











bioRxiv preprint doi: https://doi.org/10.1101/2021.02.17.431591; this version posted February 17, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

244  signalling. Collectively, these results indicate that nasal epithelial cells are capable of expressing IFN-

245 I/llls during SARS-CoV-2 infection, but that the response is delayed relative to viral replication.

246

247  Figure 4. Delayed induction of IFN-I/1lI signalling in SARS-CoV-2-infected nasal ALI cultures. (A) RT-

248 PCR analysis of expression of (A) IFNB, IFNL1 and IFNA1 and (B) IL6, TNFA and IL1B expression in whole-
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249  cell lysates (repeat experiments in n=4 donors). (C) RT-PCR analysis of IFNB, IFNL1 and SARS-CoV-2 N
250  gene expression in nasal ALl cultures exposed to SARS-CoV-2 (MOI = 2) or a DVG-rich stock of Sendai
251  virus (SeV) for 6 h (repeat experiments in n=2 donors). (D) RT-PCR and (E) immunoblot analysis of
252  USP18 and RSAD2 expression in whole-cell lysates (repeat experiments in n=4 donors). ND, Not
253 detected. Mean £ SEM * P < 0.05, ** P < 0.01, *** P < 0.001 **** P < 0.0001, ANOVA with Dunnett’s
254  post-test correction compared to Oh (A [IFNB]) or 24h (A [IFNL1], B, D).

255

256

257  IFN-signalling dominates the nasal host response to SARS-CoV-2 at the protein level

258  To validate and extend these findings, we undertook an unbiased assessment of the host response to
259 SARS-CoV-2 infection by proteomics analysis. Whole-cell lysates were prepared from SARS-CoV-2 and
260 mock-infected nasal ALI cultures from six donors at 72 hpi. Lysates were analysed by quantitative mass
261  spectrometry (Supplementary Dataset S1, quality control data in Fig. S3). Overall, this analysis
262  detected the differential expression (DE) of 180 proteins including viral proteins such as S, M, N,
263  ORF1AB, ORF3A and ORF8 (Fig. 5A). The most highly increased host protein was Sorting Nexin 33
264  (SNX33), an endosomal protein that has not yet been implicated in the life cycle of SARS-CoV-2.
265 Infected and uninfected cells clustered together by principal component analysis (Fig. 5B). Inspection
266 of the DE proteins confirmed a robust host innate immune response, dominated by ISG products (Fig.
267 5A). Functional annotation revealed an enrichment of antiviral response and especially IFN-I signalling
268  pathways (Fig. 5C, Table S1). These data are consistent with our earlier findings and contrary to prior
269 reports in cell lines or human bronchial/tracheal epithelial cultures, where a robust endogenous IFN-
270  I/lll response to SARS-CoV-2 was not detected?*2®, Key ISG proteins identified included IFITM1-3 and
271  the OAS cluster (OAS1-3), the latter associated with genetic susceptibility to severe COVID-19Y (Fig.
272  5CQ). Significantly downregulated pathways were also identified, including TRIF-dependent toll-like
273 receptor signalling, as well as RNA polymerase Il transcription and endosomal transport (Table S2).

274  This implied viral subversion of critical host functions, including host gene transcription, protein
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trafficking and viral sensing. Proteins involved in the maintenance of epithelial tight junctions were
also downregulated, consistent with the loss of barrier integrity observed in earlier experiments (Fig.

1H).
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280  Figure 5. An ISG response dominates the proteome of SARS-CoV-2 infected nasal ALl cultures.
281 Differential proteomic profiling of SARS-CoV-2-infected nasal ALl cultures. Mass spectrometry-based
282  proteomics was carried out on whole-cell lysates prepared at 72 hpi (n=6 donors per condition). (A)
283  Volcano plot illustrating 180 differentially expressed proteins with increased (orange points) and
284  decreased (purple points) expression in infected as compared to mock samples. Dotted red lines
285 indicate those proteins with a fold change of < 1.5 and adjusted p values <0.05. (B) Principal
286  component analysis of the whole proteome data set. (C) Functional annotation network of
287  differentially expressed proteins.

288

289

290  Antiviral activity of IFN-1/11l towards SARS-CoV-2 infection

291 Given the prominence of the IFN-I/1ll response in the proteome of SARS-CoV-2-infected cells, a key
292 question was whether the IFN-I/IIl response had any impact on SARS-CoV-2 replication. To address
293  this question, nasal ALl cultures were treated with the JAK inhibitor ruxolitinib (RUX). RUX antagonises
294  signalling downstream of IFNAR and IFNLR, owing to the involvement of JAK1 in both signalling
295 pathways. We reasoned that blocking paracrine IFN-I/IIl signalling would reveal its impact, if any, on
296  SARS-CoV-2 replication. Cells were treated with 10 uM RUX (a dose optimised in prior experiments®?)
297  or vehicle control (DMSO) in the basal medium for 24 hours prior to infection. Nasal cultures were
298 infected at the apical surface (MOI ~ 0.01) and inhibitors were refreshed every 24h. At 48 hpi, lysates
299  were prepared and analysed by immunoblot. RUX treatment abolished expression of RSAD2 and
300  USP18in response to SARS-CoV-2 infection (Fig. 6A), indicating that induction of ISG protein products
301 at this timepoint was largely dependent on paracrine IFN-I/IIl signalling, as previously suggested (Fig.
302  4D).However, viral S protein expression was not enhanced by RUX treatment (Fig. 6A), nor was release
303  ofinfectious virus, as measured by plaque assay (Fig. 6B). These data suggested that the endogenous
304  IFN-I/1ll response failed to impact SARS-CoV-2 replication up to 48 hpi, at least at the MOI tested.

305 These data provided further evidence that SARS-CoV-2 triggers an endogenous paracrine IFN-I/IlI
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306 response in nasal cells, but showed that this response was insufficient to contain SARS-CoV-2
307  replication.

308  Animportant follow-up question was whether nasal cells could mount an antiviral state to SARS-CoV-
309 2, providing IFN-I/11l was delivered in a timely fashion. To address this, nasal ALl cultures were pre-
310  treated with exogenous IFN[ or IFNA1 for 16h to induce an antiviral state, subsequently infected with
311  SARS-CoV-2 at MOI 0.01, and examined at 48 hpi. Analysis of infection by immunoblotting of whole-
312 cell lysates for spike (S) protein expression or plaque assay of apical washes demonstrated a significant
313 reduction in infection with either IFNP or IFNA1 pre-treatment (Fig. 6C-D). This was accompanied by
314  robust induction of antiviral ISG products (Fig. 6C), and preservation of barrier integrity (Fig. S4). It is
315 worth noting that the ISG expression induced in response to recombinant IFN-I/1Il was substantially
316  greater than that induced by SARS-CoV-2 infection (i.e. endogenous IFN-I/IIl production, Fig. 6C). Thus
317 exogenous IFN-I/1ll was capable of inducing in the nasal epithelium an antiviral state that potently
318 inhibited SARS-CoV-2 infection, providing it was delivered (a) prior to infection, and (b) at sufficient
319 concentration. This IFN-sensitivity of SARS-CoV-2 contrasts with the relative resistance of SARS-CoV?°.
320 These data suggest that mucosal delivery of IFNP is a potential therapeutic strategy for SARS-CoV-2.
321 In clinical practice, IFNs are unlikely to be used prior to infection, unless this is part of a prophylactic
322 regimen. To determine the effectiveness of exogenously applied IFN-I once SARS-CoV-2 infection is
323 underway, cells were treated with IFN[3 at 6 or 24 hpi. In this experiment, IFNJ treatment at 6 hpi
324  continued to impact on SARS-CoV-2 infection, whereas addition after 24 hpi had no effect (Fig. 6E-F).
325 Interestingly, ISG induction was still observed in response to IFNf treatment at 24 hpi, albeit at
326  reduced magnitude (Fig. 6E). These data suggest that SARS-CoV-2 impairs, but does not abolish, JAK-
327 STAT signalling in infected cells, implying that recombinant IFNs may have a therapeutic role in
328 established SARS-CoV-2 infection, as recently shown in animal models® and in early phase clinical
329  trials*%

330
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Figure 6. Impact IFN-I/111 signalling on SARS-CoV-2 infection. (A) Immunoblot of nasal ALI cultures

treated with ruxolitinib (RUX, 10 uM) or DMSO vehicle for 24 h prior to infection. Whole-cell lysates

were prepared at 48 hpi. Results representative of experiments in n=4 donors (* = nonspecific band).
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(B) Plague assay showing no increase in infectious particle release at 24 hpi and 48 hpi (same
experimental conditions as A; n=6 donors). (C) Immunoblot of whole-cell lysates prepared from nasal
ALl cultures at 48 hpi (representative of n=4 donors). Cultures were pre-treated for 16 h prior to
infection with IFN (1000 IU/mL) or IFNA1 (100 ng/mL). (D) Plaque assay showing significant reduction
in infectious particle release at 48 hpi if pre-treated with IFNf3 (1000 IU/mL) or IFNA1 (100 ng/mL)
(same experimental conditions as C; n=5 donors). (E) Immunoblot of whole-cell lysates prepared at 48
hpi. Nasal ALl cultures were either pre-treated with IFNf (1000 IU/mL) for 16h prior to infection with
SARS-CoV-2 or IFNf (1000 IU/mL) treatment was applied at 6 or 24 hpi. Results representative of
experiments in n=2 donors. (F) Plague assay on supernatants collected from E (48 hpi). Mean + SEM.
***%* P < 0.001 n.s. = non-significant. ANOVA with Dunnett’s post-test correction compared to vehicle

(B) or untreated control (F).
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346  DISCUSSION

347  We report the most comprehensive characterisation of the human nasal epithelial response to SARS-
348 CoV-2 to date, revealing a response dominated by IFN-1/1lIs and their downstream ISG products. While
349 thisis apparently insufficient to contain SARS-CoV-2, recombinant IFN-I/I1l treatment potently blocked
350  SARS-CoV-2 replication, suggesting that mucosal delivery of IFNs could be a promising strategy for
351  post-exposure prophylaxis.

352  The nasal mucosa is likely to be a main point of entry of SARS-CoV-2. Prior single-cell transcriptomic
353 studies implied an abundance of target cells in the nasal mucosa and further suggested that they may
354 be poised to mount an antiviral response®. Yet few studies to date have characterised SARS-CoV-2

355  replication in primary human differentiated nasal cells'**3

, and ours is the first to analyse the host-
356  virus interaction comprehensively, at single-cell resolution. Our findings indicate that the host
357 response to SARS-CoV-2 in nasal epithelium is dominated by IFN-I/IlI, albeit this response is kinetically
358 delayed. These results are consistent with evidence of IFN-I/IIl induction in nasal swabs from patients
359  with COVID-19%. However, we found that blockade of the endogenous IFN response did not impact
360  on SARS-CoV-2 infection. At first glance, this result may appear paradoxical. However, the probable
361 explanation is the delay of induction of IFN-I/IIl relative to virus replication. IFN-I/IIl expression
362 became detectable 36-48 h after the onset of SARS-CoV-2 replication - at a point at which infectious
363 virion production was reaching its maximum, and over half of cells in the culture were already infected
364 - suggesting the production of IFNs was too late to have a meaningful impact on the overall spread of
365 infection. Consistent with this, there was evidence of downregulation of PRR signalling in the
366  proteome of infected cells. We conclude that: (i) SARS-CoV-2 appears capable of evading PRR
367  signalling in nasal epithelial cells in the early stages of viral replication; and (ii) the endogenous IFN-
368 I/1ll response of nasal epithelial cells comes effectively “too little, too late” to inhibit SARS-CoV-2 in
369 the nasal epithelium. The expression of various IFN evasion proteins®* and the sequestration of viral

370 replication machinery within cytosolic vesicles®*® underlie the capacity of SARS-CoV-2 to evade early

371 detection by PRRs, as indicated by our proteomics data. However, an important question is what
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372 molecular patterns are responsible for IFN-I/11l induction at later times. Future studies should address
373 the relative contribution of host damage-associated molecular patterns versus viral pathogen-
374  associated molecular patterns (e.g. defective viral genomes) accumulating during replication.

375 Our finding that exogenous IFN-I or IFN-IIl can potently induce an antiviral state in nasal cells is

1618 3nd in early phase clinical trials®2. The

376  consistent with its apparent protective effects in patients
377 main limitation of our data in this nasal epithelial culture system is that it did not account for
378 professional immune cells present in the nasal mucosa, for example plasmacytoid dendritic cells®,
379  which are capable of more rapidly mounting an IFN-I/1Il response to SARS-CoV-2*, potentially tipping
380 thescalesin favour of the host. We studied cells derived from adult donors, however it is possible that
381 nasal cells from paediatric donors may behave differently in terms of their permissiveness to SARS-
382 CoV-2 and/or the efficiency of their innate immune response. Furthermore, SARS-CoV-2 variants with
383 mutations in the spike gene have emerged worldwide whilst we were undertaking the experiments
384  described here; these variants may impact viral replication and/or host immunity, and should be
385  included in future studies.

386 Nevertheless, our data, employing a variety of complementary methods, indicate that SARS-CoV-2 has
387 a relatively broad tropism for nasal epithelial cells, confirming suggestions from prior scRNA-seq
388  studies’® and other in vitro studies of primary nasal'® and tracheobronchial cells?>. These findings
389 contrast with the results of Hou and colleagues, who reported exclusive tropism of SARS-CoV-2 for
390 ciliated cells in the airway®. It is not immediately clear how to reconcile these findings, given that
391 secretory cells express relevant entry receptors’?. Hou and colleagues used a fluorescent reporter
392  virus, the tropism of which might have been slightly narrower than clinical isolates. It is also worth
393 noting our findings show that while all cell types contained SARS-CoV-2 protein, the intensity of
394 immunodetection was greater in ciliated cells, which also contained more virion-like structures per
395 cell. This implies that although all cell types are permissive, there may also be quantitative differences
396 in the efficiency of viral replication in different cell types. Hou and colleagues previously hypothesised

397  thatpost-entry factors such as antiviral immunity might dictate permissiveness. We found no evidence
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398  to support this hypothesis, since while all nasal epithelial cells demonstrated a basal ISG signature -
399 consistent with ex vivo nasal biopsy data® - this did not vary substantially between cell types, and was
400  apparently insufficient to mediate resistance to SARS-CoV-2.

401  The observation that IFN-I treatment prevents SARS-CoV-2 infection indicates that chemoprophylaxis
402  with IFN-I may have therapeutic value. This approach has already been tested in a small clinical trial
403 in China (although the absence of a control group makes it impossible to judge the efficacy of this
404  approach®®). Immunisation is the most tractable approach for large-scale primary prevention of
405 COVID-19. However, owing to incomplete vaccine coverage and/or effectiveness against mildly
406 symptomatic or asymptomatic infection, and the emergence of variants that may compromise vaccine
407 efficacy, there will likely continue to be a need for targeted chemoprophylactic therapies to prevent
408  transmission in specific circumstances. These include post-exposure prophylaxis of contacts - to avoid
409 the need for self-isolation - as well as pre-exposure prophylaxis for certain high-risk encounters (e.g.
410  in healthcare settings or prior to long-distance travel). Our data suggest that application of IFNJ to
411  the nasal mucosa might have an important role to play in this setting and argue for urgent clinical
412  assessment of this approach. In terms of the therapeutic efficacy of IFNJ in patients with COVID-19,
413 our findings suggest that early administration will likely be a key factor determining its efficacy.

414

415  METHODS

416  Adult nasal airway epithelial cell culture at air-liquid interface (ALI)

417  Adult primary human nasal airway epithelial cells were derived from excess clinical material obtained
418 during routine nasal surgical procedures, processed, differentiated and validated as previously
419 described?” with the following modifications: cells were cryopreserved following expansion, then re-
420  animated and differentiated at ALl in PneumacCult-ALI-S (Stemcell Technologies). The sex and age of
421 donors are included in Table S3. Ethical approval for sample collection was provided (Research Ethics
422 Committee Reference 17/NE/0361).

423
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Viruses, cytokines and inhibitors

A clinical isolate of SARS-CoV-2 (England/2/2020) was obtained from Public Health England (PHE). The
initial stock was propagated once in Vero E6 cells. The same viral stock was used for all experiments.
Sendai virus (Cantell Strain) was obtained from Richard Randall (St Andrew’s University). For nasal ALI
infections, apical poles were gently washed once with warm Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, USA) and then infected with 60 pL dilution of virus in DMEM, at a MOI of between 2
and 0.01 plaque-forming units per cell for 2 hours, when the virus-containing medium was removed.
DMEM was used as inoculum for mock infection. Apical washes (in warm phosphate-buffered saline)
were collected at different time-points and stored at -80°C for plaque assays. Plaque assays were
undertaken in Vero E6 cells using a 1.2% (w/v) microcrystalline cellulose overlay (Sigma-Aldrich).
Cytokines/inhibitors were used at the following concentrations: human recombinant IFNB1 (1000
ng/mL; Avonex, Biogen Inc, USA); IFNA1 (100 ng/mL; R&D Systems, USA); and Ruxolitinib (10 puM;
Calbiochem, USA) alongside the appropriate dilution of DMSO vehicle. Treatment was applied through

basolateral poles.

Single cell RNA sequencing (scRNA-seq)

For droplet-encapsulation cells were processed as described in the supplementary information (SI).
Principal component (PC) analysis was undertaken to find the first 20 PCs, which were batch-
adjusted using Harmony and used to generate the nearest-neighbour graph. Dimensionality
reduction and embedding was performed using Uniform Manifold Approximation and Projection
(UMAP), with the neighbourhood graph clustered using the Leiden algorithm. The Wilcoxon Rank
Sum test was used to identify differentially expressed genes between clusters, and these were
annotated based on expression of markers used in the literature to define populations. A published
gene set was used to generate a list of type | ISGs (www.gsea-
msigdb.org/gsea/msigdb/cards/GO_RESPONSE_TO_TYPE_I_INTERFERON). This was used to quantify

the interferon response within identified cell populations using the AddModuleScore tool in Seurat.
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450 Infected cells were assigned as those cells with detectable SARS-CoV-2 spike RNA (‘covid—S’

451  transcript). Further details are included in the SI.

452

453 Proteome sample preparation

454  The protein concentration was determined by EZQ" protein quantification assay. Protein digestion was
455 performed using the S-Trap™ sample preparation method and TMT-16 plex labelling was carried out
456 as per the manufacturer’s instructions. Samples were cleaned using MacroSpin columns, and dried
457 down prior to offline high performance liquid chromatography fractionation. Peptides were
458  fractionated on a Basic Reverse Phase column on a Dionex Ultimate 3000 off-line LC system. A total of
459 18 fractions were collected, and each fraction was acidified and dried. Peptides were dissolved in 5%
460 formic acid, and each sample was independently analysed on an Orbitrap Fusion Lumos Tribrid mass
461 spectrometer, connected to an UltiMate 3000 RSLCnhano System. All spectra were analysed using
462 MaxQuant 1.6.10.43 and searched against SwissProt Homo sapiens and Trembl SARS-CoV-2 FASTA
463 files. Reporter ion MS3 was used for quantification and the additional parameter of quantitation labels
464  with 16 plex TMT on N-terminus or lysine was included. A protein and peptide false discovery rate
465 (FDR) of less than 1% was employed in MaxQuant. Moderated t-tests, with patient accounted for in
466  the linear model, was performed using Limma, where proteins with an adjusted P < 0.05 were
467 considered as statistically significant. All analysis was performed using R. Raw data are present in
468 Supplementary Dataset 1. A comprehensive description of the methods can be found in the SI.

469

470  Quantitative RT-PCR, immunoblotting and immunofluorescence

471 RT-PCR and immunoblot were done as previously described®, with further detail in the Sl.
472 Membranes were fixed in situ with 4% formaldehyde overnight at 4°C, before sectioning.
473 Immunofluorescent staining was performed in accordance with published methods®®, with

474 modifications as summarised in the Sl. Images were captured using a Nikon Al confocal microscope
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475 (Nikon, Japan) and analysed via Fiji (Version 2.0) using the Cell Counter plugin. Primers and probes
476  (Table S4) and antibodies (Table S5) are described in the SI.

477

478  Transmission electron microscopy (TEM)

479 ALl cultures were fixed with 2% glutaraldehyde (Sigma-Aldrich, MO, USA) with 0.1 M sodium
480  cacodylate (pH 7.4) buffer overnight at 4°C. TEM resin processing was performed as described
481 previously®. Additional details, including embedding, sectioning and analysis, are included in the SI.
482

483  Statistical analysis

484  Statistical analysis was performed and figures assembled using GraphPad Prism V8 (GraphPad
485  Software, USA). Data are presented as mean + SEM of individual donor values (derived typically from
486 2-3 independent repeat experiments per donor). The donor was used as the unit of experiment for
487 statistical analysis purposes. Continuous data were normalised or log-transformed prior to analysis
488 using parametric significance tests. Differences between two groups were compared using an
489 unpaired, two-tailed Student’s t-test, whereas differences between more than two groups used
490 ANOVA, with Dunnett’s post-test correction for multiple comparisons. A two-tailed alpha of < 0.05
491  was the threshold for statistical significance. Statistical analysis of proteomics and transcriptomics
492  data sets is described in the relevant sections above.

493

494  Data availability

495  The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium**
496  via the PRIDE partner repository** with the dataset identifier PXD021026. Reviewers can access it

497  through the Username: reviewer pxd022523@ebi.ac.uk and the Password: UaEXYFKF. RNA

498 sequencing data have been deposited to the European Genome-phenome archive (accession
499  pending). Additional raw data are available on request from the corresponding author.

500
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