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Abstract: Antimicrobial resistance (AMR) represents today a major challenge for global public health, compromising the effective-
ness of treatments against a multitude of bacterial infections. In recent decades, artificial intelligence (Al) has emerged as a promising
technology for the identification and development of new antibacterial agents. This review focuses on Al methodologies applied to
discover new antibacterial candidates. Case studies that identified small molecules and peptides showing antimicrobial activity and
demonstrating efficiency against pathogenic resistant bacteria by employing Al are summarized. We also discuss the challenges and
opportunities offered by Al, highlighting the importance of Al progress for the identification of new promising antibacterial drug
candidates to combat the AMR.
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Introduction

Bacteria are unicellular prokaryotic organisms that play a crucial role in many vital biological processes.' Their
remarkably extensive genetic and metabolic diversity makes them strongly adaptive to various environments, from
the most extreme conditions to the most welcoming habitats. In addition to their essential role in biogeochemical
cycles, bacteria maintain symbiotic relationships with many living organisms, including humans. A notable
example is the human microbiome, a complex assembly of bacterial communities primarily located in the gut,?
but also in the skin and other parts of the body.> These bacteria play a vital role in digestion, vitamin synthesis,
protection against pathogens, and modulation of the immune system.>* However, pathogenic bacteria can cause
severe infectious diseases, posing significant problems to human health. They have the capacity to provoke a
varying range of conditions, from mild infections to serious diseases, and thus represent a major challenge for
public health.>”’

While the fight against bacterial diseases has always been existing,® '® in the 19th century, bacteria were
identified as the source of these infections with the foundational work of Louis Pasteur and Robert Koch.'
Progressing into the early 20th century, Paul Ehrlich pioneered the development of the first synthetic antimicrobial
agent, salvarsan, specifically formulated to fight syphilis.'> However, the discovery of penicillin in 1928 by
Alexander Fleming and its further development by Howard Florey and Ernst Chain in 1939 marked a pivotal
moment in the fight against infectious diseases.'*'* This discovery was particularly significant because penicillin has
proven to be more effective, less toxic, and with a broader spectrum of activity against various bacterial infections
compared to salvarsan. This started the antibiotic era, which significantly improved human survival against
infections.'*'*

In the years following the discovery of penicillin, research in microbiology and pharmacology has shown a remarkable
advance, leading to the identification and development of different families of antibiotics. Several class molecules, such as

16,17

B-lactams'” (to which penicillin belongs), aminoglycosides, tetracyclines,'® macrolides,' and fluoroquinolones,”® target
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specific and crucial aspects of bacterial survival. Their diversity in mechanisms of action has led to treatments in which
many bacterial diseases could be controlled or eliminated.

Unfortunately, the abundant use of antibiotics triggered the arrival of antimicrobial resistance (AMR), a critical
concern for global health. Bacteria have evolved sophisticated mechanisms to counteract the antibiotics action: the
expression of PB-lactamase enzymes degrading B-lactam antibiotics, thus neutralizing their effect on Penicillin Binding
Proteins (PBPs); enhancing the efflux pump activity; reducing the membrane permeability.*'** Consequently, this
adaptation has led to the emergence of bacterial strains resistant to various antibiotics, complicating treatment efforts
and presenting a new public health challenge. Today, the AMR continues to intensify, with around 5 million deaths in
2019 due to treatment resistance.”® Future projections are even more alarming, the United Nations Environment Program
anticipates that by 2050 deaths from bacterial infections could escalate to 10 million annually, with economic losses
potentially reaching US$100 trillion.**** Resistance dissemination methods, including horizontal gene transfer, mutation,
and conjugation,”®*’ further intensify AMR, decreasing therapeutic options.”® The growing AMR emphasizes the urgent
need for the development of novel therapeutic strategies.

In this context, artificial intelligence (AI) has already proven to be valuable in drug discovery.>® Al was also proposed
to improve diagnostics and the rational use of antibiotics,*” as demonstrated by Google’s Deep Learning system, showing
performance comparable to radiologists practice in identifying active pulmonary tuberculosis.®>’ Similarly, mobile
applications have been developed to quickly and accurately analyze antibiotic susceptibility tests (AST), without
expensive equipment.’>>* AI was also applied to enhance bacteriophage therapy, a promising avenue in combating
AMR.** Examples include the recognition of the bacteriophage life-cycle using AI*>*® prediction of bacteriophage

virion proteins,*”-*® 39-41 42-46

phage host prediction or the classification of bacteriophages.

We focus here on the application of Al in the discovery of new antibacterial agents, given the immense challenges due
to AMR,*’ often surpassing the challenges of developing other drugs. We review studies employing Al for identifying
new agents targeting bacterial strains, most of which are designated as high-priority threats by the World Health
Organization (WHO).* We also discuss the methodologies and algorithms used, highlighting the importance of Al

progress for the identification of new promising antibacterial drug candidates.

Al Methods Used to ldentify New Antibacterial Agents

Al algorithms in drug discovery exploit mathematical models to process large volumes of data, predict molecular
interactions, assess the efficacy of various compounds, or more recently generate new compounds with novel properties.
To be efficient, these algorithms require databases containing molecules with known activity toward therapeutic targets and
pharmacological data to constitute training and test sets. Traditional machine learning (ML) methods like Random Forests
(RF), Support Vector Machines (SVM), among others (Figure 1) involve physicochemical molecular descriptors or
fingerprints. These descriptors capture structural and chemical features of the molecules of training and test sets. In deep
learning (DL), approaches like Convolutional Neural Networks (CNNs), Graph Neural Networks (GNNs), Generative
Adversarial Networks (GANSs) etc. allow for direct extraction and processing of these features from molecular representa-
tions, eg as graphs. Additionally, DL can also blend physicochemical descriptors with autonomously identified features.

Below, we briefly present the ML/DL methods used in the studies discussed in this review.

SVM**3% and RF*'? are two major ML approaches for classification and regression, widely used to classify molecules
based on their biological activity or to quantitatively predict their activity. SVM primarily aims to find an optimal
hyperplane that separates data into different classes (eg, active and inactive molecules), while maximizing the distance
(or margin) between the closest data points to this hyperplane, known as support vectors, crucial in determining the position
of the hyperplane. By maximizing this margin, SVM seeks to enhance the model robustness, making it more stable in case
of data variability. The advantage of SVM is its ability to handle nonlinear problems through the use of kernels, which are
mathematical functions that transform the original data into a high-dimensional space where they become separable.

RF operates using a collection of decision tree models. It constructs multiple trees using different random subsets of the
data and molecular descriptors, then combines their predictions for a more stable and robust outcome. Unlike a single
decision tree, RF creates a large number of trees, each tree making an individual decision on classification (or regression),
and the final decision is obtained through majority voting in classification, or by averaging predictions in regression.
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Figure | Non-exhaustive mapping of Al techniques for in silico drug discovery including traditional ML methods and cutting-edge DL techniques.
Abbreviations: KNN, K-Nearest Neighbors; SVM, Support Vector Machines; RF, Random Forest; BML, Bayesian Machine Learning; XG Boost, eXtreme Gradient Boosting;
Reg, Linear Regression + Logistic Regression; PCA, Principal Component Analysis; LDA, Linear Discriminant Analysis; t-SNE, t-Distributed Stochastic Neighbor Embedding;
GAN, Generative Adversarial Network; CNN, Convolutional Neural Network; VAE, Variational Autoencoder; RNN, Recurrent Neural Network.

Bayesian Machine Learning (BML)>* models start with initial probabilities reflecting an early estimate based on
general assumptions or uncertain initial information. These probabilities refine as the model processes new data from the
training set. The Bayesian model relies on an iterative process that updates these estimates by combining pre-existing
knowledge with newly acquired information, leading to improved and more precise probabilities concerning the proper-
ties to be predicted. The final model is based on a series of probabilistic distributions.

Currently, advanced and more complex techniques have emerged, particularly Deep Neural Networks (DNNs)
methods and their application in DL.%>**° DNNs consist of multiple layers of neurons organized in a hierarchy. Each
layer processes the outputs from the previous layer, allowing the network to capture increasingly abstract representations
of the data through the network. DNNs are particularly effective for handling large, complex and heterogeneous datasets.
They are used in various applications, including predicting molecular properties or generating new molecules with
specific properties.

CNNs*’ are especially effective in image processing due to their use of convolution operations. This operation
involves a repeated application of a filter or kernel that moves across the entire image and performs simple mathematical
operations to transform the initial data. A filter is essentially a small matrix compared to the image size, designed to
detect specific features like edges, angles, or textures by calculating weighted sums of the pixel values it covers. These
principles are well transposable into molecular structure analysis. Molecules can be represented in a format suitable for
CNNgs, such as distance matrices or connectivity matrices, which describe the spatial relationships between atoms in a
molecule. By applying convolutional filters to these matrices, CNNs can extract key information on structural and
functional patterns of molecules.

On the other hand, GNNGs,’® representing a significant advancement of Al in drug design, process data in the form of
regular matrices as graphs, which naturally corresponds to the representation of molecules where atoms are nodes and
chemical bonds are edges. GNNs use a protocol called “message passing”, where each node gathers information from its
neighbors to adjust its own characteristics. That allows the model to consider both the local interactions between atoms

and the overall structure of the molecule. Directed Message Passing Neural Networks (DMPNNs)**% are a specific
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variant of GNNs integrating the direction of chemical bonds (eg differences in electronegativity) in the message-passing
process.

In DL, generative neural networks provide sophisticated methods for creating compounds with specific properties.
Among these techniques, Variational Autoencoders (VAEs)®' are a class of generative models that learn to compress data
into a simplified form, known as the latent space. VAEs apply a probabilistic distribution (usually Gaussian) to this latent
space, allowing to generate new instances by randomly sampling from this space. By training a VAE on sets of known
molecules, the model learns a mapping of the chemical space into a latent space where similar points exhibit similar
chemical properties. By exploring this space, it is possible to generate novel molecules with desired properties in terms of
functionality and structure.

The effectiveness of Al algorithms strongly depends on the quality and nature of the data used for their training. Each
type of algorithm has specific characteristics that make it particularly well suited to certain types of data, resulting in
superior performance in specific domains. For example, CNNs are specially designed to process grid-structured data like
digital images. Their architecture, inspired by the functioning of the human visual cortex, allows them to excel in tasks
such as image recognition and classification. They outperform other algorithms like RF or SVM, which are not optimized
to handle high-dimensional visual data. Conversely, RF and SVM are particularly effective in processing datasets with
numerous independent features, where each attribute contributes autonomously to the final prediction. In the context of
complex structures like networks or graphs, GNNs stand out for their exceptional performance, surpassing traditional ML
methods that are not suited to handle complex relationships and interdependencies within the data. Finally, the
optimization of hyperparameters is a fundamental element in the effectiveness of ML/DL models. These parameters,
defined before the learning process, directly influence the model’s ability to learn and generalize correctly from the
provided data. A cautious adjustment of hyperparameters can significantly improve the model’s performance on a
specific dataset. However, it is crucial to carry out this optimization by considering the compatibility between the
data, the chosen model, and the intended objective to avoid overfitting.

Antibacterial Molecules Discovered by Al

Small Molecules
One of the first advances using Al in research on antimicrobial agents is the study by Hu et al°® aimed at combating the
re-emerging diseases caused by Yersinia spp species, including Yersinia pestis, the agent responsible for the plague.®®
Their approach combined homology modeling, ML, and high-throughput docking to discover inhibitors of Yersinia
protein kinase A (YpkA), a crucial virulence factor whose activity modulates the pathogenicity of these bacteria. The first
phase involved virtual screening through an ML model based on SVM®* to select potential YpkA inhibitors through a
vast chemical library. This model, trained on data of 364 inhibitors and 4220 non-inhibitors and utilizing over 200 3D
physicochemical characteristics (descriptors), reached an area under the ROC curve (AUC) of 70% on its test set. With
this approach, the authors screened an internal virtual database of over 200 million compounds, and selected 200,000
candidates. In the second phase, the selected compounds underwent docking-based screening against five different YpkA
structures, derived from molecular dynamics (MD) simulations of a homology model. This process resulted in 45
compounds chosen for experimental validation, leading to the identification of seven YpkA inhibitors with complete
inhibition at concentrations ranging from 225 uM to 450 pM. Notably, compounds labelled as compound 1 Hu
et al, compound 3_Hu et al, and compound 4_Hu et al in Figure 2A had the strongest inhibitory effects, with IC50
values of 1.81, 9.72, and 5.87 uM, respectively. Their efficacy was further validated by comparative tests against other
kinases, such as Mitogen-Activated Protein Kinase (MAPK) and Protein Kinase C (PKC), showing a preference for
inhibiting YpkA, with compounds 3 and 4 exhibiting up to ten-fold greater selectivity.

Another Al applications in antimicrobial research were studies aiming to fight against methicillin-resistant

19 worked

Staphylococcus aureus (MRSA),” a significant challenge for the antibiotic resistance. In 2014, Wang et a
on a project using predictive ML models to identify new compounds with potential MRSA inhibitory properties. This
investigation was based on a dataset of 5451 compounds from the ChEMBL database’' and their anti-MRSA activities,

including 2066 active molecules with a Minimum Inhibitory Concentration (MIC) of less than 5 pM. To develop these
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Figure 2 2D structures of different compounds showing antibacterial effects and discovered by Al techniques. (A) compounds identified by Hu at al®? (B) compounds
identified by Wang et al®® (C) SRI58 - identified by Ekins et al®® (D) halicin - identified by Stokes et al*” (E) abaucin — identified by Liu et al*® (F) Compounds identified by
Wong et al®® The numbers of compounds in the figure correspond to the original numbers of the compounds identified in the cited studies/.

models, researchers utilized various ML algorithms such as Naive Bayes (NB),”*> SVM and k-Nearest Neighbors
(kNN).”* Several models were established using physicochemical descriptors and molecular fingerprints and the most
accurate models displayed success rates exceeding 80% on both the training and test datasets. The most effective model,
SVM, was applied for the virtual screening of the Guangdong Small Molecule Tangible Library (GSMTL), containing
approximately 7500 compounds. Subsequently, 56 compounds were selected and evaluated through micro-dilution assays
against three MRSA strains known for their strong resistance (ST239, ST5, and 252), resulting in the validation of 12
new highly promising anti-MRSA agents with MICs ranging from 4 to 64 mg/L (see Figure 2B). Among them, the
compound [/ Wang et al “CID113055”, compound 7 Wang et al “CID133191”, compound 11 _Wang et al
“CID122370897”, and compound 12_Wang et al “CID11840831” exhibited good activity against the three MRSA strains
with MIC values below 32 mg/L, which were superior or comparable to ampicillin sodium, a widely used antibacterial
agent (see Table 1 for more details). Wang et al®® suggested that unlike ampicillin sodium, which acts on penicillin-
binding proteins (PBPs) and is less effective against MRSA due to mutations in PBPs, the new compounds might work
through new mechanisms or through novel scaffolds targeting known pathways.

In 2015, a work focusing on combating Mycobacterium tuberculosis (Mtb)*? reported by Ekins et al® proposed an
innovative approach to search for new compounds against this Mtb, by using pharmacophores based on metabolites and
substrates of Mtb, combined with in-house Bayesian ML models trained to recognize molecules inhibiting the growth of
Mitb and having low cytotoxicity to human cells.***¢ In this study, 20 Mtb enzymes were identified as being of particular
interest, and 66 pharmacophores were selected based on substrates and metabolites of these enzymes. These pharmaco-
phores were used to screen 206,000 commercial molecules from the database Asinex Gold,®” and 14,733 molecules were
retained. These molecules were then processed through the Bayesian models, and 110 candidates were selected, and
subjected to in vitro testing, resulting in the discovery of two promising hits: BAS 04912643 and BAS 00623753, with
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Table | Antimicrobial Compounds and AMPs Identified by Use of in silico and Al Approaches and Experimentally Validated

Reference Compound/Peptide Targeted Bacteria or Protein Activity in silico/Al Methodology Dataset Screened
IFigure n°
[62] Figure 2A Compound | _Hu et al YpkA IC50 1.81 pM SVM Internal database = 200 million compounds
Compound 3 _Hu et al 1C50 9.72 uM
Compound 4 _Hu et al IC50 5.87 uM
[65] Figure 2B Compound |_Wang et al MRSA MIC <32 mg/L SVM GSMTL
Compound 5_Wang et al MIC 8-16 mg/L
Compound 7_ Wang et al MIC 4-8 mg/L
Compound |1_ Wang MIC 8-16 mg/L
et al
Compound 12_ Wang MIC <32 mg/L
et al
[66] Figure 2C SRI58 Mtb MIC 1.25 g/mL Bayesian ML models Asinex Gold database
[67] Figure 2D Halicin E. coli, Mtb, CRE active D-MPNN DRH, ZINCI5
[68] Figure 2E Abaucin A. baumannii active D-MPNN DRH
[69] Figure 2F Compound |_Wong et al MRSA, VRE MIC 4 pg/mL GNN Mcule purchasable database and a Broad
Institute database
Compound 2_Wong et al MIC 3 pg/mL
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[74] HHC-10 P. aeruginosa MIC 0.8-5.9 uM ANN 100,000 computer-generated peptides of 9
MRSA MIC 1.5 uM amino acids.
E. coli (ESBL) MIC 1.5 uM
K. pneumoniae (ESBL) MIC 6.2-25 yM
Pmaltophilia MIC 0.4 uM
E.cloacae (AmpC f-lactamase) MIC 3 uM
VRE faecalis MIC 12-99 uM
VRE faecium MIC 1.5-3.1 yM
HHC-36 P. aeruginosa MIC 0.7-11 upM
MRSA MIC 1.4 uM
E. coli (ESBL) MIC 2.7-5.4 uM
K. pneumoniae (ESBL) MIC 22-174 yM
P. maltophilia MIC 1.4 uM
E. cloacae (AmpC p-lactamase) MIC Il uM
VRE faecalis MIC 43-174 uM
VRE faecium MIC 1.3-11 uyM
[75] Peptide-B4 E. coli MIC 64 pg/mL ML models (AMPA, ADAM, Transcriptome of sea anemone Cnidopus
B. subtilis MIC 32 pg/mL CAMPR3) Japonicus
Peptide-A3 B. subtilis MIC 128 pg/mL
Peptide-Bl B. subtilis MIC 64 pg/mL
[76] Peptide-3 E. coli MIC 32 uM SVM model with Word2vec Computer-generated peptides
P. aeruginosa MIC 64 uM
Peptide-4 E. coli MIC 2 uM
P. aeruginosa MIC 16 uM

(Continued)
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Table | (Continued).

Reference Compound/Peptide Targeted Bacteria or Protein Activity in silico/Al Methodology Dataset Screened
IFigure n°
[77] Peptide-P3 B. subtilis active CNN and PseKRAAC Genome of Candida glabrata
V. parahaemolyticus active
[78] Peptide-PI E. coli EC50 2.9 pg/mL VAE Computer-generated peptides
A. baumannii EC50 3.1 pg/mL
S. aureus EC50 0.4 pg/mL
Peptide- P2 E. coli EC50 3.1 pg/mL
A. baumannii EC50 5.9 pg/mL
S. aureus EC50 6.6 ug/mL
Peptide-P3 E. coli EC50 2.9 pg/mL
A. baumannii EC50 1.8 ug/mL
S. aureus EC50 2.2 pg/mL
[79] AMP-12 C. acnes MIC 2 pg/mL Generative Deep learning Computer-generated peptides
AMP-29 MIC 2 pg/mL pipeline
AMP-3 1| MIC 4 pg/mL
AMP-33 MIC 4 pg/mL
AMP-25 MIC 4 pg/mL
[80] Figure 3A Compound | I_Parvaiz p-lactamase CMY-10 - Drug-resistant MIC 4 mg/mL RF In-house database from Chembridge and
et al Enterobacteriaceae Maybridge
[81] Figure 3B Zndml9 Metallo-f-lactamase NDM-1 1C50 2.68 uM DNN Specs chemical library
[82] Figure 3C ZINC339204163 p-lactamase AmpC KI 1.3 uM Molecular docking 170 million compounds
ZINC549719643 P-lactamase AmpC Ki 77 nM
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MICs of 2.5 and 5 pg/mL, respectively. These two hits led to the discovery of a class of compounds, the quinoxaline di-
N-oxides, one of which, SRI58 “CID156018242” shown in Figure 2C, proved particularly promising results with an MIC
of 1.25 pg/mL against Mtb and low cytotoxicity towards Vero cells (mammalian cells). This study highlighted the
mechanism of action for SR/58, functioning by inducing perturbations in the mRNA levels. This suggested that SRI/58
altered the bacterial membrane potential, a crucial mechanism for bacterial energy maintenance and overall survival.
However, despite these encouraging in vitro results, SR/58 did not show measurable levels in mouse blood, highlighting
the challenges related to the in vivo pharmacokinetics of the compounds, and indicating that there is a long way to go
from Al-based candidates to in vivo activity for truly effective molecules.

The above discussed studies concern the first steps of Al in the discovery of new antimicrobial compounds. Since
2020, we have observed a strong evolution that marks the growing role of Al in the search for small antimicrobial
molecules. This new era is characterized by significant advances in Al techniques, particularly in DL, which have made it
possible to identify molecules with remarkable antibacterial properties validated in vitro and in vivo with different
mechanisms of action. The study that marked this first turning point is that of Stokes et al®’ using a directed message-
passing deep neural network (D-MPNN),>® a cutting-edge approach compared to the classic ML models utilized in
previous works. This technical innovation allowed for a more sophisticated analysis and prediction of compounds with
the potential to act as new antibiotics. The study started with the experimental assessment of 2335 molecules, covering
FDA-approved drugs®® and natural products, for their inhibitory effects on Escherichia coli (E. coli). That resulted in 120
molecules displaying significant inhibition (over 80%), forming a dataset of 120 inhibitors and 2215 non-inhibitors. This
dataset was used to train a D-MPNN model to predict the potential of compounds as effective antibiotics. After the initial
training, the model was further applied to screen broader compound libraries, including the Drug Repurposing Hub
(DRH), which comprises over 6000 molecules at different stages of development for various diseases. This extensive
search led to the discovery of SU3327, an inhibitor of c-Jun N-terminal kinase, which was renamed as halicin, a
preclinical nitrothiazole candidate (Figure 2D). Originally investigated for diabetes medication, halicin demonstrated
potent activity against E. coli resistant strains, as well as pathogens like Mtb and carbapenem-resistant
Enterobacteriaceae (CRE), by disrupting the ApH component of the proton-driven force, differently from traditional
antibiotics that focus on cell wall, protein synthesis, or DNA replication. This action against the proton- driven force
weakens a critical bacterial function: maintaining a proton gradient across the cell membrane, essential for ATP
production, nutrient transport, and cell stability. Consequently, halicin has proven to be effective against antibiotic-
resistant bacteria by targeting an underexploited bacterial function. Notably, unlike conventional antibiotics, which are
primarily effective against actively metabolizing cells, halicin retains its bactericidal activity even against cells in a
metabolically repressed state, thanks to its uncommon mechanism of action. This is particularly important for eradicating
persistent cells that can survive treatment with other antibiotics and contribute to AMR. Furthermore, halicin was shown
to be effective in mouse models against infections caused by pan-resistant Acinetobacter baumannii (A. baumannii).

The Al-driven discovery of small-molecule antibiotics further advanced in 2023 with the significant research
conducted by Gary Liu et al®® leading to the identification of new narrow-spectrum antibiotics. Their focus was on
combating A. baumannii, a multidrug-resistant Gram-negative pathogen. Utilizing a similar Al model based on a
D-MPNN, Liu’s team performed a screening of approximately 7500 molecules, which included a mix of off-patent
drugs and synthetic chemicals. The authors identified 480 active molecules that demonstrated inhibitory activities against
A. baumannii. The Al model, adeptly trained with data from these screenings, successfully identified patterns and
relationships in molecular structures indicative of antibacterial activity. The screening of the DRH library through the Al
model unveiled abaucin (Figure 2E) (previously known as RS102895, targeting Chemokine (C-C motif) Receptor 2
(CCR2)), a compound specifically effective against 4. baumannii. As halicin, abaucin’s mechanism of action is different
from the traditional antibiotics. It was found to disrupt bacterial lipoprotein trafficking, particularly affecting the function
of the Lipoprotein-releasing transmembrane protein (LolE)* protein, vital for moving lipoproteins from the inner to the
outer membrane in Gram-negative bacteria. This interference in the bacterial cellular process represents a novel strategy
in combating antibiotic resistance, especially against hard-to-treat pathogens like A. baumannii. Importantly, abaucin was
shown to control 4. baumannii infection in a mouse wound model in vivo, demonstrating its potential for therapeutic
application. Moreover, this molecule demonstrates minimal activity against human commensal bacterial species,
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underlying its potential for targeted therapy with reduced impact on the host’s microbiome. The specificity of abaucin in
targeting A. baumannii highlights the potential of Al in discovering narrow-spectrum antibiotics, which are crucial in
preserving the body’s beneficial microbiota and reducing the risk of developing drug resistance.

It is to note that the above-mentioned models based on neural network (NN), such as those contributing to the
discovery of halicin®” and abaucin,®® were characterized as black box models. Despite their proven success in identifying
new potential antibiotics from vast chemical libraries, the understanding of the principles behind these findings remains
unclear. However, elucidating new classes of antibiotics goes beyond the simple identification of isolated compounds; it
requires a deep understanding of the chemical structures and mechanisms of action that are shared by different
compounds. Thus, in continuation of the research conducted by Stokes et al°” and Liu et al,’® Wong et al have recently
advanced the idea® that it would be possible to significantly improve the understanding of models by making their
predictions explicit. Specifically, they argued that by decrypting the predictions at the level of chemical substructures
using graph search algorithms, it would be possible to identify common patterns or structures among the most effective
compounds as antibiotics and to predict structural classes of antibiotics. This was based on the observation that antibiotic
classes are generally defined by shared substructures. Wong et al focused on discovering structural classes active against
S. aureus. They determined experimentally the antibiotic activities and cytotoxicity profiles on human cells of 39,312
compounds containing antibiotics and natural products best known for their growth inhibitory activity against a
methicillin-sensitive strain, S. aureus RN4220. From these data, they developed two GNN°® models to predict the
antibiotic activity and cytotoxicity of 12,076,365 molecules drawn from the Mcule purchasable database”' and a Broad
Institute database.”” Using explainable graph algorithms, they identified substructure-based rationales for compounds
exhibiting high antibiotic activity and low cytotoxicity. The screening and filtering steps led to a set of 283 compounds,
which were tested experimentally. Two compounds (compound 1 Wong et al “CID2942818” and compound 2 Wong
et al “CID1314498”) from the same structural class, highlighted by the presence of an N-[2-(2-chlorophenoxy)ethyl]
aniline core (Figure 2F), demonstrated significant activity against S. aureus, including MRSA and vancomycin-resistant
Enterococci (VRE), showcasing their potential against drug-resistant infections. Specifically, these compounds were
tested against 40 US Centers for Disease Control and Prevention (CDC)’? isolates of different bacterial species
containing various resistance factors, exhibiting median MIC values of 4 pg/mL for “CID2942818” and 3 pg/mL for
“CID1314498”, with a range of MICs from 2 to 16 pg/mL. In vivo tests were also conducted, showing significant
antibacterial activity in mouse models, which further showed their therapeutic potential. In vitro toxicity testing showed
that the two compounds exhibited low cytotoxicity against human cell lines, including HepG2 liver carcinoma cells,
primary human skeletal muscle cells, and IMR-90 lung fibroblasts, at a concentration of 10 uM. The promising in vitro
and in vivo antibacterial activity of these compounds, coupled with their non-conventional mechanism of action and their
minimized risk to human cells, makes these compounds highly promising for further development.

This approach enabled the DL-guided discovery of structural classes of antibiotics and demonstrates that AI models
in drug discovery can be explained, thus providing insight into the chemical substructures that underlie the selective
activity of antibiotics.

B-Lactamase Inhibitors
B-lactamases are enzymes produced by bacteria that hydrolyze B-lactam antibiotics, rendering them ineffective in treating
bacterial infections. This mechanism of resistance is one of the most significant in AMR. Particularly important among
these are: ESBLs,’*?° which can hydrolyze penicillins, cephalosporins, and monobactams; carbapenemases, such as KPC
(Klebsiella pneumoniae carbapenemase)’® and NDM (New Delhi metallo-B-lactamase),”” which can degrade carbapenems
(considered as last-resort treatments);”® Ampicillinase C (AmpC) p-lactamases that provide resistance against a broad range
of B-lactam antibiotics.”® These enzymes have been identified in various pathogenic bacteria classified as critical threats by
the WHO, including K. pneumoniae, E. coli, A. baumannii and P. aeruginosa, leading to infections increasingly difficult to
treat and control. To address B-lactamase-mediated resistance, inhibitors of these enzymes are co-administered with -
lactam antibiotics to restore their efficacy against bacteria with this particular type of resistance.'% %>

Al has also been integrated to identify inhibitors of different B-lactamases, several promising compounds were
identified with Al or in silico modeling and experimental validation (see Figure 3A—C). A recent example is the work of
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corresponds to the original compound number in Parvaiz et al (B) Zndm|9 - metallo-B-lactamase NDM-| inhibitor identified by Lv et al (C) non-covalent AmpC inhibitor
ZINC339204163 and its analogue ZINC549719643 (Lyu et al®?).

Parvaiz® in 2021. Their research centered on a class C B-lactamase called CMY-10 (AmpC B-lactamase), a key factor in
drug resistance to a variety of Enterobacteriaceae. They initially employed the SILCS (Site-Identification by Ligand
Competitive Saturation) method'’® to perform a detailed analysis of specific functional groups in the CMY-10 p-
lactamase pocket and pharmacophore modeling. The created pharmacophore models were then used as a basis for a
large-scale screening of a vast, in-house, chemical library. The library comprised around 700,000 compounds. The
authors built a RF'®” model to screen compounds and identify potential inhibitors, considering various structural and
chemical parameters such as molecular shape, electrostatic properties, polarity, and solubility. This approach yielded
accurate predictions of the compounds’ potential as effective inhibitors of the p-lactamase CMY-10. Consequently, 74
candidates were identified and subsequently subjected to experimental tests. Among these, compound 11 _Parvaiz et al
“CID2849737” (Figure 3A), demonstrated notable efficacy in B-lactamase assays and against multi-drug resistant (MDR)
clinical strains, with MIC of 4 mg/mL against all tested MDR strains (E. coli, Enterobacter cloacae (E. cloacae),
Enterobacter agglomerans (E. agglomerans), Enterobacter alvei (E. alvei) among others. Synergistic tests confirmed the
potential of this compound as a -lactam enhancer and B-lactamase inhibitor. C/D2849737 was particularly noted for its
mechanism of action not based on a conventional B-lactam structure. It was proposed as a promising candidate for future
optimizations and evaluations in view of clinical trials.

In the context of in silico screening of vast libraries for the identification of B-lactamase inhibitors, molecular docking
methods have also proven their efficiency. As a recent example, the research conducted by Lyu et al®* in 2019 highlighted
the application of docking on a set of 170 million compounds, specifically targeting B-lactamase AmpC. The compounds
that achieved the best scores were selected for synthesis and experimental evaluation of their interaction with AmpC,
resulting in the synthesis of 44 molecules. That led to the identification of a non-covalent AmpC inhibitor,
ZINC339204163 “CID134613160” (Figure 3C), characterized by an inhibitory activity with a Ki of 1.3 uM. This
inhibitor was identified as the most effective reversible agent against AmpC discovered by screening. It was subsequently
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optimized to produce an analogue, ZINC549719643 “CID132373998” (Figure 3C), exhibiting a Ki of 77 nM. This
optimization placed it as one of the most effective non-covalent AmpC inhibitors to date.

Recently, we have developed a series of ML and DL models to predict non-covalent inhibitors of AmpC B-lactamase.
Our work utilized a dataset comprising both inhibitors and non-inhibitors of AmpC to train SVM, RF, and Feed-Forward
Neural Networks (FFNN).'” The models demonstrated cross-validation accuracies between 80% and 82%, largely
outperforming others recently reported models.'” We provided an innovative approach for identifying new potential
non-covalent inhibitors, non-covalent inhibitors could represent an alternative strategy against B-lactamases. The devel-
oped models are publicly available to foster innovation and collaboration and in this important field.

In 2023, Lv et al reported a study®' aimed at identifying novel, effective inhibitors against the metallo-B-lactamase
NDM-1. To achieve this, a curated set of 547 compounds, consisting of 271 inhibitors and 276 non-inhibitors of NDM-1,
was used. These compounds were encoded using molecular fingerprints and served as the training dataset for a deep
neural network (DNN). Post-training, the model showcased very good performance, achieving AUC of 0.90. It was then
utilized to screen the Specs chemical library of over 210,000 compounds (2019 v. http://www.specs.net), leading to the

selection of 6252 molecules. Molecular docking was subsequently applied for the investigation of the interactions
between the inhibitor candidates and the NDM-1 enzyme, using Autodock4Zn''® for the analysis. The candidate
Zndml19 “CID1221715” (illustrated in Figure 3B) emerged as a very efficient inhibitor of NDM-1. Experimental
validation of Zndm19, via specific NDM-1 enzymatic activity assays, confirmed its potency with an IC50 value of
2.678 uM. Biological evaluations on mouse peritonitis infection models demonstrated its capability to reinstate the
bactericidal effect of meropenem against NDM-1-positive E. coli strains. Furthermore, this inhibitor exhibited no
cytotoxicity at less than 32 pg/mL towards a variety of human cell lines and enhanced survival rates in a mouse
model of peritonitis, underlying its potential as a safe and effective therapy for carbapenem-resistant bacterial infections
mediated by NDM-1.

Antimicrobial Peptides

The exploration of new antimicrobial agents using Al has also focused on antimicrobial peptides (AMPs).''" AMPs are
short sequences of amino acids essential to the innate immune response in various organisms, effectively combating a
wide range of bacteria by disrupting their cell membranes. This mode of action poses a significant hurdle for AMR
development, showcasing the AMP’s robust antimicrobial ability. AMPs are typically 12—50 amino acids in length with 2
—9 excess basic residues (arginine or lysine) and up to 50% hydrophobic amino acids; they fall into four major structural
categories based on their amphiphilic conformations that can be performed or adopted after membrane interaction,
namely, p-structures with 2—4 B-strands, amphipathic a-helices, loop structures, and extended structures.''”

One of the first studies utilizing Al for the discovery of effective new AMPs was that of Cherkasov et al’* in 2009,
where the predictive capabilities of an artificial neural network (ANN) combined with chemical descriptors to identify
and design effective AMPs were explored. By applying quantitative structure—activity relationship (QSAR) analysis, the
team trained a model on existing peptide data that had been experimentally tested. This model was used to predict the
activity of 100,000 virtual peptides, each made up of 9 amino acids. These were ranked according to their hypothetical
antimicrobial potential, and among the most promising results, two peptides, HHC-10 (KRWWKWIRW) and HHC-36
(KRWWKWWRR), were identified as particularly effective in vitro against Pseudomonas aeruginosa (P. aeruginosa).
These peptides were then tested in vitro against a range of resistant pathogens, including multidrug-resistant strains of P,
aeruginosa, MRSA, E. coli, Klebsiella pneumoniae (K. pneumoniae) producers of extended-spectrum p-lactamase
(ESBL), and VRE faecalis and faecium. They showed an MIC between 0.3 and 11 uM (see Table 1 for more detail),
surpassing certain major antibiotics like tobramycin, ciprofloxacin, ceftazidime, and imipenem. In vivo tests further
demonstrated the peptides’ efficacy, with both HHC-10 and HHC-36 significantly reducing bacterial counts in a mouse
model of invasive S. aureus infection, highlighting their efficacy. Additionally, these peptides revealed minimal toxicity,
with negligible hemolytic activity at all concentrations tested, thereby confirming their pathogen-specific nature.

In 2018, Grafskaia et al”> conducted a transcriptomic study on the sea anemone Cnidopus japonicus to extract,
analyze, and assess its peptides and their antimicrobial activity. A total of 63,484 peptides were identified in the sea
anemone and analyzed using various online ML models to detect the most promising peptides. AMPA,''*> ADAM,'"* and

150 https: Advances and Applications in Bioinformatics and Chemistry 2024:17

Dove!


http://www.specs.net
https://www.dovepress.com
https://www.dovepress.com

Dove Bagdad and Miteva

CAMPR3'"® were utilized to estimate antimicrobial properties, along with predictors of eukaryotic cells, while
CellPPD,''® CPPpred,''” and CPPred-RF''® were employed to evaluate cytotoxicity. Consequently, 10 peptides were
ultimately selected and synthesized. Among them, three peptides, B4 KVKYFKRWLR, A3 NSVRNRVMLWRTKR, and Bl
GIWTCRKKRA, exhibited moderate antimicrobial activity. B4 showed activity against both E. coli (Gram-negative) with
a MIC of 64 pg/mL and Bacillus subtilis (B. subtilis) (Gram-positive) with a MIC of 32 pg/mL, indicating its broader
spectrum of antimicrobial activity. On the other hand, 43 and B/ inhibited the growth of Gram-positive bacteria, B.
subtilis, with a MIC of 128 pug/mL and 64 pg/mL, respectively, suggesting their potential use in targeting Gram-positive
bacterial infections.

Recently, several studies have focused on the application of generative DL in the research of AMPs. Fields et al’®
employed a combination of ML and biophysical characteristics analysis to identify and develop AMPs derived from
bacteriocins. An SVM model was trained on a dataset comprising 346 active bacteriocins and an equivalent number of
inactive sequences. The sequences were encoded using the word-embedding algorithm Word2vec to transform each peptide
into a high-dimensional vector space. This method encodes the sequences by capturing the relationships between amino acid
trimers, thereby enhancing the SVM model’s ability to discern structural and functional nuances of peptides, and effectively
differentiate between active and inactive sequences. This model succeeded in isolating 676 candidates as potentially active
from a library of generated peptides. Then, from the isolated 676 putative bacteriocins, they produced 28,895 peptides of 20
amino acids using a sliding window technique. Consequently, sixteen sequences were chosen based on physicochemical
parameters, synthesized and tested, and among them, two peptides, peptide 3 IKKIGKKAAKKVIVKAIQAI and peptide 4
KKIGKKAAKKVIVKAIQAIV, demonstrated the best activities. Peptide 3 demonstrated an MIC of 32 uM against E. coli and an
MIC of 64 uM against P. aeruginosa. Peptide 4 displayed even better MICs, with an MIC of 2 uM against E. coli and a MIC of
16 uM against P. aeruginosa. Moreover, cytotoxicity assays demonstrated that these peptides specifically target bacterial
membranes without adversely affecting mammalian cells.

Another recent study focused on predicting and designing AMPs, especially short-length AMPs.”” The authors
introduced Deep-AmPEP30, a method employing PseKRAAC (pseudo K-tuple reduced amino acid composition) and
a CNN. This methodology was used to predict AMPs of about 30 amino acids, with performance comparable to other
existing ML-based methods in a balanced benchmark dataset of 188 samples. The performance metrics of the model
demonstrated an accuracy of 77% and achieved 85% of AUC. Deep-AmPEP30’s utility was demonstrated through its
application to the genome of Candida glabrata, a gut commensal fungus. The model successfully identified a 20 amino-
acid peptide, P3 FWELWKFLKSLWSIFPRRRP with robust antibacterial activity against B. subtilis and Vibrio para-
haemolyticus, comparable to ampicillin. This discovery showcases the high model’s capability in identifying potent
AMPs from genomic data.

Alongside these developments, in 2020 Dean and Walper’® utilized a Variational Autoencoder (VAE), a type of
generative DL algorithm. The VAE was trained on a database containing known active AMP sequences as well as their
scrambled counterparts. These latter are variants where the order of amino acids is randomly altered, rendering the
peptides biologically inactive. The VAE’s ability to interpolate between active AMP sequences and their scrambled
versions enabled the generation of novel active peptides. Among these, the peptides P! (RKLKKLWRKFR), P2
(RRFVKKVRKLVK), and P3 (FRWLRKWFRR) demonstrated significant antimicrobial activity against various bacterial
strains such as E. coli, A.baumannii, and S.aureus, showing promising EC50 values (see Table 1 for more details). These
results validated the VAE’s effectiveness in identifying potent AMPs and demonstrated the potential of Al-driven
approaches in the rapid generation and optimization of new AMPs for specific therapeutic purposes.

In 2024, the exploration of AMPs as novel therapeutic agents fostered by Al continued to yield more promising

results. A study conducted by Dong et al”’

targeted the antibiotic resistance of Cutibacterium acnes (C. acnes),
implicated in acne vulgaris, which affects a vast majority of adolescents and young adults. Their efforts highlighted
the use of a DL pipeline to generate peptides with specific inhibitory activity against this bacterium. The study began by
training a base generator model on sequences of known active AMPs, exploring public data to capture a diversity of
bioactive motifs. At this stage, pre-trained protein embedding (representations of protein sequences as numerical
19 and Evolutionary Scale Modeling (ESM),'?°

understanding of the complex relationships between amino acid sequences and their functions. To refine the model’s

vectors), such as those from ProtTrans was used to enrich the models’
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specificity towards C. acnes, it was fine-tuned using sequences of AMPs effective against this bacterium. A phylogenetic
tree was constructed to select closely related bacterial species for training, improving the relevance of the generated
peptides. The model generated 660,000 new peptide sequences, which were filtered by activity and hemolysis classifiers,
reducing them to 24,579 candidates. These underwent further selection based on length and clustering, identifying 42
peptides for in vitro testing. Five peptides showed specific activity against C. acnes with MIC values of 2—4 pg/mL (see
Table 1). Toxicity tests indicated low toxicity for all, suggesting a favorable safety profile.

Challenges and Future Opportunities in Antibacterial Drug Discovery

The discovery of new antibiotics is becoming more and more difficult. Various reasons can be cited. Indeed, the declining
development of new antibiotics by the pharmaceutical industry results in part in a lack of sufficient investments.'?'
Further, antibiotics were discovered largely through screening microbes for secondary metabolites that inhibited the
growth of pathogenic bacteria. This approach has led to the discovery of many of the antibiotic classes used clinically, as
B-lactams, aminoglycosides, polymyxins, glycopeptides, etc.'** New approaches are needed to increase the discovery of
new antibiotics while reducing the cost of early drug discovery for next- generation therapeutics. Today, metagenomics
and metatranscriptomics are becoming important diagnostic tools for screening and detecting pathogens and antibiotic
resistance genes, assessing the effects of antibiotics and characterizing the microbiome'**. CRISPR-Cas9, evolving as a
state-of-the-art genetic engineering tool for altering specific genes across diverse microorganisms, is a promising tool for
addressing antibiotic resistance by selectively modifying genes in diverse microorganisms'>*.

In the era of big data and next-generation sequencing, it is almost impossible to manually find a drug with low AMR
risk. Al is a promising technology successfully used in drug discovery that will speed the development of efficient
antibiotic alternatives. Evidently, in silico approaches in early drug discovery enable the exploration of rapidly expanded
vast chemical spaces that are beyond the reach of traditional experimental approaches. Indeed, the recent progress of ML
and DL offers possibilities to efficiently explore high-dimensional data, to speed up target identification, preclinical and

clinical development'*>

and design candidate compounds with desired properties, including those with antibacterial
activity'?®. More widely, AI and in particular large language modelling have been outlined with possible benefits in
personalized medicine, drug discovery, and applications to improve diagnosis and clinical decisions. Yet, limitations have
also been noted as risks of bias, lack of transparency and reliability, and ethical consequences'?’.

The advancements in ML and DL allow now the application of such algorithms for prediction of molecular properties
in order to identify novel classes of antibiotics. Modern neural network-based molecular representations have the
potential to increase the true positive rate of identifying structurally novel compounds with the desired bioactivity.®”-'%®
Traditional QSAR models'?® built on known scaffolds cannot identify novel scaffolds. The power of neural network
approaches is in their capability to automatically learn molecular representation.'?® Al is particularly valuable for novel
antibiotic discovery, where identifying structurally divergent from conventional antibiotics is crucial. For example,
Stokes et al®’

structural classes of antibiotics allowing for the efficient substructure-based exploration of vast chemical spaces.

utilized a cutting-edge approach, a directed message-passing deep neural network (D-MPNN), to discover

Although, Al demonstrated its utility in early drug discovery, it still faces important challenges. In order to create
high-confidence predictive models, Al approaches need high quality and quantity reproducible data. In the context of
antibacterial discovery, the compound libraries should contain molecules with physicochemical properties appropriate for
antibacterial drugs, yet sufficiently diverse. Positive and negative training data with important chemical diversity are
critical for building models capable of generating new scaffolds. A lack of diversity or balanced representation can lead
to significant biases in the models’ predictions. Furthermore, DL requires very large volumes of data to be able to extract
the most relevant and important information from the inputs and achieve optimal performance. The availability, quantity,
and quality of data is thus critical for models’ performance. Several databases'?’ provide detailed information on
resistance genes, molecular mechanisms, chemical structures of antibiotics, among others. The Comprehensive
Antibiotic Resistance Database (CARD)'* accessible at https:/card.mcmaster.ca/ compiles for instance detailed data

on resistance genes, their mutations, and associated proteins, facilitating an understanding of the molecular mechanisms
of resistance. The NCBI AMR (National Center for Biotechnology Information Antimicrobial Resistance) https://www.
ncbi.nlm.nih.gov/pathogens/antimicrobial-resistance/ compiles genes, sequences, and phenotypic profiles related to AMR
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in different bacterial species. MEGARes 3.0'*'"'* includes resistance sequences for antimicrobial drugs and biocides.
These databases focus on resistance trends and offer expanded data to develop more effective treatments. The advanced

bioinformatics tool ResFinder of the Bacterial Antimicrobial Resistance Reference Gene Database'>*

was designed to
identify AMR genes in bacterial genomic sequences derived from next-generation sequencing data. Such genomics-based
data combined with well-performing ML/DL —based tools can evolve toward accurate prediction of new chemical
structures and activities of genomically encoded antibiotics.'>”

Employing Al will be crucial in the near future to efficiently treat heterogeneous and huge information on AMR by
compiling genes, sequences, and phenotypic profiles, antibiotic structures and their mechanisms of action and side
effects. Yet, Al models are often black boxes in nature, that is why decoding the structural diversity of compounds for
antimicrobial and mechanistic investigations is critical'*®. In order to optimally exploit the available AMR, structural,
and pharmacological data, integrating Al approaches based on high-dimensional modelling with mechanistic modelling

approaches would overcome the current challenges, and would ultimately accelerate antimicrobial drug discovery.

Conclusion

The integration of Al in the fight against AMR has opened new horizons in the development of novel antibacterial
agents. Here, we illustrated how Al can facilitate the identification and development of new promising agents with
antimicrobial properties. Covering from the discovery of small-molecule inhibitors targeting specific bacterial virulence
factors to the innovative design of AMPs and B-lactamase inhibitors, the implication of Al can change the paradigm in
combating AMR. These achievements not only highlight the importance of Al in accelerating the discovery and
optimization processes but also underline the urgent need for massive investment in Al technologies in drug discovery
and in particular in antimicrobial research. Finally, to move forward, it is crucial to bridge the gap between the numerous
Al-driven applications and current clinical investigations to foster the IA technological innovations toward new effective
treatments related to AMR.
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