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ABSTRACT Intercellular communication is critical for organismal homeostasis, and defects
can contribute to human disease states. Polarized epithelial cells execute distinct signaling
agendas via apical and basolateral surfaces to communicate with different cell types. Small
extracellular vesicles (sEVs), including exosomes and small microvesicles, represent an under-
studied form of intercellular communication in polarized cells. Human cholangiocytes, epithe-
lial cells lining bile ducts, were cultured as polarized epithelia in a Transwell system as a
model with which to study polarized sEV communication. Characterization of isolated apically
and basolaterally released EVs revealed enrichment in sEVs. However, differences in apical
and basolateral sEV composition and numbers were observed. Genetic or pharmacological
perturbation of cellular machinery involved in the biogenesis of intralumenal vesicles at endo-
somes (the source of exosomes) revealed general and domain-specific effects on sEV biogen-
esis/release. Additionally, analyses of signaling revealed distinct profiles of activation depend-
ing on sEV population, target cell, and the function of the endosomal sorting complex required
for transport (ESCRT)-associated factor ALG-2-interacting protein X (ALIX) within the donor
cells. These results support the conclusion that polarized cholangiocytes release distinct sEV
pools to mediate communication via their apical and basolateral domains and suggest that
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defective ESCRT function may contribute to disease states through altered sEV signaling.

INTRODUCTION

Canonical intercellular communication involves the release of small
soluble molecules from donor cells that bind to receptors on the
surface or within the cytosol of target cells to elicit effects. Addition-
ally, extracellular vesicles (EVs) released from donor cells can
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influence target cells both through ligands present on the surface of
the particles and via factors contained within the lumen of the vesi-
cles, including signaling molecules and microRNAs (miRNAs)
(Colombo et al., 2014; Hirsova et al., 2016b; Maas et al., 2017). In-
tercellular communication is further complicated by the existence of
polarized epithelia wherein domain-specific signaling may occur via
the distinct apical and basolateral domains, and domain-specific EV
release from polarized epithelia or organoids have been reported
(van Niel et al., 2001; Tauro et al., 2013; Ji et al., 2014; Chen et al.,
2016, Klingeborn et al., 2017; Chin et al., 2018).

Three general classes of EVs have been described: apoptotic
bodies, microvesicles, and exosomes (Mathieu et al., 2019). These
EVs differ in their sizes, contents, and mechanisms of biogenesis.
Apoptotic bodies (>500 nm) are generated by large-scale mem-
brane blebbing, whereas microvesicles (50-1000 nm) bud from the
plasma membrane. Small microvesicles are similar in size and
density to another EV class, exosomes, although their biogenesis is
distinct. Exosomes are derived from an intracellular sorting process
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wherein the limiting membrane of endosomes buds inward to gen-
erate 50-150 nm intralumenal vesicles (ILVs) within multivesicular
endosomes (MVEs). While MVEs are most commonly associated
with lysosomal degradation of transmembrane proteins delivered to
the endosomal network, heterotypic fusion of a MVE with the
plasma membrane releases these ILVs as exosomes. Exosome bio-
genesis has been a topic of intense investigation, revealing roles for
a variety of proteins and lipid species (Hessvik and Llorente, 2018;
Skotland et al., 2019). Endosomal sorting complex required for
transport (ESCRT) factors represent conserved machinery mediating
MVE sorting from yeast to mammals (Christ et al., 2017; Schoneberg
et al, 2017), and the ESCRT-associated factor ALG-2-interacting
protein X (ALIX) has been implicated in exosome biogenesis both
generally (Larios et al., 2020) and by linking the Syndecan-syntenin
function during cargo selection with the ESCRT-lIl membrane re-
modeling machinery responsible for ILV generation (Baietti et al.,
2012). Additionally, an alternate and potentially ESCRT-indepen-
dent pathway of MVE formation involving ceramide generation by
neutral-sphingomylinase (N-SMase) has also been implicated in
exosome biogenesis (Trajkovic et al., 2008). The contributions of
ESCRT-dependent and -independent pathways to polarized EV bio-
genesis and release in epithelia have not been addressed. In addi-
tion to facilitating ILV formation on endosomes, the ESCRT machin-
ery has been observed associated with the plasma membrane
(Hanson et al., 2008) and ESCRT function has been implicated in
release of small microvesicles in addition to exosome biogenesis
(Jackson et al., 2017). These small microvesicles and exosomes may
copurify during standard exosome isolation procedures, and we will
thus refer to the vesicles we are studying as small extracellular vesi-
cles (sEVs) by current convention (Thery et al., 2018).

The liver consists of a variety of cell types (e.g., hepatocytes, stel-
late cells, cholangiocytes), and intercellular communication is critical
to maintain normal organ function. Cholangiocytes, the epithelial
cells that line the biliary tree, contribute to the generation of bile and
participate in liver repair and in some contexts to liver injury (O'Hara
etal., 2013; Cheung et al., 2018). Dysfunction of the cholangiocyte is
associated with a range of diseases called cholangiopathies, includ-
ing a number of inflammatory, genetic, malignant, and infectious
diseases (Lazaridis and LaRusso, 2016; Banales et al., 2019). Many of
the cholangiopathies are characterized by significant morbidity and
mortality and, for some, liver transplantation is the primary therapeu-
tic intervention (Eaton et al., 2013; Hirschfield et al., 2013). Abnormal
intercellular signaling has emerged as a candidate in these disease
processes. An increase in the levels of biliary sEVs has been observed
in a cholangiopathy animal model (Masyuk et al., 2010), and cholan-
giocytes derived from patients with primary sclerosing cholangitis
(PSC) exhibit increased EV release (Al Suraih et al., 2020). In addition,
EV-associated biomarkers have been identified as potential indica-
tors of disease onset and/or progression (Arbelaiz et al., 2017; Julich-
Haertel et al., 2017; Olaizola et al., 2018). As cholangiocytes are po-
larized epithelial cells, these observations have led us to test the
hypothesis that cholangiocytes mediate distinct sEV-based commu-
nication with different target cells via their apical and basolateral do-
mains to support liver homeostasis.

An in vitro system culturing normal human cholangiocytes (NHC)
as polarized epithelia in Transwells allowing collection of cultured
media from apical and basolateral fractions was developed and vali-
dated. EVs derived from this system exhibited characteristics consis-
tent with sEV enrichment, and, as hypothesized, differences were
observed between the apical and basolateral sEV populations, most
relevantly in the context of target cell signaling. In addition, deple-
tion of ALIX altered polarized sEV release and communication,
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suggesting that this ESCRT-associated factor contributes to polar-
ized release in a domain-specific manner. These results are consis-
tent with the model that cholangiocytes release distinct populations
of sEVs from their apical and basolateral surfaces to mediate do-
main-specific intercellular communication and establish a model
with which to further investigate this phenomenon.

RESULTS

NHCs form a restrictive epithelial layer in a Transwell

culture model

The biliary epithelial model used in these studies is the NHC cell line
derived from nondiseased patient tissue (Joplin et al., 1989). Tran-
swell culturing resulted in the formation of a restrictive layer of NHC
cells that is stable for more than 10 d as indicated by a persistent in-
crease in the transepithelial electrical resistance (TEER) (Figure 1A).
The formation of tight junctions was examined by addressing the
distribution of Zonula occludens-1 (ZO1; Figure 1B) in cells grown in
the Transwell system. ZO-1 decorated the cell-cell contacts, indicat-
ing tight junction formation. Together these observations demon-
strate that this NHC Transwell culturing system is a suitable model for
comparing EVs released from the apical or basolateral surfaces.

sEVs are released from NHCs grown in Transwell
culture system

After NHCs had formed a restrictive layer (as assessed by TEER),
these Transwell cultures were incubated in EV-depleted media for
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Validation of polarized cholangiocyte Transwell culture
system. (A) Transepithelial electrical resistance (TEER) was assessed to
evaluate the formation of confluent NHC monolayers and the
restricted current flow across the monolayer. Resistance is expressed
as ohmsecm?. (B) Immunofluorescence staining of NHC Transwell
cultures for Zonula occludens-1 (ZO1) indicated the formation of tight
junctions between NHC cells grown in the Transwell culture system.
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FIGURE 2: Polarized NHC release sEV particles from both apical and basolateral domains.

(A) Western blotting equal volumes of apical and basolateral flotation fractions near the 10-20%
interface for ESCRT components ALIX and Tsg101 and tetraspanin CDé3 indicated peak
reactivity in the 1.098 g/ml density fraction. (B) Size distribution resulting from NTA of the small
EV fraction isolated from apical and basolateral conditioned media. Apical and basolateral EVs
exhibit similar size distributions, and these profiles are consistent with exosome and small
microvesicle particle enrichment. (C) Immunoelectron microscopy was performed with apical and
basolateral EVs and antibody against the sEV marker CD63. Particles of sizes consistent with
sEV and reactive with CD63 were observed in the EV fraction isolated from apical and
basolateral conditioned media. (D) Western blotting equal volumes of apical and basolateral
small EV fractions was performed with antibodies that detect markers of exosomes (Tsg101),
microvesicles (Arf6), or Golgi (GM130). Whole cell extract (WC) was loaded as a positive control
for immunodetection in addition to equal volumes of the apical (Ap) and basolateral (Ba) EV
fractions. (E) Micrographs of NHC cell lines overexpressing Cherry-Rab27A wild type or
dominant negative (DN, T21N), indicating expression in the majority of cells. Scale bar indicates
100 pum. (F) Western blots of NHC cell lines overexpressing Cherry-Rab27A wild type or
dominant negative (DN, T21N), indicating enhanced expression. Endogenous Rab27A (darker
exposure) and actin are indicated as loading controls. (G, H) Analysis of particles isolated from
apical and basolateral conditioned media from NHC cell lines overexpressing Cherry-Rab27A
wild type or dominant negative (DN, T21N). NTA (G) indicates reductions in apical (p value
<0.05, paired t test) and basolateral (p value <0.05, unpaired t test) sEV numbers with
Rab27A(DN) expression. Western blotting (H) indicates Rab27A(DN) reductions in ESCRT
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24 h. Conditioned media from the apical
and basolateral surfaces were collected for
EV isolation, implementing a protocol that
favors particles with the density of exo-
somes/sEVs, and several observations
support the conclusion that exosome/sEV
enrichment was achieved. First, the migra-
tion of the apical and basolateral EVs in the
flotation density gradients near the 10-20%
interface (~1.098 g/ml), as detected by
Western blotting for ESCRT components
ALIX and Tsg101 and tetraspanin CDé3
(Figure 2A; equal volumes of apical and
basolateral fractions), was consistent with
exosomes/sEVs (Kowal et al., 2016; Shurtleff
etal., 2016; Jeppesen et al., 2019). Second,
nanoparticle tracking analysis (NTA) re-
vealed that the size distributions of particles
released from apical and basolateral sur-
faces were both similar to one another and
consistent with the reported size of exo-
somes and small microvesicles (Figure 2B).
Third, immunoelectron microscopy with
antibodies against the sEV marker, CD63,
identified immunoreactive vesicles in both
the apical and basolateral EV fractions
(Figure 2C). Fourth, Western blotting for
ESCRT components ALIX and Tsg101 and
tetraspanin CD63 identified these sEV mark-
ers in both the apical and basolateral EV
fractions (Figure 2, A and D), whereas the
Golgi protein GM130 and GTPase Arf6, a
microvesicle marker, were not similarly de-
tected (Figure 2D; equal volumes of apical
and basolateral fractions). However, a
more sensitive indicator of microvesicles,
the phospholipid-binding protein Annex-
inA1 (Jeppesen et al., 2019), was detected
in the EV fractions (Figure 2H; also see
Figure 5F later in this article). These obser-
vations regarding the size and density of the
EV particles and the presence of markers
Tsg101, ALIX and CDé3, as well as the
design of our EV isolation procedure to
exclude apoptotic bodies, indicated that
polarized NHCs grown in the Transwell cul-
ture system release EVs displaying exosome
characteristics from both the apical and ba-
solateral domains although small microvesi-
cles are also present. Rab27A promotes
MVE fusion with the plasma membrane to
release exosomes (Bobrie et al., 2012). To
support the conclusion that exosomes con-
tribute to the NHC apical and basolateral
sEV populations, a dominant negative form

components ALIX and HRS and tetraspanin
CD63 while the microvesicle marker
AnnexinA1 was not impacted. The Golgi
marker GM130 is presented as a control for
contamination of the EV isolation.
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FIGURE 3: Apical and basolateral small EV fractions exhibit differences in number and contents. (A) NTA total counts of
small EV fraction particles isolated from the apical and basolateral conditioned media revealing that a greater number of
particles within the apical chamber of polarized NHCs was apparent (n = 24, p value <0.05). (B) Total RNA concentration
was assessed following isolation of RNA from equal numbers of apical and basolateral small EVs. Apical EV RNA content
was elevated relative to basolateral EV RNA content (n = 10, p value <0.0001). (C-E) Cholesterol level was assessed and
normalized to EV number (C), protein level (D), or phospholipid level (E). Apical EVs exhibited increased cholesterol per
EV (n =10, p value <0.02) and increased cholesterol:protein (n = 6, p value <0.03) and cholesterol:phospholipid (n=5, p
value <0.04) ratios. (F) Protein concentration was assessed and normalized to EV number (n = 27). (G) Extracts
generated from equal numbers of apical and basolateral EVs were resolved by SDS-PAGE and silver stained. A number
of species enriched in the apical (red) or basolateral (blue) EV samples are indicated for the purpose of illustration.

of Rab27A (Rab27A T21N) was overexpressed in polarized NHC
(Figure 2, E and F). Rab27A(T21N) expression reduced isolation of
apical and basolateral sEVs by 28 and 34%, respectively, compared
with NHC overexpressing wild-type Rab27A (Figure 2G; p values
<0.05). This alteration in sEV numbers with expression of
Rab27A(T21N) correlated with reduced levels of ESCRT compo-
nents ALIX and HRS and tetraspanin CDé3 in the apical EV fraction,
compared with wild-type Rab27A overexpression, whereas the mi-
crovesicle marker AnnexinA1 was largely unaffected (Figure 2H;
equal volumes of apical and basolateral fractions); detection of
these markers in the basolateral fraction was not achieved in these
experiments. These results on particle release and markers support
the conclusion that exosomes contribute to the NHC apical and ba-
solateral sEV populations. However, we acknowledge the presence
of small microvesicles and will refer to this exosome-containing EV
fraction as sEVs.

sEVs released from apical and basolateral domains differ in
number and in protein and miRNA contents

Additional analyses at higher resolution revealed several distinc-
tions between these two sEV populations. First, a greater number of
sEVs was present in the apical fraction compared with the basolat-
eral fraction (Figures 2B and 3A; p value <0.05). Second, apical sEVs
exhibited greater RNA and cholesterol content, with greater
cholesterol:protein and cholesterol:phospholipid ratios (Figure 3,
B-E). Third, while the protein contents of apical and basolateral sEVs
were similar (Figure 3F), silver staining of solubilized apical and ba-
solateral sEVs, normalized for particle number, indicated that even
at this resolution some protein species existed at distinct levels
within the apical and basolateral sEVs (Figure 3G; normalized to sEV
particle number).

To further explore differences in apical and basolateral sEV
RNA content, miRNA profiling was performed using a FireFly Bio-
works panel, indicating varied enrichment between the apical
and basolateral sEVs (Figure 4A; analysis normalized to sEV par-
ticle number). Apical enrichment was the predominant pattern
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with 50 of 65 miRNAs queried exhibiting more than 70% apical
release, including miR-34a (97%). Other miRNA species exhib-
ited basolateral enrichment, including miR223 with 62% basolat-
eral release. To validate observed differences in miRNA distribu-
tion, QPCR analysis was performed on candidate apical and
basolateral miRNAs using normalized numbers of sEVs. These
results were consistent with the profiling studies: 83% of miR34a
was present in apical sEVs (p value <0.0001), 57% of miR-486 was
present in apical sEVs (p value <0.01; compared with 59% apical
release in profiling analysis), and 77% of miR223 was present in
basolateral sEVs (p value <0.02, Figure 4B, normalized to sEV
particle number). In total, our analyses revealed differences be-
tween apical and basolateral sEVs with respect to their numbers
as well as cholesterol, protein, and RNA contents - both generally
and in regard to specific miRNAs. These differences support the
hypothesis that polarized NHCs release distinct subpopulations
of apical and basolateral sEVs.

Perturbation of N-SMase and the ESCRT component ALIX
impact NHC sEV release differently

While previous work has suggested that distinct cellular machinery
may be responsible for the biogenesis of subpopulations of ILVs
(e.g., ESCRTs, ceramide, tetraspanins) (Mathieu et al., 2019), the
manner(s) in which these factors contribute to distinct subclasses of
ILVs and how these subclasses relate to exosomes/sEVs are not well
understood. Pharmacological inhibition of N-SMase1 was used to
examine the contributions of the ceramide pathway to polarized
sEV release. Treatment of polarized NHCs with the N-SMase 1 inhibi-
tor GW4869 (10 pM) decreased both apical and basolateral sEV re-
lease, as observed by NTA (Figure 5A; p value <0.05) and levels of
ESCRT component Tsg101 (Figure 5, B and C; equal volumes of
apical and basolateral fractions, p value <0.0005 and <0.05, respec-
tively). ESCRT contributions were examined by depletion of the
ESCRT-associated factor ALIX. Genetic perturbation was imple-
mented via doxycycline-induced depletion of ALIX in the ALIX.19
NHC clone subsequent to formation of a restrictive polarized

Molecular Biology of the Cell
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FIGURE 4: Apical and basolateral small EV miRNA contents differ. (A) miRNA profiling of the
small EV fractions was performed using the BioWorks FireFly system, and the distribution of
miRNA species between the apical (red) and basolateral (blue) EVs is presented. Asterisks
indicate mRNA species further examined by QPCR in B. (B) Distributions of three miRNAs
exhibiting differential enrichment by profiling were assessed by QPCR. miR34A exhibited apical
enrichment (n = 3, p value <0.0001), miR486 exhibited weak apical enrichment (n = 3, p value
<0.01), and miR223 exhibited basolateral enrichment (n = 3, p value <0.02).

monolayer (Figure 5D). Doxycycline addi-
tion alone did not significantly alter apical or
basolateral sEV release in the parental NHC
cell line (Figure 5E). In contrast, doxycycline-
induced ALIX depletion reduced basolateral
sEV levels as indicated by NTA (Figure 5F; p
value <0.05); however, apical sEV levels
were not similarly reduced, even showing a
tendency toward an increase. Western blot-
ting was performed to further examine the
sEV fraction. ALIX depletion enhanced ES-
CRT component Tsg101 levels in the apical
sEV fraction (Figure 5, G and H; equal vol-
umes of apical and basolateral fractions; p
value <0.005) along with increases in An-
nexinA1 and tetraspanin CD9. In contrast,
ALIX depletion reduced apical sEV levels of
ESCRT component HRS and tetraspanin
CDé63 (Figure 5G). These results suggest
that ALIX depletion induced a change in
apical sEV content through increased small
microvesicles but reduced exosome release.
Together, these results support the conclu-
sions that N-SMase1 contributes to the bio-
genesis and/or release of both populations
of sEVs, while ALIX impacts sEV release in a
domain-specific manner.

Apical and basolateral NHC exosomes
differentially affect target cells

A functional prediction of the model is that
apical and basolateral sEVs will elicit dis-
tinct effects within target cells. To test this
prediction, sEV-induced signaling in apical
and basolateral target cell models was ex-
amined. Polarized NHC cells stimulated via
the apical surface, mimicking exosome de-
livery via the bile duct, served as the apical
target cell model (in this case modeling
cholangiocyte—cholangiocyte communica-
tion). Signal transduction in polarized NHC
target cells was assessed 24 h subsequent
to treatment with equal numbers of apical
or basolateral sEVs. This analysis revealed a
pattern in which apical sEVs stimulated sig-
nal transduction factors in polarized NHCs
in a manner distinct from basolateral sEVs
(Figure 6A, stimulation with equal numbers
of apical or basolateral sEVs; p value
<0.0001), with greater activation observed
in response to apical sEVs in all cases. sEV-
induced signaling was also examined in the
human monocyte THP-1 cell line (Tsuchiya
et al, 1980) as a basolateral target cell
modeling cholangiocyte to liver-resident
macrophage communication. In this con-
text, basolateral sEVs stimulated signal
transduction factor activation in a manner
distinct from apical sEVs (Figure 6B, stimu-
lation with equal numbers of apical or
basolateral sEVs; p value <0.01), with
greater activation observed in response to
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(D-H) sEV release following depletion of ALIX from polarized NHC. (D) Doxycycline-induced
depletion in the ALIX.19 cell line was assessed by Western blotting for ALIX after 3 d treatment
of polarized cells. Actin and amido black staining are presented as loading controls. (E) NTA of
sEV release following doxycycline treatment of the parental NHC cell line, indicating similar
release independent of treatment. (F-H) sEV release following depletion of ALIX from polarized
NHC via doxycycline treatment was assessed by NTA (F) and Western blotting for the ESCRT
components Tsg101 and HRS, the microvesicle marker AnnexinA1, and tetraspanins CD63 and
CD?9 loading equal volumes of the sEV fractions. (G, H). ALIX depletion reduced basolateral EV
particle numbers (n =4, p value <0.05) and increased Tsg101 levels in the apical EV fraction (n=
7, p value <0.005), correlating with increases in CD9 and AnnexinA1 in the apical sEV fraction.

The THP-1 basolateral target cell model
was further used to assess whether the al-
tered sEV release observed with depletion
of the ESCRT-associated factor ALIX im-
pacted polarized sEV communication. While
treatment of THP-1 with apical and basolat-
eral sEVs collected from wild-type (WT)
NHCs resulted in Akt activation similar to
the profile observed using the PathScan
Intracellular Signaling Array (Figure 6, C,
stimulation with equal volumes of apical or
basolateral sEV fraction, and B, stimulation
with equal numbers of apical or basolateral
sEVs). In contrast, apical sEVs released upon
ALIX depletion induced greater Akt activa-
tion than either WT NHC apical sEVs or
ALIX-depletion basolateral sEVs (Figure 6C;
p value <0.05 and 0.05, respectively). This
result indicated that ALIX depletion alters
polarized sEV communication, consistent
with impacts on both the numbers and con-
tents of domain-specific sEV release.

DISCUSSION

While differential EV release from polarized
epithelia has been described (van Niel et al.,
2001; Tauro et al., 2013; Ji et al., 2014; Chen
et al., 2016; Klingeborn et al., 2017; Chin
et al., 2018), the contributions of cellular
machinery to this process and the signaling
impacts of different pools of sEVs remain
understudied. We hypothesized that as epi-
thelia, polarized cholangiocytes release dis-
tinct sEV pools to mediate signaling via their
apical and basolateral surfaces to distinct
target cell populations. EV isolation and
characterization supports the interpretation
that apical and basolateral EV pools contain
both exosomes and small microvesicles—
collectively “small EVs” —that exhibit differ-
ential signaling capacities.

The impacts of dominant negative
Rab27A, ALIX depletion, and nSMasel inhi-
bition on sEV release suggest that MVE bio-
genesis contributes to formation of the two
sEV populations. Two general models of
MVE sorting for the secretion of distinct
pools of apical and basolateral exosomes
can be imagined: 1) a common endosomal
compartment whereon different domains
generate distinct ILVs and MVEs that are
directed to the apical and basolateral mem-
branes to secrete distinct pools of apical
and basolateral exosomes; or 2) distinct
apical and basolateral endosomal compart-
ments serving as sites for MVE formation,
and fusion of the apical and basolateral
MVEs with their respective membranes re-
leasing the different pools of exosomes

basolateral sEVs. These results indicated that the apical and baso-  (Figure 7 presents only the second scenario for simplicity). Analysis
lateral sEVs pools have different signaling capacity toward apical  of rat hepatocyte apical and basolateral plasma membrane compo-
and basolateral target cell models. sition has demonstrated apical enrichment of cholesterol, evident as
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FIGURE 6: Apical and basolateral EVs induce different signaling in
apical and basolateral target cells. (A, B) Equal numbers of NHC-
derived apical and basolateral sEVs were used to treat (A) polarized
NHCs via the apical surface (apical target cell model) or (B) the human
monocyte THP1 cell line (basolateral target cell model). Lysates were
generated at 24 h, and signaling was assessed using the PathScan
Intracellular Signaling Array and normalized to untreated samples.
Apical sEVs induced greater activation in this apical target cell model
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increased cholesterol:protein and cholesterol:phospholipid ratios
(Mazzone et al., 2006). Polarized cholangiocyte apical sEVs were
also enriched in cholesterol compared with basolateral sEVs (Figure
3, D and E); this similarity is consistent with the idea that the mem-
brane sources for apical and basolateral sEVs, including exosomes,
are maintained separately. Although we cannot separate the relative
contributions of small microvesicles and exosomes in this analysis,
the second model is consistent with our analysis and appears to be
a simpler mechanism. Further work is required to definitively address
the biogenesis of the apical and basolateral sEVs, but our results
suggest that some machinery may be common to both pathways
while other machinery may be unique. Inhibition of N-SMase with
GW4869 to reduce ceramide production decreased both apical and
basolateral sEV release (Figure 7, middle panel), but depletion of
ALIX reduced basolateral sEV release, altered apical sEV contents,
and altered sEV-induced activation of THP1 cells. The effects of ALIX
depletion on apical sEV levels of Tsg101, AnnexinA1, and CD9 (in-
creased) versus HRS and CDé63 (reduced) suggest that loss of ALIX
inhibits apical exosome biogenesis but increases apical microvesicle
shedding (Figure 7, right panel). While disruption of ESCRT function
through expression of dominant negative Vps4 disrupts both exo-
some and microvesicle secretion (Jackson et al., 2017), our results
suggest that ALIX depletion differentially impacts these ESCRT-me-
diated EV biogenesis pathways, contributing to the apical sEV pool.
Our analyses do not separate defects in MVE formation from MVE
trafficking and fusion with the plasma membrane to release exo-
somes. While the results do not eliminate the possibility that ALIX
depletion or N-SMase treatment impacts additional parameters rel-
evant to EV-mediated signaling, the simplest interpretation is that
both ALIX depletion and N-SMase inhibition disrupt the biogenesis
of MVEs given their roles in the biogenesis of ILVs. Regardless, the
differential effects of ALIX depletion and N-SMase inhibition sug-
gest that some machinery is common to biogenesis of the apical
and basolateral sEV populations while other factors are distinct.
The differential signaling capacity of apical and basolateral sEVs
could be mediated both by factors present on the surface of the
particles as well as factors contained within the particles. While we
observed differences between apical and basolateral sEV-induced
signaling at 24 h, we did not observe measurable sEV-induced sig-
naling following 1-h treatment (unpublished data). This discrepancy
may indicate that the difference in internal contents (e.g., miRNAs)
between apical and basolateral sEVs is a major factor driving the
observed differential signaling capacity. Alternatively, the surface
components of the two populations may direct more effective deliv-
ery of apical or basolateral sEV contents to generate differential
effects, and this issue needs to be explored in future studies. An
appealing mechanism for the differential signaling effect of the two
sEV populations is the different repertoire of miRNA species present
in each. A number of mechanisms have been described for the se-
cretion of mMiRNAs in EVs in nonpolarized cells (e.g., hRRNPA2, YBXT,
YBX2) (Villarroya-Beltri et al., 2013; Shurtleff et al., 2016), but the

(p value <0.0001), and basolateral sEVs induced greater activation in
this basolateral target cell model (p value <0.01). (C) THP1 cells were
treated with equal volumes of sEV fractions derived from NHC or
ALIX-depleted ALIX.19 cells, lysates were generated at 24 h, and
signaling was assessed by Western blotting for Akt activation and
normalized to untreated control sample. Apical sEVs from ALIX-
depleted cells induced greater Akt activation in this basolateral target
cell model than either NHC-derived apical sEVs (n=5, p value <0.05)
or basolateral sEVs derived from ALIX-depleted cells. (n=5, p value =
0.05).
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mechanisms by which specific miRNAs are sorted into apical or ba-
solateral sEVs are unclear. If these known factors are contributing to
miRNA secretion in a polarized manner, the question of how these
cytosolic factors themselves are selectively sorted into apical or ba-
solateral exosomes/sEVs will be interesting to resolve. Altered
miRNA levels in plasma/serum, bile, or urine have been identified as
potential biomarkers in cholangiocarcinoma, biliary atresia, primary
sclerosing cholangitis, and primary biliary cholangitis (reviewed in
Olaizola et al., 2018), and a number of these miRNAs (e.g., miR122-
5p, 90% apical; miR21-5p, 72% apical; miR200a-3p, 65% apical) ex-
hibited polarized release in sEVs in our NHC system. While differen-
tial expression in diseased cholangiocytes is one mechanism that
could alter levels of these biomarkers, perturbation of polarized sV
release during disease progression may also contribute to changes
in their abundance in different biological fluids. Further understand-
ing how polarized exosome/sEV release is modulated in cholangi-
opathies may provide important insights into disease pathogenesis.
Herein we have established an in vitro system for studying polarized
cholangiocyte sEV release and communication. This system will be
useful to further assess polarized cell-cell communication in the
cholangiopathies and in other diseases involving epithelial cells, in-
cluding alterations in the contents of these particles and changes in
the signaling capacities of apical and basolateral sEVs.

In addition to its role in exosome biogenesis, the ESCRT machin-
ery mediates membrane remodeling in a number of important cel-
lular processes including the formation of MVEs during receptor
down-regulation (Katzmann et al., 2001, 2002; Bache et al., 2004a;
Shim et al., 2006; Sierra et al., 2010; Giordano et al., 2011; Hislop et
al., 2011; Ma et al., 2015; Parkinson et al., 2015; Christ et al., 2017;
Schoneberg et al., 2017), abscission of the cellular bridge during cell
division (Carlton and Martin-Serrano, 2007; Elia et al., 2011; Guizetti
et al.,, 2011; Lafaurie-Janvore et al., 2013; Mierzwa and Gerlich,
2014; Mierzwa et al., 2017), and the closure of the autophagic
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membrane during autophagy (Takahashi et al., 2018). Defects in
ESCRT function have been associated with the development of neu-
rological disease (frontotemporal dementia, CHMP2B) (Skibinski
et al., 2005), cataracts (autosomal dominant cataracts, CHMP4B)
(Shiels et al., 2007), and cancer (tumor suppression, HD-PTP) (Bache
etal., 2004b; Mattissek and Teis, 2014; Manteghi et al., 2016). These
disease processes have generally been considered to result from
the cell autonomous defects in ESCRT function (e.g., perturbations
in receptor trafficking and signaling, autophagy, aneuploidy, and
membrane repair). Our results indicate that perturbation of ESCRT
function, in this case through ALIX depletion, can also impact inter-
cellular communication by altering polarized sEV release from donor
cells. These results suggest that the role of ESCRTs in disease should
be considered with respect to altered exosome communication in
addition to cell autonomous defects in future studies.

MATERIALS AND METHODS

Cell lines and cell culture

Low-passage NHCs (Joplin et al., 1989) were cultured in a manner
similar to that previously described (Banales et al., 2012; Tabibian
et al., 2014) in 5% CO,, normal oxygen in modified H69 media
(DMEM/F12 [Life Technologies 11330-032], 10% fetal bovine serum
[FBS], 1x penicillin/streptomycin [Life Technologies 15140-122],
24.3 pg/ml adenine [Sigma A8626], 5 ug/ml insulin [Sigma 1-6634],
1 pg/ml epinephrine [Sigma E-1635], 8.3 ug/ml transferrin [Sigma
T-1147], 2.27 ng/ml triiodo-L-thyronine [Sigma T-6397], 0.267 pg/ml
hydrocortisone [Sigma H-0888]). FBS used included heat-inactivated
FBS (Sigma F4135), tetracycline negative FBS (Corning 35-075-CV;
Takara 631106), and exosome-depleted FBS (Life Technologies
A25904/A27208) as appropriate. Mycoplasma contamination was
monitored using the Mycoplasma Detection Kit (SouthernBiotech
13100-01). NHC were cultured using collagen Type | (Corning
354236)-coated tissue culture plastic ware or collagen-coated
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Transwell supports with 0.4 um polycarbonate membrane (7.5 cm
insert: Corning 3419; 12 mm insert, 12 well: Corning 3401). NHC
cell lines overexpressing Rab27A wild type or dominant negative
(T21N) were generated by infecting NHC with pHR-SIN-CSGWANGotl
containing fused mCherry-C3 and human Rab27A coding se-
quences, with the T21N mutation introduced by site-directed muta-
genesis using the GeneTailor Site-Directed Mutagenesis System
(ThermoFisher Scientific); all plasmids were sequenced to validate
construction; validation of cell lines was performed by Western blot-
ting with Living Colors mCherry monoclonal antibody (Clontech
632543), Rab27A D7Z9Q monoclonal antibody (Cell Signaling Tech-
nology 69295) and B-actin monoclonal antibody (Sigma A5441)
along with IRDye680LT goat anti-rabbit immunoglobulin G (IgG) or
goat anti-mouse IgG (Li-Cor 926-68021 and 926-68020) secondary
antibodies and detection with the Odyssey Infrared Imager with
ImageStudio software (Li-Cor). The ALIX.19 subclone was gener-
ated by infecting NHC with TRIPZ Human PDCDéIP shRNA
(Dharmacon V2THS_357893) lentivirus and selecting for puromycin
(Sigma P9620) resistance. The ALIX.19 colony was selected, cul-
tured, and characterized for doxycycline (Takara 631311)-induced
ALIX depletion and exosome secretion; the validation of the cell line
was performed by Western blotting with ALIX (Cell Signaling
Technology 92880) and B-actin monoclonal antibody, along with
IRDyeb80LT goat anti-rabbit IgG or goat anti-mouse IgG secondary
antibodies, and detection with Odyssey Infrared Imager with Im-
ageStudio software. A second clone, ALIX.26, displayed similar
doxycycline-induced ALIX depletion and altered exosome secretion
(unpublished data). GW4869 (Sigma D1692) treatment was 10 uM
for 24 h. The human monocytic cell line THP-1 (Tsuchiya et al., 1980)
(ATCC TIB-202) was cultured as previously described (Hirsova et al.,
2016a) in 5% CO,, normal oxygen in RPMI-1640 with 10% FBS and
0.05 mM 2-mercaptoethanol.

Immunofluorescence

Low-passage NHC (1e5) were plated in 12 mm insert, 0.4 pm PC
membrane Transwells in modified H69 media with heat-inactivated
FBS. Cells were cultured for 8 d, and TEER was measured using the
Millicell-ERS Volt-Ohm Meter (Millipore MERSSTX01) to ensure for-
mation of confluent, restrictive monolayer. Samples were then washed
with phosphate-buffered saline (PBS) and fixed (100 mM PIPES,
pH 6.95, 1 mM ethylene glycol-bis(2-aminoethylether)-N,N,N’,N'-
tetraacetic acid, 3 mM MgSOy,, 2.5% formaldehyde) for 20 min at
37°C. Cells were permeabilized with 0.1% Triton X-100, blocked in
5% goat serum, and probed with rabbit ZO-1 D6L1E monoclonal
antibody (Cell Signaling Technology 13663) and Alexa568-goat
anti-rabbit secondary antibody (ThermoFisher A-11011). The mem-
brane was excised from the Transwell support and mounted using
ProLong Gold Antifade Mountant with 4’,6-diamidino-2-phenylindole
(ThermoFisher P36935). Samples were imaged as Z-stacks using a
DeltaVision deconvolution system (Applied Precision, Issaquah,
WA) with an Olympus IX70 fluorescence microscope (Center Valley,
PA) and CoolsnapHQ digital camera (Photometrics, Tucson, AZ),
and micrographs were deconvolved and projected using the Soft-
worx 3.5.1 software package (Applied Precision).

EV isolation and characterization

Totals of 4e6 low-passage NHC, NHC Cherry-Rab27A WT, NHC
Cherry-Rab27A T21N, or ALIX.19 were plated in collagen-coated
7.5 cm insert, 0.4 um polycarbonate membrane Transwell plates in
modified H69 media with heat-Inactivated FBS or tetracycline-
negative FBS and cultured for 3 d. TEER was measured to ensure
formation of a confluent, restrictive monolayer. Cells were washed
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with Dulbecco’s PBS (DPBS) (Corning 21-031-CV) and incubated for
24 h in H69 media with exosome-depleted FBS. Media from the
apical and basolateral chambers were collected, and cells were
refed with H69 media with exosome-depleted FBS with the addition
of 1 pg/ml doxycycline. Media incubation and collection for exo-
some isolation were then repeated for up to 4 d. For inhibition of
N-SMase, after the initial 24 media collection, cells were refed with
exosome-depleted FBS with the addition of 1 pg/ml doxycycline
and 10 pM GW4869. Exosome isolation was performed, subjecting
the entire volume of apical and basolateral collected media to spins
at 500 x g for 10 min and then 3000 x g for 30 min. Cleared media
was then either filtered through a 0.2 um membrane or spun at
30,000 x g for 30 min. Small EVs were then collected on 60% su-
crose or iodixanol overlaid with 10% sucrose or iodixanol via 200,000
x g spin for 2 h in a SW28 or SW41 rotor. The 10-60% interface was
collected, resuspended to greater than 40% sucrose or iodixanol,
overlaid with 40%, 20%, and 10% sucrose and PBS or 40%, 30%,
20%, and 10% iodixanol and PBS, and spun for more than 12 h at
200,000 x g in a SW41 rotor, similar to the procedure described in
Kowal et al. (2016) and Shurtleff et al. (2016). Harvest of the flotation
density gradient fractions indicated migration of EVs at the 10-20%
sucrose or near the 10-20% iodixanol interface, and these particles
were characterized further. Refractive index of flotation fractions was
assessed using a Benchtop Refractometer (Milton Roy 334610) and
used to determine solution density. All spins were conducted at
4°C, and particles were stored at 4°C.

NTA was performed by diluting EVs in counting buffer (PBS
[Corning 21-040-EV], 10 mM sucrose, 1 mM EDTA, filtered through
Vivaspin20 10 kDa MWCO [GE Healthcare 28-9323-60]) and analyz-
ing using NanoSight NS300 with NTA 3.0 software (Malvern Instru-
ments) with Camera Capture setting 12, and Process Threshold 3 or
4, internally consistent within each experiment. Samples were run
continuously through a flow-cell top-plate using a syringe pump at
a rate of 25 pl/min. At least three videos of 60 s documenting
Brownian motion of particles were recorded, and a minimum of
1000 valid tracks were analyzed. Prism 7 (GraphPad) was used for
analysis, including paired and unpaired t tests.

Immunoelectron microscopy was performed by the Mayo Clinic
Microscopy and Cell Analysis Core. EV pellets were fixed with 4%
paraformaldehyde in 100 mM phosphate buffer and deposited on
Formvar/Carbon-coated 200 Mesh Nickle grids. Samples were
probed with CD63 primary antibody (Santa Cruz Biotechnology)
and/or 10 nm gold-conjugated protein A. Samples were then
treated with 1% glutaraldehyde in PBS and stained in 4% uranyl
acetate, 2% methylcellulose. Images were collected using the JEOL
1400 electron microscope.

Western blot analysis of EV fraction was performed by combin-
ing equal volumes of sample with 5x Laemmli sample buffer. Sam-
ples were denatured, resolved on Mini-PROTEAN TGX 4-20% gels
(Bio-Rad 456-1096), and transferred to supported nitrocellulose
membranes (Bio-Rad 1620094). Western blotting was performed
with primary antibodies against Tsg101 (AbCam ab125011), Arfé
(AbCam ab77581), AnnexinA1 (AbCam ab214486), HRS (Cell Sig-
naling Technology15087), ALIX (Cell Signaling Technology 92880),
CD9 (Cell Signaling Technology 13174), and GM130 (Cell Signaling
Technology 12480) and secondary antibody horseradish peroxidase
(HRP)-linked goat anti-rabbit IgG (Cell Signaling Technology 7074,
Thermo Fisher G21234). Detection of CDé3 was modified by reduc-
ing the amount of B-mercaptoethanol in the sample (0 or 12 pM final
concentration); Western blotting was performed using the CD63
H5C6 mouse monoclonal antibody (deposited to Developmental
Studies Hybridoma Bank (DSHB). The Johns Hopkins University
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School of Medicine by J.T. August and J.EK. Hildreth and
maintained by DSHB, created by the National Institute of Child and
Human Development of the National Institutes of Health and main-
tained at the University of lowa Department of Biology, lowa City)
and secondary antibody HRP-linked goat anti-mouse IgG (Thermo
Fisher G21040). The SuperSignal West Femto Maximum Sensitivity
Substrate (ThermoFisher 34095) was used in conjunction with auto-
radiography film or the UVP AutoChemi system (Upland, CA) to de-
velop blots, and ImageQuantTL (GE Life Sciences) and Prism 7
(GraphPad) were used for analysis.

The MicroBCA Assay (ThermoFisher 23235) was used to assess
the protein concentration of equal volumes of exosome fractions fol-
lowing removal of sucrose. Protein was extracted with 5% M-PER
Mammalian Protein Extraction Reagent (ThermoFisher 78501). The
protein concentration was normalized to particle number assessed
by NTA. Total lipids were extracted from exosome preps according
to the Bligh and Dyer method (Bligh and Dyer, 1959) scaled to
accommodate an aqueous volume of 40 pl using 5 x 50 mm dispos-
able culture tubes sealed with Teflon tape. Cholesterol was
determined by the method of Amplex Red (ThermoFisher A12216).
Phosphate was determined on the extracted samples after acid hy-
drolysis by the method of Zhou and Arthur (Zhou and Arthur, 1992)
using malachite green scaled to a total volume of 120 pl and read on
a nanodrop spectrometer using phosphatidylcholine as a standard.
The cholesterol concentration was normalized to particle number as-
sessed by NTA, to protein concentration assessed by MicroBCA, and
phospholipid concentration assessed by malachite green. RNA was
extracted from exosome fractions normalized to particle number us-
ing miRCURY RNA Isolation Kit, Cell and Plant (Exiqon 300110) and
quantified using the Quant-iT RiboGreen RNA Assay Kit (Thermo-
Fisher R11490). Silver staining of normalized numbers of exosomes
was performed using the Silver Stain Plus Kit (Bio-Rad 1610449).

Profiling of miRNAs was performed by submitting equal volumes
of apical and basolateral exosome fraction pairs in triplicate to FireFly
Bioworks for analysis using the Immunology V2 Panel of 65 miRNAs
(AbCam ab218369). This panel was chosen due to interest in how
cholangiocyte-derived exosomes might influence the immune sys-
tem. Validation of differential distribution was performed by quanti-
tative PCR (QPCR) using RNA isolated from equal numbers of exo-
somes (described above). miR223-3p distribution was assessed
using the TagMan Advanced miRNA cDNA Synthesis Kit (Thermo-
Fisher A28007) in conjunction with TagMan Universal Master Mix I,
no UNG (ThermoFisher 4440043) and TagMan Advanced MicroRNA
Assay (ThermoFisher A25576 477983_mir). miR34a-5p and miR486-
5p distributions were assessed using the TagMan MicroRNA Reverse
Transcription Kit (ThermoFisher 4366596) with miR-specific primers
in conjunction with TagMan Universal Master Mix Il, no UNG and
TagMan MicroRNA Assays (ThermoFisher 4427975 000426, 001278).

Target cell signaling

To examine the impact of exosomes on an apical target cell model,
NHC cells were grown on collagen-coated six-well plates (Corning
3506) 3 d past confluency in modified H69 media with 1 ug/ml dox-
ycycline. Cells were washed with DPBS and serum-starved in
DMEM:F12 for 4 h before stimulation with equal numbers of apical
or basolateral exosomes (4e8) in DMEM:F12. Cells were washed in
cold PBS and lysed in PathScan Sandwich ELISA Lysis Buffer (Cell
Signaling Technologies 7018) with the addition of Complete EDTA-
free Protease Inhibitor Cocktail Tablet (Roche 04693132001), Phos-
STOP Phosphatase Inhibitor Cocktail Tablet (Roche 04906837001),
and 100 pM 100 pM AEBSF (Fisher BP2644-100). Protein concentra-
tion normalization was performed using Protein Assay Dye Reagent
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Concentrate (Bio-Rad 5000006), and signaling was evaluated using
the PathScan Intracellular Signaling Array (Cell Signaling Technol-
ogy 7744) using fluorescent detection reagent following the manu-
facturer's instructions. Signal was analyzed using the Odyssey
Infrared Imager with ImageStudio software (LiCor Biosciences,
Lincoln, NE) and Prism 7 (GraphPad). Stimulations were performed
in triplicate in two independent experiments.

To examine the impact of exosomes on a basolateral target cell
model, equal numbers of apical and basolateral exosomes (2e7)
were used to treat 1e6 THP-1 cells in RPMI-1640 with 10% FBS and
0.05 mM 2-mercaptoethanol for 24 h in suspension. Cells were then
pelleted, washed in cold PBS, and processed as described for ex-
amination of signaling in the apical target cell model using PathScan
Intracellular Signaling Array with fluorescent detection reagent fol-
lowing the manufacturer’s instructions. Stimulations were performed
in triplicate in three independent experiments.

To examine the impact of ALIX depletion on exosome signal-
ing, equal volumes of the apical and basolateral exosome fractions
released by doxycycline-treated NHC or ALIX.19 cells were used
to treat 55 THP-1 cells in RPMI-1640 with 10% FBS and 0.05 mM
2-mercaptoethanol for 24 h in suspension. Cells were then pel-
leted, washed in cold PBS, and lysed in Reverse Phase Protein Ar-
ray Lysis Buffer (1% Triton X-100, 50 mM HEPES, pH 7.4,150 mM
NaCl, 1.5 mM MgCl,, T mM EGTA, 100 mM NaF, 10 mM Na pyro-
phosphate, T mM NazVOy, 10% glycerol, 100 uM AEBSF [Fisher
BP2644-100], with Complete EDTA-free Protease Inhibitor Cock-
tail Tablet [Roche 04693132001] and PhosSTOP Phosphatase In-
hibitor Cocktail Tablet [Roche 04906837001]) (Grote et al., 2008).
Cleared lysates were combined with 5x Laemmli sample buffer,
denatured, resolved by SDS-PAGE, and transferred to nitrocellu-
lose. Western blotting was performed using rabbit anti-phospho-
Akt S473 antibody DYE (Cell Signaling Technology 4060) and
mouse anti-total Akt antibody 40D4 (Cell Signaling Technology
2920) with goat anti-rabbit IgG 680LT (LiCor 925-68021) and goat
anti-mouse 1gG 800CW (LiCor 925-32210). Signal was detected
using the Odyssey Infrared Imager with ImageStudio software
(LiCor) and analyzed using ImageJ (Schneider et al., 2012),
ImageQuantTL (GE Life Sciences), and Prism 7 (GraphPad) to cal-
culate the ratio of phospho/total-Akt. Two separate preparations
of exosome fractions were used and analyzed for stimulations in
four replicate experiments.
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