrum agents require significant diagnostic
availability for optimal use, which is often not available
outside of specialized health care facilities and poses a

1 PO only available in animals.
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challenge in low-resource settings (100,110). The 2023
pipeline also represents an increase in the number of
broad-spectrum agents from zero to six, a trend similar to
that observed among traditional antibacterials.

Since 2017, an encouragingly large increase has been
observed in the number of non-traditional antibacterials
intended for WHO CPPs (Fig. 7). However, most candidates
arein early clinical stages, and it is likely that many of
these will face development hurdles as/if they progress
through the pipeline.

Through their diverse and novel MoAs, non-traditional
antibacterials may have the potential to tackle AMR from
different angles. However, it will be critical to demonstrate
clinical impact for many of them. Most non-traditional
agents under current clinical development are indirect-
acting strategies that do not by themselves kill bacteria
or affect bacterial growth. As such, these agents cannot
use traditional MIC measurements as correlates of
clinical outcome measures. Efforts should be devoted

to identifying and validating proxies of activity on
clinical outcomes.

The path to conducting RCTs with non-
traditional agents is still neither paved nor
well worn. Regulators should engage with
developers in defining how current clinical
trial structures can support development
of non-traditional agents. A crucial aspect
to be addressed is understanding where,
whether and how best to use these

agents clinically.

5.4 Gaps and constraints in the current
clinical R&D landscape

Traditional antibacterial agents under development still
do not adequately address the enormous threat posed
by AMR. Moreover, there is a major gap in developing
products that address pathogens possessing a broad
spectrum of resistance to current antibacterial agents.

Only two among authorized products and few among
antibacterial agents under development address critical
pathogens (CRAB, CRE, 3GCRE). Moreover, most of these
agents belong to the same class of 3-lactam/BLlIs, and the
added value they provide to the clinical toolbox against
AMR might be partially limited by early development of
cross-resistance.

Very few agents target MBLs, which continue to grow
in prevalence.

Appropriate oral formulations for outpatient treatment
along with optimized paediatric formulations are
generally lacking across the entire clinical pipeline.

A creative approach is needed for
developing in vitro tests predictive of
activity on clinical outcomes, which in
most cases may require product-specific
tests, further complicating the challenge.
Whether current animal tests can

predict the outcome of non-traditional
treatments in humans remains unclear
and should be further investigated.

A further challenge is posed by the
development of appropriate safety testing
tailored to the peculiar characteristics of
non-traditional agents.

5.5 Preclinical pipeline

The preclinical pipeline is active and very dynamic, with
244 preclinical projects affiliated with 141 institutions. The
number of preclinical candidates has generally remained
stable over the last 4 years (Fig. 14).

The primary focus of the preclinical pipeline remains
Gram-negative pathogens, although the shift towards
narrow-spectrum agents targeting a single pathogen
appears to have plateaued. Development of narrow-
spectrum agents will also likely require increased use
of rapid diagnostics both for patient stratification and
enrolment during clinical trials. The use of diagnostics
post-approval will also be key to ensure these narrow-
spectrum products are used in the correct patients;
otherwise, they may only be used as second-line therapy
or in combination with other agents.

The preclinical pipeline remains innovative and includes
many non-traditional approaches which may also require
employment of innovative clinical trial designs. This is
especially true for products that are likely to be used in
combination with SOC drugs, as clear clinical benefit will
need to be demonstrated.
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While there is broad geographical distribution of
preclinical pipeline projects as well as a large variety of
product types, these are heavily focused towards Europe
and the USA. With respect to the institutions and groups
performing the work, the preclinical antibacterial pipeline
continues to rely on micro (< 10 employees) and small
(<50 employees) entities and academic institutions to
progress the science and development of innovative
preventative and treatment products for drug-resistant
infections. Analysis of the groups that had programmes
in the preclinical antibacterial pipeline clearly indicates
significant volatility in the R&D ecosystem. Over the
2019-2023 period 269 unique groups were included in the
data analysis, yet only approximately 51 (19%) of these
were listed in all four analyses, reflecting high turnoverin
this space.

Year-over-year analysis of the later stages of preclinical
development indicated that while there was some
progression of programmes, a significant number failed
to progress meaningfully. This lack of progression may
have several root causes, including scientific challenges,
funding issues or even ongoing COVID-19-related
impacts. Whatever the reason, the result is that despite
a reasonable number of preclinical projects, the lack of
significant progression in many of them since 2021 does

serve to highlight the challenges that the ecosystem faces.

Greater transparency in the preclinical
pipeline coupled with the clinical pipeline
can lead to stronger collaboration around
potentially innovative but challenging
projects, support a community of
scientists and drug developers and
generate more interest and funding

into drug development for novel
antibacterial agents.

5.6 WHO 2024 BPPL changes and
implications for R&D for novel antibacterial
agents

The 2024 WHO BPPL represents a comprehensive
assessment of the most critical bacterial species and
phenotypes associated with acute antibiotic-resistant
infections which are known to pose significant risks of
mortality and morbidity.
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Among the major changes in the 2024 BPPL, the critical
group saw the separation of CRE and 3GCRE, reflecting
the need for a tailored approach to address their specific
challenges. Among the identified pathogens, Gram-
negative bacteria continue to score highly, though there
have been fluctuations in the ranking of some crucial
nosocomial pathogens. P. aeruginosa moved from the
critical to the high category; but, as noted in the BPPL
report, it remains of paramount importance for R&D on
new antibacterial agents.

Additionally, fluoroquinolone-resistant Shigella spp.,
responsible for community-associated infections, was
moved from the medium to the high category. As noted
in the BPPL report, this change indicates its growing
resistance to existing treatment and its public health
importance.

The 2024 BPPL report contains additions and removals
as compared to the 2017 list. Group A streptococci,
macrolide-resistant; group B streptococci, penicillin-
resistant; and S. pneumoniae, macrolide-resistant were
added to the prioritization framework to reflect emerging
challenges in combatting resistance in these specific
pathogens. At the same time, clarithromycin-resistant
H. pylori, fluoroquinolone-resistant Campylobacter
spp., penicillin-non-susceptible S. pneumoniae and
vancomycin-intermediate and -resistant S. aureus have
been removed. These updates highlight the dynamic
nature of AMR.

The results of the 2023 exercise are reported in Box 1,
and the major changes and implications for the R&D of
new therapeutics are discussed below.

The 2024 WHO BPPL report serves as a
critical tool in guiding global efforts to
combat AMR. However, it is crucial to
interpret these priorities while considering
regional variations in pathogen
prevalence and local context. With respect
to R&D efforts, it is essential to consider
the intended patient population for the
final product and whether feasible clinical
development and regulatory approval
pathways exist.

The 2024 BPPL update is likely to impact future R&D
strategies. Table 14 summarizes and expands on the
implications of the key changes in the 2024 BPPL and their
impact on for R&D, as reflected in the BPPL report.
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Table 14. WHO 2024 BPPL changes and implications for R&D for novel antibacterial agents

Drug-resistant pathogen

Implications for R&D of therapeutics

CRAB is one of the top five pathogens associated with
high mortality due to AMR and has been confirmed as
a critical priority.

CRE and 3GCRE top the BPPL ranking due to their
widespread prevalence and resistance mechanisms.
Infections caused by KPC-producing Enterobacterales,
NDM and OXA-48 are associated with higher rates of
treatment failure, increased health care costs and
potentially worse clinical outcomes.

Fluoroquinolone-resistant Shigella spp. have become
a high priority due to their significance in community
infections and worrisome outbreaks among specific
populations, demanding preventive strategies.

RR-TB. TB s a long-standing priority for WHO. RR-TB
was included after an independent analysis with parallel
criteria and subsequent application of an adapted
MCDA matrix.

CRPA was moved from critical to high priority status due
to a global decline in resistance rates. Pseudomonas is
significant cause of health-care-associated infection.

It causes both severe acute and chronic infection,
particularly in critically ill and immunocompromised
patients. The biofilm formation is a key factor that
increases drug resistance and escape from host defence
and is responsible for colony tolerance to disinfectants
on medical devices (111).

R&D efforts and investments should be concentrated

on addressing the CRAB B-lactamase genotype,

which predominantly contributes to its carbapenem
resistance mechanisms (e.g., OXA-23, -24 and -51, -58).
Carbapenem resistance is usually associated with cross-
resistance with other antibiotic classes. R&D efforts and
investments should explore antibiotics able to avoid this
by using new MoA alternatives to 3-lactamase inhibition.

Prioritize the development of innovative and effective
antibacterial agents to address CRE and 3GCRE, as they
represent a significant burden among resistant Gram-
negative bacteria. For an antibacterial active against
CRE, activity against 3GCRE should also be tested to
support the claim of activity against both. Oral options
should also be prioritized for this group.

R&D efforts should target the development of broad-
spectrum oral agents for symptomatic treatment of
shigellosis. Additionally, preventive measures and
strategies should be used and enhanced to contain the
spread of this pathogen.

R&D should focus on the development of effective and
safe treatments and regimens to address drug-resistant
TBon a global scale. They should also be devoted to
identifying appropriate therapeutic regimens for XDR-
TB. Paediatric investigations in MDR-TB need to be
accelerated.

Despite the decline in resistance rate, R&D should not
deprioritize investment and efforts. Investment in R&D
of innovative antibacterial agents against CRPA should
be continued to address its fatal burden. In addition
to innovative and effective antibiotics, non-traditional
solutions could be explored, such as novel targets

for anti-virulence strategies used as pre-emptive or
adjunctive treatment in combination with traditional
antibiotics (112).

AMR: antimicrobial resistance; BPPL: bacterial priority pathogen list; CRAB: carbapenem-resistant Acinetobacter baumannii; CRE: carbapenem-resistant
Enterobacterales; CRPA: carbapenem-resistant Pseudomonas aeruginosa; KPC: Klebsiella pneumoniae carbapenemase; MDR-TB: multidrug-resistant
tuberculosis; MoA: mode of action; NDM: New Delhi metallo-B-lactamase; R&D: research and development; RR-TB: rifampicin-resistant tuberculosis; 3GCRE:
third-generation cephalosporin-resistant Enterobacterales; WHO: World Health Organization.
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6. Conclusion and policy
Implications to address the
pipeline access crisis

Despite the critical role of antimicrobials in modern health
care, the review of antibacterial agents in clinical and
preclinical development reveals a glaring insufficiency

in novel approaches in the R&D pipeline to effectively
combat the increasing emergence and spread of AMR.

The innovation, research and development of new
antibacterials is led by small and medium enterprises

in a system too costly and fragile to fully enable them to
deliver. Furthermore, countries across all income levels
struggle with availability and access to both new and
authorized antibiotics, including generics. Recognizing the
gravity of the situation, the Global Leaders Group on AMR,
comprising world leaders, has emphasized the urgent
need for both innovative financial and non-financial
measures to address the serious antibiotic pipeline and
access crisis (113). The G7 leaders committed to enhancing
G7 efforts to incentivize exploration and implementation
of push and pull incentives to promote investment in

R&D of antimicrobials and stimulate solutions that
address the antimicrobial pipeline, and protect and

work towards maximizing the effectiveness of existing
antimicrobials (114). In addition, the Council of the EU
issued recommendations to strengthen EU action against
AMR that include fostering R&D and providing incentives
forinnovation and access to antimicrobials (115). Several
countries within and outside the EU are piloting or
developing different incentive models.

Antimicrobials - and antibiotics in
particular - are a cornerstone of modern
health care and are critical for effective
health systems. As noted in this and many
other reports, the R&D pipeline for new
antibacterials with novel MoAs remains
woefully insufficient. This gap needs to be
urgently addressed by financial and non-
financial incentives and efforts, which are
globally aligned and coordinated.

Policy efforts on R&D and use should focus on financial
and non-financial incentives and efforts to optimize

the use of authorized antibiotics, develop novel
antibacterial agents and explore new fixed-dose
combinations of antibiotics for treating serious bacterial
infections such as neonatal sepsis. Additionally, regulatory
measures should be implemented to restrict the use of
antibiotics to situations where they are strictly necessary,
coupled with stewardship programmes that include
avoiding over-the-counter selling and access to diagnosis
at all levels including rapid, affordable diagnostic tests at
point of care.

These efforts to support the R&D of pharmaceutical

and non-pharmaceutical solutions to curb AMR need

to be matched by equal efforts to ensure global and
equitable access, including in low- and middle-income
countries. Such access strategies should be sustainable,
underpinned by stewardship programmes and strong,
streamlined supply chains and strengthened regulatory
systems to ensure safe use of antibiotics and maximum
impact from R&D.

Efforts to regulate the availability of antibiotics in
various parts of the world, including limiting their use
in agriculture, hold significant potential to mitigate the
AMR crisis.

As the battle against AMR intensifies, it is imperative
that stakeholders collaborate and prioritize investments
in research, development and implementation of
comprehensive, multifaced strategies to combat AMR
effectively. By doing so, the future of health care can be
safeguarded and generations to come can be protected
from the dire consequences of AMR.
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7. Methods

The evaluation of antibacterial agents in clinical and
preclinical development was conducted through a
rigorous process led by the WHO Secretariat’s pipeline
team, in collaboration with the WHO advisory group on
the R&D of antibacterial treatments. This advisory group
consisted of highly qualified clinicians, microbiologists
and experts well-versed in antibiotic R&D, PK/PD and
AMR (see Acknowledgements for the complete list of
members). To ensure a comprehensive and insightful
evaluation, the experts were presented with pre-reading
material meticulously prepared by the WHO Secretariat
and soon after engaged in a pre-consultation survey
encompassing both methodological and product-specific
aspects. The formal consultation, held over a 2-day virtual
advisory group meeting on 24-25 July 2023, provided a
platform for in-depth discussions. Notably, during the
consultation the advisory group reviewed and endorsed
the newly developed assessment matrix, which served as
arobust framework to methodically evaluate the potential
activity of each agent (see section 7.1.3.1 on expected
activity against BPPs).

To maintain the integrity of the process, members of

the advisory group with potential conflicts of interest
pertaining to specific companies or agents (as detailed

in Annex 1) were excluded from relevant discussions to
ensure impartiality and transparency. Prior to publication,
the 2023 pipeline report was circulated among all
members of the advisory group to solicit feedback,
enabling refinement and improvements.

7.1 Clinical pipeline analysis

7.1.1 Scope and inclusion/exclusion criteria

This review covers new chemical entities, traditional
antibiotics (i.e., direct-acting small molecules) and new
biological entities, non-traditional antibacterial agents
(i.e., peptides, antibodies, bacteriophages, lysins and

live biotherapeutics, and oligonucleotides) in clinical
(Phase 1, 2, 3 and NDA/MAA) and preclinical development
worldwide that do not have marketing authorization for
human use anywhere in the world as well as antibacterial
agents that were approved after 1 July 2017. The review is
restricted to antibacterial agents that could potentially be
used to treat serious systemic bacterial infections caused
by the WHO priority pathogens (Box 1), C. difficile and

H. pylori.

Repurposed antibacterial agents are included in this
review if the primary indication is in a therapeutic area
different from infectious disease.

Fixed-dose combinations are included only if they contain
a new chemical entity.

Traditional and non-traditional agents are further
classified by structure and development goal (Table 15).

Table 15. Structure and development goals of traditional and non-traditional antibacterials

Traditional

Non-traditional

Structure Small molecule direct-acting
agents.
Development goal Treatment or prevention of

bacterial infection through
bacteriostatic (inhibition
of growth) or bactericidal
(killing) effect

Source: adapted from Rex et al. (110).

Anything that is different from a small molecule.
This includes antibodies, bacteriophages, lysins, live
biotherapeutics, oligonucleotides, peptides etc. (see
section 3.4 on non-traditional antibacterials)

Treatment or prevention of bacterial infections through
other approaches that do not directly inhibit growth or
kill bacteria: prevention of the development or spread of
resistance, improving/restoring microbiome status and
slowing the spread of resistance
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The analysis does not include:

+ vaccines;

- topical decolonizing agents;

+ non-specific inorganic substances;
- biodefence agents;

+ agents not developed for systemic use (injectable or
oral formulations) or inhalation but only for topical
application (e.g., creams or eye drops);

- new formulations of existing treatments; or

« extension of indication of already approved
antibacterial agents.

Agents in active development or that have been approved
since 1 July 2017 were included in the analysis. Agents that
are not under active development and/or are no longer
listed in a company’s pipeline or for which there is no
recent information are described in section 3.5 (Table 8).

WHO AB Pipeline analysis:
exclusion criteria

The analysis does not include:

Vaccines

Topical decolonizing agent

Non-specific inorganic
substances

Biodefence agents

New formulations

Extension of indication

Products not actively
under development

D@®O®®
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7.1.2 Search strategy

This 2023 clinical pipeline update is based on the 2017
publication Antibacterial agents in clinical development
and the subsequent updates in 2018, 2019, 2020 and 2021,
which evolved over time (116,117,118,1). Since 2019, these
publications have also included antibacterial agents in
preclinical development and, from 2020, non-traditional
agents in clinical and preclinical development, as well as
an innovation assessment for traditional agents. In 2023
a new methodology to consistently perform the activity
assessment was proposed by WHO and endorsed by the
advisory group members (see section 7.1.3.1 on expected
activity against BPPs).

The cut-off point was 31 December 2023, and no agents
were added or removed after that date. All agents that
met the inclusion criteria were included. Publications
were cross-checked by compound name and synonyms
(research numbers, international nonproprietary names
(INNs) and brand names) to remove duplicates. Some
data sources reported different phases of development

in different countries or use for different indications. For
these agents, the most advanced development phase was
listed in this clinical pipeline update with a footnote.

Information on agents in development was sought from a
variety of sources. The data for the analysis were collected
from a variety of sources through desktop research as
well as from relevant stakeholders, including different
associations of pharmaceutical companies active in the
area, global and regional public and private funders, and
foundations (see Acknowledgements).

Sources were consulted as follows:

« Asurvey on antibacterial agents at clinical stage
was proposed to drug developers through their
pharmaceutical federations and associations such
as the BEAM Alliance, BIO and IFPMA/AMR Industry
Alliance. In addition, targeted outreach to individual
companies was performed to gather additional data as
needed.

« AWHO preclinical data call was launched from 6 March
2023 to 17 April 2023, inviting preclinical developers
to submit their data (see section 7.2 on the preclinical
pipeline review methodology).

+ Aliterature review of peer-reviewed journal articles
was performed using PubMed for traditional and non-
traditional antibacterial agents (peer-reviewed articles
published since 1 November 2021 through 10 October
2023, using the search terms: “antibacterial pipeline” OR
“antibiotic pipeline”, together with the pathogen name
from the updated WHO BPPL).

.« Conference abstracts and posters were collected from
participation in conferences, from desktop searches or
provided by developers.

+ Clinical trial databases, including among others the

WHO International Clinical Trials Registry Platform
(ICTRP), ClinicalTrials.gov, EudraCT (European Union
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Drug Regulating Authorities Clinical Trials Database) and
ANZCTR*? were also searched.

« Atargeted desktop search of products was carried out
with national experts such as developers in Japan and
the Russian Federation.

In addition, a pre-survey was proposed to the advisory
group and results were discussed during the consultation.
For Phase 1 agents where limited data were available,
information from company websites was used and
evaluated by the advisory group for credibility of
inclusion.

Agents developed for use against TB were first identified
from published reviews, notably by the WHO TB
Programme (87), the Treatment Action Group (108) and the
Stop TB Partnership, and a more comprehensive picture
of TB drugs was subsequently developed with a greater
degree of information reflected in the product profiles.
Consultations were also performed with experts from the
advisory group and the WHO TB programme.

Recommendations for developers

Register clinical trials and results

One of the main sources of data is the clinical trial
registries; but not all trials are registered, and results
of completed trials are not always published in a
timely manner. Thus, all companies and institutions
are encouraged to register clinical trials in line with
the WHO International standards for clinical trial
registries, including using a WHO primary registry

or ClinicalTrials.gov and posting trial results on the
registry entry no later than 12 months after study
completion (https://www.who.int/news/item/09-04-
2015-japan-primary-registries-network).

Ensure the company/start-up website is
up to date

Maintaining a company/biotech/start-up website
that is updated with references to registry entries
and published peer-reviewed literature will help to
more quickly identify new antibacterials.

Participate in the WHO preclinical data call and
clinical survey

Providing accurate, updated and verifiable (by
peer-reviewed publication) data to WHO will
greatly contribute to accurate characterization of
antibacterial agents under preclinical and clinical
development, gain visibility and potentially attract
more funds.

7.1.3 Assessment of activity against BPPs and
innovation

Evidence for activity against WHO priority pathogens

and innovation was retrieved from peer-reviewed
publications. For agents in the early stages of
development, information from presentations and posters
at scientific conferences and information published by the
developers was also used. Information was considered
only if it was publicly available and scientifically sound,

as reviewed by WHO and by the advisory group.

The evidence supporting expected activity increases
with the development stage. The first level of evidence
is usually gained by in vitro experiments. Subsequently,
preclinical results are produced using animal disease
models in the sought indication orin a broader one.
Moving to the clinical phases, safety and tolerability
data in healthy volunteers are usually generated
followed by dose-response and efficacy data. Advanced
in silico simulations are also used to support clinical
and preclinical development. The WHO evaluation of
antibacterial activity against priority pathogens is thus
an evolving assessment that incorporates new pieces
of information as they are made available during drug
development.

7.1.3.1 Expected activity against BPPs

Both in vitro and in vivo data (as available) were reviewed
for activity against WHO priority pathogens. The strength
of evidence supporting the activity assessment is
presented in Table 2, highlighting whether they are taken
from peer-reviewed or not-peer-reviewed publications
and whether they are based on in vivo or in vitro data
(see column “Nonclinical data supporting the activity
assessment”).

In the 2023 pipeline review, to standardize and define the
expected products’ activity against priority pathogens,

a revised matrix for assessing activity was proposed by
the WHO Secretariat, then discussed and endorsed by the
advisory group (Box 2).

12 ANZCTR s an online registry of clinical trials being undertaken in Australia, New Zealand and elsewhere.


https://www.who.int/clinical-trials-registry-platform/network/primary-registries
https://clinicaltrials.gov/
https://www.who.int/news/item/09-04-2015-japan-primary-registries-network
https://www.who.int/news/item/09-04-2015-japan-primary-registries-network
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Box 2. Activity assessment matrix

Evidence required

Definition/symbol
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Active

Peer-reviewed in vitro and in vivo data or at least peer-reviewed in vitro data and

. not-peer-reviewed in vivo data or vice versa, if the MoA and/or the number of isolates

tested support activity

Possibly active

Not-peer-reviewed in vitro and in vivo data or company’s website information; or

? only in vitro data without in vivo data

X Not active
(previously “c”)

/ Activity not tested

- For a new antibiotic belonging to an already
established antibiotic class: Activity against WHO
priority pathogens was assessed by comparing the new
antibiotic MIC data with susceptible MIC breakpoints for
antibiotics of the same class, and taking into account in
vitro susceptibility rates, PK/PD data in animals, clinical
exposure levels and dose-limiting adverse effects,
when available.

« To help distinguish between “active” and “possibly
active”, two susceptibility thresholds were proposed
and endorsed: > 60% (possibly active) and > 80%
(active). Susceptibility rates < 60% were assessed
as inactive.

- For first-in-class antibiotics: Activity was assessed
by comparing the new antibiotic MIC data and in vitro
susceptibility rates with those of antibiotics with activity
against thesame pathogen and taking into account PK/
PD data in animals, clinical exposure levelsand dose-
limiting adverse effects, when available.

7.1.3.2 Innovation

An agent was considered innovative if it had no
(known) cross-resistance to existing antibiotics. In this
context, cross-resistance is defined as within-class
cross-resistance that can be measured by systematic
susceptibility testing in vitro of a diverse panel of
genetically defined pathogens, combined with
genetic characterization of mutants and molecular
structural analysis.

Surrogate predictors for the absence of cross-resistance
which were also assessed include the following (119):

» new class (new scaffold);

+ new target (new molecular binding site); and

* new MoA.

Each agent in clinical development or recently approved
was evaluated against the four innovation criteria. If
products do not meet the innovation criteria, it does not
necessarily mean that they do not have clinical utility
for specific patients. For example, a safety profile that
improves on SOC, a less invasive route of administration
(e.g., oral versus iv), better clinical outcomes or increased
activity against priority pathogens could provide
improvements but need to be proven in clinical trials.
However, pharmaceutical optimization of existing
products is not reviewed in this report.

7.2 Methodology of the preclinical
pipeline review

7.2.1 Scope and inclusion criteria

The review concentrated on antibacterial agents that
target the WHO priority pathogens and C. difficile from
lead optimization (post-hit expansion) to preclinical
candidate and formal IND, also known as a Clinical Trial
Application (CTA). This milestone signifies the start of
human testing for regulatory bodies that do not use
IND/CTA. The review covered both traditional and non-
traditional approaches, including direct- and indirect-
acting antibacterials, small and large molecules, anti-
virulence agents and biofilm disruptors, potentiators,
microbiome-modifying agents, immunomodulators,
repurposed non-antibiotics and antibiotics from animal
to human use, decolonization agents and combination
therapies. The review did not include vaccines,
diagnostics, antifungals, antivirals or anti-parasitics.
Wound-care agents, unspecific supportive treatments,
medical devices and industrial or animal use agents were
also not included.
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During this review it was noted that among the multiple
groups exploring bacteriophage therapy, ongoing
research reflected distinct strategies. In some cases,

the goal was to develop a product that could be used to
treat infections caused by a specific bacterial species
across many patients. In contrast, other groups that were
building a repository of well-characterized bacteriophages
to be used on a patient-specific basis after susceptibility
of their specificisolate had been demonstrated by
screening against the repository. Where it was possible
to distinguish the strategies, those programmes
developing a library of bacteriophages to be stored and
used to opportunistically screen isolates from individual
patients for personalized treatment were omitted from
the analysis.

255\
\,Q/

7.2.2 Data collection

AWHO online data call was held during the first half of
2023 and generated the primary data. These data were
supplemented with information from the Beam Alliance,
BIO, CARB-X, Novo Repair Impact Fund and INCATE
(INCubator for Antibacterial Therapies in Europe) among
others. In addition, programmes from the 2021 analysis
were checked through a desk review, and where required,
updates were solicited by email. Data presented are
self-declared from the institutions. Where possible, WHO
confirmed the data through publications, conference
abstracts or posters, institutional websites and other
information in the public domain.

As the WHO BPPL was being updated throughout 2023,
respondents were also given the opportunity to include
products being developed against “other medically
important bacterial pathogens” to provide additional
flexibility during subsequent analyses.
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