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SUMMARY

Mycobacteriophages are viruses that infect Mycobacterium hosts, including
the pathogens Mycobacterium tuberculosis and Mycobacterium abscessus,
as well as environmental strains such as Mycobacterium smegmatis. A large
collection of phages isolated on M. smegmatis — of which more than 2,000
have been completely sequenced and annotated — provides a high-resolution
view of viral diversity, origins, and the mechanisms of viral evolution. This
diversity underlies extensive variations in phage life cycles, gene expression
and its regulation, and is driven by the highly dynamic relationship between
bacteria and their viral invaders. Many Mycobacterium infections in humans
— especially those caused by multidrug-resistant tuberculosis or non-
tuberculous mycobacteria (NTM) strains such as M. abscessus — are very
challenging to treat with currently available antibiotic regimens, and myco-
bacteriophages present a plausible option for patients with no further tradi-
tional treatment options. A series of case studies using phages to treat a
variety of NTM infections provides insights into the considerable opportuni-
ties as well as the challenging limitations of this therapeutic strategy.

INTRODUCTION

The bacteriophage population is vast,
highly dynamic, and old (Hendrix,
2002). It is perhaps not surprising then
that it is highly diverse genetically,
shaped by billions of years of variation,
selection, and pervasive genetic ex-
change (Hatfull and Hendrix, 2011).
Bacteria are under constant attack by
lytically growing viruses, and must
evolve resistance to survive, while the
phages must co-evolve to infect sensi-
tive bacterial hosts (Hampton et al.,
2020). These bacterial-phage dynamics
have dominated microbial evolution for
perhaps three billion years and have
strongly influenced nearly all aspects
of bacterial and bacteriophage genomes
(Bernheim and Sorek, 2020).

To characterize bacteriophages, it is
not uncommon to focus on one or a rel-
atively small number of bacterial hosts,
which simplifies the technical ap-
proaches, and it is expected that gen-
eral principles learned this way will be
applicable to phages of other bacterial
hosts (Hatfull, 2015a). Different bacte-
rial systems offer various attributes,
and several years ago we chose to iso-
late and study phages of Mycobacte-
rium smegmatis, a non-pathogenic rela-
tive of the human pathogens Mycobac-
terium tuberculosis and Mycobacte-
rium  abscessus  (among  others)
(Hatfull, 2006). There are three key
attributes favouring the development of
this system. First, mycobacteriophages
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(viruses of Mycobacterium) can offer
insights into viral diversity, evolution,
and origins, and represents a notable
departure from well-studied model
organisms such as Escherichia coli.
Secondly, mycobacteriophages are a
source of broadly applicable genetic
tools, and can thus advance the genetic
analysis of important pathogens such as
M. tuberculosis, which grows very
slowly and for many years was genet-
ically intractable (Jacobs, 2000). Third,
mycobacteriophages have potential
utilities clinically for both diagnostic

and therapeutic applications. Bacterio-
phage discovery and genomics have
also proven to constitute a terrific
platform for advancing science educa-
tion, and course-based implementations
of mycobacteriophage isolation and
characterization have strongly impact-
ed the phage science while inspiring
many fledgling student researchers
(Hatfull, 2015b). Here, I will discuss
some of the key advances in our under-
standing of the diversity, dynamics,
and therapeutic potential of mycobac-
teriophages.

MYCOBACTERIOPHAGE DIVERSITY

Mycobacteriophage isolation and
genomics

Phages of Mycobacterium hosts were
first isolated over 60 years ago, moti-
vated in part by finding potential tools
for typing of clinical isolates of Myco-
bacterium, particularly M. tuberculosis
(Snider et al., 1984; Good and Mastro,
1989; Cater and Redmond, 1961;
Murohashi et al., 1963). However, the
faster growing and non-pathogenic M.
smegmatis was shown to be a useful
host for phage isolation, and several
phages were characterized by host
range and electron microscopy (Takeya
et al., 1959a, 1959b, 1961). These early
studies in the pre-genomic era showed
that there was considerable variation in
host range and morphotypes, and while
a multitude of other features were
described, their evolutionary relation-
ships remained elusive (Mizuguchi,
1984).

The first mycobacteriophage with a
completely sequenced genome was that
of phage L5 (Hatfull and Sarkis, 1993),
a temperate double-stranded DNA
tailed phage of M. smegmatis isolated
in Japan (Doke, 1960). This fuelled a
series of further studies to characterize
the phage, but also prompted a deeper
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dive into comparative mycobacterio-
phage genomics. Over the next decade
a dozen more mycobacteriophages
were sequenced (Pedulla et al., 2003),
revealing that the overall diversity was
indeed substantial and that many more
phages would need to be characterized
to provide a higher resolution genomic
view. This was a major impetus for the
development of integrated research-
education programs that served the
dual purposes of expanding the reper-
toire of sequenced phage genomes,
while also providing authentic discov-
ery-rich research experiences for nov-
ice scientists, including high school and
undergraduate students (Hanauer et al.,
2006). Initially, the Phage Hunters
Integrating Research and Education
(PHIRE) program was established to
run locally at the University of Pitts-
burgh (Hatfull et al., 2006) but was
subsequently expanded nationally in
the US (but with some international
participants) as the Science Education
Alliance Phage Hunters Advancing
Genomics and Evolutionary Science
(SEA-PHAGES) (Hanauer et al., 2017,
Jordan et al., 2014); both programs are
funded by the Howard Hughes Medical
Institution. The SEA-PHAGES
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Figure 1: Genetic mosaicism in mycobacteriophage genomes.

Short segments of five phage genomes are shown, with their phage name and clus-
ter/subcluster/singleton designations in parentheses. Genes are shown as coloured boxes either
above or below the genome rulers, indicated rightwards and leftwards transcription, respectively,
with gene numbers within the boxes. Genes in the same family are coloured similarly, and dumb-
bell lines are shown linking homologues in different genomes that share amino acid sequence
similarity. Nucleotide sequence similarity is shown as colour-spectrum shading between the
genomes, with violet being the most similar, and red being the least similar above a threshold
BlastN value of 10, Note that Trinitium 25 and IdentityCrisis 40 are related (50% amino acid
identity) but are situated in different genomic contexts with different genes to their left and to their
right. Che8 (F1) and Constella (J) have several genes in common in this region and note the seg-
ment of internal repeats reflected in the nucleotide similarity between Che8 57 and Constella /09.
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program is large with over 170 partici-
pating institutions, and over 5,500

sequenced and annotated (Hatfull,
2020). Over 10,000 of these phages

students each year. As a consequence, a
very large collection of over 20,000
individual phages isolated from
environmental samples has developed,
of which over 4,000 are completely

were isolated using M. smegmatis, of
which over 2,000 are completely
sequenced; the other phages were
isolated using other bacteria within the
phylum Actinobacteria and will not be
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discussed in detail here. The complete
collection 1S described at
https://phagesdb.org.

Mycobacteriophage
genomics

How best to present the mycobacte-
riophage diversity? Early on in the
genomic era it became apparent that
groups of evidently related phages
emerged, and that they shared little or
no sequence similarity to phages out-
side their group (Pedulla et al., 2003,
Hatfull et al., 2006, 2010). A system
was therefore introduced in which
sequence-related phages are grouped
into ‘clusters’ (designated Cluster A, B,
C etc.). Phages with no close relatives
are designated as ‘singletons’. When
the collection was small, this classifica-
tion was simple, because related phages
were usually very similar at the nucleo-
tide sequence level over large spans of
their genomes, whereas phages in dif-
ferent clusters were completely differ-
ent at the sequence level, often sharing
few if any genes with shared amino
acid sequences (Hatfull et al., 2010).

As the phage collection grew, a key
architectural feature emerged, in that
phage genomes are pervasively mosaic;
that is, they are composed of genome
segments — often single genes — that are
exchanged among the phages, presum-
ably by illegitimate or non-sequence-
directed recombination (Hendrix et al.,
1999; Pedulla et al., 2003). Thus, indi-
vidual genes — or variants of genes —
may be found in different genomes but
in different contexts, flanked by differ-
ent and unrelated genes (Figure 1). As
a consequence, the expectation is that
with deeper sampling of the phage
population, the boundaries between
clusters would become less clear, and
that a continuum of diversity would
emerge, albeit with unequal representa-
tion caused by isolation biases and dif-
ferences in abundance of different

comparative

42

phage types (Pope et al., 2015). This
was indeed observed and warranted
revision of the parameters used for
cluster assignations. Currently, a value
of 35% pairwise shared gene context is
used for cluster inclusion, although this
is essentially arbitrary, and does not
reflect any underlying biological pro-
cess (Pope et al., 2017). In fact, it is not
hard to find pairwise shared gene con-
tent values straddling the 35% thresh-
old value (Mavrich and Hatfull, 2017).
A further finding is that there is often
considerable intra-cluster diversity, and
sometimes this appears sufficiently
structured as to warrant division into
‘subclusters’ (i.e. Subcluster Al, A2,
A3, within the broader Cluster A phag-
es) (Hatfull et al., 2010).

Currently, the >2000 sequenced my-
cobacteriophages are grouped into 31
clusters and seven singletons, and a
network phylogeny is shown in Figure
2. The largest by far is Cluster A with
722 members grouped into 20 subclus-
ters, but several (Clusters U, V, X, Y,
Z, AA, AB, AC, AD, AE) have five or
fewer members (https://phagesdb.org/),
together with the seven singletons. The
sampling would thus seem incomplete,
and there are likely more and different
phages to be recovered from environ-
mental samples, but the overall
heterogeneity means that these are iso-
lated with decreasing frequency. Clus-
ters/subclusters often have common
features and behaviours, including life-
styles and host ranges (Mavrich and
Hatfull, 2017). For example, over 50%
of the cluster/singleton set are predom-
inantly temperate, and have genomic
components such as repressor genes,
integrases, or partitioning cassettes.
However, it is not uncommon for lytic
phages to be isolated that group within
a temperate cluster but have lost their
repressor gene and can no longer form
lysogens (Ford et al., 1998). A simple
explanation is that obligatorily lytic
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Figure 2: A network phylogeny of actinobacteriophages.

A randomly chosen phage from each subcluster and non-subclustered cluster together with the
singletons were compared by their gene contents and the relationships displayed using SplitsTree
(Huson, 1998). Each phage node is indicated by a coloured circle indicating the genus of the
bacterial host used for isolation. Clusters containing 100 or more individual phages are circled and

the cluster indicated. (Reproduced with permission from Hatfull, 2020).

phages form larger and clearer plaques
and thus are easier to identify and to
choose for purification during the isola-
tion process. Cluster/subcluster desig-
nation can also correlate with host

range, as demonstrated by the abilities
of these phages to infect either M.
tuberculosis, or other strains of M.
smegmatis (Jacobs-Sera et al., 2012;
Guerrero-Bustamante et al., 2021).

MYCOBACTERIOPHAGE LIFE CYCLES

As noted above, temperate phages are
common among mycobacteriophages.
These temperate phages are capable of
cycles of lytic growth, similar to oblig-
atorily lytic phages, but differ in that
they can also enter the state of lyso-
geny upon infection. Transcriptomic
analyses of lytic growth show that there
are predominantly two patterns of tran-
scription (Gentile et al., 2019, Dedrick
et al., 2013, 2017b, 2019b). Soon after

infection, early lytic gene expression is
observed, which continues for about
20-30 minutes, then late lytic expres-
sion begins and continues until lysis
about three hours after infection. The
early lytic genes typically include those
that are not directly involved in virion
structure and assembly, functionally
defined genes for DNA metabolism
and regulation, but also a multitude of
genes of unknown function. These
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Figure 3: Systems for establishment of lysogeny and prophage maintenance.

When the linear viral DNA of a temperate phage is injected into the cell, the genome circularizes
and either integrates (‘Integration’) or replicates as an extrachromosomal circle (‘Plasmidial’). In
the integration process, the phage-encoded integrase (Int) catalysed site-specific recombination
between phage and bacterial attachment sites (a#tP and attB respectively) to form an integrated
prophage flanked by attachment junctions a#L and attR. The attB sites used by tyrosine-family
integrases often overlap a host tRNA gene. Plasmidial phages do not integrate but replicate
extrachromosomally from a phage origin of replication (ori) and encode partitioning systems
(parABS) to prevent loss at cell division. Some phages use an unusual integration system (‘Integra-
tion-dependent immunity’) in which the a#tP site is located within the repressor gene (Rep, cl) of
the temperate phage. Integration ‘breaks’ the repressor gene, separating its 5’ and 3’ parts in the
prophage. The viral form of the repressor is inactive due to a C-terminal tag for proteolytic degra-
dation, which is absent from the prophage-encoded repressor and can actively confer superinfec-

tion immunity.

genes are typically under the control of
a single early lytic promoter, which is
recognized by the host RNA polymer-
ase, and in temperate phages is under
control of the phage repressor (Nesbit
et al., 1995, Brown et al., 1997). The
late lytic genes are comprised of the
virion structure and assembly genes,
including those for DNA packaging
and capsid and tail assembly. During
late lytic growth, the lysis genes are
also expressed, leading to cell rupture
and the release of progeny particles
(Payne et al., 2009; Payne and Hatfull,
2012).

For temperate phages, infection can
result in either entry into lytic growth
or the establishment of lysogeny. The
frequencies with which these pathways
are followed varies enormously for
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different phages and conditions, and
lysogeny can result from as few as 5%
of infections or as high as over 90% of
infections. The molecular determinants
of the decision outcomes are unclear
for most mycobacteriophages, although
they are well established for model sys-
tems such as phage lambda (Prtashne,
1987). Lysogeny itself, however, re-
sults from expression of the repressor
protein and its down-regulation of the
early lytic genes. Lysogens are charac-
teristically immune to superinfection
by the same phage, a phenomenon in
which the prophage-expressed re-
pressor down-regulates any newly-
introduced genomes of the same phage
(Donnelly-Wu et al., 1993). For most
temperate mycobacteriophages, a pro-
phage is established by site-specific



integration of the phage genome into
the host chromosome (Figure 3), medi-
ated by the phage-encoded integrase
(Lee et al., 1991). However, some
mycobacteriophages (all within Cluster
A) do not integrate, and instead estab-
lish extrachromosomal ‘plasmidial’
prophages, which replicate at low copy
number and encode partitioning sys-
tems to negate prophage loss at cell
division (Wetzel et al., 2020) (Figure
3).

Mycobacteriophages use a variety of
mechanisms for prophage integration
and the establishment of lysogeny. Two
main types of integration systems are
prevalent, represented by the tyrosine-
integrases (Int-Y) and serine-integrases
(Int-S). Both catalyse site-specific
recombination between a phage at-
tachment site (attP) and a bacterial at-
tachment site (attB) which share a short
reglon of sequence 1dent1ty (3-45 bp;
the ‘common core’) within which
strand exchange occurs. Recombination
results in formation of an integrated
prophage flanked by attL and attR sites
(Figure 3). The integrase can also me-
diate excisive recombination by attL x
attR exchange although this typically
requires a phage-encoded Recombina-
tion Directionality Factor (RDF) (Lewis
and Hatfull, 2001). Most Int-Y systems
have common cores 25-45 bp long, and
thus if the phage genome sequence is
available, the attB site can usually be
predicted by homology searching in the
host chromosome. Interesting, these
attB sites commonly overlap a host
tRNA gene. In contrast, Int-S systems

usually have shorter common cores (3-
10 bp) and the a#tB sites cannot be
readily predicted bioinformatically
(Kim et al., 2003). Because of the over-
all diversity of the integration systems,
at least 14 a#B sites have been identi-
fied in M. smegmatis (Hatfull, 2022).
Some mycobacteriophages use an
unusual system for lysogenic estab-
lishment referred to as ‘integration-
dependent immunity’ (Broussard and
Hatfull, 2013, Broussard et al., 2013)
(Figure 3). The tell-tale feature of these
is that the a#tP site is located within the
repressor reading frame of the phage.
This would seem counterintuitive, as
integrative recombination will result in
loss of the 3’ part of the repressor gene,
rendering it non-functional. In fact, the
opposite is true. The viral form of the
repressor carries a C-terminal SsrA-like
tag that targets the protein for degrada-
tion by host proteases and is functional-
ly incapable of conferring immunity to
superinfection (Broussard et al., 2013).
Integration results in loss of the degra-
dation tag, stable protein is expressed,
and immunity is established (Figure 3).
Interestingly the Int-Y protein also car-
ries a C-terminal degradation tag such
that the stability of the integrase fun-
damentally determines the frequency of
lysogenisation. Although these integra-
tion-dependent immunity systems were
discovered in phages of M. smegmatis,
they are quite prevalent among extant
prophages of Mycobacterium genomes,
especially those of Mycobacterium
abscessus (Dedrick et al., 2021a).

MYCOBACTERIOPHAGE - HOST DYNAMICS

The determinants of phage host range
and the dynamic interactions between
bacteria and their phages are complex,
and there is much to learn. Mycobacte-
rium strains have been shown to carry

restriction-modification systems
(Shankar and Tyagi, 1993a, 1993b) and
M. tuberculosis carries a CRISPR
locus, although most mycobacterial
strains are CRISPR-free (He et al.,
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2012). Receptor variation is likely also
important, although few mycobacterio-
phage receptors have been identified,
other than the potential role of glyco-
peptidolipids in phage I3 infection
(Chen et al., 2009). However, we note
that a number of phage host range mu-
tants have been reported with substitu-
tions in tail spike proteins suggesting
the direct role of phage-receptor inter-
actions (Jacobs-Sera et al., 2012,
Dedrick et al., 2019a, Guerrero-
Bustamante et al., 2021). It is likely
that there are a multitude of additional
bacterial mechanisms  influencing
phage host ranges.
Prophage-mediated viral defence
systems

Interestingly, temperate phages are
directly involved in phage host range
determination, because some prophages
express defence genes that prevent
productive infection of other unrelated
phages (Bondy-Denomy et al., 2016). A
multitude of such defence systems have
been described in Cluster N phages
(Dedrick et al., 2017a), but they are
also present in other mycobacterio-
phages (Gentile et al., 2019). There are
likely many yet to be discovered. Some
of these may act by interference with
DNA injection and viral exclusion sim-
ilar to a related system in E. coli
(Cumby et al., 2012, Dedrick et al.,
2017a), whereas others appear to act
after DNA injection has occurred and
are mediated by abortive infection
(Dedrick et al., 2017a). These defence
systems are often quite specific for par-
ticular phages, and the specificities are
unpredictable and need to be experi-
mentally determined. In one notable
case, an M. smegmatis lysogen carrying
a Sbash prophage confers defence to
infection by phage Crossroads (Gentile
et al., 2019). Sbash (Subcluster 12) and
Crossroads (Subcluster L2) are unrelat-
ed at the sequence level, and
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remarkably, the Sbash defence does not
operate against any of the other eight
Subcluster L2 phages tested, all of
which are very closely related to
Crossroads (Gentile et al., 2019).
Discovery of such defence systems is
only possible by making use of a very
large collection of genomically-defined
phages isolated on the same bacterial
isolate (M. smegmatis mc*155), and
carefully determining their efficiencies
of plating on a lysogenic strain relative
to the non-lysogenic parent (Gentile et
al., 2019).

Exclusion of superinfection in lytic
growth

The competition in nature is not just
between phages and their bacterial
hosts, but also between lytically grow-
ing phages. When phages are growing
lytically, there is strong selection for
optimization of phage production,
which can be threatened via superinfec-
tion by phage particles that seek to use
microbial resources. It is thus no sur-
prise that phages express genes in lytic
growth that exclude superinfection by
other phages (Ko and Hatfull, 2018).
This can also be surprisingly specific
and unpredictable bioinformatically.
Experimentally identifying such func-
tions, however, can also be challeng-
ing. One approach that has been in-
formative is to use a surrogate assay
that simply screens for phage genes
that are toxic when expressed in the
host (Ko and Hatfull, 2020). Some such
genes act by interfering with the func-
tions of essential host proteins that
phages need for productive infection,
and are thus toxic when expressed, alt-
hough toxicity per se is irrelevant for
phage growth. One good example is
gp52 in phage Fruitloop (Subcluster
F1). While gp52 is not required for
Fruitloop lytic growth, it is expressed
early in Fruitloop infection and inter-
acts directly with the essential host



DivIVA (Wag31) protein (Ko and
Hatfull, 2018). Fruitloop gp52 was dis-
covered through a screen for proteins
toxic to M. smegmatis and its interfer-
ence with DivIVA specifically prevents
infection by unrelated phage Rosebush
(Subcluster B1).

A striking feature of phage genomes
is the abundance of relatively small
genes — leading to an average gene size
that is only two-thirds of that of bacte-
rial genes — most of which are of un-
known function. What do all these
genes do, and why are they present in
phage genomes? Where they have been
tested, many or most of these are ex-
pressed lytically but are not required
for lytic growth (Dedrick et al., 2013).

We suggest that most of these act to
influence host-viral dynamics and to
determine host range, by conferring
defence against viral infection of lyso-
gens, by excluding superinfection by
other phages during lytic growth, or by
acting in counter-defence against both
host- and prophage-encoded defence
systems. The specificity of these inter-
actions complicates the untangling of
this vast set of interactions, and thwarts
simple bioinformatic or machine-
learning strategies for predicting host
range. But with many hundreds of
thousands of phage genes of unknown
function — just within the actinobacte-
riophage genomes — new approaches
are needed to address these questions.

THERAPEUTIC POTENTIAL OF MYCOBACTERIOPHAGES

Many Mycobacterium pathogens cause
diseases that are challenging to treat
with antibiotics, including M. tubercu-
losis strains with multiple acquired re-
sistances, and intrinsically resistant
nontuberculous Mycobacterium (NTM)
infections (Nick et al., 2021, Mirzayev
et al., 2021). There is thus a need for
new therapeutic approaches, and it is
plausible that mycobacteriophages
could contribute to the arsenal of anti-
Mycobacterial ‘drugs’. However, the
opportunities and challenges are quite
different for considering the therapeutic
use of phages for NTM versus TB in-
fections.

The first therapeutic use of myco-
bacteriophages

The first therapeutic use of myco-
bacteriophages was for a paediatric
cystic fibrosis (CF) patient who had a
disseminated M. abscessus infection
following a bilateral lung transplant
(Dedrick et al., 2019a). The infection
could not be resolved with antibiotics,
was life threatening, and the patient

was at home on palliative care. The
first challenge was to identify poten-
tially useful phages, as few if any
phages had been isolated on any M.
abscessus strain and attempts at phage
discovery using the specific patient
strain (GDO1) were not productive. A
carefully chosen subset of M. smegma-
tis phages (based on the genomic rela-
tionships and host range information
using M. tuberculosis) were then
screened against the M. abscessus
GDO1 strain (Dedrick et al., 2019a).
One lytic phage called Muddy infected
GDO1, while two others that infected
(BPs and Zoel) were both temperate,
and therefore needed to be engineered
to inactivate the repressor gene
(Sampson et al., 2009, Dedrick et al.,
2019b). One of them (BPs) only infect-
ed M. abscessus GDO1 at a reduced
efficiency of plating, but a host range
mutant (HRM) was isolated that effi-
ciently infects the pathogenic strain. A
three-phage cocktail was assembled, in
the hope that these genomically diverse
phages would infect through different
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mechanisms such that resistance arising
to one phage would not confer re-
sistance to the others. The three phages
were amplified, purified, and the cock-
tail was administered intravenously
twice daily at a dose of 10° plaque
forming units (PFU)/ml. The phages
were provided as an adjunct to the on-
going antibiotic regimen. The patient
showed substantial improvement, with
resolution of an infected node in the
liver, healing of the infected sternal
transplant wound, and clearance of skin
nodules (Dedrick et al., 2019a).

Broadening the therapeutic use of
mycobacteriophages

Can the therapeutic use of mycobacte-
riophages be extended to other patients
with NTM infections? Addressing this
has been facilitated by screening a
large series (~250) of clinical isolates
for phage susceptibility, learning about
these profiles, and providing phages for
additional compassionate-use cases
where possible (Dedrick et al., 2021b,
2022). A key finding is that a substan-
tial proportion (~40%) of the M.
abscessus isolates have a smooth colo-
ny morphotype and no phages have
been identified that efficiently infect
and kill any of these strains. The other
~60% have a rough colony morphotype
strains, with at least one potentially
therapeutic phage identified for about
75% of these strains. This raises sever-
al additional questions. First, because
the total number of potentially thera-
peutically useful different phages that
have been identified is only around six
to eight, where will additional phages
come from? Second, how can we
extend the proportion of rough strains
that can be treated? Third, if strains are
only sensitive to a single phage, can
that phage be used without failure due
to phage resistance? Fourth, how will
phages be discovered with utility for
smooth  colony  strains?  Some
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preliminary answers are emerging for
at least some of these questions.

In terms of identifying additional
phages that could be used therapeuti-
cally, it is helpful to recognize that
what is needed are phages that are ge-
nomically different to those already
available. Such phages could be used in
cocktails with extant phages to try and
avoid resistance, or may have new tro-
pisms (host preferences) that expand
the proportion of rough strains that can
be infected and killed. Several ap-
proaches to identifying more of these
phages are plausible. First, although
few phages have been identified using
M. abscessus as a host for isolation,
this warrants substantial additional ef-
fort, using a wider range of strains.
Second, the current and new phages
isolated on M. smegmatis may continue
to be a fruitful source, especially
through the isolation of HRMs that
have acquired the ability to efficiently
infect one or more of the M. abscessus
isolates (Dedrick et al., 2021b). Finally,
there is also the prospect of exploiting
the prophages integrated into M.
abscessus genomes (Dedrick et al.,
2021a). Many of these appear to be
intact and capable of lytic growth, and
spontaneously induced particles are
present in culture supernatants. The
challenge then is to find another M.
abscessus strain on which these phages
can grow lytically and form plaques.
An attractive feature of this approach is
that ~85% of M. abscessus clinical
isolates have one or more prophages
integrated into their genomes, and
some have as many as six prophages
(Dedrick et al., 2021b). So, there is a
wealth of such prophages which
constitutes a large resource that can be
exploited, and bioinformatic analyses
show that these are distinct from the M.
smegmatis phages (Dedrick et al.,
2021a, 2021b). Pairwise screening has
facilitated lytic growth of
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spontaneously induced prophages, and
these can then be engineered to prevent
lysogeny and potentially added to the
therapeutic arsenal. These potential
paths towards the expansion of the
therapeutic phage bank should expand
the number of rough strain morphotype
infections that can be treated.

In the first treatment case, a cocktail
of three phages was used because of
concerns about phage resistance. How-
ever, subsequent observations have
shown that phage resistance occurs rel-
atively infrequently in M. abscessus
strains, and resistance has not been en-
countered when used clinically, even in
treatments where only a single phage
was deployed (Dedrick et al., 2022,
2021b). Some phage-resistant M.
abscessus mutants have been recovered
in vitro, but it is not yet clear if these
have compromised fitness for in vivo
growth in the patient (Dedrick et al.,
2021b).

A consecutive series of 20 compas-
sionate use phage therapies for
Mycobacterium infections

To date, a total of 20 case studies have
been reported, a majority of which
(11/20) show favourable microbiologi-
cal or clinical indications (Dedrick et
al., 2022) (Table 1). However, in four
cases there was no evident clinical im-
provement, and in the remaining cases,
treatment is either ongoing or incom-
plete. No adverse reactions were ob-
served, and in several cases strongly
favourable outcomes are reported, in-
cluding resolution of a pulmonary in-
fection in a CF patient (Nick et al.,
2022), and resolution of a disseminated
Mycobacterium chelonae cutaneous
infection in a mildly immunosup-
pressed patient (Little et al., 2022).
Together, these cases provide consider-
able encouragement for continued ex-
ploration of phage treatments for NTM
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infections, highlighting some opportu-
nities and some limitations. For exam-
ple, in 11 cases, only a single phage
was used because it was the only phage
to which the strain was sensitive. In
these cases, however, phage resistance
was not observed in any case nor was it
the cause of treatment failure. Although
this was unexpected, it bodes well for
future treatments, moderating one of
the major concerns in the general ther-
apeutic use of phages (Dedrick et al.,
2022) (Table 1). It is also noteworthy
that these treatments are lengthier
(years in some cases) than in phage
therapies for other diseases, and these
are not trivial interventions. But we
know little about optimal dosage,
routes of administration, or phage
pharmacokinetics, and blinded clinical
trials are needed to address these un-
knowns. Nonetheless, these case stud-
ies provide insights into safety and
clinical and microbiological parameters
to monitor during treatments that are
invaluable for trial design and effective
implementation (Dedrick et al., 2022,
Nick et al., 2022).

Interestingly, clinical isolates of M.
tuberculosis have limited genetic diver-
sity and relatively minor variations in
phage infections profiles (Guerrero-
Bustamante et al., 2021). A set of five
distinct phages, taking advantage of
engineering and isolation of HRMs — as
described above for NTMs — constitute
a potential cocktail for a broad range of
clinical isolates, although only some of
these five might ultimately be needed.
And subsets of these could be adminis-
tered sequentially to negate impedi-
ments presented by neutralization.
However, compassionate use cases of
TB that are both suitable for phage
treatment and meet regulatory require-
ments are rare, and initial clinical trials
would seem warranted.



SUMMATION

The study of mycobacteriophages has
contributed major advances to our un-
derstanding of phage diversity, phage
biology including expression and regu-
lation, host-virus dynamics, science
education, and clinical utility for treat-
ing Mycobacterium diseases. However,
there is still much to learn, to explore,
and to discover. Many of the phages
have not been investigated beyond
genomic characterization and will give
new insights when studied in detail.
Collectively, there are hundreds of
thousands of genes of unknown func-
tion and elucidating their roles will
require new and higher-throughput
strategies. We also know little about

host range beyond the inclusion of
infection profiles for the pathogens M.
tuberculosis and M. abscessus. Our
current understanding of mycobac-
teriophages is largely based on those
isolated using M. smegmatis mc 2155 as
a host, and it is likely that new and dif-
ferent types of phages would be dis-
covered when using other mycobacte-
rium hosts. We note that this is chal-
lenging for very slow growing strains
and pathogens, but insights from pro-
phages of sequenced NTM strains sug-
gests there’s an abundance of diverse
phages awaiting discovery, many of
which will add to the arsenal of thera-
peutic options.
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