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Abstract

Inflammatory bowel disease (IBD), including ulcerative colitis (UC) and Crohn’s disease (CD),
are influenced by the bacterial and fungal organisms found within the intestine. However, the
intestine is also home to a vast number of viral particles, with most of them being viruses

that infect prokaryotes, called bacteriophages. While use of bacteriophages to specifically target
pathogenic bacterial species involved in IBD is currently under investigation, recent studies

have also highlighted that these viral particles can impact the mammalian immune system. IBD

is a chronic multi-factorial inflammatory condition with unknown etiology. This review will
highlight the current investigations that have revealed that bacteriophage-mammalian immune cell
interactions can influence disease processes beyond their known role for infecting bacteria, which
might identify novel ways to treat or diagnose IBD.

Introduction

The virobiota could arguably be considered the most numerically prominent entity of the
microbiota, yet is the least well understood. Only recently have compositional changes

in the virome been studied using current sequencing methods, and this analysis is still
being optimized [1-5]. While the intestinal virobiota contains eukaryotic viruses that are
capable of infecting mammalian cells, the vast majority is composed of bacteriophages
(phages). Bacteriophages can have different lifestyles based on whether they can undergo
productive infection [6]. Obligately lytic (or virulent) bacteriophages take over the host cell
machinery to replicate new virions which ultimately kills the host cells. Lysogenic phages
(or temperate) integrate and replicate with the host DNA and upon certain signals exit

the host cell with lysis. Several studies have delineated the compositional changes to the
virome in IBD patients, which we will not cover in detail here [1,2]. However using whole
virome sequencing, the most prominent feature of a healthy gut virome is the presence of
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a stable core of lytic phages, while increased temperate phage abundance is associated with
individuals that have IBD [1,4]. As the inflamed intestine presents a stressful environment
to resident bacteria, the observation of increased temperate phages would be consistent with
phage excision and massive release of virions during disease [7].

With the growing emergence of antibiotic resistant pathogens and a growing appreciation
for the importance of the beneficial microbes that reside on mammalian bodies, targeting
bacterial pathogens using bacteriophages has regained interest [8]. The relative specificity of
bacteriophages for their hosts, provides an opportunity to target particular pathogens without
collateral damage to the other beneficial members of the microbiota and is currently under
investigation for IBD therapy. In addition, the field has become aware that bacteriophages
make up a vast portion of the intestinal resident viruses, that have the potential to influence
the disease process. While phages do not infect mammalian cells, several recent studies
have demonstrated that these prokaryotic viruses can influence, either directly or indirectly,
the mammalian immune system. Here we highlight these recent studies and discuss the
mechanisms by which bacteriophages can influence IBD with a focus on interactions with
the mammalian immune response.

Synergy with the immune system

Antibiotics have long been used to treat most pathogenic infections with great success.
However, unintended consequences of antibiotic overuse have led to the emergence of multi-
drug resistance bacteria. Additionally, antibiotics are not selective and also kill beneficial
commensal bacteria that prevent pathogen infection through colonization resistance or
promotion of immune pathways to fend off pathogenic bacteria. Thus, bacteriophage therapy
has re-emerged as a mechanism to target and kill specific infectious bacteria and allowing
for commensal populations to remain in-tact. While bacteriophage therapy has classically
thought to largely rely on killing of permissive bacteria by obligately lytic phages, there is a
growing appreciation that bacteriophage therapy can synergize with the host immune system
in what has been termed “immunophage therapy” [9].

While there are many examples of bacteriophage therapy successes, there are an equal
number of failures. This is largely thought to be due to the ability of bacteria to

evolve resistance to phage lysis. This highlights the need to understand the mechanisms

by which bacteriophage therapy functions and move beyond /n vitro models of bacteria-
phage interactions and test in animal model systems. Roach et. al. set out to understand
mechanisms of phage-mediated bacterial clearance using a Pseudomonas aeruginosa animal
model [9]. Animals infected with £ aeruginosa followed by bacteriophage treatment

two hours later survived lethal infection and were quickly able to clear the bacteria

from their lungs. Interestingly, animals that lacked the signaling molecule, MyD88, the
adaptor molecule for most Toll-like receptors (TLRS) that sense microbial ligands, during
phage therapy, still suffered from increased mortality. While the bacteriophage therapy
significantly reduced the amounts of bacteria within the lungs initially, there was a
resurgence of phage-resistant bacteria after 24 hours. Neutrophils, but not T or B cells,
were required for the synergistic effect. Intranasal administration of a high dose of the
bacteriophage did not stimulate cytokine production within the lung on its own, leading the
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authors to conclude that the immune system was not necessarily being directly activated by
the phage itself, rather that the neutrophils were required to kill phage-resistant bacteria.

Currently, bacteriophage therapy targeting two commonly identified organisms in
individuals with IBD, K/ebsiella pneumoniae and adherent invasive £. coli (AIEC), is being
trialed in humans. The findings by Roach et. al. suggest that for bacteriophage therapy to be
efficacious, the host must have a competent immune system that also helps eradicate phage
resistant strains. As individuals with IBD have chronic inflammation within the intestine, it
is unclear how this might influence this process. Recent studies have tested phage therapy
against AIEC in acute mouse models of IBD [10]. Animals were colonized with AIEC
followed by induction of IBD and a single dose of an AIEC targeting bacteriophage cocktail.
The three phages were sufficient to reduce colonization of AIEC up to 15 days after

phage treatment. Moreover, phage treated animals had reduced blood in the stool, diarrhea,
and weight loss, suggesting that this therapy could work in humans. However, IBD is a
multi-factorial, chronic, disease, thus, future studies will need to investigate the requirement
for immune cells during bacteriophage therapy and determine whether it is effective over
longer time courses.

Direct immune stimulation

Lysing of bacteria by phages release bacterial surface molecules and intercellular contents
that could potentially stimulate the immune system through TLR signaling. However,
bacteriophages are known to reside within the mucus layer of many animals, where they
have been proposed to act as a firewall against mucosal invasion of intestinal bacteria

[11]. Studies demonstrating that bacteriophage viral particles can be transcytosed from

the apical to basolateral surface of intestinal epithelial cells makes it possible for these

viral particles to come in direct contact with underlying immune cells of the intestine and
stimulate various immune responses [12,13]. Direct immune stimulation by bacteriophages
was originally explored /n vitro and these experiments have been reviewed in [14,15]. While
these studies suggested that bacteriophages could directly stimulate eukaryotic immune
processes, many of these did not use highly purified bacteriophage preparations for their
assays. As bacteriophages must be amplified for experiments by replicating within bacteria,
care must be taken to purify out any contaminating LPS or bacterial molecules that could
also stimulate the immune response. Moreover, /in vivo animal studies conducted on this
topic have analyzed mice whereby the host bacteria for the bacteriophage was present, and
thereby bacterial lysis and subsequent immune stimulation by bacterial molecules could not
be ruled out. Thus, whether phages could directly stimulate immune responses in the gut
remained unclear.

To address this, our group orally fed a highly purified bacteriophage cocktail to germfree
(GF) mice that are completely devoid of colonization by any commensal organisms [16].
Since the bacterial hosts were not present within the animals to aid replication of the

phage particles, phages were continuously provided. Interestingly, bacteriophage fed, but not
heat-killed phage fed, animals had significant induction of total CD8+ and CD4+ T cells as
well as IFN-y producing Th1 cells. The levels of T cells elicited by bacteriophages were
similar to those found in normal colonized animals. Phage particles were visualized inside
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of host dendritic of cells and IFN-y production induced by bacteriophages was dependent
on endosomal TLR9. These sets of experiments demonstrate that bacteriophage particles
can directly stimulate intestinal inflammatory responses even in the absence of bacterial
organisms. This could suggest that bacteriophages are part of priming immunity within the
gut during development.

Another investigation studying a filamentous temperate bacteriophage within the 2
aeruginosa genome, called Pf phage, demonstrated the ability of this phage to suppress
inflammatory responses [17]. The Pf phage has a temperate lifecycle that releases the virions
through extrusion without bacterial lysis. Released filamentous virions became structural
elements in 2 aeruginosa biofilms promoting the formation of a liquid viscous matrix which
provides the protection of biofilm embedded bacteria from desiccation and enhance their
virulence [18,19]. P aeruginosa mutants lacking the phage are phagocytosed at much higher
rates than wild-type strains, suggesting the phage can influence host immune responses.
Treatment of bone marrow derived macrophages with the purified phage reduced TNF-a
production in response to LPS stimulation [17]. Blockage of TNF-a production by the

Pf phage was dependent on its ability to stimulate Type | interferon production through
TLR3. Thus, the expression of the filamentous phage by £ aeruginosa enhanced virulence
through direct down-regulation of immunity. Collectively, these experiments demonstrate
that bacteriophages can have distinct effects on the immune response which could have
important implications for intestinal development, tolerance and disease.

An expansion in Caudovirales bacteriophages has been reported in patients with IBD and
confirmed in animal models [2,20]. To test whether direct activation of the immune system
by bacteriophages could influence IBD severity, we took advantage of animals that were
not colonized by E£. coliyet possessed a diverse microbiota [16]. These animals were

orally gavaged with a cocktail of three E. colibacteriophages, followed by induction

of colitis. Animals treated with bacteriophages developed significantly worsened disease
characterized by increased weight loss and intestinal damage, that was dependent on IFN-
v and TLR9. Supporting these findings, the abundance of mucosal IFN-y production in
humans is significantly correlated with the abundance of Caudovirales bacteriophages in
IBD patients that failed to respond to fecal microbiota transplant (FMT). These data suggest
that as bacteriophages within the bacterial microbiota are excised from their hosts during
inflammation, they have the potential to further stimulate immunity and exacerbate disease.
While it has yet to be investigated, as other bacteriophages are able to dampen immunity
[17], it is possible that some bacteriophages might actually help to temper immunity and
prevent disease.

Microbial community changes

One of the most appreciated roles of bacteriophages is lysis of their target bacteria.
Therefore, it is no surprise that some studies have suggested and demonstrated that
bacteriophages can naturally influence the composition of the bacterial microbiota [21].

The composition of bacteriophages in stunted children is distinct from non-stunted children,
where non-stunted children possessed a greater abundance of temperate bacteriophages [22].
When bacteria from non-stunted children were exposed to phages from stunted children,
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Proteobacteria significantly increased, demonstrating that bacteriophages present in stunted
children select for a Proteobacteria rich microbiota. Another study utilized a defined
consortia of bacteria, assembled in germfree mice, of 10 distinct organisms [23]. Obligately
lytic bacteriophages were selected against four of these bacterial species and provided
individually or in combination to GF animals with the defined consortia and carefully
tracked using sequencing and g-PCR methods. Tracking of these populations demonstrated
that phage predation on their host bacteria can lead to cascading effects on the composition
of the microbiota which in turn influenced changes in metabolites.

Clostridium difficile infection is a debilitating intestinal infection, that primarily results
from predominance of this pathogen after an insult on microbiota composition, such as
depletion through antibiotics. Restoration of the intestinal microbiota using a crude fecal
preparation, termed fecal microbiota transplant (FMT) from a healthy a donor has been
shown to be highly curative in patients with C. difficile [24]. One study successfully utilized
fecal homogenate that was cleared of live bacterial organisms, leaving behind bacterial
metabolites, DNA/RNA molecules and bacteriophages [25]. While the specific contribution
of bacteriophages to clearance of C. difficle was not explicitly defined in this this study, it
opens up the possibility that bacteriophage may contribute to the success of an FMT [26].
Supporting a contribution of bacteriophages during FMT in IBD, we have demonstrated
persistence of a specific subset of donor derived bacteriophages in individuals who failed

to respond to FMT, suggesting that certain bacteriophages might prevent successful FMT
[16]. This could be due to a direct influence of these bacteriophages on beneficial microbiota
composition. Given the large number of studies that delineate specific mechanisms by which
bacterial organisms can influence immune system development [27], future studies should
be aimed at uncovering how phage predation can impact the mammalian immune response

Temperate phage gene expression

Temperate phages can encode a number of genes that are not necessarily involved in

phage assembly or replication but can benefit their prokaryotic host in various ways. The
expression of these phage encoded genes can in turn influence mammalian biology. Perhaps
one of the most well-studied examples of this is the cholera toxin, (CTX), that is expressed
on a temperate bacteriophage in Vibrio cholera[28,29]. The CTX toxin is released from
bacterial cells harboring the temperate phage within the intestine and binds to a receptor
expressed on intestinal epithelial cells leading to severe fluid loss. While this phenomenon
has not been extensively studied in commensal gut microbes, a recent study has identified a
phage encoded molecule expressed by a common intestinal bacteria, Enterococcus hirae, can
cross-react with T cells that recognize tumor antigens [30].

Zitvogel and colleagues had previously shown that £. Airae would become translocated
during chemotherapeutic treatment in individuals with cancer [31]. Translocation of E. hirae
stimulated immune responses that helped to fight cancer. They identified that a specific
protein, called tailed length tape measure protein (TMP1), expressed by a prophage within
E. hirae, was presented on class | MHC and cross-reacted with T cells that were specific

for a proteosome subunit protein expressed by the mammalian host [30]. Enhancement

of these cross-reactive T cell responses synergized with chemotherapeutic treatment to
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eradicate cancer in mice. Thus, prophages harbored by commensal bacteriophages might
harbor unique and interesting genes that influence various aspects of mammalian immunity
and IBD that have yet to be explored.

Conclusion

Commensal microbial organisms are clearly important in many physiological processes, and
the mechanisms by which this occur are only being uncovered. As bacteriophages appear

to be a large component of the commensal virome, it is likely that these organisms will

also play a role in mammalian biology and diseases such as IBD. As bacteriophage-immune
interactions are studied more in depth, novel therapeutic interventions or diagnostics might
emerge. Studies of the Pf phage, mentioned above, have demonstrated that immunization

of a mammalian host against the Pf coat protein can protect from £, aeruginosa wound
infections [17]. Thus, immune responses against phages could be harnessed for protective
responses. Moreover, antibody responses against bacteriophages have been identified in
animal models and humans, highlighting the potential for these to be used as biomarkers
[32,33]. Based on these findings, this emerging area of bacteriophage-immune dynamics has
many novel pathways for discovery.
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Fig 1. Mechanisms of bacteria-immune interactions that could impact I1BD.
(A) Synergy with the immune system. Phage resistant strains often arise during

bacteriophage therapy. Recent studies have identified that synergistic interactions with
neutrophils helps to clear pathogenic strains of bacteria that acquire resistance to phages.

(B) Direct activatiorn. Bacteriophage virions have now been shown to be taken up by
dendritic cells and macrophages and stimulate TLR9 and TLR3 to amplify or dampen
immune responses respectively. (C) Bacteria are well document to influence immune system
development. Bacteriophages can indirectly influence the immune response by regulating
bacterial communities. (D) Temperate phage gene expression. Some prophages can express
genes that influence the host response without necessarily expressing the entire virion. The
most well documented of these is the cholera toxin that causes severe diarrhea and fluid loss.
More recent studies have shown that bacteriophages can encode molecules that can act as
“molecular mimics” to stimulate T cells that normally recognize mammalian host proteins.
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