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Bacteriophages are crucial components of the human microbiome and hold
promise as therapeutic agents. Yet, their physical interactions with mammalian
cells remain poorly understood. Here, we developed a high-throughput plat-
form to identify phages that adhere to epithelial layers and the proteins that
mediate this interaction. The identified phages encode immunoglobulin (Ig)-
like domain-containing proteins that, when displayed on a non-adherent
phage, confer epithelial binding and internalization in vitro, and increased
phage retention in the mouse gut in vivo. Phages encoding these adhesins are
among the most abundant and prevalent human gut phages, including crAss-
like phages and myoviruses closely related to the recently proposed Flan-
dersviridae family. Domain sequence variation alters epithelial interaction
profiles, and internalized phages traffic to the endoplasmic reticulum through
the Golgi apparatus, suggesting access to non-degradative internalization
pathways. These findings reveal widespread phage-human interactions in the
human viral community, with potential impacts on health and implications for
next-generation phage therapeutics.

The mammalian microbiome is one of the most densely populated and  blood, kidney, cerebrospinal fluid, and the brain®%, Phages can persist

complex ecosystems, comprising bacteria, archaea, viruses, and
eukaryotes that collectively shape host physiology"’. While bacteria
are recognized as central to human health, bacteriophages, viruses
that infect bacteria, are emerging as influential yet mechanistically
underexplored components of host-associated  microbial
communities”’. Despite their evolutionary distance, phages and

in the body for extended periods®®, synergize with the immune
system’™, and even enhance human cell viability among other
effects’” ™. However, the molecular determinants that enable specific
phages to engage with mammalian cell surfaces and cellular pathways
remain largely unknown.

Epithelial layers form the primary barrier between the human

human cells engage in complex interactions*®, with phage DNA and
particles detected even in tissues once considered sterile, including

body and its environment. To interact with it, microbes have evolved
diverse strategies'®?, particularly in the gastrointestinal tract, where
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complex tripartite interactions unfold between bacteria, phages, and
host epithelial cell surfaces'. It is estimated that as many as 31 billion
phage particles may cross the gut barrier daily?, yet the mechanisms
and consequences of this translocation are unclear. Several studies
suggest that phages displaying surface-exposed adhesion modules can
bind mucosal components, thereby increasing residence time at epi-
thelial interfaces”*. Among these, immunoglobulin (Ig)-like domains
have been proposed as key determinants, and early genomic surveys
revealed their widespread occurrence in phage genomes>*. Critically,
however, the vast majority of these Ig-like domains and other potential
adhesins remain functionally uncharacterized. As a result, it remains
unclear which phages can actively adhere to epithelial surfaces, which
domains are responsible for the interactions, and whether such inter-
actions extend beyond mucus binding to include direct engagement
with epithelial cells. A notable exception is the T4 phage, whose capsid
surface protein, Highly immunogenic outer capsid (Hoc), binds to
intestinal mucus, forming the basis of the Bacteriophage Adherence to
Mucus (BAM) hypothesis®. As a result of adhesion, the eukaryotic cells
can internalize the T4 phage in vitro®*°, Whether similar mechanisms
operate in dominant but largely uncultivated gut phages, such as
crAss-like phages and other uncharacterized phage groups, remains
unknown®-*?, Systematically uncovering these mechanisms is crucial
for understanding the physiological effects of phages on the
human host.

Here, we developed a high-throughput pipeline to systematically
identify phages that adhere to epithelial layers and the phage-encoded
proteins mediating these interactions. Specifically, by phage affinity
panning on epithelial surfaces, virome sequencing, domain-centric
analyses, and functional validation through phage engineering, we
demonstrate that modular Ig-like domain-containing proteins confer
epithelial binding and uptake in vitro when displayed on a non-
adherent/low-internalization phage scaffold. Importantly, the dis-
played proteins also increase phage retention in the murine gastro-
intestinal tract in vivo, linking epithelial association to altered phage
persistence under physiological conditions. We further show that
phages encoding the identified Ig-like domains are highly abundant
and prevalent in the human gut viral community and that such phages
carry the adhesins in different combinations, indicating that they
precisely control adherence strength and binding partners on the
mucosal surfaces. Finally, fluorescence microscopy reveals that inter-
nalized phages can traffic to the endoplasmic reticulum, suggesting
access to non-degradative intracellular pathways. These findings
reveal widespread phage-human interactions with implications for
human health and therapeutic applications.

Results

High-throughput identification of adhering phages and their
adhesins

To capture diverse phages for the assay, we pooled fecal viral filtrates
from ten healthy and ten dysbiotic individuals (Fig. 1A), leveraging
substantial inter-individual and health-associated variability in the
phageome®*. We spiked the filtrate with the well-characterized T4
phage as a positive control due to its known mucosal adhesion and
intracellular entry via macropinocytosis*?. Batches of the filtrate were
applied to either low mucus-producing Caco-2 or high mucus-
producing HT29-MTX cell layers to assess phage adhesion to the gly-
cocalyx, the overlaying mucus, or other epithelial cell surface
receptors® (Fig. 1A). Following incubation, non-associated phages
were removed by repeated, gentle rinsing of the sample and collected
as the supernatant (“effluent” fraction). Adhering phages were subse-
quently eluted from the cell layer (“residual” fraction) with an estab-
lished methodology’ (see Methods). Phage DNA was extracted from
both fractions and the initial filtrate, and subjected to next-generation
sequencing. The entire procedure was performed in two biological
replicates to support reproducibility (see Methods).

Assembly of sequencing reads yielded 97,460 contigs of phage
origin, clustered into 3809 viral Operational Taxonomic Units (vOTUs)
at 95% nucleotide identity (Supplementary Data 1). To ensure accurate
detection of complete domain repertoires, vOTUs were filtered for
quality based on genome completeness (=90%, that is, the predicted
fraction of the expected viral genome captured by the assembled
contig) and coverage (=1, that is, the mean read coverage across all
positions in the contig), resulting in a curated set of 199 high-
confidence vOTUs (Fig. 1B, Methods). Of these, 17 were classified as
adherent based on two stringent criteria: (i) presence in all four resi-
dual samples (two biological replicates across both epithelial cell
types), indicating adherence and (ii) concurrent depletion from all four
effluent samples, indicating cellular uptake (Fig. 1B, Methods; Sup-
plementary Data 2). The remaining 182 vOTUs were classified as non-
adherent. Finally, to identify candidate protein mediators of phage
adherence and uptake, we performed a genome-wide survey of phage-
encoded protein domains in the 199 complete vOTUs. Specifically,
protein domains were systematically evaluated for enrichment in
adherent versus non-adherent vOTUs and then screened for putative
adherence-related functions based on prior literature (Supplementary
Data 3-4; Methods).

In agreement with the bacteriophage adherence to mucus (BAM)
model”*’, adherent vOTUs encoded Ig-like-domain-containing open
reading frames (ORFs) disproportionally more frequently than non-
adherent vOTUs (p <0.00001, two-sided Fisher’s exact test, Fig. 1B,
Supplementary Data 2). Interestingly, the thirteen Ig-like-bearing
adherent vOTUs contained multiple such domains, totaling 45 ORFs
encoding 67 Ig-like regions (Supplementary Data 5). Of these ORFs,
79% were located in close proximity (<5 ORFs) to ORFs encoding
structural proteins (Methods), consistent with possible association
with structural elements (Fig. 1C, Supplementary Data 5). Classification
of the 67 Ig-like regions revealed four major Ig-like domain types, with
the Bacteroidetes Associated Carbohydrate-binding Often N-terminal
(BACON) domain representing approximately 64% of all identified Ig-
like regions (Fig. 1C, Supplementary Data 5). They are present in twelve
of the thirteen Ig-like domain-encoding adherent vOTUs (Fig. 1C,
Supplementary Data 5-6), despite originating from multiple, evolu-
tionarily distinct phage groups, as revealed by the network analysis of
shared protein orthogroups (Fig. S1, Supplementary Data 7). The two
largest BACON-encoding phage clusters were crAss-like phages and a
taxonomically unassigned phage group predicted to exhibit myoviral
morphology based on genomic features (Fig. S1, Supplementary Data 1
and Supplementary Data 7). Beyond the unspecified Ig-like domains,
the second most prevalent type was the polycystic kidney disease
(PKD) domain, present in T4 Hoc protein and in polycystin-1 cell-sur-
face glycoproteins, hypothesized to mediate protein-protein and
protein-carbohydrate interactions®. PKD domains occurred in ~46%
(6/13) of Ig-like-domain bearing adherent vOTUs, including all vOTUs
of the myovirus group (Fig. 1C; Fig. S1, Supplementary Data 6). Based
on CRISPR spacer match predictions, these vOTUs infect Bacteroidota
hosts, akin to crAss-like phages (Supplementary Data 1-2 and Supple-
mentary Data 8). As an exception to the general trend of encoding
multiple Ig-like domains, one vOTU (vOTU_153) contained only a single
lg-like domain, classified as a Big2-type Ig-like domain (Fig. 1C, Fig. S1,
Supplementary Data 6).

Displaying transferred adhesins facilitates phage-epithelial
interaction

To validate the predicted function of the identified Ig-like domain-
containing proteins, we displayed a subset of them on the surface of
the Escherichia coli phage KIF scaffold, which showed minimal or
undetectable internalization under the epithelial assay conditions used
here and was therefore used as a non-adherent baseline. Three can-
didate ORFs PCR-amplified from the fecal viral filtrate were integrated
into the K1F genome to create an occasional translational fusion with
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Fig. 1| High-throughput identification of adherent phages and their proteins
involved in gut epithelial adherence and uptake. A Overview of the experimental
workflow used to separate phages that adhere to epithelial cells (residual fraction)
from non-adherent phages (effluent fraction), followed by short-read sequencing
and downstream analyses. B Quality control and analytical steps used to identify
adherent and non-adherent viral operational taxonomic units (vOTUs) and their
adhesins, including quality filters (genome completeness and coverage), adherence
phenotype (see methods), and the enrichment of adhesins. Bold numbers indicate
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the number of vOTUs retained at each step. Ig-like domain-containing ORFs are
significantly enriched in adherent compared with non-adherent vOTUs (two-sided
Fisher’s exact test, p = 0.00001, n=199 vOTUs). C Schematic representation of
predicted open reading frames (ORFs) in 13 adherent vOTUs encoding Ig-like
domains. Ig-like domains are labeled by domain type, and annotated phage pro-
teins are color-coded at the bottom of each genome. All data are available in
Supplementary Data 1-5. Schematic images from A and B and the composite figure
were created in BioRender. Apjok, G. (2026) https://BioRender.com/mtk4j9v.

the minor capsid protein (Fig. S2, Supplementary Data 9, and Meth-
ods). Specifically, in KIF, genelO encodes the major capsid protein
gp29, while a programmed -1 translational frameshift in the 3’ region
generates an extended product, referred to as genelOb, which func-
tions as the minor capsid protein. By placing the insert at this locus, the
displayed proteins are fused only to the frameshift-derived minor
capsid product and are therefore incorporated into only a subset of
capsid subunits, minimizing disruption to phage assembly and
function®, This resulted in three engineered phages: KIF:S, carrying a
protein with a single BACON domain, detected in vOTU_120, 122, and
131 (Fig. 1C); KIF::L, encoding a protein with one BACON and one
unspecified Ig-like domain, detected in vOTU_131; and KIF::7649,
encoding a closely related variant of the previous protein, differing by
an internal 1375T substitution and an altered C-terminal sequence,
detected also in vOTU_131 (Supplementary Data 9). As a positive con-
trol, we generated a K1F phage variant displaying the mucus-binding
Hoc protein of T4¥, designated as K1F::hoc, encoding two PKD and one
unspecified Ig-like domains (Supplementary Data 9). Together, these

four proteins cover the three most prevalent, potentially adherence-
mediating domain types (BACON, PKD, and unspecified Ig-like
domains) identified in the adherent vOTUs (Supplementary Data 6).
Characterization of infection dynamics confirmed that the viability of
K1F remained unaffected by the displayed Ig-like domains (Fig. S3,
Supplementary Data 9). Wild-type KIF, engineered KIF variants, and
wild-type T4 phage were fluorescently labeled using SYBR™ Gold and
applied to epithelial cell monolayers for quantitative association and
uptake assays (Methods). Three human epithelial cell lines with dis-
tinct surface properties were examined: Caco-2 and HT29-MTX
intestinal epithelial cells, which display low basal uptake potential,
and A549 lung epithelial cells, which exhibit high mucus production
and elevated endocytic activity®***°. A549 cells were included to test
whether adhesin-mediated phage uptake could also be observed
beyond intestinal epithelial lines. Intracellular fluorescent signal
changes were tracked over 18 hours in three replicates (see Methods).

While wild-type KIF showed minimal internalization in the tested
epithelial cell types, all four recombinant phages demonstrated
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significantly higher uptake with varying rates (Fig. 2A-C, Supplemen-
tary Data 11). High mucus-producing cell lines (A549 and HT29-MTX)
exhibited higher internalization of KIF displaying Ig-like domains
compared to the low mucus-producing Caco-2 line, regardless of dif-
ferences in non-receptor-mediated endocytic activity of A549 and
HT29-MTX (Fig. 2D). The magnitude and kinetics of signal accumula-
tion varied among constructs, indicating that distinct Ig-like domain
architectures confer different interaction strengths. The T4 phage

Phages detected in stool

showed a significantly higher internalization rate than the engineered
K1F::hoc phage across all three cell types (Fig. 2C). This difference may
be explained by (i) the native T4 phage carrying approximately three
times more Hoc proteins than the engineered K1F variant*~*, (ii) the
C-terminal capsid binding domain of the Hoc protein theorized to
specifically interact with the native T4 capsid proteins and its transfer
to the K1F phage may have perturbed its native conformation** or (iii) a
Fibronectin type Il Ig-like domain on the T4 phage tail fiber may
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Fig. 2| Adhesin display enhances epithelial adherence of K1F phage in vitro and
in vivo. A Confocal (A549, HT29-MTX) and widefield (Caco-2) microscopy images
showing internalization of wild-type and adhesin-displaying K1F phages, as well as
wild-type T4 phage, in A549, HT29-MTX, and Caco-2 cell lines after 18 h of co-
incubation with an average phage:cell ratio of ~10,000:1. Nuclei were stained with
Hoechst (blue) and phages with SYBR™ Gold (green). Z-stacks were acquired across
the full nuclear depth from apical to basal planes (see Methods). Scale bar: 50 um.
B Time-course quantification of cellular uptake of wild-type and adhesin-displaying
K1F phages and T4 phage in A549, HT29-MTX, and Caco-2 cells over 18 h (n=27,
technical replicates). The percentage of cells containing intracellular phages was
calculated from 27 fields of view. Mean + SD are shown. C Area under the curve
(AUC) values calculated from the uptake curves until 18 h time points in B. Each dot
represents one field of view (n=27, technical replicates); mean + SD are shown. P-
values were calculated using the Kruskal-Wallis test (two-tailed)(*p < 0.05,

**p < 0.01, **p < 0.001, ***p < 0.0001). a.u., arbitrary units. D Comparison of phage
uptake by high mucus-producing A549 and HT29-MTX cells and low mucus-
producing Caco-2 cells, quantified as AUC values derived from B. Each dot repre-
sents one field of view (n =27, technical replicates); mean + SD are shown. Sig-
nificance was assessed by Kruskal-Wallis test (two-tailed)(*p < 0.05, *p < 0.01,

***p <0.001, ***p < 0.0001). E Time-course and AUC analysis of phage counts
detected in mouse stool, measured as shown in the schematic. Each dot represents
one animal (n =5, animals per group, except K1F and K1F::hoc, where one animal
per group was excluded, see Supplementary Data 12). Mean + SD are shown. Sig-
nificance was assessed by the Kruskal-Wallis test (**p < 0.01). Data are available in
Supplementary Data 11 for B, C, and D. Schematic images from the upper part of
panel E and the composite figure were created in BioRender. Apjok, G. (2026)
https://BioRender.com/irsuy6g.

further facilitate interaction with eukaryotic cell surface residues
beyond the Ig-like domains of the Hoc protein (Supplementary Data 3).

Adhesins increase retention in the murine gastrointestinal tract
To assess whether the identified phage-host interactions also occur
under physiological conditions, we examined whether displaying Ig-
like domains on the K1F phage affects phage retention in the mouse
gut. To this end, mice were gavaged with 2 x108 PFU of phages, and
fecal shedding was monitored over 24 hours (Methods). Wild-type K1F
and T4 phages were used as negative and positive controls for
adherence, respectively.

Consistent with previous reports on the gut transit of closely
related podovirus-like phages®, wild-type K1F phage exhibited rapid
gastrointestinal transit with fecal phage counts peaking at approxi-
mately 4 hours post-administration (Fig. 2E, Supplementary Data 12).
In contrast, engineered KIF variants displaying Ig-like domain-con-
taining proteins showed reduced fecal recovery over time relative to
wild-type K1F, indicating altered gastrointestinal retention dynamics.
Among these, K1F::L displayed the most pronounced reduction in fecal
shedding, comparable to that observed for T4 phage. The remaining
engineered variants exhibited intermediate phenotypes, mirroring the
trends observed in vitro.

Overall, displaying the Ig-like containing proteins reduced the
clearance of the recombinant phages from the animals. This observa-
tion is consistent with sequestration of the recombinant phages within
the mucin layer and/or altered association with epithelial surfaces,
although direct epithelial localization or internalization in vivo remains
to be demonstrated.

Phages with modular adhesins are abundant and prevalent in
the healthy human virome

Next, we asked whether phages encoding the experimentally iden-
tified Ig-like domains represent rare curiosities or adherence to
mucosal surfaces is a widespread phenomenon in the human viral
community. We analyzed two datasets: (i) Cenote Human Virome
Database*®, encompassing seven human body sites from nearly
6000 metagenomes, comprising >45,000 vOTUs, designated here
as the Broad Human Virome; and (ii) fecal viromes of 40 healthy
individuals and 39 patients with Crohn’s disease or ulcerative colitis,
consisting of >28,000 vOTUs, designated here as 79-Individual Gut
Virome®".

Across the Broad Human Virome and the 79-Individual Gut Vir-
ome datasets, 10.1% and 5.5% of vOTUs, respectively, harbored at
least one of the four Ig-like domain types that we identified in the
adherent vOTUs (BACON, PKD, unspecified Ig-like, Big-2)(Supple-
mentary Data 13, 14). Among these, we identified 162 vOTUs encod-
ing 475 Ig-like domain-containing proteins that share >80% sequence
identity with the 45 ORFs detected in the 13 experimentally identified
adherent vOTUs (Fig. 3A, Supplementary Data 15, 16). Given the high
sequence similarity, these proteins are also likely mediators of

adherence. The majority of them are modular, encoding BACON,
PKD, and unspecified Ig-like domains in different combinations
(Fig. 3A). CRISPR spacer matches suggest that the vOTUs encoding
them infect hosts belonging to the Bacteroidota phylum (Supple-
mentary Data 13), which are commonly associated with mucosal
niches and utilization of host-derived glycans*. This implies that
these phages attain persistence and co-localization with their hosts
by adhering to mucus. Finally, based on bioinformatically predicted
lifestyles*, Ig-like domain content was not significantly associated
with predicted virulent or temperate lifestyle (two-sided Fisher’s
exact test, p=0.2456; Supplementary Data 14).

We next tested a key prediction of the BAM model, namely,
whether Ig-like domain-encoding phages are more abundant and
prevalent in mucosal body sites compared with phages that do not
encode these domains”. To ensure unbiased comparisons, we
restricted our analysis to high-quality phage genomes (>90% com-
pleteness with high or medium confidence). Among these genomes,
BACON, PKD, or unspecified Ig-like domains were present in 12.8%
and 15.6% of the vOTUs in the Broad Human Virome and the 79-
Individual Gut Virome, respectively (Supplementary Data 13, 14).
Most importantly, these phages were strongly enriched among
abundant and prevalent vOTUs across both datasets, with the
exception of the only body site not covered by a mucosal surface,
the retroauricular crease (the skin area behind the ear, Fig. 3B;
Supplementary Data 17, 18; Methods). The enrichments were most
pronounced for phages encoding BACON, PKD, and unspecified Ig-
like domains together (Fig. 3B). Importantly, when we controlled for
host-driven ecological variations by analyzing only Bacteroidota-
infecting vOTUs, the enrichments of these Ig-like domain-carrying
vOTUs in the high abundance and prevalence categories remained
similarly strong (Fig. S4, Supplementary Data 19). Generating a
protein-sharing network from the 79-Individual Gut Virome revealed
that vOTUs encoding these domain types cluster across the phage
network (Fig. 3C), consistent with the clustering of the experimen-
tally identified adherent vOTUs (Fig. S1). These phage groups were,
again, Crassvirales and phages belonging to a taxonomically unaf-
filiated myovirus cluster (Fig. 3C). Most of the 50 vOTUs
in this cluster share >90% nucleotide similarity with members of
the recently proposed Flandersviridae family*, indicating that they
are closely associated with this group (Supplementary Data 20).
Notably, individual vOTUs from this cluster harboring all three
domain types were typically detected in ~10% of individuals (8/79;
Fig. 3D), placing 82% of them within the top 10% most prevalent
human gut phages. CrAss-like phages utilizing these domains are
similarly abundant and prevalent in the 79-Individual Gut Virome
(Fig. 3D). These findings indicate that by promoting prolonged
retention in the gut environment, mucin binding indirectly raises
the likelihood that these phages appear consistently across indivi-
dual phageomes. Finally, we examined whether vOTUs carrying at
least one BACON, PKD, or unclassified Ig-like domain were
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associated with healthy or disease-associated microbiomes (Meth-
ods). This analysis leveraged association data between phages from
the Broad Human Virome and 11 different diseases*. Adherent
vOTUs were not enriched in any disease category (Supplementary
Data 21) but were instead more abundant in the gut virome of
healthy individuals than in those of patients with inflammatory
bowel disease (IBD) (Fig. 3E), consistent with their dependence on
an intact mucosal architecture.

Minimal Ig-like domain variations alter epithelial surface
targeting

To dissect how Ig-like domain sequence variation influences epithelial
interaction partners, we examined whether the identified adhesins
differ in their sensitivity to perturbations of epithelial surface com-
ponents. We focused on high mucus-producing HT29-MTX cells that
were subjected to treatments targeting distinct cell surface structures.
Specifically, epithelial cultures were treated with N-acetylcysteine
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Fig. 3 | Genomiic distribution of Ig-like domains in the human virome.

A Clustering of 475 Ig-like domain-containing ORFs from the Broad Human Virome
and the 79-Individual Gut Virome that share >80% sequence identity with the 45 Ig-
like domain-containing ORFs identified in 13 experimentally validated adherent
vOTUs. ORFs were clustered at >80% identity and coverage. Arrows indicate ORFs
with 100% sequence identity to those in the experimentally identified vOTUs. In the
left panel, green lines denote the presence of Ig-like domain types. Symbols indi-
cate ORFs present in KIF::S, KIF::L, and K1F::7649, respectively. B Phages harboring
BACON, PKD, or unspecified Ig-like domains are overrepresented among highly
abundant and prevalent phages across both datasets. Blue intensity indicates the
degree of overrepresentation (odds ratio >1) based on a two-tailed Fisher’s exact
test. Nis provided in Supplementary Data 18, 19, p-values were Benjamini-Hochberg
corrected for multiple comparisons. C vContact3 protein-sharing network of high-
quality phage vOTUs (n =2269) from the 79-Individual Gut Virome. Nodes and
edges represent vOTUs and shared protein clusters, respectively. Colored and grey
nodes indicate vOTUs with and without Ig-like domains, with domain types color-

coded. Dashed outlines highlight major clusters enriched for Ig-like domain-
encoding phages, including Crassvirales and phages of a distinct cluster of myo-
viruses. Selected adherent vOTUs from the epithelial adherence screen are labeled.
D Abundance versus prevalence of vOTUs in the 79-Individual Gut Virome. vOTUs
of interest are distinguished by shape. Crassvirales phages and the phages of the
myovirus cluster are shown in red and blue, respectively (n=2036 from 79 indi-
viduals). E Abundance of vOTUs encoding different Ig-like domains in healthy
individuals versus IBD patients in the 79-Individual Gut Virome (two-tailed Mann-
Whitney U test, n=1544 from 40 healthy and 39 IBD individuals, Supplementary
Data 14). Significance levels: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Box
plots show the median (center line) and interquartile range (25th-75th percentiles).
Whiskers extend to the most extreme values within 1.5 x IQR. Outliers are not
displayed as part of the box plot; however, all individual data points, including
outliers, are shown as jittered points. The composite figure was created in Bior-
ender. Apjok, G. (2026) https://BioRender.com/msb8nkt.
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Fig. 4 | Effects of cell surface disruptions on the internalization of Ig-like
domain-displaying K1F phages. Plots show the internalization of wild-type and
engineered KIF phages, as well as T4 phages, into the HT29-MTX cell line following
different cell surface treatments. Internalization is expressed as the relative fold
change in area under the curve (AUC), normalized to the untreated control (setto1,
indicated by a green dotted line). AUC was calculated from the percentage of cells
with intracellular phages. Mean and standard deviation are shown. Each dot
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represents one field of view (n = 27, fields of view from 3 independent experiments,
with 9 fields of view analysed per experiment). Stars indicate p-values calculated
from Kruskal-Wallis test (two-tailed)(** p < 0.01, *** p <0.0001). Abbreviations:
NAC - N-acetylcysteine, CSA - cyclosporin A, HEP - heparinase I. Data is available in
Supplementary Data 22. The composite figure was created in BioRender. Apjok, G.
(2026) https://BioRender.com/nlee7ne.

(NAC) to disrupt disulfide bond-mediated mucin structure®, cyclos-
porin A (CSA) to induce mucin aggregation®** or heparinase I to
enzymatically remove heparan sulfate moieties from both the mucus
layer and the underlying glycocalyx®™ . The impact of these treat-
ments on cellular phage uptake was evaluated by investigating fluor-
escently labeled phage internalization on treated and untreated HT29-
MTX cell cultures.

All cell surface treatments significantly reduced internalization
of all the engineered KIF phages (Fig. 4, Supplementary Data 22).
However, while uptake of KIF::S, K1F::7649, and K1F::hoc was nearly
abolished by all treatments, the disruption of the mucus layer with
NAC and CSA had a notably smaller effect on KIF:L. Cleaving
heparan sulfate further diminished KIF::L binding (Fig. 4, S5, Sup-
plementary Data 22), suggesting that K1F::L uniquely interacts with
both mucin and membrane-bound proteoglycans. This distinction
between KIF::L and K1F::7649 is striking, as the two Ig-like domain-
containing proteins differ by an internal 1375T substitution at posi-
tion 375 and an altered C-terminal region, where KIF::L ends in
VFNLG and K1F::7649 ends in YWA* (Supplementary Data 9). Finally,
native T4 was affected less strongly by these treatments than
K1F::Hoc. As detailed above, this difference likely stems from
scaffold-dependent factors rather than Hoc alone: native T4 carries
more Hoc molecules, presents Hoc in its native capsid context*, and
also includes an additional Fibronectin type Ill Ig-like domain that
was not transferred to KIF.

Overall, adhering phages may bind to mucin and to the glycocalyx
depending on the sequence of the Ig-like domain. Specific Ig-like
domains that bind directly to the epithelial surface may enable inter-
nalization even in mucin-depleted or ulcerated sites where the cell
surface is exposed.

Phages with adhesins accumulate in ER, evading degradative
pathways

Phage internalization by eukaryotic cells can occur through various
routes - macropinocytosis-, phagocytosis-, receptor-mediated clathrin
or caveolin endocytic pathways, and less conventional pathways -
depending on cell type and phage-surface interactions (Fig. 5A)>*%,
To investigate intracellular trafficking of the engineered phages, we
determined their colocalization with different organelles following
entry into A549 epithelial cells. Prior to phage exposure, cells were
labeled with fluorescent markers specific for lysosomes, the Golgi
apparatus, or the endoplasmic reticulum (ER), and confocal imaging
was performed to quantify colocalization with fluorescently labeled
phages over time (Methods).

Engineered phages exhibited a distinct and reproducible intra-
cellular localization pattern. Within 6 hours of exposure, all engineered
variants consistently displayed strong colocalization with all three
markers, implying multiple uptake- and intracellular traffic-routes
available for the modified KIF phages (Fig. 5B-E, Fig. S6-8, Supple-
mentary Data 23). The level of accumulation within the cell organelles
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correlated with phages’ internalization efficiency. Specifically, K1F::L
and K1F::7649, the two phages with the highest uptake, demonstrated
the most colocalized phage with the Golgi and ER. These results may
be consistent with a model in which adhering phages are taken up by
epithelial cells through endocytic mechanisms, potentially bypassing
canonical degradative pathways, and may traffic intracellularly to the
ER via the endosomal system. The ER may act as a terminal destination
under these experimental conditions.

Golgi apparatus ER
100 preTy 120 —
80|
60| b
40
20| .
o .

In summary, engineered phages partially avoid lysosomal path-
ways and accumulate in the ER, suggesting involvement of retrograde
transport, although the underlying mechanisms remain unclear.

Discussion

Our study established that physical interactions between bacter-
iophages and the human epithelium are widespread and likely play a
role in shaping the gut virome ecology, including phage spatial
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Fig. 5 | Potential internalization routes of phages and the colocalization pat-
terns of engineered phages with subcellular compartments. A Schematic illus-
tration of potential entry and trafficking pathways for phages interacting with
human cells, based on known endocytotic routes. Conventional routes are shown in
green, while less common directions are marked by dashed red lines. B Confocal
microscopy images showing the colocalization of labeled wild-type and engineered
phages (green: SYBR™ Gold dye) with lysosomes, the Golgi apparatus, and the ER
(red: Lysotracker™ Deep Red, BODIPY™ TR Ceramide, and ER-Tracker™ Red dyes,
respectively) Scale bar, 20 um. Colocalization of phages with different organelles:

lysosome (C), Golgi apparatus (D), and ER (E) after six hours of incubation. Colo-
calization was quantified by the percentage of organelle-specific red signals over-
lapping with phage-specific green signals based on Manders’ overlapping
coefficient. Mean and standard deviation are shown. Each dot represents one field
of view. Stars indicate p-values calculated from Kruskal-Wallis test (two-tailed,n =9,
fields of view from 3 independent experiments, with 3 fields of view analysed per
experiment * p <0.05, * p<0.01, ** p<0.001, *** p <0.0001). Schematic images
from panel A and the composite figure were created in BioRender. Apjok, G. (2026)
https://BioRender.com/jrnxyho.

distribution, persistence, and bacteria-phage interaction dynamics.
We demonstrate this by identifying phages that bind to epithelial
cells and pinpoint to adhesins that mediate these interactions (Fig. 1).
When three of these Ig-like domain-containing adhesin candidates,
together with the PKD domain-containing Hoc protein from bacter-
iophage T4 as control, were displayed on the otherwise non-adher-
ent/low-internalization Escherichia coli phage KIF, the engineered
phages exhibited increased epithelial adherence and uptake in vitro
across multiple epithelial cell types and increased gut retention in
mice in vivo (Fig. 2). Phages encoding such adhesins are pre-
dominantly Crassvirales and myovirus phages related to the Flan-
dersviridae family, both of which rank among the most abundant and
prevalent phages in the human gut virome (Fig. 3). The likely
attachment sites include the cell membrane-embedded glycocalyx
layer and the overlying mucus (Fig. 4), consistent with the binding
behavior of PKD-domain phages such as T4 phage*~**. Following
epithelial uptake, the internalized phages localize mainly to the Golgi
and the endoplasmic reticulum (ER), bypassing classical degradative
compartments such as lysosomes (Fig. 5). Given that intracellular
trafficking routes into the ER are typically non-degradative, it is
plausible that internalized phages remain structurally intact within
this compartment; however, this was not experimentally investi-
gated. Such routing mirrors retrograde trafficking pathways exploi-
ted by certain bacterial toxins and non-enveloped viruses, raising the
possibility that phage surface features may influence their intracel-
lular routes upon entry®°.

Together, these findings indicate that epithelial and mucus
adhesion may represent a recurrent ecological strategy in the human
gut virome, highlighting an underexplored aspect of the gut viral
community, with potential consequences for both the phage and the
human host. Our data provide direct experimental support for a cen-
tral premise of the bacteriophage adherence to mucus (BAM) model
that adhesion to mucosal surfaces confers a selective advantage by
spatial co-localization with bacterial hosts and increased phage
retention which results in high abundance and prevalence in the gut
environment®?*, Importantly, our results extend this concept
beyond individual model phages to a diverse set of abundant and
prevalent gut phages. The independent emergence of similar modular
adhesins within distinct evolutionary lineages further indicates that
epithelial and mucus adhesion is a dominant and repeatedly selected
ecological strategy in the human gut virome. The high prevalence of
adherent phages in healthy gut viromes and the depletion in IBD
suggests that adhesion-competent phages are signature components
of a well-functioning mucosal environment. Their reliance on stable
bacterial hosts and preserved mucus architecture explains their
depletion when these conditions break down during inflammation,
underscoring that their distribution reflects ecosystem health rather
than a pathogenic role.

Phage adherence and internalization also hold promise for inno-
vative therapeutic applications. As the technology matures and safety
data accumulate, engineered adhesins on phage surfaces could be
leveraged to enhance tissue targeting, retention, or cellular uptake,
potentially enabling targeted intracellular delivery or immune mod-
ulation. In this context, the observed ER trafficking raises the possibi-
lity of using phages as delivery vehicles for therapeutic payloads to

cells affected by ER-associated disorders such as cystic fibrosis®, Fabry
disease®?, or Gaucher disease®’.

Several limitations of our study remain. In our high-throughput
adherence assay, high amounts of remnant DNA from eukaryotic
cells reduce assay sensitivity, making it likely that low-abundance
adherent phages remain undetected. These conclusions should also
be interpreted in light of the limited number of experimentally
validated adherent vOTUs and the specific epithelial models and
assay conditions used here. Another limitation is the difference
between the in vitro and in vivo settings: (i) cultured cells were
exposed to a high abundance of a single phage, whereas tissues
in vivo encounter a diverse phage population and (ii) we do not yet
know under which physiological conditions epithelium-associated
phages undergo internalization in the human gut in vivo, where
mucus architecture and immune activity differ substantially from
in vitro systems. It is also unclear whether the reduced clearance of
phage from the mouse is due to actual epithelial internalization or
another underlying mechanism, warranting further investigation.
The functional integrity of internalized phages by the epithelial cells
likewise remains unknown, as do the immunological consequences
of their entry into host cells. Future studies should address these
aspects and explore the long-term outcomes of these phage-human
interactions. Nonetheless, our work identifies and validates modular
genetic determinants of phage adherence and trafficking, providing
a foundation for understanding and harnessing phage-host inter-
faces in human health and therapy.

Methods

Throughout the entire study, we complied with all relevant ethical
regulations. Animal experiments were approved by the Animal
Experimentation Scientific Ethical Council: Investigation of
the Effectiveness of Bacteriophage Strains with Therapeutic Poten-
tial in Animal Experimental Model Systems with an authorization
number: KA-3429. Feces were collected from 20 consenting
Irish adult volunteers according to study protocol APCOS55,
approved by the Cork Research Ethics Committee. Written informed
consent from each participant was obtained before fecal sample
collection.

Bacterial strains, bacteriophages, plasmids and media

For the cloning experiments, we used E. cloni 10 G ELITE electro-
competent cells (Lucigen, 60080-2). E. coli EV36, an E. coli K-12-K1
hybrid derivative with the ability to express a Kl polysaccharide cap-
sule morphologically similar to that of E. coli K1 clinical isolates®*. The
K1F phage, pSBC3 and pCas9KIFC2 plasmids were kind gifts of
Tamas Fehér.

Tissue cell culture

Three different epithelial cell lines were investigated: A549 (human
tumorigenic lung epithelial cell line) (ATCC, CCL-185), Caco-2 (non- or
low mucus-producing human colorectal adenocarcinoma cell line)
(Sigma, 86010202), and HT29-MTX-E12 (mucus-producing human
colon cancer cell line), which was derived from HT29 cells differ-
entiated into mature goblet cells using methotrexate (Sigma,
12040401).
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Unless otherwise indicated, all cell lines were cultured in Dulbecco
’s Modified Eagle’s Medium (DMEM GlutaMAX) (Gibco, 21885-025)
complemented with 10% fetal bovine serum (FBS) (Sigma, F4135),
incubated at 37 °C in an incubator with an atmosphere containing 5%
CO,, 95% relative humidity and grown to reach 80-90% confluency. To
prevent bacterial contamination, the medium was supplemented with
a 1x penicillin-streptomycin antibiotic mixture (Capricorn Scientific,
PS-B). Before conducting any measurements, the medium was
replaced with antibiotic-free medium. Time-lapse imaging of all cell
lines was carried out in FluoroBrite DMEM Medium (Gibco, A1896701)
supplemented with 10% FBS, while the microscopy measurements for
detecting the colocalization pattern of phages with cell’'s endomem-
branes were conducted in Ringer-Hepes solution (150 mM NaCl,
52mM KCI, 22mM CaCI2, 0.2mM MgCI2, 1.2 mM MgS04, 6 mM
NaHCO3, 5mM D-glucose, 10 mM Hepes, pH 7,4) supplemented
with 1% FBS.

Selection for epithelial adherent phages

To identify phages capable of adhering to the gut epithelial cells, first,
we obtained a pooled fecal viral filtrate from fecal samples acquired
from 10 healthy and 10 dysbiotic individuals, ensuring high taxonomic
phage diversity to increase the odds of recovering adherent phages.
Fecal filtrates were prepared following a previously described
protocol®. Briefly, 0.5 g of each fecal sample was placed in 10 mL of SM
buffer (50 mM Tris-HCI, 100 mM NacCl, 8.5mM MgSO04, pH 7.5), fol-
lowed by vigorous vortexing for 5 minutes. The samples were then
placed on ice for 5minutes and centrifuged (3000 x g, 10 minutes,
4 °C). The supernatant was transferred to new Falcon tubes, and the
centrifugation step was repeated. Finally, the supernatant containing
the phage particles was filtered through a 0.45 pum pore size PES
membrane. The filtrates were stored in a refrigerator at 4 °C until use.
As a positive control for adherence to the mucosal cell surface, we
spiked the filtrate with T4 phage in 10° PFU/mL final concentration per
sample, similarly to how the spike-in control was used in a viral
metagenomic study’.

To assess the adherence of the phages to the epithelial cell
surface, the filtrate was applied on the confluent cell layer of two
different gut epithelial cell types: Caco-2, a non- or low mucus-
producing and HT29-MTX a mucus-producing cell line. Samples were
incubated for 2-3 hrs at 37 °C in an incubator with an atmosphere of
5% CO, and 95% relative humidity. Following incubation, the effluent
fraction was collected by gentle removal of the supernatant. Cells
were washed twice with 10 mL PBS and the liquid resulting from the
first washing step was added to the supernatant containing the
effluent phages. Following washing, adherent phages were eluted
from the surface of the cell layer using an established
methodology’****. Briefly, cells were treated with 1.5 mL of Trypsin-
EDTA to detach them from the culture dish, swayed gently for 1 min
and incubated at 37 °C for 10 min.

(HT29-MTX cells) or 15 min (Caco-2 cells), respectively, account-
ing for the sensitivity of the cell lines against Trypsin-EDTA. As a next
step, we added 10 mL of DMEM complemented with 10% of fetal
bovine serum (FBS) to the samples. Cells were detached by a single
shaking followed by their collection in Falcon tubes and their sub-
sequent treatment with dithiothreitol (DTT) (20 mM final concentra-
tion). As DTT reduces disulfide bonds in mucins®, it was used to
disassemble the adherent phages containing the mucus layer from the
cell surface. DTT-treated samples were incubated at 37 °C for 30 min,
then kept on ice for 15 min and finally centrifuged at 4 °C for 20 min
(3000 x g). The resulting supernatant was filtered by using a PES
membrane with 0.45 UM pore diameter, and samples were stored at
4 °C. The DNA extracted from these samples was sent for sequencing
and the resulting data was subjected to in-depth bioinformatic analy-
sis. To ensure reproducibility, the above-mentioned entire procedure
was carried out in two biological replicates.

Sequencing the genomic DNA from the viral filtrates

Phage genomic DNA was extracted from both the effluent and the
residual fractions, as well as from the initial viral filtrate, and prepared
for next-generation sequencing using the Accel-NGS 1S Plus DNA
Library Kit (Swift Biosciences, 10024) following the manufacturer’s
instructions. Samples were indexed by using the xGen™ CDI Primers
primer package (Swift Biosciences; 10009794). The genomic DNA of
the selected engineered phages was extracted using the Norgen phage
DNA extraction kit (Cat.n.: 46800, Norgen Biotek) and subsequently
sequenced by the Illumina shotgun NGS approach.

Bioinformatic analysis of sequencing data

Assembly of reads was done using Metaphage 0.3.2%7, a comprehensive
viral assembly pipeline employing fastP and seqScreener for quality
checking, Kraken2 and Krona for filtering non-viral reads, and Megahit
for assembly, which is later evaluated by QUAST. Assembled contigs
were passed to four viral screening tools, VIBRANT®, VirSorter®’,
Phigaro’® and VirFinder” to distinguish viral elements (contigs of
phage origin). The resulting 97460 contigs of phage origin were bin-
ned at 95% nucleotide sequence identity into vOTUs (Viral Operational
Taxonomic Units), from which read count was calculated by BowTie2”
and consequently BamtoCov”. In all samples, more than 90% of reads
passed quality filtering. Most viral elements were found by Vibrant or
Virfinder, with Phigaro and Virsorter having a very low number (0-10)
of hits exclusive to them. The largest contigs in each sample were
always between 100 and 500000 base pairs, corresponding to the
estimated scales of phage genome size (Supplementary Data 1).

To remove redundant or duplicate sequences, vOTUs were
dereplicated by MetaPhage®” using CD-HIT-EST’* with the default
sequence identity threshold of 0.95 (95%), word size of 9, and align-
ment coverage of 0.85, according to the original paper. In some cases,
when full or partial reverses of the same (or very similar) phage
sequence occurred, two vOTUs were separated by the algorithm even
though they shared a high (>97%) average nucleotide identity (ANI). In
such instances, to demultiplex the data, we prioritized keeping the
vOTU with the longer contigs. In cases where contig lengths were
equal, preference was given to the one with a higher total read count.

To further ensure the high quality of the investigated data, the
3809 non-redundant vOTUs obtained after binning and dereplication
were checked for genome completeness (i.e., the estimated propor-
tion of the full genome sequence represented in the reconstructed
genome). vVOTUs with less than 90% predicted genome completeness,
calculated by CheckV v1.5”, were removed, resulting in 451 vOTUs.
Here, completeness refers to the predicted fraction of the expected
viral genome represented by the assembled contig. Therefore, gen-
omes above this threshold were treated as high-quality/near-complete
genomes, although not necessarily closed genomes. Finally, as a per-
sample quality control, vOTUs were deemed present in a given sample
if their corresponding coverage exceeded 1, otherwise they were
considered absent (Fig. 1B). In addition, vOTUs exclusively identified in
the initial fecal filtrate samples were also excluded from the analysis.

Classification of the vOTUs based on their adherence
After performing the above-elaborated quality filtering steps, 199
vOTUs that were retained (Supplementary Data 2) were grouped into
two categories: ‘adherent’ and ‘non-adherent’ vOTUs. For this cate-
gorization, as a first step, we determined the abundance of each vOTUs
in different samples. To avoid overestimating the abundance of phages
with larger genomes, we calculated their abundance by using the
Lander-Waterman formula’, which takes into account the genome
sizes of vOTUs relative to their read counts:

Abundance of a vOTU = Read Count of the vOTU / Genome Size of
the vOTU

The resulting database was then used to define if a vOTU could be
considered as adherent or non-adherent. For this, we employed two
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different statistical approaches, one that relied on the presence of
vOTUs in the residual samples and one that measured vOTU depletion
from the effluent samples. We defined a vOTU as highly prevalent in
residual samples if its abundance value, as calculated above, was
higher than 1 in each of the residual replicates and was present in at
least one of the original fecal filtrates to ensure it was not a con-
taminant. To estimate the level of depletion due to cellular uptake for
each vOTU, we calculated the fold change between the ratio of a given
vOTU in the initial filtrate and the ratio of a given vOTU in the effluent
sample. For this, we applied the following formula:

Fold change = Abundance of a vOTU in initial filtrate / Abundance
of a vOTU in effluent samples

In cases when the resulting fold change value was higher than 1,
meaning that the relative abundance in the initial filtrate was higher
than in the effluent sample, we assumed that the phage was depleted
from the effluent sample due to its adherence to the mucus and con-
sequent internalization (Supplementary Data 2).

In sum, a vOTU was considered adherent (‘adherent’ vOTU) if it
met two criteria: (i) it was clearly present (coverage > 1) in all four
residual samples (two replicates with both HT29-MTX and Caco-2 cell
lines), and (ii) its abundance fold change between the initial filtrate and
the effluent sample exceeded 1 across all four replicates, indicating
consistent depletion from the effluent samples. Seventeen vOTUs met
these criteria, while the remaining 182 were categorized as non-
adherent (‘non-adherent’ vOTU) (Fig. 1B and Supplementary Data 2). As
expected, the T4 phage, included as a positive control, was classified as
adherent.

Predicting the ORF- and domain content of vOTUs

To identify those genetic factors that could potentially confer phages
with the ability to adhere to mucosal cell surfaces, the subset of 199
vOTUs was further investigated by predicting their ORF- and domain
content. Ig-like-domain-containing proteins were our primary candi-
dates for investigation in the context of adherence. Predictions were
done by annotating all vOTUs with Pharokka’” and selecting those that
had a domain of interest within 5 ORFs distance from structural pro-
teins. Domain presence was determined by screening with Interpro’s
Interproscan’’®  (release 5.65-97.0) standalone module for
Immunoglobulin-like fold (IPRO13783) and BACON (Bacteroidetes-
Associated Carbohydrate-binding Often N-terminal) (IPR024361)
domains.

Estimating the abundance and prevalence of phages harboring
adherence-related domains in the human virome

To investigate whether mucosal surface binding is a widespread fea-
ture of the human virome or whether phages carrying the experi-
mentally characterized Ig-like domains are only exceptional cases, we
analysed two datasets: (i) Cenote Human Virome Database*®, encom-
passing seven human body sites from >6000 metagenomes, com-
prising >45,000 vOTUs, designated here as the Broad Human Virome;
and (ii) faecal viromes of 40 healthy individuals and 39 patients with
Crohn’s disease or ulcerative colitis, consisted of >28,000 vOTUs",
designated here as 79-Individual Gut Virome (Supplementary
Data 13, 14).

By using CheckV we evaluated the completeness of these gen-
omes and kept only the ones with higher than 90% completeness, to
avoid analyzing genomes with a significant portion of their structural
proteins likely missing. ORFs were retrieved by using a customary
Python script, while domains were annotated with Interpro. We
screened all phages for surface domains that were related to adher-
ence, looking for matches with at least one of the following keywords:
adherence, adhesin, adhesion, adsorption, bacon, big_, cadherin, car-
bohydrate-binding, cell-adhesion, cell-cell, cell-surface, concanavalin
*-like, Fib_alpha, Fibronectin type Ill, fn2, fn3, glycan-binding, ig
domain, ig like, IgJ_chain, ig-fold, ig-like, immunoglobulin like,

immunoglobulin-like, Importin_rep_3, intimin, invasin, invasion, I-set,
lectin, leucine rich repeat, Irr, mucin, mucosal, mucus, peptidoglycan-
binding, Phage _glycop gL, pkd, protein-protein, sialidase, v-set. We
used an E-value of 0.01 as a cutoff point.

Using diamond blastp®® the ORFs retrieved from both datasets
were checked against the 45 ORFs detected in the 13 experimentally
identified adherent vOTUs, and those that shared >80% sequence
identity and had a domains’ coverage >80% (475 in total) were clus-
tered using Levenshtein distances® with a similarity threshold of 80%
(Supplementary Data 15, 16).

To ensure unbiased comparisons, we restricted the analysis to
high-quality phage genomes (>90% completeness and high or medium
confidence), yielding 15556 and 2269 vOTUs from the Broad Human
Virome and 79-Individual Gut Virome datasets, respectively. For both
datasets, we performed enrichment analyses using Fisher’s exact test
to assess whether Ig-like domain-encoding phages are enriched
among highly abundant and highly prevalent phages compared with
phages that do not encode these domains. For vOTUs belonging to the
Broad Human Virome dataset, the enrichment analysis was performed
across different body sites. For this, abundance and prevalence values
were split into three categories (tertiles) and labeled as low, medium,
and high. For the Broad Human Virome dataset, this was done for each
body site separately. Enrichment analyses were performed only for the
high abundance and high prevalence categories (Supplementary
Data 18-20). Phage lifestyle was predicted using BACPHLIP*’. Phages
were classified as virulent or temperate only when the corresponding
predicted probability exceeded 0.8.

To check whether vOTUs carrying at least one BACON, PKD, or
unclassified Ig-like domain were associated with disease-associated
microbiomes, for the Broad Human Virome dataset, we performed an
enrichment analysis after grouping vOTUs into two categories based
on whether they were significantly associated with disease status*
(Supplementary Data 21). For the 79-Individual Gut Virome dataset, we
compared the abundance of Ig-like- domain-encoding phages between
the healthy (n=40) and the IBD (n=39) cohorts by using the Mann-
Whitney U test (Supplementary Data 14).

Comparative genomics map
To visualize the taxonomic relationships of the identified vOTUs, we
used the classical approach of constructing an orthogroup-based
network of viruses, where proteins of all participant phages are clus-
tered, and the phages’ level of connection is determined by the num-
ber of proteins they have in common viral clusters (VCs).
Morphotype labels shown in Fig. S1 were inferred from the
MetaPhage output based on reference-based clustering and associated
reference annotations, and therefore represent predicted morphotype
assignments rather than morphology determined experimentally.
The network was calculated by Metaphage, applying
vConTACT2's** gene2genome module, an orthogroup-based classifier
that clusters proteins into homologous orthogroups, so-called viral
clusters. The reference database used in vConTACT2 was provided by
Metaphage. The connectivity of nodes representing our phages is
determined by the percentage of orthogroups they share. The visua-
lization of the vConTACT2 network was performed by using
Cytoscape®.

Engineering of KIF phages displaying Ig-like-domain-containing
proteins

K1F phages displaying the identified Ig-like-domain-containing pro-
teins were constructed by using homology-based recombination
coupled with CRISPR/Cas9 counterselection method described in a
previous study®**, with minor modifications. We used wild type phage
K1F as a scaffold to display a selected set of Ig-like domain-containing
proteins identified as a result of our screen for adherent phages. K1F
was included as a non-adherent/low-interaction baseline control based

Nature Communications | (2026)17:6191


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-74031-x

on preliminary testing under the same epithelial uptake assay condi-
tions and its consistent behavior across the experiments presented
here. For candidate domains, we selected eight Ig-like domain-con-
taining proteins from different clusters, which were carried by phages
defined as adherent. The corresponding genes were acquired by PCR
amplification from the initial fecal viral filtrate, and 3 Ig-like domain-
containing protein-coding genes were successfully integrated into the
3" end of the minor capsid gene of the KI1F phage just before the stop
codon, alongside a linker region (Fig. S2). In addition to the 3 newly
identified Ig-like domain-containing proteins, we engineered a KI1F
variant that displays the Hoc protein of the T4 phage. We used this
construct as a positive control for adherence, as this protein was
identified as the key determinant by which T4 adheres to mucus resi-
dues and also carries three Ig-like domains®.

In brief, wild-type K1F phages were propagated on E. coli EV36
host strain carrying the pSBC3 donor plasmid featuring the gene of
interest flanked by sequences homologous with the targeted region.
The resulting lysates were mixtures of wild-type and recombinant
phages, predominated by the former. To increase the ratio of recom-
binants, the resulting mixture of phages was next propagated on the
EV36 host harboring a CRISPR/Cas9 and guide RNA-containing plas-
mid. We used this plasmid to target the 3’ end of the unmodified minor
capsid gene sequence of the K1F, thus selecting against the wild-type
phages (for details, see Fig. S2). After performing a plaque assay with
the acquired phage lysates, the recombinants were identified from the
resulting unique plaques with PCR using the appropriate primers
(Supplementary Data 24). As a final confirmation of the integration, the
genomic DNA of each engineered phage was extracted using a Norgen
phage DNA extraction kit (Norgen Biotek) and sequenced by Illumina
shotgun NGS approach.

Phage propagation and titering

For phage propagation, we used the E. coli EV36 strain. Overnight
bacterial culture was prepared from glycerol stock by inoculation into
3 mL LB mediumin a13 mL tube and incubated at 37 °C with shaking at
220 rpm. The following day, the overnight culture was diluted in a
1:100 ratio in fresh LB medium and incubated at 37 °C with shaking at
220 rpm until the optical density (ODgo0) reached 0.6, after which it
was inoculated with the phage stock at a multiplicity of infection (MOI)
of 0.01. The phage-infected culture was then incubated at 37 °C with
shaking until complete bacterial lysis was observed, indicated by the
clearance of the culture (typically after 2-3 hours of incubation). After
observing complete lysis, the culture was transferred to sterile cen-
trifuge tubes, chilled on ice for 15 minutes and centrifuged at 2500 x g
for 10 minutes at 5°C to pellet any remaining bacterial debris. To
obtain a phage lysate devoid of bacterial cells, the supernatant was
filtered twice: first through a 0.45um PES syringe filter, followed by
filtration through a 0.25um PES syringe filter (VWR, 76479-026).
Finally, the lysate was stored at 4 °C.

The titer of the phage lysates was determined by using the classic
plaque assay protocol. 400 pl of mid-log-phase (ODggo = 0.6) E. coli
EV36 culture was added to 4 mL of molten top agar (LB supplemented
with 0.7% agar, kept at approximately 45 °C), mixed gently, poured
evenly on the surface of a pre-warmed LB agar plate, and allowed the
top agar to solidify at room temperature. Serial 10-fold dilutions
(ranging from 107 to 10™°) of the phage lysate were prepared in LB
medium, and from each dilution 10 uL was pipetted in duplicate onto
the surface of the plates prepared as described above. After the dro-
plets dried, the plates were incubated inverted overnight at 37 °C, and
the following day, the number of plaques was counted to determine
the phage titer expressed in PFU/mL.

Live cell imaging
For the live cell imaging, cells were seeded in Greiner pClear black 96-
well plates (Greiner, 655090). Before microscopy, the antibiotic-

containing culture medium was replaced with antibiotic-free medium
supplemented with Hoechst dye (1 ug/mL final concentration)(Sigma,
B2261), and cells were incubated for 20 minutes (37 °C, 5% CO,). After
the incubation, cells were washed twice with PBS solution and then
kept in antibiotic-free medium until further use.

Phages used in microscopy experiments were labeled with 1%
SYBR™ Gold nucleic acid dye (Thermo Fisher Scientific, S11494), fol-
lowing the protocol described by Bichet and colleagues®. Time-lapse
image sequences of A549 and HT29MTX cell lines were obtained using
the Operetta CLS high content analysis system (PerkinElmer) with a
40x water objective (NA 1.1) in confocal mode, and time-lapse image
sequences of Caco2 cell line were obtained using the Operetta high-
content screening system (PerkinElmer) with a 60x air objective (NA
0.7) in widefield mode. Scanning was performed using a brightfield
channel to identify cells, while fluorescent channels, DAPI (355/385,
430/500), EGFP (430/475, 525/550) were used to detect intracellular
signals of the fluorescent dyes. For each field of view, a 6-frame image
sequence was acquired with a 4-hour gap between subsequent frames.
140 fields of view were acquired for each slide using six (A549,
HT29MTX) and one (Caco2) Z focus plane determined by the laser-
based autofocus system.

The phage-endomembrane colocalization experiments were
implemented using Operetta CLS high content analysis system with a
40x water objective (NA 1.1) Pictures were taken in confocal mode with
12 stacks using brightfield channel to identify cells, while fluorescent
channels DAPI (355/385,430/500), EGFP (460/490, 500/550), mCherry
(530/560, 570/650) and Deep Red (615/645, 655/760) were used to
detect intracellular signals of the fluorescent dyes. All of the Z-stacks
were taken across the entire nuclear depth, from the apical to the basal
height.

For colocalization experiments, the images of the live cells were
taken by Leica Stellaris 5 confocal laser scanning microscope (CLSM)
with a culture chamber (to maintain 37 °C and 5% CO,) and a HC PL
APO CS2 63x/1.40 oil immersion objective. We used hybrid detectors
(HyD) to visualize nucleus (Hoechst 33342, Sigma) (HyD X 2, excita-
tion/emission 361/497 nm), phage DNA (SYBR Gold, Thermo Scientific)
(HyD X 2 excitation/emission 495/537 nm), endoplasmatic reticulum
(ER-Tracker Red) (Invitrogen) (HyD R 5, excitation/emission 587/615),
and Golgi apparatus BODIPY TR Ceramide (Invitrogen) (HyD R 5,
excitation/emission 589/617).

Image analysis pipeline of phage uptake

Screens performed by Operetta were processed using BIAS (Biolmage
Analysis Software)®. During the pre-processing step, non-uniform
illumination was corrected separately for each channel by using the
CIDRE method¥. The nucleAlzer basic nucleus segmentation model®
integrated into BIAS was applied to detect individual nuclei in the
images. In segmentation post-processing, two additional regions were
defined for each nucleus: a) a region representing the entire cell was
defined by extending nuclei regions up to a maximum radius of 10 pm
so that adjacent cells did not overlap, b) cytoplasmic regions were
defined by subtracting nuclei segmentation masks from extended cell
masks. Finally, morphological properties of these three different
regions, as well as intensity and texture features from all channels,
were extracted (in total 228 features) for cell classification. We
employed supervised machine learning to predict three different cell
types: GFP-positive cells, GFP-negative cells, and other cells or seg-
mentation artefacts that can be considered trash. These classes were
manually selected based on their morphological characteristics.

The data obtained from the microscopy experiments were pro-
cessed as follows: For each sample, at each time point, 27 microscope
field-of-views (FOVs) were analysed. For each FOV, the percentage of
cells with internalized phages, representing the phage uptake by the
epithelial cells, was calculated from the ratio of cells with internalized
phages observed in a microscope field of view. This process was also
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applied to the medium control sample, where no phages were added
to the cells. For this control sample, the median percentage value of
cells with internalized phages was calculated from 27 FOVs at each
time point. Following this, for each sample, for each FOV per time-
point, the percentage of cells with internalized phages was normalized
by subtracting the median percentage value of the control sample. If
the resulting value was negative, it was set to zero (see Supplementary
Data 9). Area under curve (AUC) representation of the phage uptake
was calculated from the normalized percentages of cells with intra-
cellular phages, and samples were compared by using the Kruskal-
Wallis test.

To compare the fold change decrease in uptake of the wild-type
and engineered KI1F phages, and the T4 phage by HT29-MTX epithelial
cells in response to different treatments of the epithelial cell surface, a
fold change value was calculated based on the following formula: fold
change = median AUC in the case of untreated cells/AUC for each FOV
in the case of treated cells. This was performed separately for each of
the three treatments: N-acetylcysteine (NAC), cyclosporin A (CSA) and
heparinase I (HEP)(Supplementary Data 10).

Identification of interaction modes of Ig-like domain-carrying
engineered phages

To determine the possible binding sites of our engineered K1F phages,
HT29-MTX cells were subjected to the following different treatments:
(i) N-acetyl-L-cysteine treatment, to degrade the mucin crosslinking
disulfide bonds; (ii) Cyclosporine A treatment, for mucin aggregation
and heparan sulfate shedding, and (iii) heparinase I treatment to cleave
highly sulfated heparin/HS chains.

A monolayer of HT29-MTX cells grown in Greiner black 96-well
plates (Greiner, 655090) was treated for 1 hour at 37 °C either with 15
mM N-acetyl-L-cysteine or 1mM Cyclosporine A. In the case of
heparinase I, cells were treated for 2 hrs at 37 °C with 3 U/mL enzymes.
After the treatment, cells were washed twice with PBS buffer, the
labeled phages were added in 10° PFU in an average phage:cell ratio of
~10,000:1, and the phage uptake was investigated with the Operetta
high content analysis system after 18 hours. Control cells did not
receive any treatment.

Determining the intracellular fates of internalized phages

To track phages after their internalization by the human epithelial cells
and determine their intracellular fates, we used live-cell markers to
check the co-localization of the stained phages with different labeled
cell organelles. To specifically detect the membranes of mature lyso-
somes, endoplasmic reticulum, and Golgi apparatus, we performed
live-cell staining with cell-permeant Lysotracker™ Deep Red (Invitro-
gen, L12492), ER-Tracker™ Red (Invitrogen, E34250), and BODIPY™ TR
Ceramide (Invitrogen, D7540) dyes, respectively. We followed the
protocol described by the manufacturer with slight modifications. In
brief, SYBR-Gold-stained phages were applied in 10® PFU onto A549
epithelial cells in an average phage:cell ratio of ~10,000:1 and incu-
bated for 6 and 18 hours. After incubation, phages were removed, and
the samples were washed three times with PBS.

To visualize the lysosomes and ER, the corresponding dye was
added to the cells in a fresh antibiotic-free medium at a final con-
centration of 1uM and incubated for 30 minutes. After washing the
cells three times with PBS, Ringer-Hepes solution supplemented with
1% FBS was added. To visualize the Golgi apparatus, the corresponding
dye was added to the cells in 3% BSA containing PBS solution at a final
concentration of 5 uM, followed by incubation at 4 °C for 30 min. Cells
were washed three times with ice-cold antibiotic-free medium, fresh
medium added, and incubated at 37 °C for 30 min. After washing three
times with PBS, Ringer-Hepes solution supplemented with 1% FBS was
added. Colocalization analysis was performed on paired fluorescence
images by extracting per-pixel red (Lysotracker™ Deep Red, ER-
Tracker™ Red or BODIPY™ TR Ceramide) and SYBR Gold (green)

channel intensities. After background thresholding, Manders’ overlap
coefficients (M1 and M2) and conditional overlap fractions were cal-
culated based on intensity-positive pixels (Supplementary Data 24).

Monitoring phage shedding in mouse feces

To compare the fecal shedding kinetics of the engineered K1F phages
with those of the wild-type K1F phage and T4 phage, 8-10 week-old (18-
20 g) female BALB/c OlaHsd mice were used. Animals were cared for in
accordance with the guidelines of the European Federation for
Laboratory Animal Science Associations (FELASA) and all procedures,
care, and handling of the animals were approved by the Animal Welfare
Committee of the Enviroinvest Co., Pécs (Permit Number: BA02/2000-
12/2022). For the experiment, animals were divided into six groups,
but each animal was housed in a separate cage. Bacteriophages were
administered without prior treatment or food deprivation. Each animal
received 200l of synchronized phage suspension (10%8 PFU/mL)
through a special gastric tube. Stool samples (3-4 pieces, equalling
50-100 mg) were collected from the animals2h,4 h,6 h,8h,10 h,12h,
16 h, 20 h, and 24 h after phage administration and were thoroughly
suspended in PBS by pipetting and vortexing. The so-gained suspen-
sions were centrifuged (10.000 x g, 4 min) and 200 ul supernatants
were transferred to new reagent tubes. Supernatants were treated with
chloroformin a 1:50 ratio (4 ul) and incubated in the fridge for a couple
of hours. After incubation, PFU was determined by diluting the
supernatants 10-fold (-1, -2, -3) in PBS and pipetting 10-10 pl both the
diluted and undiluted samples onto the surface of the plates con-
taining a freshly spread bacterial lawn. Samples collected from animals
treated with KIF phages (K1F, K1F::S, K1F::L, K1F::7649, and K1F::hoc)
were tested on the E. coli strain EV36, while those treated with T4
phage on E. coli strain BW25113.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Sequencing reads generated in this study have been deposited in the
European Nucleotide Archive (ENA) under the study accession
PRJEB107177. Source data underlying the figures and all processed
datasets supporting the findings of this study are available in the
Supplementary Information. Previously published datasets analysed in
this study are available from the sources cited in the relevant sections
of the manuscript. In case of technical difficulties accessing the
deposited or supplementary data, readers may contact the corre-
sponding authors.
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