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ABSTRACT

Antimicrobial resistance is a most challenging global public health problem. Today, the number of antibiotic-resistant bacterial
strains has been increasing to the point of economic and social disaster. Thus, it is necessary to find alternative effective
approaches to antimicrobial therapy and prevention. The most promising alternative antimicrobial therapies include antibodies;
bacteriophages and bacteriophage-derived enzymes; antivirulence agents; probiotics and microbiome-modulating agents;
immunostimulants; host-protective antimicrobial peptides; nanoparticles and liposomes, etc. A comprehensive approach
to treating infections without exacerbating the antimicrobial resistance problem provides for combining these alternative
treatments with strategies to maintain the efficacy of existing antimicrobial agents.

The review is aimed to summarize data on the causes and mechanisms underlying the development of resistance; limitations
of standard treatments; alternative resistance-inhibiting treatments, their advantages and disadvantages; and future challenges.
The paper presents summary of alternative antimicrobial agents at different stages of pharmaceutical development.
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AHHOTALLUA

Pe3ncTeHTHOCTb K MPOTUBOMWUKPOOHBIM MpenapaTaM — 0fjHa U3 CaMbIX CNOXHbIX MpobneM MUpOBOTO 34paBOOXPaHEHUS.
B HacToswee Bpems HabniofaeTcs pocT YMCNa aHTMOMOTUKOPE3UCTEHTHBIX LUTAaMMOB DaKTEpMiA Ha rPaHW 3KOHOMUYECKOIA
U coumanbHoi KatacTpodbl, B CBA3M C YeM HeobX0AMM MOMCK anbTepHaTMBHBIX IPHEKTMBHBLIX NOAX00B K aHTUMUKPO6-
HOM Tepanuu u npodunaktuke. Hanbonee nepcnekTMBHLIMM anbTePHATUBHBIMU CPEACTBaMM aHTUMUKPOBHOM Tepanuu AB-
naTcA aHTuTena; baxktepuodarn u depMeHTbl, NoNyyeHHble M3 HakTeprodaros; aHTUBMPYNIEHTHbIE areHThbl; NPoBUOTMKY
1 MUKPOBMOM-MOLyNMpYHOLLME BELLECTBA; UMMYHOCTUMYIIATOPbI; aHTUMUKPOOHbIE NENTUAbI, 3aLUMLLAIOLLME XO3AUHA; HaHO-
4acTULbl U IMNOCOMBI U T. 4. KOMNNeKcHbI NoaxoA K neveHno MHdekuuin 6e3 ycyrybnenms npobneMbl yCTOAYMBOCTM K NPO-
TMBOMMKPOOHLIM NpenapataM MpeAnoniaraeT coyeTaHue 3TUX anbTePHATUBHBIX METOL0B JIEYEHUS CO CTPaTEMMAMM COXpaHe-
HWA 3P HEKTUBHOCTU CYLLECTBYIOLLMX NPOTUBOMUKPOBHBIX CPefCTB.

Llenb 0630pa — 0606WKTE MHPOPMaALWMIO 0 NPUUMHAX M MEXaHM3MaX, JIeXKALLMX B OCHOBE Pa3BUTUA PE3UCTEHTHOCTH; OrpaHu-
YeHWSAIX CTaHAAPTHBIX METOAO0B JIeYeHNS; anbTepHAaTUBHBIX METOAAX JieYeHUs,, CNocobHbIX BOpOTbCA € pa3BUTMEM PE3UCTEHT-
HOCTU, UX NPEUMYLLLECTBAX M HEAOCTaTKaX; a Takxke 0 byaywimx 3apayax. NpuBeAeHbl CBOAHbIE AaHHbIE MO aNbTepPHATUBHBIM
CpeacTBaM aHTUMUKPOOHOM Tepanuu, HaxoAALUMMCS Ha pasHbiX 3Tanax dapMaLeBTUYECKON pa3paboTku.

KnioueBble cnoBa: anbTepHaTUBHbIE CPefCcTBa 60pbObl ¢ GaKTepUanbHON YCTONYMBOCTBIO; MOHOKIIOHAMbHBIE AHTUTENa;
6akTepuodaru; aHTUBMPYEHTHbIE areHTbl; aHTUMUKPOGHbIE NeNnTUabl U 6enKu; NpoBUOTUKN M MUKPOGUOM-MOaY UpYIoLLIME
BeLLeCTBa; aHTMBUOTUKOPE3UCTEHTHOCTD.
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INTRODUCTION

Antimicrobial resistance is one of the most challenging
global health problems. Approximately 700,000 people
worldwide die each year from infections caused
by microorganisms resistant to antibacterial agents. By 2050,
annual deaths from antibiotic-resistant bacterial infections
may reach 1.91 million.!

The prevalence of antibiotic-resistant bacterial
strains is increasing. The World Health Organization has
published the updated 2024 Bacterial Priority Pathogens
List, which includes 15 families of antibiotic-resistant
bacteria, categorized into critical, high, and medium priority
groups [1, 2]. Notably, this list highlights Gram-negative
bacteria resistant to last-resort antibiotics, drug-resistant
Mycobacterium tuberculosis, and other high-burden
resistant pathogens such as Salmonella, Shigella,
Neisseria  gonorrhoeae, Pseudomonas aeruginosa,
and Staphylococcus aureus. The inclusion of these pathogens
in the list underscores their global impact in terms of burden
on healthcare systems, as well as highlighting issues related
to treatment and prevention.?

Currently, promising alternative antimicrobial therapies include
antibodies, probiotics, immunostimulants, photosensitizers,
bacteriophages, phage lysins, antimicrobial peptides, antibiofilm
agents, efflux pump inhibitors, immunosuppressants, vaccines,
and liposomal toxin traps [3]. Meanwhile, the search for new
ways to overcome resistance continues.

METHODOLOGY OF SOURCE SEARCH

A traditional review method was applied to Russian
and international publications from 2010 to 2024, based
on current data on antibiotic resistance and alternative
approaches to overcoming it.

Sources were searched in the eLIBRARY.RU,
PubMed, Scopus, and Web of Science databases using
the following keywords: asnemepHamusHeie cpedcmaa
bopebel ¢ bakmepuaneHoli ycmolyugocmeto (alternative
agents for bacterial resistance), MOHOK/I0HQ/TbHbIE GHMUMeNa
(monoclonal antibodies), 6akmepuogazu (bacteriophages),
aHmusupyneHmHsle azeHmesl  (antivirulence agents),
aHMUMUKpPOobHble nenmudsl U benku (antimicrobial peptides
and proteins), npobuomuKu u MukpobuoM-modynupyrouiue
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geuwiecmsa (probiotics and microbiome-modulating agents),
and aHmubuomuxope3ucmenmHocms (antibiotic resistance).

ALTERNATIVE ANTIMICROBIAL THERAPIES

The growing number of resistant bacterial strains has
created the need to develop new antimicrobial agents
for the treatment of infections [4]. Epidemics and pandemics
in recent years have demonstrated that infectious diseases
pose a global public health threat, further emphasizing
the urgency of developing modern and effective antimicrobial
agents [5].

Currently, the development of new antibacterial agents
is hindered by several factors. Most antibiotics target only
three key prokaryotic processes: 1) protein biosynthesis,
2) deoxyribonucleic acid (DNA) replication, and 3) bacterial
cell wall biosynthesis [6]. The main mechanisms targeting
these processes were identified in prior years. Moreover,
spontaneous bacterial mutations can rapidly nullify
the results of years of investigation, significantly increasing
the risks and costs of development. An additional challenge
lies in the fact that discovering a single new antibiotic
requires screening of approximately one million actinomycete
strains [7], which greatly increases the cost of the process.

Development of new therapeutic approaches
is urgently needed in the context of growing antibiotic
resistance. As traditional antibiotics cannot handle growing
microbial threats, researchers are developing a range
of approaches: from phage therapy and antimicrobial
peptides to immunotherapy and microbiome modulation [8].
These alternatives offer promising opportunities to address
the pressing global health challenge of antibiotic resistance
and bring hope in the fight against infectious diseases.*

Supplement 1 presents alternative antimicrobial therapies
at various stages of pharmaceutical development.

MONOCLONAL ANTIBODIES
AND THEIR COMBINATIONS

Monoclonal antibodies represent a modern therapeutic
strategy for managing various diseases, including infectious
diseases. Their potential use is based on properties
such as homogeneity, selectivity, and a lower potential
for cross-reactivity.®

! Antimicrobial resistance. In: World Health Organization [Internet]. 2020. Available at: https://www.who.int/ru/news-room/fact-sheets/detail/

antimicrobial-resistance Accessed on January 24, 2025.

2WHO bacterial priority pathogens list, 2024: bacterial pathogens of public health importance to guide research, development and strategies to prevent
and control antimicrobial resistance. In: World Health Organization [Internet]. 2024. Available at: https://www.who.int/publications/i/item/9789240093461

Accessed on January 31, 2025.

¥ The era of antibiotics: is there hope for continuation? In: Meditsinskiy Vestnik. Information Portal for Healthcare Professionals of Belarus. Available at:
https://medvestnik.by/news/era-antibiotikov-est-li-nadezhda-na-prodolzhenie Accessed on January 31, 2025.

%10 new alternatives to antibiotics: alternative therapeutic strategies to treat antibiotic-resistant pathogens. In: Yahoo.finance [Internet]. 2024.
Available at: https://finance.yahoo.com/news/10-alternatives-antibiotics-alternative-therapeutic- 150657089.html Accessed on January 24, 2025.

5 Antibacterial agents in clinical and preclinical development: an overview and analysis. In: World Health Organization [Internet]. 2023. Available at:
https://www.who.int/publications/i/item/9789240094000. Accessed on January 24, 2025.
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The high specificity of monoclonal antibodies, especially
when targeting highly variable antigens such as capsules
and O-antigens, narrows their spectrum of application [9].
However, advances in diagnostics that enable precise
identification of the pathogen causing the infection have
facilitated the use of monoclonal antibodies as novel
therapeutic agents. Monoclonal antibodies exhihit exceptional
diversity (up to 10" different molecules), which significantly
increases the likelihood of identifying effective antibacterial
agents among potential candidates [10, 11].

However, the complexity of the mechanism of action
and the production process of antibacterial monoclonal
antibodies limits the number that reach clinical trials,
and to date, only three have been approved by the US Food
and Drug Administration: raxibacumab® and obiltoxaximah®
for the treatment of inhalational anthrax [12],
and bezlotoxumab for the prevention of recurrent Clostridium
difficile infection [9].

According to Appendix 1, ten antibody-based agents
and their combinations are currently in clinical development.
Eight of these agents are narrow-spectrum, targeting specific
pathogens. Three promising agents are being developed
against S. aureus: tosatoxumah® (AR-301), suvratoxumab®
(AR-320), and 9MW1411; two against P. aeruginosa: Resp-X
and panobacumab® (AR-101); one against Campylobacter jejuni
and Escherichia coli (LMN-101); one against Acinetobacter
baumannii (AR-401); one against Clostridioides difficile
(IM-01); and two antibodies (CMTX-101 and TRL1068)
targeting biofilms composed of various Gram-positive
and Gram-negative bacteria.

Several candidates developed by Aridis (USA) show
significant promise: tosatoxumah® (AR-301), suvratoxumab®
(AR-320), and panobacumab® (AR-101).

AR-301 protects host cells from alpha-toxin—-mediated
damage, preserving human immune cells. The mechanism
of action of AR-301 is independent of the antibiotic resistance
profile of S. aureus; it is active against infections caused
by both methicillin-resistant S. aureus (methicillin-resistant
Staphylococcus aureus, MRSA) and methicillin-sensitive
S. aureus. Significant data have been obtained from two phases
of a clinical trial evaluating the safety, pharmacokinetics,
and efficacy of a single dose of AR-301 as adjunctive therapy
to standard antibiotics in patients (n = 174) diagnosed
with ventilator-associated pneumonia caused by S. aureus.
AR-301 demonstrated good tolerability in the overall
population of the full analysis set. In the microbiologically
confirmed full analysis set population (n = 120), a clinically
relevant trend toward cure was observed on day 21 at a level
of 11.3% (p = 0.23) [12].

¢ Hereinafter: the drug is not registered in the Russian Federation.
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Similar to AR-301, AR-320 also targets the pore-forming
a-toxin of S. aureus. The primary indication is the prevention
of hospital-acquired pneumonia [13].

AR-101 is effective against multidrug-resistant clinical
isolates of P. aeruginosa. It is intended as an adjunct
first-line therapy for intensive care unit patients with severe
P. aeruginosa pneumonia. In the phase 2 clinical trial,
AR-101 demonstrated positive outcomes in patients
with hospital-acquired pneumonia and ventilator-associated
pneumonia.’

Several reports have described insufficient efficacy
of candidate antibodies despite promising phase 1 safety
data: neither gremubamab® (MEDI3902) nor AR-105 met
the primary endpoint in phase 2 clinical trials involving patients
with P. aeruginosa-associated pneumonia (NCT02696902) or
NCT03027609 [14, 15].

The development of drugs capable of conjugating
with antibodies has become a novel approach in targeted
therapy. Given the high specificity of antibodies, antibody—
antimicrobial conjugates (AACs) can selectively target
bacteria with high precision [12]. Antibody conjugates exhibit
lower toxicity. Currently, several systematic reviews exist
regarding the design strategies, implementation effects,
and future prospects of AACs [16, 17-19].

The pharmaceutical company Roche (Switzerland)
is developing the drug DSTA4637A, which consists
of a monoclonal antibody against human immunoglobulin
(IgG1) that specifically binds to the teichoic acids
of S. aureus; a novel antibiotic, 4-dimethylamino
piperidino-hydroxybenzoxazinorifamycin ~ (dmDNA31);
a rifamycin-class antibiotic with an in vitro minimum
inhibitory concentration of <10 nM against MRSA;
and a protease-cleavable valine-citrulline linker that enables
antibiotic release within the phagosome. The proposed
mechanism of action involves the binding of the AAC
to a surface antigen of S. agureus, leading to bacterial
opsonization, linker cleavage, and release of the antibiotic
in its active form. The prolonged presence of the AAC, due
to the long circulation time of such molecules, immediately
“tags” these bacteria for elimination. Safety evaluation
of DSTA4637A is currently underway in a phase 1 clinical
trial [17-21].

BACTERIOPHAGES

The antibacterial activity of bacteriophages is mediated
by the injection of their genetic material into a bacterial
cell, followed by replication and lysis of the host cell.
The phage particles released after lysis subsequently infect
and lyse other bacterial cells, continuing the cycle of infection

7 AR-101 (AERUMAB). In: Aridis Pharmaceuticals [Internet]. 2025. Available at: https://www.aridispharma.com/ar-101/ . Accessed on January 27, 2025.

8 Adjunctive therapeutic treatment with human monoclonal antibody AR-105 (Aerucin®) in P. aeruginosa pneumonia. In: National Library
of Medicine [Internet]. Available at: https://clinicaltrials.gov/study/NCT03027609. Accessed on January 27, 2025.
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and destruction until the pathogen is fully eliminated
from the site of inflammation [22].

The pharmaceutical company Armata Pharmaceuticals
(USA) is currently developing three innovative
bacteriophage-based agents.

AP-PA02 is a formulation composed of natural P. aeruginosa
phages derived from different families and subfamilies,
targeting multiple classes of bacterial receptors. The selected
phage combination acts against pathogen P. geruginosa
and is intended for the treatment of severe respiratory
infections, with a focus on patients with cystic fibrosis
and non-cystic fibrosis bronchiectasis.” AP-PA02 was well
tolerated and showed an adverse event profile comparable
to that of placebo. In a phase 2 clinical trial, AP-PA02
demonstrated a favorable safety and tolerability profile."”

AP-SA02 is a novel biologic drug composed of natural
lytic phages targeting S. aureus. It demonstrates potent
antimicrobial activity against approximately 95% of tested
S. aureus isolates, including drug-resistant strains (MRSA
and vancomycin-resistant S. aureus), and exhibits a unique
mechanism of action that can provide independent or
synergistic effects in combination with standard antibiotic
therapy." A clinical trial evaluating the use of AP-SA02
in adults with S. aureus bacteremia has been completed.”
In August 2022, the US Food and Drug Administration
approved an application for a second indication—prosthetic
joint infections.®

BX004 is currently undergoing clinical trials to evaluate
its efficacy and safety in patients with P. aeruginosa respiratory
infections in cystic fibrosis and in patients with bronchiectasis.
In phase 1h/2a clinical trials, BX004 has demonstrated
therapeutic efficacy in treating chronic pulmonary infections
in patients with cystic fibrosis. Preclinical trials are also
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underway to assess the use of BX004 in bronchiectasis.
In vitro experimental data confirmed the activity of BX004
against antibiotic-resistant P. aeruginosa strains, including
its ability to penetrate biofilms and achieve the necessary
effectiveness with pathogen elimination."

In 2023, a phase 1/2a clinical trial of VRELysin®
was initiated, marking another significant milestone
toward the development of a safe and effective phage therapy
for treating multidrug-resistant bacterial infections, such
as those caused by vancomycin-resistant enterococci.”

Currentlyy, a phase 1/2a clinical trial
of the bacteriophage-based drug EcoActive® is underway
to evaluate the safety and efficacy of its oral administration
against adherent invasive Escherichia coli in patients
with inactive Crohn disease."

LBP-ECO1 is an innovative agent based on six genetically
modified bacteriophages developed by Locus Biosciences
(USA) for the treatment of urinary tract infections caused
by E. coli, regardless of antibiotic resistance [23].

Two products developed by the Russian company
Microgen—a purified polyvalent bacteriophage targeting
Enterobacter species, including Enterobacter aerogenes,
Enterobacter cloacae, and Enterobacter agglomerans,
and an Acinetobacter baumannii bacteriophage—nhave
received approval for clinical trials to assess safety
and efficacy in surgical infections in patients. No data
on the results of these studies have been found, and the State
Register of Medicinal Products contains no information
on the completion of these clinical trials."™™®

Russian researchers have also identified two new types
of bacteriophages: antimicrobial agents of natural origin that
represent particular interest as potential therapeutic agents
against enterococcal infections: bacteriophage SSsP-1,

? Positive topline results announced for multiphage therapeutic in cystic fibrosis. In: RareDiseaseAdvisor [Internet]. 2023. Available at:
https://www.rarediseaseadvisor.com/news/positive-topline-results-announced-multi-phage-therapeutic-cf/. Accessed on February 5, 2025.

1 Ph 1/2 study evaluating safety and tolerability of inhaled AP-PAQ2 in subjects with chronic pseudomonas aeruginosa lung infections and cystic fibrosis
(SWARM-Pa). In: ICH GCP [Internet]. Available at: https://ichgcp.net/clinical-trials-registry/NCT04596319?ysclid=m2sztpqm2d856860765. Accessed

on February 5, 2025.

" AP-SA02. In: Armata Pharmaceuticals [Internet]. Available at: https://www.armatapharma.com/pipeline/ap-sa02/. Accessed on March 19, 2025.

2 Armata pharmaceuticals announces first patient dosed in phase 1b/2a ‘diSArm’ Study of AP-SA02 in adults with bacteremia due to Staphylococcus
aureus. In: BioSpace [Internet]. 2022. Available at: https://www.biospace.com/armata-pharmaceuticals-announces-first-patient-dosed-in-phase-1h-
2a-disarm-study-of-ap-sa02-in-adults-with-bacteremia-due-to-staphylococcus-aureus. Accessed on March 19, 2025.

'3 Armata Pharma gets FDA IND clearance for AP-SAQ2 in prosthetic joint infection. In: Nasdagq [Internet]. 2022. Available at: https://www.nasdag.com/
articles/armata-pharma-gets-fda-ind-clearance-for-ap-sa02-in-prosthetic-joint-infection. Accessed on March 21, 2025.

¥ BiomX reports second quarter 2022 financial results and provides business update. In: BiomX [Internet]. 2022. Available at: https://irbiomx.com/news-
events/press-releases/detail/76/biomx-reports-second-quarter-2022-financial-results-and. Accessed on March 21, 2025.

'8 Intralytix launches phase 1/2a phage therapy trial of Its VRELysin™ phage preparation, to assess safety and efficacy in healthy and VRE-colonized
subjects. In: Intralytix [Internet]. 2023. Available at: https://www.intralytix.com/article/115. Accessed on March 21, 2025.

16 Safety and efficacy of EcoActive against adherent invasive Escherichia coli in patients with inactive Crohn disease. In: ICH GCP [Internet]. 2023. Available
at: https://ichgcp.net/ru/clinical-trials-registry/NCT03808103?ysclid=m2t1xcswm5913619320. Accessed on March 26, 2025.

'RCT No. 460 (October 23, 2012). In: State Register of Medicinal Products [Internet]. Available at: https://grls.minzdrav.gov.ru/CIPermissionMini.
aspx?CIStatementGUID=30f98233-5594-4823-aab4-fh177a6f302a&ClPermGUID=6fc30ee2-d810-48d0-82f8-7a17b 18f35a4. Accessed on March 31, 2025.

8 RCT No. 326 (June 16, 2017) In: State Register of Medicinal Products [Internet]. Available at: https://grls.minzdrav.gov.ru/CIPermissionMini.
aspx?CIStatementGUID=24bdc6f6-0122-4ca2-abea-d6c2b3477823&CIPermGUID=bfc5d 1e0-ab9c-45ch-b02f-b3db1dc97125. Accessed on March 31,

2025.
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belonging to the Saphexavirus genus of the Siphoviridae
family (viruses infecting prokaryotes), and bacteriophage
GVEsP-1 (Schiekvirus genus) of the Herelleviridae family
(viruses infecting bacteria). Experiments on laboratory
mice demonstrated that these novel phage agents exhibit
pronounced activity against systemic enterococcal infections.
The genomic analysis revealed the presence of specific
sequences within the bacteriophage genomes encoding
proteins that inhibit the bacterial CRISPR-Cas system, which
enhances their virulence and effective colonization of host
bacteria. The obtained results confirm the high clinical
potential of the investigated bacteriophages.”

ANTIVIRULENCE AGENTS

antivirulence agents are compounds that inhibit
the activity of bacterial virulence factors or the expression
of virulence-associated bacterial phenotypes. Targets
for bacterial suppression include virulence factors that play key
roles in both acute and chronic infectious processes: adhesins,
toxins, bacterial communication systems, and secretion
systems [24]. Antivirulence agents may be effective as part
of combination therapy or for prophylaxis in the treatment
of nosocomial, complicated, and chronic infections [25].

ALS-4 possesses antivirulence properties by inhibiting
a key enzyme in the biosynthesis of staphyloxanthin in major
MRSA strains, as well as in S. aureus strains with intermediate
susceptibility to vancomycin and methicillin-sensitive
S. aureus.” A double-blind, placebo-controlled clinical trial
assessing dose escalation to evaluate the safety, tolerability,
and pharmacokinetics of single and multiple ascending doses
in healthy volunteers has been successfully completed.”

The evolutionary adaptation of uropathogenic Escherichia
coli strains has led to the development of specialized
virulence factors that ensure adhesion to uroepithelial cells,
survival outside the intestinal environment, modification
of cell surface hydrophobicity, and induction of cytopathic
effects [26].

The most characteristic bacterial adhesin is FimH,
produced by uropathogenic E. coli strains [27]. Free D-mannose
in urine can saturate E. coli FimH structures and subsequently
block adhesion of E. coli to uroepithelial cells. This so-called
competitive inhibition is regarded as one of the potential
mechanisms for preventing urinary tract infections [28].
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GSK3882347, developed by the pharmaceutical company
GlaxoSmithKline (United Kingdom), is a type 1 fimbrial
D-mannose-specific adhesin inhibitor and demonstrates
its antivirulence properties through FimH inhibition.
GSK3882347 is active against E. coli and was evaluated
in a phase 1 clinical trial for the treatment of uncomplicated
urinary tract infections.?

At the Gamaleya National Research Center
for Epidemiology and Microbiology, the antivirulence agent
fluorothiazinon was developed and authorized. It has
demonstrated in vitro and in vivo activity against a broad
range of resistant pathogens, including Chlamydia spp.,
Salmonella enterica, P. aeruginosa, A. baumannii, Klebsiella
pneumoniae, and E. coli [29-32]. The drug is an original
compound of the thiadiazinone class—4-(3-ethoxy-
4-hydroxybenzyl)-5-0x0-5,6-dihydro-4H-[1,3,4]-
thiadiazine-2-(2,4-difluorophenyl)-carboxamide—
with unique antibacterial activity. The pharmacologic action
of fluorothiazinon is based on the inhibition of adenosine
triphosphatase of the type Il secretion system,
a key virulence factor of Gram-negative bacteria, as well
as the flagellar apparatus.?

ANTIMICROBIAL PEPTIDES
AND PROTEINS

Antimicrobial peptides and proteins (AMPs) are natural
compounds with direct activity against a broad spectrum
of pathogens, including bacteria, fungi, and viruses. AMPs
can function as chemoattractants for immune-competent
cells (neutrophils, monocytes, T lymphocytes, and dendritic
cells) at the site of inflammation. They also influence
antigen-presenting cells, modulating adaptive T-cell
immune responses [33, 34]. AMPs exert their antimicrobial
activity primarily through two distinct mechanisms:
membrane targeting (barrel-stave, toroidal pore models,
and carpet model), which leads to membrane disruption,
and intracellular action via interactions on nucleic acids,
proteins, organelles, or the cell wall. Another mechanism
involves non-membrane targets [35]. AMPs exhibit diverse
mechanisms of action and are indicated for various
conditions; selected representatives of this class are listed
in Supplement 1.

¥ Russian scientists have found an alternative to antibiotics for treating enterococcal infections. In: Ministry of Science and Higher Education
of the Russian Federation [Internet]. 2022. Available at: https://minobrnauki.gov.ru/press-center/news/nauka/52412/. Accessed on March 31, 2025.
2 Aptorum Group announces submission of clinical trial application for ALS-4, an orally administered small molecule agent for the treatment
of Staphylococcus aureus infections, including methicillin-resistant Staphylococcus aureus (MRSA). In: Interfax [Internet]. 2020. Available at:
https://www.interfax.ru/pressreleases/742317?ysclid=m9l1urbfzq584569503. Accessed on February 21, 2025.

2 Clinical trial NCT05274802. In: ICH GCP [Internet]. 2022. Available at: https://ichgcp.net/ru/clinical-trials-registry/NCT05274802. Accessed

on February 21, 2025.

2 Clinical trial NCT05138822. In: ICH GCP [Internet]. 2025. Available at: https://ichgcp.net/ru/clinical-trials-registry/nct05138822?ysclid=m2yrmvh3

gd956668168. Accessed on February 21, 2025.

B Fluorothiazinon. In: Medgamal [Internet]. Available at: https://medgamal.ru/products/ftortiazinon/?ysclid=m2bk9hwdyb445479017. Accessed

on March 10, 2025.
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Exeporfinium chloride® (XF-73) is a synthetic derivative
of dicationic porphyrin with rapid onset of action, potent
bactericidal effects, and a low propensity for inducing
bacterial resistance. The drug is intended for the prevention
of postoperative staphylococcal nasal infections. XF-73
is equally unaffected by inhibitors of cell wall synthesis
(B-lactams, carbapenems, glycopeptides, and cephalosporins),
protein synthesis inhibitors (oxazolidinones, macrolides,
and tetracyclines), DNA synthesis inhibitors (fluoroquinolones),
and folic acid synthesis inhibitors [36]. A phase 2 clinical trial
has been completed [37].

Omiganan® (CLS001, MX-226) is a synthetic indolicidin
(a cathelicidin originally isolated from bovine neutrophils).
The compound acts by depolarizing the cytoplasmic
membrane, leading to cell disruption and bacterial death.
It has demonstrated antibacterial and antifungal activity
in several preclinical and clinical works, with a favorable
safety profile [38].

Ramoplanin® (NTI-851) is a glycolipodepsipeptide
antibiotic produced by Actinomycetes spp. Its pharmacological
action involves selective binding to lipid Il, a key precursor
in bacterial cell wall peptidoglycan. NTI-851 exhibits
bactericidal activity against C. difficile and other Gram-
positive bacteria. The pharmacokinetic properties of the drug
(oral administration, lack of systemic absorption, and rapid
inactivation in the bloodstream) support its use in the treatment
of intestinal infections. The drug is currently in phase 3
clinical trials for the oral treatment of vancomycin-resistant
enterococcal infections and in phase 2 trials for the treatment
of C. difficile infection [39].

Melittin®, a membrane-active peptide fusion derivative
of melittin/protamine from honeybee venom, is currently
undergoing preclinical evaluation [40]. The developed agent
exhibits strong antibiofilm activity by inhibiting biofilm
formation and, in combination with antibiotics, induces
death of biofilm-producing bacteria such as A. baumannii
and P. aeruginosa [41]. The compound shows potential for use
in combination with colistimethate sodium and imipenem
against multidrug-resistant A. baumannii isolates [42].

The synthetic peptide containing three tryptophan residues
at the C-terminus of a 17-amino acid endogenous sequence
of human kininogen protein—DPK 060 (GKH17-WWW) exerts
antimicrobial effects by disrupting bacterial membranes.
It is active against E. coli, P. aeruginosa, S. aureus,
and A. baumannii in acute external otitis and infections
associated with atopic dermatitis [43].

Brilacidin® (PMX-30063) is a synthetic arylamide foldamer
structurally mimicking a cationic tripeptide and reproducing
the amphiphilic properties of natural defensins. The drug
demonstrates a broad antimicrobial spectrum, including
the activity against S. aureus, P. aeruginosa, Haemophilus
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influenzae, and Serratia marcescens [44]. Potential indications
include acute bacterial skin and soft tissue infections, as well
as oral mucositis (NCT02324335, NCT01211470) [45].

AP138L-arg26 exhibits multiple bactericidal mechanisms,
including membrane disruption and metabolic imbalance.
The drug causes damage to the cell membrane or wall
by integrating into lipid bilayers, altering membrane fluidity,
and disrupting normal homeostasis, which leads to leakage
of cellular components and bacterial death. The presence
of multiple mechanisms reduces the likelihood of resistance
development to the agent. AP138L-arg26 can penetrate
mammalian cells and eliminate intracellular bacterial
pathogens such as S. aureus CVCC 546 in RAW264 mouse
macrophages. Antimicrobial activity of AP138L-arg26 was
maintained across a wide range of salt concentrations,
pH values, temperatures, and in the presence of pepsin [46].
Preclinical studies conducted by the developer show
promising results [47].

A promising strategy for treating MRSA infections is the use
of ribosomally synthesized and posttranslationally modified
peptide antibiotics called lantibiotics. Mutacin® 1140 (Mu1140)
is a peptide belonging to the lantibiotic class of antibiotics
and is naturally produced by the common oral cavity bacterium
Streptococcus mutans JH1140. The antibiotic is ribosomally
synthesized and undergoes enzymatic posttranslational
modifications, resulting in the formation of four lanthionine
rings. The mechanism of action of Mu1140 is twofold: it binds
to the cell wall precursor lipid Il inhibiting cell wall synthesis,
and also forms a homogeneous complex around the bacterial
target that disrupts the bacterial membrane [48, 49].

Plectasin® NZ2114, developed by the biotechnology
company Novozymes A/S (Denmark), is undergoing
preclinical studies and demonstrates potent bactericidal
activity against Gram-positive pathogens. The compound
showed the activity comparable to penicillin and vancomycin
against Streptococcus pneumoniae, exerting bactericidal
effects in the experimental models of pneumococcal
peritonitis and pneumonia.?

PROBIOTICS AND MICROBIOME-
MODULATING AGENTS

One of the most promising areas in probiotic research
is their potential use in preventing the development
and spread of antibiotic resistance. Recent findings have
revealed numerous therapeutic effects of probiotics, including
direct pathogen suppression and modulation of the immune
response. Probiotic strains produce a variety of antimicrobial
compounds (bacteriocins, organic acids, biosurfactants,
hydrogen peroxide) that are effective against resistant
Gram-positive and Gram-negative bacteria [50].

% Plectasin NZ2114—Novel Microbial Agent. In: ClinicalTrials Arena [Internet]. Available at: https://www.clinicaltrialsarena.com/projects/plectasin/?cf-view.

Accessed on February 7, 2025.
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Appendix 1 lists microbiome-modulating agents, three
of which are live biotherapeutic products (one also functions
as an antibiotic inactivator).

SER-155 is a fermented microbiome drug composed
of a community of commensal bacteria designed
to reduce the risk of gastrointestinal infections, bacteremia,
and graft-versus-host reaction in immunocompromised
patients, including those who have undergone allogeneic
hematopoietic stem cell transplantation.”

VE303 is also a bacterial consortium composed of eight
well-characterized, nonpathogenic, nontoxigenic commensal
Clostridia strains (5 strains from cluster Clostridia XIVa,
2 from cluster IV, and 1 from cluster XVII), isolated
from healthy human stool samples and produced using
clonal cell banks. In a phase 1a/b trial in healthy volunteers,
VE303 was found to be safe and well tolerated at all tested
doses [51].

A high dose of VE303 prevented recurrence compared
with placebo in a phase 2 clinical trial in adults
with laboratory-confirmed C. difficile infection. A larger
clinical trial is planned to confirm these results.?

MET-2 is a live hiotherapeutic product composed of 40 live
nonpathogenic, nontoxigenic commensal bacterial strains.
It offers an innovative therapeutic approach developed
as an alternative to fecal microbiota transplantation
for the treatment of recurrent infections, caused by C. difficile.
MET-2 contains 40 live bacterial strains commonly found
in the gastrointestinal tract of healthy individuals [52].
In 2020, a phase 1 clinical trial (NCT02865616) of MET-2
for the treatment of recurrent C. difficile infection was
completed, demonstrating a positive efficacy and safety
profile; further trial phases are planned [53].

The company Theriva Biologics (USA) developed
SYN-004, ribaxamase (an oral beta-lactamase enzyme)
intended for co-administration with intravenous beta-lactam
antibiotics to degrade excess drugs in the upper
gastrointestinal tract. SYN-004 protects the gut microbiota
from disruption by reducing the harmful effects of recurrent
C. difficile infection, limiting colonization by opportunistic
microorganisms, and decreasing the development of antibiotic
resistance within the gut microbiome. In 2016, a phase 2
clinical trial (NCT02563106) was completed. It evaluated
SYN-004 for the prevention of recurrent C. difficile infection
in patients with lower respiratory tract infections [54].
Currently, a phase 1 clinical trial (NCT04692181) is underway
to assess the safety and tolerability profile of the oral
formulation of SYN-004 [55].
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HOST-DIRECTED THERAPY

Alternative therapeutic strategies to conventional
antibiotics include approaches aimed at modulating the host
immune response and other defense mechanisms [56].

Counteracting pathogen-induced immune modulation
through host-directed therapy is a promising adjunctive
strategy, as it targets both drug-resistant and drug-sensitive
bacteria, as well as potentially dormant mycobacteria [57].

In most clinical trials, host-directed agents are
administered alongside standard antibiotics targeting
M. tuberculosis, regardless of whether the infection
is rifampin-sensitive or rifampin-resistant.

The most studied agent is dovramilast® (CC-11050,
AMR-634), which, when used in combination with the antibiotic
isoniazid in mice and rabbits, improved lung pathology
and reduced M. tuberculosis bacterial load in the lungs more
effectively than isoniazid alone [58]. A study of CC-11050
in patients with rifampin-resistant tuberculosis is currently
underway [59].

Dovramilast® is a selective inhibitor of the PDE4 enzyme
that suppresses the production of tumor necrosis factor-alpha
and interleukin-10 in macrophages, thereby reducing
excessive immune activation induced by M. tuberculosis.
The agent has been studied in a phase 2a clinical trial
for tuberculosis (NCT02968927) and a phase 1 two-part trial
for nontuberculous mycobacteria (NTM).?

Russian researchers at the Gamaleya National Research
Center for Epidemiology and Microbiology (Moscow)
are developing a recombinant anti-tuberculosis vaccine
as an immunomodulatory agent. The vaccine consists
of two fusion proteins of mycobacterial antigens (Ag85A
and ESAT6-CFP10), fused to a dextran-binding domain
and anchored to dextran. The adjuvant formulation includes
diethylaminoethyl (DEAE)-dextran and CpG oligonucleotides
(@TLR9 receptor agonist) [60]. Experimental investigations using
two infection models (aerosol and intravenous) demonstrated
the vaccine’s protective efficacy against M. tuberculosis H37Rv.
The most pronounced effect was observed when the vaccine
was used as a booster following primary immunization
with a tuberculosis vaccine prepared from an attenuated live
bacillus (Mycobacterium bovis) strain [61]. Phase 3 clinical
trials were approved in 2022.7

NANOPARTICLES AND LIPOSOMES

Nanomaterial-based therapy represents a promising
strategy for combating bacterial infections that are difficult
to treat, offering the ability to bypass existing mechanisms

% Seres Therapeutics announces FDA Clearance of IND for SER-155, an investigational microbiome therapeutic for the prevention of antibiotic-resistant
bacterial infections and graft-versus-host disease (GvHD). In: Seres Therapeutics [Internet]. 2021. Available at: https://ir.serestherapeutics.com/news-
releases/news-release-details/seres-therapeutics-announces-fda-clearance-ind-ser-155. Accessed on February 7, 2025.

2 VE303 for prevention of recurrent clostridioides difficile infection (RESTORATIVE303). In: National Library of Medicine [Internet]. Available at:
https://www.clinicaltrials.gov/study/NCT06237452?term=NCT06237452&rank=1. Accessed on February 7, 2025.

7 Clinical trial NCT04975737. In: ICH GCP [Internet]. Available at: https://ichgcp.net/ru/clinical-trials-registry/NCT04975737. Accessed on March 11, 2025.
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associated with acquired drug resistance. The unique size
and physical properties of nanomaterials enable them
to affect biofilms and overcome persistent infections [62].

The properties and size of nanoparticles may allow them
to easily penetrate bacterial membranes and target specific
biosynthetic and enzymatic pathways. Nanoparticles can
act against pathogens through various mechanisms, either
exhibiting intrinsic antibacterial activity or serving as carriers
for antibiotics, which may be attached to or encapsulated
within them. In such cases, they are referred to as nanobiotics
or nanoantibiotics. Metal-based nanoparticles can exert toxic
effects on microorganisms, as they are capable of generating
reactive oxygen species under certain conditions, such
as exposure to ultraviolet radiation [63].

The studies conducted by McShan et al. demonstrated that
tetracycline—Ag-NPs (silver nanoparticles) and neomycin—
Ag-NPs exert a synergistic effect in inhibiting the growth
of Salmonella typhimurium when used in combination.
The minimum inhibitory concentrations required to inhibit
50% of microbial growth were 0.07 pg/mL for tetracycline—
Ag-NPs and 0.43 pg/mL for neomycin—Ag-NPs [64].
In a work by Abo-Shama et al., the antibiotics azithromycin,
cefotaxime, cefuroxime, fosfomycin, and chloramphenicol
were combined with Ag-NPs. The authors demonstrated
that the synergistic effect against E. coli was significantly
stronger than with antibiotics alone. In the presence
of Ag-NPs, all antibiotics also showed synergistic activity
against Salmonella spp. The combined use of oxacillin
and neomycin substantially increased the efficacy of Ag-NPs
against S. aureus compared with the monotherapy [65].

According to Brown et al, ampicillin-functionalized
Ag-NPs exhibited synergistic effects against multiple strains
of P. aeruginosa, E. aerogenes, and methicillin-resistant S. aureus
that were antibiotic resistant [66].

Recent research by Abo-Shama et al. demonstrated
that Zn0-NPs (zinc oxide nanoparticles) significantly
enhance the efficacy of imipenem against K. pneumoniae
and E. coli [65]. A synergistic effect of levofloxacin combined
with Zn0-NPs against MRSA was also observed. This effect
was dose-dependent [66].

Additionally, Naqvi et al. investigated the antimicrobial
activity of copper and copper-based nanoparticles
in combination with ciprofloxacin and streptomycin
against E. coli, K. pneumoniae, P. aeruginosa, Proteus
mirabilis and Klebsiella oxytoca [67]. Faisal et al. showed that
combinations of CuNP and copper-based NP with imipenem,
meropenem, and ciprofloxacin can increase their antimicrobial
activity by 0.5 to 3.0 times [68].

Other nanoparticles such as Fe, Pt, Pd, Ba, and Ti also have
potential to significantly enhance the efficacy of commercial
antibiotics through synergistic effects [69, 70].
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Challenges in nanoparticle application include potential
high toxicity, complex synthesis procedures, and unclear
antimicrobial mechanisms of action [71, 72].

Lipid-based nanoscale carriers can directly disrupt
bacterial cell membranes by lysing them and inhibit bacterial
growth via multiple mechanisms. CALO2, a liposomal agent
composed of cholesterol and sphingomyelin currently
in phase 2 clinical trials, is a promising development
for infection control. Taking into account the global rise
of antibiotic resistance, antimicrobial lipids delivered
by nanocarriers may represent a novel alternative
in combating infectious diseases [73].

Virulence factors attach to host cell lipid platforms
to target host cells and tissues. CALO2 mimics these
platforms in a highly stable manner. Virulence factors bind
CALO02 with higher affinity than host cells. Thus, CAL02 acts
as a high-affinity trap [74].

CALO2 neutralizes bacterial pore-forming toxins,
enzymes, and toxin-effector virulence factors that play
critical roles in pathogenesis and severity of infections such
as severe pneumonia, bacteremia, and sepsis [75].

CAL02 is a non-antibiotic new antitoxin with a unique
mechanism of action. This agent consists of a mixture
of liposomes that sequester bacterial toxins known
to dysregulate inflammation, cause organ damage,
and impair immune defense. Preclinical studies demonstrated
that, in combination with antibiotics, CALO2 significantly
improves survival in mice with severe community-acquired
pneumonia and bacteremia. A randomized, double-blind,
multicenter, placebo-controlled phase 2 clinical trial was
conducted involving patients with severe pneumococcal
community-acquired pneumonia [76].

AR-501 is an inhaled formulation of gallium citrate that
acts as an iron analog, depriving bacteria of this essential
micronutrient.?® Its effect on pulmonary bacterial infection
in patients with cystic fibrosis is currently under investigation®.

The mechanism of action of AR-501 differs from that
of all antibiotics and is effective against antibiotic-resistant
bacteria. Intravenous administration of gallium was found
to be safe and effective in a recent phase 2 clinical trial
involving patients with cystic fibrosis. Inhaled AR-501 was
also well tolerated by healthy adult volunteers (n = 48) across
five repeated weekly doses and all tested dose levels (6.4, 20,
and 40 mg), with no serious adverse events reported.?

CONCLUSIONS

The fight against drug-resistant bacteria has entered a new
phase due to the growing number of promising advances
in non-antibiotic therapies. These approaches hold great
potential to address the alarming rise of antibiotic resistance
by offering effective alternatives to conventional treatments.

% AR-501 (Gallium Citrate): Novel anti-infective for the growing problem of antibiotic resistance. In: Aridis Pharmaceuticals [Internet]. Available at:

https://www.aridispharma.com/ar-501/. Accessed on February 14, 2025.
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Current alternative agents under development are designed
to meet modern challenges and target priority bacterial
pathogens aligned with the international strategies and lists
of the World Health Organization. It can be estimated that
approximately 68% of the total antimicrobial agents currently
in development are active against the multidrug-resistant
nosocomial pathogens of the ESKAPE group (Enterococcus
faecium, S. aureus, K. pneumoniae, A. baumannii,
P. aeruginosa, Enterobacter spp.). Among these, 34.6% show
activity against S. aureus, 23.1% against P. aeruginosa,
15.4% against E. coli, 7.7% against vancomycin-resistant
Enterobacteriaceae, and the remaining (19.2%) target multiple
pathogens.

Thus, current research findings demonstrate the promise
of further development of alternative agents to combat
antibiotic resistance, focusing on increasingly potent
compounds based on AMPs, monoclonal antibodies,
and antivirulence agents.

However, these new therapies have complex mechanisms
of action, and extensive clinical trials are necessary
to confirm their efficacy and safety. Therefore, their adoption
as standard treatment and prevention approaches requires
careful evaluation. A coordinated effort by the scientific
community and regulatory authorities is needed to coordinate
and promote the growth of such developments.
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