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ABSTRACT

This review explores the potential of bacteriophage therapy as an emerging strategy
against mycobacterial infections, including Mycobacterium tuberculosis and non-tuberculous
mycobacteria. Conventional treatments for these pathogens are prolonged, poorly toler-
ated, and increasingly ineffective due to multidrug- and extensively drug-resistant strains,
highlighting the urgent need for innovative alternatives. Bacteriophages, viruses that
specifically infect and lyse bacteria, offer a targeted and adaptable alternative or adjunct
to antibiotics. The review summarizes the biology of mycobacteriophages, methods for
their isolation and formulation, and mechanisms of bacterial lysis. It also compiles pre-
clinical and clinical evidence supporting their efficacy in reducing bacterial burden,
enhancing antibiotic susceptibility and improving outcomes, particularly in refractory
Moycobacterium abscessus infections. Despite promising advances, challenges such as phage
resistance, host immune responses, and regulatory inconsistencies remain. Well-designed
clinical trials and standardized production protocols are essential to translate this therapy
into clinical practice.
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INTRODUCTION

Mycobacteria are aerobic bacilli with lipid
-rich cell walls (mycolic acids, glycolipids, and
glycopeptidolipids), which confer resistance
to multiple antibiotics, the ability to form bio-
films, and the characteristic acid—alcohol-
resistant staining'®. Within this genus are
both Mycobacterium tuberculosis, the cause of
tuberculosis (TB), and non-tuberculous
mycobacteria (NTM), responsible for oppor-
tunistic infections in immunocompromised
patients or those with chronic pulmonary
diseases*.

NTM encompasses all species distinct from M.
tuberculosis and Mycobacterium leprae®. They are
ubiquitous environmental microorganisms,
able to survive in water and soil, adapt to dif-
ferent conditions, and resist both disinfectants
and antimicrobials®. Among the species of
greatest clinical relevance are the Mycobacte-
rium avium complex, Mycobacterium kansasii,
Mycobacterium xenopi, Mycobacterium abscessus,
Mycobacterium Chelonae, and Mycobacterium
malmoense. Their prevalence has increased in
recent decades due to advances in diagnostic
techniques, improved survival of patients with
chronic respiratory diseases, widespread use
of immunosuppressants, and recognition of
genetic susceptibility factors®s. However, the
finding of an NTM in respiratory samples
does not always indicate active infection,
which necessitates applying clinical, radiolog-
ical, and microbiological criteria from guide-
lines such as ATS, BTS, or SEPAR !,

Treatment of infections caused by NTM is
complex: it requires combinations of antibiot-
ics for prolonged periods, with high toxicity,
poor adherence, and limited cure rates.

Moreover, after microbiological conversion,
relapses and reinfections are frequent’!2,

TB remains one of the leading causes of infec-
tious mortality. In 2023, the World Health
Organization estimated 10.8 million new
cases and 1.25 million deaths'. Its transmis-
sion occurs through the airborne route, with
predominant pulmonary involvement and
possible extrapulmonary dissemination. The
high global burden is related to social deter-
minants such as poverty, overcrowding, HIV
coinfection, malnutrition, the presence of
chronic diseases, and immunosuppressive
treatments'.

The diagnosis combines clinical and radiolog-
ical assessments with microbiological and
molecular tests. Bacilloscopy and culture
remain the reference methods, whereas molec-
ular techniques such as Xpert MTB/RIF have
significantly accelerated detection and the
assessment of drug resistance!®. The stan-
dard treatment for sensitive TB consists of
6 months of isoniazid, rifampicin, pyrazin-
amide, and ethambutol, followed by isoniazid
and rifampicin. However, the emergence of
mutations under antibiotic pressure has
favored the rise of multidrug-resistant TB
(MDR) and extensively drug-resistant TB
(XDR), which require prolonged regimens that
are poorly tolerated and have lower success
rates'®!. The incorporation of new drugs such
as bedaquiline has improved outcomes, with
cure rates of 82% in MDR/XDR-TB', although
the WHO warns that without innovative strat-
egies, resistant strains could cause more than
75 million deaths in the coming decades.

Both in TB and in NTM, the diagnostic chal-
lenges, intrinsic or acquired resistance, the
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need for prolonged treatments, and the high
frequency of relapses highlight the urgency
for new therapeutic approaches. In this
context, bacteriophages emerge as a promis-
ing option.

BACTERIOPHAGES: GENERAL
FUNDAMENTALS

A history of phage therapy

Phage therapy, or phagotherapy, is based on
the use of bacteriophages (phages), viruses
that specifically infect bacteria®?°. Its discov-
ery represents one of the most significant
advances in microbiology of the 20t century,
with contributions from Twort and Félix
d'Hérelle.

In 1915, Twort, from St. Thomas Hospital in
London, observed in cultures of Micrococcus
the appearance of transmissible glassy spots
that destroyed the colonies during his study
of the vaccinia virus. Although he suggested
the existence of an ultramicroscopic virus, he
could not confirm this due to technical and
financial limitations during World War I,
which constituted the first scientific descrip-
tion of the phenomenon?22.

In 1917, d’'Hérelle, from the Pasteur Institute,
investigated an outbreak of dysentery in
French troops and detected clear areas in cul-
tures of Shigella. He concluded that they were
caused by a bactericidal virus, which he
named “bacteriophage,” and presented his
findings the same year?'?. In 1919, he suc-
cessfully treated a child with dysentery in
Paris using phage therapy, and shortly there-
after, its wuse was reported against

staphylococcal infections. D’'Hérelle also pro-
moted campaigns in Asia and Africa against
cholera and bubonic plague?-?.

In the 1920s and 1930s, phages were produced
commercially in France, Brazil, and the United
States, although the lack of standardization,
variable results, and the emergence of antibi-
otics led to their decline in the West?!. In con-
trast, phage therapy thrived in the Soviet
Union thanks to George Eliava, who founded
the Eliava Institute in Thilisi in 1923 along-
side d'Hérelle. Despite Eliava’s execution
during the Stalinist purges, the institute
remained active and, favored by Soviet isola-
tion during the Cold War, established itself as
an international reference center, maintaining
phage therapy uninterruptedly.

In recent decades, the rise of antibiotic resis-
tance has rekindled interest in phages as a
therapeutic alternative.

Structure of phages

Phages are the most abundant microorgan-
isms on the planet, outnumbering bacteria by
10 times, and can be found in various habitats
including water, soil, saliva, skin, and faeces.
They bind to specific receptors on the bacte-
rial surface and inject their genetic material,
which is then replicated".

Structurally, most phages have a protein cap-
sid that encapsulates nucleic acid, either DNA
or RNA, in single or double strands. Morpho-
logically, they are divided into two major
groups: tailed phages (96%), belonging to the
order Caudovirales, and non-tailed phages
(4%), which display cubic, filamentous, or
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pleomorphic shapes. Among the former, the
tamilies Myoviridae (contractile tails), Siphovi-
ridae (long, non-contractile tails), and Podovi-
ridae (short tails) stand out. Although they
share a general architecture, they exhibit
notable structural variability (in the capsid
and tail) that reflects specific functional adap-
tations. It is tailed phages that represent most
of the phages employed in therapy>.

At the genomic level, phages exhibit extraor-
dinary diversity, with sizes ranging from ~41
to ~165 kbp. To classify this variability, they
are grouped into clusters and subclusters
based on sequence similarity and gene con-
tent; additionally, there are singletons that do
not group with any others, further highlight-
ing their genetic diversity?. The complete and
updated list of sequenced phages and their
status is available in the databases PhagesDB
(https://phagesdb.org) and Phamerator
(https://phamerator.org)?.

Bacteriophages present three different life
cycles when infecting a bacterial cell: the lytic,
lysogenic, and pseudolysogenic cycles. In the
lytic cycle, following infection, there is active
replication of the phage and subsequent lysis
of the bacterial cell, releasing new viral par-
ticles. In the lysogenic cycle, on the other
hand, the phage genome integrates into the
bacterial chromosome, remaining in a latent
state as a prophage without causing immedi-
ate cellular damage, replicating along with
the bacterial DNA. In the pseudolysogenic
cycle, the phage remains within the bacte-
rium without integrating into the genome or
initiating lytic replication. It remains inactive,
and the host cell survives without immediate
phenotypic changes. Phages that reproduce
through the lytic cycle are called virulent or

lytic phages, while those that can replicate
through both the lytic and lysogenic cycles
are referred to as temperate phages??.

The infectious process begins with the
adsorption of the phage to specific receptors
located on the outer membrane of the bacte-
rium, such as porins, glycolipids, or mem-
brane proteins. This interaction determines
host specificity. Next, the phage tail acts as a
channel to inject the viral DNA into the bac-
terial cytoplasm, marking the start of the rep-
licative cycle?030,

In obligate lytic phages, once the DNA is
injected, the expression of early genes involved
in viral genome replication and the inhibition
of bacterial defense systems is activated. Sub-
sequently, structural proteins are synthesized,
capsids and tails are assembled, and the DNA
is packaged inside the viral particles. Finally,
lysis genes are expressed that code for pro-
teins such as endolysins and holins, respon-
sible for degrading the cell wall and

facilitating the release of new virions?*332,

In temperate phages, viral DNA integrates
into the bacterial genome through a specific
integrase, forming a lysogenic strain in which
the virus remains in a latent state. During
this phase, the phage’s genetic material repli-
cates passively along with that of the bacte-
rium, and its lytic expression is suppressed
by regulatory genes. However, this latency is
not necessarily permanent: under certain con-
ditions, such as environmental stress, expo-
sure to ultraviolet radiation, or damage to
bacterial DNA, the prophage can excise from
the chromosome and initiate the lytic cycle,
leading to the production of new viral parti-
cles and the lysis of the host cell®3.
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Mechanism of action against hosts

Bacteriophages produce specialized proteins
that mediate their adsorption, multiplication,
and lysis in susceptible hosts. In mycobacte-
ria, the cell envelope formed by mycolyl-arab-
inogalactan—peptidoglycan constitutes a key
barrier to persistence, virulence, and antibi-
otic resistance®. To overcome this, holins are
involved, which are small hydrophobic poly-
peptides that form pores and facilitate or reg-
ulate the action of endolysins on peptidoglycan,
ensuring effective lysis***. Among the endo-
lysins, bacteriophages encode Lysin A and
Lysin B, enzymes with modular organization:
a C-terminal binding domain and two cata-
lytic domains that break peptidoglycan
bonds*?. It is noteworthy that Lysin B is a
stearase that hydrolyzes the ester bonds that
attach mycolic acids to arabinogalactan and
degrades trehalose dimycolate (a glycolipid),
thereby weakening the wall and reducing the
virulence of mycobacteria®”®. In addition to
lysis, secondary mechanisms have been
described, such as the generation of superox-
ide radicals, the induction of bacterial apop-
tosis®, and the opsonization of bacterial cells
that favors phagocytosis by macrophages and
innate immune cells®.

Preparation of phages for
therapeutic use

Bacteriophages are found in environments
such as freshwater, seawater, wastewater
treatment plants, soils, or in inanimate mate-
rial. For therapeutic use, phages must be iso-
lated, purified, and transformed into safe
products, with lytic phages being the most
suitable. The process begins with infective

characterization through propagation, dou-
ble-layer agar titration, spot test, host range
analysis, and plaque efficiency. At this stage,
they are quantified as plaque-forming units
(PFU), selecting concentrations > 10® PFU/mL
to ensure their clinical potential. Assays such
as adsorption curves and kinetics in liquid
medium provide information on the dynam-
ics of infection*42,

The next step is genomic characterization,
where sequencing and bioinformatic analysis
confirm identity and rule out lysogenic, resis-
tance, or virulence genes. Subsequently,
phages can be adapted to the target strain
using the Appelmans method and combined
into cocktails to broaden their spectrum?4.

Next, purification is carried out using tech-
niques such as ultrafiltration, chromatogra-
phy, or cross-flow filtration, removing
contaminants and endotoxins and obtaining
titers of 108-10'> PFU/mL suitable for clinical
use**®. Finally, the preparations, considered
active pharmaceutical ingredients (APIs),
undergo quality controls (identity, infective
potency, biological load, endotoxins, pH, and
impurities) and are stored in neutral buffers
at 4°C or through lyophilization, remaining
ready as safe, specific, and effective tools in
therapy*.

Advantages and limitations of phage
therapy

This type of therapy has been used for almost
100 years. Unlike antibiotics, which affect
both pathogenic bacteria and beneficial bac-
teria in the microbiome, bacteriophages act
selectively, exclusively targeting the specific
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bacterial species for which they have been
designed?242, In addition, they have low
toxicity and are often better tolerated by
patients with allergies to antibiotics**". They
can be administered as a single dose or in
combination, in the form of phage cocktails*.
The main routes of administration include
intravenous, topical, intraoperative, and neb-
ulized*#. The oral route is used less fre-
quently due to the instability of phages in
gastric pH or their inactivation by bile acids*2.
Among the additional benefits are the opti-
mization of the antibiotic susceptibility pat-
tern®! and the increase in their efficacy in
infections associated with biofilm forma-
tion>?. Their synergistic action with antibiot-
ics®> and their ability to adapt to bacterial
resistance mechanisms®"* is particularly rel-
evant.

Despite its promising therapeutic potential,
the use of phages still faces significant chal-
lenges that limit its large-scale clinical imple-
mentation. One of the main obstacles is the
limited availability of specialized laborato-
ries® with the necessary technical capacity to
carry out all stages of the process up to the
safe formulation for clinical use®. This diffi-
culty is exacerbated by the need for these
phages to have a broad spectrum within the
same bacterial species (including different
strains), to tailor the treatment to specific
infections®®. This specificity, while represent-
ing an advantage by minimizing the impact
on the commensal microbiota, also compli-
cates the empirical treatment of infections,
especially in comparison to broad-spectrum
antibiotics®.

Another relevant challenge is that bacteria
can develop resistance mechanisms against

phages. These include, for example, the deg-
radation of phage DNA (through systems
such as CRISPR-Cas, restriction modification,
and other strategies), blocking the transcrip-
tion and replication of phage DNA or the syn-
thesis of its proteins (through anti-phage
signaling systems and infection abort mech-
anisms), as well as the modification of bacte-
rial receptors, which prevent phage adhesion
to host cells®°>°".

These factors are compounded by other lim-
itations, such as the possible generation of
neutralizing antibodies by the patient’s
immune system, which can reduce the effec-
tiveness of treatment after multiple adminis-
trations®®. The lack of a clear and uniform
regulatory framework also constitutes a sig-
nificant obstacle: in Eastern Europe (Georgia,
Russia, and Poland), phages have been used
for decades as commercial preparations; in
the United States, their use is restricted to
compassionate cases under the emergency or
expanded access IND pathways, complying
with Good Manufacturing Practices (GMP);
Belgium has implemented a unique model
based on magistral formulation in accredited
pharmacies®; and in Spain, the AEMPS con-
siders them drugs subject to GMP, with their
current use limited to clinical trials. These
differences reflect the urgent need for specific
regulatory frameworks that facilitate their
transition to routine clinical practice. Finally,
uncertainties regarding their long-term effi-
cacy and safety persist?%3132,

MYCOBACTERIOPHAGES

Mycobacteriophages are viruses that infect
bacteria of the genus Mycobacterium. All of
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those sequenced so far show a tailed mor-
phology and double-stranded DNA genomes,
primarily belonging to the families Siphoviri-
dae (predominant) and Myoviridae, with no
members of Podoviridae described®. Genomi-
cally, mycobacteriophages exhibit remarkable
diversity. Initiatives such as the SEA-PHAGES
program® have allowed the classification of
34 clusters from A to Z as well as AA, AB,
AC, AD, AE, AF, AG, and AH, with cluster A
being the most extensive. In addition, multi-
ple subclusters have been identified (Al, A2,
A3...). Furthermore, there are six distinct sin-
gletons that are genetically unrelated to the
other clusters®®2. A central element in these
advances has been the use of M. smegmatis
mc?155, which is fast-growing and non-viru-
lent, making it a safe model for phage prop-
agation and manipulation. It is also used as a
delivery system capable of transporting
phages to intracellular pathogenic mycobac-
teria, acting as a host for their multiplication
and enhancing their activity in macrophages
and monocytes®>®4,

Numerous mycobacteriophages have been
isolated from clinical and environmental
sources, showing therapeutic potential against
NTM and M. tuberculosis (Table 1). Their
diversity, both in life cycles and in classifica-
tion by clusters, translates into differentiated
applications against NTM and against M.
tuberculosis. In the field of NTM, phage D29
(cluster A2, lytic) stands out, which is active
against M. avium, M. scrofulaceum, M. ulcerans,
M. fortuitum, and M. chelonae, as well as phage
TM4 (cluster K2, lytic), which has demon-
strated efficacy against M. avium?3>6>-68, Muddy
(cluster AB, lytic) is also notable, used in the
treatment of M. abscessus. In addition, some
initially temperate phages, such as Zoe]

(cluster K2) or BPs (cluster G1), have given rise
to lytic derivatives (e.g., Zoe]D45 and BPs-
D33HTH) with the ability to infect M. absces-
sus and M. avium3>659,

In relation to M. tuberculosis, possible thera-
peutic effects of strictly lytic phages Bo4 (clus-
ter G), Muddy (cluster AB) D29 (cluster A2),
and TM4 (cluster K2) have been described3>7071,
Temperate phages from cluster K, such as
Adephagia and Fionnbharth itself, have also
been modified to generate lytic derivatives
with activity against M. tuberculosis®>72. Sim-
ilarly, DS6A (singleton and temperate) shows
specific tropism for the M. tuberculosis com-
plex and has demonstrated efficacy in cellular
and murine models3>737,

PRECLINICAL EVIDENCE
OF TREATMENT WITH
MYCOBACTERIOPHAGES

The study of therapy with mycobacterio-
phages in vivo animal models remains limited
(Table 2). In M. avium, a study in mice
employed the phage TM4 carried by M. smeg-
matis MC?155 as a strategy to reach intracel-
lular bacteria. Although neither the phage nor
M. smegmatis alone was able to reduce the
bacterial load, their combination produced a
significant decrease in the number of intra-
cellular bacteria in the spleen compared with
the untreated control, an effect explained by
the fusion of vacuoles of the infected macro-
phages that allowed the intracellular release
of the phage. However, 23% of the isolates
developed resistance to TM4, supporting the
need to use phage cocktails to prevent
the emergence of resistant subpopulations®®.
In M. ulcerans, the mouse plantar pad model
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TaBLE 1. Mycobacteriophages with reported therapeutic potential

A2 Lytic
T™M4 K2 Lytic
Muddy AB Lytic
ZoedJ A45 K2 Engineered lytic derivative
BPs A33HTH G1 Engineered lytic derivative
DS6A Singleton Temperate
Bo4 G Lytic
Adephagia, Fionnbharth K Modified lytic derivatives

showed that a single dose of phage D29 sig-
nificantly reduced the bacterial load in tissue
and lymph nodes, in addition to modulating
the immune response with an increase in
TNEF, IFN-y, and IL-10 and a reduction in IL-6.
Histological studies have confirmed less tis-
sue destruction in treated animals, while in
the same model, the endolysin D29 Lysin B
also decreased bacterial proliferation, stimu-
lated the production of protective cytokines,
and showed synergy with rifampicin against
M. smegmatis®. Another area of interest has
been inhaled administration. Liu et al. demon-
strated that inhaled aerosolization of Myco-
bacteriophage D29 in mice is safe, well
tolerated, and an efficient delivery method,
supporting its potential use for the treatment
of respiratory mycobacterial infections®®. In
addition, non-mammalian models such as
zebrafish (Danio rerio), Galleria mellonella lar-
vae, and Drosophila melanogaster have been
employed, offering advantages in terms of
low cost, experimental speed, and greater
ethical acceptability. In particular, zebrafish
have allowed the study of complex immuno-
logical mechanisms and provided insights

Mycobacterium avium, Mycobacterium scrofulaceum, Mycobacterium
ulcerans, Mycobacterium fortuitum, Mycobacterium chelonae, and
Mycobacterium tuberculosis

Mycobacterium avium, and Mycobacterium tuberculosis
Mycobacterium abscessus, and Mycobacterium tuberculosis
Mycobacterium abscessus and Mycobacterium avium
Mycobacterium abscessus and Mycobacterium avium
Mycobacterium tuberculosis

Mycobacterium tuberculosis

Mycobacterium tuberculosis

into the pathogenesis of M. abscessus”, high-
lighting the formation of granulomas and the
phenomenon of cording as a means of immune
evasion’®.

In the case of TB, the first attempts at phage
therapy date back to 1981, when Sula and col-
laborators treated guinea pigs infected with
M. tuberculosis using the phages DS6A,
GR-21/T, and My-327. The phage DS6A
showed an effect comparable to that of isoni-
azid, with a significant reduction in bacterial
load in the spleen, as reflected by a lower
splenic index”. Subsequently, in another
study with guinea pigs infected with sensi-
tive strains, the intranasal administration of
phage D29 reduced the bacterial load and
pulmonary pathology with an efficacy simi-
lar to rifampicin, with no adverse effects
observed””. More recently, prophylactic stud-
ies with aerosolized phage D29 have shown
promising results in murine models, opening
the possibility for its preventive use against
M. tuberculosis”. In humanized NSG-SGM3
mice, the intravenous administration of phage
DS6A achieved a reduction in pulmonary
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and splenic bacterial load, accompanied by
low levels of IgG and IgA antibodies against
the phage, suggesting a limited but sufficient
immune response to indicate antigen presen-
tation.

CLINICAL EVIDENCE OF TREATMENT
WITH MYCOBACTERIOPHAGES

Phage therapy has shown promising results
in the management of chronic resistant and
difficult-to-treat infections, including urinary
tract infections, skin infections, osteomyelitis,
infections associated with aortic grafts, and
notably, respiratory infections®>4779-8 Most of
the available evidence comes from case series
or isolated clinical cases involving MDR
pathogens such as Pseudomonas aeruginosa,
Staphylococcus aureus, Acinetobacter baumannii,
or Achromobacter xylosidans”#8790 In most
patients, the administration of phage therapy
was carried out in the context of compassion-
ate use. A retrospective series conducted in
Belgium described 100 consecutive cases of
phage therapy for complex infections local-
ized in the lung, bone, skin, and soft tissues’'.
In this study, 77% of patients showed clinical
improvement, and 61% achieved eradication
of the implicated pathogen, with a low inci-
dence of adverse effects reported. In the realm
of respiratory infections, this treatment has
been primarily used in patients with cystic
fibrosis (CF)%79859293 = ventilator-associated
pneumonia®®, or lung transplant recipi-
ents* %, The predominant pathogens have
been Acinetobacter baumannii, Pseudomonas
aeruginosa, and species of Achromobacter8>5%.
The described routes of administration
include nebulization, intravenous administra-
tion, or a combination of both; bronchoscopy

has also been employed”, and even instilla-
tion through a drainage tube in a patient with
chronic empyema®, with a favorable clinical
response in most cases®®. Most patients (75%)
were treated with a combination of two or
more phages. Notably, in two patients with a
MDR Pseudomonas aeruginosa infection, an
improvement in the antibiotic susceptibility
profile was observed after phage therapy®.
The duration of phage therapy varies between
2 days and 12 months®.

The evidence regarding the use of phage ther-
apy in infections caused by mycobacteria is
still limited*286999-101 (Table 2). One of the
tirst reported cases involved a 15-year-old
adolescent with CF who developed a dissem-
inated infection due to M. abscessus subsp.
massiliense following a lung transplant. The
treatment, based on a cocktail of three phages
(Muddy, BPsA33HTH_HRM10, and ZoeJA45)
combined with antibiotics, was associated
with a significant improvement in skin lesions
and stabilization of lung function, with no
development of resistance to the phages
observed®.

Subsequently, the case of an 81-year-old male,
immunocompetent and with bronchiectasis
not associated with CF, was documented,
who had a refractory pulmonary infection
caused by M. abscessus subsp. massiliense resis-
tant to macrolides. Initially, he received 6
months of intravenous therapy with the same
three-phage cocktail (Muddy, BPsA33HTH_
HRM10, and ZoeJA45), which resulted in a
transient reduction of the bacterial load that
was lost after the appearance of neutralizing
antibodies®®. Given this limitation, it was
decided to modify the route of administration
to inhalation. The nebulized therapy,
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TaBLE 2. Preclinical and clinical studies on mycobacteriophage therapy

2.1. Preclinical efficacy and safety studies

Danelishvili et al.% Mice M. avium TM4 phage delivered 1 Bacterial load in spleen; resistance emerged
by M. smegmatis
Fraga et al.5’ Mice M. ulcerans D29 | Bacterial load, T TNF/IFN-y
Liu et al.%8 Mice Healthy D29 Effective pulmonary delivery by inhalation
Sula et al.”® Guinea pigs M. tuberculosis DS6A, GR-21/T, My-327 DS6A efficacy comparable to isoniazid
({ splenic bacterial load)
Li et al.” Guinea pigs M. tuberculosis D29 D29 efficacy comparable to rifampicin
({ Bacterial load and gross organ lesions)
Carrigy et al.’® Mice M. tuberculosis D29 Prophylactic protection

2.2. Clinical studies

Dedrick et al.% Pediatric, CF lung

transplant patient

M. abscessus Muddy, ZoeJA45,
subsp. massiliense  BPsA33HTH

IV + topical
8 months

Clinical improvement, no resistance

Dedrick et al.®®  Bronchiectasis patient
Dedrick et al.%

M. abscessus Muddy, ZoeJA45,
subsp. massiliense  BPsA33HTH

6 months IV— Initial IV response; loss of

9 months efficacy due to antibody

aerosol development. Subsequent
nebulized phage led to clinical
improvement and reduced sputum
bacterial load

Nick et al.’® CF patient M. abscessus Engineered phages: IV Culture conversion, radiological
subsp. abscessus  BPsA33HTH_HRM10 13 months improvement
D29_HRMGDA40
Little et al.’ Adult, arthritis with M.chelonae Muddy IV Infection resolved
cutaneous infection 9 months

Dedrick et al.* Cohort of 20 patients

(mostly with CF)

Predominantly M.  Single phage or phage 1V, aerosol or
abscessus cocktail both
6 months

11 patients showed favorable
clinical or microbiological
responses

IV: intravenous; CF: cystic fibrosis. {: decrease, T: increase.

maintained for 9 months alongside antibiot-
ics, showed a favorable safety profile and was
associated with initial clinical benefits (includ-
ing weight gain, decreased C-reactive protein,
and relative reduction of bacterial load in
sputum), while pulmonary function remained
stable. No resistance to phage treatment was
recorded. Unlike what was observed with
intravenous administration, local neutraliza-
tion by antibodies in sputum was weak,

suggesting that nebulization could partially
mitigate this immunological obstacle®.

In another patient with advanced CF and
refractory pulmonary infection due to M.
abscessus subsp. abscessus, a cocktail of two
genetically engineered phages (BPsA33HTH_
HRM10 and D29 _HRMGD40) was adminis-
tered intravenously in combination with
antibiotics. The treatment induced -early
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bacterial lysis, accompanied by progressive
radiological improvement and conversion of
respiratory cultures to negative in the follow-
ing months. Genomic analysis of the isolates
showed genetic stability, reduced bacterial
diversity, and absence of resistance to phages
or antibiotics. Although neutralizing antibod-
ies against one of the phages were detected,
the clinical response remained favorable until
lung transplantation, with the explanted
organ testing negative for M. abscessus'®.

In addition, a case of disseminated skin infec-
tion due to M. chelonae refractory in a patient
with seronegative arthritis treated with tofac-
itinib has been reported. The combination of
antimicrobials, surgery, and a single phage
(Muddy) resulted in an excellent clinical
response, with negative biopsies and no
development of bacterial resistance, despite
the appearance of neutralizing antibodies'®™.

More recently, the experience of a cohort of
20 patients with drug-resistant mycobacterial
disease treated with adjunct phage therapy
under compassionate use was reported. Of
these, 17 had an infection with M. abscessus
(five subsp. massiliense and 12 subsp. absces-
sus), while the remaining patients had a dis-
seminated BCG infection, a disseminated
skin infection by M. chelonae, and one case of
M. avium in a patient with CF. Most patients
received phage therapy intravenously, admin-
istered twice weekly for 6 months, in combi-
nation with at least two antibiotics; in some
cases, nebulized phage administration was
also added. The treatment duration was indi-
vidualized according to clinical and microbi-
ological responses. In this cohort,
approximately 55% showed a favorable or
partially favorable clinical or microbiological

response, five had inconclusive results or
transient improvements, and four showed no
response®.

So far, all the published clinical evidence is lim-
ited to NTM infections. In the case of TB, the
documented clinical experience is still limited.
A case of favorable response in a disseminated
BCG infection has been described, which opens
the possibility for future applications®. In addi-
tion, a cocktail of candidate phages is already
prepared for evaluation in clinical trials™.

CONCLUSION

Phage therapy is emerging as a therapeutic
strategy against mycobacterial infections, the
incidence of which is on the rise, especially
in patients with chronic respiratory diseases
or immunocompromised conditions. The
emergence of MDR and XDR strains of M.
tuberculosis along with the limited efficacy
and toxicity of the prolonged regimens used
in NTM highlights the urgent need for inno-
vative alternatives. In this context, bacterio-
phages stand out for their biological diversity,
their ability to synergize with antimicrobials
and the host’'s immune response, and their
potential to reduce bacterial load with a favor-
able safety profile. However, to advance
toward their routine clinical application, it is
essential to develop extensive and well-char-
acterized phage libraries, as well as to define
regulatory frameworks that ensure their
quality, safety, and efficacy.

Likewise, the optimization of critical param-
eters (including pharmacokinetic and phar-
macodynamic factors, such as the route of
administration, dosage, duration of treatment,
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and modulation of the immune response) is
an essential requirement to maximize the
efficacy of therapy.

Similarly, challenges such as the emergence
of phage resistance, the generation of neutral-
izing antibodies, and the complex interaction
with host immunity must be systematically
addressed.

While the current evidence, based on preclin-
ical studies and compassionate use experi-
ences, is promising, the absence of controlled
clinical trials still limits its application. The
design and execution of rigorous studies
aimed at personalized medicine will be cru-
cial to consolidate this strategy. If its efficacy
is confirmed, phage therapy could establish
itself not only as a complementary tool in the
management of mycobacterial infections but
also as a key resource in the global challenge
of antimicrobial resistance.
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