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Abstract: An imbalance of bacterial quantity and quality of gut microbiota has been linked to
several pathologies. New strategies of microbiota manipulation have been developed such as fecal
microbiota transplantation (FMT); the use of pre/probiotics; an appropriate diet; and phage therapy.
The presence of bacteriophages has been largely underestimated and their presence is a relevant
component for the microbiome equilibrium. As a promising treatment, phage therapy has been
extensively used in Eastern Europe to reduce pathogenic bacteria and has arisen as a new method to
modulate microbiota diversity. Phages have been selected and “trained” to infect a wide spectrum
of bacteria or tailored to infect specific antibiotic resistant bacteria present in patients. The new
development of genetically modified phages may be an efficient tool to treat the gut microbiota
dysbiosis associated with different pathologies and increased production of bacterial metabolites and
subsequently decrease systemic low-grade chronic inflammation associated with chronic diseases.
Microbiota quality and mitochondria dynamics can be remodulated and manipulated by phages to
restore the equilibrium and homeostasis of the system. Our aim is to highlight the great interest for
phages not only to eliminate and control pathogenic bacterial infection but also in the near future
to modulate the microbiota by adding new functions to selected bacteria species and rebalance the
dynamic among phages and bacteria. The challenge for the medicine of tomorrow is to re-think and
redesign strategies differently and far from our traditional thinking.
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1. Manipulation of Microbiota Diversity: Future Challenge in Medicine

The gut microbiota plays a crucial role in the host’s metabolism, physiology and health [1,2].
It protects the host against pathogenic infections, stimulates the immune system, and regulates
oxidative stress [3]. There is strong evidence that gut microorganisms are involved in many chronic
diseases and have an important impact on the homeostasis of the gut itself and may also affect
the immune states of extraintestinal organs including the liver, kidney, cardiovascular and bone
systems [4,5]. Moreover, studies have shown the possible relationship between the composition of gut
microbiota and the brain via metabolites produced by bacteria which act as signal-mediators [6,7]. One
example is butyrate, a short chain fatty acid (SCFA) produced by the bacteria during the fermentation
of fiber, which may improve brain health [8].

As illustrated in Figure 1, we recently highlighted that the microbiota releases metabolites such
as hydrogen sulfide (H2S), nitric acid (NO), and SCFAs that can interfere with the mitochondrial
respiratory chain and adenosine triphosphate (ATP) production and affect gene expression in particular
inflammatory cytokines [9]. The amount of metabolites such as NO and H2S can affect mitochondrial
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metabolism and energy dynamics. Both are able to inhibit the tricarboxylic acid cycle (TCA) by
reducing acetyl-CoA production. In addition, high production of H2S by the microbiota inhibit
complex IV of the electron transfer chain (ETC). In parallel, SCFAs, in particular butyrate, are able to
fuel the TCA cycle [9,10].

Figure 1. Bacteriophages modulate microbiota quality and quantity. Gut microbiota release metabolites
and factors including hydrogen sulfide (H2S), reactive oxygen species (ROS), nitric oxide (NO) and
short chain fatty acids (SCFAs) that can directly affect mitochondria activity, adenosine triphosphate
(ATP) production, and nuclear genome. High ROS production can trigger an inflammatory response
and increase cell oxidative stress. Furthermore, cell stress can trigger mitochondrial and bacterial
DNA insertion in the nuclear genome leading of cellular gene expression. Nitric oxide can inhibit
the tricarboxylic acid cycle (TCA) by reducing acetyl-CoA production. In addition, high production
of hydrogen sulfide (H2S) by the microbiota inhibit complex IV of the electron transfer chain (ETC).
SCFAs, in particular butyrate, are able to fuel the TCA cycle. In parallel, SCFAs can induce release of
anti-inflammatory IL-10 cytokines and signaling hormone GLP-1 to reduce energy intake. Unbalanced
microbiota displayed low bacterial diversity and potentially increased the proportion of pathogenic
bacteria that favor mucosal inflammation. Manipulation of microbiota by lytic phage can be used
to selectively reduce pathogenic bacteria. In addition, prophages that carry biosynthesis genes of
metabolites that positively regulate mucosal inflammation can be engineered to genetically modify
commensal bacteria [9,10].
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Moreover, our recent clinical study revealed for the first time a connection between the
occurrence of cramps in hemodialysis patients and a dysbiosis of microbiota and a dysfunction of
mitochondria [10]. Indeed, in patients with cramps, gut microbiota diversity seemed lower and some
genera including Helicobacter, Lachnospira, Roseburia, and Haemophilus seemed overexpressed. Also,
a significant increase of citratemia and significant lowering mitochondrial function were observed.

A decrease in the bacterial diversity in the microbiota favors the recognition of pathogenic
bacteria by the Pattern Recognition Receptor (PRR) system [9]. This recognition is associated with
an increase of the cellular oxidative stress level and the subsequent relocalization of Nuclear Factor
Kappa B (NF-κB) in the nucleus to activate the transcription of numerous proinflammatory factors.
Chronic diseases, including obesity, type 2 diabetes, atherosclerosis, Crohn’s disease and some
cancers, are linked with low-grade chronic inflammation. This low-grade inflammation triggers
the production of proinflammatory markers, which in particular is due to the high transcriptional
activity of NF-κB. Based on this mechanism, restoring the balance of gut microbiota should decrease
low-grade chronic inflammation and oxidative stress observed in chronic disease patients. Additionally,
the leaky gut syndrome should be taken into consideration as observed in Alzheimer’s [11] and
Parkinson’s [12] diseases.

Many strategies have been developed to modulate the microbiota. Transfer of the microbiota
isolated from feces of obese or lean mice into germ-free mice showed that animals receiving the
microbiota from obese mice presented a weight gain compared to the ones receiving lean mouse
microbiota [13]. This first study published on fecal transplantation showed that manipulation of quality
and quantity of the microbiota could be used to treat chronic diseases. In humans, fecal transplantation
therapy (FMT) has been used with success to treat infection by the antibiotic resistant bacteria,
Clostridium difficile [14–16] or to increase insulin sensitivity of patients [17]. Recently, microbiota
transfer therapy has been observed to improve both gastrointestinal and autism symptoms of autism
spectrum disorders diagnosed children [18]. Additionally, a study observed seizure protection in mice
after transplantation of a ketogenic diet gut microbiota [19]. However, many problems may arise with
this therapy since it can increase the risks of transmitting other pathogens, although the origin of
transplants are from healthy subjects with their microbiome in equilibrium [20].

Alternatively, the use of probiotics, defined as living microorganisms that improve the imbalance
of the gut microbiota, has been explored. The most common strains used as probiotics, are members of
Lactobacilli, Enterococci and Bifidobacteria groups [21]. Such therapy also shows significant success for
the treatment of inflammatory bowel disease [22,23]. However, the probiotic products on the market
need more studies in terms of quality and safety.

Since the release of metabolites by microbiota depends on the diet of the subjects and the
composition of the microbiota, an appropriate diet is important to regulate microbiota activity,
as observed with butyrate produced by a diet enriched in fiber, which can affect neurodegeneration
and promote regeneration [8].

A third promising alternative could be the use of bacteriophages, also defined as natural born
killers During the 5th World Congress on Targeting Phage and Antibiotic Resistance [24], we dedicated
a full session to microbiota and phages. Among the topics covered, the strategic role of phage therapy
to modulate the microbiota was discussed.

Indeed, there is a constant input of bacteriophages in the gut due to the food consumption
but the effect of bacteriophages on the microbiota balance is poorly known [25]. The influence of
bacteriophages must be considered as the most important factor, which controls the gut microbiota
and should be explored.

The use of phages as therapy has widely been discussed in Europe by the European Medicines
Agency for ethical policy reasons, since this therapy includes a live medicine. In comparison, in Eastern
European countries and Switzerland, phage therapy has been widely used for trials and therapies for
long time [26,27]. Critical studies on phage therapy highlight either the eventual risks for humans and
environment, or the efficiency level of the therapy. Here we report three works, which highlight the
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guidelines for the commercial phage cocktail (pyophage) certification. The high efficiency of treatments
is continuously enriched by pinpointing the weakness of the experienced phage therapies [28–30].

An example of a restriction on the use of phage therapy could be a hazardous use of engineered
constructs where a possible insertion could be translocated by a recombination to bacterial genomes
that would acquire functions noncompatible with the environment, such as promoters or resistance
genes. More studies should include and discuss the validity of those aspects as previously reported by
the authors above. Most of the therapies were directed to overcome the effects such as inflammation,
and production of metabolites rather than the principal causes [31].

2. Bacteriophages as a Therapeutic Strategy to Control Pathogenic Bacteria

Bacteriophages are viruses that infect, parasitize and kill bacteria. They interact with them
through the specific recognition of receptor proteins of the bacterial surface. Bacteriophages are mainly
double stranded DNA viruses classified in the order of Caudovirales with the families of Myoviridae,
Siphoviridae and Podoviridae [32]. Leviviridae is a family of single stranded RNA viruses whereas the
family of Microviridae is single stranded DNA [33]. Phages can be categorized in at least two subclasses
including lytic (or virulent) and temperate (or prophage-lysogenic) phages. After interaction with
their host, the DNA of the lytic phage is injected in the cell. Expression of its virulence genes induces
the hijacking of the cellular machinery to exclusively replicate phage DNA and produce viral proteins.
This viral cycle is characterized by the production of high numbers of viral particles within the bacterial
cell leading to its short-term lysis. Filamentous phages with a single helix DNA can replicate and
produce phages through extrusion. They present no lytic effect for the host cells. Several applications
in molecular biology have been performed [34]. In contrast, DNA from a lysogenic phage can integrate
in the bacterial genome in a dormant state known as prophage. Change of bacterial host environmental
conditions can induce its specific replication eventually leading to a lytic cycle. Pseudolysogeny gives
an additional alternative means of survival for phages that infect bacteria in nonoptimal conditions
and survive in a plasmidic circular form after cell division [35].

Bacteriophages are naturally present in the microbiome and play an important role in maintaining
bacterial community balance [29–34,36–41]. Sequenced bacterial genomes contain sixty to seventy
percent of prophages [42]. Analysis of the human phage microbiome from fecal samples showed that
prophages make up approximately 28% of all phages [43].

The new approach to gut microbiome study is derived from the discovery of extended interactions
among its elements (virus, bacteria, bacteriophage etc.), which can lead to disequilibrium or
health-equilibrium [44]. The study of microbiota should include analysis of phage-bacteria equilibrium
and immune-response versus tolerance or disequilibrium with inflammation [45]. The spectrum of
infection of one phage is usually narrow and limited to only a few strains of the same bacterial species.
Thus, they do not change beneficial natural microbiota when compared to broad-spectrum antibiotics,
but can eradicate undesired specific bacteria.

The intestinal mucosa microenvironment has the highest amount of interaction between phages
and bacteria because the mucin component of the mucus can capture phages and bacteria due to the
polymeric structure of mucin consisting of glycans that are similar to immunoglobin like proteins that
can bind the Hoc protein of the phage capsule [46,47].

The studies in vivo on the interactions between bacteriophages and gut microbiota have changed
our vision when considering the life cycle, replication and survival of phages [48]. Several authors
mentioned a possible role of phages in the maintenance of mucosal inflammation in Inflammatory
Bowel Diseases (IBD) [49,50]. Hence, the phage population in IBD patients differs from healthy persons.
Crohn’s disease patients present a lower diversity of bacteriophages compared to healthy patients [51]
and an increase of phage quantity in the mucosa compared to healthy patients [52]. The authors
should mention that further studies should be done to corroborate these findings. Although the recent
studies are interesting and promising, more data are required in order to generalize results. In addition,
the ulcerated mucosa presents a lower phage number than an unaffected one. Mechanisms that explain
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how phages regulate the bacterial flora in IBD or in healthy patients are still unclear. Some authors
suggest that phage regulates the microbiota in a host-predator manner [45]. This is supported by the
fact that Crohn’s disease patients have a higher number of bacteriophages but associated with a lower
diversity. In addition, the transduction of bacterial genes by phages is a major mechanism of lateral
gene transfer in bacteria. The prophage DNA induced during the lytic phase can include endogenic
bacterial genes. This is particularly the case for antibiotic resistance genes and other bacterial virulence
genes. Such a mechanism may help to decrease bacterial diversity and favor chronic inflammation.

Additionally, highly lytic phages induce destruction of bacterial strains. This destruction in the
mucosa increases the amount of released bacterial proteins that can be recognized by PRR system, and
then potentially increase the risk of inflammation. These data support a model in which uncontrolled
changes in the bacteriophage composition of microbiome may contribute to intestinal inflammation
and bacterial dysbiosis [41].

Several studies propose a phage treatment as alternative and/or adjuvant to antibiotic treatment
to control a bacterial infection in medicine [53–61] or agriculture [62]. Indeed, the use of widespread
antibiotics has contributed to the global spread of resistant bacterial pathogens.

3. Phage Therapy to Modulate Microbiota Composition and Diversity

Among the perspectives on therapeutic modulation, the use of phage to manipulate bacterial
population of the microbiota is highly interesting [63,64]. Phage therapy is applied either for
rebalancing the microbiota in chronic diseases or for compassionate therapies in acute cases. In both
cases the advantage of phage therapies with cocktails to reduce the risk of resistance is well recognized.
Two strategies are used to enrich phage cocktails: (i) training the phages with a selection of local
bacteria or (ii) tailoring the phage cocktail selecting the ones “trained” to infect the resistant bacteria as
shown in intensive care patients [58,65].

The use of lytic phages has been proven efficient to reduce the number of pathogenic bacteria.
Although such strategy implies that pathogenic bacteria are identified as major contributors of chronic
diseases like Helicobacter pylori in the stomach or Clostridium difficile in secondary infection. To overcome
this problem, a cocktail of six different phages has been set up by a Russian laboratory. These phage
cocktails were analyzed and tested for adverse effects and toxicity but no negative effects have
been reported [66]. Alternatively, inoculation of multiple lytic phages can be administered with
lower amounts of antibiotics. This strategy is based on the synergetic action of antibiotics and
reduced the bacterial resistance to phages. For example, a higher efficiency of antibiotics against
Pseudomonas aeruginosa biofilms has been observed, which was due to a synergic effect of antibiotics
and phages. Maximum killing was reached when the phage treatment was applied before the use of
antibiotics, which could be explained by the disaggregation of biofilm by the phage activity, and thus
induced a higher diffusion of antibiotics [67].

Bacteria can be defended against prophages using the Clustered Regularly Interspaced Short
Palindromic Repeat (CRISPR) system [68]. The CRISPR-associated nuclease 9 (Cas9) bacterial immune
system cleaves bacteriophage and plasmid DNA and can be used to selectively cleave antibiotic
gene resistance or other virulence gene in bacteria brought by phages. Using this technique, Bikard
et al. showed that Cas9 re-programmed to target virulence genes, kills virulent, but not avirulent
Staphylococcus aureus [69].

Finally, phage therapy can be used to positively modulate the microbiota population. The
development of genetic tools can be used to genetically modify some phages used alone or in
combination with probiotics as vectors for nutrient biosynthesis or degradation that could favor
the host. Unbalanced microbiota displayed low bacterial diversity and could potentially increase the
proportion of pathogenic bacteria that favor mucosal inflammation. Manipulation of the microbiota by
FMT, probiotics or specific diet is currently used. Alternatively, lytic phages could be used to selectively
reduce pathogenic bacteria (Figure 1). Prophages that carry biosynthesis genes of metabolites and
positively regulate mucosal inflammation could be engineered to genetically modify commensal
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bacteria. For example, the positive effect of SCFA produced by commensal bacteria has been previously
shown for the benefit of obese patients [70]. We can imagine increasing the capacity of commensal
bacteria to synthetize SCFA and H2S using genetically modified phages, which could be used as a
treatment for obesity and affected mitochondrial metabolism, respectively (Figure 1).

As phage therapy and the CRISPR/Cas9 system develop as tools for microbiota manipulation,
further investigations in vitro and clinical trials are required to ascertain the various effects of using
such phage-based treatment.

4. Conclusions

The use of bacteriophages in Europe, Australia, and America is still experimental [71], and
raises questions for ethical and safety reasons [72–76]. Despite the discovery of the Bacteriophages
100 years ago, by F.W. Twort and Felix d’Herelle, the delay in the usefulness of this tool is appalling.
We have to change the paradigm of phage therapeutic application. Moreover it is important to
consider the microbial world with its complete environment. Indeed, all is in a fine balance between
bacteriophages, and commensal and pathogen bacteria. The disruption of phage-bacteria equilibrium
in the microbiome is the key point that influences the prevalence of one of the two phage-bacteria
actors. Two recent works explained and clarified how the phage can react to the CRISPR bacterial
attack and the necessity of neutralizing the bacterial defence [77,78]. The phage therapy is an attempt
to reduce or eliminate one species of undesired bacteria. The gut microbiota disequilibrium leads to a
pathologic situation and the phage therapy is considered an efficient tool to establish a new equilibrium
of the microbiota. The use of engineered phages can allow the elimination or reduction of bacterial
defence. The digestion of bacteria biofilm could be an additional tool for increasing interest in the
phage therapy [67].

New data concerning the role of the phages on the modulation of gut bacterial community are
required to better understand the potential effect of phages on microbiota. The current literature lacks
evidence of the detrimental effects of phages on the human immune system and the long-term effects
of such human-bacteriophage interaction. Hence, some data suggests that phages can also stimulate
immunity due to the coat protein of bacteriophages [79]. Moreover, the majority of phages and their
specific spectrum are unknown. Thus, before treating patients with engineered prophages or lytic
phages, further investigations are required for a better targeting of bacteria by phages. To overcome
this problem a rigorous gut microbiota profiling must be part of the phenotypic analysis of chronic
diseases for the most effective treatment. Despite the scarce information concerning each phage
therapy, the microbiota targeting by phages is a new interesting strategy to change microbiota quality
and diversity in the treatment of different pathologies related to disequilibrium of gut microbiota. It
must be taken into consideration that with any microbiota transplant an important number of phages
will inevitably be transplanted [47].

We are at the era of a deep transformation in our understanding of many diseases. We failed
to combat many of them (obesity, Alzheimer’s disease, depression, etc.) with many pharmaceutical
drugs, because we are still keeping our classical and static thinking. We need to change our vision and
redesign a multitarget strategy, which can modulate microbiota diversity and mitochondria dynamics.
Phages could be one of these actors.

Funding: This research received no external funding.

Acknowledgments: The authors thank Gustavo Di Lallo (University of Roma Tor Vergata, Italy) for his assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chang, C.; Lin, H. Dysbiosis in gastrointestinal disorders. Best. Pract. Res. Clin. Gastroenterol. 2016, 30, 3–15.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.bpg.2016.02.001
http://www.ncbi.nlm.nih.gov/pubmed/27048892


Med. Sci. 2018, 6, 86 7 of 10

2. Bretin, A.; Gewitrz, A.T.; Chassaing, B. Microbiota and metabolism: What’s new in 2018? Am. J. Physiol.
Endocrinol. Metab. 2018, 1, 315. [CrossRef] [PubMed]

3. Clemente, J.C.; Ursell, L.K.; Parfrey, L.W.; Knight, R. The impact of the gut microbiota on human health:
An integrative view. Cell 2012, 148, 1258–1270. [CrossRef] [PubMed]

4. Schroeder, B.O.; Bäckhed, F. Signals from the gut microbiota to distant organs in physiology and disease.
Nat. Med. 2016, 22, 1079–1089. [CrossRef] [PubMed]

5. Kieser, S.; Sarker, S.A.; Sakwinska, O.; Foata, F.; Sultana, S.; Khan, Z.; Islam, S.; Porta, N.; Combremont, S.;
Betrisey, B.; et al. Bangladeshi children with acute diarrhea show fecal microbiomes with increased
Streptococcus abundance, irrespective of diarrhea etiology. Environ. Microbiol. 2018. [CrossRef] [PubMed]

6. Mayer, E.A.; Tillisch, K.; Gupta, A. Gut/brain axis and the microbiota. J. Clin. Investig. 2015, 125, 926–938.
[CrossRef] [PubMed]

7. Hsiao, E.Y.; McBride, S.W.; Hsien, S.; Sharon, E.R.; McCue, T.; Codelli, J.A.; Chow, J.; Reisman, S.E.;
Petrosino, J.F.; Patterson, P.H.; et al. Microbiota modulate behavioural and physiological abnormalities
associated with neuronal developmental disorders. Cell 2013, 155, 1451–1463. [CrossRef] [PubMed]

8. Bourassa, M.W.; Alim, I.; Bultman, S.J.; Ratan, R.R. Butyrate, neuroepigenetics and the gut microbiome:
Can a high fiber diet improve brain health? Neurosci. Lett. 2016, 625, 56–63. [CrossRef] [PubMed]

9. Saint-Georges-Chaumet, Y.; Edeas, M. Microbiota-mitochondria inter-talk: Consequence for microbiota-host
interaction. FEMS 2016, 74, ftv096. [CrossRef] [PubMed]

10. Durand, P.-Y.; Nicco, C.; Serteyn, D.; Attaf, D.; Edeas, M. Microbiota quality and mitochondrial activity
link with occurrence of muscle cramps in hemodialysis patients using citrate. Blood Purif. 2018, 46, 301–308.
[CrossRef] [PubMed]

11. Jiang, C.; Li, G.; Huang, P.; Liu, Z.; Zhao, B. The gut Microbiota and Alzheimer’s disease. J. Alzheimers Dis.
2017, 58, 1–15. [CrossRef] [PubMed]

12. Caputi, V.; Giron, M.C. Microbiome-Gut-Brain Axis and Toll-Like Receptors in Parkinson’s Disease. Int. J.
Mol. Sci. 2018, 19, E1689. [CrossRef] [PubMed]

13. Turnbaugh, P.J.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-associated gut
microbiome with increased capacity for energy harvest. Nature 2006, 444, 1027–1031. [CrossRef] [PubMed]

14. Dutta, S.K.; Girotra, M.; Garg, S.; Dutta, A.; von Rosenvinge, E.C.; Maddox, C.; Song, Y.; Bartlett, J.G.;
Vinayek, R.; Fricke, W.F. Efficacy of combined jejunal and colonic fecal microbiota transplantation for
recurrent Clostridium difficile Infection. Clin. Gastroenterol. Hepatol. 2014, 12, 1572–1576. [CrossRef] [PubMed]

15. Konturek, P.C.; Haziri, D.; Brzozowski, T.; Hess, T.; Heyman, S.; Kwiecien, S.; Konturek, S.J.; Koziel, J.
Emerging role of fecal microbiota therapy in the treatment of gastrointestinal and extra-gastrointestinal
diseases. J. Physiol. Pharmacol. 2015, 66, 483–491. [PubMed]

16. Konturek, P.C.; Koziel, J.; Dieterich, W.; Haziri, D.; Wirtz, S.; Glowczyk, I.; Konturek, K.; Neurath, M.F.;
Zopf, Y. Successful therapy of Clostridium difficile infection with fecal microbiota transplantation. J. Physiol.
Pharmacol. 2016, 67, 859–866. [PubMed]

17. Vrieze, A.; Van Nood, E.; Holleman, F.; Salojärvi, J.; Kootte, R.S.; Bartelsman, J.F.W.M.; Dallinga-Thie, G.M.;
Ackermans, M.T.; Serlie, M.J.; Oozeer, R.; et al. Transfer of intestinal microbiota from lean donors increases
insulin sensitivity in individuals with metabolic syndrome. Gastroenterology 2012, 143, 913–916. [CrossRef]
[PubMed]

18. Kang, D.W.; Adams, J.B.; Gregory, A.C.; Borody, T.; Chittick, L.; Fasano, A.; Khoruts, A.; Geis, E.;
Maldonado, J.; McDonough-Means, S.; et al. Microbiota transfer therapy alters gut ecosystem and improves
gastrointestinal and autism symptoms: An open-label study. Microbiome 2017, 5, 10. [CrossRef] [PubMed]

19. Olson, C.A.; Vuong, H.E.; Yano, J.M.; Liang, Q.Y.; Nusbaum, D.J.; Hsiao, E.Y. The gut microbiota mediates
the anti-seizure effects of the Ketogenic diet. Cell 2018, 173, 1728–1741. [CrossRef] [PubMed]

20. Brandt, L.J.; Reddy, S.S. Fecal microbiota transplantation for recurrent Clostridium difficile infection. J. Clin.
Gastroenterol. 2011, 45, S159–S167. [CrossRef] [PubMed]

21. Ouwehand, A.C.; Salminen, S.; Isolauri, E. Probiotics: An overview of beneficial effects. Antonie Van
Leeuwenhoek 2002, 82, 279–289. [CrossRef] [PubMed]

22. Ki Cha, B.; Mun Jung, S.; Hwan Choi, C.; Song, I.-D.; Woong Lee, H.; Joon Kim, H.; Hyuk, J.; Kyung Chang, S.;
Kim, K.; Chung, W.-S.; et al. The effect of a multispecies probiotic mixture on the symptoms and fecal
microbiota in diarrhea-dominant irritable bowel syndrome: A randomized, double-blind, placebo-controlled
trial. J. Clin. Gastroenterol. 2012, 46, 220–227.

http://dx.doi.org/10.1152/ajpendo.00014.2018
http://www.ncbi.nlm.nih.gov/pubmed/29486139
http://dx.doi.org/10.1016/j.cell.2012.01.035
http://www.ncbi.nlm.nih.gov/pubmed/22424233
http://dx.doi.org/10.1038/nm.4185
http://www.ncbi.nlm.nih.gov/pubmed/27711063
http://dx.doi.org/10.1111/1462-2920.14274
http://www.ncbi.nlm.nih.gov/pubmed/29786169
http://dx.doi.org/10.1172/JCI76304
http://www.ncbi.nlm.nih.gov/pubmed/25689247
http://dx.doi.org/10.1016/j.cell.2013.11.024
http://www.ncbi.nlm.nih.gov/pubmed/24315484
http://dx.doi.org/10.1016/j.neulet.2016.02.009
http://www.ncbi.nlm.nih.gov/pubmed/26868600
http://dx.doi.org/10.1093/femspd/ftv096
http://www.ncbi.nlm.nih.gov/pubmed/26500226
http://dx.doi.org/10.1159/000490612
http://www.ncbi.nlm.nih.gov/pubmed/30048977
http://dx.doi.org/10.3233/JAD-161141
http://www.ncbi.nlm.nih.gov/pubmed/28372330
http://dx.doi.org/10.3390/ijms19061689
http://www.ncbi.nlm.nih.gov/pubmed/29882798
http://dx.doi.org/10.1038/nature05414
http://www.ncbi.nlm.nih.gov/pubmed/17183312
http://dx.doi.org/10.1016/j.cgh.2013.12.032
http://www.ncbi.nlm.nih.gov/pubmed/24440222
http://www.ncbi.nlm.nih.gov/pubmed/26348073
http://www.ncbi.nlm.nih.gov/pubmed/28195066
http://dx.doi.org/10.1053/j.gastro.2012.06.031
http://www.ncbi.nlm.nih.gov/pubmed/22728514
http://dx.doi.org/10.1186/s40168-016-0225-7
http://www.ncbi.nlm.nih.gov/pubmed/28122648
http://dx.doi.org/10.1016/j.cell.2018.04.027
http://www.ncbi.nlm.nih.gov/pubmed/29804833
http://dx.doi.org/10.1097/MCG.0b013e318222e603
http://www.ncbi.nlm.nih.gov/pubmed/21992957
http://dx.doi.org/10.1023/A:1020620607611
http://www.ncbi.nlm.nih.gov/pubmed/12369194


Med. Sci. 2018, 6, 86 8 of 10

23. Sinagra, E.; Tomasello, G.; Cappello, F.; Leone, A.; Cottone, M.; Bellavia, M.; Rossi, F.; Facella, T.; Damiani, P.;
Zeenny, M.N.; et al. Probiotics, prebiotics and symbiotics in inflammatory bowel diseases: State-of-the-art
and new insights. J. Biol. Regul. Homeost. Agents 2013, 27, 919–933.

24. Frezza, D.; Edeas, M. Proceedings of the 5th World Congress on Targeting Infectious Diseases: Targeting
Phage and Antibiotic Resistance, Florence, Italy, 17–18 May 2018.

25. Maura, D.; Debarbieux, L. On the interaction between virulent bacteriophages and bacteria in the gut.
Bacteriophage 2012, 2, 229–233. [CrossRef] [PubMed]

26. Pelfrene, E.; Willebrand, E.; Cavaleiro Sanches, A.; Sebris, Z.; Cavaleri, M. Bacteriophage therapy:
A regulatory perspective. J. Antimicrob. Chemother. 2016, 71, 2071–2074. [CrossRef] [PubMed]

27. McCallin, S.; Sarker, S.A.; Sultana, S.; Oechslin, F.; Brüssow, H. Metagenome analysis of Russian and Georgian
Pyophage cocktails and a placebo-controlled safety trial of single phage versus phage cocktail in healthy
Staphylococcus aureus carriers. Environ. Microbiol. 2018. [CrossRef] [PubMed]

28. Villarroel, J.; Larsen, M.V.; Kilstrup, M.; Nielsen, M. Metagenomic analysis of therapeutic PYO phage
cocktails from 1997 to 2014. Viruses 2017, 9, 328. [CrossRef] [PubMed]

29. Fauconnier, A. Guidelines for Bacteriophage Product Certification. Methods Mol. Biol. 2018, 1693, 253–268.
[CrossRef] [PubMed]

30. Abedon, S.T. Information Phage Therapy Research Should Report. Pharmaceuticals 2017, 10, 43. [CrossRef]
[PubMed]

31. McCarville, J.L.; Caminero, A.; Verdu, E.F. Novel perspectives on therapeutic modulation of the gut
microbiota. Therap. Adv. Gastroenterol. 2016, 9, 580–593. [CrossRef] [PubMed]

32. Hackerman, H.W. 5500 Phages examined in the electron microscope. Arch. Virol. 2007, 152, 227–243.
[CrossRef] [PubMed]

33. Scarpellini, E.; Ianiro, G.; Attili, F.; Bassanelli, C.; De Santis, A.; Gasbarrini, A. The human gut microbiota
and virome: Potential therapeutic implications. Dig. Liver Dis. 2015, 47, 1007–1012. [CrossRef] [PubMed]

34. Pires, D.P.; Cleto, S.; Sillankorva, S.; Azeredo, J.; Lu, T.K. Genetically engineered phages: A review of
advances over the last decade. Microbiol. Mol. Biol. Rev. 2016, 80, 523–543. [CrossRef] [PubMed]

35. Reyes, A.; Haynes, M.; Hanson, N.; Angly, F.E.; Heath, A.C.; Rohwer, F. Viruses in the faecal microbiota of
monozygotic twins and their mothers. Nature 2010, 466, 334–338. [CrossRef] [PubMed]

36. Mills, S.; Shanahan, F.; Stanton, C.; Hill, C.; Coffey, A.; Ross, R.P. Movers and shakers: Influence of
bacteriophages in shaping the mammalian gut microbiota. Gut Microbes 2013, 4, 4–16. [CrossRef] [PubMed]

37. Mirzaei, M.K.; Maurice, C.F. Ménage à trois in the human gut: Interactions between host, bacteria and
phages. Nat. Rev. Microbiol. 2017, 15, 397–408. [CrossRef] [PubMed]

38. Mill, S.; Ross, P.; Hill, C. Bacteriocins and bacteriophage: A narrow-minded approach to food and gut
microbiology. FEMS Microbiol. Rev. 2017, 41, 129–153. [CrossRef] [PubMed]

39. Asija, K.; Teschke, C.M. Lessons from bacteriophages part 2: A saga of scientigic breakthroughs and prospects
for their use in human health. PLoS Pathog. 2018, 14, e1006970. [CrossRef] [PubMed]

40. Manrique, P.; Bolduc, B.; Walk, S.T.; van der Oost, J.; de Vos, W.M.; Young, M.J. Healthy human gut phageome.
PNAS 2016, 113, 10400–10405. [CrossRef] [PubMed]

41. Duerkop, B.A.; Clements, C.V.; Rollins, D.; Rodrigues, J.L.; Hopper, L.V. A composite bacteriophage alters
colonization by an intestinal commensal bacterium. Proc. Natl. Acad. Sci. USA 2012, 17621–17626. [CrossRef]
[PubMed]

42. Human Microbiome Project Consortium. Structure function and diversity of the healthy human microbiome.
Nature 2012, 486, 207–214. [CrossRef] [PubMed]

43. Barr, J.J.; Auro, R.; Furlan, M.; Whiteson, K.L.; Erb, M.L.; Pogliano, J.; Stotland, A.; Wolkowicz, R.;
Cutting, A.S.; Doran, K.S.; et al. Bacteriophages adhering to mucus provide a non host-derived immunity.
PNAS 2013, 110, 10771–10776. [CrossRef] [PubMed]

44. Casjens, S. Prophages and bacterial genomics: What have we learned so far? Mol. Microbiol. 2003, 49, 277–300.
[CrossRef] [PubMed]

45. Breitbart, M.; Hewson, I.; Felts, B.; Mahaffy, J.M.; Nulton, J.; Salamon, P.; Rohwer, F. Metagenomic analyses
of an uncultured viral community from human feces. J. Bacteriol. 2003, 185, 6220–6223. [CrossRef] [PubMed]

46. Barr, J.J.; Auro, R.; Sam-Soon, N.; Kassegne, S.; Peters, G.; Bonilla, N.; Hatay, M.; Mourtada, S.; Bailey, B.A.;
Youle, M.; et al. Subdiffusive motion of bacteriophage in mucosal surfaces increases the frequency of bacterial
encounters. Proc. Natl. Acad. Sci. USA 2015, 112, 13675–13680. [CrossRef] [PubMed]

http://dx.doi.org/10.4161/bact.23557
http://www.ncbi.nlm.nih.gov/pubmed/23739386
http://dx.doi.org/10.1093/jac/dkw083
http://www.ncbi.nlm.nih.gov/pubmed/27068400
http://dx.doi.org/10.1111/1462-2920.14310
http://www.ncbi.nlm.nih.gov/pubmed/30051571
http://dx.doi.org/10.3390/v9110328
http://www.ncbi.nlm.nih.gov/pubmed/29099783
http://dx.doi.org/10.1007/978\T1\textendash 1-4939-7395-8_19
http://www.ncbi.nlm.nih.gov/pubmed/29119445
http://dx.doi.org/10.3390/ph10020043
http://www.ncbi.nlm.nih.gov/pubmed/28468287
http://dx.doi.org/10.1177/1756283X16637819
http://www.ncbi.nlm.nih.gov/pubmed/27366225
http://dx.doi.org/10.1007/s00705-006-0849-1
http://www.ncbi.nlm.nih.gov/pubmed/17051420
http://dx.doi.org/10.1016/j.dld.2015.07.008
http://www.ncbi.nlm.nih.gov/pubmed/26257129
http://dx.doi.org/10.1128/MMBR.00069-15
http://www.ncbi.nlm.nih.gov/pubmed/27250768
http://dx.doi.org/10.1038/nature09199
http://www.ncbi.nlm.nih.gov/pubmed/20631792
http://dx.doi.org/10.4161/gmic.22371
http://www.ncbi.nlm.nih.gov/pubmed/23022738
http://dx.doi.org/10.1038/nrmicro.2017.30
http://www.ncbi.nlm.nih.gov/pubmed/28461690
http://dx.doi.org/10.1093/femsre/fux022
http://www.ncbi.nlm.nih.gov/pubmed/28830091
http://dx.doi.org/10.1371/journal.ppat.1006970
http://www.ncbi.nlm.nih.gov/pubmed/29772006
http://dx.doi.org/10.1073/pnas.1601060113
http://www.ncbi.nlm.nih.gov/pubmed/27573828
http://dx.doi.org/10.1073/pnas.1206136109
http://www.ncbi.nlm.nih.gov/pubmed/23045666
http://dx.doi.org/10.1038/nature11234
http://www.ncbi.nlm.nih.gov/pubmed/22699609
http://dx.doi.org/10.1073/pnas.1305923110
http://www.ncbi.nlm.nih.gov/pubmed/23690590
http://dx.doi.org/10.1046/j.1365-2958.2003.03580.x
http://www.ncbi.nlm.nih.gov/pubmed/12886937
http://dx.doi.org/10.1128/JB.185.20.6220-6223.2003
http://www.ncbi.nlm.nih.gov/pubmed/14526037
http://dx.doi.org/10.1073/pnas.1508355112
http://www.ncbi.nlm.nih.gov/pubmed/26483471


Med. Sci. 2018, 6, 86 9 of 10

47. Barr, J.J.; Jeremy, J. A bacteriophage journey through the human body. Immunol. Rev. 2017, 279, 106–122.
[CrossRef] [PubMed]

48. Reyes, A.; Wu, M.; McNulty, N.P.; Rohwer, F.L.; Gordon, J.I. Gnotobiotic mouse model of phage-bacterial
host Dynamics in the human gut. Proc. Natl. Acad. Sci. USA 2013, 110, 20236–20241. [CrossRef] [PubMed]

49. Norman, J.M.; Handley, S.A.; Baldridge, M.T.; Droit, L.; Liu, C.Y.; Keller, B.C.; Kambal, A.; Monaco, C.L.;
Zhao, G.; Fleshner, P.; et al. Disease-specific alterations in the enteric virome in inflammatory bowel disease.
Cell 2015, 160, 447–460. [CrossRef] [PubMed]

50. Babickova, J.; Gardlik, R. Pathological and therapeutic interactions between bacteriophages, microbes and
the host in inflammatory bowel disease. World J. Gastroenterol. 2015, 21, 11321–11330. [CrossRef] [PubMed]

51. Pérez-Brocal, V.; García-López, R.; Vázquez-Castellanos, J.F.; Nos, P.; Beltrán, B.; Latorre, A.; Moya, A.
Study of the viral and microbial communities associated with Crohn’s disease: A metagenomic approach.
Clin. Transl. Gastroenterol. 2013, 4, e36. [CrossRef] [PubMed]

52. Lepage, P.; Colombet, J.; Marteau, P.; Sime-Ngando, T.; Doré, J.; Leclerc, M. Dysbiosis in inflammatory bowel
disease: A role for bacteriophages? Gut 2008, 57, 424–425. [CrossRef] [PubMed]

53. Rossitto, M.; Fiscarelli, E.V.; Rosati, P. Challenges and promises for planning future clinical research
into bacteriophage therapy against Pseudomonas aeruginosa in cystic fibrosis: An argumentative review.
Front. Microbiol. 2018, 9, 775. [CrossRef] [PubMed]

54. LaVergne, S.; Hamilton, T.; Biswas, B.; Kumaraswamy, M.; Schooley, R.T.; Wooten, D. Phage therapy for
a multidrug-resistant Acinetobacter baumannii craniectomy site infection. Open Forum Infect. Dis. 2018, 5,
ofy064. [CrossRef] [PubMed]

55. Malik, D.J.; Sokolov, I.J.; Vinne, G.K.; Mancuso, F.; Cinquerrui, S.; Vladisavjevic, G.T.; Clokie, M.R.J.;
Garton, N.J.; Stapley, A.G.F.; Kirpichnikova, A. Formulation, stabilisation and encapsulation of bacteriophage
for phage therapy. Adv. Colloid. Interface Sci. 2017, 249, 100–133. [CrossRef] [PubMed]

56. Yen, M.; Cairns, L.S.; Camilli, A. A coktail of three virulent bacteriophages prevents Vibrio cholerae infection
in animal models. Nat. Commun. 2017, 8, 14187. [CrossRef] [PubMed]

57. Drilling, A.J.; Ooi, M.L.; Miljkovic, D.; James, C.; Speck, P.; Vreugde, S.; Clark, J.; Wormald, P.J. Long-term
safety topical bacteriophage application to the frontal sinus region. Front. Cell Infect. Microbiol. 2017, 7, 49.
[CrossRef] [PubMed]

58. Schooley, R.T.; Biswas, B.; Gill, J.J.; Hernandez-Morales, A.; Lancaster, J.; Lessor, L.; Bar, J.J.; Rohwer, F.;
Benier, B.; Segali, A.M.; et al. Development and use of personalized bacteriophage-based therapeutic
cocktails to treat a patient with a disseminated resistant Acinetobacter baumannii infection. Antimicrob. Agents
Chemother. 2017, 61, e00954-17. [CrossRef] [PubMed]

59. Iwano, H.; Inoue, Y.; Takasago, T.; Kobayashi, H.; Furusawa, T.; Taniguchi, K.; Fujiki, J.; Yokota, H.; Usui, M.;
Tanji, Y.; et al. Bacteriophage ΦSA012 has a broad host range against Staphylococcus aureus and effective lytic
capacity in a mouse mastitis model. Biology 2018, 7, pii:E8. [CrossRef] [PubMed]

60. Chan, B.K.; Turnet, P.E.; Kim, S.; Mojibian, H.R.; Elefteriades, J.A.; Narayan, D. Phage treatment of an aortic
graft infected with Pseudomonas aeruginosa. Evol. Med. Public Health 2018, 1, 60–66. [CrossRef] [PubMed]

61. Furfaro, L.L.; Chang, B.J.; Payne, M.S. Applications for bacteriophage therapy and the perinatal period.
Front. Microbiol. 2018, 11, 2660. [CrossRef]

62. Di Lallo, G.; Evangelisti, M.; Mancuso, F.; Ferrante, P.; Marcelletti, S.; Tinari, A.; Superti, F.; D’Addabbo, P.;
Frezza, D.; Scortichini, M.; et al. Isolation and partial characterization of bacteriophages infecting Pseudomonas
syringae pv. Actinidiae, causal agent of kiwifruit bacterial canker. J. Basic Microbiol. 2014, 54, 1210–1221.
[CrossRef] [PubMed]

63. McCarville, J.L.; Caminero, A.; Verdu, E.F. Novel perspectives on therapeutic modulation of the gut
microbiota. Ther. Adv. Gastroenterol. 2016, 9, 580–593. [CrossRef] [PubMed]

64. Lee, H.L.; Shen, H.; Hwang, I.Y.; Ling, H.; Yew, W.S.; Lee, Y.S.; Chang, M.W. Targeted approaches for in situ
gut microbiome manipulation. Genes 2018, 9, 351. [CrossRef] [PubMed]

65. Rohde, C.; Resch, G.; Pirnay, J.-P.; Blasdel, B.G.; Debardieux, L.; Gelman, D.; Górski, A.; Hazan, R.; Huys, I.;
Kakabadze, E.; et al. Expert opinion on three phage therapy related topics: Bacterial phage resistance, phage
training and prophages in bacterial production strains. Viruses 2018, 10, 178. [CrossRef] [PubMed]

66. McCallin, S.; Alam Sarker, S.; Barretto, C.; Sultana, S.; Berger, B.; Huq, S.; Krause, L.; Bibiloni, R.; Schmitt, B.;
Reuteler, G.; et al. Safety analysis of a Russian phage cocktail: From metagenomic analysis to oral application
in healthy human subjects. Virology 2013, 443, 187–196. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/imr.12565
http://www.ncbi.nlm.nih.gov/pubmed/28856733
http://dx.doi.org/10.1073/pnas.1319470110
http://www.ncbi.nlm.nih.gov/pubmed/24259713
http://dx.doi.org/10.1016/j.cell.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25619688
http://dx.doi.org/10.3748/wjg.v21.i40.11321
http://www.ncbi.nlm.nih.gov/pubmed/26525290
http://dx.doi.org/10.1038/ctg.2013.9
http://www.ncbi.nlm.nih.gov/pubmed/23760301
http://dx.doi.org/10.1136/gut.2007.134668
http://www.ncbi.nlm.nih.gov/pubmed/18268057
http://dx.doi.org/10.3389/fmicb.2018.00775
http://www.ncbi.nlm.nih.gov/pubmed/29780361
http://dx.doi.org/10.1093/ofid/ofy064
http://www.ncbi.nlm.nih.gov/pubmed/29687015
http://dx.doi.org/10.1016/j.cis.2017.05.014
http://www.ncbi.nlm.nih.gov/pubmed/28688779
http://dx.doi.org/10.1038/ncomms14187
http://www.ncbi.nlm.nih.gov/pubmed/28146150
http://dx.doi.org/10.3389/fcimb.2017.00049
http://www.ncbi.nlm.nih.gov/pubmed/28286740
http://dx.doi.org/10.1128/AAC.00954-17
http://www.ncbi.nlm.nih.gov/pubmed/28807909
http://dx.doi.org/10.3390/biology7010008
http://www.ncbi.nlm.nih.gov/pubmed/29315249
http://dx.doi.org/10.1093/emph/eoy005
http://www.ncbi.nlm.nih.gov/pubmed/29588855
http://dx.doi.org/10.3389/fmicb.2017.02660
http://dx.doi.org/10.1002/jobm.201300951
http://www.ncbi.nlm.nih.gov/pubmed/24810619
http://dx.doi.org/10.1177/1756283X16637819
http://www.ncbi.nlm.nih.gov/pubmed/27366225
http://dx.doi.org/10.3390/genes9070351
http://www.ncbi.nlm.nih.gov/pubmed/30002345
http://dx.doi.org/10.3390/v10040178
http://www.ncbi.nlm.nih.gov/pubmed/29621199
http://dx.doi.org/10.1016/j.virol.2013.05.022
http://www.ncbi.nlm.nih.gov/pubmed/23755967


Med. Sci. 2018, 6, 86 10 of 10

67. Chaudhry, W.N.; Concepción-Acevedo, J.; Park, T.; Andleeb, S.; Bull, J.J.; Levin, B.R. Synergy and order
effects of antibiotics and phages in killing Pseudomonas aeruginosa biofilms. PLoS ONE 2017, 12, e0168615.
[CrossRef] [PubMed]

68. Garneau, J.E.; Dupuis, M-È.; Villion, M.; Romero, D.A.; Barrangou, R.; Boyaval, P.; Fremaux, C.; Horvath, P.;
Magadán, A.H.; Moineau, S. The CRISPR/Cas bacterial immune system cleaves bacteriophage and plasmid
DNA. Nature 2010, 468, 67–71. [CrossRef] [PubMed]

69. Bikard, D.; Euler, C.W.; Jiang, W.; Nussenzweig, P.M.; Goldberg, G.W.; Duportet, X.; Fischetti, V.A.;
Marraffini, L.A. Exploiting CRISPR-Cas nucleases to produce sequence-specific antimicrobials.
Nat. Biotechnol. 2014, 32, 1146–1150. [CrossRef] [PubMed]

70. Yadav, H.; Lee, J.-H.; Lloyd, J.; Walter, P.; Rane, S.G. Beneficial metabolic effects of a probiotic via
butyrate-induced GLP-1 hormone secretion. J. Biol. Chem. 2013, 288, 25088–25097. [CrossRef] [PubMed]

71. Harada, L.K.; Silvaa, E.C.; Campos, W.F.; Del Fiol, F.S.; Vila, M.; Dąbrowsk, K.; Victor, N.; Krylovc, V.N.;
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76. Górski, A.; Międzybrodzki, R.; Łobocka, M.; Głowacka-Rutkowska, A.; Bednarek, A.; Borysowski, J.;
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