
Introduction
Intracellular bacteria are a group of microorganisms 
capable of residing and replicating within the cells of 
their host organisms. Classic examples of these deadly 
bacteria are Mycobacterium tuberculosis, Salmonella, 
Chlamydia trachomatis, Neisseria gonorrhoeae, and 
Listeria monocytogenes.1 These bacteria have a unique 
mechanism to invade and survive within the eukaryotic 
cells and are marked as the common causes of severe 
leading infections. The intracellular environment offers 
protection against external toxic agents and enables 
intracellular bacterial pathogens (IBPs) to escape the 
immune system. Consequently, intracellular bacteria have 
had to adapt to the adverse conditions found in subcellular 
compartments, such as the presence of lytic enzymes, 
acidic pH, and limited energy sources,2 with the help of 
evolving mechanisms to modulate host cell biology in 
order to reside and colonize in deeper tissues. Antibiotics 
have so far been the primary treatment option against 
these pathogens, despite the growing concerns related 
to antimicrobial resistance and the fact that two-thirds 

of known antibiotics cannot penetrate and accumulate 
within mammalian cells.

The need for alternative approaches for the effective 
treatment of infections caused by IBPs is thereafter a 
primary concern. IBPs are resilient and keep the therapy 
challenge activated by the development of antibacterial 
resistance, the formation of biofilms, and the ability of 
certain pathogens to invade and localize within the host 
cell. Poor penetration of IBPs into host cells is the reason 
for inadequate bacterial clearance, leading to chronic 
and untreated infections. Therefore, to overcome the 
challenges of different cellular barriers, approaches 
adopted for treating these stubborn infections include 
the development of nanoparticles (NPs), antimicrobial 
peptides, and antisense oligonucleotides, which control 
gene expression through targeting RNA through the novel 
use of a topical antibacterial polymer, polyhexamethylene 
biguanide.1 Moreover, there are advances in new 
technologies such as phage engineering, nanotechnology, 
biofilms, gene editing and therapy, RNA therapeutics, 
organelle-specific targeting, and optogenetics. These are a 
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Abstract
The spectrum of diseases caused by intracellular bacterial pathogens (IBPs) is broad, ranging 
from life-threatening conditions such as tuberculosis to other infectious-transmitted diseases. 
Conventional antibiotic treatment faces challenges due to antibiotic resistance, host cell toxicity, 
and limited drug penetration. Despite the excellent ability of these perilous pathogens to 
modulate host cell biology, localize in, and multiply through targeting the key virulence factors, 
cell  brings about auspicious maneuvers to combat pathogenic diseases and alleviate their 
significant global burden. Modulation and identification of molecules, pathways, and responses 
are the initial steps of targeted therapy, varying from disease to disease. This article explores the 
cutting-edge advancements in targeted therapy approaches. Innovations such as nanoparticle-
based drug delivery systems, phage therapy, immunomodulation, and gene editing, which hold 
a promising future for overcoming the limitations of traditional treatment, are also discussed. 
Efficient delivery systems, drug optimizations, and inch-perfect distribution and retention of 
therapeutic agents are some of the determining factors in the success of targeted therapy for 
bacterial pathogens. The article also presents a novel application wherein filamentous phages 
are loaded as targets in nanocarriers for therapeutic purposes. The present challenges faced by 
the researchers, along with future directions for this field of medical science, are also outlined. 
Overall, the scope of this article involves the various strategies involved in targeted therapy, drug 
modulations, and limitations faced in our current approaches.
Keywords: Disease, Intracellular bacterial pathogen, Targeted therapy, Drug optimization, Drug 
modulation
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few measures to hold the potential for revolutionary and 
advanced treatment by targeting cellular processes with 
greater precision and efficacy.

Impacts of Intracellular Bacterial Pathogens on Human 
Health
Infectious diseases have always been a threat not only 
to humans but also to plants and animals worldwide. A 
range of diseases and infections that pose a considerable 
risk to life and health are caused by IBPs. The ability 
of these IBPs to elude immune responses and thereby 
exhibit persistence creates complications for the complete 
eradication of infections caused by them. The ability of 
intracellular bacteria to spread to other cells without 
being detected and killed by the host immune cells is quite 
challenging. Bacterial transfer can occur when the host 
cells exchange plasma membrane proteins and cytosol 
through a process called trogocytosis, allowing bacteria to 
move from infected cells to uninfected cells, thus leading 
to a variety of diseases ranging from sexually transmitted 
diseases derived from chlamydia to life-threatening 
infections such as tuberculosis and listeriosis.2,3

When bacterial infections are observed quite often, the 
use of conventional antibiotics is essential, but the capacity 
to develop resistance against IBPs will still be there. Some 
bacteria are now resistant to even the most powerful 
antibiotics available, which is alarming. Moreover, taking 
antibiotics interferes with our gut’s normal flora, which 
further deteriorates the condition of the body.4 Table 1 
provides IBPs and their associated diseases.
 
Intracellular Bacterial Pathogens: Invasion and 
Replication
Invasion
The journey of IBPs into host cells represents a critical 
moment in the pathogenesis of infectious diseases in which 
bacteria navigate a landscape of molecular interactions 
to invade and weaken host defenses. The initial step in 
bacterial invasion is adherence, which is performed by 
specialized cells called adhesins. These adhesins vary in 
composition and structure and are identified by receptors, 
made up of glycolipids or glycoproteins, present on host 
cell surfaces. Examples of host cell receptors are cadherins, 

selectins, and various glycosaminoglycans. Additionally, 
anchorage can be provided by structures such as 
bacterial appendages, including pili, fimbriae, or flagella. 
Adherence to the host cell promotes cellular signals that 
facilitate bacterial penetration. In bacteria, there are two 
trusted mechanisms for the invasion of the host (i.e., the 
zipper and trigger mechanisms). Through the zipper 
mechanism, bacteria can induce cytoskeletal changes that 
facilitate the formation of membrane protrusions, such 
as lamellipodia and filopodia.15 These changes create a 
zipper-like structure around the pathogen, which allows 
it to be engulfed by the host cell through phagocytosis. 
This mechanism is often found in bacteria such as Listeria 
monocytogenes and some strains of Escherichia coli.16

The trigger mechanism, however, initiates signaling 
actions in host cells through interactions with specific 
receptors on the host cell surface.17 It involves the 
injection of bacterial effector proteins into the host cell 
using specialized secretion systems, namely, the type III 
secretion system, or the type IV secretion system, and 
the like. The receptors can include various proteins such 
as integrins, Toll-like receptors, and pattern recognition 
receptors. By binding to these receptors, bacterial 
pathogens promote their invasion and manipulate the 
immune responses of the host by hijacking cellular 
processes.18 This mechanism is commonly observed in 
Salmonella typhimurium.

In summary, the trigger mechanism manipulates the 
host cell by activating the signaling pathways, while the 
zipper mechanism entails the engagement of specific 
host cell receptors for the invading purpose. However, 
understanding these mechanisms for developing targeted 
therapeutic mediations in detail is highly crucial. 
Ultimately, the invasion is performed by phagocytosis 
or endocytosis. Types of endocytosis that can be utilized 
by host cells to internalize pathogens include clathrin-
mediated endocytosis, caveolae-mediated endocytosis, 
and macropinocytosis. Nonetheless, some IBPs directly 
penetrate the host cell to internalize without involving 
endocytosis. The whole point of internalization is to 
build a conducive environment for the bacteria to hijack 
the host machinery and promote its own survival and 
replication. 

Table 1. Diseases Associated With Intracellular Bacterial 3Pathogens

Bacteria Host Associated Disease Localization Inside Host References

Salmonella enterica Macrophages Typhoid and paratyphoid Modified phagosome 5,6

Mycobacterium tuberculosis Macrophages Tuberculosis Phagosome and cytosol 7-9

Chlamydia species
Conjunctiva and genital 
epithelial cells

Ocular and genital infections Vacuole 10

Listeria monocytogenes Epithelial cells Listeriosis Cytosol 11

Staphylococcus aureus
Keratinocytes, bovine 
mammary epithelial cells, and 
osteoblasts

Skin infections, mastitis, and 
osteomyelitis

Endosome and cytosol 12,13

Escherichia coli
Bladder epithelial cells and 
mammary epithelial cells

Urinary tract infections, and mastitis Vacuole 14
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Replication
The essential concept of the IBPs is that microorganisms 
that multiply within cells are fundamentally different 
in their biology and pathogenesis from those that are 
unable to do so. However, intracellular bacteria do 
have something in common with viruses, which is the 
requirement of a suitable host for systematic replication 
and proliferation. Furthermore, by looking at the criteria 
of the targeted host cells, it can be found that these 
pathogens commonly target cells of the same type. It is all 
fulfilled when the metabolic conditions of host cells fail 
to satisfy the high nutrient demand of a pathogen in their 
inactive state of metabolism. To overcome this hurdle for 
succeeding proliferation, these pathogens readjust the 
machinery of the host cells. The site of replication of IBPs 
is the vacuole or cytosol.19 Due to easier access to nutrients 
in the cytoplasm, higher IBP replication is observed in the 
cytosolic region than in any other part of the host cell. Once 
phagocytized, bacteria often modify these compartments 
to control access to nutrients and thus dodge host immune 
mechanisms. Inside the cytosol, IBPs are at a huge 
advantage as a nutrient-rich environment offers a perfect 
escape from the host’s immune cells, which facilitates 
robust replication. Although studies have shown that any 
sort of damage to the host cell tonoplast facilitates to enter 
of bacteria into the cytosol the cytosol  and endangers the 
ability of these bacteria to colonize.20 Meanwhile, bacteria 
develop intricate strategies to overcome obstacles in their 
way of replication. Mechanisms observed in this regard 
include the prevention of phagocytosis (Yersinia species), 
alteration of phagocytosis (Salmonella species), escape 
from the phagosome by lysing the tonoplast (Listeria and 
Shigella species), blockage of the fusion of lysosomes with 
phagosomes (Legionella species), and acidification of 
phagolysosomes (Mycobacterium tuberculosis).21

Compared to facultative intracellular bacteria, little is 
known about the interactions and physiology of obligate 
bacteria. One of the reasons for this knowledge gap is 
the challenge of studying bacterial signaling networks in 
vivo conditions. Interestingly, some studies have shown 
that the purification of obligate intracellular bacteria 
must proceed from host cells before most transformation 
methods are to be executed because chemical reagents do 
not typically possess the ability to pass both the pathogen 
membrane and host; for example, Rickettsia prowazekii 
has a replication time of 8–12 hours in the cell membrane, 
which is 2–3 times longer than that of L. pneumophila.22 

Mechanism of Action of Antibiotics and Antimicrobial 
Agents 
Antibiotics, or antimicrobial agents, a formidable weapon 
against bacterial infections, offer a diverse approach 
to evading bacterial pathogens. Antibiotic drugs have 
different modes of action against various species of 
intracellular bacteria; related examples are provided as 

follows:

Inhibition of Cell Wall Synthesis
Antibiotics considered as β-lactams (carbapenems, 
penicillin and its derivatives, and cephalosporins) 
and glycopeptides, such as vancomycin, inhibit the 
biosynthesis of peptidoglycan (PG), allowing cell 
vulnerability to autolysis and osmotic pressure.23,24 
Consequently, bactericidal antibiotics are able to inhibit 
the synthesis of the cell wall. The β-lactam drug class 
targets penicillin-binding proteins to inhibit cell wall 
synthesis by inhibiting the last stage of PG synthesis, thus 
disrupting the terminal transpeptidation mechanism. PG 
is a mesh-like network present in the cell walls of both 
gram-positive and gram-negative bacteria. Considering 
that animal cells lack PG, the mechanism of action is 
the best choice in nature . Penicillin G, amoxicillin, and 
cephalosporin C are examples of proceeding cell wall 
inhibition and are known to belong to the β-lactam drug 
class. Glycopeptides such as vancomycin block cell wall 
synthesis by attachment to the D-Ala-D-Ala terminal 
of the elongating peptide chain when the cell wall is 
being synthesized, causing a disturbance in the terminal 
transpeptidation mechanism and inhibition of cell wall 
synthesis. A structurally weak cell wall is susceptible 
to osmotic lysis, which leads to the rupture of the cell 
membrane and, ultimately, bacterial cell death.

Inhibition of Protein Synthesis
Drug class aminoglycosides and tetracyclines attack 
protein synthesis by targeting the 30S subunit, and 
examples include streptomycin, gentamicin, neomycin, 
tetracycline, and doxycycline. In aminoglycosides, this 
is achieved by binding with high affinity with the A-site 
on the 16S ribosomal RNA (rRNA) of 30S rRNA. Thus, 
it causes misreading of codons when aminoacyl-transfer 
RNA is transferred and incorrect amino acid compilation 
into the polypeptide chain.25 Consequently, the erroneous 
protein is produced, which generates noxa to  the cell 
membrane when released. Tetracycline passively diffuses 
the cell membrane through the porin channel and blocks 
protein synthesis by inhibiting tRNA binding to the 
messenger RNA-ribosome complex. It binds reversibly 
to the 30S ribosomal subunit to achieve protein synthesis 
blockage. 

The antibiotics favorable for 50S subunit inhibition 
are macrolides, chloramphenicol, and oxazolidinones 
by their own action mechanisms. Macrolides such as 
azithromycin bind to the 50S subunit of 23S RNA to 
achieve their goal. The mechanism holding behind it 
activates to block transpeptidation and translocation in 
order to block protein synthesis, resulting in the separation 
of proteins before maturation and the formation of 
incomplete peptide chains. Chloramphenicol is a class 
of antibiotics that is lipid-soluble and can easily pass 
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through the membrane of bacteria. Afterward, it binds 
reversibly to the L16 protein of the 50S subunit of the 
ribosomes of bacteria, causing the inhibition of peptide 
bond formation, thus blocking the transfer of the amino 
acid by the blockage of peptidyl transferase activity.
Oxazolidinones such as linezolid and tedizolid behave 
as antibacterial agents by disturbing the translation of 
bacterial proteins. They attach to the 50S subunit site 
of the bacterial 23S ribosomal RNA, thus interfering in 
the development of a functional 70S initiation complex, 
which is essential for bacterial replication. This will 
prevent bacteria from multiplying.24

Inhibition of Cell Membrane Functions
This mechanism targets bacteria with a lipid bilayer of 
cell membranes. Polymyxins exhibit cationic detergent-
like activity; they interact with lipopolysaccharides in 
Gram-negative bacteria, resulting in the disruption of the 
integrity of the outer membrane.24 

Inhibition of Nucleic Acid Synthesis
The chief target processes of this mechanism are DNA 
and RNA, which are achieved by antibacterial drugs (e.g., 
rifamycin and fluoroquinolones). Rifamycin strongly 
attaches to the polymerase subunit present inside the 
DNA/RNA pathway and causes the blockage of the 
bacterial DNA-dependent RNA polymerase. In this way, 
the elongation of RNA is inhibited and cannot take place. 
Bacterial RNA polymerase enzymes are structurally 
different from eukaryotic RNA polymerase enzymes and 
are responsible for selective toxicity behavior against 
bacterial cells.24

On the other hand, quinolones inhibit DNA synthesis 
by blocking two enzymes, namely, DNA gyrase and 
topoisomerase IV; these two are termed basic type II 
topoisomerases. They both target and attack in the same 
manner, resulting in one double-stranded DNA molecule 
shifting through another. This leads to the initial strand’s 
inferior rank when it has afterward turned. Quinolones 
have a formidable affinity for the DNA gyrase A subunit. 
They disturb the way strands split and reseal and lead to the 
negation of normal cell division. The role of topoisomerase 
IV is to nick and separate the daughter DNA strand after 
DNA replication. This is the foremost duty occurring in 
Gram-positive bacteria. Drugs possessing a higher affinity 
for this enzyme can cause greater potency against Gram-
positive bacteria.24

Blockage of Metabolic Pathways by Competitive 
Inhibition:
Trimethoprim has a synergistic effect on sulfonamides. 
It is an antifolate antibacterial agent that blocks bacterial 
dihydrofolate reductase, considered an important enzyme 
that catalyzes tetrahydrofolic acid formation. Nonetheless, 
during this process, it inhibits the synthesis of bacterial 

DNA and, consequently, bacterial life.
Sulfonamides stop the multiplication of bacteria by 

acting as competitive inhibitors of p-aminobenzoic acid 
in the metabolism cycle of folic acid. Bacterial sensitivity 
is similar for various sulfonamides, and if resistance 
belongs to one sulfonamide, it refers to resistance to all. 
Most sulfonamides are absorbed orally and readily.
 
Potential Vulnerabilities in Intracellular Bacterial 
Pathogens
The extracellular pathogen is a type of microorganism 
that cannot survive inside the phagocyte after it has been 
engulfed, but  intracellular  pathogens that reside inside 
the host cells are called phagocytes. Intracellular bacteria 
naturally pose particular challenges to therapeutic 
targeting and often make their targeted control difficult. 
Unlike extracellular pathogens, which can be directly 
targeted by circulating antibiotics or immune mechanisms, 
intracellular bacteria have evolved sophisticated strategies 
to evade host defense mechanisms.25

Understanding the molecular targets in intracellular 
bacteria is critical for developing targeted therapies. 
The approach of targeted therapy can be utilized to the 
fullest only when the targets are totally perfect and the 
drug delivery is efficient. By identifying the essential 
components of bacterial physiology, such as enzymes, 
structural proteins, and regulatory factors, researchers 
can uncover pathways that facilitate bacterial spread.25 It 
is important to note that the drugs and agents to be used 
in targeted therapy should be designed to hit on specific 
vulnerabilities in bacteria. These vulnerabilities may 
include bacterial proteins, enzymes, adhesins, metabolic 
pathways, or secretion systems that hinder the processes 
of bacterial adherence to the host, bacterial survival 
mechanisms, and ultimately the bacterial spread.26

Strictly speaking, targeting bacterial enzymes is as 
effective as it sounds. Enzymes, being highly specific, 
target particular pathways in bacteria such as DNA 
replication, transcription, translation, and cell wall 
synthesis, regulating bacterial growth and proliferation. 
By selectively obstructing the enzymes required 
by bacteria, respective processes can be hindered 
effectively. R. prowazekii secretes phospholipases that 
determine the localized and controlled degradation 
of the host cell membrane and directly enters the 
cytoplasm through the membrane lesions.27 In this case, 
disintegrating bacterial phospholipases using belactosin 
A, AACOCF3 (arachidonyl trifluoromethyl ketone), and 
ethylenediaminetetraacetic acid can help achieve the 
inability of R. prowazekii to infect its host.28 Targeting 
virulence factors, such as adhesins, surface proteins, and 
secretion systems, can attenuate bacterial pathogenicity. 
Quorum sensing systems in bacteria regulate gene 
expression and coordinate behaviors. Disrupting 
signaling molecules such as acyl-homoserine lactones 
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in Gram-negative bacteria or oligopeptides in Gram-
positive bacteria has been proven to decrease bacterial 
cell density. Another key target found in the IBPs is the 
toxin-antitoxin (TA) system. The discovery of this system 
is unfolding the significant roles attributed to bacterial 
invasion and pathogenicity. Small molecules or peptides 
that disrupt TA interaction or stabilize the antitoxin, 
thereby neutralizing the toxin’s activity, can be explored 
in this regard.29 Impinging bacterial TA systems facilitates 
intrusion into biofilm formation, leading to clearance for 
the host’s immune cells to invade the breached site.

In general, the multifaceted approach provided by 
therapeutic targeting can be made fruitful by identifying 
potential virulence factors and signals in bacteria and 
disrupting them to enhance phagocytic immune responses 
or manipulating host cell metabolism to restrict bacterial 
replication and survival. The whole idea is to understand 
the intricate mechanisms by which intracellular bacteria 
establish infection and hijack host immune responses, 
and the more we thrive in pointing out the vulnerabilities, 
the more the researchers can develop targeted strategies 
to effectively disrupt these processes.

Recent Advances in Targeted Therapy
Recent years have witnessed remarkable revolutions in 
the field of targeted therapy, fundamentally changing the 
dynamics of medical treatment. Although the essence 
of targeted therapy is simple and the implications are 
profound, it has broadened our horizons by providing 
a new and versatile approach to harnessing the powers 
of the immune system. Some notable innovations are 
provided as follows:

Phage Therapy
Successful killing of IBPs can also be achieved by the use 
of engineered bacteriophages. Correct expression of cell-
penetrating peptides (CPPs) helps locate the bacterial 
target. Clearance of intracellular bacteria is promoted 
when these phages enter the bacterial cell, promote cell 
lysis, and finally release progeny phages to kill the rest 
of the bacteria. Phage therapy also carries the potential 
for synergistic effects by combining antibiotics and 
immunomodulators.30 Moreover, phage therapy has 
helped in the invention of another class of antimicrobials 
called endolysins.31 These are basically bacteriophage-
derived PG hydrolases causing lysis of the host bacteria. 
They rapidly kill the Gram-positive bacteria by degrading 
the externally exposed PG by external attacks. Their 
major advantages include high specificity for their target 
bacteria, nontoxicity to eukaryotic cells, and a very 
low risk of resistance development due to their highly 
conserved PG target bonds.

Nanoparticle-Based Drug Delivery Systems
NP-based drug delivery systems offer auspicious 

approaches for targeting IBPs. Targeted delivery of drugs 
using nanotechnology not only improves biodistribution 
but also the retention of drugs at the site of infection. 
Commonly used NPs for this purpose include liposomes, 
polymeric NPs, dendrimers, and inorganic NPs.32 
Functionalization of these NPs with targeting ligands 
or peptides that recognize intracellular receptors 
by trafficking pathways enhances their specificity 
for intracellular bacteria.33 NPs also allow multiple 
antimicrobials, or phages, to be delivered simultaneously 
in a single capsule. Nanoemulsion is another technique 
for drug delivery that leads to an increase in solubility, 
stability, and slow release of the encapsulated loaded 
molecules.34 In addition, what makes nanotechnology 
stand out in the field of targeted therapy is the high surface 
area, enhanced reactivity, and controllable size of the 
nanocarriers, improving drug solubility and modulating 
drug release characteristics.34 

Immunomodulation
It plays a critical role in the targeted therapy of intracellular 
bacteria by governing the immune response to tackle 
these pathogens effectively. It encompasses important 
actions, including the stimulation of innate immune cells, 
T-cell activation, proliferation, and effector functions 
for the prevention of tissue damage, and promotion 
of bacterial clearance. Immunomodulation involves 
the use of antimicrobial peptides (AMPs) and CPPs to 
exert direct bactericidal effects. AMPs have evolved to 
provide extensive protection against various pathogens. 
In addition, they are effective against bacteria that are 
resistant to conventional antibiotics. CPPs penetrate 
biological membranes and transport target agents to the 
interior of the cell. AMPs and CPPs can cross the host cell 
membrane without destroying its integrity.35 In addition 
to modifications, these peptides can be combined with 
antibiotics, resulting in synergistic outcomes. For instance, 
AMPs containing all-D amino acids, together with anti-
tuberculosis drugs (isoniazid and rifampicin), enhance 
the efficacy of these antibiotics against Mycobacterium 
tuberculosis.35

Drug Repurposing and Combination Therapies
Drug repurposing involves utilizing approved drugs that 
target host functions required for microbial infections, 
thus offering a promising alternative to developing novel 
antimicrobials. Using a combination of antibiotics and 
non-antibiotic compounds (potentiators) that could 
inhibit bacterial resistance or enhance antibiotic activity 
offers an effective approach to confronting multidrug-
resistant bacteria. This is a cost-effective and time-
efficient strategy. Some examples of drugs that have been 
repurposed for intracellular bacterial infections are as 
follows:
• Ibrutinib: A host-directed tyrosine kinase inhibitor 
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that significantly impairs intracellular bacterial 
survival, particularly against Staphylococcus aureus 
infections.36, 37

• Dasatinib: A tyrosine kinase inhibitor that inhibits 
the replication of the dengue virus and reduces 
bacterial load and pathology in mouse lungs infected 
with certain bacteria.37

• Crizotinib: A host-directed tyrosine kinase inhibitor 
that has shown efficacy in impairing intracellular 
bacterial survival, particularly against S. aureus 
infections.37

Challenges and Limitations
The limitations of the current therapies include the 
development of antibiotic resistance, limited access to 
drugs, and the potential for host cell toxicity. Despite 
these challenges, researchers are actively working on 
developing new drugs and strategies to overcome them 
and improve targeted therapy for intracellular bacteria. 
Some key challenges and limitations are listed below: 

Antibiotic Resistance
It poses a significant challenge in the targeted therapy 
of intracellular bacteria. Resistance mechanisms used by 
bacteria may involve efflux pumps, alterations of drug 
targets, or enzymatic inactivation of antibiotics. Antibiotic 
resistance genes are transferred through spontaneous 
mutations by the acquisition of resistance traits. For 
instance, the acquisition of β‐lactamases (hydrolytic 
enzymes) causes β‐lactam antibiotics to be effective in 
breaking them down.38 

Intracellular Residence
Intracellular bacteria often reside within host cells at some 
locations, which make it difficult for therapeutic agents 
to approach them effectively. This environment provides 
them protection from the immune system and allows 
them to persist even after the clearance of extracellular 
bacteria. Another factor that needs to be enlightened is 
that the IBPs, once inside the host cell, enclose themselves 
in vacuoles, or phagosomes. Drug penetration in these 
structures can be hindered due to their altered pH, 
enzymatic activity, and the like. Salmonella enterica 
secretes particular effector proteins, preventing the fusion 
of its phagosome with a lysosome.39

Limited Drug Penetration
Therapeutic drugs have limited penetration into host 
cells, resulting in suboptimal concentrations of the drug 
within the intracellular compartments where the bacteria 
are residing. Bacteria have developed mechanisms in 
this regard; thus, they form biofilms, especially in S. 
aureus, hindering the action of antimicrobial agents.40 
Some conventional antibiotics and therapeutic agents 
face difficulty crossing the cell membrane of host cells. 

Therefore, the presence of efflux pump systems in some 
bacteria actively removes drugs from within, thereby 
reducing intracellular drug concentrations. 

A unique challenge arises when a drug is highly specific. 
The aminoglycoside antibiotics enter cells through 
endocytosis. They bind to a receptor called megalin, 
which is abundant in the renal proximal tubule. The 
targeted interaction of aminoglycosides with megalin 
leads to their accumulation in the kidneys, which can 
cause nephrotoxicity in patients. 

Persistence and Relapse
Persistence has been an evolving survival strategy in 
bacteria. The best approaches showcased by bacteria in 
this regard are as follows:
•	 Formation of endospores
•	 Formation of exospores
•	 Formation of viable but non-culturable cells
•	 Formation of persister cells41

Generally, bacteria enter a dormant state using any of the 
above-listed strategies, and when the therapeutic agents 
have been removed, the surviving bacteria start to regrow. 
This refers to the relapse of the infection. Additionally, 
studies have shown that the treatment of bacteria with 
high doses of antimicrobials leads to the formation of 
persister cells.41 Depletion of antimicrobial agents from 
the target site resuscitates these persistent cells and makes 
conditions conducive to their proliferation. 

Endospores are commonly derived from bacteria. 
Exospores are produced in the eukaryotic cells of fungi, 
cyanobacteria, and algae. Endospores are produced inside 
the mother cell, while exospores are produced toward the 
mother cell end and released as buds.

Host Cell Toxicity
Unintended harmful effects on the host cell in the 
face of targeted therapy are invincible. Although the 
development of drugs and agents that minimize harm 
to the host is among the top priorities, this challenge 
cannot be fully eliminated; some extent of the side effects 
will always remain. Poor distribution, or metabolism, 
of the therapeutic agent may result in systemic toxicity. 
However, improvements in this regard can be brought 
about through the optimization of drug delivery systems. 
Often, the therapeutic agent is not sufficiently selective 
for the target and results in interactions with the host 
cells. Targeted therapies may also induce excessive or 
dysregulated immune responses in the host, which can be 
avoided by careful immunomodulation.41 On the whole, 
addressing host cell toxicity as a critical issue is meant to 
bring developments in the field of targeted therapy.

Future Directions and Potential Advancements
With the emergence of robust challenges such as 
antimicrobial resistance, the need for more effective and 
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precise treatment approaches has become paramount. 
There is a growing need to develop strategies that can 
enhance treatment efficacy and minimize adverse effects. 

Genome Editing
The introduction of gene editing has been a breakthrough 
in the field of medical science. Clustered regularly 
interspaced palindromic repeat (CRISPR)-based gene 
editing stands out among all the available techniques. 
The CRISPR-Cas system offers an interesting option 
for the development of next-generation antimicrobials 
to combat infectious diseases, especially those caused 
by antimicrobial-resistant pathogens.42 The specific 
programmability of CRISPR-Cas systems makes them 
superior to conventional antibiotics. These systems can 
also be utilized to identify potential therapeutic targets 
in intracellular bacteria. Researchers can identify genes 
required for intracellular survival, virulence, or antibiotic 
resistance by infecting host cells with bacteria carrying 
CRISPR-Cas systems. The role of CRISPR in improving 
treatment outcomes is immense, as it enhances the 
efficacy of antimicrobial therapy by sensitizing IBPs to 
antibiotics. 

Modifying Traditional Antibiotics
Modifying the traditional antibiotics that are to be used 
in the targeted therapy can enhance their effectiveness, 
leading to an improvement in pharmacokinetics and 
reducing cell toxicity. This approach can also prove 
to be a major breakthrough in combating bacterial 
resistance. Modifications in the C-7 and C-9 positions 
of the tetracycline D-ring produced omadacycline,43 
enabling it to overcome the common tetracycline 
resistance mechanism exhibited by bacteria. Another 
successful antibiotic derivative, cefiderocol, was obtained 
by conjugating a catechol-type siderophore to the typical 
cephalosporin core. This modification resulted in an 
excellent ability to penetrate the outer membrane of 
Gram-negative bacteria more effectively than traditional 
cephalosporins.44 By utilizing the power of molecular 
engineering, it is possible to rejuvenate the existing 
antibiotics and hope for more effective and auspicious 
treatments. 

Improved Delivery Systems
Integrating nanotechnology in the development of 
new drug delivery systems is a promising approach. 
Drug-loaded NPs can encapsulate poorly soluble drugs, 
improving their solubility and dissolution rates. It 
also allows precise targeting at the site of infection and 
minimizes the risk of cell toxicity. Nanotechnology can 
also facilitate the co-delivery of multiple therapeutic 
agents simultaneously. This multi-targeted therapy can 
further eliminate the risk of resistance in bacteria. NPs 
can overcome biological barriers, such as the blood-brain 

barrier or mucosal barriers. This will enable the delivery 
of antimicrobial agents to previously inaccessible sites.45 
A successful example of currently used drug-loaded NPs 
is Doxil. Liposomal doxorubicin (Doxil) uses liposomes 
to target cancer cells, reducing the risk of cell toxicity and 
enhancing the drug supply to the target tumors compared 
to conventional doxorubicin.46

Bacteriophages and Endolysins
The working and further developments in phage therapy 
for IBPs are almost ceased when broad-spectrum 
antibiotics are utilized. Phages can rapidly evolve and 
adapt to overcome bacterial resistance mechanisms. 
This flexibility in phages, as compared to antibiotics, 
is expected to make them potentially effective against 
multidrug-resistant bacteria. Engineered endolysins are 
auspicious to improve stability, binding affinity, and 
activity against target bacterial strains. Bacteriophages 
and endolysins can also be delivered using nanocarriers, 
which will protect them from enzymatic degradation and 
provide more efficient penetration.
 
Microbiome-Based Therapies
The human microbiota serves as an effective barrier 
against pathogenic bacterial infections. The microbiota 
influences many of the functions of the epithelium of 
the human system. Distinct species of the microbiome 
directly impact the CD4+ T helper cells to differentiate 
and help harvest energy by facilitating the fermentation 
of dietary fibers in the intestine.47 However, disturbances 
to the microbiota, particularly due to the exploited 
use of antibiotics and antimicrobial agents, increase 
the risk of colonization by IBPs. Prebiotics, probiotics, 
live biotherapeutics, and postbiotics are taken into 
consideration when discussing microbiome-based 
therapies. These substances, when administered in 
recommended amounts, confer health benefits to the 
host. Thus, keeping in view the principle behind fecal 
microbiota transplantation, technology can be applied to 
enable microbiota transplantation, helping in transferring 
beneficial microbes or microbial products from healthy 
donors to individuals with disturbed microbiota. This 
may hold potential for modulating immune responses 
against IBPs in specific contexts. Similar to every other 
transplant, the immune status of the recipient should be 
carefully studied to shape the engraftment and efficacy of 
microbiome therapy.48

Vaccines
Precaution is always better than cure. The future 
approaches being followed by pharmaceutical companies 
in vaccine discovery and production include reducing the 
need for multiple doses of a vaccine and improving the 
manufacturing processes of vaccines.49,50 More than 260 
vaccines are currently in the development stages for the 
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prevention or treatment of infections and diseases. There 
are several types of vaccines, termed inactivated vaccines, 
polysaccharide, live-attenuated vaccines, and messenger 
RNA vaccines, as well as subunit, recombinant, and 
conjugate vaccines. 
 
Conclusion
In the battle against infectious diseases, targeted therapy 
stands as a promising approach. Bacterial pathogens 
continue to develop resistance to antibiotics. The 
complexity of host-pathogen interactions will never 
let the ongoing research stop. With time, it is necessary 
to refine our therapies and develop novel strategies. 
Moreover, it is essential to deeply understand the 
mechanisms of bacterial pathogenesis and the evolving 
dynamics of targeted therapy in order to further advance 
our research and develop more effective interventions. 
With improved diagnostics, narrow-spectrum drugs will 
demonstrate a promising future by accurately eliminating 
IBPs. More sophisticated use of molecular engineering 
in the development of carriers, drugs, and combination 
therapies will positively allow precise sensing, finer drug 
delivery, and improved control of toxicity. However, 
focusing solely on therapies and treatments is not 
effective. Vaccines and other preventive measures should 
be taken as well. Awareness should be raised regarding 
the lethality caused by IBPs. Regardless of what we have 
developed until now and what is still pending, we stand in 
the face of challenges, including bacterial resistance, cell 
toxicity, and bacterial persistence. However, we should 
strive toward more precise, effective, and budget-friendly 
treatments to ultimately improve global public health and 
save countless lives.
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