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Phage-derived
polysaccharide

depolymerases;
Bacteriophage proteins;
Bacterial capsules;
Polysaccharide capsules;
Antibiotic resistance;
Biofilms;
Antibacterial therapy;
Antimicrobial adjuvants;
Combination treatment

*Corresponding author.

lymerases have been investigated preclinically, with evidence indicating that depolymerases with appro-
priate dose regimens can safely and effectively combat different multidrug-resistant pathogens in animal
infection models. Additionally, some formulation approaches have been developed for improved stability
and activity of depolymerases. However, depolymerase formulation is limited to liquid dosage form and
remains in its infancy, posing a significant hurdle to their clinical translation, compounded by challenges
in their applicability and manufacturing. Future development must address these obstacles for clinical
utility. Here, after unravelling the history, diversity, and therapeutic use of depolymerases, we summa-
rized the preclinical efficacy and existing formulation findings of recombinant depolymerases. Finally,
the challenges and perspectives of depolymerases as therapeutics for humans were assessed to provide
insights for their further development.
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1. Introduction

The overuse and misuse of antibiotics have promoted bacterial
resistance to antibiotics, resulting in the prevalence of superbugs
and thereby causing more difficult-to-treat infectious diseases'.
The situation is worsening by the increasing challenges in
discovering novel antibiotics and the rapidly evolved resistance rate
to the newly marketed antibiotics’. Therefore, developing novel
alternatives to combat multidrug-resistant (MDR) bacteria with a
low risk of bacterial resistance development is highly desirable.

Bacteriophage (phage) therapy, developed before the discovery
of penicillin by using bacterial viruses to treat bacterial infections,
is re-emerging as a promising alternative to conventional antibi-
otics in the fight against MDR bacteria®. Phages possess a co-
evolved mechanism enabling them to overcome bacterial resis-
tance™”. One typical bacterial resistance mechanism involves the
secretion of slime layers (biofilms) and cell-surface capsules,
which mask the primary receptors and hinder phage adsorption to
host bacteria® °. Fortunately, some phages have adapted to such
resistance by encoding depolymerases to degrade the poly-
saccharide components of capsules and biofilm slime*. This ex-
emplifies the remarkable advantage of phage therapy over
conventional antibiotics in combating MDR bacteria. However,
the activity of whole phage particles is compromised by the high-
frequency and rapid emergence of phage resistance'’. In contrast,
free depolymerases, different from whole phage particles, barely
promote resistant mutations as they do not directly kill bacteria''.

Recently, depolymerases have been identified as novel alter-
native antimicrobials against MDR bacteria and biofilm-related
infections. These enzymes act on the bacterial surface decorated
polysaccharides, including capsular polysaccharides (CPS), exo-
polysaccharides (EPS), and lipopolysaccharides (LPS), to unmask
the binding sites of different antimicrobial agents. Aside from
facilitating phage diffusion and adsorption, depolymerases can
sensitize bacteria to antibiotic treatments and boost the innate
immune responses (i.e., increasing serum complement deposition
and promoting phagocytosis), thereby significantly enhancing the
antibacterial efficacy'>'®. Many recombinant depolymerases have
been investigated to treat different MDR bacterial infections
in vivo. Moreover, the development of formulations for the effi-
cient delivery of these proteinaceous agents has been budding.
These endeavors promote our understanding of the challenges and
prospects associated with translating depolymerases into anti-
bacterial therapeutics.

In this review, we start with overviewing the development
history of depolymerases, followed by unravelling the diversity of
depolymerases in terms of their structure, mechanisms of action,
and substrate specificity. We then survey the therapeutic use of
depolymerases in antibiofilm, assisting phage therapy, antibiotic
treatment and immune attack, and suppressing resistance devel-
opment. We focused on summarizing the therapeutic efficacy of
diverse recombinant depolymerases against different MDR path-
ogens in preclinical animal models, shedding light on the existing
formulation findings, and finally assessing the challenges and
perspectives of translating them into therapeutics for humans.

2. History of depolymerases

The major events in the development history of depolymerases
were summarized (Fig. 1). Phages were discovered independently
by Twort in 1915'* and d’Hérelle in 1917'°. Certain phages pro-
duced plaques surrounded by a gradually increasing “translucent
halo™'®. In 1929, Sertic extracted an enzyme that reproduced the
halo on the bacterial culture, first revealing the mechanism of halo
production'’. Later in 1937, the enzyme was demonstrated to
specifically remove the bacterial surface antigen and increase the
sensitivity of bacterium to phages without causing bacterial cell
death'®. Up until 1956, Adams et al.'” isolated a new enzyme
capable of hydrolyzing bacterial capsular polysaccharides and
devised the term “polysaccharide depolymerase”. This fostered
the discovery of various kinds of depolymerases since the 1960s.

Different from the before-found depolymerases that were in
free form, Stirm et al.”® discovered a phage particle carried endo-
glycosidases that depolymerized capsular polysaccharides in 1971,
providing early evidence of depolymerases as a structural part of
phage. The following studies started to explore the structural fea-
tures of depolymerases. In 1996, Steinbacher et al.>' crystalized
phage P22 tailspike protein (TSP) with rhamnosidase activity for
bacterial O-antigens. This research provided the structural basis of
the interaction between TSP and its specific polysaccharide sub-
strate. TSP was demonstrated to form elongated homotrimers with
a (-helical central domain responsible for substrate recognition and
binding. Since then, the identical architecture was confirmed in
many other TSPs**. Evolutionary changes were observed between
these proteins through two approaches: (1) swapping host-specific
domains® and (2) changing the active site residues”*>. Entering
the 21st century, Clarke et al.”* initially proposed the evolutionary
process of phage K5A to phage K1E using the first strategy, which
involved the acquisition of the K1 endosialidase and the loss of the
K5 lyase. A few years later, Leiman et al.>* and Barbirz et al.”
observed the evolution in the TSPs of phage P22, Sf6 and
HK620 by the second strategy. These three TSPs exhibited similar
structures in the same robust -helical fold but possessed changes
in their active site residues.

The applications of depolymerases were extensively explored.
In 1998, Hughes et al.”® discussed the potential of depolymerases in
degrading the extracellular polysaccharide matrix of biofilms, of-
fering insights into a new tool for biofilm control. In 2004, Mushtaq
et al.”’ investigated the therapeutic efficacy of depolymerases in
preventing and curing systemic infection. A significant reduction in
mortality was observed after intraperitoneal administration with
20 pg of depolymerase. This might be ascribed to the removal of
the bacterial surface barrier, allowing the complement system to
kill bacteria. On this basis, the application of depolymerases for the
treatment of systemic infections was opened up. In 2010, the first
oral formulation of depolymerase was developed for preventing
bacterial colonization of the gutzx. In 2014, Bansal et al.”” con-
ducted a pioneer study investigating the combined effect of depo-
lymerase and gentamicin in treating systemic and lung infections.
The combination treatment significantly reduced bacterial load
compared to the single treatments. The synergy between
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Figure 1

Asheshov'® found a gradually
increasing "halo" surrounding phage
plaque

Sertic et al.” confirmed this enzyme
specifically removed the bacterial
surface antigen

Stirm et al.?° discovered a virion-
associated depolymerase

Hughes et al.?® identified
depolymerases as novel tools for
biofilm control

Mushtagq et al.?” applied
depolymerases for treating animal
systemic infections

Waseh et al.?® developed an oral
formulation of depolymerase for
treating gastrointestinal infections

Depolymerases were exploited against
MDR bacteria

A timeline of depolymerase discovery and development (by publication year).

depolymerases and antibiotics offered a promising avenue to
overcome the growing antimicrobial resistance problem. Nowa-
days, many studies put efforts into applying depolymerases as
antibiotic alternatives to combat MDR bacteria' """,

3. Diversity of depolymerases

3.1.  Structure

Phage—bacteria evolutionary machinery causes the alteration of
bacterial carbohydrate structures and diversifies the active depo-
lymerases. Many known depolymerases share common structural
features despite a high diversity in their enzymatic specificity
forced by the variable carbohydrate structures of bacteria’®. Pre-
viously, 160 putative depolymerases in 143 phages infecting 24
genera of bacteria have been overviewed®’. Depolymerases are
structural components of the phage adsorption apparatus that
mostly appear as tail fibers or tail spikes attached to the base plate,

but also with few exceptions on the neck (Fig. 2A). Another
present form of depolymerases is soluble proteins distant from the
phage structure®®. Predominantly, depolymerases locate within
receptor binding proteins (RBPs) to help initiation of phage
infection by recognizing and degrading bacterial capsules as the
first step®. At the structural level, RBPs with depolymerase ac-
tivity typically have a modular architecture consisting of three
domains: a conserved N-terminal domain, a variable central
domain and a C-terminal domain (Fig. 2B). Specifically, the N-
terminal domain forms a dome-like structure responsible for
anchoring the RBP to the tail structure of the phage particle. The
central domain forms an elongated parallel §-helical homotrimer
structure with a specific catalytic pocket that contributes to host
recognition and enzymatic activity. This highly interwoven com-
plex structure also determines its high protein stability in harsh
environments. The C-terminal domain is generally involved in
receptor binding and may contain a chaperone to assist proper
protein folding and functionality”**°~>%. This modular architec-
ture of RBPs allows for swift modification of the host specificity
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Figure 2  Structure, mechanisms of action, and substrate specificity of depolymerases. (A) Distribution of depolymerase through the structure

of bacteriophages. (B) The modular structure of the model tail spike (PDB ID 2XC1) of phage P22, consists of the N-terminal domain (yellow),
central domain (cyan), and C-terminal domain (magentas). (C) General hydrolysis and lysis reaction mechanisms for depolymerases catalyzing
polysaccharide degradation. (D) Varied targets of depolymerases in the architecture of bacteria and biofilms, including capsular polysaccharides

(CPS), exopolysaccharides (EPS), and lipopolysaccharides (LPS).

through two different strategies: (i) swapping the host-specific
central domain via intense horizontal gene transfer and (ii)
changing the polysaccharide-depolymerizing domains via the
accumulation of mutations (vertical gene transfer)”>>"+%.

3.2.  Mechanism of action

Mechanistically, depolymerases cleave the O-glycosidic bonds of
bacterial polysaccharides to obtain oligosaccharide products either
in a hydrolysis or lysis mode (Fig. 2C). Such modes of action
accordingly divide the depolymerases into two main classes: hy-
drolases and lyases. The diversity of depolymerases in terms of the
two mechanisms of action has been summarized by Pires et al*”.
Hydrolases including sialidases, levanases, xylosidases, dextran-
ases, hyaluronidases, and peptidases use a water molecule for
cleavage. In contrast, lyases including hyaluronate, alginate,
pectin/pectate lyases and KS lyases, cleave a glycosidic bond by
(B-elimination with the introduction of a new double bond without
involving a water molecule™***°.

3.3.  Substrate specificity

The substrate specificity of depolymerases also account for their
diversity. The structures and types of polysaccharide substrates

produced by bacteria is diverse (Fig. 2D). Specifically, the
Gram-negative bacteria can produce LPS as the outer
membrane-embedded components with the O-antigens at the
end and have thin peptidoglycan (PG) layers in the periplasmic
space. The Gram-positive bacteria lack the LPS-embedded outer
membranes, producing instead a much thicker PG layer. Both
Gram-negative and Gram-positive bacteria can produce CPS as
the outermost enveloped layers and secrete EPS as the biofilm
constitutes®>. In a broad sense, the phage-encoded peptido-
glycan hydrolases, called endolysins, are also depolymerases
that refer to any generic enzymes degrading polymers. However,
distinguished from endolysins, depolymerases commonly refer
to enzymes targeting CPS (also called K-antigen), EPS, and LPS
(carrying the O-antigen). The surface CPS/LPS are enormously
variable among bacteria and can be changed or modified by gene
mutations, deletions or insertion in the carbohydrate biosyn-
thesis loci*?. The diversities in the sugar composition and
structure of O- or K-antigen distinguish immunologically
distinct strains by the corresponding O- or K-serotyping
schemes®’. Correlatively, depolymerases with a high serotype
specificity also exhibit a high diversity to target different O- or
K-types of bacteria. The diversity of depolymerases targeting
CPS/EPS/LPS in terms of substrate specificity has previously
been overviewed by Knecht et al®.
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4. Potential applications of depolymerases

Depolymerases can be exploited as antibacterial therapeutics in
two forms: phage-expressing enzymes and recombinant proteins;
and both forms of proteins can be genetically engineered or mixed
as cocktails to expand their host ranges*'. Applications of phage
and phage-derived proteins have been extensively reviewed**>*
Depolymerases can degrade CPS/EPS/LPS in the biofilm and
bacterial surface barrier, but they do not kill bacteria. Therefore,
they are expected to have great therapeutic potential as antibiofilm
agents and antimicrobial adjuvants without inducing resistance
development. Specifically, they can be exploited in the below five
main strategies (Fig. 3).

4.1.  Antibiofilm

Over 80% of bacterial infections are associated with biofilms and
resistant to conventional antibiotic medications with a 1000-fold
decrease in susceptibility****. The structural and functional
integrity of bacterial biofilms and their virulence are mainly
affected by the extracellular polymeric substances, accounting
over 90% of the biofilms®*®. Many studies have demonstrated that
depolymerases are effective in both preventing and eradicating
biofilms, with combination treatments and cocktail therapies
further enhancing the antibiofilm efficacy''*">*.

Gutiérrez et al.*® first identified a putative EPS depolymerase
in a temperate phage vB_SepiS-philPLA7 infecting a host strain
Staphylococcus epidermidis F12. This study confirmed the ability
of depolymerase-bearing phage to mediate biofilm degradation

with the viability of the host bacteria in the biofilm readily
reduced and only 5% of the total counts survived after 3 h. In their
subsequent study”’, the gene encoding the depolymerase was
cloned and the recombinant protein named Dpo7 was overex-
pressed and purified. Dpo7 was demonstrated to significantly
reduce the biomass and adhered cells in the preformed biofilm in a
dose-dependent but time-independent mode. Also, it was highly
capable of preventing the formation of host bacterial biofilms.
This study also found that Dpo7 can disperse biofilms generated
by some other strains of S. epidermidis and Staphylococcus
aureus. However, total removal of preformed biofilm and com-
plete inhibition of biofilm formation by Dpo7 was not observed.
Hopefully, combination therapy using depolymerases together
with antibiotics or other antibacterial agents has been proved to
enhance antibiofilm effectiveness. In another study, the effects of a
depolymerase, Dpo71, in combination with colistin against Aci-
netobacter bawmannii biofilm formation were tested''. The
combination treatment significantly enhanced the antibiofilm ef-
ficiency compared with single-agent treatments. Similar results
were also achieved in other combination therapy studies, such as
investigating the efficacy of an endolysin LysK and a depoly-
merase DA7 against both the static and dynamic Staphylococcal
biofilms"; testing the activity of phage-borne depolymerase and
chloride dioxide (Cl0O,) against Klebsiella biofilm’'; and evalu-
ating the synergistic effect of honey and phage-bearing depoly-
merase against Escherichia coli biofilm>>. Moreover, a cocktail
therapy of three depolymerase-containing phages was prelimi-
narily reported to eradicate Enterobacter cloacae biofilms
completely™.

Therapeutic
uses of

depolymerases

Figure 3

Schematic diagram of the therapeutic uses of depolymerases (Dpo).
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Topka-Bielecka et al.'” have comprehensively reviewed the
application of depolymerases against biofilms. However, the
antibiofilm activity is mostly confirmed under in vitro conditions.
Such conditions lack the in vivo harsh environment and the
response of immune system, thereby cannot wholly reflect the
actual effects against biofilm infections. The in vivo antibiofilm
efficacy of depolymerases has not yet been studied, which is worth
to be considered in further research.

4.2.  Adjuvants for phage therapies

For phages evolved with polysaccharide depolymerization activ-
ities, the phage receptor molecules at the bacterial surface can be
exposed through degrading the carbohydrate layers, facilitating
phage adsorption to allow genome injection, replication and
finally disintegration of host bacterial cells*’. However, the chance
of isolating a natural phage that is simultaneously susceptible to
the targeted bacteria and capable of expressing a relevant EPS-
degrading enzyme is, to our surprise, not particularly high™.
Therefore, for phages without polysaccharide depolymerizing
domains, combined therapy with biofilm-susceptible depoly-
merases or engineering the phage with depolymerase activity are
two possible approaches to improve their efficacy in removing
biofilms and host pathogens™*° %,

Hughes et al.”’ first elucidated the role of polysaccharide
depolymerases in phage attacking its host bacteria within bio-
films. They proposed that the susceptibility of bacteria to phage
and the ability of the phage-borne depolymerase to degrade EPS
collaboratively affected the fate of biofilms. An efficient
disruption of the matrix barrier by depolymerase followed by
sufficient phage infection could ultimately undermine the whole
biofilm structure. In contrast, an inefficient depolymerase may
only allow phage infection against bacteria on the surface of
biofilms. Hanlon et al.”® have also proved that phage diffusion
through Pseudomonas aeruginosa biofilm may be facilitated by
a reduction in EPS viscosity caused by enzymatic degradation.
Rather than trying to select a combination or isolate a natural
phage, Lu et al.’>* proposed a modular design strategy of engi-
neering the non-enzymatic T7 phage to express the most effec-
tive EPS-degrading enzymes (Dispersin B) specific to adhesins
in the biofilms formed by different bacterial species. The engi-
neered enzymatic phage was more efficacious at removing
bacterial biofilms and reducing bacterial cell counts than the
non-enzymatic phage. Moreover, such EPS-degrading enzyme
rendered the phage a much wider range of biofilm-targeting
abilities and thus could be applicable to a greater number of
infections.

4.3.  Adjuvants for antibiotic treatments

The polysaccharide components protect bacteria from antimicro-
bials*®. The removal of bacterial CPS/LPS/EPS by depolymerases
is supposed to enhance the entry of antimicrobials into bacterial
cells. Combination treatments using antimicrobials and depoly-
merases have been reported to be promising in controlling bacte-
rial infections, especially those caused by MDR pathogens' >,

The synergistic effects of depolymerase and gentamicin
against Klebsiella pneumoniae biofilm was investigated®’. Depo-
lymerases were reported to effectively disperse the biofilm matrix
to facilitate the penetration of gentamicin, resulting in a significant

reduction of bacterial counts compared with monotherapies. A
similar synergy was also observed in the combination treatments
of the Dep42 depolymerase and polymyxin against K. pneumoniae
biofilms®’, as well as the Dpo71 and colistin combination against
A. baumannii biofilms''. The authors'' investigated the mecha-
nisms responsible for the adjunctive effect of Dpo71 on colistin,
showing that the bacterial decapsulation by depolymerase pro-
moted the interaction between colistin and the bacteria membrane,
and hence their entry.

4.4.  Adjuvants for innate immune responses

The polysaccharide components also shield bacteria from im-
mune attack (e.g., complement killing and phagocytosis)*.
Applying depolymerases in the presence of human serum or
macrophages has been reported to yield a significant antibacte-
rial performance’' ' %,

The influence of two capsular depolymerases, KP32gp37 and
KP32gp38, on the sensitivity of K. pneumoniae to complement-
mediated killing and phagocytosis was evaluated®'. Capsule
degradation with a serotype-specific depolymerase produced a
time-dependent decline in bacterial survival mediated by com-
plement killing. The decapsulated strains were prone to phago-
cytosis with a two-fold increased uptake and microphage killing.
Another research®’ on a K64-specific capsule depolymerase
(K64dep) against K. pneumoniae also confirmed the sensitized
serum and neutrophil killing of enzyme-treated bacteria. Although
depolymerases lack intrinsic antibacterial activity, they render the
pathogens deprotected and fully susceptible to innate immune
responses in a serum/phagocyte concentration-dependent manner.

4.5.  Suppressing resistance development

Due to the selective pressure of phage therapy and the natural
mechanism of bacteria-virus coevolution, the emergence of phage-
resistant bacteria is unavoidable’”. In contrast to using a whole
phage, recombinant depolymerases rarely promote bacterial mu-
tations and thus are recommended for therapeutic applications to
reduce the resistance risk'"°*°*. Another approach is applying
combination treatment with antimicrobials harnessing different
mechanisms so that the bacteria are less likely to develop resis-
tance to multiple drugs simultaneously® 7.

The resistance development of host bacteria upon exposure to a
depolymerase (DpoMK34) and its parent phage PMK34 was
evaluated®. The emergence of phage-resistant mutants was
observed, while DpoMK34-insensitive mutants were not yielded
after repeated challenges. The resistance development was also
not easily detected in the K2 depolymerase-challenged cultures®*
and Dpo71-challenged bacteria''. In the combined therapy
approach, the unwanted emergence of phage-resistant variants can
also be delayed or reduced through using an effective phage
cocktail or phage/depolymerase combination®®. Majkowska-
Skrobek and co-workers revealed that the phage cocktails con-
sisting of capsule-specific (KP34) and capsule-independent phages
(KP15 and KP27) could produce an effective treatment limiting
the development of phage resistance in K. pneumoniae popula-
tion””. The reduced bacterial resistance was also achieved in the
combined treatment with KP34p57, KP15 and KP27 after
replacing phage KP34 with its produced capsule depolymerase
(KP34p57)°°.
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5. Therapeutic efficacy of depolymerases in vivo

After confirming the therapeutic ability of depolymerases in vitro,
it is essential to prove that they are also active in vivo. Here, we
will only focus on work applying recombinant depolymerases in
the free form, not those used as an integral part of phage. To date,
the in vivo evaluation of depolymerase efficacy has been limited to
animal tests®®. This section will summarize the preclinical find-
ings of diverse reported recombinant depolymerases against
several MDR pathogens in animal infection models
(Table 1)!1?7731.6469783 11y summary, depolymerases with proper
dose regimens were safe and effective as antimicrobials in vivo.

5.1.  Animal infection models

Currently, many depolymerases have been identified against some
MDR bacteria, including the Gram-negative bacteria (K. pneumo-
niae, A. baumannii, E. coli, P. aeruginosa and Salmonella enterica)
and the Gram-positive bacteria (S. aureus), that are listed as priority
pathogens in urgent need of new control by the World Health
Organization®*. Because of bacterial surface carbohydrate layers,
these virulent and resistant pathogens always cause severe
infectious diseases, such as bloodstream infections, pneumonia,
wound infections, and gastrointestinal infections, in hospitalized
environments or communities'**""*. Different animal models have
been established to mimic these infections (Table 1 and Fig. 4A).
Most studies targeted systemic infections, mainly based on murine
models and few on Galleria mellonella and Zebrafish models. The
murine animals were also used to investigate the efficacy of
depolymerases against lung infections®® and fracture-related
infections®®. Other animals, such as rats and chickens, were
employed to assess the therapeutic efficacy of depolymerases
against intestinal infections®""**”%, While the community infection
models can be established by direct injection of bacteria in healthy
animals, the approach to develop nosocomial infection models was
achieved by treating healthy mammalian animals with an immu-
nosuppressive agent, like cyclophosphamide, before bacterial
inoculation®"-**+**7*% The immunocompromised animals affor-
ded a greater range of useful inoculum sizes, which also increased
the latitude of experimental designs®’. However, monotherapy of
depolymerases was mainly limited to systemic infections due to
their dependency on serum-mediated bacteria killing. It is worth
noting that few studies focus on local infections, which suggests
more efforts to extend depolymerase applicability (Fig. 4B).

5.2.  Dose regimen

The administration route, dose, timing and frequency are critical
factors affecting the success of depolymerase therapy®C. First,
the administration routes of depolymerase varied depending on
the targeted site of action and the properties of enzymes.
Parenteral administration, including intraperitoneal (i.p.), intra-
venous (i.v.), subcutaneous (s.c.), and intramuscular (i.m.), was
used for systemic infections, while oral delivery was used for
gastrointestinal infections®®, and topical delivery was applied
directly to the infected area®®. However, it is noted that different
administration routes of a specific enzyme can result in different
bioavailability and therefore affect the therapeutic efficacy®.
Second, the enzyme dose was determined by the type of animal

models, the activity of the specific enzyme used, and the severity
of infections. These were evidenced by varied enzyme doses
used in different animal models®*’®, different effective doses of
three K1 capsular polysaccharide depolymerases targeting the
same bacterial infection model’, and a larger dose of K64dep
used for late-stage infections’'. A higher dose may result in
more significant degradation of targeted polysaccharides, lead-
ing to improved treatment outcomes®"’*’°. Third, determined
by the changes in the levels of targeted polysaccharides, the
dosing time played a pivotal role in the treatment outcomes.
Administering depolymerases as a pre-treatment before infection
initiation or as an immediate/early treatment after infection
establishment was demonstrated to yield a more significant
therapeutic effectiveness®’>%*!7%7080782 [ a5t a single dose of
depolymerase was sufficient to produce a therapeutic effect
comparable to that of multiple doses®’. In a few cases, contin-
uous or regularly scheduled dosing may be necessary to maintain
therapeutic enzyme levels”®. In summary, the optimal dose
regimen must be carefully determined on a case-by-case basis.

5.3.  Effectiveness

Based on the development of appropriate animal infection
models and dose regimens, the prevention, anti-virulence and
anti-bacterial effects of depolymerases have been demonstrated
by the improved survival rates and decreased bacterial counts.
For instance, a prophylactic administration of depolymerase
before the bacterial challenge was demonstrated to prevent in-
fectious disease and rescue 100% of infected animals from
death”!"7>®! Before inoculation, pretreatment of bacteria with
depolymerase also showed an increased survival rate®*’376:82,
Depolymerases removed surface carbohydrate layers and
generated less virulent pathogens, thereby reducing the patho-
genicity and host damage. Moreover, post-infection treatment
with depolymerases improved survival, especially immediate
treatment. Due to the exposure of pathogens to the host immune
system by depolymerase, bacteria were vulnerable to serum and
neutrophil killing, resulting in a decreased bacterial load’*"’.
Depolymerase monotherapy has been seen to be sufficient to
overcome systemic infections. However, it must be noted that
different depolymerizing proteins displayed various degrees of
antimicrobial activity. For example, when the bacteria causing
the same lethality to the untreated groups, K2 depolymerase
showed a lower efficacy in rescuing infected mice compared to
Dpo48 given at the same dose®*’. The discrepancy in efficacy
might be attributed to their differences in enzymatic activities,
synergism with other antibacterial factors, and variations in
bacterial cell characteristics.

A strategy for improving the efficacies of recombinant depo-
lymerases is to combine them with other antimicrobials, which
may achieve a synergistic effect against the target bacteria and
represent a promising treatment against local infections.
Compared to antimicrobials used alone, the combination treat-
ments of K2 depolymerase and gentamicin®’, enzybiotics and
gentamicin/vancomycin®®  significantly reduced the bacterial
counts for lung infections and fracture-related infections, respec-
tively. This can be attributed to the dispersal of polysaccharide
matrix mediated by depolymerases, leading to improved suscep-
tibility of bacteria towards otherwise ineffective concentration of



Table 1  Summary of preclinical efficacy of phage-derived depolymerases.

Depolymerase name Animal infection model Dose regimen Result Ref.
K. pneumoniae
K2 depolymerase Normal mouse A single dose of 50 pg enzyme or in combination with The bacteria count, inflammatory cytokine (IL-1/, IL-10 29
pneumonia and 1.5 mg/kg gentamicin given 24 h (pneumonia model) or 6 h and TNFe) levels and neutrophil infiltration were
septicemia models (septicemia model) post-infection via i.p. injection significantly reduced in both infection models. Combination
treatment caused more bacteria reduction and cytokine
downregulation than sole depolymerase treatment.
Ké4dep Immunocompromised A single dose of 18.75 or 150 pg enzyme given 1 or 8 h post The survival rate was 100% and 12.5% when treatment was 31
mouse bacteremia model —challenge via i.p. injection, respectively given at 1 and 8 h post-infection, respectively. Significant
antibacterial effectiveness was yielded by earlier treatment.
No toxicity and pathological changes in liver, kidney, and
spleen were observed.
K1-ORF34 Immunocompetent and A single dose of 25 pg enzyme given 30 min post-infection The survival rate was 100% in treating immunocompetent 69
immunocompromised via i.p. injection mice infected with 3.3 x 10* CFUs bacteria and
mouse invasive infection immunocompromised mice infected with 1.6 x 10° CFUs
bacteria. This indicated the antibacterial effects of
depolymerases to both models.
Dep_kpv74 Normal mouse hip A single dose of 10, 20, or 40 ug enzyme given 0.5 h post- The survival rate was 90% (40 pg, 0.5 h group), 80% (10 70
infection model infection via i.p. injection and 20 pg, 0.5 h groups) and 60% (40 pg, 3 and 24 h
A single dose of 40 pg enzyme given 0.5, 3, or 24 h post- groups). A higher dose and earlier treatment can lead to
infection via i.p. injection improved treatment outcomes.
P560dep Normal mouse A single dose of 50 pg enzyme given 1 h prior to bacterial 100% and 90% of mice were protected from death in the 71
bacteremia model infection or 1 h post-infection via i.p. injection prevention and treatment groups, respectively, indicating
significant prevention effect and antibacterial effect.
Dp42 Normal mouse A single dose of 50 pg enzyme given 6 h prior to bacterial 100% of mice were protected from death, indicating 72
bacteremia model infection or 0.5 h post-infection via i.p. injection significant prevention effect and antibacterial effect.
Bacterial load in the mouse organs were significantly
reduced.
depoKP36 Galleria mellonella A single dose of 2.8 pg depoKP36 given 5 min post- The survival rate at 24, 48, 72 h was 40%, 30%, 20% in the 73
larvae infection model infection, or bacteria pretreated with 280 pg/mL enzyme for post-infection treatment group and 77%, 47%, 43% in the
2 h before inoculation via injection into the last proleg pre-infection treatment group, respectively. Pretreatment of
bacteria with depolymerase showed an increased survival
rate compared to post-infection treatment.
Dep_kpv79 Normal mouse sepsis and A single dose of 50 pg enzyme given 0.5 h post-infection 80%—100% of animals were protected against death. 74
Dep_kpv767 hip infection model via i.p. injection
Dep622 DepS8 G. mellonella larvae A single dose of 2 pg Dep622 or DepS8 simultaneously ~90% and ~70% of larvae inoculated with 3 x 10° and 75

A. baumannii
Dpo71

Tailspike protein of
@AB6 phage

infection model

G. mellonella larvae
infection model

Zebrafish infection model

given at the same time of bacteria inoculation via injection
into the hemocoel

A single dose of 5 pg Dpo71 or in combination with 1 ug
colistin given 0.5 h post-infection via injection into the last
right proleg

A single dose of 20 pg enzyme given 0.5 h post-infection
via injection into cloaca

3 x 10° CFU bacteria survived within 5 days, respectively.
The antibacterial efficacy was negatively correlated to the
severity of infections.

40% and 80% of infected worms were rescued from the
Dpo71-alone treatment and combination treatment,
respectively. The antibacterial effect was significantly
improved in combination treatment compared with the
single treatments.

80% of zebrafish survived within 4 days.

No toxicity was observed.
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K2 depolymerase

Dpo48

Dp49

E. coli
EndoE (K1E)

KI1F, K1H, KS, K30
gp41, K30 gp42
depolymerases

Dep6

G. mellonella larvae
infection model and
immunocompromised
mouse sepsis model

G. mellonella larvae
infection model, normal
and immunocompromised
mouse sepsis model

Normal mouse
bacteremia infection

Neonatal rat
gastrointestinal
colonization-induced
bacteremia model

Normal and
immunocompromised
mouse systemic infection
model

Normal mouse systemic
infection model

A single dose of 0.25, 0.5, and 3 pg per larva given 30 min
post-infection, or bacteria pretreatment for 2 h before
inoculation via injection into the penultimate right proleg
A single dose of 50 pg enzyme per mouse given 1 h post-
infection via i.p. injection

A single dose of 5 ng Dpo48 given 5 min post-infection, or
bacteria pretreated with 50 pg/mL enzyme for 1 h before
inoculation via injection into the last proleg

A single dose of 50 pg enzyme per mice given 2 h post-
infection via i.p. injection

A single dose of 50 pg enzyme given 0.5 h post-infection
via i.p. injection

20 pg enzyme given by i.p. injection on Days 1, 2, 3, 4, and
5 post-infection; A single dose of 20 pg enzyme given on
Days 1 or 3 post-infection via i.p. injection; A single dose
of 0.125—20 pg enzyme given on Day 1 post-infection via
i.p. injection

Normal: 0, 2, 5, or 20 pug enzyme given within 0.5 h post-
infection via injection into the right thigh; 20 pg enzyme
given 8 h post-infection via injection into contralateral
thigh; 20 pg K1E, 2 pg KIF and 2 pg K1H given
immediately via i.p. and i.m. injection
Immunocompromised: 20 pg enzyme given immediately or
8 h post-infection via i.m injection

A single dose of 30 pg Dep6 given 3 h prior to infection,
simultaneously with bacteria, and 3 h post—challenge

The larvae survival rate was significantly increased in a
dose-dependent and dosing time-dependent manner.
Treated with 0.25, 0.5, and 3 pg enzyme, 53%, 69% and
88% of larvae survived in the pretreatment group, and 15%,
56% and 70% of larvae survived in the post-infection
treatment group.

60% of enzyme-treated mice survived.

The inflammatory factors (TNF-« and IL-6) were
significantly reduced.

93% and 26% of larvae survived in the pretreatment group
and treatment group within 3 days, respectively.
Pretreatment of bacteria with depolymerase showed an
increased survival rate compared to post-infection
treatment.

100% of mice were protected from death.

No significant differences in blood biochemical indicators
and histopathological changes in the liver, spleen, lung and
kidney were observed.

100% of mice were protected from death within 96 h.
The bacterial loads from organs such as liver, spleen, and
lungs all significantly decreased.

EndoE prevented the death and invasion of bacteria from
the gastrointestinal tract into the bloodstream from the first
dose. A single dose of depolymerase was sufficient to
produce a therapeutic effect comparable to that of multiple
doses.

Single-dose treatment on Day 1 was more effective than
that on Day 3. Earlier treatment with depolymerase yielded
a better antibacterial efficacy.

The minimal dose of 0.25 pg prevented the death of at least
80% of rats.

For normal mice, they were rescued in a dose-dependent
manner. Delayed treatment with K1F, K1H and K5
enzymes resulted in 50%—60% survival compared to 90%
—100% in immediate treatment. K1E significantly
improved survival rate via i.p. injection compared with i.m.
injection; K1F enzyme showed the opposite pattern; K1H
yielded similarly low rescue rates for both routes. No
toxicity was observed.

For immunocompetent mice, immediate treatment was
superior to delayed treatment for all enzymes.

The survival rates were 33%, 83%, 100% in the post-
infection treatment group, simultaneous treatment group
and pretreatment group, respectively, indicating a dosing
time-dependent manner.

No toxic effects were observed.
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Table 1 (continued)

Ref.

Result

Dose regimen

Animal infection model

Depolymerase name

P. aeruginosa
LKA1gp49

82

20% of larvae survived after 72 h in the treatment group,

A single dose of 5 or 50 pg/mL given 15 min post-infection,

G. mellonella larvae
infection model

independent of LKA 1gp49 concentration. 35% of larvae

or bacteria pretreated with 5 pg/mL enzyme for 1 h before

inoculation via injection into the hindmost proleg

survived after 72 h in the pretreatment group. Pretreatment
of bacteria with depolymerase showed an increased survival

rate compared to post-infection treatment.

S. enterica
P22sTsp

28

A significant reduction of Salmonella in the cecum, liver

3 doses of 30 mg P22sTsp given 1, 18 and 42 h (protocol 1)

or 18, 42 and 66 h (protocol 2) via oral garage.

Chicken gastrointestinal
tract infection model

and spleen in Protocol 1 but not in Protocol 2. Significant
antibacterial effectiveness was yielded by earlier treatment.

S. aureus
DA7

83

Enzybiotics alone did not significantly reduce overall CFU
levels in soft tissue and implant but did so in combination

with classical antibiotics. The antibacterial effect was
significantly improved in combination treatment compared

to the single treatments.

A single dose of 50 pg equimolar enzybiotics (M23, GH15,
DA7) or in combination with 200 pg gentamicin via
irrigation and 110 mg/kg vancomycin via s.c.

Murine model of fracture-
related infections

antibiotics. The synergistic combination could kill bacteria with
different mechanisms of action and reduce the doses of individual
antimicrobial, thus reducing the risk of developing bacterial

resistance and possible side effects®.

5.4. Safety

The safety of depolymerases was evaluated by monitoring their
impact on inflammatory response and toxicity in animal models.
The level of inflammatory cytokines was elevated in response to
bacterial challenge but reduced after depolymerase treat-
ments>”®*. This indicated the ability of depolymerases to control
the immune response by reducing virulence and tissue damage
caused by pathogens. Although proteinaceous depolymerases
systemically administered at a single dose of 50 pg per mouse
have the potential to trigger an immune response and generate
neutralizing antibodies, no apparent adverse effects or reduction in
the antibacterial activity were observed”’. However, further
research is still needed to investigate the risk of immunogenicity
associated with higher doses. Acute toxicity of depolymerases was
also assessed by examining blood biochemical markers, histo-
pathological damage, survival rate, body weight and abnormal
behaviour in normal mice or cyclophosphamide-treated mice. No
significant differences were observed between the treated and
control groups with all mice surviving and appearing healthy
without any abnormal behaviour’™*'"®"_ Notably, even treatment
with a high dose of enzyme (up to 150 ng) showed no toxic side
effects’’. While the results are promising in the reported studies,
the safety and efficacy of depolymerase therapy still require
further evaluation in larger animal models and clinical trials.

6. Formulation of depolymerase therapeutics

Formulation strategies play a crucial role in the ultimate usefulness
of enzyme products that may otherwise be limited by harsh in vivo
environments. Factors such as pH, temperature, and chemical
presence impact enzyme stability and activity, requiring consid-
eration during the formulation process. In the current practice,
depolymerases used for therapeutic purposes are predominantly
prepared as liquid-based formulations for parenteral injections in
most cases, and non-invasive oral and topical delivery in other
cases (Table 1). This section summarizes the existing findings in
optimizing the delivery performance of depolymerase-based liquid
formulations in terms of improving stability and activity.

The effects of long-term storage, pH, temperature, buffer
composition, and protein interactions on the activity of depoly-
merases were investigated. Chen et al.'' found that storing Dpo71
dissolved in phosphate-buffered saline at 4 °C was stable for up to 6
months without significant activity loss, suggesting the potential of
developing depolymerases as commercially viable products. Many
depolymerases were observed to retain activity across a broad range
of pH and temperature conditions due to their trimeric struc-
ture®*¥5>7 Kassa et al.*® found that the addition of metal ions
such as Na™, KT, Ca>™, Mg?*, Cu®", and AI*" to the buffer system
could enhance the depolymerase activity, while Zn**, Mn*", and
Fe>* inhibited the activity. The presence of surfactants [Triton X-
100, Tween-20, Tween-80, and sodium dodecyl sulfate (SDS)], a
reductant (2-mercaptoethanol), and a protease inhibitor [ethyl-
enediaminetetraacetic acid (EDTA)] at 100 mmol/L concentration
did not affect the depolymerase activity, whereas another protease
inhibitor [phenylmethanesulfonyl fluoride (PMSF)] at 1 mmol/L
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Figure 4

Different animal infection models and the proportion of their associated studies. (A) Schematic diagram of various animal infection

models. (B) Pie chart depicting the fraction of four different infection models reported in 22 references summarized in Table 1. Literature
involving two types of models was counted twice. The total counts were 25.

concentration inhibited the enzyme activity up to 38%. Majkowska-
Skrobek et al.°' showed that KP32gp37 was resistant to SDS
detergent and trypsin protease, but KP32gp38 was not. These
findings suggested the need for formulation strategies to avoid the
denaturation of some depolymerases in body fluid. For example,
Waseh et al.”® reported that P22sTsp was resistant to trypsin but
sensitive to chymotrypsin and pepsin digestion. To diminish the
possible adverse effects of these gastrointestinal proteases in vivo,
10% bovine serum albumin (BSA) was added to the P22sTsp
formulation for protective purposes. Another study pioneeringly
immobilized a depolymerase, alginate lyase, in the hyaluronic acid-
cholesterol nanohydrogels, which almost fully preserved the enzy-
matic activity®”. However, studies on formulating depolymerases
are still scarce and further research would be needed for a more
promising antimicrobial efficacy.

7. Challenges of developing depolymerases into
antimicrobial drugs

7.1.  Applicability issues

A major challenge in the drug development of depolymerases is
their narrow host spectrum”. One depolymerase is effective only
against particular bacterial strains, requiring precise diagnostic
tests to identify the bacterial strain causing the infection before
initiating therapy'. Failure to recognize the causative bacterial
strain can render the depolymerase treatment ineffective, thus

limiting its broad clinical utility. To address this challenge, com-
bination therapy®', cocktail therapy>, and genetic engineering’*
approaches can be employed to broaden the range of bacterial
strains targeted and expand the applicability of depolymerases.
Nevertheless, more research is needed to validate the effectiveness
and safety of these approaches used in vivo. Despite their limi-
tations, the high specificity of depolymerases also offers advan-
tages by protecting the normal human microbiota, reducing the
risk of unintentional harm to the host”". Therefore, balancing the
potential limitations and benefits of the narrow host range is
necessary for the successful development and clinical application
of depolymerase therapeutics.

7.2.  Manufacturing issues

The large-scale production of depolymerases for widespread use
needs to overcome several issues regarding expression platforms,
purification degree, safety concerns, and production costs’>"’.
The scale-up production requires the efficient harvesting of the
desired enzyme from the expression platform, such as E. coli,
methylotrophic yeast, or filamentous fungi. However, the most
efficient platform needs to be selected for each individual depo-
lymerase. The subsequent purification process implicates the
safety of the final product. To date, depolymerases used for
therapeutic purposes are primarily administrated parenterally. The
risk of inadequate purification and contamination during this
process would increase immunogenicity and allergenicity,
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resulting in patient harm. Therefore, the proteins must be highly
purified under strict operations. This calls for multiple separation,
filtration, and sterilization steps in conformity with Good
Manufacturing Practices (GMPs)”*. To meet the requirements,
companies must invest in production lines. Nevertheless, efforts
are needed to reduce the total production costs to make the final
product of depolymerases economically viable.

7.3.  Formulation issues

One main challenge in formulating depolymerases is ensuring
their physiochemical stability during storage and delivery to the
patient®. It is essential to characterize the properties of each
depolymerase before identifying the suitable excipients. For
example, for proteins that can readily aggregate and be vulner-
able to chemical degradation, the addition of stabilizing excipi-
ents, such as surfactants and protease inhibitors can form a
protective barrier around the protein, reducing its exposure to
environmental stressors>>%%, However, the current formulations
of depolymerases are limited to liquid dosage form and scarcely
reported. To attain adequate shelf-life, stable in vivo transport and
efficient delivery to the target site, further development of
formulation approaches is still needed. The formulation strategies
might include (1) the lyophilization of depolymerases for long-
term storage stability, (2) the design of nano-based delivery
systems that can shield depolymerase from harsh conditions with
improved bioavailability and enhanced target specificity, and (3)
the preparation of topical formulations for direct delivery of
depolymerase to localized infections’®. In summary, the optimal
formulations compatible with the administration route for
steadily transport and enhanced delivery to the target site must be
carefully determined for each depolymerase.

8. Concluding remarks and future perspectives

In the era of antibiotic resistance, phage-derived polysaccharide
depolymerases have emerged as alternative antimicrobials. Their
variety in structure, mechanisms of action, and substrate speci-
ficity have revealed the diversity of depolymerases and expanded
our understanding of their applications. A noteworthy finding is
that susceptible bacterial strains of a specific depolymerase might
share the same serotype’”, suggesting the potential utility of
depolymerases as a probe for rapid and flexible bacterial typing.
Although the phage-typing method has been employed for sub-
dividing serotypes of bacteria”’, it is limited due to phage-type
alterations following lysogenic conversion’®. Surprisingly, phage
depolymerase-based typing in this context remains unexplored,
presenting an intriguing avenue to harness depolymerases for
diagnostic purposes aside from therapeutic applications.

In vitro studies have shed light on the therapeutic uses of
depolymerases as antibiofilm agents. However, it is worth noting
that current antibiofilm studies are primarily conducted under
in vitro conditions, which may not fully reflect the actual biofilm
infections’’. To gain a more comprehensive understanding of the
efficacy of depolymerases, it is essential to characterize their
performance in actual infection settings by direct sampling from
infection sites'”’. Advancements in scientific techniques, such as
RNA sequencing, metabolomics, immunohistochemistry, and mi-
croscopy imaging, allow for the characterization of infectious
microenvironments and validation of the actual effects of depo-
lymerases in vivo. By leveraging these state-of-the-art methods,

we can pave the way for applying depolymerases in effectively
combating biofilm-related infections.

Furthermore, the adjuvant properties of depolymerases, which
enhance the efficacy of conventional antimicrobials while mini-
mizing the emergence of resistance, present a promising approach to
fighting against MDR bacteria. Preclinical in vivo studies have
demonstrated the safety and effectiveness of depolymerases against
various MDR bacterial infections. However, the therapeutic appli-
cation of depolymerases has not yet entered the clinical stage, and
formulations are in their infancy. More efforts are needed to gather
additional preclinical data regarding their pharmacokinetics, poten-
tial toxicity, and resistance selection to proceed to clinical treatments.
In addition, several gaps need to be filled to successfully develop
depolymerase therapeutics, including (1) exploring the innovative
approaches to expand the applicability of depolymerases; (2) estab-
lishing production specifications to ensure the quality and safety of
the final product; and (3) formulating depolymerases into various
delivery systems to ensure their stability during storage and transport,
and efficient delivery to the target site.

To fully realize the therapeutic potential of depolymerases,
cutting-edge research directions will focus on combination ther-
apy, cocktail therapy, and genetic engineering in the future. Syn-
ergistic combinations of depolymerases and other antimicrobials
capable of efficiently eradicating MDR bacteria and biofilms have
to be explored. On the other hand, implementing cocktail therapy
and genetic engineering strategies to broaden the host range of
depolymerases are also worth future study. Owing to the recent
advancements in structural bioinformatics and computational
modeling, rational design and optimization of the enzymatic ac-
tivity of depolymerases can be facilitated®”. Ultimately, these
innovative approaches have the potential to revolutionize the field
of depolymerase-based therapeutics, reinforcing their combat
against MDR bacterial infections and biofilm-related diseases.
Despite the challenges in developing depolymerases into antimi-
crobial drugs, we firmly believe these obstacles will be overcome,
resulting in significant societal benefits.
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