www.nature.com/scientificreports

scientific reports

OPEN

EDITORIAL

W) Check for updates

Current and future directions
in bacteriophage research for
developing therapeutic innovations

Longzhu Cui'™, Kotaro Kiga?, Kiran Kondabagil® & Alicja Wegrzyn*

Phages are gaining attention for their ability to target drug-resistant bacteria, disrupt biofilms, and
reach intracellular pathogens, offering promising alternatives to traditional antibiotics. The Collection
discusses advances in phage therapy, including their application in vaccine development, cancer
immunotherapy, and gene delivery systems. Key research gaps are identified, such as challenges
related to phage stability, immune response, and regulatory hurdles. Despite the progress, phage
therapy faces obstacles in maintaining phage viability, evading immune detection, and navigating
complex regulatory frameworks. The articles collectively address these challenges and propose
potential solutions to enhance the effectiveness and acceptance of phage-based treatments. By
overcoming these barriers, bacteriophage research has the potential to revolutionize medical
therapies, providing innovative approaches to some of the most pressing healthcare challenges today.

therapeutic strategies. Bacteriophages, or phages, naturally occurring viruses that infect and lyse

bacteria, have emerged as promising solutions!. Phage therapy, harnessing these viruses, holds promise
in addressing some of the most challenging medical issues, including drug-resistant, biofilm-generating, and
intracellular bacterial infections.

Phages offer direct applications in treating bacterial infections that no longer respond to conventional
antibiotics. They have demonstrated efficacy against a range of drug-resistant pathogens, including those
responsible for chronic infections such as Pseudomonas aeruginosa and Staphylococcus aureus®. An article
featured in this Collection, for instance, has shown that combining phage endolysins with antibiotics like colistin
enhanced antibacterial activity against resistant strains such as Acinetobacter baumannii®. Unlike antibiotics,
phages can co-evolve with their bacterial hosts, potentially outpacing bacterial resistance mechanisms®. This
adaptability is crucial for developing long-term solutions to bacterial infections that continuously evolve
resistance to available treatments.

Biofilms, complex communities of bacteria that adhere to surfaces and are encased in a protective matrix,
pose a significant challenge to treatment due to their heightened resistance to antibiotics. Some phages have
shown a unique ability to penetrate and disrupt biofilms, offering a viable solution for infections associated
with medical devices and chronic wounds®. Phage-derived enzymes, such as depolymerases, are being studied
for their role in degrading biofilm matrices, further enhancing the efficacy of phage therapy®. These enzymes
can specifically target the extracellular polymeric substances that protect bacteria within biofilms, making
the bacteria more susceptible to both phage attack and conventional antibiotics. Recent studies have also
demonstrated the potential of phage-antibiotic combinations in treating biofilms, particularly those involving
multi-species communities like Pseudomonas aeruginosa and Candida spp.”.

Intracellular bacteria, which reside within host cells, evade many traditional antibiotics. However, recent
advances in phage research have identified phages capable of targeting and lysing intracellular pathogens. By
modifying phage delivery mechanisms, researchers aim to enhance the ability of phages to reach and act within
intracellular environments®. This involves innovative approaches such as engineering phages to bind to receptors
that facilitate their entry into host cells, thus ensuring they reach intracellular bacteria effectively. Techniques
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like phage-assisted evolution are being employed to create phages with improved capabilities, such as enhanced
replication and specificity®.

Beyond infection control, phages are being explored as platforms for vaccine development!. Phage display
technology holds promise for the rapid development of vaccines against emerging pathogens by efficiently
identifying and displaying target antigens. This approach has shown promise in generating robust immune
responses against various pathogens'’. Phage-based vaccines are particularly advantageous because of their
ability to display a wide variety of antigens, making them versatile tools in the fight against infectious diseases.

Moreover, phage-based vaccines are also being developed to target cancer cells, leveraging the specificity and
versatility of phages to induce anti-tumor immunity'!. The ability of phages to present tumor-specific antigens
can stimulate the immune system to recognize and attack cancer cells. This form of immunotherapy holds
promise for developing highly personalized cancer treatments, potentially leading to better patient outcomes
and fewer side effects compared to conventional therapies.

In cancer therapy, phages are being engineered to deliver therapeutic agents directly to tumor cells. This
targeted delivery system aims to minimize damage to healthy tissues and enhance the efficacy of anti-cancer
treatments'2. For instance, phages can be modified to carry genes encoding pro-apoptotic proteins, which can
induce cell death specifically in cancer cells while sparing normal cells. The use of phages as vectors for gene
therapy is also under investigation, with the goal of correcting genetic defects or delivering genes that can induce
cancer cell death!>!4. This approach not only provides a targeted treatment option but also reduces the likelihood
of off-target effects that are common with traditional chemotherapy'. Additionally, phage therapy’s potential for
scalable production has been explored, with novel methods being developed to enhance the efficiency of phage
generation and purification'.

Phages are also being integrated into advanced drug delivery systems (DDS) to enhance the precision and
effectiveness of therapeutic agents. By coupling phages with nanoparticles or other delivery vehicles, researchers
are developing sophisticated systems capable of delivering drugs, genes, or other therapeutic molecules directly
to target sites within the body. This approach not only improves the targeting of specific cells or tissues but
also reduces systemic side effects, thereby improving patient outcomes'*!“. For example, phage-nanoparticle
conjugates can be designed to release their therapeutic payload in response to specific environmental triggers
such as pH changes or the presence of certain enzymes, ensuring that the treatment is delivered precisely where it
is needed. Additionally, the discovery and characterization of novel phage genomes from diverse environments,
such as urban microbiomes, expand the potential applications of phages in both therapeutic and diagnostic
contexts'®.

Despite the promising advances, several challenges must be addressed to fully realize the potential of phage
therapy. Phage stability is a critical concern, as phages can be sensitive to environmental conditions such as
temperature and pH, which can affect their viability and efficacy'”. Ensuring the stability of phage preparations
during storage and administration is essential for their practical use in clinical settings. Techniques such as
lyophilization (freeze-drying) and encapsulation in protective coatings are being explored to enhance the shelf-
life and stability of phage products. Furthermore, the development of phage formulations that maintain activity
across diverse physiological conditions is crucial for clinical success'®.

The human immune response to phages presents another significant challenge, given its ability to recognize
and neutralize phages, potentially reducing their therapeutic effectiveness. Strategies to evade immune
detection, such as the use of encapsulation techniques or immune-suppressive agents, are being explored to
prolong the activity of phages within the body!". On the other hand, results of recent investigations indicated
that the innate immune response to bacteriophages is interrupted in birds and mammals, providing evidence
that, unlike other viruses, phages can be safely used in therapeutic approaches, at least not inducing a strong
anaphylactic response?’. Nevertheless, another problem is that repeated administration of phages may lead to
the development of anti-phage antibodies, which can neutralize the therapeutic phages. Research is ongoing
to develop phage cocktails (combinations of different phages) and phages that can evade immune detection to
mitigate this issue. Phage-layer interferometry is also being explored as a companion diagnostic tool for phage
therapy, which could help monitor and mitigate immune responses during treatment?'.

Regulatory approval poses additional hurdles for phage therapy. The unique nature of phages, their
specificity, and their ability to evolve necessitate a regulatory framework that differs from traditional drugs.
Establishing standardized protocols for phage characterization, production, and clinical testing is crucial for
gaining regulatory acceptance and ensuring the safety and efficacy of phage-based treatments®?. Regulatory
agencies must develop guidelines that address the specific challenges associated with phage therapy, including
the potential for horizontal gene transfer, the variability of phage populations, and the need for personalized
phage preparations’. In fact, such guidelines have already been prepared and published recently by the European
Medicines Agency regarding the quality, safety, and efficacy of veterinary medicinal products specifically
designed for phage therapy?*. Optimized preparation pipelines, such as those developed for emergency phage
therapy, are crucial steps toward meeting these regulatory standards and ensuring that phage therapy can be
rapidly deployed in clinical settings?*.

In conclusion, bacteriophage research holds immense potential for revolutionizing medical therapies. As
we continue to advance our understanding of phages and their applications, the development of phage-based
treatments for bacterial infections, vaccines, anti-cancer therapies, and gene delivery systems will likely expand.
Addressing the challenges related to phage stability, immune response, and regulatory approval is essential
for translating this potential into clinical reality. By overcoming these obstacles, phage therapy can become
a cornerstone of modern medicine, offering innovative solutions to some of the most pressing healthcare
challenges of our time.
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