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ABSTRACT

Phage therapy is the therapeutic use of bacteriophages to treat pathogenic
bacterial infections. Phage therapy has many potential applicationsin hu-
man medicine, dentistry, veterinary science, and agriculture. With the in-
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crease in antibiotic resistance, the use of bacteriophage as antimicrobial
agents is being re-examined to supplement antibiotic treatment. Potential
advantages of using phage result from their specificity and ability to mul-

tiply.  © 2009 Trade Sciencelnc. - INDIA

INTRODUCTION

All over the world, the resistance of bacteriato
antibioticsis becoming agrave medical problem™.
Independent of the resources of the medical system,
whenever antibiotics are used the development of
resstanceisalogica consegquence; likeall other living
organisms, bacteriaadapt to changing environmental
conditions in a continuous process of evolution.
Ironically, resistanceis promoted by both the overuse
of antibiotics as well as insufficiency of dose. In
industridized countries, bacteriaaredevel oping multiple
resistanceto arange of antibiotics, which threatensto
make the achievements of modern medicinefutile. In
developing countries basic medical careis aready
endangered by Sngleres sancetoinexpensvecommon
generic antibiotics, particularly because of the
concomitant increaseinimmunosuppressed paients. The
concernthat humankind isreentering thepreantibiotic
era has become very real, and the development of
aternative antiinfection modalitieshas become one of

the highest priorities of modern medicine and
biotechnol ogy.

Prior to the discovery and widespread use of anti-
biotics, it was suggested that bacteria infectionscould
be prevented and/or treated by the administration of
bacteriophages. Although theearly clinical studieswith
bacteriophages were not vigorously pursued in the
United States? and Western Europe, phages contin-
ued tobeutilized intheformer Soviet Union and East-
ern Europe. Theresults of these studies were exten-
svey published in non-English (primarily Russan, Geor-
gian, and Polish) journals and, therefore, were not
readily availableto thewestern scientificcommunity. In
thisminireview, we briefly describethehistory of bac-
teriophage discovery and theearly clinicd studieswith
phagesand wereview therecent literatureemphasizing
research conducted by thevariousauthors

A bacteriophage (from ‘bacteria’ and Greek
phagein “to eat”) is any one of a number of viruses that
infect bacteria. Thetermiscommonly usedinitsshort-
ened form, phage. If thetarget host of aphagetherapy
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treatment isnot an animal, then theterm “biocontrol”
(asinphage-mediated biocontrol of bacteria) issome-
timesemployed rather than “phage therapy”.

Phagesare estimated to bethemost widdly distrib-
uted and diverse entitiesin the biospherd. Phagesare
ubiquitousand can befoundin al reservoirs popul ated
by bacterial hosts, such assoil or theintestines of ani-
mals. One of the densest natural sourcesfor phages
and other virusesis seawater, whereup to 9x108 viri-
ons per milliliter have been found inmicrobial matsat
the surface®, and up to 70% of marine bacteriamay
beinfected by phages“.

They have been used for over 90 yearsasan alter-
netiveto antibioticsintheformer Soviet Union and East-
ern Europ€e®. They are seen as a possible therapy
againgt multi drug resistant strains of many bacterid®9.

Classification of phages

The dsDNA tailed phages, or Caudovirales, ac-
count for 95% of al the phagesreportedinthe scien-
tific literature, and possibly make up the mgjority of
phages on the planet!yl. However, there are other ph-
agesthat occur abundantly in the biosphere, phages
with different virions, genomesand lifestyles. Phages
areclassified by the Internationa Committee on Tax-
onomy of Viruses(ICTV) according to morphology and
nucleicacid (TABLE 1).

Phagetherapy

Sinceancient times, it wasreported that thewaters
of theriversGangaand Jamunain Indiapossessed as-
tonishing antibacteria properties. In 1896, Earnest re-
ported that somethingin the waters of the Gangaand
Jamunariversin Indiahad marked antibacteria action
againgt choleraand could passthrough avery fine por-
ceainfilterly,

In 1915, British bacteriol ogist Frederick Twort™
superintendent of the Brown Ingtitution of London, dis-
covered asmdl agent that infected and killed bacteria.
French-Canadian microbiologist Félix d’Herelle, work-
ing at the Pasteur Ingtitute in Paris, announced on Sep-
tember 3, 1917 that he had discovered “An invisible,
antagonistic microbe of the dysentery bacillus”.
D’Hérelle called the virus a bacteriophage or bacteria-
eater (from the Greek phagein meaning to eat). He
also recorded adramatic account of aman suffering
from dysentery who was restored to good health by
the bacteriophages.

Early studiesof phagether apy

Not long after hisdiscovery, d’Herelle used ph-
agesto treat dysentery, in what was probably thefirst
attempt to use bacteriophagestherapeutically. Thestud-
ieswereconducted at the Hospital desEnfants-Mdades
in Parid™in 1919 under theclinica supervision of Pro-
fessor Victor-Henri Hutingl, the hospital’s Chief of Pe-
diatrics. The phage preparation was ingested by
d’Herelle, Hutinel, and several hospital interns in order
to confirmitssafety beforeadministering it thenext day
to a 12-year-old boy with severe dysentery. The
patient’s symptoms ceased after a single administration
of d’Herelle’s antidysentery phage, and the boy fully
recovered within afew days. Theefficacy of thephage
preparation was “confirmed” shortly afterwards, when
threeadditiona patientshaving bacteria dysentery and
treated with one dose of the preparation started tore-
cover within 24 h of treatment. However, theresults of
these sudieswerenot immediately published and, there-
fore, thefirst reported application of phagesto treat
infectiousdiseasesof humanscamein1921 fromRich-
ard Bruynogheand Joseph Maisin*®, who used bacte-
riophages to treat staphylococcal skin disease. The

TABLE 1: ICTV classification of phages™

Order Family M or phology Nucleic acid
Myoviridae Non-enveloped, contractile tail Linear dsDNA
Sphoviridae Non-envel oped, long non-contractile tail Linear dsDNA
Podoviridae Non-enveloped, short noncontractile tail Linear dsDNA

@ Tectiviridae Non-enveloped, isometric Linear dsDNA
< Corticoviridae Non-enveloped, isometric Circular dSDNA
= Lipothrixviridae Enveloped, rod-shaped Linear dsDNA
3 Plasmaviridae Enveloped, pleomorphic Circular dsDNA
§ Rudiviridae Non-enveloped, rod-shaped Linear dsDNA
Fuselloviridae Non-enveloped, lemon-shaped Circular dsDNA
Inoviridae Non-enveloped, filamentous Circular ssDNA
Microviridae Non-enveloped, isometric Circular ssDNA
Leviviridae Non-enveloped, isometric Linear ssRNA




RRBS, 3(1) June 2009

C.S.Vinod Kumar et al. 95

= Rey/ew

bacteriophageswereinjected into and around surgi-
cally opened lesions, and the authorsreported regres-
sonof theinfectionswithin 24to48h. Severd smilarly
promising studies followed**4, and encouraged by
theseearly results, d’Herelle and others continued stud-
iesof thetherapeutic use of phages(e.g., d’Herelle used
various phage preparationsto treat thousands people
having choleraand/or bubonic plaguein Indid™ In ad-
dition, savera companiesbegan activecommercid pro-
duction of phagesagaingt various bacteria pathogens.

Problemsof early phagetherapy research

Despitedl the propertiesof lytic phagesthat would
seemtofavor their clinica use, they are not commonly
used prophylacticaly or theragpeuticaly throughout the
world and their efficacy isstill amatter of controversy.
Many factors have contributed to thissituation.

Failureto establish rigor ousproof of efficacy

Oneof themost important factorsthat haveinter-
fered with documenting theva ue of phagetherapy has
been the paucity of appropriatel y conducted, placebo-
controlled studies. Ironicaly, d’Herelle caused substan-
tid long-term harm to hisideaof phagesastherapeutic
agentsbecause, in hiseagernessto transfer hislabora
tory sudiesto hospitd and community settings, he per-
formed clinica studieswith phageswithout including
placebo groupsof patients. Starting with thefirst known
useof phagesin humans (the Enfants-Mal adestrials)
andindl subsequent triads, d’Herelle administered ph-
agestoall sck patients. Thisfailuretoincludeplacebo
groupsmay beexpla ned by thepossibility that d’Herelle
might have been reluctant to depriveanyone of therapy
hebdieved could savehisor her life. It could dso have
been duetothe persona scientific styleof d’Herelle, as
hedsofalledtoincludeplacebo groupsduring hisstud-
ieswith chickens, when ethical considerationswere not
anissud® Similar failureswerevery common during
the early history of phage therapy, and thereforethe
resultsfrequently were controversial. To addressthis
controversy, the Council on Pharmacy and Chemistry
of theAmerican Medical Association requestedthat a
full review of theavailableliterature on phagetherapy
be prepared for the Council’s consideration. Conse-
guently, Monroe Eaton and Stanhope Bayne-Jonesre-
viewed morethan 100 papers on bacteriophagetherapy
and in 1934 they published adetailed review of phage
therapy!*”). Thisreport isone of themost detailed re-

viewsof phagetherapy ever published, anditsconclu-
sonswereclearly notinfavor of phagetherapy. Among
other conclusions, theauthors stated that “d’Herelle’s
theory that thematerid isaliving virusparasiteof bac-
teriahas not been proved. On the contrary, the facts
appear toindicatethat the material isinanimate, possi-
bly anenzyme”. The authors further stated that “since it
has not been shown conclusively that bacteriophageis
alivingorganiam, itisunwarranted to attributeitseffect
on culturesof bacteriaor itsposs blethergpeutic action
to avital property of the substance”. At the present
timeitisclear that the above conclusionsof thereport
wereincorrect. However, thereport delivered asevere
blow totheinterest of Western scientistsin evauating
theutility of phagesfor therapeutic purposesandit un-
doubtedly had astrong negativeimpact on theenthusi-
asm of funding agenciesto support therapeutic phage
research. In addition, 7 years after the Eaton-Bayne-
Jonesreport, asecond unfavourabl e report was pub-
lished by Albert Krueger and Jane Scribner!*® asase-
quel tothe Eaton-Bayne-Jonesreport. Theauthorsjus-
tified the need towritethe second review because“much
moreinformation about both phageitself anditsclinica
utility hasaccumulated”. However, the authors’ con-
clusionsabout the nature of phagesa so wasincorrect
gncethey stated “It is a protein of high molecular weight
and appearsto beformed fromaprecursor originating
withinthebacterium”. The authors further concluded
that ““it is equally evident that phage solutions possess
no measurable degree of superiority over well known
and accepted preparations”’. Although the authors sug-
gested that further eva uation of thetherapeutic poten-
tid of phagesmight bewarranted under thoroughly con-
trolled conditions, their assessment (together with that
of Eaton and Bayne-Jones) effectively stopped dl ma-
jor studies of phage therapy in the United States. In
addition, afew yearsafter thereview was published,
antibioticsbecamewiddy available, which further con-
tributed to thedeclineof interest in phagetherapy inthe
West. Thiswasnot affected by thecontinuing sudiesin
theformer Soviet Union and Eastern Europe since-as
discussed above-many of these tudieswerenot avail-
abletotheinternationd sdentificcommunity and/or were
conducted in amanner which did not allow rigorous
anaysisof theauthor’s conclusions.

Advantagesover antibiotics
Animportant theoretical benefit of phagetherapy
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TABLE 2: Therapeutic useof phagesand antibiotics

Bacteriophages Antibiotics

Comments

Very specific (i.e., usually affect
only the targeted bacterial

species); therefore, dysbiosis an

chances of developing secondary
infections are avoided-”.

Replicate at the site of infection
and are thus available where they

[20]
are most needed™". the site of infection.

Antibiotics target both
pathogenic microorganisms and of phages because the disease-causing bacterium must
d normal microflora. This affects be identified before phage therapy can be successfully

the microbial balancein the
patient, which may lead to
serious secondary infections.
They are metabolized and
eliminated from the body and do.
not necessarily concentrate at

High specificity may be considered to be a disadvantage

initiated. Antibiotics have a higher probability of being
effective than phages when the identity of the etiologic
agent has not been determined.

The "exponential growth" of phages at the site of
infection may require less frequent phage administration
in order to achieve the optimal therapeutic effect.

Multiple side effects, including A few minor side effects reported®- %2 for therapeutic

No serious side effects have been
described.

reported[23].
Phage-resistant bacteriaremain
susceptible to other phages
having a similar target range.
Selecting new phages (e.g.,
against phage-resistant bacteria)

isarelatively rapid processthat  bacteria) is atime-consumin
can frequently be accomplished ~ process and may take several

in days or weeks. years[26'28].

intestinal disorders, allergies,
and secondary infections (e.g.,
yeast infections) havebeen  Such effects also may be observed when antibiotics are

Resistance to antibiotics is not
limited to targeted bacteria.

Developing a new antibiotic
(e.g., against antibiotic-resistant

phages may have been due to the liberation of
endotoxins from bacterialysed in vivo by the phages.

usedl?4
Because of their more broad-spectrum activity,
antibiotics select for many resistant bacterial species, not

just for resistant mutants of the targeted bacteri a[25].

Evolutionary arguments support the idea that active
phages can be selected against every antibiotic-resistant
g or phage-resistant bacterium by the ever-ongoing
process of natural selection.

isthat bacteriophages can be much more specific than
more common drugs, so can be chosento beharmless
to not only the host organism (human, animd, or plant),
but also other beneficial bacteria, suchasgut flora, re-
ducingthechancesof opportunigicinfections. They dso
have ahigh therapeuticindex, that is, phage therapy
givesrisetofew if any Sdeeffects, asopposedto drugs,
and doesnot stresstheliver. Because phagesreplicate
invivo, asmaller effective dose can be used. On the
other hand, thisspedificity isalso adisadvantage: A phage
will only kill abacteriumif itisamatch to the specific
strain. Thus, phage mixturesare often appliedto im-
provethe chances of success, or samplescan betaken
and an appropriate phageidentified and grown.
Phagesare currently being used therapeutically to
treat bacterial infectionsthat do not respond to con-
ventiond antibiotics, particularly in the country of Geor-
gid™, They tend to be more successful than antibiot-
icswherethereisabiofilm covered by apolysaccha
ridelayer, whichantibioticstypicaly cannot penetrate.
IntheWest, no therapi es are currently authorized for
use on humans, although phagesfor killing food poi-
soning bacteria(Listeria) arenow in usg®l,
Phagetherapy can bevery effectivein certain con-
ditions and has some unique advantagesover antibiot-
ics. Bacteriaa so devel op resistanceto phages, but itis

incomparably easier to develop new phagethan new
antibiotic. A few weeks versus years are needed to
obtain new phagefor new strain of resistant bacteria.
Asbacteriaevolveresistance, therelevant phages natu-
rally evolvea ongs de. When super bacterium appears,
the super phage dready attacksit. Wejust need to de-
riveit from the same environment. Phageshave specia
advantage for localized use, because they penetrate
deeper aslong astheinfection ispresent, rather than
decreaserapidly in concentration below the surfacelike
antibiotics. The phages stop reproducing onceasthe
specific bacteriathey target are destroyed. Phagesdo
not devel op secondary resistance, whichisquite often
inantibiotics. Withtheincreasngincidenceof antibiotic
resistant bacteriaand adeficit inthe devel opment of
new classes of antibioticsto counteract them, thereisa
need to apply phagesin arange of infections.

Lytic phagesaresimilar to antibioticsin that they
haveremarkableantibacterid activity. However, thera-
peutic phages have some advantages over antibiotics,
and phages have been reported to be more effective
than antibioticsintreating certain infectionsin humans
and experimentdly infected animas. TABLE 29 gnifies
therapeuti c use of bacteriophagesagainst antibioticre-
Sstant bacteria
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Potential benefits

A potentia benefit of phagetherapy isfreedomfrom
the severeadverse effectsof antibiotics. Alsoitwould
possibly befast-acting, oncethe exact bacteriaareiden-
tified and the phages administered. Another benefit of
phagetherapy isthat although bacteriaare ableto de-
velop resi stanceto phagestheres stancemight beeasier
to overcome.

Bacteriophagesareoftenvery specific, targeting only
oneor afew strains of bacteria. Traditional antibiotics
usually have more wide-ranging effect, killing both
harmful bacteria and useful bacteria such as those
facilitating food digestion. The specificity of
bacteriophages might reduce the chance that useful
bacteriaarekilledwhenfighting aninfection.

Increasing evidence showstheability of phagesto
travel to arequired siteincluding thebrain, wherethe
blood brain barrier can be crossed and multiply inthe
presence of an appropriate bacteria host, to combat in-
fectionssuch asmeningitis. However thepatient’s im-
mune system can, in some cases mount animmunere-
sponse to the phage (2 out of 44 patientsin a Polish
trid™*2. Thismight possibly bethergpeuticaly sgnificant.

Devel opment and productionisfaster than antibi-
otics, on condition that the required recognition mol-
ecules are known. Research groupsin the West are
engineering abroader spectrum phage and al so target
MRSA trestmentsinavariety of forms- includingim-
pregnated wound dressings, preventativetreatment for
burnvictims, phage-impregnated sutures. Enzobiotics
areanew development at Rockefeller University that
create enzymesfrom phage. These show potentid for
preventing secondary bacterid infectionse.g. pneumo-
niadevel opingwith patientssuffering fromflu, otitisetc.
Some bacteria such as multiple resistant Klebsiella
pneumoniae, Pseudomonas sps?! have no non toxic
antibioticsavailable, and yet killing of thebacteriavia
intraperitoneal, intravenous or intranasal of phagesin
vivo has been shown towork inlaboratory testg®.

Phagethergpy isgenerdly considered safe. Aswith
antibiotic therapy and other methods of countering bac-
terial infections, endotoxinsarerel eased by the bacte-
riaasthey aredestroyed within the patient (Herxheimer
reaction)®31, Thiscan cause symptomsof fever, orin
extreme casestoxic shock (aproblem also seen with
antibiotics) is possibl€?¥. Thiscomplication can be
avoided by using geneticaly engineered bacteriophages;

= Rey/ew

which have had their gene responsiblefor producing
endolysinremoved. Without this genethe host bacte-
rium <till diesbut remainsintact becausethelysisisdis
abled.

Thedevelopment of phage-neutralizing antibodies
isanother possible problem which may hamper phage
effectivenessinlysingtargeted bacteriainvivo. Indeed,
the development of neutralizing antibodies after
parentera administration of phageshasbeenwell docu-
mented®. However it isunclear how significant aprob-
lem thismay be during phagetherapy, especialy when
phagesareadministered orally and/or locally. In theory,
thedevel opment of neutralizing antibodies should not
be asgnificant obstacleduring theinitia treatment of
acuteinfections, becausethekineticsof phageactionis
much faster thanisthehost’s production of neutralizing
antibodies. Also, itisnot clear how long theantibodies
will remainincirculation. Thus, careful studiesmust be
conducted to addressthevalidity of thisconcern. For
example, if administration of phagesédlicitsonly abrief,
mild antibody responsein the patient, phagesgivenat a
later time (e.g., to treat arecurring, acute infection)
should not be affected. However, if phageneutralizing
antibodiesaretill present at thetimethe second course
of treatment isnecessary or if arapid anamnesticim-
mune response occurs before the phages exert their
action, theva ueof repested administration of increased
doses of phages or of the administration of different
phages having the same spectrum of activity but adif-
ferent antigenic profilemust be determined. Another
concern regarding thetherapeutic use of lytic phagesis
that the devel opment of phage resistance may hamper
their effectiveness. Bacteria resistanceto phageswill
unquestionably devel op, athough according to some
authorg® therate of developing resistanceto phagesis
approximately 10-fold lower than that to antibiotics.
Therate of devel oping resi stance against phages can
be partially circumvented by using several phagesin
onepreparation® (much likeusing two or moreantibi-
oticssmultaneoudy). Most importantly, whenresi stance
against agiven phage occurs, it should be possibleto
select rapidly (in afew days or weeks) anew phage
active againgt the phage-res stant bacteria. Itisalso un-
clear how effective phageswould bein treating dis-
eases caused by intracellular pathogens?” (e.g., Sal-
monella species), wherebacteriamultiply primarily in-
sidehuman cellsand areinaccessibleto phages. Itis
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possiblethat phageswill haveonly limited utility intregting
infections caused by intracel lular pathogens; however,
phages have been reported®¥ to be effectivein pre-
venting sdmonellosisin children.

In summary, bacteriophages have several charac-
teristicsthat makethem potentialy attractivetherapeu-
ticagents. They are(i) highly specificand very effective
inlysing targeted pathogenic bacteria, (ii) safe, asun-
derscored by their extensiveclinical usein Eastern Eu-
rope and theformer Soviet Union and the commercia
saleof phagesin the 1940sin the United States, and
(i) rgpidly modifiableto combat theemergenceof newly
arising bacterid threats. In addition, alarge number of
publications, suggest that phages may beeffectivethera:
peutic agentsinclinica settings. Granted, many of these
studies do not meet the current rigorous standardsfor
cinicd tridsand theretill remain many important ques-
tionsthat must be addressed beforelytic phages can be
widely endorsed for therapeutic use. However, wethink
that thereisasufficient body of dataand adesperate
enough need to find alternative treatment modalities
againgt rgpidly emerging, antibiotic-resistant bacteriato
warrant further studiesinthefield of phagetherapy.
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