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Abstract

Current culture systems available for studying hepatitis D virus (HDV) are suboptimal. In this
study, we demonstrate that hepatocyte-like cells (HLCs) derived from human pluripotent stem
cells (hPSCs) are fully permissive to HDV infection across various tested genotypes. When co-
infected with the helper hepatitis B virus (HBV) or transduced to express the HBV envelope protein
HBsAg, HLCs effectively secrete infectious progeny virions. We also show that HLCs expressing
HBsAg support extracellular spread of HDV, thus providing a valuable platform for testing
available anti-HDV regimens. By challenging the cells along the differentiation with HDV infection,
we have identified CD63 as a potential HDV/HBV co-entry factor, which was rate-limiting HDV
infection in immature hepatocytes. Given their renewable source and the potential to derive
hPSCs from individual patients, we propose HLCs as a promising model for investigating HDV
biology. Our findings offer new insights into HDV infection and expand the repertoire of research
tools available for the development of therapeutic interventions.

Teaser
A human stem cell-derived hepatocyte culture model for hepatitis D virus studies
Introduction

Approximately 5% of chronic hepatitis B virus (HBV) carriers are co- or super-infected with
hepatitis D virus (HDV), resulting in an estimated 12 million chronic hepatitis D (CHD) patients
worldwide'. However, a recent study suggests that these numbers probably represent an
underestimation of the true global burden of disease?. HBV/HDV co-infection can cause the most
aggressive form of viral hepatitis, leading to an accelerated progression of liver dysfunction and
disease®.

HDV is a circular, single-stranded, negative-sense RNA virus that belongs to the
Kolmioviridae family. Based on their genome diversity, eight different HDV genotypes (GTs) have
been described, each showing distinct geographical distributions®. HDV-1 is the most prevalent
genotype and endemic worldwide, while infections with genotypes HDV-2 through -8 occur
regionally. HDV-2 infections are common in Southeast Asia, while the most diverged genotype
HDV-3 is exclusively prevalent in South America. HDV-4 is found in Japan and Taiwan and HDV-
5 through -8 infections are restricted to Africa®. Infection with the different GTs can lead to various
disease outcomes in the clinic: Compared to HDV-2, both HDV-1 and HDV-3 infections can lead
to severe hepatitis with more adverse patient outcomes®. Patients infected with HDV-4 usually
experience a mild course of liver disease. Patients with an HDV-5 infection appear to have a
preferable prognosis and respond better to pegylated interferon alpha (peg-IFN-a) treatment than
HDV-1 patients’. The clinical features of recently identified genotypes HDV-6 through -8 are less
characterized®.

HDV recruits HBV surface envelope proteins (HBsAg) for its progeny envelopment, which is
critical for HDV propagation and transmission®. Similar to HBV, HBsAg-enveloped HDV virions
enter hepatocytes through the interaction with the integral transmembrane protein receptor Na*-
taurocholate co-transporting polypeptide (NTCP)*. NTCP not only governs HDV liver tropism, but
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77  also determines its species-specificity: only human and to a lesser extent mouse and rat NTCP
78  homologues support HDV entry, but not pig or macaque NTCP®™"".
79 The HDV genome replicates in the nucleus using a double rolling circle mechanism,
80 generating intermediate antigenomic and genomic viral RNA strands'. The mRNA transcribed
81  from the genomic RNA encodes only one open reading frame (ORF) which leads to the translation
82  of two proteins, the small (S-HDAgQ) and the large (L-HDAgQ) hepatitis delta antigen'. Editing of
83  the amber stop codon of the S-HDAg ORF in the antigenome by adenosine deaminase acting on
84 RNA 1 (ADAR1) elongates the reading frame by 19 to 20 codons, which drives the transition from
85  S-to L-HDAg synthesis'. Within the elongated terminus of L-HDAg, a recognition site for cellular
86 farnesyltransferase is modified and allows the switch towards virion assembly and release: while
87  S-HDAg facilitates, the farnesylated L-HDAg inhibits HDV genome replication. L-HDAg together
88  with the S-HDAg and the HDV genome initiates the formation of the ribonucleoprotein (RNP)
89  complex. The farnesyl group facilitates RNP attachment to the endoplasmic reticulum membrane
90 where HBsAg is located and new HDV progenies can be assembled™®.
91 To date, fundamental aspects of HDV biology remain poorly understood, including molecular
92  details of its life cycle, the apparent genotype-dependent disease severity, and the underlying
93  mechanisms leading to accelerated liver dysfunction®. As a result, off-label peg-IFN-a was the
94  only available treatment for HDV infections for a long time. However, it cannot be used for all
95 patients, shows only limited efficiency, and often leads to significant side effects*'®. Bulevirtide
96 (BLV, brand name Hepcludex, formerly known as Myrcludex B), has been recently granted
97  conditional marketing authorization by the European Medicines Agency (EMA)?. It is based on a
98 synthetic pre-S1-derived myristoylated peptide that specifically binds to NTCP and thus blocks
99 HBV and HDV entry. Recent real-world studies demonstrated that BLV as a monotherapy or in
100  combination with peg-IFN-a shows profound effects on HDV serum and liver RNA with possible
101  curative potential in a subset of patients'®. The anti-HDV efficacy of farnesyltransferase inhibitor
102  Lonafarnib (LNF) which inhibits HDV progeny envelopment and therefore secretion, has been
103  demonstrated in phase 3 clinical trial when given in combination with either ritonavir or peg-IFN-
104 o,
105 The gap in our understanding of HDV molecular biology and the lack of a curative treatment
106 is partially due to the restrictions of reproducible HDV cell culture systems that resemble the
107  physiological state of hepatocytes in vivo. Primary human hepatocytes (PHH) provide an
108 attractive model for HDV in vitro studies. However, their restricted availability, high donor-to-donor
109  variability, their difficulties in growing and maintaining them in culture for longer periods of time,
110 and the limited ability to manipulate them genetically impose severe limitations for reproducible
111 and high-throughput HDV studies?'. Upon plating, PHH susceptibility to HDV infection drops
112 rapidly, due to the loss of hepatocyte polarization and NTCP expression??. On the other hand,
113  widely available and highly reproducible hepatoma cells can be only rendered permissive to HDV
114  infection upon induced or ectopic NTCP expression'’. We have recently engineered a HepG2-
115  derived cell line that in addition to NTCP co-expresses the HBsAg, allowing us to study HDV
116 spread®. However, hepatoma cells retain their transformed nature and members of the drug
117  metabolizing CYP450 family are only expressed to low levels in these cells**. The human liver
118  bipotent progenitor cell line HepaRG becomes permissive to HDV infection upon differentiation
119  into hepatocytes®. While differentiated HepaRGs cells retain many characteristics of PHHSs, they
120  do not replicate all*®.
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121 Recently, numerous protocols have been developed to differentiate human induced or
122 embryonic pluripotent stem cells (hiPSC/ESC) into hepatocyte-like cells (HLCs) (reviewed in®").
123  HLCs resemble PHHs and better recapitulate physiological features, such as drug metabolism or
124  innate immune response, than hepatoma cells®. In addition, stem cells represent a reproducible
125 and renewable resource that can be genetically manipulated. We and others have shown that
126  hESC- or iPSC-derived HLCs are suitable for HBV?®, hepatitis C virus (HCV)*® and hepatitis E
127  virus (HEV)*' studies.

128 Here, we show that HLCs are readily permissive for HDV infection and replication of all
129  genotypes tested. We found that the co-infection with HBV or adeno-associated virus (AAV)-
130 mediated transduction of HBsAg in HLCs enabled HDV progeny assembly and release. We
131 demonstrate that HDV can spread extracellularly in HLCs which prompted us to evaluate the
132  efficacy of available anti-HDV regimens in HLCs. Finally, by challenging the cells at different
133  stages of HLC differentiation, we demonstrated the potential of this system to identify new host
134  factors that either promote or restrict HDV infection.

135

136 Results

137  Hepatocyte-like cells (HLCs) are permissive for HDV infection in an NTCP-dependent manner
138  and can be co-infected with HBV

139 Previous studies have demonstrated the utility of stem cell-derived HLCs for hepatotropic
140  virus infection, including HBV (reviewed in?’). Here, we analyzed whether HLCs are likewise
141 permissive to HDV infection.

142 We first used the HDV genotype (GT) 1 strain (JC126)*? to infect HLCs that we differentiated
143  from the human embryonic stem cell (hESC) line WAQ9 based on a previously optimized
144  protocol®® (Fig. 1A). By the end of the differentiation, HLCs supported hepatocyte features
145 including indocyanine green uptake, glycogen synthesis, and the conversion of non-fluorogenic
146  carboxyfluorescein diacetate into fluorogenic carboxyfluorescein®?.

147 As shown in Suppl Fig. 1A & B, we detected increasing numbers of HDAg-positive HLCs in
148  an inoculum dose-dependent manner. HDV infection could be entirely blocked by pre-treating
149  HLCs with the inhibitor bulevirtide (BLV) (Fig. 1A), which is based on a synthetic lipopeptide that
150 mimics the receptor binding-site of HBV pre-S1 protein and binds to NTCP. Of note, while
151  differentiating the cells in the final maturation medium, we observed the formation of a second,
152 highly confluent HLC layer on top of the bottom HLC monolayer. Although we detected some
153  HDAg-positive cells in the bottom monolayer, we found the majority of HDV infections in the top
154  HLCs layer (Suppl Fig. 1A & Fig. 1A).

155 In order to evaluate the robustness of the system, we compared HDV infection of HLC with
156  conventional HDV culture systems. When applying the same HDV inoculum, HLCs were similarly
157  permissive to HDV infection (Fig. 1B) and replication (Fig. 1C) as differentiated HepaRG cells.
158 However, both HLCs and HepaRG cells were much less permissive than carcinoma-derived Huh7
159  cells ectopically expressing human NTCP (Huh7N™ P, Fig. 1B & C and Suppl Fig. 1C).

160 Then, we assessed the possibility of further enhancing HDV infection by transducing HLCs
161  with recombinant, NTCP-encoding adeno-associated viruses (AAV) (Fig. 1D-F). We analyzed
162 endogenous and ectopic NTCP expression by microscopy using a fluorescently conjugated
163  peptide binding specifically to human NTCP (Fig. 1D). Unlike hepatoma cells, for which we and
164  others have observed a significant increase in HDV susceptibility upon NTCP replenishment'”,
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165  ectopic NTCP expression in HLCs enhanced HDV infection by only ~3-fold (Fig. 1E & F). This
166 indicated that in contrast to hepatoma cells, endogenous NTCP expression levels were not
167  majorly rate-limiting for productive HDV infection of HLCs. Of note, we also used the hESC line
168 RUES2 and the hiPSC line iPSC.C3A* (a kind gift from Stephen Duncan, MUSC) to generate
169 HLCs that were likewise permissive to HDV infection (data not shown), demonstrating the
170  reproducibility of the system.

171 Next, we analyzed HDV replication kinetics in HLCs by quantifying HDV genome copies over
172  time (Fig. 1G) up to 20 days post-infection (Suppl. Fig 1D). We observed a delayed onset of
173  replication by day 3 post-infection and a decrease in replication at later time points, which is similar
174  to HDV replication kinetics in other cell culture models, including primary human hepatocytes
175  (PHH)*?¢. We also infected HLCs with HDV GTs 3-8% and found that HLCs were permissive for
176  all tested genotypes (Fig. 1H and Suppl Fig. 1E).

177 Finally, we performed HBV genotype D and HDV GT1 co-infection of HLCs (Fig. 1I-L).
178  Although many infected HLCs were either HBV core (HBc) or HDV antigen (HDAg) single-
179  positive, we found ca. 25% of the infected cells to be double-positive for both HBc and HDAg,
180  suggesting productive co-infection with both viruses (Fig. 1J & K). Upon co-infection with HBV,
181  we detected infectious HDV progenies in the HLC culture medium showing that HLCs can fully
182  recapitulate the entire HDV life cycle (Fig. 1L).

183

184  AAV transduction of HLCs with HBV surface antigens allows completion of the HDV life cycle in
185  HLCs in the absence of HBV infection

186 It has been experimentally shown that HBsAg derived from naturally integrated HBV DNA
187  can support production of infectious HDV virions in the absence of active HBV replication®-°.
188  Corroborating this, high HDV viremia has been detected in HDV/HBV carriers with low or

189  undetectable HBV levels*?, suggesting that HBV integrates are sufficient for expressing the HBV

190 envelope proteins.

191 To mimic this situation, we used a previously identified AAV capsid that transduces HLCs at
192  a high efficiency*' to express L-/M-/S-HBsAg in fully matured HLCs (HLCs"®"9, Fig. 2A). We
193  replaced the original promoter in the AAV transgene vector with the authentic HBV promoter in
194  order to gain the optimal ratio between the three envelope proteins enabling particle formation,
195  as we have shown before®.

196 Six days post-HDV-infection, we detected secreted HBsAg in the supernatant of HLCs
197  (Fig. 2B) as well as HDV progenies, which were capable of initiating secondary infections in
198  Huh7"T®P cells (Fig. 2C). HDV-infected HLCs"®*9 continued to secrete both HBsAg and infectious
199  progenies until the end of the observation time, i.e., up to 21 days post-HDV infection.

200 In order to ensure that the secondary infections were not carry over events from the initial
201 HDV inoculum, we used the HBV/HDV entry inhibitor BLV and Lonafarnib (LNF), which prevents
202  prenylation of the C-terminal Cys211 residue in L-HDAg and thus the envelopment of infectious
203  HDV progenies®. LNF increased primary HDV infection of HLCs (Fig. 2D) in agreement with
204  previous results? but it fully blocked the assembly and release of infectious HDV progenies (Fig.
205 2E). As BLV already very potently blocked primary HDV infection of HLCs (Fig. 2D), we did not
206  observe any secondary infections in Huh7"™" (Fig. 2E). These data showed that HLCs can be
207  genetically engineered to express HBsAg allowing HDV to complete its life cycle.

208

HBsAg
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209  HDV extracellular spread in HLCs"®%9 enables the evaluation of available antiviral HDV regimens
210 HDV extracellular spread, which occurs efficiently in vivo, is difficult to replicate in currently
211 available in vitro models?'?®. Based on our observation that HDV progenies can be released from
212  HLCs"®9 we analyzed whether they also supported HDV extracellular spread (Fig. 3). The
213  macromolecular crowding agent polyethylene glycol 8000 (PEG) is widely used to enhance HBV
214 and HDV infection in cell culture?'*?** and we likewise used PEG 8000 for our primary HDV
215 infections of HLCs. To confirm that HDV extracellular spread without further addition of PEG is
216  possible in HLCs, we first confirmed that HLCs can be infected with HDV in the absence of PEG
217  (Suppl Fig. 2A & B).

218 Next, we transduced WAQ9 cells at their pluripotent stem cell stage with lentiviruses to
219  express ZsGreen and differentiated them to HLCs*®™*"_ |n parallel, we differentiated wild-type
220  WAOQ9 cell and infected them with HDV and transduced them with AAVs to express HBsAg. We
221  then detached both HLC types and mixed the “recipient” HLCs?5®"*" with “donor” HLCs"PVHBsAg,
222  Eight days later, we analyzed co-cultured donor and recipient HLCs for HDV infection by staining
223  against HDAg. As shown in Fig. 3A, we found HDAg-positive HLCs*®™®" in the vicinity of HDV-
224  infected donor HLCs. The treatment with BLV completely prevented infections of HLCs?s¢™e,
225  showing unequivocally that HDV extracellular spread had occurred in our HLC culture.

226 This prompted us to test the impact of available anti-HDV treatments on HDV spread in HLCs
227  (Fig. 3B). First, we infected HLCs with HDV to allow primary infection. The next day, we
228  transduced them with AAV-HBsAg. On the third day, we added the drugs to evaluate their impact
229  on the secondary infections, and accordingly, extracellular spread only. Since HLCs similar to
230  PHHSs do not proliferate**, we could exclude cell-division mediated spread.

231 Ten days post-infection, we observed that the treatment with a relatively high dose of 500 nM
232  BLV decreased the total HDV infection events compared to non-treated HLCs by roughly 50%
233  (Fig. 3C). In a dose-dependent manner, 10 nM BLV decreased total HDV infections by only ~25%.
234  Interestingly, the treatment with LNF, which prevents HDV assembly, did not have any impact on
235 the total number of HDV infections by day 10, but showed an effect when using the supernatant
236 to titer infectious progenies on HUh7"T? cells (Fig. 3D). This may be due to the observation that
237  LNF enhances primary infections (Fig. 2D) which is in agreement with reports by others?**°. Of
238  note, the high dose of BLV completely abrogated secondary infection of Huh7VT° cells (Fig. 3D),
239  although some progenies must have been released from primary infected HLCs. This suggested
240  carry-over of BLV in the inoculum and highlights the advantage of using a culture system that
241 supports authentic and extracellular HDV spread.

242
243  HDV susceptibility along HLC differentiation
244 We finally wanted to determine the stage along the differentiation process at which HLCs

245 became susceptible to HDV infection. HLC differentiation is based on a five-step protocol
246  mimicking liver development with each step involving the exposure of the cells to different culture
247 media and growth factors: from hESC to definitive endoderm (DE), followed by hepatic
248  specification, then immature, and finally mature hepatocytes (Fig. 4A). We monitored the
249  differentiation progress by analyzing the expression of proteins (Fig. 4A) and transcript levels (Fig.
250 4B) of the immature hepatocyte marker alphafetoprotein (AFP), the mature hepatocyte marker
251  albumin (ALB), and NTCP. As soon as we cultured DE cells in the medium containing hepatocyte
252  growth factor to initiate hepatic specification, we observed a steep increase in AFP, ALB, and


https://doi.org/10.1101/2023.10.13.561984
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.13.561984; this version posted October 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

253  NTCP expression levels (Fig. 4B). While AFP levels reached a plateau by day 13, ALB expression
254  only peaked by day 19 in the last culture medium, when the cells reached their final maturation
255 stage. Interestingly, NTCP was already expressed on the cell surface during the hepatic
256  specification stage but slightly decreased during the final maturation step.

257 Then, we infected the cells at either stem cell level (day 0), DE stage (day 5), or every second
258 day during the hepatocyte differentiation with HDV. 5 days post-infection we analyzed HDV
259 infections by quantifying HDV RNA copy numbers (Fig. 4C) and HDAg-positive cells (Fig. 4D) five
260 days post-infection. Neither hESC nor DE cells were susceptible to HDV infection (Fig. 4C & D).
261 Interestingly, when bypassing the cell entry step by delivering the HDV genome via transfection,
262  we found that hESCs were already capable of replicating HDV, as evidenced by the detection of
263 L-antigen in transfected cells (Suppl Fig. 3A).

264 We found that hepatic progenitors became susceptible to HDV infection as early as day 11
265  after starting the differentiation protocol, likely governed by the expression of NTCP. Interestingly,
266 immature hepatocytes at day 15 were less susceptible to HDV infection than the progenitors,
267  although they expressed NTCP on their surface. Then, we observed a second peak of HDV
268 infection, when the cells acquired a fully matured hepatocyte profile, as evidenced by the peak in
269  ALB expression at day 19 (Fig. 4B). Remarkably, NTCP expression was not further enhanced at
270 this pointin time, indicating that other factors restricted HDV at the immature state. To identify the
271  exact day, we further refined and infected the cells with HDV every day between day 17 to 19
272  (Suppl Fig. 3B & C) of the differentiation protocol. We identified day 18 as the differentiation day
273  when cells became the most susceptible to HDV infection, roughly 2 days after we switched to
274  the final maturation medium. From day 19 on, HLCs became less susceptible to HDV infection,
275 likely due to a further decrease in NTCP expression (Fig. 4B) from the mature HLC stage on.
276

277  Differential gene expression analysis reveals potential co- and restriction factors of HDV infection
278  in mature HLCs

279 The enhanced permissiveness observed in matured HLCs by day 18 could be governed by
280 the upregulation of a host co-factor or the downregulation of a host restriction factor for HDV
281 infection. Thus, we compared the transcriptome profile of the cells between day 17 and day 18
282  (Fig. 5). Whole-transcriptome expression profiling and gene ontology (GO) term enrichment
283  analysis revealed up- or downregulation of genes enriched in many pathways, such as liver
284  development and regeneration (Fig. 5A). In agreement, individual markers of mature hepatocytes
285 such as ALB and PROX1 were upregulated, while markers of immature hepatocytes, such as
286  AFP and the stem cell marker SOX9, were downregulated by day 18 (Fig. 5B). FRZB is a negative
287  regulator of hepatocyte differentiation and was likewise downregulated by day 18.

288 We previously showed that stem cells express an intrinsic and protective subset of antiviral
289  genes (interferon stimulated genes, ISGs) and that they become downregulated throughout the
290 differentiation®®. In return, differentiated cells become more IFN-signaling-competent. In
291  agreement, we observed the downregulation of a subset of ISGs (Fig. 5C). Other factors such as
292 DDX58 and STAT1, which are critical for IFN induction and signaling, respectively (Fig. 5C), and
293  which rather play an antiviral role in mature hepatocytes, were upregulated.

294 Furthermore, the GO analysis revealed the upregulation of many genes that have been
295  previously described to be involved in the entry process of other viruses, including HBV (Fig. 3D).
296  Notably, genes encoding proteins that were found to interact with NTCP*" as well as previously
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297  described HBV and HDV co-entry factors were upregulated in mature HLCs by day 18. In addition,
298 numerous membrane receptors and co-factors involved in general viral entry were likewise
299  upregulated. We validated by RT-qPCR the upregulation of HBV entry co-factors along HLC
300 differentiation (Suppl Fig. 5A), such as caveolins*® and LAMP1 as well as previously described
301  membrane receptors (Suppl Fig. 5B), such as EGFR*’, SCARB1%°, and LDLR®".

302

303 CD63 is a potential co-factor of HDV entry and could be rate-limiting for infection of immature
304  hepatocytes.

305 In order to identify a potential host factor that was expressed in mature HLCs and responsible
306 for enhanced HDV infection, we performed a small siRNA screen in Huh7V°? cells. We selected
307 siRNAs that target genes encoding membrane receptors and co-factors of viral entry and that
308  were upregulated in mature HLCs as revealed by the transcriptome analysis (Fig. 5D). As positive
309 controls, we also employed siRNAs targeting NTCP as well as the HDAg-coding region in the
310 HDV RNA genome.

311 As shown in Fig. 6A, the downregulation of several genes reduced HDV infection by up to
312  80% compared to the transfection with a non-target (nt) control siRNA. We selected the top four
313  candidate genes for further validation (Fig. 6B): the poliovirus receptor (PVR), CD63, as well as
314  integrins beta 1 (ITGB1) and alpha 2 which can form a functional ITGB1/A2 heterodimer. We
315  confirmed the downregulation of these genes by western blot analysis (Suppl Fig. 5A) and their
316  impact on HDV infection of Huh7"™" cells (Fig. 6B). However, the downregulation of PVR and
317 ITGA2 had a pronounced effect on cell attachment and cell viability (Fig. 6C). Since the
318  downregulation of CD63 decreased HDV infection by up to 50% in the absence of any effect on
319  either surface NTCP expression (Suppl Fig. 5B) or cell viability (Fig. 6C), we decided to follow up
320  on this host factor.

321 Next, we wanted to study whether CD63 plays a role in either the early steps of the HDV life
322  cycle, including cell entry, or at later steps, such as genome replication. Thus, we also delivered
323 the CDG63 targeting siRNA one day after HDV infection of HUh7N™°" cells (Fig. 6D). Only when
324 CD63 was downregulated before (Fig. 6A & B) but not after HDV infection, we observed a
325  significant reduction, suggesting that CD63 plays a role during the early steps of HDV infection,
326  but not replication. Since HBV shares the envelope glycoproteins with HDV, we also wanted to
327  analyze whether CD63 could play a role during HBV infection. As shown in Fig. 6E, although
328 CD63 downregulation had a significant effect on HBV infection, it affected it to a much lower extent
329 than HDV infection.

330 When analyzing CD63 expression along HLC differentiation, we found a distinct upregulation
331  in mature HLCs as compared to immature HLCs, on the transcript and protein level (Fig. 6F & G).
332 Interestingly, we also found that CD63 appeared to be less glycosylated in immature hepatocytes
333 as compared to mature hepatocytes (Fig. 6G), mirroring observations made in immature and
334  mature dendritic cells by others®. As described above and as shown in Fig. 1A and Suppl Fig.
335 1A, we observed throughout our experiments that HDV seemed to preferentially infect the highly
336  confluent, second layer of HLCs on top of the monolayer of HLCs at the bottom. By confocal
337  microscopy analysis, we indeed found that CD63 was more highly expressed in the top HLCs
338 layer (Fig. 6H & |) as compared to the lower HLC level (Fig. 6H & J).

339 We then wanted to rescue CD63 expression at the different hepatocyte maturation stages.
340 To this end, we AAV-transduced the cells at days 8, 13, and 17 of the differentiation protocol and
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341 infected them with HDV at each time point two days later (Fig. 6K). Ectopic CD63 expression led
342  to a stronger, at least 2-fold increased HDV infection in immature hepatocytes but only to a 1.2-
343 fold increase in mature hepatocytes, showing that CD63 could be a rate-limiting factor for HDV-
344  infection of immature hepatocytes. Future studies shall provide a more mechanistic understanding
345 on how CD63 may be involved in HDV entry. Here, we provided a guideline of how stem cell
346  differentiation culture systems can be used as a platform for the identification of novel co-factors
347  for virus infection.

348
349 Discussion
350 Historically, studies of human hepatotropic viruses were hampered by the lack of

351  physiologically relevant hepatic cell culture models. Likewise, for HDV studies, the scarceness of
352  reproducible cell culture systems that resemble the physiological status of hepatocytes in vivo,
353  has hampered our progress in understanding important aspects of HDV biology. Previous studies
354 by us and others have shown the advantages of hPSC-derived HLCs for HBV, HCV, and HEV
355 investigations?*3'*3 Here, we demonstrated the applicability of HLCs for HDV studies.

356  HLCs to study the entire life cycle of HDV and HBV/HDV co-infections

357 We found that HLCs were readily permissive for HDV and HBV infection and that the ectopic
358 NTCP expression under a foreign promoter did not dramatically increase HDV infection. These
359  results are in stark contrast to hepatoma cells'” and highlight the authenticity of HLCs. Thus, HLCs
360 enable HDV infection studies under the physiological regulation of NTCP expression, which can
361 depend on bile acid concentrations, inflammatory cytokines, and others (reviewed in®*).

362 During the work on this manuscript, a study by Lange and colleagues*® used HLCs to study
363 the innate immune responses to HDV mono-infection. Here, in contrast, we studied HDV biology
364 in the context of its helper virus. By either co-infecting with HBV or by genetically manipulating
365 HLCs to express HBsAg, we detected infectious HDV progenies in the HLC culture medium
366  showing that HLCs can recapitulate the entire HDV life cycle and even extracellular HDV spread.
367 Both de novo infection and cell division-mediated spread contributes to HDV persistence in
368 CHD patients®®. We have previously shown that HDV spreads in hepatoma cells upon cell division
369 and that it was highly dependent on the innate immune competence of the respective cell line
370 used®. However, HDV extracellular spread is difficult to replicate in available in vitro models. On
371 the one hand, rapid de-differentiation and rapid decrease of NTCP expression after seeding
372  heavily restrict the use of PHHs for HDV spread studies?. On the other hand, hepatoma cells
373  ectopically expressing NTCP and HBsAg only poorly support extracellular spread, as shown in
374  our recent study? Here, we showed that HLCs support efficient extracellular HDV spread and
375  thus provide a physiologically relevant, reproducible, and non-proliferative cell model to study the
376  underlying determinants.

377
378  HBsAg-HLCs for anti-HDV treatment evaluation
379 HLCs express members of the CYP450 family and their drug responsiveness correlates with

380 those of PHHs®". Therefore, numerous previous studies have proposed HLCs as a platform for
381  drug toxicity®® and drug evaluation studies®®. In addition, owing to the self-renewal of stem cells,
382 HLCs can be easily upscaled and used for high-throughput drug screens®. Finally, patient-
383  specificiPSCs can be generated from clinically relevant individuals to create personalized disease
384  and drug evaluation models.
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385 Since HLCs"Bs9 supported extracellular HDV spread, we used them to test the currently
386  available drugs specifically developed to treat HDV infections. First, we confirmed that BLV
387  completely blocked HDV entry into HLCs. In contrast, the application of LNF led to more
388  detectable primary HDV infections, which may be related to intra-hepatocellular accumulation of
389  non-farnesylated and therefore non-inhibitory L-HDAg®. As a result, we observed no significant
390 variation in total HDV infections after the treatment of LNF in our HLC spread assay. Only when
391  titrating HDV progenies separately and analyzing secondary infections, we could observe the
392 effect of LNF. Our findings highlight the advantage of studying the potency of drugs in a system
393 that faithfully recapitulates spread, especially since the currently available and specific anti-HDV
394  regimens target virus entry and assembly.

395
396  Challenging HLCs along their differentiation revealed CD63 as a potential HDV/HBV entry factor
397 To our surprise, NTCP was expressed very early during HLC differentiation which mimics

398 liver development. This early expression of NTCP rendered hepatic progenitors susceptible to
399 HDV infection, aligning with previous studies that showed non-hepatic cell lines becoming
400  susceptible to HDV infection upon ectopic NTCP expression''. In agreement, we found stem cells
401 to be already capable of replicating the HDV genome when delivered through transfection,
402  Dbypassing the entry step, which is consistent with the findings by Lange et al.*®

403 Surprisingly, we discovered that fully matured HLCs at day 18 of differentiation exhibited a
404  higher susceptibility to HDV infection compared to less mature cells. This suggested the presence
405 of one or several hepatocyte-specific co-factors that facilitated HDV entry or replication. We ruled
406 out NTCP as the responsible determinant, as its expression was slightly decreased in fully
407  matured hepatocytes.

408 Our subsequent analysis using a small siRNA screen targeting selected genes from the
409 transcriptome analysis, revealed CD63 as a potential HBV and HDV entry factor. CD63 seemed
410 to be rate-limiting for HDV infection of immature hepatocytes which was alleviated by ectopic
411  CDG63 expression. While CD63 is most prominently known for its role in exosomal egress and has
412  been reported to be involved in HBV assembly and egress®, it is also a critical component of late
413  endosomes and facilitates vesicular trafficking through endosomal pathways®'. As such, it has
414  Dbeen shown to be involved in the entry of other viruses®®°,

415 It is important to note that CD63 is likely not the only factor governing enhanced infection of
416  mature HLCs, and future research should aim to identify and confirm such other factors. In
417  addition, further mechanistic studies will be needed to confirm and elucidate the role of CD63 in
418 HBV/HDV entry. In this study, we demonstrated how challenging cells along the stem cell
419  differentiation process can be a dynamic platform for discovering new host factors for virus
420 infection.

421
422  Limitations of using HLCs for HDV infection studies
423 While we have shown that HLCs support HDV infection, their susceptibility remained inferior

424  to the infection of hepatoma cells overexpressing NTCP, potentially due to theirimmature nature.
425 In addition, we observed that HDV preferentially infected the top layer of HLCs but not the bottom
426 layer. While we found a potential correlative expression with CD63, future studies shall identify
427  other critical co-factors for HDV infection being absent or potential restriction factors being present
428 in the different HLC populations. Comparing the genetic landscape between the two populations
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429  could potentially lead to the identification of such factors. These factors could then be genetically
430  modified by lentiviral or AAV transduction, as we have done in this study, to yield highly permissive
431  HLCs.

432 Generally, stem cell culture and their differentiation remain expensive and time-consuming.
433 In the absence of a deep understanding of the molecular mechanism of liver development and
434  regeneration® %, a broad range of HLC differentiation protocols have been published for different
435 applications. A better understanding of liver development is needed and shall lead to the
436  development of more robust and potentially commercially available HLC differentiation kits in the
437  future. This should make the system available to all researchers in the field with the overarching
438  goal of advancing molecular HDV studies and developing curative and alternative therapies for
439  chronic HDV patients.

440

441  Materials and methods

442  Reagents and antibodies

443 The following antibodies were used for immunofluorescence staining or western blot analysis:
444  monoclonal mouse/human anti-HDAg*” (1:3000, FD3A7; available through Absolute Antibody)
445  and rabbit anti-HBcAg antibody®® (1:1000, H363) were generated in-house. Human anti-HBsAg
446  (1:1000, HBc34) was a kind gift from Davide Corti, Humabs BioMed. Rabbit anti-FoxA2 (1:400)
447  was purchased from Cell Signaling, mouse anti-AFP (1:1000) from Sigma-Aldrich, mouse anti-
448 ALB (1:1000) from Cedarlane and mouse anti-CD63 from SANTA CRUZ BIOTECHNOLOGY
449  (1:400). Alexa Fluor 488/568 anti-mouse (1:1000), Alexa Fluor 488 anti-human (1:1000), and
450 Alexa Fluor 488/568 anti-rabbit (1:1000) antibodies were purchased from Invitrogen. Antibodies
451  for western blot: mouse anti-CD63 (1:1000) was purchased from Invitrogen, rabbit anti-PVR
452  (1:1000) from Sigma-Aldrich, mouse anti-ITGB1 (1:1000) from Santa Cruz and rabbit anti-ITGa2
453  (1:1000) from Abcam. Lonafarnib was purchased from Selleckchem.

454
455  Standard cell culture
456 The human hepatoma cell line Huh7N™" and HepG2"TF ectopically expressing human NTCP

457  was generated previously®®. HUuh7"VT°P and HepG2"™Pcells were cultured in Dulbecco’s modified
458 Eagle medium (DMEM, Gibco) supplemented with 10% advanced fetal bovine serum (FBS,
459  Capricorn) and 2 pg/mL puromycin (InvivoGen). For AAV production, HEK-293T cells were
460 cultured in DMEM (Gibco), supplemented with 10% fetal bovine serum and 1% penicillin-
461  streptomycin (Gibco).

462
463  Generation of human pluripotent stem cell-derived hepatocyte-like cells (HLCs)
464 The use of human embryonic stem cells (hESC) for this work was approved by the German

465  Central Ethics Committee for Stem Cell Research (Robert Koch Institute, AZ: 3.04.02/0179). The
466 hESC line WAQ9 (WiCell) was cultured in mTeSR1 medium (STEMCELL Technologies) on
467  Matrigel (Corning) coated plates. WAQ9 cells were differentiated to definitive endoderm (DE)
468 using the STEMdiff™ Definitive Endoderm Kit (STEMCELL Technologies) according to the
469  manufacturer’s protocol. To induce hepatic differentiation, DE cells were differentiated in the basal
470 medium consisting of CTS™ KnockOut™ DMEM/F12 (Gibco), 10% KnockOut Serum
471  Replacement (KOSR, Gibco), 1% MEM solution of non-essential amino acids (NEAA, Gibco), 1%
472  GlutaMAX supplement (Gibco), and 1% penicillin-streptomycin (Gibco), supplemented with
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473  human hepatocyte growth factor (HGF, Prepotech), DMSO (Sigma-Aldrich), and dexamethasone
474  (Sigma) as previously described®. For final maturation, HLCs were cultured in the Hepatocyte
475  Culture Medium BulletKit™ (HCM, Lonza) supplemented with 20 ng/mL of recombinant human
476  oncostatin M (OSM, R&D systems). For the co-culture experiment, WAOQ9 cells were transduced
477  with lentivirus to express ZsGreen and selected with 1 ug/mL puromycin as described®’ prior to
478  HLC differentiation.

479
480 HBV and HDV production and infection
481 HBV (GT D) virus was produced from the HepF19 cell line as previously described®®. HDV

482  virus was produced as previously described??. In brief, virus was collected from supernatants from
483  Huh7 cells co-transfected with plasmids pJC126% (HDV GT1, kindly provided by John Taylor, Fox
484  Chase Cancer Center) and pT7HB2.7%° (hepatitis B virus genotype D envelope proteins, kindly
485  provided by Camille Sureau, Institut National de la Transfusion Sanguine; accession number:
486 MN645906) and purified by heparin affinity chromatography. HDV virus stocks of GT1 Ethiopia
487  and 3-8 were produced as previously described®’.

488 HLCs were infected at day 18 of the differentiation protocol at an MOI of 5 infectious units
489 (IU) in the presence of 4% polyethylene glycol 8000 (PEG, Sigma-Aldrich) and 1.5% DMSO
490 (Sigma-Aldrich). 16 to 24 h later, the inoculum was removed and HLCs were washed twice with
491 Dulbecco’s Phosphate Buffered Saline (DPBS) before replenishing with fresh culture medium
492  supplemented with 1.5% DMSO. Medium was exchanged every two days until the end of the
493  experiment.

494 For the secondary infection, 1x10° Huh7N™" cells were seeded in 24-well plates and
495 inoculated with approximately one fifth of the culture supernatant from HDV-infected HLCs in
496 DMEM containing 4% PEG and 2% DMSO (Carl Roth) after 24h. 16 to 24 h post-infection, cells
497  were washed twice with PBS and replenished with fresh DMEM supplemented with 2% DMSO.
498 Medium was exchanged every two days until the end of the experiment.

499
500 Adeno-associated virus (AAV) production and transduction
501 The hNTCP or CD63 gene was cloned into a self-complementary AAV vector (pscAAV-CMV-

502 EYFP-BGHpolyA™). The HB2.7 subgenomic fragment encoding the L-/M-/S-HBsAg of HBV
503 genotype D was cloned into a single-stranded AAV vector (pSSV9-AAV-CMV-EYFP-
504 BGHpolyA)'. Recombinant AAVs of serotype 6 were produced and iodixanol-purified as
505 described previously’?. HLCs were transduced with AAVs two days prior to HDV infection (to
506 express NTCP or CD63) or one day after HDV infection (to express HBsAg). 24 h post-
507 transduction, the inoculum was removed, HLCs were washed with DPBS, and replenished with
508 fresh culture medium.

509
510  Statistics
511 Graphs and statistical analyses were performed using GraphPad PRISM 8. In all figures

512  where p-values were calculated, the corresponding statistical test is listed in the figure legend.
513

514  For further details regarding the materials and methods used, please refer to supplementary
515 information.

516
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517  Abbreviations

518  AAV: Adeno-associated virus; ADAR1: adenosine deaminase acting on RNA 1; AFP:
519 alphafetoprotein; ALB: albumin; BLV: Bulevirtide; CHD: chronic hepatitis D; DE: definitive
520 endoderm; DPBS: Dulbecco's phosphate buffered saline; EMA: European Medicines Agency; GT:
521 genotype; HBV: hepatitis B virus; HBc: HBV core antigen; HBsAg: HBV surface protein; HCV:
522  hepatitis C virus; HDV: hepatitis D virus; HDAg: hepatitis delta antigen; hESC: human embryonic
523  stem cell; HEV: hepatitis E virus; HLCs: hepatocyte-like cells; hiPSC: human induced pluripotent
524  stem cell; ISGs: interferon stimulated genes; LNF: lonafarnib; NTCP: Na'-taurocholate co-
525  transporting polypeptide; peglFN-a: pegylated interferon alpha; PHH: primary human
526  hepatocytes; p.i: post infection; RNP: ribonucleoprotein.
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Tables
Table 1: Primers used in this study
Name Sequence (5’-3) Target Reference
HDV-F GCGCCGGCYGGGCAAC HDV RNA 73
HDV-R TTCCTCTTCGGGTCGGCATG
HDV-Probe FAM-CGCGGTCCGACCTGGGCATCCG-TAMRA
RPS11-F GCCGAGACTATCTGCACTAC RPS11 33
RPS11-R ATGTCCAGCCTCAGAACTTC
NTCP-F AAGGACAAGGTGCCCTATAAAGG NTCP
NTCP-R TTGAGGACGATCCCTATGGTG
AFP-F TGGGACCCGAACTTTCCA AFP
AFP-R GGCCACATCCAGGACTAGTTTC
ALB-F GGTGTTGATTGCCTTTGCTC ALB
ALB-R CCCTTCATCCCGAAGTTCAT
CAV1-F GCGACCCTAAACACCTCAAC CAV1 74
CAV1-R ATGCCGTCAAAACTGTGTGTC
CAV2-F AAGACCTGCCTAATGGTTCTGC CAV2
CAV2-R CTCGTACACAATGGAGCAATGAT
EGFR-F AGGCACGAGTAACAAGCTCAC EGFR
EGFR-R ATGAGGACATAACCAGCCACC
LAMP1-F TCTCAGTGAACTACGACACCA LAMP1
LAMP1-R AGTGTATGTCCTCTTCCAAAAGC
SCARB1-F CCTATCCCCTTCTATCTCTCCG SCARB1
SCARB1-R GGATGTTGGGCATGACGATGT
SCARB2-F AGATGGAGATTCTTTTCACCCAC SCARB2
SCARB2-R CAGGAACTTTATACCGAAAGGCA
ITGA2-F CCTACAATGTTGGTCTCCCAGA ITGA1
ITGA2-R AGTAACCAGTTGCCTTTTGGATT
ITGB1-F CCTACTTCTGCACGATGTGATG ITGB1
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ITGB1-R CCTTTGCTACGGTTGGTTACATT

LDLR-F TCTGCAACATGGCTAGAGACT LDLR

LDLR-R TCCAAGCATTCGTTGGTCCC

CD63-F CAGTGGTCATCATCGCAGTG CD63

CD63-R ATCGAAGCAGTGTGGTTGTTT

766
767

768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802

19


https://doi.org/10.1101/2023.10.13.561984
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.13.561984; this version posted October 13, 2023. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

803
804

805
806
807
808
809
810
811
812
813
814
815
816
817
818

available under aCC-BY-ND 4.0 International license.

Figures and figure legends
A HDV GT1T HDV GT1T + BLV 38 c .
ok — » o
37 -
o Se6 g6
2 ES|eT 0 25
< 54 x4
3 83 553
T I2 ITog2
1 =1
Q
&L
K
YD
D AAV-NTCP E F
6 e .
/-a ns. 00 g "“O_s n.s.
2% 886
= oL
E* 25
33 a4 -LoQ
©
) gg 3
T I o2
1 <4
F R KR ¥ R R
@00 ,*Q é&O @oo ;\Q <O
N Ny
‘?Y?? v?\?y
H
G ~8 I Mock 9
8§57 DV g 8
§<e BBV 537
23 <3 S
- Z s
§§ 4 Loa F2 ., - LoQ
253 2823
Io2 I 2
= 2
DI D3 D5 D7 D9 FEE > o0
Day post infection - HDV genotype
| L
IF: HBc and HDAg —
Day0 1 10 S
[l l ] o
| — ¥ =
IHDV/| Day0 1 5 g
2
[a]
Titration on Huh-7NTCP T
K

Merge
+ - + HBV

J HBc HDAg
] -+ + HDV

Figure 1: Hepatocyte-like cells (HLCs) are susceptible to HDV infection in an NTCP
dependent manner

(A) HDV infection (MOI = 5) of HLCs incubated with or without 500 nM entry inhibitor bulevirtide (BLV) was
assessed by immunofluorescence staining (IF) against the HDV antigen (HDAg, green) five days post-
infection (p.i.). Scale bar = 200 um. (B & C) HLCs, differentiated HepaRG, and Huh7NT°® cells were infected
with HDV (MOI = 5). HDV infection was analyzed by (B) counting HDAg-positive cells using CellProfiler or
by (C) quantifying HDV genome copies by RT-qPCR. Dashed line: limit of quantification (LOQ); (D) HLCs
were transduced with or without AAV (MOI = 10* viral genomes, vg/cell) encoding for YFP or NTCP and
stained with Atto-MyrB-565 (magenta) two days later. (E & F) Two days post-transduction, HLCs" P/NTCP
were infected with HDV (MOI = 5 IU/cell) and analyzed by (E) counting HDAg-positive cells or (F)
quantifying HDV genome copies five days p.i. Scale bar = 50 ym. Statistical analysis was performed by
unpaired two-tailed Student’s t test *: p<0.05; **: p <0.01; ***; p<0.001; ****: p<0.0001; n.s.: non-significant.
(G) HDV infection (MOI = 5) of HLCs incubated with or without 500 nM BLV was analyzed by quantifying

total infection events (Iogm)

20


https://doi.org/10.1101/2023.10.13.561984
http://creativecommons.org/licenses/by-nd/4.0/

819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.13.561984; this version posted October 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

HDV genome copies in HLC lysates harvested at the indicated days. (H) HLCs were infected with the
indicated HDV genotype (MOI = 15 for GTs 1T, 1E, 4, 6, 7, 8; MOI = 30 for GTs 3 & 5) and five days p.i.,
HDV genome copies were quantified using RT-qPCR. (I) Experimental setup. HLCs were infected with HBV
(MOI = 450 genome copies/cell) and HDV (MOI = 10). (J) Cells were stained against HBV core (HBc,
magenta), HDAg (green), and nuclei (DAPI, blue) ten days p.i. Scale bar = 200 pm, scale bar of insets =
40 ym. (K) HBc- and HDAg-positive cells were counted using ZEN imaging software to quantify HBV and
HDV single and co-infection events. Images are representative of three independent differentiations. (L)
The supernatant from HBV/HDV- or HDV-infected HLCs collected on day ten p.i. was diluted 1:5 to infect
Huh7NTCP cells with or without 500 nM BLV. Infected HUh7NTC? cells were fixed, stained for HDAg, and
analyzed using CellProfiler. N = biological replicates.
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870  Figure 2: AAV transduction with HBV surface antigens allows completion of the HDV life
871 cyclein HLCs

872  (A) HLCs were infected with HDV (MOI = 5) and the next day transduced with AAV-YFP or AAV-HBsAg.
873  SN: supernatant. Nine days post-transduction, HLCs were stained for HBsAg (red) and nuclei (blue).
874 Images are representative of two independent differentiations. Scale bars = 50 ym. (B) HBsAg was
875  quantified in the supernatant by ELISA collected at the end of indicated time periods. (C) Progeny HDV
876  from HLCs harvested at the indicated time points was diluted 1:5 and used to infect HUh7NT°F cells with or
877  without 500 nM BLV. Infected HUh7NTC? cells were fixed and stained for HDAg to quantify HDV infections.
878 (D) HLCs were infected with HDV (MOI = 5), transduced with AAV-HBsAg and incubated with or without
879 500 nM BLV (between DO-D1 p.i.) or 2 uM Lonafarnib (LNF; between D0-D5 p.i.). HDV infection was
880 quantified by counting HDAg-positive HLCs five days p.i. (E) The supernatant from these HLCs was diluted
881 1:5 to infect HUh7NTCP cells which were analyzed for HDV infection by HDAg staining five days p.i. N =
882 biological replicates. Statistical analysis was performed by unpaired two-tailed Student’s t test. **: p <0.01;
883  ***: p<0.001; ****: p<0.0001; n.s., non-significant.
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Figure 3: HDV spread in HBsAg-HLCs allows the evaluation of antiviral HDV regimen

(A) Wild-type HLCs were infected with HDV (MOI = 5) and the next day transduced with AAV-HBsAg. Two
days post-infection, they were dissociated and co-cultured with Zs-Green expressing HLCs in the presence
or absence of BLV. Eight days later, cells were fixed, stained, and imaged for HDAg (magenta), ZsGreen
(cyan) and nuclei (DAPI, blue). Scale bar = 50 ym (B) Experimental setup. HLCs were infected with HDV
(MOI = 5) and the next day transduced with AAV-HBsAg. After removal of the inoculum on day 2 p.i., HLCs
were incubated with drugs, which were replenished every four days. Ten days p.i., HLCs were fixed to
analyze HDV infections and their culture supernatant harvested for titration of HDV progenies on Huh7NTCP
cells. (C) Relative HDV infection events normalized to vehicle DMSO-treated cells were quantified by
counting HDAg-positive HLCs 10 days p.i. (D) The supernatant from HLCs was diluted 1:5 to infect
Huh7NTCP cells, which were then analyzed for HDV infection by HDAg staining five days p.i. N = biological
replicates. Statistical analysis was performed by one-way ANOVA **: p <0.01; ***: p<0.001; ****: p<0.0001;
n.s., non-significant.
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919  (A) Immunofluorescent images of cells stained against the nuclei (DAPI, blue) and with antibodies against
920 alphafetoprotein (AFP, red), albumin (ALB, red) or Atto-MyrB*% (NTCP, green) at the following stages
921 during HLC differentiation: hPSCs, definitive endoderm, hepatic specification, immature, and mature
922 hepatocyte-like cells. Images are representative of two independent differentiations. Scale bar = 100 ym.
923  (B) Cells were harvested for analyzing ALB, AFP, NTCP expression using RT-gPCR at the indicated day
924 of the differentiation protocol. (C & D) Cells were infected with HDV at the indicated day of the differentiation
925 protocol and harvested five days p.i. HDV infection was analyzed by quantifying (C) HDV genome copies
926  and (D) HDAg-positive cells using CellProfiler. Dashed line: LOQ. Results represent the mean + SD of N =
927 2.
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Figure 5: Differential gene expression analysis reveals upregulation of HBV/HDV entry
factors in mature HLCs.

Total RNA was extracted from HLCs at either day 17 or 18 during the differentiation protocol and subjected
to whole-transcriptome expression profiling and gene ontology (GO) term enrichment analysis. (A) GO term
enrichment analysis of biological pathways for up- and down-regulated genes between HLCs at day 17 and
18. Differentially expressed genes (p value <0.05) were significantly enriched in this GO term. (B-D)
Heatmap of Z score-normalized counts per million (CPM) values for (B) hepatocyte markers, (C) innate
immune genes, and (D) virus entry factors. N = biological replicates.
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948

949  Figure 6: siRNA screen reveals CD63 to be potential co-factor of HBV/HDV entry which
950 could be rate-limiting for infection of immature hepatocytes.

951 (A) siRNA screen of potential HDV host factors. Huh7NTCP cells were transfected with 50 nM on-target pool
952  siRNAs directed against indicated genes and 24 h later infected with HDV (MOI = 1). Relative HDV infection
953  was normalized to non-target (nt) siRNA transfection and quantified by counting HDAg-positive cells five
954  days p.i. (B & C) Four genes were selected and confirmed by separate siRNA transfection into Huh7NT¢P
955  cells and analyzed for (B) HDV infection and (C) cell toxicity. Statistical analysis was performed by one-
956  way ANOVA **: p <0.01; ***: p<0.001; ****: p<0.0001; n.s., non-significant. (D) HUh7NTP cells were infected
957  with HDV (MOI =1) and 24 h later transfected with nt- and CD63-siRNAs. HDV infections were quantified
958 by counting HDAg-positive cells five days p.i. Statistical analysis was performed by unpaired two-tailed

26


https://doi.org/10.1101/2023.10.13.561984
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.13.561984; this version posted October 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

959  Student’s t test. **: p <0.01; ***: p<0.001; ****: p<0.0001; n.s., non-significant. (E) HepG2"T° cells were
960 transfected with nt- and CD63-siRNAs and 48 h later, infected with HBV (MOI = 300 genome copies/cell).
961 HBYV infections were quantified by counting HBV core-positive cells 10 days p.i. Statistical analysis was
962  performed by unpaired two-tailed Student’s t test. **: p <0.01; ***: p<0.001; ****: p<0.0001; n.s., non-
963  significant. (F) HLCs were harvested for analyzing CD63 expression using RT-gPCR at the indicated day
964  of the differentiation protocol. (G) Western blot analysis of Huh7NTC cells as control and HLC cell lysates
965 harvested at indicated day of the differentiation protocol, for CD63 and B-actin (act) expression using
966 respective antibodies. (H-I) HLCs at their fully matured stage were fixed, stained for CD63 (red) and the
967  nucleus (blue) and imaged at the Airyscan confocal microscope. (H) Maximum intensity projections on 40x
968 tile image stacks showing both, top and bottom HLCs. Scale bar = 50 yM. Single z-slice and orthogonal xz
969 and yz views of (I) top HLCs or (J) bottom HLCs. Scale bar = 20 uM. (K) Cells at indicated day of the
970 differentiation protocol were transduced with AAV-YFP or AAV-CD63 and two days later, infected with HDV.
971 Relative HDV infections were quantified by counting HDAg-positive cells five days p.i. N = biological
972  replicates.
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