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Summary

Aim. To evaluate the safety and efficacy of the adaptive phage therapy technique in patients with recurrent
pneumonia in neurological critical care.

Material and methods. The clinical study included 83 chronically critically ill patients with severe brain
damage. The bacteriophage cocktail selected against specific hospital strains was administered by inhalation
to 43 patients. The control group included 40 patients who received conventional antimicrobial therapy. The
changes in clinical, laboratory and instrumental parameters, levels of biomarkers, microbiological and PCR
tests of bronchoalveolar lavage fluid were assessed, including those in the «phage therapy with antibiotics»
(n=29) and «phage therapy without antibiotics» (n=14) subgroups.

Results. The groups were comparable in terms of basic parameters (age, sex, diagnosis, organ dysfunc-
tion according to APACHE II, use of vasoactive drugs) and the level of airway colonization with antibiotic-
resistant bacterial strains. Good tolerability and absence of clinically significant side effects were observed
during inhalational administration of the bacteriophage cocktail. Computed tomography on day 21 showed
asignificant reduction in lung damage in patients who received bacteriophages. Patients treated with bac-
teriophages without antibiotics had significantly lower need for mechanical ventilation. The mortality rate
on day 28 did not differ significantly and was 4.7% (2/43) in the bacteriophage-treated group vs 5% (2/40)
in the control group.
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Conclusion. The first experience of using the adaptive phage therapy technique in chronically critically ill
patients in neurological intensive care demonstrated the safety of inhalational administration of the bacterio-
phage cocktail. The efficacy of the technique was confirmed by the treatment results obtained in the phage
therapy group, which were not inferior to those in the group with conventional antibiotic therapy, while several
clinical and laboratory parameters tended to improve even in patients who received bacteriophages and did

not receive antibiotics.
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Introduction

Chronically critically ill patients remain in
intensive care units (ICU) for a long time and
require comprehensive treatment, including life
support. This creates conditions for the develop-
ment of prolonged and recurrent pneumonia asso-
ciated with hospital-acquired multidrug-resistant
bacterial strains.

Currently, the antibiotic armamentarium for
the treatment of patients in chronic critical illness
has almost been exhausted. The treatment of infec-
tions caused by multidrug-resistant bacteria,
including carbapenemase-producing pathogens, is
extremely difficult due to the highly limited choice
of effective drugs; their treatment is characterized
by such negative sequelae as prolonged hospital
stay, adverse treatment outcomes, and increased
direct and indirect costs [1].

A potentially promising alternative to antibi-
otics could be the use of bacteriophages to treat
and prevent nosocomial infections. Bacterio-
phages are intracellular obligate parasites of bac-
teria and play an important role in the natural reg-
ulation of bacterial populations. In the 1930s and
1940s, bacteriophages were actively used in the
Soviet Union in various areas of medicine. Howev-
er, the beginning of commercial production of
penicillin and other antibiotics as well as the need
for individual selection of bacteriophages for a
particular infectious agent halted large-scale
research and widespread use of bacteriophages
for a long time. The development of molecular
biological methods and genome sequencing tech-
nologies contributed to a more rational approach
to the selection and use of therapeutic bacterio-
phages, which allowed scientific research in this
area to continue [2, 3].

Accumulated clinical experience demon-
strates high efficacy and safety of therapeutic and
prophylactic preparations with bacteriophages in
the treatment of infections in otorhinolaryngology,
surgery, urology [4-6].

A systematic literature review published in
2019 summarizes the results of 13 studies con-
ducted in Russia, the United States, Western
Europe, and Asia, in which bacteriophages have
been used to treat and prevent infections in

humans. Concluding the review, the authors
acknowledge that the beneficial effect of phage
therapy is undeniable [7].

Traditionally, bacteriophages are used to
treat infections caused by so-called «wild» strains
with innate antibiotic sensitivity. In recent years,
an increasing number of researchers and devel-
opers of antimicrobial drugs report the possibility
of using bacteriophages active against antibiotic-
resistant strains, in particular, a wide range of
clinical isolates of Staphylococcus aureus. Experi-
mental studies on laboratory animals confirm the
effectiveness of bacteriophages against antibiot-
ic-resistant strains of microorganisms causing
pneumonia and sepsis [8-11]. In a clinical study
by Australian researchers published in Nature
Microbiology in 2020, the efficacy of a bacterio-
phage preparation was evaluated in 13 patients
with severe staphylococcal infections, including
endocarditis and septic shock [12]. The drug pro-
duced from three bacteriophages was adminis-
tered intravenously twice a day for 14 days under
careful monitoring of hematological and bio-
chemical parameters; good tolerability, high safe-
ty, and no local and systemic adverse reactions
were noted. However, the circulation of several
«challenging» Gram-negative and Gram-positive
strains simultaneously is characteristic of pres-
ent-day ICU. Moreover, the continuous use of the
latest generations of antibiotics with unpre-
dictable frequency results in the selection of pan-
resistant pathogens, which may cause outbreaks
of hospital infections. In these circumstances,
there is a need for a complex drug that will con-
tain a set of bacteriophages active against the
entire list of challenging pathogens in a particular
ICU. In addition, periodic monitoring of this
drug’s efficacy is necessary, and, in case of resist-
ant strain selection, new bacteriophages should
be added to the preparation. In other words, the
drug should be adapted to the changing microbial
landscape.

This challenging issue is being addressed by
the collaborative efforts of the Federal Research
and Clinical Center of Intensive Care Medicine
and Rehabilitology and the «MicroMir» research
and production center. Based on a hospital bacte-
ria collection of 66 antibiotic-resistant strains iso-
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lated from 40 ICU patients of the Center of Inten-
sive Care Medicine and Rehabilitology, «cocktail»
of bacteriophages for inhalation was developed
and proposed as an adaptive phage therapy
method.

The preparation included about 50 bacterio-
phages active against bacterial respiratory
pathogens, mainly hospital multidrug-resistant
strains, such as Acinetobacter baumannii, Citrobac-
ter freundii, Enterobacter cloacae, Enterobacter
kobei, Enterococcus faecium, Klebsiella pneumoniae
subsp. ozaenae, Klebsiella pneumoniae, Cutibacteri-
um acnes, Pseudomonas aeruginosa, Staphylococcus
aureus, Staphylococcus epidermidis, Staphylococcus
haemolyticus, Stenotrophomonas maltophilia,
Streptococcus pyogenes. The preparation contains 3
to 4 virulent bacteriophages against each of the
pathogens above.

The aim of the study was to evaluate the safety
and efficacy of adaptive phage therapy technique
in the treatment of patients with recurrent pneu-
monia in neurological critical care.

Material and Methods

Type of clinical study: prospective, nonran-
domized, open-label parallel group study.

The site of the study: intensive care units
(ICU) of the Federal Research and Clinical Center
of Intensive Care Medicine and Rehabilitology,
where patients with severe brain damage after
acute stroke, traumatic brain injury (TBI), brain
tumor surgery, anoxia, etc., are treated. This study
included chronically critically ill patients trans-
ferred from intensive care units of other medical in-
stitutions for further intensive treatment.

The term «chronically critically ill» refers to
those who have survived acute critical disease of
any etiology, but remain long-term patients re-
quiring intensive monitoring and temporary life
support [13].

The study protocol was reviewed and ap-
proved by the Local Ethics Committee of the Fed-
eral Research and Clinical Center of Intensive Care
Medicine and Rehabilitology No. 4/20 dated Sep-
tember 22, 2020.

Patient groups. According to the Protocol,
adult patients admitted to the Federal Research and
Clinical Center of Intensive Care Medicine and Re-
habilitology were prospectively included in the
study if they met the following inclusion criteria:

1. Patient age > 18 years.

2. Chronic critical illness, ICU stay for more
than 2 weeks, previous treatment with antibiotics.

3. Previous pneumonia with the risk of recur-
rence, clinical indications for antimicrobial treat-
ment (CT evidence, etc.).

4. Informed consent of the patients or their
close relatives.

Exclusion criteria:

1. Low survival chance (SAPS II score > 65).

2. Treatment with immune suppressive
drugs, including steroids.

3. Signs of acute infection/sepsis (according
to the Sepsis-3 criteria).

4. Procalcitonin level > 2 ng/ml.

5. Candidemia.

Patients were enrolled gradually.

At the first stage of the study, consecutive en-
rollment of eligible patients was performed with-
out intervention in the treatment process, with
recording of clinical, laboratory and microbiolog-
ical monitoring parameters at four time points
(days 1, 7, 14, and 28 after admission).

At the second stage, the patients included in
the study were prescribed a bacteriophage cock-
tail in addition to conventional antimicrobial
therapy (safety assessment).

In the third stage, when the procalcitonin
level was less than 0.5 ng/ml, only the bacterio-
phage cocktail without antibiotics was adminis-
tered to selected patients.

Eighty-three patients were included in the
study.

The main Group 1 consisted of 43 patients
who received the bacteriophage cocktail. This
group was divided into 2 subgroups: «phage ther-
apy with antibiotics» (antibiotics + bacteriophage
cocktail, Group 1A, n=29) and «phage therapy with-
out antibiotics» (bacteriophage cocktail only,
Group 1B, n=14).

Group 2 included patients who received con-
ventional antibiotic therapy, n=40.

Patients received comprehensive treatment
and rehabilitation including life support, drugs to
improve consciousness level, nutritional and meta-
bolic therapy, symptomatic care, etc. Therapeutic
and rehabilitation measures were performed by
specialists who were not aware of the inclusion of
patients in this study.

The «Ground Glass» software for automatic
assessment of the ground glass opacity lesions was
used to analyze the chest CT scans. Segmentation
of the right and left lungs along with trachea was
performed with the threshold of -250 HU. The le-
sions with customized densities (from -785 HU to
150 HU as a default) were outlined inside the lungs.
The small vessels which could be mislabeled as «le-
sions» were excluded from assessment using the
morphological closing operation.

During the study, the patients were under con-
tinuous clinical and laboratory monitoring with as-
sessment of cardiovascular, neurological, respira-
tory parameters, liver and kidney function, as well
as the organ dysfunction using the SOFA score. Se-
rial measurement of serum biomarkers (C-reactive
protein, procalcitonin) was carried out. Levels of al-
bumin, urea, creatinine, and CRP were determined
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Table 1. Main characteristics of patients.
Parameter Values in groups P
1, n=43 2, n=40 1A+1Bvs. 2
1A, n=29 1B, n=14 1A+1B

Age, median 62 (39-71) 50 (32-74) 60 (38-72) 64 (54-72) 0.177
Sex, male/female, n 20/9 10/4 30/13 21/19 0.120
Diagnosis, n (%)
Post:

stroke 16 (55) 6 (43) 22 (51) 26 (65) 0.267

TBI 9 (31) 4 (29) 13 (30) 7(18) 0.206

brain surgery 1(4) 2 (14) 3() 4 (10) 0.706

anoxia 3 (10) 2(14) 5(12) 3(7) 0.714
APACHE 1II severity score, day 1, median 12 (8-15) 11 (10-16) 12 (10-15) 10 (8-14) 0.287
Lung ventilation required, Day 1, n (%) 14 (48) 5 (36) 19 (44) 24 (60) 0.189
Number of antibiotic-resistant bacteria in the initial 46/29 (1.6) 25/14 (1.8) 71 (1.7) 72 (1.8) —_

BAL fluid sample, total (average per 1 patient)

Note. For tables 1-6, figures 1, 2: 1A — antibiotics + bacteriophage cocktail; 1B — bacteriophage cocktail alone; 2 — antibacterial

therapy without bacteriophage cocktail.

on an automatic biochemical analyzer AU 480
(Beckman Coulter; USA) using original reagents.
The procalcitonin concentration was measured on
a VIDAS immunoanalyzer (bioMerieux SA, France).

Third-party laboratory physicians performed
microbiological studies of bronchoalveolar lavage
(BAL) fluid using culture and PCR methods. For mi-
crobiological examination a morning sputum sam-
ple was taken in sterile tubes in aseptic conditions.
The time interval after the last administration of
antibiotics and sputum collection was 8-12 hours.
The native clinical specimens were immediately
transported to the bacteriological laboratory. Mi-
croorganisms were identified and antibiotic sensi-
tivity was determined using a BD Phoenix-100 au-
tomated system (USA).

To assess the taxonomic composition of
BAL fluid a reagent kit for DNA isolation from
clinical material «RIBO-prep» and reagent kits
for the detection and quantification of
Pseudomonas aeruginosa DNA, Enterobacteri-
aceae DNA, Staphylococci (Staphylococcus spp.)
and Streptococci (Streptococcus spp.) were used.
Qualitative assessment of antibiotic resistance
genes was performed using reagent kits for the
detection of acquired carbapenemase genes of
KPC and OXA48-like groups (types OXA48 and
0XA162), acquired carbapenemase genes VIM,
IMP and NDM of MBL groups (Amplisens, Rus-
sia) by PCR with real-time hybridization-fluores-
cent detection of amplification products. Meas-
urements were performed on a CFX 96 plate
amplifier (BioRad; USA).

Statistical analysis was performed using Sta-
tistica 10.0 software. The generally accepted math-
ematical and statistical methods were used to cal-
culate the main characteristics of sample groups.
The Shapiro-Wilk test was used to assess the nor-
mality of variable distribution in the groups. Mann—
Whitney test was used to analyze non-normally dis-
tributed variables. Wilcoxon test was used for

comparative analysis of quantitative variables.
Fisher's exact test was used to compare proportions
(frequencies). To compare proportions at different
time points, the McNimar test was used (Table 4).
Data were presented as median +25-75 percentiles
(25-75 IQR). The critical level of significance was
set at 0.05, and Bonferroni correction was used for
multiple pairwise intergroup comparisons.

Results

The main characteristics of patients enrolled
in the study are given in Table 1.

The groups were comparable in terms of sex,
age, etiology of brain injury, severity of condition
according to scales, and ventilation requirement.

The safety and efficacy of the bacteriophage
cocktail were assessed using clinical and laboratory
monitoring methods.

Assessment of clinical parameters. Neurolog-
ical status of all chronically critically ill patients did
not change over time. There were no differences
between the groups in the severity of acute respira-
tory failure, also there were no significant changes
in Pa0,/FiO, ratio in the groups. In Group 1A, there
were significant positive changes in the severity of
lung lesions according to CT (Table 2). No such
improvement was observed in group 1B.

During the observation period 1 patient
(6.7%) was weaned from mechanical ventilation in
group 1B and 1 patient (3.1%) was weaned in group
1A. Organ dysfunction score according to the SOFA
scale did not exceed 4-5 points in all groups during
the study period. There were no significant differ-
ences between the groups in the frequency of
vasoactive drug administration. The study did not
reveal any clinically significant side effects of the
bacteriophage cocktail administration. Mortality by
day 28 was comparable in group 1 (2/43, 5%) and
in group 2 (2/40, 5%) (P=1.0) with no fatal out-
comes in subgroup 1B.
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Table 2. Changes in lung lesion severity based on chest CT scans.
Parameter Day Values P (1A vs.1B)
in subgroups Mann-Whitney test
1A, n=22* 1B, n=12* for independent groups

Lung volume, m[® 1 3198 (2524-4221) 3125 (2580-3441) 0.510

21 3844 (2341-4503) 2983 (2336-3705) 0.292
P (day 1 vs day 21) pairwise comparison 0,485 0,530 —
using the Wilcoxon test
Lung lesion volume, % 1 33 (16-40) 30 (18-37) 0.683

21 22 (10-38) 30 (4-56) 0.736
P (day 1 vs day 21) pairwise comparison 0.027 0.859 —

using the Wilcoxon test

Note. * — lung CT data are shown only for 34 of 43 (80%) patients due to failure of automatic calculation of lung lesion volume

in some scans.

Table 3. Changes in clinical and laboratory parameters during the first two weeks of treatment in the study groups

Clinical and laboratory parameters Values in the groups p
1, n=43 2, n=40 1A+1Bvs. 2
1A, n=29 1B, n=14 1A+1B
On mechanical ventilation, day 1, n (%) 14/29 (48) 5/14 (36) 19/43 (44) 24/40 (60) 0.189
On mechanical ventilation, day 7, n (%) 18/29 (62) 3/14 (21) 21/43 (49) 25/40 (63) 0.270
On mechanical ventilation, day 14, n (%) 15/27 (56) 2/14 (14) 17/41 (41) 25/39 (64) 0.048
Albumin level, day 1, g/1 30 (27-33) 31 (25-35) 30 (26-32) 28 (24-35) 0.549
Albumin level, day 7, g/1 30 (28-32) 29 (27-37) 29 (27-31) 26 (24-29) 0.001
Albumin level, day 14, g/1 29 (27-31) 31 (25-34) 29 (26-32) 26 (24-30) 0.071

Table 4. Frequency of abnormal liver or renal function parameters by day 14 of treatment compared with the data

on day 1 of follow-up.

Patients with abnormal clinical

Number of patients, n (%)

chemistry parameters Group 1 Group 2
1A 1B P Dayl Dayl4 P~
Day 1 Day 14 Day 1 Day 14

Bilirubin 0/29 0/27 0/14 0/14 — 1/40 (2) 1/39(3) 0.900
ALT 7129 (24) 8/27 (30) 6/14 (43) 2/14(14) 0.804  10/40 (25) 14/39 (36) 0.424
AST 5/29 (17) 4/27 (15) 2/14 (14) 0/14  0.900 6/40 (15) 7/39 (18) 0.900
Urea 11/29 (38) 5/27 (18) 4/14(29) 4/14 (29) 0.021 12/40 (30) 9/39 (23) 0.791
Creatinine 5/29 (17) 5/27 (18) 2/14 (14) 0/14 0.625  12/40(30) 8/39(20) 0.424

Note. * — McNimar test. The proportions of patients with elevated laboratory values on day 1 and day 14 in the pooled group 1
were compared (day 1 vs. day 14 over time); similarly, for group 2.

Table 3 shows that the need for lung ventila-
tion tended to increase in patients who received
antibiotics (group 2 and subgroup 1A) and, con-
versely, decreased in subgroup 1B, where only bac-
teriophages were used. Monitoring of biochemical
parameters in group 2 also revealed a significant
decrease in albumin level on day 7.

Table 4 compares the groups in terms of the
number of cases of abnormal values of liver and
kidney function parameters.

In group 2 and subgroup 1A, where antibiotics
were used for 2 weeks, the proportion of patients
with elevated enzyme levels persisted or even
increased compared to the baseline. At the same
time, in subgroup 1B, where patients were treated
with bacteriophages alone without antibiotics, this
pattern was not observed; on the contrary, there
was a tendency for reduced number of cases with
elevated clinical chemistry parameters, such as ALT,
AST, and creatinine.

Changes in the levels of biomarkers. Procal-
citonin is one of the markers which provides ration-
ale for withholding antimicrobial therapy.

Most chronically critically ill patients had pro-
calcitonin levels below the reference values
(0.25-0.50 ng/ml) during the entire follow-up peri-
od, only less than a third of patients had minor ele-
vations (0.51-0.80 ng/ml). No significant differ-
ences between the subgroups were observed
according to the laboratory monitoring data during
two weeks after the study initiation (Table 5).

The level of C-reactive protein was dozens of
times higher than the reference value (5 mg/l) in
all patients. The changes in CRP level were
assessed by the percentage of reduction by thirty
percent or more compared to the baseline values.
In group 1, a decrease in CRP concentration on
day 7 was observed in 40% of patients, while in
group 2, this parameter was reduced only in 30%
of cases (Fig. 1).
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Table 5. Procalcitonin (PCT) concentration over time in subgroups 1A and 1B of patients treated with bacterio-

phages, median (interquartile range).

Day of study PCT (ng/ml) in subgroups Pvalue for 1A vs. 1B
1A 1B
1 0.08 (0.05-0.36) 0.11 (0.05-0.35) 0.771
0.14 (0.08-0.56) 0.14 (0.05-0.51) 0.866
14 0.12 (0.05-0.80) 0.1 (0.05-0.43) 0.525
mg/L
150 5
-
o
300
L]
=0 )
00
150
100
50
o
1 7T 14 1 7 14 1 7 14 days
1A 1B 2

Fig. 1. Levels of C-reactive protein in the subgroups of patients treated with bacteriophages (median and interquartile range).

Note.
Day of study P-values (after Bonferroni correction)
1A vs Group 2 1B vs Group 2 1Avs 1B
1 0.696 0.074 0.172
0.455 0.049 0.201
14 0.483 0.716 0.452

Results of microbiological monitoring.

The growth of hospital-acquired Gram-nega-
tive microorganisms in BAL fluid samples was
observed in patients of different groups with
approximately equal frequency at the time of inclu-
sion in the study (Table 6).

By the end of the first week after inclusion, in
Group 2 patients persistence of antibiotic-resistant
strains such as Klebsiella pneumoniae,
Pseudomonas aeruginosa, Acinetobacter spp., and
Escherichia coliwas observed. At the same time, in
Group 1 patients who received the bacteriophage
cocktail, a decrease in the main challenging Gram-
negative microorganisms, such as Acinetobacter
spp., Escherichia coli and Klebsiella pneumoniae,
was observed. Serratia spp. strains were less com-

mon, but were less amenable to elimination, and
their count even increased in the antibiotic therapy
group (Table 6).

Molecular genetic typing by PCR was per-
formed for individual strains of the challenging
hospital microorganisms. The results of DNA test-
ing for Pseudomonas aeruginosa and Enterobac-
teriaceae family (including Escherichia coli, Kleb-
siella spp., P mirabilis) in BAL fluid were
comparable with the obtained microbiological
data and confirmed the lack of a significant
increase in bacterial identification by day 14 after
the start of therapy. An increase in DNA content
of the Enterobacteriaceae family was noted by
day 7, which probably reflected bacterial lysis on
airway mucosa (Fig. 2).
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Table 6. Microorganisms isolated from BAL fluid samples in patients on days 1 and 7 from the start of treatment
in the study groups.
Microorganism Group
1, n=43 2, n=40 1, n=43 2, n=40
1A, n=29 1B, n=14 1A, n=29 1B, n=14
Day 1 Day 7
Pseudomonas aeruginosa 10 4 11 4 8 13
Klebsiella pneumoniae 15 10 26 16 6 25
Acinetobacter baumannii/calcoaceticus 8 3 13 3 2 10
Enterococcus faecalis — — 3 1 — 1
Staphylococcus aureus/haemolyticus — — 5 — — 4
Escherichia coli 5 1 7 3 — 5
Serratia plymuthical/Serratia marcescens 2 3 3 5 4 6
Stenotrophomonas maltophilia — 2 2 2 — 3
Proteus mirabilis/vulgaris 2 — 6 5 1 9
Providencia stuartii/alcalifaciens 2 — 4 2 2 2
Others:
Chryseobacterium meningosepticum 1 — — —
Alcaligenes faecalis 1 2

Morganella morganii

Staphylococcus spp. DNA content exceeding
10% copies/ml was detected only in 2 patients on
day 1 in group 1A, with subsequent reduction back
to reference values by day 7.

DNA of metallobetalactamase (VIM and NDM
types) and carbapenemase (KPC and OXA48) genes
was detected in 60% of patients in both subgroups
at the time of inclusion in the study. The upward
trend in antibiotic resistance persisted in both sub-
groups; by day 14, the KPC gene was detected in
100% of patients in the 1A subgroup, while in
patients who received only the bacteriophage com-
bination alone it was found in 90% of cases. A
detailed analysis in subgroup 1A showed that in
patients treated with carbapenems (n=10) there
was a relative increase in the acquired carbapene-
mase genes of KPC and OXA48 groups by 10 and
22%, respectively, by day 7. However, patients in the
same group receiving other antibiotics (n=13) had
a 22% decrease in the detection of OXA48 group
acquired carbapenemase genes.

Clinical case 1. Patient P, 38 years old, was
injured in a traffic accident driving a motorcycle.
He has sustained combined brain and abdominal
trauma, the following surgeries were performed:
laparotomy, splenectomy, adbdominal drainage.
Later, multiple organ failure (respiratory, cardio-
vascular, hepatic, renal, nutritional) developed.
On day 49 after the accident the patient was trans-
ferred to the Institute of Rehabilitation of the Fed-
eral Research and Clinical Center of Intensive Care
Medicine and Rehabilitology for further rehabili-
tation. On admission, the patient’s general condi-
tion was extremely poor, he remained in a vegeta-
tive state.

During the stay in the Federal Research and
Clinical Center of Intensive Care Medicine and
Rehabilitology, the patient had 3 episodes of noso-
comial pneumonia, the last one occurred on day 70
after the accident, he received repeated courses of

antimicrobial therapy, including the antibiotics of
latest generations, and the main pathogen of severe
infectious complications was the antibiotic resist-
ant strain of Klebsiella pneumoniae.

On day 80, to prevent nosocomial pneumonia
recurrence, the bacteriophage cocktail active
against antibiotic-resistant bacteria and cus-
tomized for the Federal Research and Clinical Cen-
ter of Intensive Care Medicine and Rehabilitology
based on the microbiological data of the biomate-
rial from the ICU patients was administered. Due
to the severity of patients' condition and high risk
of pneumonia recurrence, a long-term course of
the bacteriophage cocktail inhalation for 4 weeks
was prescribed. During this period no recurrent
pneumonia episodes were observed. The procalci-
tonin level remained below the reference values
(less than 0.25 ng/ml). In a series of bronchoalveo-
lar lavage examinations, Klebsiella pneumoniae
titer decreased, furthermore, the initial antibiotic-
resistant strain was eliminated, and the strain iso-
lated after the treatment course was sensitive to a
wide range of antibacterial agents.

Clinical case 2. An 82-year-old patient under-
went brain surgery to remove a tumor in the deep
parts of the left frontal and parietal lobes. The post-
operative period was complicated by bilateral
extensive pneumonia, sepsis, and septic shock. The
patient received multiple courses of antibiotic ther-
apy. On day 84 the patient was transferred to the
Institute of Rehabilitation of the Federal Research
and Clinical Center of Intensive Care Medicine and
Rehabilitology for further rehabilitation. On admis-
sion, the patient's general condition was extremely
poor, with minimal level of consciousness. Based
on clinical assessment and CT scan findings, the
patient was diagnosed with recurrent bilateral
extensive pneumonia. The patient was prescribed
a combination of vancomycin and meropenem.
However, despite antibiotic therapy, the patient’s

www.reanimatology.com

GENERAL REANIMATOLOGY, 2021, 17; 6



https://doi.org/10.15360/1813-9779-2021-6-4-14
Clinical Studies

1,00E+08
9,00E+07
8,00E+07
7,00E4+07
6,00E+07
5,00E+07
4,00E+07
3,00E+07

copies DNA per ml

2,00E+07
1,006407

=

7

0,00E 00
|

1,00E+08
9,00E+07
8,00E+07
7.00E+07
6,00E+07
5,00E+07

copies DNA per ml

4,00E+07
3,00E+07
2,00E+07
1,00E+07

0,00E+00

DNA Pseudomonas aeruginosa

14

DNA Enterobacteriaceae

x

-

1

7 14

days

days

Fig. 2. The DNA content of Pseudomonas aeruginosa and Enterobacteriaceae in the group of patients receiving bacteriophages

(subgroups 1A and 1B) (median, interquartile range).

Notes.
Day of study P-value, Mann-Whitney test
1A vs 1B (P. aeruginosa) 1A vs 1B (Enterobacteriaceae)
1 0.122 0.118
0.542 0.309
14 0.837 0.595

condition deteriorated, respiratory failure pro-
gressed, and lung ventilation in BIPAP mode was
initiated. Microbiological examination of BAL fluid
revealed multiresistant strains of Acinetobacter
baumannii and Klebsiella pneumoniae. On day 89,
the bacteriophage cocktail active against antibiot-
ic-resistant bacteria (including phage lysates of
Acinetobacter baumannii and Klebsiella pneumo-
niae among others), customized for the Federal
Research and Clinical Center of Intensive Care
Medicine and Rehabilitology based on the patient’s
microbiological data was added. According to the

results of microbiological tests on days 96 and 102
(that is, 7 and 14 days after the start of bacterio-
phage administration), Klebsiella pneumoniae was
not found in bronchoalveolar lavage, while the
multiresistant Acinetobacter baumannii strain was
still present. In view of clinical improvement, on
day 10 of the treatment with bacteriophages, van-
comycin was discontinued, on day 14 meropenem
was stopped.

Thus, starting on day 104, the patient
received only the bacteriophage cocktail.
According to CT scan results, improvement was
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found. From day 107 (19t day after the initiation
of bacteriophage combination) the patient was
weaned from mechanical ventilation. On auscul-
tation improvement was also found with reduc-
tion or disappearance of crackles. Fever sub-
sided; the level of inflammatory markers
returned to normal values. The change of spu-
tum characteristics was registered: it became
more mucous-like and its volume decreased.
The procalcitonin level was normal (less than
0.25 ng/ml), which indicated the absence of bac-
terial infection. On day 109 (21 days after the
start of the bacteriophage combination), micro-
biological test of the BAL fluid showed no bacte-
rial growth, which confirmed the efficacy of the
bacteriophage combination.

Discussion

In our study, a preparation for inhalation con-
taining dozens of bacteriophages was adminis-
tered, which had not been studied before. The data
show that the bacteriophage cocktail is more effec-
tive than individual phages in broadening the lytic
spectrum and significantly reducing the risk of
phage-resistant forms generation [14]. During our
study, careful clinical and laboratory monitoring
revealed no adverse events when using the bacte-
riophage preparation for inhalation at a dose of 5
ml, 2-3 times per day, for at least 14 days.

There are few publications describing the use
of inhaled [15] or intravenous [12] bacteriophages
in patients with pneumonia, bronchitis, infectious
endocarditis, etc. The authors also confirm safety
and claim no adverse reactions when using bacte-
riophages for therapeutic purposes.

Our study was the first to evaluate the safety
of bacteriophage use in a group of patients with
chronical critical illness. Along with a good tolera-
bility and an absence of local and general adverse
events, an important aspect to note is that the
adaptive phage therapy technique has demonstrat-
ed safety in terms of the risk of hospital bacterial
strains selection. The main clinical outcomes in
Group 1 using the bacteriophage cocktail were sim-
ilar to those of conventional antibiotic therapy.
Moreover, in the group of combined use of antibi-
otics and bacteriophages (1A) reduced severity of
lung damage according to CT scan was revealed,
which suggests efficacy of this drug combination in
the treatment of nosocomial pneumonia. Hyperin-
flammation, characterized by levels of CRP more
than 10 times higher than the reference values, is
characteristic of chronic critical illness [13, 16].
Reduced intensity of the inflammatory response
associated with bacterial infection, i. e., a decrease
in the CRP level, may be one of the effects of bacte-
riophage use [17]. And our study did reveal a trend
toward decreasing the level of CRP in the group
receiving the bacteriophage cocktail.

The microbiological and molecular genetic
monitoring showed that in some patients the use
of the bacteriophage cocktail was associated with
elimination of major multidrug-resistant Gram-
negative bacteria. However, the recurrent detection
of Serratia spp., Acinetobacter baumanii,
Stenotrophomonas maltophilia indicates the need
for control and regular adaptation of bacteriophage
composition in the preparation.

Involvement of antibiotic-resistant bacteria
significantly worsens the course of nosocomial
infection and increases morbidity and mortality
[18]. Currently, molecular methods are the «gold
standard» for detecting carbapenemase produc-
ers [19]. Serine carbapenemases of molecular
types OXA48 and KPC, as well as MBL of type
NDM, are most prevalent in Enterobacteriaceae. P
aeruginosa is characterized by the production of
MBL types VIM and, to a lesser extent, IMP [20].
Microbiological monitoring using PCR in our
study showed that carbapenem resistance genes
were detected in more than 60% of patients
included in the study starting from the first day.
This high prevalence of resistant strains can be
explained by the severity of the patients’ condi-
tion, prolonged hospital stay, and massive antibi-
otic therapy including several classes of antibi-
otics. The results of the study showed that the use
of the bacteriophage preparation did not associ-
ate with increased antibiotic resistance, accumu-
lation and proliferation of carbapenemase and
metallobetalactamase genes.

In the human body antibiotics are known to
bind to proteins, undergo conjugation, be metab-
olized and actively eliminated by the organs,
which requires energy costs and creates addition-
al burden on the body of along-term sick person.
When assessing the changes in blood clinical
chemistry parameters we obtained interesting
data: after antibiotic withdrawal in subgroup 1B
there were no liver enzyme (ALT and AST) eleva-
tions over two weeks. An important advantage of
bacteriophages over conventional antibiotic ther-
apy is that when they are used instead of antibi-
otics, the antimicrobial effect is achieved «pas-
sively»: without the participation of cells of the
macroorganism, the organism «recovers» that is
very important for chronically critically ill
patients requiring rehabilitation [21].

We used the adaptive phage therapy tech-
nique, which implies strict matching of the bac-
teriophage set to the needs of a particular ICU.
Avoiding the need for individual selection of anti-
bacterial agents based on microbiological testing
of every specific patient, when implemented in
practice, could reduce the decision time if treat-
ment must be started immediately, thereby
increasing the effectiveness of treatment of criti-
cally ill patients.
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Conclusion

This clinical study presents the first experi-
ence in the use of adaptive phage therapy tech-
nique in the neurological critical care. Safety,
absence of side effects and adverse events were
demonstrated for the inhalational administration
of the bacteriophage cocktail in the treatment of
chronically critically ill patients with recurrent
pneumonia. The effectiveness of the technique was
confirmed by the treatment outcomes seen in the
phage therapy group, which were not inferior to
those in the group receiving conventional antibiot-
ic therapy. Several clinical and laboratory parame-
ters tended to improve even in cases of complete
withdrawal of antibiotics in favor of bacterio-
phages.
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