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ABSTRACT Hepatitis B virus (HBV) infection is a significant global health threat,
resulting in more than 800,000 deaths annually. Since HBV naturally infects only humans
and chimpanzees, the development and evaluation of new therapies for chronic HBV
infection are hindered by the lack of suitable animal models. Human sodium-taurocho-
late cotransporting polypeptide (NTCP) is a critical factor for HBV binding and entry,
exhibiting species-specific differences in the amino acid sequences. This study investi-
gated NTCP orthologs from various species to determine their capability to support
HBV binding and infection. We demonstrate that nonhuman NTCP orthologs from
woodchuck, ferret, aardvark, horse, rabbit, whale, big brown bat, cat, and rhinoceros
support HBV binding and cellular entry, thereby rendering HepG2 cells susceptible to
HBV infection upon expression. NTCP orthologs from hamster, goat, and cow support
HBV binding but require specific amino acid exchanges to facilitate HBV infection. We
show that replacement of the functional region, amino acids (aa) 84-87, in hamster NTCP
with the human counterpart allows infection of HepG2 cells expressing the chimeric
NTCP variant. Furthermore, we demonstrate that aa 82 in goat and cow NTCP, close to
this functional region, needs to be modified to support HBV infection. This study could
help identify previously unknown HBV reservoirs and may facilitate the establishment of
new animal models.

IMPORTANCE The bona fide HBV entry receptor NTCP provides a natural barrier
for cross-species transmission. We identified species-specific NTCP orthologues from
woodchuck, ferret, aardvark, horse, rabbit, whale, big brown bat, cat, and rhinoceros
that support HBV infection. This may reveal potential HBV reservoirs and facilitate the
development of new HBV animal models.

KEYWORDS NTCP, HBV infection, HBV animal models

orldwide, approximately 296 million individuals are affected by chronic hepatitis

B (CHB) and face an increased risk of developing liver cirrhosis and hepatocellular
carcinoma (HCC). In 2022, an estimated 1.1 million deaths were attributed to HBV-related
diseases (1). Despite several achievements in the development of new antiviral therapies,
reliable curative therapies for CHB remain unavailable.

HBV infection of hepatocytes is initiated by the attachment of the virus to glycosa-
minoglycan side chains of heparan sulfate proteoglycans (HSPGs) and the subsequent
binding of the PreS1 domain of the large surface protein (L-protein) to sodium taurocho-
late cotransporting polypeptide (NTCP) (2-4). Human NTCP (hNTCP), encoded by the
solute carrier family 10-member 1 gene (SLCT10A1), is a transporter for hepatic bile acid
uptake and has been identified as the bona fide HBV entry receptor essential for cellular
binding and uptake (3-5). The discovery of hNTCP as the HBV entry receptor has been
a landmark in HBV research as overexpression of hNTCP has enabled the establishment
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of HBV in vitro infection models, such as the HepG2-NTCP and Huh7-NTCP cell lines (3,
4, 6-8). These new cell culture models have facilitated the investigation of the HBV entry
mechanism (8) and enabled high-throughput screenings for antiviral substances (9, 10).

Moreover, NTCP has been identified as a determining factor for HBV species specificity
(11). In hNTCP, amino acid (aa) residues 157-165 have been identified as a critical motif
for the PreS1-NTCP interaction (3, 4), and differences in these residues in macaque NTCP,
for example, result in a complete block of HBV binding and infection (3, 12). Accord-
ingly, cynomolgus and rhesus macaque hepatocytes expressing hNTCP or humanized
macaque NTCP (aa 157-165) allowed for establishing HBV infection in vitro and in vivo
(13, 14). While mouse NTCP sufficiently binds HBV, aa 84-87 are crucial for a post-binding
step (15), presumably fusion or entry. However, the expression of hNTCP or a human-
ized murine NTCP variant in mice does not render mouse hepatocytes permissive (16,
17), suggesting other intracellular factors limit HBV infection (18). Therefore, identifying
species-specific NTCP orthologs that support HBV binding and entry could help identify
unknown HBV reservoirs and, if the species-specific hepatocytes support all post-entry
steps of HBV infection, establish new HBV animal models.

Here, we selected 12 NTCP orthologs based on their similarity to the hNTCP-binding
domain (aa 157-165). We analyzed their capability to render HepG2 cells susceptible to
HBV and found that NTCP orthologs from aardvarks, rabbits, whales, big brown bats,
cats, and rhinoceroses support HBV binding and infection upon expression. Moreover,
hamster, cow, and goat NTCP can bind HBV but require additional aa changes to allow
HBV infection.

RESULTS

Selection of NTCP variants based on sequence similarity with hNTCP aa 157-
165

To identify orthologs of hNTCP that allow HBV binding and infection, we retrieved
species-specific NTCP sequences from public databases and selected them based on
their amino acid sequence similarity to hNTCP aa 157-165 (Fig. 1A; Table 1). NTCP
variants known to enable HBV infection upon expression from tupaias (3), horses (19),
and woodchucks (20) served as positive controls. Macaque NTCP (3, 12), which does not
mediate HBV binding, and mouse NTCP (15), which supports binding but not HBV cell
entry, served as negative controls. Notably, among the selected sequences, residue G158
is conserved in all NTCP orthologs, except dolphin and macaque NTCP, while residues at
aa positions 157, 160, 161, 164, and 165 in the HBV-binding motif are diverse (Fig. 1B).

Generation of an expression cassette for an indirect quantification of NTCP
expression

The selected NTCP sequences were codon-optimized, synthesized, and cloned into
liver-specific expression vectors (14). Since there is limited availability of antibodies
capable of directly detecting the expression of the species-specific NTCP orthologs,
we decided to co-express Cypridina luciferase (Cluc) to allow an indirect quantification
of the expression. As shown in Fig. 2A, the different NTCP sequences were linked to
Cluc via a furin-V5-SGSG-T2A linker (21, 22), leading to an equimolar expression of the
N- and C-terminal protein. Since the T2A linker peptide functions co-translationally, it
leads to a minimally modified C-terminus of the Cluc and N-terminus of the respective
NTCP variant. To verify the correct co-expression and complete cleavage of the two
proteins, we transfected HepG2 cells with an expression plasmid encoding hNTCP and
performed Western blot analysis on the cell lysates. Our results show that hNTCP is
expressed at the same size as in the previously described stable cell line HepG2-NTCP-K7
(8) (Fig. 2B), indicating correct cleavage of Cluc and hNTCP. Next, we analyzed the
functionality of both Cluc and hNTCP. Therefore, we first analyzed the supernatant
of the transfected cells for luciferase activity and detected high signals compared to
mock (Fig. 2C). We then evaluated the correct surface localization of the co-expressed
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FIG 1 Selection of NTCP orthologs based on sequence similarity with hNTCP aa157-165. (A) Alignment of different NTCP
orthologs at the binding domain (aa 157-165). Differences among aa 151-173 compared to hNTCP were indicated. HBV

permissiveness, according to previous reports, is indicated. (B) Sequence conservation analysis among the NTCP orthologs

concerning the HBV-binding domain.

hNTCP. For this experiment, we used an Atto488-fluorescently labeled myristoylated
HBV-PreS1 peptide (MyrB,ttosgs), Which specifically binds to hNTCP (3, 4, 15, 23, 24).
As expected, HepG2 cells co-expressing hNTCP bound MyrB,ttoagg on their membrane
(Fig. 2D), indicating correct protein folding and surface localization. We further verified
whether co-expressed hNTCP maintained its physiological function of bile acid uptake
by analyzing intracellular [H]-taurocholate uptake and detected increased levels of
[*H]-taurocholate after 15-min incubation (Fig. 2E). Finally, we analyzed the function of
the co-expressed hNTCP to support HBV infection. We detected secreted hepatitis B e
antigen (HBeAg) at 4- and 7 days post-infection (dpi) (Fig. 2F), indicating that hNTCP is
fully functional in our co-expression system.

In summary, these data show that our system leads to the correct expression of both
proteins, the Cluc and the NTCP variant, allowing the indirect quantification of the NTCP
variant expression.
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TABLE 1 NTCP ortholog sequences tested in this study

IDno. Accession no. Size Common name’ Scientific name Order
1 NP_003040.1 349 aa Human Homo sapiens Primates
2 XP_001110268.1 349aa Macaque Macaca mulatta
3 NP_001171032.1 362aa Mouse Mus_musculus Rodentia
4 XP_005072871.1 362aa Hamster Mesocricetus auratus
5 XP_015346065.1 348 aa Woodchuck Marmota marmota
6 XP_005686078.2 370aa Goat Capra hircus Artiodactyla
7 NP_001039804.1 370aa Cow Bos taurus
8 XP_026967429.1 349aa Dolphin Lagenorhynchus

obliquidens
9 XP_007184433.1 349aa Whale Balaenoptera acutoros-

trata scammoni
10 XP_003987831.1 349aa Cat Felis catus Carnivora
11 XP_004739077.1 372 aa Ferret Mustela putorius furo
12 XP_001500613.1 349aa Horse Equus caballus Perissodactyla
13 XP_004426350.1 349aa Rhinoceros Ceratotherium simum

simum
14 XP_008137122.1 348aa Big brown bat Eptesicus fuscus Chiroptera
15 NP_001076237.1 348aa Rabbit Oryctolagus cuniculus Lagomorpha
16 XP_007940520.1 349aa Aardvark Orycteropus afer afer Tubulidentata
17 XP_007535314.1 351aa Hedgehog Erinaceus europaeus Eulipotyphla
18 XP_006171565.1 379aa Tupaia Tupaia chinensis Scandentia

“The common name of each mammal is shown in this study.

Analysis of species-specific NTCP orthologs for bile acid uptake and HBV
binding and infection

To validate whether the NTCP orthologs maintained their functional properties as bile
acid transporters, we generated individual co-expression vectors with Cluc and the
respective NTCP ortholog to transfect HepG2 cells. At 72 hours post-transfection, NTCP
ortholog expression was analyzed indirectly by the secreted Cluc (Fig. 2G). Next, we
quantified the [*H]-taurocholate uptake (Fig. 2H) and found that all NTCP orthologs
maintained the capacity to take up bile acids, although at different efficiencies, probably
due to different transfection and expression levels.

Next, we analyzed the capabilities of the different NTCP orthologs to support HBV
PreS1 binding. As before, the HBV binding assay was performed by transfecting HepG2
cells with the expression vectors, followed by MyrB,i048g Staining. As shown in Fig. 3,
MyrB,ttoagg binding was observed in the cells expressing the NTCP orthologs from
humans, tupaias, horses, woodchucks, aardvarks, hedgehogs, ferrets, rhinoceroses, cats,
goats, hamsters, cows, rabbits, big brown bats, whales, and mice but at different
intensities. Cells expressing no NTCP or the orthologs from macaque or dolphin did not
show MyrB,t0488 binding.

To further characterize this PreS1-specific binding, we used an in vitro transcribed
(IVT) mRNA approach to express the NTCP orthologs in high levels (25, 26). To allow the
direct quantification of NTCP expression, we fused a hemagglutinin (HA)-tag to the N-
terminus of each NTCP ortholog. HepG2 cells were transfected with IVT mRNA and co-
stained with an AlexaFluor488-labeled anti-HA-tag antibody and an Atto565-labeled
MyrB (MyrB,itos65) (Fig. 4A). We analyzed the cells via flow cytometry and showed that
nontransfected cells neither bound the anti-HA-tag antibody nor the MyrBto565. Cells
transfected with hNTCP mRNA, without an HA-tag, bound only MyrB,tto565, While cells
transfected with HA-hNTCP mRNA bound to both the anti-HA-tag antibody and
MyrB,ttos65, confirming the feasibility of dual staining. Next, we transfected cells with
mRNA of HA-tagged macaque NTCP (HA-macNTCP), known to not bind fluorescently
labeled MyrB (3). As expected, we could only detect the binding of the anti-HA-tag
antibody via flow cytometry. After successfully validating this approach, we analyzed all

April 2025 Volume 99 Issue 4

Journal of Virology

10.1128/jvi.01833-24 4

Downloaded from https://journals.asm.org/journal/jvi on 05 May 2025 by 146.107.213.240.


https://www.ncbi.nlm.nih.gov/protein/NP_003040.1
https://www.ncbi.nlm.nih.gov/protein/XP_001110268.1
https://www.ncbi.nlm.nih.gov/protein/NP_001171032.1
https://www.ncbi.nlm.nih.gov/protein/XP_005072871.1
https://www.ncbi.nlm.nih.gov/protein/XP_015346065.1
https://www.ncbi.nlm.nih.gov/protein/XP_005686078.2
https://www.ncbi.nlm.nih.gov/protein/NP_001039804.1
https://www.ncbi.nlm.nih.gov/protein/XP_026967429.1
https://www.ncbi.nlm.nih.gov/protein/XP_007184433.1
https://www.ncbi.nlm.nih.gov/protein/XP_003987831.1
https://www.ncbi.nlm.nih.gov/protein/XP_004739077.1
https://www.ncbi.nlm.nih.gov/protein/XP_001500613.1
https://www.ncbi.nlm.nih.gov/protein/XP_004426350.1
http://ncbi.nlm.nih.gov/protein/XP_008137122.1
https://www.ncbi.nlm.nih.gov/protein/NP_001076237.1
https://www.ncbi.nlm.nih.gov/protein/XP_007940520.1
https://www.ncbi.nlm.nih.gov/protein/XP_007535314.1
https://www.ncbi.nlm.nih.gov/protein/XP_006171565.1
https://doi.org/10.1128/jvi.01833-24

Full-Length Text Journal of Virology

A B
L cwv 4 Cluc___| | NTCPvariant _|bGHPA]

5 tag-SGSG 55 kDa »

L Cluc____Qylinkerpd  NTCP variant

« B-actin

|———-"

C D Phase  MyrB-attod88 E
. g :

* % %
6

5-

Mock

34

Log,o [RLU/I]

2-

Log1o[CPM[H]]

Human

0-

Mock  Human ' Mock  Human

*Kkk*k

e Day4
4 Day7

HBeAg [S/CO]
Logyo [RLU/I]

Mock Human

* ns * NS
£ 2
=
o
o
2
& 1
-
o_
) R S NPT S T S
ST S F @ & & ¥ & &
Qg‘° PRI e T & ¥ N ¢ )
~\\°° X © < W
¢

FIG 2 Generation and validation of an expression cassette for an indirect quantification of NTCP expression. (A) Schematic illustration of the expression cassette
for an indirect quantification of the NTCP variant expression. Cluc and the respective NTCP variant are connected via a linker sequence containing a Furin
site, a V5 epitope, an SGSG linker-sequence, and a T2A site. (B-D) HepG2 cells were transfected with the expression vector encoding hNTCP as the NTCP
(Continued on next page)
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Fig 2 (Continued)

variant. Supernatants were analyzed at 3 days post transfection (dpt). Nontransfected cells served as a negative control. (B) Total hNTCP protein expression
was detected by Western blot. HepG2-NTCP-K7 cells served as a positive control. (C) Determination of secreted Cluc in the supernatant of the transfected cells.
(D) Transfected HepG2 cells were incubated with MyrB,tto4gg and analyzed via fluorescence microscopy for MyrB,ttoagg binding. (E-F) Transfected HepG2 cells
were differentiated with 2.5% dimethyl sulfoxide (DMSO) for 2 days and inoculated with [*H]-taurocholate or HBV. (E) Uptake of [*H]-taurocholate was determined
by a scintillation analyzer. HepG2 cells transfected with an expression vector without an NTCP variant served as mock. (F) Secreted HBeAg in the supernatant
was measured at 4 and 7 dpi. Data represent one experiment as technical triplicates. (G) Corresponding NTCP ortholog expression was quantified indirectly
by the measurement of secreted Cluc in the supernatant. (H) Transporter abilities of the NTCP orthologs were detected by the measurement of intracellular
[’H]-taurocholate. Transporter abilities were shown by subtracting the background radioactivity values. Experiments were performed in biological triplicates;
mean values +/- standard deviation are given. (C, E) Data were analyzed by unpaired t-test. (F) Data for 7 dpi were analyzed by unpaired t-test. (G, H) Data were
compared to human control by one-way ANOVA with Dunnett’s multiple comparison correction. Statistical significance is denoted as follows: **, P < 0.01; *** P <
0.001; **** P < 0.0001; ns, not significant.

NTCP orthologs for their affinity to MyrB,ttos65 in relation to the anti-HA-tag antibody.
For this, the gating strategy was adjusted to include only anti-HA-tag positive cells, and
the binding of MyrB,to565 Was analyzed. Surface localization for all NTCP orthologs on
IVT mRNA-transfected HepG2 cells (Fig. 4B) could be confirmed through anti-HA-tag
staining but at different levels (Fig. STA). However, MyrB,tto565 binding was not detected
on all NTCPs as dolphin and macaque NTCP-expressing cells did not show MyrB,ttos565
staining (Fig. 4B; Fig. S1B). Affinity to MyrBattos565 Was normalized to hNTCP and is shown
in Fig. 4C. Compared to hNTCP, most NTCP orthologs showed a comparable affinity to
that of MyrB o565, €xcept for a higher affinity of horse and rhinoceros NTCP variants and
a lower affinity of whale NTCP.

In the next step, we analyzed the NTCP orthologs to determine whether they support
HBV infection. We transfected HepG2 cells with the different Cluc/NTCP co-expression
plasmids and determined the Cluc activity at 3 days post-transfection (dpt) to ensure a
high expression of the NTCP ortholog (Fig. 5A). We then inoculated the cells with HBV
and performed HBeAg measurement at 4 and 7 dpi and HBc protein immunostaining at
7 dpi. NTCP orthologs from tupaias, horses, woodchucks, aardvarks, hedgehogs, ferrets,
rhinoceroses, cats, rabbits, big brown bats, and whales showed HBeAg expression above
the threshold at different levels (Fig. 5B) and detectable intracellular HBc protein (Fig. 5C),
indicating that they support HBV infection. As expected, mouse and macaque NTCP did
not mediate HBV infection. Dolphin NTCP, which did not bind HBV PreS1 in the previous
experiments, did not mediate HBV infection, probably due to the described G158N
mutation (12). However, the NTCP orthologs from hamsters, goats, and cows that were
capable of binding HBV PreS1 also did not mediate HBV infection.

Modification of NTCP orthologs at the functional domain or in proximity
allows HBV infection mediated by chimeric hamster, goat, and cow NTCP
variants

To further investigate why hamster, goat, and cow NTCP variants could not mediate HBV
infection despite being able to bind HBV PreS1, we compared the amino acid sequences
in proximity to the previously described functional domain at aa 84-87. As shown in Fig.
6A, aa variations 84 (R or Q), 86 (K or N), and 87 (N or H) are present in HBV-permissive
NTCP variants. While cow and goat NTCP variants showed high similarities in that region,
we noted H84 and P87 in hamster NTCP (Fig. 6B). Thus, we exchanged the two amino
acids of hamster NTCP (H84R and P87N) and analyzed the chimeric NTCP variant
expression as well as its physiological function for bile acid uptake. We included murine
NTCP and the previously described chimeric mouse/human NTCP variant (H84R/T86K/
S87N) as controls. Indeed, we could confirm a functionally expressed chimeric hamster/
human NTCP (H84R and P87N) variant (Fig. 6C through E). In the next step, we tested the
chimeric hamster/human NTCP variant for its capability of supporting HBV infection. We
transfected HepG2 cells with the different NTCP variants and inoculated the cells with
HBV at 3 dpt. As before, hNTCP served as a positive control, and nontransfected HepG2
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FIG 3 Capability of NTCP orthologs for binding fluorescently labeled MyrB. HepG2 cells were transfected with plasmids expressing the indicated NTCP

orthologues. At 3 dpt, cells were incubated with MyrB,t0488 and analyzed via fluorescence microscopy.

cells served as a negative control. HBeAg expression levels at 4 and 7 dpi (Fig. 6F) and
detectable intracellular HBc protein (Fig. 6G) revealed that the expression of the chimeric
hamster/human NTCP variants supported HBV infection.

Next, we analyzed the sequences of cow and goat NTCP variants. While both ortho-
logs harbor aa variations Q84 and N86, like the functional NTCP ortholog from horses, we
noticed an additional difference in amino acids in goat and cow NTCP at position 82 (F82
instead of V82) (Fig. 6B). To determine if this exchange at residue 82 impedes HBV
infection, we replaced aa 82 in goat and cow NTCP with its human counterpart
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Fig 4 (Continued)

transfected with mRNA encoding for hNTCP without an HA-tag (blue), hNTCP with an HA-tag (orange), macaque NTCP (green) with an HA-tag, or nontransfected
(red) served as controls. (B) Histogram graphs obtained from flow cytometry analysis of HA-NTCP surface expression and MyrBattoses binding. (C) Relative
binding capacities of the NTCP orthologs. The geometric mean fluorescence intensity (MFI) for MyrB,tto565 Was calculated for the anti-HAjjexasgg-positive cells.
Results were normalized to the geometric MFI of hNTCP. Cut-off lines were drawn at Y = 0.1/0.5/1.0 to define the different groups of NTCP binding ability. Data
were compared to those of hNTCP by one-way ANOVA with Dunnett’s multiple comparison correction. Statistical significance is denoted as follows: **** P <
0.0001; **, P < 0.01; *, P < 0.05; ns, not significant. All experiments were performed in biological triplicates; mean values +/- SD are given.

(exchange F82V) and subsequently evaluated the chimeric NTCP variant for expression,
functionality for bile acid uptake, and HBV infection as before (Fig. 6H through L). Horse
NTCP served as a positive control, supporting HBV infection (Fig. 5B and C) and harboring
the aa Q84 and N86. The chimeric NTCP variants were expressed at a comparable level
and maintained their physiological functionality as bile acid transporters (Fig. 61 and J).
Furthermore, low levels of HBeAg above the threshold at 4 and 7 dpi (Fig. 6K) and
intracellular HBc protein (Fig. 6L) were detected, indicating that goat and cow NTCP F82V
can support HBV infection. In summary, this shows that the F82V exchange rendered
chimeric goat and cow NTCP variants functional for HBV binding and entry. However,
mutation of horse NTCP with V82F only reduced HBeAg and intracellular HBV cccDNA
(Fig. S2), but did not abolish horse NTCP functionality, which additionally suggests that
other amino acids in close proximity to the previously described functional domain of
NTCP (aa 84-87) might be relevant for HBV infection.

Functionality of primary hepatocytes for HBV uptake and infection

To determine whether our results are applicable to a potential permissiveness of the
species-specific hepatocytes, we reviewed the literature and found a previous report
suggesting that primary horse hepatocytes (PHoH) are permissive to HBV infection (19).
Considering this result, we purchased cryopreserved PHoH and performed an HBV
infection assay. At 7 dpi, we detected HBeAg, HBsAg, and intracellular HBV cccDNA in
PHoH (Fig. 7A), confirming that these cells are fully permissive to HBV.

To further validate our results in other species-specific hepatocytes, we isolated
primary ferret hepatocytes (PFH) and co-stained the hepatocytes with MyrBatos65 and,
to highlight the membranes, with WGA;|exasgs. As shown in Fig. 7B, MyrB,to565 binding
was evident on the membranes of PFH. We next inoculated the cells with HBV to assess
their permissiveness and quantified HBeAg, HBsAg, and HBV cccDNA at 7 dpi. However,
all HBV infection parameters were negative (data not shown), indicating that PFH do not
support HBV infection. To determine whether HBV enters the cells, we inoculated PFH
with HBV and performed gPCR and an in situ hybridization RNAscope assay to detect
intracellular HBV rcDNA. Intracellular HBV rcDNA was detectable in PFH by both the
RNAscope assay (Fig. 7C) and gPCR (Fig. 7D), indicating a block in HBV infection at a post-
entry step in PFH.

DISCUSSION

The establishment of new HBV animal models is hindered by the strict species tropism of
the virus (11). The discovery of NTCP as the bona fide entry receptor has identified a key
factor for HBV species specificity (3). In our study, we selected 12 NTCP orthologs based
on their similarity with hNTCP aa 157-165 and evaluated their capability to render
HepG2 cells susceptible to HBV. Our data show that nonhuman NTCP orthologs from
woodchucks, ferrets, aardvarks, horses, rabbits, whales, big brown bats, cats, and
rhinoceroses support HBV binding and entry. These results help identify species that may
be capable of supporting de novo HBV infection and thus may serve as potential HBV
animal models. Moreover, these species could be potential hosts for yet unknown HBV
reservoirs. However, they need to be screened for their ability to support critical post-
entry steps of HBV infection.
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Fig 5 (Continued)

Dunn’s correction for multiple comparisons was applied. (B) HBeAg was measured in the supernatant
collected at 4 and 7 dpi; the dotted line indicates the detection limit. Cells transfected with a control
plasmid served as a background control, and noninfected cells served as a negative control to set the
detection limit. (C) Cells were fixed and stained for HBV core protein. (A) Data were compared to those
of hNTCP, and (B) data for 7 dpi were compared to those of the negative control by one-way ANOVA
with Dunnett’s correction for multiple comparisons. Statistical significance is denoted as follows: ****, P <
0.0001; **, P < 0.01; *, P < 0.05; ns, not significant. All experiments were performed in biological triplicates;
mean values +/- SD are given.

A cat hepadnavirus has been identified by several groups (27-31), which uses the
feline NTCP as a major cell entry receptor (32). These findings confirm our result that cat
NTCP supports HBV infection. While Shofa et al. showed that a PreS1 peptide derived
from HBV or the cat hepadnavirus could bind to several species-specific NTCP orthologs,
including cat and cow NTCP (31), we demonstrated that HBV PreS1 binding of cow,
hamster, and goat NTCP does not necessarily imply these NTCP orthologs support HBV
infection. Moreover, we showed that the previously described functional domain of NTCP
at aa 84-87 (15), as well as amino acid residues in close proximity to it, are essential for
HBV infection in the NTCP orthologs we investigated. This is in line with a recent report
showing that the humanization of hamster NTCP at aa H84R/P87N is sufficient to support
HBV infection (33).

Using cryo-electron microscopy, recent reports unveiled the structure of NTCP and
mapped the interaction of aa residues between NTCP and the HBV PreS1 peptide (34-
38). Interestingly, the functional domain of NTCP at aa 84-87 is located at the TM2-TM3
loop, outside of the extracellular surface region. While the N-terminal part of the HBV
PreS1 peptide binds directly inside the NTCP tunnel, the C-terminal part, especially D43
and W41, interacts with aa N87 of hNTCP. Variations at this position or in its close
proximity, as indicated by our results, might change the folding of the aa 87 side chain,
therefore limiting the interaction between NTCP and HBV without affecting the bile acid
uptake. Subsequently, studies like ours are necessary to individually analyze whether a
species-specific NTCP ortholog supports HBV infection. However, it has been shown that
the expression of an NTCP variant supporting HBV infection does not necessarily result in
HBV permissiveness of the species' hepatocytes (15, 17). As shown in mice, post-entry
steps like the nuclear import of the HBV capsid might restrict HBV infection (18). Our
results indicate that this might also be the case in PFH where HBV entry, but no infection,
could be detected. Thus, further experiments like the isolation and challenge of species-
specific primary hepatocytes, especially from cats and rabbits, might be necessary to
shortlist these species as potential animal models.

In summary, we established a set of methods to investigate species-specific NTCP
orthologs and chimeras for their functionality in supporting HBV binding and infection
and identified NTCP orthologs from ferrets, aardvarks, horses, rabbits, whales, big brown
bats, and rhinoceroses as potential HBV-entry receptors. Our results indicate that species
like cats and rabbits should be investigated with respect to their potential to serve as
new HBV infection animal models.

MATERIALS AND METHODS
Cell culture

Human hepatocellular carcinoma cells (HepG2) (ATCCHB-8065) and HepG2-NTCP-K7 (8)
cell lines were cultured in Dulbecco’s modified Eagle medium (Gibco, Thermo Fischer
Scientific) supplemented with 10% heat-inactivated fetal calf serum (FCS; Gibco, Thermo
Fischer Scientific) and 1% penicillin/streptomycin (10.000 U/mL, Gibco, Thermo Fischer
Scientific), 2 mM glutamine (Gibco, Thermo Fischer Scientific), 1 X nonessential amino
acids (Gibco, Thermo Fischer Scientific), and 1 mM sodium pyruvate (Gibco, Thermo
Fischer Scientific) in a humidified 37°C, 5% CO, incubator with regular passage every 4
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Fig 6 (Continued)

chimeric variants. (D-G, I-L) HepG2 cells were transfected to express the chimeric NTCP orthologs, and the expression levels (D, 1), the bile acid transporter
capability (E, J), and HBeAg (F, G) were quantified. Intracellular HBV core protein (K, L) was stained. (F, K) The dotted lines indicate the cut-off between nonreactive
and reactive. All experiments were performed in biological triplicates; mean values +/- SD are given. Data were compared to those of human (D, E) or horse NTCP
(1, J) by one-way ANOVA with Dunnett’s multiple comparison correction. (F, K) Data for 7 dpi were compared to those of the negative control by one-way ANOVA
with Dunnett’s correction for multiple comparisons. Statistical significance is denoted as follows: ***¥, P < 0.0001; ***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, not
significant.

days. To differentiate HepG2 and HepG2-NTCP-K7 cells, 2.5% DMSO was added to the cell
culture medium for 3 days after seeding. HepG2 and HepG2-NTCP-K7 cells were cultiva-
ted on collagen-coated plates. All experiments were performed in 24-well plates using
500 pL of standard cultivation or infection medium per well.

Cloning and mRNA production

NTCP sequences were synthesized via GeneArt Strings DNA Fragments service (Invitro-
gen, Thermo Fisher Scientific). The DNA fragments were amplified by PCR with primers
in Table S1 and inserted into the pcDNA3.1-Cluc backbone under the control of a CMV
promoter. For chimeric-NTCP, an additional PCR was performed to get two separated
DNA sequences that contain a 15-20 bp overlap sequence with target mutation. Then,
a second round of PCR with a mixture of two separated DNA sequences as the template
was performed, and the chimeric-NTCP fragments were inserted into the pcDNA3.1-
Cluc backbone. For the mRNA production, NTCP variant sequences were amplified and
inserted into the pcDNA3.1 backbone under the control of the T7 promoter. Sequences
of all NTCP plasmids were confirmed by the DNA Sanger sequence service. IVT mRNA
production was performed using the HiScribe ARCA T7 in vitro transcription kit (New
England Biolabs, Ipswich, MA, USA) supplemented with 10 uM Y-UTP and 10 yM m5
CTP nucleotide analogs (Jena Bioscience, Jena, Germany) as indicated according to the
previous description (25). Synthesized IVT mRNA was analyzed on 2% agarose gel to
validate tailing efficiency and correct length.

NTCP expression quantification

Supernatants from transfected cells and nontransfected cells were collected at 3 dpt
and measured at 1:1,000 dilution using the Cypridina luciferase detection kit (New
England Biolabs, Ipswich, MA, USA) with Tecan reader infinite 200 Pro (TECAN, Mdnne-
dorf, Swizerland). Supernatants from nontransfected cells served as a negative control.

MyrB binding assay

MyrB binding assay was performed as previously described (8). In brief, HepG2 cells
were transfected with plasmids expressing NTCP variants and incubated with 200 nM
MyrBattoagg OF MyrBattoses (LifeTein, Franklin Township, USA) in the culture medium at
37°C for 30 minutes at 3 dpt. After washing twice with PBS, the fluorescence images were
captured with a Leica fluorescence microscope (LAS X, Leica, Wetzlar, Germany). Primary
hepatocytes were counterstained with the plasma membrane marker WGA coupled to
Alexa-Fluor 488 (Thermo Fisher Scientific) diluted 1:500 for 30 minutes.

Flow cytometry

HepG2 cells were seeded and transfected with NTCP variant IVT mRNAs. The cells were
trypsinized at 24 hours post-transfection and co-stained with MyrB,t0565 at 200 nM and
anti-HA lexaasg (1:1000; Invitrogen) for 30 minutes. After washing twice with FACS buffer,
the cell pellets were suspended with 200 pL FACS buffer per well and then analyzed
by flow cytometry (Cytoflex, Beckman Coulter, Brea, CA, USA). Data processing was
performed using FlowJo software (Becton Dickinson).
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FIG 7 Evaluation of primary hepatocytes for HBV uptake and infection. (A) Primary horse hepatocytes
were plated and inoculated with HBV. At 7 dpi, HBeAg, HBsAg, and cccDNA were measured. (B, C,
D) Primary ferret hepatocytes were isolated and seeded. (B) One day post-seeding, the cells were
co-stained by MyrBattos65 and WGApjexags. (C + D) A synchronized infection was performed with the
hepatocytes and cells analyzed for intracellular HBV DNA via (C) RNAscope or (D) gqPCR. Data were
compared to those of the negative control by one-way ANOVA with Dunnett’s correction for multiple
comparisons. Statistical significance is denoted as follows: ***, P < 0.001; **, P < 0.01; *, P < 0.05; ns, not

significant. WGA, wheat germ agglutinin.

Taurocholate uptake assay

[*H] taurocholate uptake assay for all NTCP variants expressing cells was performed as
previously described (39). Briefly, Hot Mix stock ((1,940 pL basal medium, 66 yL 15 mM
cold TC (Sigma-Aldrich), and 1 pL hot TC (Hartmann Analytic, Braunschweig, Germany))
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was prepared and diluted 1:10 in the basal medium, and 250 uL/well of Hot Mix was
added to the samples and incubated for 15 minutes at 37°C. Cells were placed on ice
after incubation and washed three times with ice-cold PBS. Next, cells were lysed with
500 pL lysis buffer (0.05% SDS, 0.25 mM NaOH), and the cell lysate was transferred
to scintillation vials. Finally, vials were closed after adding 4 mL scintillation liquid
and vortexed for 30 seconds. Measurement of [°H] taurocholate was performed with
a scintillation analyzer.

HBV infection assay

Cells were cultured in standard cultivation medium containing 2.5% DMSO for 2 dpt
and then inoculated with 1,000 multiplicities of infection (MOI) viral particles/cell at
37°C for 24 hours in the presence of 5% polyethylene glycol (PEG). HBV particles were
produced by HepAD38 cells as described (40). The supernatant from infected cells
expressing NTCP variants was collected at 4 and 7 dpi. Secreted HBeAg was quanti-
tatively measured using a commercial immunoassay kit (BEP I, Siemens Molecular
Diagnostics, Marburg, Germany) with HBeAg Quantitative Calibrators on the Architect
platform (Abbott Laboratories, Chicago, IL, USA). Sample/cut-off was determined using
the internal cut-off value, whereas samples > 1 are considered positive.

Imaging of HBV core protein

HBV core protein of infected cells was immunostained as previously described (8). Briefly,
HBV-infected cells seeded on 12 mm coverslips were fixed with 4% paraformaldehyde
and permeabilized with 0.5% saponin. Cells were then incubated with rabbit anti-core
serum (Cell Marque), followed by Alexa Flour 488-coupled secondary antibody incuba-
tion (Invitrogen, Carlsbad, CA, USA). After immunostaining, coverslips were mounted
with Flouromount-G containing DAPI (SouthernBiotech, Birmingham, AL, USA), and
images were collected by using a Leica DMi8 fluorescence microscope (Leica, Wetzlar,
Germany).

Primary hepatocyte isolation

Primary hepatocytes were isolated as previously described with minimal media
adjustments (41). In brief, the livers were dissected into liver lobes, followed by individual
flushing by perfusion buffer containing 1 x Lefferts (10 HEPES, 2 mM KCl, 10 Mm Nadl,
and 1.2 mM NaH,PO4-H,0) and 1 x EGTA (5 mM EGTA Solution in 1 x Lefferts Buffer)
for about 10 minutes. Subsequently, the lobes were digested by rinsing with a digestion
buffer (1 x Lefferts, 2 mM CaCl2, and collagenase type 4) for 20-30 minutes. The capsule
was then opened, and cells were removed from the tissue with a cell scraper and
centrifuged for 5 minutes at 4°C at 50 g. After multiple rounds of centrifugation and
washing, the cells were seeded on collagenated plates.

RNAscope assay

Isolated primary hepatocytes were seeded on 12 mm coverslips and inoculated with
wtHBV. After 16 hours, cells were fixed with 4% paraformaldehyde and pretreated with
hydrogen peroxide and protease at RT for 10 minutes, respectively. The RNAscope assay
was performed with the RNAscope Multiplex Fluorescent Detection Kit v2 (323100,
ACDbio, CA). Intracellular rcDNA was detected by the RNAscope Probe-V-HBV-awy-sense
(511681, ACDbio, CA), which targets the HBV S region (GenBank: U95551.1). The images
were captured by using Zeiss LSM 900 Airyscan 2 confocal microscope (Zeiss, Jena,
Germany).

HBV sequence analysis

The amino acid sequences of HBV functional and binding domains were aligned by
Genedoc 2.7, and conserved analysis was created by WebLogo 2.8.2.
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Statistics

GraphPad Prism Version 10.0.2 by Graphpad Software Inc., San Diego, California, USA,
was used to statistically analyze and plot the results.
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