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Abstract

The SARS-CoV-2 pandemic was marked with emerging viral variants, some of which were
designated as variants of concern (VOCs) due to selection and rapid circulation in the human
population. Here we elucidate functional features of each VOC linked to variations in replication
rate. Patient-derived primary nasal cultures grown at air-liquid-interface (ALI) were used to
model upper-respiratory infection and human lung epithelial cell lines used to model lower-
respiratory infection. All VOCs replicated to higher titers than the ancestral virus, suggesting a
selection for replication efficiency. In primary nasal cultures, Omicron replicated to the highest
titers at early time points, followed by Delta, paralleling comparative studies of population
sampling. All SARS-CoV-2 viruses entered the cell primarily via a transmembrane serine
protease 2 (TMPRSS2)-dependent pathway, and Omicron was more likely to use an endosomal
route of entry. All VOCs activated and overcame dsRNA-induced cellular responses including
interferon (IFN) signaling, oligoadenylate ribonuclease L degradation and protein kinase R
activation. Among the VOCs, Omicron infection induced expression of the most IFN and IFN
stimulated genes. Infections in nasal cultures resulted in cellular damage, including a
compromise of cell-barrier integrity and loss of nasal cilia and ciliary beating function, especially
during Delta infection. Overall, Omicron was optimized for replication in the upper-respiratory
system and least-favorable in the lower-respiratory cell line; and Delta was the most cytopathic
for both upper and lower respiratory cells. Our findings highlight the functional differences
among VOCs at the cellular level and imply distinct mechanisms of pathogenesis in infected

individuals.

Importance
Comparative analysis of infections by SARS-CoV-2 ancestral virus and variants of concern
including Alpha, Beta, Delta, and Omicron, indicated that variants were selected for efficiency in

replication. In infections of patient-derived primary nasal cultures grown at air-liquid-interface to
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model upper-respiratory infection, Omicron reached highest titers at early time points, a finding
that was confirmed by parallel population sampling studies. While all infections overcame
dsRNA-mediated host responses, infections with Omicron induced the strongest interferon and
interferon stimulated gene response. In both primary nasal cultures and lower-respiratory cell
line infections by Delta were most damaging to the cells as indicated by syncytia formation, loss

of cell barrier integrity and nasal ciliary function.
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INTRODUCTION

The SARS-CoV-2 pandemic has been marked by evolution of the ancestral virus strains,
Wuhan in the east and Washington in the west, into new variants. The World Health
Organization has identified some of the variants that pose an increased risk for global public
health as variants of concern (VOCs). Characteristics for VOCs include an increase in virus
transmissibility and virulence, and/or a decrease in response to current vaccines, public health
measures and therapeutics (1).

Four major VOC have emerged over the course of the pandemic. The Alpha VOC,
B.1.1.7 pango lineage virus, was first documented in the United Kingdom in September 2020.
The Beta VOC, B.1.351 pango lineage virus, was first documented in South Africa in May 2020.
The Delta VOC, B.1.617.2 pango lineage virus, was first identified in India in October 2020. The
B.1.1.529 pango lineage Omicron variant was first documented in South Africa in November
2021 (2); however, more recent reports suggest an earlier emergence. Since then, several sub-
variants have emerged from the Omicron lineage, including the BA.5 and XBB.1.5 which have
quickly established global dominance, and finally BQ.1 in some regions (3).

Clinical retrospective studies report differences in patient outcomes among VOC:s.
Compared to the ancestral strain, patients infected with Delta and Alpha variants experienced
heightened disease severity, such as increase in oxygen requirement, longer hospitalization and
morbidity (4). Patients infected with the Omicron variant were less likely to develop severe
COVID-19, require hospitalization, and had lower rates of in-hospital mortality compared to
Delta-infected patients but the assessment of these traits was confounded by the concomitant
development of immunity from prior exposure and vaccination in these populations (5, 6).

Variant-specific mutations to the ancestral SARS-CoV-2 genome are of interest for their
potential roles in facilitating virus pathogenesis and spread. Many of the amino acid
substitutions are found in the spike-encoding region of the SARS-CoV-2 genome. The spike (S)

protein, composed of S1 and S2 subunits, binds to the host angiotensin converting enzyme 2
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85  (ACEZ2) receptor to facilitate virus-host membrane fusion, virus entry, and modulates host
86 immune responses (7-9). Several studies attribute the enhanced immune evasion by the
87  variants to substitutions in the spike protein. Amino acid substitutions that render the furin
88  protease recognition site at the spike S1/S2 subunit junction more basic have been associated
89  with enhanced viral fitness for the Delta VOC, and to a lesser extent for the Alpha and Omicron
90 variants (10). Deletions and substitutions within and adjacent to the furin protease recognition
91 site have been associated with virus attenuation (11, 12). The role of mutations outside of the
92  spike gene, although not as well characterized, likely also contribute to differences in
93  pathogenesis. For example, mutations in the nucleocapsid gene have been associated with
94 increased virus replication and pathogenesis (13).
95 To assess genome-wide differences between SARS-CoV-2 VOCs in a controlled
96 system, we compared molecular replication mechanism among full length, replication competent
97  Alpha, Beta, Delta and Omicron VOCs to the ancestral Washington (WA1). All viruses were
98 compared for replication kinetics and cellular responses to infections in patient-derived primary
99 nasal cultures, with the goal of modelling the first step of infection. In addition, all experiments
100 were repeated in cell lines derived from human lung tissues, including Calu-3 and A549, to
101 facilitate more mechanistic studies that are not limited by primary cells. The cell lines also
102  provide the context of a lower-respiratory model for infections. Our experiments clarify
103  differences among variants in virus entry, virus replication, cell-to-cell spread of the virus, and
104  activation of host innate immune responses and antiviral pathways.
105 This study adds to our understanding of SARS-CoV-2 variants in several ways. We
106  compared the ancestral WA1 to Alpha, Beta, Delta and Omicron variants while many focus on a
107  subset of this group. All experiments involve infections with authentic viruses in a BSL3 facility
108 rather than the use of pseudoviruses or protein expression systems. In addition to quantifying
109  RNA copy numbers, which can be misleading with RNA viruses, our experiments also quantify

110 infectious viruses. While several useful animal models have been developed to study SARS-
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111 CoV-2 (14, 15) we find that our patient-derived nasal epithelia model more faithfully reflects
112 replication kinetics in the human nose, the first site of infection.

113
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RESULTS
VOCs are selected for increased replication in upper respiratory cells.

SARS-CoV-2 infections are initiated in the upper respiratory system, so we sought to
model this step by comparing infections in primary cells collected from nasal cavities of patients
undergoing rhinologic evaluation. These cells were cultured on transwells at an air-liquid-
interface (ALI) to recapitulate the natural state of the nasal epithelium, as we have reported
previously (16). In virus growth curve assays, all SARS-CoV-2 viruses replicated to high titers (>
1x1075 PFUs/mL), and all VOCs replicated to higher titers than WA1 (Fig 1A). Omicron reached
the highest titers at early time points of infection, starting at 24 hours post infection (hpi), and
maintained the highest titer until 72 hpi, after which titers start to drop. WA1 generally produced
the lowest titers compared to all variants. These results suggest that emerging variants have
been selected for replication in human nasal cultures, as Delta and Omicron, the two most
recent VOCs, reached the highest titer. The growth curve experiment was ended at 96 hpi as
the infected nasal cultures began to die and titers were no longer significantly different at this
point.

Coronavirus infections naturally progress from the upper to the lower respiratory system.
To investigate the relative efficiencies of replication of the variants in cells of the lower
respiratory system, we used the Calu3 cell line derived from human lung epithelia. Similar to
observations in the primary nasal cultures, all VOCs replicated to higher titers than the ancestral
WA1 in Calu3, suggesting that all VOCs were selected for more efficient replication than the
ancestral SARS-CoV-2 (Fig 1B). However, the Alpha and Beta VOCs reached significantly
higher titers than Omicron (at 8 hpi) in Calu3 infections while Omicron reached significantly
higher titers than Alpha/Beta/Delta in nasal cultures. Also, all viruses reached peak titers at an
earlier time (24-36 hpi) in Calu3 cells than in nasal cultures. As the Calu3 cells begin to show
signs of cytopathic effect and cell death around 36 hpi, the experiment could not be extended to

further duration. Together these results suggest that while all VOCs replicate more efficiently
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than the ancestral virus, Omicron is especially selected for heightened replication in nasal
cultures.

To ensure the integrity of the experiments, genomic RNA from each virus stock was
sequenced and aligned against the Washington A reference genome before further analysis
(Fig S1). The alignment confirmed that all viruses used in this study maintain the defining
mutations of each lineage. Additionally, it confirmed that no new substitutions have become
fixed at the known hotspots, including the furin protease recognition site (11).

The COVID-19 pandemic exhibited waves of illnesses in the colder months, suggesting
a seasonal pattern similar to other respiratory viruses (17). Replication fitness at different
temperatures may impact the potential for VOCs to cause seasonal outbreaks. To investigate
whether the VOCs have adapted to colder temperatures, similar to the seasonal common cold
coronaviruses, infections with WA1, Delta and Omicron viruses were performed in nasal
cultures at 33°C and 37°C (Fig S3A). We did not observe any significant differences in titer
when comparing infections at both temperatures up to 96 hpi, suggesting that SARS-CoV-2
replication is not temperature sensitive early in infection. However, we (16) and others have

reported preference of WA1 at 33°C at later times post infection.

The influence of furin protease cleavage of spike on viral entry and cell-to-cell spread.

To understand the mechanisms of increased replication of the VOCs, cell to cell spread
of the virus was investigated. Cleavage of the spike protein at the furin recognition site facilitates
both virus entry and cell-to-cell virus spread, another mechanism that could contribute to
increased replication of the variants. The basic amino acids at the furin recognition site of the
spike protein, PRRAR in WAA1, recruit proteases necessary for the cleavage at the S1/S2
junction (18). This region is sensitive to substitutions which influence infection and replication
(11, 19-21). We hypothesized that the amino acid substitutions in VOCs that render the furin

cleavage site more basic would be more efficiently cleaved, leading to increased cell-to-cell
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166  spread. Specifically, we hypothesized that Delta, which encodes the most basic amino acids in
167 the cleavage-site (RRRAR), will generate the most cleaved spike, followed by Alpha and

168  Omicron (both HRRAR) generating equal levels of cleaved spike. Beta and WA1, which encode
169  S1/S2 site with the least basic charge (PRRAR), were expected to generate the least cleaved
170  spike.

171 To measure the ratios of cleaved versus full-length spike protein levels among VOCs, a
172 western blot was performed using protein lysates from infected primary nasal cultures to assess
173 the ratios of cleaved spike (Fig 2A). As predicted, quantification of the cleaved spike from three
174  separate donors showed that Delta infections generated the highest proportion of cleaved spike
175  (71%), followed by Alpha infection (52%), Omicron and Beta infections generated similar levels
176  of cleaved spike (~44% each), and the lowest by WA1 infection (32%) (Fig 2B). The elevated
177  levels of cleaved spike in infections by Alpha and Delta compared to WA1 are consistent with
178 the idea that these VOCs have evolved to optimize spread in human nasal cells. However,

179 infection with Omicron produced the highest titers (Fig 1A) despite inefficient spike cleavage
180  (Fig 2A-B), indicating the importance of factors affecting other replication steps.

181 Similar experiment in the VeroE6 ™RSS

cell line yielded different relative ratios of

182  cleaved spike among VOCs (Fig S2A). In this western blot, protein lysates from infected

183  VeroE6™FPRSS2 cells were analyzed, using equal levels of full-length spike to visualize

184  differences in the ratios of cleaved spike among the VOCs. While the highest ratio of cleaved
185  spike was produced with Delta infection (67% cleaved) as predicted and observed by others
186  (22), contrary to our hypothesis, infection with the Beta generated the second most cleaved

187  spike. Infections with Alpha and Omicron VOC generated different levels of cleaved spike

188  despite sharing the same furin cleavage site sequence, similar to observations of spike proteins
189  from primary nasal cultures. These results add to our understanding that while the strong basic

190 charge at the furin cleavage facilitates spike cleavage, there are other factors beyond the

191  PRRAR sequence that facilitate cleavage. In addition, cell type-specific biology, e.g. variation in
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192  the abundances of various proteases, may influences the cleavage of spike. As validation of our
193  spike cleavage assay we included infections with a positive control virus (icWT), expressing a
194  spike containing the ancestral PRRAR sequence and a negative control virus (icAPRRA)

195  expressing a spike with a deletion of the PRRA sequence, both generated with the infectious
196  clone reverse genetics system (Fig S2A) (11). As expected, infections with both WA1 and icWT,
197  both encode a PRRAR furin recognitions site and generate comparable ratios of S2 spike, while
198 infection with the icAPRRA expressing a spike lacking the PRRA sequence did not generate any
199 cleaved spike (Fig S2A).

200 An immunofluorescence staining assay (IFA) was used to assay spread of infection. A

201  monolayer of A549/CF2

cells were infected at a low MOI and stained with nucleocapsid and

202  DAPI to visualize syncytia. Compared to WA1, Alpha and Delta infections generated strikingly
203  larger syncytia with the classical clustering of nuclei in the middle (Fig 2C); syncytia size was
204  quantified by measuring the area of nucleocapsid positive (green) clusters (Fig 2D). The

205 formation of syncytia, especially during Delta infection was also observed in primary human
206  nasal cultures (Figs 7C-D and S3B-C); however, the heterogenous nature of primary nasal

207  cultures and the weakly adhering nature of Calu3 cells do not make them ideal for visualizing
208  syncytia. These data suggest that the Alpha and Delta VOCs are efficient at cell-to-cell spread,
209 likely due to efficient spike cleavage and high fusogenic activity. However, cell-to-cell spread of
210  virus by syncytia formation does not correlate with rate of replication, suggesting the role of
211 different pathways driving these mechanisms.

212

213  SARS-CoV-2 viruses enter primarily by the transmembrane protease serine 2 (TMPRSS2)-
214  mediated plasma membrane fusion pathways.

215 During virus entry the SARS-CoV-2 spike protein is cleaved by TMPRSS2, a serine

216  protease which activates the spike to initiate fusion at the plasma membrane (23-25). It is

217  thought that viruses that express spike with an additional basic amino acid(s) in the furin
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218 cleavage recognition site than WA1 (Alpha, Delta, Omicron) would, be likely to use the

219 TMPRSS2 dependent plasma membrane route of infection. However, there are reports of

220  Omicron entering cells in a TMPRSS2-independent endosomal route in some cell types(26-30).
221  To investigate entry via the plasma membrane or endosomal routes, we used the protease

222 inhibitor Nafamostat that blocks TMPRSS2 and inhibits entry by this pathway. Upon treatment
223  with Nafamostat we observed a large reduction in virus titer for all viruses (Fig 2E). Compared
224  to untreated controls (DMSO) virus titer was inhibited by 95-99% for all viruses (Fig 2F),

225  suggesting that all VOCs primarily use the plasma membrane as the major route of entry.

226 Omicron titer was affected the least, suggesting that Omicron is less dependent on the

227  TMPRSS2-mediated entry pathway compared to the other SARS-CoV-2 viruses, and therefore
228  may use the alternative endosomal route more than other VOCs. Similar results have been

229  reported by others (24, 31-33). However, it is important to note that while Omicron is the least
230 dependent VOC on the plasma membrane fusion pathway, it still enters primarily by this

231  pathway in Calu3 cells.

232

233  SARS-CoV-2 WA1 and VOC plaque morphology

234 Quantification of infectious virus titer was performed in VeroE6 cells by a plaque assay,
235  during which we observed a variation in plaque morphology and size (Fig 3A-B). WA1

236  generated the largest plaques (average 1542 px?) but also displayed the most range in plaque
237  area, as reported by others (34). While all VOCs generated smaller plaques than WA1, the

238  plaques generated with Alpha and Delta VOCs were strikingly smaller (average of 211 px? and
239 231 px?, respectively). However, it is worth noting that differences in plaque area are abrogated
240  on VeroEG6'™P™2 overexpressing cell lines, as reported by others, suggesting a role of cellular
241  protease levels on plaque morphology (35, 36). It is intriguing that, in comparison to WA1, Alpha
242  and Delta generate smaller plaques even though they produce higher titers of virus in growth

243 curves (Fig 1A-B) and form larger syncytia (Fig 2C-D). This demonstrates that for SARS-CoV-
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244 2, plaque size does not necessarily correlate with replication and cell-to-cell spread, an

245  observation made previously about murine coronavirus strains (37).

246 The differences in infectious virus production in titer assays, despite comparable levels
247  of intracellular genome replication by RT-qPCR (Fig S2B), prompted us to quantify the particle-
248  to-PFU ratio among VOCs. Compared to the WA1 virus, all VOCs, except Delta, secreted

249  significantly fewer genomes per infectious virus (Fig 3C), suggesting that Alpha, Beta and

250  Omicron VOCs are more efficient at producing infectious virus. The Delta VOC genome-to-PFU
251  ratio was not significantly different from WA1.

252

253  Omicron infection activates highest levels of interferon and interferon stimulated genes.
254 dsRNAs generated during the replication of RNA viruses, including coronaviruses, are
255  detected by host cells and elicit antiviral responses. There are three major cytosolic sensors of
256  dsRNAs that induce innate immune responses (38). Detection of coronavirus dsRNA by MDA5S
257  leads to induction of type | and type Il interferons (IFN) and activation of interferon stimulated
258 genes (ISGs), many of which encode proteins with antiviral activities. Sensing of dsRNA by
259  oligoadenylate synthetases (OASs) leads to production of 2’',5’-oligoadenylates, which activate
260  host ribonuclease (RNase) L to degrade host and viral single-stranded (ss)RNA. Activation by
261 protein kinase R (PKR) leads to dimerization and autophosphorylation followed by

262  phosphorylation of p-elF2a and inhibition of translation. Both RNase L and PKR activation lead
263  to reduced virus replication, apoptosis and inflammation (39). Thus, differential responses to
264  these pathways are a potential explanation for the differences in pathogenesis of the VOCs.
265 To compare the induction of the interferon (INF) pathway among the SARS-CoV-2

266  viruses, reverse transcriptase-quantitative polymerase chain reaction (RT-gPCR) was used to
267  quantify gene expression of type | IFN (IFNB), type lll IFN (IFNL1), and ISGs, including 2’-5’-
268  oligoadenylate synthetase 2 (OAS2) and interferon induced protein with tetratricopeptide

269 repeats 1 (IFIT1) in RNA from infected cells (Fig 4). Host responses to infection were measured
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270  in both primary nasal cultures (Fig 4A) and Calu3 cells (Fig 4B) to understand if all viruses

271  activate same host response in both cell types, or if there is a cell type or VOC dependent

272  response. To ensure productive virus replication, genome copy levels were quantified from

273  infected cell lysates, by performing RT-qPCR using primers to amplify nsp12 RNA dependent
274  RNA polymerase, RdRp sequences. High genome copies of RdRp confirmed that all viruses
275  reached high and productive replication in both cell types. The overall ratios of gene

276  expressions do not correlate with virus genome copy levels suggesting a reliable quantification
277  of innate-immune responses induced in primary nasal cultures and Calu3 cells that is not

278  skewed by viral RNA copy numbers.

279 We observed that while all viruses activated INFB and INFL1 expression above mock
280 levels in primary nasal cultures, Omicron significantly induced these pathways (Fig 4A).

281  Consistent with these data, previous studies comparing IFN induction between Delta and

282  Omicron infections in cell lines have also reported greater induction with Omicron (40, 41).

283  However, we did not observe any differences by RT-qPCR for the ISGs, OAS2 and IFIT1,

284  among the viruses (Fig 4A). In contrast, in Calu3 cells, Beta generated significantly greater IFN
285  responses than the other viruses. However, induction of ISGs was still the highest with Omicron
286  (Fig 4B). The discrepancies in gene induction between nasal cultures and Calu3 cells suggests
287  cell-type dependent host responses, and in both contexts the infection was able to overcome
288  cellular responses and lead to a productive replication.

289 To understand the activation of INF and ISGs on a broader scale we sequenced RNA
290 from lysates of primary nasal cultures infected with each of the viruses (Fig 5). RNAseq data
291 generated from infected and mock infected cells were analyzed for differentially expressed

292  genes (DEGs) that exceed the threshold of log, fold change greater than 1 and p-adjusted value
293  less than 0.01 for hits with high significance. Infection with WA1 induced lowest number of

294  DEGs while infection with Omicron induced the highest number of DEGs (16 and 823,

295  respectively). Infection with Alpha and Beta also resulted in a relatively high number of DEGs
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(475 and 202, respectively) while Beta was relatively lower (23 DEGs). All DEGs were
processed for ISG gene ontology, which yielded a striking number of ISGs associated with
Omicron infection (51 ISGs), followed by Alpha infection (28 ISGs) (Fig 5E and B). While
infections with Delta (23 ISGs), Beta (18 ISGs) and WA1 (14 ISGs) also generated an ISGs
response, the number and amplitude of the upregulation was much lower than those induced by
Omicron and Alpha infections. Overall, our data shows that Omicron infection induces the

strongest IFN and ISGs responses.

Double-stranded (ds)RNA-induced innate immune responses to SARS-CoV-2 variants
The activation of the PKR pathway during SARS-CoV-2 infection of primary nasal
cultures and A549°°F2 cells was assessed by western blot (Fig 6A-B). Phosphorylated-PKR (p-
PKR) was detected in lysates of nasal cultures infected with all strains (Fig 6A) and in in A549

ACE2 cells for WA1, Alpha and Omicron (Fig 6B), above the level of mock-infected cells,
indicating that SARS-CoV-2 WA1 and VOCs activate the PKR pathway. Phosphorylated-elF2a

9/CE2 cells. However, the level of p-

was also detected during infection with all strains in A54
elF2a over mock infected cells, was variable in nasal cultures, a reproducible observation for
the nasal culture model, which may be due to the low percentage of infected cells and that
elF2a level is not IFN induced while PKR level as well as phosphorylation of PKR is IFN

dependent. Together these results suggest that all SARS-CoV-2 infections in primary nasal

cultures and A549”°F2 cells induce the PKR and elF2a pathway (Fig 6A-B).

The activation of the RNase L pathway can be inferred by assessing rRNA degradation
using a Bioanalyzer (Fig 6C). Due to consistently undetectable levels of degradation of rRNA
bands in lysates from primary nasal epithelial cells, possibly due to a low percentage of infected
cells as above for p-elF2a levels, we assessed lysates from infected A549”CE2 cells for rRNA

degradation. Compared to mock-infected cell, the positive control SINV infection was associated
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321  accumulation of rRNA degradation products (arrows), as expected. Among the SARS-CoV-2
322 viruses, WA1, Alpha, and Beta generated rRNA degradation products. The reduced intensities
323  of rRNA degradation in Delta and Omicron infection could be due to delayed progression of
324  infection, as indicated by lower nucleocapsid (N) levels (Fig 6C) and titer (Fig S2C) in A549/CE2

325 cells, rather than a muted response by the RNase L pathway.

326

327 Damage to upper-respiratory cells associated with Delta infection.

328 Infection by SARS-CoV-2 can last for prolonged periods, raising the question of possible
329 damage to infected tissue. To compare damage caused by the different variants we measured
330 the transepithelial electrical resistance (TEER), which measures electrical resistance across the
331 cell membranes that is maintained by intact cell-to-cell junctions. As the nasal cultures become
332  more confluent and differentiate, the TEER values rise; however, any compromise to cell-to-cell
333  barrier integrity leads to loss of ion transport across the membrane which can be measured as a
334  reduction of TEER value. We observed that while all VOCs display an initial increase in TEER
335  (0-48 hpi) there is a significant drop in TEER during late infection (48-96hpi) (Fig 7A). The most
336 dramatic and significant loss of TEER was observed during Delta infection, suggesting that

337  Delta induces significantly more damage to cell-to-cell barrier integrity than other variants.

338 The nasal cultures include epithelial cells with projections of cilia on the apical surface,
339  which facilitate transport and clearance of mucus that is generated in the nasal cavity. Beat

340 frequency can be measured to assay activity and function of cilia as well as overall health of
341  nasal cultures. Compared to uninfected mock cells, nasal cultures infected with Alpha and Delta
342  displayed a notable 75% loss in ciliary beating frequency (Fig 7B). This suggests that SARS-
343  CoV-2 infection compromises ciliary beating function in the nasal cell cultures, with different

344  potency among variants.
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345 Confocal microscopy was used to visualize the spread of infection and possible cell to
346  cell fusion. During early infection (24 hpi) we observed that infected cells colocalized with the
347  ciliary marker B-tubulin confirming that SARS-CoV-2 infects ciliated cells (Fig 7C) (16).

348  Additionally, only a fraction (<5%) of the ciliated cells were infected at this early time point.

349  During late infection (96 hpi) we observed a vast spread of infection throughout the nasal

350 cultures. Notably, Delta infected nasal cultures showed some small syncytia-like clusters (Fig
351  7C, arrow), although not as pronounced as observed in lower respiratory cell lines (Fig 2C). The
352  loss of the cytoskeletal marker, phalloidin, between cells in this cluster is further evidence of the
353  formation of syncytia (Fig S3C). At higher magnification we observed that during later infection
354 (96 hpi), Delta infected cells were negative for staining for B-tubulin, suggesting deciliation of the
355 infected cells (Fig 7D). Using live microscopy and point-analysis, we also observed a reduction
356 in the area where beating cilia could be detected (Fig 7E), further documenting deciliation.

357  Together these results suggest that among the SARS-CoV-2 viruses, Delta VOC was the most
358  cytopathic among WA1 and the other VOCs in human nasal epithelia.

359

360 Population surveillance for SARS-CoV-2 reveals Delta and Omicron as fastest replicating.
361 Given our goal of understanding molecular correlates of differences among variants, and
362  the results described above, we investigated whether infection with different SARS-CoV-2

363  variants were associated with higher viral RNA levels as reported by RT-qPCR assays on

364  clinical specimens. Samples were obtained from a program that paired viral whole genome

365  sequencing with collection of clinical metadata, so that relative viral RNA levels were linked to
366  the variant calls (42). Samples were analyzed from 2,722 infected participants from the

367 Delaware Valley region. Our analysis pools Ct values from different analytical technologies that
368 were in place based on the location of sample collection and the stage of the epidemic (Fig

369  S1B). Due to the low prevalence of Beta infection in the Delaware Valley region our data does

370  notinclude this VOC. Data from several sampling and analysis pipelines were combined, so a
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371  Bayesian analytical framework was used to control confounders and assess the significance of
372  differences among variants (Fig 8). Relative abundance was quantified as cycle of threshold
373  (Ct)in the gPCR, so that lower values indicate higher abundances. It is worth noting that some
374  variants were associated with overwhelmed healthcare systems which might have resulted in
375 longer wait times for testing, which could influence Ct values for some data points. Additionally,
376  data for testing time since infection was not available, so Ct cannot be adjusted for days since
377  infection.

378 We found that Delta specimens had Ct values that were estimated to be on average
379  1.77 Ct lower than Alpha (95% Credible Interval (Crl): 0.70, 2.89) and 0.43 Ct lower than

380 Omicron (95% Crl: 0.15, 0.72). Omicron was estimated to have a Ct 1.35 cycles lower than
381  Alpha (95% Crl: 0.28, 2.42). Delta was consistently found to have a lower Ct and thus higher
382  numbers of RNA copies in infected human participants, followed by Omicron and Alpha. This
383  finding is consistent with published studies of patient samples (43-46) and matches our findings
384 that Delta and Omicron VOCs are most efficient at replicating in primary nasal cultures (Fig 1).

385
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Discussion

The COVID-19 pandemic has been marked with emergence of SARS-CoV-2 variants
including Alpha, Beta, Delta and Omicron, which were designated as variants of concern (VOC)
due to their heightened risk to the population. Infection with different VOCs have shown notable
differences in patient health outcomes (47) but understanding of the differences in viral biology
accounting for these differences is incomplete. A comparative mechanistic analysis of SARS-
CoV-2 variants is necessary to delineate the virus-host biology driving pathogenesis and to help
predict pathogenicity of future variants. Our findings parallel and provide mechanistic insight into
retrospective human studies (6, 47) which showed that infections with Delta are most
pathogenic, while Omicron is less pathogenic and instead selected for better replication (6).

Our findings focus attention on the differences in infections among SARS-CoV-2 viruses
in primary nasal cultures and cell lines that facilitate technical aspects of some assays that are
not feasible in primary nasal cultures. The cell lines used include A549 and Calu3, which allow
us to compare infection in human lower respiratory tract derived cells. However, a caveat of
such comparison is the effects of primary cultures versus cell lines derived from carcinomas to
the observations. A strength of our study lies in analysis of infection in patient-derived primary
nasal cultures which are the primary site of infection and model the upper respiratory tract (38).
Unlike cell lines or animal models, our findings with the primary nasal cell model parallel human
epidemiological studies in the comparison of infections by the different variants, in that, in both
models Delta and Omicron were selected for efficient replication compared to other VOCs.

A consistent observation throughout our studies is that Delta infections are most
damaging in both upper and lower respiratory model systems. This could be attributed to the
polybasic furin cleavage site on the Delta spike protein, most basic among the VOCs, which can
recruit proteases to facilitate spike cleavage and subsequent spread of infection. Despite
sharing an identical furin cleavage site, Alpha and Omicron infections generate different levels

of cleaved spike, cell to cell spread of virus, and cellular damage. Thus, our results indicate that
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412  factors in addition to the cleavage site play a role in these processes. Sequence and structure-
413  based bioinformatics studies have proposed that mutations in Omicron encoding substitutions at
414  the S1/S2 site may help evade recognition by proteases and prevent syncytia formation (48),
415  which may explain our observation of less than expected levels of spike cleavage and

416  propensity towards endosomal entry. However, more recent studies using nasal organoids have
417  reported increased syncytia formation with the Omicron BA.5 subvariant compared to the first
418  Omicron BA.1 variant used in our study (49, 50).

419 Differences in innate immune responses to infections by different VOCs have been

420  studied extensively. We have shown that Omicron infection induces greater IFNB and IFNL

421  gene response in primary nasal cultures, compared to the ancestral strain. However, in Calu3
422  cells, Beta infection elicited a stronger IFN response that surpassed that of infection with other
423  VOCs. These variations may be explained by several factors. First, different cell types have

424  different capacities for generating IFN responses. For example, it has been shown that nasal
425  cultures have elevated basal levels of interferon gene expression and thus induction may

426  appear to be blunted (38). Second, the level of innate responses may correlate with viral load in
427  cells, and different VOCs replicate to different relative titers in different cell types.

428 Clinical studies of COVID-19 patient outcomes have proposed that patients with an early
429  and robust INF response were more likely to have mild to moderate disease while patients with
430 adelayed or blunted response were more likely to succumb to severe COVID (51, 52). The high
431  induction of INF and ISGs with Omicron infections in our model would hypothesize that this

432  induction may contribute to the milder disease associated with Omicron (5, 6). Recent studies
433  also observed greater ISG induction with Omicron (53) and reduced IFN antagonism by

434  Omicron as contributing to the milder disease (40). However, there are many confounding

435  factors that warrant further experimentation.

436 Primary human nasal epithelia cultures grown at an air-liquid-interface are a powerful

437  model to recapitulate coronavirus infections of the upper respiratory system (38, 54). Previous
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438  studies have validated SARS-CoV-2 infections in such models (16, 55, 56). Here we were able
439  to characterize specific forms of cellular damage in ciliated cells by different VOCs.

440 Immunofluorescence analysis shows that Delta is the most cytopathic VOC, followed by Alpha
441  and Omicron. This order was also observed with levels of spike cleavage, suggesting that in
442  nasal cultures Delta may spread by cell-to-cell fusion more than other VOCs. Analysis of TEER
443  also identified Delta as most damaging to cell barrier integrity, followed by Omicron. However,
444  further analysis suggests that Delta and Alpha caused the greatest loss of ciliary beating

445  function. Therefore, while Delta infection compromises both functions, Omicron is detrimental to
446  cell-barrier integrity more than ciliary beating, and Alpha infection diminishes ciliary beating but
447  not cell-barrier integrity. This contrast highlights how the variants differentially affect

448  mechanisms crucial for nasal epithelial functions at the cellular level that may correlate with

449  variant-specific patient symptoms.

450 In primary nasal cultures, Delta and Omicron replicated to higher titers faster, while

451  WA1 produced the lowest titer. In contrast, in the Calu3 cell line, replication of the earlier VOCs
452  such as Alpha and Beta reached higher titers earlier. These results suggest that SARS-CoV-2 is
453  evolving for efficient replication in the upper respiratory system. This observation concurs with
454  clinical studies that report Omicron infections induce more upper-respiratory symptoms with

455  reduced pathogenic manifestation (57, 58). These observations suggest future variants may
456  continue to be selected for upper-respiratory infections and a general decrease in pathogenicity.
457 While the use of primary nasal epithelia model provides many advantages to our study
458  there are some caveats to be aware of. The heterogeneity of cell types in the nasal epithelium
459  compromise pathway and mechanistic analysis. While cell lines are used to circumvent these
460 technical problems, this introduces confounding factors that are driven by cell line specific

461  biology. The primary nasal cultures also lack an intact immune system that would be present in

462 the animal.
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463 The currently circulating SARS-CoV-2 virus is likely to continue to evolve. The findings in
464  this study provide a comprehensive comparison of VOCs to date in cell culture, clarifying

465  important differences in virus-host biology among SARS-CoV-2 variants affecting pathogenesis.
466  These findings can be applied to understand and predict replication, spread and immunogenicity
467  of future variants.

468
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469  Materials and Methods

470  Viruses, replication curves and plaque assays: The following viruses were obtained from BEI
471  resources, WA1/USA-WA1/2020 strain NR-52281 and Alpha NR-54000. Delta and Omicron
472 were isolated from patient samples. All viruses were grown in VeroE6™PRSS2 cells and titers
473  were quantified by plaque assay on VeroE6 monolayer overlayed with 0.1% agarose and

474  stained with 10% crystal violet (38). All viruses were sequence verified using the POLAR

475  protocol using an lllumina NextSeq instrument with a 74 x 74 paired-end sequencing on a 150
476  cycle MID output cartridge (59). Infections were performed at MOI=0.1, unless otherwise

477  specified, in serum-free DMEM for 1-hour, followed by refeed of cellular media for the duration
478  of the experiment. For virus growth curve experiments, virus supernatant was collected at noted
479  hours post infection (hpi) and quantified by plaque assay. For intracellular virus, cells were

480 collected in DMEM and subject to 3 freeze-thaw cycles to release intracellular virus.

481  Cell lines: VeroE6™PRSS2 (African green monkey kidney) cells were maintained in DMEM

482  (Gibco cat. No. 11965) with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 ug/ml

483  streptocymic, 50 ug/ml gentamicin, 1 mM sodium pyruvate, and 10 mM HEPES. Human

484  AB49”CE2 cells were cultured in PRMI 1640 (Gibco cat. No. 11875), 10% FBS, 100 U/ml of

485  penicillin and 100 ug/ml streptomycin. Human Calu3 cells (clone HTB-55) were maintained in
486  MEM media with 10% FBS.

487 Genomes/PFU: Calu3 cells were infected with WA1 and VOCs at MOI 0.1, at 24hpi virus

488  supernatant was collected. Infectious virus was quantified by plaque assay. Genomes were
489  measured by extracting RNA from the supernatant and performing RT-qPCR with primers for
490 SARS-CoV-2 nsp12 (RdRp) sequences.

491 RNA extraction: Cells were lysed at indicated hours post infection in Buffer RLT (Qiagen cat.
492  No. 79216) followed by extraction of RNA using the RNeasy Plus Mini Kit (Qiagen cat. No.

493  74004). Cell-free supernatant was lysed with AVL buffer (Qiagen cat. No 19073) and RNA was

494  extracted with QIAmp Viral RNA Mini Kit (Qiagen 52904).
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495 RT-qPCR: The protocol for RT-gPCR was previously described and briefly outlined here (60).
496  RNA was reverse transcribed into cDNA with a High Capacity cDNA Reverse Transcriptase Kit
497  (Applied Biosystems). Target cDNA was amplified using specific primers, iQ SYBR Green

498  Supermix (Bio-Rab) and QuantStudio 3 PCR system (Thermo Fisher). Host gene expression
499  displayed as fold change over mock-infected samples was generated by first normalizing cycle
500 threshold (CT) values to 18S rRNA to generate ACT values (ACT = CT gene of interest - CT
501  18S rRNA). Next, A (ACT) values were determined by subtracting the mock-infected DCT

502 values from the virus-infected samples. Technical triplicates were averaged and means

503  displayed using the equation 2 “°" Graphed values are the mean of biological triplicates of
504 each condition and technical triplicates of each sample. Host gene expression was quantified
505  with the following primers (forward sequence/ reverse sequence): IFNB

506 (GTCAGAGTGGAAATCCTAAG/ CAGCATCTGCTGGTTGAAG), IFNL1

507 (CGCCTTGGAAGAGTCACTCA/ GAAGCCTCAGGTCCCAATTC), OAS2

508 (TTCTGCCTGCACCACTCTTCACGAC/ GCCAGTCTTCAGAGCTGTGCCTTTG), IFIT1

509 (TGGTGACCTGGGGCAACTTT/ AGGCCTTGGCCCGTTCATAA) and 18S rRNA

510 (TTCGATGGTAGTCGCTGTGC/ CTGCTGCCTTCCTTGAATGTGGTA). Virus genomes were
511  quantified in reference to a standard curve, with primers for SARS-CoV-2 genomic nsp12/RdRp
512 (GGTAACTGGTATGATTTCG/ CTGGTCAAGGTTAATATAGG).

513 RNA Sequencing: Nasal epithelial cells from 4 donors were pooled together into air-liquid

514 interface cultures. Mock infections or infections with the indicated viruses were performed in
515 triplicate at MOI=0.1. Cells were lysed at 96 hpi using RLT Plus buffer and total RNA was

516  extract using Qiagen RNeasy Plus Mini kit (cat. No. 74004). Samples were sent to Azenta Life
517  Sciences for RNA sequencing with lllumina HiSeq PE 2x150. Read quality was assessed using
518 FastQC v0.11.2 (61). Raw sequencing reads from each sample were quality and adapter

519  trimmed using BBDuk 38.73 (62, 63). The reads were then mapped to the human genome
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520 (hg38 with Ensembl v98 annotation) using Salmon v0.13.1 (64). Differential expression between
521  mock and infected experimental conditions were analyzed using the raw gene counts files by
522 DESeq2 v1.22.1 (65). Volcano plots were generated using EnhancedVolcano v1.14.0 (66), with
523  highlighted interferon stimulated genes (ISGs) being selected from the Molecular Signatures

524  Database HALLMARK_INTERFERON_ALPHA_ RESPONSE gene list (67).

525 Data Availability: Raw and processed RNA-seq data for all infection conditions will be

526  deposited in the Gene Expression Omnibus database prior to publication.

527 Graphical visualization, quantification, and statistics: Graphs were generated using Prism
528  software. Statistics were also performed with Prism software with specific tests stated with each
529  experiment. Plaque area quantification, syncytia area quantification and western blot

530 quantification were performed with ImageJ software.

531 Protease treatments: Nafamostat (20uM) was used for protease inhibition (68). Calu3 cells
532  were pre-treated for 2 hours with appropriate concentrations of drug in the cell media. Infections
533  were performed at MOI=0.1 for 1hour, after which inoculum was replaced with Calu3 media plus
534  drug for 1 additional hour of post-treatment. After this cell media was replaced with drug-free
535  media for the remainder of the experiment. For positive control, drug concentration was

536 maintained in the media for 4 hours of post-treatment. For negative control, no drug was

537 included in the media and DMSO media (dimethyl sulfoxide, Thermo Scientific cat no J66650)
538 was used instead. Supernatants were collected at 16hpi for quantification by plaque assay.

539  Percent inhibition was calculated as fraction of virus titer after drug treatment over virus titer
540  without drug treatment.

541 RNase L degradation assay: RNA integrity was analyzed on a chip with Aligent 2100

542  Bioanalyzer using the Aligent 196 RNA 6000 Nano Kit (Cat #: 5067- 197 1511)

543  Western Immunoblot: Cells were washed in PBS and harvested in lysis buffer (1% NP-40,

544  2mM EDTA, 10% glycerol, 150mM NaCl, 50mM Tris-HCI, protease inhibitor (Roche complete
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545  mini EDTA-free protease inhibitor), phosphatase inhibitor (Roche PhosStop easy pack). After 20
546  minutes of lysis on ice, samples were centrifuged to remove cell debris. Lysates were denatured
547  at 95C for 5 minutes and stored for analysis. Protein lysates were separated on 5-15% SDS-
548  PAGE gradient gel and transferred onto a PVDF membrane. Membrane blots were blocked with
549 5% nonfat milk or 5% BSA, and probed with appropriate primary antibodies overnight at 4C, and
550 secondary antibodies for 2h at room temperature. Blots were exposed with chemiluminescent
551  substrate (Thermo Scientific Cat. No. 34095 or 34080). Blots were stripped (Thermo Scientific
552  cat no 21059) and reblotted as needed.

553  Primary human nasal cultures: Sinonasal cells were obtained from patient donors with

554  informed consent, per protocol approved by the University of Pennsylvania Institutional Review
555  Board (protocol #800614). A detailed protocol was described previously (38, 69). Briefly,

556  specimens were dissociated and grown to 80% confluence in in PneumaCult™-ALI Medium

557 (STEMCELL Technologies 05001) supplemented with heparin (STEMCELLI Technologies

558  07980) and hydrocortisone. Once cells reach confluency in 0.4 uM pore transwell inserts, the
559  apical growth media is removed and the basal differentiation media is replaced every 3-4 days
560  for a minimum of 4 weeks. Prior to infection epithelial morphology and cilia beating is confirmed
561  visually by microscopy.

562  Transepithelial electrical resistance (TEER): TEER measurements were obtained with the
563 EVOM apparatus, in PBS supplemented with calcium and magnesium. TEER measurements
564  were obtained for all nasal ALI culture transwells pre-infection (Ohpi) and post-infection (48hpi
565 and 96hpi). ATEER is the difference in TEER from Ohpi to 48hpi, and 48hpi to 96hpi.

566  Cilia beat frequency and beating cilia: Live microscopy movies of nasal cultures were

567  obtained with a 20x objective on a brightfield microscope. Movie segments were analyzed on
568  SAVA system to obtain cilia beat frequency (70). Beating cilia was obtained with single point
569  analysis. Graphed values are an average of three nasal cultures per condition and four regions

570 of interest per culture.
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571  Immunofluorescence: A549°°F? cells were seeded on coverslips and infected at confluency at
572 MOI=0.1. At 24hpi samples were fixed with 4% paraformaldehyde for 30 minutes, followed by
573  permeabilization with 0.5% trypsin for 10 minutes. Samples were blocked with 1% BSA,

574  followed by incubation with primary antibodies for 2 hours at room temperature, and secondary
575  antibodies for 1 hour at room temperature. Antibodies used include DAPI, Nucleocapsid (1:500,
576  gift from Dr. Tony Schountz, Colorado State University, Fort Collins, CO, USA), Alexa-488 goat
577  anti-mouse (1:1000, Thermo Scientific cat no A11011). Images were obtained with a 60x

578  objective on a Nikon Ti-8 brightfield microscope. For nasal cultures the images were captured
579  on a confocal microscope and displayed as overlay projections.

580 Ct analysis of Delaware Valley surveillance: Samples were collected from the Delaware

581  Valley under University of Pennsylvania IRB protocol no. 823392, CDC BAA 200-2021-10986
582 and CDC 75D30121C11102/000HCVL1-2021-55232. RNA samples were analyzed by whole
583  genome sequencing as described previously (42, 71). Ct values were obtained from patient
584  records. Clinical viral RNA level measured by cycle threshold (Ct) was predicted using a

585  Bayesian regression model as implemented in BRMS using a thin plate spline for time since
586 variant first detected and random effect of gPCR machine, specimen type, and variant of

587 sample.

588 Cti’" S(ti)+)\i+av+6m

589  Where Ct; is an estimate of a sample’s Ct value. s(t;) is a thin plate regression spline calculated
590 to account for variations over time for all variant’s introduction. 4; is the effect on sample

591 location on either upper or lower respiratory tract. «,, is the effect for a given variant, and g, is
592 the effect for a given gPCR protocol.

593 2,722 SARS-CoV-2 positive participants had clinical Ct data collected and were sequenced

594  through whole-genome sequencing from 2/15/2021 to 7/18/2022. The supplemental table

595  contains metadata and sequence accessions used in this analysis. One of six gqPCR protocols
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were used (Cepheid GeneXpert, Cobas8800, Cobas Liat, DiaSorin MDX, Saliva COVID, or
ThermoFisher Amplitude). One of five variant categories were assigned from whole genome

sequencing (Alpha, Delta, Omicron, other variant, pre-variant of concern).
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832  Figures and Legends

833  Figure 1: Replication of SARS-CoV-2 WA1 and VOCs

834  (A&B) Human primary nasal epithelia ALI cultures (A) or Calu-3 cells (B) were infected with
835 SARS-CoV-2 WA1, Alpha, Beta, Delta and Omicron at MOI 0.1 PFU/cell, and apically shed
836  virus was titered by plaque assay at indicated hours post infection. (A) Titers from nasal cultures
837  are an average of 3 independent experiments, each experiment was performed with three
838 individual donor cells totaling to 9 individual donors per virus. (B) Titers from Calu3 are an

839  average of two independent experiments each in triplicates. (A and B) Graphed values

840  represent mean with standard deviation, and statistics for both A and B were performed with
841  ordinary two-way ANOVA comparing VOCs versus WA1 within a time point, multiple

842  comparisons adjusted P-values: *P<0.01, **P<0.001, ***P<0.0001, ***P<0.00001.

843

844  Figure 2: Virus entry and spread.

845  (A) Protein lysates from nasal cultures infected with SARS-CoV-2 WA1 and VOCs were

846  analyzed by polyacrylamide gel electrophoresis followed by immunoblotting with antibodies
847  against SARS-CoV-2 proteins, nucleocapsid (N) and spike S2, which recognizes the full length
848  (FL) and cleaved (S2) forms. Cellular protein GAPDH was used for loading control of the gels.
849  Western blot depicted is representative of 3 independent donor infection. (B) Percent cleaved
850  spike was calculated using the following formula: S2 / (FL + S2). Graphed values are an

851 averaged from 3 independent western blots and statistics were performed with ordinary one-
852  way ANOVA comparing VOC against WA1, adjusted P-values: **p<0.001, ****p<0.00001. (C)
853  AB49°CE2 cells infected with SARS-CoV-2 WA1 and VOCs (MOI=0.01 for 24hpi), fixed and
854  stained with fluorescently labeled antibodies DAPI (blue) and SARS-CoV-2 nucleocapsid

855  (green). Images are representative of 3 independent infections. (D) Independent clusters

856  expressing N were quantified for area (pixel?) from 3 independent experiments. Graph

857  represents individual values with mean in red, statistics were performed with two-way ANOVA
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858  with multiple comparisons of VOCs versus WA1, adjusted P-values: **p<0.001, ***p<0.0001. (E)
859  Calu3 cells were mock treated (DMSO), pre-infection treated with 20uM Nafamostat (Naf) for 2
860  hours, or pre- and post-infection treated with 20uM Naf for 2 hours. Infections with SARS-CoV-2
861 WA1 and VOCs were performed at MOI=0.1 and shed virus was collected at 16 hpi for titer by
862  plaque assay. Graphed values are an average of 2 independent infections each performed with
863  biological triplicates. (F) Percent inhibition in virus titer after Naf treatments. Graphed values
864  represent mean with standard deviation, and statistics were performed with ordinary one-way
865  ANOVA comparing the VOC against WA1, adjusted P-values: *p<0.01, **p<0.001, ***p<0.0001.
866

867  Figure 3: Comparison of plaque size and genome/PFU ratio among WA1 and VOCs.

868  (A) Plague assay of SARS-CoV-2 viruses was performed on VeroEG6 cells. (B) Three

869 independent plaque assays per virus were quantified for plaque area (pixel?), and graph

870 represents the mean of individual plague areas with standard deviation. Statistics were

871  performed with ordinary two-way ANOVA comparing VOCs versus WA1, adjusted P-values:

872  **P<0.001, ***P<0.0001, ****P<0.00001. (C) The virus in supernatant collected from Calu3 cells
873 infected at MOI=0.1 at 24 hpi was assessed for genomes using qRT-PCR with primers specific
874  for SARS-CoV-2 RdRp and compared to PFUs quantified by plaque assay. Values are an

875 average of 3 independent experiments, each performed in triplicate. Graph represents mean
876  with standard deviation, and statistics were performed with ordinary one-way ANOVA

877  comparing VOCs versus WA1, adjusted P-values: **P<0.001.

878

879  Figure 4: RT-gPCR of interferon and interferon-stimulated responses to SARS-CoV-2 infections
880 (A&B) Infections (MOI=0.1) with indicated viruses were performed in (A) primary nasal cultures
881 infected for 96hpi and (B) Calu3 cells at for 32hpi. Cells were lysed for RNA extraction and viral
882  genomes were quantified by RT-gPCR with primers specific for SARS-CoV-2 RdRp, and human

883 IFNB, IFNL1, OAS2, and IFIT1. Black bars indicate WA1, red for Alpha, blue for Beta, green for
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884  Delta and orange for Omicron. For each cell type, graphs represent one of two independent
885  experiments, each performed in biological triplicates. For primary nasal cultures each

886  experiment included a pool culture of 3 donors. Graphed values are mean with standard

887  deviation, and statistics were performed with ordinary one-way ANOVA comparing VOCs versus
888  WAT1, adjusted P-values: *P<0.01, **P<0.001, ***P<0.0001, ***P<0.00001.

889

890 Figure 5: RNA-Seq of primary nasal cultures infected with SARS-CoV-2 WA1 and VOCs

891  (A-E) Primary nasal cultures pooled from 4 donors were infected with WA1 or VOCs at MOI=0.1
892 and RNA was extracted at 96 hpi for RNA-Seq analysis. Each volcano plot represents

893  significantly differentially expressing genes (DEGs) for the indicated infection compared to

894  mock-infected primary nasal cultures. Black dots indicate DEGs, and green dots highlight

895 interferon stimulated genes (ISGs). The number of graphed variables per condition are (A)

896 13614, (B) 13385, (C) 13623, (D) 13452 and (E) and 13515.

897

898  Figure 6: dsRNA-induced pathways during SARS-CoV-2 WA1 and VOCs infections.

899  (A) Primary nasal cultures were infected at MOI=0.1. Cells were lysed at 96hpi, protein

900 extracted and analyzed by western blot for phosphorylated PRK (p-PKR), PKR, phosphorylated
901 elF2a (p-elF2a), elF2a, SARS-CoV-2 nucleocapsid (N) and GAPDH. (B) A549"°2 cells were
902 infected at MOI=0.1 for 72hpi. Cells were lysed, protein extracted and analyzed by western blot
903 for p-PKR, PKR, p-elF2a, elF2a, N and GAPDH. (A &B) Images are representative of western
904  blots from 3 independent infections. (C) Infections were performed in A549°°F2 cells at MOI=0.1.
905 At 48hpi (SARS-CoV-2 strains), and 24hpi (SINV), cells were lysed, RNA extracted and

906 analyzed on a Bioanalyzer. Arrows indicate bands of degraded RNAs. Image is representative
907 of two independent experiments.

908
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909 Figure 7: Infection with SARS-CoV-2 VOCs damages primary nasal cultures

910 Primary nasal epithelial cultures were infected with SARS-CoV-2 viruses at MOI=0.1 and

911  processed at 96hpi for various assays. (A) Transepithelial electrical resistance (TEER) was
912  quantified during SARS-CoV-2 infection of nasal cultures at 0, 48 and 96hpi. Values represent
913 the difference in TEER (ATEER) during the indicated time span, and averaged from 3

914 independent experiments. Graphed values are mean with standard deviation, and statistics
915  were performed with ordinary two-way ANOVA comparing VOCs versus WA1 within a time

916  span, multiple comparison adjusted P-value: *P<0.01. (B) Ciliary beat frequency was measured
917 in mock and infected nasal cultures at 96hpi. (C and D) Mock and infected nasal cultures from
918  separate donors were fixed at 96hpi for immunofluorescence and confocal imaging. Antibodies
919  were used to label DAPI (blue), B-tubulin (green) and SARS-CoV-2 nucleocapsid (red). Arrows
920 indicate syncytia-like clusters. Scale bars indicate 50um (C) and 10um (D). Images are

921 representative of infections in multiple donors. (E) Real-time videos of mock and infected nasal
922  cultures at 96hpi were quantified for the area of actively beating cilia. (B and E) Graphed values
923  represent mean with standard deviation and statistics were performed with one-way ANOVA
924  using Dunnett’s multiple comparisons test for all infected conditions against mock/uninfected,
925  with adjusted P-values: *P<0.05, **P<0.005, ****P<0.00005.

926

927  Figure 8: Delaware Valley SARS-CoV-2 surveillance data

928 (A) Effect size of variants on clinical gPCR assay Ct (compared to pre-VOC), adjusted for time
929  during wave, specimen type, and gPCR machine as captured using a Bayesian regression

930 model. The X-axis shows the marginal effect on Ct for each variant compared to preVOC. Note
931 thata 1 cycle change in Ct is roughly equivalent to a 2-fold increase in RNA abundance under
932 ideal PCR conditions. The Y-axis shows the posterior probability density generated from the
933  Bayesian regression model.

934


https://doi.org/10.1101/2023.08.24.553565
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.24.553565; this version posted December 21, 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-NC-ND 4.0 International license.

935  Supplemental Figure 1: SARS-CoV-2 infections in cell lines.

936  (A) SARS-CoV-2 stocks were harvested from VeroE6™PRSS2 cells after 2 passages and RNA
937  was collected from infected cells and sequenced. Viral sequences were aligned against the

938  WA1 genome sequence for reference. Amino acid substitutions are indicated with colored

939 circles, black for WA1, red for Alpha, blue for Beta, green for Delta and orange for Omicron. The
940 fraction of sequences with indicated mutation is denoted as pie slice within the circle. (B)

941  Different analytical technologies and PCR protocols used to measure the graphed Ct values
942  throughout the endemic.

943

944  Supplemental Figure 2: SARS-CoV-2 infections in lower respiratory cell lines

945  (A) VeroE6™PRSS2 cells were infected at MOI=1 and lysed for protein at 48 hpi. Proteins were
946  analyzed by western blot and probed with antibodies against nucleocapsid (N) and spike (S2).
947  Band intensities from 3 independent western blots were quantified to measure the fraction of
948 cleaved spike protein. The percent of cleaved spike was calculated as the fraction of cleaved
949  spike (S2) over the sum of full length (FL) and cleaved (S2) spike. (B) Calu3 cells were infected
950 with SARS-CoV-2 viruses (MOI=0.1) and RNA was collected at 24 hpi. RT-qPCR was

951  performed with primers specific for SARS-CoV-2 nsp12 RdRp sequence to quantify virus

952  genomes. (C) A549"°F2 cells were infected (MOI=0.1) and supernatant was collected at

953 indicated timepoints to quantify infectious virus by plaque assay. Graphed values represent
954  mean with standard deviation, and statistics were performed with ordinary two-way ANOVA with
955  multiple comparisons for VOCs versus WA1 within a time point, adjusted P-values: *P<0.05,
956  **P<0.005, ***P<0.0005.

957

958  Supplemental Figure 3: WA1 and VOC infections in nasal cultures

959  (A) Nasal cultures (pooled from 4 donor cells) were infected (MOI =0.1) and incubated at 33°C

960 or 37°C. Apically shed virus was collected at the indicated time points and infectious virus was
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961 quantified by plaque assay. Growth curves at 33°C are indicated with dashed lines, and 37°C
962  with solid lines. Graphed values represent mean with standard deviation and statistics were

963  performed with ordinary two-way ANOVA with multiple comparisons for VOCs versus WA1 at
964 the two temperatures within a time point. Values did not reach statistical significance. (B) Nasal
965  cultures were infected at MOI=0.1; at 96 hpi samples were fixed and processed by

966 immunofluorescence for DAPI (blue), B-tubulin (green) and SARS-CoV-2 nucleocapsid (red).
967 (C) Infected and mock cultures (also depicted in Fig 7D) were fixed for immunofluorescence and
968  confocal imaging with antibodies to label N (red) and phalloidin (white). Arrow indicates

969  syncytia-like clusters. Images are representative of infections in multiple donor nasal cultures.

970
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Figure 1: Replication of SARS-CoV-2 WAL and VOCs

(A&B) Human primary nasal epithelia ALI cultures (A) or Calu-3 cells (B) were infected with SARS-CoV-2 WAL, Alpha,
Beta, Delta and Omicron at MOI 0.1 PFU/cell, and apically shed virus was titered by plague assay at indicated hours
post infection. (A) Titers from nasal cultures are an average of 3 independent experiments, each experiment was
performed with three individual donor cells totaling to 9 individual donors per virus. (B) Titers from Calu3 are an
average of two independent experiments each in triplicates. (A and B) Graphed values represent mean with standard
deviation, and statistics for both A and B were performed with ordinary two-way ANOVA comparing VOCs versus WA1
within a time point, multiple comparisons adjusted P-values: *P<0.01, **P<0.001, **P<0.0001, ***P<0.00001.
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Figure 2: Virus entry and spread.

(A) Protein lysates from nasal cultures infected with SARS-CoV-2 WAL and VOCs were
analyzed by polyacrylamide gel electrophoresis followed by immunoblotting with antibodies
against SARS-CoV-2 proteins, nucleocapsid (N) and spike S2, which recognizes the full length
(FL) and cleaved (S2) forms. Cellular protein GAPDH was used for loading control of the gels.
Western blot depicted is representative of 3 independent donor infection. (B) Percent cleaved
spike was calculated using the following formula: S2 / (FL + S2). Graphed values are an
averaged from 3 independent western blots and statistics were performed with ordinary one-
way ANOVA comparing VOC against WAL, adjusted P-values: **p<0.001, ****p<0.00001. (C)
A5494CE2 cells infected with SARS-CoV-2 WAL and VOCs (MOI=0.01 for 24hpi), fixed and
stained with fluorescently labeled antibodies DAPI (blue) and SARS-CoV-2 nucleocapsid
(green). Images are representative of 3 independent infections. (D) Independent clusters
expressing N were quantified for area (pixel?) from 3 independent experiments. Graph
represents individual values with mean in red, statistics were performed with two-way ANOVA
with multiple comparisons of VOCs versus WAL, adjusted P-values: **p<0.001, ***p<0.0001. (E)
Calu3 cells were mock treated (DMSOQ), pre-infection treated with 20uM Nafamostat (Naf) for 2
hours, or pre- and post-infection treated with 20uM Naf for 2 hours. Infections with SARS-CoV-2
WAL and VOCs were performed at MOI=0.1 and shed virus was collected at 16 hpi for titer by
plague assay. Graphed values are an average of 2 independent infections each performed with
biological triplicates. (F) Percent inhibition in virus titer after Naf treatments. Graphed values
represent mean with standard deviation, and statistics were performed with ordinary one-way
ANOVA comparing the VOC against WA1, adjusted P-values: *p<0.01, **p<0.001, ***p<0.0001.
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Figure 3: Comparison of plaque size and genome/PFU ratio among WA1 and VOCs.

(A) Plague assay of SARS-CoV-2 viruses was performed on VeroE6 cells. (B) Three independent plaque assays per
virus were quantified for plaque area (pixel2), and graph represents the mean of individual plaque areas with standard
deviation. Statistics were performed with ordinary two-way ANOVA comparing VOCs versus WAL, adjusted P-values:
**P<0.001, ***P<0.0001, ***P<0.00001. (C) The virus in supernatant collected from Calu3 cells infected at MOI=0.1 at
24 hpi was assessed for genomes using gRT-PCR with primers specific for SARS-CoV-2 RdRp and compared to PFUs
guantified by plague assay. Values are an average of 3 independent experiments, each performed in triplicate. Graph
represents mean with standard deviation, and statistics were performed with ordinary one-way ANOVA comparing VOCs
versus WAL, adjusted P-values: **P<0.001.
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Figure 4: RT-qPCR of interferon and interferon-stimulated responses to SARS-CoV-2 infections
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(A&B) Infections (MOI=0.1) with indicated viruses were performed in (A) primary nasal cultures infected for 96hpi and (B)
Calu3 cells at for 32hpi. Cells were lysed for RNA extraction and viral genomes were quantified by RT-gPCR with primers
specific for SARS-CoV-2 RdRp, and human IFNB, IFNL1, OAS2, and IFIT1. Black bars indicate WAL, red for Alpha, blue
for Beta, green for Delta and orange for Omicron. For each cell type, graphs represent one of two independent
experiments, each performed in biological triplicates. For primary nasal cultures each experiment included a pool culture
of 3 donors. Graphed values are mean with standard deviation, and statistics were performed with ordinary one-way
ANOVA comparing VOCs versus WAL, adjusted P-values: *P<0.01, **P<0.001, ***P<0.0001, ***P<0.00001.
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Figure 5: RNA-Seq of primary nasal cultures infected with SARS-CoV-2 WA1 and VOCs
(A-E) Primary nasal cultures pooled from 4 donors were infected with WAL or VOCs at MOI=0.1 and RNA was extracted
at 96 hpi for RNA-Seq analysis. Each volcano plot represents significantly differentially expressing genes (DEGs) for the
indicated infection compared to mock-infected primary nasal cultures. Black dots indicate DEGs, and green dots highlight
interferon stimulated genes (ISGs). The number of graphed variables per condition are (A) 13614, (B) 13385, (C) 13623,

(D) 13452 and (E) and 13515.
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Figure 6: dsRNA-induced pathways during SARS-CoV-2 WA1 and VOCs infections.

(A) Primary nasal cultures were infected at MOI=0.1. Cells were lysed at 96hpi, protein extracted and analyzed by
western blot for phosphorylated PRK (p-PKR), PKR, phosphorylated elF2a (p-elF2a), elF2a, SARS-CoV-2 nucleocapsid
(N) and GAPDH. (B) A549ACE?2 cells were infected at MOI=0.1 for 72hpi. Cells were lysed, protein extracted and
analyzed by western blot for p-PKR, PKR, p-elF2a, elF2a, N and GAPDH. (A &B) Images are representative of western
blots from 3 independent infections. (C) Infections were performed in AB49ACE2 cells at MOI=0.1. At 48hpi
(SARS-CoV-2 strains), and 24hpi (SINV), cells were lysed, RNA extracted and analyzed on a Bioanalyzer. Arrows
indicate bands of degraded RNAs. Image is representative of two independent experiments.
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Figure 7: Infection with SARS-CoV-2 VOCs damages primary nasal cultures

Primary nasal epithelial cultures were infected with SARS-CoV-2 viruses at MOI=0.1 and processed at 96hpi for various
assays. (A) Transepithelial electrical resistance (TEER) was quantified during SARS-CoV-2 infection of nasal cultures at 0,
48 and 96hpi. Values represent the difference in TEER (ATEER) during the indicated time span, and averaged from 3
independent experiments. Graphed values are mean with standard deviation, and statistics were performed with ordinary
two-way ANOVA comparing VOCs versus WA1 within a time span, multiple comparison adjusted P-value: *P<0.01. (B)
Ciliary beat frequency was measured in mock and infected nasal cultures at 96hpi. (C and D) Mock and infected nasal
cultures from separate donors were fixed at 96hpi for immunofluorescence and confocal imaging. Antibodies were used to
label DAPI (blue), B-tubulin (green) and SARS-CoV-2 nucleocapsid (red). Arrows indicate syncytia-like clusters. Scale bars
indicate 50um (C) and 10um (D). Images are representative of infections in multiple donors. (E) Real-time videos of mock
and infected nasal cultures at 96hpi were quantified for the area of actively beating cilia. (B and E) Graphed values
represent mean with standard deviation and statistics were performed with one-way ANOVA using Dunnett’'s multiple
comparisons test for all infected conditions against mock/uninfected, with adjusted P-values: *P<0.05, **P<0.005,
****P<0.00005.
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Figure 8: Delaware Valley SARS-CoV-2 surveillance data

(A) Effect size of variants on clinical gPCR assay Ct (compared to pre-VOC), adjusted for time during wave, specimen
type, and qPCR machine as captured using a Bayesian regression model. The X-axis shows the marginal effect on Ct
for each variant compared to preVOC. Note that a 1 cycle change in Ct is roughly equivalent to a 2-fold increase in
RNA abundance under ideal PCR conditions. The Y-axis shows the posterior probability density generated from the
Bayesian regression model.


https://doi.org/10.1101/2023.08.24.553565
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fig S1

NOVEZH
HOLETH
995002V 1uslis
leolzl

NPG86L0 Iuals CIIE)
112028 EXDEX)
0£GE6LN WSS OWG 9,

912813 00M0
A995 11 @K
¥060819 W3S X I
Nn0908LO iuslis 4,
deset )
O967/LY WalS ) #c“
Omvmrl

092191N7WRls XIE)
ApLISLoTualS @I —1—
N6.25L0 WalS € XX
NoLoy LD Wals €
Wied )

- |
o
[oe]
<o)
~N
&
(6]
‘__I
-
)
»
“0’0
000"
0

I5LLpL ©E36)
V091219 uals Y

I6vLeL @I
12L9¢83 E
882t} 6 19 €6
08SEH £ XEHEI)
15158d €8
Heseed @A XD
VLppOLD Bl EREY
T65eed QA
HESEEN € )C )4
N861010 Wals EEC)
IL8zeL € )
155281 @)

Y102e1 €)
sgeled OM

nsp7 nsp9

$p5

b
()
(O

1060€ L
OpZYeY juslls

422081

N08620 € X
Nz8L80 alis

28gz.n Wals OOO@O
Logzzl OOO@O

AgZLZY
NLE9D_jualis
N98650 Wslis

asoLLy

NS5O €34
Tovold EIENE
N66650_Iuslis OWO

00,
XX

9

4
(X
OO0

nLzeyo sls 0M
SL0ELD 0&
1L00LL 00¢

NLEOED LS 26
AC0BY GM {o)

200
090000 . 00 OON | O ]

negozy_wals € X
NizgloTuals @RI
NL9z}0 els €6

7160ed €) 0“
15921 0w04

Np92a €O IOEI
NELBD YIS 00*0 -
__dsels 00000
NLyzo_olusbisjul 296
NoLZO d1uabiajul CHEN )
010zN_olusbisiul 0¢M
NyL19 dlusbisiul OE@E)E)

@ Omicron (BA.5.2.1)
® Delta (B.1.617.2)

® Beta (B.1.351)
® Alpha (B.1.17)
® WT (WAO1)

nsp8 nsp10

21552

20000

15000

10000

5000

1000520 alls @)

H8LLLa ©OOO@O)

vegss QOO0

#696N @O0

H¥S60
N0S6a

A96.0
MPOLN

19121
ALOLY
¥189d
H189d
M6.9N
ASSOH
oriod
aossy
HSO0SA
ALOSN
¥86YO
N98Yd
argy3
V83
Ap8y3a
M8LYL
NLLYS
LIl
MOYYN
NLLYM
S80vy
Nsova
V9.EL
46.€S
deLES
4L.€S
aeseeo

18222 6 1op
oglza

9e1ZA
62022 9 Iop
YlSLS
16612 € 0P
azylo
v08d

L2
_y8gl
S9L1Z 79 Iep
_M99H
€912 6 Iop

5333

@ Omicron (BA.5.2.1)
® Delta (B.1.617.2)
@ Beta (B.1.351)

wouyy

9
(4

0000000

J000 0O

<
(X

R
0 000

<

00000

<

o o

v

N

<
009000000000 00

AR

JE

—

® Alpha (B.1.17)

® WT (WAO1)

SRR T

A

25381

25000

24000

23000

22000

21563

NL.z8zy oluabisiul %
12282 L 19p d1uabigjul 04

feTAR YRR LTI
HELPS

4029 @K
vz888zo wWalis Q)
weozy €
e0zy )

ozyld €6
o890 £
29687 6 19p @)C)
90££82Y ualIS
Ield
ed €X

veeez | 1op €
ERO;
NEgz8z0 alls I )

98€0.2V Walls @) —]

128 O®OOO_|
1e9v @OOOO—

3610 “mwmwmwmww

Neda

" mhembrane !

abld
doeL

¥829Z € 1op
16L
€221 @)

Q2L
LIS

N¥8sszo Wals @O0

H.SO
19es

T
27000

T
26000

)

@ Omicron (BA.5.2.1)
® Delta (B.1.617.2)
® Beta (B.1.351)

® Alpha (B.1.1.7)

® WT (WAO1

I
25393

29000

28000

ORF7b

‘R Protocol

amples by Variant and qPC

S

Table 1: Counts of

ocC

PreV

Variant

ther

O

Jmicron

(

a

Delt

Alpha

Protocol

eneXpert

Cobas 8800

1
= 3
Cobas Liat

Cepheid C

11

DiaSorin MDX
Saliva COVID

73

!

140

10
13

10

ThermoFisher Amplitude

(A) SARS-CoV-2 stocks were harvested from VeroE6TMPRSS2 cells after 2 passages and RNA was collected from
infected cells and sequenced. Viral sequences were aligned against the WA1 genome sequence for reference. Amino
acid substitutions are indicated with colored circles, black for WAL, red for Alpha, blue for Beta, green for Delta and
orange for Omicron. The fraction of sequences with indicated mutation is denoted as pie slice within the circle. (B)

Supplemental Figure 1: SARS-CoV-2 infections in cell lines.

Different analytical technologies and PCR protocols used to measure the graphed Ct values throughout the endemic.
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Supplemental Figure 2: SARS-CoV-2 infections in lower respiratory cell lines

(A) VeroE6TMPRSS2 cells were infected at MOI=1 and lysed for protein at 48 hpi. Proteins were analyzed by western
blot and probed with antibodies against nucleocapsid (N) and spike (S2). Band intensities from 3 independent western
blots were quantified to measure the fraction of cleaved spike protein. The percent of cleaved spike was calculated as
the fraction of cleaved spike (S2) over the sum of full length (FL) and cleaved (S2) spike. (B) Calu3 cells were infected
with SARS-CoV-2 viruses (MOI=0.1) and RNA was collected at 24 hpi. RT-gPCR was performed with primers specific
for SARS-CoV-2 nsp12 RdRp sequence to quantify virus genomes. (C) A549ACE2 cells were infected (MOI=0.1) and
supernatant was collected at indicated timepoints to quantify infectious virus by plaque assay. Graphed values
represent mean with standard deviation, and statistics were performed with ordinary two-way ANOVA with multiple
comparisons for VOCs versus WAL within a time point, adjusted P-values: *P<0.05, **P<0.005, ***P<0.0005.
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Supplemental Figure 3: WAL and VOC infections in nasal cultures

(A) Nasal cultures (pooled from 4 donor cells) were infected (MOI =0.1) and incubated at 33°C or 37°C. Apically shed
virus was collected at the indicated time points and infectious virus was quantified by plaque assay. Growth curves at
33°C are indicated with dashed lines, and 37°C with solid lines. Graphed values represent mean with standard deviation
and statistics were performed with ordinary two-way ANOVA with multiple comparisons for VOCs versus WAL at the two
temperatures within a time point. Values did not reach statistical significance. (B) Nasal cultures were infected at
MOI=0.1; at 96 hpi samples were fixed and processed by immunofluorescence for DAPI (blue), B-tubulin (green) and
SARS-CoV-2 nucleocapsid (red). (C) Infected and mock cultures (also depicted in Fig 7D) were fixed for
immunofluorescence and confocal imaging with antibodies to label N (red) and phalloidin (white). Arrow indicates
syncytia-like clusters. Images are representative of infections in multiple donor nasal cultures.
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