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ABSTRACT: Bacteriophages are abundant viruses that naturally inhabit the human gastrointestinal tract, 
interacting closely with bacterial communities. While their therapeutic potential against bacterial infections 
has been recognized, clinical evidence remains limited. Here, we review recent randomized, double-blind, 
placebo-controlled human trials evaluating oral bacteriophage administration for gastrointestinal 
applications, including treatment of bacterial diarrhea and supplementation in individuals with mild 
gastrointestinal distress. These studies demonstrate that phage therapy is safe and well-tolerated, with 
minimal impact on overall gut microbiota composition. There is also some evidence of reduced target 
bacterial populations and symptom improvement during prolonged use. Additionally, combining phages 
with probiotics shows promise in enhancing gastrointestinal health. These findings suggest bacteriophages 
may serve as safe adjuncts or supplements for maintaining gut health and preventing infections, warranting 
further investigation into their mechanisms and long-term effects within the human microbiome. 
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1. Introduction 

Bacteriophages (also referred to as phages) are viruses that infect bacteria. It is hypothesized that most 
bacterial species are parasitized by specific bacteriophages [1,2]. Though phages are not considered living 
entities, they are the most numerous biological structures on Earth [3,4]. They populate every habitat on 
the planet where their respective bacteria can live: soil, water, plants, and the bodies of animals [5]. All 
animals are naturally and continuously exposed to phages through interactions with their environment. 
Phages are normal constituents of the mammalian gastrointestinal tract, where they create tightly knit 
communities with their corresponding bacterial hosts [3,6]. 

The discovery of phages in the early 1900s by Twort and d’Herelle and their application in treating 
bacterial disease has been covered in multiple reviews [2,7–10]. Despite early promise as an antimicrobial 
treatment, the therapeutic application of phages lost momentum after the discovery of antibiotics [8,11]. 
Subsequently, only a few institutions in France, Poland, and the former Soviet Union (currently Russia and 
Georgia) continued researching their development, and their records were not widely accessible at the time. 
However, the recent rise of multidrug-resistant bacterial strains has rekindled interest in the therapeutic 
potential of phages. 
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This renewed attention has led to extensive efforts to uncover and re-evaluate existing data on phage 
therapies. Several reviews have been compiled from English-language sources, online information, articles 
in the native languages of the aforementioned countries, and personal communication with investigators 
and clinical personnel [12–16]. Most of these reviews conclude that very few historical phage studies were 
conducted according to the current gold standards for clinical research, i.e., randomized, blinded, and 
placebo-controlled. Most previous phage applications are characterized as prophylactic or remedial 
“standard of care” rather than controlled trials [7]. Nevertheless, the wealth of accumulated knowledge—
including semi-scientific reports, medical case studies, and anecdotal evidence—provides a valuable 
foundation for contemporary research. 

Knowledge of bacteriophages is expanding rapidly, partially due to new sequencing techniques and 
methods of metagenomic analysis [17,18]. A fundamental difference among phages is whether their genetic 
content consists of DNA or RNA. This distinction shapes their replication mechanisms, evolution, and 
interaction with their hosts. DNA phages are by far the most prevalent type and represent most sequenced 
phage genomes. They consist of double-stranded DNA housed in a complex protein coat. In contrast, RNA 
phages contain RNA as their genetic material. The first known RNA phage, f2, which infects Escherichia 
coli, was described several decades after the discovery of DNA phages [19]. Phage RNA can be either 
single-stranded (ss) or double-stranded (ds). Single-stranded RNA genomes can exist in two orientations: 
negative sense (−ve) and positive sense (+ve). Positive sense phages have their genetic sequence oriented 
in the same direction as the host cell’s mRNA, allowing them to be recognized by the host cell’s 
translational machinery, resulting in rapid viral replication. In contrast, negative sense ssRNA phages must 
carry their own RNA-dependent RNA polymerase (RdRp) to transcribe the negative-sense genome into 
multiple strands of positive-sense RNA before translation can occur [20]. The host range of RNA phages 
is much narrower than that of DNA phages and originally was thought to be limited to members of the 
Pseudomonadota (formerly Proteobacteria) phylum but was later expanded to include Streptomyces 
(Actinomycetota) and potentially other bacterial groups [21]. 

Bacteriophage infection begins with a highly specific binding event between the phage and its bacterial 
host, which determines both the host range and the efficiency of subsequent infection. This process, 
commonly termed adsorption, is mediated by receptor-binding proteins (RBPs) located on the phage 
surface-typically on tail fibers, tail spikes, or baseplate structures, which recognize and bind to distinct 
surface receptors on the target bacterium, such as outer membrane proteins, lipopolysaccharides, teichoic 
acids, capsules, pili, or flagella [22–24]. When an RBP encounters a compatible receptor, a reversible 
binding can occur, allowing the phage to remain near the cell surface while searching for the productive 
receptor site. This step increases the probability of successful host recognition without irreversible 
commitment [25]. Once the correct receptor is encountered, high-affinity interactions between the phage 
RBP and the bacterial receptor stabilize the contact. These interactions often involve conformational 
changes in the phage tail structure that anchor the virion to the cell surface and trigger downstream infection 
processes. For example, in many-tailed phages (such as T4), the tail fibers bind to bacterial outer membrane 
components, leading to irreversible adsorption and structural rearrangements that prepare the phage for 
genome delivery [24]. The molecular specificity of these interactions underlie a phage’s host range; subtle 
differences in receptor structure or RBP binding domains can prevent adsorption and thereby confer phage 
resistance to specific bacterial strains. In some cases, binding may involve a two-step mechanism, a primary 
reversible interaction followed by irreversible binding to a secondary receptor, ensuring both specificity 
and the correct orientation for genome ejection [25]. At the structural level, high-resolution analyses have 
revealed how RBP architecture is tuned to recognize specific host receptors, providing insight into how 
phage tail complexes can trigger conformational transformations upon binding that ultimately facilitate 
DNA or RNA injection into the host cytoplasm [26]. 
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Some phages can infect multiple bacterial species, with the multiple host associations stemming from 
the structural adaptability of tail fibers/receptor-binding proteins, enabling recognition of different receptors 
across species [27]. Such phages may influence bacterial ecology and horizontal gene transfer by packaging 
and moving genetic material between hosts [28]. Many broad-host-range phages have mosaic genomes 
created by recombination, enabling them to acquire genes that expand receptor specificity or overcome host 
resistance [29]. Metagenomic analyses show that many phage genomes are associated with multiple 
bacterial species in natural environments, including the human gut [27]. 

In parallel with gaining general knowledge of phages and their interactions with the environment, new 
studies have been conducted to investigate therapeutic phage applications in vitro [28,30–32] and in vivo 
in animal models, specifically murine [33–38], and in human subjects [39–42]. Since bacteria can populate 
or invade nearly every part of the human body, the scope of the current research is very broad. Major areas 
of focus include skin wounds, burns, infections, and ulcers [43–45]; respiratory, urinary, and digestive 
system diseases [41,46–49]; and septicemia [50]. The volume of reports on successful real-world cases of 
personalized bacteriophage therapy (BT) is growing and has instigated the most recent retrospective 
observational analysis of the first 100 consecutive bacteriophage therapy cases of difficult-to-treat 
infections, enabled by a Belgian consortium [51]. As stated by the authors, the inclusion of all BT cases 
submitted to the Belgum consortium from 2008–2022, rather than focusing only on successful or 
challenging ones, made it possible to evaluate the general efficacy of BT and examine functional 
relationships common across cases. The conclusion states that most cases resulted in clinical improvement, 
with or without eradication of the targeted bacteria, and that pathogen eradication was more likely with 
concomitant antibiotic use. Therefore, BT can be most effective when combined with antibiotics and can 
inform the design of future controlled clinical trials. In the above study, the most common indications were 
lower respiratory tract infections, skin infections, soft-tissue infections, and bone infections [51]. Another 
area of interest is the application of phages to gastrointestinal health, with a recent review of this topic 
primarily highlighting their use in livestock [52]. Here, we review recent information on the application of 
phages for gastrointestinal health in humans by summarizing the findings of clinical trials conducted 
according to current clinical research standards. 

2. Bacteriophages as Pharmacologic Agents in Gastrointestinal Applications 

Phages are a natural component of the healthy human gut, with the phageome comprising both virulent 
(lytic lifecycle) and temperate (lysogenic lifecycle) phages, in which temperate phages are presumed to be 
more abundant and stable in gut microbial communities [53–58]. Because of their natural presence in the 
gut and their host specificity, phages are being explored as both therapeutic agents for the treatment of 
bacterial GI infections as well as dietary supplements for prophylaxis and GI health maintenance. As 
antibacterial agents, phages are unique among pharmaceuticals because they replicate at the site of infection. 
However, only obligatory lytic phages have been approved for human applications as they do not avoid 
clearance by the host, while introducing temperate phages may present additional implications, like transfer 
of virulence or antibiotic resistance genes, or development of resistance in lysogens [59]. 

Traditionally and currently, two categories of bacteriophage preparation have been utilized: 
bacteriophage stocks and adapted bacteriophages [7]. Bacteriophage stocks are cocktails of multiple phages 
that exhibit broad-spectrum activity and target multiple pathogenic bacterial strains or species [59–62]. This 
approach does not require the identification of a pathogen. Adapted bacteriophages are individual phages 
that are active against specific bacterial strains. This preparation, though more precisely targeted, is also 
more time-consuming and labor-intensive as it requires infecting pathogenic bacteria to be isolated and 
identified, then tested against a large collection of previously isolated phages [7]. Both preparations have 
advantages and disadvantages, and the choice is based on the GI conditions that need to be addressed and 
the availability of a particular preparation. Phage cocktails are usually pre-made, ready-to-use stocks. 
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Several preparations and delivery mechanisms are currently used in phage therapies. For GI 
applications, phage preparations can be formulated as liquid solutions, solid tablets, or capsules. Another 
administration route is intrarectal, by enema or suppositories. However, this approach has not been used in 
clinical trials of phages for GI health; rather, it has been reported in case studies and personalized phage 
treatments [63–65]. Although not a strictly GI-focused condition, one case report mentioned intravenous 
and peritoneal application of phages to treat pancreatitis [66]. The most common mode of administration is 
through oral consumption [39,40,67–69]; however, when oral doses are administered, the phages can be 
destroyed by gastric acid. Since phages naturally colonize the human gut, it is obvious that they can escape 
acid destruction, at least to some extent. Many phages enter the gastrointestinal tract along with their 
bacterial hosts rather than as naked viral particles that overcome gastric acid barriers [70]. A large fraction 
of gut phages are temperate phages integrated into bacterial genomes as prophages; they travel through 
gastric acid within gut bacterial populations [71]. Virulent phages can also travel with their hosts before 
getting released by lysis. Also, some phage particles inherently withstand moderate acidic conditions better 
than expected [56]. However, when a therapeutic dose is administered, maximal survival of phages in acid 
transit is of utmost importance. Different techniques have been implemented to overcome this limitation. 
Traditionally, neutralizing stomach acid prior to administering phages has been considered an important 
factor in bacteriophage viability [2]. However, lowering gastric acidity could also permit the passage of 
pathogens and should be used with caution [38]. Thus, for treating acute bacterial infection (e.g., diarrhea), 
it may be better to increase the application dose rather than use acid-neutralizing agents [28]. The other 
promising method of protecting phages from stomach acidity is polymer encapsulation. The method was 
successfully tested in vitro and on farm animals [72–74]. 

Regarding dosing, there are two common units: multiplicity of infection (MOI) and plaque-forming 
units (PFU). In vitro research or dose calculations for the treatment of specific infections are based on 
bacterial counts and use MOI, which represents the ratio of bacteriophages to bacterial cells [65]. The dose 
of oral phage application is always given in plaque-forming units (PFU). The most widely used 
experimental method to quantify phage dose is the plaque assay, which directly measures infectious phage 
particles as PFU/mL [75]. In brief, a phage sample is serially diluted in a buffer, reducing the concentration 
of phage particles by known factors. Each phage dilution is mixed with a susceptible bacterial host and then 
embedded in a soft agar overlay on a nutrient agar plate. The number of plaques is counted on plates with 
an optimal countable range. The PFU titer is calculated by correcting for the dilution factor and the volume 
plated [75]. If needed, this PFU concentration can be used to determine multiplicity of infection (MOI) or 
actual dose administered in some studies [76]. Not all phage studies use plate counts. Some methods 
estimate infectivity via endpoint dilution assays or optical density changes [77]. Once PFU/mL is known, 
the therapeutic dose can be calculated to deliver the total infectious units (e.g., 1 × 108 PFU per dose). This 
ensures consistent biological dosing across treatment arms [78]. Theoretical calculations of effective phage 
titers vs. bacterial concentrations are presented by Danis-Wlodarczyk et al. [79]. A generic titer of 108 
PFU/mL was proposed as a potentially “inundative” (as defined by the author) density that could result in 
the effective in situ elimination of bacteria [79]. However, this dose was developed based on “theoretical 
calculations” and cannot serve as a valid titer recommendation for practical use in human applications. In 
addition, the authors described their application, targeted at extraintestinal bacterial infections, in which 
phages presumably cross the epithelial barrier and reach the site of infection via the bloodstream. The range 
of phage titers used for the treatment of GI infections or in clinical study protocols is somewhere between 
1 × 103 PFU and 3 × 109 PFU per single dose, depending on the age of the patients, the severity of the 
condition, and the phage formulation [39–41,68,69]. Finally, phage administration can be either acute, 
lasting 2–4 days [39–41], or prolonged, lasting a few weeks, and given as a single dose per day or multiple 
doses. Prolonged oral administration of phages was used for the therapeutic treatment of multidrug-resistant 
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pathogens (3 weeks) [64], and in clinical trials evaluating the safety and tolerability of phage consumption 
and effects of phages on inflammation (4 weeks) [67,68]. 

Pharmacokinetics and pharmacodynamics, two key aspects of therapeutic applications, are difficult to 
measure and interpret for phages. These aspects are typically evaluated by three components: absorption, 
distribution, and elimination, and were recently reviewed by Międzybrodzki et al. for phage-based 
interventions [65]. That review elaborated on the challenges of pharmacokinetic evaluation of phages and 
the most important obstacles associated with phage therapy. The authors highlighted that intravenous and 
topical application of phages are relatively unproblematic. However, for oral application, there are a number 
of factors to consider, including phage pH sensitivity, phage penetration through epithelial barriers, 
inactivation of phages by body fluids, their immunogenicity, interaction with antibiotics, etc. Moreover, 
the components (absorption, distribution, and elimination) primarily apply to oral administration for extra-
intestinal infections, where phages are absorbed into the bloodstream and travel to the site of infection. 
Phage pharmacokinetics for direct intra-intestinal applications requires further exploration [65]. 

The pharmacodynamics of GI phage therapy can be estimated in several ways. First, the number of 
excreted phages in stool can be compared to the administered dose, although the interpretation of data from 
this approach is speculative. For example, lower excretion may indicate that phages are destroyed by 
stomach acid, although it could also indicate temporary colonization and prolonged gut transit. There is 
evidence that many lytic phages can adhere to the mucus layer lining the intestinal epithelium and remain 
there until they contact susceptible bacteria [80,81]. If the excreted dose remains unchanged from the 
administered dose, it can indicate inactivity of the phages. However, it could also be interpreted as 
destruction of some phages in the stomach, followed by intestinal replication of surviving phages on target 
bacteria in the intestines [39]. Finally, a higher excreted dose unequivocally indicates phage replication on 
target bacteria. A second method to evaluate phage pharmacodynamics is to compare counts of target 
bacteria from pre-treatment and post-treatment stool samples. However, the interpretation of these data is 
also ambiguous since no change in bacterial counts can indicate either ineffective phages or increased 
replication of target bacteria that escaped phage attack. An additional challenge in gut phage therapy is the 
ability of phages to pass through epithelial cells into the system, which could be a sink that reduces the 
active dose at the target location [82,83]. Therefore, many clinical studies rely on measuring potentially 
phage-mediated effects on defined outcomes following phage application [7]. 

3. Effects and Safety of Gastrointestinal Phage Applications in Human Clinical Trials 

According to the FDA, registered controlled human clinical trials (randomized, double-blinded, and 
placebo-controlled) are the gold standard for evaluating the effects and safety of phage applications. 
Multiple trials are required to comprehensively evaluate the potential of phage therapy, and conclusions 
should not be made based on a single trial outcome [59,84]. However, human gastrointestinal phage therapy 
trials conducted in accordance with current clinical research standards are limited. This section summarizes 
the results of several of those studies in terms of gastrointestinal effects, safety, and tolerability. 

Introducing specific lytic phages into the human gastrointestinal tract at doses above naturally 
occurring levels can have several effects. The first to consider, of course, is their impact on target bacteria. 
However, this direct effect can also trigger a cascade of secondary or indirect effects. Therefore, another 
consideration is the effect of phages on non-target microbiota and possible modification or even disruption 
of the homeostatic microbial composition of the gut. Finally, there is also the potential for phages to 
influence the human host’s immune system and stimulate immunological reactions, either by interacting 
with human epithelial and immune cells or by triggering responses to bacterial metabolites produced in 
response to viral predation (Figure 1). These effects can be reflected in measurable changes in GI-related 
conditions but may also cause adverse events when used for treatment, prophylaxis, or maintenance of GI 



Food Res. Suppl. 2026, 1(1), 10005. doi:10.70322/frs.2026.10005 6 of 18 

 

health. Several clinical studies evaluated the above-listed outcomes following oral phage administration 
(Table 1). 

 

Figure 1. Possible mechanistic targets of bacteriophages in the human gastrointestinal tract: Active direct effect—attack on 
pathogens, Passive direct effect—prevention of pathogen adherence to intestinal mucosal epithelium, Indirect effects—
modulation of gut microbiota and host immunity. 

Table 1. Gastrointestinal phage applications in clinical trials. 

References Study Design Study Population 
Dose of Phage 
Administration 

Major Study Outcomes 

Bruttin and 
Brussow 
[39], 2005 

Single-center, randomized, 
double-blind, placebo-
controlled trial 

Healthy adults (n = 15)  
1 × 103 PFU, 
1 × 105 PFU 

Safety of phage administration. 
Effect on target bacteria. 

Sarker et al. 
[40], 2012 

Single-center, randomized, 
double-blind, placebo-
controlled trial  

Healthy adults 
(n = 15) 

3 × 107 PFU, 
3 × 109 PFU 

Safety of phage administration. 
Effect on gut microbiota. 

McCallin et al. 
[69], 2013 

Single-center, randomized, 
double-blind, placebo-
controlled trial  

Healthy adults 
(n = 5),  
healthy children (n = 10) 

7 × 106 PFU 
Safety of phage administration. 
Effect on gut microbiota. 

Sarker et al. 
[41], 2016 

Randomized, double-blind,  
placebo-controlled, parallel-
group trial 

Male children with acute 
bacterial diarrhea  
(n = 120) 

3.6 × 108 PFU  
1.4 × 109 PFU  

Safety of phage administration in 
children with acute diarrhea. 
Assessment of lytic phage activity. 
Effect on diarrhea parameters.  

Gindin et al. 
[68], 2018.  
Febvre et al. 
[67], 2019  

Single-center, randomized, 
double-blind, placebo-
controlled trial 

Healthy adults with self-
reported gastrointestinal 
distress  
(n = 43) 

1 × 106 PFU  

Safety of phage administration. 
Effect on gut microbiota. 
Effect on markers of local and 
systemic inflammation. 

The first four studies presented in Table 1 were in continuity with each other, sharing similar methods 
[39–41,69]. Each subsequent study was based on the results of the previous study, extending the findings 
to a different study population and/or modified phage preparation. The following subsections describe the 
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details of the above-listed studies, highlight the differences in their methods, and summarize findings 
related to particular outcomes. 

3.1. Clinical Trial Designs and Outcomes 

Bruttin and Brussow administered T4 phage that targeted unspecified strains of E. coli to 15 healthy 
adult Caucasian volunteers between 23–54 years old in a single-center, randomized, double-blind, and 
placebo-controlled trial [39]. It was a three-period crossover comparison of two oral T4 phage doses, with 
each subject receiving a higher dose (105 PFU/mL), a lower dose (103 PFU/mL), and a placebo in drinking 
water. After baseline data collection, each subject received a treatment dose for two consecutive days, 
followed by a five-day washout. This procedure was repeated for three consecutive weeks. The primary 
outcome was the safety of phage administration; the secondary outcome was its effect on target bacteria. 

Sarker et al. conducted the next two clinical trials in Bangladesh [40,41]. The primary goal was to treat 
pediatric diarrhea in hospitalized children. The main objective of the first study was to create a safe and 
effective anti-diarrheal phage cocktail and to test it on healthy adult volunteers [40]. The genomic diversity 
of 99 T4-like coliphages was investigated by sequencing an equimolar mixture and screening them against 
different databases for horizontal gene transfer and undesired genes. The resulting cocktail consisted of 
nine independent isolates of T4-like E. coli phages, which were tested on 15 healthy adults in a trial 
following the design of the previous Bruttin and Brussow study [39]. This single-center, randomized, 
double-blind, placebo-controlled trial consisted of a three-period crossover design comparing two doses of 
the oral T4-like phage cocktail. The timing was similar to the previous study (two-day intervention followed 
by er to test for possible adverse events before applying the cocktail to children. Each subject received a 
higher phage dose (3 × 109 PFU/mL), a lower phage dose (3 × 107 PFU/mL), and a placebo in drinking 
water. The primary outcome was the safety of phage administration; the secondary outcome was its effect 
on the gut microbiota. 

The follow-up study by McCallin et al. in Bangladesh investigated the composition of a phage cocktail 
(Microgen, Moscow, Russia) targeting Escherichia coli/Proteus infections [69]. Two methods of 
characterization were used: electron microscopy and metagenome analysis. Electron microscopy identified 
six phage types, with numerically T7-like phages dominating over T4-like phages. A metagenomic 
approach using taxonomic classification, reference mapping, and de novo assembly identified 18 distinct 
phage types. The complexity of the phage cocktail, as stated by the authors, raises questions about its safety, 
as it is difficult to maintain comparable quality and reproducibility in complex cocktail production 
compared with simpler formulations. The product was evaluated for safety by running phage sequences 
against a database of undesired genes, where no matches of concern were identified. Then, a small safety 
trial was set up with healthy human volunteers. The study design mimicked the preceding study by Sarker 
et al. [40], except for the study population and the phage doses used. Fifteen healthy subjects (five adults, 
five children aged 5–10, and five children under the age of 5) received a high dose of approximately 7 × 
106 PFU/mL, a low dose (ten times lower), and a placebo. For the human trial, the primary outcome was 
the safety of phage administration; the secondary outcome was its effect on gut microbiota. 

A second Sarker et al. clinical study took place in a hospital setting in Bangladesh and was based on 
the results of the previous two trials [41]. It utilized a T4-like coliphage cocktail [40] and a commercial 
coliphage product (Microgen ColiProteus, Moscow, Russia) [69] to treat acute bacterial diarrhea in children. 
In a randomized, placebo-controlled, parallel-group clinical trial, 120 male children were enrolled and 
allocated into 3 groups: 40 received orally 1.4 × 109 PFU/mL of the Microgen ColiProteus cocktail, 39 
children received 3.6 × 108 PFU/mL of the T4-like coliphage cocktail, and 41 received a placebo with 
standard treatment for diarrhea patients. All treatments were given for 4 consecutive days. The primary 
outcome was the safety of oral coliphage in children infected with E. coli, the secondary outcome was the 
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titration of fecal coliphage and E. coli pathogen to assess in vivo lytic phage activity, and the tertiary 
outcome was the impact of oral phage administration on quantitative diarrhea parameters. 

The “Bacteriophage for Gastrointestinal Health (PHAGE)” clinical trial was the most comprehensive 
study of the oral application of bacteriophages in adults, and the results were presented in two publications. 
Gindin et al. evaluated the effects of bacteriophage intake on gastrointestinal health and the overall safety 
and tolerability of the treatment [68]. Febvre et al. assessed the effects of bacteriophage intake on 
inflammation and gut microbiota [67]. The PHAGE study was a randomized, double-blind, placebo-
controlled crossover intervention. Forty-three healthy adults with self-reported gastrointestinal distress 
were enrolled in the study. Of these participants, 36 completed at least one arm of the trial, and 32 completed 
the entire study. Enrolled participants were randomly assigned to either the placebo or treatment starting 
groups and were asked to consume one 15-mg capsule daily for 28 days. This intervention was followed 
by a 2-week washout period prior to starting an additional 28-day intervention with the opposite treatment. 
The treatment was an encapsulated cocktail of four supplemental bacteriophage strains (LH01-Myoviridae, 
LL5-Siphoviridae, T4D-Myoviridae, and LL12-Myoviridae) at a titer of 106 PFU per dose included in the 
PreforPro commercial preparation (Deerland Enzymes, Kennesaw, GA, USA). These phages are known to 
infect a range of Escherichia coli strains, including E. coli K12, 16 enterotoxigenic E. coli strains, and 2 
enterohemorrhagic strains. The primary outcome was the safety of phage administration; the secondary 
outcomes were its effects on gut microbiota and markers of local and systemic inflammation. 

3.2. Safety of Phage Applications and the Effects on Gastrointestinal and Metabolic Health 

The safety of the phage intervention was the major outcome in the above-described clinical trials. The 
Bruttin and Brussow study reported only five mild adverse events in the trial, four of which were related to 
GI distress (stomach pain, nausea, increased peristalsis) [39]. Adverse events were not reported more often 
with the higher phage dose than with the lower phage dose or placebo. All treatments were well tolerated. 
Serum levels of alanine aminotransferase and aspartate aminotransferase were chosen to evaluate phage 
application on liver toxicity. No significant increases in the levels of these two liver enzymes were observed 
after the intervention. In addition, neither T4 phage nor T4-specific antibodies were observed in the serum 
of the subjects at the end of the study. The authors concluded that phage treatments at both doses were safe 
and well-tolerated in the test population. 

In the Sarker et al. study with healthy adult subjects, some shifts in white blood cell proportions and 
levels of aminotransferase were recorded, but there was no consistent pattern suggestive of an adverse effect 
of phage therapy. The authors concluded that no adverse events were observed by self-report, clinical 
examination, or laboratory tests for liver, kidney, and hematology function [40]. McCallin et al. assessed 
the safety of phage applications using the same parameters as Sarker et al. [69]: self-reports of adverse 
events, clinical examination, and laboratory tests of liver, kidney, and hematologic function. As to the 
authors’ conclusions, a few recorded adverse events were not associated with oral phage exposure. Also, 
no phages were detected in the blood, and no phage antibodies were found in the serum. In the follow-up 
study, which featured treatment of children with acute diarrhea, no adverse events attributable to oral phage 
application were observed [41]. However, it was noted that the release of endotoxin could possibly place a 
limit on the phage treatment of Gram-negative infections [7]. As discussed by the authors of the Sarker et 
al. trial, in acute cases of E. coli diarrhea, the barrier function of the gut mucosa in the small intestine is 
compromised: inflammation of the tissue affects the tight junctions between epithelial cells, creating a 
passageway for paracellular transit of substances. When the pathogen is lysed by phages, in vivo released 
endotoxins and enterotoxins can potentially cross into the circulation. However, no systemic reaction to 
endotoxin was observed in that trial. While the phage application in children with acute diarrhea was 
demonstrated to be both safe and well tolerated, it failed to improve gastrointestinal symptoms. Neither the 
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T4-like nor the Russian coliphage cocktail showed a clinical benefit over standard care in terms of stool 
output, stool frequency, or rehydration [41]. 

The “PHAGE” study reported no adverse events during the trial [68]. Self-assessment of 
gastrointestinal symptoms suggested improvements in most parameters measured. In addition, there were 
bidirectional crossover effects, suggesting that participants perceived relief of gastrointestinal distress just 
from participating in the study. The majority of individuals maintained or reduced baseline levels of 
gastrointestinal distress during treatment, suggesting that it was tolerable and did not exacerbate symptoms. 
Comprehensive metabolic panels were used to monitor blood chemistry and liver function and to assess the 
safety of bacteriophage consumption. Although there were statistically significant changes in a few 
parameters, overall, the analyte averages were within clinical reference ranges for all measurements. The 
authors concluded that consumption of therapeutic doses of a mixture of four bacteriophages was both safe 
and tolerable in healthy individuals with mild to moderate gastrointestinal distress. 

In summary, the results of available human clinical trials indicate that oral phage treatments were safe 
and well-tolerated in the studied doses and timeframes. Also, the results of prolonged consumption of 
phages (28 days) suggest that bacteriophage supplementation did not exacerbate symptoms in healthy 
individuals with mild to moderate gastrointestinal distress [68]. However, the acute therapeutic application 
of phages to treat diarrhea did not achieve a clinical advantage over traditional methods. As stated by the 
authors, these observations should be interpreted with caution because the trial was not powered to detect 
a treatment effect, but only to assess safety issues and gain mechanistic insight into phage therapy [41]. 

3.3. Effects of Phages on Target Bacteria 

Lytic bacteriophages infect and destroy representatives of specific strains of bacteria. In the process, 
they multiply and, after the lysis of the host cell, are ready to infect additional susceptible bacterial cells. 
The cycles of infection, multiplication, and lysis are supposed to be continued until susceptible cells are 
present within the reach of the phages. After predation cycles stop, the remaining phages are evacuated 
from the gut with bowel movements. Thus, the direct effect of phages is the destruction of target strains. 
However, in the highly interconnected microbial communities of the GI tract, the destruction of some of its 
members almost inevitably impacts the rest of the microbiome to some degree. Therefore, in GI phage 
applications, both target bacteria and the overall microbiota composition can be affected, and both effects 
should be evaluated in clinical trials. 

The effect of phages on target bacteria is most commonly measured by comparing fecal counts of 
bacteria in pre- and post-treatment stool samples. The results of different studies seem to be somewhat 
conflicting, reporting either a reduction of bacterial counts or no effect on bacterial counts after phage 
application. In all of the above-described clinical trials, the target bacteria were different strains of E. coli. 

Bruttin et al. reported no change in fecal E. coli counts after a 2-day intervention with phage T4 at both 
lower and higher doses [39]. The same result was observed in the Sarker et al. study with healthy adults, as 
expected, since no E. coli was detected in the initial stool samples [40]. In the study of children with diarrhea, 
viable E. coli colony counts represented only 5% of all fecal bacteria in diarrhea patients and were at most 
10-fold higher as compared to non-E. coli diarrhea patients. Children with non-E. coli diarrhea and healthy 
controls mainly showed less than 1% Escherichia abundance. No significant decrease in E. coli (ETEC) 
titers was observed after phage treatment. According to the authors’ interpretation, the pathogenic E. coli 
titer, even in confirmed cases of E. coli diarrhea, might not be high enough to sustain phage replication in 
vivo [41]. 

Why might target bacteria be unaffected when exposed to their respective lytic phages? Although the 
“kill the winner” model was not based on intestinal microbial ecosystems, we can speculate that it is 
potentially applicable to the gut microbiota. The model implies that phages and other predators will mainly 
attack targets that are dominant in an ecosystem, so only when the overgrowth of target bacteria occurs do 
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the phages reduce their number, balancing the ecosystem. Another potentially applicable model proposes 
that the “spatial organization” of bacteria may allow some members of a target host to escape predation by 
phages [85]. It suggests that the spatial separation of bacteria prevents phages from reaching and attacking 
all available hosts. Both models denote that the composition and structure of the host microbiome can 
possibly determine the response to treatment. The idea of response vs. non-response to the GI treatments 
being rooted in the host gut environment is gaining popularity in nutritional supplementation studies [86,87] 
and is worth further investigation in phage therapy. However, in phage formulations, the dose and duration 
of treatment are major considerations. It is important to note that all these studies measuring effects on host 
bacterial populations used phages for only 2–4 days. Acute and prolonged applications have quite different 
pharmacodynamics, and acute application may not be effective enough to significantly reduce the number 
of target bacteria, particularly if there is no pronounced overgrowth of the bacterial host. 

In contrast, Febvre et al. observed a significant reduction in the relative abundance of E. coli in the 
“PHAGE” study following 4 weeks of phage consumption [67]. However, this reduction was observed only 
in a subpopulation of the study that had detectable baseline levels of E. coli. Only 21 participants (out of 
43) had detectable levels of E. coli before the treatment period began. Baseline levels varied significantly 
among participants, ranging from 0.01–3.2% of total operational taxonomic units (OTUs). The response 
rate was ~71%, with 15 of the 21 participants who had detectable E. coli levels prior to the treatment period 
showing reduced or undetectable levels after the treatment. Overall, the number of E. coli reads was reduced 
by ~40% after treatment and only by 14% after the placebo, although there was high variability between 
participants. Though the reason for the E. coli reduction after the placebo was not discussed by the authors, 
we can speculate that in a randomized crossover design, some carry-over effect is possible (in participants 
who received the treatment in the first period of the study, its effects may last through the washout period 
and affect the placebo phase). Finally, it should be noted that these data were based on 16S rRNA 
sequencing reads, which cannot reliably distinguish E. coli from Shigella and other similar taxa and only 
account for relative, not absolute, changes in a bacterial population. 

3.4. Effects of Phages on Gastrointestinal Microbiota 

The effect of phage consumption on microbiota was evaluated in several clinical trials. None of the 
studies reported disruption or global modification of microbiota. However, some decreases or increases in 
the counts of certain taxa may occur after phage application. 

In Sarker et al.’s study, some subjects showed changes in the relative abundance of two phyla, 
Actinomycetota and Bacteroidota, over the observation period; the authors did not discuss the possible 
effects of this change [40]. There were no consistent trends and no consistent differences between placebo 
and phage applications. The relative abundance before and after the intervention was evaluated for the 
major fecal bacterial families using 16S rRNA analysis. Data points from phage recipients overlapped those 
from placebo recipients. When the fecal microbiota data were compared for overall bacterial diversity and 
richness at the strain level (defined as 99% identity), phage-treated subjects displayed the same range as 
placebo-treated. The authors concluded that there were no impacts of oral phage consumption on the fecal 
microbiota composition. 

McCallin et al. based their microbiota analysis on bacterial 16S rRNA sequencing of a very limited 
number of samples, only four adults in the study [69]. When feces were sampled three times over a one-
week observation period, no consistent change in microbiota composition was seen in adult volunteers 
receiving the high phage dose. 

The “PHAGE” study also presents the results of the 16S rRNA sequencing of gut microbiota [67]. 
There were no significant differences in bacterial taxa between treatment groups and time points. Richness 
estimates (CHAO1) and α-diversity, calculated as Shannon and Simpson indices, did not differ across 
groups, and PCoA of Bray–Curtis distances did not reveal significant clustering between treatment groups 
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or time points. However, the counts of some taxa were affected by the treatment. One read that mapped to 
Bifidobacterium bifidum increased significantly in relative abundance after phage consumption in the 
responder subpopulation (defined as participants with detectable baseline E. coli who showed reductions 
after treatment), reaching ~5.5-fold above baseline. In the total study population, Clostridium perfringens 
counts decreased, and two OTUs representing Eubacterium were relatively increased during treatment 
compared with placebo. The authors concluded that phage consumption did not disrupt the gut microbiota 
but did elicit minor changes that may be considered beneficial. 

3.5. Effects on the Immune System of the Human Host 

Immunological interactions between mammalian hosts and bacteriophages are very complex and 
multifaceted. These interactions were mostly studied in vitro or in vivo using animal models, and multiple 
reviews have covered different aspects of these interactions [34,88–90]. To date, there is somewhat limited 
information on the effects of lytic phage consumption on the human immune system in registered clinical 
trials. Of the five clinical studies covered in this review, only one briefly addressed immunity in its results 
report, noting that no T4-specific antibodies were detected in the subjects’ serum at the end of the 
intervention [39]. One of the points of emphasis here is that the neutralization or inactivation of 
bacteriophages by the immune system could be a complicating factor in phage therapy [3,52] and should 
be considered in terms of phage dosage and treatment duration. The effects of phage application on the 
human immune system are beyond the scope of this article. 

4. The Potential of Supplemental Phage Applications in Gastrointestinal Health 

Supplemental bacteriophage applications hold significant promise for enhancing gastrointestinal health. 
The U.S. Food and Drug Administration lists many bacteriophages as Generally Recognized as Safe (GRAS) 
for human consumption because they are abundant in nature, naturally occur in the human gastrointestinal 
tract, and are inadvertently consumed daily by humans [68]. Unlike broad-spectrum antibiotics, which 
indiscriminately eliminate both pathogenic and beneficial bacteria, current research suggests that 
bacteriophages offer a precision-based approach that preserves the integrity of the gut ecosystem. As 
discussed, this selective targeting has been associated with beneficial shifts in microbial populations, 
including increases in butyrate-producing bacteria such as Eubacterium, which are known to support gut 
barrier function and reduce inflammation. Moreover, supplemental phage intake has shown potential in 
lowering markers of intestinal and systemic inflammation, suggesting a role in managing gastrointestinal 
distress and promoting overall gut health when used alone or in combination with probiotics. Grubb et al. 
conducted a “PHAGE 2” study using a combination of bacteriophages and a probiotic in one capsule [91]. 
The phage component was the same E. coli-targeting cocktail that was used in the above-described 
“PHAGE” study [67,68]. The probiotic component in the study was Bifidobacterium animalis subspecies 
lactis strain BL04 (B. lactis BL04). Probiotics are defined as live microorganisms that, when administered 
in adequate amounts, confer benefits to the host [92]. Bifidobacterium and Lactobacillus are the most 
common and widely used traditional probiotics. 

PHAGE 2 was a randomized, parallel-arm, double-blind, placebo-controlled clinical intervention trial 
designed to test whether combining supplemental bacteriophages with a probiotic would provide additional 
benefits for GI health and the gut microbiota compared with consuming the probiotic alone. Participants, 
healthy adults some of whom had mild to moderate GI distress, were randomly assigned to one of 3 
treatment groups: (1) 1 × 109 Colony Forming Units (CFU) B. lactis BL04; (2) 1 × 109 CFU B. lactis BL04 
+ 1 × 106 PFU of the phage cocktail; (3) placebo. One 15 mg capsule per day was consumed for four weeks. 
The primary outcome was GI health assessment, and the secondary outcome was the effect on gut 
microbiota. Participants who consumed B. lactis BL04 + phages showed improvements in digestive 
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symptoms related to GI inflammation and colon pain and had the highest percentage of individuals 
reporting overall reduced symptom severity. The combination of B. lactis BL04 + phages did not 
significantly impact gut microbiota; no shifts were recorded in either alpha- or beta-diversity parameters or 
large phyla-level changes in taxa. However, there were small but statistically significant changes in the 
number of lower-level taxa after four weeks of B. lactis BL04 + phage consumption, including an increase 
in Lactobacillus and a decrease in Citrobacter and Desulfovibrio. In summary, the combination of a phage 
cocktail and a probiotic positively affected some GI symptoms without disrupting the microbiota. 

Phage-containing dietary supplements have been designed for prophylaxis and maintenance of GI 
health [7]. A recent study investigated the potential of prophylactic bacteriophage administration to reduce 
the burden of Salmonella in vivo in mice colonized with a synthetic microbiota [93]. The bacteriophage 
preparation, FOP (foodborne outbreak pill), contained lytic phages targeting Salmonella (SalmoFresh 
phage cocktail), Shiga toxin-producing Escherichia coli (STEC), and Listeria monocytogenes. The authors 
reported that the administration of bacteriophages was safe and efficient in lowering the Salmonella burden 
and in reducing perturbations of the microbiota caused by Salmonella infection, suggesting the use of 
phages as a promising prophylactic intervention to reduce the spread of foodborne epidemics. 

Probiotics introduce beneficial bacteria that interfere with pathogenic bacteria’s ability to colonize the 
GI tract by competing for attachment sites and nutritional resources. Phages, besides targeting specific 
pathogenic bacteria, could also have a preventive function due to their ability to adhere to the mucus layer. 
The effect is described as “Bacteriophage Adherence to Mucin” (BAM): it has been demonstrated that T4 
phage proteins exposed on the capsid can bind mucin glycoproteins and protect mucus-producing tissue 
culture cells in vitro [80,81]. Thus, phages can aid GI health by protecting enterocytes from adherence and 
attacks of pathogenic bacteria. 

Another advantage of phages is their ability to mutate and evolve to counter the development of phage-
resistant bacterial strains [15,94]. The development of bacterial resistance to phages is a major consideration 
in long-term phage supplementation strategies [95]. Bacteria evolve resistance to phages through several 
well-characterized mechanisms. These mechanisms arise from long-term antagonistic co-evolution 
between bacterial hosts and phage predators and can be grouped into surface, genetic, and intracellular 
defense strategies. The first one is the modification or loss of phage receptors (surface exclusion), which 
prevents phage adsorption and thereby blocks infection at the first step [95]. The second way is bacterial 
adaptive immunity via CRISPR-Cas systems. During a phage attack, bacterial cells can incorporate short 
fragments of phage DNA (spacers) into their CRISPR arrays. These spacers are transcribed and processed 
into guide RNAs that direct Cas nucleases to recognize and cleave matching sequences in invading phage 
genomes upon subsequent encounters. This mechanism provides sequence-specific immunity, effectively 
destroying phage DNA before it can replicate [96]. Restriction-modification (R-M) systems are widespread 
bacterial defenses that distinguish self from non-self DNA. A host methyltransferase modifies specific 
nucleotide sequences in the bacterial genome. An associated restriction endonuclease then cleaves foreign 
DNA (such as unmodified phage DNA) at those same sequences. Phage DNA lacking the host’s 
methylation pattern is cut and degraded, preventing replication. Bacteria can combine R-M and CRISPR 
mechanisms to enhance defense [96]. Some bacteria possess abortive infection (Abi) systems that sacrifice 
infected cells to block phage proliferation. Abi systems trigger cellular suicide or aggressive responses 
when phage replication begins, terminating the infection at the cost of the individual cell’s life. Toxin-
antitoxin modules and other less-specific intracellular systems also halt phage replication, serving as a last 
line of defense [97]. Despite all these elaborate mechanisms of bacterial defense, phages are still abundant 
and successful in all bacterial environments due to their ability to co-evolve in parallel with their respective 
hosts [98]. In addition, therapeutic application of phages can employ mechanisms beyond the natural phage 
adaptations to overcome host defenses. A recent review by Bleriot et al. summarized therapeutic approaches 
that are being evaluated to overcome the bacterial defense systems, including circumvention of phage 
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receptor mutations, modification of prophages, targeting of CRISPR-Cas systems and the biofilm matrix, 
engineering of safer and more efficacious phages, and inhibition of the anti-persister strategies used by 
bacteria [99]. Therefore, even prolonged supplementary application of phages does not impose the same 
problem in terms of bacterial resistance as using drugs and antibiotics. Thus, as antibiotic resistance 
continues to rise, bacteriophages may emerge as a compelling alternative, offering a safe, tolerable, and 
microbiome-friendly strategy for maintaining and restoring gastrointestinal homeostasis. For example, 
nosocomial intestinal infections and “traveler’s diarrhea” may be good targets for phage-based supplements. 
These conditions are commonly caused by members of the family Enterobacteriaceae [64], and gut 
colonization by multidrug-resistant Enterobacteriaceae has been observed in healthy travelers returning 
from endemic areas of antimicrobial resistance [100–102]. A phage cocktail designed to lyse selected 
species of Enterobacteriaceae could be consumed during international travel as a low-risk preventive 
measure against prospective pathogens. 

5. Conclusions 

In a healthy gut, there is a natural balance between bacteria and phages. Currently, bacteriophages are 
underutilized as therapeutic, prophylactic, and maintenance agents. Introduced at the right time and in the 
right doses, phages have the potential to treat and/or prevent GI infections and aid GI health. The dynamics, 
effects, and mechanisms of action of bacteriophages in the human gastrointestinal tract are prospects for 
further elucidation. 
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