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Abstract: Infections caused by multidrug-resistant (MDR) bacteria have highlighted the importance
of the development of new antimicrobial agents. While bacteriophages (phages) are widely studied
as alternative agents to antibiotics, combined treatments using phages and antibiotics have exhibited
Phage—Antibiotic Synergy (PAS), in which antibiotics promote phage replication and extraordinary
antimicrobial efficacy with reduced development of bacterial resistance. This review paper on the
current progress of phage—antibiotic therapy includes aspects of the mechanisms of PAS and the
therapeutic performance of PAS in combating multidrug-resistant bacterial infections. The choice
of phages and antibiotics, the administration time and sequence, and the concentrations of the two
agents impact the bacterial inhibitory effects to different extents.
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1. Introduction

Antibiotics are one of the greatest discoveries in modern medicine and have exten-
sively decreased morbidity and mortality caused by different types of bacterial infections,
improving the quality of life and life span of patients [1]. However, misuse and overuse
of antibiotics have led to multidrug resistance in various bacterial species. Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species (the ESKAPE pathogens) have developed resistance
to oxazolidinones, lipopeptides, macrolides, fluoroquinolones, tetracyclines, 3-lactams,
-lactam—{3-lactamase inhibitor combinations, polymyxins, glycopeptides, and carbapen-
ems [2]. In the global priority pathogens list published by the WHO in 2017, A. baumannii,
P. aeruginosa, and Enterobacteriaceae are listed as the most critical pathogens that require the
development of new antibiotics because they have developed resistance to carbapenem,
which is the last-line drug for combating resistant bacteria [2,3]. In Antibiotic Resistance
Threats 2019, published by the Centers for Disease Control and Prevention (CDC), 14 MDR
bacteria are listed and classified into three categories: urgent, serious, and concerning.
Carbapenem-resistant Acinetobacter, carbapenem-resistant Enterobacteriaceae, and drug-
resistant Neisseria gonorrhoeae are listed as urgent threats [4]. This antibiotic resistance crisis
has compelled scientists to develop new antibiotics or other novel antimicrobial agents.
As new antibiotic development requires a huge input of effort and costs, an alternative
strategy, using bacteriophages, has regained scientists” attention.

Bacteriophages (or phages) are viruses that specifically target bacteria [5]. Phage ther-
apy was first explored approximately a century ago [6], but its use was soon stalled due to
the discovery of a wide-spectrum antibiotic, penicillin. Phage therapy has been increasingly
studied in vitro and in vivo in recent decades due to the rise of antibiotic resistance.
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Virulent phages (or lytic phages), which are unable to lysogenise their hosts, multiply
in bacterial hosts, and lead to bacterial lysis after each infection cycle, are only used for
therapeutic investigation against bacterial infections. Either wild-type lytic phages [7,8]
or engineered lytic phages [9] have been used clinically. Engineered phages are necessary,
especially when naturally occurring lytic phages are not available. The lytic infection cycle
(Figure 1) begins with phage adsorption to the host cell by binding to specific receptors, in-
cluding lipopolysaccharides (LPS), teichoic acids, membrane proteins, and capsules [10,11].
The translocation of phage genetic material then happens; phage genetic material is injected
into the host, and the replication machinery is hijacked to produce phage progeny. The
activation of the phage-encoded protein drives the bacteriolysis, and the progeny escapes
the bacterial cell to re-initiate the cycle on other hosts [12].
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Figure 1. Infection cycle of lytic phage.

Antibiotics are chemical compounds that have a specific mechanism for disrupting
either the cell wall or the intracellular pathways. For example, carbapenem inhibits cell wall
formation, and ciprofloxacin inhibits DNA replication. Because the mechanisms for phages
to inhibit bacteria are different from those of antibiotics, phages can treat MDR bacterial
infections. However, bacteria can still evolve an antiphage system in a number of ways:
(1) mutating bacterial cell surface receptors, preventing the entry of phage DNA [13,14];
(2) editing foreign (phage) DNA with clustered, regularly interspaced short palindromic
repeats (CRISPR) and CRISPR-associated genes, forming a restriction-modification system
in which enzymes in the host bacteria recognise and cleave the foreign phage DNA to
stop the invasion [15,16]; aborting the infection by causing bacterial hosts to commit
“suicide” [17]; and interfering with the assembly of phages [18]. As a remedy for the
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potential development of resistance to single antibacterial agents, scientists have extended
mono-phage therapy to include a combination therapy using phages and antibiotics.

Phage—antibiotic therapy has been successfully shown to reduce the emergence of
phage-resistant and antibiotic-resistant strains. An often-cited example is the fact that the
degeneration of cell surface receptors caused by phages restores antibiotic sensitivity, as
those receptors are responsible for the efflux of antibiotics [19]. Several in vitro studies cor-
roborate the re-sensitisation to antibiotics when combined with phages to reduce bacterial
concentration [20,21].

As a promising therapeutic strategy for bacterial infection, the combination therapy
using phages and antibiotics has now been studied extensively, not only because of its
improved performance in reducing phage and antibiotic resistance but also for the syner-
gistic antibacterial effects achieved by phage replication enhancement in the presence of
antibiotics (the so-called Phage—-Antibiotic Synergy, PAS) [22,23].

This review focuses on the PAS response and its mechanisms; the development of resis-
tance in bacteria in response to phage—antibiotic combined treatment; and the application
of phage-antibiotic treatment in vitro, in vivo, and in clinical case studies.

2. Phage-Antibiotic Synergy (PAS)
2.1. Antibiotic-Enhanced Phage Production

PAS has been observed between phages and antibiotics. This has raised interest in the
therapeutic potential of PAS to improve bacterial killing [24,25].

The term PAS initially described the phenomenon of the improved antimicrobial effect
caused by stimulated phage replication in the presence of sublethal concentrations of an-
tibiotics. Nowadays, the term PAS is used in circumstances where synergistic antimicrobial
effects occur. In this review, we use the term PAS to describe the phenomenon of increased
phage activity in the presence of sublethal concentrations of antibiotics. The terms synergis-
tic effects or synergism are used herein to describe the significant improvement in bacterial
growth inhibition with phage-antibiotic co-treatment.

PAS was first studied by Comeau et al. [23], where significant plaque size enlargement
was observed on coliphage ¢MFP against Escherichia coli clinical isolate MFP; on T4-like
phages against standard laboratory E. coli strains; on T3 and T7 phages against laboratory
E. coli strain AS19; and on T4-type Yersinia phage PST against Yersinia pseudotuberculosis in
the presence of sublethal (3-lactams such as aztreonam, cefotaxime, ticarcillin, piperacillin,
ampicillin, and quinolones such as nalidixic acid. The plaque size enlargement implies en-
hanced phage production during plaque formation, resulting in increased bacteria growth
inhibition and/or lysis. Other than E. coli phage and Y. pseudotuberculosis phage [23], plaque
size enlargement was also seen in phages specific to P. aeruginosa [26,27], S. aureus [27-29],
Bacillus cereus [27], Enterococcus faecalis [27], and Burkholderia cepacian [30].

Plaque size can be affected by multiple factors, including the intrinsic traits of the
phage and the infected host, as well as extrinsic factors such as incubation time, temperature,
agar density, and bacterial density [31]. As these parameters were all fixed in the study,
phage plaque enlargement in the presence of sub-lethal concentrations of antibiotics was
driven by changes in the intrinsic traits of the phage or bacterial host, which in turn would
alter phage-bacteria interactions. During the lytic cycle of phages (Figure 1), the properties
of the phage (Figure 2), including adsorption rate (Section 2.2.1), burst size (Section 2.2.3),
and latent period (Section 2.2.2), play a critical role in determining the plaque size. Plaque
size is proportional to the adsorption rate and burst size and inversely proportional to the
latent period [32-36]. In this section, we discuss the effects of antibiotics on bacteria and
the subsequential effects on adsorption rate, latent period, and burst size.
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Figure 2. One-step multiplication curve of phage.

2.2. PAS Induced by Bacterial Filamentation

The PAS response in lytic phages is considered directly related to bacterial filamenta-
tion, which increases the bacterial size and cellular surface area [26,27,37,38]. The plaque
diameter of phage E79 increased 1.6-fold in the presence of 1.06 ng/mL aztreonam lysine
and was accompanied by the elongation of the host bacteria P. aeruginosa PAO1 from an
average of 1.15 + 0.18 pm to 1.8 £ 0.18 pum (i.e., ~1.6-fold) [26].

In another PAS study, 11 phages in combination with 8 antibiotics (ampicillin, ce-
fotaxime, kanamycin, tetracycline, ciprofloxacin, mitomycin C, trimethoprim, and sul-
famethoxazole) were tested against their hosts: phage SA11 against S. aureus ATCC 12201,
PBEF7 and PBEF9 against E. faecalis KCTC 2011; PBBC03 against B. cereus KCTC 1012;
T4 against E. coli K-12 strain ATCC 700926; PBEC22, PBEC24, and PBECS82 against E. coli
Crooks strain ATCC 8739; and PA26, PA22, and PA25 against P. aeruginosa ATCC 13388.
Of the 88 tested phage and antibiotic combinations, 56 exhibited an increase in plaque
size along with antibiotic-induced bacterial filamentation in rods or bacterial swelling in
cocci [27]. The prevalence of the PAS response in filamented bacterial hosts supported
a strong correlation between PAS and bacterial filamentation. The only exception was
tetracycline with P. aeruginosa phage PA22, in which PAS did not occur (i.e., no plaque size
increase), yet the bacteria filamented. However, the reason remains unclear.

Most of the antibiotic-induced filamentation can be explained by two mechanisms: the
B-lactam-induced and SOS-response-mediated mechanisms. 3-lactams alter the morphol-
ogy of bacteria by binding to penicillin-binding proteins (PBPs) on the bacterial surface.
PBPs are key peptidoglycan-synthesizing enzymes that play an integral role in constructing
the bacterial cell wall. For example, in E. coli strains, PBP1s are involved in bacterial elon-
gation, PBP2s are responsible for cell elongation and rod shape maintenance, and PBP3s
are responsible for septal wall formation during cell division. Blocking PBP1s leads to
direct cell lysis, blocking PBP2s leads to ovoid bacterial cells, and blocking PBP3s leads to
bacterial filamentation [39].

B-lactams vary in their affinity for different PBPs, which induce different alterations
in bacterial shapes to different extents or result in direct cell lysis [39]. 3-lactams such as
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ceftazidime and cefuroxime have higher affinity for PBP3s, which are required for septum
formation between daughter bacterial cells during division in E.coli and P. aeruginosa
cells [40,41]. In the presence of ceftazidime or cefuroxime, PBP3s are blocked, and bacterial
cells remain filamented/elongated instead of dividing [40—42]. E. coli and P. aeruginosa
can form filaments in 3—4 h in the presence of sublethal concentrations of cefuroxime and
ceftazidime (0.008 x MIC~1 x MIC) [40,41]. On the contrary, in E. coli and P. aeruginosa cells,
[-lactams such as imipenem and mecillinam have higher affinity for PBP2s and are reported
to cause ovoid cells; ampicillin has similar affinity for PBP2s and PBP3s and is reported to
cause localised swelling [43] as well as filamentation [27]. Other than the filamentation in
rods and swelling in cocci [27], PAS response is not reported to be associated with other
forms of morphological change.

Consequently, the choice of a specific 3-lactam antibiotic affects the degree of filamen-
tation, which in turn may affect the adsorption rate of phages by increasing phage targeting
receptors on the bacterial cell wall (for details, see Section 2.2.1).

Besides (3-lactam-induced filamentation, the SOS response can also induce bacterial
filamentation when bacterial DNA is damaged or DNA synthesis is inhibited. The bacterial
SOS response inhibits cell division to avoid damaged DNA being transmitted to the progeny.
Similar to 3-lactam-induced filamentation, the bacterial septum formation is suppressed
until the bacterial DNA is repaired. Bacterial size keeps growing while division is inhibited,
which leads to bacterial filamentation. Examples of SOS-response-mediated filamentation
include DNA synthesis inhibitors such as fluoroquinolones [44], mitomycin C [45]), and
other agents that disrupt DNA by other routes, such as folic acid synthesis inhibitors
(e.g., trimethoprim [46]).

It is generally believed that the observed PAS response with quinolones is due to
filamentation induced by the SOS response. However, exceptions were reported by
Kim et al. [27]. P. aeruginosa did not exhibit filamentation even though recA expression
(gene recA was monitored to detect the SOS response; its resulting protein product RecA is
involved in DNA repair when the SOS response is triggered) was detected in the presence
of a sublethal dose of ciprofloxacin, whereas other tested bacteria (S. aureus, E. faecalis, B.
cereus, E. coli K-12, and E. coli Crooks) exhibited both recA expression and filamentation [27].
Moreover, recA deletion E. coli mutant strain showed filamentation and PAS in the presence
of ciprofloxacin even with no recA expression. These results suggest that the SOS response
may not necessarily be responsible for bacterial filamentation induced by DNA synthe-
sis inhibitors or DNA disrupting agents; filamentation could also be triggered through
other pathways.

Moreover, although SOS-response-mediated filamentation has been reported in studies
with mono-treatment of trimethoprim and sulfamethoxazole [43], conflicting results by
Kim et al. [27] reported no filamentation observed in sulfamethoxazole against S. aureus, E.
faecalis, B. cereus, E. coli K-12, E. coli Crooks, or P. aeruginosa, or in trimethoprim against E.
coli K-12. One possible reason is that SOS-response-mediated filamentation did not happen
at the tested antibiotic concentration or within the exposure period (not specified in the
article) as filamentation is affected not only by the antibiotic class but also by the antibiotic
concentration and duration of exposure [43]. As the recA expression was only tested in
ciprofloxacin, it is unknown whether the SOS response is triggered by trimethoprim and
sulfamethoxazole.

The SOS response was also found to improve temperate phage activity because it
triggers temperate phage assembly and release due to the cleavage of phage repressors by
RecA [47,48]. We have not widely discussed this in this section because the main subjects
for PAS studies are lytic phages, which do not lysogenise their hosts (see Section 2.3 for
information about the SOS response activating temperate phage release).

Although PAS and filamentation have rarely been observed with sublethal concentra-
tions of antibiotics other than -lactam and DNA-disrupting antibiotics [23,27], filamen-
tation at lethal concentrations was reported for antibiotics with mechanisms of protein
synthesis inhibition (e.g., chloramphenicol against Bacterium coli [49], aminoglycosides
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against P. aeruginosa [50]) or RNA synthesis inhibition (e.g., bicyclomycin against E. coli [51]).
Although the mechanism is yet to be elucidated, bacterial filamentation induced by protein
synthesis inhibitor or RNA synthesis inhibitor tends to produce shorter cell lengths than
those induced by p-lactam and fluoroquinolone. These differences in the changes to the
surface area of the bacterial cell may in part explain why {3-lactams and fluoroquinolones
are more frequently observed than other antibiotics in PAS [23,24,27].

In addition to structural changes in bacterial cells (i.e., elongation), some alterations in
the phage lytic cycle were found in the presence of filamentation and the PAS response. To
date, three main alterations in the phage lytic cycle have been reported to induce the PAS
response (Figure 3). It is usually the interplay between more than one alteration that affects
phage multiplication.
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Figure 3. Overview of the factors that may contribute to PAS responses.

PAS may be due to bacterial filamentation and resultant changes in the phage lytic
cycle (Sections 2.2.1-2.2.3), but filamentation alone does not always result in PAS.

Filamentation occurred either when PBPs were inhibited by (3-lactam antibiotics (3-
lactam-induced) or as a survival mechanism when DNA was damaged by antibiotics (SOS-
response-mediated). When bacteria remain filamented after antibiotic treatment, genome
replication and expression continue without separation into daughter cells. Once antibiotics
are depleted or the DNA is repaired, bacterial division and replication resume. If, before
the antibiotics are depleted, the phages lyse all bacteria cells with only limited numbers
of the lytic cycle, no significant phage replication is observed. This does not provide an
advantage to phage multiplication, hence no PAS. However, due to early bacterial clearance,
phage-antibiotic co-therapy is still beneficial because the phages promote bacterial lysis.

Since phage-antibiotic therapies are mainly used for combating MDR infection, it is
expected that MDR bacteria cannot be fully killed /inhibited by antibiotics alone and that
they continue to grow in the presence of antibiotics; consequently, the phages undergo
replication. In addition, if the antibiotic dose is too low for a subinhibitory effect against
the bacteria, or the bacteria are highly resistant to the antibiotics and filamentation cannot
be induced, PAS may not occur. Thus, PAS may hinge on a balance between the bacterial
replication rate in the presence of a sublethal concentration of antibiotics and the phage
replication rate to lyse the host. As a result, the choice of the type and dose of antibiotics
for a given phage is a critical determinant of the PAS response.

2.2.1. Improved Phage Adsorption Rate

Phage adsorption to bacteria, as the first stage of the lytic cycle, is one of the critical
steps for phage multiplication. Phage adsorption includes reversible and irreversible
binding. Phage adsorption rate refers to irreversible binding.

An improvement in phage adsorption efficiency was found in E. coli, S. aureus, and
P. aeruginosa in the presence of sublethal concentrations of antibiotics. By pre-treating E. coli B/r
H266 with a low concentration of penicillin, the adsorption rate of T4 phages was significantly in-
creased (4.68 x 107 phage/mL/min) compared to the control (3.36 X 107 phage/mL/min) [52].
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Kaur et al. [29] measured the time needed for 50% (Tsq), 75% (T75), and 100% (T1qg)
of phage MR-5 to be adsorbed to S. aureus ATCC 43300 pre-treated with antibiotics for
90 min (1 pg/mL linezolid, 0.25 ug/mL tetracycline, 4 ug/mL clarithromycin, and 4 pug/mL
telithromycin) and a control bacteria culture. Pre-treatment with linezolid and tetracy-
cline significantly decreased Tsy (from 3.0 = 0.52 min to 1.7 £ 0.2 and 1.4 &+ 0.31 min,
respectively), T7s (from 7.0 & 0.64 min to 3.7 = 0.21 and 3.8 £0.25 min, respectively),
and Tyg9 (from 21.3 £ 1.15 min to 14.6 + 1.12, 15.3 + 1.15 min, respectively), while
clarithromycin and telithromycin significantly decreased Tsy (from 7.0 & 0.64 min to
2.0 £ 0.50 and 2.0 £ 0.28 min, respectively) and Ty5 (from 7.0 = 0.64 min to 3.5 & 0.25 and
4.0 £ 0.36 min, respectively).

Another assessment of the filamentation and improved attachment of phage E79 to
P. aeruginosa PAQO1 in the presence of 1.06 pg/mL aztreonam lysine was conducted using
transmission electron microscopy (TEM). The cell significantly increased in length (control
cells: 1.15 &+ 0.18 um; aztreonam lysine-treated: 1.8 & 0.18 pm) and width (control cells:
0.51 £ 0.05 um; aztreonam lysine-treated: 0.55 &= 0.03 pm). Meanwhile, approximately a
two-fold increase in phage attachment was detected in the presence of aztreonam lysine:
an average of 2 & 1 phage E79 adsorbed to each P. aeruginosa PAO1 cell in the control, while
5 £ 2 phages per cell were detected in an aztreonam lysine-treated culture [26]. However,
not all attachment initiates a phage multiplication cycle because phage attachment may
be reversible or irreversible [53]. Microscopy of phage attachment may not be suitable for
quantifying phage adsorption and indicating reversibility.

In filamentation-associated PAS, some have proposed that the increase in adsorption
rate proportional to the increased bacterial surface area corresponded to the increased num-
ber of receptors on the bacterial surface [26,52]. Evidence suggests that phages targeting
different sites on the same bacteria showed different PAS responses. While the plaque size
of phage E79 increased on the bacterial lawn of PA01 in the presence of aztreonam lysine,
that of another phage, phiKZ, did not increase even when filamentation was triggered. A
possible explanation is that E79 uses LPS as the receptor, whereas phiKZ targets type IV
pili (T4P). However, LPS and T4P receptor densities were not well-quantified in that study.

LPS density was reported to be consistent on E. coli B/r outer membranes regardless
of cell sizes. This was surmised from the proportional increase in the irreversible phage
adsorption rate and surface area [52]. A reduction in T4P function in filamented P. aeruginosa
cells was reported [26], but whether this was related to a reduced surface density of T4P
was unclear.

Changes in the bacterial cell wall receptors during filamentation are important because
they affect PAS. However, limited investigations have been conducted on phage receptor
densities during filamentation.

2.2.2. Accelerated/Delayed Cell Lysis

Cell lysis is the last stage in the infection cycle of lytic phages (Figure 1). The pe-
riod between phage attachment and cell lysis is called the latent period (Figure 2) [31].
Accelerated cell lysis, or the reduction in the bacterial latent period, promotes a rapid
spread of phages in the medium. Hence, the latent time is inversely proportional to phage
production [31]. The timing of lysis and the duration of the latent period are determined
by phage lysis genes and their resulting protein products during biosynthesis [54]. Lysis
genes vary among phages. The canonical lytic system is composed of holin and endolysin
and accessory proteins. Holin creates channels in the inner membrane and allows lysin to
enter the channel and cleave bonds in the peptidoglycan matrix, which in turn leads to
bacteriolysis [55]. Holin concentration, in particular, has been found to be highly relevant
to bacterial cell lysis time [23,54]. The absence of the holin gene results in a notably delayed
lysis, accompanied by increased burst size in E. coli bacteria cells [23,27].

Accelerated bacterial lysis has been reported to be accompanied by PAS in many
studies. The addition of 0.030 ug/mL cefotaxime reduced the latent period of T4 and two
other T4-type phages (RB33 and RB49) from 2 h to 75-90 min in E. coli AS19 [23]. Moreover,
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cefotaxime (at the tested concentration, 4 x MIC, 0.0625 pg/mL) lessened the latent period
of T4 from 24 min to 18 min in E. coli ATCC 11303 [56]. The latent period of phage MR-5
in S. aureus ATCC 43300 decreased from 33.3 min to 16.6, 18.3, 23.4, and 23.4 min in the
presence of sublethal 1 ug/mL linezolid, 0.25 ng/mL tetracycline, 4 ug/mL clarithromycin,
and 4 pg/mL telithromycin, respectively [29]. Aztreonam lysine (1.06 ng/mL) shortened
the latent period of phage E79 in P. aeruginosa PA0O1 from around 9 to 6 min [26].

Bacterial filamentation is an intermediate state where bacterial chromosomes continu-
ously replicate without cell division [39]. Hence, it is believed that filamented bacteria cells
are enriched with more viral components, including holin, than normal cells [27].

Further confirmation of holin expression was measured using engineered T4 phage
with an enhanced green fluorescent gene in filamented E. coli. A 2.1-fold increase in
green fluorescence was detected using a fluorometer [27]. In addition to the increased holin
synthesis, it was proposed that the presence of 3-lactam antibiotics destabilises bacterial cell
walls and reduces the time required for phages to penetrate and degrade bacteria [23,26].

Although holin is increased in filamented cells, its concentration depends on not
only the protein expression rate but also the cell dimensions [52]. Conflicting with the
abovementioned results, PAS was reported with a delayed lysis observed in T4 phages
against E. coli K-12 strain with subinhibitory concentrations of cefotaxime and ciprofloxacin,
which was due to a decreased holin concentration in the filamented bacterial cell [27].
While Kim et al. [27] detected a 2.1-fold increase in holin expression in filamented cells, the
bacteria cell length was increased by 15.4-fold, which greatly increased the cellular volume.
As a result, the holin concentration was reduced, and cell lysis delayed [27].

Both accelerated and delayed lysis have been found to be associated with PAS. A
shortened latent period or accelerated lysis time increases the rate of repeating the infective
cycle, while delayed lysis may allow more time for phage assembly and consequently
enlarges the phage burst size [31].

2.2.3. Increased Single Burst Size

The burst size (Figure 2) refers to the average number of phages released per cell after
a single infection cycle [23]. Increased phage burst size contributes directly to phage plaque
enlargement and has been reported in many studies [23,26,27,29,52,57,58].

Hadas et al. [52] compared the burst size of normal cells with filamented E. coli B/r
cells induced by pre-treatment with a low concentration of penicillin. Compared with the
normal non-treated cells, the filamented cells increased around 4-fold in size along with
a 2.5- to 4-fold increase in single burst sizes, suggesting a correlation between bacterial
cell size and burst size. Hadas et al. [52] proposed that the burst size depended on the
host protein synthesis system, which should increase with the bacterial cell size, but direct
measurement of proteins was not conducted.

Kim et al. [27] also observed around a 13-fold increase in burst size in filamented
E. coli K-12 cells induced by sublethal ciprofloxacin treatment. They postulated that the
increased burst size was related to the increased availability of viral components. Further
quantification of mRNAs, DNA, and proteins was conducted in these filamented E. coli
cells, showing a 2-fold increase in the mRNA that encodes T4 phage DNA polymerase,
which resulted in also a 2-fold increase in the T4 phage DNA. In addition, a 1.5-fold increase
was observed in the mRNA that encodes the phage major capsid protein, but no increase
was detected in the capsid protein production. Thus, not all viral components (e.g., capsid
proteins) are necessarily increased in the filamented cells. Overall, the relationship between
the increased bacterial cell size and increased viral components or other factors is still not
well established.

Another hypothesis is that delayed cell lysis (see Section 2.2.2) allows a longer time
for phage biosynthesis and maturation [23,52]. Hadas et al. [52] delayed the timing of lysis
by superinfection with phage T4 (where the secondary adsorption of additional T4 phage
leads to lysis inhibition, hence delaying the lysis time [59,60]) in penicillin-pre-treated E. coli
culture from 20 min to 28 min. The single burst size was enhanced from 270 to 700 plaque-
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forming units per cell [52]. Kim et al. [27] reported 2.5-fold and 10.5-fold increases in the
burst size of T4 accompanied by a 5 min delay in lysis time, with sublethal concentrations
of cefotaxime and ciprofloxacin, respectively. A correlation between delayed cell lysis time
and an increase in burst size of phage T4 was supported by these data.

The increased burst size is one of the contributors to PAS, but it is not the only factor
determining the overall phage production. Other factors, such as the latent period, should
also be considered for PAS investigation.

2.3. PAS with Temperate Phages

Other than filamentation-induced PAS in lytic phages, a recent in vitro study also
reported temperate phage—antibiotic synergy, so-called “tPAS” [61]. Temperate phages
infect hosts by integrating the genetic material of the phages into the bacterial chromosome.
The phage genome replicates along with bacteria replication. Phages do not release until
triggered by a stimulus. The temperate phage genome-incorporated chromosome is called
prophage, and the process is called lysogeny or the lysogenic cycle. The bacteria that carry
prophages are called lysogens.

Al-Anany et al. [61] examined temperate phage HK97 (tested range: MOI from 0 to
50) with ciprofloxacin (from 0 to 100 ng/mL) against host E.coli K-12. Eradication (>8 log
reduction) was achieved by HK97 (MOI > 10) with either MIC or % x MIC ciprofloxacin
after overnight incubation, whereas HK97 alone was ineffective against E. coli K-12. The
study suggests that the latent period and burst size were not affected by the addition
of ciprofloxacin. One of the underlying mechanisms was improved prophage induction
triggered by ciprofloxacin via the recA-mediated SOS response. As mentioned in Section 2.1,
RecA proteins facilitate the cleavage of many phage repressors and can lead to improved
prophage induction [47,48]. This mechanism was confirmed using mutant strain BW25113
ArecA with gene recA deletion, which did not exhibit synergy with ciprofloxacin [61].
Another underlying mechanism was the increased sensitivity of lysogens to ciprofloxacin.
The MIC of ciprofloxacin on lysogens was 4-fold lower than that of wild-type bacteria, but
the reason is unknown [61].

The antimicrobial effects achieved by HK97 with a sublethal concentration of ciprofloxacin
are significant. However, “tPAS” is as of yet poorly studied. More investigations with
other bacteria species with in vitro and in vivo models are needed for implementing its
use therapeutically.

2.4. Limitations in Assessing PAS

PAS has been assessed by bacterial filamentation and plaque size enlargement; how-
ever, these effects may not always occur. The PAS response was found in P. aeruginosa
phages with ciprofloxacin in the absence of bacterial filamentation [27]. Moreover, synergy
screening between P. aeruginosa phage PA22 with tetracycline showed no significant plaque
size enlargement even when bacterial filamentation occurred [27].

In another study tested with ampicillin, penicillin G, kanamycin, rifampicin, and
tetracycline, tetracycline was found to produce the greatest plaque size increase, yet the
bacterial cell size increase was the smallest [62], suggesting that increased bacteria cell
size and surface area are not the determinants of phage replication. However, due to the
lack of information on the phage adsorption rate, latent period, and burst size in these
studies, it cannot be confirmed whether antibiotics triggered PAS through routes other
than filamentation.

Due to the large number of available antibiotics and the variations between different
phages and bacterial hosts, it is very difficult and time-consuming to systematically assess
the PAS response as well as the corresponding characteristics of the phage lytic cycle. This
has hindered researchers in further exploring the underlying mechanisms.
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3. The Development of Bacterial Resistance to Phages and Antibiotics

To date, there are various marketed antibiotics for treating bacterial infections. How-
ever, after prolonged exposure to the same or similar antimicrobial agents, bacteria can
evolve and develop resistance by reducing drug uptake, increasing drug efflux, modifying
drug target sites, and inactivating the drug [63,64].

Various approaches to using phages and antibiotics, with different mechanisms of
inhibiting MDR infections, have been widely investigated. While a single-agent treatment
kills its sensitive population and selects resistant bacteria, treatments with two or more
agents with different mechanisms of action cover larger host populations. For instance,
the combined use of phages and antibiotics leads to the simultaneous selection of phage-
sensitive and antibiotic-sensitive populations, resulting in a very small or non-existent
population resistant to both agents [22].

In addition, with lethal concentrations of antibiotics and phages, bacteria are unlikely
to rapidly evolve and acquire resistance to multiple agents that target different pathways
in a short period of time. In particular, when the development of resistance to either agent
adversely alters the bacterial components/functions involved in the attacking pathways of
the other agent, adaptation trade-offs happen [22].

For example, one of the known adaptation trade-offs between antibiotic resistance and
phage resistance is multidrug efflux pump development and alleviated phage attachment.
Some bacteria developed a resistance to antibiotics by expressing multidrug efflux pumps
that remove the drug from the cells, hence the bacteria become multidrug- or pan-drug-
resistant [65]. On the other hand, phages are known to attach to various receptors on
the bacterial cell surface to initiate infections. Similar to the development of resistance to
antibiotics, bacteria can modify surface proteins against phages. This may consequently
attenuate the resistance to antibiotics by altering bacterial multidrug efflux pumps.

Several studies observed gene mutations or reduced protein expression of bacterial
drug efflux pumps after combined treatment with phages and bacteria [20,21]. This re-
duced expression of proteins that are responsible for antibiotic resistance is due to the
emergence of phage resistance. P. aeruginosa phage OMKO1 binds with hosts at the outer
membrane porin M (OprM) of the multidrug efflux pump. OprM was knocked out in
engineered phage-resistant P. aeruginosa strain to force phage resistance. The engineered
strain then regained sensitivity to antibiotics such as ciprofloxacin, tetracycline, ceftazidime,
and erythromycin. The minimal inhibitory concentrations (MICs) of these antibiotics
decreased by 12-fold compared to non-gene-modified strains [19]. The MICs of multi-
ple antibiotic classes were found to decrease after phage mono-treatment against MDR
bacteria [19,20]. In a murine lung infection model treated with pulmonary-delivered Pseu-
domonas-targeting phage PEV31, phage-resistant isolates of P. aeruginosa regained sensitivity
to ciprofloxacin [66,67].

4. Applications of Phage—-Antibiotic Therapy
4.1. Reduced Antibiotic Dose for Phage—Antibiotic Treatment

Phage-antibiotic therapy has promising therapeutic potential for enhancing antimicro-
bial effects due to PAS and decreasing the likelihood of resistance development. Moreover,
it reduces the required antibiotic concentration compared to mono-antibiotic treatment.

Decreased antibiotic MIC when used in combination with phages was observed in
several studies [16,68-71]. For example, combined treatment with Pseudomonas-targeting
phage PEV20 and ciprofloxacin enhanced P. aeruginosa biofilm eradication, highlighting the
potential for reducing the antibiotic concentration required to combat highly recalcitrant
infections associated with biofilms [68]. Although increasing the antibiotic concentration
in phage-antibiotic treatment is expected to increase synergy, in some situations it may
result in antagonism. When P. aeruginosa biofilms were treated with phage EPA1 and
ciprofloxacin, meropenem, and gentamicin, synergism was observed at 1 x MIC with a
4.7,4.1, and 2.6 log reduction in biofilm density, respectively. However, antagonism of
antimicrobial activity was observed in ciprofloxacin and meropenem at 8 x MIC [16]. This
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is because these antibiotics functioned as protein or DNA synthesis inhibitors to disrupt
phage replication [69] (refer to Section 4.2.1).

In contrast, increasing the ciprofloxacin dose from a sublethal dose (1/10 x MIC and
1/5 x MIC) to a lethal dose up to 1 x and 2 x MIC successfully inhibited the regrowth of E.
coli in combination with phage ELY-1, without compromising the antimicrobial effect [70].
In another study, bacterial regrowth was observed when an anti-A. baumannii phage Ab105-
2jDCI was combined with meropenem and imipenem at 1/8 x MIC. On the other hand,
synergism occurred with no regrowth of bacteria when the antibiotic concentration was
increased to % x MIC [71]. Thus, depending on the antibiotic classes and concentrations,
low doses may generate bacterial resistance, but high doses may not necessarily produce a
proportionally greater antimicrobial effect. Therefore, antibiotic concentrations should be
increased moderately when used with phages for treating bacterial infections.

4.2. Effect of Administration Time and Sequence on Bacteria Inhibition
4.2.1. Aminoglycosides

Several studies [16,70,72,73] showed that the timing and sequence of administrating
phages and antibiotics can impact the killing effects on different bacterial strains. Simulta-
neous administration of phages and drugs has shown synergistic killing in many studies.
However, for some antibiotic classes, sequential instead of simultaneous treatment exerted
higher efficacy in inhibiting bacterial growth.

Aminoglycosides, which inhibit protein synthesis, did not show significant syner-
gism with phages in simultaneous administration but showed better bacterial killing and
enhanced phage production in sequential administration [72-76].

Torres-Barcelo et al. [73] conducted experiments in which streptomycin (100, 240 ng/mL)
was added at 0, 12, and 24 h after P. aeruginosa strains were initially treated with phage LUZ7
(10° pfu/mL). Simultaneous treatment strongly suppressed the growth of P. aeruginosa
with no regrowth over 70 h. The most significant synergistic bactericidal effect (p = 0.027)
occurred when streptomycin was administered 12 h after phage treatment.

Moreover, co-treatment with an anti-pseudomonal phage cocktail (phage NP1 and
phage NP3) combined with gentamicin and tobramycin (8 x MIC) [72] hampered phage
replication as the titer was reduced (p < 0.04). Synergism occurred when the antibiotics
were administered 24 h after pre-treatment with the phage cocktail, showing a significant
reduction (from 8 to 2 log) in P. aeruginosa biofilm density. In another study, two amino-
glycosides (kanamycin and neomycin) were compared with another protein synthesis
inhibitor antibiotic, tetracycline, in co-treatment with phage T3 on E. coli biofilm. Interest-
ingly, tetracycline showed no inhibition of phage infectivity even though it has a similar
antibacterial mechanism (inhibiting protein synthesis) to kanamycin and neomycin, which
decreased the phage burst size, replication, and efficiency of plating [74]. This antagonistic
effect may be caused by the additional function of aminoglycosides on the mistranslation
of the phage protein, as they are known to mistranslate coat proteins, lysosomes, and
maturation proteins.

Aminoglycosides led to a misreading of different cistrons or genes on the 30 s riboso-
mal subunit, which eventually inhibited the initiation of different proteins. For example,
kanamycin and gentamicin inhibited the translation of coat proteins, whereas kasugamycin
inhibited maturation proteins [75]. However, the actual mechanism of action of aminoglyco-
sides needs further investigation because the downstream signalling system is sophisticated.
It has been shown that the antagonism by kanamycin and streptomycin occurred after
injection of phage genomes into host cells, resulting in the inhibition of phage prolifera-
tion [76]. Phage production can be easily interrupted by the inhibition of protein synthesis
by aminoglycosides. Therefore, a sequential approach should be considered; it allows
phages to replicate effectively and avoid the disruption of the assembly process.

Based on the above findings, a delay in the administration of antibiotics (about 6-12 h)
after phage pre-treatment led to stronger antimicrobial activity; this observation was more
prevalent with aminoglycosides than other antibiotic classes [74]. To maximise the therapeu-
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tic antimicrobial effect of phage-antibiotic therapy, the administration time and sequence of
the phages and antibiotics need to be optimised. To achieve that, further investigations are
needed for a better understanding of phage—antibiotic interactions regarding the dynamics
of antibiotic concentration as well as phage and bacteria titer over time.

4.2.2. Ciprofloxacin and Tetracycline

DNA synthesis inhibitor ciprofloxacin seemed to yield contradictory results, as a
phage—ciprofloxacin combination can exert similar killing effects regardless of the adminis-
tration time. Both simultaneous and sequential treatment (antibiotics administered after
phages) exerted synergism against bacteria P. aeruginosa, E. coli, and Salmonella typhimurium.

When ciprofloxacin (1 x MIC) was given simultaneously with phage PA14, a synergis-
tic effect against P. aeruginosa was observed despite titer reduction (1.8 log) as compared
with sequential treatment, although it was not statistically significant (p > 0.05) [72]. This
decrease in phage titer may be due to the mechanism of ciprofloxacin in inhibiting DNA
replication by interfering with the host cell DNA gyrase, which is responsible for relaxing
the DNA supercoils during DNA synthesis. DNA gyrase is also involved in phage genome
replication. It was found that the inhibition of host DNA gyrase by antibiotics reduced
phage replication, regardless of whether the phages carry their own DNA gyrase gene.
Quinolone antibiotics, such as nalidixic acid and ciprofloxacin, act as inhibitors of this
enzyme and decreased 50% of the phage burst size compared to control at a low concentra-
tion of only 0.3 mg/mL against E. coli [77]. However, different results were shown in the
study by Lopes et al. [70]. Ciprofloxacin was added after 0, 6, 12, and 18 h of phage ELY-1
exposure on E. coli. The bacterial killing was maximised when ciprofloxacin (1 x MIC)
was added 6 h after the phage pre-exposure. Bacterial density was significantly reduced
(2.3 log; results measured by bioluminescent assay) as compared to other administration
times (0, 12, and 18 h), with no bacterial regrowth observed at the end of the experiment.
The phage titer in all delayed ciprofloxacin treatments increased significantly (1.7-2.0 log)
compared to simultaneous administration. These results agreed with those from another
study [78], in which S. typhimurium pre-treated with the phage for 6 h and followed by
ciprofloxacin showed the highest reduction (3 log) in bacteria count as compared with using
antibiotics or phages alone. Contradictory results were observed with tetracycline, where
simultaneous treatment with phages showed antagonism in S. aureus [79] but not E. coli [74],
showing that the PAS effect may not be generalisable, but rather specific to the bacteria,
phages, and antibiotic classes involved. The latter plays a critical role in phage—antibiotic
treatment, as the mechanism of action varies according to the antibiotic class. Even with
some antibiotics with similar mechanisms, their combined bactericidal effects with phages
can be completely distinct from each other. Thus, the decision to apply simultaneous or
sequential treatment depends on the mechanism of action of the antibiotic, which can
affect different parameters, such as phage burst size and plaque size. A well-designed and
structured method is important.

4.2.3. The Impact of Host Strains in Sequential Treatment and Host Environment on the
Efficacy of PAS Treatment

Recently, Wang et al. [80] indicated that the killing effect of combined treatment
not only depends on the sequence of antibiotics and the administration time but also on
the host strains. Host strains acquired clinically can be multi-drug-resistant compared to
laboratory strains. Partially resistant strains may exert the critical phage—antibiotic trade-off
mechanism mentioned above (Section 3).

Phage Sb-1 and an antibiotic (doxycycline, levofloxacin, linezolid, clindamycin, or
rifampin) were used together on an S. aureus reference strain and five rifampin-resistant
S. aureus (RRSA) strains, three of which were methicillin-susceptible and two were methicillin-
resistant. Synergistic effects on biofilm reduction were compared between simultaneous
and staggered administrations of the antibiotics and phage. Most strains were susceptible to
the antibiotics, whereas two strains showed resistance only to doxycycline and levofloxacin.
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No synergistic effects were observed in the inhibition of anti-biofilm activity in any of the
combined treatments with simultaneous application (10° PFU/mL, 64-256 yig/mL) on all
the strains, except the phage-rifampin combination on the reference strain. However, in se-
quential treatment, synergism was observed in doxycycline (16-128 ug/mL) and linezolid
(128, 256 pg/mL) after 24 h of phage (10° PFU/mL) pre-exposure. Biofilm density (mea-
sured by isothermal microcalorimetry) was strongly reduced in all six strains, including
the resistant strains, by the phage-levofloxacin (16-128 pg/mL) and phage—clindamycin
(64-256 pg/mL) treatments, with five and four strains, respectively, out of the six showing
synergistic effects on reducing biofilm density. Rifampin was the only exception; the com-
bination therapy had no bactericidal synergism in any RRSA strain. Rifampin was the only
antibiotic that showed minimal antimicrobial activity in all RRSAs, and this was due to
the high resistance of the clinical strain, as the binding site of rifampin was altered by the
mutation of rpoB on RNA polymerase. The binding affinity of rifampin to bacterial RNA
polymerase was reduced [81].

Although staggered administration is an essential factor in exerting synergism, the
host strain is also important. Synergism was observed in some RRSA strains but not others,
showing that biofilm inhibitory effects were different even when using the same phage—
antibiotic (levofloxacin) combinations. The above results demonstrated that host strains
can show different inhibition profiles and synergistic effects [82], but these findings were
limited to the number of host strains examined, as not all host strains showed different
inhibitory effects when the same combined treatment was given. Nevertheless, the majority
of phages are highly specific to the bacterial strain, as bacteria may not be sensitive enough
to all phages to allow synergism to occur.

These studies only demonstrated the phage—antibiotic treatment on a single bacterial
species. When phage EPA1 and gentamicin were used on biofilms of dual bacterial species,
P. aeruginosa and S. aureus [16], no synergism was observed in simultaneous treatment on
either species. In comparison, sequential treatment resulted in an approximately 6.3 log
reduction on P. aeruginosa biofilms, whereas S. aureus biofilms only had a 2 log decrease.
This was due to the specificity of the phage, as EPA1 is an anti-pseudomonal phage. The
reduction in S. aureus biofilms was caused by the administration of a high concentration of
gentamicin (8 x MIC).

As the pharmacokinetics of antibiotics in physiological media such as serum and
urine can vary, phage—antibiotic efficiency is altered accordingly. Treating E. coli infection
with phage ¢HP3 and ceftazidime in human pooled urine and heat-inactivated serum
showed completely different results compared to that in Luria-Bertani (LB) medium [83].
The antagonism of bacteria in serum occurred in the entire tested concentration range of
ceftazidime, except at the highest concentration (256 pg/mL) with 10 PFU/mL of phage,
which showed an additive effect. Similar results were found in urine in which only high
doses of phage (10° PFU/mL) and ceftazidime (256 pg/mL) produced synergism. In
contrast, synergism was observed in LB medium at low doses of ceftazidime (2 ug/mL)
and phage (104 PFU/mL). The overall reduction in the bacterial level in serum and urine
may not be due to the high doses, but the low starting bacterial inoculum, as untreated
bacteria gradually decrease in the presence of urine and serum. This phenomenon was
also observed in another study with E. coli isolates in urine samples [84]: bacterial growth
was significantly lower in concentrated urine than in a diluted urine sample (p < 0.001).
It was found that urea was the main factor for reduced E. coli growth. Increased urea
concentration corresponds to reduced bacteria count [84].

Overall, due to the specificity of phages and the diverse pharmacokinetics of antibi-
otics, phage—antibiotic efficiency depends on the host strains and physiological media.

4.3. In Vivo Efficiency of Phage and Antibiotic Therapy

Although phage-antibiotic treatment is widely studied in vitro, little research focuses
on preclinical in vivo trials to evaluate the efficacy of combination treatment. Promising
results in treating bacterial infection showed the potential of phage—antibiotic treatment
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in vivo (Table 1). Mice and Galleria mellonella were extensively used for testing a wide range
of bacterial infections.

Table 1. In vivo study of phage—antibiotic treatment in bacterial killing,.

Animal Model

Bacterial Species

Drugs Used

Phage

Highlights

Moth larvae (Galleria
mellonella) [85]

Klebsiella pneumoniae

Mitomycin C, imipenem
(1/4 x MIC, 1/2 x MIC)

vB_KpnM-VAC13 (107 or
10° PFU/mL)

Survival rate of larvae
significantly increased to
50% and 75% when phage
co-treated with mitomycin
C and imipenem,
respectively, in treating
resistant strain and
persisted strain, compared
to either monotherapy,
except for
phage/imipenem on
resistant strain.

Moth larvae (Galleria
mellonella) [71]

Acinetobacter baumannii

Imipenem, meropenem
(1/4 x MIC, 1/8 x MIC)

Ab105-2ACI
(108 PFU/mL)

Combination therapy and
meropenem alone had
same survival rate; both
survival rates were higher
than phage
monotreatment (p < 0.05);
imipenem combined with
phage showed high
survival rate compared to
monotherapy (p < 0.05).

Mouse: lung infection [25]

Pseudomonas aeruginosa

Ciprofloxacin (0.33
mg/mg)

PEV20
(10° PFU/mg)

PEV20 combined with
ciprofloxacin significantly
decreased bacterial
concentration by 5.9 log,
where either monotherapy
showed no obvious
bacterial reduction.

Moth larvae (Galleria
mellonella) [82]

Escherichia coli

Fosfomycin (200 mg/kg)

fWL-3
(107 PFU)

Simultaneous treatment
with phage and
fosfomycin had higher
survival rate than
sequential treatment in
both EC1 and ATCC
25922 strains. Phage and
fosfomycin showed 75% of
survival rate in ATCC
25922 strain.

Rat [86]

Pseudomonas aeruginosa

Ciprofloxacin
(0.19 pg/mL)

Phage cocktail PP1131
Bolus injection
(1 mL of 10 PFU/mL in
1 min)
Continuous infusion
(0.1 mL/h of 1010
PFU/mL over 24 h)

Phage/ ciprofloxacin
exerted highest synergistic
effects with 6 log bacterial

reduction and achieved
64% reduction in bacterial
infection. No
phage—resistant mutants
in vivo.

Mouse: prosthetic joint
infection [87]

Methicillin-resistant
Staphylococcus aureus

Linezolid (5% w/w)

MR-4 (10° PFU/mL)

The combined treatment
with phage and linezolid
maximised the mice
locomotor activity,
reduced oedema at the
affected limb, and
significantly reduced the
bacterial burden (~4.5 log)
as compared with the
untreated control.
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Table 1. Cont.

Animal Model

Bacterial Species Drugs Used Phage Highlights

Mouse: diabetic foot
infection [88]

Methicillin-resistant
Staphylococcus aureus

The combination of phage
and linezolid
demonstrated a high
antimicrobial effect in
reducing the bacterial load

Linezolid (25 mg/kg) MR-10 (10® PFU/mL) (5 log) and lesion level.
Healing was accelerated at
Day 7 after the
co-treatment compared to
the untreated control
(Day 12).

Mitomycin C and imipenem were combined with lytic phage vB_KpnM-VAC13 to
treat imipenem-resistant strain K2534 and persisted strain K3325 of Gram-negative bac-
teria K. pneumoniae in larvae of moth Galleria mellonella. The survival rate of the larvae
significantly increased to 50% and 75% when co-treated with phage and mitomycin C or
imipenem, respectively, compared to either antibiotic or phage monotherapy, except phage—
imipenem co-treatment of the imipenem-resistant strain. This was due to the hydrolysis
of imipenem by (3-lactamase in the resistant strain. Nonetheless, the mortality rate of the
larvae significantly decreased with all other combined treatments [85]. Additionally, the
emergence of a resistant mutated strain was not detected in combined treatment. Similar
results were shown in other Galleria mellonella models, achieving a 75% survival rate in
treating E. coli infection when phage ®WL-3 was used in combination with fosfomycin [82].
In addition, phage in combination with meropenem and imipenem against A. baumannii
increased the survival rate by approximately 30% (p < 0.05) compared to phage monother-
apy [71]. Utilisation of the Galleria mellonella model has enabled high numbers of replicates,
but their physiological characteristics are much different to those of mammals, so rodent
infection models would be more relevant.

A neutropenic mouse model was used to determine the efficacy of phage PEV20
combined with ciprofloxacin on P. aeruginosa lung infection. Co-spray dried phage and
ciprofloxacin powder administrated intratracheally significantly reduced the bacterial
density compared to single treatment with either agent [25]. In addition, in a rat model
with endocarditis induced by P. aeruginosa, a phage cocktail combined with ciprofloxacin
was highly synergistic, resulting in negative vegetation in 7 out of 11 rats with more than
a 6 log reduction in bacterial concentration, as opposed to zero rats with either phage or
ciprofloxacin monotherapy [86]. Bacterial concentration was inversely correlated with
phage titer. Mouse locomotor activity, lesion, oedema level, and bacterial burden were
determined by infecting the methicillin-resistant S. aureus (MRSA) ATTC 43300 strain to
induce prosthetic joint and diabetic foot infections [87,88]. The combination of phages MR-5
and MR-10 with linezolid significantly reduced the level of lesion, oedema, and bacterial
burden by 4.5 log and 5 log, respectively, as well as maximising locomotor activity caused
by MRSA compared to the untreated control.

These findings on animal studies of phage—antibiotic combined treatments demon-
strated a reduction in bacterial burden caused by both Gram-positive and Gram-negative
bacteria, and the ability to recover from the infections increased considerably.

4.4. Clinical Case Studies

Phage therapy was applied to patients in the early years of its discovery, but its use
was decreased due to the lack of regulation or standardised methodology, and for safety
reasons [7]. In view of phage—antibiotic administration showing promising antimicrobial
effects in vitro and in vivo, and given the current antibiotic resistance crisis, personalised
combination therapy has been studied in individual patients.

A phage cocktail that consisted of six lytic phages combined with trimethoprim-
sulfamethoxazole was used to treat a recurrent urinary tract infection with drug-resistant
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K. pneumoniage in a 63-year-old female with Type-2 diabetes and hypertension. Phage
monotherapy failed twice, as phage resistance caused re-emergent bacterial isolates. When
trimethoprim-sulfamethoxazole was administered orally twice a day with the phage cock-
tail once a day through bladder irrigation, the resistant strain was completely inhibited,
and the urinary tract infection did not recur 6 months after discharge from hospital [8].

However, not all patients with chronic infections had the same recovery profile after
treatment. An 86-year-old female patient with chronic obstructive pulmonary disease was
infected by carbapenem-resistant A. baumannii (CRAB). Phage Ab_SZ3 was administrated
with tigecycline and polymyxin E. The phage was given by a vibrating mesh nebuliser
once daily, with gradually increasing doses from 5 x 10° PFU to 5 x 10'° PFU on Day
13. Tigecycline was given intravenously for the first 5 days of treatment, followed by oral
polymyxin E for another 5 days. In a total of 16 days of treatment, no CRAB cultures
were detected in the patient’s sputum from the 7th day onwards, with only one exception
on the 15th day, when a positive CRAB culture was found. One month after phage
treatment, the patient developed sepsis caused by E. faecium and S. haemolyticus. During
treatment with vancomycin, colonisation by P. aeruginosa was also found in the patient’s
bronchoalveolar lavage fluid (BALF) culture. Even with the occurrence of different types of
bacterial infection and the pressure of antibiotic use, CRAB showed no reappearance after
the combination treatment [89].

As an intact immune system plays an important role in suppressing bacterial infections
with opportunistic pathogens [90], chronic infections are more prevalent in immunocom-
promised patients. The recurrence of bacterial infections of different resistant species are
often seen after the initial treatment. Hence, complete eradication is needed to reduce
relapses of bacterial infections in immunocompromised patients.

In a pediatric patient with cystic fibrosis female infected with pan-drug-resistant
Achromobacter species, the combination therapy of phage Ax2CJ45{2 and two antibiotics (ce-
fiderocol and meropenem/vaborbactam) by intravenous administration improved forced
expiratory volume in one second (FEV1, an indicator of lung function) from 33% to 60%.
The symptoms were alleviated with decreased sputum production and reduced cough. No
adverse effects were observed with the combined treatment [91].

Above all, phage—antibiotic combinations have produced encouraging outcomes in
treating multi-drug-resistant bacterial infections. However, standardisation of the treatment
method is difficult, as patients have different medical histories and varying levels of
immunity. The administration route, time, and dose of phage and antibiotics differed for
each patient. Formulating personalised treatments is time-consuming and expensive, but
standardised regimens may not exert the same efficiency in all patients.

5. Challenges
5.1. Polymicrobial System and Biofilm

While most studies focused on the synergistic effects of phages and antibiotics against
one bacterial strain or species, there is a demand for investigations of the phage—antibiotic
treatment of polymicrobial systems. In clinical settings, bacterial infections are usually
associated with multiple strains or species. As a result, the genetic pool is enlarged in
these polymicrobial systems, and there are more opportunities for mutations to occur
in bacteria as well as phages. These uncertainties may produce varying efficacies in
phage-antibiotic therapy.

Another challenge of polymicrobial systems is the typical formation of biofilm. The
spatial structure of biofilm may prevent antimicrobials from reaching sensitive populations.
Hence, their efficacy against biofilms is reduced compared to planktonic cells. Biofilms also
allow more time for co-evolution between phage- and antibiotic-selected populations under
prolonged exposure to phage and antibiotics. For instance, an in vitro study reported that
co-administration of P. aeruginosa phage 14/1 with gentamycin reduced bacteria density in
biofilm for the first 12 days, but then regrowth occurred due to resistance development [92].
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5.2. Mutation Dynamics of Bacteria and Phages in the Presence of Anitbiotics

It is believed that phages have the advantage of co-adapting with bacteria; hence, they
can overcome the development of bacteria resistance to phages in recurrent or chronic
infections. However, the mutation rate of bacteria P. fluorescens SBW25 was found to be
faster than that of bacteriophage SBW2542 [93].

Furthermore, Cairns et al. reported that the bacterial density of P. fluorescens SBW25
was the lowest after 66-days of co-treatment with SBW2542 (MOI = 0.01) and streptomycin
(2 pg/mL, 1/10 x MIC) compared to SBW2542 with streptomycin at 0.2 pg/mL or without
streptomycin. The phage titer decreased more significantly with a higher concentration of
streptomycin, and no phage was detected with 2 ug/mL (1/10 x MIC) streptomycin by
Day 14, whereas only a small decrease of around 1 log in phage titer was observed on Day
66 without streptomycin. The phage titer started to decline as bacteria hosts developed
resistance to the phage [94]. Another overnight experiment further correlated the addition
of streptomycin with the development of bacterial resistance to phage. The mutation
rate was 121, 179, and 167 mutation events/mL for 0, 0.2, and 2 pg/mlL, respectively
(p <0.001 for 0.2 and 2 pg/mL streptomycin compared with no streptomycin. No statistical
significance was detected between streptomycin treatments of different concentrations) [94].
This observation denied the hypothesis that the combined treatment with phage and
antibiotics reduces the mutation rate of bacteria due to the fitness costs associated with
resistance development [22].

As there is only limited research that investigated the long-term mutation dynamics
of bacteria and phages in the presence of antibiotics, it is unknown whether the presence of
antibiotics promotes the mutation rate of bacteria and/or phages, or whether the changes
in mutation rates vary depending on the bacteria species, antibiotic class, or phage type.

5.3. Phage—Antibiotic Pharmaceutics Development

So far, phage-based clinical therapies are mainly personalised. Unlike antibiotics, the
specificity of phage has hindered its wide use as predefined formulations on the market. In
response to that, strategies commonly considered include the modification of the antimicro-
bial spectrum of phages through genetic engineering [95], the expansion of phage banks,
and seeking phages for different targeted receptors and hosts to establish the broadest pos-
sible coverage. The use of complementary phage cocktails with antibiotics [20,96-98] is an
attractive strategy, and progress has been made in the development of phage and antibiotic
formulations. Formulations such as the PEV20-ciprofloxacin inhalable formulations for use
against P. aeruginosa lung infection [24,99] and hydrogel membrane for the topical delivery
of minocycline and phages [98] have shown promising in vitro and in vivo antimicrobial
performance [25,98]. Still, there is a long road ahead towards a successful phage-based
pharmaceutical product. We still lack information on their optimal dosage, “pharmaco-
and phage-kinetics”, long-term stability, storage, and quality control measures [100,101].

6. Conclusions and Future Perspectives

As antibiotic resistance is a life-threatening danger to global health, phage therapy
has attracted attention over the past few decades as a potentially efficient alternative
solution. The abundance, specificity, and versatility of phages are their advantages. Since
antibiotics have been found to enhance phage production and further increase antimicrobial
activity, phage—antibiotic combination treatments have been extensively studied. In the
presence of antibiotics, instead of dividing, bacteria undergo elongation (filamentation),
which facilitates phage adsorption, modifies bacterial cell lysis time, and/or increases
phage burst size, which in turn results in enhanced phage replication. In vitro experiments
showed synergistic antimicrobial effects with phage-antibiotic co-treatment, resulting in a
significant reduction in bacterial growth. Moreover, antibiotic doses and administration
sequence are two factors contributing to the variability in synergism. High antibiotic doses
do not necessarily produce better bactericidal effects with phages, as inhibition driven by
antibiotics may adversely affect phage production. The antibiotic suppression of phage
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replication in simultaneous administration was demonstrated in several studies, while
sequential treatment with phages followed by antibiotics showed better antibacterial effects.
The order of administration depends on the specific antibiotic. In vivo efficiency generally
agreed with in vitro findings. Promising outcomes with better survival and faster healing
have been presented in rodent models and larvae models when combination therapy was
given. Further investigations with other animal models or systems need to be developed for
a better understanding of phage and antibiotic co-therapy. In clinical case studies, phages
combined with antibiotics improved treatment outcomes and reduced bacterial growth.
Nevertheless, recurrent bacterial infections in immunocompromised patients are difficult
to treat.

Successful clinical cases of personalised phage-antibiotic treatment in tackling per-
sistent MDR infections have been reported, but much progress needs to be made before
it becomes popular. Firstly, as phages are bacteria-specific, a rapid diagnosis should be
developed for precise phage identification. Secondly, world-wide phage banks are needed
for the quick selection of suitable phages. Thirdly, dose regimens, including dosage and ad-
ministration sequence, must be optimised for safe and efficient phage-antibiotic treatment
for infections of different severity. Current or completed clinical trials on bacteriophages
lack data for their combined use with sublethal dose of antibiotics. Although phage with
sublethal doses of antibiotic reported more benefits than those with lethal doses of antibi-
otics in in vitro models, it may be not ethical for clinicians to prescribe sublethal doses of
antibiotics based on existing clinical trials. Hence, further dose optimisation and clinical
trials are needed. Fourthly, to prevent a regrowth of uncleared MDR bacteria, researchers
should develop a strategy or dose regimen to achieve full pathogen eradication. In ad-
dition, phage—-antibiotic therapy in association with innate immune system responses is
another possible and promising method for eradicating MDR infections. Finally, rapidly
formulating methods must be developed for improved delivery to sites of infections.

While individualised treatment is the current mainstream of phage-based therapy; it is
time-consuming and expensive. Predetermined phage—-antibiotic formulations are consid-
ered for improved cost-effectiveness, but selecting suitable phage—antibiotic combinations
is another challenge because they are not always synergistic against all bacterial strains.
Extensive foundational work in synergy screening is needed for selecting phage-antibiotic
combinations against different species. Moreover, formulating methods must be developed
or optimised for improving stability for convenient storage and transport, and for adjusting
the release of phages and antibiotics to achieve either simultaneous or sequential treatments.
We believe that with increasing evidence from in vitro and in vivo works, as well as future
clinical trials, it is feasible to develop predetermined formulations.

Current methods in treating bacterial infections are not necessarily limited to conven-
tional phage—antibiotic combined treatments; genetically engineered phages and phage-
coded enzymes have also attracted recent attention. By modifying the tail fibre genes of
phages to increase the host range for multiple targeting, the bactericidal effects would
be significantly enhanced. Endolysin is an example of a phage-coded enzyme. Its rapid
and potent killing of bacteria without apparent resistance development is attractive and
may become a potential treatment for MDR infections. By combining new techniques and
agents with antibiotics, phage-antibiotic combined treatment is clearly more promising for
treating resistant bacterial infections than mono-phage therapy.
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