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Hepatitis A virus (HAV) egresses from hepatocytes cloaked in exosomes (eHAV). However, the traffic
network used for its release from polarized hepatocytes is not completely understood. We propose
that eHAV biogenesis may follow not only an ESCRT-mediated pathway but also the syndecan-
syntenin-ALIX pathway. The Bro1 and the V domains of ALIX bind to the pX extension of VP1 and the
VP2-late domains of the unmature capsid, respectively. A Serine-to-Glycine replacement at position
134 of VP2, closely located with the first late domain, facilitates the interaction with ALIX promoting the
syndecan-syntenin-ALIX pathway and improving the basolateral egress, preferentially using RAB35.
This replacement is conserved in hepatoviruses infecting a wide range of mammalian species, but not
in hepatoviruses infecting chimpanzees and humans. An inefficient basolateral egress could be a

strategy to escape the antiviral cellular response in apes.

Hepatitis A virus (Hepatovirus ahepa, HAV) exists in a dual phenotype: as
naked particles and as quasi-enveloped viruses. Particles egress hepatocytes
inside exosome-like vesicles, giving rise to circulating quasi-enveloped
particles (eHAV)'. Naked particles are released from the quasi-envelop
during the gastrointestinal transit and are shed in feces.

Exosomes are a particular type of extracellular vesicles whose bio-
genesis involves the formation of intraluminal vesicles (ILV) into the
multivesicular bodies (MVB), and their secretion via the MVB exocytic
pathway’™. ILVs are formed through an endosomal inward budding,
usually in an endosomal sorting complex required for transport (ESCRT)-
dependent or canonical manner, and during the process, different cargos are
incorporated®. The canonical exosome biogenesis pathway involves the
internalization of ubiquitinated proteins through their direct interaction
with the ESCRT-0, -1, and -II complexes7. Alternatively, syntenin binds
syndecan through its tandem PDZ domains®, and apoptosis-linked-gene-2-
interacting-protein-X (ALIX), an ESCRT-III-binding protein, through its
“late domain” motifs’, directing the syndecan cargos into ILVs. This latter
pathway is known as the syndecan-syntenin- ALIX-exosome biogenesis’. In
its turn, ALIX harbors a Brol domain, which interacts with the ESCRT-III
CHMP4 protein, and a central V-shaped domain, which interacts with (L)
YPXnL-“late domain” bearing proteins, such as syntenin and G-protein-

coupled-receptor-proteinase-activated-receptor 1°''. Also, many retro-
viruses harbor this type of “late domain” motifs, and their interaction with
ALIX acts in the budding process'*".

The eHAV particles contain many common exosome-associated
proteins and multiple endosomal sorting complex required for transport ITI
(ESCRT-III) associated proteins, such as CHMP1A, CHMP1B, CHMP4B,
IST1, and ALIX*. In addition, syntenin has also been detected in the eHAV
particles”’, which, combined with the essential role of ALIX in the eHAV
release, suggests a role for the syndecan-syntenin-ALIX pathway. Accord-
ingly, HAV has two tandem YPX;L “late domains” in the VP2 capsid
protein, at positions 144-149 (YPHGLL) and 177-182 (YPVWEL)". Despite
being buried in the mature capsid, these “late domains” have been proven to
redundantly function during quasi-envelopment and eHAYV release’, sug-
gesting a higher accessibility in the immature capsid budding into the
MVBs*"*%. ALIX may exist as monomers and dimers, being the dimeric form
the active one interacting with the ESCRT-III CHMP4 protein™. This
dimeric conformer with two functional V domains would enable dual
interaction with syntenin and immature capsids, respectively. However,
how they are loaded into the MVB is yet not fully understood.

Additionally, the immature HAV capsid contains the unprocessed
VP1-pX protein, with three potentially ubiquitylation sites in the pX
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Fig. 1 | Expression of genes coding for proteins
involved in exosome biogenesis and trafficking in
human hepatocytes. A mRNA levels from genes
coding for ALIX, HD-PTP, TSG101, syntenin-1,
and syndecan 1 in the Huh7-A-I cell line. B mRNA
levels from genes coding for RAB7A, RABL1A,
RAB11C, RAB27A, RAB27B, and RAB35 in the
Huh7-A-I cell line. Dots correspond to n = 6 inde-

Logqo MRNA expression
normalized vs GAPDH

pendent biological replicates. Each biological repli-
cate was twice titrated, and the average is shown in
the depicted values.
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protein’. Ubiquitylation is a common signal for cargo recruitment to MVBs
through the action of ALIX, tyrosine-protein phosphatase non-receptor
type 23 (HD-PTP), and the ESCRT-0-I-II complexes™*”. However, the
TSG101 subunit of ESCRT-I, which interacts with ESCRT-0 and ubiquiti-
nated cargos, has not been found in eHAV". In contrast, it has recently been
described that the VP1-pX protein interacts in a non-redundant manner
with the Brol domain of ALIX and HD-PTP, suggesting a role of the VP1-
pX protein in the HAV quasi-envelopment™.

Hepatocytes are multi-polarized cells with complex traffic
pathways’*”. Basolateral membrane proteins undergo fast recycling directly
from the early basolateral endosomes (BEE) or may be recycled via the
subapical endosome compartment (SAC). Similarly, apical proteins are
endocytosed in apical early endosomes and sorted into the apical recycling
endosome (ARE). Additionally, proteins in the BEE, ARE, and SAC com-
partments may be sorted to the MVB and further to the lysosome for
degradation. In polarized colon carcinoma cells, different populations of
exosomes are released from apical and basolateral cell surfaces™, suggesting
the existence of selective mechanisms controlling the cargo sorting into
different vesicles”. Furthermore, RAB proteins regulate the intracellular
traffic pathways between the endocytic compartments and the exosome
release through different membranes’. Exosome secretion is promoted
among others by RAB11, RAB27, RAB35, and RAB7 proteins’™, the latter
being involved in the secretion of syndecan-syntenin-ALIX-containing
exosomes in breast tumor cells’. However, although the RAB7A isoform is
enriched in eHAV exosomes, its depletion has no effect on virus release®.
Similarly, depletion of RAB7 in HeLa cells does not inhibit exosome
release”. Remarkably, RAB11A-containing recycling endosomes are
required for bile canalicular formation®. It has been proven that HAV
egresses from hepatocytes from both the basolateral and apical membranes
in the eHAV form™. However, whether there are different compartments
for eHAV biogenesis, and/or differences in the traffic pathway for its egress,
is yet to be elucidated.

In this work, we focused on the use of the canonical ESCRT-mediated
and the syndecan-syntenin-ALIX-mediated exosome biogenesis pathways
by two HAV strains differing in their replication capacity: the HM-175
strain (L0)”, and a fast-replicating HM-175-derived strain (HP)*. HP
harbors a mutation in the VP2 protein, which might facilitate the accessi-
bility of one of the late domains. The eHAV secretion pattern in polarized
hepatocytes, and its relationship with traffic pathways controlled by dif-
ferent RAB proteins was analyzed. An evolutionary origin for the pre-
ferential apical release of human HAV is proposed.

Results

Expression of genes involved in exosome biogenesis and
secretion pathways in Huh7-A-I cells

The expression of genes involved in the ESCRT-mediated and syndecan-
syntenin-ALIX-mediated exosome biogenesis pathways was analyzed in the
human hepatocarcinoma-derived Huh7-A-I cell line™. Expression of genes
coding for ALIX (Programmed Cell Death 6 Interacting Protein; PDCD6IP
gene), HD-PTP (Protein Tyrosine Phosphatase Non-Receptor Type 23;
PTPN23 gene), TSG101 (tumor susceptibility gene 101 protein; TSG101

gene), syntenin-1 (syndecan binding protein 1; SDCBP gene) and SDC1
(syndecan 1; SDCI1 gene) was measured during 72 h. The mRNA levels were
normalized vs the expression of GAPDH (glyceraldehyde-3-phosphate
dehydrogenase; GAPDH housekeeping gene). Overall, SDCBP gene
expression was the highest, followed by ALIX-coding gene, TSG101, HD-
PTP, and SDCI1 (Fig. 1A).

Additionally, expression of genes coding for several Ras-related pro-
teins involved in exosome secretion (RAB7A, RAB11A, RAB11C, RAB27A,
RAB27B, and RAB35) was also ascertained. The mRNA levels of RAB11A
were found to be the highest, followed by RAB35 (Fig. 1B).

These results suggest that not only the canonical ESCRT-mediated
pathway but also the syndecan-syntenin-ALIX-mediated exosome bio-
genesis may be active in Huh7-A-I cells, and that RAB11A and RAB35 could
be involved in its secretory pathway.

Effect of HAV infection on the expression of genes involved in the
exosome biogenesis pathways and their secretion

To elucidate whether the expression pattern of genes involved in the exo-
some biogenesis pathways and the associated RABs varies during the
infection cycle, Huh7-A-I cells were infected with the LO or the HP strains
using a multiplicity of infection (MOI) of 5.

Virus replication was confirmed by quantifying the genome copy (GC)
numbers in the supernatant of infected cells at 0, 24, 48, and 72 h post-
infection (p.i.). The GC fold increase of the HP strain was significantly higher
compared to the LO strain, confirming its faster replication rate (Fig. 2A).
Concomitantly, the mRNA levels of genes involved in the ESCRT-mediated
(Fig. 2B-D) and the syndecan-syntenin-mediated (Fig. 2B, E, F) exosome
biogenesis pathways were measured in HAV-infected vs mock-infected cells.
A minimum of a 2-fold increase was established as a cutoff level to define a
specific rise. HAV infection was associated with a moderate, although sus-
tained, increase of ALIX-coding gene expression in both LO- and HP-
infected cells up to 48 h p.i. (Fig. 2B). But in this latter case, the increase was
significantly higher (3-fold vs 2-fold). HD-PTP, TSG101, SDCBP, and SDC1
gene expression did not show specific increases (Fig. 2C-F).

Additionally, the expression pattern for RAB7A, RAB11A, RAB11C,
RAB27A, RAB27B, and RAB35 coding genes was analyzed (Fig. 2G-J and
Supplementary Fig. 1). The mRNA levels for RAB7A were higher in HP-
infected cells than in LO-infected cells at 48 h p.i. (Fig. 2G). The mRNA levels
for RAB35 increased at 72 h p.i. in HP-infected cells (Fig. 2J). In all cases, the
increases were modest.

These results suggest that HAV quasi-envelopment may be mediated
not only by the ESCRT pathway, involving ALIX, HD-PTP, and TSG101,
but also through the syndecan-syntenin-ALIX pathway, involving ALIX,
syntenin-1, and syndecan 1, with RAB7A and RAB35 being used for their
secretion.

The role of ALIX, HD-PTP, and syntenin-1 in the biogenesis of
eHAV particles from LO and HP strains

In the ESCRT-mediated exosome biogenesis pathway, ALIX and HD-PTP
recruit capsids through their Brol domain, which in turn interacts with the
ESCRT-0 STAM?2 and the ESCRT-III CHMP4 proteins™. In the syndecan-
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Fig. 2 | Effect of HAV replication on the expression of genes coding for proteins
involved in exosome biogenesis and trafficking in human hepatocytes. A Genome
copy fold increase over time in the supernatant of Huh7-A-I-infected cells with HAV
strains LO (orange) and HP (cyan). mRNA fold-changes of ALIX (B), HD-PTP (C),
TSG101 (D), Syntenin-1 (E), Syndecan 1 (F), RAB7A (G), RAB11A (H), RAB27A
(I), and RAB35 (J) of HP and LO Huh7-A-I-infected cells. Box diagrams represent
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the 25th, 50th, and 75th percentiles with whiskers towards the minimum and
maximum values, black crosses represent the mean. Dots correspond to n = 6 bio-
logical replicates. Each biological replicate was twice titrated, and the average is
shown in the depicted values. The dashed line depicts the cutoff level established at a
2-fold change. Statistically significant differences between L0 and HP strains are
depicted.

syntenin-mediated eHAV biogenesis pathway, ALIX would play a role
connecting capsids and syntenin-1, which would, in turn, interact with
syndecan 1.

Co-localization analysis of ALIX and HAV in infected Huh7-A-I cell
monolayers (MOI = 5) was performed using confocal microscopy. At 48 h
p-i., capsid antigen was already visible in LO-infected cells (Fig. 3A), although
it was much more extensive and intense in HP-infected cells (Fig. 3G),
confirming again the HP fast-growing phenotype. Remarkably, ALIX was
also more abundant in HP-infected cells than in LO-infected cells at 48 h p.i.
(Fig. 3H vs Fig. 3B), in accordance with the increase of its mRNA levels
(Fig. 2B). Similarly, ALIX increased in LO-infected cells from 48 to 72 h p.i.
(Fig. 3B, E). A clear co-localization between ALIX and capsid antigens from
both strains was observed, being more intense with the HP capsids com-
pared to LO capsids (Fig. 31 vs Fig. 3C, and Fig. 3L vs Fig. 3F). To measure the
magnitude and intensity of the co-localization between ALIX and capsids
from the L0 and HP strains, quantitative analyses were performed at 72 h p.i.
(Fig. 3M), revealing a significantly higher (p =0.010) proportion of HP
capsids co-localizing with ALIX (M1) than LO capsids. These results point to
more capsids of HP interacting with ALIX compared with L0. To further
confirm this observation, we tested the capacity of an anti-ALIX polyclonal
antibody to pull down LO and HP capsids compared with a monoclonal
anti-HAV antibody. The anti-ALIX antibody was able to pull down 28.50%
and 55.31% of LO and HP capsids, respectively, compared with capsids
immunoprecipitated with the anti-HAV antibody (Fig. 3N), this difference
being statistically significant (p = 0.002). Using the described 3D structure of
HAV?™ to locate the two point mutations differentiating L0 and HP capsids
(S2134G and L1123F), we found that the replacement S134G in VP2 was
located at 4.5 A from the Y of the 144YPHGLL149 late domain, while the
L123F replacement in VP1 was located far from any of the two late domains
(Supplementary Fig. 2). Since a Gly residue is much more flexible than a Ser
residue, we hypothesized that the VP2 S134G replacement could facilitate
the interaction between the first late domain in HP capsids and the ALIX V
domain.

To evaluate the role of ALIX in the eHAV release, we studied the effect
of ALIX-coding gene silencing on the virus release. A significant decrease in
ALIX mRNA levels was achieved (reduction of 85.35% + 1.55%), which
correlated with a notable decrease in the protein detection in western blots
(Supplementary Fig. 3). ALIX silencing resulted in a significant increase
(p <0.001) of the ratio between the total intracellular genomes and the total
infectious viruses in the supernatant of LO-infected cells, which is a measure
of the decrease in virus release, (Fig. 30 and Supplementary Fig. 4).
However, HP release was not affected by ALIX silencing (Fig. 30), which
contrasts with its stronger co-localization with ALIX and more efficient
immunoprecipitation with an anti-ALIX antibody, compared with LO.
These results could be explained by the stimulation of ALIX expression in
HP-infected cells that could balance the silencing effect, combined with a
greater affinity binding of HP capsids with ALIX.

To assess the consequences of the differential interaction of L0 and HP
with ALIX in the actual release of viruses into the supernatants of Huh7-A-I-
infected cells, the ratio of eHAV to naked HAV particles was analyzed by
isopycnic gradient ultracentrifugation. Although in both strains most gen-
omes banded at the density of eHAV particles, the proportion of genomes
banding at the density of naked particles was significantly lower in the
supernatants of HP-infected cells (Supplementary Fig. 5 and Supplementary
Table 1). The mechanism of naked HAV particle release remains to be
elucidated, but it has been proposed that they originate from the lysis of
eHAYV particles’. In fact, some broken empty exosomes were observed in the
low-density fractions, and many HP-derived naked particles remained
attached to them (Supplementary Fig. 5G). Consequently, the lower pro-
portion of naked particles in supernatants from HP-infected cells may be the
result of a tighter interaction of HP virions with exosome components. After
ALIX silencing, most of the egressed particles remained quasi-enveloped, in
both strains (Supplementary Fig. 6). The proportion of particles in the
supernatant of silenced cells was lower than in non-silenced cells for L0 but
not for HP, and the proportion of naked particles increased, particularly for
the HP strain (Supplementary Fig. 6), likely indicating a weaker interaction
in conditions of ALIX reduction.

Confocal microscopy analyses were also performed to explore the co-
localization of LO and HP capsids with HD-PTP and syntenin-1, as markers
of the canonical ESCRT pathway and the syndecan-syntenin-ALIX path-
way, respectively. Overall, both L0 and HP capsids showed significantly
(p<0.001) lower co-localization with HD-PTP than with syntenin-1
(Fig. 4A-D). Both co-localized equally with HD-PTP (Fig. 4A, B), with
similar proportions of co-localizing capsids (7% and 6%, respectively).
Instead, significantly higher proportions of HP capsids (19%) co-localized
with syntenin-1 compared with LO capsids (13%) (Fig. 4C, D), which may
suggest a facilitated interaction of HP with syntenin-1 through its stronger
interaction with ALIX. We tested the effect of HD-PTP and syntenin-1 gene
silencing on the co-localization of capsids. Silencing of both genes induced a
significant reduction of the proportion of L0 and HP capsids co-localizing
with both markers (Fig. 4A-D). Specifically, HD-PTP knockdown induced
significant reductions in the proportion of capsids co-localizing with HD-
PTP from 7% to 1% (L0) and from 6% to 2% (HP) (Fig. 4B). Similarly,
syntenin-1 silencing caused significant declines on the co-localization of LO
and HP capsids with syntenin-1 from 13% to 9% and from 19% to 13%,
respectively (Fig. 4D). Remarkably, while HD-PTP gene silencing did not
show any effect on the cross co-localization with syntenin-1 (Fig. 4C, D),
syntenin-1 gene silencing did induce an increase in the co-localization of HP
capsids with HD-PTP from 6% to 11% but not of L0 capsids (Fig. 4A, B),
suggesting a more important role of syntenin-1 in HP release.

The effect of HD-PTP and syntenin-1 gene silencing on virus release
was analyzed. Significant decreases in HD-PTP and syntenin-1 mRNA
levels were achieved (reduction of 71.94% + 0.04% and 92.75 + 1.52%),
which correlated with important reductions in protein detection in western
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Fig. 3 | ALIX interaction with HAV capsids. A-L Co-localization of ALIX and
HAV capsids in Huh7-A-I-infected cells. A-F correspond to LO-infected cells, and
G-L to HP-infected cells. A Indirect immunofluorescence (IIF) of LO capsids at
48 hours post-infection (h p.i.). B ITF of ALIX at 48 h p.i. C Co-localization of LO
capsids and ALIX at 48 h p.i,; red and green fluorescence correspond to HAV capsids
and ALIX, respectively; orange to yellow fluorescence depicts co-localization of
capsids and ALIX. Similarly, D-F depict the same analysis in LO-infected cellsat72 h
p-i. (G-I) in HP-infected cells at 48 h p.i,, and (J-L) in HP-infected cells at 72 h p.i.
The white bar corresponds to 10 um. M Quantitative confocal microscopy analysis
of the proportion of HAV capsids co-localizing with ALIX (M1 coefficient) at 72 h
p.i. Dots correspond to the M1 value of each of n = 12 images from # = 3 independent
biological replicates. The total number of infected cells counted was 51 and 77 for LO
and HP, respectively. Significant differences between L0 and HP-infected cells are
depicted. N Immunoprecipitation of L0 and HP naked capsids, released from
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this ratio. Data represent the mean + standard error from » = 10 biological repli-
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depicted.

blots (Supplementary Fig. 3). Silencing of both genes resulted in significant
increases in the ratio of the total intracellular genomes to the total infectious
viruses in the supernatant (Fig. 4E and Supplementary Fig. 4). Curiously, the
effect of HD-PTP knockdown in decreasing LO release was stronger in
comparison with the effect of syntenin-1 silencing (Fig. 4E), suggesting a
preference for the ESCRT pathway for L0 release. In contrast, no differences
were observed in the decrease of HP release depending on HD-PTP or
syntenin-1 silencing (Fig. 4E). Yet, the increase in HP co-localization with
HD-PTP observed after syntenin-1 knockdown (Fig. 4B) suggests a cor-
rective communicating-vessels effect and points to a more relevant role of
the syndecan-syntenin-ALIX pathway for HP release.

The role of RAB GTPases in eHAV secretion from LO- and HP-
infected cells

To identify whether RAB7A and RAB35 (whose gene expression was
moderately increased during HAV infection Fig. 2G, J), and RAB11A
(whose coding gene was highly expressed Fig. 1B), were involved in eHAV

release from Huh7-A-I cells, confocal microscopy analyses were performed
after infecting cells with a MOI of 5 for 72 h (Fig. 5). Overall, both L0 and HP
capsids similarly co-localized with all RABs (Fig. 5A). Specifically, the
average proportion of capsids co-localizing with RAB7A, RAB11A and
RAB35 was 24%, 21% and 20%, respectively for L0, and 21%, 18% and 23%
for HP (Fig. 5B). Despite a lack of significance, a tendency of HP capsids to
show higher co-localizations with RAB35 compared with LO capsids was
observed (Fig. 5B). To assess whether RAB7A, RAB11A and RAB35 could
promote HAV release, a series of individual and double gene silencing
experiments were performed. The individual gene silencing achieved was
97.74% + 0.36%, 88.51% + 1.20% and 67.96% +2.27% regarding mRNA
reduction, and around 92%, 75% and 84% regarding protein reduction, for
RAB7A, RABI1A and RAB35, respectively (Supplementary Fig. 3). Indivi-
dual RAB7A and RAB11A silencing did not induce significant increases in
the ratio of the total intracellular GC vs the total infectious viruses in the
supernatant for the L0 strain, and only a minimum effect on HP (Fig. 5C and
Supplementary Fig. 7), indicating a minor effect on HAV release. The most
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Fig. 4 | Role of syntenin-1 and HD-PTP in the HAV release from Huh7-A-I-
infected cells. A Effect of HD-PTP and syntenin-1 coding gene silencing on the co-
localization of L0 and HP capsids with HD-PTP; at 24 h p.i. capsids were immu-
nolabelled in red, and HD-PTP in green. B Quantitative analysis of the proportion of
HAV capsids co-localizing with HD-PTP (M1) in non-silenced (NT-siRNA) and
knock-down cells for HD-PTP (siHD-PTP) and syntenin-1 (siSyntenin-1). C Effect
of syntenin-1 and HD-PTP coding gene silencing on the co-localization of L0 and
HP capsids with syntenin-1; at 24 h p.i. capsids were immunolabelled in red, and
syntenin-1 in green. D Quantitative analysis of the proportion of HAV capsids co-
localizing with syntenin-1 (M1) in non-silenced (NT-siRNA) and knock-down cells
for syntenin-1 (siSyntenin-1) and HD-PTP (siHD-PTP). The confocal images (A, C)

layout is as in Fig. 3. The white bar corresponds to 10 um. Quantitative analyses
(B, D) were done using an average of n = 12 images, from 7 = 2 independent bio-
logical replicates. The total number of infected cells counted was in the range of 46-
116 and 67-154 for L0 and HP, respectively. Sidak correction was applied in the
multiple comparison test. E Effect of HD-PTP and syntenin-1 coding gene silencing
on the ratios between the intracellular genomes and the infectious titers in the
supernatant, as a measure of HAV release. Dunnett T3 (L0) and Tukey (HP) cor-
rections were applied in the multiple comparison test. Data represent the mean +
standard error from n = 9 independent biological replicates. Each biological replicate
included two technical replicates, whose average is depicted. Significant differences
are shown.

striking finding was the increase in the ratio of total intracellular GC to total
infectious viruses in the supernatant during RAB35 silencing, which indi-
cates a reduction in virus release (Fig. 5C and Supplementary Fig. 7). On
average, increases of 1.75X and 3.50X for L0 and HP, respectively, were
observed. This stronger effect on the HP egress could also be inferred with
the double RAB7A and RABI1A silencing (96.00% +1.36% and
74.36% + 3.36% mRNA reduction, respectively), which induced an increase
in RAB35 gene expression (Supplementary Table 2), and concomitantly a
decrease in the ratio of intracellular GC to infectious virus in the super-
natant, which indicates an increase of release (Figs. 5C and S7). In contrast,
for L0, this double silencing induced an increase in the ratio of intracellular
GC to infectious virus in the supernatant, which may indicate a certain role
of these RABs, despite their minor individual effect, in L0 egress (Fig. 5C and
Supplementary Fig. 7). The effect of RAB11A knockdown on L0 egress was
intriguing (Fig. 5C and Supplementary Fig. 7), since a decrease in the ratio of

intracellular GC vs the infectious virus in the supernatant indicates a more
efficient release. This result may be explained by the significant rise of
RAB7A mRNA (Supplementary Table 2), suggesting that L0 may indeed
use RAB7A for its egress. Although this reasoning is contradictory with the
lack of effect of RAB7A silencing, the existence of a communication-vessel
effect between the network of RAB GTPases could neutralize the knock-
down outcome.

The eHAV trafficking pathway in polarized hepatocytes

Differentiation of Huh7-A-I cells was promoted by growing them for 14
days in the presence of DMSO. Polarization of monolayers was con-
firmed by confocal microscopy (Fig. 6A, B) after staining with antibodies
directed against specific markers of the apical (AP) tight junction (zonula
occludens-1: ZO-1) and basolateral (BL) membranes (alpha 1 Sodium
Potassium ATPase: Na"K"-ATPase). Monolayers of columnar polarized
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analysis of the proportion of HAV capsids co-localizing with RAB7A, RAB11A, and
RAB35, respectively, was done using # = 14 images, from 7 = 3 independent biolo-
gical replicates. The total number of infected cells counted was in the range of 43-48
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cells were formed (Fig. 6B), showing very low levels of perme-
ability (Fig. 6C).

Virus egress from the BL and AP membranes of polarized Huh7-A-
I cells grown on transwells was investigated. First, transcytosis of both
L0 and HP strains, from either side BL-AP and AP-BL was tested for up
to 3 h, and a few percent of virions (from below the limit of detection to
4%) passed through the cells (Fig. 6D). The egress of both L0 and HP
strains mostly occurred through the AP membrane (Fig. 6E). However,
while no significant differences were found between the egress of HP
viruses through the AP and the BL membranes, the BL egress of LO
viruses, at 5 and 7 days p.i., was significantly lower than the AP
egress (Fig. 6E).

The involvement of RAB GTPases in the complex hepatocyte traf-
ficking network could mediate the vectorial release of eHAV. The differ-
ential connection of RAB proteins with the BL and AP membranes was
analyzed to dissect eHAV egress. RAB7A, RABI1A, and RAB35 co-
localized with markers of both the basolateral (Fig. 7A-F), and apical
(Fig. 7G-L) membranes. With the aim of estimating the differential loca-
lization of each RAB, we performed quantitative analysis (Fig. 7M-R). We
found that the proportion of the BL and AP membranes co-localizing with
RAB7A (Fig. 7M) and RAB11A (Fig. 7N) was similar, while the proportion
of the BL membrane co-localizing with RAB35 was significantly higher than
the corresponding proportion of the AP membrane (Fig. 70), indicating a
certain preference of RAB35 for the BL compartment. In contrast, the
proportion of each RAB co-localizing with the BL membrane was sig-
nificantly higher than the proportion co-localizing with the AP membrane
(Fig. 7P-R), which may be explained by the largest surface of the BL
membrane®. Altogether, these data suggest a specific involvement of RAB35

in the basolateral trafficking pathway, which could, in turn, determine the
ratio of BL to AP eHAV egress.

Degree of conservation of the VP2 $S134G replacement in hepa-

toviruses infecting small mammals, monkeys, apes, and humans
As stated above, only two amino acid replacements exist between the human
hepatovirus strains L0 and HP: L123F in the VP1 protein and S134G in the
VP2 protein. This last replacement could facilitate the interaction between
the first late domain and the ALIX V domain in the HP strain, sequentially
promoting the syndecan-syntenin-ALIX-exosome biogenesis at the BEE
and their egress using RAB35. We wondered how conserved this position is
along the different hepatoviruses described. The alignment of 132 VP2
sequences from 9 hepatovirus species infecting 34 different mammalian
species revealed that hepatoviruses infecting humans and chimpanzees,
except for the human-derived HP strain, have a Serine at position 134 of
VP2, while the rest of hepatoviruses infecting monkeys, seals, rodents,
hedgehogs, shrews, bats, and marsupials have a Glycine (Fig. 8). In contrast,
no pattern was observed regarding the L123F replacement in the VP1
protein (Supplementary Fig. 8).

Discussion
Hepatocytes are unique multipolar epithelial cells, each participating in
multiple lumina: the bile canaliculi, and the basal surfaces towards the
endothelial liningz". HAV exists as naked particles, which are shed in feces,
and as quasi-enveloped virions (eHAV), circulating in blood during
infection'.

ALIX has been described as critical for HAV release in exosome-like
vesicles'. Exosome biogenesis may follow the canonical ESCRT-dependent’
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and the syndecan-syntenin-ALIX-mediated pathways’. While the canonical
pathway has been proven to be used for eHAV release”, the role of the
syndecan-syntenin-ALIX-mediated pathway has not been elucidated,
despite syntenin has been found in eHAV particles™. To bring some light on
the additional use of this alternative pathway, we studied the expression of
genes coding for key proteins involved in both pathways and of RAB
GTPases that could mediate the MVB trafficking to the plasma membrane,
in the Huh7-A-I hepatoma cells, which are permissive and highly robust for
HAV replication™. Syntenin-1 mRNA levels were very high, in accordance
with data previously reported in hepatoma cells”, while the levels for ALIX,
HD-PTP, and TSG101 were gradually lower. Nonetheless, antigen levels did
not significantly differ, suggesting that both pathways are active in this
hepatoma model. Additionally, RABI1A mRNA levels were very high, as
expected due to its involvement in hepatocyte polarization™, followed by
RAB35 levels.

The cell response to the HP infection resulted in moderate to low fold-
increases of mRNA levels for ALIX, HD-PTP, TSG101, and syntenin-1,
while the response to L0 infection was very low, mostly reflecting the higher
replication capacity of the HP strain. Additionally, ALIX silencing induced a
decrease of LO egress but not of HP, which can be explained by the counter-
effect of the higher increase of ALIX-coding gene expression induced by the
HP infection, and by the stronger interaction of HP capsids with ALIX. It
has been described that the HAV pro-capsids interact with ALIX through
the pX extension of VP1, which is identical in both L0 and HP, with the Brol
domain of ALIX”. But additionally, two late domains have been identified in

the HAV capsids', which, despite being buried in the mature capsid”, have
been proven to function redundantly during HAV egress”'. An explanation
could rely on a different structure of the intracellular capsids sorted into the
exosomes, comparatively with naked extracellular capsids used in crystal-
lographic analysis™. Indeed, the VP2 S134G replacement in the HP capsids
could permit better accessibility of the Tyr at position 144 of the first VP2
late domain (144YPX;L149), facilitating its interaction with the ALIX V
domain. The side chain of Tyr of retrovirus YPX,,L late domains has the
most distinctive interaction with ALIX".

To further dissect the eHAV biogenesis, a series of confocal microscopy
analyses was performed to identify the co-localization of L0 and HP capsids
with HD-PTP and syntenin-1, as markers of the ESCRT-mediated and the
syndecan-syntenin-ALIX-mediated exosome biogenesis pathways, both in
normal or protein-depleted conditions. Co-localization with syntenin-1 was
stronger than co-localization with HD-PTP, particularly in the case of HP
capsids. Interestingly, in syntenin-1-depleted cells, the co-localization of HP
capsids with HD-PTP increased, but not the co-localization with L0 capsids,
while in HD-PTP-depleted cells, the co-localization with syntenin-1
remained unaltered. The analysis of eHAV release after HD-PTP and
syntenin-1 knockdown, revealed that both strains use both pathways.
However, the L0 strain was more affected by HD-PTP silencing than the HP
strain. Although no differences in the effect of HD-PTP and syntenin-1 on
HP egress were detected, this could be the result of an increase in the use of
HD-PTP as a compensatory measure, as proven through the co-localization
analysis. In summary, in the hepatocyte Huh7-A-I model, L0 may
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Fig. 7 | Distribution of RAB7A, RAB11A, and
RAB35 GTPases along the basolateral and apical
membranes of polarized Huh7-A-I cells.

A, C, E IIF of the BL membrane (Na*K" ATPase
marker in red) and RAB7A, RAB11, and RAB35,
respectively (green). B, D, F Same images in the
sagittal plane. G, I, KIIF of the AP membrane (ZO-1
in red) and RAB7A, RAB11, and RAB35, respec-
tively (green). H, J, L Same images in the sagittal
plane. Nuclei are blue labeled. White bars in

(A, C,E, G, I, K) correspond to 25 pum, and in

(B, D, F, H, J, L) to 20 um. Quantitative confocal
microscopy analysis of the proportion of BL (Na*K*
ATPase) and AP (ZO-1) markers co-localizing with
RAB7A (M), RABI1A (N), and RAB35 (O). Quan-
titative confocal microscopy analysis of the pro-
portion of RAB7A (P), RAB11A (Q), and RAB35
(R) co-localizing with the BL (Na*K" ATPase) and
AP (ZO-1) markers. Quantitative analyses were
done using an average of n = 12 images from n=3
independent biological replicates. The total number
of cells counted was in the range of 600. Significant
differences are shown.
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preferably use the ESCRT-mediated pathway, as previously described”,
while HP will preferentially use the syndecan-syntenin-ALIX-mediated
pathway for capsid quasi-envelopment. Although it should not be ruled out
a certain bias in this latter case, due to the high expression of syntenin-1 in
hepatoma cells”, this should be the same for the L0 and HP strains. Being
not the case, it re-enforces the idea of the enhanced interaction of HP capsids
with ALIX, through the VP2 §134G replacement, and the concurrent use of
the syndecan-syntenin-ALIX-mediated exosome biogenesis pathway.

In close relationship with exosome biogenesis, we tried to identify
which RAB GTPases could play a role in the eHAV-containing MVB
trafficking, among those that had been previously recognized to be involved
in exosome secretion’ and expressed in Huh7-A-1 cells. RAB35 was
identified as the most critical GTPase for the egress of L0, and particularly of
HP. Despite RAB7A is enriched in eHAV exosomes, it was previously
discarded to be functional in eHAV egress™, and this observation agrees
with our results of single silencing. However, the information provided in
double-silencing experiments revealed a certain role of RAB7A and
RABI1A in eHAYV egress, particularly for the LO strain.

To identify whether the different uses of the exosome biogenesis/traffic
pathways had any consequences on the cell cycle of L0 and HP strains, the
kinetics of apical and basolateral egress of both strains were analyzed. The
HP strain egressed similarly through both membranes, while the LO strain
showed a significantly higher release through the apical membrane. The
reduced basolateral virus egress that we observed with both L0 and HP
strains, compared with previous studies™*” may be explained by the dis-
tinct experimental designs used. However, in the present study, we com-
pared the basolateral egress of L0 and HP strains, in parallel and under the
same conditions. Additionally, the abundance of RAB7A, RAB11A, and

RAB35 GTPases in the apical and basolateral membranes of polarized
Huh7-A-I cells was also analyzed, and indicated that RAB35 was preferably
located at the basolateral membrane.

In summary, the HP strain shows an enhanced ALIX interaction,
preferentially using RAB35, which is more abundant in the basolateral
membrane, and egresses through the basolateral membrane more efficiently
than LO. In this context, we propose that L0 and HP strains may use
hepatocyte compartments differently for the biogenesis and egress of the
quasi-enveloped particles (Fig. 9). LO would mostly use the ARE compart-
ment, and in a lower proportion, the SAC. From the ARE compartment,
using the ESCRT-mediated exosome biogenesis pathway MVBs will be
formed, which would traffic to the apical membrane, controlled by RAB35,
RAB7A and RAB11A GTPases, promoting the L0 eHAV particles egress;
similarly, from the SAC compartment and controlled by RAB7A and
RAB35, they would egress through the basolateral membrane. In contrast,
HP strain would mostly use the SAC compartment, from which eHAV
particles would traffic towards the apical membrane under RAB35, RAB7A,
and RABIIA control. Also, from the BEE compartment and using the
syndecan-syntein-ALIX-mediated exosome biogenesis pathway, eHAV
particles from the HP strain would move to the basolateral membrane under
RAB35 control. RAB35 has been described to control the fast-recycling
pathway, from peripheral endocytic compartments to the plasma mem-
brane, during receptor recycling, immunological synapse formation, and
cytokinesis*>*'. Fast recycling has been estimated to have a half time of
<5 min®. During the HIV budding, the interaction of ALIX with a wild-type
gag late domain shows a residence time of 45 + 30 s, while the interaction
with a mutant gag late domain requires repeated recruitments occurring
every 4 + 3 min®. Thus, it is tempting to speculate that the combination of
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Hepatovirus erubebrufu infecting rodents; F: Hepatovirus fejalco infecting rodents;
G: Hepatovirus gafrisheta infecting bats; H: Hepatovirus hedgi infecting hedgehogs; I:
Hepatovirus ishrewi infecting shrews and ?: an unclassified Hepatovirus infecting a
marsupial) available at GenBank (EU526089, M20273.1, AY644676, AB279732,
AB300205, M14707, HQ246217, KX088647, M59286, D00924, EU140838,
KR703607, MG181943, KT452631-KT452747). The first seven sequences, belonging
to hepatoviruses infecting humans and chimpanzees, show an S at position 134. The
human HP strain represents an exception and aligns with sequences from monkeys
and small mammals.

the fast-growing phenotype with an enhanced ALIX interaction could
permit HP to be at the right place (basolateral periphery) at the right time
(coupling the exosome biogenesis at the BEE with the fast recycling).
Additionally, RAB7A, RAB11A, and RAB35 have also been involved in the
slow endosome recycling**°, and the former two have been described to
play a role in the extracellular release of hepatitis C virus”~*. Additionally,
RAB27A has been reported to promote hepatitis C and E viruses release™",
and although we cannot rule out a role in the HAV release, its mRNA levels
do not increase during HAV infection. The proposed model is very spec-
ulative, and other pathways may be envisaged depending on the use of
peripheral or perinuclear lysosome populations for virus uncoating, which
will determine the localization of virus replication and assembly™.

Other amino acid replacements are present in the coding region for the
non-structural proteins of the HP strain. Thus, we cannot completely rule
out their effect on capsid morphogenesis, and in consequence, on the
interaction with ALIX. Specifically, a replacement in 2C (R54K), a second
one in the 3C protease (Q106K), and another in the 3D polymerase (A39V).
All these proteins are intimately associated with membranes and are mostly
involved in viral replication rather than in morphogenesis™. Considering
that HP also harbors three mutations in the IRES, which significantly

increase its activity’*”*, it may be hypothesized that all these mutations act
epistatically, resulting in the fast-growing phenotype of HP. Finally, since
the L123F replacement in the VPI protein is located far from the late
domains in the capsid®, we postulate the S134G replacement in VP2 as the
most significant for the HP-ALIX interaction enhancement. Ultimately, the
HP strain more effectively engages the syndecan-syntenin-ALIX-mediated
exosome biogenesis pathway, allowing for more efficient egress through the
basolateral membrane than the LO strain, which utilizes this pathway to a
lesser extent.

Since the S134G replacement has not been previously described in
human HAYV strains, we wondered if it could occur in other hepatoviruses.
Interestingly, all hepatoviruses infecting apes, including humans and
chimpanzees, have Serine, while those infecting monkeys, seals, rodents,
hedgehogs, shrews, bats and marsupials have Glycine. The meaning of such
a pattern is unknown, but it could be related to the strong immune function
in primates™. Apes mount a stronger early transcriptional response to viral
infections than monkeys, including interferon (IFN) alpha and gamma
responses. Intrahepatic plasmacytoid dendritic cells (pDCs) are transiently
present at the beginning of the HAV infection in chimpanzees™. Moreover,
pDCs stimulated in vitro with quasi-enveloped eHAV virions, in the
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Fig. 9 | Diagram of the differential egress of
hepatitis A virus (HAV) through the apical and
basolateral membranes of hepatocytes. Three

ALIX-interacting domains exist in the HAV capsid: zlrl,aa?cums

one located in the pX domain®, and the others in the

VP2 late domains'. The pX domain is highly

accessible, and it is present in L0 and HP HAV

strains. Using this domain, both strains interact with

the HD-PTP and ALIX Brol domains, promoting

an ESCRT-dependent entry into multivesicular

bodies (MVB)®, likely derived from the apical E?

recycling endosomes (ARE) and the subapical vpsz

endosome compartment (SAC). These MVBs traffic i

towards the apical membrane using RAB35, VP3

RAB7A, and RAB11A or to the basolateral mem- -

brane using RAB35 and RAB7A. The VP2 late rALX
HD-PTP

domains are less accessible, but the replacement
S134G, present in the HP strain, facilitates the
interaction of one of its late domains with ALIX V
domains. This interaction would promote the
internalization of HP capsids into MVBs derived
from the basolateral early endosomes (BEE) using
the syndecan-syntenin-ALIX-exosome biogenesis
pathway. These MVBs will traffic towards the

basolateral membrane mostly using RAB35. The )/\A . F(.’Z%/i. °
L0 strain may also use this pathway, although less ’ o ® P
efficiently. Created in BioRender. https://BioRender. pDCs

com/seownnd.
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absence of replication, produce substantial amounts of IFN-a™. Therefore,
hepatoviruses infecting apes might have evolved to minimize contact with
the pDCs by replacing Gly at position 134 of VP2 by Ser, which reduces the
basolateral egress. Yet, there is no data on the antiviral response elicited
against hepatovirus infections in monkeys and small mammals, capable of
confirming our hypothesis.

Methods

Viruses and cells

Two cell-culture adapted HAV variants derived from the HM-175 strain®
were used throughout this study: the HM-175-43¢ variant®, i.e., L0, and the
fast-growing HM-175-HP variant™**, i.e, HP, with GenBank accession
numbers KF724017 and KX088647°*, respectively.

Virus stocks were produced infecting FRhK-4 cells (kindly provided by
the late Professor Bertram Flehmig from the University of Tiibingen, Ger-
many) with a MOI of 0.1. Cells were grown in minimal essential medium in
the presence of non-essential amino acids and L-glutamine and supple-
mented with 15% fetal calf serum (FCS). Post-infection (p.i.) media con-
tained 2% FCS. For HP, 0.05 ug/ml of actinomycin D (AMD; Sigma) was
added in the p.i. media to induce a 60-70% inhibition of the cell DNA
transcription and thus promoting the cell shutoff**.

In the experiments included in this study, HAV strains were replicated
in the human hepatocarcinoma-derived Huh7-A-I cell line”® (kindly pro-
vided by Dr Gerardo Kaplan from the FDA, US), in which they are non-
cytopathic. In this case, growth media contained 10% of FCS, and no AMD
was added for HP replication. Virus inoculum used throughout this study
consisted of supernatants of infected FRhK-4 cells, which contained mostly
eHAYV particles (90% and over 95% for L0 and HP strains, respectively)™.

Virus and genome titration
Tissue Culture Infectious Dose 50 (TCIDsp) titers were determined by
infecting microtiter plates of FRhK-4 cells with serial ten-fold dilutions of
virus supernatants in the absence of AMD™. The development of HAV-
induced cytopathic effect was assessed at 10-13 days p.i.

HAV GC numbers were determined by Real-Time-qPCR” using the
RNA UltraSense One-Step Quantitative RT-PCR System (Invitrogen).

Virus purification through iodixanol gradients and electron
microscopy

Purification of naked and quasi-enveloped viruses was performed as pre-
viously described"*. Briefly, supernatants from infected Huh7-A-I were
centrifuged at 1500 x g for 10 min at 4 °C to remove cellular debris, and
supernatants were further clarified by centrifuging twice at 10,000 g for
30min at 4°C. Viruses were concentrated by ultracentrifugation at
100,000 x g for 2 h at 4 °C, pellets resuspended in 1 ml of PBS and loaded
onto pre-formed 6%-50% iodixanol-(OptiPrep, Axis-Shield) in 0.3 M
sucrose gradients, which were centrifuged at 205,000 x g for 2 h and 45 min
at 4°C (SW41 Ti rotor in a Beckman Coulter Optima L-90K centrifuge).
Twenty 0.5 ml fractions were collected, and their density was determined
using a refractometer. RNA was extracted from each fraction using the
Nucleospin RNA Virus Extraction Kit (Macherey-Nagel), and HAV GC
numbers were determined.

Three virus stocks of L0 and HP strains were produced by infecting
T-75 flasks of Huh7-A-I cells, using a MOI of 1, for 7 days, gradient purified,
and the proportion of naked and quasi-enveloped viruses analyzed. For
electron microscopy, pools of fractions corresponding to naked and quasi-
enveloped particles were submitted to dialysis for 3 days against TN buffer
(50 mM Tris, 100 mM NaCl) with changes every 12 h to remove iodixanol
and sucrose. Samples were ultracentrifuged at 100,000 x g for 3 h at 4°C,
and pellets resuspended in 25 pl of PBS. After negative staining with 2%
phosphotungstic acid pH 7.3, samples were observed with a JEOL JEM 1010
(Jeol) electron microscope at 80 kV. Images were taken with the Megaview
III charge-coupled device camera at 1000 x 1000 pixels and analyzed with
the AnalySIS version 3.2 software (Olympus Soft Imaging Solutions).

Gene expression analysis by mRNA relative quantification
Expression of genes coding for ALIX, HD-PTP, TSG101, syntenin-1, syn-
decan 1, RAB7A, RAB11A, RAB11C, RAB27A, RAB27B, and RAB35 was
analyzed in Huh7-A-T cells at 24, 48, and 72 h after confluence. Six inde-
pendent biological replicates were performed, each including two technical
replicates, whose average was used for calculations. Cells were seeded at a
ratio of 5 x 10° in T-25 flasks and grown at 37 °C under 5% CO, for 48 h to
reach confluence.
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Additionally, confluent cells were infected with L0 and HP strains
using an MOI of 5, and gene expression re-analyzed. Mock-infected cells
were used as negative controls. Six independent biological replicates were
performed for each population and p.i. time, each with two technical
replicates. The average of the two technical replicates was used for calcu-
lations. For gene expression analysis, cells were lysed at 24, 48 and 72 h p.i.

Total RNA from lysates was extracted with GenElute™ Mammalian
Total RNA Miniprep Kit (Sigma-Aldrich) following the manufacturer’s
instructions. A RT-qPCR using the KiCqStart® One-Step Probe RT-qPCR
ReadyMix™ kit (Sigma- Aldrich) with pre-designed primers and probes from
KiCqStart® Probe Assays (Sigma-Aldrich; Supplementary Table 3) was
performed.  Glyceraldehyde-3-phosphate  dehydrogenase (GAPDH)
expression was ascertained in each sample as an endogenous reference’".
Relative gene expression was determined as previously described®’. Sum-
marizing, target Cq values were normalized vs GAPDH, and then differ-
ences between HAV-infected and mock-infected cells were ascertained. A
minimum of a +2-fold-change was established as a cutoff level”. Addi-
tionally, virus replication was confirmed by determining GC numbers in the
supernatant at 0, 24, 48, and 72 h p.i., as described above. Total RNA from
the supernatants was purified as described above.

Gene silencing

Around 6.5 x 10* Huh7-A-I cells per well were seeded on 24-well plates and
grown for 24h at 37°C under 5% CO, to reach 70-80% confluence.
Transfection of siRNA sequence mixtures targeting the PDCD6IP (ALIX),
PTPN23 (HD-PTP), SDCBP (syntenin-1), RAB7A, RABIIA, and RAB35
genes was performed to knock down their individual or dual expression.
The SMART pool ON-TARGETplus siRNA system (Dharmacon, GE
Healthcare) was employed according to the manufacturer’s instructions.
For RAB genes, double-silencing experiments were performed combining
siRNA mixtures. A non-targeting (NT) siRNA mixture was used as negative
control. At 48 h after transfection, cells were infected with L0 and HP strains
using an MOI of 5. Mock-infected cells were used as negative controls. A
minimum of six biological replicates were performed for each gene silencing
and HAV population. Each biological replicate included two technical
replicates, whose average was used for further analysis.

Supernatants and cell lysates were collected at 24 h p.i. Virus titers in the
supernatants were expressed as TCIDs,. Total RNA was extracted from cell
lysates and used for titration of virus GC and mRNA expression. Both TCIDs
and GC were twice titrated (technical replicates), and the average was used for
further calculations. Specific gene silencing was assessed by calculating the
relative gene expression using the method mentioned above. Additionally,
western blots of cell extracts for the detection of ALIX, HD-PTP, syntenin-1,
the different RAB GTPases, and GAPDH, as a normalization control, were
performed with the antibodies described in Supplementary Table 4.

The effect of gene silencing on LO and HP egress was assessed by
comparing the infectious viral loads in the supernatants and the intracellular
GC numbers in knockdown vs non-knockdown cells, as previously
described'. Additionally, the ratio of the total intracellular GC to the total
extracellular TCIDs, in non-silenced and silenced cells was calculated and
used as a measure of virus egress. In confocal microscopy knock-down
experiments, cells were fixed at 24h p.i. and processed for immuno-
fluorescence as described below.

Confocal microscopy

Huh7-A-T cell monolayers grown on chambered coverglasses (Lab-Tek®
Chambered 1.0 Borosilicate Coverglass System Nunc™, Thermo
Scientific™) were infected using a MOI of 5. At 24, 48, or 72 h p.i,, cells were
fixed with 4% paraformaldehyde (PFA) for 15 min, permeabilized with 0.5%
Triton X-100 in PBS with 20 mM glycine for 10 min, and blocked with 1%
bovine serum albumin in PBS-glycine for 30 min, with all steps performed at
room temperature. Antigen detection with the corresponding antibodies
(Supplementary Table 4) was done at 37 °C for 1 h, and after two washes,
cells were incubated with secondary antibodies at 37 °C for 1 h. Nuclei were
Hoechst-stained (Supplementary Table 4) for 15 min. Images were captured

on Leica TCS SP2 and Zeiss 880 confocal microscopes with a 63x 1.4 NA
objective, obtaining 8-bit and 16-bit images with resolutions of 0.1, 0.1, 0.5
microns and 0.07, 0.07, 0.5 microns, respectively. Image deconvolution was
performed with Huygens Essential v. 3.7.1. Image] v1.54 g software was used
to calculate the Otsu threshold for a subset of three representative images of
each experimental condition, and a mean threshold value for each of the two
channels (red and green) was obtained. 3D co-localization analyses were
performed using Huygens Essential, applying the previously calculated
thresholds. 2D reconstructed images used in the figures were obtained with
Image], maintaining the previously calculated thresholds.

Mander’s co-localization Coefficients (M1 and M2) were used for the
quantitative analysis. A minimum of two independent biological replicates
were performed, and a minimum of four representative captures were taken
for each replicate. An average of 50 cells per image was analyzed.

HAV immunoprecipitation

For immunoprecipitation experiments, viral capsids were obtained from
supernatants of infected cells submitted to three cycles of freeze-thawing,
plus three 30's cycles of sonication at 60 W. Three different stocks were
prepared. One-ml samples containing around 5 x 10° TCIDs, units were
incubated for 2h at room temperature with a non-infected clarified cell
extract at a 1:1 proportion, and subsequently immunoprecipitated with an
anti-HAV monoclonal antibody or an anti-ALIX polyclonal antibody
(Supplementary Table 4) coupled with magnetic Protein G Dynabeads
(Invitrogen) following the manufacturer’s procedure. Immunoprecipitated
and non-immunoprecipitated viruses were titrated by RT-qPCR as
described above. Titers obtained after immunoprecipitation with the anti-
HAYV antibody were given a value of 100%, and titers obtained after co-
immunoprecipitation with the anti-ALIX were expressed relative to this
percentage. Four independent biological replicates were assayed.

Huh7-A-I polarization

Huh7-A-1 cells were seeded at a ratio of 4.5 x 10°/cm” on polycarbonate
transwell 0.4 um inserts (Corning™ Transwell® 12-well plate), on cover-
glasses (Lab-Tek® Chambered 1.0 Borosilicate Coverglass System Nunc™ 8
well plate, Thermo Scientific™), or on T-25 flasks. Minimal essential
medium containing non-essential amino acids and 15% FCS was used for
cell growth. When the confluence was reached, around 5 days after seeding,
growth media supplemented with 1% dimethyl sulfoxide (DMSO; Sigma-
Aldrich) was refreshed every other day for 10 days.

Polarization status was confirmed by confocal analysis of cells grown
on coverslips after labeling with an anti-Na*K" ATPase mouse mAb anti-
body and an anti-Z0-1 rabbit polyclonal antibody (Supplementary Table 4)
as markers for the basolateral and apical membranes, respectively. The
percentage of permeability of monolayers of cells grown on transwells was
assessed by a fluorescent dextran assay and used as an additional polar-
ization marker. Cells were incubated for 24 h with 5mM 4 KDa FITC-
dextran (Sigma-Aldrich) added through the apical compartment. Fluores-
cence in the apical and basolateral compartments was quantified using a
standard curve from 6.125 nM to 2.5 uM concentration, using a spectro-
fluorometer. Four independent biological replicates were performed.

Virus infections in polarized Huh7-A-I cells grown in transwells
Polarized Huh7-A-I cell monolayers grown on 12-well transwells were used
to test the vectorial release of the L0 and HP strains.

To test virus transcytosis, infections through the basolateral or the
apical compartments with an MOI of 5 were performed. After a 90-min
adsorption, the inoculum was removed, and the monolayers were washed
twice with p.i. media. Finally, infected cells were incubated with 1-ml of p.i.
media. Supernatant samples were collected at hourly intervals for 3h at
37°C, with cells re-fed with fresh medium. Six independent biological
replicates were conducted, each containing two technical replicates. The
average of the technical replicates was used for further calculations.

For the analysis of virus production, cells were basolaterally infected
with a MOI of 5, and samples from both the apical and basolateral
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compartments were collected at 2, 5, and 7 days p.i. Residual virus titers at
day 0 p.i. in the media added after the adsorption washing were subtracted
from titers obtained at days 2, 5, and 7 p.i. Nine independent biological
replicates were performed. Each replicate was twice titrated in FRhK-4 cells
as described above, and their average was used for calculations.

Amino acid sequence alignments

Constraint-based amino acid alignment from 132 VP2 sequences from
the 9 existing hepatovirus species (https://ictv.global/report/chapter/
picornaviridae/picornaviridae/hepatovirus), infecting 34 different mam-
malian species™™® available at GenBank (EU526089, M20273.1,
AY644676, AB279732, AB300205, M14707.1, HQ246217, KX088647,
M59286, D00924, EU140838, KR703607, MG181943, KT452631-
KT452747) was performed. Similarly, 28 VP1 sequences (EU526089,
M20273, AY644676, AB279732, AB300205, HQ246217, M14707,
KX088647, M59286, D00924, EU140838, NC_027818, KR703607,
MG181943, KT452637, KT452641, KT452644, KT452658, KT452661,
KT452685, KT452691, KT452695, KT452698, KT452714, KT452729,
KT452730, KT452735, KT452742) were also analyzed. Alignments were
produced using Mega v11.

Statistics and reproducibility

The Shapiro-Wilk test was used to analyze the normal distribution of the
variables (p>0.05), and the Brown-Forsythe test was used as an equal
variance test (p >0.05). When normal distribution was not fulfilled, the
Mann-Whitney test was automatically applied. Also, when the homo-
scedasticity was not reached, the Welch’s correction was automatically
computed. The Student’s t-test (unpaired two-tailed) was performed to
compare pairs of results. For multiple comparisons, one-way ANOVA with
the recommended correction tests was applied. The statistical analysis was
conducted at a 95% confidence level. All statistical analyses and graphs were
performed using the GraphPad v10.2.3 software.

For reproducibility, several independent biological replicates were
used, including several technical replicates, i.e., two RT-qPCR and TCIDs
measurements and twelve images in confocal quantitative analysis. The
specific numbers are indicated in each of the experimental procedures
described above as well as in the figure legends.

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

Data availability
Complete data are available in the main article and the Supplementary
Materials and Supplementary Data document.
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