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31 Abstract

32 Human noroviruses (HuNoV) are a leading cause of viral gastroenteritis
33 worldwide and a significant cause of morbidity and mortality in all age groups.
34  The recent finding that HuNoV can be propagated in B cells and mucosa derived
35 intestinal epithelial organoids (IEOs), has transformed our capability to dissect
36 the life cycle of noroviruses. Using RNA-Seq of HuNoV infected intestinal
37 epithelial cells (IECs), we have found that replication of HUNoV in IECs results in
38 interferon-induced transcriptional responses and that HuNoV replication in IECs
39 is sensitive to IFN. This contrasts with previous studies that suggest that the
40  innate immune response may play no role in the restriction of HUNoV replication
41 in immortalised cells. We demonstrate that the inhibition of JAK1/JAK2
42  enhances HuNoV replication in IECs. Surprisingly, targeted inhibition of cellular
43 RNA polymerase Il-mediated transcription was not detrimental to HuNoV
44  replication, but enhanced replication to a greater degree compared to blocking
45 of JAK signalling directly. Furthermore, we demonstrate for the first time that
46 |ECs generated from genetically modified intestinal organoids, engineered to
47 be deficient in the interferon response, are more permissive to HuNoV
48 infection. Together our work identifies the IFN-induced transcriptional
49 responses restrict HUNoV replication in IECs and demonstrates that the
50 inhibition of these responses by modifications to the culture conditions can

51 greatly enhance the robustness of the norovirus culture system.

52
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54 Importance

55 Noroviruses are a major cause of gastroenteritis worldwide yet the challenges
56 associated with their growth culture has greatly hampered the development of
57 therapeutic approaches and has limited our understanding of cellular pathways
58 that control infection. Here we show that human intestinal epithelial cells, the
59 first point of entry of human noroviruses into the host, limit virus replication by
60 the induction of the innate responses. Furthermore we show that modulating
61 the ability of intestinal epithelial cells to induce transcriptional responses to
62 HuNoV infection can significantly enhance human norovirus replication in
63 culture. Collectively our findings provide new insights into the biological
64 pathways that control norovirus infection but also identify mechanisms to
65 enhance the robustness of norovirus culture.

66
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68 Introduction

69 The induction of the host innate response plays an essential role in the
70  suppression of pathogen infection. The synthesis of interferons (IFN) and the
71 subsequent signalling cascades that leads to the induction of IFN-stimulated
72  genes (ISGs), determine the outcome of viral infection (1, 2). An understanding of
73 the mechanisms underlying the interplay between pathogens and innate immune
74  responses is vital to understanding viral pathogenesis and can greatly aid the
75 identification of potential therapeutic and/or preventive strategies.

76

77  Human noroviruses (HuNoV) are widely recognised as the leading cause of viral
78 gastroenteritis worldwide (3). Noroviruses are classified into at least seven
79 genogroups based on the sequence of the major capsid protein VP1 and regions
80  within ORF1 (3-5). HuNoVs belong to one of three norovirus genogroups (Gl,
81  Gll, or GIV), which are further divided into >25 genetic clusters or genotypes (6—
82  8). Epidemiological studies reveal that over 75% of confirmed human norovirus
83 infections are associated with HuNoV Gll (9, 10). Whilst norovirus gastroenteritis
84  typically results in an acute and self-limiting disease, the socioeconomic impact in
85 both developed and developing countries is estimated to be more than $60.3
86  billion per annum (11). HuNoV infection is particularly severe and prolonged in
87 immunocompromised patients, including young children, elderly, or patients
88  receiving treatment for cancer. In these cases infections can last from months to
89 years (12, 13).

90
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91 Our understanding of the molecular mechanisms that control HuNoV infection
92 has been limited by the lack of robust culture systems that facilitate the detailed
93 analysis of the viral life cycle. As a result, murine norovirus (MNV) and other
94 members of the Caliciviridae family of positive sense RNA viruses, such as feline
95 calicivirus (FCV) and porcine sapovirus (PSaV), are often used as surrogate
96 models (14-17). MNV, FCV and PSaV can all be efficiently cultured in
97 immortalised cells and are amenable to reverse genetics (16—20). These model
98 systems have been critical to understanding many aspects of the life cycle of
99 members of the Caliciviridae (15).

100

101 Recent efforts have led to the establishment of two HuNoV culture systems
102 based on immortalised B cells (21, 22) and intestinal epithelial cells (IECSs)
103  generated from biopsy-derived human intestinal epithelial organoids (IEOs) (23).
104  Whilst authentic replication of HuNoV can be observed in both the B-cell and
105 IEC-based culture systems, repeated long-term passage of HuNoV and the
106  generation of high titre viral stocks is not possible, suggesting that replication is
107  restricted in some manner. In the current study we sought to better understand
108 the cellular response to HuNoV infection and to identify pathways that restrict
109  HuNoV replication in organoid-derived IECs. Using RNA-Seq we observed that
110  HuNoV infection of IECs results in an interferon-mediated antiviral transcriptional
111  response. We show for the first time that HuNoV replication in IECs is sensitive to
112 both Type | and Il interferon and that HuNoV replication is restricted by virus-
113  induced innate response. Pharmacological inhibition of the interferon response

114  or genetic modification of organoids to prevent the activation of the interferon
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115 response significantly improved HuNoV replication in IECs. Furthermore, we
116  show that ongoing HuNoV replication is enhanced by the inhibition of RNA Pol I
117 mediated transcription. Overall this work provides new insights into the cellular
118 responses to HUNoV infection of the gut epithelium and identifies modifications to
119 the HuNoV culture system that significantly enhances its utility.

120

121

122 Materials and Methods.

123 Stool samples. Stool specimens were anonymized with written consent from
124  patients at Addenbrooke’s Hospital, Cambridge, who tested positive of HuNoV
125 infection. Stool samples were diluted 1:10 (wt/vol) with phosphate buffered saline
126 (PBS) and processed as described (23). Briefly, 10% stool suspensions were
127  vigorously vortexed for 1 min and sonicated three times for 1 min (50/60 Hz,

128 80W). Homogenous fecal suspensions were centrifuged at 1,500xg for 10 min at

129 40C. The supernatants were serially passed through 5 ym, 1.2 ym, 0.8 ym, 0.45

130 um and 0.22 um filters (Millex-GV syringe filter units). Stool filtrates were

131 aliquoted and stored at -80°C until used.

132

133  Human intestinal organoids. Following ethical approval (REC-12/EE/0482) and
134 informed consent, biopsies were collected from the proximal duodenum (D) or
135 terminal ileum (TI) from patients undergoing routine endoscopy. All patients
136 included had macroscopically and histologically normal mucosa. Biopsy samples

137  were processed immediately and intestinal epithelial organoids generated from
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138 isolated crypts following an established protocol as described previously (23-25).
139 Intestinal organoids were grown in proliferation media (Table S1) as described
140 (24). Organoids were typically grown for 7-9 d prior to passage at ratios of 1:2 to
141  1:3.

142

143  Following the establishment of organoid cultures, differentiated IEC monolayers
144  were generated on collagen-coated wells in differentiation media (Table S1) as
145 described (23). Following 5 days of differentiation, confluent monolayers of
146  differentiated IECs were infected. Differentiation was assessed by RT-gPCR at
147  various time post infection by assessing the levels of the stem cell marker LGR5,
148 a mature enterocyte marker alkaline phosphatase (ALP) and epithelial cell
149 marker villin (VIL). Data were normalised to the housekeeping gene
150 hypoxanthine phosphoribosyltransferase 1 (HPRT1).

151

152  Cell lines and reagents. L-WNT 3A expressing cell lines were used to produce
153  WNT conditioned media as a component of the proliferation media and were
154 propagated in low glucose DMEM (Life technologies), 10% fetal calf serum
155 (FCS), 1% penicillin-streptomycin (P/S) and Zeocin (125 ug/ml) at 37°C with 5%
156 CO,. WNT-conditioned media was collected from cells grown in the absence of
157  Zeocin. The activity of WNT3a in conditioned media was assessed using a
158 luciferase reporter assay reliant on a Wnt3A responsive promoter (HEK 293 STF,
159 ATCC CRL-3249).

160

161 293T-RSPO-V5 cells were used to produce the R-Spondin 1 (RSPO1)
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162  conditioned media. 293T-RSPO-V5 cells were propagated in DMEM (Life
163  technologies), 10% fetal calf serum (FCS), 1% penicillin-streptomycin (P/S) and
164 Zeocin (300 pg/ml) at 37°C with 5% CO,. RSPO1l-conditioned media were
165 collected from passage of cells in conditioned media containing DMEM/F12 (Life
166 technologies), 1%  penicillin-streptomycin ~ (P/S), 10mM HEPES (Life
167  technologies), and 1x glutamax (Life technologies).

168

169 Components of the proliferation and differentiation media are described in Table
170  S1. The commercial sources of Interferons (IFNaA/D, Sigma; IFNB1, IFNA1, and
171 IFNA2, Peprotech) and IFN inhibitors Ruxolitinib (Invivogen) and Triptolide
172 (Invivogen) are detailed in Table S2.

173

174  Lentivirus vector particle production and transduction. Lentivirus transfer
175  vectors encoding the BVDV NPro and PIV5 V proteins were a gift from Professor
176  Steve Goodbourn (St. George’s Hospital, University of London). The transfer
177  vectors were used to generate vesicular stomatitis virus G-protein-pseudotyped
178 lentiviral particles by transfection of 293T cells with psPAX2 and pMD2.G helper
179 plasmids. Human IEOs were then transduced with lentivirus-containing
180 supernatants following published protocols (18). Transduced organoids were
181 selected with puromycin (2 pg/ml) and organoid clones were selected by limiting
182  dilution and subsequent functional analysis.

183

184 HuNoV infection. Differentiated monolayers in 48-well plates were infected in

185  biological duplicates or triplicate as described in the text. HuNoV stool filtrates


https://doi.org/10.1101/731802
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/731802; this version posted August 10, 2019. 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 4.0 International license.

186  containing ~1 x 10° viral RNA copies, determined by RT-qPCR, were added to
187 each well and incubated 37 °C for 2 h, prior to being washed twice with serum-
188 free media and overlaid with 250 pL of differentiation media containing 200 pM
189 GCDCA. Where required, wells were supplemented with either DMSO, IFN or
190 pharmacological inhibitors as described in the text. Samples were typically
191 harvested at 48 hours post infection for analysis.

192

193 Inactivated HuNoV-containing stool filtrates were prepared placing stool filtrate
194  into multiple 24-well plates to a fluid depth of 10 mm and exposing to 4000 mJ
195 from a UV source for 12 min at 4 °C. Loss of viral infectivity was confirmed by
196 infection of monolayers and by comparison of viral titres observed after 48 hours
197  post infection with that obtained using the well-characterised RNA polymerase
198 inhibitor 2-CMC (26).

199

200 gRT-PCR and gPCR analysis. Gene-specific primers and probes against the
201 cellular mRNAs HPRT, LGR5, ALP, and VIL (Thermo Fisher Scientific) were
202 used to evaluate differentiation by RT-gPCR. Samples were analysed by
203 technical duplicate gPCR reactions and the results averaged.

204

205 HuNoV Gl specific primers previously reported (27) were used in Tagman-based
206 gRT-PCR assay to detect HUNoV replication in organoid cultures. The levels of
207 HuNoV mRNA were determined based on absolute quantitation against a
208 standard curve generated using in vitro transcribed RNA from a full length cDNA

209 clone of a Gll.4 HuNoV. Each individual biological sample was analysed by gqRT-
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210 PCR in technical duplicate alongside additional no template negative controls.
211 Data were collected using a ViiA 7 Real-Time PCR System (Applied Biosystems).

212

213 RNA library preparation and sequencing. Total cellular RNA was extracted
214  from IECs using Trizol (Invitrogen) and genomic DNA was removed by DNase |
215 digestion (TURBO DNA-free™ Kit, Ambion, AM1907). RNA integrity was
216 assessed via an Agilent 2200 TapeStation system using RNA ScreenTape
217 reagents (Agilent Technologies, catalog number: 5067-5576/77). Libraries were
218 prepared for sequencing by Cambridge Genomics Services, 300 ng of total RNA
219 using a TruSeq stranded mRNA kit (lllumina Technologies, catalog number:
220 20020595). Libraries were quantified by qPCR, pooled and sequenced with 75
221 basepair single reads to a depth ranging from 13 to 55 million reads per sample
222 on a lllumina NextSeq 500 using a High Output 75 cycles kit (lllumina, catalog

223  number: FC-404-2005).

224

225 Data analysis. Raw reads were inspected with FastQC. Adapters and low quality
226  sequences were removed using Trimmomatic version 0.33 using the following
227  parameters:ILLUMINACLIP:TruSeq3-SE:2:30:10LEADING:3TRAILING:3SLIDIN

228 GWINDOW:4:15 MINLEN:36. Transcript level quantification for each sample was
229 obtained using the Kkallisto software (28) against the human transcriptome
230 GRCh38.p12 (Ensembl release v92; accessed 22/03/2018) and genes with

231 average transcripts per million less than 1 in both control and virus infection
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232 conditions were excluded from downstream analysis. Read counts were
233  normalized using the trimmed mean of M-values normalization method (29) and
234  logz count per million (CPM) were obtained using calcNormFactors and voom
235 (30) functions of edgeR (29) and limma (31) packages, respectively. Student's t-
236 tests were then applied for each transcript. Finally, p-values were adjusted for
237 false discoveries due to simultaneous hypotheses testing by applying the
238 Benjamini-Hochberg procedure (FDR) (32) . Transcripts with a FDR lower than
239 0.01 and log2FC greater than 1 (FC=2) were considered as differentially
240 expressed. Heatmap of gene expression for significant genes across
241 comparisons was generated using the R package pheatmap version 1.0.10.
242  Levels of expression change are represented by a colour gradient ranging from
243  Dblue (low increase in gene expression) to red (high increase in gene expression).
244 Gene ontology term and Reactome pathway enrichment analyses were
245  performed with the clusterProfiler R package version 3.8.1 (33) and represented

246  using the R package pheatmap as above.

247 The RNA-Seq data obtained in this study have been deposited the Gene

248  Expression Omnibus (GEO, http://www.ncbi.nim.nih.gov/geo) with the accession

249 number GSE117911. Reviewer access can be obtained by entering the token

250 “mholyaqgyrrurvof’. In addition, all sequence reads were deposited in the NCBI

251 Sequence Read Archive Database (SRA, http://www.ncbi.nlm.nih.gov/sra) and

252  are associated with the accession number PRINA483555.

253

254  Statistical analysis and software. Statistical analyses were performed on
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255  triplicate experiments using the two-tailed Student t-test (Prism 6 version 6.04).

256  Figures were generated using Inkscape and Prism 8 version 8.0.2.
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257 Results

258 Human norovirus replicates productively in differentiated intestinal
259 epithelial cells from the human proximal and distal small bowel

260

261 Building on previous studies reporting the replication of HUNoV in IECs, we set
262  out to better understand the cellular response to HuNoV infection and to identify
263 pathways that restrict HuNoV replication in IECs. We established IEO cultures
264 using mucosal biopsies obtained from several gut segments of the small
265 intestine, the proximal duodenum and terminal ileum. Given the importance of
266  fucosyltransferase expression on HuNoV susceptibility (34-36), lines were
267  established from FUT2 positive individuals. Intestinal crypt cells were isolated
268 and used to generate small IEOs (Fig. 1A). The 3D-organoid structures are
269 allowed to self-organize and differentiate within Matrigel using optimized
270  proliferation medium as described (Table S1) (24). The established organoid
271 lines were typically cultured for 7-9 d and expanded at passage ratios of 1:2 or
272  1:3. As expected, during the first three days of culture the intestinal organoids
273 initially formed small cystic structures with a central lumen, lined with epithelial
274  cells (Fig. 1A). By day 5 more convoluted structures formed, the nature of which
275 varied from line to line (Fig. 1A).

276

277  To assess the replication efficiency of HuNoV replication in differentiated IECs, 7-
278 9 day-old organoids were plated onto collagen-coated plates, then Wnt and RSpo
279  removed to drive differentiation. To examine the degree of differentiation and to

280 confirm the presence of enterocytes in the monolayers, we examined the mRNA
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281 levels of LGR5 and ALP in IEC monolayers generated from both duodenum and
282 ileum (Fig. 1B and 1C). As shown in Fig. 1B, the levels LGR5 mRNA in proximal
283 duodenum decreased by ~294- to 384-fold, whereas ALP mRNA increased by
284 1200- to 45000-fold following the removal of Wnt and RSpo. Similarly, the
285 differentiation of IECs derived from the terminal ileum was confirmed by an
286 increased in ALP mRNA and a concomitant decreased in LGR5 (Fig. 1C). These
287  results confirmed that the IEC monolayers had undergone differentiation and
288 confirmed the presence of enterocytes in the differentiated monolayers.

289

290 To assess HuNoV replication in the human IEC monolayers, filtered stool
291 samples containing genogroup Il HuNoV strains were inoculated onto
292 differentiated monolayers generated from either duodenum and terminal ileum-
293 derived intestinal organoids. Following a 2 hour adsorption period, the inoculum
294  was removed by washing and the monolayers maintained in differentiation media
295 with the bile acid GCDCA for 2d. While previous observations indicated that
296 some strains of HUNoV do not require bile acids for infection, GCDCA was
297 included to maintain a physiologically relevant environment and to control for any
298 effect of bile acids on gene expression. Replication of HUNoV was then assessed
299 by comparing viral RNA levels present in cultures at 2 h post infection (Day O,
300 DO0) to 48 hours post infection (Day 2, D2). In duodenal IEC monolayers, viral
301 RNA levels of both GII.3 and GII.4 HuNoV strains increased by ~1.5to 2 logio
302 over the 2 day period (Fig. 1D). Similar levels of viral replication were observed
303 in IEC monolayers derived from terminal ileum organoids, resulting in ~1.3 to 3.5

304 logip increases in viral RNA levels (Fig. 1D).
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305

306 Norovirus infection of human intestinal epithelial cells induces the innate
307 immune response

308

309 The development of a stem-cell derived culture system for HuUNoV provides the
310 first opportunity to characterize the cellular pathways that restrict norovirus
311 replication at their primary site of entry into the host, namely the gut epithelium
312  (23). Whilst a previous report suggested that replication of HuNoV did not induce
313  a robust interferon response in immortalized cells (37), inefficient replication and
314 mutations commonly found in cell lines that compromise their ability to respond to
315 viral infection, may have confounded this observation. Whilst there are limited
316 examples in the literature, there is evidence that natural HuNoV infection results
317 in the production of pro- and anti-inflammatory cytokines (38). We have also
318 recently reported that HuNoV replication in Zebrafish also resulted in a
319 measurable innate response (39).

320

321 To examine the effect of HUNoV replication on the stimulation of the IFN-induced
322 innate response, we initially assessed the mRNA levels of two candidate
323 interferon stimulated genes (ISGs), human viperin and ISG 15. Viperin and
324 ISG15 mRNAs increased significantly following HuNoV infection (Fig. 2A). To
325 confirm that induction was specifically caused by active HuNoV replication, UV-
326 inactivated HuNoV stool filtrates were used alongside to control for non-specific
327 effects. In contrast to live virus inoculated IEC monolayers, induction of viperin

328 and ISG15 was not seen in cells infected with UV-inactivated virus, confirming


https://doi.org/10.1101/731802
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/731802; this version posted August 10, 2019. 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 4.0 International license.

329 this induction as virus-specific (Fig.2A). These results indicate for the first time
330 that active replication of HuNoV in IECs readily stimulates the interferon-induced
331 innate response.

332

333 To examine whether HuNoV replication in IECs was in fact sensitive to IFN and
334 therefore by extension, likely restricted by the virus-induced response, we
335 examined the effect of IFN pretreatment on the replication of HuNoV Gll.4 in
336 IECs. The addition of either IFNB1 or IFNA1/2 had an inhibitory effect on Gll.4
337 HuNoV replication in IECs derived from terminal ileum organoids. This result
338 confirms that HuNoV infection of IECs is sensitive to antiviral effects of type |
339  (IFNB1) or Il (IFNA1/2) IFN (Fig. 2B). We therefore hypothesized that the
340 HuNoV-induced transcriptional responses may restrict HuNoV replication in IECs.
341

342

343 Human norovirus replication in intestinal epithelial cells activates the IFN-
344 induced JAK/STAT signalling pathway

345

346 The impact of norovirus infection on host gene expression in IECs and the
347 magnitude of the IFN response during HuNoV infection, was examined by
348 performing RNA-Seq analysis of infected IEC monolayers. IECs from two
349 independent terminal ileum-derived organoid cultures were mock-infected,
350 infected with a patient-derived GII.4 HuNoV strain, or with a UV-inactivated
351 sample of the same inoculum. Two days post infection, total cellular RNA was

352 extracted and processed for RNA-Seq analysis.
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353

354 Robust infection of the cultures was evident from the increase in viral RNA levels
355 over time with a 2753-fold and 498-fold increase in HuNoV RNA seen in the
356 terminal ileum lines TI365 and TIO06 respectively (Fig. 3A and 3B). As expected,
357 very little increase in viral RNAs were observed in IEC monolayers inoculated
358 with UV-inactivated stool filtrate (Fig. 3A and 3B). To identify genes differentially
359 regulated in the response to productive HuNoV replication, pairwise gene
360 comparisons from mock-infected, IEC monolayers infected with UV-inactivated
361 HuNoV or HuNoV infected organoids were performed (Fig. 3C-3H). Three
362 biological repeats of each condition was analysed by RNA-Seq as described in
363 the methods. A total of 70 genes were found to be differentially regulated in GlI.4
364 HuNoV IECs derived from organoid line TI365 when compared to the mock
365 infected sample, with 69 increasing and 1 decreasing in their expression level
366 (Fig. 3C, Table S3). Comparing the infected TI365 samples to the samples
367 infected with UV-inactivated inoculum resulted in a slight increase in the number
368 of differentially regulated genes; 76 in total with 73 increased and 3 decreased
369 (Fig. 3E, Table S3). UV inactivation of the sample resulted in a near complete
370 ablation of the transcriptional response when compared to the mock infected
371 cells with very few reaching statistical significance, confirming that the
372  transcriptional signature was virus-specific (Fig. 3G and 3H). In comparison, 162
373 genes were differentially regulated in GIl.4 HuNoV-infected IECs derived from
374 organoid line TIOO6 in comparison to mock infected cells; 9 decreased in
375 expression and 153 increased (Fig. 3D, Table S3). The number of differentially

376 regulated genes were reduced when compared to the IECs infected with UV-
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377 inactivated inoclum, 142 in total (Fig. 3F, Table S3). Similarly to our observations
378 with GIl.4 HuNoV infection of TI365, infection of TI1006 with the UV-inactivated
379 inoculum resulted in a near complete loss of the transcriptional response.

380

381 In order to validate the results from the RNA-Seq analysis, we selected 7
382 differentially regulated genes and performed RT-gPCR on the same biological
383 samples. We observed a strong correlation between RT-gPCR and RNA-Seq
384 results confirming the accuracy of the expression data obtained by RNA-Seq
385 (Fig. 3l and 3J).

386

387  Transcription factor enrichment analysis unambiguously identified STAT1 and
388 STAT2 binding sites as highly enriched in promoter region of genes whose
389 expression is significantly regulated following infection of human intestinal
390 organoids (Fig. 4B). This strongly suggested that the JAK-STAT signaling
391 pathway is activated following HuNoV infection. In agreement, gene ontology
392 analysis highlighted a profound induction of type | interferon signaling in the
393 transcriptomic response to HuNoV infection (Fig. 4C). In addition, Reactome
394 pathway analysis carried out on the same set of genes further confirmed the
395 involvement of interferon signaling in response to HuNoV infection (Fig. 4D).

396

397 Comparing the genes differentially expressed in response to HuNoV infection
398 with the Interferome database revealing that 94% (66) and 86% (140) of these
399 genes were categorized as ISGs in organoid lines TI365 and TI0O06 respectively.

400 Overall, these results demonstrated that HuNoV infection is readily sensed by
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401 IECs and that the IFN-induced JAK/STAT signalling pathway is likely activated
402  during HuNoV infection and/or active replication.

403

404 Genetic modification of intestinal organoids to ablate interferon induction
405 orinterferon signaling enhances HuNoV replication in IECs.

406  To further examine the impact of IFN induction and the IFN signaling pathway on
407  the restriction of HUNoV replication in IECs, we used lentiviral vectors to express
408 viral innate immune antagonists to generate interferon deficient intestinal
409 organoid lines. Lentiviral vectors were used to drive constitutive expression of
410 either BVDV NPro or PIV5 V proteins, two well-characterized viral innate immune
411 antagonists in a duodenum-derived organoid line (D196). In brief, the BVDV
412  NPro protein originates from a non-cytopathic, persistent biotype of BVDV which
413  effectively blocks IFN production by degrading IRF3, thereby preventing the
414  activation of the innate immune system (40, 41). The PIV5 V protein instead
415 targets IFN production as well as antiviral signaling by targeting STAT1, MDA5
416 and LGP2 for proteasomal degradation (42-45). To confirm that transduced
417  proteins were functional, the expression levels of STAT1 and IRF3 were
418 examined by western blotting. Whilst the STAT1 protein was present in the non-
419 transduced control organoid line and BVDV NPro-expressing organoid lines, no
420 STAT1 protein was observed in PIV5 V-expressing cells (Fig. 5A). The IRF3
421  protein was not detected in BVDV NPro-expressing cells, but was present in
422  control and PIV5 V-transduced cells (Fig. 5A), confirming NPro protein
423  functionality.

424
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425 To verify the ability of NPro and V proteins to inhibit IFN induction and IFN
426 signaling in the intestinal epithelium, IECs derived from stably transduced
427  organoid lines were transfected with polyinosinic acid:polycytidylic acid [poly(I:C)]
428 or treated with recombinant universal type | IFNaA/D a hybrid between human
429 IFNa A and D. The levels of IFNB, IFNA1 and two representative 1SGs, viperin
430 and ISG15, then quantified by RT-gPCR. Following poly(I:C) transfection,
431 elevated levels of IFNB, IFNA1, viperin and ISG15 mRNAs were observed in
432  control IECs transduced with the empty vector as expected (Fig. 5B-5E). In
433  comparison, the levels of IFNB and IFNA1 mRNAs induction was significantly
434  lower in BVDV NPro- and PIV5 V-expressing cells, as were the mRNAs for
435 viperin and 1SG15 mRNAs (Fig. 5B-5E). Following treatment with type | IFN,
436 IECs expressing the BVDV NPro or PIV5 V proteins showed significantly reduced
437 IFNB and IFNA1T mRNA induction levels when compared with the control cells
438 (Fig. 5B and 5C). Viperin and ISG15 mRNAs were not induced in IFN-treated
439  PIV5 V-transduced IECs, confirming the impact of the V-protein in IFN signaling
440 (Fig. 5D and 5E). These data further confirm that the IECs were IFN competent
441  and that the BVDV NPro and PIV5 V proteins could efficiently block IFN induction
442  and signaling in IECs.

443

444  The ability of HuNoV to infect IECs from the transduced organoid line was then
445 investigated. Infection of the non-transduced D196 line with a GI1.3 HuNoV strain
446 resulted in only modest levels of virus replication; a ~6-fold increase in viral RNA
447  over 48 hours in the control non-transduced line was observed suggesting that

448  the replication of this isolate in the D196 line was inefficient (Fig. 5F). However,
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449  suppression of the innate response by the expression of the N-Pro or V proteins
450 stimulated GII.3 HuNoV replication in the D196 line; when comparing the yield of
451 viral RNA from IECs derived from the non-transduced D196 line to those
452  obtained from the transduced IECs, we observed that GIl.3 HuNoV replication
453 was increased by ~33-fold and ~6-fold in the NPro and V protein expressing
454 D196-derived IECs respectively (Fig. 5G). Furthermore, we found that HuNoV
455  GII.3 infection of the transduced lines did not induce ISG15, confirming the
456  functionality of the transduced innate immune antagonists in HuNoV infected
457 IECs (not shown). Similar results were obtained using a second transduced
458 duodenal organoid line (results not shown). These results demonstrate that IECs
459  produced from IFN-deficient organoids are more permissive for HUNoV and that
460 the innate response limits HUNoV replication in vitro.

461

462  Selective inhibition of Jak1/Jak2 enhances HuNoV replication in IECs

463 To further dissect the role of intestinal epithelial innate responses in the
464 restriction of HuNoV infection, we investigated the effect of a specific Janus-
465 associated kinase (Jak)1l/Jak2 inhibitor on HuNoV replication in human IECs.
466  Ruxolitinib (Rux), is an FDA approved drug of treatment for patients with
467 dysregulated Jak signaling associated with myelofibrosis (46, 47) and for graft
468 versus host disease (GvHD) (48). Rux has also been used to enhance growth of
469 viruses that are sensitive to IFN (49). We first verified the ability of Rux to inhibit
470 Type | and Type Il IFN signaling following treatment of differentiated IEC

471 monolayers derived from duodenal organoids with IFNB or IFNA1/2. Rux
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472  pretreatment was able to efficiently block the induction of viperin and 1ISG15
473 mRNAs following treatment with IFNB or IFNA1/2 (Fig.6A and 6B). We then
474 examined the effect of Rux on HuNoV replication in IECs derived from the
475 proximal duodenum and terminal ileum (Fig. 6C-6F). Differentiated IEC
476  monolayers were inoculated with either a GII.3 or Gll.4 HuNoV-positive stool
477  filtrates. The inoculum was removed after two hours and cells were washed and
478 maintained in bile acid (GCDCA)-containing media supplemented with either
479 DMSO, Rux, or 2-C-methylcytidine (2-CMC). 2-CMC was included as a control
480 as a well characterized inhibitor of HuNoV replication in replicon containing cells

481  (26).

482

483 The impact of Rux treatment on HuNoV replication was assessed at 2d p.i. by
484 gRT-PCR and confirmed that the inhibition of Jak stimulated HuNoV replication.
485 In the absence of Rux, we observed a ~79-fold and ~2965-fold increased in
486 HuNoV GII.3 and Gll.4 viral RNA respectively in IECs derived from duodenal and
487  terminal ileum organoids respectively (Fig. 6C-F). The inclusion of Rux in cultures
488 following inoculation resulted in a significant improvement of HUNoV replication in
489 all cases; GII.3 replication was increased to ~477- and Gll.4 replication increased
490 to ~5641-fold over a 48 hour period (Fig. 6C-F). In all cases, the addition of 2-
491 CMC inhibited HuNoV replication, producing levels of viral RNA near identical to
492  those observed at DO p.i. (Fig. 6C-F). Rux stimulated the replication of a number
493  of HuNoV isolates in IECs derived from a variety duodenum and terminal ileum

494 organoid lines (Fig. S1). These results confirm that activation of the Jakl1/Jak2
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495 inhibits HuNoV replication and that pharmacological inhibition of this pathway

496 increased HuNoV replication in culture.

497

498 Inhibition of RNA polymerase Il-dependent transcription increases HuNoV
499 replication in IECs

500

501 To further assess the impact of de novo transcriptional responses on the
502 restriction of HuNoV replication in IECs we examined the impact of Triptolide
503 (TPL), a compound extracted from a traditional Chinese medicinal plant
504 (Tripterygium wilfordii Hook F), on HuNoV replication in culture. TPL has potent
505 immunosuppressant and anti-inflammatory activities, exhibiting a broad
506 pharmacological effects against inflammation, fibrosis, cancer, viral infection,
507 oxidative stress and osteoporosis (50, 51). TPL is known to have both
508 antiproliferative and proapoptotic effects on a range of cancers (52, 53) and is
509 reported to modulate the activity of many genes including those involved in
510 apoptosis and NF-kB-mediated responses (51, 54). RNA polymerase Il has
511 recently been shown to be selectively targeted by TPL, although the mechanism
512 by which TPL inhibits RNA polymerase Il activity is yet to be fully elucidated (55).
513 One of the known effects of TPL is the rapid depletion of short lived RNAs
514 including transcription factors, cell cycle regulators and oncogenes (50, 55).
515 Recent work has also confirmed that TPL treatment inhibits the innate response

516 and stimulates vesicular stomatitis virus induced oncolysis (56).
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517 To examine if the inhibition of transcription by TPL on the capacity of IECs to
518 respond to IFN, the levels of viperin and ISG15 were assessed following
519 treatment of cells with IFNB or IFNA. The mRNA levels of viperin was increased
520 by 100- to 250-fold after treatment of IFNB1 or IFNA1/2 in DMSO-treated control
521 IEC monolayers, but these increases were almost completely suppressed by the
522 inclusion of TPL (Fig. 7A). A similar observation was made for ISG15, in that the
523 inclusion of TPL potently inhibited the induction by interferon (Fig. 7B). These
524 data confirm that TPL at concentrations that do not to affect overall cell viability is

525 effective at suppressing the innate response in IECs.

526 To examine the effect of TPL in HuNoV replication, differentiated monolayers
527 generated from proximal duodenum and terminal ileum were inoculated with
528 either GII.3 or GIl.4 HuNoV-positive stool filtrates. After 2h, the inoculum was
529 removed and cells were washed and maintained in GCDCA-containing
530 differentiation media with either DMSO, TPL, or 2-C-methylcytidine (2-CMC) as a
531 control. The addition of TPL resulted in enhanced HuNoV replication of GII.3 and
532  Gll.4 HuNoV strains (Fig. 7C-7F). These observations were consistent in IECs
533 derived from both the duodenum (Fig.7C and 7D) and terminal ileum (Fig. 7E-
534 7F). As expected, the HuUNoV replication in the presence of 2-CMC was potently
535 inhibited (Fig. 7C-7F). Enhancement of viral replication was also observed in
536 another duodenum and terminal ileum organoid lines (Fig. S2). These results
537 further confirm that inhibition of IFN-induced transcription increases HuNoV

538 infection.

539
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540

541 Discussion

542  The efficient cultivation of HuNoV has remained a challenge since the initial
543 identification of the prototype norovirus, Norwalk virus, in 1972 (57). Norovirus
544  infection of the natural host species is very efficient, typically requiring <20 virus
545  particles to produce a robust infection whereby >10° viral RNA copies are shed
546  per gram of stool within 24 hours (58, 59). Even in heterologous hosts (e.g. pigs)
547 the HuNoV infectious dose has been estimated to be ~ 2X 10° viral RNA copies
548 (60). Despite this, and despite enormous efforts, the ability to culture HuNoV
549 efficiently has been a significant bottleneck in the study of HuUNoV biology (57).
550 Therefore, the ability to culture HuNoV has the potential to transform our
551 understanding of many aspects of the norovirus life cycle, greatly enhance the
552  capacity to develop therapeutics and allows the characterization of authentic viral
553  neutralization titres following vaccination, rather than the current surrogate gold
554 standard (21, 23). The net result of >40 years research has resulted in the
555 establishment of two culture systems for HuUNoV that use patient stool samples
556 as the inoculum. The first such system relies on the replication of HuUNoV within
557 immortalized B-cells and requires the presence of enteric bacteria or soluble
558 HGBA-like molecules from their surface (21, 22). Whilst, we have been able to
559 reproduce the culture of HuNoV in immortalised and primary B-cells to varying
560 degree of success (data not shown), we note that attempts by other labs have
561 not universally been successful (21).

562
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563 The recently developed HuNoV culture system IECs derived from intestinal
564 organoids (23) while experimentally challenging, has been used in a number of
565 subsequent studies to examine the impact of disinfectants (61) and the
566 monoclonal antibodies (62, 63). This study set out to use organoid-based system
567 to assess the cellular pathways that restrict HuNoV replication and to further
568 refine the experimental conditions that allow optimal growth of HuNoV in culture.
569 We found that HuNoV infection induces a robust innate response in IECs, in
570 contrast to previous studies using transfection of purified HuNoV viral RNA into
571 immortalized cells which concluded that the interferon response is unlikely to play
572 arole (37). While the conclusions drawn in this previous study may be valid, it is
573 likely that the inefficient replication seen using transfected RNA, where less than
574 0.1% of transfected cells contain active replicating viral RNA, reduce the
575 sensitivity of the experimental system. This may be further confounded by
576  unknown mutations that affect the robustness of the sensing pathways within
577 immortalized cells. These previous observations, also contrast with our own
578 findings that suggest that the ability of cells to respond to exogenous interferon
579 negatively impacts on HUNoV replication (64, 65). This conclusion was based on
580 the finding that the IFNA receptor is epigenetically suppressed in an immortalized
581 intestinal cell line which efficiently replicates a HuNoV Gl replicon and that
582 genetic ablation of IFNA receptor expression enhances HuNoV replication in
583 immortalized cells (65). We also recently described the generation of a robust
584  culture system in zebrafish larvae, in which we also observed MX and RSAD2
585  (viperin) induction (39). Furthermore, it is well established that the interferon

586 response is key to the control of MNV infection as mice lacking a competent
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587 innate response often succumb to lethal systemic MNV infections (66—68),
588 demonstrating that the innate response is key to the restriction of norovirus
589 infection to intestinal tissues in the mouse model (69). The development of the
590 HuNoV organoid culture system provides the first opportunity to assess the
591 impact of HuUNoV infection on IECs, the first port of entry into the natural host.

592

593 Here we have seen that HuNoV infection of IECs induces an IFN-like
594  transcriptional response by examining the replication of single HuNoV Gll.4
595 isolate in IECs derived from two independent terminal ileum organoid lines from
596 two different donors (Fig. 3). We chose the terminal ileum-derived organoids as
597  our source of IECs as our data to date would suggest that Gll.4 HuNoV replicates
598 more efficiently in IECs derived from this gut segment whereas the GII.3 isolate
599 replicated more efficiently in duodenal lines (Fig. 1D). Whether this difference
600 was organoid line or viral strain specific, or suggests differing tropism is
601 unknown, however this observation was consistent across several different
602 duodenal or ileal organoid lines (data not shown).

603

604 Under the conditions used in the current study, the overall number of genes
605 altered more than 2-fold in response to infection was relatively modest, 70 and
606 162 for TI365 and TI1006 respectively. We found that the transcriptional
607 response induced in each organoid line was highly comparable, with a
608 substantial overlap in the induced genes (Fig. 4). The use of UV inactivated
609 inoculum allowed us to control for any non-specific effects of the other

610 components of the filtered stool sample. Given the heterogeneity of any given
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611 stool sample, including this was essential to ensuring the observations were
612 robust and represented alterations due to sensing of active viral replication
613 intermediates. The rather modest number of genes induced, likely reflects the
614 heterogenous nature of the IEC cultures and that not all cells in any given
615 monolayer are permissive to infection. We estimate that ~30% of cells were
616 infected under the conditions used for the gene expression analysis which is
617  similar to previous reports (23). The inclusion of Rux or TPL increased the overall
618 number of infected cells in any given culture to ~50% but even under the
619 modified conditions, we have been unable to obtain higher levels of infection
620 (data not shown). We hypothesize that obtaining higher levels of infection will
621 likely require more uniform cultures, consisting primarily of enterocytes, the target
622  cell for HuNoV (23).

623

624 The mechanism by which HuNoV is sensed by the infected cells is not currently
625 known, however data from MNV suggests a clear role for Mda5-mediated
626 sensing in the restriction of norovirus replication both in cell culture and in vivo
627 (70). The sensing of MNV RNA occurs in a process that requires the HOIL1
628 component of the linear ubiquitin chain assembly complex (LUBAC) complex
629 (71). Other components of the RNA sensing pathways have been implicated in
630 the innate response to MNV including MAVS, IRF3 and IRF7 (70, 71) but the role
631 they play in sensing of HUNoV RNA is unknown. In addition to targeting STAT1
632 for degradation (72), the PIV5 V protein is known to also inhibit the activity of

633 Mdab (44). Whilst not directly assessed, it is therefore likely that the stimulation is
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634  of HuNoV replication in the presence of the PIV5 V protein is a combined result
635 of both of these activities. Further studies using gene edited organoid lines will be
636 required to better define the relative contribution of each component in the

637 sensing of HUNoV.

638

639 The most highly induced gene in response to HuNoV infection in both organoid
640 lines was IFl44L, a novel tumour suppressor (73) previously show to have
641 modest antiviral activity against HCV (74) and RSV (75, 76). IFI44L was also
642 potently upregulated in IECS infected with human rotavirus (HRV) (77).
643  Surprisingly, despite inducing a potent interferon response in IECs, HRV is not
644 restricted by the endogenously produced IFN (77), an effect that has been
645 hypothesized to be due to viral regulatory mechanisms that suppress the
646 downstream activities of the induced genes. A number of the genes induced in
647 response to HuUNoV infection of IECs have previously been shown to have anti-
648 viral activity against noroviruses. GBP4 and GBP1 were both induced following
649  GIll.4 infection of both organoid lines (Fig 3). The GBPs are interferon induced
650 guanylate-binding proteins that are targeted to membranes of vacuoles that
651 contain intracellular fungi or bacterial pathogens (78, 79), where they frequently
652 result in the disruption of the pathogen-containing vacuoles (79). GBPs are
653 targeted to the MNV replication complex in an interferon dependent manner that
654 requires components of the autophagy pathway and exert their antiviral activity
655 via an unknown mechanism (80). GBP2 was also identified as a norovirus

656 restriction factor in a CRISPR based activation screen where it was found to have
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657  potent antiviral activity against two strains of MNV (81). Further studies will be
658 required to determine if GBPs have similar antiviral effects during HuNoV
659 infection.

660

661 The IFIT proteins IFIT1-3 were also significantly induced in response to HuNoV
662 Infection of IECs (Fig 3, Table S1). The IFITs are a family of interferon stimulated
663 RNA binding proteins that, at least in humans, are thought to inhibit the
664 translation of foreign RNAs by binding to 5’ termini and preventing translation
665 initiation (82, 83). In the context of norovirus infection, we have recently shown
666 that the translation of norovirus VPg-linked RNA genome is not sensitive to IFIT1-
667 mediated restriction (84), most likely due to the mechanism by the novel VPg-
668 dependent manner with which norovirus RNA is translated (84). However, we did
669 observe that IFIT1 in some way enhanced the IFN-mediated suppression of
670 norovirus replication through an as yet undefined mechanism (84).

671

672  The development of the B-cell and organoid culture system have opened up the
673  opportunity to dissect the molecular mechanisms of norovirus genome replication
674 and to better understand host responses to infection. Others have observed that
675 HuNoV replication in organoid derived IECs is highly variable (85) which agrees
676  with our own experience during the course of the current study as we observed
677  significant levels of week to week variation in infectious yield from the same
678 organoid lines for any single strain of HuNoV (data not shown). We have also
679 observed, as have others, that not all HuNoV strains appear to replicate

680 efficiently in IECs derived from any single organoid line, which likely reflects the
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681 natural biology of HuNoV as individual susceptibility varies within any given
682  population (85). What factors contribute to the relative permissiveness of any
683 given organoid line to an isolate of HuUNoV remains to be determined, but it is
684 clear that Fut2 function appears essential for most HuNoV isolates as FUT2
685 negative lines were not permissive to the strains of viruses tested here (85, 86),
686 data not shown). It is also possible that strains vary in the degree to which they
687 induce and are sensitive to, the interferon response, as is common for other
688  positive sense RNA viruses. Our data would suggest that irrespective of this, the
689 replication of all isolates examined appear to be improved by treatment of
690 cultures with Rux or TPL (Figs. 6 and 7; Figs. S2 and S3; and data not shown).

691

692  To our knowledge, our study represents the first demonstration that the genetic
693 modification of human intestinal organoids can improve viral replication. The
694  expression of BVDV NPro and PIV5 V proteins in cells has been widely used as
695 a way to enhance virus replication in immortalised cells via the inactivation of
696 aspects of the innate response (18, 87, 88). While the genetically modified
697 organoids enhanced HuNoV replication by up to 30-fold in comparison to
698 unmodified organoids we found that this varied between organoid lines examined
699 (not shown). Surprisingly, we found that the process of differentiation, resulted in
700 a significant increase in the basal levels of a number of ISGs (data not shown).
701 Therefore the reason for variation in the enhancement is unknown but it may
702  relate to the ability of any given organoid line to respond effectively and produce

703 arapid and effective innate response. The ability to readily generate gene edited
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704 human intestinal organoids while possible, is still very much in its infancy (89),
705 therefore the ability to overexpress viral innate immune antagonists provides a
706  more rapid way of generating intestinal organoids with specific defects in innate
707 immune pathways. However, the simple inclusion of TPL or Rux appears to
708 phenocopy the effect of overexpression of either NPro or V protein and can be
709 readily applied to any organoid line. This low cost modification to culture
710 conditions enhances the utility of the experimental system by improving the

711  robustness of the replication.

712

713 The use of pharmacological inhibitors for the stimulation of viral infection has
714 been described in many instances in immortalised cell lines (49, 56, 90), and
715 more recently for viral infection of intestinal organoids (91). The mechanism of
716 action of Rux is well defined as it specifically targets the JAK kinases (46). In
717  contrast, the mechanism of action of TPL is less well defined but recent data
718 suggests a direct mode of action on RNA polymerase ll-mediated transcription
719 (55). TPL has previously been shown to stimulate the replication of VSV by the
720 inhibition of the interferon induced transcriptional responses (56). While TPL is
721 not clinically used due to problems with water solubility, a water soluble pro-drug
722  minnelide, has been trialled as an anti-cancer treatment for a number of cancers

723 including pancreatic cancer (92).

724
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725 Norovirus infection has now been widely accepted as a significant cause of
726  morbidity and mortality in immunocompromised patients (13). In such cases,
727  patients on immunosuppressive therapy following organ or stem cell replacement
728 therapies, or those undergoing treatment for cancer, often suffer from infection
729 lasting months to years (13, 93). Such infections have significant impact on the
730 overall health of the affected patient, resulting in significant weight loss and a
731 requirement for enhance nutritional support (94). Ruxolitinib, under the trade
732 name Jakavi, is approved for the treatment of a range of diseases including
733  splenomegaly in patients with myelofibrosis and has been shown to be effective
734 in the treatment of chronic or acute (48, 95). Our data could suggest that the
735 sustained administration of Rux in patients where chronic norovirus has been
736  detected, may exacerbate the disease. We note however that during a study
737  examining the effect of Rux on NK cell function in patients with STAT1 gain of
738 function mutations, a single patient with chronic norovirus infection appeared to
739 clear the infection following Rux treatment (96). The impact of Rux treatment on
740 viral loads, and whether clearance was spontaneous, or due to improved NK cell

741  function was not reported.

742

743 In summary, we have demonstrated HuNoV replication in IECs is restricted by
744  the interferon response and that modulation of this response through either the
745 genetic manipulation of intestinal organoids or the inclusion of pharmacological
746  inhibitors, enhances HuNoV replication. Overall this work provides new insights

747 into the cellular pathways and processes that control the replication of HuUNoV,
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748 and provides improved conditions for the culture of HuNoV, enhancing the

749  robustness of the HUNoV organoid culture system.
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760

761 Figure Legends:

762  Figure 1: Overview of the human norovirus culture system.

763 A) Schematic of the intestinal crypt isolation procedure leading to the production
764  of intestinal organoids. Following isolation by biopsy, crypts were plated into
765 Matrigel as described in the text and imaged by light microscopy. B, C)

766  differentiation of intestinal organoids from the duodenum and terminal ileum into
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767 intestinal epithelial cells (IEC) monolayers is accompanied by loss of the stem
768  cell marker LGR5 and increased intestinal alkaline phosphatase (AP) expression.
769 Intestinal organoid lines were plated onto collagen coated plates as described in
770 the text and the relative levels of LGR5 or ALP quantified by RT-gPCR.
771  Expression levels are shown relative to the undifferentiated cells extracted on
772 day O of plating. D) Infection of differentiated IECs from the duodenum (D196)
773 and terminal ileum (TI365) with two clinical isolates of human norovirus (GIl.3
774 and GIll.4). Infection was assessed by the quantification of absolute viral RNA
775 levels by RT-gPCR and is shown as both absolute values (D) and fold the
776  increase in viral RNA levels when comparing day O to day 2 (D2).

777

778 Figure 2: Human norovirus infection of intestinal epithelial cells induces
779 interferon stimulated genes and is sensitive to Type | and lll interferon.

780 A, B) The levels of two interferon stimulated genes, viperin and 1SG15, following
781 norovirus infection of differentiated intestinal epithelial cells from the terminal
782  ileum (TI365) was assessed at 24 and 48 hours post infection. Monolayers either
783  Gll.4 human norovirus or UV-inactivated Gll.4. Relative gene expression was
784  assessed by RT-gPCR and is shown as Log2 fold induction in comparison to the
785 mock infected control. C) GIl.4 Human norovirus infection of terminal ileum is
786  sensitive to Type | (IFNB) and Type Il (IFNA). Differentiated IEC monolayers
787  were either mock treated or treated with recombinant IFN for 18 hours prior to
788 infection with GIl.4 HuNoV. Viral RNA levels at two days post infection were then
789 quantified by RT-PCR and the increased in viral RNA expressed as a percentage

790 of the untreated control.
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791

792  Figure 3. Norovirus infection of intestinal epithelial cells results in an

793 interferon-induced transcriptomic response.

794 A, B) IECs derived from two terminal ileum organoid lines (TI365 and TI006)
795 were infected with a GlI.4 HuNoV containing stool filtrate (Virus), the same stool
796 filtrate that was UV-inactivated or mock infected and the levels of viral RNA
797 quantified 48 hours post infection by RT-gPCR. Infections were performed in
798 Dbiological triplicate and quantified by RT-gPCR in technical duplicate. Error bars
799 represent SEM. C-F) Volcano plots of differentially expressed genes from RNA-
800 Seq analysis comparing gene expression in two different HuNoV infected
801 organoids compared to mock (C, D) or UV-treated HuNoV infection (E, F).
802  Significantly up- or down-regulated genes (FDR<0.01 and log2 fold change = 1)
803 are represented in red or blue, respectively. G-H) Comparison of expression
804 changes of selected genes following HuNoV infection measured by RNA-Seq
805 and RT-gPCR. Error bars represent the SD of one experiment performed in
806  biological triplicate. The Pearson correlation coefficient (r), associated p-value (p)

807 and the number of pairs analysed (n) are indicated on each chart.

808

809 Figure 4. Human intestinal epithelial cells mount an interferon response to

810 Gll.4 human norovirus infection.
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811 A) Transcription factor enrichment analysis from differentially expressed genes of
812 IECs from two terminal ileum-derived organoid lines (T1365 and T1006). Enriched
813 transcription factors, number of occurrence among significantly regulated genes
814 and significance are indicated for each organoid infection. B) Heat map showing
815 the expression changes of the top 20 genes across two independent IEC
816 infections. Genes are arranged by decreasing average enrichment fulfilling a
817 false discovery rate (FDR) lower than 0.01. C) Heat map showing the most
818  significant enriched Gene Ontology categories for biological processes inferred

819 from significantly regulated genes across two independent organoid infections.

820

821 Figure. 5 Genetically modified IFN-deficient organoids are more permissive
822 for HuNoV replication.

823 Duodenal intestinal organoids were modified by lentivirus-mediated transduction
824  of the viral innate immune regulators, BVDV NPro and PIV5 V proteins. A) Two
825 independent clones of transduced organoids were lysed and the expression of
826 STAT1, IRF3 and GAPDH were examined by western blot to confirm the
827  functionality of the BVDV NPro or V protein in intestinal organoids. B-E) To verify
828 the inhibition of IFN production or IFN signaling, unmodified or modified intestinal
829  epithelial cells were differentiated into monolayers and were transfected with poly
830 I:C or treated with recombinant universal Type | interferon (IFNaA/D). The levels
831 of IFNB, IFNA1/2, viperin and ISG15 were then quantitated by RT-qgPCR. F, G)
832 Replication of HuNoV GII.3 was examined in IECs derived from IFN-deficient

833 organoids (D196). The levels of viral RNA obtained 48h post infection (D2) where
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834 compared to those obtained 2h post infection (D0O). The levels of viral RNA
835 replication seen in modified organoids were expressed relative to that seen in the
836  control unmodified organoid line. All experiments were performed at least two
837 independent times and results are expressed as mean +SEM from duplicate
838 samples analyzed in technical duplicate. Statistically significant values are
839 represented as: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

840

841 Fig. 6 Inhibition of Jakl/Jak2 by Ruxolitinib (RUX) enhances HuNoV
842 replication in intestinal epithelial cells.

843  A,B) The ability of ruxolitinib (Rux) to inhibit type | and type Il IFN signaling was
844 examined following interferon (IFNB or IFNA1/2) pretreatments of intestinal
845 epithelial cells derived from duodenal intestinal organoids (D196). C-F) To
846 investigate the impact the role of JAK signaling in the restriction of HuNoV
847  replication, intestinal epithelial cells were treated with DMSO, ruxolitinib (RUX) or
848 2-CMC (an inhibitor of HuNoV RNA-dependent RNA polymerase), and the impact
849  of viral RNA synthesis was examined at 48h post inoculation (D2) by RT-qgPCR.
850 All experiments were performed at least three independent times and results are
851 expressed as mean *SEM from triplicate samples analysed in technical
852 duplicate. Significant values are represented as:*p < 0.05, **p < 0.01, *p <
853  0.001 and ****p < 0.0001

854

855 Fig. 7 Inhibition of cellular transcription by triptolide (TPL), an RNAPII
856 inhibitor, enhances HuNoV replication in intestinal epithelial cells. A,B) The

857  ability of triptolide to inhibit type | and type Ill IFN signaling was examined
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858 following interferon pretreatment of intestinal epithelial cells derived from
859 duodenal intestinal organoids (D421). C-F) To investigate the impact of restriction
860 of transcription factors in HuUNoV GII1.3 and GlI.4 replication, intestinal epithelial
861 cells derived from duodenum (D421) and ileum (TI365) were treated with DMSO,
862 triptolide (TPL) or 2-CMC (an inhibitor of HuNoV polymerase), and the impact of
863  viral RNA synthesis was examined at 48h post inoculation (D2) by RT-gPCR. All
864  experiments were performed at least three independent times and results are
865 expressed as mean +* SEM from triplicate samples analysed in technical
866 duplicate. Significant values are represented as:*p < 0.05, **p < 0.01, *™p <
867 0.001 and ****p < 0.0001

868

869 Supplementary figure legends.

870

871 Figure S1: Ruxolitinib stimulates the replication of GIll.4 in intestinal
872 epithelial cells from a mucosa derived intestinal epithelial organoids (IEOs).
873 Intestinal organoids were generated from biopsies derived from the duodenum of
874  four patients (Lines designated D353, D419, D421 and D428) or the terminal
875 ileum of a single patient (T1006). Intestinal epithelial cell monolayers (IEC) were
876 generated as described in the text and infected with either GI1.3 or Gll.4 human
877  norovirus stool filtrate. The level of viral RNA levels were quantified at day 0 (DO)
878 or 48 hours post infection (D2) by RT-gPCR and plotted as either genome
879 equivalents per well (left hand column) or fold increase in viral RNA over 48
880  hours (right hand column). The impact of the inclusion of the Jak inhibitor (RUX)

881 or the RNA polymerase inhibitor (2-CMC) on viral replication was examined by
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882  the addition of RUX or 2-CMC following the inoculation phase of the infection. All
883  experiments were performed at least three independent times and results are
884 expressed as mean * SEM from triplicate samples analysed in technical
885 duplicate. Significant values are represented as:*p < 0.05, **p < 0.01, *™p <
886 0.001 and ****p < 0.0001.

887

888 Figure S2: Triptolide stimulates the replication of GIl.3 or GIl.4 in intestinal
889 epithelial cells from a mucosa derived intestinal epithelial organoids (IEOs).
890 Intestinal organoids were generated from biopsies derived from the duodenum
891 (Line D428) or the terminal ileum of a single patient (TI006). Intestinal epithelial
892 cell monolayers (IEC) were generated as described in the text and infected with a
893  GIl.4 human norovirus stool filtrate. The level of viral RNA levels were quantified
894 at day 0 (DO) or 48 hours post infection (D2) by RT-gPCR and plotted as either
895 genome equivalents per well (left hand column) or fold increase in viral RNA over
896 48 hours (right hand column). The impact of the inclusion of the RNA
897  polymerase Il inhibitor (TPL) or the viral RNA polymerase inhibitor (2-CMC) on
898  viral replication was examined by the addition of TPL or 2-CMC following the
899 inoculation phase of the infection. All experiments were performed at least three
900 independent times and results are expressed as mean + SEM from triplicate
901 samples analysed in technical duplicate. Significant values are represented as:*p
902 <0.05, *p<0.01, ***p <0.001 and ****p < 0.0001.

903 Supplementary Table 1. Supplier information of the composition of the
904 organoid growth and differentiation media used for the culture of mucosal

905 derived intestinal organoids in this study.
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Supplementary Table 2. Supplier details of the interferons and inhibitors

used in this study.

Supplementary Table 3. Summary of the differential gene expression

analysis of Gll.4 infected intestinal epithelial cells. RNA seq analysis was

performed as described in the text. The data shown is the average of the data

obtained from the two biological repeats. Differential gene expression analysis

was performed by comparing the data obtained for infected vs mock infected

IECs (Tabs A & C) or infected vs IECs infected with UV-inactivated inoculum.
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