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ARTICLE INFO ABSTRACT

Keywords: Inhalation phage therapy is proposed as a replacement approach for antibiotics in the treatment of pulmonary
Phage therapy bacterial infections. This study investigates phage therapy on bacterial pneumonia in patients with moderate to
Nebulizer — severe COVID-19 via the inhalation route. In this double-blind clinical trial, 60 patients with positive COVID-19
zegs?girg infection hospitalized in three central Mazandaran hospitals were chosen and randomly divided into two intervention and

control groups. Standard country protocol drugs plus 10 mL of phage suspension every 12 h with a mesh
nebulizer was prescribed for 7 days in the intervention group. The two groups were compared in terms of OSat,
survival rate, severe secondary pulmonary bacterial infection and duration of hospitalization. Comparing the
results between the intervention and control group, in terms of the trend of OjSat change, negative sputum
culture, no fever, no dyspnea, duration of hospitalization, duration of intubation and under ventilation, showed
that the difference between these two groups was statistically different (P value < 0.05). In conclusion, inha-
lation phage therapy may have a potential effect on secondary infection and in the outcome of COVID-19 pa-
tients. However, more clinical trials with control confounding factors are needed to further support this concept.

1. Introduction immune system, with the immune response causing the secretion of

inflammatory substances (fluids and inflammatory cells) and a storm of

Coronavirus (COVID-19) started in 2019 and spread all over the
world. This virus, with its main route of entry being through the human
respiratory system, has spread at an unprecedented rate, causing the
dysfunction of the respiratory system, gastrointestinal tract (GIT) and
inflammation of several organs [1-4] and thus threatening the health
and economy of the world.

It has been documented that the growth of the virus stimulates the
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cytokines. The damage and death of lung tissue cells caused by the vi-
ruses are therefore provided for the growth of bacteria. Infection stim-
ulates immunity and hence exacerbates respiratory issues such as micro
thrombosis in lung vessels. Secondary bacterial infection has also been
reported to cause high mortality in patients with COVID-19 [5,6].
Recently, 50% of mortality was reported in patients with COVID-19
secondary bacterial infection [5]. Staphylococcus aureus, Pseudomonas
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aeruginosa, Klebsiella pneumonia, and Acinetobacter baumannii are com-
mon causes of secondary nosocomial infections in these patients [5-7].
At present, these bacteria have become resistant to many antibiotics.
This is a result of the inappropriate use of antibiotics, genetic changes,
and the production of various enzymes that destroy the structure of
antibiotics. Due to the emergence and spread of antibiotic resistance,
increasing treatment costs and mortality of patients with respiratory
infections require a suitable option for prevention and treatment.
Empirical treatment of lung infections with various antibiotics has
resulted in resistant strains of vancomycin-resistant Staphylococcus
aureus (VRE) and methicillin-resistant Staphylococcus aureus (MRSA),
and gram-negative extended p-lactamase [5,6].

Phage therapy is a safe and substitute treatment option for eradi-
cating infection. Bacteriophages, especially lytic bacteria and do not
affect the normal flora and eukaryotic cells. They are multiplied at the
site of infection and, unlike antibiotics, do not require dose adjustment.
Phages are self-replicating and their production is fast and economically
viable [7-9]. In Georgia, Herelle’d Félix with the collaboration of Eliava
commercially produced the first phage product against gram-negative
bacteria that caused gastrointestinal infections in 1931. Phage therapy
was activated in Georgia, Russia, Ukraine, Belarus, and Azerbaijan in
1940. Currently, monophage and polyphage products are used against
infections such as gastrointestinal, sepsis, urinary tract, burn ulcer, and
cystic fibrosis in the Hirszfeld Institute of Inmunology and experimental
therapy (HIIET) in the Netherlands, Queen Astrid Military Hospital in
the Brussels, Deutsche Sammlung vonMikroorganismen und Zellkultu-
ren in Germany, and the Eliava Institute of Bacteriophage, Microbiology,
and Virology in Georgia [7].

This study is designed and conducted to investigate the influence of
inhalation phage therapy on bacterial pneumonia in patients with
moderate to severe COVID-19. The potential effects of phage therapy to
prevent secondary bacterial pneumonia and reduce mortality and
morbidity owing to secondary bacterial infection in patients with
COVID-19 is of great importance.

2. Material and methods
2.1. Preparation of bacteria strains

Conventional microbial methods were employed to identify Pseudo-
monas aeruginosa (ATCC No.27853), Acinetobacter baumannii (ATCC No.
BAA-1605) and Methicillin-resistant Staphylococcus aureus (ATCC
No.33591). The sensitivity of the mentioned bacteria to the antibiotics
was measured by the Kirby-Bauer test with antibiotic discs (vancomycin
(30 pg), Oxacillin (1 pg), kanamycin (30 pg), amikacin (30 pg), ampi-
cillin (10 pg), nitrofurantoin (300 pg), tetracycline (30 pg) meropenem
(10 pg), cefotaxime (30 pg), gentamicin (10 pg), cefixime (30 pg) and
ciprofloxacin (10 pg)), according to the Clinical & Laboratory Standards
Institute (CLSI) guidelines [10,11].

2.2. Isolation of bacteriophage

The sewage samples (1000 mL) were gathered from sewage at Bou
Ali Sina Hospital in Sari, Mazandaran, Iran (the tertiary pediatric). The
samples were transferred to the research laboratory and were kept at
4 °C. The LB broths (200 mL) (Quelab, USA) were transferred to the
sewage sample (200 mL) and mixed. Then the Pseudomonas aeruginosa,
Acinetobacter, and Methicillin-resistant Staphylococcus aureus strains
were added in separate vials. The three samples were placed in an
incubator (150 rpm) for 24 h with the temperature kept constant at
37 °C. The specimens were then centrifuged at 10,000xg (15 min). The
supernatants were filtrated (using a 0.22-ym filter) under sterile con-
ditions, followed by mixing to obtain a phage cocktail. The phage
cocktail was kept at a temperature of 4 °C before use [10,11].
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2.3. Determining the titer of bacteriophage

Double Layer Agar (DAL assay) was used to calculate the titer of
phage. A sterilized solution of sodium chloride-magnesium sulfate
buffer (900 pL, 100 mmol/L sodium chloride, 8 mmol/L magnesium
sulfate, 2% gelatin, and 50 mmol/L Tris-HCI [pH 7.5]) was incorporated
into 10 sterile tubes (labelled as tubes no. 1 to 10). The phage cocktail
(100 pL) was transferred to tube no. 1 and was vortexed. Then from tube
no. 1, 100 pL of the solution was removed and transferred to tube no. 2.
This process was recurrent until tube no. 8. The two final tubes (tubes
no. 9 and 10) were chosen as the positive and negative control respec-
tively. When the phage cocktails were diluted, 200 pL from each was
shifted to 200 pL of Pseudomonas aeruginosa (1.5 x 108 CFU/mL). The
final blends were transferred to the top agar (0.8% agar) followed by the
introduction of the top agar to the bottom agar (1% agar) after which the
plates were incubated for 20 h at 37 °C. Plaque-forming unit (PFU) was
computed per mL by determining the number of plaques x 10 x the
inverse of the dilution factor [10,11].

2.4. Determination of the host range of phage cocktail

To detect the phage cocktail host cell, the spot test was carried out.
The cultured Pseudomonas aeruginosa, Acinetobacter and methicillin-
resistant Staphylococcus aureus that were previously incubated for 24 h
at 37 °C, in top agar were inoculated and poured into the bottom agar.
The phage cocktail supernatant (50 pl) was emptied on the surface of
solidified agar. The plates were incubated for 24 h at 37 °C after which
the formation of the inhibition zone was tested [10,11].

2.5. Transmission electron microscopy (TEM)

Before visual observation of the phage by TEM, the phage cocktail
was centrifuged at 10,000 x g for 60 min. After centrifuging, the obtained
supernatant was placed on a carbon-coated copper grid and stained
using 2% uranyl acetate. The phage cocktail was evaluated using the
Zeiss EM 900 TEM at 120 kV [10,11].

2.6. Endotoxin removal method from phage cocktail supernatant

Triton X-100 (3% v/v) was transferred to the supernatant of the
phage obtained after centrifugation (samples were incubated for 30 min
at 25 °C under shaking conditions). To eliminate the Triton X-100 from
the incubated phage supernatant, 12% activated carbon was introduced
and incubated for 30 min at 25 °C. The solution was then centrifuged at
5000xg for 10 min. To eliminate the residual activated carbon, the
produced supernatant was purified via a 0.45 pm filter membrane. The
filtered and purified phage cocktail was kept overnight at 4 °C. The
phage titer was measured by the double-layer agar (DLA) assay that was
defined elsewhere [12].

2.7. Limulus Amebocyte Lysate (LAL) test

To examine the elimination of endotoxin from the phage cocktail
supernatant, the LAL test was carried out according to clotting response
based on the protocol kit (ENDOSAFE, USA) with a strength of 0.06 EU/
mL and 5 EU/mL endotoxin limit. Escherichia coli 055: B5 was employed
as a positive control [10,12].

2.8. Participants in the clinical phase

This double-blind, placebo-controlled, randomized study was
executed from April 2021 to June 2021 in the 3 referral centre hospitals
in Northern Iran. The study was approved by the Ethics Committee at
Mazandaran University of Medical Sciences IR.MAZUMS.REC.1399.819
and was registered at www.clinicaltrials.gov with the code number
IRCT20111224008507N6. An agreement was acquired from all patients
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involved in the study.

A total of 60 COVID-19 patients with “inclusion criteria” were
included in the study. Inclusion criteria were children and adults with
moderate to severe COVID-19, moderate disease (people who have signs
of pulmonary involvement or symptoms on imaging, oxygen saturation
level> 93% Ojsat > in room air and sea-level areas), severe disease
(people breathing more than 30 times per minute, OzSat <93% in room
air and sea-level areas, the partial pressure of oxygen (PaO5)/fraction of
inspired oxygen (FiO2) < 300 and lung infiltration of more than 50%.
Patients showing any of the subsequent symptoms such as dry cough,
severe weakness and fatigue, dyspnea (shortness of breath), a feeling of
pain and pressure in the chest, with or without fever (greater than 38 °C)
were also part of the inclusion criteria. Patients less than 3 days after the
onset of symptoms, a conclusive diagnosis of COVID-19 based on a RT-
PCR test or involvement of a maximum of 3 or 4 pulmonary lobes with
an area less than 1/3 of the volume of each lobe or infection of one or
two lobes with a larger area on CT scan and OzSat< 94% were included
in this study. Exclusion criteria were a history of COVID-19 (a patient
who has previously been hospitalized for coronary heart disease),
participation in any other clinical trial for the treatment of COVID-19,
bradycardia, active cancer, immune system compromised or immune-
compromised, abnormal primary ECG, underlying liver and kidney
disease, re-admission for treatment of COVID-19.

2.9. Intervention

Individuals with inclusion criteria were coded using software and
randomly divided into two arms of intervention and control with 30
patients allocated to each group in the study. The researchers had no
role in assigning patients to the two groups of control and intervention.
The selection of the participants was conducted by randomization
software. Phage and placebo vials were identical in shape and size, and a
specific code was assigned to each vial. The participants were then given
the phage (intervention group) and placebo (control group) samples.

The control group received 10 mL of phage-free suspension (placebo)
every 12 h with a mesh nebulizer, whereas in the case of the intervention
group, 10 mL of phage cocktail with a titer of 1012 PFU/ml was given via
the same method as the control group. Phage cocktails and placebos
were manufactured in uniform packages for nebulization and were
labelled as group A (cocktails) and group B (placebo) by the co-
producer.

2.10. Clinical data collection

Clinical manifested characteristics, respiratory rate per minute and
blood oxygen level (O3Sat) and lab tests containing CT scan, c-reactive
protein (CRP), erythrocyte sedimentation rate (ESR), lactate dehydro-
genase (LDH), cholesterol, triglyceride (TG), low-density lipoprotein
(LDL), high-density lipoprotein (HDL), alkaline phosphatase (ALT),
aspartate transaminase (AST), blood urea nitrogen (BUN), creatinine
(Cr), potassium (K), magnesium (Mg), sodium (Na), red blood cell
(RBC), white blood cell (WBC), neutrophils (Neut), lymphocyte
(Lymph), monocytes (Mono), eosinophils (Eo), haemoglobin (Hb) and
urea were recorded.

Upper and lower respiratory samplings were performed for RT-PCR
before the start of the study and 7 days after phage therapy. Daily
respiration rate, OySat, clinical signs and side effects of patients were
evaluated and recorded by a clinical pharmacist.

2.11. Patient sample collection and analysis

Before and after treatment, patients’ sputum samples were sent for
microbial culture, radiological images taken from patients, vital respi-
ratory symptoms recorded, evaluated and compared with pre-treatment
results. Also, the type of ventilation, respiration rate, and O,Sat were
recorded daily. CRP, WBC, PMN, and Lymph levels were also evaluated.
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The intervention was stopped if there was a significant disorder
related to drug treatment. Side effects were checked daily and entered in
the Important Event Form if they occurred. Monitoring the primary and
secondary outcomes of patients was also the responsibility of the clinical
pharmacist.

2.12. Primary and secondary outcome assessment

Primary outcomes included recovery within ten days of starting
treatment. Improvement was defined as OjSat> 95%, no fever, no
dyspnea, no cough, no fatigue and no recurrences of secondary bacterial
lung infection. Secondary outcomes included recovery within 14 days
after starting medication, survival rate, hospitalization duration, intu-
bation duration or under ventilation, number of days in the ICU, and no
severe secondary pulmonary bacterial infection.

2.13. Sample size calculation and statistical analysis

The distribution of quantitative variables was first investigated by
executing the non-parametric Kolmogorov-Smirnov test and generating
a histogram. In order to portray quantitative variables, the mean + SD
(standard deviation), median (mid-quarter range), qualitative variables
and frequency (percentage) were determined. Depending on the distri-
bution of data, the mean of the variables was tested with an independent
t-test or its non-parametric equivalent and a comparison of the fre-
quency of outcomes while performing a Chi-square test conducted. It
should be noted that the investigation of the trial results was performed
by the intention-to-treat (ITT) method. The description and analysis
findings were extracted from the outputs of the IBM SPSS 25 software. In
all cases, a two-sided value of P less than 0.05 was used as the criterion
for statistical prominence.

3. Results and discussion
3.1. Preparation of bacteria strains

The Kirby-Bauer test demonstrated that Pseudomonas aeruginosa and
Acinetobacter were susceptible to nitrofurantoin, cefotaxime, cefixime
and colistin but resistant to ampicillin, tetracycline, meropenem,
gentamicin and ciprofloxacin. Methicillin-resistant Staphylococcus
aureus was sensitive to vancomycin (30 pg) and resistant to oxacillin (30
pg), kanamycin (30 pg), amikacin (30 pg), ampicillin (10 pg), nitro-
furantoin (300 pg).

3.2. Characterization of bacteriophage

The lytic activity and host range of the phage cocktail detected by the
creation of an inhibition zone using a spot test was presented in Fig. 1.
The phage titer for the isolated phage cocktail was determined (10'2
PFU/mL). The shape of the phage cocktail was determined using TEM as
represented in (Fig. 2). It was obvious from this Figure that there were
three phages in the phage cocktail supernatant. The three phages
include the Siphoviridae with an icosahedral head (50-80 nm) and a long
non-contractile tail (400 nm) (Fig. 2a), Cystoviridae with a spherical
shape (80-100 nm) with a lipid membrane around the capsomere
(Fig. 2b) and Podoviridae with an icosahedral head (45-50 nm) (Fig. 2c).

In a previous study, the vast majority of known methicillin-resistant
Staphylococcus aureus phages were reported to belong to the Siphoviridae
family [13,14], with only a small number, including phage SAP-2,
belonging to the Podoviridae family [15]. Tai et al., 2021 isolated a
Siphoviridae and Podoviridae phage cocktail against Pseudomonas aeru-
ginosa [16].

Generally, patients with COVID-19 suffer from pneumonia and sec-
ondary respiratory infection with high hospitalization and mortality
rates [17-20]. The development of multi-drug-resistant (MDR) bacteria
recommends that phage therapy could be another option to treat
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Inhibition zone

Fig. 1. The spot test shows the formation of the inhibition zone and lytic ac-
tivity of the phage cocktail against bacteria.

pulmonary infections [8,21-24]. Phage therapy through the inhalation
route has long been employed and is in practice in Eastern European
countries [25]. Lin et al. [26] and Doss et al. [21] reported that phage
therapy is useful in the treatment of multidrug-resistant bacterial in-
fections and it is possible to be employed as either another or a sup-
plement to antibiotic treatments. Nicholas et al. (2019) confirmed the
effect of phage prophylaxis on the infected lungs of mice with Myco-
bacterium tuberculosis [27]. The mice were nebulized with bacteriophage
D29 using a mesh nebulizer. Lytic activity against bacteria prevents lung
bacterial uptake by macrophages and granuloma formation [27]. The
limitation of the administration of mono-phage in phage therapy is the
bacterial’s resistance to the mono-phage. The use of cocktail phages
(more than two phages) therefore reduces the likelihood of resistance
[26,28-31].

3.3. Limulus Amebocyte Lysate (LAL) test

The LAL test revealed that the supernatant of phage with the strength
of 0.06 EU/mL and 5 EU/mL endotoxin was unable to make a clot after
1 h at 37 °C. In the case of the positive control, the clot was detected
under the same conditions used for the phage supernatant. It was found
that after detoxification, there was no drop in the titer of phages and
their validity was observed.

Journal of Drug Delivery Science and Technology 84 (2023) 104486
3.4. Participants in the clinical phase

Sixty patients with COVID-19 were monitored from April 2021 to
June 2021 (Fig. 3). The selected patients were randomized and divided
into two arms: the inhalation phage therapy (n = 30) and the placebo
groups (n = 30). All patients were diagnosed with moderate to severe
COVID-19. Patient characteristics (age, sex, BMI, smoking status,
addiction, medical histories such as diabetes, hypertension, high lipid
profile, COPD, IHD and drug history) are described in Table 1 which
shows that the 2 groups were not significantly different in this regard (P
> 0.05).

Table 1 shows the inhalation phage group included 43.3% males and
56.7% females. The placebo group included 53.3% males and 46.7%
females. In these 2 groups BMI, smoking status, addiction, and medical
histories such as diabetes, hypertension, high lipid profile, COPD, IHD,
and drug history were not considerably different in this regard (P >
0.05).

The primary signs and symptoms of patients in the inhalation phage
therapy and placebo groups were, fever (66.7%, 73.3%), shivering
(53.3%, 56.7%), sore throat (3.3%, 3.3%), dry cough (40%, 36.7%),
mucous cough (13.3%, 3.3%), dyspnea (83.3%, 80%), tachypnea
(23.3%, 43.3%), rales (13.3%, 10%), wheezing (13.3%, 6.7%), retrac-
tion (13.3%, 6.7%), chest pain (13.3%, 16.7%), abdominal pain (13.3%,
0%), fatigue (70%, 53.3%), myalgia (26.7%, 30%), dyspepsia (36.7%,
30%), diarrhoea (6.7%, 10%), nausea (30%, 16.7%), vomiting (23.3%,
6.7%), dizziness (0%, 6.7%) and headache (13.3%, 6.7%). It is also
important to note that the level of consciousness declined in 6.7% of all
participants in each group.

3.5. Measures to improve patient’s primary and secondary outcomes

The trend of OjSat change in 7 days of treatment is depicted in
(Fig. 4). The results suggest a remarkable difference between the inha-
lation phage therapy and placebo groups (P > 0.001). As shown in
Table 2, the difference between the placebo and phage cocktail in terms
of no fever (P = 0.04), no dyspnea after the duration of treatment (P =
0.008) and negative sputum culture (P value = 0.02) were statistically
different. In addition, a remarkable difference between the two groups
(control group and phage receiving group) was observed in the sec-
ondary outcomes namely with the duration of hospitalization (P =
0.04), duration of intubation and under ventilation (P = 0.02) and no
severe secondary infection (P = 0.03). The survival rate (P value = 0.5)
and duration of stay in the ICU however (P = 0.9) were not statistically
different. Possible adverse events such as rash, edema, itching, hives and
hypotension were not observed in any of the patients in inhalation phage
therapy and control groups.

In the phage group, the phage cocktail solution (10'2 PFU/mL) was
nebulized using a mesh nebulizer for patients with COVID-19 every 12 h.
The results presented in Fig. 4 and Table 2 showed that the phage
cocktail solution (10'2 PFU/mL) could improve and reduce the adverse

Fig. 2. (a) Microscopic images of phage belonging to the Siphoviridae family (b) The Cystoviridae family and (c) Podoviridae family.
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Fig. 3. Consort flow diagram.

reactions of coronavirus in patients with COVID-19 such as an increase
in OgSat. This increase in O3Sat in COVID-19 patients having inhalation
phage therapy was significantly different in comparison to the placebo
groups (P > 0.001). Table 2 showed patients with inhalation phage
therapy had no fever (P = 0.04), dyspnea after the duration of treatment
(P = 0.008), and negative sputum culture (P value = 0.02). A consid-
erable difference was also found among the two groups (control group
and phage receiving group) in the secondary outcomes namely in the
duration of hospitalization (P = 0.04), intubation duration, under
ventilation (P = 0.02) and no severe secondary infection (P = 0.03).
Hoyle et al. reported a case in 2018, where a female patient (17-year-
old) with cystic fibrosis and chronic infection was taking phages via the
inhalation route using a compression nebulizer once daily (3 x 108 PFU/
ml). Phages were also taken orally twice daily for twenty days. After the
preliminary round of phage treatment, the patient’s circumstances
remarkably got better, dyspnea was eliminated and cough decreased
[32].

In another case reported by Tan et al., an older man (88-year-old)
already suffering from COPD developed hospital-acquired pneumonia
(HAP) with carbapenem-resistant acinetobacter baumannii. The treat-
ment led to the clearance of the infection from the patient’s lungs with
clinical enhancement in lung function [33].

In this current research, cocktail phage (10'? PFU/mL) was nebu-
lized every 12 h for 7 days and adverse events were not observed such as
rash, edema, itching, hives and hypotension. Also, enhancing O,Sat
from day 2 to day 7 may be considered as a reason for the effect of phage
on reducing infection and inflammation in lung tissue thereby
improving alveolar oxygen uptake. Debarbieux et al. (2010) investi-
gated the effect of intranasal administration of anti-somonas phage on
lung infection in a mouse model [22]. The authors showed a decrease in
the IL-6 and TNF-a levels in the lungs of phage-treated animals [22].
Hua et al. (2017) and Kvachadze et al. (2011) reported that in clinical
trials, no side effects were observed during the treatment of pulmonary
infections by bacteriophage nebulization [34,35]. Yajun et al. (2021)
evaluated phage therapy for a lung infection in mice by liquid
aerosol-exposure Pseudomonas aeruginosa [36]. The authors reported no
obvious alterations in the lung tissue of the phage group in comparison
to the control group. This produced more safety evidence for the phage
therapy by the intratracheal aerosol delivery route and supported the
feasibility of phage therapy in lung infection [36]. Nannan et al.
investigated 4 patients with critical COVID-19 and pulmonary
carbapenem-resistant Acinetobacter baumannii (CRAB) infections under
phage therapy where one patient experienced an atypical cytokine storm
(IL 6 and 8) and fever at 4 h post ¢Ab124 administration phage.
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Table 1
Baseline characteristics of patients in inhalation phage and placebo groups.

Inhalation phage Placebo (N P

group (N = 30) = 30) value
Gender (%) Female 43.3 53.3 0.67
Male 56.7 46.7
Age (years) mean+ SD 62.43 +13.31 63.77 + 0.65
14.76
BMI (kg/m?) mean+ SD 25.98 + 3.8 27.08 + 0.27
5.95
Smoking (%) Yes 22.5 17 0.59
No 77.5 83
Drug Yes 10 13.2 0.6
addiction No 90 84.9
(%)
Medical DM 40 40 1
history (%) HTN 10 40 0.08
HLP 2.5 5.7 0.11
COPD 0 3.8 0.10
CHD 16.7 30 0.18
Anemia 10 10 1
Malignancy 0 5.7 0.28
TD 3.3 0 1
Asthma 0 0 1

DM: Diabetes mellitus, HTN: hypertension, HLP: High lipid profile, COPD:
chronic obstructive pulmonary disease, CHD: chronic heart disease, TD: Thyroid
disease.

Bl inhalation phage therapy

1599 3 placebo

E 100
g -~ ma BR TR I 1 i
o
0
o 50+
)

055 T T T T T —

days

Fig. 4. The trend of SPO, change in patients in inhalation phage therapy
and placebo.

However, one day later the IL-6 and IL-8 patients returned to their
typical levels [9].

A mesh nebulizer was used for inhalation phage therapy a nebuli-
zation is a more efficient way of administering phage particles to the
lung. Liu et al. (2016) reported that 10% of D29 phage was capable of
reaching the mice’s lungs after nebulization and the whole elimination
of phage was recorded at 72 h. Only 0.1% of the phage was able to reach
the lung by intraperitoneal (i.p) injection and no phage was spotted after
12 h. Also, no inflammation was observed in the lungs of mice receiving
the phage [37]. Furthermore, Chang et al. (2018) showed that nebuli-
zation was an efficient way of carrying phage particles to the lung than
intranasal instillation [38]. The bacterial load was dropped by 0.5 log in
mice that administered phage via i.p. route while 2-log bacterial
decrease was observed in the group treated via the inhalation route [38].

It could have been ideal to measure bacteriophage load in the lung by
taking samples and also assaying inflammatory factors, but this was
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Table 2
Primary and secondary outcomes in patients in inhalation phage therapy and
placebo groups.

Outcome Inhalation phage Placebo P-
therapy N =30 value
N =30
No cough or improvement 28 25 0.6
No fever 28 22 0.04
No dyspnea 21 12 0.008
No fatigue or improvment 20 22 0.38
Negative sputum culture 26 15 0.02
Survival rate 29 28 0.5
No severe secondary infection 28 21 0.03
Duration of hospitalization 5.1+1.01 9.53 = 0.04
2.07
Duration of incubation or under 3+0.05 6+ 2.01 0.02
ventilation
Duration of stay in ICU 9.1 £1.01 9.53 + 0.9
0.679

extremely challenging in the current study and could be considered one
of the limitations of the present investigation. Also, this study was
conducted only in the North of Iran. To generalize the findings, more
regions should be included.

4. Conclusion

In the current study, an attempt was made to investigate whether
inhalation phage therapy could be used as an alternative approach to
antibiotics in the treatment of pulmonary bacterial infections. The re-
sults of the current study demonstrated that inhalation phage therapy
could have potential effects on secondary infection and the outcome of
COVID-19 patients. Furthermore, the current inhalation phage therapy
did not show any complications after the phage therapy through the
inhalation route. It can therefore, it can be considered a safe treatment to
be used in COVID-19 patients. Although the inhalation phage therapy
showed that this approach can be a better replacement for antibiotics in
the treatment of COVID-19 patients, it should be noted that it is still too
early to apply this treatment to all Covid-19 patients worldwide. The
authors therefore suggest an extensive study into the efficacy of the
inhalation phage therapy in COVID-19 patients and patients with
pneumonia in various regions of the country or perhaps different
countries with a larger number of patient participants to draw out these
conclusions.
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