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ARTICLE INFO ABSTRACT
Keywords: Necrotizing enterocolitis (NEC) is the most common gastrointestinal emergency in neonates,
Gut virome particularly preterm infants. Many factors can lead to NEC, but microbial dysbiosis is one of the

Necrotizing enterocolitis

™ most important risk factors that can induce this disease. Given the major role of the gut virome in
erapy

shaping bacterial homeostasis, virome research is a fledgling but rapidly evolving area in the field
of microbiome that is increasingly connected to human diseases, including NEC. This review
provides an overview of the development of the gut virome in newborns, discusses its emerging
role in NEC, and explores promising therapeutic applications, including phage therapy and fecal
virome transplantation.

1. Introduction

Necrotizing enterocolitis (NEC), a gastrointestinal emergency that primarily affects premature and very-low-birthweight new-
borns, poses high morbidity and mortality risks in neonates, with potential long-term consequences into adulthood [1,2]. Increased
survival of premature infants has heightened NEC incidence. While the precise pathophysiology of NEC remains poorly understood,
microbial dysbiosis, particularly of the gut microbiome, is regarded as a significant contributor to its initiation and development. Using
deep sequencing techniques, Breitbart et al. [3] first revealed high viral diversity in a healthy adult feces. The gut virome, as the main
member of gut microecology, plays an important role in health and disease. The expansion of Caudovirales and the reduction of
Microviridae are the most consistently observed change of gut virome in IBD [4-6]. Although gut bacteria are likely involved in NEC
pathogenesis, recent studies suggest a connection between the gut virome and NEC etiology [7,8]. This review explores the devel-
opment of the gut virome in newborns, summarizes recent evidence on its role in NEC, and discusses its promising therapeutic
applications.

2. Development of the gut virome in newborns

The human gut microbiome is a complex system comprising bacteria, archaea, fungi, and viruses. The human virome is equally
complex, containing approximately 10'% virus-like particles (VLPs) per adult. The gut is the most densely virally colonized region in
the body, with at least 10° VLPs per gram of human feces [9]. The gut virome mainly comprises bacteriophages (phages) that infect
bacteria and eukaryotic viruses that infect human cells, of which phages account for approximately 90 %. In contrast to adults, the
neonatal gut virome develops in a unique and stepwise process, with VLPs generally absent in healthy meconium or amniotic fluids but
rapidly colonizing the gut afterward [10-12]. The number of VLPs increases to 108 VLPs per gram of intestinal content within the first
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week of life and then to 10° VLPs after one month, similar to adult levels [11,13].

The abundance and diversity of eukaryotic viruses in the gut are scarce in early life but gradually increase. Astroviruses are most
commonly found in preterm infants [14,15]. Phages are generally classified into lytic or temperate. Lytic phages infect, replicate, and
lyse bacterial cells, releasing new phage particles. Conversely, temperate phages integrate their DNA into the host genome, entering a
quiescent state until stimulation triggers the lytic cycle. Early neonatal gut viral colonization involves prophages integrated in pio-
neering bacteria, providing the first wave of viral particles [13]. The most abundant phage order, Caudovirales, primarily includes the
families Myoviridae, Siphoviridae, and Podoviridae, which influence the early intestinal microbiota colonization of Firmicutes, Bacter-
oidetes, Proteobacteria, and Actinobacteria [15-17]. Recently, the International Committee on Taxonomy of Viruses abolished the order
Caudovirales and the families Myoviridae, Siphoviridae, and Podoviridae [18]. Subsequently, the gut virome undergoes a transition from
Caudovirales-to Microviridae-dominated communities in the first two years of life [13,15]. Phages and bacteria have a dynamic
interaction and mutually affect one another. Phage richness and diversity is higher during the first week of life, with an age-dependent
negative correlation between phages and bacterial richness suggesting prey-predator dynamics. Both phages and bacteria reach a
stable, adult-like composition around 2-3 years of age [15].

3. Factors shaping the neonatal gut virome composition

The initial gut virome stems from induced prophages of pioneering gut bacteria, akin to early life bacterial colonization, and is
affected by multiple factors such as birth mode, feeding method, and antibiotic use. Vaginally born infants have greater viral diversity
than those born via cesarean section, with Caudoviricetes, Microviridae, and Anelloviridae being the predominant viruses [9,19]. Infant
feeding variations also impact the gut virome. Maternal milk, vital in early virome transmission and establishment beginning within
hours of birth, shares high virome similarity with infant stool, including the presence of bifidobacteria bacteriophages, indicating
potential vertical transmission of the maternal virome to the gut of infants through breast milk [20,21]. Breast feeding fosters
beneficial bacteria and associated phages, inhibiting eukaryotic viral colonization, while fecal eukaryotic viral loads are higher in
formula-fed infants [13,22]. Nonetheless, certain viruses that have infected the mother can be passed on through breastfeeding (e.g.,
cytomegalovirus, human immunodeficiency virus, and hepatitis B virus) [23,24]. Hospitalized preterm infants are vulnerable to
infection and often require antibiotics, which significantly decrease their intestinal microbiota diversity [25]. Initially, the gut virome
diversity increases sharply with the release of new viral particles but eventually decreases owing to host loss.

4. Gut virome role in NEC pathogenesis
4.1. Phages and NEC

Phages are a group of prokaryotic viruses that infect bacterial cells and are among the least understood biological entities.
Structurally, the majority of phages consist of a viral genetic material enclosed by a protein shell (capsid), while certain phages may
also possess an external lipid membrane or a lipoprotein envelope [26,27]. Genome sizes vary greatly (~3.5-~540 kb) and consist of
single-stranded DNA (ssDNA), double-stranded DNA (dsDNA), single-stranded RNA (ssRNA), or double-stranded RNA (dsRNA) [27].
Morphologically, phages are tailed, polyhedral, pleomorphic, or filamentous [28].

Phages affect the composition and function of bacterial communities and help maintain intestinal homeostasis by increasing
functional diversity within bacterial or phage communities [29]. Phages are linked to beneficial immune maturation via TLR-9 [30].
However, gut virome dysbiosis can reduce bacterial richness and diversity, leading to gut microbiota dysbiosis. Recent studies link
changes in the gut virome with various diseases, including diabetes, colon cancer, IBD, and obesity [4,31,32]. A recent study identified
a tendency towards decreased viral beta diversity in the 10-day period prior to the onset of NEC, characterized by specific viral sig-
natures and viral-bacterial interactions [8]. Nevertheless, the study sample size was small and the causal relationship between changes
in viral community composition and NEC requires further investigation through extensive translational animal experiments and
prospective longitudinal human trials.

4.2. Eukaryotic viruses and NEC

Eukaryotic viruses constitute only a small fraction of the healthy human gut virome and include ssDNA viruses (Anelloviridae and
Circoviridae), dsDNA viruses (Adenoviridae, Herpesviridae, Papillomaviridae, and Polyomaviridae), ssRNA viruses (Virgaviridae), and
dsRNA viruses (Reoviridae) [33-35]. Some eukaryotic viruses may cause infection or remain latent, while others engage in benign
colonization and are unrelated to specific diseases [9]. Each dsDNA virus and some RNA viruses are associated with clinically in-
fectious diseases, whereas ssDNA viruses are frequently not [36]. Some eukaryotic viruses linked to human diseases have received
greater research attention in comparison to other members of the gut virome.

Several viruses that cause gastroenteritis are thought to be associated with NEC development. Eukaryotic viruses like echovirus,
coronavirus, norovirus, and rotavirus play key etiological roles in NEC outbreaks [37-40]. Other viruses such as human astrovirus,
adenovirus, torovirus, and cytomegalovirus have been detected in sporadic NEC [14,41-44]. A meta-analysis of 24 studies with 4356
infants demonstrated that viral infection is linked to increased risk of NEC in newborns, especially infection with rotavirus, cyto-
megalovirus, norovirus, and astrovirus [7]. However, different viruses have been found in different studies, and even no specific viral
pathogens have been detected in some studies [45,46]. Thus, the current findings appear inconsistent.

The pathogenic roles of specific eukaryotic viruses have been extensively studied. Ginze et al. [47] demonstrated that the viral
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dsRNA analog polyinosinic:polycytidylic acid leads to increased intestinal tissue damage in the absence of lipopolysaccharide in
neonatal NEC mice. Notably, recent studies have shown that eukaryotic viruses can exert beneficial functions, akin to those of
commensal bacteria, by influencing host immunity. Enteric viruses alleviate intestinal inflammation by Toll-like receptor 3 and
Toll-like receptor 7-mediated interferon-p production [48]. Murine norovirus (MNV) is a common enteric RNA virus that reverses
intestinal abnormalities in germ-free or antibiotic-treated mice [49]. NS1/2, the viral protein from MNV, evokes protective responses
from the host depending on the type I interferon response and interleukin (IL)-22 expression, which contribute to epithelial prolif-
eration and protection from intestinal injury [50]. Hu et al. [51] also found that MNV plays a protective role in intestinal injury in
neonatal NEC mice by IL-22.

5. Virome-based therapies in NEC
5.1. Phage therapy

Phages are host-specific bacterial viruses first used in the early 1900s to treat bacterial infections [52]. The discovery and wide-
spread availability of antibiotics has led to a decline in phage research. However, the emergence and rapid spread of
antibiotic-resistant pathogens have generated renewed interest in phage therapy [53]. Currently, single-phage therapy faces limita-
tions in clinical use owing to a narrow phage lysis spectrum and the emergence of phage-resistant bacteria [54,55]. While the specific
causative pathogen of NEC remains unknown, numerous studies have revealed the potential role of bacteria in NEC pathogenesis.
Therefore, phage cocktail therapy may be a viable option.

Phage cocktails consist of a mixture of different phages that can broaden the range of susceptible hosts and minimize the production
of phage-resistant bacteria. In 2009, Rhoads et al. [S6] conducted a phase 1 trial to confirm the safety of a phage cocktail targeting
Pseudomonas aeruginosa, Escherichia coli (E. coli), and Staphylococcus aureus to treat venous leg ulcers in humans. The therapeutic
research and clinical application of phage have since gradually emerged in Europe and America. In gastroenterology, phage therapy
research has largely focused on infectious diseases. Adherent invasive E. coli (AIEC) is implicated in the pathogenesis of Crohn’s disease
(CD) [571; a phage cocktail targeting AIEC strains effectively reduces AIEC intestinal colonization and intestinal inflammation in mice,
demonstrating promise as an alternative treatment for CD patients, as evidenced in homogenates from ileal biopsies [58]. A seven lytic
phage cocktail targeting AIEC (EcoActive) showed efficacy against 95 % of the 210 clinical AIEC strains in vitro and alleviated in-
flammatory symptoms in a mouse LF82 strain-induced colitis model [59]. Meanwhile, a phase 1/2a randomized, double-blind, pla-
cebo-controlled trial (NCT03808103) evaluating the safety and efficacy of EcoActive on AIEC in patients with inactive CD is ongoing.
Although in vivo and in vitro studies on phage therapy show encouraging results for clinical applications, further studies are required to
establish its safety, efficacy, and universal acceptance in modern clinical practice. Unfortunately, no studies on phage therapy for NEC
have been conducted.

5.2. Fecal virome transplantation

Fecal microbiota transplantation (FMT) is a promising treatment for dysbiosis-related diseases, including Clostridioides difficile
infection, IBD, obesity, and diabetes [60-65]. Gut microbiota dysbiosis, marked by reduced diversity of bacterial species, elevated
abundance of Proteobacteria, and reduced abundance of Firmicutes and Bacteroidetes, is evident in patients with NEC [66-68]. FMT in
preclinical studies prevents NEC by improving bacterial colonization and barrier function and decreasing intestinal injury, oxidative
stress, and inflammation [67,69-71]. However, safety and feasibility concerns surround FMT in NEC. Liu et al. [69] found that oral
FMT further aggravated inflammation in the terminal ileum and did not ameliorate the histological damage caused by experimental
NEC. Brunse et al. [72] also demonstrated that oral FMT increased sepsis-related mortality due to the exposure of gut to potential
pathogens in the stool of donor.

Faecal virome transplantation (FVT) is a refinement to FMT that transplants the sterile donor fecal filtrate containing phages but no
intact bacterial cells, thereby reducing the risk of FMT-associated bacterial infections. Recent studies suggest phages play an essential
role in the success of FMT treatment by control of disease progression and restoration of intestinal microbiota balance [73-77]. Draper
et al. [74] demonstrated the co-transfer and enduring engraftment of phages during FMT, which is potentially crucial for stabilizing the
post-FMT microbiome. A recent study reported that oral FVT administration completely prevented NEC in a piglet model, whereas
FMT failed to prevent NEC, demonstrating its higher safety and efficacy without recognizable side effects [78]. While the study cannot
rule out the potential influence of microbial metabolites, secreted proteins, and other fecal filtrate substances, it highlighted the
significance of exploring the involvement of the virome in FMT. However, due to the presence of potentially pathogenic viruses in the
intestines of healthy donors, such as herpes virus, hepatitis virus, bocavirus, enterovirus, rotavirus, and sapovirus [34], FVT poses a
potential risk to some neonates, demanding the comprehensive screening of the donor fecal virome and continuous monitoring of the
recipient gut virome to avoid health complications. Given the limited studies on the role of FVT in treatment of NEC, further research is
necessary to investigate the FVT-transferred viral community, its interactions with host and gut microbiota, and its short- and
long-term effects.

6. Conclusions

The gut virome is an emerging research area that faces challenges due to viral metagenomics methodological limitations, leaving
numerous viruses unclassified as “viral dark matter” [79]. Fortunately, the infant gut viral dark matter has been largely resolved and
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made available online for the infant gut viromics research community to utilise [80]. However, there is limited knowledge regarding
the composition, changes, and functions of the gut virome in NEC. Further research is required to improve our comprehension and
develop innovative clinical therapies.
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