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Abstract 

Earth's most common viruses, bacteriophages, infect bacteria and archaea. Protein capsids 

and sometimes lipid envelopes encase phage genomes, which vary in kind and structure. Most are 

double-stranded DNA phages, whereas Cystoviridae are RNA. Phages control bacterial 

populations, transfer horizontal genes, lyse molecules, and alter metabolism in different situations. 

Based on their structural morphotypes, which are largely determined by tail architecture, phages 

are classified as Podoviridae (short tails), Siphoviridae (long, flexible tails), and Myoviridae (long, 

contractile tails). They build genome transport and host recognition virions with portal proteins, 

tail fibers, and baseplates. DNA is transferred into capsids by ATP-dependent terminases during 

genome packing.   The lysogenic cycle comprises temperate phages integrating into the host 

genome as prophages and replicating passively until stimulation activates the lytic phase. Phages 

with non-lytic chronic infections or carriers exist. Phages limit their host range by recognizing 

lipopolysaccharides, outer membrane proteins, teichoic acids, and flagella. They can make anti-

CRISPR proteins to attack bacteria. Phages indirectly affect human health by influencing 

microbiota and immune systems. Immunoglobulin-like capsid domains connect them to mucosal 

surfaces for bacterial clearance and barrier protection. They can also enter tissues and circulation, 

where they are immunologically tolerated. Phages activate innate and adaptive immunity. Innate 

sensing and cytokine production are enabled by TLR3, TLR7, and TLR9. However, adaptive 

immunity produces neutralizing IgM, IgG, and IgA antibodies. Recurrent phage therapy can be 

reduced by phage-neutralizing antibodies. Phage biology is characterized by the discovery of "huge 

phages" with genomes that rival small bacterial genomes and encode complex functions like 
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tRNAs, translation factors, CRISPR-Cas systems, and nucleus-like compartments that protect 

phage genomes from host defenses. Phage-encoded CRISPR-Cas systems often lack spacer 

acquisition or interference genes, resulting in host apparatus repurposing or gene transcriptional 

silence. Targeting competing phages and host regulatory mechanisms is possible.  Phages treat 

antibiotic-resistant microorganisms. Phage treatment has potential despite bacterial resistance and 

host immune neutralization. They also carry toxin genes (cholera, diphtheria) through lysogenic 

conversion, boosting bacterial pathogenicity. Dynamic evolutionary arms races affect microbial 

ecology through phage-host and phage-phage interactions. Recent metagenomics and meta 

transcriptomics advances have increased the variety of dsRNA and tailless dsDNA phages. This 

showed unique viral families and the prevalence of phages in human microbiomes, particularly 

crAss-like phages in the intestine. The molecular details of phage interactions with eukaryotic cells 

are still emerging, despite the vast knowledge of bacterial receptors for phage attachment. 

Mammalian cells can use endocytosis mechanisms to internalize phages for immunological 

regulation and therapeutic delivery. expanding the taxonomy of dsRNA phages, understanding 

non-lytic infection mechanisms, characterizing phage-host range and interactions, and using 

phages for biocontrol in agriculture and medicine. It is required to overcome immune clearance, 

understand phage immunogenicity, and understand the tri-kingdom interactions between phages, 

bacteria, and human hosts that maintain microbial and immunological homeostasis to maximize 

phage therapy.  

A class of viruses, bacteriophages are complex, diverse and critical to the environment. 

This organization covers everything from bacteria to immune system contact, horizontal gene 

transfer, and the quickly developed field of biotechnology and phage therapy. In addition to their 

role as predators of bacteria, researchers are beginning to uncover fascinating stories about phages 

with novel life cycles, structural biology and interactions with both human and bacterial hosts. 

Provide an overview of bacteriophages (the infectious agents that infect both bacteria and archaea), 

their diversity, double-stranded DNA and double-stranded RNA phages, their structure and 

methods of replication, the ramifications for the environment, the role of immunity in mammals, 

and new directions in medicine such as phage therapy. Proteins with complex structural functions 

in phage virus assembly. These well-studied phages with tails/capsids suitable for genome transfer 

and host recognition include T7 (like Autographviridae/Podoviridae), SPP1 (like Siphoviridae) and 

T4 (like Myoviridae). Baseplate and tail fibers bind biomolecules (e.g. lipopolysaccharides and 
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proteins) from the outer membrane. ATPases that package the genome assist phage DNA in capsid 

insertion. T4 phages utilize the lytic cycle to rapidly replicate and lyse their hosts, while temperate 

phages integrate into the host chromosome and remain in a lysogenic state until induction leads to 

lytic replication. Phages that infect pseudolysogenically or enter into persistent states of infection 

do not lyse quickly. These choices influence the ecology and utility of phages in treating bacterial 

pathogens. Phages are able to identify their hosts by detecting polysaccharides, proteins and 

flagella. The host range of the virus is restricted by phage specificity. Phages escape bacterial 

defense by genomic adaptation and encoding anti-CRISPR protein. Phages arm bacteria with 

virulence factors (e.g., toxin genes) through lysogenic conversion. When they aren’t infecting 

humans, phages can still influence immune systems and microbiomes. the lysogenic cycle to 

inoculate 

Phages can infect tissues and cells via endocytosis, altering immune responses. Phages 

destroy bacteria to fight antibiotic-resistant illnesses, but immunological responses including 

neutralizing antibodies can hinder phage treatment. Recent discoveries include "huge phages" with 

microscopic bacteria genomes. Complex machinery is provided by tRNA, translation factor, and 

CRISPR-Cas phages. Metagenomic studies have found tailless dsDNA phages from new viral 

orders and families, enhancing our understanding of phage diversity. CRISPR-mediated phage-

host and phage-phage interactions show dynamic evolutionary arms races. Biomedical 

applications, gene transfer, microbial community dynamics, and bacterial population regulation 

depend on bacteriophages. Research on their structural biology, trplicative cycles, and host 

immunological interactions determines their therapeutic and ecological potential. Bacteriophages 

are everywhere in the biosphere and influence bacterial ecology and evolution. DNA-containing 

bacteriophages in ecosystems are well-studied, whereas RNA-containing ones are often 

overlooked. 

Keywords: Bacteriophages, phages, Lytic cycle, Lysogenic cycle, Phage therapy, Phage 

immunogenicity, Microbiome, Anti-CRISPR proteins 
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Classification and Diversity : 

The ICTV has classified more than 50 virus families of double-stranded DNA 

bacteriophages. The Cystoviridae is the sole family of dsRNA bacteriophages, consisting of seven 

species. In contrast to dsDNA phages, classified dsRNA phage isolates exhibit a restricted host 

range. Most phages are double-stranded DNA tailed (order Caudovirales), but double-stranded 

RNA (family Cystoviridae) and tailless phages also contribute to viral variety. New metagenomic 

research have revealed a great diversity of phages, including giant phages with massive genomes 

that encode complicated functionalities including tRNAs, translation factors, and CRISPR-Cas 

systems. Phylogenetic investigations of signature genes like RNA-dependent RNA polymerase and 

capsid protein structures are currently used more than morphology or host specificity to progress 

taxonomy. 

In the present taxonomy, dsRNA viruses are classified as either Pisuviricota or 

Duplornaviricota. The majority of animal dsRNA viruses (e.g., rotavirus and bluetongue virus) 

and several significant microbial and plant viruses are members of the Cystoviridae virus family 

(class: Vidaverviricetes, order: Mindivirales) of the phylum Duplornaviricota. The phylum 

Pisuviricota comprises dsRNA viruses, including amalga-, curvula-, partiti-, and picobirnaviruses. 

This initial taxonomy classification of RNA viruses is based on a comprehensive sequence-based 

comparison of viral RdRp sequences [1]. Nevertheless, a recent phylogenetic analysis of RdRp 

sequences based on sequences revealed that cystoviral and dsRNA virus RdRps are classified in 

Pisuviricota [2]. Additionally, higher-order groupings were identified through a structure-based 

phylogenetic analysis of viral RdRps [3]. 

The Cystoviridae family was recognized by the ICTV in 1978 [4], and the phi6 group and 

phage phi6 were recognized in 1976 [5]. At present, the Cystoviridae virus family comprises a single 

genus, Cystovirus (formerly known as the phi6 group), which comprises seven virus species: phi6, 

phi8, phi12, phi13, phiNN, phi2954, and phiYY. Due to their unique similarities in virion structures 

and genomes, these phages were classified together, despite their low nucleotide sequence identity 

(<50%, with the exception of phi6 and phiNN; [6]. The current criteria for identifying Cystoviridae 

species are 95% nucleotide sequence identity. The Cystoviridae family comprises six viruses that 

remain unidentified: phi7, phi9–phi11, phi14, and phiNY. phiZ98 and CAP3-7 may also be 

included in the Cystoviridae family due to their genetic and structural similarities [7,8]. The ICTV 

has recently introduced supplementary higher-order ranks for virus taxonomic classification and is 
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in the process of transitioning to a system that more accurately reflects virus phylogenetic 

relationships than host specificity, morphological features, or disease symptoms [9]. The 

polymerase gene, which encodes RdRp or reverse transcriptase, is a critical locus for the 

classification of RNA viruses and phylogenetic analysis. RdRp-encoding RNA viruses are found 

in the Orthornavirae kingdom of the Riboviria domain. Duplornaviricota, Kitrinoviricota, 

Lenarviricota, Negarnaviricota, and Pisuviricota are the five official phyla of Orthornavirae [10]. 

In the recently adopted megataxonomy of viruses, double-stranded DNA phages are 

divided into two huge realms: Duplodnaviria and Varidnaviria [11]. Viral structures in these realms 

include MCP and packing ATPases. Archaeal, tailed, and herpesviruses are duplodnaviria. The 

phylum Nucleocytoviricota, which comprises mimiviruses, tailless bacteriophages, and related 

archaeal viruses, is included in Varidnaviria. 

Tailed Duplodnaviria bacteriophages are the most prevalent. The upper oceans are 

dominated by non-tailed varidnaviruses, which account for 50% to 90% of viral particles, 

according to metagenomic investigations [121,13]. Varidnaviria's icosahedral capsids are composed 

of the double jelly-roll (DJR) MCP [14,15]. The DJR MCP core structure is conserved across the 

entire spectrum of Varidnaviria members that infect hosts from all three domains of life, despite 

the fact that some viruses are difficult to recognize and the sequences are highly varied [16,17]. By 

employing sensitive profile-based methods to search metagenomic sequence data for DJR MCP 

contigs, an unexpectedly extensive array of varidnaviruses was identified, which are likely to infect 

bacterial and archaeal hosts. This diversity surpassed that of prokaryote viruses in the families 

Turriviridae, Tectiviridae, Corticoviridae, and Autolykiviridae in the class Tectiliviricetes [18]. In 

the 'PM2-like' category, which included several prophages, tailless phages were most prevalent. 

This group includes two Corticoviridae phages, PM2 [19] and Cr39582 [20], eleven Vibrio phages of 

the Autolykiviridae family, and the unassigned f No16 phage [21], which infect Pseudoalteromonas 

species. Vinavirales includes Corticoviridae and Autolykiviridae [22]. Most phages in this group 

have 9-12 kb genomes that are circular (Corticoviridae) or have inverted terminal repeats. 

Vinavirales viruses encode structural components and genes that govern transcription, 

genome replication, and cell lysis. Proviruses from Vinavirales members are extensively 

incorporated into aquatic bacteria genomes. Their occurrence in other habitats is unknown. DJR 

MCP and packing ATPase are the only Vinavirales-shared proteins [23]. Metagenomics has been 

used to study the human intestine virome, a major microbiome factor. Most identified viruses are 
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Duplodnaviria domain tailed bacteriophages [24,25,26]. The most common human-associated viruses 

are crAss-like phages, which the ICTV recently categorized into the Crassvirales order. These 

phages were discovered by metagenomics investigation and have a wide variety of very varied 

members. Gut metagenomics has found many new abundant-tailed bacteriophage families [27,28] 

Varidnaviria members are likely a minor component of the gastrointestinal virome and are not 

well-known. Study conducted a search of gut metagenomes for DJR MCP and discovered that a 

significant number of the sequences encoding this hallmark protein of Varidnaviria are associated 

with prophages that are distantly related to the families Corticoviridae and Autolykiviridae. These 

prophages suggest a new Vinavirales order with at least three families. It found an extended, 

conserved gene core of Vinavirales with 12 genes, one of which encodes a hitherto undiscovered 

lysin protein, using sensitive protein structure prediction and sequence analysis methods. [29,30.31]  

 

Structure and composition: 

Unlike cells, phages viruses that infect bacteria cannot perform most biological processes 

needed for reproduction. They modify ecosystems by preying on certain bacterial populations, 

mediating lateral gene transfer, altering host metabolism, and redistributing bacterial chemicals by 

cell lysis [23,33,34,35,26]. They spread antibiotic resistance and pathogenic agents that infect humans 

and animals [37,38]. Our knowledge of phages comes from laboratory studies, most of which had 

genomes a few tens of kb. Many isolation methods remove big phage particles from phage 

concentrations obtained by 100-nm or 200-nm filters. Only 93 isolated phages with genomes over 

200 kb were published in 2017 [32]. 

Community-wide DNA sequencing is capable of detecting phage-derived fragments; 

however, fragmentation can obscure large genomes. A novel clade of megaphages associated with 

humans and animals was identified in the genomes of metagenomic datasets that were manually 

curated [39]. In order to ascertain the prevalence, diversity, and environmental distribution of large-

genome phages, we implemented a more comprehensive investigation of microbial communities. 

In the past, phages with genomes over 200 kb were called "jumbophages" or megaphages [40]. These 

phages have evolved a unique "life" strategy that entails substantial host biology interception and 

enhancement while replicating their massive genomes. [41,42,43].[44] were able to reconstruct 351 

phages, 6 plasmid-like, and 4 unclassified sequences. It exclusively retained CRISPR–Cas loci and 

excluded plasmids. We incorporated three phage sequences that were ≤200 kb in length as a result 
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of the CRISPR-Cas loci. As anticipated, we identified numerous phage-relevant genes, such as 

those that are involved in the encoding of structural proteins and lysis, as well as other genomic 

properties of phages. It was anticipated that certain structural proteins would be as long as 7,694 

amino acids. 175 phage sequences were circularized, and 35 were manually curated to completion, 

occasionally by resolving complex repetition sections to disclose encoded proteins. Although the 

majority of genomes are incomplete, a few may be complete but linear. Bidirectional replication is 

indicated by the GC asymmetry of 30% of genomes, while unidirectional replication is indicated 

by 30% of genomes [45]. The largest phage genomes known are our 4 largest complete, carefully 

curated, and circularized genomes, 634, 636, 642, and 735 kb. The largest circularized phage 

genome known was 596 kb [46]. The prior work reported a 630-kb circularized genome, but it was 

an assembly artifact. Concatenation artefacts were so severe in IMG/VR [47] that we excluded these 

data from future analyses. We revised our phage genome size distribution using full and 

circularized genomes from our study and published genomes. Without the enormous phages 

mentioned here, entire phages had median genomic sizes of 52 kb. Thus, these sequences greatly 

increase the number of phages with extremely large genomes. [44] 

Nine of our genomes have coding densities that are less than 78%, which may be attributed 

to a genetic code that deviates from the standard code. This effect is uncommon in phages; 

however, it has been observed in Lak phage. The UAG stop codon appears to have been reassigned 

to encode an amino acid in numerous genomes, primarily human and animal. By transitioning into 

a flanking bacterial genome sequence, only one region exceeding 200 kb was identified as a 

prophage. Nevertheless, prophage integration is feasible, as half of the genomes were not 

circularized. Genomes containing integrases suggest a temperate lifestyle in certain circumstances. 

[48] There are significant structural differences within these groupings, especially in tail tips and 

capsid diameters. Since the tail tube is isolated, this knowledge is enough to place the main tail 

protein in its structural context. Capsid, fiber, and baseplate proteins will also be skipped. 

SPP1 is a phage of the tail-morphotype that is similar to Siphoviridae. The dodecameric 

portal protein gp6 is located on one vertex of the icosahedral procapsid of the SPP1 phage. The 

maturation of procapsid into capsid is facilitated by the translocation of viral DNA into the head 

and the release of Gp6 [49,50]. ATP is utilized by the packaging terminase to facilitate the passage 

of DNA through the portal complex. The hexameric ring–shaped adaptor protein complex gp15 

and stopper protein complex gp16 attach to the portal complex after capsid formation to limit DNA 
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leakage, resulting in the formation of the head-to-tail connector [51]. The tail of SPP1 is dependent 

on the hexameric ring-shaped distal tail protein (Dit) gp19.1. The distal tail adsorption function 

and the tail tube [52] are connected by this junction. The length of the tail tube [53] is determined by 

40 stacked hexameric rings of MTP gp17.1 and its C-terminally extended form gp17.1∗, which are 

constructed around a tape measure protein gp8, which may be trimeric. A ribosomal frameshift 

leads to the C-terminal expansion of gp17.1∗, which contains an immunoglobulin (Ig) fold and a 

fibronectin type III (FN3) domain. The tail tube is composed of gp17.1 and gp17.1∗ in a 3:1 ratio. 

Nevertheless, virions that contain only gp17.1 are infectious [54]. The FN3 domain may transiently 

interact with Bacillus subtilis cell wall carbohydrates, thereby increasing infection, during two-

dimensional diffusion of virions on the outer bacterial surface. The tail tube top is tapered by a 

hexameric ring of the tail completion protein gp17, which binds to the stopper protein gp16 and 

connects the tail to the head-to-tail connector. The trimeric tail tip protein gp21, as well as 

potentially gp22, gp23, gp23.1, and gp24, are involved in the distal tail adsorption function [55]. 

The positions of these proteins are ambiguous. The YueB receptor ectodomain of Bacillus subtilis 

is irreversibly bound by gp21 or a protein, resulting in infection. The formation of the tail in λ 

phages commences with an initiator complex that includes tape measure protein, assembly 

chaperones, distal tail protein, baseplate proteins, and tail tip proteins. This combination enables 

MTP to polymerize onto the distal tail protein ring and tape measure protein, resulting in the 

formation of a helical tube that replaces assembly chaperones. When the tail tube completely 

engulfs the tape measure protein, MTP oligomerization concludes. The tail completion protein will 

truncate the tail and connect it to the head-to-tail connector to complete the virion [56]. 

In contrast, SPP1 phage MTP (gp17.1) can self-polymerize without protein [57]. The tail 

creation process may differ. Dissociating the tail tip after binding to the YueB receptor primes the 

release of the metastable tape measure protein from the tail tube. Next, the stopper protein gp16 

opens diaphragm-like and ejects DNA into the tail tube to start infection [58]. Tape measure proteins 

may produce host membrane pores for DNA translocation [59]. T4 phage is a Myoviridae-like tail-

morphotype phage. This phage has a more complicated head assembly than the others: The 

membrane-spanning initiation complex of the dodecameric portal protein gp20 and gp40 binds 11 

scaffolding proteins to start procapsid assembly [60]. The prohead's fivefold vertices in the capsid 

shell are produced by the major capsid protein gp23 and the vertex protein gp24. Procapsids are 

released from the membrane and space is created for DNA by proteolytic cleavage of the 
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scaffolding and capsid proteins [61]. The ATP-dependent terminase translocates DNA through the 

portal complex and expands the procapsid into the final capsid. This process creates binding sites 

for the small outer capsid protein (gp soc) and the highly antigenic outer capsid protein (gp hoc) 

that decorate the capsid [62]. Icosahedral extremities and cylindrical equatorial central regions are 

features of the T4 phage capsid. The head is completed and the portal complex is sealed by the 

binding of the Gp13–gp14 neck complex. The six segments of the baseplate are arranged around a 

tube [63] to initiate the tail assembly. 

The junction for tail tube polymerization [64] at the proximal end of the baseplate is 

composed of hexameric rings of gp48 and gp54, while the tail tip at the distal end is composed of 

gp27, gp5, and gp5.4. The trimeric proteins gp5 and gp5.4 puncture host membranes and hydrolyze 

host peptidoglycan, while gp27 is capable of passing DNA. To create the tail tube, the MTP gp19 

polymerizes into 24 hexameric rings around the baseplate-anchored tape measure protein gp29 [65]. 

The tail tube terminator protein gp3 [66] taper the proximal end of the tail tube. Gp18, the sheath 

protein, undergoes helical polymerization around the tail tube [67]. Gp15 completes the tail by 

binding to gp3 and the terminal ring of the tail sheath. The virion is completed by the interaction 

between gp15 and (gp13–gp14), which connects the tail and head-to-tail connector. T4 is equipped 

with a head whisker at the head-to-tail connector and short and long tail fibers at the baseplate. The 

short tail fibers unwind from beneath the baseplate and irreversibly bond to LPS, anchoring the 

baseplate to the outer membrane, when E. coli's long tail fibers bind to LPSs and OmpC of the 

outer membrane [68].  

The tail sheath is constricted by the baseplate's reorganizations, which compel the tail tip 

to pass through the outer membrane. This process digests the peptidoglycan layer and translocates 

the tape measure protein gp29 and viral DNA through the tail tube. An inner membrane pore may 

be generated by the tape measure protein gp29 and/or gp27, which enables DNA to enter the host 

cytoplasm [69]. Phage virions have complicated designs for host recognition, genome packaging, 

and genome delivery, with tail morphologies resembling Podoviridae, Siphoviridae, and 

Myoviridae families. Mechanisms of phage assembly and infection reveal coordinated protein 

interactions and ATP-driven DNA packaging motors. Unique RNA bacteriophages with lipid 

envelopes and multilayered capsids, enveloped dsRNA phages (Cystoviridae) share structural 

similarities with eukaryotic dsRNA viruses, suggesting evolutionary linkages.  
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Currently, phi6 and phi12 are the best-characterized dsRNA phages, their component 

proteins, and assembly intermediates. However, similar gene sets in known dsRNA phage isolates 

suggest a similar virion organization. However, new studies show structural variance, especially in 

host recognition and entrance components.  Phi6, phi8, phi12, phi2954, phiNN, phiYY, phiNY, 

phiZ98, and CAP3 have enveloped spherical virions in negative-stain transmission electron 

microscopy (TEM) [70,71], cryo-EM, and cryo-ET [72]. Detergent or organic solvent sensitivity 

studies have shown that dsRNA phage virion lipids exist. 

These are the sole membrane-enveloped RNA bacteriophages that are currently known. 

phi6 and phi8 virions exhibited envelope spikes of 2 and 7 nm following cryo-EM characterization. 

These structures are host attachment spikes produced by multimeric P3 complexes, as indicated by 

prior research on P3-deficient phi6 virions [73]. Subsequently, cryo-ET and three-dimensional 

reconstruction revealed toroidal or elongated structures on phi12 and phi2954 virions. By 

employing the S and L segments from phi12 and the M segment from phi2954, a recombinant 

phi12 phage was generated through reverse genetic technique. The recombinant phage exhibited 

host specificity and envelope surface features similar to those of phi2954 [74]. 

By dsRNA phage envelopes, icosahedrally symmetric nucleocapsids are enclosed. The 

nucleocapsid surface shell and polymerase complex were identified in these particles in the initial 

EM investigation on phi6 virions [75]. The protein P8 trimer nucleocapsid shell is arranged into an 

incomplete icosahedral T = 13 lattice, which is interrupted at the five-fold symmetry positions by 

P4 complexes protruding from the polymerase complex layer, as demonstrated by high-resolution 

cryo-EM imaging and three-dimensional reconstruction analyses of phages phi6 and phi12 [76]. The 

cystovirus phi8 deviates from this fundamental structure by lacking a nucleocapsid shell. Phi6 

bonds to and penetrates the host plasma membrane through the P8 layer [77]. This suggests that 

polymerase complex components are responsible for these critical responsibilities, as purified phi8 

core particles have the capacity to infect spheroplasts of host cells [78]. Additional research is 

necessary to ascertain the presence of a nucleocapsid surface shell that enables plasma membrane 

penetration in other dsRNA phages that are similar. The phi6 polymerase complex, which consists 

of the proteins P1, P2, P4, and P7, replicates and transcribes the viral dsRNA. Cryo-EM has 

identified dimers of the primary inner capsid protein (MCP) P1 on an icosahedral T = 1 lattice in 

the empty and/or genome-containing polymerase complex particles of phi6, phi8, and phi12 [79]. I 

find it intriguing that the capsid organization of picobirnaviruses, Reovirales order animal and plant 
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dsRNA viruses, and members of the families Partitiviridae, Totiviridae, Chrysoviridae, 

Quadriviridae, and Megabirnaviridae is similar (referred to as "T = 2") [80,81]. This organization is 

not present in any other viruses. This suggests that dsRNA viral capsids have a shared ancestry. 

The P2 structure of the phi6 polymerase subunit was described by Butcher et al. in 2001. 

The first high-resolution structure of RNA-dependent RNA polymerase (RdRp) from dsRNA virus. 

The phi6 P2 structure was found to be remarkably similar to the RdRp of the hepatitis C virus, 

indicating that the polymerase subunit of a dsRNA phage and a eukaryotic positive-sense single-

stranded RNA virus may have shared a common evolutionary origin. Several high-resolution 

structures for additional viral RdRps have been deposited in the protein data bank over the past two 

decades. A structure-based computational comparison has demonstrated that the phi6 and phi12 

RdRps [82] are structurally similar to all currently structurally characterized viral RdRps [83]. 

Protein P4 is one of the most extensively studied cystovirus proteins in terms of its physical 

and functional characteristics. P4, a molecular motor that organizes viral single-stranded genomic 

precursor molecules into empty polymerase complexes, is powered by NTP hydrolysis. The 

structures of the P4 proteins of phi6, phi8, phi12, phi13, and phiYY are of high resolution [84]. 

Despite structural differences, these proteins form hexameric complexes that resemble RecA-type 

ATPases. A genome with three dsRNA segments: L (large, 6.3–7.1 kb), M (medium, 3.6–4.7 kb), 

and S is present in each Cystoviridae family member and related dsRNA phage isolate. The genome 

is in the range of 12.7–15.0 kb (phi2954–phi8). Comparative genomic analyses indicate that certain 

dsRNA phage isolates are closely associated with Pseudomonas phage phi6, while others are 

distant. The L, M, and S segments of Pseudomonas phages phiNN and phi6 exhibit 80%, 55%, and 

84% nucleotide sequence identity, respectively. However, phiNY does not appear to share any 

similarities with other cystoviruses or phages. 

The genome organizations of the six-dsRNA phage isolate CAP3–7 and phiZ98, as well as 

the currently recognized cystoviruses, are comparable. The L segment encodes proteins for the 

polymerase complex (MCP P1, RdRp P2, packaging NTPase P4, and assembly factor P7), the M 

segment encodes proteins for host recognition and outer membrane penetration (P3 and P6), and 

the S segment encodes the nucleocapsid shell protein (P8), major membrane protein (P9), putative 

membrane morphogenetic factor (non-structural protein P12), and the RNA polymerase. In 

contrast, the majority of the open reading frames that are expected to be generated by phiNY 

contain proteins of unknown function, and only the RdRp and MCP genes in the L segment and 
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the glycoside hydrolase gene in the S segment could be predicted, necessitating further 

investigation. Nevertheless, the coding regions are flanked by non-coding sections in all dsRNA 

phage genome segments. According to phi6 research, these non-coding regions are essential for 

genome packaging and replication. [85,86]. Despite their high gene synteny, certain cystoviruses 

possess open reading frames with ambiguous functions. The P3 host recognition spike complex 

contains a single P3 protein or its multimer in the spike complex of cystoviruses phi6, phi2954, 

and phiNN [87]. In contrast, the heteromeric spike complex of phi8, phi12, phi13, and phiYY 

contains two or three viral proteins [88]. Recent metatranscriptomic surveys indicate that dsRNA 

phages have developed a variety of lytic enzymes. Cystoviridae members encode lytic 

transglycosylases from the lysozyme superfamily. However, some cystovirus-like contigs encode 

putative N-acetylmuramoyl-L-alanine amidase, metallopeptidase (families M15 and M23), lipase, 

and L-alanyl-D-glutamate endopeptidase genes. The variety of lysis genes in these potential 

dsRNA phages may suggest a broader host range. [89] 

 

Phage Replication Cycles and Infection Strategies: 

Bacteriophages undergo lytic or lysogenous cycles. Furthermore, certain phages are 

pseudolysogenic. Proteins that are anticipated to locate the bacterial membrane or cell surface are 

encoded by the phage genomes. These factors may influence the susceptibility of the host to phage 

infection. Almost all of the host metabolism-enhancing genes that were previously identified were 

discovered. Numerous phages possess genes that synthesize purines and pyrimidines de novo and 

convert nucleic and ribonucleic acids and nucleotide phosphorylation states. These gene sets are 

reminiscent of microorganisms that are remarkably minuscule and likely have symbiotic 

relationships. Numerous phages contain transcription and translation genes. The unique sequences 

of up to 67 tRNAs are encoded by complete phage genomes. In general, the number of tRNAs 

increases as the genome length increases (Spearman's ρ = 0.61, P = 4.5 × 10−22, n = 201). Each 

genome of large phages contains up to 15 tRNA synthetases that are distinct but related to those of 

their hosts. Via these proteins, phages can charge their tRNA variations with host amino acids. 

Genes for tRNA modification and ligation of host defense-cleaved tRNAs are present in certain 

genomes. 

Genes that intercept and redirect host translation are present in numerous phages. Among 

these genes are the ribosomal proteins S4, S1, S21, and L7/L12, as well as the initiation factors IF1 
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and IF3. Ribosomes were recently discovered in phages. rpS1 and rpS21 are indispensable for the 

initiation of translation in bacteria, which renders them advantageous for the hijacking of host 

ribosomes. Additional investigation of rpS21 proteins revealed N-terminal extensions that contain 

RNA-binding basic and aromatic residues. The anticipation of that these phage ribosomal proteins 

will supplant host proteins and promote competitive ribosome binding or preferential phage mRNA 

initiation. Lytic phages, such as T4, lyse and eradicate bacterial cells following virion 

multiplication. Phage offspring are capable of infecting other organisms following the cell's death. 

Lytic phages are more effective for therapeutic purposes. Some lytic phages prevent phage progeny 

from lysing out of the cell when extracellular phage concentrations are high. 

This process differs from temperate phage dormancy and is usually transient. [90] The 

lysogenic cycle does not immediately lyse the host cell. Lysogeny-capable phages are temperate. 

Their viral genome integrates with host DNA and replicates harmlessly or becomes a plasmid. 

Endogenous phages (prophages) activate when host circumstances decrease, such as nutritional 

deprivation. The host cell lyses when they start reproducing. The lysogenic cycle permits the host 

cell to live and proliferate, replicating the virus in all offspring. E. coli's lambda phage follows the 

lysogenic and lytic cycles.[91] Prophages can help the host bacterium by adding additional 

functionalities to the genome during dormancy, called lysogenic conversion. Bacteriophages can 

turn safe strains of Corynebacterium diphtheriae or Vibrio cholerae into highly virulent ones that 

cause diphtheria or cholera. [92] There are ways to fight certain bacterial infections by targeting 

toxin-encoding prophages. [93] The viruses in this electron micrograph of bacteriophages adhering 

to a bacterial cell are coliphage-sized. T1 

Bacterial cells' polysaccharide cell walls shield them against antibiotics and immunological 

host defenses. [94] Bacteriophages bind to lipopolysaccharides, teichoic acids, proteins, or flagella 

on bacteria to enter a host cell. Bacteriophages can only infect bacteria with receptors they can bind 

to, limiting their host range. Virion-associated polysaccharide-degrading enzymes breakdown their 

hosts' capsular outer coat during the start of a tightly regulated phage infection. Host growth 

parameters affect phage attachment and invasion.  Phage virions cannot move autonomously, thus 

they must randomly contact the right receptors in solution, such as blood, lymphatic circulation, 

irrigation, soil water, etc. Myovirus bacteriophages inject genetic material into cells using a 

hypodermic syringe. The tail fibers flex to bring the base plate closer to the cell after hitting the 

receptor. This is reversible binding. Once fully joined, irreversible binding begins and the tail 
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contracts, presumably with ATP, shooting genetic material through the bacterial membrane. [95] 

The shaft bends to the side, contracts closer to the cell, and pushes up to inject. Unlike myoviruses, 

podoviruses use their short, tooth-like tail fibers to enzymatically destroy a section of the cell 

membrane before introducing their genetic material. 

In minutes, bacterial ribosomes convert viral mRNA into protein. Early RNA replicase 

synthesis occurs in RNA-based phages. Proteins make bacterial RNA polymerase prefer viral 

mRNA. The host must produce viral products instead of proteins and nucleic acids due to 

disruptions. Ribosomal proteins in some dsDNA bacteriophages may influence protein translation 

during infection. [96] T4 phage morphogenesis requires catalytic helper proteins to build new virus 

particles. The foundation plates are produced first, then the tails. Separately built head capsids will 

spontaneously assemble with tails. Phage genes encode morphogenetic proteins that interact in a 

specific sequence during phage T4 virion formation. Normal phage T4 morphogenesis requires a 

balance in these proteins produced during viral infection. DNA is efficiently packed in heads. The 

entire process takes 15 minutes. 

studies of bacteriophage T4 (1962–1964) revealed almost all of the genes required for 

laboratory development. [97] Two groups of conditional lethal mutations enabled these experiments. 

Amber mutants were one type. Temperature-sensitive mutants were another type of conditional 

lethal mutant. These two groups of mutants revealed the activities and connections of proteins 

involved in DNA replication, repair, and recombination and how viruses are built from protein and 

nucleic acid components. Sometimes phages are released via cell lysis, extrusion, or budding. 

Tailed phages lyse by breaking down cell wall peptidoglycan with endolysin. Filamentous phages 

cause host cells to release new virus particles. Free virions can infect a new bacterium unless faulty. 

Budding is linked to Mycoplasma phages. Unlike virion release, lysogenic phages become 

prophages and stay in the host. [98]  

The majority of cystovirus isolates are virulent and lyse the bacterial cells of their host 

during reproduction. Certain dsRNA phages have the ability to produce viral particles within the 

host cell without causing lysis or integrating into the host chromosome. This single-cell 

phenomenon be referred to as a non-productive chronic infection or carrier cell in order to 

differentiate it from the carrier state life cycle, which should be allocated to population-level phage-

host interactions. In cell cultures that are continuously evolving, cystovirus carrier cells are 

identified by intracellular viral genomic dsRNA molecules or viral particles.  phi6 and its P. 

https://pms-journal.de/index.php/pms/index


15              Page  

 

Journal of Progressive Medical Sciences ---------- Vol. 1 , Issue 2 , 2025 -----------    

  
 

                             Nationales ISSN-Zentrum für Deutschland – ISSN:  3052-8518             J.P.M.S 
                                                   https://pms-journal.de/index.php/pms/index.     

 

syringae host were first reported to infect this way, but the phi13 variant (containing a kanamycin 

resistance gene) has also been found to infect Salmonella typhimurium and E. coli. Recently, 

dsRNA phage phiNY was shown to infect similarly. The continuous phiNY infection boosted 

Microvirgula aerodenitrificans host growth, suggesting a mutualistic, parasitic lifestyle. 

Interestingly, dsRNA phages persist like fungus dsRNA viruses, which do not create external 

infectious virions and are mostly cryptic. 

Bacteriophages are essential to the human microbiome and mediate genetic exchange 

between pathogenic and nonpathogenic bacteria, even though they cannot infect and multiply in 

human cells. Transduction occurs when a bacteriophage transfers genes from one bacterial strain 

to another. Endocytosis pathways are key to eukaryotic cell bacteriophage uptake. Phages cannot 

multiply in eukaryotic cells but can be absorbed through cellular processes similar to those utilized 

for other particles or viruses: Phages can be taken up by clathrin-mediated, caveolin-dependent, or 

macropinocytosis from eukaryotic cells. Phages can enter vesicles and pass epithelial barriers via 

these internalization mechanisms [99]. Receptor Binding: Polysialic acid-binding E. coli phages can 

enter neuroblastoma cells by interacting with cell surface chemicals like polysialic acids [100]. After 

endocytosis, some phages can cross human epithelial cells to reach underlying tissues via 

intracellular trafficking processes that converge on recycling endosomes [99]. Phage Display and Cell 

Penetration Peptides: The introduction of TAT peptides into engineered phages is known to promote the 

penetration of phages into various eukaryotic cells as well as improved membrane translocation. [101] Phage 

uptake in eukaryotic cells has been extensively studied, detailing the various avenues by which phages could 

penetrate human cells, shape immunologic responses and provide therapeutic benefits. 

How eukaryotic cells eat bacteriophage has been described experimentally in recent work: 

Mammalian cells predominantly internalize the bacteriophage T4 via macropinocytosis, which 

engulfs particles and extracellular fluid (2023). Intact phages accumulate into macropinosomes for 

endosomal processes such lysosomal degradation or exocytosis. Importantly, when phages were 

internalized, they sparked a cascade of protein phosphorylation that boosted cell metabolism and 

survival rates, without engaging the inflammatory immune pathways that sense DNA. This 

observation has particular implications for interactions between the microbiome and phage therapy 

[102]. Another study investigated the internalization of polysialic acid-binding Escherichia coli 

bacteriophage (PK1A2) in neuroblastoma cells. Internalization of the phage-receptor complex by 

the endolysosomal pathway was evidenced by fluorescence and electron imaging. Inside the cell, 

the phages lingered for twenty-four hours. Realizing that receptor-mediated endocytosis represents 
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a dominant uptake pathway, phages were diverted to vesicular compartments surrounding the 

nucleus. Filamentous M13 phages in mammalian cells, not only carrying infiltrating peptides as 

TAT also led to enhance endocytosis and intracellular trafficking. This modification of the phage 

surface led to better therapeutic delivery and cell penetration [103]. The study underscores the potent 

role of active cellular processes such as macropinocytosis or receptor-mediated endocytosis for 

phage internalization in human cells. The results show that phages travel through endosomes and 

how internalized phage may respond to cellular signaling. 

Some molecular receptors eukaryotic cells use for bacteriophage binding have been 

explored experimentally: Polysilic acid is a well-characterized receptor on human neuroblastoma 

cells that bind and absorb such phages from Escherichia coli. This sialic acid polymer facilitates 

eukaryotic cell receptor mediated phage endocytosis [105]. Phage receptors in bacteria are more 

specific, but eukaryotic cells may bind phages through carbohydrate moieties on the cell surface 

[106]. Membrane permeabiliz Privateies: TAT and other engineered phage peptides increase 

absorption of mammalian cells by binding with negatively charged elements of the cell membrane, 

either through proteoglycans or phospholipids [107]. 

Many eukaryotic phage receptors' molecular identities are unknown. In contrast, bacterial 

phage receptors typically contain outer membrane proteins, lipopolysaccharides, teichoic acids, 

and polysaccharides that have been extensively studied in numerous phage-host systems [108]. Thus, 

polysialic acid and certain surface glycans are major bacteriophage receptors for eukaryotic cells, 

while cell-penetrating peptide-targeted membrane components offer tailored uptake options. 

Lytic cycles with fast host cell lysis or lysogenic cycles integrating their genome into host 

chromosomes allow persistence and horizontal gene transfer. Some dsRNA phages cause chronic 

non-lytic host cell infections. Tail fibers or spikes that identify lipopolysaccharides or proteins bind 

to bacterial cells specifically. Phage infection involves anti-CRISPR proteins and nucleus-like 

compartments that protect phage DNA to avoid host resistance.  

 

Horizontal Gene Transfer, Phages: 

Phages transfer horizontal genes by universal and specialized transduction, affecting bacterial 

virulence, antibiotic resistance, and evolution. Lysogenic conversion via prophages encodes toxins 

and other virulence factors, causing bacterial disease.  
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Transduction:  

As the host cell disintegrates from lytic replication, generalized transduction bundles 

random bacterial genomic DNA in phage capsids instead of phage genomic DNA. The bacterium's 

genome and that of its progeny cells may be altered if this phage injects this bacterial DNA into a 

healthy host cell and integrates into the bacterium's chromosome. When initiating a lytic replication 

cycle in specialized transduction, lysogenic phages that have been amplified in a population of 

bacteria may eliminate a portion of the bacterial DNA with their genome. Lysogens share an 

integration site, which is why all progeny phages transfer the same bacterial gene to their hosts. 

In addition to genetic exchange, bacteriophages can affect microbial populations by preying 

on select bacteria species while ignoring others. This characteristic has been studied to treat 

pathogenic bacterial infections in humans and animals for over 100 years. Wild phages may 

temporarily affect wild bacterial populations, [109], but lytic bacteriophages as antimicrobial therapy 

(phage therapy) in humans face significant challenges. Various wild bacterial strains resist phages. 

Famous resistance mechanisms include the CRISPR-Cas9 system, which was created for genetic 

manipulation in the lab and started as a bacterial defensive mechanism against bacteriophage 

invasion. [110] Phages are more immunogenic than antimicrobials and removed from the blood by 

the reticular endothelial system quickly. If effective phage mixtures are developed, their size may 

limit their topical use compared to antimicrobials. Some researchers recommend using phage 

enzymes, which can permeate bacterial cell walls, for simplicity. [111] No randomized, controlled, 

double-blind trials have proved either technique works in humans. 

 

Host Specificity and Phage-Host Interactions 

Bacteriophage-human cell interactions are a new field of study that combines microbiology 

and immunology and reveals exciting intricacies beyond basic bacteria-phage dynamics. The gut 

is full of phages, viruses that infect bacteria, which regulate bacterial ecosystems and 

immunological activities. Phages can directly interact with human cells, affecting immunological 

responses, inflammation, and tissue homeostasis, according to recent studies. Phages are capable of 

attaching to and being internalized by eukaryotic cells, with effects on cell signaling pathways and immune 

activation; however, phage infections in humans occur extremely infrequently. 

Beyond microbiota modulation, phages interact with human cells and have therapeutic 

links. Phages that enter human macrophages and epithelial cells can antibiotic-treat microbes 
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within cells. Due to their complicated life cycle phages practice control of bacteria which are 

resistant against some drugs. Besides tailoring inflammatory and antiviral defenses, phages can 

modulate innate immune responses through interaction with receptors on human immune cells. 

Both phage type and bacterial habitat, as well as host immunological status play key roles in the 

interaction of phages with human cells. Some phages have evolved specific tactics to bypass the 

human immune system or manipulate the host cell in ways that ultimately advantage the bacteria 

they infect. While phages do not elicit disease in human themselves, their interactions with human 

cells may modulate dysbiotic inflammation, immunological tolerance and gut homeostasis. Phage 

applications have been assessed for promising antibacterial and cell-interacting medical agents. 

The more in phages pathogenicity with human cells prove that they are also predators, not just a 

force of the bacteria. Phages guard against the spread of intracellular infections in human cells, 

making them a viable novel treatment through immune system regulation. Phages play a critical 

role in maintaining health through various cellular interactions within the microbiota. page 12–18. 

While phages (or bacteriophages) are known to infect bacteria, a fresh study has revealed their 

complex relationships with human cells. Phages play a crucial role in preventing bacterial 

infections and maintaining really homeostasis of microbes such as the respiratory system, skin, and 

gastrointestinal tract. Phages that adhere to human cell surfaces, invade cells and alter biological 

activity hold promise for phage therapy and immune system modulation. The internalization of 

phages by mammalian cells is critical for phage-human cell interaction. It was also shown in several 

studies that some specific phages can endocytose from human immune and epithelial tissue-derived 

cells. Phages can either (i) deliver genetic material, (ii) modulate signaling pathways or (iii) interact 

with intracellular elements. Phages therefore work only outside cells—and that is now the general 

view, although low numbers of intracellular phages suggest control over inflammation and host 

immunity might be possible. 

Phages directly affect both bacterial populations and immunological cells. They induce 

production of cytokines and regulate inflammation through activation of pattern recognition 

receptors on immune cells. Phages possess immunomodulatory as well as antibacterial properties, 

which make them a potential candidate for novel therapeutic agents against both bacterial diseases 

and inflammatory diseases. Phages have been found to be largely safe for humans in clinical trials. 

To fight diseases caused by those bacteria resistant to antibiotics, researchers are turning to phages 
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which can bind to human cells. Phages are able to penetrate host cells and reach germs that have 

been buried beneath biofilm, which allows treatment of chronic infections more effectively. 

Phage-host cell interactions are being studied to increase delivery, reduce resistance, and 

boost immunomodulation while maintaining safety. Besides bacterial targeting, bacteriophages and 

human cells interact directly, modulate the immune system, and have therapeutic potential. This 

new knowledge calls into question phages' role in human physiology and immunological 

homeostasis as well as antibacterial agents. [19-126]. Phages change the bacterial microbiome and 

affect human physiology and immunology without infecting cells. Endocytosis or receptors allow 

phages to enter tissues and cells, altering mucosal immunity and cell activity. Microbial ecology 

and immunological homeostasis are regulated by a complex tri-kingdom interaction network of 

bacteriophages, bacteria, and human cells. 

 

Interactions with Mammalian Immunity: 

Clinical aspects:  

Phages are clinically significant for many reasons. First, bacteriophage genomes encode 

several highly pathogenic bacterial toxins, making the host bacterium only pathogenic when 

lysogenized. Vibrio cholerae, Corynebacterium diphtheriae, Clostridium botulinum, Clostridium 

difficile, and Shigella species produce cholera, diphtheria, botulinum neurotoxin, binary, and Shiga 

toxins, respectively. [127]. These bacteria are either harmless or nonpathogenic without phage-

encoded toxins. Phages encode these poisons for unknown reasons. Botulinum toxin paralysis 

seems to have the opposite effect of cholera toxin, which causes watery diarrhea and helps the 

phage and host find their next victim. Second, bacteriophages enable horizontal gene transfer, 

including antibiotic resistance. They have been developed to incorporate genes into specific strains 

for clinical use, but this is still in testing. [128] A third therapeutically relevant component of 

bacteriophages is their usage as a biomarker for their host in complicated environmental samples. 

This usually indicates water feces pollution. The host is likely present if the phage is. To identify 

bacteria in mixed environmental samples, phages have been designed to produce luciferase when 

they infect their host. 

 Bacteriophages may identify strains of the same bacterial species, making them clinically 

valuable even though they are generally replaced by newer technology. As humans are susceptible 
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to many viruses, most bacteria have multiple bacteriophage pathogens. Not all strains of a species 

are phage-resistant. Infecting each strain routinely with a standardized panel of phages for that 

species reveals its sensitivity and resistance to each phage type. To distinguish S. aureus strains, 

phage typing used a standardized panel of bacteriophages common internationally. Phage typing 

was the standard epidemiological strain monitoring approach before molecular methods like 

multilocus sequence typing and pulsed-field gel electrophoresis. Finally, bacteriophages were the 

first virus discovered and contributed to several molecular biology breakthroughs. Bacteriophages 

proved that DNA transferred genetic information, set up gene control, and revealed the genetic 

code. [129] 

Immune Responses to Phages in Humans 

Phages greatly influence the immune system: Innate immunity: Phages activate pattern 

recognition receptors, producing cytokines and modulating immunity. Adaptive immunity: Strong 

humoral responses generate IgM, IgG, and mucosal IgA antibodies that neutralize phages and alter 

clearance and therapy. Cellular adaptive responses include T cell activation. Repetition of phage 

therapy reduces bioavailability due to host immunological neutralization by antibodies and 

complement. Phages can cause pro- or anti-inflammatory immune responses depending on context 

and purity. Phages can influence immune cells to help eliminate microorganisms synergistically or 

inhibit immunological processes, demonstrating diverse immunomodulatory actions. 

 

Phages' indirect impact on mammalian immunity: 

Bacterial disease, ecology, and genetic evolution are all significantly influenced by phages. 

Consequently, phages indirectly influence host defense and immunological function. Bacterial 

virulence and human immunity are influenced by the proteins encoded by phages. Lysogenic 

phages encode proteins that enable their bacterial hosts to penetrate tissue barriers, which serve as 

the initial line of defense against infections. The temperate phage Φctx is renowned for its ability 

to parasitize Vibrio cholerae hrough the production of cholera toxin. Bacterial adhesion, 

colonization, tissue invasion, and biofilm formation are all facilitated by phage-derived virulence 

factors [130,131]. 

The immune-clearing phagocytes are either destroyed or discouraged by phage-encoded 

proteins. The phage-encoded chemotaxis inhibitory protein of Staphylococcus aureus binds to and 
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inhibits neutrophil receptors for complement and formylated proteins, thereby safeguarding it from 

neutrophil-mediated mortality. Exotoxin [132], cytotoxicity, intracellular infection [133], and 

superantigen are all produced or delivered by other phage-encoded proteins. Chromosome 

transcription factors primarily regulate phage-encoded virulence genes, which are synthesized 

during lysogeny, when other genes are not actively transcribed. For example, the lytic phage genes 

are located on the coding strand, while the λ-encoded bor of E. coli and the phage-encoded vir of 

M. arthritidis are located on the noncoding strand. Lastly, phages horizontally transfer antibiotic 

resistance genes within and between bacteria [134]. Prophages improve their bacterial hosts' fitness 

and propagation. Prophages can shed genes, including virion-producing genes, and domesticate 

[135]. When they still benefit, prophage-derived genomic elements can be selectively retained [136]. 

Thus, many phage-bacteria interactions are complex coevolutionary interactions. 

 

 Direct Interactions with Phages and Innate Immunity: 

Innate immunity controls the microbial-human contact through structural and germline-

encoded characteristics. Phages may be essential to our relationship with bacterial flora, as they 

contribute to and cross these barriers. In the mucosa, circulation, and cells, phages are identified 

on the cell surface and in endocytic vesicles. Phages are abundant at bacterial colonization sites 

and may directly contribute to mucosal barrier defenses. Barr et al. [137] discovered that mucosal 

surfaces can retain as many as 109 adhering phages per biopsy. Phages can be modified to facilitate 

these interactions. Immunoglobulin (Ig)-like domains are present in E. coli T4 phage capsid 

proteins, which interact with epithelial cell mucins and surface glycoproteins. Many phage families 

include Ig superfamily-like protein domains, suggesting mucosal layer enrichment of other phages 

[138]. Mucosal binding increased the susceptibility of some bacteria to phage-mediated lysis [139] and 

phage diffusion in the mucus layer [140]. Thus, mucosal phages may prevent bacterial invasion in a 

ubiquitous, strain-specific, and non-host-derived manner. These findings suggest a complicated 

interaction between phages, bacteria, and mucosal surfaces that needs additional study. Antiphage 

antibodies may weaken or change barrier immunity, among other questions. 

In mice models of colitis, the intestinal virome affects innate immunity, which may affect 

outcomes. Yang et al. [141] found that antiviral medicines worsened DSS-induced colitis in mice, 

but gut-resident viruses detected by TLR 3 and TLR7 protected via IFN-β production. Phages make 
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up most of the intestinal virome, however this study did not focus on them. In contrast, Gogokhia 

et al. [142] found that oral phage cocktail exacerbated DSS colitis via TLR9. Phages' significance in 

intestinal homeostasis needs further study. Mucosal-associated phages may affect tissues beyond 

the epithelial barrier. Transcytosis across cells transports many phages across the gut and into 

systemic circulation, possibly for paracytosis at inflammatory sites. Based on in vitro studies of 

cell monolayers [142], this transit is expected to occur at 3.1 × 107 particles/day. Transcytosis across 

the Golgi apparatus allows phage T4 to absorb apically to basolaterally. Certain phages and peptide 

sequences may be more easily taken up [144]. T1 phage straight entering the small intestine entered 

gut-draining lymph and blood. Bioactivity against bacteria in circulating phages may help hosts 

defend against bloodstream bacteria. These investigations demonstrate the potential importance of 

phage interactions with mucosal immunity and how little we know about them. It is unclear how 

many phages transverse mucosal tissues, what processes are involved, if M cells, which sense the 

intestinal environment, aid transmission, or whether inflammation influences this transit. 

Peripheral circulation and tissues contain several phages. The pharmacokinetics of some of 

these phages have been widely studied for lytic phage treatment. Regardless of method, circulating 

phages clear temporally and spatially. Phages last several days, with the biggest decline (>99%) in 

the first hour. After infusion, phages are discovered in most major organs, with the liver and spleen 

having the greatest and most lasting titers, indicating that these organs remove circulating phage 

particles. Splenic and hepatic macrophages phagocytose phage quickly and efficiently, according 

to research. Active phage is less persistent in the liver than in the spleen. Kupffer cells endocytose 

better, retain greater basal ROS levels, and produce fewer proinflammatory cytokines in response 

to TLR ligation than splenic macrophages [145]. These cells' phagolysosomes digested and 

inactivated internalized phage. Phage clearance involves two steps: quick elimination of most 

particles in 24 hours, followed by slower clearance of the remaining ∼1% of circulating phages 

over many days. This slower tail may be phages trapped by antibodies or other immune response 

components. Inflammation and bacterial contamination may influence phage pharmacokinetics 

[146].  

Immunologically, circulating and peripheral phages are well tolerated. Phages at 

immunological privilege areas including the placenta and CSF are also well tolerated. The recently 

obtained CSF virome shows that phage are abundant (104 pfu/mL) without inflammation [147]. This 
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is noteworthy since phages are related with LPS, bacterial DNA, and other powerful immune 

stimulants. Even with remaining bacterial contaminants, lytic phage treatment infusion is well 

tolerated. It is probable that mechanisms exist to facilitate the immunological reception of 

numerous phages in peripheral tissues and circulation. Phage capsid proteins may be engineered to 

mitigate immune detection. Phages that are designed to exhibit peptides for epitope identification 

or phage vaccines are immunogenic; however, lytic phage therapy is well-tolerated. The clearance 

of phages in the liver and spleen may also be influenced by tolerogenic pathways. In the liver and 

spleen, there is an abundance of tolerogenic macrophages and DCs. Finally, endogenous phages 

may possess the unique ability to stimulate tolerogenic immunological responses, such as the 

differentiation of M2 macrophages. Phages are absorbed by a diverse array of eukaryotic cells 

through nonspecific uptake, receptor-mediated endocytosis, and the uptake of bacteria-harboring 

prophages [148,149]. 

Most phages are cleared by phagocytes. This literature focuses on tumor cell lines and 

biotechnology-engineered phages, however wild (unmodified) phage uptake is widespread and 

may follow comparable routes. The capsid protein gp24 of the E. coli phage T4 is characterized by 

a Lys-Gly-Asp motif that interacts with β3-integrin receptors on target cells. Chondroitin sulfate 

proteoglycans are associated with phage absorption in other studies. The filamentous E. coli phage 

M13 [150] is subjected to a variety of receptor-mediated endocytosis mechanisms by various cell 

lines. Most phages' cellular uptake receptors and processes are unclear. Phages are degraded in 

endosomal vesicles, cytoplasm, nucleus, Golgi, and lysosomes after internalization. Recently, 

intracellular phages were demonstrated to be bioactive against intracellular bacterial infections, 

including Mycobacteria abscessus [151]. Phagocytosis can also expel Listeria from phagosomes by 

removing prophages. Phages can reach the nucleus and create RNA and protein, as shown by phage 

DNA vaccines [152]. A new review [153] details intracellular phage. Multiple cell-surface and 

intracellular pattern-recognition receptors (PRRs) identify phages during cellular uptake and transit 

[153]. Most pathways include detecting ssDNA and dsDNA and inducing IFN responses.  

Several studies have linked endosomal PRR TLR9 to phage recognition. TLR9 detects 

unmethylated CpG patterns found in phage and bacteria DNA [154]. TLR9 activates 

proinflammatory and antiviral cytokines via MyD88. Recent gut phage sensing research has also 

linked TLR9 to phage-induced inflammation. The use of oral E. coli tailed phages enhanced IFN-
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γ-producing CD4+ T cells, mediated by DC sensing of phage DNA via TLR9. The role of TLR9 

in phage responses may be complicated. Hashiguchi et al. [155] found that MyD88−/− mice's weak 

antibody responses to M13 phage immunization indicate the importance of TLR signaling in 

antiphage adaptive immunity. However, TLR9−/− animals had much higher IgG levels. The 

authors suggested that TLR9 regulates M13 ssDNA genome sensing. The primary integrating axis 

for cytosolic dsDNA sensing is the STING route. STING has not been implicated in phage sensing, 

despite the fact that modified phages enter the cytosol. Phage sensing is also facilitated by TLR3, 

an endosomal RNA sensor [156]. Only TLR3 strongly induces antiviral cytokines by signaling 

through the adaptor Toll/interleukin-1 receptor (IL-1R) resistance (TIR) domain-containing 

adapter-inducing IFN-β (TRIF). Sweere et al. [156] discovered that Pf, a filamentous phage that 

infects P. aeruginosa, activates IFN-β in DCs through TLR3 and TRIF. In eukaryotic cells, this 

RNA-sensing receptor is activated by phage-derived RNA synthesis; however, the mechanism by 

which Pf initiates transcription in mammalian cells remains enigmatic. This was not the initial 

report of phage genome transcription in a eukaryotic environment, as phage DNA vaccines require 

RNA to generate protein. However, mammalian cell bacterial absorption is still poorly understood. 

It is uncertain if phages are cell type-tropic [157]. 

If phages attack human tissues, the immune syste responds in two systems: innate and 

adaptive. According to pattern recognition receptors on immune cells, the innate immune system 

recognizes phages and releases cytokines in tissues and induces inflammation. Uptake of phage by 

dendritic cells and macrophages induces adaptive immunity through delivery of phage-derived 

antigens on MHC intermediates to T cells. Phages induce specific antibodies in the adaptive 

immune system. IgM antibodies emerge first upon exposure to phage, and they do by several days. 

IgG antibodies are generated by the immune system to defend against subsequent phage infections 

upon repeated exposure. These antibodies latch onto phages and purge them from the body. Phage 

inactivation is magnified when antibody-mediated neutralization is combined with the complement 

system. While phages infect bacteria, it seems that the immune system treats them like some 

eukaryotic viruses (as evidenced by the antibody/complement pincer). Repeated exposure to 

phages reinforces antibody responses as T helper cells promote B cell expansion into plasmablasts 

and memory B cells upon recognition of phage antigens. Immunity to specific phages can reduce 

their therapeutic function as memory-mediated immune responses can facilitate expedited 

neutralization during subsequent exposures. 
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Phages may modulate immune cell activation and inflammatory equilibrium in human 

tissues, which could be used therapeutically. Thus, human tissues respond to phages with 

immediate innate recognition, cellular antigen presentation, and a powerful, adaptive antibody 

response that neutralizes phages and regulates the immune system. Learning these pathways is 

crucial to improving phage therapy and predicting immune responses to phages delivered into the 

body. [159-163] Human tissues respond to phages with innate and adaptive immunity. Innate immune 

cells produce cytokines when they recognize phages via pattern recognition receptors. Antigen-

presenting cells absorb phages and present MHC molecules with phage-derived antigens to T cells, 

initiating adaptive immunity.   Adaptive immunity develops phage-specific IgM antibodies days 

after exposure and stronger IgG antibodies following re-exposure. By binding and clearing phages, 

these antibodies work with the complement system to neutralize them. Phages, bacterial viruses, 

have similar immunological treatment to eukaryotic viruses, as seen by this antibody/complement 

action. Phage antigen-activated T helper cells differentiate B cells into antibody-producing plasma 

blasts and memory B cells for long-term immunity. Immunologic memory can also negate phage 

therapy in addition to control of immune activation and inflammation. The complex immune response to 

phages within human tissues includes rapid innate recognition [47], antigen presentation [48], and all the 

components of robust adaptive antibody responses for suppression and regulation of immunity. 

Understanding these interactions is critical for improving phage therapy and predicting immunological 

responses. 

The effects of the host immune system response can play an important role in phage 

therapy, given that phage specific antibodies are produced by the host during treatment and may 

affect future treatment. On exposure, the immune system mounts an antibody response against 

therapeutic phages that follows an IgM to IgG and finally IgA temporal switch. These antibodies 

are allowed to bind to phages that they can neutralize, and then vanquish them by repeatedly 

binding to new target bacterial cells until the phages have some intrinsic loss of activity against 

subsequent doses during species/microbiome succession. Multiple injections of the phage, 

especially via intravenous or intra-abdominal routes, appears to elevate antibody titers in animal 

studies. This antibody response reduces the time that phages circulation and their ability to reach 

sites of infection after subsequent injections, by increasing their clearance from the bloodstream. 

IgG antibodies persist after treatment has abated, and upon re-exposure to the same phage IgA 

titers can mount quickly resulting in improved neutralization. The distribution mode determines 

antibody induction. Because responses to phage-specific antibodies are much more severe when 
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introduced intravenously rather than orally, the activity of the phages may be maintained 

throughout treatment. Recurrent phage therapy may be hampered by increasing immune reactions 

induced in response to inhalation (nebulization) and systemic injections, unless formulations or 

treatment regimens are modified to evade or manage the immune response. In persistent phage 

therapy, the effectiveness of antibodies neutralizing against use of phages can be countered through 

immunosuppressive techniques [38] as well as modulation of surface protein on the particles for 

decreased immunogenicity [39] or by modifying types (cocktails) [40]. However, in order to guide the 

design of effective recurrent phage therapy regimens, it is essential to understand how the 

pharmacokinetics of phages and kinetics of antibody induction interact. Phage-specific antibodies 

induce the destruction and rapid clearance of therapeutic phages, thus leading to impaired efficacy. 

This immune response necessitates the use of personalized treatment strategies to overcome and 

preserve therapeutic effectiveness. [146-168] 

IgG and IgA antibodies have different impacts on phage biodistribution and efficacy due to 

their distinct functions and localization in the immune response. As IgG antibodies bind to specific 

phages in the blood and other body compartments, those phages become neutralized, cleared from 

circulation, and rendered less bioavailable (and thus less effective against bacteria). Elevated IgG 

levels, especially after parenteral administration (frantically neutralizes and clears the phage) 

would limit systemic efficacy of phage therapy. Most IgA antibodies exist in mucosal tissues, 

including those of the respiratory system and gastrointestinal tract, and in secretions. Secretory IgA 

prevents entry and survival of phages at mucosal barriers through localized neutralization. Since 

IgA restricts phage activity in the stomach, increased levels of phage-specific IgA indicate 

decreased passage and/or efficacy of phages if active phages are no longer detected in feces. IgA 

is also a poor applicant to direct protection against phages since mucosal tissues exhibit low 

bioavailability of IgA yet generally do not respond strongly out-of-the-gate as the primary IgA 

response is relatively slow and drawn-out, although with repeat exposures there may be rapid 

upsurge. Whereas IgA dominantly modulates phage activity in secretory mucosal tissues, IgG is 

the principal immunoglobulin affecting systemic phage biodistribution and elimination from 

circulation. Both antibody types kill phages, although systemic exposure is influenced by IgG and 

mucosal activity by IgA. Due to this variability, phage therapy plans should keep in mind phage 

route of delivery, treatment site and antibodies kinetics. [169-171] 
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Given that IgG and IgA antibodies exhibit differing immunological activities and 

localizations, they differentially influence phage biodistributions and therapeutic efficacy. IgG 

antibodies bind and eliminate phages from circulation and extracellular fluids, which significantly 

decreases the systemic availability of phages. Introducing phages directly into the systemic 

circulation increases their rate of clearance from the bloodstream and limits the number of microbes 

that they are able to kill in tissues. In contrast, IgA antibodies are designed to protect mucosal 

surfaces such as those in the respiratory system, digestive tract and secretions. Secretory IgA 

binding within the mucosa prevents phage translocation and infection. Phages are equally unlikely 

to survive long enough in the gut to become effective if given orally because of production of 

phage-specific IgA. The increased levels of IgA associate with absence of active phages in feces 

supporting the observation on reduced mucosal phage activity. IgA response reduces mucosal 

phage bioavailability the IgA response is slow upon first exposure and shortens time on subsequent 

exposure. So, IgA mediates phage neutralization in the mucosa, while IgG controls clearance and 

phage efficacy in the system. Thus, to provide a balance between phage activity and immune 

neutralization aspects, phage therapies can be optimized through modulating the online dosage 

route and targeted administration site. [172-144] 

Mucosal IgA secures phage particles in the intestinal lumen and mucus to stop translocation 

into bacteria present within gut immune cells. IgA lyses the phages by entangling them in mucus-

trapped aggregates. Because it glues itself and can't migrate or prank a bacterial host, phages get 

stuck to each other and are expelled by intestinal peristalsis. Phages are well covered with IgA, 

which prevents their penetration across the mucus barrier and maintains the homeostasis through 

interaction of mucosal barrier. This prevents phage from entering epithelial cells and triggering the 

immune system. Antigen-presenting cells and gut dendritic cells can acquire IgA-bound phages, 

allow them to clear pathogens and create a targeted immune response while maintaining a healthy 

balance between tolerance and gut elimination. As shown by several capsid-displayed Ig-like 

protein domains, the capacity of phages to bind mucin glycoproteins in mucus, may promote their 

adhesion on mucosal surfaces and provide a mutualistic antimicrobial conduit. Immunologic 

targeting of these particles leads to a high prevalence of specific IgA antibodies directed against 

phages that significantly diminish their persistence and therapeutic benefit in the gut, and thus are 

the major determinants of phage elimination [40]. Thus, mucosal IgA has a role in preventing 
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bacteria infection and promoting phages clearance by binding and aggregating gut phages into 

mucus while keeping immune homeostasis. [175–177]. 

Mucosal IgA neutralizes them by binding to gut phages in the mucus layer and blocking 

their access to bacteria. By binding and being immobilized in mucus, phages lose their infectivity 

after clustering. That is, phage particles are propelled out of the gut through intestinal peristalsis. 

To maintain this balance, immunological exclusion limits the ability of microbes to breach our 

mucosal barrier. IgA envelops phages, preventing them from accessing intestinal epithelial cells. 

By presenting antigens from phages with IgA, dendritic cells can modulate the immune response 

toward either clearance or tolerance. IgA defenses lyse and clear phages that nonspecifically bind 

to mucin glycoproteins through Ig-like domains, thereby enabling their growth within mucus. 

Consequently, mucosal IgA serves as a barrier against bacterial infections through the capturing 

and neutralization of gut phages within mucus. It also regulates immunological homeostasis 

through coordinated clearance and immune signaling. [175-177] 

 

Viruses and Eliminating Bacteria 

The influence of phages on inflammation, bacterial clearance and PRRs is contradictory 

regarding phage identification. The proinflammatory phage vaccines utilize different types of 

phages as well, such as modified T4 [178]. These phages induce a strong antimicrobial response [179], 

characterized by both Th1 and Th2 responses, as well as high levels of proinflammatory cytokine 

production. There is little research on the endotoxin levels of phage vaccines, and what exists relies 

on studies that utilize lysates from bacteria as immunogen [180]. These preparations could be 

contaminated with bacteria, leading to immunogenicity. As befits this proinflammatory effect, 

phages synergize with the innate immune response to eliminate pathogens. Bodner et al. Using a 

novel fluorescent lysis reporter system, [181] showed that E. coli lambda prophage lysed in response 

to macrophage phagosome ROS. It appears that phages give macrophages another tool for 

exterminating germs. Tiwari et al. investigated treatment of wild-type and neutropenic mice with 

phages for P. aeruginosa. [182]. None of the neutropenic mice survived phage injection (all wild-

type mice did). Phage-neutrophil synergy is thought to be important for bacterial clearance as 

cocultured phage and separated neutrophils were more effective than phage alone in vitro. Using a 

Pseudomonas lung infection model, this study demonstrated that lymphocytes are not required for 

bacteria clearance at this time point [183]; treatment with the lytic phage PAK P1 yielded similar 
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effects in wild-type and Rag2−/−IL2rg−/− animals. The phage therapy was also ineffective in 

neutrophil-deficient mice and MyD88−/− mice, indicating the importance of these leukocytes. 

These findings suggest that the host immune system, including neutrophils and myeloid cell TLR-

sensing pathways, needs to cooperate with phages to control bacterial infections. 

Other investigations found limited phage-induced inflammation [ ] (sd104–106) and no 

phagocytosis effect [184]. Proinflammatory cytokines were not altered by T4 phages in naive and 

LPS-activated monocytes [185]. Similar to pure T4 and A3/R phages, monocyte and neutrophil ROS 

generation was low. Endogenous phages in circulation and lytic phage treatment infusions are well 

tolerated in people with low inflammation [185]. Phages decrease bacterial phagocytosis and reduce 

proinflammatory cytokine production in response to endotoxin, according to another research. In 

response to LPS, P. aeruginosa Pf4 phages suppressed phagocytosis and tumor necrosis factor 

production, contributing to chronicity of mouse wound and lung infection models and to chronic 

wound and lung infections in humans [187]. These effects were caused by type 1 IFN-dominated 

antiviral responses that inhibited bacterial clearance. T4 and F8 phages from E. coli suppressed 

phagocytosis and ROS generation but not phorbol myristate acetate. Jahn et al. [188] found that 

phage-expressed protein ANKp inhibited proinflammatory cytokine production and macrophage 

phagocytosis of E. coli producing ANKp under an inducible promoter. Van Belleghem et al. [189] 

observed that S. aureus and P. aeruginosa phage stimulation affected endotoxin-induced 

transcription in human peripheral blood mononuclear cells. These investigations show that some 

phages directly affect local immune responses, changing bacterial infection susceptibility. They 

also suggest that phages control local immunity to protect their bacterial hosts. How can we 

interpret these conflicting phage pro- and anti-inflammatory data? It is interesting that T4 phages 

are pro-inflammatory in some circumstances [190] and anti-inflammatory in others. The 

immunological response may depend on the purity of the phage preparation [191]. Phages appear to 

decrease the immune response to bacteria but no other inflammatory conditions, suggesting that 

their immunomodulatory effects may be context- and possibly phage-dependent. This could 

happen if numerous phages trigger IFN responses that counteract bacterial immunity but boost 

other inflammatory responses. 

Innate phage immune responses are poorly understood. Most of our data comes from a few 

phages; it would be important to determine if common responses exist. It is also unknown how 

different phages (lytic versus filamentous) affect immune responses. Adaptive immunity targets 
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specific infections. Phages can induce antibody (humoral immunity) and T cell responses (cellular 

immunity), which affects phage display vaccines, phage therapy, and microbiome interactions. 

Phages induce neutralizing antibodies that aid in their absorption and elimination. Most synthetic 

and environmental phages generate neutralizing antibodies without adjuvant [192].  

Animal experiments have shown how some phages induce antibody production. These results show 

that the spleen is needed for a humoral response to circulating phages and that phagocytes are 

crucial to APC absorption, processing, and presentation of phage antigens. After presenting the 

target peptides on MHC-I and MHC-II pathways, B and T cells respond to the viral or tumor 

antigen in vitro and in vivo [193]. Antiphage antibodies are mostly IgM, but IgG and IgA are also 

generated [194]. In a heterogenous phage therapy investigation, local phage delivery at the infection 

site induced stronger antibody responses than oral phages in people, but controlled studies have 

not been conducted. 

The long history of study on the coliphage phiX174 as a diagnostic for adaptive immune 

responses gives crucial data on human antiphage antibody responses. PHX174 circulates for 3–4 

days after first IV immunization in healthy controls. This time window produces phage-specific 

IgM antibodies that peak at 2 weeks. Secondary immunization 6 weeks later produces a higher 

IgG/IgM peak after 1 week. X-linked agammaglobulinemia patients, who lack functioning B cells, 

have extended active phage circulation and no antiphage antibody response. Because these patients 

cannot manufacture natural antibodies or mount an adaptive response, phage clearance is difficult. 

B cell depletion with anti-CD19 antibody (Rituximab) normalizes phiX174 clearance despite 

reduced primary and secondary antibody responses. This study emphasizes the role of humoral 

proteins in phage clearance as anti-CD19 therapy will not influence patients' natural IgM/IgA 

antibodies and complement. Antiphage antibodies may regulate phage bioactivity against our 

microbiome. Repeated T4 phage administration caused antiphage IgAs, which reduced bioactivity. 

Intravenous phage therapy may also be affected by antiphage adaptive immunity. Human antiphage 

antibodies are rarely studied, although one study reveals that many people have neutralizing 

antibodies against phages used in phage therapy. Opportunistic pathogens that are part of our 

commensal flora may cause several chronic infections, exposing us to their phages. Patients acquire 

neutralizing antibodies during phage treatment. Antiphage antibodies may affect phage therapy 

success, however this is uncertain. In one study of 122 individuals receiving various phages for 

various illnesses, robust humoral immunity did not affect treatment outcomes. The lack of 
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controlled trials employing standardized phage product, administration routes, and treatment time 

makes it difficult to monitor patient antiphage antibody formation and treatment outcome. 

Peptide display techniques may make phages with changed capsid shapes more 

immunogenic and clearer from circulation faster [195], making the data harder to interpret. Phages 

given intravenously or at the infection site may be more immunogenic than gastrointestinal phages. 

Both complement and antiphage antibodies remove phages from peripheral circulation. Sokoloff 

et al. injected rats with a random-peptide T7 phage library. IgM and IgG reduction in rat serum 

increased phage survival by 62% and 16%, respectively. Dabrowska et al. found that complement 

is essential for serum antibodies to inactivate phages. These results indicate that antibody binding 

and complement fixation opsonize and eliminate phages. Much regarding phage antibody response 

is unknown. It is unclear how much humoral immunity exists against the body's larger pool of 

phages and how these antibodies modulate phage activity, transcytosis, or opsonization of 

commensal or pathogenic bacteria targeted by phages. Phage treatment and phage display vaccine 

development require a better grasp of these and related concepts. [196] 

Phages activate cellular adaptive immunity. APCs endocytose and process phages, 

presenting phage-derived peptides on MHC surface molecules to induce B and T cell responses 

against the viral antigen in vitro and in vivo. E. coli fd phage modified to express a peptide antigen 

is taken up by phagocytes and displayed on cell-surface MHC-I and MHC-II molecules, resulting 

in CD8+ and CD4+ T cell responses. Phages can also activate T cells by secreting costimulatory 

molecules. Phage display vaccines induce cytotoxic CD8+ T cell responses against eukaryotic 

virus-infected cells and malignancies. Phages prime CD4+ Th cell immunity. Phages can induce 

Th1 and Th2 responses in T cell line stimulation experiments and phage vaccines. PhiX174 

research shows that T cells contribute generate the initial B cell IgM phage-specific response and 

class-switch to IgG [197]. There are signs that endogenous phages may help train T cells and fight 

cancer. Fluckiger et al. [196] (sd146) found MHC-I-restricted epitopes in an Enterococcus hirae 

prophage that drive CD8+ T lymphocytes to attack tape measure protein, a cross-reactive tumor-

associated antigen. Mice with E. hirae harboring this prophage responded to cyclophosphamide or 

anti–PD-1 antibodies with a TMP-specific cytotoxic T-lymphocyte response, clearing the tumor. 

In human renal and lung cancer patients, enterococcal prophage and tumor TMP expression linked 

with long-term PD-1 blocking benefit. These intriguing findings show that the phageome and 

immunomodulatory medications that modify antigen responses may affect anticancer immunity. 
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To completely understand this topic, further research is needed on patient tumor phageomes and 

how composition and abundance affect cancer outcomes. These findings may apply to other 

microbiome and cellular immunity issues. Autoimmunity coupled with PD-1 blockage may also 

be impacted by similar dynamics. [179] 

 

Interactions Between phages Human Hosts 

Recently, many study has shown how commensal bacteria affect host health and 

development. Microbiota greatly impact host immunity, metabolism, and commensal makeup and 

structure, according to research. Only a few studies have considered bacteria's role in this 

dynamic.   These findings show that bacteriophages are essential to human biology. Phages directly 

affect bacteria immune responses and indirectly damage human cells and tissues through their 

hosts. Thus, phages influence immunologic-bacterial interactions. Bacteria, bacteriophages, and 

human cells form a microbiome network. These components' tri-kingdom interactions may 

determine network stability. Phages reduce colonization site microorganisms and inflammation. 

Phages modulate host immunity directly and indirectly to increase commensal colonization 

immunologic tolerance. Exogenous phages, microbial dysbiosis, and immunological dysregulation 

can upset this balance, impacting metabolism and immunity.  Unfortunately, these encounters have 

limited data and options. Focus is on a few phages. Many phages have been altered for 

biotechnology or lytic phage therapy. Expand this research to encompass steady-state and 

inflammatory commensal (unmodified) phages. Current approaches are often unsuitable for 

examining phages' physiological impacts in vivo. These projects need prophages, free phage 

particles, and cell and tissue phage data. Despite computational biology advances, phage biology 

is still difficult to explain from sequencing data. We need well-controlled, extensive human studies 

to understand how phages alter immunity. Most of our evidence comes from mice.   Optimizing 

these efforts yields huge returns. Better understanding our endogenous phages may help us 

understand human health and disease and these tri-kingdom links. 

The evolution of phages with enormous genomes—whether they are the product of recent 

genome expansion within clades of normal-sized phages or a persistent strategy—is intriguing. 

Phylogenetic trees for big terminase subunit and main capsid proteins using public database 

sequences to examine. Many of our phage genome sequences form clades with significant bootstrap 

support. The public sequences in these clades are from phages with genomes at least 120 kb, 
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according to database sequence genome size analysis. The Mahaphage clade, named after Sanskrit 

for enormous, encompasses all of our biggest genomes plus the 540–552 kb Lak genomes from 

human and animal microbiomes. A Nine more clusters of enormous phages and called them "huge" 

in certain authors' languages. Despite modest differences in gene and dataset tree topologies, 

protein family and capsid studies support grouping. Large phages are reliably sorted into clades, 

indicating that large genomes are stable. Phages were sampled from many environments within 

each clade, suggesting the diversity of these massive phages and their hosts throughout ecosystems. 

In 20 cases, phages that are so closely related that their genomes may be matched occur in at least 

two cohorts or habitat types. Most main CRISPR–Cas systems in phages, including Cas9-based 

type II, the recently discovered type V-I [198], new variants of type V-U systems, and new subtypes 

of type V-F systems [199]. Phages have not been reported to have class II systems (types II and V). 

Most phage effector nucleases (for interference) have conserved catalytic residues, indicating 

function. 

Unlike the well-known phage with a CRISPR system, most phage CRISPR systems lack 

spacer acquisition machinery (Cas1, Cas2, and Cas4) and interference genes. Two similar phages 

have a type I-C variant system without Cas1 and Cas2 and with a helicase protein instead of Cas3. 

Phages have a second system with a 750-amino-acid CasΦ (Cas12j) effector protein, located near 

CRISPR arrays. Phages without genes for interference and spacer integration may use host Cas 

proteins since they have homologous CRISPR repeats. Alternatively, systems without an effector 

nuclease can inhibit target sequence transcription without cleavage [200]. Spacer-repeat guide RNAs 

may also silence host CRISPR systems or nucleic acids they hybridize with using an RNA-

interference-like mechanism. Phages encode compact CRISPR arrays (median, six repetitions). 

This range is much less than bacterial genomes (mean 41 repetitions for class I systems) [201]. 

Several phage spacers target other phages' structural and regulatory genes. To defend against 

competing phages, phages appear to boost their hosts' immune systems. 

Some spacers in phage-encoded CRISPR loci target bacteria from the same sample or study. 

Other host prediction analyses corroborate our assumption that these phages host focused bacteria. 

Not all loci with bacterial chromosome-targeting spacers encode Cas proteins that can break the 

host chromosome. The phage infection cycle may benefit from targeting host genes to inhibit or 

change their control. Phage CRISPR spacers may block promoters or silence non-coding RNAs in 

bacterial intergenic regions, affecting genome control. Transcription and translation genes are 
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known CRISPR targets for bacterial chromosomes. For example, one phage constructs its own σ70 

by targeting a transcription factor gene in its host's genome. Several large phage genomes contain 

anti-sigma factor-like proteins (AsiA), supporting prior reports of σ70 hijacking by phages with 

AsiA. In another example, a phage spacer targets the host glycyl tRNA synthetase, but the Cas14 

effector lacks a catalytic residue, suggesting suppression (as a ‘dCas14’). No host-encoded spacers 

targeting CRISPR-bearing phages were detected. However, phage CRISPR targeting of other 

phages that are similarly targeted by bacterial CRISPR revealed phage–host connections, which 

the phage taxonomic profile corroborated. 

Some big Pseudomonas-infecting phages encode anti-CRISPRs (Acrs) and proteins that 

form a nucleus-like compartment to separate their replicating genomes from host-defense and other 

bacterial processes. We found proteins in large phage genomes that may be Acrs and cluster with 

AcrVA5, AcrVA2, AcrIIA7, and AcrIIA11. We also found tubulin homologues (PhuZ) and 

proteins that form a proteinaceous phage "nucleus". Recently, the phage nucleus physically blocked 

CRISPR–Cas degradation to protect the genome from host defense. 

 

Clinical and Therapeutic Implications 

Phage treatment may replace antibiotics for antibiotic-resistant microorganisms. However, 

phage mixtures and surface changes are needed to reduce immunological neutralization by phage-

specific antibodies. Optimizing phage therapy, vaccine development, immunomodulation, and 

intracellular pathogen targeting requires understanding the immune-phage interaction. Phages' 

ability to cling to mucosal surfaces and modify local immunity can be used to prevent and treat 

disease. 

Host resistance and anti-phage defense 

Because bacteriophages are dangerous to bacteria, prokaryotes have developed several host 

resistance and anti-phage defensive mechanisms. Examples include CRISPR. Retron anti-toxin 

system. Thoeris' NAD+ degradation method for bacterial antiphage resistance is unique. Hailong's 

anti-phage defense system has two genes: HalA, a transmembrane ion channel effector, and HalB, 

a nucleotidyltransferase. Cell death and membrane depolarization result from phage HalA 

activation. This kills the sick cell but stops bacterial spread. Although phages do not infect humans, 

the microbiome contains many phage particles. The human phageome includes the "healthy gut 
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phageome" (HGP) and "diseased human phageome" (DHP). Some dozens to thousands of viruses 

replicate in a healthy person's active phageome. There is evidence that gut microbiome 

bacteriophages and bacteria interact negatively and positively. According to preliminary research, 

62% of healthy people and 42% and 54% of UC and Crohn's disease patients had common 

bacteriophages. Older persons may have fewer phages. CrAssphages rule the gut worldwide. 

CrAssphages are transferred from mother to child shortly after delivery, with some local 

transmission. People create distinct crAssphage clusters. Non-human apes may have CrAss-like 

phages. Most bacteriophages infect human bacterial populations. Recent investigations have shown 

that bacteriophages can infiltrate eukaryotic tissues and impact the immunological, respiratory, 

gastrointestinal, and central neurological systems. They directly affect immune responses and 

indirectly affect human health and disease-causing microbes [202,203]. Phages, bacteria, and human 

cells form a complex tri-kingdom network, revealing their interactions with people. Phages 

maintain immunological homeostasis and commensal microbiota tolerance by regulating bacterial 

populations and minimizing overgrowth and inflammation. Phage-bacteria-human ecosystem 

disruptions such microbial dysbiosis or immune dysfunction can cause sickness. These interactions 

affect phage therapy for bacterial infections and immune control in health and sickness [204,205].  

Phages control innate and adaptive immunity. These engage immunological sensors, alter 

cytokine production, and are eliminated by the immune system. Phage immunomodulation can 

treat intracellular infections and inflammation [202,204]. In conclusion, bacteriophages effect the 

microbiota, immunity, and health directly and indirectly. Phages should be regarded human 

microbiological and immunological milieu members, not just bacterial predators. 

 

Conclusions: 

The rules, however, for summarizing the results of attached bacteriophage research should be 

remembered: 

1. Bacteriophages have been known to infect both bacteria and archaea, possessing various 

genomes including double-stranded DNA and double-stranded RNA. They are the most 

widespread viruses on the planet. 
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2. There are also "large phages," whose genomes rival those of the smallest bacteria, both 

categories revealed in recent metagenomic surveys of tremendous diversity among phages. 

These phages encode for complex functions such as tRNAs and CRISPR-Cas system. 

3. Phylogenetic studies of significant genes (e.g. polymerases) are supplanting morphology 

and host specificity as the major metric used to determine phylum and realm taxonomy 

criteria for phages. 

4. Bacteriophages are the most clinically diverse viruses that infect bacteria and archaea. They 

are key players in diversity and evolution through their role of regulating bacterial 

populations, influencing host metabolism, or facilitating horizontal gene transfer. 

Obviously, their complex architecture and wide spectrum of replication cycles make them 

an ideal candidate for chronic infections either lytic or lysogenic or non-lytic. 

5. Phages indirectly affect human health through interaction with immune system and 

microbiota. They can influence both the innate and adaptive immune systems and be 

tolerated by the immune system in the bloodstream, mucosal surfaces, and tissues. 511, 641 

Immunogenic viral peptides can activate specific immunological receptors (such as TLR3, 

TLR7, and TLR9) and induce neutralizing antibodies (IgM, IgG, and IgA), thereby limiting 

the efficacy of second phage therapy. 

6. The identification of enormous "huge phages" containing genomes comparable to ones 

found in small bacteria has markedly advanced our understanding of phage biology. These 

phages compete with other phages and evade host defenses by encoding complex activities 

such as transfer RNAs (tRNAs), translation factors (TFs), CRISPR-Cas systems (Cas) and 

protective nucleus-like compartments. 

7. All this makes phage therapy a promising weapon in the war against antibiotic bacteria, but 

many barriers are still left, such as up regulation of receptor sites for viral particles or their 

immunological neutralization; bacterial resistance to specific phages and engineering 

enhancers that can enhance the activity either by creating cocktails of active viral species 

or reprogramming them. Understanding immune responses and phage-host interactions is 

critical for developing therapeutic applications. 

8. Advancement in metagenomics and metatranscriptomics has led to the discovery of a 

diverse range of phages, ranging from tailless dsDNA phages to various RNA specific 

viruses, contributing towards our broader understanding of phage taxonomy and evolution. 
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9. Specific receptors on bacterial surfaces (for example, lipopolysaccharides and outer 

membrane proteins) determine the possible hosts. 

10. An emerging field of study is the molecular interplay between phages and eukaryotes. This 

novel aspect demonstrates that phages could gain access inside cells through endocytosis-

like mechanisms and can exert immunomodulatory and therapeutic effects beyond their 

specific bacterial targets. Phages have anti-CRISPR proteins to get around the bacterial 

defense systems. 

11. They can colonize mucosal surfaces, interact with immune cells, and traverse organs along 

endocytosis pathways without replicating inside human cells. 

12. The impact of horizontal gene transfer mediated by phage on the evolution and 

pathogenicity of bacteria. Prophages contribute to bacterial pathogenicity via clinical 

important factors, such as toxins expressed by phages, and the carriage of anti-bacterial 

resistance genes. 

13. Phages usually provoke a robust immune response from the body by both innate and 

adaptive mechanisms. Phages modulate immune responses that range from promoting 

inflammation, bacterial clearance and immunological homeostasis to inflammatory 

pathology. 

14. At mucosal surfaces, mucosal IgA antibodies neutralize phages by sequestering them in 

mucus, preventing their access to bacteria and inhibiting local immunity. 

15. Future studies should instead emphasize a more defined characterization of dsRNA and 

non-tl phage types, their mechanisms in the course of non-lytic infections, their interplay 

with bacteria and human hosts, as well as their means to escape immune clearance. This 

will aid in the optimization of phage therapy and biocontrol applications. 

16. Chronic non-lytic infections, also referred to as carrier states, are known for several dsRNA 

phages. 

17. Human health can be affected indirectly, as when phages alter the composition of the 

microbiota or trigger immunological responses. Neutralizing antibodies often render repeat 

phage therapy ineffective and necessitate avoidance of immune clearance. 

18. Phages can be used as biomarkers, and in environmental or clinical monitoring. To inform 

the most effective treatment plans, it is important to understand how the immune system 

responds to phages in clinical settings. 
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19. Bacteriophages hold an enormous potential in biotechnology, immunology and medicine; 

they are also essential components of human microbiomes and microbial ecology. Further 

cross-disciplinary research will improve their use in the management of health and illness. 

20. Phages hold great promise in the battle against bacteria that have evolved resistance to 

antibiotics. They do, however, contend with challenges such as neutralization of the human 

immune system and resistance from the bacteria themselves. Surely, this requires 

optimizing delivery and using modified phages or a phage cocktail to maximize efficacy. 

Future Studies 

Isolating and sequencing entire genomes of dsRNA and other phages from various 

environments can be used to improve taxonomy and genetic diversity. Further investigation is 

warranted into the ecological distribution of large-genome phages, molecular processes associated 

with host contact, and methods of non-lytic infection. We are just starting to understand how the 

immune system, the bacteria and their phages work together to shine light on health and disease 

that can lead to new strategies for pharmaceutical intervention. Translation will also require better 

methods to study endogenous phages and their physiological effects in living organisms, including 

humans. Today, we recognize no less than bacteriophages — a diverse class of biological agents 

— as occupying key positions in microbial ecology, bacterial evolution, human immunity and 

therapeutic innovation. 

Guidelines for studying bacteriophages and their uses 

Characterization of Taxa and Genomes 

Continued isolation and whole-genome sequencing of dsRNA phages will further help to 

decipher the genetic diversity and taxonomy of this enigmatic group. Use structural approaches in 

addition to sequence-based phylogenetic methods to revise and enhance the classification of 

double-stranded RNA bacteriophages, with special consideration towards genes encoding RNA-

dependent RNA polymerase. We will use metagenomic and metatranscriptomic data, integrated 

with cutting-edge computational and structure-based methods to discover new classes of phages 

(especially RNA phage that are genetically diverse but underexplored). 
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Research on dsRNA Phage Interactions 

One example of an alternative non-lytic infection cycle of dsRNA phages is the carrier cell 

chronic infection mode, yet its molecular mechanisms remain to be determined. (P1) Study Well-

Characterized Model Phages at Different Infection Stages Using Reverse Genetics and Related 

Molecular Tools: To learn about the determinants of various infection steps, well-studied model 

phages such as phi6 would be promising studies to investigate infection. Explore some of the 

internal and external factors, like host growth rate, which influence lytic versus non-lytic 

replication strategies. 

Phage Therapy and Biocontrol Studies 

Overall, this study highlights that dsRNA phages have potential as agricultural biocontrol 

agents and potentially as therapies for human bacterial infections, however further research needs 

to focus on their host range, ability to shift hosts using alternative infection mode(s), before it can 

be used. Phages (e.g., phi6 and phiYY) need to be tested for stability and efficacy in different 

clinical and environmental conditions. Characterizing emergence and effect of neutralizing anti-

phage antibodies in therapeutic contexts is important for emerging phage dosage regimens and 

formulations. Combinations of phages or modified phages must be used to disable the host immune 

system and surmount bacterial resistance. 

Immunomodulation and Phage-Host Interaction 

There is a need to further understand the intricate relationship between phages, bacteria and 

host so that we can unravel the continuously evolving role of these three kingdoms in inflammation, 

immunological tolerance and microbiome homeostasis. Learn more about the molecular 

mechanisms behind how phages impact immune activation, cytokine profiles and antigen-

presenting cells in context of innate and adaptive immunity. Explore phage populations and phage 

treatment in mucosal sites under the impact of secretory IgA and other elements of the mucosal 

immune system. Identify the molecular receptors and entrance routes (e.g. endocytosis and 

transcytosis) that enable phages to access eukaryotic cells. 
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Phage-Induced Anti-CRISPR Systems 

Studies of CRISPR-Cas systems encoded by phages and anti-CRISPR proteins that 

modulate the outcomes of phage infection, as well as influence evolutionary arms races between 

the two bacteria and their mobile genetic elements. Explore the diversity of phage defense 

mechanisms used by bacteria, including novel systems such as Thoeris and Hailong, plus their 

genomic and functional diversity. Examine phage strategies of genomic protection from infection, 

including nucleus-like chambers that penetrate bacterial immune systems. 

Environmental and Clinical Monitoring 

Phage presence in clinical and environmental samples can serve as a biomarker for bacterial 

contamination. Develop revision of phage typing methods for epidemiological surveillance and 

differentiation of bacterial pathogens. Thus, clinical studies are needed to assess immune responses 

following therapeutic phages and explore the impact of cellular and humoral immunity on the 

efficacy of phage therapy in general. 

Where to Take Future Studies 

Novel, physiologically relevant and high-throughput methods are needed to investigate 

phage biology and interactions with their hosts in vivo, including studies on microbiomes and 

immune system effects. Use structural biology, microbiology, immunology, 

bioinformatics/genome-sequencing/genomics capable approaches to achieve an integrated 

understanding of phage diversity and function Help researchers overcome immune neutralization 

and bacterial resistance to drive the development of phage-based medicines. It is important to study 

the role of bacteriophages in human microbiome and immunity, optimize therapeutic use of them, 

and increase our molecular and ecological knowledge about this type of viruses. These 

developments will be integral to understanding of phage biology, biocontrol and phage therapy. 

Possible Paths for Further Study: 

1. It certainly needs more genome sequencing and isolation of phages, including dsRNA-

based those to get better information on the diversity genetic and taxonomical aspects. 

2. More investigation is needed into the molecular basis of host specificity and non-lytic 

infection cycles. 
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3. A better understanding of phage–microbe and phage-mammalian immunity interactions is 

vital in maximizing the efficacy of phage therapy. 

4. Better krnowledge about phage-encoded CRISPR-Cas and anti-phage defense systems 

should aid our understanding of bacterial evolution. 

5. Phage-based biomarkers and epidemiological tools will facilitate clinical as well as 

environmental surveillance. 
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