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Abstract

The aim of the review is to describe existing laboratory methods for determining the sensitivity of bacteria to
a combination of antibiotics and bacteriophages. However, more and more often there are scientific papers in
which their combined action is described as synergism. The mechanisms of this phenomenon have not been
fully studied, but it has been proven that not only virulent but also moderate phages can enter into synergy with
antibiotics, allowing the minimum inhibitory concentration of the antibiotic to be reduced several times. Since
synergy cannot yet be empirically predicted, microbiological laboratories use various in vitro methods, most of
which are labor-intensive. The development of a new technique that can be introduced into the daily practice of
microbiological laboratories is relevant.
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aHTNO6MOTNKOB 1 Pparos: 0630p NuTepaTypbl
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'CeBepo-3anafHblil rocyfapCTBEHHbIN MeAULIMHCKIIA YyHuBepcuTeT nmeHmn U.N. MeuHnnkoBa, CaHkT-lMeTepbypr, Poccus;
2NHCTUTYT 3KCNepuMeHTanbHol MeguumnHbl, CaHKT-TeTepbypr, Poccus;
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AHHOMauus

Llenb 0630pa — gaTb onucaHne CyLLecTBYOLLMX N1abopaTopHbIX METOA0B AN ONPeAeneHnst YyBCTBUTENBHOCTH
6akTepuin kK komBGnHaLMM aHTMBMOTMKOB 1 BakTepuodaros.

BakTepunodary fo cvx nop paccMaTpuBaloTCA HEKOTOPbIMU MCCNEAoBaTeNs MU Kak anbTepHaTnea aHTubuoTu-
kam. Ho Bcé valle BcTpeyatoTcst HayyHble paboTbl, B KOTOPbIX VX COBMECTHOE AEeNCTBME OMUCLIBAETCA B BUAE
CuHeprnamMa. MexaHvnambl 9TOro SBNEeHNS A0 KOHLA He N3yYeHbl, OQHaKo JOKa3aHo, YTO B CUHEPTUIO C aHTUONOTH-
KaMu MOryT BCTyMaTb He TOSbKO BUPYSIEHTHbIE, HO U YMepeHHble daru, Mo3BONSA CHA3UTbL MUHUMarbHYO nogda-
BISAIOLLYIO KOHLIEHTPaLUWo aHTMBMOTHKA B HECKOMbLKO pas. MoCKOoMbKy CMHEPrio 3MNUPUYECKN NOKa NpeackasaTtb
HEBO3MOXHO, B MUKPOOMonornyeckmx naboparopmsax NCNonb3yT pasnuyHble METOAbI in Vitro, 6ONbLUMHCTBO 13
KOTOPbIX ABMASATCA TPYAOEMKUMU. AKTyarnbHa pa3paboTka HOBOW MEeTOAMKM, KOTopas MOXeT ObiTb BHeApeHa B
eXedHEBHYI0 MPaKTUKy MUKpobronornyeckunx nabopaTtopuii.

KniouyeBble cnoBa: pe3ucmeHmHocms, dyyecmeumeribHOCMb, aHmMubuomuk, 6aKmepuod)ae, CUHepeus
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Introduction

In recent years, the problem of resistance of micro-
organisms to antibiotics used in medicine has become
increasingly urgent, and the widespread emergence of
pathogens resistant to them is of concern to clinicians all
over the world. Among etiologically significant bacteria,
the ESKAPE group (Enterococcus faecium, Staphyloco-
ccus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, Enterobacter spp.)
is distinguished, which is characterized by a variety of
antimicrobial resistance mechanisms. In May 2024, the
World Health Organization published an updated list of
antibiotic-resistant bacterial pathogens posing the great-
est threat to human health. Depending on the necessity
for the development of new antimicrobial drugs and new
treatment options, microorganisms are categorized into
priority groups. A. baumannii resistant to carbapenems
and microorganisms belonging to the order Enterobac-
terales, including producers of extended-spectrum be-
ta-lactamases, are classified as critically high-priority.
High-priority pathogens include Salmonella spp. and
Shigella spp. resistant to fluoroquinolones, E. faecium
resistant to vancomycin, P. aeruginosa resistant to car-
bapenems, Neisseria gonorrhoeae resistant to third-gen-
eration cephalosporins and/or fluoroquinolones, and
methicillin-resistant S. aureus. The medium priority
level includes Streptococcus group A and S. pneumoniae
resistant to macrolides, Haemophilus influenzae resistant
to ampicillin, Streptococcus group B resistant to penicil-
lin'. In Russia during the year 2017, the Strategy for the
prevention and spread of resistance for the period up to
2030 was introduced, which provides for the introduc-
tion of modern methods to study the mechanisms of its
formation, monitoring of its spread and ways of con-
tainment. Special importance and attention is given to
ESKAPE pathogens in “Sanitary and Epidemiological
Requirements 3.3686-21” as the main pathogens of in-
fections associated with the provision of medical care’.

List of priority bacterial pathogens. URL: https://www.who.
int/ru/news/item/17-05-2024-who-updates-list-of-drug-resis-
tant-bacteria-most-threatening-to-human-health (date of access:
05.08.2024).

Resolution of the Chief State Sanitary Doctor of the Russian
Federation dated 28.01.2021 No. 4 “On Approval of Sanitary
Rules and Norms 3.3686-21 ‘Sanitary and Epidemiological
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Requirements for the Prevention of Infectious Diseases’”.

© MyHyenko O.E., MyHyeHko E.B., lNoctes B.B., CaByeHko M.B., 2024

Given the growing resistance of bacteria to chemical
medicines, there is a necessity to introduce alternative
approaches to the treatment of diseases caused by them.
Instead of antibiotics, different authors suggest using
probiotics, microbial enzymes, bacteriocins, bacterio-
phages and their lysins, synthetic phages, vaccines, se-
rums and other biologics [1-6].

The most promising in this list are phages — bac-
terial viruses, because they do not have a toxic effect
on the cells of the macroorganism and do not suppress
immunity, so there are practically no contraindications
for their prescription. At the same time, they have a
narrowly targeted effect and do not cause negative
changes in the composition of the human microbiota.
Unlike other antimicrobial drugs, bacteriophages are
able to overcome the bacterial immunity developed to
them using several strategies. Compared to -lactam
antibiotics, which cause microbial cell death within
3 h, bacterial lysis by phages can occur in less than
10 min. However, unlike antibiotics, the action
of bacteriophages does not lead to cumulative accu-
mulation of endotoxin when destroying Gram-nega-
tive bacteria [7].

The only Russian manufacturer of medicinal bac-
teriophages is Microgen, which produces more than
14 unique drugs. Today, the market offers bacterio-
phages active against not only ESKAPE pathogens,
but also against pathogens of diarrheal diseases —
shigellosis, salmonellosis, escherichiosis. Medicines
based on phages are produced either as combinations
drugs — against several genera of bacteria, or as mono-
therapeutics specific against a particular type of patho-
gen. It should be noted that in Russia the use of bacte-
riophages is enshrined in regulatory documents, while
most countries in Europe and Asia, Australia and the
USA have only recently started to develop documents
regulating the use of phages [8, 9].

Most studies have shown high efficacy and safety
of tested phages, including those against priority bac-
terial pathogens [10]. Phage therapy without antibiot-
ics has led to success against vancomycin-resistant en-
terococci, methicillin-resistant staphylococci (MRSA
and MRSE) [11]. In rare cases, antagonism phenome-
na have been described when antibiotic and bacterio-
phage are administered together [10]. Therefore, be-
fore their administration, the sensitivity of a particular
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strain to antimicrobial agents should be determined.
In Russia, the determination of bacterial sensitivity
to bacteriophages is regulated by methodological rec-
ommendations for the rational use of bacteriophages®,
while sensitivity to antibiotics is regulated by clinical
guidelines®. This raises the urgent question of deter-
mining the sensitivity of bacteria to the combination
of antibiotics and phages in microbiological labora-
tories.

The aim of the review is to describe the existing
laboratory methods for the combined determination of
bacterial sensitivity to antibiotics and bacteriophages.

The combined effect of phage and antibiotics
was first described by Neter and Clark in 1944 using
S. aureus and penicillin as an example. In 2004, there
were results of experiments on a chicken model devoted
to studying the interaction of phage and enrofloxacin
against Escherichia coli by Huff et al., and a few years
later, A.M. Comeau and his research group conducted
in vitro testing and noticed that subinhibitory concen-
trations of certain antibiotics can affect the production
of virulent phages infecting E. coli. The authors named
this phenomenon Phage-Antibiotic Synergy (PAS). For
a long time, the mechanism of synergy remained un-
known, until electron microscopy was used to study
bacterial cultures treated with antibiotics and phages. It
was discovered that chemical medicines which disrupt
peptidoglycan synthesis lead to elongation of bacterial
cells, which promotes phage replication and possibly
its active attachment to the bacterium due to an increase
in the cell wall surface area [12—14].

The PAS phenomenon has been extensively stud-
ied in many laboratories, resulting in evidence of sy-
nergism for various combinations of phages with anti-
biotics of different pharmacological groups. However,
the methods used to evaluate these interactions are still
not unified, so the approaches of various researchers
have significant differences. The simplest way out of
the situation is to borrow the method used to study the
interaction of different classes of antibiotics, since com-
bination antimicrobial therapy is administered to pa-
tients with bacteremia, pneumonia, surgical infection,
and patients with septic shock in intensive care units.
To date, 4 methods have been described by which syn-
ergy of chemical medicines can be assessed in vitro:
the checkerboard method; combined testing of the bac-
tericidal effect of several antimicrobial agents; E-test;
analysis of the bacterial death graph depending on the
time of antibiotic action, also known as time-kill as-
says [15]. Among the available methods of synergism
determination, time-kill assays are the gold standard
[16, 17], which was first used to confirm the syner-

* Rational use of bacteriophages in therapeutic and anti-epidemic
practice: Methodological recommendations. Moscow;2022.

4 Russian recommendations “Determination of sensitivity of
microorganisms to antimicrobial agents”. Smolensk;2024.

gism of phage and antibiotics’. Interactions detected
in vitro are calculated and interpreted as synergistic, ad-
ditive, indifferent or antagonistic depending on whether
the antibacterial activity of the drugs in combination is
greater, equivalent or less than the activity of the drugs
used separately.

Broth microdilutions

In this method, 96-well plates are used in which
wells are co-cultured with a broth suspension of bac-
teria, antibiotic and phage. The phage activity and the
minimum inhibitory concentration (MIC) of the antibi-
otic are studied beforehand, since their sub-inhibitory
concentrations are used for synergy studies. The result
is evaluated by measuring growth kinetics by optical
density (OD) using a spectrophotometer or by bacte-
rial metabolism after staining with tetrazolium, which
changes color in response to cellular respiration. Evalu-
ation of the result with a real-time instrument allows to
determine the time taken for partial inhibition, to detect
late lysis and resumption of bacterial growth. However,
it is impossible to infer bacterial viability from the OD
alone and to distinguish dead (not yet destroyed bacte-
ria) from live bacteria. Additional staining eliminates
the error and allows detection of only metabolically ac-
tive (live) bacteria. On the one hand, this method makes
it possible not only to test any combinations of antibiot-
ics and bacteriophages, but also to change their concen-
trations. On the other hand, it should be taken into ac-
count that the use of a single concentration of antibiotic
(half of the previously known MIC) and phage (below
the lysing concentration according to Appelman) does
not always allow us to draw a conclusion about their
interaction and reveal a pattern. At the same time, us-
ing a more labor-intensive method, combining several
concentrations of antibiotic and phage, it is possible to
find those combinations of two antimicrobial agents in
which their synergy will be observed [18, 19]. Some
researchers have achieved the PAS phenomenon even
when the antibiotic was diluted 4, 10 and 100 times the
MIC, and 100 and 1000 times the initial concentration
of the phage [20].

In some cases, to study synergy, it is possible to
use a bacteriophage lysing a bacterial strain of at least
3+, with the antibiotic taken in two concentrations: the
MIC and half of the MIC. In case of resistance to the
bacterial phage, the antibiotic is added in the maximum
permissible concentration [19].

With the use of automated systems, this meth-
od allows the construction of sinograms in real time,
studying the concentrations of antibiotics and bacterio-
phage titer. The instrument reads the absorbance value

5 International Organisation for Standardization. Susceptibility
testing of infectious agents and evaluation of performance of
antimicrobial testing devices. 2019;Part 1.

URL: https://iso.org/standard/70464.html
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from each well as a separate parameter and converts
the data into a heat map representing the percentage of
bacterial reduction. As a rule, sinograms can be divided
into three parts: the area of antibiotic action, the area of
bacteriophage action and the area of their joint action,
by which it is possible to assess the effect of their inter-
action (PAS). The use of this method allows visualizing
the effectiveness of the combination and selecting the
optimal concentration of antibiotic and phage. An addi-
tional advantage of this method is the ability to simulate
what is happening in the human body when adding bio-
logical fluids to the wells [21].

To simplify this technique, 1. Nikolic et al. pro-
posed the checkerboard method, which is used to study
the interaction of 2 chemical medicines [22]. For more
reliable results, the method is implemented in an auto-
mated version. The choice of dilution depends on the
lytic activity of the phage and the MIC of the antibiotic,
so these parameters should be determined in advance
before the test. Antibiotic dilutions are added to the
wells of a sterile flat-bottom plate from left to right to
create a twofold serial decreasing concentration gradi-
ent in the range of 8-0.125 of the MIC. A two-fold serial
decreasing gradient of phage concentration in the same
range is created in the wells from top to bottom, after
which a suspension of the test microorganism is added
to the plate. The inhibitory concentrations of the anti-
biotic and phage allow the calculation of the fractional
inhibitory concentration index (FIC) using the follow-
ing formula:

MICac N MICbce
MICa = MICb

where MICac — MIC of antibiotic combined with bac-
teriophage, pg/mL; MICa — MIC of antibiotic, pg/mL;
MICbc — MIC of bacteriophage combined with anti-
biotic, MICb — MIC of bacteriophage, pg/mL.

The following results indicated that:

* FIC < 0.5 — synergy (combination of com-
pounds increases the inhibitory activity of one
or both compounds);

* FIC = 0.5-4.0 — no interaction (the combina-
tion has no increase in MIC due to the additive
effect of both compounds);

* FIC > 4 — antagonism (combination of com-
pounds increases MIC) [22, 23].

Broth microdilutions, although considered to be
more reliable tests, are more complicated than the use
of a solid medium. They require working with large vo-
lumes under aseptic conditions, preliminary determina-
tion of the MIC and lytic activity of the bacteriophage,
and special equipment for continuous bacterial counts at
short intervals throughout the day. In the absence of a
spectrophotometer, OD measurement can be replaced by
quantitative seeding from wells after a day of incubation,
which makes this method less accurate and increases la-
bor costs and the turnaround time by at least a day [20, 24].

XFIC =

REVIEWS

The described approaches are not standardized in the
Russian Federation, and they require a lot of time for
staging, which has a limitation for determining the ef-
fects of PAS — joint administration of antibiotic and
bacteriophage in practical laboratory conditions.

Use of nutrient dense media

Double-layer agar method

The effect of PAS against uropathogenic E. coli
strain (UPEC) on a dense nutrient medium was first de-
scribed by A.M. Comeau et al. [25]. They noticed that
phage plaques were significantly larger around some
antibiotic disks overlaid on the medium seeded in depth
with the tested uropathogenic E. coli strain and bac-
teriophage. The authors hypothesized that a sublethal
dose of B-lactam antibiotics stimulates phage activity.
The results were further confirmed by adding antibio-
tics at different concentrations to a mixture of £. coli and
phage, which were all poured together into semi-liquid
agar: phage formed small plaques without cefotaxime
and large plaques in the presence of the antibiotic at a
concentration of 50 ng/mL. When the concentration of
antibiotic was further increased, it completely inhibited
the growth of the bacterium and the result of phage ac-
tion could not be studied due to continuous lysis.

The simplicity of the described methodology al-
lowed other researchers to conduct similar experiments
using different bacterial strains, phage and antibiotic
drugs, combining phages with bacteria or bacteria with
an antibiotic in agar, and placing antibiotic disks or
bacteriophage drops, respectively, on the surface of the
solidified layer [26-28].

E-test

The gradient diffusion method can be used to de-
termine synergy. There are two modifications of this
technique. In the first variant, two strips impregnated
with antibacterial drugs are placed perpendicularly to
each other on a Petri dish seeded with the test culture,
intersecting at the MIC level for each antibiotic. Much
like with the checkerboard method, the interpretation of
the synergy of the E-test is based on the calculation of
the FIC index. In the second variant of the test, a strip
with the antibiotic is placed on a lawn culture in a Petri
dish, after one hour the strip is removed and replaced
with a phage-impregnated strip. As a control, a second
dish is used in which the antibiotic and bacteriophage
strips are overlaid and not in contact with each other.
Synergy is defined as a decrease in MIC by at least three
10-fold dilutions, indifference — as a decrease in MIC
by at least two 10-fold dilutions, antagonism — as an
increase in MIC by three or more 10-fold dilutions [15].

Disk-diffusion method

In this variant, a bacterial culture (0.5 McF) with
bacteriophage (108 PFU/mL) is incubated for a day be-
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fore the classical disk-diffusion method, after which a
daily culture on a dense medium is obtained. The daily
culture without pre-incubation with phage is used as
control. Determination of antibiotic and phage syn-
ergy by this method is difficult because the diameter
of growth retardation around the disk with antibiotic
changes insignificantly [29]. The disadvantages of the
method also include the double consumption of stan-
dard disks due to the use of controls.

Conclusion

The analysis of available sources shows that there
are currently no available and reproducible methods to
determine the interaction between bacteriophages and
antibiotics in routine laboratory practice. When com-
paring known methods, it is not possible to obtain their
100% correlation; the coincidence varies from 44 to
88% when comparing time-kill assays with the check-
erboard method, from 63 to 75% — when comparing
time-kill assays with the E-test and about 90% — when
comparing the E-test with the checkerboard method.
Most of the studies propose an author’s method without
comparison with the existing ones, and use only one
species and strain of microorganism as a test strain. At
the same time, phage and antibiotic interactions depend
not only on the selected drugs, but also on the test strain
within the same species. Studies have shown that even
predictions derived from artificial intelligence and ma-
chine learning require double-checking in the laborato-
ry before treatment [15]. And although putative mech-
anisms of synergistic action of phages with antibiotics
that either do or do not induce SOS repair have been de-
scribed6, to answer the question whether phages can be
combined with antibiotics to treat an infection caused
by a particular strain, in vitro testing must be performed
each time. To determine the sensitivity of bacteria to the
combination of antibiotics and phages, all virulent bac-
teriophages should be included in the study, even if the
bacteria are initially insensitive to them, since the res-
toration of strain sensitivity to phages in the presence of
antibiotics and the manifestation of synergy of 2 drugs
have been described. One of the new areas of research
is the study of mechanisms of joint action of antibiotics
and moderate phages, which have always been consid-
ered as an insurmountable obstacle to therapy. Synergy
has already been described in 7 antibiotic groups with
moderate bacteriophage [30].

One of the key objectives of the microbiology
laboratory is to provide reliable information on the use
of antimicrobial agents, including their combinations,
for the treatment of infectious diseases. The methods

¢ A bacterial defense system that is activated in response to DNA
damage or inhibition of replication and triggers a complex chain
of defense reactions. SOS (save our souls) is an international
distress signal in radiotelegraphic communication using Morse
code.

by which a laboratory assesses sensitivity to antibiotics
and bacteriophages individually are highly standard-
ized and reproducible. It is this reproducibility that al-
lows laboratories to obtain comparable results. Given
that it is impossible to predict empirically the interaction
between antibiotic and phage, and the combination of
bacteriophages and antibiotics can cause both positive
and negative shifts in chemopreventive MIC changes, it
is necessary to develop the simplest possible methodo-
logy with a clear protocol and accessible equipment that
can be implemented in any microbiology laboratory.
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