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ARTICLE INFO ABSTRACT

Keywords: In 2019, the world faced a serious health challenge, the rapid spreading of a life-threatening viral pneumonia,

Phage coronavirus disease 2019 (COVID-19) caused by a betacoronavirus severe acute respiratory syndrome corona-

Blicmri‘;phage virus 2 (SARS-CoV-2). As of January 2022 WHO statistics shows more than 5.6 million death and about 350
zoe:;glt;flgrapy million infection by SARS-CoV-2. One of the life threatening aspects of COVID-19 is secondary infections and
SARS-CoV-2 reduced efficacy of antibiotics against them. Since the beginning of COVID-19 many researches have been done

on identification, treatment, and vaccine development. Bacterial viruses (bacteriophages) could offer novel
approaches to detect, treat and control COVID-19. Phage therapy and in particular using phage cocktails can be
used to control or eliminate the bacterial pathogen as an alternative or complementary therapeutic agent. At the
same time, phage interaction with the host immune system can regulate the inflammatory response. In addition,
phage display and engineered synthetic phages can be utilized to develop new vaccines and antibodies, stimulate
the immune system, and elicit a rapid and well-appropriate defense response. The emergence of SARS-CoV-2 new
variants like delta and omicron has proved the urgent need for precise, efficient and novel approaches for vaccine
development and virus detection techniques in which bacteriophages may be one of the plausible solutions.
Therefore, phages with similar morphology and/or genetic content to that of coronaviruses can be used for
ecological and epidemiological modeling of SARS-CoV-2 behavior and future generations of coronavirus, and in
general new viral pathogens. This article is a comprehensive review/perspective of potential applications of
bacteriophages in the fight against the present pandemic and the post-COVID era.

1. Introduction: emergence of threatening SARS-CoV viruses in
the two last decades

The world witnessed a pneumonia outbreak of unknown etiology in
Wuhan, China, in December 2019 [1]. The initial etiological studies
disclosed that the disease causative agent was a virus of the Coronavir-
idae family named SARS-CoV-2. The substantial increase in detection of

this virus in other parts of the world over a very short period of time led
the World Health Organization (WHO) to declare a pandemic on March
1st, 2020. The clinical symptoms of this viral disease, which has become
known as Coronavirus Disease 2019 (COVID-19), could range from mild
respiratory disorders and fever to Acute Respiratory Distress Syndrome
(ARDS), all potentially leading to death [2]. Based on the official WHO
reports, the number of definitely infected and fatalities cases with
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COVID-19 reached 349,641,119 and 5,592,266 respectively, by January
25, 2021, worldwide (https://www.who.int/emergencies/diseases/nov
el-coronavirus-2019).

Many studies have been conducted on the supportive therapies,
prevention, and management of this disease. Several promising vac-
cines, including BNT162B2 (Pfizer and BioNTech), mRNA-1273 (Mod-
erna) and ChAdOx1 (AstraZeneca), have been introduced in the past two
years [3]. The recommendations to prevent disease transmission or treat
the patients are only based on the observed symptoms and the clinicians’
point of view. When no antiviral or anti-inflammatory medication is
effective, supportive management and antibiotic therapy are the only
remaining options as the main pillars of therapy protocols for coping
with secondary bacterial infections [4].

Phylogenetically, coronaviruses are classified in the subfamily
Orthocoronavirinae, of the family Coronaviridae, order Nidovirales [5].
Coronaviruses are divided into four genera: Alphacoronavirus (a-CoV)
and Betacoronavirus (f-CoV), which primarily infect mammals as their
hosts, and Gammacoronavirus (y-CoV) and Deltacoronavirus (5-CoV),
which mainly infect birds [6-8]. While coronaviruses are responsible for
20% of the common cold cases [9], they are the causative agents of some
highly contagious and more severe respiratory infections over the last
two decades. In addition to the current SARS-CoV-2 pandemic, two
other viral pneumonia pandemics, namely severe acute respiratory
syndrome and middle east respiratory syndrome, occurred in 2002 (first
reported from China and rapidly spread throughout the world with the
mortality rate of 11%) and in 2012 (first reported from Saudi Arabia and
quickly spread to other countries with the mortality rate of 37%),
respectively [10]. In all three cases, the viruses most likely originated
from bats and were transmitted to humans through animal hosts [11,
12]. While B-CoV has not been reported in aquatic organisms yet, a-CoV
and y-CoV have been reported in aquatic mammals including Harbor
Seals (a-CoV) [13], Pacific Harbor Seals (y-CoV) [14] and Bottlenose
Dolphins (y-CoV) [6]. There is a slight genetic homology between a-CoV
and y-CoV with SARS-CoV-2 however both are involved in pneumonia in
seals and cetaceans [15]. Detection of the same coronaviruses in both
coastal birds and aquatic mammals indicates potential transmission
between hosts despite extreme differences in their habitats [15].
Therefore, considering the high mutation rate [16], zoonotic [10],
highly contagious [11], and highly diverse, and omnipresence nature
[17]1, the emergence of new strains and species and consequently new
types of pneumonia or recurring epidemics by no means cannot be ruled
out. Undoubtedly, research on the behavior of SARS-CoV2 in the envi-
ronment significantly deepen our understanding of the coronaviruses
life cycle, distribution and infection behaviors.

Moreover, when dealing with highly-contiguous viruses with high
mutations rate, it is very important to understand their stability at
different stresses or through disinfection. On the other hand, such
studies come with a very high risk and requires expensive state of the art
equipment and facilities which in results extremely restricts the studies.
Providing the minimum standard for studies on a highly contagious
pathogen such as SARS-CoV-2 is strictly limited to facilities with the
highest biosafety level. Considering the high risk of working with this
virus, phage-based models with similar structures, genome, and
ecological or epidemiological behavior would play a critical role in
facilitating the research [18].

The emergence of various types of resistance in bacteria, even to the
newest and most potent antibiotics accompanied, the consequent side
effects and complications of using standard or increased doses, neces-
sitates finding alternative or complementary treatments [19]. Phages
(bacteriophages) are viruses that attack bacterial cells as their host,
making them a potential antibacterial agent [20-24]. Phage therapy will
be successful if the number of pathogenic bacteria is reduced to an
extent where the host defense system is competent enough to eliminate
the remaining bacteria [25]. Many recent studies have shown the
promising potential of phage therapy using only one bacteriophage or a
phage cocktail or even in combination with either antibiotics or
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nanoparticles [26-31]. The scenario of pan-resistant secondary in-
fections in SARS-CoV-2 portends a much more difficult time in
post-COVID-19 era and even future pandemics. Hence, from both the
public health and socio-economic points of views, there is an urgent
need for reliable and accessible prevention, therapeutic or suppression
strategies for SARS-CoV-2 epidemic.

This article reviews the value of bacteriophages in infectious disease
research and proposes four approaches suitable to combat infection and
pathogenesis of coronaviruses: (1) interaction between viral proteins
and the host body or immune system; (2) phage-based surrogates; (3)
inducing anti-inflammatory by delivery of viral proteins in hosts; and (4)
providing phage therapy for secondary bacterial infections.

2. Phage display applications in COVID-19 and vaccines

Phage display and its applications in molecular biology were intro-
duced by Smith et al. in 1985. Since then, the technique has increasingly
attracted attention for two main reasons, expression and exposure of a
diverse range of peptide ligands on the surface of phage, studying the
interaction of the expresses ligands with target proteins or receptors [32,
33]. The principle behind the technology is relatively simple; a desired
corresponding DNA sequence is inserted in the nucleotide sequence of
phages’ coat proteins. Expression of the coat proteins will simulta-
neously express the guest sequence and will be “displayed” on the sur-
face of the phage [32,33].

The proven potential of phage display can be used to treat novel
strains of known pathogens or even newly emerged pathogens such as
SARS-CoV-2 variants of concern, alpha, beta, delta and omicron [34].
Some of the main applications of phage display are evaluation of
different antigen immunogenicity, epitope mapping, and vaccine and
antibody development [35,36]. These approaches and how to be used to
fight against SARS-CoV-2 are discussed below and are depicted in Fig. 1.

Phage display has been used to determine the main epitope efficiency
and specificity of different viruses (Fig. 1). For example, as one of the
major burdens on the health system, influenza virus undergoes antigenic
shifts and drifts resulting in the emergence of new epitopes in a short
period of time [37]. [38] constructed large libraries of HSN1 antigens to
analyze monoclonal antibodies (MAbs) against them. The
whole-genome-fragment phage display libraries were constructed to
cover all of the expressed proteins of HSN1. These libraries were panned
against the sera of individuals who recovered from H5N1 infection to
screen the antigenic epitopes. They proved that MAbs content of
convalescent sera identify hemagglutinin, neuraminidase catalytic site,
M2 ectodomain, and for the first time PB1-F2 (a putative virulence
factor) as one of the main antigenic epitopes of H5N1 influenza virus.
This study shed light on the molecular interactions between MAbs and
H5N1 epitopes that results in discovering new vaccines and novel
serodiagnostic tools. The same methodology can be exploited for
COVID-19 where phage display libraries can be generated for all of the
SARS-CoV-2 epitopes and panned against the sera of convalescent in-
dividuals to discover the main antigenic epitopes of this virus to be used
for vaccines development [39]. It is proved that envelope, nucleocapsid
and spike proteins of SARS-CoV-2 have significant antigenic properties
however, it is of great importance to discover the main epitopes in each
of these proteins which can exert the strongest antigenic effect. In
addition, SARS-CoV-2 undergoes.

Through displaying various epitopes of SARS-CoV-2 proteins it is
feasible to determine these antigenic epitopes and use them in devel-
oping new vaccines and serodiagnostic tools.

Furthermore, studying the interactions between SARS-CoV-2 epi-
topes and human antibodies will result in a comprehensive under-
standing of the virus infection mechanism and the capability and
capacity of human antibodies to overcome the antigen invasion (Fig. 1).

Another example of such application is epitope mapping of E32 and
NS3 proteins of Hepatitis C virus through phage display. Pereboeva and
Zhang et al. proved the antigenic properties of these proteins and
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Fig. 1. The schematic illustration of phage display and its applications. The upper panel depicts the step by step procedure of phage display technique. First, the
nucleic acid sequences of the desired antigens are inserted into the phage genome. Over the phage propagation, the antigens will be displayed on the surface of
phages. The propagated phages then enters a 3-5 cycles of biopanning where they are introduced to immobilized target molecules (other antigens, antibodies, etc.).
Phages with the highest affinity will bind to the target while unspecific binders will be removed during washing steps. Repeating the panning cycles ensure selection
of phages carrying highly specific antigens for the immobilized target molecule of interest. The eluted specific phages can be used for propagation in a specific host.
The lower panels illustrate the promising applications of phage display in developing new strategies to combat COVID-19 pandemic. “Left panel”: exploiting the
specific antibodies produced by healed patients can be used to detect the main antigenic epitopes of SARS-CoV-2 and develop a new COVID-19 detection tool.
Different antigenic epitopes of SARS-CoV-2 can be displayed on the surface of phages and be introduced to the harvested specific antibodies of cured patients. The
highest affinity binders are collected as they displayed the main antigenic epitopes of SARS-CoV-2. These epitopes can be employed in ELISA-based techniques to
differentiate between positive/negative individuals. “Middle panel”: enhancing the effects of COVID-19 vaccines in two ways, displaying the main antigenic epitopes
to the immune system, and vaccine adjuvant effect. Vaccines can be delivered through displaying the main antigenic epitopes on a phage. Macrophages engulf the
phage-vaccine and present the SARS-CoV-2 antigens on its MHC-II to initiate the adaptive immune response to eliminate SARS-CoV-2 from infected cells. At the same
time, the rest of the digested phages play an immunogenic role as an adjuvant by triggering the innate immune response which in turn boost the overall immune
response of the host. “Right panel”: construction of monoclonal antibody libraries. The cognate genes of antibody binding domain can be propagated in phages. The
antigenic epitopes of SARS-CoV-2 are immobilized on a surface and are presented to the monoclonal antibody libraries. The phages displaying antibodies with the
strongest affinity against SARS-CoV-2 epitopes are eluted and used as a novel promising pharmaceutical that can specifically detect and eliminate SARS-CoV-2 from

infected individuals.

<

candidate human CD81 as their specific receptor [40,41]. Many other
viruses such as Hepatitis A, B, E, and HIV-1 have also been epitope
mapped. Once the antigenic epitopes and the corresponding recognition
sites of the antibodies are discovered, the collected data can particularly
be used in vaccine development [42,43]. In this context, the immune
serum of convalescent individuals serves as the target of biopanning;
therefore, potential vaccine candidates against a specific disease are
isolated. For instance, novel epitopes of HIV-1 and HBV have been
discovered by constructing and screening peptide phage display libraries
on convalescent serum from individuals. Potential epitopes have
immunized animal models to produce virus-neutralizing antibodies [44,
45]. In another study, De Berardinis et al. identified epitopes of HIV-1
that can prime cytotoxic T-cell responses [46]. This approach was
employed for other coronaviruses as well. Van Den Brink et al. con-
structed an antibody phage library. They panned against the immobi-
lized envelope (E) and nucleocapsid (N) proteins of SARS-CoV. A total of
six MAbs with significant bind strength to these proteins were discov-
ered. Epitope mapping revealed a substantial role for N479 residue in
binding to MAbs [47]. Identification of a dominant epitope in the S2
domain of SARS-CoV spike protein was also carried out using the M13
phage display library [48]. In a similar attempt to map the epitopes of
SARS-CoV, Hua et al. identified TPEQQFT epitope that strongly binds to
human MAbs and could be used as a new scaffold in developing prom-
ising vaccines [49].

Recent studies argued that N and E proteins of the SARS-CoV-2 have
the most antigenic effect on the human body [50,51]. Therefore, phage
display can be used for epitope mapping of SARS-CoV-2, and the sera of
healed COVID-19 patients can be used to determine the main antigenic
epitopes. Subsequently, the obtained data would be of extreme value in
drug, vaccine or antibody development against SARS-CoV-2 (Fig. 1) [52,
53].

Another application of phage display has been in MAbs development
[33,35,36]. Large libraries of natural or synthetic antibodies have been
constructed using V gene repertoires of the immune system [33]. In
brief, these sequences are displayed on the surface of a phage. Then the
interaction affinity and specificity of these MAbs are measured by pre-
senting them to the main pathogenic antigens of interest (Fig. 1) [35,
36]. It is noteworthy that the quality and size of such libraries are crucial
in discovery of novel and more potent antibodies. The best approach is
to construct large phage libraries using the full repertoire of human
antibodies to generate full-length antibodies [54]. Hence, the comple-
mentarity determining region (CDR) located on antibodies that deter-
mine the binding of antigens demonstrate stronger affinity and ability to
act against infectious antigens [55]. Marks and colleagues were the first
to introduce a method to generate full-length antibodies using human
antibody repertoire [56]. Mazor et al. established E-clonal approach,
which enables isolation of full-length IgGs from phage displayed li-
braries [57]. Phage display antibody libraries can be derived from both

immunized (donors who have been exposed to the antigens) and
non-immunized donors. The genome of non-immunized libraries can be
exploited to generate a wide range of antibodies that will lead to the
discovery of novel antibodies for novel antigens. On the other hand,
antibodies from immunized libraries have a stronger affinity towards the
antigen as they have gone through in vivo affinity maturation process
[58]. MedImmune, Raxibacumab and human antibody AT005 are just a
few examples of phage display contributed MAbs against respiratory
syncytial virus (RSV) anthrax and cancer, respectively [59-61].

Using the strategy, different SARS-CoV-2 antigens like N, M and E
proteins can be panned and targeted for different MAD libraries. After
several affinity steps, the strongest MAbs can be screened against SARS-
CoV-2. The rational idea behind this approach has been successfully
used in finding MAbs for SARS-CoV (also known as SARS-CoV-1), the
closest known viral relatives of SARS-CoV-2 [62].

Taken all together, it is feasible to exploit the antibody repertoire of
convalescent individuals to construct a large phage display library in
which, after the screening procedures, several promising MAbs would be
obtained. Furthermore, non-immunized phage display libraries can be
used for developing novel antibodies for the upcoming SARS-CoV-2
variants which in turn may make phage display a beacon in the dark
path of finding a perfect treatment for this burden on the health system.
The proposed method is shown in Fig. 1.

Another application of phages and phage display in fighting against
new pathogens is being used as inducer, booster or adjuvant of the im-
mune system responses. In this concept, presenting the immunogenic
antigen on a phage can lead to a more immediate and sophisticated
immune response as discussed above [63,64] which is highly desired for
vaccine development in general and SARS-CoV-2 in particular (Fig. 1).

To date, over 300 projects were carried out on exploring new vac-
cines for the disease and a handful of those showed promising results
which are being used worldwide [65]. Different platforms were
exploited to develop these vaccines. DNA, mRNA and proteins of
SARS-CoV-2 were used as antigens to stimulate the immune system.
Phage display could be implemented to produce protein vaccines such as
NVX-CoV2373 [66] and Co-VLP [67] with a high yield, specificity and
potential to express various peptides. Viral vectors have been used in
ChAdOx1, SputnikV and Ad26COVsl and proved to be an efficient
approach to induce immune response against SARS-CoV-2 [65]. Simi-
larly, bacteriophages may serve as new surrogates for the vaccine while
playing an adjuvant role simultaneously.

Taken all together, phage display offers several exploitable advan-
tages in developing new strategies to combat COVID-19 pandemic and
its complications. Understanding the mechanisms of SARS-CoV-2
infection is of great importance, and phage display is an efficient
means to study this virus’s antigenic moiety and immunogenic
properties.
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3. Phage-based surrogates for coronaviruses

Many studies reported the presence of SARS-CoV-2 in wastewater
which raised a crucial concern that COVID-19 may enter different
habitats and even drinking water resources through urban or agricul-
tural runoff or wastewater. For instance, recent studies reported SARS-
CoV-2 in rivers that are the final destination of untreated human
waste [68,69]. Although coronavirus load greatly decreases during
primary and secondary wastewater treatment, there is still a potential
risk that some viruses survive these stages and find their way into the
treated wastewater [15]. Considering the similarities between the ACE2
receptor in mammals, if such a thing occurs, the survived viruses may
infect both aquatic and terrestrial mammals such as harbor seals [70,
71]. In that sense the contaminated aquatic aerosols can become another
carrier of viruses into terrestrial habitats. Therefore, in addition to
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regular monitoring of coronavirus at the inflow and outflow points of
wastewater facilities, the development of effective treatment methods to
remove viruses seems vital to prevent future viral epidemics.

SARS-CoV-2 is classified as a risk group (RG) 3 biological agent by
European Commission [72], therefore not every research center would
be able to work on this virus. The same applies to other viruses and
pathogens of RG 3 and 4. This will greatly restrict the number of
research centers for such studies. To tackle the issue, it is possible to use
characteristically similar phages to such pathogens including corona-
viruses. In other words, the alternative solution would focus on using
non-pathogenic surrogates like bacteriophages. In addition to being
safe, phages can be propagated easier, faster, and at a lower cost
(because no high-tech facilities or equipment is required), the purifica-
tion process of phage particles is not very complicated and the prolif-
eration rate is higher and faster compared to animal viruses.
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Table 1
Summary of the last studies using phage surrogates instead of viruses.
Phage (s) Other viruses (if Surrogate for Note Reference
any)
MS2 Influenza A ssRNA virus UVC at 222 nm and 254 nm wavelengths significantly reduced the log concentration of ~ [74]
both influenza and MS2 phage.
MS2 - HEV The majority (>75%) of the MS2 was strongly bound to or entrapped in kaolinite and ~ [75]
fiberglass colloids.
MS2 - HEV HyFeO,, HFeOy, and IAOM, significantly inactivated MS2. [76]1
MS2 - Replication and gene expression MS2-based RNA-dependent transcription-translation reactions can control DNA- [77]
in ssSRNA sense positive virus dependent gene expression by encoding a viral DNA-dependent RNA polymerase on an
MS2 RNA template.
MS2 Adenovirus HEV Silver and copper significantly reduced the viable count of adenovirus and MS2. [78]
MS2 - Coronavirus Coronavirus NC had a similar octahedral geometry structure to MS2, but its NC is [79]
bigger and has a membrane.
MS2 T4 and T7 HEV While MS2 is sensitive to UV/H,0,, no inactivation was observed when exposed to [80]
wavelengths above 295 nm.
MS2 and Phi6 - EBOV Low concentration (25 ppm) of hydrogen peroxide vapor (HPV) was effective against ~ [81]
MS2 and Phi6 in the absence of blood at 2 h, and in the presence of blood after 3 day
contact time. Higher concentrations (>400 ppm) of HPV dramatically reduced (2-6
log) the phages counts in the presence of blood.
MS2 and Phi6 En and nEn viruses Provided the comprehensive mechanistic understanding of En and nEn viruses’ [82]
inactivation mechanism by free chlorine and UV254. Free chlorine is easily passed
through the Phi6 membrane (surrogate for En viruses) and reacts with the NC and
polymerase complex. Inactivation of Phi6 by free chlorine was approximately 30 times
greater than MS2 (surrogate for NC virus). UV 254 inactivation kinetics of Phi6 and
MS2 was similar.
Phi6 and Phi8 Avian influenza Avian influenza virus (H5N1) Phi6 could be a suitable indicator of disinfection due to its slightly higher chlorine [83]
virus (H5N1) resistance.
MS2 Poliovirus type 3 Poliovirus type 3 Ozone disinfection systems had more significant impacts on MS2 than poliovirus. [84]
phi 6 Ebola Virus and Coronavirus At the same absolute humidity conditions, Phi6 persisted longer than EBOV but not [85]
some of the tested coronaviruses.
MS2 Norwalk Virus, The titer of all the tested viruses was reduced rapidly and extensively by the ozone [86]
Poliovirus 1 disinfection method.
MS2 and Phi6 Coronaviruses UV-C radiation partially reduced phage counts. Additionally, dry heat (70 °C for 30 [871

and phiX174

min) was not fully effective for destruction of the bacteriophages.

IAOM, intracellular algal organic matter; NC, Nucleocapsid; CHIKV, Chikungunya virus; Hev, Human enteric viruses; EBOV, Ebola Virus; En, enveloped; nEn, non-

enveloped.

In that sense, among the discovered phages so far, the morphologi-
cally classified as non-tailed phages have the greatest resemblance to
coronaviruses. Only a small percentage of the known phages (about 4%)
are non-tailed [73]. Some members of this group have almost identical
geometrical capsid shapes and produce protein appendages that are
similar to coronaviruses’ spike to some extent. Besides the morpholog-
ical similarity, the genome (RNA or DNA, single- or double-strand) of a
surrogate bacteriophage is also of importance as it can considerably
affect the viral stability at different environmental stresses (Fig. 2).
Table 1 describes recent studies in which phage surrogates have
replaced the pathogenic viruses.

Only a limited number of studies were conducted on the fate,
transmission, inactivation, and eradication of enveloped viruses focused
around human or animal models of coronaviruses or phage Phi6 (Cys-
toviridae) [88,89]. Although using coronaviruses will undoubtedly be
more valuable for studying the current COVID-19 pandemic, using a
diverse collection of other surrogate enveloped viruses can provide
valuable data on the different aspects of SARS-CoV-2 s infection. Like
other biological studies, future research on coronavirus must seek to
describe and even standardize the conditions under which measure-
ments are made. The environmental conditions, virus purification, and
virus concentration in gene copies and infective units must be described.
The known low-risk or risk-free viruses can considerably facilitate the
research process as an alternative to the dangerous viral pathogens. For
instance, MS2 phage is one of the oldest models in modern molecular
biology [90] which had been fully characterized earlier. Recent studies
reported its application in mimicking RNA viruses such as Ebola virus
(EBOV), Hepatitis E virus (Dufour et al.), Norwalk Virus, Poliovirus and
avian influenza virus (Table 1). Despite the fact that MS2 is an intrinsic
naked virus [74-76,78] it is shown that it could be used as safe surrogate
for the enveloped virus (influenza) and quasi-enveloped virus (HEV) as

well. MS2 phage was successfully used to surrogate presence of EBOV in
blood and it’s successfully inactivation using hydrogen peroxide vapor
[81]. Although MS2 is fundamentally classified as a non-enveloped
isometric virus (Fig. 2) regarding to Ref. [81] report, is classified as a
non-enveloped virus (Fig. 2), it can be a suitable candidate for research
on environmental behavior, or the effects physicochemical stresses on
filamentous enveloped virus of EBOV. In other words, the performance
of MS2 was approved not only for enveloped viruses (influenza) but also
was fully-conformed as surrogate for non-isomeric viruses like EBOV
(filamentous enveloped). Coronavirus with regards to the extensive
research that has been carried out on its genetic material, environmental
behavior, or the effects physicochemical stresses [90]. Beside of the
provided evidences above about MS2 phage, by considering morpho-
logical and genetic properties, the phages of Leviviridae family seems to
be the best surrogates for coronavirus (Fig. 2) but this should be first
tested in vitro.

4. Bacteriophages and the immune system responses

Studies on the effects of phages on immune cells are important for
the applications of phages. Table 2 describes recent studies on the in-
teractions between bacteriophages and immune cells. Bacteriophages
can play a protective role for eukaryotic cells against other viral in-
fections by competing with adsorption or penetration of other viruses or
even by inhibiting their propagation (Table 2). Bacteriophages are also
capable of inducing antiviral immunity through activating specific
pattern recognition receptors (PPRs) such as TLR3 and TLR9 or regu-
lating the immune system responses by inhibiting reactive oxygen spe-
cies (ROS) production or modulation of immune responses to
maintaining a balance (Table 2). It has been shown than lung infection
with respiratory viruses is associated with inflammation and cell death
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caused by excessive ROS production [106]. The harmful action of ROS
on the functions of both pulmonary cells and red blood cells (RBCs) can
be seen as a major contributor to the hypoxic respiratory failure
observed in the most severe cases of COVID-19 [107]. Thus, most of the
desirable effects of phages, like inhibiting the ROS, can play an impor-
tant role in fighting against exciting or emerging COVID-19 infections.

4.1. Inhibitory effects of phages on viral adsorption & replication

Growing pieces of evidence do suggest that phages are inherently
capable of binding specific cell-surface receptors. For example, phage
adherence to mucosal surfaces may provide antimicrobial defenses
where the rapid and directional transcytosis of diverse phages across
lung epithelium can provide a protective barrier against other viral in-
vasions [108]. Another surface receptor for bacteriophages is the cell
surfaces integrin which are important in phage uptake. It was shown
that T4 phage inhibits the adsorption and replication of human adeno-
virus (HAdV) in human lung and kidney epithelial cells (Table 2).
Attachment of T4 phage to integrin impairs HAdV attachment to the
target cells through competitive binding to epithelial cell surface
integrin via its KGD sequence [94]. In T4 phage, the integrin KGD motif
(Lys-Gly-Asp) is present in the capsid protein [109]. KGD motif located
on the surface of gH/gL glycoprotein directs the EBV fusion of B cells and
epithelial cells [110]. Thus, T4 phage can also interfere with EBV
infection through a protein-protein binding competition [96]. Both
Escherichia coli phage T4 and staphylococcal A5/80 phage significantly
reduced the expression of HAdV-5 genes, while synthesis of HAdV-5
DNA was only inhibited by T4 [95]. The absence of KGD motif in
A5/80 phage suggests an additional mediating mechanism involved in
phage-mammalian cell interactions during viral infection.

Since the KGD motif is conserved and expressed in many the exposed
structural protein of many virus, the same potential inhibitory mecha-
nism can be considered for any virus that has this motif, such as SARS-
CoV in protein S [111]. In other words, KGD + phages can act as a
protective layer against infection of eukaryotic cells by SARS-CoV-2.
Phage encapsulated in electrostatically stabilized positively charged
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liposomes may enhance delivery to the cell surface. It makes
bacteriophage-encapsulated liposomes an appealing approach to treat
antimicrobial infections.

4.2. Anti-inflammatory properties of phages

Direct interaction of bacteriophages with immune cells can induce
certain cytokines with important role in antimicrobial immunity [96].
For example, Pf phage and phage RNA genome can induce production of
type I interferon by triggering Toll-like receptor 3 (TLR3) [99]. Addi-
tionally, Interferon y (IFN- y) production is stimulated by Lactobacillus,
Escherichia and Bacteroides phages and phage DNA genome through
triggering TLR9 [102]. Both type I interferon and IFN- y are potent
antiviral cytokines [112,113].

Moreover, intraperitoneal application of T4 purified phages inhibi-
ted ROS production by cells exposed to endotoxin [114], which can
reduce inflammation and inhibit cell death caused by ROX production in
patients with a lung infection.

Bacteriophages can also regulate certain anti-inflammatory cyto-
kines such as TNF production ([115]. Staphylococcal phages reduced
bacterial lipopolysaccharide (LPS)-induced inflammatory cytokines in
vitro, including TNF-a and IL-6 [97]. The immune response induced by
Staphylococcus aureus and Pseudomonas aeruginosa phages was shown to
be endotoxin-independent and predominantly anti-inflammatory [116].
Phage therapy of XDRAB bacteremia decreased the levels of inflamma-
tory markers TNF-o and IL-6 [104] and significantly improved histologic
damage of the infected lung cells in acute pneumonia model mice [105].
Clinical phage therapy regulates TNF production, reduces it when it is
high, and increases it in low responders [115].

Notably, secondary bacterial infections in the respiratory tract could
potentially contribute to the high mortality rate of COVID-19 or other
respiratory viruses (i.e. influenza) especially in low-income countries
where antibiotics are not always available. Antibiotic administration
promotes a systemic inflammatory reaction requiring medical inter-
vention after the excess release of high amounts of endotoxin (i.e., LPS
and other PAMPs). Physicians are well aware of the role of the immune

Table 2
The effects of bacteriophages on the mammalian cell immune response.
Phages Mammalian cell/ Notes Reference
Eukaryotic virus
E79 Apoptosis Presenting E79 to cells decreased the apoptosis ratio. [91]
T4 and A3/R Apoptosis (DEC- The number of DEC-205+ human myeloid cells was significantly reduced after treatment with [92]
205+) T4 and A3/R phages.
T4 and M13 Hsp90 T4 and M13 down-regulated Hsp90 gene expression in PC-3 and is suggested as a potential anti-  [93]
cancer bio-nanoparticle.
T4 Human AdV (HAdV) Treatment with T4 significantly inhibited adsorption and replication of HAdV in a dose- [94]
dependent manner.
T4 and A5/80 HAdV Phage treatment significantly reduced the HAdV-5 gene expression level. HAdV-5 Genome [95]
replication was only inhibited by T4.
T4 EBV T4 phage interfered with EBV infection. [96]
vB_SauM_JS25 NF kappa B A Staphylococcus phage inhibited LPS-mediated NF kappa B activation. [971
Phage dsRNA IFN-« Phage dsRNA induced IFN-« production in human polymorphonuclear blood cells. [98]
Pf phages and phage RNA TLR3 Pf phages and phage RNA genome were endocytosed by triggering TLR3 and TIR domain- [99]
containing adapter-inducing interferon-p (TRIF)-dependent type I interferon production.
536_PI IFN-o and IL-12 E.C phage 536_PI promoted IFN-a and IL-12 production in lung cells resulted in a healthy [100]
presence of an antiviral agent in the lungs of healthy uninfected mice.
Virome (including phages) Respiratory bacterial Patients with viral pathogens (including CoV) had lower percentages of bacteriophages. [101]
and viral
Lactobacillus, Escherichia, and Bacteroides TLRY, IFN-y Lactobacillus, Escherichia, and Bacteroides phages and phage DNA genome stimulated IFN-y [102]
phages as well as phage DNA production via the nucleotide-sensing receptor TLR9.
vB_SauM_JS25 murine norovirus the phage affects the innate response, such as the IFN-inducible GTPases and GBPs, and therefore [103]
(MNV) exerts an antiviral effect in vitro
¢km18P phage TNF-o and IL-6 Phage therapy in XDRAB bacteremia decreased the levels of inflammatory markers TNF-o and [104]
IL-6.
B¢-R2096 Lung Phage treatment significantly improved histologic damage of the infected lung cells of mouse [105]

acute pneumonia model.

XDRARB, extensively drug-resistant Acinetobacter baumannii; DEC-205+, lectin receptor recognizing ligands expressed during apoptosis and necrosis of different cell

population; E.C, Escherichia coli.
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system in the successful treatment of bacterial infections. Acute respi-
ratory infections can be cured and prevented with phage, described by
the immune-phage synergy model [117].

5. Phage therapy of pulmonary bacterial infections

Viral replication in pulmonary tissues could eventually results in a
secondary bacterial infection by the opportunistic nosocomial patho-
gens [118]. In general, bacterial infections stimulate a stronger reaction
by the innate immune system; hence, the invasion and growth of bac-
teria further stimulate the innate immune system, following which it
secretes excess inflammatory material into the pulmonary alveoli. Add
to this, additional bacterial load as a result of using artificial respiration
which greatly facilitates entry and nesting of the invasive bacteria [119].
This process is accelerated by the continuation of the viral attack on lung
cells. Therefore, more and more dead cell debris is provided for bacteria
to feed on. Not only recurrence of this cycle causes increased accumu-
lation of inflammatory fluids in the lungs but it also drastically reduces
gas exchange; eventually, respiration without artificial ventilation be-
comes impossible and, in severe cases, will cause a drastic decline in gas
exchange, lowered blood oxygen, and sepsis which finally leads to the
patient’s death [120]. Inhibiting bacterial growth and their elimination
in any way can decrease synthesis and secretion of lung fluid. If
accompanied by reduced viral load, it can significantly improve the
clinical manifestations of the disease and patient’s condition.

Development of such secondary bacterial infections and the emer-
gence of their clinical complications vary from case to case, but may take
an average of 17 days [120]. It is important to mention that bacteria
start colonization of the respiratory tract before causing the acute res-
piratory distress syndrome [121,122]. In that sense, theoretically,
commencing the antibacterial therapy before the occurrence of the acute
respiratory distress syndrome can significantly decrease the disease
intensity.

Co-infections are frequently reported as common consequences in
patients suffering from respiratory diseases such as cystic fibrosis, viral
influenza, and even those infected by coronaviruses such as SARS and
the Middle East respiratory syndrome (Schofield et al.) [122]. However,
there is no precise and comprehensive information on the prevalence of
co-infection in COVID-19 patients. The very few studies addressing
co-infection demonstrated various prevalence rates for secondary in-
fections in COVID-19 patients. At least 50% of dead casualties had
progressive bacterial infections (Table 3). The possibility of the disease

Table 3
Secondary and co-infections reported in COVID-19 patients.
Bacterium Region
Acinetobacter baumannii China [123]
Acinetobacter baumannii China [124]
Gram-positive and gram-negative organisms (organism NR) China
Legionella pneumophila China [125]
Bacterial co-infection (organism NR) China [126]
Bacterial co-infection (organism NR) USA [127]
Bacterial co-infection (organism NR) USA [128]
Capnocytophagia spp., coagulase-negative Staphylococci, Canada [129]
Haemophilus influenzae, Moraxella spp., Escherichia coli,
Streptococcus pneumoniae, Pseudomonas aeruginosa
Bacterial co-infection (organism NR) USA [130]
Mycoplasma pneumoniae, Legionella pneumophila China [131]
Mycoplasma pneumoniae, China [132]
Streptococcus pneumoniae
Mycoplasma pneumoniae USA [133]
Bacterial co-infection (organism NR) Italy [134]
Staphylococcus aureus UK [135]
Staphylococcus aureus China [136]
Mycoplasma pneumoniae Singapore [137]
Legionella pneumophila Japan [138]
Klebsiella pneumoniae - [139]

Staphylococcus aureus

Acinetobacter baumannii France [140]
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becoming syndemic under health and social disparity conditions makes
the matter worse [141,142]. This suggests the importance of paying
attention to co-infection in the case of COVID-19. Generally, after
identifying the possible pathogens causing co-infections in patients with
COVID-19, it is possible to administer suitable antimicrobial agents. The
infrequent reports on secondary bacterial infections in COVID-19 pa-
tients could be due to the high importance of the viral infection itself in
the sense that it downplayed the role of secondary bacterial infection.
Despite lacking comprehensive studies on COVID-19, the development
of secondary infections (pneumonia) in patients suffering from other
viral respiratory diseases such as influenza suggests a similar possibility
in COVID-19 [121,122]. For example, the secondary infections caused
by Staphylococcus aureus, Streptococcus pneumoniae, Aerococcus viridans,
Haemophilus influenzae and Moraxella catarrhalis are commonly found in
patients with influenza [143]. Table 3 summarizes the reported sec-
ondary bacterial infections and sepsis in COVID-19 patients, including
Acinetobacter baumannii and Klebsiella pneumoniae in ICUs-hospitalized
patients, and infections associated with S. pneumoniae, Pseudomonas
aeruginosa, S. aureus, Chlamydia pneumoniae, and Legionella pneumophila.
There are repeated reports concerning occurrence  of
healthcare-associated pneumonia (HAP) and ventilator-associated
pneumonia (VAP) caused by P. aeruginosa, Escherichia coli,
K. pneumoniae, Acinetobacter spp., and S. aureus confirming the role of
these pathogens in respiratory infections [144,145]. Therefore, un-
doubtedly a considerable portion of COVID-19 mortality can be due to
bacterial co-infections of the respiratory system [146,147].

In case of secondary infections, prescription of broad-spectrum an-
tibiotics at high doses and sometimes multidrug therapies for patients
can limit common bacterial infections. Reports indicate that more than
70% of the patients in the current COVID-19 pandemic receive various
antibiotics [148]. This further increases the risk of multidrug-resistant
pathogens and the need to develop alternative strategies to fight bac-
terial infections in the post-COVID-19 era. Furthermore, as expected,
antibiotics have a negligible effect because of the high frequency of
resistant bacterial strains, formation of bacterial biofilm, and insuffi-
cient diffusion of antibiotics into the lungs [149]. In other words,
adequate delivery of the effective doses of antibiotics to the infection site
seems impossible; also, bacteria exhibit a wide range of resistance.

Contrary to antibiotics, phage therapy is much less susceptible to the
emergence of resistance. One reason is the very high diversity of wild
bacteriophages in nature (103!). Another reason is their dynamic
adaptation through mutation to new conditions such as emergence of
resistance in the host. Moreover, phages can be easily engineered, which
provide an inexhaustible source of antibacterial agents for researchers
[150]. Furthermore, although the rate of resistance to phages is much
lower than resistance to antibiotics, only a single bacterial strain de-
velops resistance to a phage as the phage’s host range (the efficacy
range) is extremely narrow and even specific (contrary to antibiotics
that influence the entire bacterial population.

Phage therapy of human pulmonary infections caused by Staphylo-
cocci, Streptococci, Escherichia, Proteus, Klebsiella, Burkholderia and
Pseudomonas dates back to more than 50 years ago [151,152]. Over the
past decades, inhaled phage therapy has been used against most of acute
and chronic pulmonary bacterial infections [153-155]. Intranasal
(pulmonary) delivery of phages using bacteriophage suspension nebu-
lizer or dry powder inhalers seems to be the best method of adminis-
tration due to easy delivery of the phages by inhalation in the respiratory
tree from its uppermost (the nose) to its lowermost parts (pulmonary
alveoli) [156,157].

Another important advantage of phage therapy is the phage activity
influence on the immune response. An in vivo study has shown that rapid
bacterial lysis by phages in a pneumonia case stimulates a much weaker
inflammatory response than antibiotic therapy [100]. This study clearly
indicates that there will be no serious concerns over the outcomes of
inflammatory responses related to extremely rapid bacterial lysis if
phages are used. In contrast, these outcomes are much more common in
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terms of antibiotic therapy. However, emergence of phage-resistant
strains is still remained a main concern for a successful phage therapy
which is required more careful investigation.

The turning point in using phage therapy for treating pulmonary
infections can be found in prevalent chronic infections in people with
cystic fibrosis (CF) as a result of increased multiple drug resistance
bacteria associated with lungs disease in recent years [19].

Successful phage therapy for the respiratory system is strictly time-
dependent and early administration significantly reduces bacterial
load [153,155,158]. For example, P. aeruginosa was eliminated in all
tested mice when treated with a single intranasal dose of phage shortly
after infection (24/36 or 48/60 h). In comparison, by later administra-
tion of the phage therapy (144/156 h after the infection), only 70% of
the infected mice had total pathogen elimination and partial reduction
in Pseudomonas population was recorded in the remaining 30% [155].
[158] reported a similar results in which the survival rate increased
significantly in mice receiving intranasal phage therapy only 2 h after
infection. [153] reported prophylactic effects of phage therapy in lab-
oratory models upon nasal administration of a high dose using a nebu-
lizer. They reported a complete immunity (100% reduction of the
pathogen) for up to 4 days in model animals.

Like any other treatment approach, in vivo efficacy is an important
aspect of a commercial bacteriophage product. Several research
addressed the in vivo intranasal use of phages to treat pulmonary bac-
terial infections in rodent models (Table 4), confirming the potential of
phage therapy as a preventative or treatment strategy against secondary
infections in COVID-19 pandemic. As mentioned above, in addition to
studies on animal models, phage therapy of human pulmonary in-
fections caused by Staphylococci, Streptococci, Escherichia, Proteus, Kleb-
siella and Pseudomonas has been employed for many years [151,152].

Undoubtedly, one of the advantages of phage therapy is the easy
isolation of selective phages for local pulmonary infections in any region
followed by a rapid genomic characteristic, in vitro and in vivo studies at

Table 4
Summary of in-vivo phage therapy of bacterial pulmonary infections.
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a very low cost. After confirming the in vitro efficacy, in vivo experiments
can be conducted using the available guidelines to introduce phage
cocktails that are safe, efficient and compatible with the body’s immu-
nological conditions over a short period of time. Hence, in recent years
numerous companies heavily invested on formulating diverse phage
products for food safety, phage-enzyme, or medical and industrial ap-
plications [23]. These companies can play a critical and constructive
role in speeding up the process involved in the development of lytic
phages products.

6. Conclusions

Phages have a great promising potential in fighting COVID-19
pandemic. Previous research on phages reported their suitable and
very effective performance in different fields of science. This article
provided evidence that these biological entities can play a prominent
role in improving secondary pulmonary infections by regulating im-
mune responses or treating secondary or co-infections. Bacteriophages
offer many potential applications in epitope mapping, antigen display,
and surrogate agents in clinical, epidemiological or environmental
studies. High abundance, inexpensive production on a large scale,
compatibility with the environment, lack of known side effects as of
now, morphological and genetic similarity to coronavirus, and ease of
manipulation are some of the advantages of using bacteriophages in
SARS-CoV-2 related research. Phage therapy may also be considered an
effective solution for respiratory infections considering the post-COVID-
19 era and the potential emergence of bacterial superbugs. Moreover,
the need to detect coronavirus in public places and the limitations of
using coronavirus in research confirm the need to have viral models.
Furthermore, phage display is a highly effective platform for developing
precise and easily accessible detection tools, novel vaccines and anti-
bodies. Recent evidence demonstrated desirable regulating effects of
phages on the host immune response, such as reducing inflammatory

Bacterial infection Phage (s) Delivery method

Conditions and results

Pseudomonas PAK P1, PAK P2, Intranasal
aeruginosa PAK_P3, PAK P4,
PAK_P5,
CHA_P1, LBL3, PhiKZ,
LUZ19
CHA_P3 Intranasal
YH-6 Intranasal
PPA-ABTNL Nebulization
¢®MR299-2 and ¢NH-4 Intranasal
Escherichia coli 536_P1, 536_P7 and Intranasal
adapted 536_P7
Klebsiella 1513 Intranasal
pneumoniae
SS Intraperitoneal
Staphylococcus S13’ Intraperitoneal
aureus
Sb-17 Inhalation
Various lung 0 Topical
infections
Achromobacter Both inhalation using a
xylosoxidans compression nebulizer and

orally

100% survival in the mouse lung infection models receiving phages 2 h after
infection.

A curative treatment (one single dose) administrated 2 h after the onset of the
infection resulted in over 95% survival. A four-day preventive treatment (one single
dose) resulted in a 100% survival.

100% survival in the mouse lung infection models receiving phages 2 h after
infection

Significant reduction in P.A in mink HP. Also, no significant difference was observed
in the bacterial count of minks administered with phage of MOI 10 and MOI 100.
Highly effective elimination of P.A (3-4 log units reduction in number) from murine
lungs in 6 h.

Intranasal administration of phage solution increased the survival rate of the animal
model from 20% to 75%.

Intranasal administration of the phage 2 h after lethal pneumonia infection
protected the mice model but weight loss was observed.

A single dose of phage therapy (1010 PFU/ml) administered 3 h prior or
immediately after bacterial infection was sufficient to rescue 100% of animal models
from K.P -mediated respiratory infections while delaying the phage administration
to 6 h after K. pneumoniae infection was found ineffective.

Survival of the mice model infected with hospital-acquired MRSA strains causing
PAB due to administration of phage therapy 6 h after infection.

Sb-1 phage was added to the Pyophage cocktail and applied with a nebulizer. The
amount of S.A and P.A in patients were drastically decreased.

Full recovery of the patients and complete elimination of bacteria (E.C, K.P, Proteus,
P.A and S.A) reported for >80% infected cases.

Patients’ subjective conditions significantly improved, dyspnea resolved, and cough
reduced.

[159]

[158]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[115]

[168]

a

associated bacteremia; K.P, Klebsiella pneumoniae. Pyophage cocktail, (a well-characterized phage cocktail).

, in human; P.A, P. aeruginosa, HP, hemorrhagic pneumonia; MRSA, Methicillin-resistant Staphylococcus aureus; S.A, S. aureus; E.C, E. coli; PAB, pneumonia-
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responses, which can have a special role in improving the general con-
dition of corona patients. Considering the high prevalence of secondary
infections, the most significant advantage of phages is their capacity to
cope with bacterial infections because they can increase the survival rate
of patients and prevent the further emergence of antibiotic resistance.

Funding

This study was supported by funds from the National Natural Science
Foundation of China (NSFC No. 31950410562 and 31602078) and
Natural Science Foundation Jiangsu Province (BK20180054). Since
parts of the writing took place at IPS/CAS, we also acknowledge the
Shanghai Municipal Science and Technology Major Project
(#2019SHZDZX02).

CRediT authorship contribution statement

Khashayar Shahin: Conceptualization, Funding acquisition, Project
administration, Writing — original draft, Writing — review & editing. Lili
Zhang: Writing — original draft, Data curation. Mohammad Hossein
Mehraban: Methodology, Writing — original draft. Jean-Marc Collard:
Writing — review & editing, Writing — original draft, Validation, Project
administration, Investigation. Abolghasem Hedayatkhah: Writing —
original draft, Visualization. Mojtaba Mansoorianfar: Resources,
Validation, Investigation. Abbas Soleimani-Delfan: Writing — original
draft, Visualization, Validation. Ran Wang: Conceptualization,
Supervision.

Declaration of competing interest
The authors declare that they have no conflict of interest.

Acknowledgements

The authors would like to thank all colleagues who made this
research successful.

References

[1] C. Huang, Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang, G. Fan, J. Xu, X. Gu,
Z. Cheng, T. Yu, J. Xia, Y. Wei, W. Wu, X. Xie, W. Yin, H. Li, M. Liu, Y. Xiao,
H. Gao, L. Guo, J. Xie, G. Wang, R. Jiang, Z. Gao, Q. Jin, J. Wang, B. Cao, Clinical
features of patients infected with 2019 novel coronavirus in Wuhan, China,
Lancet 395 (2020) 497-506.

W.J. Guan, Z.Y. Ni, Y. Hu, W.H. Liang, C.Q. Ou, J.X. He, L. Liu, H. Shan, C.L. Lei,
D.S.C. Hui, B. Du, L.J. Li, G. Zeng, K.Y. Yuen, R.C. Chen, C.L. Tang, T. Wang, P.
Y. Chen, J. Xiang, S.Y. Li, J.L. Wang, Z.J. Liang, Y.X. Peng, L. Wei, Y. Liu, Y.H. Hu,
P. Peng, J.M. Wang, J.Y. Liu, Z. Chen, G. Li, Z.J. Zheng, S.Q. Qiu, J. Luo, C.J. Ye,
S.Y. Zhu, N.S. Zhong, Clinical characteristics of coronavirus disease 2019 in
China, N. Engl. J. Med. 382 (2020) 1708-1720.

R.K. Guy, R.S. Dipaola, F. Romanelli, R.E. Dutch, Rapid repurposing of drugs for
COVID-19, Science 368 (2020) 829-830.

Y.R. Guo, Q.D. Cao, Z.S. Hong, Y.Y. Tan, S.D. Chen, H.J. Jin, K.S. Tan, D.Y. Wang,
Y. Yan, The origin, transmission and clinical therapies on coronavirus disease
2019 (COVID-19) outbreak - an update on the status, Mil. Med. Res. 7 (2020) 11.
A. Banerjee, K. Kulcsar, V. Misra, M. Frieman, K. Mossman, Bats and
coronaviruses, Viruses 11 (2019) 41.

P.C. Woo, S.K. Lau, C.S. Lam, A.K. Tsang, S.W. Hui, R.Y. Fan, P. Martelli, K.

Y. Yuen, Discovery of a novel bottlenose dolphin coronavirus reveals a distinct
species of marine mammal coronavirus in Gammacoronavirus, J. Virol. 88 (2014)
1318-1331.

H. Schiitze, Chapter 20 - coronaviruses in aquatic organisms, in: F.S.B. Kibenge,
M.G. Godoy (Eds.), Aquaculture Virology, Academic Press, San Diego, 2016,
pp. 327-335.

G. Bossart, P. Duignan, Emerging viruses in marine mammals, CAB Rev. 13
(2018), 052.

M. Mesel-Lemoine, J. Millet, P.O. Vidalain, H. Law, A. Vabret, V. Lorin,

N. Escriou, M.L. Albert, B. Nal, F. Tangy, A human coronavirus responsible for the
common cold massively kills dendritic cells but not monocytes, J. Virol. 86
(2012) 7577-7587.

S. Su, G. Wong, W. Shi, J. Liu, A.C.K. Lai, J. Zhou, W. Liu, Y. Bi, G.F. Gao,
Epidemiology, genetic recombination, and pathogenesis of coronaviruses, Trends
Microbiol. 24 (2016) 490-502.

[2

—

[3]

[4]

[5]

[6]

[7

—

[8

—

[9

—

[10]

10

[11]

[12]

[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]
[36]

[37]

[38]

Microbial Pathogenesis 164 (2022) 105442

F. Di Gennaro, D. Pizzol, C. Marotta, M. Antunes, V. Racalbuto, N. Veronese,

L. Smith, Coronavirus diseases (COVID-19) current status and future perspectives:
a narrative review, Int. J. Environ. Res. Publ. Health 17 (2020).

D. Sabbah, R. Hajjo, S. Bardaweel, H. Zhong, An updated review on SARS-CoV-2
main Proteinase (MPro): protein structure and small-molecule inhibitors, Curr.
Top. Med. Chem. 12 (2020).

G.D. Bossart, J.C. Schwartz, Acute necrotizing enteritis associated with suspected
coronavirus infection in three harbor seals (Phoca vitulina), J. Zoo Wildl. Med.
(1990) 84-87.

H.H. Nollens, J.F.X. Wellehan, L. Archer, L.J. Lowenstine, F.M.D. Gulland,
Detection of a respiratory coronavirus from tissues archived during a pneumonia
epizootic in free-ranging Pacific harbor seals Phoca vitulina richardsii, Dis. Aquat.
Org. 90 (2010) 113-120.

G.J. Mordecai, I. Hewson, Coronaviruses in the sea, Front. Microbiol. 11 (2020).
M.A. Martinez, Compounds with therapeutic potential against novel respiratory
2019 coronavirus, Antimicrob. Agents Chemother. 64 (2020).

A. Fuentes, A (Bio)anthropological view of the COVID-19 era midstream: beyond
the infection, Anthropol. Now. 12 (2020) 24-32.

AL Silverman, A.B. Boehm, Systematic review and meta-analysis of the
persistence and disinfection of human coronaviruses and their viral surrogates in
water and wastewater, Environ. Sci. Technol. Lett. 7 (2020) 544-553.

K.E. Kortright, B.K. Chan, J.L. Koff, P.E. Turner, Phage therapy: a renewed
approach to combat antibiotic-resistant bacteria, Cell Host Microbe 25 (2019)
219-232.

L. Zhang, K. Shahin, A. Soleimani-Delfan, H. Ding, H. Wang, L. Sun, R. Wang,
Phage JS02, a putative temperate phage, a novel biofilm-degrading agent for
Staphylococcus aureus, Lett. Appl. Microbiol. (2022), 10.1111/lam.13663.
Advance online publication.

Hongduo Bao, Yan Zhou, Khashayar Shahin, Hui Zhang, Fuliang Cao,

Maoda Pang, Ran Wang, The complete genome of lytic Salmonella phage vB_
SenM-PA13076 and therapeutic potency in the treatment of lethal Salmonella
Enteritidis infections in mice, Microbiol. Res. 237 (2020), 126471.

Hongduo Bao, Khashayar Shahin, Qiaoyan Zhang, Hui Zhang, Zhen Wang,

Yan Zhou, Ran Wang, Morphologic and genomic characterization of a broad host
range Salmonella enterica serovar Pullorum lytic phage vB_SPuM_SP116, Microb.
Pathog. 136 (2019), 103659.

J.N. Housby, N.H. Mann, Phage therapy, Drug Discov. Today 14 (2009) 536-540.
K. Shahin, M. Barazandeh, L. Zhang, A. Hedayatkhah, T. He, H. Bao,

M. Mansoorianfar, M. Pang, H. Wang, R. Wei, R. Wang, Biodiversity of new lytic
bacteriophages infecting Shigella spp. in freshwater environment, Front.
Microbiol. 12 (2021).

M. Yazdi, M. Bouzari, E.A. Ghaemi, K. Shahin, Isolation, characterization and
genomic analysis of a novel bacteriophage VB_EcoS-Golestan infecting multidrug-
resistant Escherichia coli isolated from urinary tract infection, Sci. Rep. 10 (2020)
7690.

Khashayar Shahin, Lili Zhang, Abbas Soleimani Delfan, Majid Komijani,
Abolghasem Hedayatkhah, Hongduo Bao, Ran Wang, Effective control of Shigella
contamination in different foods using a novel six-phage cocktail, LWT 144
(2021), 111137.

A.M. Segall, D.R. Roach, S.A. Strathdee, Stronger together? Perspectives on
phage-antibiotic synergy in clinical applications of phage therapy, Curr. Opin.
Microbiol. 51 (2019) 46-50.

K. Shahin, M. Bouzari, M. Komijani, R. Wang, A new phage cocktail against
multidrug, ESBL-producer isolates of Shigella sonnei and Shigella flexneri with
highly efficient bacteriolytic activity, Microb. Drug Resist. 26 (2020) 831-841.
K. Shahin, L. Zhang, H. Bao, A. Hedayatkhah, A. Soleimani-Delfan, M. Komijani,
T. He, M. Barazandeh, M. Mansoorianfar, M. Bouzari, R. Wang, An in-vitro study
on a novel six-phage cocktail against multi-drug resistant-ESBL Shigella in aquatic
environment, Lett. Appl. Microbiol. 72 (3) (2020) n/a.

Mojtaba Mansoorianfar, Khashayar Shahin, Akbar Hojjati—Najafabadi,

Renjun Pei, MXene-laden bacteriophage: a new antibacterial candidate to control
bacterial contamination in water, Chemosphere 290 (2022), 133383.
Khashayar Shahin, Hongduo Bao, Shujiao Zhu, Abbas Soleimani-Delfan, Tao He,
Mojtaba Mansoorianfar, Ran Wang, Bio-control of 0157:H7, and colistin-resistant
MCR-1-positive Escherichia coli using a new designed broad host range phage
cocktail, LWT 154 (2022), 112836.

J. Huang, S. Bishop-Hurley, M. Cooper, Development of anti-infectives using
phage display: biological agents against bacteria, viruses, and parasites,
Antimicrob. Agents Chemother. 56 (2012) 4569-4582.

L. Aghebati-Maleki, B. Bakhshinejad, B. Baradaran, M. Motallebnezhad,

A. Aghebati-Maleki, H. Nickho, M. Yousefi, J. Majidi, Phage display as a
promising approach for vaccine development, J. Biomed. Sci. 23 (2016), 66-66.
Y. Sun, M. Ho, Emerging antibody-based therapeutics against SARS-CoV-2 during
the global pandemic, Antib. Therapeut. 3 (2020) 246-256.

A. Frenzel, T. Schirrmann, M. Hust, Phage display-derived human antibodies in
clinical development and therapy, mAbs 8 (2016) 1177-1194.

K.L. Hess, C.M. Jewell, Phage display as a tool for vaccine and immunotherapy
development, Bioeng. Transl. Med. 5 (2020), e10142.

A.P.C. Lim, C.E.Z. Chan, S.K.K. Wong, A.H.Y. Chan, E.E. Ooi, B.J. Hanson,
Neutralizing human monoclonal antibody against HSN1 influenza HA selected
from a Fab-phage display library, Virol. J. 5 (2008), 130-130.

S. Khurana, A. Suguitan, Y. Rivera, C. Simmons, A. Lanzavecchia, F. Sallusto,

J. Manischewitz, L. King, K. Subbarao, H. Golding, Antigenic fingerprinting of
H5NT1 avian influenza using convalescent sera and monoclonal antibodies reveals
potential vaccine and diagnostic targets, PLoS Med. 6 (2009), e1000049.


http://refhub.elsevier.com/S0882-4010(22)00055-9/sref1
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref1
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref1
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref1
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref1
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref2
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref2
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref2
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref2
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref2
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref2
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref3
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref3
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref4
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref4
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref4
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref5
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref5
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref6
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref6
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref6
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref6
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref7
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref7
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref7
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref8
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref8
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref9
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref9
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref9
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref9
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref10
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref10
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref10
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref11
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref11
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref11
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref12
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref12
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref12
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref13
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref13
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref13
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref14
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref14
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref14
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref14
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref15
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref16
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref16
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref17
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref17
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref18
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref18
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref18
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref19
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref19
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref19
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref20
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref20
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref20
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref20
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref21
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref21
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref21
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref21
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref22
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref22
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref22
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref22
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref23
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref24
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref24
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref24
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref24
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref25
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref25
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref25
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref25
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref26
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref26
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref26
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref26
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref27
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref27
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref27
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref28
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref28
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref28
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref29
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref29
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref29
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref29
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref30
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref30
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref30
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref31
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref31
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref31
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref31
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref32
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref32
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref32
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref33
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref33
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref33
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref34
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref34
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref35
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref35
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref36
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref36
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref37
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref37
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref37
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref38
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref38
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref38
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref38

K. Shahin et al.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]
[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]
[62]

[63]

[64]

A. Grifoni, J. Sidney, R. Vita, B. Peters, S. Crotty, D. Weiskopf, A. Sette, SARS-
CoV-2 human T cell epitopes: adaptive immune response against COVID-19, Cell
Host Microbe 29 (7) (2021) 1076-1092, https://doi.org/10.1016/j.
chom.2021.05.010.

L. Pereboeva, A. Pereboev, L.-F. Wang, G. Morris, Hepatitis C epitopes from
phage-displayed cDNA libraries and improved diagnosis with a chimeric antigen,
J. Med. Virol. 60 (2000) 144-151.

P. Zhang, C.G. Wu, K. Mihalik, M.L. Virata-Theimer, M.Y. Yu, H.J. Alter, S.

M. Feinstone, Hepatitis C virus epitope-specific neutralizing antibodies in Igs
prepared from human plasma, Proc. Natl. Acad. Sci. U. S. A. 104 (2007)
8449-8454.

D.J. Schofield, J. Glamann, S.U. Emerson, R.H. Purcell, Identification by phage
display and characterization of two neutralizing chimpanzee monoclonal
antibodies to the hepatitis E virus capsid protein, J. Virol. 74 (2000) 5548-5555.
O.G. Larralde, R. Martinez, F. Camacho, N. Amin, A. Aguilar, A. Talavera, D.

1. Stott, E.M. Perez, Identification of hepatitis A virus mimotopes by phage
display, antigenicity and immunogenicity, J. Virol Methods 140 (2007) 49-58.
A. Folgori, R. Tafi, A. Meola, F. Felici, G. Galfré, R. Cortese, P. Monaci, A. Nicosia,
A general strategy to identify mimotopes of pathological antigens using only
random peptide libraries and human sera, EMBO J. 13 (1994) 2236-2243.

G. Scala, X. Chen, W. Liu, J.N. Telles, O.J. Cohen, M. Vaccarezza, T. Igarashi, A.
S. Fauci, Selection of HIV-specific immunogenic epitopes by screening random
peptide libraries with HIV-1-positive sera, J. Immunol. 162 (1999) 6155-6161.
P. De Berardinis, R. Sartorius, C. Fanutti, R.N. Perham, G. Del Pozzo, J. Guardiola,
Phage display of peptide epitopes from HIV-1 elicits strong cytolytic responses,
Nat. Biotechnol. 18 (2000) 873-876.

E.N. Van Den Brink, J. Ter Meulen, F. Cox, M.A. Jongeneelen, A. Thijsse,

M. Throsby, W.E. Marissen, P.M. Rood, A.B. Bakker, H.R. Gelderblom, B.

E. Martina, A.D. Osterhaus, W. Preiser, H.W. Doerr, J. De Kruif, J. Goudsmit,
Molecular and biological characterization of human monoclonal antibodies
binding to the spike and nucleocapsid proteins of severe acute respiratory
syndrome coronavirus, J. Virol. 79 (2005) 1635-1644.

X. Zhong, H. Yang, Z.F. Guo, W.Y. Sin, W. Chen, J. Xu, L. Fu, J. Wu, C.K. Mak, C.
S. Cheng, Y. Yang, S. Cao, T.Y. Wong, S.T. Lai, Y. Xie, Z. Guo, B-cell responses in
patients who have recovered from severe acute respiratory syndrome target a
dominant site in the S2 domain of the surface spike glycoprotein, J. Virol. 79
(2005) 3401-3408.

R.-H. Hua, D.-L. Wu, G.-Z. Tong, Y.-F. Wang, Z.-J. Tian, Y.-J. Zhou, Identification
of a mimotope peptide bound to the SARS-CoV spike protein specific monoclonal
antibody 2C5 with phage-displayed peptide library, Chin. J. Biotechnol. 22
(2006) 701-706.

W. Liu, L. Liu, G. Kou, Y. Zheng, Y. Ding, W. Ni, Q. Wang, L. Tan, W. Wu, S. Tang,
Z. Xiong, S. Zheng, Evaluation of nucleocapsid and spike protein-based enzyme-
linked immunosorbent assays for detecting antibodies against SARS-CoV-2,

J. Clin. Microbiol. 58 (2020).

B. Udugama, P. Kadhiresan, H.N. Kozlowski, A. Malekjahani, M. Osborne, V.Y.
C. Li, H. Chen, S. Mubareka, J.B. Gubbay, W.C.W. Chan, Diagnosing COVID-19:
the disease and tools for detection, ACS Nano 14 (2020) 3822-3835.

A. Corral-Lugo, M. Lopez-Siles, D. Lopez, M.J. Mcconnell, A.J. Martin-Galiano,
Identification and analysis of unstructured, linear B-cell epitopes in SARS-CoV-2
virion proteins for vaccine development, Vaccines 8 (2020).

E. Fast, B. Chen, Potential T-cell and B-cell epitopes of 2019-nCoV, bioRxiv
(2020), 2020.2002.2019.955484.

A. Pini, L. Bracci, Phage display of antibody fragments, Curr. Protein Pept. Sci.
(2000) 155-169.

J.X. Huang, S.L. Bishop-Hurley, M.A. Cooper, Development of anti-infectives
using phage display: biological agents against bacteria, viruses, and parasites,
Antimicrob. Agents Chemother. 56 (2012) 4569-4582.

J.D. Marks, H.R. Hoogenboom, T.P. Bonnert, J. Mccafferty, A.D. Griffiths,

G. Winter, By-passing immunization. Human antibodies from V-gene libraries
displayed on phage, J. Mol. Biol. 222 (1991) 581-597.

Y. Mazor, T. Van Blarcom, B.L. Iverson, G. Georgiou, E-clonal antibodies:
selection of full-length IgG antibodies using bacterial periplasmic display, Nat.
Protoc. 3 (2008) 1766-1777.

G. Richard, A.J. Meyers, M.D. Mclean, M. Arbabi-Ghahroudi, R. Mackenzie, J.
C. Hall, In vivo neutralization of a-cobratoxin with high-affinity llama single-
domain antibodies (VHHs) and a VHH-Fc antibody, PLoS One 8 (2013), e69495.
S. Ran, J. He, X. Huang, M. Soares, D. Scothorn, P.E. Thorpe, Antitumor effects of
a monoclonal antibody that binds anionic phospholipids on the surface of tumor
blood vessels in mice, Clin. Cancer Res. 11 (2005) 1551-1562.

R. Lagos, J. Devincenzo, A. Munoz, M. Hultquist, J. Suzich, E. Connor,

G. Losonsky, Safety and antiviral activity of motavizumab, a respiratory syncytial
virus (RSV)- specific humanized monoclonal antibody, when administered to
RSV-infected childrenCHILDREN, Pediatr. Infect. Dis. J. 28 (2009) 835-837.

S. Mazumdar, Raxibacumab, mAbs 1 (2009) 531-538.

X. Wang, W. Xu, D. Tong, J. Ni, H. Gao, Y. Wang, Y. Chu, P. Li, X. Yang, S. Xiong,
A chimeric multi-epitope DNA vaccine elicited specific antibody response against
severe acute respiratory syndrome-associated coronavirus which attenuated the
virulence of SARS-CoV in vitro, Immunol. Lett. 119 (2008) 71-77.

A.W. Zuercher, S.M. Miescher, M. Vogel, M.P. Rudolf, M.B. Stadler, B.M. Stadler,
Oral anti-IgE immunization with epitope-displaying phage, Eur. J. Immunol. 30
(2000) 128-135.

Z.J. Ren, C.J. Tian, Q.S. Zhu, M.Y. Zhao, A.G. Xin, W.X. Nie, S.R. Ling, M.W. Zhu,
J.Y. Wu, H.Y. Lan, Y.C. Cao, Y.Z. Bi, Orally delivered foot-and-mouth disease
virus capsid protomer vaccine displayed on T4 bacteriophage surface: 100%
protection from potency challenge in mice, Vaccine 26 (2008) 1471-1481.

=

11

[65]
[66]
[67]
[68]

[69]

[70]
[71]
[72]

[73]

[74]
[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[891]

[90]

[91]

[92]

[93]

[94]

Microbial Pathogenesis 164 (2022) 105442

G. Forni, A. Mantovani, COVID-19 vaccines: where we stand and challenges
ahead, Cell Death Differ. 28 (2021) 626-639.

E. Mahase, Covid-19: Novavax vaccine efficacy is 86% against UK variant and
60% against South African variant, BMJ 372 (2021) n296.

M.J.I. Shohag, F.Z. Khan, L. Tang, Y. Wei, Z. He, X. Yang, COVID-19 crisis: how
can plant biotechnology help? Plants 10 (2021) 352.

W. Lodder, A.M. De Roda Husman, SARS-CoV-2 in wastewater: potential health
risk, but also data source, Lancet Gastroenterol. Hepatol. 5 (2020) 533-534.

G. Medema, L. Heijnen, G. Elsinga, R. Italiaander, A. Brouwer, Presence of SARS-
coronavirus-2 RNA in sewage and correlation with reported COVID-19 prevalence
in the early stage of the epidemic in The Netherlands, Environ. Sci. Technol. Lett.
7 (2020) 511-516.

J. Luan, X. Jin, Y. Lu, L. Zhang, SARS-CoV-2 spike protein favors ACE2 from
Bovidae and Cricetidae, J. Med. Virol. 92 (2020) 1649-1656.

G. Nabi, S. Khan, Risk of COVID-19 pneumonia in aquatic mammals, Environ.
Res. 188 (2020) 109732.

J.M. Hernandez, SARS-CoV-2 risk misclassification explains poor COVID-19
management, Lancet 396 (2020) 1733-1734.

M. Khan Mirzaei, J. Xue, R. Costa, J. Ru, S. Schulz, Z.E. Taranu, L. Deng,
Challenges of studying the human virome — relevant emerging technologies,
Trends Microbiol. 29 (2) (2020).

W. Kowalski, Ultraviolet Germicidal Irradiation Handbook, 2009, pp. 17-50.

Y. Xing, A. Ellis, M. Magnuson, W.F. Harper, Adsorption of bacteriophage MS2 to
colloids: kinetics and particle interactions, Colloids Surf. A Physicochem. Eng.
Asp. 585 (2020), 124099.

X. Wu, A. Tang, X. Bi, T.H. Nguyen, B. Yuan, Influence of algal organic matter of
Microcystis aeruginosa on ferrate decay and MS2 bacteriophage inactivation,
Chemosphere 236 (2019) 124727.

L.I. Weise, M. Heymann, V. Mayr, H. Mutschler, Cell-free expression of RNA
encoded genes using MS2 replicase, Nucleic Acids Res. 47 (2019) 10956-10967.
K.N. Jackson, D.M. Kahler, I. Kucharska, D. Rekosh, M.-L. Hammarskjold, J.

A. Smith, Inactivation of MS2 bacteriophage and adenovirus with silver and
copper in solution and embedded in ceramic water filters, J. Environ. Eng. 146
(2020), 04019130.

F. Coscio, A. Nadra, D. Ferreiro, A Structural Model for the Coronavirus
Nucleocapsid, 2020.

H. Mamane, H. Shemer, K.G. Linden, Inactivation of E. coli, B. subtilis spores, and
MS2, T4, and T7 phage using UV/H202 advanced oxidation, J. Hazard Mater.
146 (2007) 479-486.

J.P. Wood, W. Richter, M. Sunderman, M.W. Calfee, S. Serre, L. Mickelsen,
Evaluating the environmental persistence and inactivation of MS2 bacteriophage
and the presumed Ebola virus surrogate Phi6 using low concentration hydrogen
peroxide vapor, Environ. Sci. Technol. 54 (2020) 3581-3590.

Y. Ye, P.H. Chang, J. Hartert, K.R. Wigginton, Reactivity of enveloped virus
genome, proteins, and lipids with free chlorine and UV254, Environ. Sci. Technol.
52 (2018) 7698-7708.

N.J. Adcock, E.W. Rice, M. Sivaganesan, J.D. Brown, D.E. Stallknecht, D.

E. Swayne, The use of bacteriophages of the family Cystoviridae as surrogates for
H5NT1 highly pathogenic avian influenza viruses in persistence and inactivation
studies, J. Environ. Sci. Health A 44 (2009) 1362-1366.

G.R. Finch, N. Fairbairn, Comparative inactivation of poliovirus type 3 and MS2
coliphage in demand-free phosphate buffer by using ozone, Appl. Environ.
Microbiol. 57 (1991) 3121-3126.

C. Whitworth, Y. Mu, H. Houston, M. Martinez-Smith, J. Noble-Wang,

A. Coulliette-Salmond, L. Rose, Persistence of bacteriophage Phi 6 on porous and
nonporous surfaces and the potential for its use as an Ebola virus or coronavirus
surrogate, Appl. Environ. Microbiol. 86 (2020).

G.A. Shin, M.D. Sobsey, Reduction of Norwalk virus, poliovirus 1, and
bacteriophage MS2 by ozone disinfection of water, Appl. Environ. Microbiol. 69
(2003) 3975-3978.

J.L. Cadnum, D. Li, S.N. Redmond, A.R. John, B. Pearlmutter, C. Donskey,
Effectiveness of ultraviolet-C light and a high-level disinfection cabinet for
decontamination of N95 respirators, Pathog. Immun. 5 (2020) 52-67.

L.M. Casanova, S. Jeon, W.A. Rutala, D.J. Weber, M.D. Sobsey, Effects of air
temperature and relative humidity on coronavirus survival on surfaces, Appl.
Environ. Microbiol. 76 (2010) 2712-2717.

Y. Ye, R.M. Ellenberg, K.E. Graham, K.R. Wigginton, Survivability, partitioning,
and recovery of enveloped viruses in untreated municipal wastewater, Environ.
Sci. Technol. 50 (2016) 5077-5085.

J. Callanan, S.R. Stockdale, A. Shkoporov, L.A. Draper, R.P. Ross, C. Hill,
Expansion of known ssRNA phage genomes: from tens to over a thousand, Sci.
Adv. 6 (2020), eaay5981.

S. Trend, B.J. Chang, M. O’dea, S.M. Stick, A. Kicic, Use of a primary epithelial
cell screening tool to investigate phage therapy in cystic fibrosis, Front.
Pharmacol. 9 (2018) 1330.

K. Bocian, J. Borysowski, M. Zarzycki, M. Pacek, B. Weber-Dabrowska,

M. Machcinska, G. Korczak-Kowalska, A. Gorski, The effects of T4 and A3/R
bacteriophages on differentiation of human myeloid dendritic cells, Front.
Microbiol. 7 (2016), 1267-1267.

S. Sanmukh, S. Santos, S. Felisbino, Natural bacteriophages T4 and M13 down-
regulates Hsp90 gene expression in human prostate cancer cells (PC-3)
representing a potential nanoparticle against cancer, Virol Res. J. 1 (2017) 21-23.
M. Przybylski, J. Borysowski, R. Jakubowska-Zahorska, B. Weber-Dabrowska,
A. Gorski, T4 bacteriophage-mediated inhibition of adsorption and replication of
human adenovirus in vitro, Future Microbiol. 10 (2015) 453-460.


https://doi.org/10.1016/j.chom.2021.05.010
https://doi.org/10.1016/j.chom.2021.05.010
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref40
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref40
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref40
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref41
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref41
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref41
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref41
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref42
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref42
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref42
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref43
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref43
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref43
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref44
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref44
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref44
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref45
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref45
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref45
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref46
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref46
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref46
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref47
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref47
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref47
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref47
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref47
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref47
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref48
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref48
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref48
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref48
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref48
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref49
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref49
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref49
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref49
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref50
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref50
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref50
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref50
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref51
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref51
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref51
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref52
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref52
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref52
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref53
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref53
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref54
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref54
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref55
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref55
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref55
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref56
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref56
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref56
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref57
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref57
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref57
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref58
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref58
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref58
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref59
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref59
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref59
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref60
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref60
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref60
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref60
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref61
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref62
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref62
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref62
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref62
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref63
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref63
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref63
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref64
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref64
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref64
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref64
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref65
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref65
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref66
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref66
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref67
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref67
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref68
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref68
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref69
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref69
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref69
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref69
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref70
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref70
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref71
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref71
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref72
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref72
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref73
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref73
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref73
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref74
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref75
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref75
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref75
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref76
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref76
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref76
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref77
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref77
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref78
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref78
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref78
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref78
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref79
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref79
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref80
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref80
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref80
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref81
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref81
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref81
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref81
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref82
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref82
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref82
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref83
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref83
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref83
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref83
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref84
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref84
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref84
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref85
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref85
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref85
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref85
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref86
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref86
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref86
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref87
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref87
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref87
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref88
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref88
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref88
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref89
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref89
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref89
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref90
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref90
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref90
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref91
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref91
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref91
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref92
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref92
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref92
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref92
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref93
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref93
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref93
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref94
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref94
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref94

K. Shahin et al.

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

M. Przybylski, T. Dzieciatkowski, J. Borysowski, R. Miedzybrodzki, A. Gorski,
Inhibitory effects of bacteriophage preparations on adenoviral replication,
Intervirology 62 (2019) 37-44.

A. Gorski, R. Migdzybrodzki, E. Jonczyk-Matysiak, B. Weber-Dabrowska,

N. Baginska, J. Borysowski, Perspectives of phage—eukaryotic cell interactions to
control Epstein-barr virus infections, Front. Microbiol. 9 (2018).

L. Zhang, X. Hou, L. Sun, T. He, R. Wei, M. Pang, R. Wang, Staphylococcus aureus
bacteriophage suppresses LPS-induced inflammation in MAC-T Bovine mammary
epithelial cells, Front. Microbiol. 9 (2018) 1614.

1. Taborsky, V. Dolnik, Ability of human polymorhonuclear blood cells to produce
interferon after induction with phage double-stranded RNA, Acta Virol. 21 (1977)
499-502.

J.M. Sweere, J.D. Van Belleghem, H. Ishak, M.S. Bach, M. Popescu, V. Sunkari,
G. Kaber, R. Manasherob, G.A. Suh, X. Cao, C.R. De Vries, D.N. Lam, P.

L. Marshall, M. Birukova, E. Katznelson, D.V. Lazzareschi, S. Balaji, S.G. Keswani,
T.R. Hawn, P.R. Secor, P.L. Bollyky, Bacteriophage trigger antiviral immunity and
prevent clearance of bacterial infection, Science 363 (2019).

N. Dufour, R. Delattre, A. Chevallereau, J.D. Ricard, L. Debarbieux, Phage therapy
of pneumonia is not associated with an overstimulation of the inflammatory
response compared to antibiotic treatment in mice, Antimicrob. Agents
Chemother. 63 (2019).

A.L. Van Rijn, S. Van Boheemen, I. Sidorov, E.C. Carbo, N. Pappas, H. Mei,

M. Feltkamp, M. Aanerud, P. Bakke, E.C.J. Claas, T.M. Eagan, P.S. Hiemstra, A.C.
M. Kroes, J.J.C. De Vries, The respiratory virome and exacerbations in patients
with chronic obstructive pulmonary disease, PLoS One 14 (2019), e0223952.

L. Gogokhia, K. Buhrke, R. Bell, B. Hoffman, D.G. Brown, C. Hanke-Gogokhia, N.
J. Ajami, M.C. Wong, A. Ghazaryan, J.F. Valentine, N. Porter, E. Martens,

R. O’connell, V. Jacob, E. Scherl, C. Crawford, W.Z. Stephens, S.R. Casjens, R.
S. Longman, J.L. Round, Expansion of bacteriophages is linked to aggravated
intestinal inflammation and colitis, Cell Host Microbe 25 (2019) 285-299, ¢288.
L. Zhang, C. Ma, J. Liu, K. Shahin, X. Hou, L. Sun, H. Wang, R. Wang, Antiviral
effect of a bacteriophage on murine norovirus replication via modulation of the
innate immune response, Virus Res. 305 (2021), 198572.

J.-L. Wang, C.-F. Kuo, C.-M. Yeh, J.-R. Chen, M.-F. Cheng, C.-H. Hung, Efficacy of
¢km18p phage therapy in a murine model of extensively drug-resistant
Acinetobacter baumannii infection, Infect. Drug Resist. 11 (2018) 2301-2310.

J. Jeon, J.-H. Park, D. Yong, Efficacy of bacteriophage treatment against
carbapenem-resistant Acinetobacter baumannii in Galleria mellonella larvae and a
mouse model of acute pneumonia, BMC Microbiol. 19 (2019), 70-70.

O.A. Khomich, S.N. Kochetkov, B. Bartosch, A.V. Ivanov, Redox biology of
respiratory viral infections, Viruses 10 (2018).

M. Laforge, C. Elbim, C. Frere, M. Hémadi, C. Massaad, P. Nuss, J.J. Benoliel,
C. Becker, Tissue damage from neutrophil-induced oxidative stress in COVID-19,
Nat. Rev. Immunol. 20 (2020) 515-516.

S. Nguyen, K. Baker, B.S. Padman, R. Patwa, R.A. Dunstan, T.A. Weston,

K. Schlosser, B. Bailey, T. Lithgow, M. Lazarou, A. Luque, F. Rohwer, R.

S. Blumberg, J.J. Barr, Bacteriophage transcytosis provides a mechanism to cross
epithelial cell layers, mBio 8 (2017).

K. Dabrowska, M. Zembala, J. Boratynski, K. Switala-Jelen, J. Wietrzyk,

A. Opolski, K. Szczaurska, M. Kujawa, J. Godlewska, A. Gorski, Hoc protein
regulates the biological effects of T4 phage in mammals, Arch. Microbiol. 187
(2007) 489-498.

J. Chen, C.L. Rowe, T.S. Jardetzky, R. Longnecker, The KGD motif of Epstein-Barr
virus gH/gL is bifunctional, orchestrating infection of B cells and epithelial cells,
mBio 3 (2012) e00290-00211.

J. Luan, Y. Lu, S. Gao, L. Zhang, A potential inhibitory role for integrin in the
receptor targeting of SARS-CoV-2, J. Infect. 81 (2020) 318-356.

A. Razaghi, L. Owens, K. Heimann, Review of the recombinant human interferon
gamma as an immunotherapeutic: impacts of production platforms and
glycosylation, J. Biotechnol. 240 (2016) 48-60.

E. Sallard, F.-X. Lescure, Y. Yazdanpanah, F. Mentre, N. Peiffer-Smadja, Type 1
interferons as a potential treatment against COVID-19, Antivir. Res. 178 (2020),
104791.

R. Miedzybrodzki, K. Switala-Jelen, W. Fortuna, B. Weber-Dabrowska,

A. Przerwa, M. Lusiak-Szelachowska, K. Dabrowska, A. Kurzepa, J. Boratynski,
D. Syper, G. Pozniak, C. Lugowski, A. Gorski, Bacteriophage preparation
inhibition of reactive oxygen species generation by endotoxin-stimulated
polymorphonuclear leukocytes, Virus Res. 131 (2008) 233-242.

B. Weber-Dabrowska, M. Mulczyk, A. Gorski, Bacteriophage therapy of bacterial
infections: an update of our institute’s experience, in: A. Gorski, H. Krotkiewski,
M. Zimecki (Eds.), Inflammation, Springer Netherlands, Dordrecht, 2001,

pp. 201-209.

J.D. Van Belleghem, F. Clement, M. Merabishvili, R. Lavigne, M. Vaneechoutte,
Pro- and anti-inflammatory responses of peripheral blood mononuclear cells
induced by Staphylococcus aureus and Pseudomonas aeruginosa phages, Sci. Rep. 7
(2017) 8004.

D.R. Roach, C.Y. Leung, M. Henry, E. Morello, D. Singh, J.P. Di Santo, J.S. Weitz,
L. Debarbieux, Synergy between the host immune system and bacteriophage is
essential for successful phage therapy against an acute respiratory pathogen, Cell
Host Microbe 22 (2017) 38-47, e34.

M.Z. Tay, C.M. Poh, L. Rénia, P.A. Macary, L.F.P. Ng, The trinity of COVID-19:
immunity, inflammation and intervention, Nat. Rev. Immunol. 20 (2020)
363-374.

Z. Shi, A.T. Gewirtz, Together forever: bacterial-viral interactions in infection and
immunity, Viruses 10 (2018) 122.

12

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]
[138]
[139]

[140]

[141]

[142]

[143]

Microbial Pathogenesis 164 (2022) 105442

M.W. Wojewodzic, Bacteriophages could Be a potential game changer in the
trajectory of coronavirus disease (COVID-19), PHAGE 1 (2020) 60-65.

C.G. Grijalva, M.R. Griffin, K.M. Edwards, J.V. Williams, A.I. Gil, H. Verastegui, S.
M. Hartinger, J.E. Vidal, K.P. Klugman, C.F. Lanata, The role of influenza and
parainfluenza infections in nasopharyngeal pneumococcal acquisition among
young children, Clin. Infect. Dis. : Off. Publ. Infect. Dis. Soc. Am. 58 (2014)
1369-1376.

E.A. Almand, M.D. Moore, L.-A. Jaykus, Virus-bacteria interactions: an emerging
topic in human infection, Viruses 9 (2017) 58.

N. Chen, M. Zhou, X. Dong, J. Qu, F. Gong, Y. Han, Y. Qiu, J. Wang, Y. Liu, Y. Wei,
J.A. Xia, T. Yu, X. Zhang, L. Zhang, Epidemiological and clinical characteristics of
99 cases of 2019 novel coronavirus pneumonia in Wuhan, China: a descriptive
study, Lancet 395 (2020) 507-513.

Z. Wang, B. Yang, Q. Li, L. Wen, R. Zhang, Clinical features of 69 cases with
coronavirus disease 2019 in Wuhan, China, Clin. Infect. Dis. 71 (2020) 769-777.
N. Yu, W. Li, Q. Kang, Z. Xiong, S. Wang, X. Lin, Y. Liu, J. Xiao, H. Liu, D. Deng,
S. Chen, W. Zeng, L. Feng, J. Wu, Clinical features and obstetric and neonatal
outcomes of pregnant patients with COVID-19 in Wuhan, China: a retrospective,
single-centre, descriptive study, Lancet Infect. Dis. 20 (2020) 559-564.

L. Chen, H.G. Liu, W. Liu, J. Liu, K. Liu, J. Shang, Y. Deng, S. Wei, [Analysis of
clinical features of 29 patients with 2019 novel coronavirus pneumonia],
Zhonghua jie he he hu xi za zhi = Zhonghua jiehe he huxi zazhi = Chin. J. Tuberc.
Respir. Dis. 43 (2020), E005.

P. Goyal, J.J. Choi, L.C. Pinheiro, E.J. Schenck, R. Chen, A. Jabri, M.J. Satlin, T.
R. Campion Jr., M. Nahid, J.B. Ringel, K.L. Hoffman, M.N. Alshak, H.A. Li, G.
T. Wehmeyer, M. Rajan, E. Reshetnyak, N. Hupert, E.M. Horn, F.J. Martinez, R.
M. Gulick, M.M. Safford, Clinical characteristics of covid-19 in New York city,
N. Engl. J. Med. 382 (2020) 2372-2374.

M. Arentz, E. Yim, L. Klaff, S. Lokhandwala, F.X. Riedo, M. Chong, M. Lee,
Characteristics and outcomes of 21 critically ill patients with COVID-19 in
Washington state, JAMA 323 (2020) 1612-1614.

R. Kozak, K. Prost, L. Yip, V. Williams, J.A. Leis, S. Mubareka, Severity of
coronavirus respiratory tract infections in adults admitted to acute care in
Toronto, Ontario, J. Clin. Virol. 126 (2020), 104338.

A. Goncalves Mendes Neto, K.B. Lo, A. Wattoo, G. Salacup, J. Pelayo, R. Dejoy lii,
R. Bhargav, F. Gul, E. Peterson, J. Albano, G. Patarroyo-Aponte, J. Rangaswami,
Z. Azmaiparashvili, Bacterial infections and patterns of antibiotic use in patients
with COVID-19, J. Med. Virol. 93 (3) (2020) n/a.

Q.-S. Xing, G.-J. Li, Y.-H. Xing, T. Chen, W.-J. Li, W. Ni, K. Deng, R.-Q. Gao, C.-
Z. Chen, Y. Gao, Q. Li, G.-L. Yu, J.-N. Tong, W. Li, G.-L. Hao, Y. Sun, A. Zhang,
Q. Wu, Z.-P. Li, S.-L. Pan, Precautions Are Needed for COVID-19 Patients with
Coinfection of Common Respiratory Pathogens, 2020 medRxiv,
2020.2002.2029.20027698.

H. Li, K. Chen, M. Liu, H. Xu, Q. Xu, The profile of peripheral blood lymphocyte
subsets and serum cytokines in children with 2019 novel coronavirus pneumonia,
J. Infect. 81 (2020) 115-120.

S. Richardson, J.S. Hirsch, M. Narasimhan, J.M. Crawford, T. Mcginn, K.

W. Davidson, D.P. Barnaby, L.B. Becker, J.D. Chelico, S.L. Cohen, J. Cookingham,
K. Coppa, M.A. Diefenbach, A.J. Dominello, J. Duer-Hefele, L. Falzon, J. Gitlin,
N. Hajizadeh, T.G. Harvin, D.A. Hirschwerk, E.J. Kim, Z.M. Kozel, L.M. Marrast, J.
N. Mogavero, G.A. Osorio, M. Qiu, T.P. Zanos, Presenting characteristics,
comorbidities, and outcomes among 5700 patients hospitalized with COVID-19 in
the New York city area, JAMA 323 (2020) 2052-2059.

A. Zangrillo, L. Beretta, M. Scandroglio, G. Monti, E. Fominskiy, S. Colombo,

F. Morselli, A. Belletti, P. Silvani, M. Crivellari, F. Monaco, M. Azzolini,

R. Reineke, P. Nardelli, M. Sartorelli, C. Votta, A. Ruggeri, F. Ciceri, F. Cobelli,
M. Tresoldi, Characteristics, treatment, outcomes and cause of death of invasively
ventilated patients with COVID-19 ARDS in Milan, Italy, Crit. Care Resusc.: J.
Australas. Acad. Crit. Care Med. 3 (2020).

S. Hughes, O. Troise, H. Donaldson, N. Mughal, L.S.P. Moore, Bacterial and fungal
coinfection among hospitalized patients with COVID-19: a retrospective cohort
study in a UK secondary-care setting, Clin. Microbiol. Infect. 26 (2020)
1395-1399.

C.-P. Wu, F. Adhi, K. Highland, Recognition and management of respiratory
coinfection and secondary bacterial pneumonia in patients with COVID-19, Cleve.
Clin. J. Med. 87 (11) (2020).

B.E. Fan, K.G.E. Lim, V.C.L. Chong, S.S.W. Chan, K.H. Ong, P. Kuperan, COVID-19
and mycoplasma pneumoniae coinfection, Am. J. Hematol. 95 (2020) 723-724.
R. Dey, N.J. Ashbolt, Legionella Infection during and after the COVID-19
Pandemic, ACS ES&T Water, 2020.

J.R.P. Liew, Y.R.D. Lim, J.Y.C. Liew, C.C.A. Poh, Clinics in diagnostic imaging:
COVID-19 atypical pneumonia, Singap. Med. J. 61 (2020).

F.-X. Lescure, L. Bouadma, D. Nguyen, M. Parisey, P.-H. Wicky, S. Behillil,

A. Gaymard, M. Bouscambert-Duchamp, F. Donati, Q. Le Hingrat, V. Enouf,

N. Houhou-Fidouh, M. Valette, A. Mailles, J.-C. Lucet, F. Mentre, X. Duval,

D. Descamps, D. Malvy, J.-F. Timsit, B. Lina, S. Van-Der-Werf, Y. Yazdanpanah,
Clinical and virological data of the first cases of COVID-19 in Europe: a case
series, Lancet Infect. Dis. 20 (2020) 697-706.

E. Mendenhall, The COVID-19 syndemic is not global: context matters, Lancet 396
(2020) 1731.

U.N. Yadav, B. Rayamajhee, S.K. Mistry, S.S. Parsekar, S.K. Mishra, A syndemic
perspective on the management of non-communicable diseases amid the COVID-
19 pandemic in low- and middle-income countries, Front. Public Health 8 (2020).
A.a.T.M. Bosch, G. Biesbroek, K. Trzcinski, E.a.M. Sanders, D. Bogaert, Viral and
bacterial interactions in the upper respiratory tract, PLoS Pathog. 9 (2013),
e€1003057.


http://refhub.elsevier.com/S0882-4010(22)00055-9/sref95
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref95
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref95
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref96
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref96
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref96
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref97
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref97
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref97
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref98
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref98
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref98
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref99
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref99
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref99
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref99
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref99
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref100
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref100
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref100
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref100
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref101
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref101
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref101
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref101
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref102
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref102
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref102
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref102
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref102
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref103
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref103
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref103
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref104
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref104
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref104
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref105
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref105
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref105
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref106
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref106
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref107
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref107
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref107
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref108
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref108
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref108
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref108
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref109
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref109
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref109
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref109
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref110
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref110
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref110
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref111
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref111
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref112
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref112
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref112
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref113
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref113
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref113
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref114
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref114
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref114
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref114
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref114
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref115
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref115
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref115
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref115
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref116
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref116
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref116
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref116
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref117
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref117
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref117
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref117
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref118
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref118
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref118
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref119
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref119
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref120
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref120
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref121
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref121
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref121
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref121
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref121
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref122
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref122
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref123
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref123
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref123
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref123
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref124
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref124
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref125
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref125
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref125
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref125
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref126
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref126
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref126
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref126
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref127
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref127
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref127
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref127
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref127
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref128
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref128
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref128
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref129
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref129
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref129
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref130
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref130
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref130
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref130
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref131
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref131
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref131
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref131
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref131
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref132
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref132
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref132
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref133
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref133
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref133
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref133
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref133
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref133
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref133
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref134
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref134
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref134
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref134
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref134
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref134
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref135
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref135
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref135
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref135
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref136
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref136
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref136
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref137
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref137
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref138
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref138
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref139
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref139
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref140
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref140
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref140
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref140
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref140
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref140
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref141
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref141
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref142
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref142
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref142
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref143
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref143
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref143

K. Shahin et al.

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]
[152]

[153]

[154]

[155]

[156]

J. Chastre, J.Y. Fagon, Ventilator-associated pneumonia, Am. J. Respir. Crit. Care
Med. 165 (2002) 867-903.

M. Bekaert, J.F. Timsit, S. Vansteelandt, P. Depuydt, A. Vésin, M. Garrouste-
Orgeas, J. Decruyenaere, C. Clec’h, E. Azoulay, D. Benoit, Attributable mortality
of ventilator-associated pneumonia: a reappraisal using causal analysis, Am. J.
Respir. Crit. Care Med. 184 (2011) 1133-1139.

Dagur Hanuman Singh, S. Dhakar, Genome organization of covid-19 and
emerging severe acute respiratory syndrome covid-19 outbreak, A Pandemic 4
(2020) 107-115.

F. Zhou, T. Yu, R. Du, G. Fan, Y. Liu, Z. Liu, J. Xiang, Y. Wang, B. Song, X. Gu,
L. Guan, Y. Wei, H. Li, X. Wu, J. Xu, S. Tu, Y. Zhang, H. Chen, B. Cao, Clinical
course and risk factors for mortality of adult inpatients with COVID-19 in Wuhan,
China: a retrospective cohort study, Lancet 395 (2020) 1054-1062.

J. Hsu, How covid-19 is accelerating the threat of antimicrobial resistance, BMJ
369 (2020) m1983.

N. Strydom, S.V. Gupta, W.S. Fox, L.E. Via, H. Bang, M. Lee, S. Eum, T. Shim, C.
E. Barry 3rd, M. Zimmerman, V. Dartois, R.M. Savic, Tuberculosis drugs’
distribution and emergence of resistance in patient’s lung lesions: a mechanistic
model and tool for regimen and dose optimization, PLoS Med. 16 (2019),
e€1002773.

L. Czaplewski, R. Bax, M. Clokie, M. Dawson, H. Fairhead, V.A. Fischetti,

S. Foster, B.F. Gilmore, R.E.W. Hancock, D. Harper, I.R. Henderson, K. Hilpert, B.
V. Jones, A. Kadioglu, D. Knowles, S. Olafsdéttir, D. Payne, S. Projan, S. Shaunak,
J. Silverman, C.M. Thomas, T.J. Trust, P. Warn, J.H. Rex, Alternatives to
antibiotics- a pipeline portfolio review, Lancet Infect. Dis. 16 (2016) 239-251.
S. Abedon, Phage therapy of pulmonary infections, Bacteriophage 5 (2015),
€1020260.

R.Y.K. Chang, M. Wallin, Y. Lin, S.S.Y. Leung, H. Wang, S. Morales, H.K. Chan,
Phage therapy for respiratory infections, Adv. Drug Deliv. Rev. 133 (2018) 76-86.
D.D. Semler, A.D. Goudie, W.H. Finlay, J.J. Dennis, Aerosol phage therapy
efficacy in Burkholderia cepacia complex respiratory infections, Antimicrob.
Agents Chemother. 58 (2014) 4005-4013.

R. Pabary, C. Singh, S. Morales, A. Bush, K. Alshafi, D. Bilton, E.W. Alton,

A. Smithyman, J.C. Davies, Antipseudomonal bacteriophage reduces infective
burden and inflammatory response in murine lung, Antimicrob. Agents
Chemother. 60 (2016) 744-751.

E.M. Waters, D.R. Neill, B. Kaman, J.S. Sahota, M.R.J. Clokie, C. Winstanley,

A. Kadioglu, Phage therapy is highly effective against chronic lung infections with
Pseudomonas aeruginosa, Thorax 72 (2017) 666-667.

S. Matinkhoo, K.H. Lynch, J.J. Dennis, W.H. Finlay, R. Vehring, Spray-dried
respirable powders containing bacteriophages for the treatment of pulmonary
infections, J. Pharmaceut. Sci. 100 (2011) 5197-5205.

13

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

Microbial Pathogenesis 164 (2022) 105442

O. Patey, S. Mccallin, H. Mazure, M. Liddle, A. Smithyman, A. Dublanchet,
Clinical indications and compassionate use of phage therapy: personal experience
and literature review with a focus on osteoarticular infections, Viruses 11 (2018).
E. Morello, E. Saussereau, D. Maura, M. Huerre, L. Touqui, L. Debarbieux,
Pulmonary bacteriophage therapy on Pseudomonas aeruginosa cystic fibrosis
strains: first steps towards treatment and prevention, PLoS One 6 (2011), e16963.
M. Henry, R. Lavigne, L. Debarbieux, Predicting in vivo efficacy of therapeutic
bacteriophages used to treat pulmonary infections, Antimicrob. Agents
Chemother. 57 (2013).

M. Yang, C. Du, P. Gong, F. Xia, C. Sun, X. Feng, L. Lei, J. Song, L. Zhang, B. Wang,
F. Xiao, X. Yan, Z. Cui, X. Li, J. Gu, W. Han, Therapeutic effect of the YH6 phage
in a murine hemorrhagic pneumonia model, Res. Microbiol. 166 (2015) 633-643.
Z. Cao, J. Zhang, Y.D. Niu, N. Cui, Y. Ma, F. Cao, L. Jin, Z. Li, Y. Xu, Isolation and
characterization of a "phiKMV-like" bacteriophage and its therapeutic effect on
mink hemorrhagic pneumonia, PLoS One 10 (2015) e0116571-e0116571.

D. Alemayehu, P.G. Casey, O. Mcauliffe, C.M. Guinane, J.G. Martin, F. Shanahan,
A. Coffey, R.P. Ross, C. Hill, Bacteriophages pMR299-2 and ¢NH-4 can eliminate
Pseudomonas aeruginosa in the murine lung and on cystic fibrosis lung airway
cells, mBio 3 (2012) e00029-00012.

N. Dufour, L. Debarbieux, M. Fromentin, J.D. Ricard, Treatment of highly virulent
extraintestinal pathogenic Escherichia coli pneumonia with bacteriophages, Crit.
Care Med. 43 (2015) e190-198.

F. Cao, X. Wang, L. Wang, Z. Li, J. Che, L. Wang, X. Li, Z. Cao, J. Zhang, L. Jin,
Y. Xu, Evaluation of the efficacy of a bacteriophage in the treatment of
pneumonia induced by multidrug resistance Klebsiella pneumoniae in mice,
BioMed Res. Int. 2015 (2015) 752930.

S. Chhibber, S. Kaur, S. Kumari, Therapeutic potential of bacteriophage in
treating Klebsiella pneumoniae B5055-mediated lobar pneumonia in mice, J. Med.
Microbiol. 57 (2009) 1508-1513.

1. Takemura-Uchiyama, J. Uchiyama, M. Osanai, N. Morimoto, T. Asagiri,

T. Ujihara, M. Daibata, T. Sugiura, S. Matsuzaki, Experimental phage therapy
against lethal lung-derived septicemia caused by Staphylococcus aureus in mice,
Microb. Infect. 16 (2014) 512-517.

L. Kvachadze, N. Balarjishvili, T. Meskhi, E. Tevdoradze, N. Skhirtladze,

T. Pataridze, R. Adamia, T. Topuria, E. Kutter, C. Rohde, M. Kutateladze,
Evaluation of lytic activity of staphylococcal bacteriophage Sb-1 against freshly
isolated clinical pathogens, Microb. Biotechnol. 4 (2011) 643-650.

N. Hoyle, P. Zhvaniya, N. Balarjishvili, D. Bolkvadze, L. Nadareishvili,

D. Nizharadze, J. Wittmann, C. Rohde, M. Kutateladze, Phage therapy against
Achromobacter xylosoxidans lung infection in a patient with cystic fibrosis: a case
report, Res. Microbiol. 169 (2018) 540-542.


http://refhub.elsevier.com/S0882-4010(22)00055-9/sref144
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref144
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref145
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref145
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref145
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref145
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref146
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref146
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref146
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref147
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref147
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref147
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref147
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref148
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref148
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref149
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref149
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref149
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref149
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref149
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref150
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref150
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref150
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref150
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref150
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref151
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref151
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref152
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref152
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref153
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref153
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref153
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref154
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref154
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref154
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref154
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref155
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref155
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref155
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref156
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref156
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref156
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref157
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref157
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref157
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref158
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref158
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref158
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref159
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref159
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref159
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref160
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref160
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref160
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref161
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref161
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref161
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref162
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref162
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref162
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref162
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref163
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref163
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref163
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref164
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref164
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref164
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref164
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref165
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref165
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref165
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref166
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref166
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref166
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref166
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref167
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref167
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref167
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref167
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref168
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref168
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref168
http://refhub.elsevier.com/S0882-4010(22)00055-9/sref168

