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FIG 5 MDCK cells were treated with T4 phage labeled with both the DNA-complexing SYBR gold stain (green) and capsid-conjugated Cy3 stain
(red) for either 30 min (A) or 2 h (F) and imaged under confocal microscopy. Cells were stained with Hoechst stain (blue) and CellMask (white)
after application of T4 phage. The 30-min treatment sample showed correlation of DNA and capsid fluorescence signals, compared with the 2 h

treatment, where there was a disassociation of fluorescence. Bar, 10 um.

colocalization, both extracellular and intracellular virus-like particles were found within
the SYBR-positive target cell using TEM (Fig. 4F, I, J, and K). Internalized virus-like
particles were visualized as electron-dense, icosahedral structures of less than 100 nm,
within membrane-bound compartments, suggesting that phages are transcytosed via
the endomembrane system.

To address the lack of fluorescence and TEM ultrastructure correlation, we per-
formed a time-series experiment using dual-fluorescence-labeled phages that were
incubated with MDCK cells for either 30 min or 2 h (Fig. 5). Phages were labeled with
both the DNA-complexing SYBR gold stain and a capsid-linked Cy3 stain, followed by
imaging using confocal microscopy. Cellular incubations at 30 min revealed correla-
tions between SYBR gold and Cy3 fluorescence within membrane-bound vesicles of the
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FIG 6 Subcellular fractionation of phage-treated MDCK and A549 cells. (A) Fractionation of MDCK cell
washed and lysed using the lysosome enrichment kit, and the total number of phages in cells (Total

s treated with T4 phages (lysate) for 18 h. Cells were
Cell Lysate) was determined. Total cell lysates were

fractionated, and 10 cellular fractions were collected and split for either phage quantification by bacterial plating or Western blot analysis of Golgi apparatus
and endoplasmic reticulum (ER). (B) Fractionation of A549 cells treated with T4 phages for 18 h. Scatter plots show medians; error bars represent 95% confidence

intervals. Bar plot shows mean; error bars show standard deviations.

cell (Fig. 5A, B, C, and E). Comparatively, cellular incubations for 2 h (same incubation
time used for the CLEM experiment) showed evidence of disassociation of dual-
fluorescence signals within the cell, with distinct SYBR gold- and Cy3-positive vesicles
observed (Fig. 5F to H). This disassociation of dual-label fluorescence signals suggests
that either an instability of fluorescence dyes or the degradation of phage-internalized
phage particles occurred and may explain the lack of signal colocalization in the
previous CLEM results (Fig. 4). Further work using real-time microscopy approaches,
labeling of additional endomembrane compartments, and repeat CLEM analyses using
dual-fluorescence-labeled phages is required to further elucidate how phage transcy-
tosis occurs.

Permeation and inhibition of phages throughout the eukaryotic cell. Next,
subcellular fractionation was performed to assess intracellular T4 phage dispersal
within MDCK and A549 cells. To ensure maximal uptake and penetration of phages
throughout the subcellular structure, cells were incubated with phages for 18 h,
extensively washed, fractionated, and the vesicular and cytoplasmic cellular com-
ponents were collected. Vesicular fractions were then split, with half of the fraction
lysed using chloroform and the total number of phages quantified by plating with
their bacterial host, and the remaining fraction was protein precipitated and
analyzed by immunoblotting using Golgi apparatus and endoplasmic reticulum
markers (Fig. 6). Phages accumulated within the total cell lysate (MDCK cells, 2 X
104 £ 1 X 10* [median = SD], n = 5, CV = 53%; A549 cells, 2.6 X 10* * 2.3 X 104
[median = SD], n = 9, CV = 70%) and were detected in all subcellular fractions of the cell
(Table S4). Intracellular phages were found to be enriched within the denser endomem-
brane fractions of the cell that were associated with the Golgi apparatus.

The mechanism of phage transcytosis across eukaryotic cells remains ambiguous
(25, 27, 32). We applied chemical inhibitors known to arrest steps along the transcytotic
pathway to MDCK cells 18 h prior to application of T4 phages. Inhibition of phage
transcytosis was reported as the percentage of phages transcytosed across inhibitor-
treated cells compared to cells treated with a solvent control (Fig. 7; Table S5).
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FIG 7 Inhibition of phage transcytosis. Percent transcytosis of T4 phages across MDCK cells pretreated

with chemical inhibitors for 18 h compared to a solvent control. Bar plot shows mean; error bars show
standard deviations.

Treatment with brefeldin A, which inhibits post-Golgi-membrane traffic and protein
translocation between the endoplasmic reticulum and the Golgi apparatus (41, 42),
showed significant but incomplete inhibition of transcytosis, with 38.5% of phages
transcytosed compared to a solvent control. We observed no significant treatment
effects of wortmannin (an inhibitor of phostadidylinositol-3-kinase and receptor-
mediated transcytosis), bafilomycin (an inhibitor of endosomal acidification), chloro-
quine (an inhibitor of endosomal acidification), or W-7 (an antagonist of calmodulin
that inhibits microtubule endocytic membrane transport). This suggests that phages
may transit through the Golgi apparatus before being exocytosed via the basolateral
membrane (32). However, these inhibitors can impact cellular trafficking in a range of
ways, and further direct evidence is needed to confirm this.

Estimates of phage ingress to the human body. Within the human body, the
largest aggregation of phages resides within the gut (20, 43). Although the concentra-
tion of bacteria within the human gut (averaging 9.17 X 10'° per g of feces) has been
well documented (44, 45), direct quantification of phages is comparatively lacking.
Based on three literature references utilizing direct counts and DNA yield, we estimate
5.09 X 10° phage particles per gram of feces (2, 46, 47), yielding 2.09 X 10’2 phage
particles within the colon of an average human (45). Using our experimentally derived
rate of phage transcytosis across T84 gut epithelial cells and assuming a 4.4-fold-
increased concentration of phages on mucosal surfaces (48), we estimate that the
average human body transcytoses 3.1 X 10'° phages per day (Text S1). Finally, we
contrast this estimate with a competing mechanism of access to the body via a leaky
gut. In this model, free phages are allowed to bypass confluent epithelial layers at sites
of damage and inflammation, gaining access to the body directly (22, 23). To achieve
phage ingress similar to that in our transcytosis model, we estimate that this requires
lesions of approximately 256 mm? within the gastrointestinal tract or the removal of
10.24 X 10° epithelial cells (Text S1). This amount of intestinal damage would likely
result in significant inflammation of the gut and is in contrast to the detection of
phages within the blood and serum of asymptomatic humans (7-13).

DISCUSSION

The transcytosis of bacteriophages across confluent epithelial cell layers (Fig. 1)
provides a mechanistic explanation for the occurrence of phages within the human
body in the absence of disease (8-10, 12, 13) and supports the establishment of the
intrabody phageome (35). Apical-to-basal transcytosis was observed with every phage
type investigated across diverse cell lines (Fig. 1C and 2D), with paracellular transport
across an intact epithelial barrier not likely to be a significant mechanism. Microscopy
investigations combining fluorescence and TEM revealed phages present within both
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membrane-bound vesicles (Fig. 3 and 4F, |, and K) and provided evidence that phages
were capable of accessing the cytosol (Fig. 3). The purpose of the CLEM experiment was
to detect phage particles within EM images of the cell guided by a fluorescence signal.
However, virus-like particles in EM images did not correlate with confocal fluorescence
signal, and conversely, fluorescence signal was found in vesicles that did not contain
virus-like particles. To address this inconsistency, we imaged dual-fluorescence-labeled
phages and revealed a loss of fluorescence signal correlation within endomembrane
compartments of the cell over time (Fig. 5). From these experiments, we conclude that
SYBR gold-labeled phages are endocytosed by epithelial cells and that this signal can
be used to positively identify cells that have endocytosed phages. However, either SYBR
gold fluorescence was unstable on internalized phage particles or the phage particles
were degraded and recycled within the endomembrane system over time, and we
attribute these limitations to the lack of signal correlation between virus-like particle
fluorescence and EM ultrastructure in the CLEM experiment. Cellular investigations
showed that phages were capable of accessing all subcellular fractions of the eukary-
otic cell (Fig. 6) with intracellular transport suggested to traffic through the Golgi
apparatus (Fig. 7). The strong apical-to-basal transport suggests that epithelial cells are
preferentially transporting phages in this direction. Based on these results, we estimate
that 31 billion phage transcytotic events occur within the average human body per day,
while comparable ingress via leaky gut is estimated to require significant damage and
inflammation to the gastrointestinal tract (22, 23).

If these epithelial cell layers and, by extension, the human body are perpetually
absorbing phages, what might be their intended function? The major reservoir of
phages within the body is observed in the gastrointestinal tract. These gut phages
coevolved with the microbiome over the course of our life span, engage in tripartite
symbioses, and represent the most genetic diversity and “biological dark matter” in the
body (48-50). At the simplest level, the presence of a low-level but continuous stream
of phages originating from the gut and disseminating through the blood, lymph, and
organs may provide the host with a system-wide antimicrobial against the intrusion of
any opportunistic gut microbe (6, 51). Their dissemination may have additional roles in
cellular disease, cancer recognition, and even the vertical transmission of adapted gut
phage populations from mother to infant through breast milk (52-54).

Conversely, phages are foreign and immunogenic particles capable of stimulating
humoral immune responses and inducing antiphage antibodies (55, 56). How then can
our body sustain a persistent influx of immunogenic particles without eliciting inflam-
matory immune responses? Transcytosed gut phages are likely continuously dosed to
the body at relatively low levels, lack costimulatory factors such as endotoxins, and
reflect the high diversity of the gut microbiome. As such, the immunostimulatory
effects of transcytosed phages on the body are largely unknown. Nonetheless, their
presence within the body could provide long-term immunologic tolerance through
interactions with regulatory T cell populations and downregulation of specific and
nonspecificimmune reactions and contribute to immune homeostasis in the gut (6, 57).
Alternatively, aberrant transcytosis may contribute to enhanced immune responses,
allergic reactions, and inflammatory diseases.

Perhaps the greatest potential function of transcytosed gut phages is the body’s
direct utilization of their astounding genetic diversity. Previous work using recombinant
phages has already documented the delivery and expression of single or multiple
genes to eukaryotic cells both in vitro and in vivo (28, 58). The transcytosis of diverse
phages reported here provides a mechanism to both traverse and disseminate through-
out the eukaryotic cell. This intracellular dissemination of phages and their genetic
material provides a means to directly affect the eukaryotic cell. Although we did not
directly observe phage particles or DNA within the nucleus, prior research on phage
gene delivery and the complete permeation of epithelial cells by phages shown here
suggest a potential route that requires further investigation (28, 58). Nominally, this
allows for horizontal gene transfer between phages and eukaryotes (59) and the
transcription and translation of phage genetic material within epithelial cells and the
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body (58) and potentially represents an unexplored “third external genome” (60).
Additional research is required to elucidate the intracellular effects of phages within the
eukaryotic cell and the mechanism of phage intracellular transit and release from
endocytic vesicles and to characterize direct phage-eukaryote interactions. Our studies
suggest that the transcytosis of bacteriophages across confluent epithelial cells is a
naturally occurring and ubiquitous process that adds credence to the use and appli-
cation of phages in a biomedical setting.

MATERIALS AND METHODS

Bacterial strains, phage stocks, tissue culture cell lines, and growth conditions. Escherichia coli
B strain HER 1024 was grown in LB (10 g tryptone, 5 g yeast extract, 10 g NaCl, in 1 liter distilled water
[dH,0]) at 37°C with shaking overnight and used to propagate and quantify bacteriophages T4, T3, T5,
and T7. Bacillus subtilis 168WT was grown in TY broth (10 g tryptone, 5 g yeast extract, 5 g NaCl, 10 mM
MgSO,, 100 uM MnSO,, in 1 liter dH,0) at 37°C with shaking for 6 to 8 h and used to propagate and
quantify bacteriophages SPOT and SPP1, which were kindly supplied by Ryland Young. Salmonella
enterica serovar Typhimurium LT2 was grown in LB at 37°C with shaking overnight and used to
propagate and quantify bacteriophage P22. All phage lysates were purified and cleaned of bacterial
endotoxins according to the Phage-On-Tap protocol (38). All tissue culture cell lines were grown at 37°C
and 5% CO, and supplemented with 1% penicillin-streptomycin (Mediatech, Tewksbury, MA). MDCK.2
cells were grown in Eagle’s minimal essential medium with 10% fetal bovine serum (FBS), T84 cells were
grown in Ham’s F-12 medium and Dulbecco’s modified Eagle’s medium with 2.5 mM -glutamine with
10% FBS, CaCo2 cells were grown in Eagle’s minimal essential medium with 10% FBS, A549 and Huh7
cells were grown in F-12K medium with 10% FBS, and hBMec cells were grown in RPMI medium with 10%
nuSerum (Corning, NY) and 1% non-essential amino acids (NEAA) (Gibco, Waltham, MA).

Transwell experimental setup. Transwell polyethylene terephthalate (PET) 12-well plates with
0.4-um pore size (Corning, NY) were used for all transcytosis assays. All cells were seeded at a density of
0.51 X 10%to 1 X 106 cells per well and allowed to grow to confluence (3 to 5 days). For apical-to-basal
transcytosis, the apical wells were incubated in Hanks buffered salt solution (HBSS) at pH 6.0 and basal
wells were incubated in HBSS at pH 7.4 for 2 h to mimic pH-dependent uptake (61). For basal-to-apical
transcytosis, the buffers were switched. Bacteriophages were applied with the HBSS pH 6.0 buffer
and incubated with cells for 2 h, and phages from both apical and basal cell layers were quantified
by plating with the bacterial host. Cell layer confluence of all Transwell experiments was measured
in three separate ways to ensure phage transcytosis across the cell layer, rather than by paracellular
transport. First, there was a visual inspection using a phase-contrast microscope. Second, transep-
ithelial resistances (TERs) of all cell lines were measured (World Precision Instruments, Inc., Sarasota,
FL), with the acceptable range of measurements being between 150 and 200 ( - cm2. TER
measurements were taken before and after all transcytosis experiments to ensure that cell conflu-
ence and polarization had been reached and maintained. Finally, 250 ul of HBSS buffer with 25 ul
of Evans blue dye was added to the apical chambers of all Transwells postassay and incubated with
cells at 37°C for 2 h. Basal chambers were collected, and absorbance was measured (620 nm) using
a spectrophotometer and was compared against an Evans blue dilution curve (see Fig. S1 in the
supplemental material). The presence of dye in the basal chamber was indicative of a nonconfluent
cell layer, and data from these wells were discarded.

Confocal microscopy. For confocal microscopy experiments, MDCK cells were cultured in complete
medium for 1 to 3 days on a w-Slide 8-well glass-bottom slide (Ibidi, Germany). Phages (1 X 108 phages
ml~") were labeled with 100X SYBR gold (Invitrogen, USA) for 2 h in the dark followed by extensive
washes in Amicon Ultra 0.5-ml centrifugal filter units and a 50-kDa membrane (Merck Millipore, Germany)
with Dulbecco’s phosphate-buffered saline (DPBS) buffer to remove excess stain. Dual-fluorescence-
labeled phages were then incubated with Cy3 monoreactive dye (GE Healthcare, USA) in 0.1 M sodium
carbonate buffer (pH 9.3) for 1 h in the dark followed by extensive washes in Amicon Ultra 0.5-ml filters
with DPBS buffer to remove excess stain. Labeled phages were then applied to MDCK cells in complete
medium for 2 h at 37°C and 5% CO,. Cells were washed with warm DPBS and stained with 2.5 pug/ml
CellMask deep red plasma membrane stain (Thermo Fisher, USA) and 1 uM Hoechst 33342 stain (Thermo
Fisher, USA) for 30 min at 37°C and 5% CO,. The stained cells were aspirated and then fixed using
prewarmed phosphate-buffered 4% paraformaldehyde at 37°C and 5% CO, for 2 h. Cells were washed
three times in DPBS and stored until imaging. Cells were imaged via confocal microscopy on a Leica Sp8
HyD inverted confocal microscope, using a 63X objective lens.

CLEM. For correlative light electron microscopy (CLEM), MDCK cells were cultured in complete
medium for 1 to 3 days in a 35-mm 500-grid plastic-bottom w-Dish (Ibidi, Germany). Phages (1 X 108
phages ml~') were labeled with 100X SYBR gold (Invitrogen, USA) for 2 h in the dark followed by
extensive washes in Amicon Ultra 0.5-ml centrifugal filter units and a 50-kDa membrane (Merck Millipore,
Germany) with DPBS buffer to remove excess stain. Labeled phages were then applied to MDCK cells in
complete medium for 2 h at 37°C and 5% CO.,. Cells were washed with warm DPBS and stained with
2.5 pg/ml CellMask deep red plasma membrane stain (Thermo Fisher, USA) and 1 uM Hoechst 33342
stain (Thermo Fisher, USA) for 30 min at 37°C and 5% CO,. The stained cells were aspirated and then fixed
using prewarmed phosphate-buffered 4% paraformaldehyde at 37°C and 5% CO, for 2 h. The fixed
sample was imaged on an inverted Leica SP8 confocal laser scanning microscope equipped with a
40X/1.10 objective (water immersion, HC PLAPO, CS2; Leica Microsystems, Inc.) using an HyD hybrid
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detector (Leica Biosystems) through the Leica Application Suite X (LASX v2.0.1). The optical data (35-nm
lateral voxel resolution; 200-nm axial pixel resolution) were deconvolved for subsequent alignment (fast
classic maximum likelihood estimation; signal-to-noise ratio of 20; 20 iterations; 0.05 quality threshold)
using Huygens Professional (v15.10; Scientific Volume Imaging). After optical imaging acquisition, the
sample was postfixed overnight with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer at 4°C,
rinsed twice with 0.1 M sodium cacodylate, and then osmicated with ferricyanide-reduced osmium
tetroxide {1% [wt/vol] OsO,, 1.5% [wt/vol] K;[Fe(CN)], 0.065 M cacodylate buffer} for 2 h at 4°C and
thoroughly rinsed five times using MilliQ water. All subsequent stages were microwave assisted using a
BioWave Pro microwave system (Pelco). The sample was en bloc stained with 2% (wt/vol) aqueous uranyl
acetate using three microwave duty cycles (120 s on and 120 s off) at 100 W under vacuum and then
rinsed five times with MilliQ water. Microwave-assisted dehydration was performed at atmospheric
pressure using 150 W for 40 s per stage of a graduated series of ethanol (50%, 70%, 90%, 100%, and
100%) and propylene oxide (100% and 100%), and microwave-assisted resin infiltration was performed
under vacuum at 250 W for 180 s per stage using a graduated series of Procure-Araldite (25%, 50%, 75%,
100%, and 100%) in propylene oxide before resin polymerization at 60°C for 48 h. The target depth within
the target cell was then relocated within the resin block, using the procedure outlined previously (39, 62).
The resin block was trimmed and then sectioned using an Ultracut UCT ultramicrotome (Leica) equipped
with a 45° diamond knife (Diatome) to cut serial sections (n = 49; average thickness, 79 nm) for collection
on nine separate 300-mesh hex thin-bar copper grids. Grids containing the sections closest to the target
z-planes (3 to 4 um above coverslip; final 9 sections, 3,245-nm to 3,925-nm depth) were stained at room
temperature using 2% (wt/vol) aqueous uranyl acetate (10 min) and Reynolds lead citrate (3 min). TEM
imaging was conducted at 80 kV on a Hitachi H-7500 TEM using a Gatan 791 MultiScan side-mount
charge-coupled device (CCD) camera and DigitalMicrograph (version 1.71.38) acquisition software. The
target cell was relocated, and a TEM montage of 253 images was manually acquired at X25,000
magnification. The image montage was corrected for EM lens distortion and stitched together using the
appropriate plug-ins (63, 64) in FlJI (FIJI Is Just Imagel, version 1.51h). Within GIMP (GNU Image
Manipulation Program, version 2.8.2), the distortion-corrected TEM montage was aligned with the
deconvolved optical data using filopodia, the nucleus, and other intrinsic features as anchor points. All
subsequent TEM data were aligned directly to the distortion-corrected TEM montage. Correlated
fluorescence data were obtained by scaling and aligning TEM images to the TEM montage, extracting the
aligned region from the fluorescence channels, and then performing the reverse operations with bicubic
interpolation.

Subcellular fractionation. MDCK and A549 cells grown to confluence were incubated with T4
phages (1 X 108 phages ml~") for 18 h. Cell layers were then extensively washed with DPBS and
subjected to microsomal fractionation (65), using the lysosomal enrichment kit for tissue and cultured
cells according to the manufacturer’s instructions (Thermo Fisher). Briefly, ~90% confluent T1 75-cm?
flasks were harvested with trypsin and centrifuged for 2 min at 850 X g. Lysosome enrichment reagent
A containing a protease inhibitor cocktail (Calbiochem) was added to pelleted cells, mixed by vortex at
medium speed for 5 s, and incubated on ice for exactly 2 min. Cells were then lysed by sonication with
15 1-s pulses, followed by addition of lysosome enrichment reagent B containing a protease inhibitor,
and mixed by inverting. Cells were then centrifuged for 10 min at 500 X g at 4°C. The supernatant was
then collected, and the final concentration was altered to 15% with OptiPrep cell separation medium.
Cell lysates were then overlaid on top of a discontinuous 17:20:23:27:30% (vol/vol) OptiPrep gradient
prepared with 1.9 ml of each fraction in a 13.2-ml ultracentrifugation tube (Beckman-Coulter) and
centrifuged in an SW40 Ti rotor at 100,000 X g for 19 h at 4°C. After ultracentrifugation, gradients were
fractionated into 10 equal fractions. Five hundred microliters of each fraction was taken for phage
quantification by plating with the bacterial hosts. The remainder of each fraction was trichloroacetic acid
(TCA) precipitated (10% final concentration), separated by 12% SDS-PAGE, and analyzed by immuno-
blotting against Golgi apparatus (anti-GM130, 1:1,000; Abcam, Inc.) and endoplasmic reticulum (anti-
ERp57, 1:1,000; Abcam, Inc.) cellular markers.

Mathematical modeling. The number of phages transcytosed per day in humans was extrapolated
using ratio relations based on the experiments presented here (see details in Text S1). The flow of phages
in the leaky-gut mechanism was calculated using Fick's law, continuous equation, and the Einstein-
Smoluchowski equation (see details in Text S1).

Graphing and statistics. Graphing and statistical analyses were performed using GraphPad Prism 7
(GraphPad Software, Inc.). Individual data points, medians, and standard deviations were reported where
possible (66). Both nonparametric and parametric statistical analyses were performed, although most
data did not pass a normality test.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/mBio
.01874-17.

TEXT S1, DOCX file, 0.1 MB.

FIG S1, JPG file, 0.4 MB.

FIG S2, JPG file, 9.6 MB.

TABLE S1, PDF file, 0.04 MB.

TABLE S2, PDF file, 0.1 MB.

TABLE S3, PDF file, 0.1 MB.
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