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ABSTRACT The gut microbiome and its importance to human health are a rapidly
evolving area of study. Bacteria often take center stage. However, the composition is
much more complex with other microbial members of the gut also playing key roles.
Bacteriophages (phages), the viruses that infect bacteria, are an integral component
of gut microbiomes and can often be found cocolonizing with their commensal
bacterial hosts. Recent studies have shown associations between the composition of
resident phage communities and human health and disease, but the mechanisms of
these associations remain elusive. My research laboratory is focused on understand-
ing the role of phages in the gut microbiome and exploring their possible therapeu-
tic applications.
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acteriophages (phages), the viruses of bacteria, are a major component of global eco-

systems with a total population estimated to be ~103" viruses (1). In the human body,
the gut is the most abundantly populated region with individual-specific communities of
phages that have extensive and often entangled fates with their host bacteria. Most
phages can be classified as virulent or temperate. Successful infection by a virulent phage
generally leads to cell lysis, the release of progeny, and the continuation of phage propa-
gation. In this case, “virulent” refers to the capability of phage to pursue lytic replication.
While temperate phages can similarly pursue a lytic life cycle to produce free virions, they
can also remain intracellular in a “dormant” form after infection, often integrating into the
bacterial chromosome as a prophage (i.e., lysogeny) until environmental or cellular condi-
tions favor their return to lytic propagation. The consequences of these two life cycles
under defined in vitro conditions have been well studied, but considerably less is known
about in vivo conditions. How well do these characteristics of phage propagation and bac-
terial response in liquid culture extend to more complex and diverse conditions like those
found in the gut microbiome? Are there features that can be leveraged to improve our
mechanistic understanding of the gut microbiota, and can this new knowledge be used to
identify druggable targets? My research laboratory aims to develop experimental strat-
egies that will improve our understanding of the role of phage in microbially rich and
diverse communities, such as the gut microbiota, and leverage their properties toward the
modification of specific bacteria and their functions in the mammalian gut.

BACTERIOPHAGES—BACTERIAL GRAZING OR DEVOURING

The role of phages in the mammalian gut is an emergent area of research relevant
to diseases including inflammatory bowel disease (2), rheumatoid arthritis (3), colo-
rectal cancer (4), and Clostridioides difficile infections (CDI) (5). A key consideration is
whether alterations in the phage community contribute to or result from disease. Fecal
microbiota transplantation (FMT) has been instructive in this regard. The process of
FMT, whereby the fecal microbiota derived from a healthy donor is administered to a
patient, has shown remarkable success in treating recurrent CDI (rCDI) (6). While the
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FIG 1 The human gut microbiome is composed of an individual-specific community of phage and
bacteria (A). Judicious application of phage in a rich and diverse community like the mammalian gut
offers opportunities to perturb specific subsets of bacterial species (B) and introduce or modulate
their function at the genetic level (C).

mechanisms continue to be investigated, engraftment of donor bacteria is generally
believed to be a driving force behind microbiome restoration and improved health
outcomes, while sustained phage engraftment has also been associated with patient
responsiveness to FMT (5). Even the transplantation of a fecal filtrate (i.e., donor mate-
rial without bacteria) reduced disease symptoms in all rCDI patients (n = 5), with sus-
tained donor phage engraftment in the one recipient that was further characterized
(7). The undefined and variable nature of donor material used in FMT makes it difficult
to draw robust conclusions regarding the potential mechanisms by which donor
phage can alter resident microbiota, but their association with remission of rCDI war-
rants additional investigation.

While phage have exquisite specificity for bacteria, often to the species and some-
times to the strain level, they may also have a more expansive impact on polymicrobial
communities. For example, phage can decimate a bacterial species in liquid culture,
leading to the emergence of a resistant strain that subsequently dominates. While the
decreased fitness associated with phage resistance (i.e., reduced expression of a trans-
porter that also serves as a phage receptor) may be inconsequential in monoculture,
the presence of a competitor can limit the expansion of this phage-resistant mutant
(8). In gnotobiotic mice colonized by a consortium of 10 human gut commensals, we
found that the knockdown of specific bacteria by lytic phage altered the overall com-
position of the microbiota, i.e, those not directly targeted by phage, and the gut
metabolome (9). This alteration in the microbiota was largely recapitulated in another
set of mice where each bacterial species was omitted, suggesting that the knockdown
of a specific species modulates cooperative and competitive interbacterial interactions
within the gut. A recent gnotobiotic mouse study examining lytic phage in a consor-
tium of murine commensals did not observe such cascading effects when targeting
Escherichia coli (10). These and other recent findings show that much remains to be
explored about the mechanisms of interaction between phage and bacteria and the
extent of the impact on the mammalian host (Fig. 1A). The specificity of phage for bac-
terial hosts and their potential for amplified or muted effect in a gut microbiome are
an important area of exploration.

FROM SAWS TO SCALPELS

The microbial specificity of phage makes it a unique and potentially deployable tool
in complex polymicrobial ecosystems. Producing targeted changes in the commensal
gut microbiota, whether to mechanistically explore microbial interactions or to therapeu-
tically leverage such effects, is challenging due in part to the dearth of precision tools.
Antibiotics lack the precision to isolate and track the effects of individual bacterial spe-
cies. However, virulent phages have the capability of such applications. This approach is
under way in phage therapy, where a virulent phage or cocktail of phages can be
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deployed against a bacterial infection. Targeted phage also provide opportunities to
apply such strategies to probe or modulate commensal species in the gut.

My research group is exploring the use of virulent phages to probe the causal
nature of bacteria within the mammalian gut. The ability to precisely modulate the
colonization of bacteria within a diverse consortium is a distinct advantage for phages.
By probing the members of these microbial networks, we have the opportunity to
reveal competitive and cooperative interactions within the context of the mammalian
host (Fig. 1B). Furthermore, we are interested in the extent to which the resident phage
community, both virulent and temperate, impacts the ecological properties of the gut
microbiome. Exploration of these areas will provide insights into the role of phage in
the gut microbiome.

ERADICATION OR REHABILITATION

Temperate phages facilitate a mechanism of horizontal gene transfer (HGT) by
which bacteria can rapidly expand their genetic diversity. Genomically integrated pro-
phages are abundant in the human gut (11) and can confer fitness on their bacterial
hosts (12). We anticipate that it is possible to leverage the advantages of HGT by tem-
perate phage as a means for widespread dissemination of programmable genetic func-
tions. In streptomycin-treated mouse models colonized with E. coli MG1655, we found
that lambda phage lysogenizes a substantial fraction of this population in the gut (13),
indicating the possibility of its use for delivering heterologous functions to gut bacte-
ria. We have leveraged this strategy for bacterial modification by engineering lambda
phage with a repressor of Shiga toxin to inhibit toxin expression in toxin-producing
E. coli in vitro and in a mouse model of enteric infection (13). We have also engineered
lambda phage to express the programmable repressor dCas9 and showed that it stably
represses gene expression in vitro and in vivo (14).

Increasing antimicrobial drug resistance among pathogenic bacteria is sapping the
potency of our life-saving medicines. Using engineered temperate phages to neutralize
virulence offers an alternative strategy for addressing bacterial infections. My research
group is interested in exploring the potential applications of engineered temperate
phages toward the modulation of bacterial expression that is not limited to virulence
factors but could include the repression or introduction of other functions (Fig. 1C).

OUTLOOK

Phages are a significant component of the gut microbiome, but their specific role and
the extent of their influence remain an opportunity for greater study. Ultimately, leverag-
ing a greater understanding of the gut microbiome will improve human health. Similar to
bacteria, the elucidation of the role of phages, particularly those that are resident in the
gut and coexist with their bacterial hosts, could provide key information about microbial
networks and identify potentially druggable targets. This area of microbiome research is
rapidly expanding, and characterizing the role of phages holds great potential.
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