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 Figure 1. Transmission electron micrograph of several bacteriophages attached to a bacterial cell wall; magnification is about 200,000.
[Source: By Dr Graham Beards (en:Image:Phage.jpg) [(CC BY-SA 3.0) or GFDL], via Wikimedia Commons]

To fight against multi-resistant pathogenic bacterial strains, an old cure is being revived, phage therapy [1],[2]: it involves using
the natural enemies of bacteria, bacteriophages, literally “bacteria eaters” (Figure 1). These, also known as phages, are viruses
whose hosts are bacteria. They were discovered independently by two researchers (F. Twort and F. d'Hérelle, Figure 2) at the
beginning of the 20th century, at a time when the viral world was still invisible to humans: the first viruses were only observed
with the development of the transmission electron microscope in 1940.

Like any virus, phages recognize their host with high specificity. Thus, a phage can only infect a defined bacterial strain. After a
recognition step of surface receptors, the phage injects its DNA into the bacterial cytoplasm. It then diverts the biosynthetic
machinery of its host to its own advantage to produce from ten to several hundred new virions, identical to the parent phage,
released at the end of the viral cycle by the lysis of the host bacterium (lytic cycle). Some phages have the ability to integrate
their DNA into the bacterial chromosome. These prophages are transmitted to daughter cells for generations (lysogenic cycle),
but can wake up at any time to enter a lytic cycle. It is during the alternation of these two cycles that phages can transport
bacterial DNA fragments from one bacterium to another (transduction).
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 Figure 2. Portrait of Félix d'Hérelle (1873-1949), a French-Canadian microbiologist. Co-discoverer of bacteriophages, he invented phage
therapy. [Source: By [Service photo Institut Pasteur - Photothèque] [Public domain], via Wikimedia Commons]

Immediately after his discovery in 1917, Félix d’Hérelle was more open than his colleague Twort and realized the importance of
phages in the fight against infectious diseases. As early as 1919, d’Hérelle (who was a military doctor) treated cases of Shigella
dysentery (incurable hemorrhagic diarrhea at the time) with the oral administration of phages [2] : phage therapy was born.
While travelling in India a few years later, he observed that the end of cholera epidemics coincided with the spread of a very
virulent strain of phage against the bacteria responsible, Vibrio cholerae [3]. This observation, reproduced more recently [4],
shows that phages fully participate in our immunity. D’Hérelle also shows that seeding the water from a village’s well with the
“virulent” phage completely stops the epidemic, and patients drinking this water quickly recover [3]. Phage therapy has been
relatively successful, treating thousands of cases of bacterial dysentery, cholera, plague, typhoid and paratyphoid fevers,
colibacillosis, staph infections such as furunculosis and severe anthrax in Europe, South America or Asia [5]. However, many
doctors/scientists do not succeed in obtaining the same results, and accuse d'Hérelle of charlatanism. This is due to the fact that
at the time, knowledge of phage biology was still very rudimentary: lysogeny, for example, had not yet been described. However,
d'Hérelle's protocols are very rigorous and allow only lytic phages to be selected [3]; its detractors would have been less cautious,
probably explaining their failures.

In 1928, Alexander Fleming discoveres penicillin. A well-defined chemical molecule, whose production became industrial in the
early 1940s. Penicillin was an immediate success, quickly relegating phage therapy to the closet (cocktails of phages were still in
the “Vidal” (the French record of all drugs) until the 1970s, reimbursed by the French social security). In the Eastern Block,
however, due to the impermeability of the Iron Curtain to antibiotics, phage therapy continues to be used against infections. An
institute, founded in Tbilisi, Georgia in 1923 by a disciple of d’Hérelle, is dedicated to phage therapy: since then and until today,
it has accumulated an expertise and a collection of phages to treat many infectious diseases, from the most benign to the most
serious, especially those related to antibiotic-resistant strains.

The increasing increase in the number of antibiotic-resistant pathogenic bacterial strains and the very limited number of new
antibiotics in the pipelines are bringing phage therapy back into the West. However, the regulatory constraints of drug agencies
have evolved since last century: phage therapy was still not allowed a few years ago, particularly because phages still do not have
a “Marketing Authorization for Drugs” for human use from the National Drug Safety Agency (a long and costly procedure).
However, the legislation is slowly changing, due to: i) the pressure from an increasing number of amputations and deaths due to
antibiotic-resistant infections, ii) of the opening of borders, iii) the accounts of miraculous remissions of patients who went as a
last resort to Georgia for treatment with “Stalin’s forgotten cure” [6], but also thanks to the tenacity of some practitioners,
notably that of Alain Dublanchet and Olivier Patey [2].

Thus, in France, since February 2016, “Temporary Use Authorizations” have been issued on a case-by-case basis, authorizing the
use of phage cocktails prepared by a French start-up, Phérécydès Pharma (the use of cocktails is important to avoid the
development of resistance from the target bacteria), and French newspapers are beginning to tell us the story of miraculous
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recovery of people suffering from osteo-articular infections in therapeutic impasse, to whom only amputation was proposed [7].
In Europe, Poland and Belgium have already been offering compassionate phage therapy treatments for several years. In the
United States as well, outside of any legislation, phage therapy is offered, particularly to treat infected diabetic foot ulcers. A
few cases of miraculous recovery of patients “resurrected” from deep comas have recently been reported in the press [8],[9],
giving hope of breaking the therapeutic deadlock when antibiotic infections are completely recalcitrant. [10]

However, phage therapy is not the miracle cure for all infectious diseases: for example, phages must be provided at the site of
the infection and cocktails of phages, specific for the pathogenic strain, must be available. However, the benefits are clear, and
when used in combination with antibiotics with which there are important synergies, this ancient cure could prevent humanity
from falling back into a “pre-antibiotic” era.
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