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KEY WORDS Abstract  Antibiotic resistance is one of the biggest threats to global health, as it can make the treat-
ment of bacterial infections in humans difficult owing to their high incidence rate, mortality, and treat-
ment costs. Bacteriophage, which constitutes a type of virus that can kill bacteria, is a promising
alternative strategy against antibiotic-resistant bacterial infections. Although bacteriophage therapy

Antibiotic resistance;
Bacteriophage therapy;

Bacteriophage
preparations; was first used nearly a century ago, its development came to a standstill after introducing the antibi-
Bacteriophage-derived otics. Nowadays, with the rise in antibiotic resistance, bacteriophage therapy is in the spotlight again.
anti-bacterial treatment As bacteriophage therapy is safe and has significant anti-bacterial activity, some specific types of bac-
strategies teriophages (such as bacteriophage phiX174 and Pyo bacteriophage complex liquid) entered into phase

III clinical trials. Herein, we review the key points of the antibiotic resistance crisis and illustrate the
factors that support the renewal of bacteriophage applications. By summarizing recent state-of-the-art
studies and clinical data on bacteriophage treatment, we introduced (i) the pharmacological mecha-
nisms and advantages of antibacterial bacteriophages, (ii) bacteriophage preparations with clinical po-
tential and bacteriophage-derived anti-bacterial treatment strategies, and (iii) bacteriophage
therapeutics aimed at multiple infection types and infection-induced cancer treatments. Finally, we
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highlighted the challenges and critical perspectives of bacteriophage therapy for future clinical devel-

opment.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Antibiotics, among the most successful therapeutic interventions in
the history of medicine, have saved millions of lives and are crucial
for the establishment of medical breakthroughs, such as anti-
infection, organ transplantation, and even cancer chemotherapy'.
The use of antibiotics has expanded to many medical conditions;
thus, it would be disastrous if the effectiveness of antibiotics in
medicine were lost or lowered. Unfortunately, we are rapidly
stepping into such a bad epoch, the so-called “post-antibiotic era™.

Antimicrobial resistance (AMR) is a growing threat to global
public health. According to statistics from the World Health Or-
ganization (WHO), approximately 700,000 people die from AMR
every year, and this number is anticipated to rise rapidly in the
next few years. This statistic reveals the current AMR-related
challenges and urgency to find new effective antimicrobial ther-
apies. Unfortunately, in the past 20 years, the U.S. Food and Drug
Administration (FDA) and the European Drug Administration
have only approved two new antibiotic classes that work against
Gram-positive pathogens but have little effect on Gram-negative
bacteria’. As many pharmaceutical companies no longer develop
new antibiotics, it is difficult to meet the urgent demand for new
therapeutic agents against AMR.

Although bacteriophage therapy is not a new treatment strategy,
it seems to provide recurring hope for the fight against AMR. A
century ago, the first report on the efficacy of bacteriophage therapy
received great attention. However, after World War II, interest in
bacteriophage-based therapies declined with the advent of antibi-
otics”. The development of bacteriophage-based therapies seems to
have entered a period of stasis. Owing to the extensive use of anti-
biotics, the resurgence of AMR forces scientists to revisit bacte-
riophage therapy. In 2017, the Wellcome Trust commissioned 24
scientists from academia and industries to propose a landmark
document aimed at identifying prospective therapeutic alternatives
to antibiotics. Several key points were considered under the current
crisis: (a) the practicability of informative clinical trials, (b) the size
of medical potential, (c) the possibility and results of drug resis-
tance, (d) the actual research and practice level, and (e) possible time
for registration. Bacteriophage therapy was included in the top ten
strategies that the team considered noteworthy”.

As recently emphasized, state-of-the-art research has been
conducted on the development of personalized bacteriophage
therapy, which is regarded as highly hopeful for patients infected
with antimicrobial-resistant bacteria. This review aims to sum-
marize the key roles of bacteriophage therapy in the AMR crisis.
First, we introduce the pharmacological mechanisms and advan-
tages of bacteriophage antibacterial agents. Next, multiple
formulation strategies of bacteriophage therapy (cocktail therapy,
liposomes, polymeric biological particles, microneedles, and
electrospun fibers) and bacteriophage-derived antibacterial stra-
tegies are summarized. In addition, novel bacteriophage thera-
peutics against various infection types and infection-induced

cancer therapy are discussed. Moreover, we highlight the chal-
lenges and critical perspectives of bacteriophage therapy in future
clinical development.

2. AMR: Natural or human-made?

Antibiotic resistance is a natural phenomenon, even before the
discovery and use of antibiotics in humans. From a molecular
biology perspective, it is not surprising that ancient microbial
populations identified in the unpolluted arctic permafrost con-
tained modern antibiotic resistance genes” . This is sufficient to
prove that competition between bacteria and antibiotics has
appeared long before human intervention.

The overuse of antibiotics in human activities, especially in
clinical, agricultural, and animal husbandry settings, has signifi-
cantly intensified the “arms race” between bacteria and antibiotics.
It is estimated that 180 mg of agricultural antibiotics is used for
each kilogram of meat produced by animal husbandry in the U.S.
The consumption in other countries is similar or even higher®. In
addition, millions of tons of antibiotic-containing wastewater from
agriculture are discharged into the environment or reservoirs,
which has caused unexpected consequences. Microbial commu-
nities are constantly exposed to various antibiotics, resulting in the
accelerated selection, evolution, and transmission of antibiotic
resistance genes in the natural environment’. Furthermore, with
the development of globalization, travel, trade, and the frequent
spread of disease, resistant genes have been readily exchanged
among various pathogens.

Numerous mechanisms of drug resistance have appeared in
almost every step of antibiotic action: (a) the structure of the bac-
terial cell membrane can be changed to prevent drugs from entering
bacteria, or the efflux pumps on the bacterial cell membrane are
overexpressed to efflux drugs; (b) antibiotics can be modified or
even destroyed by enzymes, such as $-lactamases, or the generation
of key enzymes for antibiotic activation can be inhibited; (c) the
target of drugs can also be modified, concealed, or adjusted'*''. At
the molecular level, the main mechanism of antimicrobial resistance
involves genetic changes. Except for gene mutations selected by
drug pressure, changes at the gene level can also transform sensitive
bacteria into drug-resistant bacteria by ingesting exogenous drug-
resistant genes via transformation, conjugation, or transduction'?.
Additionally, bacterial cells can produce transient, non-gene-coded
resistance through biofilm growth, colony adaptation, metabolic
dormancy, and persistence'>. Many studies have been performed to
summarize the mechanisms of bacterial resistance (Fig. e,
Thus, we will not go into detail in this topic.

3. The history and anti-bacterial mechanisms of
bacteriophage therapy

Phages were independently discovered by Frederick Twort in 1915
and were named “bacteriophages,” meaning that they can kill
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bacteria. Professor Twort’s team evaluated the bacteriophages’
antimicrobial properties at an early stage. Unfortunately, the un-
certain mechanisms of action led to early clinical failure.

During the same period, antibiotics began to emerge because
their mechanisms of action were clear. Following the actual rise of
antibiotics, bacteriophage therapy was restricted in Eastern Eu-
ropean countries and only applied in the Former Soviet Union and
Georgia. At present, with the rise of the bacterial resistance crisis,
bacteriophage therapy has been revitalized worldwide.

Bacteriophages are viruses that infect only bacteria. Bacterio-
phages are ubiquitous, and the ratio of bacteriophages to bacteria

in aquatic environments is more than 10:1. It is well known that
bacteriophages are antibacterial substances found in abundance in
nature. The reproduction of bacteriophages is closely related to the
bacterial host. Bacteriophages can be divided into two types: lytic
and lysogenic bacteriophages. Lytic bacteriophages can (a) attach
to the receptors on the surface of bacteria, (b) transfer the genome
content to bacteria, (c) carry out viral replication in the cytoplasm
through bacterial transcription, translation, and replication, and (d)
release from the host cells. Then, new lytic bacteriophage particles
will repeat this process in new susceptible hosts. Similar to lytic
bacteriophages, lysogenic bacteriophages are common in nature.
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After being ingested by host bacteria, lysogenic bacteriophages
integrate their genes into the host genome, which can be inherited
by progeny cells in the process of binary division. Under envi-
ronmental disturbance or other physiological stressors, the genes
of lysogenic phages have been isolated from the genome of the
host. These genes carry out viral replication in the cytoplasm and
quickly form new progeny virions, leading to the lysis of infected
host cells.

4. The advantages and disadvantages and clinical
applications of bacteriophage therapy

4.1. Advantages

Bacteriophage therapy is an attractive antibacterial strategy in
which a specific type of virus is used to inhibit or kill harmful
bacteria. Bacteriophages exhibit a significant bactericidal effect by
increasing the number of self-reproductions, but only minimally
disrupting the normal flora. For antibiotic-sensitive and antibiotic-
resistant bacteria, the therapeutic effects of bacteriophages are
similar, but their inherent toxicity in vivo is low. It can be
concluded that bacteriophage therapy has advantages over chem-
ical antibiotics.

4.1.1.  Bactericidal agents

Bacteria infected with lytic bacteriophages are unable to regain
their viability. In comparison, some antibiotics, such as tetracy-
cline, are bacteriostatic, rather than bactericidal. Consequently,
antibiotics may push bacterial evolution towards resistance.

4.1.2.  Formulation and applicable universality

With the rapid development of formulations, bacteriophage-based
preparations are diverse in their forms, such as liquids, micro-
needles, and electrospun fibers. Different bacteriophages can be
mixed to expand the antibiogram and achieve a wide range of
antibacterial activities.

4.1.3.  Reproductive capacity

Bacteriophages can increase their numbers while killing bacteria.
This reproductive capacity plays a positive role in antibacterial
therapy.

4.1.4.  Differentiated toxicity

Bacteriophages are mainly composed of nucleic acids and pro-
teins, which are essentially non-toxic. Owing to their host speci-
ficity, bacteriophages can infect only a few relatively pathogenic
bacteria and are harmless to most normal tissues and probiotics.

4.1.5.  Lack of cross-resistance with antibiotics

As the infection and killing mechanisms of bacteriophages are
different from those of antibiotics, the specific resistance mecha-
nisms of antibiotics cannot be transformed into those of bacterio-
phages. Thus, bacteriophages can be used to treat antibiotic-resistant
infections, such as multidrug-resistant Staphylococcus aureus.

4.1.6.  Rapid discovery

Bacteriophages that eliminate particular pathogenic bacteria are
easily found in sewage and other wastes that contain high con-
centrations of bacteria. Bacteriophages with little or no toxicity
can be isolated from most target bacterial communities.

4.2.  Disadvantages

4.2.1.  Safety

At present, a potential problem with phage therapy is that specific
phages can modify host bacteria to make them pathogenic'’. For
example, temperate phages display a characteristic called
lysogeny, that is, the phages can incorporate their genome into
infected bacteria, rather than killing hosts immediately and pro-
ducing phage offspring. This generates a long-term symbiotic
relationship. Phages exist as bacterial components that form ly-
sogens. Lysogen-infected bacteria do not die from infection.
Bacterial lysogens tend to be resistant to the same lysogen
infection and phage type. Even if the same type of phage later
infects bacteria, it does not lead to bacterial death'®. Temperate
phages usually lead to lysogenic transformation, which means that
the bacterial phenotype changes and sometimes bacterial toxicity
increases. Temperate phages are associated with certain forms of
transduction that can easily obtain genes from infected bacteria
and subsequently transfer them into the infected bacteria to avoid
killing new bacteria. Certain gene types such as drug resistance
and bacterial virulence factor genes are easily spread through this
process'”. Therefore, it is important to avoid the use of temperate
phages for treatment””.

Another concern is that phage-mediated bacterial lysis may
result in the release of bacteria-encoded toxins®'. The release of
endotoxins increases along with the phage-mediated rupture of
bacterial cells. Many antibiotics also have the ability to cleave
target bacteria. It is unclear whether the use of bacteriophages can
accelerate the release of exotoxins. In particular, from the
perspective of gene expression, phage infection leads to the
closure of bacterial gene expression, thereby preventing the
expression of bacterial exotoxins®'.

4.2.2.  Stability

Similar to other live microbial agents, phages are susceptible to
heat and chemical denaturation. The poor stability of phages
causes challenges in their production, storage, and management.
The current manufacturing process may expose phages to harsh
solvents, temperatures, and pressures’>. For example, electro-
spinning has been proven to affect the activity of phage products.
Furthermore, in terms of storage stability, most phage products are
stored in cold chains to maintain their effectiveness. In specific
cases, they must be stored at cryogenic temperatures>.

4.2.3.  Self-renewal

Phages are a type of living microbial agent that can evolve and
self-renew during production or utilization. Self-renewal phages
have the potential to produce significant long-term therapeutic
effects by administering only one dose™. Although this ability
might be key to the development of vaccine-like treatments for
chronic diseases, self-renewal phages significantly complicate
pharmacokinetics. In addition, some patient-related factors, such
as food intake, native microbiota, and disease status, may affect
the rate of microbial self-renewal. Thus, self-renewing phages
may introduce distinct variability, which is a severe challenge for
establishing a standard administration scheme based on clinical
trials>*.

4.2.4.  Bacteriophage-resistance mutants
A major problem with phage therapy is the emergence of phage-
insensitive mutants, which may hinder the success of this therapy.
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Previous studies have shown that the emergence of phage-resistant
mutants is frequent and almost inevitable®>. The resistance
mechanisms include: (a) modification of bacterial receptors to
prevent phage adsorption; (b) preventing phage DNA from
entering the bacterial exclusion system; (c) degrading phage DNA
using a restriction-modification system, CRISPR-Cas system, and
other related systems; (e) blocking phage DNA replication, tran-
scription, or translation through abortion infection systems and
anti-phage signaling systems®’.

4.3.  Clinical realities of phage therapies

Recently, a wave of successful bacteriophage therapies has been
reported in the U.S. and Europe. In the U.S., the FDA approved a
clinical trial from the United States Bacteriophage Therapy Center
for the first time, where an intravenous bacteriophage treatment
was used in patients with drug-resistant S. awureus infection.
Several patients in the center were treated successfully, and nearly
all patients tolerated the treatment well and did not have signifi-
cant side effects”®. The FDA has also approved bacteriophage
therapy for patients with acute diseases, such as prosthetic joint
infections, bone and joint infections, implant infections, wound
infections, diabetic foot infections, and acute tonsillitis. Currently,
the most readily obtainable bacteriophages come from Poland,
Russia, and Georgia. They have gained satisfactory safety and
various degrees of success in different types of infections.
Belgium recently adopted the “magistral bacteriophage” method
and allowed the production of personalized bacteriophage prepa-
rations based on doctor prescriptions®’. Additionally, bacterio-
phage therapy has been clinically licensed against multidrug-
resistant bacteria. Furthermore, some clinical trials, including
the treatment of urinary tract infections, are underway, and some
preliminary results are encouraging, as is shown in Table S1.

5. Access to bacteriophage-based therapy: Pharmaceutical
preparations

Bacteriophage therapy is still limited from the workbench to the
clinic®®. Previous studies®’ have shown that the stability of bac-
teriophages in solutions is limited, and bacteriophage titers
significantly decrease during processing and storage. If bacterio-
phages serve as commercial agents, a stable and precise dose is
required. In addition, the concentration of bacteriophages at the
lesions directly contributes to therapeutic efficacy. Therefore,
good stability and efficient on-site concentration are the two key
determinants for efficient medical bacteriophages. Simple bacte-
riophage suspensions have recently been used in clinical trials,
and only a few bacteriophage-based formulations have been
developed. Therefore, stable and reproducible targeted delivery
technologies could promote the clinical application of bacterio-
phage therapy, some bacteriophages preparation characteristics
were summarized in Table 1.

5.1.  Bacteriophages cocktail therapy

Owing to the host specificity of bacteriophages, the practicability
of a single bacteriophage therapy in clinical settings might be
hindered**?. A key factor in bacteriophage therapy is the exact
match between the pathogens and bacteriophages. However, the
in vitro screening and in vivo lysis characteristics of bacterio-
phages may not always be consistent. Although bacteriophages

can overcome antibiotic-induced AMR, bacteriophage mono-
therapy cannot fully satisfy the clinical requirements. Thus, a
bacteriophage cocktail treatment is essential to solve the problem
of the narrow antibiogram of bacteriophage monotherapy. Bacte-
riophage cocktails can be directed to battle only a single bacterial
strain, multiple strains of a single bacterial species, or even mul-
tiple species. However, owing to the complexity of cocktail
composition, the preparation and purification processes are com-
plex. In addition, the pharmacokinetic and pharmacodynamic
characteristics of bacteriophages derived from cocktails are un-
predictable™. The comparative effectiveness of each component
in cocktails should be evaluated, and low-efficacy bacteriophages
should be discarded™.

The concept of bacteriophage cocktail therapy could be
expanded; that is, each bacteriophage can be used in sequence
rather than with other bacteriophages in a cocktail. Owing to
continuous administration, even if resistance occurs, new non-
resistant bacteriophages will continue to work. Animal models
have indicated that the sequential administration of bacterio-
phage cocktails might bring promising results in reducing bac-
terial populations and bacteriophage resistance®. In Russia and
Georgia, bacteriophage cocktails are available as over-the-
counter drugs for the treatment of bacterial infections. The
Eliava Institute, founded in 1923 by bacteriophage researcher
Professor George Eliava, produced two half-year updated
cocktails: Pyo bacteriophage (Pyo) and intestibacteriophage®.
Pyo has been used in the treatment of suppurative and intestinal
diseases against S. aureus, Escherichia coli, Pseudomonas aer-
uginosa, Proteus vulgaris, Proteus mirabilis, and Streptococcus

31,37,38
pyogenes e

5.2.  Liposome-encapsulated bacteriophages

The poor stability of phages in gastric acid conditions and
insufficient retention time in the intestine are the two main
problems for the low therapeutic efficiency of oral phages,
requiring the frequent administration of free phages. Frequent
administration is time-consuming and expensive, resulting in poor
patient compliance®®. The use of positively charged liposomes
(Fig. 2B) can solve both problems simultaneously. As proton
barriers, liposomes can protect phages from gastric acids™’. In
addition, the intestinal retention time of phages can be prolonged
owing to the positive charge on their surface*'***>. Colom et al.”'
designed enterobacteria phages encapsulated in cationic lipo-
somes. Cationic liposome-loaded bacteriophages can achieve two
objectives: (a) preventing the inactivation of bacteriophages in
gastric acid conditions and (b) acting as promoters of mucus
adhesion, owing to their positively charged surfaces, thereby
prolonging the intestinal residence time of bacteriophages™’.
Another benefit of liposome-encapsulated phages is that
smaller particles can increase the possibility of cell uptake through
endocytosis or membrane fusion (Fig. 2A, D and E)**. Once active
phages are transported to the host cytoplasm, intracellular patho-
gens (strains of enteroinvasive E. coli, Listeria, and Mycobacte-
rium) can be inactivated. Furthermore, liposomes can be
functionalized to increase the probability of bacteriophage clinical
application by: (a) attaching particular targeting ligands to the
surfaces of liposomes; (b) increasing the in vivo circulation time
and slowing the release of contents; (c) encapsulating various
probes to monitor the pharmacokinetics of liposome-loaded bac-
teriophages; and (d) changing the charge distribution of liposomes
to prolong the retention time. However, liposomes can adhere to
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Table 1

Summary of bacteriophages preparation characteristics.

Preparation

Action mechanism

Advantage

Challenge

Bacteriophages cocktail

Liposome-encapsulated
bacteriophages

Multiple phages com-
bined action

Spherical nanoparticles
formed by lipid bilayer
loaded drugs
Liposomes can be
modified to play spe-
cific biological activity

Solve the problem of single bacte-
riophage’s narrow antibiogram
Preventing the development of
phagocytic resistant bacterial
pathogens

Good biocompatibility and easy to
produce
Protect phages from extreme acidic

Composition is complex, prepa-
ration and purification process
are also complex

The in vivo pharmacokinetic and
pharmacodynamic characteris-
tics are unpredictable
Liposomes can adhere to each
other, even fuse under some
conditions, and the size is

conditions as a proton barrier unstable
Increase the possibility of cell up- e May reduce the circulation time
take through endocytosis or mem- of the drug

brane fusion, so that the
intracellular pathogens can be inac-
tivated by phages

The positive charge on the surface
can increase the ability of tissue
adhesion

Increase the probability of non-
specific interaction between
phage and normal cells

Polymers-encapsulated e Protect phages by e Increase the stability of phages in e In most cases, it is only suitable
bacteriophages chemically modified acidic environments for oral administration and only
biopolymers e Do not activate pro-inflammatory acts on the gastrointestinal tract
cytokines and stimulate the e Polymers enteried the blood
production of antibodies circulation may activate phago-
e Enzyme sensitive polymers respond cytes and be eliminated
to specific enzymes to regulate
specific flora
Microneedles e Completely penetrate e An important way of extra- gastro- e Phages are eliminated speedly
the skin and deliver intestinal administration and need to be administered
phages e Allow patients to administer drugs frequently
themselves
Electrospun fibres- e Fixed phages on the e Realize the continuous transmission e Rapid dehydration during elec-
encapsulated surface or inside of of bioactive antibacterial trospinning would destroy
bacteriophages electrospun fibers with components bacteriophages

three-dimensional
structure

Allow the detection, identification
and phage-mediated immobilisation

of target microbes.

each other and even fuse under certain conditions, which is un-
favorable for storage and clinical applications™.

5.3.  Polymers-encapsulated bacteriophages

Disturbances in the intestinal flora may be associated with ul-
cerative colitis, Crohn’s disease, colorectal cancer, and food
poisoning. The concentration of bacteria in the upper digestive
tract is approximately 10°—10* CFU/mL and mainly consists of
Gram-positive facultative anaerobes. However, the bacterial con-
centration increases significantly up to 10"'—10'* CFU/mL in the
colon, which mainly consists of anaerobic bacteria such as Ba-
cillus, Bifidobacterium, Eubacterium, Clostridium, Enterococcus,
and Enterobacter. The literature on polymer-encapsulated bacte-
riophages has mainly focused on the treatment of gastrointestinal
tract infections. To design oral bacteriophage formulations for
human or animal use, some factors must be considered, including
harsh pH conditions in the gastrointestinal tract, effect of digestive
ferments (pepsin, protease, lipase, amylase, and trypsinogen), the
impact of bile salts, and the retention time of distinct intestinal

segments, such as the duodenum and ileum. The purpose of
polymeric encapsulation is to protect bacteriophages from the
adverse gastric environment to avoid inactivation and decrease the
bacteriophage titer*™*’. Polymeric carriers can be designed to
respond to specific pH values, for example, the pH of stomach (pH
1—-3), small intestine (pH 5.5—6.5), and colon (pH 6.5—7.2).
Chemically modified biopolymers (including aliphatic poly-
esters, polyamides, polycarbonates, and polyamino acids) are
commercially available and licensed for the preparation of mi-
crospheres or their coatings. For example, alginate (Fig. 3B and C)
has been widely used to encapsulate various bacteriophages for
oral delivery. When alginate is exposed to two valence cations,
cross-linked gels are formed, and microencapsulation can be
encapsulated by extrusion (a physical encapsulation method)
(Fig. 3A). To enhance acid resistance, many studies have shown
that adding calcium carbonate to alginate gel beads can remark-
ably improve the acid-resistance ability of encapsulated bacte-
riophages*®*®. Compared to free bacteriophages, bacteriophages
encapsulated in polymers with anti-acid agents are stable when
exposed to acidic conditions. Neutral gum, guar gum, pectin,
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Figure 2  (A) Liposome-encapsulated phage with chitosan film against E. coli in beef. Reprinted with permission from Ref. 41. Copyright ©

2017, Elsevier Ltd (B) Transmission electron micrograph (TEM) images of liposomes. Phage loaded liposomes (B;) and plain liposomes (B5).
Reprinted with permission from Ref. 89. Copyright © 2018 by the authors (C) Collagen formation and treatment in wound tissue of mice on day 5
post-infection indicated by Masson’s Trichrome staining (C;): Diabetic untreated mice (infected control mice) displayed infiltration of neutrophils
along with fibroblastic condensation (C,): Free cocktail of phages (FCP)-treated mice indicated intermediate stage of presence of mature collagen
fibrils along with collagen formation (Cs): Liposome cocktail of phages (LCP)-treated mice showed the reduction of inflammatory cells and thin
fibrils of mature collagen present with decreased vascularity (C,): Clarithromycin-treated mice displayed the presence of mature collagen fibers
along with negligible inflammation, indicating wound healing. Reprinted with permission from Ref. Copyright © 2018 by the authors (D) The
confocal laser scanning microscope (CLSM) images of the cells (D), phages (D;), and PPE (D3). Reprinted with permission from Ref. 40.
Copyright © 2019 by the authors (E) The CLSM images depicting the association of ASSHN-Lip with hEPCs. Red and Blue fluorescence display

the liposomes and nuclei respectively. Reprinted with permission from Ref. 44. Copyright © 2017, Elsevier Ltd.

chitosan, and whey protein have also been used to enhance the
acidic stability of alginate microparticles. In addition, to utilize
the undigested substrate in the small intestine, the intestinal
flora can produce (-glucosidase, a-arabinosidase, 3-xylosidase,
(B-galactosidase, nitroreductase, and urea dehydroxygenase.
Enzyme-sensitive polymers, including cellulose-, hydroxypropyl-
methylcellulose-, and pectin-derived biopolymers, can respond to
the aforementioned enzymes and exert positioning release,
resulting in the location regulation of specific flora*®.

5.4.  Microneedle-mediated transdermal bacteriophage delivery

Oral bacteriophages have only been used for the topical treatment
of infectious microorganisms in the intestine. Bacteriophages
cannot enter systemic circulation from the digestive system. In
addition, bile salts and intestinal carbohydrates may block the
bivalent metal ions required for bacteriophage replication.
Therefore, it is difficult for oral bacteriophages to play a systemic
therapeutic role. Parenteral administration is an effective way to
allow bacteriophages to exert systemic therapeutic effects. How-
ever, the direct intravenous injection of bacteriophages has certain
disadvantages, such as the need for supervision by health pro-
fessionals, the possibility of cross-contamination, the need to
maintain a costly “cold chain,” and relatively poor compliance.
Microneedle-based bacteriophage therapeutics are of great interest
because they can overcome these problems. Ryan et al.*’ prepared
a hollow polycarbonate microneedle array. The average height and

bottom diameter were approximately 995 and 750 pm, respec-
tively, and the hollow aperture was 100 um. The device can
completely penetrate the skin and deliver bacteriophages. Skin
bioavailability can reach up to 100%. The depth and width of the
residual skin pores are 210 and 600 pm, respectively, and they can
be closed quickly after treatment. Epithelial barrier function is not
damaged in this process. However, it is difficult for microneedles
to deliver stock solutions through all the skin layers. Research has
shown that microneedles do not penetrate all skin layers and yield
a liquid pool on the skin surface”.

5.5.  Electrospun fibres-encapsulated bacteriophages

Electrospun biopolymer fibers are considered reliable carrier/de-
livery devices for bioactive agents. Phages can be wrapped on
their surfaces or fixed internally (Fig. 4B and D)’*’'. Fibers
produced by electrospinning have many advantages, including a
large surface area, softness, flexibility, and porosity. They can be
used to easily form “bioactive surfaces,” which are very suitable
for local administration in the form of bandages and wound
dressings or packaging materials with antibacterial properties
(Fig. 4A). The “bioactive surfaces” not only target and inactivate
bacterial pathogens, but also allow the detection, identification,
and phage-mediated immobilization of targeted microbes’>”*. The
advantage of electrospun fibers is that they allow for the controlled
release of phage particles, which is controlled by the selection of
materials. The release of phages is mediated by fiber expansion or
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(A) Sketch map of the encapsulation system consist of a syringe pump (1), air compressor (2) and needle (3). Reprinted with

permission from Ref. 47. Copyright © 2020, Elsevier Ltd (B) Optical micrographs of alginate microspheres and calcium carbonate-merged;
scanning electron microscope (SEM) images of the cross sections of alginate microspheres with (B3) and without (B,) calcium carbonate par-
ticles. Reprinted with permission from Ref. 46. Copyright © 2010, Elsevier Ltd (C) Micrographs of phages-loaded microspheres before (1) and
after (2) drying and SEM images of the surface of the microspheres. Reprinted with permission from Ref. 47. Copyright © © 2020, Elsevier Ltd.

material disintegration (by polymer erosion or the simple disso-
lution of the polymer) (Fig. 4C). Mixed fiber polymers with
different molecular weights can be used to customize the release
kinetics of phages™.

6. Expansion of access to bacteriophage-derived treatments

6.1. Combination of bacteriophages and antibiotics: Two are
better than one

Clinically, the use of a single drug usually does not have a good
therapeutic effect. Combination therapy via various mechanisms
has better curative efficacy than monotherapy. As shown in Table
S2, a common strategy in current anti-infection treatments is to
use two or more antibiotics in combination to achieve a cooper-
ative effect’. In some instances, it was also beneficial to add
adjuvants without antimicrobial activities, because these adjuvants
played an important role in blocking drug resistance or improving
the pharmacokinetic effect of drugs®. In some instances, it is also
beneficial to add adjuvants without antimicrobial activities
because they play an important role in blocking drug resistance or
improving the pharmacokinetic effect of drugs”’. In addition, the
combined effect of the two therapeutic strategies is better than that
of each individual strategy. The combination of bacteriophages
and antibiotics to treat AMR infections is promising. The bacterial
biosynthetic potential increases under antibiotic-rich conditions.
This is why bacterial division is inhibited, but the cells do not die.
Comeau et al’®. first used the bacteriophage—antibiotic synergy
(PAS) strategy to describe the sublethal concentration of antibi-
otics that help lytic bacteriophages reproduce rapidly and greatly
promote their antibacterial effect. Moreover, when bacteriophages

are used in combination with antibiotics, there may be a profound
order effect; a bacteriophage treatment implemented before a drug
treatment results in maximum bacterial killing. The results of the
aforementioned study showed that optimizing the timing of
bacteriophage—antibiotic combination therapy can improve its
therapeutic efficacy”"%".

There are two benefits to the clinical practice of PAS. The
limited use of antibiotics can help manage them and reduce the
evolution of drug resistance. Additionally, the curative effect
against AMR pathogens is enhanced by combining bacterio-
phages with other antibiotics’’. Systemic immunosuppression is
one of the most common characteristics of diabetes. Sanjay
et al.°' described that the combination of bacteriolytic bacterio-
phages and linezolid could manage AMR infection in diabetic
foot ulcers more effectively than monotherapy. Angiopoietin is a
characteristic of endocarditis, which helps bacteria escape anti-
biotics and the host immune response. Oechslin et al.®” demon-
strated that a combination of ciprofloxacin and bacteriophage
cocktails had a synergistic effect on experimental endocarditis in
rats. In addition, Valerio et al.%® observed a synergistic effect of
single bacteriophage therapy and fungicides cultured in human
urine on E. coli, and the emergence of monoclonal and double
antibody bacterial mutants was reduced in combination therapy.
Chan et al.** found that, under the selection pressure of bacte-
riophages, antibiotic-sensitive bacteria occupied a dominant
population. According to the work of Chan et al.** on bacterial re-
sensitivity to antibiotics, bacteriophage receptor binding sites are
involved in multidrug efflux systems. If bacteria acquire phage
resistance by changing the structure of bacteriophage receptor-
binding sites, the efflux pump function and antibiotic resistance
would be lost.*”
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Figure 4 (A) Electrospun fibers-encapsulated phages capture, infect the bacteria and replicate. Reprinted with permission from Ref. 53.

Copyright © 2021, American Chemical Society (B) TEM images of phages in the inner surface of the electrospun and the influence of the positive
charge distribution on the surface of polyethylene glycol (PEG) for the phage distribution. Reprinted with permission from Ref. 50. Copyright ©
2018 by the authors (C) SEM images of the release of T4 phage loaded electrospun fibers for different formulations. Reprinted with permission
from Ref. 51. Copyright © 2013, Elsevier Ltd (D) SEM images of electrospun loaded with Phagestaph (D;) and Fersis (D,) freeze-dried
preparations. And the diameter distributions are displayed on the right of the corresponding image. Reprinted with permission from Ref. 50.

Copyright © 2018 by the authors.

6.2.  Bacteriophage-derived therapeutic proteins

Some of the crucial proteins and enzymes used to destroy bac-
terial cells during infection are encoded by the bacteriophage
genomes. Two groups of proteins, virus-associated peptidoglycan
hydrolases and polysaccharide depolymerizing enzymes, are
essential for bacteriophages to adsorb and infect host bacteria®.
Virus-associated peptidoglycan hydrolases are usually located in
the outermost layer of the phage protein shells, which is the
structural component of the virus and acts on the local degradation
of the peptidoglycan layer so that the bacteriophage tail tube
structure ejects its genome into the host. Polysaccharide depoly-
merizing enzymes, which can degrade polysaccharose compo-
nents on the surface of the bacterial cell membrane, such as
Gram-negative lipopolysaccharides, are also encoded by bacte-
riophages. The depolymerase of bacteriophages digests the poly-
saccharides on the cell membrane of bacteria, thereby facilitating
the bacteriophages in entering the host receptors; they may

degrade biofilms®. Bacteriophage-derived cell wall hydrolases or
lysins have become potential alternatives to antimicrobial therapy
in recent years. Owing to their rapid bactericidal effect, low drug
resistance, and differential virulence, lysins have become attrac-
tive clinical candidates®’. Bacteriophage-derived lysins have
enzymatic properties and can kill non-divided bacterial cells,
providing a feasible choice against drug-resistant or recurrent
infections. The two main lysine enzymes are endolysins and
ectolysins. Endolysins are expressed to decompose the peptido-
glycans of the cell wall at the end of phage replication. Ectolysins
decompose peptidoglycans externally to bacteria during bacte-
riophage DNA invasion. Lysine enzymes, defined as glycosidases,
peptidases, or amidases, can split different chemical bonds based
on the specificity of lysins. Adding lysin micrograms to turbid
suspended Gram-positive bacterial cultures (>10% CFU/mL) can
rapidly reduce the optical density of the culture within minutes®®
In addition, as murein hydrolases only exist in bacteria, lysine
does not act on eukaryotic cells. For example, bacteriophage k-
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derived chimeric recombinant exolysin, p128, can inactivate
completely prokaryotic cells and has no cytotoxicity on eukary-
otic cell lines Vero and Hep 2, even at a high concentration of
2.5 mg/mL.

The capsule structure and biofilm of bacteria are both key
resistance factors that prevent the effects of antibiotics and dis-
infectants. In Streptococcus pneumoniae, Haemophilus influen-
zae, E. coli, and other pathogenic bacteria, the capsule structures
can help pathogens escape the role of phagocytes and comple-
ment the system and promote epithelial colonization, cell inva-
sion, and intravascular survival. Similarly, the biofilm structure
can protect the bacterial population against immune effects.
Therefore, targeting and removing these structures using
bacteriophage-derived depolymerase is a feasible treatment. Bedi
et al.®” demonstrated that the synergistic effect of depolymerase
and amoxicillin could eradicate Klebsiella pneumoniae biofilms.
The function of depolymerase is closely associated with bacte-
riophage tails’’. The enzyme can also degrade the capsule of
Erwinia amylovora (a plant pathogen) to resume sensitivity
against resistant bacteriophages.

6.3. A new attempt: Bioengineering

With the advanced development of genetic technologies, natural
biological entities can be modified or created to perform tasks that
cannot be performed naturally’'. The directed evolution and
reformation of bioengineered bacteriophages can significantly
improve the therapeutic potential of bacteriophages through the
following mechanisms: (a) expanding the host range, (b) switch-
ing host orientation, (c) delivery of foreign genes, and (d) modi-
fication of bacteriophage capsids. For example, the host range of
E. coli for bacteriophage T2 would be expanded if the long tail
fiber gene from bacteriophage IP0O08 homologous was recombined
in T2. Mahichi et al.”” established a chimeric bacteriophage with a
wider host range of bacteriophage IPO08 and strong lytic effect of
bacteriophage T2. In addition, Collins and Lu’* modified the E.
coli bacteriophage T7 to express enzyme protein B, a key
component that can degrade bacterial biofilms and infect bacteria
in host cells. Compared with the wild-type bacteriophage, the
engineered bacteriophages can reduce the cellular biofilm count
by more than 100 times. Bioengineering bacteriophages can also
provide a possibility for improving the specificity of antibiotics or
against multidrug-resistant bacterial pathogens. In a study, a pe-
diatric patient with cystic fibrosis and double lung transplantation
received a cocktail of three genetically engineered bacteriophages
to treat a life-threatening antibiotic-resistant Mycobacterium ab-
scess infection after all standard treatment options were exhaus-
ted’*. The patient had a good prognosis, without obvious side
effects.

With the development of synthetic biology and drug delivery,
bacteriophages have been developed into new theranostic plat-
forms. For example, Yacoby et al.”” designed a targeted drug
delivery system to directly deliver antibiotics into bacteria by
attaching chloramphenicol molecules to lysate bacteriophages.
The in vitro efficacy increased by 2000 times, and the side effects
caused by interactions between human cells and microflora could
be eliminated. Similarly, bacteriophages can be used as targeting
carriers to deliver photosensitizers. Pathogenic bacteria are more
likely to be photodynamically inactivated and normal flora is less
likely to be harmed.

In vivo experimental results demonstrated that this system
effectively treats infections caused by antimicrobial-resistant

bacteria and the fungal pathogen Candida albicans’®"’. In addi-
tion, bacteriophage display technology has revealed specific
molecular determinants of tumor cells and tumor-related micro-
environment factors by displaying antibodies, peptides, or pro-
teins on different bacteriophage surfaces. Bacteriophages have
proven to be good carriers for imaging molecules and therapeu-
tics. In tumor immunology, bacteriophages have been used to
directly induce tumor immunity or apply their immunogenic
characteristics to produce vaccines. Moreover, editing bacterio-
phages to carry suicide genes in cancer cells has greatly enhanced
the prospect of gene therapy in anti-tumor treatment.

7. Access to treating AMR infection

The most recent bacteriophage therapies (using small vertebrates)
have focused on AMR infections. Appropriate rapid diagnostic
methods can also be used to determine the specific AMR bacteria
that cause infection. When the source of infection is identified,
specific bacteriophages would provide an appropriate therapeutic
alternative to front-line antibiotic resistance in organisms. The use
of broad-spectrum antibiotics can be reduced, greatly contributing
in dealing with the drug resistance crises. Animal studies have
shown that bacteriophage therapies are effective in some cases,
including acute respiratory tract infections caused by P. aerugi-
nosa, systemic infections caused by S. aureus, gastrointestinal
tract infections, respiratory tract infections, and skin and wound
infections’® ®'. Studies on bacteriophage therapy in animal
models have revealed that bacteriophage therapy may reduce the
density of the infected AMR bacterial population to a certain
level, thereby enabling the host immune response to successfully
defend or eliminate infection’®’”?. A variety of in vivo bacterio-
phage studies (both animal and human) have indicated that
bacteriophage therapies might also be beneficial for the treatment
of intractable antibiotic-resistant pulmonary infections, such as
pneumonia and cystic fibrosis’****’. The summary of phage
therapy strategies is listed in Table 2.

7.1.  Potential treatments for superficial bacterial infections

The skin is the largest and outermost organ covering the entire
body. Thus, skin injuries are among the most common physical
injuries. The wound healing process occurs immediately after the
injury to restore the structure and function of the skin®*. However,
following the emergence of AMR bacteria, infections are major
obstacles to wound healing, resulting in at least 10,000 deaths per
million injured patients. Animal experiments and clinical trials
have proven the safety and efficiency of bacteriophages against
AMR bacteria, including the treatment of P. aeruginosa and K.
pneumoniae’. In 2015, the first randomized controlled trial
(phase I/I) of a bacteriophage cocktail (pp1131) was designed
against a P. aeruginosa infection. However, this trial was termi-
nated because of insufficient therapeutic efficacy. One of the key
problems in the trial was the poor stability of pp1131, where the
bacteriophage titer decreased by 3 log within 15 days after
manufacture. Yan et al.®> designed a bacteriophage-containing
thermosensitive hydrogel for the treatment of skin infections.
The thermosensitive hydrogel turned into a semisolid gel at skin
temperature. Relevant research has also illustrated that IME-AB2
bacteriophages in around 18% (w/w) polyoxyamine 407 hydrogel
solution have good storage stability, and the titer loss is zero
within 24 months at 4 °C. The release of bacteriophages is
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Table 2 Summary of phage therapy strategies.

Disease Pathogenic microbe

Treatment drug

Action mechanism

PA and Klebsiella
pneumoniae

Superficial bacterial
infections

e Thermosensitive hydrogel with IME-AB2
bacteriophages

e Clear the invading pathogens
e Target drug-resistant bacteria

o LysGH15-API-Aquaphor (LAA) ointment
e Liquid bacteriophage cocktail PYO

Diabetic wound
healing

Staphylococcus aureus,
PA and Acinetobacter
baumannii

PA |, Klebsiella
pneumoniae

Burn wound infection

e Liquid bacteriophage cocktail
e Liposome bacteriophage cocktail

e PA phagocytic monomer cocktails
o Single bacteriophage (kpn 1, kpn 2, kpn 3,
kpn 4 and kpn 5)

e Clear the invading pathogens

e Avoid the production of in-
flammatory mediators

e Clearing the invading
pathogens

e Avoid the production of in-
flammatory mediators

Tumor Tumor cells o Acteriophage-guided biotic-abiotic hybrid e Improve the immune status
nanosystem of cancer patients
e Tumor homologou angiogenin-binding e Capture and block tumor

bacteriophage-derived bionanofiber

derived angiopoietin to ach-
ieve tumor regression

e Deliver other drugs as
carriers

continuous, with a cumulative release of 60% in the first 24 h. The
biofilm-removing abilities of the bacteriophage gel and bacterio-
phage suspension are 59% and 45%, respectively. Adding bacte-
riophages to hydrogels not only has no significant effect on
bacteriophage killing efficiency, but also maintains high bacte-
riophage titers at the infected sites to obtain effective treatment. In
addition, the bacteriophage LysGH15 shows high lytic activity
against methicillin-resistant S. aureus (AMR) and methicillin-
sensitive S. aureus. Cheng et al.*® added LysGH15 and an anti-
inflammatory apigenin (API) to Aquaphor to form a LysGH15-
API-Aquaphor (LAA) ointment. In a mouse AMR-infected skin
wound model treated with LAA, the average colony count
decreased by approximately 100 CFU/mg 18 h after treatment,
and the bacteria could not be detected after 96 h of treatment. In
comparison, the average count of untreated mice was approxi-
mately 10° CFU/mg of tissue after 18 h. Concurrently, the LAA
ointment reduced the levels of pro-inflammatory cytokines and
accelerated wound healing. At present, liquid formulations are
good carriers for the delivery of bacteriophages to wound infec-
tion sites. Theoretically, the preparation of liquid bacteriophage
formulations is simple. Mature bacteriophage liquid preparations
have been certified and listed by relevant institutions, such as the
production of several liquid bacteriophage cocktails (Pyo, intes-
tinal, staphylococcal, and SES bacteriophages) using Eliava
bioremediation (Tbilisi, Georgia)m.

7.2.  Potential treatments for diabetic wound healing

Refractory chronic wounds are a common complication of dia-
betes and the most common cause of non-traumatic lower-limb
amputation. Unfortunately, bacteria develop resistance, which
makes it difficult for doctors to treat. Therefore, it is necessary to
find alternative treatments, such as bacteriophage therapy
(Fig. 2C). The antibacterial activity and wound healing ability of
bacteriophages against chronic S. aureus, P. aeruginosa, and
Acinetobacter baumannii infections in rodent and pig models were
researched by Mendes et al®®. Their results showed that bacte-
riophages were effective in reducing the population density of S.

aureus and P. aeruginosa in wound healing. Bacteriophage ther-
apy is more effective in rodent models than in pig models, and the
local administration of a bacteriophage therapy may effectively
treat chronic infections, especially in wound debridement.
Bacteriophage cocktails can be encapsulated in liposomes to
maintain their activity. Liposomes can mimic the structure and
performance of biofilms, and can easily penetrate the epidermal
barrier. In vitro stability and in vivo bacteriophage titer results
showed that the liposome-entrapping bacteriophage cocktail has
good bacteriophage persistence ability at the wound site.
Compared with free bacteriophage cocktails, the titer of liposome-
encapsulated bacteriophages at the wound site increases remar-
kablely. Persistent bacteriophage reproduction is observed inside
and outside the wound site. Liposome-coated bacteriophage
cocktails have also been investigated for their ability to address S.
aureus-induced diabetic excision wound infection®”. The results
revealed that mice treated with free S. aureus-specific lytic
bacteriophage cocktails had a significantly lower wound bio-
burden, good wound contraction, and quick tissue healing.

7.3.  Potential treatments for burn wound infection

Although considerable progress has been made in antibacterial
treatment, severe sepsis remains the primary cause of death in
patients with burns. It was reported that more than 75% of the
mortality of 78 patients with burns could be attributed to bacterial
infections”’. P. aeruginosa plays an important role as a cause of
severe infections in burn patients. Acute burns can destroy the
protective skin barrier and inhibit the immune system, resulting in
bacterial infections. The P. aeruginosa colonization of severe burn
wounds and its rapid diffusion into damaged tissues often lead to
disseminated infection, bacteremia, septic shock, and high
morbidity and mortality”'. Refractory P. aeruginosa infections are
common in burn patients. Hence, the use of bacteriophages as
treatment options is currently being assessed. McVay et al.”” used
a heat injury mouse model to test the efficacy of bacteriophages in
the treatment of refractory P. aeruginosa infections. Burn-injured
mice infected with P. aeruginosa were administered a single dose
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of P. aeruginosa phagocytic monomer cocktails via intramuscular,
subcutaneous, and intraperitoneal injections. The results demon-
strated that a single dose of the P. aeruginosa bacteriophage
cocktail can significantly reduce mortality in mice. The survival
rate of mice infected with P. aeruginosa after treatment was as
high as 87%. However, the survival rate without treatment was as
low as 6%. In addition, the route of administration had a signifi-
cant impact on therapeutic efficacy, with intraperitoneal injections
producing the best protection rate (>87%). The study also found
no recurrence in cured mice, suggesting that bacteriophage
cocktails may prevent the emergence of bacteriophage-resistant
mutants””,

K. pneumoniae is one of the most common pathogens causing
morbidity and mortality in patients with burns, accounting for
15.2% of burn wound infections’>. The emergence of multidrug-
resistant strains has made the treatment process for Klebsiella
infections complex. Epidemiological studies have shown that the
frequency of nosocomial infections caused by Klebsiella has
increased significantly over the past decade. Chadha et al.”
studied the efficacy of bacteriophage cocktails in treating K.
pneumoniae-mediated burn wound infections in mice. The efficacy
of a single bacteriophage (kpn 1-kpn 5) and bacteriophage cock-
tails was assessed in the treatment of burn wound infections in
mice. Compared to the untreated control mice (8.81 log CFU/mL),
the bacterial load of animals treated with kpnl-kpn5 decreased
significantly to 4.32, 4.64, 4.42, 4.11, and 4.27 log CFU/mL on
peak day (the third day) respectively. However, the group treated
with bacteriophage cocktails showed the greatest reduction in the
bacterial load of the skin tissue. On the peak day, the bacterial load
decreased significantly to 3.01 log CFU/mL and followed by
steady decrease thereafter compared with the untreated control
group, this result account for a significant reduction of 6 log cycles
(P < 0.01). Bacteriophage cocktails effectively hindered the entire
infection process (bacterial load, wound contraction, skin mye-
loperoxidase activity, collagen formation, and histopathological
analysis). More importantly, compared to bacteriophage mono-
therapy, the bacteriophage cocktail significantly prevented the
emergence of drug-resistant mutants.

7.4.  Anti-tumors: New field of bacteriophage application

Intestinal microorganisms include approximately 100 trillion
bacterial cells, which are crucial for human physiological func-
tions. This microbiota plays a key role in the development of acute
infections, chronic diseases, and tumors, and affects the regulation
of the host immune system. Current evidence suggests that the
intestinal microbiota can influence the effect of anti-tumor
immunotherapy profoundly’™”®. The regulation of intestinal
flora can have a considerable effect on tumor treatment. Previous
studies have shown that microorganisms are involved in the
pathogenesis and prognosis of colorectal cancer (CRC). However,
the relationship between the intestinal microflora and CRC is
complex. Some microbial populations promote tumorigenesis,
whereas others inhibit tumor growth. For example, Fusobacterium
is highly resistant to chemical and immunological treatments’”%%,
Clinical data have shown that the abnormal proliferation of
Fusobacterium can directly lead to chemotherapy failure 1°'. In
contrast, CRC growth can be inhibited and the anti-tumor immune
response can be induced by short-chain fatty acids produced by
bacterial fermentation’>’®. Owing to the non-selective killing of
pro- and anti-tumor bacteria, it is clear that fecal bacterial

transplantation and the antibiotic regulation of intestinal flora are
difficult to use in the treatment of CRC”7~%°.

To precisely regulate the intestinal flora for the treatment of
CRC, a gut microbiota modulatory method using bacteriophage-
guided biotic-abiotic hybrid nanomaterials was designed by Dong
et al'®. Irinotecan (IRT) was encapsulated within dextran nano-
particles (DNPs) to form IRT-loaded DNPs (IDNPs). To construct
a bacteriophage-guided biotic-abiotic hybrid nanosystem,
azodibenzo-cycloctyne-modified IDNPs were linked to azide-
modified bacteriophages, creating a bacteriophage-guided biotic-
abiotic hybrid nanosystem via a biorthogonal reaction. This
composite nanosystem eliminated Fusobacterium nucleatum. The
accumulation of DNPs in tumors can be enhanced through a
biorthogonal strategy, and DNPs can promote the proliferation of
Clostridium butyricum and ameliorate the colon immunosup-
pressive tumor microenvironment. The safety and effectiveness of
the hybrid system were further proven using a piglet model'®' '3,

In addition to regulating intestinal flora and triggering anti-
tumor immunity, bacteriophages can be used as therapeutic car-
riers. Overexpressed and secreted angiogenic proteins in tumors
strongly trigger vascular growth and plunder nutrients from sur-
rounding tissues, contributing to subsequent tumor growth'®’.
Anti-angiogenesis is a promising cancer treatment strategy, but is
limited by the lack of the tumor localization ability of anti-
angiogenesis drugs'”*. To ameliorate this problem, Li et al.'®
designed a tumor homolog, angiogenin-binding bacteriophage-
derived bio-nanofiber, to capture and block tumor-derived angio-
poietin to achieve tumor regression (Fig. 5A). Bacteriophage
nanofibers exist naturally in healthy humans and can be injected
into animals and humans for treatment without obvious toxicity or
immune responses (Fig. 5B)'’'"". Filamentous phage fd388, a
biocompatible nanofiber, can target breast tumors and prevent
tumor angiogenesis. To produce nanofibers that can selectively
inhibit breast tumor angiogenesis, bacteriophages produce two
peptides through genetic engineering, for example, the MCF-7-
breast tumor-homing peptide and the angiogenin-binding peptide
WYV. Engineered bacteriophages can display multiple copies of
identified angiopoietin-binding peptides on their side walls and
tumor homologous peptides at their tips. Hematoxylin and eosin
staining showed necrosis in tumors treated with engineered bac-
teriophages, but it was rare in the other control groups'®. In
addition, no microvessels in the group treated with fd388 were
found around the tumor necrosis area. As the tumor-homing
peptide can be discovered and customized toward any specific
tumor through bacteriophage display, angiopoietin-binding bac-
teriophages would be a general “plug and play” tumor-homing

: 5
cancer therapeutic'®.

8. Possible challenges in the popularization of phage
therapies

Bacteriophage therapies have been considered as an alternative
treatment approach to deal with the impending crisis of antibiotic
resistance. This is because not only can the bacteriophages save
countless drug-resistant bacteria-infected patients, but also exhibit
a number of undeniable benefits. Recently, the use of bacterio-
phages in treating animal infections has made an early strike. For
example, bacteriophages have been used to treat diarrhea and
mammary gland inflammation in domestic animals, such as pigs
and cattle. Despite great progress, the clinical application of
bacteriophages in medicine still presents multiple challenges that
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need to be addressed, particularly within the regulatory frame-
work. In most countries, there is uncertainty regarding the regu-
latory status of bacteriophage therapy. At present, European
regulations only allow sporadic clinical trials under the framework
of the Helsinki Declaration and the responsibility and supervision
of the medical ethics committee and frontier application. Thus, a
regulatory framework must be constructed. Another challenge in
the large-scale application of bacteriophage therapy is the finan-
cial cost. Only a few institutions in a few countries, such as
Georgia and the U.S., qualify for bacteriophage therapies. Patients
must bear the high cost of travel and medical treatment as well as
spend considerable time. Furthermore, as biological agents, bac-
teriophages have high requirements for transportation and storage,
as they require a complete cold-chain transportation system.

8.1.  Quality control and safety requirements

For large-scale applications, phages must be mass-produced under
good manufacturing practices (GMP) approved by regulatory
authorities. However, there are no specific guidelines for phage
production'®”. A group of phage researchers has set quality and
safety standards for sustainable phage therapy products''’. One of
the criteria is to avoid phages encoding lysogenic and virulence
factors, antibiotic resistance, and impurities, such as endotoxins.
Although many purification methods have been used to remove
these toxic elements from phage preparations, none have been
satisfactory''". The clinical applications of bacteriophages are
limited. Even for phage reserve preparations, quality control
should be conducted periodically by checking the stability (shelf
life), sterility, cytotoxicity, and periodic pH measurements.

8.2.  Stability of phage preparations

A good stability of bacteriophages is vital for treatment. A po-
tential therapeutic candidate phage preparation should have a good
shelf life; that is, phages should be stored in the formulation to
ensure that their activity does not decrease significantly. Another

key problem of phage stability is the spontaneous mutation in the
phage population when stored or accumulated for a long time
during the manufacturing process of phage production, which may
damage the fitness of the virus'’’. This fact reminds us to predict
the evolution of phages and establish a manufacturing process to

reduce the mutation rate of the phage genome''>.

8.3.  Fast phage screening methods

To target a specific strain, a large number of phage collections
need to be screened owing to the high species specificity of
phages. The traditional method for detecting bacteriophage ac-
tivity is double-layer agar (DLA)'"?. However, the DLA method is
not convenient for rapid diagnosis. According to the growth rate of
specific strains, the results may take up to 48 h to display. Under
these circumstances, high-throughput screening is expected to
rapidly identify phages that can effectively infect target strains.
Bacteriophages are often detected and quantified by direct or
indirect measurements in the laboratory, but there seems to be
little possibility for their clinical application. For example, real-
time fluorescence quantitative PCR has been developed for the
rapid and sensitive detection of phages. However, PCR requires
customized primers for each phage strain. When a large number of
phages are collected from the target strain, it is neither a high flux
nor feasible''*. Based on optical density dynamics analysis in
bacterial cultures, a simple method for detecting and quantifying
phages has been proposed' . This method can detect a small
number of phages with a response time of 3.5 h and is easy to
miniaturize and automate for high-throughput applications. It can
be implemented in conventional analysis. One possible disad-
vantage is that it depends only on the change in the optical density
of the bacterial culture, which cannot always be observed for
cleaved phages. Flow cytometry has also been used to detect
phage infection by detecting cells with low-density cell walls
(low-density cell walls have been observed as a result of phage
infection). This method allows the rapid and early detection of
phage infection; however, its flux is low and may not be applicable
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to all bacterial species or phages''®. Other studies have indirectly
detected phage reproduction by measuring the enzyme release
from bacterial cells caused by phage-induced cell lysis. Enzyme
release is detected by generating a bioluminescence or color signal
after the cleavage of a specific substrate''”. These detections are
highly sensitive and can produce detectable signals within a short
time (3 h). This method is high throughput and is theoretically
applicable to any phage, but may need to be optimized for each
bacterial species.

8.4.  Regulatory framework of phage therapy

Relevant regulatory authorities classify bacteriophages as bio-
logical substances. Bacteriophages are part of the scope of drug
legislation''®. The regulatory frameworks of the European Union
and the U.S. stipulate that these biological drugs prepared by
industries or produced through industrial processes require sales
authorization. Therefore, phage products need to be safe, effec-
tive, and comply with GMP standards. Meeting GMP standards
requires considerable financial support, which is undoubtedly a
key obstacle for hospitals and non-profit phage therapy cen-
ters''?. Current legislation also requires predetermined qualita-
tive and quantitative evaluations of each drug component. The
recommended standards for phages include the dissolution and
specific activity of a single phage to the target phage, the limi-
tation of impurities (such as endotoxins and residual reagents) in
phage preparations, and the test of phage efficacy and purity'*’.
To some extent, this strict regulation is applicable to phage
preparations with fixed components produced on an industrial
scale, but it is certainly not sufficient to meet the requirements of
phage preparations customized based on the patient’s condition,
whose components are variable. Therefore, a more flexible reg-
ulatory therapeutic framework is required.

9. Perspective of phage therapy and conclusions

The number of cases in which phage therapy has been successfully
used to treat life-threatening infections is increasing'*"'**. One of
the most exciting cases concerned a 68-year-old man who suffered
from A. baumannii multidrug-resistant infection and had necro-
tizing pancreatitis. Despite several rounds of antibiotic treatment,
the patient’s condition did not improve, but worsened over time.
By screening phages in the laboratory and customizing cocktails
for the patient, the infection was eliminated and the physical
condition of the patient gradually improved'?. Meanwhile, the
demand for phages around the world is also increasing, which
requires the establishment of characterized phage libraries. Some
phage libraries have already been constructed to provide fruitful
territories for international co-production, such as the Félix
d’Hérelle Reference Center for Bacterial Viruses at the University
of Laval and the National Collection of Type Cultures'**. With the
renewed attention of all sectors of society to phage therapies,
bacteriophages will certainly leave a strong mark in the “post
antibiotic era”.

In this study, we demonstrated that bacteriophages are returning
to the spotlight as a valid alternative to classical antibiotics in the
post-antibiotic era. Recent studies have shown that bacteriophages
have the potential to fill this AMR-induced gap. However, the lack
of mature preparations for existing bacteriophage therapies has
hindered their popularization. Thus, researchers are focusing on
the development of bacteriophage preparations, such as bacterio-
phage cocktails, liposome-encapsulated bacteriophages, polymer-

encapsulated bacteriophages, electrospun fiber-encapsulated bac-
teriophages, and microneedle-mediated transdermal bacteriophage
delivery systems. However, bacteriophages have much more po-
tential. To achieve a better effect on AMR infections, one approach
is to combine bacteriophages with other antibiotics to produce
synergistic efficacy. Another option is to use bacteriophages edited
by genetic engineering; relevant clinical trials are ongoing. Bac-
teriophages can also serve as novel theranostic platforms. A variety
of in vivo bacteriophage studies (both animal and human) have
indicated that bacteriophage therapies may be effective for the
treatment of intractable antibiotic-resistant pulmonary infections.
Furthermore, bacteriophages can be used as carriers of other drugs
(e.g., anticancer drugs) to increase their therapeutic effect. To
standardize bacteriophage therapy in the clinical treatment, several
gaps are needed to be filled, including (a) continuously enriching
the reference bacteriophage library; (b) developing efficient
bacteriophage screening methods for rapid identification of ther-
apeutic bacteriophages; (c) establishing efficient bacteriophage
treatment strategies for infectious biofilms; (d) establishing
bacteriophage production specifications to ensure the quality, and
safety of bacteriophage agents; (e) ensuring the stability of
bacteriophage agents during storage and transportation.

Currently, great progress has been made in bacteriophage
research. With a more reasonable design, bacteriophage therapy
could develop into one of the most powerful weapons in the battle
against AMR infections in the future. Although the promotion of
bacteriophage therapy may be a challenging process, we firmly
believe that the stumbling blocks will be overcome, and this
process will incur medical, economic, commercial, and even po-
litical benefits to the society.
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