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SARS-CoV-2 adaptation to humans is evidenced by the emergence of variants of concern 20 

(VOCs) with distinct genotypes and phenotypes that facilitate immune escape and 21 

enhance transmission frequency. Most recently Omicron subvariants have emerged with 22 

heavily mutated spike proteins which facilitate re-infection of immune populations through 23 

extensive antibody escape driving replacement of previously-dominant VOCs Alpha and 24 

Delta. Interestingly, Omicron is the first VOC to produce distinct subvariants. Here, we 25 

demonstrate that later Omicron subvariants, particularly BA.4 and BA.5, have evolved an 26 

enhanced capacity to suppress human innate immunity when compared to earliest 27 

subvariants BA.1 and BA.2. We find that, like previously dominant VOCs, later Omicron 28 

subvariants tend to increase expression of viral innate immune antagonists Orf6 and 29 

nucleocapsid. We show Orf6 to be a key contributor to enhanced innate immune 30 

suppression during epithelial replication by BA.5 and Alpha, reducing innate immune 31 

signaling through IRF3 and STAT1. Convergent VOC evolution of enhanced innate immune 32 

antagonist expression suggests common pathways of adaptation to humans and links 33 

VOC, and in particular Omicron subvariant, dominance to improved innate immune 34 

evasion.  35 

Alpha, Delta and Omicron have been sequentially globally dominant, with each VOC 36 

evolving independently from early lineage SARS-CoV-2 virus. Since the appearance of the 37 

Omicron lineage, Omicron subvariants have evolved, co-circulated, recombined and replaced 38 

each other locally or globally. Following the first dominant Omicron subvariants BA.1 and BA.2, 39 

BA.4 and BA.5 emerged with each displaying increasing levels of antibody escape, through 40 

mutation of spike, threatening vaccine efficacy and increasing hospitalisations 1,2 3–14. In addition, 41 

Omicron subvariants are accumulating mutations across several of the genome, consistent with 42 

ongoing adaptation to host.  43 
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To understand phenotypic differences between Omicron subvariants, and the selective 44 

forces driving their evolution, we compared replication of, and host responses to, BA.1-BA.5 with 45 

Delta, the previously dominant VOC, in Calu-3 human airway epithelial cells (Fig. 1). We 46 

equalized input dose of each variant by viral envelope (E) gene copies (RT-qPCR) as this ensures 47 

cells are exposed to equal starting amounts of viral RNA, which is the major viral PAMP activating 48 

defensive host innate immune responses15,16. Most importantly, this approach normalizes dose 49 

independently of variant-specific differences in cell tropism or entry routes (Fig. 1a, Extended 50 

Data Fig. 1a,b)17–19, which we and others have shown impact both titer determination and input 51 

equalization by cell-line infectivity measurements such as TCID50 or plaque assay (Extended 52 

Data Fig. 1d-f). Our approach is particularly relevant for comparing Omicron subvariants because 53 

spike mutations have been shown to alter tropism, increasing cathepsin-dependent endosomal 54 

entry and reducing dependence on cell surface TMPRSS217,18,20,21, irrespective of virion spike 55 

cleavage efficiency (Extended Data Fig. 1c). Endosomal cathepsins or cell surface TMPRSS2 are 56 

required to cleave spike prior to ACE2 mediated entry22,23. Indeed, in line with previously published 57 

data17,19 we have found that Omicron, particularly BA.5, has enhanced entry (cathepsin 58 

dependent and E64d-sensitive) in TMPRSS2-negative cells such as Hela-ACE2 compared to 59 

previous VOCs such as Delta, whereas entry into Calu-3 cells is largely TMPRSS2-dependent 60 

(camostat-sensitive) (Extended Data Fig. 1a.b) resulting in striking cell-type specific differences 61 

between variant titers by TCID50 (Extended Data Fig. 1f).  62 

Infection of Calu-3 cells with 2000 E gene copies/cell (Fig. 1) or 200 E copies/cell 63 

(Extended Data Fig. 2) gave comparable E RNA (RT-qPCR) at 2 hours post infection (hpi), 64 

consistent with equal input doses (Fig. 1a and Extended Data Fig. 2i). E gene measurements 65 

during infection revealed that Omicron isolates BA.1, BA.2, BA.4 and BA.5 replicated similarly, 66 

lagging behind Delta in Calu-3 cells (Fig. 1b, Extended Data Fig. 1k-n and Extended Data Fig. 67 

2h). BA.4 replicated most slowly initially but caught up with BA.1, BA.2 and BA.5 by 24 hpi (Fig. 68 
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1b, Extended Data Fig. 1 and Extended Data Fig. 2h). Importantly, these replication differences 69 

were observed consistently across several experiments (Fig. 1, Extended Data Fig. 1 and 70 

Extended Data Fig. 2). As E gene measurement during infection captures gRNA as well as E, S 71 

and Orf3 sgRNAs, we compared the levels of intracellular E RNA with those of Nsp12 and Orf1a 72 

(Compare Extended Data Fig. 1k-l to Fig. 1b and Extended Data Fig. 1m-n to Extended Data Fig. 73 

2h), which are uniquely encoded within gRNA. Importantly, the ratio of E to Nsp12 was similar 74 

until 24hpi reflecting equivalent levels of E sgRNA synthesis between variants (Extended Data 75 

Fig. 1o). Quantification of released virions by measuring E and Nsp12 RNA copies in the 76 

supernatant mirrored viral replication (Extended Data Fig 1g-i). Similar patterns of infection were 77 

also seen when quantified by intracellular Nucleocapsid (N) staining (Fig. 1c and Extended Data 78 

Fig. 2j).  79 

 We next compared the host innate immune response to Omicron subvariants during 80 

infection of Calu-3 cells. All viral stocks were prepared in human gastrointestinal Caco-2 cells as 81 

they are naturally permissive to SARS-CoV-2 replication but do not mount a strong innate 82 

response to this infection15,24. We confirmed that viral stocks prepared in Caco-2 cells (the highest 83 

viral inoculum for each variant was 2000 E copies/cell) did not contain measurable IFNβ and 84 

negligible IFN»1/3 (ELISA) (Extended Data Fig 1p,q), ensuring differences in innate immune 85 

activation in Calu-3 infections were not a result of IFN carryover in the viral stocks.  86 

Strikingly, we found that infection of Calu-3 cells with BA.4 and BA.5 resulted in significantly less 87 

innate immune activation compared to BA.1/BA.2, evidenced by lower induction of Interferon-β  88 

(IFNB) and interferon stimulated genes (ISGs) including inflammatory chemokine CXCL10 and 89 

RSAD2, DDX58, IFIT1 and IFIT2 (Fig. 1d and Extended Data Fig 2c,d,l,m) and a trend towards 90 

reduced MX1 and MX2 expression (Fig. 1d). Reduced host responses to BA.4 and BA.5 infection 91 

were also evident at the level of IFNβ and CXCL10 secretion (Fig.1e,f). Slower replication of BA.4 92 

likely contributes in part to the lesser innate immune activation during Calu-3 infection, but BA.5 93 
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replication was similar to BA.1 and BA.2 and nonetheless induced significantly less innate 94 

immune responses. Inhibition of IFN-mediated JAK/STAT signaling with ruxolitinib, evidenced by 95 

the absence of ISG induction (Extended Data Fig. 2d,l), rescued BA.1 and BA.2 infection in Calu-96 

3 cells to a greater degree than BA.4 or BA.5 (Fig. 1g and Extended Data Fig. 2b,n), suggesting 97 

that the greater induction of IFNβ by BA.1 and BA.2 reduced their infectivity. BA.1-5 showed 98 

similar sensitivities to a range of IFN doses used to pre-treat Calu-3 cells (Extended Data Fig. 2e-99 

g). We therefore conclude that the differences in ruxolitinib sensitivity reflect differences in IFN 100 

induction after Calu-3 infection and not differences in IFN sensitivity. Infecting Calu-3 cells with 101 

lower virus input doses (200 E copies/cell) recapitulated our observation that Delta replicated 102 

better than Omicron BA.1-BA.5 (Extended Data Fig. 2h-j), and we again saw reduced innate 103 

immune activation by BA.4 and BA.5 compared to BA.1 and BA.2 (Extended Data Fig. 2l,m). At 104 

this lower inoculum, BA.4 infectivity was also strongly rescued by ruxolitinib treatment consistent 105 

with its slower replication being due to IFN induction (Extended Data Fig. 2k).  106 

 We next compared Omicron subvariant replication and host responses in primary human 107 

airway epithelial (HAE) cultures, which better recapitulate the heterogenous polarized epithelial 108 

layer of the respiratory tract. We have previously reported that HAEs reveal differences in VOC 109 

replication that likely reflect host adaptation, which are not always apparent in highly-permissive 110 

cell lines, such as Calu-316,25. Concordantly, BA.5 viral replication was higher than BA.2 and BA.4 111 

in differentiated primary bronchial HAEs at 72hpi, while apical viral release over time was 112 

comparable (Fig. 1h,i). Despite BA.4 and BA.5 replicating similarly to parental BA.2 in HAEs, we 113 

consistently observed reduced innate activation, measured by ISG induction, after BA.4 and BA.5 114 

infection (IFNB, CXCL10, IFIT1, IFIT2, DDX58 and RSAD2) (Fig. 1k). Inhibiting IFN signaling with 115 

JAK-inhibitor ruxolitinib suppressed ISG induction (Fig. 1k) and rescued replication of BA.2 to a 116 

greater degree than BA.4 and BA.5 (Fig. 1j). Altogether, data in Figure 1 suggest adaptation to 117 
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reduce innate immune activation between the earliest (BA.1, BA.2) and subsequent (BA.4, BA.5) 118 

Omicron subvariants.  119 

SARS-CoV-2, and other respiratory viruses, reportedly replicate more efficiently in nasal 120 

and tracheal epithelial cells26, in part due to reduced innate activation and interferon-121 

responsiveness at the lower temperatures of the upper airway27–29. To investigate whether lower 122 

temperatures reveal further Omicron subvariant adaptation, we compared replication at 32˚C in 123 

Calu-3 cells. We found BA1-5 all replicated less well than at 37˚C (Extended Data Fig. 3a,b) 124 

whereas Delta replication was not as temperature-sensitive. As expected28, innate immune 125 

activation in response to infection, or to RNA sensing agonist poly(I:C), was largely abolished at 126 

32˚C (measured by IFNB and CXCL10 mRNA induction) (Extended Data Fig. 3c-e). At 37˚C, we 127 

again observed lower innate activation for BA.4 and BA.5 compared to BA.1/BA.2. In HAE, 128 

lowering the temperature to 32˚C did not impact viral replication to the same extent as in Calu-3 129 

cells (Extended Data Fig. 3f). However, we observed reduced virus output in apical washes from 130 

infected HAE cultures for all Omicron isolates (Extended Data Fig. 3g-i). Infected HAEs at 32˚C 131 

also expressed significantly less IFNB and CXCL10 (Extended Data Fig. 3j,k). Overall, our data 132 

suggest that Omicron does not replicate better at 32˚C in lung epithelial cells even in the absence 133 

of an innate immune response. However, it is possible that the intra-tissue temperature 134 

throughout the airways remains closer to 37˚C than the exhaled breath temperature of 32˚C 135 

suggests30.  136 

We next investigated the mechanism underlying differential innate immune activation by 137 

Omicron subvariants. IRF3 and STAT1 are key transcription factors responding to intracellular 138 

RNA sensing, exemplified here by poly(I:C) treatment (Extended Data Fig. 4a and Fig. 3w,x). We 139 

and others have shown SARS-CoV-2 activates transcription factors IRF3 and STAT1 downstream 140 

of RNA sensing 15,31. Consistent with their reduced innate immune triggering, we found Omicron 141 

BA.4 and BA.5 infection activated significantly less IRF3 phosphorylation than BA.2 infection (Fig. 142 
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2a-c). A similar trend was observed for STAT1 serine 727 phosphorylation which is essential for 143 

full STAT1 transcriptional activity32, but not upstream JAK1-dependent tyrosine 701-144 

phosphorylation (Fig. 2a,d-f). Reduction of STAT1-phosphorylation correlated with reduced 145 

STAT1 nuclear translocation during BA.4 and BA.5 infection compared to BA.2, measured by 146 

high-content single-cell immunofluorescence imaging of infected nucleocapsid-positive Calu-3 147 

cells (Fig. 2g). These data suggest BA.4 and BA.5 more effectively prevent intracellular activation 148 

of innate sensing pathways. We previously reported that SARS-CoV-2 VOC Alpha evolved 149 

enhanced innate immune evasion by increasing expression of key innate antagonists Orf6, Orf9b 150 

and N (Extended Data Fig. 4m), which manipulate host cell innate immune pathways16. To 151 

investigate whether Omicron subvariants have also independently evolved enhanced innate 152 

immune suppression through similar mechanisms during human adaptation, we measured viral 153 

innate antagonist protein expression during infection. Strikingly, we found that BA.4, and 154 

particularly BA.5, expressed higher levels of Orf6 and N compared to BA.1 and BA.2 (Fig. 2i-m 155 

and Extended Data Fig. 4b-h,j), measured at 48hpi in Calu-3 cells when E RNA levels were 156 

equivalent (Fig. 2h). Unlike previous VOCs16,25, expression of innate immune antagonist Orf9b 157 

was not detected for any Omicron isolate, possibly due to Omicron subvariants encoding lineage-158 

specific Orf9b mutations (P10S and ΔENA at positions 27-29) altering antibody binding and 159 

precluding detection by immunoblot (Fig. 2r and Extended Data Fig. 4m). Importantly, Orf9b 160 

remained readily detectable in Delta-infected cells (Fig. 2r). Upregulation of Orf6 and N 161 

expression by BA.5 was validated using a second independent isolate (Extended Data Fig. 4j-l), 162 

and was also evident in lysates from infected HAEs (Extended Data Fig. 4i). Blocking IFN 163 

signaling with ruxolitinib rescued replication of all Omicron isolates as before (Fig. 1 and Extended 164 

Data Fig. 2) and enhanced viral protein detection by immunoblot (Fig. 2i,r and Extended Data Fig. 165 

4b). Importantly, higher levels of BA.4 and BA.5 Orf6 and N remained apparent after ruxolitinib 166 

treatment (Fig. 2i,l,m). We previously showed enhanced levels of Orf6, N and Orf9b protein by 167 

Alpha were associated with increased levels of the corresponding sgRNAs16. By contrast, BA.5 168 
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Orf6 and N sgRNA levels (normalized to genomic Orf1a) were not enhanced, and were only 169 

slightly upregulated during BA.4 infection (Fig. 2n,o), particularly in comparison to Alpha 170 

(Extended Data Fig. 4n-p). No differences were observed in S and Orf3a sgRNAs which served 171 

as controls to rule out a general enhancement of sgRNA synthesis (Fig. 2p,q). Although Omicron 172 

subvariants have synonymous and non-synonymous mutations in Orf6 and N, there are no 173 

mutations that distinguish BA.4 and BA.5 from BA.1 and BA.2 that provide a simple explanation 174 

for increased Orf6 or N protein levels, including in their transcriptional regulatory sequences (TRS) 175 

(Fig. 1 and 2, Extended Data Table 1 and 2). Thus, we hypothesize that BA.4 and BA.5 have 176 

either evolved independent, novel mechanisms to increase Orf6 and N protein levels, or that the 177 

increase is mediated by changes elsewhere in the genome, which may impact viral translation or 178 

protein stability. Further studies are required to pinpoint the adaptations regulating Orf6 and N 179 

expression levels.  180 

Orf6 is a multifunctional viral accessory protein that modulates expression of host and viral 181 

proteins33,34. Orf6 selectively inhibits host nuclear transport to potently antagonize antiviral 182 

responses during infection. To probe Orf6 mechanisms, and its contribution to enhanced 183 

antagonism by the VOCs, we used reverse genetics to introduce two stop-codons into the Orf6 184 

coding-sequence of both Alpha (Alpha ∆Orf6) and BA.5 (BA.5 ∆Orf6), which we confirmed 185 

abolished Orf6 expression during infection (Fig. 3b,j). While Alpha ∆Orf6 replicated similarly to 186 

parental wild type (WT) virus up to 24hpi (Fig. 3a,b), we observed enhanced IFNB and CXCL10 187 

expression (Fig. 3d) and protein secretion (Extended Data Fig. 5b) during Alpha ∆Orf6 infection 188 

of Calu-3 cells compared to WT virus. Moreover, increased IRF3 nuclear translocation was 189 

evident after Alpha ∆Orf6 infection at 24hpi using single cell quantitative immunofluorescence 190 

microscopy (Fig. 3c and Extended Data Fig. 5a). This suggests an important role for Orf6 in innate 191 

immune antagonism16,34,35 and is consistent with suppression of IRF3 nuclear transport in Orf6 192 

overexpression studies34–36. The reduction in Alpha ∆Orf6 replication at 48hpi, and N and spike 193 
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protein expression at 24hpi, that was rescued by ruxolitinib treatment, is also consistent with 194 

greater IFN mediated suppression of the Orf6 deletion mutant (Fig. 3b and Extended Data Fig. 195 

5c).  196 

Alpha ∆Orf6 also replicated less well than WT in HAE cells (Fig. 3e-g and Extended Data 197 

Fig. 5d). IFNB and CXCL10 gene induction, normalized to GAPDH, were similar after Alpha ∆Orf6 198 

and WT infection (Fig. 3h), despite lower E RNA levels for Alpha ∆Orf6, consistent with increased 199 

innate immune induction by the deletion virus. Importantly, Alpha ∆Orf6 was more sensitive to 200 

ruxolitinib treatment than WT, consistent with the notion that increased IFN induction caused 201 

reduced replication of Alpha ∆Orf6 (Fig. 3f,g). To address the role of Orf6 during BA.5 infection, 202 

we compared replication of a BA.5 ∆Orf6 mutant with parental BA.5 WT virus. We also generated 203 

the first example of a BA.5 mutant bearing the Orf6 D61L mutation found in BA.2 and BA.4, that 204 

has been proposed to reduce Orf6 function25,31 (Fig. 3i,j). Consistent with SARS-CoV-2 Alpha 205 

∆Orf6 results, BA.5 ∆Orf6 showed a replication defect at 48hpi compared to BA.5 WT, and 206 

triggered significantly enhanced innate immune responses evidenced by enhanced IFNB and ISG 207 

induction (Fig. 3i-l). Deletion of Orf6 in BA.5 also increased the degree of infection-induced IRF3 208 

and STAT1 phosphorylation (Fig. 3m-r) and nuclear translocation (Fig. 3s,t). This demonstrates 209 

that Orf6 loss enhances IRF3 and STAT1 activation despite similar levels of infection, confirming 210 

the important role of Orf6 in innate immune suppression and in distinguishing BA.5 from earlier 211 

Omicron subvariants. Infection of HAEs confirmed reduced viral replication of the BA.5 ∆Orf6 212 

compared to WT BA.5, while viral release remained comparable (Fig 3u,v and Extended Data 213 

Fig. 5e). ISG expression in HAEs was similar between WT and mutant despite lower E RNA levels 214 

during BA.5 ∆Orf6 infection, suggesting greater induction of innate immunity in the absence of 215 

Orf6 in these cells (Extended Data Fig. 5f). Interestingly, introducing the C-terminal D61L mutation 216 

into BA.5 Orf6 resulted in an intermediate innate immune phenotype measured by increased 217 

induction of IFNB, CXCL10 and IFIT1 expression by the mutant virus (Fig. 3l). IRF3-218 
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phosphorylation and translocation were equivalent between BA.5 WT and Orf6 D61L (Fig 3n-s), 219 

whereas STAT1 translocation was not antagonized by Orf6 D61L (Fig. 3t), in line with reports of 220 

a partial loss of Orf6-function in the D61L mutation25,31. These data suggest complex adaptation 221 

of Orf6 manipulation of innate immunity during SARS-CoV-2 Omicron lineage adaptation.  222 

During the course of this study, SARS-CoV-2 has continued to evolve and produce new 223 

Omicron subvariants (Fig. 4a and Extended Data Fig. 6a). Omicron subvariants BA.2.75, XBB.1, 224 

XBB.1.5 and BQ.1.1 have acquired increased ACE2 binding and enhanced adaptive immune 225 

evasion37 38–40. To test whether enhanced innate immune antagonism is consistently associated 226 

with globally successful subvariants, we compared BA.2.75, XBB.1, XBB.1.5 and BQ.1.1 isolates 227 

to BA.2 and BA.5 (Fig. 4). We equalized virus dose by Nsp12 RNA copies (RT-qPCR), a 228 

measurement of genomic RNA, rather than E RNA copies, due to accumulation of mutations in 229 

the E gene of later Omicron subvariants, including in the region detected by our RT-qPCR assay. 230 

We found that all Omicron subvariants retained an enhanced dependence on cathepsin, here 231 

measured in A549 cells expressing ACE2 and TMPRSS2 (Extended Data Fig. 6b). BA.2.75, 232 

XBB.1 (two independent isolates) and XBB.1.5, derived from the parental BA.2 lineage38,40, 233 

replicated comparably to earlier BA.2 and BA.5 in Calu-3 and HAEs (Fig. 4b-e and Extended Data 234 

Fig. 6c-i). BQ.1.1, which has arisen from BA.540, displayed some reduction of replication in 235 

epithelial cells (Fig. 4d,e,h and Extended Data Fig. 6e,f,i). Similar to BA.5, we found that all 236 

subsequent Omicron subvariants tested triggered significantly less IFNB and CXCL10 expression 237 

than BA.2 at 24hpi (Fig. 4f,g). All Omicron subvariants derived from BA.2 (BA.2.75, XBB.1 and 238 

XBB.1.5) showed reduced rescue by ruxolitinib treatment, as well as reduced induction of or 239 

sensitivity to IFN, similar to BA.5 (Fig. 4h and Extended Data Fig. 6f). Strikingly, like BA.5, 240 

enhanced innate immune evasion by these more recent subvariants was accompanied by 241 

increased Orf6 expression for the majority of isolates (Fig. 4i,j). Reduced BQ.1.1 replication in 242 

Calu-3 cells (Fig. 4d and Extended Data Fig. 6e) prevented Orf6 and N detection in the absence 243 
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of ruxolitinib (Fig. 4i). Reduced innate activation by recent Omicron subvariants also correlated 244 

with reduced IRF3-phosphorylation compared to BA.2, and reduction of STAT1 serine-245 

phosphorylation was principally observed for XBB.1 and XBB.1.5 variants (Fig. 4k-m and 246 

Extended Data Fig. 6j-l). Together these data are consistent with a trend for ongoing Omicron 247 

evolution enhancing Orf6 expression as it adapts to the human population leading to reduced 248 

innate immune responses, detectable at the level of IFN and ISG expression, and at the level of 249 

transcription factor phosphorylation and nuclear translocation. This study considering Omicron 250 

variants is very reminiscent of our previous observation of enhanced expression of key innate 251 

immune antagonists Orf6, N and Orf9b in VOCs Alpha to Delta suggesting a common evolutionary 252 

trajectory to combating human innate immunity and enhancing transmission16,25.  253 

We propose a model in which the earliest host innate immune responses make an 254 

important contribution to SARS-CoV-2 transmission by influencing whether interactions with the 255 

first few cells in the airway establish a productive infection. In this model, viruses with enhanced 256 

ability to evade or antagonize innate immunity, for example through increased Orf6 and N 257 

expression, will transmit with greater frequency because they are better at avoiding inducing, or 258 

better at shutting down host responses that suppress this earliest replication.  259 

How early viral manipulation of the host innate immune response influences disease is 260 

less clear. We hypothesize that once infection of the airway is irrevocably established, innate 261 

immune suppression that permits greater levels of viral replication may in turn lead to increased 262 

disease, simply due to greater viral burden and greater inflammatory responses. This model is 263 

supported by longitudinal nasal sampling of SARS-CoV-2 infected patients shortly after 264 

confirmation of infection, which revealed pronounced and early upregulation of an innate immune 265 

response in epithelial cells that rapidly declines after symptom onset 41. Concordantly, higher 266 

baseline antiviral gene expression and more potent innate induction in the nasal epithelium of 267 

children are associated with less severe infection outcomes compared to adults42. Like others, we 268 
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assume this is explained by reduced viral loads reducing disease and early IFN protecting against 269 

transmission, with late IFN responses contributing to disease43. Similarly, inborn errors of innate 270 

antiviral mechanisms and IFN autoantibodies are associated with severe COVID1944–48, assumed 271 

to be explained by greater viral loads driving increased inflammatory disease. Furthermore, 272 

clinical trials of JAK/STAT inhibitors reduced COVID-19 mortality after hospitalization49. 273 

Considering an unrelated virus, simian immunodeficiency virus (SIV) in macaques, may be 274 

relevant. Here transmission efficiency and subsequent disease are also influenced by IFN at the 275 

site of infection50. In all these examples, early IFN is beneficial, reducing transmission, but late 276 

IFN is bad, increasing symptoms. Human SARS-CoV-2 challenge studies are expected to help 277 

us understand the effect of these dynamics and innate immune contributions to transmission and 278 

disease by permitting sampling before exposure and during the earliest time points post infection 279 

with careful assessment of disease in a highly controlled environment51,52. 280 

We have focused on changes in expression of N and Orf6 but we expect that other viral 281 

genes contribute to evasion of innate immunity and adaptation to humans. In contrast to common 282 

cold coronaviruses, SARS-CoV-2 and its relatives encode a broad range of accessory genes53,54 283 

which antagonize innate immunity and likely contribute to effective transmission between species. 284 

Our data suggest that upregulation of Orf6 expression is a central feature of SARS-CoV-2 285 

adaptation to humans. Our observations using Orf6-deletion viruses confirm Orf6 to be a potent 286 

viral innate immune antagonist and are consistent with a model in which, like Alpha, Omicron 287 

subvariant enhancement of Orf6 expression contributes to the reduced innate immune response 288 

to infection compared earlier Omicron viruses. Orf6 upregulation by BA.5 may, in part, explain 289 

increased pathogenicity in vivo1,2. This notion is supported by ∆Orf6 SARS-CoV-2 infection of 290 

transgenic mice or hamsters, where the Orf6 mutant causes less severe disease and there is 291 

quicker recovery from infection, despite comparable viral loads in nose and lungs31,55. Expression 292 

of accessory and structural proteins as subgenomic RNAs during SARS-CoV-2 replication 293 
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provides an elegant mechanism to selectively regulate their abundance during adaptation to host, 294 

as the level of each sgRNA and thus protein can be independently adjusted by mutation, as we 295 

found for VOCs Alpha to Delta16,25.  296 

The earliest Omicron subvariants BA.1 and BA.2 outcompeted Delta despite not 297 

enhancing innate immune antagonism, explained by extensive antibody escape and improved 298 

spike function/stability56,57. This suggests adaptive immunity was the strongest selection force for 299 

Omicron emergence and global dominance. We hypothesize that the acquisition of enhanced 300 

innate immune suppression by Omicron lineage variants after their initial emergence required 301 

selection for improved transmission and dominance. Thus, innate immune escape may be the 302 

second dominant selective force the virus experiences after escape from neutralizing antibodies 303 

in a population with pre-existing immunity from prior infection and vaccination. We propose that 304 

evolving to better manage host innate immunity for improved transmission is a central feature of 305 

species-specific host-adaptation for all emerging viruses. Intriguingly, SARS-CoV-2 continues to 306 

jump species barriers and has been detected infecting 34 different animal species so far 307 

(https://vis.csh.ac.at/sars-ani/), illustrating its remarkable capacity to universally antagonize 308 

species specific innate immune responses. SARS-CoV-2 will be a fantastic model to further 309 

dissect species barriers to zoonotic spillovers and understand how viruses adapt to new species. 310 

We propose that adaptation in spike and beyond also contributes to enhanced replication 311 

in human cells16,25. This may be important for outpacing early innate responses during 312 

transmission particularly in environments with a mix of permissive and non-permissive cells such 313 

as the upper human airways in which ACE2 is only expressed on ciliated cells58. Indeed, we have 314 

found that SARS-CoV-2 replicates more slowly in primary HAE cultures than in Calu-3 cells and 315 

that HAEs better recapitulate VOC replication advantages16,25. Primary HAEs complement more 316 

tractable monoculture models, such as Calu-3 that allow mechanistic studies. We propose that 317 

linking VOC genotype to phenotype in multiple models will be essential for effective prediction of 318 
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novel variant behavior. Moreover, understanding how adaptive changes in spike leading to altered 319 

viral tropism influence innate immune responses also warrants further study. 320 

We propose that this study adds to the body of evidence for innate immunity as a key 321 

barrier which must be overcome by all pandemic zoonotic viruses, particularly in the absence of 322 

immune memory in an exposure-naive species. This has also been elegantly demonstrated 323 

recently for influenza virus (IVA) where avian, but not human IVA, is efficiently restricted by human 324 

BTN3A359, which like MX160, can be overcome by adaptation to the human host. Innate immune 325 

evasion has also been linked to the single pandemic HIV-1 lineage61. Our findings herein have 326 

broad implications for understanding zoonotic pathogen emergence because they reveal 327 

molecular details of how SARS-CoV-2 Omicron subvariants have achieved dominance, 328 

unexpectedly by increasing specific protein expression rather than adapting by protein coding 329 

mutation. Crucially, they suggest that improvements in innate immune evasion can continue to 330 

enhance transmission, even after establishment in humans, illustrating an inevitable ongoing 331 

trajectory of adaptation towards escape from the innate immune mechanisms that are the 332 

gatekeepers of transmission success.  333 

 334 

Figure legends 335 

Fig. 1. BA.5 displays enhanced innate immune antagonism during infection of airway 336 

epithelial cells. 337 

(a-f) Calu-3 infection with 2000 E copies/cell of Delta (yellow; Ο), BA.1 (blue; Ο), BA.2 (blue; Δ), 338 

BA.4 (purple; Ο) and BA.5 (purple; Δ), n=3. (a) Mean viral E copies at 2hpi across 3 independent 339 

experiments at 2000 E copies/cell. (b) Viral replication over time measured by RT-qPCR for 340 

intracellular E copies. (c) Infection levels measured by nucleocapsid expression (% N+ by flow 341 

cytometry). (d) Expression of IFNB, CXCL10, IFIT1, IFIT2, RSAD2, MX1, MX2 and DDX58 in 342 
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infected cells over time. (e) IFNβ and (f) CXCL10 secretion from infected Calu-3 cells measured 343 

by ELISA at 48hpi. (g) Rescue of viral replication by JAK1-inhibitor ruxolitinib in Calu-3 cells at 344 

48hpi at 2000 E copies/cell. Shown are the relative infection levels across three independent 345 

experiments determined by E copies/¼g RNA normalized to the median infection level of the 346 

untreated control. (h-k) Primary bronchial human airway epithelial cells (HAEs) were infected with 347 

1500 E copies/cell of the indicated variants, n=3. Viral replication was measured by (h) 348 

intracellular E copies at 72hpi and (i) viral release into apical washes over time. (j) Intracellular 349 

viral E copies in HAEs in the presence or absence of ruxolitinib at 72hpi. (k) Expression of IFNB, 350 

CXCL10, IFIT1, IFIT2, DDX58 and RSAD2 in cells from (j). Fold changes are normalized to mock 351 

at (d) 2hpi or (k) 72hpi. 352 

For statistical comparisons one-way ANOVA with Dunnett’s post-test was used to compare all 353 

variants at 2hpi in (a) or to compare BA.2 with other variants at 24 and 48hpi respectively (b-f). 354 

Colors indicate comparator (Delta, yellow; BA.1, blue; BA.4, purple; BA.5, pink). For g and j, 355 

indicated comparisons were performed using an unpaired one-tailed Student’s t-Test. For h and 356 

k, indicated comparisons were performed using one-way ANOVA with Dunnett’s post-test. For i, 357 

Two-way ANOVA with Bonferroni post-test were used to compare variants against BA.2. Mean+/-358 

SEM or individual datapoints are shown. hpi, hours post infection. *, p<0.05; **, p<0.01; ***, 359 

p<0.001; n.s., not significant or exact p-value given (k). 360 

 361 

Fig. 2. BA.5 efficiently expresses SARS-CoV-2 innate antagonists during airway epithelial 362 

cell infection. 363 

Calu-3 cells were infected with 2000 E copies/cell of the indicated variants. (a) Western blot of 364 

STAT1-pY701, STAT1-pS727, total STAT1, IRF3-pS396, total IRF3, and β-Actin at 24hpi. (b-f) 365 

Quantification of four independent western blots showing (b) P-IRF3, (c) IRF3, (d) STAT1-pS727 366 

(e) STAT1-pY701 and (f) STAT1 over β-Actin at 24hpi. (g) Quantification of STAT1 translocation 367 

detected by single-cell fluorescence microscopy over time in Calu-3 cells infected with the 368 
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indicated variants at 2000 E copies/cell. In infected cultures, translocation was determined in N+ 369 

cells. Data from 1500 cells/condition are shown. (h) Viral replication at 48hpi. (i) Representative 370 

western blot of Orf6, N, spike/S2 and β-Actin at 48hpi in infected cells +/-5¼M ruxolitinib. Non-371 

specific bands detected by polyclonal anti-spike primary antibody are indicated (see Extended 372 

Data Fig. 2a for Mock). (j-m) Quantification of Orf6 and N expression from five independent 373 

western blots of Calu-3 cells in the absence (j, Orf6; k, N) or presence of 5¼M ruxolitinib (l, Orf6; 374 

m, N), normalized to spike over BA.2. (n-q) sgRNA expression of (n) Orf6, (o) N, (p) spike and 375 

(q) Orf3a normalized to Orf1a genomic RNA in Calu-3 cells at 48hpi, n=9. (r) Western blot of 376 

Calu-3 cells infected with Delta, BA.1, BA.2, BA.4 and BA.5 at 2000 E copies/cell showing Orf9b, 377 

Orf6, N and β-Actin expression at 48hpi+5¼M ruxolitinib. 378 

For b-f, h, j-q, one-way ANOVA with Dunnett’s post-test was used to compare BA.2 with other 379 

variants. For g Kruskal-Wallis test was used to compare groups at 24hpi and 48hpi. Mean+/-SEM 380 

or individual datapoints are shown. hpi, hours post infection. sgRNA, subgenomic RNA. *, p<0.05; 381 

***, p<0.001; n.s., not significant. 382 

 383 

Fig. 3. Orf6 expression is a major determinant of enhanced innate immune antagonism by 384 

emerging VOCs. 385 

(a) Replication of reverse genetic (RG) viruses parental Alpha WT and ΔOrf6 in Calu-3 cells 386 

infected with 2000 E copies/cell over time, n=3. (b) Western blot of RG virus infections in Calu-3 387 

cells at 24hpi for spike, N, Orf6 and β-Actin +/-5¼M ruxolitinib. (c) Quantification of IRF3 388 

translocation detected by single-cell fluorescence microscopy over time. In infected cultures, 389 

translocation was determined in N+ cells. Data from 1500 cells/condition are shown. (d) IFNB and 390 

CXCL10 expression in cells from (a) over time, n=3. (e-i) Primary bronchial human airway 391 

epithelial cells (HAEs) were infected with 1500 E copies/cell of the indicated variants in the 392 

presence or absence of 5¼M ruxolitinib, n=3. Viral replication was measured by (e) viral release 393 

into apical washes over time. Replication measured by apical release in HAEs infected with (f) 394 
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Alpha WT or (g) ΔOrf6 in the presence or absence of 5¼M ruxolitinib. (h) IFNB and CXCL10 395 

expression in cells from (e). (i) Replication of RG viruses BA.5 WT, ΔOrf6 and Orf6 D61L isolates 396 

in Calu-3 cells infected with 2000 E copies/cell over time. (j) Western blot of RG virus infections 397 

in Calu-3 cells at 24hpi for spike, N, Orf6 and β-Actin. (k) IFNB expression in cells from (i) over 398 

time. (l) Expression of IFNB, CXCL10 and IFIT1 in Calu-3 cells at 24hpi with 2000 E copies/cell 399 

of the indicated viruses. (m) Western blot of STAT1-pY701, STAT1-pS727, total STAT1, IRF3-400 

pS396, total IRF3, and β-Actin at 24hpi. Quantification of four independent western blots showing 401 

(n) IRF3-pS396, (o) total IRF3, (p) STAT1-pS727, (q) STAT1-pY701 and (r) total STAT1 over β-402 

Actin at 24hpi. Quantification of (s) IRF3 and (t) STAT1 translocation detected by single-cell 403 

fluorescence microscopy over time. In infected cultures, translocation was determined in N+ cells. 404 

Data from 1500 cells/condition are shown. (u, v) Replication of BA.5 WT and ΔOrf6 in HAEs 405 

infected with 1500 E copies/cell in the (u) absence or (v) presence of 5¼M ruxolitinib. 406 

Quantification of (w) IRF3 and (x) STAT1 translocation detected by single-cell fluorescence 407 

microscopy over time in Calu-3 cells stimulated with poly(I:C) or vehicle Lipofectamine2000 (L2K). 408 

Data from 1500 cells/condition are shown. 409 

For indicated statistical comparisons at each time point in a, d-I, m, o-s, v and w one-way ANOVA 410 

with Dunnett’s post-test was used. In c, x and y, groups were compared by Kruskal-Wallis test at 411 

each time point. For j and l, RG mutants were compared to WT using a two-way ANOVA and 412 

Bonferroni post-test. Colors indicate comparator (BA.5 ΔOrf6, purple; BA.5 Orf6 D61L, light pink). 413 

Mean+/-SEM or individual datapoints are shown. hpi, hours post infection. *, p<0.05; **, p<0.01; 414 

***, p<0.001; n.s., not significant. 415 

 416 

Fig. 4. Innate immune phenotype of dominant Omicron subvariants. 417 

(a) Global SARS-CoV-2 variant sequence counts over time (scaled per variant), extracted from 418 

CoV-Spectrum using genomic data from GISAID. (b-d) Calu-3 cells were infected with 2000 419 

Nsp12 copies/cell. Replication of Omicron subvariants compared to BA.2 (blue) and BA.5 (purple) 420 
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measured by Nsp12 copies/¼g RNA is shown for (b) BA.2.75 (yellow; Ο), (c) XBB-subvariants 421 

(XBB.1: light red, Ο; XBB.1 (B): red, Δ; XBB.1.5: dark red, □) and (d) BQ.1.1 (BQ.1.1: light green, 422 

Ο; BQ.1.1 (B): dark green, Δ) isolates. (e) HAEs were infected with 1500 Nsp12 copies/cell and 423 

intracellular Nsp12 copies measured at 72hpi. (f) IFNB and (g) CXCL10 expression in Calu-3 424 

cells infected with 2000 Nsp12 copies/cell of the indicated Omicron subvariants at 24hpi. (h) Viral 425 

replication of indicated variants in Calu-3 cells in the presence or absence of 5¼M ruxolitinib at 426 

48hpi. Numbers indicate fold change in replication in the presence of 5¼M ruxolitinib. (i,j) Western 427 

blot of Orf6, N, spike and β-Actin at 48hpi in infected Calu-3 cells from (b-d) in the (i) absence or 428 

(j) presence of 5¼M ruxolitinib. (k) Western blot of STAT1-pY701, STAT1-pS727, total STAT1, 429 

IRF3-pS396, total IRF3, and β-Actin in Calu-3 cells at 24hpi. Quantification of two independent 430 

western blots showing (l) IRF3-pS396 and (m) STAT1-pS727 over β-Actin at 24hpi. 431 

For b-d, variant replication was compared to BA.2 at each time point using a two-way ANOVA 432 

and Bonferroni post-test. Colors indicate comparator (BA.5, purple; BA.2.75, yellow; XBB.1, light 433 

red; XBB.1 (B), red; XBB.1.5, dark red; BQ.1.1, light green; BQ.1.1 (B), dark green). For e-g, one-434 

way ANOVA with Dunnett’s post-test was used to compare all variants to BA.2. 435 

Mean+/-SEM or individual datapoints are shown. hpi, hours post infection. *, p<0.05; **, p<0.01; 436 

***, p<0.001; n.s., not significant. 437 

 438 

Extended Data Fig. 1. Replication measurements of SARS-CoV-2 variants. 439 

(a) Calu-3 and (b) Hela-ACE2 cells were infected with 1000 E copies/cell of the indicated variants 440 

in the presence of DMSO (-), 25¼M E64d or 25¼M camostat. Infection levels were measured at 441 

24hpi by nucleocapsid expression (% N+ by flow cytometry), n=3. (c) Representative western blot 442 

of spike and N in purified SARS-CoV-2 virions, n=2. (d) Quantification of viral stock used in Fig. 443 

1 and 2 by TCID50/ml on Hea-ACE2 cells. (e) Ratio of TCID50/ml over E copies/ml for virus 444 

stocks from (d). (f) TCID50/ml of indicated virus stocks measured on ACE2-Hela or Calu-3 cells. 445 

(g-i) Calu-3 cells were infected with 2000 E copies/cell of the indicated variants. At 24hpi, cells 446 
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and culture supernatant were harvested to determine intracellular viral replication and virus 447 

release. (g) Intracellular replication (Cell) and viral release (Supernatant) was determined by 448 

quantification of E copies at 24hpi. (h) Correlation graph of intracellular E copies and virus 449 

released into supernatant at 24hpi. (i) Correlation of Nsp12 and E gene copies in supernatants 450 

from (g). (j) Correlation of Nsp12 and E copies in apical washes from HAEs infected with BA.2 451 

(blue) or BA.5 (purple) (samples from Fig. 4). Calu-3 cells were infected with 2000 E copies/cell 452 

and viral replication measured by (k) Nsp12 copies/¼g RNA or (l) Orf1a gRNA/GAPDH in cells 453 

from Fig. 1a. Viral replication measured by (m) Nsp12 copies/¼g RNA or (n) Orf1a gRNA/GAPDH 454 

in cells infected with 200 E copies/ml from Extended Data Fig. 2h. (o) E copies/Nsp12 copies ratio 455 

in Calu-3 cells over time calculated from three independent experiments. (p) IFNβ and (q) IFN»1/3 456 

levels detected in SARS-CoV-2 variant inoculum prepared from virus stocks prepped in Caco-2 457 

cells. 458 

For statistical comparison in a, b, k-q, one-way ANOVA with a Bonferroni post-test was used.  For 459 

a, b, groups were compared to DMSO. For k-o, groups were compared to BA.2 and colors indicate 460 

comparator (Delta, yellow; BA.1, blue; BA.4, purple; BA.5, pink). For f, groups were compared by 461 

paired Student’s t-Test. R2 and p-values in h-j were calculated using simple linear regression. 462 

Mean+/-SEM or individual datapoints are shown. hpi, hours post infection. gRNA, genomic RNA. 463 

*, p<0.05; **, p<0.01; ***, p<0.001; n.s., not significant. 464 

 465 

Extended Data Fig. 2. BA.5 displays enhanced innate immune antagonism during infection 466 

of airway epithelial cells. 467 

(a-d) Calu-3 infection with 2000 E copies/cell of BA.1 (blue; Ο), BA.2 (blue; Δ), BA.4 (purple; Ο) 468 

and BA.5 (purple; Δ), n=3. (a) Viral replication over time, n=3. (b) Viral replication of indicated 469 

variants in the presence or absence of 5¼M ruxolitinib at 48hpi, n=3. (c) IFNB, CXCL10, IFIT1, 470 

IFIT2 and RSAD2 expression at 24hpi, n=3. (d) Expression of IFNB and CXCL10 in the presence 471 

of ruxolitinib in cells from (c). (e-g) IFNβ-sensitivity of indicated variants during Calu-3 cell infection 472 
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at 2000 E copies/cell. (e) Infection levels measured by % N+ at 24hpi at the indicated 473 

concentrations of IFNβ, n=6. (f) Infection levels in cells from (e) at 0ng/ml IFNβ, n=6. (g) Infection 474 

levels from (e) normalized to 0ng/ml IFNβ for each variant, n=6. (h-m) Calu-3 infection with 200 475 

E copies/cell of Delta (yellow; Ο), BA.1 (blue; Ο), BA.2 (blue; Δ), BA.4 (purple; Ο) and BA.5 476 

(purple; Δ), n=3. (h) Viral replication over time measured by RT-qPCR for intracellular E copies. 477 

(i) Viral E copies at 2hpi in cells from (h). (j) Infections levels measured by nucleocapsid 478 

expression (% N+ by flow cytometry). (k) Viral replication of indicated variants in Calu-3 cells from 479 

(a) in the presence or absence of 5¼M ruxolitinib at 48hpi, n=3. (l) Expression of IFNB and 480 

CXCL10 in the presence of ruxolitinib in cells from (h). (m) Expression of IFNB, CXCL10 and 481 

IFIT1 in infected cells at 24hpi in cells from (h). (n) Fluorescence microscopy of Calu-3 cells 482 

infected at 2000 E copies/cell at 48hpi in the presence or absence of 5¼M ruxolitinib. Percentage 483 

infection quantified by dsRNA-positive cells is indicated per condition. Nucleocapsid, green; 484 

dsRNA, red; Hoechst33342, blue. Representative images shown. Scale bar, 50¼m. 485 

For statistical comparisons, one-way ANOVA and Dunnett’s post-test were used. Groups were 486 

compared as indicated or with BA.2. For e, comparisons were made against 0ng/ml IFNβ for each 487 

variant. Colors in a, g and h indicate comparator (Delta, yellow; BA.1, blue; BA.4, purple; BA.5, 488 

pink). Mean+/-SEM or individual datapoints are shown. hpi, hours post infection. *, p<0.05; **, 489 

p<0.01; ***, p<0.001; n.s., not significant. 490 

 491 

Extended Data Fig. 3. Entry and replication characteristics of Omicron subvariant BA.5. 492 

(a-d) Calu-3 cells were infected with 2000 E copies/cell at 37ºC or 32ºC, n=3. (a) Viral replication 493 

by RT-qPCR and (b) infection levels by flow cytometry at 24hpi. (c) IFNB and (d) CXCL10 494 

expression in cells from (a). (e) IFNB and CXCL10 expression in response to poly(I:C) transfection 495 

in Calu-3 cells at 24h of stimulation, n=2. (f-k) Primary bronchial human airway epithelial cells 496 

(HAEs) were infected with 1500 E copies/cell of the indicated variants at 37ºC or 32ºC, n=3. Viral 497 

replication was measured by (f) intracellular E copies at 72hpi and viral release of (g) BA.2, (h) 498 
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BA.4 and (i) BA.5 into apical washes over time. Relative expression of (j) IFNB and (k) CXCL10 499 

normalized to GAPDH in cells from (f). Fold changes are normalized to mock. 500 

Pairwise comparisons were performed using an unpaired two-tailed Student’s t-Test as indicated. 501 

For g-i, two-way ANOVA with a Bonferroni post test was used to compare temperatures at each 502 

time point. Mean+/-SEM or individual datapoints are shown. hpi, hours post infection. *, p<0.05; 503 

**, p<0.01; ***, p<0.001; n.s., not significant or exact p-value given (k). 504 

 505 

Extended Data Fig. 4. BA.5 efficiently expresses SARS-CoV-2 innate antagonists during 506 

airway epithelial cell infection. 507 

(a) Western blot of Calu-3 cells treated with poly(I:C), vehicle control lipofectamin2000 (L2K) or 508 

5¼M ruxolitinib where indicated.  STAT1-pY701, STAT1-pS727, total STAT1, IRF3-pS396, total 509 

IRF3, and β-Actin are shown at indicated time points. (b) Western blot of Orf6, N, spike/S2 and 510 

β-Actin at 48hpi in infected Calu-3 cells +/-5¼M ruxolitinib. Non-specific bands detected by 511 

polyclonal anti-spike primary antibody are indicated. (c-h) Quantification of viral protein 512 

expression from five independent western blots of infected Calu-3 cells at 48hpi +/-5¼M ruxolitinib. 513 

(c,d) Orf6, (e,f) N and (g,h) spike were normalized to β-Actin over BA.2. (i) Western blot of Orf6 514 

and N expression by HAEs infected with 1500 E copies/cell of BA.2 or BA.5 over time. (j) Western 515 

blot of Orf6, N, spike and β-Actin at 48hpi in Calu-3 cells infected with BA.1, BA.2 and two 516 

independent BA.5 isolates. (k,l) Calu-3 cells were infected with BA.1, BA.2 and two independent 517 

BA.5 isolates and (k) replication measured over time. (l) Expression of IFNB, CXCL10 and IFIT1 518 

is shown at 24hpi in cells from (k). (m) Western blot of Orf9b, Orf6, spike and β-Actin at 24hpi in 519 

Calu-3 cells infected with the indicated variants at 2000 E copies/cell. (n) Viral replication in Calu-520 

3 cells by RT-qPCR at 24hpi, n=3. (o) Orf6 and (p) N sgRNA expression in cells from (n), n=3. 521 

For c-h, l, n-o, one-way ANOVA with Dunnett’s post-test was used to compare BA.2 with other 522 

variants. For k, two-way ANOVA with a Bonferroni post-test was used to compare variants with 523 

BA.2 at each time point. Colors indicate comparator (BA.1, blue BA.5, purple; BA.5 (B), pink). 524 

.CC-BY 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted September 19, 2023. ; https://doi.org/10.1101/2022.07.12.499603doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.12.499603
http://creativecommons.org/licenses/by/4.0/


22 
 

Mean+/-SEM or individual datapoints are shown. hpi, hours post infection. sgRNA, subgenomic 525 

RNA. *, p<0.05; ***, p<0.001; n.s., not significant. 526 

 527 

Extended Data Fig. 5. Orf6 expression is a major determinant of enhanced innate immune 528 

antagonism by emerging VOCs. 529 

(a) Quantification of IRF3 translocation in Calu-3 cells infected with Alpha WT and ΔOrf6 detected 530 

by single-cell fluorescence microscopy over time. Data from 1500 cells/condition are shown. (b) 531 

IFNβ and CXCL10 secretion from infected Calu-3 cells measured at 48hpi, n=2. (c) Viral 532 

replication in the presence or absence of 5¼M ruxolitinib at 48hpi in cells from (Fig. 3a). (d) 533 

Primary bronchial human airway epithelial cells (HAEs) were infected with 1500 E copies/cell of 534 

the indicated variants in the presence or absence of 5¼M ruxolitinib, Intracellular E copies are 535 

shown (n=3). Apical washes are shown in Fig. 3e-g. (e, f) Infection of HAEs with BA.5 WT or BA.5 536 

ΔOrf6 with 1500 E copies/cell showing (e) viral release into apical washes over time or (f) IFNB 537 

and CXCL10 expression at 72hpi. 538 

For a, Kruskal-Wallis test was used to compare groups to mock at each time point. In b-d, one-539 

way ANOVA with Dunnett’s post-test was used to compare groups as indicated. For e, groups 540 

were compared at each time point using a two-way ANOVA with a Bonferroni post-test. Groups 541 

in f were compared by paired Student’s t-Test. *, p<0.05; **, p<0.01; ***, p<0.001; n.s., not 542 

significant. 543 

 544 

Extended Data Fig. 6. Innate immune phenotype of dominant Omicron subvariants. 545 

(a) Absolute global SARS-CoV-2 variant sequence counts over time, extracted from CoV-546 

Spectrum using genomic data from GISAID. (b) ACE2/TMPRSS2-A549 cells were infected with 547 

2000 Nsp12 copies/cell of the indicated SARS-CoV-2 variants in the presence of DMSO, 25¼M 548 

E45d or 25¼M camostat. Infection levels were determined by N-positivity at 24hpi. (c-e) SARS-549 

CoV-2 Omicron subvariants infection of Calu-3 cells determined by N-positivity over time for the 550 
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indicated subvariants in cells from Fig. 4b-d with (c) BA.2.75 (yellow; Ο), (d) XBB-subvariants 551 

(XBB.1: light red, Ο; XBB.1 (B): red, Δ; XBB.1.5: dark red, □) and (e) BQ.1.1 (BQ.1.1: light green, 552 

Ο; BQ.1.1 (B): dark green, Δ) isolates shown. (f) Infection levels of indicated variants in Calu-3 553 

cells in the presence or absence of 5¼M ruxolitinib at 48hpi in cells from Fig. 4h. (g-i) Primary 554 

bronchial human airway epithelial cells (HAEs) were infected with 1500 E copies/cell of the 555 

indicated variants. Viral replication was measured by viral release into apical washes over time in 556 

cells from Fig. 4e. (g) BA.2.75, (h) XBB-subvariants and (i) BQ.1.1 isolates are shown compared 557 

to BA.2 (blue) and BA.5 (purple). Quantification of two independent western blots showing (j) 558 

STAT1-pY701, (k) total IRF3 and (l) total STAT1 over β-Actin at 24hpi. 559 

For b, treatments were compared to DMSO for each variant using one-way ANOVA and Dunnett’s 560 

post-test. For c-i, variant infection levels were compared to BA.2 at each time point by two-way 561 

ANOVA and Bonferroni post-test. Colors indicate comparator (BA.5, purple; BA.2.75, yellow; 562 

XBB.1, light red; XBB.1 (B), red; XBB.1.5, dark red; BQ.1.1, light green; BQ.1.1 (B), dark green). 563 

Mean+/-SEM or individual datapoints are shown. hpi, hours post infection. *, p<0.05; **, p<0.01; 564 

***, p<0.001; n.s., not significant. 565 

 566 

Extended Data Table 1. Orf6 mutations detected in the Omicron subvariants  567 

 568 

Extended Data Table 2. Nucleocapsid (N) mutations detected in the Omicron subvariants 569 

 570 

Methods 571 

Cell culture 572 
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Calu-3 cells were purchased from AddexBio (C0016001), Caco-2 cells were a kind gift from Dalan 573 

Bailey (Pirbright Institute), Hela-ACE2 cells were a gift from James E Voss62 and A459 cells 574 

expressing ACE2 and TMPRSS2 were a kind gift from Massimo Palmarini 19.Cell lines were 575 

cultured in Dulbecco’s modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated 576 

FBS (Labtech) and 100U/ml penicillin/streptomycin. Cells were passaged at 80-90% confluence. 577 

For infections, Calu-3 and Caco-2 cells were seeded at 2x105 cells/ml and Hela-ACE2 cells at 578 

1x105 cells/ml and grown to 60-80% confluence for experiments15,16. Primary normal (healthy) 579 

bronchial epithelial (NHBE-A) cells from two independent donors were cultured for five to seven 580 

passages and differentiated at an air-liquid interface as previously described15. After 21-24 days 581 

of differentiation, cells were used in infection experiments. 582 

Viruses 583 

SARS-CoV-2 lineages Alpha (B.1.1.7), Delta (B.1.617.2)18 and Omicron (lineage 584 

B.1.1.529.1/BA.1, lineage B.1.1.529.2/BA.2, lineage BA.2.75 (BA.2.75.3) lineage BQ.1.1 585 

(BQ.1.1.1), lineage XBB.1) isolates were a gift from Wendy Barclay (Imperial College London, 586 

UK). Omicron BA.4 (lineage B.1.1.529.4), BA.5 (lineage B.1.1.529.5), BQ.1.1 (B) (BQ.1.1.15) and 587 

lineage XBB.1.5 (XBB.1.5.13) were a gift from Alex Sigal and Khadija Khan (Africa Health 588 

Research Institute, Durban, South Africa)5,13. SARS-CoV-2 BA.5 (B) (SARS-CoV-589 

2/Norway/20365/2022) was obtained from the Norwegian Institute of Public Health, Oslo, Norway. 590 

Omicron isolate identity was confirmed by full genome sequencing and assigned by Nextclade 591 

v.2.14.1 (https://clades.nextstrain.org)63,64 . Alpha Orf6 deletion virus (Alpha ∆Orf6) was achieved 592 

by mutation of the first two methionines: M1L (A27216T) and M19L (A27200T). Reverse genetics 593 

derived viruses were generated as previously described65,66. In brief, to generate the WT SARS-594 

CoV-2 Alpha variant, a set of overlapping viral genomic cDNA fragments were chemically 595 

synthesized (GENEWIZ, Germany). The cDNA fragment representing the 5’ terminus of the viral 596 

genome contained the bacteriophage T7 RNA polymerase promoter and the fragment 597 
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representing the 3’ terminus contained the T7 RNA polymerase termination sequences. These 598 

fragments were then assembled into a full-length Alpha cDNA genome using the Transformation-599 

Associated Recombination (TAR) in yeast method65 . To generate the Alpha virus carrying the 600 

ATG codon changes (M1L and M19L) in its Orf6 gene (to generate Alpha ΔOrf6), the relevant 601 

cDNA fragments were chemically synthesized (Thermofisher, UK) and the mutant viral genome 602 

assembled using TAR in yeast as described above. We similarly generated WT BA.5, BA.5 ΔOrf6 603 

(carrying M1L and M19L changes), and BA.5 Orf6 D61L (generated by introducing the GAT→CTC 604 

nucleotide change found in BA.2) using TAR in yeast except that the assembled cDNA genomes 605 

were placed under the control of the human cytomegalovirus promoter and the relevant 606 

termination sequences. The assembled WT and Orf6 null mutant genomes were transfected into 607 

BHK-hACE2-N cells stably expressing the SARS-CoV-2 N and the human ACE2 gene for virus 608 

rescue67. The rescued viruses were passaged once (P1 stock) in Vero.E6 cells and their full 609 

genomes sequenced using Oxford Nanopore as previously described 68. For Alpha and BA.5 the 610 

RG-derived viruses are referred to as WT, ΔOrf6 or Orf6 D61L to differentiate them from the 611 

clinically isolated viruses used in all other experiments. All viruses were propagated by infecting 612 

Caco-2 cells in DMEM culture medium supplemented with 1% FBS and 100U/ml 613 

penicillin/streptomycin at 37 °C as previously described15,16. Virus was collected at 72 hpi and 614 

clarified by centrifugation at 2,100xg for 15 min at 4°C to remove any cellular debris. Virus stocks 615 

were aliquoted and stored at −80 °C. Virus stocks were quantified by extracting RNA from 100 µl 616 

of supernatant with 1 µg/ml carrier RNA using Qiagen RNeasy clean-up RNA protocol, before 617 

measuring viral E RNA copies per ml by RT-qPCR15,16. For experiments including Omicron 618 

subvariants XBB.1 and BQ.1.1, stocks and viral replication were quantified using Nsp12 RNA 619 

copies due to accumulation of mutations in the E gene of these variants, including in the region 620 

detected by our RT-qPCR assay. Virus titres were determined by TCID50 in Hela-ACE2 cells. 104 621 

cells were seeded in 96-well plates in 100¼l. The next day, seven 10-fold serial dilutions of each 622 

virus stock or supernatant were prepared and 50 µl added to the cells in quadruplicate. Cytopathic 623 
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effect (CPE) was scored at 48-72hpi. TCID50 per ml was calculated using the Reed & Muench 624 

method, and an Excel spreadsheet created by B. D. Lindenbach was used for calculating TCID50 625 

per ml values69.  626 

To generate SARS-CoV-2 lineage frequency plots for BA.1, BA.2, BA.4, BA.5, BA.2.75, BQ.1.1, 627 

XBB.1 and XBB.1.5 (Fig. 4a and Extended Data Fig. 6a), respective sequence counts were 628 

extracted from CoV-Spectrum (cov-spectrum.org)70 using genomic data from GSAID71. 629 

Virus culture and infection 630 

For infections, inoculum was calculated using E copies per cell quantified by RT-qPCR. Cells 631 

were inoculated with indicated variants for 2h at 37°C, subsequently washed with PBS and fresh 632 

DMEM culture medium supplemented with 1% FBS and 100U/ml penicillin/streptomycin was 633 

added. At the indicated time points, cells were collected for analysis. For primary HAE infections, 634 

virus was added to the apical side for 2-3 h at 37°C. Supernatant was then removed and cells 635 

were washed twice with PBS. All liquid was removed from the apical side and basal medium was 636 

replaced with fresh Pneumacult ALI medium for the duration of the experiment. Virus release was 637 

measured at the indicated time points by extracting viral RNA from apical PBS washes. For 638 

poly(I:C) (Peprotech) stimulations, cells were transfected with poly(I:C) using lipofectamine2000 639 

(InvitroGen) in Opti-Mem (Thermo) for the indicated times. For IFN-sensitivity assays, cells were 640 

pre-treated with indicated concentrations or recombinant human IFNβ (Peprotech) for 18h before 641 

infection. Cytokines were maintained throughout the experiment. For inhibition assays, cells were 642 

pre-treated with 5 ¼M Ruxolitinib (Cambridge Bioscience), 25¼M camostat (Apexbio), 25¼M E64d 643 

(Focus Biomolecules) or DMSO control for 2-3h before SARS-CoV-2 infection. Inhibitors were 644 

maintained throughout the infection. 645 

RT-qPCR of host and viral gene expression in infected cells  646 
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Infected cells were lysed in RLT (Qiagen) supplemented with 0.1% beta-mercaptoethanol 647 

(Sigma). RNA extractions were performed according to the manufacturer’s instructions using 648 

RNeasy Micro Kits (Qiagen) including on-column DNAse I treatment (Qiagen). cDNA was 649 

synthesized using SuperScript IV (Thermo) with random hexamer primers (Thermo). RT-qPCR 650 

was performed using Fast SYBR Green Master Mix (Thermo) for host gene expression and 651 

subgenomic RNA expression or TaqMan Master mix (Thermo Fisher Scientific) for viral RNA 652 

quantification, and reactions were performed on the QuantStudio 5 Real-Time PCR systems 653 

(Thermo Fisher Scientific). Viral E RNA copies were determined as described previously15,16. Viral 654 

subgenomic RNAs were detected using the same forward primer against the leader sequence 655 

paired with a sgRNA specific reverse primer16,72,73. Using the 2−ΔΔCt method, sgRNA levels were 656 

normalized to GAPDH to account for differences in RNA loading and then normalized to the level 657 

of Orf1a gRNA quantified in the same way for each variant to account for differences in the level 658 

of infection. Host gene expression was determined using the 2−ΔΔCt method and normalized to 659 

GAPDH expression. The following probes and primers were used: 660 

GAPDH fw: 5’-ACATCGCTCAGACACCATG-3', rv: 5’-TGTAGTTGAGGTCAATGAAGGG-3'; 661 

IFNB fw: 5’-GCTTGGATTCCTACAAAGAAGCA-3’, rv: 5’-ATAGATGGTCAATGCGGCGTC-3’; 662 

CXCL10 fw: 5’-TGGCATTCAAGGAGTACCTC-3’, rv: 5’-TTGTAGCAATGATCTCAACACG-3’; 663 

IFIT1 fw: 5’-CCTCCTTGGGTTCGTCTACA-3’, rv: 5’-GGCTGATATCTGGGTGCCTA-3’; IFIT2 fw: 664 

5′-CAGCTGAGAATTGCACTGCAA-3′, rv: 5′-CGTAGGCTGCTCTCCAAGGA-3′; MX1 fw: 5′-665 

ATCCTGGGATTTTGGGGCTT-3′, rv: 5′-CCGCTTGTCGCTGGTGTCG-3′; MX2 fw: 5’-666 

CAGCCACCACCAGGAAAC-3’, rv 5’-TTCTGCTCGTACTGGCTGTACAG-3’, RSAD2 fw:  5′-667 

CTGTCCGCTGGAAAGTG-3′, rv: 5′-GCTTCTTCTACACCAACATCC-3′; DDX58 fw: 5’-668 

CTGGACCCTACCTACATCCTG-3’, rv: 5’-GGCATCCAAAAAGCCACGG-3’. SARS-CoV-2 E 669 

Sarbeco fw: 5′- CGTTAATAGTTAATAGCGTACTTCTTTTTC-3′; SARS-CoV-2 E Sarbeco 670 

Probe1: 5′-FAM-ACACTAGCCATCCTTACTGCGCTTCG-TAMRA-3′; SARS-CoV-2 E Sarbeco rv 671 
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5′-ATATTGCAGCAGTACGCACACA-3′; SARS-CoV-2 Nsp12 fw: 5’-672 

GAGTGAAATGGTCATGTGTGG-3’; SARS-CoV-2 Nsp12 rv: 5’-673 

CATTGGCCGTGACAGCTTGAC-3’; SARS-CoV-2 Nsp12 Probe: 5’-674 

CTCATCAGGAGATGCCACAACTGCTTATGCTAATAG-3’;5′ Leader fw: 5’-675 

ACCAACCAACTTTCGATCTCTTGT-3’; Orf1a rv: 5’-CCTCCACGGAGTCTCCAAAG-3’; Orf6 676 

rv:GAGGTTTATGATGTAATCAAGATTC; N rv: 5’-CCAGTTGAATCTGAGGGTCCAC-3’; Orf3a 677 

rv: 5’-GCAGTAGCGCGAACAAAAT-3’. S rv: 5’-GTCAGGGTAATAAACACCACGTG-3’. 678 

Flow cytometry 679 

Adherent cells were trypsinized and fixed in 4% formaldehyde prior to intracellular staining for 680 

SARS-CoV-2 nucleocapsid (N) protein. For N detection, cells were permeabilized for 15 min with 681 

Intracellular Staining Perm Wash Buffer (BioLegend) and subsequently incubated with 1¼g/ml 682 

CR3009 SARS-CoV-2 cross-reactive antibody (a gift from Laura McCoy) for 30 min at room 683 

temperature. Primary antibodies were detected by incubation with secondary Alexa Fluor 488-684 

Donkey-anti-Human IgG (Jackson Labs). All samples were acquired on a BD Fortessa X20 or 685 

LSR II using BD FACSDiva software. Data was analyzed using FlowJo v10.6.2 (Tree Star). 686 

Cytokine secretion 687 

Secreted mediators were detected in cell culture supernatants by ELISA. IFNβ, IFN»1/3 and 688 

CXCL10 were measured using Human IFN-beta Quantikine ELISA Kit, Human IL-29/IL-28B (IFN-689 

lambda 1/3) DuoSet ELISA or Human CXCL10/IP-10 DuoSet ELISA reagents (biotechne R&D 690 

systems) according to the manufacturer’s instructions. 691 

Western blotting 692 

For detection of N, Orf6, Orf9b, spike and β-actin expression, whole-cell protein lysates were 693 

extracted with RIPA buffer, and then separated by SDS–PAGE, transferred onto nitrocellulose 694 
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and blocked in PBS with 0.05% Tween 20 and 5% skimmed milk. Membranes were probed with 695 

rabbit-anti-SARS spike (Invitrogen, PA1-411-1165), mouse-anti-SARS-CoV-2 spike (GeneTex 696 

1A9), rabbit-anti-Orf6 (Abnova, PAB31757), rabbit-anti-Orf9b (ProSci, 9191), Cr3009 SARS-CoV 697 

cross-reactive human-anti-N antibody (a gift from Laura McCoy, UCL), rabbit-anti-phospho-698 

STAT1 (Ser727) (CellSignaling, Cat # 9177), rabbit-anti-phospho STAT1 (Tyr 701) (CellSignaling, 699 

Cat# 9167, clone 58D6), rabbit-anti-STAT1 (CellSignaling, Cat# 9172), anit-rabbit-IRF3 700 

(CellSignaling, Cat# 4302), rabbit-anti-phospho IRF3 (CellSignaling, Cat# 29047, clone D6O1M) 701 

and rabbit-anti-beta-actin (SIGMA), followed by IRDye 800CW or 680RD secondary antibodies 702 

(Abcam, goat anti-rabbit, goat anti-mouse or goat anti-human). Blots were imaged using an 703 

Odyssey Infrared Imager (LI-COR Biosciences) and analyzed with Image Studio Lite software. 704 

For virion blots, live virus normalized by equal total E copies was purified across a 25% sucrose 705 

cushion and concentrated by centrifugation (2h 16500xg, 40C). 706 

Immunofluorescence staining and image analysis 707 

Infected cells were fixed using 4% PFA/formaldehyde for 1h at room temperature and 708 

subsequently washed with PBS. A blocking step was carried out for 35h at room temperature with 709 

10% goat serum/1%BSA/0.001 Triton-TX100 in PBS. dsRNA and nucleocapsid detection were 710 

performed by primary incubation with rabbit-anti-IRF3 antibody (sc-33641, Santa Cruz), rabbit-711 

anti-STAT-1 (D1K9Y, Abcam), mouse-anti-dsRNA (MABE1134, Millipore) and Cr3009 SARS-712 

CoV cross-reactive human-anti-N antibodies for 18h and washed thoroughly in PBS. Primary 713 

antibodies detection occurred using secondary anti-rabbit-AlexaFluor-488. anti-mouse-714 

AlexaFluor-568 and anti-human-Alexa647 conjugates (Jackson ImmunoResearch) for 1h. All 715 

cells were labeled with Hoechst33342 (H3570, Thermo Fisher). Images were acquired using the 716 

WiScan® Hermes 7-Colour High-Content Imaging System (IDEA Bio-Medical, Rehovot, Israel) at 717 

magnification 10X/0.4NA. Four channel automated acquisition was carried out sequentially. 718 

Images were acquired across a well area density resulting in 31 FOV/well and ~20,000 cells. 719 
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Images were pre-processed by applying a batch rolling ball background correction in FIJI ImageJ 720 

software package74 prior to quantification. IRF3 and STAT1 translocation analysis was carried out 721 

using the Athena Image analysis software (IDEA Bio-Medical, Rehovot, Israel) and data post-722 

processed in Python. For dsRNA, Infected cell populations were determined by thresholding of 723 

populations with greater than 2 segmented dsRNA punctae. For transcription factor translocation 724 

analysis, infected populations were determined by presence of segmented nucleocapsid signal 725 

within the cell. 726 

Statistical analysis 727 

Statistical analysis was performed using GraphPad Prism9 and details of statistical test used are 728 

indicated. Data shows mean +/- SEM with significant differences or exact p-values indicated in 729 

the figures. Significance levels were defined as follows: *, p < 0.05; **, p < 0.01 and ***, p < 0.001. 730 

Data availability 731 

All data generated or analyzed during this study are included in this manuscript (and its 732 

supplementary information files). No new algorithms were developed for this project. 733 
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Fig. 1. BA.5 displays enhanced innate immune antagonism during infection of airway epithelial cells.

(a-f) Calu-3 infection with 2000 E copies/cell of Delta (yellow; Ο), BA.1 (blue; Ο), BA.2 (blue; Δ), BA.4 (purple; Ο) and BA.5

(purple; Δ), n=3. (a) Mean viral E copies at 2hpi across 3 independent experiments at 2000 E copies/cell. (b) Viral replication

over time measured by RT-qPCR for intracellular E copies. (c) Infection levels measured by nucleocapsid expression (% N+ by

flow cytometry). (d) Expression of IFNB, CXCL10, IFIT1, IFIT2, RSAD2, MX1, MX2 and DDX58 in infected cells over time. (e)

IFNβ and (f) CXCL10 secretion from infected Calu-3 cells measured by ELISA at 48hpi. (g) Rescue of viral replication by JAK1-

inhibitor ruxolitinib in Calu-3 cells at 48hpi at 2000 E copies/cell. Shown are the relative infection levels across three

independent experiments determined by E copies/μg RNA normalized to the median infection level of the untreated control. (h-k)

Primary bronchial human airway epithelial cells (HAEs) were infected with 1500 E copies/cell of the indicated variants, n=3. Viral

replication was measured by (h) intracellular E copies at 72hpi and (i) viral release into apical washes over time. (j) Intracellular

viral E copies in HAEs in the presence or absence of ruxolitinib at 72hpi. (k) Expression of IFNB, CXCL10, IFIT1, IFIT2, DDX58

and RSAD2 in cells from (j). Fold changes are normalized to mock at (d) 2hpi or (k) 72hpi.

For statistical comparisons one-way ANOVA with Dunnett’s post-test was used to compare all variants at 2hpi in (a) or to

compare BA.2 with other variants at 24 and 48hpi respectively (b-f). Colors indicate comparator (Delta, yellow; BA.1, blue; BA.4,

purple; BA.5, pink). For g and j, indicated comparisons were performed using an unpaired one-tailed Student’s t-Test. For h and

k, indicated comparisons were performed using one-way ANOVA with Dunnett’s post-test. For i, Two-way ANOVA with

Bonferroni post-test were used to compare variants against BA.2. Mean+/-SEM or individual datapoints are shown. hpi, hours

post infection. *, p<0.05 ; **, p<0.01; ***, p<0.001; n.s., not significant or exact p-value given (k).
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Fig. 2. BA.5 efficiently expresses SARS-CoV-2 innate antagonists during airway epithelial cell infection.

Calu-3 cells were infected with 2000 E copies/cell of the indicated variants. (a) Western blot of STAT1-pY701, STAT1-pS727, total

STAT1, IRF3-pS396, total IRF3, and β-Actin at 24hpi. (b-f) Quantification of four independent western blots showing (b) P-IRF3,

(c) IRF3, (d) STAT1-pS727 (e) STAT1-pY701 and (f) STAT1 over β-Actin at 24hpi. (g) Quantification of STAT1 translocation

detected by single-cell fluorescence microscopy over time in Calu-3 cells infected with the indicated variants at 2000 E copies/cell.

In infected cultures, translocation was determined in N+ cells. Data from 1500 cells/condition are shown. (h) Viral replication at

48hpi. (i) Representative western blot of Orf6, N, spike/S2 and β-Actin at 48hpi in infected cells +/-5μM ruxolitinib. Non-specific

bands detected by polyclonal anti-spike primary antibody are indicated (see Extended Data Fig. 2a for Mock). (j-m) Quantification

of Orf6 and N expression from five independent western blots of Calu-3 cells in the absence (j, Orf6; k, N) or presence of 5μM
ruxolitinib (l, Orf6; m, N), normalized to spike over BA.2. (n-q) sgRNA expression of (n) Orf6, (o) N, (p) spike and (q) Orf3a

normalized to Orf1a genomic RNA in Calu-3 cells at 48hpi, n=9. (r) Western blot of Calu-3 cells infected with Delta, BA.1, BA.2,

BA.4 and BA.5 at 2000 E copies/cell showing Orf9b, Orf6, N and β-Actin expression at 48hpi+5μM ruxolitinib.

For b-f, h, j-q, one-way ANOVA with Dunnett’s post-test was used to compare BA.2 with other variants. For g Kruskal-Wallis test

was used to compare groups at 24hpi and 48hpi. Mean+/-SEM or individual datapoints are shown. hpi, hours post infection.

sgRNA, subgenomic RNA. *, p<0.05 ; ***, p<0.001; n.s., not significant.
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Fig. 3. Orf6 expression is a major determinant of enhanced innate immune antagonism by emerging VOCs.

(a) Replication of reverse genetic (RG) viruses parental Alpha WT and ΔOrf6 in Calu-3 cells infected with 2000 E copies/cell over

time, n=3. (b) Western blot of RG virus infections in Calu-3 cells at 24hpi for spike, N, Orf6 and β-Actin +/-5μM ruxolitinib. (c)

Quantification of IRF3 translocation detected by single-cell fluorescence microscopy over time. In infected cultures, translocation

was determined in N+ cells. Data from 1500 cells/condition are shown. (d) IFNB and CXCL10 expression in cells from (a) over time,

n=3. (e-i) Primary bronchial human airway epithelial cells (HAEs) were infected with 1500 E copies/cell of the indicated variants in

the presence or absence of 5μM ruxolitinib, n=3. Viral replication was measured by (e) viral release into apical washes over time.

Replication measured by apical release in HAEs infected with (f) Alpha WT or (g) ΔOrf6 in the presence or absence of 5μM
ruxolitinib. (h) IFNB and CXCL10 expression in cells from (e). (i) Replication of RG viruses BA.5 WT, ΔOrf6 and Orf6 D61L isolates

in Calu-3 cells infected with 2000 E copies/cell over time. (j) Western blot of RG virus infections in Calu-3 cells at 24hpi for spike, N,

Orf6 and β-Actin. (k) IFNB expression in cells from (i) over time. (l) Expression of IFNB, CXCL10 and IFIT1 in Calu-3 cells at 24hpi

with 2000 E copies/cell of the indicated viruses. (m) Western blot of STAT1-pY701, STAT1-pS727, total STAT1, IRF3-pS396, total

IRF3, and β-Actin at 24hpi. Quantification of four independent western blots showing (n) IRF3-pS396, (o) total IRF3, (p) STAT1-

pS727, (q) STAT1-pY701 and (r) total STAT1 over β-Actin at 24hpi. Quantification of (s) IRF3 and (t) STAT1 translocation detected

by single-cell fluorescence microscopy over time. In infected cultures, translocation was determined in N+ cells. Data from 1500

cells/condition are shown. (u, v) Replication of BA.5 WT and ΔOrf6 in HAEs infected with 1500 E copies/cell in the (u) absence or

(v) presence of 5μM ruxolitinib. Quantification of (w) IRF3 and (x) STAT1 translocation detected by single-cell fluorescence

microscopy over time in Calu-3 cells stimulated with poly(I:C) or vehicle Lipofectamine2000 (L2K). Data from 1500 cells/condition

are shown.

For indicated statistical comparisons at each time point in a, d-I, m, o-s, v and w one-way ANOVA with Dunnett’s post-test was

used. In c, x and y, groups were compared by Kruskal-Wallis test at each time point. For j and l, RG mutants were compared to WT

using a two-way ANOVA and Bonferroni post-test. Colors indicate comparator (BA.5 ΔOrf6, purple; BA.5 Orf6 D61L, light pink).

Mean+/-SEM or individual datapoints are shown. hpi, hours post infection. *, p<0.05 ; **, p<0.01; ***, p<0.001; n.s., not significant.
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Figure 4

Fig. 4. Innate immune phenotype of dominant Omicron subvariants.

(a) Global SARS-CoV-2 variant sequence counts over time (scaled per variant), extracted from CoV-Spectrum using genomic

data from GISAID. (b-d) Calu-3 cells were infected with 2000 Nsp12 copies/cell. Replication of Omicron subvariants compared

to BA.2 (blue) and BA.5 (purple) measured by Nsp12 copies/μg RNA is shown for (b) BA.2.75 (yellow; Ο), (c) XBB-subvariants

(XBB.1: light red, Ο; XBB.1 (B): red, Δ; XBB.1.5: dark red, □) and (d) BQ.1.1 (BQ.1.1: light green, Ο; BQ.1.1 (B): dark green, Δ)
isolates. (e) HAEs were infected with 1500 Nsp12 copies/cell and intracellular Nsp12 copies measured at 72hpi. (f) IFNB and

(g) CXCL10 expression in Calu-3 cells infected with 2000 Nsp12 copies/cell of the indicated Omicron subvariants at 24hpi. (h)

Viral replication of indicated variants in Calu-3 cells in the presence or absence of 5μM ruxolitinib at 48hpi. Numbers indicate

fold change in replication in the presence of 5μM ruxolitinib. (i,j) Western blot of Orf6, N, spike and β-Actin at 48hpi in infected

Calu-3 cells from (b-d) in the (i) absence or (j) presence of 5μM ruxolitinib. (k) Western blot of STAT1-pY701, STAT1-pS727,

total STAT1, IRF3-pS396, total IRF3, and β-Actin in Calu-3 cells at 24hpi. Quantification of two independent western blots

showing (l) IRF3-pS396 and (m) STAT1-pS727 over β-Actin at 24hpi.

For b-d, variant replication was compared to BA.2 at each time point using a two-way ANOVA and Bonferroni post-test. Colors

indicate comparator (BA.5, purple; BA.2.75, yellow; XBB.1, light red; XBB.1 (B), red; XBB.1.5, dark red; BQ.1.1, light green;

BQ.1.1 (B), dark green). For e-g, one-way ANOVA with Dunnett’s post-test was used to compare all variants to BA.2.

Mean+/-SEM or individual datapoints are shown. hpi, hours post infection. *, p<0.05 ; **, p<0.01; ***, p<0.001; n.s., not

significant.
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Extended Data Figure 1
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Extended Data Fig. 1. Replication measurements of SARS-CoV-2 variants.

(a) Calu-3 and (b) Hela-ACE2 cells were infected with 1000 E copies/cell of the indicated variants in the presence of DMSO (-),

25¼M E64d or 25¼M camostat. Infection levels were measured at 24hpi by nucleocapsid expression (% N+ by flow cytometry),

n=3. (c) Representative western blot of spike and N in purified SARS-CoV-2 virions, n=2. (d) Quantification of viral stock used in

Fig. 1 and 2 by TCID50/ml on Hea-ACE2 cells. (e) Ratio of TCID50/ml over E copies/ml for virus stocks from (d). (f) TCID50/ml of

indicated virus stocks measured on ACE2-Hela or Calu-3 cells. (g-i) Calu-3 cells were infected with 2000 E copies/cell of the

indicated variants. At 24hpi, cells and culture supernatant were harvested to determine intracellular viral replication and virus

release. (g) Intracellular replication (Cell) and viral release (Supernatant) was determined by quantification of E copies at 24hpi.

(h) Correlation graph of intracellular E copies and virus released into supernatant at 24hpi. (i) Correlation of Nsp12 and E gene

copies in supernatants from (g). (j) Correlation of Nsp12 and E copies in apical washes from HAEs infected with BA.2 (blue) or

BA.5 (purple) (samples from Fig. 4). Calu-3 cells were infected with 2000 E copies/cell and viral replication measured by (k)

Nsp12 copies/¼g RNA or (l) Orf1a gRNA/GAPDH in cells from Fig. 1a. Viral replication measured by (m) Nsp12 copies/¼g RNA or

(n) Orf1a gRNA/GAPDH in cells infected with 200 E copies/ml from Extended Data Fig. 2h. (o) E copies/Nsp12 copies ratio in

Calu-3 cells over time calculated from three independent experiments. (p) IFNβ and (q) IFN»1/3 levels detected in SARS-CoV-2

variant inoculum prepared from virus stocks prepped in Caco-2 cells.

For statistical comparison in a, b, k-q, one-way ANOVA with a Bonferroni post-test was used. For a, b, groups were compared to

DMSO. For k-o, groups were compared to BA.2 and colors indicate comparator (Delta, yellow; BA.1, blue; BA.4, purple; BA.5,

pink). For f, groups were compared by paired Student’s t-Test. R2 and p-values in h-j were calculated using simple linear

regression. Mean+/-SEM or individual datapoints are shown. hpi, hours post infection. gRNA, genomic RNA. *, p<0.05 ; **,

p<0.01; ***, p<0.001; n.s., not significant.
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Extended Data Fig. 2. BA.5 displays enhanced innate immune antagonism during infection of airway epithelial cells.

(a-d) Calu-3 infection with 2000 E copies/cell of BA.1 (blue; Ο), BA.2 (blue; Δ), BA.4 (purple; Ο) and BA.5 (purple; Δ), n=3. (a) Viral

replication over time, n=3. (b) Viral replication of indicated variants in the presence or absence of 5¼M ruxolitinib at 48hpi, n=3. (c)

IFNB, CXCL10, IFIT1, IFIT2 and RSAD2 expression at 24hpi, n=3. (d) Expression of IFNB and CXCL10 in the presence of

ruxolitinib in cells from (c). (e-g) IFNβ-sensitivity of indicated variants during Calu-3 cell infection at 2000 E copies/cell. (e) Infection

levels measured by % N+ at 24hpi at the indicated concentrations of IFNβ, n=6. (f) Infection levels in cells from (e) at 0ng/ml IFNβ,
n=6. (g) Infection levels from (e) normalized to 0ng/ml IFNβ for each variant, n=6. (h-m) Calu-3 infection with 200 E copies/cell of

Delta (yellow; Ο), BA.1 (blue; Ο), BA.2 (blue; Δ), BA.4 (purple; Ο) and BA.5 (purple; Δ), n=3. (h) Viral replication over time

measured by RT-qPCR for intracellular E copies. (i) Viral E copies at 2hpi in cells from (h). (j) Infections levels measured by

nucleocapsid expression (% N+ by flow cytometry). (k) Viral replication of indicated variants in Calu-3 cells from (a) in the presence

or absence of 5¼M ruxolitinib at 48hpi, n=3. (l) Expression of IFNB and CXCL10 in the presence of ruxolitinib in cells from (h). (m)

Expression of IFNB, CXCL10 and IFIT1 in infected cells at 24hpi in cells from (h). (n) Fluorescence microscopy of Calu-3 cells

infected at 2000 E copies/cell at 48hpi in the presence or absence of 5¼M ruxolitinib. Percentage infection quantified by dsRNA-

positive cells is indicated per condition. Nucleocapsid, green; dsRNA, red; Hoechst33342, blue. Representative images shown.

Scale bar, 50¼m.

For statistical comparisons, one-way ANOVA and Dunnett’s post-test were used. Groups were compared as indicated or with BA.2.

For e, comparisons were made against 0ng/ml IFNβ for each variant. Colors in a, g and h indicate comparator (Delta, yellow; BA.1,

blue; BA.4, purple; BA.5, pink). Mean+/-SEM or individual datapoints are shown. hpi, hours post infection. *, p<0.05 ; **, p<0.01; ***,

p<0.001; n.s., not significant.
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Extended Data Figure 3

c

d

Extended Data Fig. 3. Entry and replication characteristics of Omicron subvariant BA.5.

(a-d) Calu-3 cells were infected with 2000 E copies/cell at 37ºC or 32ºC, n=3. (a) Viral replication by RT-qPCR and (b) infection

levels by flow cytometry at 24hpi. (c) IFNB and (d) CXCL10 expression in cells from (a). (e) IFNB and CXCL10 expression in

response to poly(I:C) transfection in Calu-3 cells at 24h of stimulation, n=2. (f-k) Primary bronchial human airway epithelial cells

(HAEs) were infected with 1500 E copies/cell of the indicated variants at 37ºC or 32ºC, n=3. Viral replication was measured by (f)

intracellular E copies at 72hpi and viral release of (g) BA.2, (h) BA.4 and (i) BA.5 into apical washes over time. Relative expression

of (j) IFNB and (k) CXCL10 normalized to GAPDH in cells from (f). Fold changes are normalized to mock.

Pairwise comparisons were performed using an unpaired two-tailed Student’s t-Test as indicated. For g-i, two-way ANOVA with a

Bonferroni post test was used to compare temperatures at each time point. Mean+/-SEM or individual datapoints are shown. hpi,

hours post infection. *, p<0.05 ; **, p<0.01; ***, p<0.001; n.s., not significant or exact p-value given (k).
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d e

f

Extended Data Figure 4

g

c

Extended Data Fig. 4. BA.5 efficiently expresses SARS-CoV-2 innate antagonists during airway epithelial cell infection.

(a) Western blot of Calu-3 cells treated with poly(I:C), vehicle control lipofectamin2000 (L2K) or 5¼M ruxolitinib where indicated.

STAT1-pY701, STAT1-pS727, total STAT1, IRF3-pS396, total IRF3, and β-Actin are shown at indicated time points. (b) Western

blot of Orf6, N, spike/S2 and β-Actin at 48hpi in infected Calu-3 cells +/-5¼M ruxolitinib. Non-specific bands detected by polyclonal

anti-spike primary antibody are indicated. (c-h) Quantification of viral protein expression from five independent western blots of

infected Calu-3 cells at 48hpi +/-5¼M ruxolitinib. (c,d) Orf6, (e,f) N and (g,h) spike were normalized to β-Actin over BA.2. (i)

Western blot of Orf6 and N expression by HAEs infected with 1500 E copies/cell of BA.2 or BA.5 over time. (j) Western blot of

Orf6, N, spike and β-Actin at 48hpi in Calu-3 cells infected with BA.1, BA.2 and two independent BA.5 isolates. (k,l) Calu-3 cells

were infected with BA.1, BA.2 and two independent BA.5 isolates and (k) replication measured over time. (l) Expression of IFNB,

CXCL10 and IFIT1 is shown at 24hpi in cells from (k). (m) Western blot of Orf9b, Orf6, spike and β-Actin at 24hpi in Calu-3 cells

infected with the indicated variants at 2000 E copies/cell. (n) Viral replication in Calu-3 cells by RT-qPCR at 24hpi, n=3. (o) Orf6

and (p) N sgRNA expression in cells from (n), n=3.

For c-h, l, n-o, one-way ANOVA with Dunnett’s post-test was used to compare BA.2 with other variants. For k, two-way ANOVA

with a Bonferroni post-test was used to compare variants with BA.2 at each time point. Colors indicate comparator (BA.1, blue

BA.5, purple; BA.5 (B), pink). Mean+/-SEM or individual datapoints are shown. hpi, hours post infection. sgRNA, subgenomic

RNA. *, p<0.05 ; ***, p<0.001; n.s., not significant.
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Extended Data Fig. 5. Orf6 expression is a major determinant of enhanced innate immune antagonism by emerging VOCs.

(a) Quantification of IRF3 translocation in Calu-3 cells infected with Alpha WT and ΔOrf6 detected by single-cell fluorescence

microscopy over time. Data from 1500 cells/condition are shown. (b) IFNβ and CXCL10 secretion from infected Calu-3 cells

measured at 48hpi, n=2. (c) Viral replication in the presence or absence of 5¼M ruxolitinib at 48hpi in cells from (Fig. 3a). (d)

Primary bronchial human airway epithelial cells (HAEs) were infected with 1500 E copies/cell of the indicated variants in the

presence or absence of 5¼M ruxolitinib, Intracellular E copies are shown (n=3). Apical washes are shown in Fig. 3e-g. (e, f) Infection

of HAEs with BA.5 WT or BA.5 ΔOrf6 with 1500 E copies/cell showing (e) viral release into apical washes over time or (f) IFNB and

CXCL10 expression at 72hpi.

For a, Kruskal-Wallis test was used to compare groups to mock at each time point. In b-d, one-way ANOVA with Dunnett’s post-test

was used to compare groups as indicated. For e, groups were compared at each time point using a two-way ANOVA with a

Bonferroni post-test. Groups in f were compared by paired Student’s t-Test. *, p<0.05 ; **, p<0.01; ***, p<0.001; n.s., not significant.
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a b

c d

Extended Data Fig. 6. Innate immune phenotype of dominant Omicron subvariants.

(a) Absolute global SARS-CoV-2 variant sequence counts over time, extracted from CoV-Spectrum using genomic data from

GISAID. (b) ACE2/TMPRSS2-A549 cells were infected with 2000 Nsp12 copies/cell of the indicated SARS-CoV-2 variants in the

presence of DMSO, 25¼M E45d or 25¼M camostat. Infection levels were determined by N-positivity at 24hpi. (c-e) SARS-CoV-2

Omicron subvariants infection of Calu-3 cells determined by N-positivity over time for the indicated subvariants in cells from Fig.

4b-d with (c) BA.2.75 (yellow; Ο), (d) XBB-subvariants (XBB.1: light red, Ο; XBB.1 (B): red, Δ; XBB.1.5: dark red, □) and (e)

BQ.1.1 (BQ.1.1: light green, Ο; BQ.1.1 (B): dark green, Δ) isolates shown. (f) Infection levels of indicated variants in Calu-3 cells

in the presence or absence of 5¼M ruxolitinib at 48hpi in cells from Fig. 4h. (g-i) Primary bronchial human airway epithelial cells

(HAEs) were infected with 1500 E copies/cell of the indicated variants. Viral replication was measured by viral release into apical

washes over time in cells from Fig. 4e. (g) BA.2.75, (h) XBB-subvariants and (i) BQ.1.1 isolates are shown compared to BA.2

(blue) and BA.5 (purple). Quantification of two independent western blots showing (j) STAT1-pY701, (k) total IRF3 and (l) total

STAT1 over β-Actin at 24hpi.

For b, treatments were compared to DMSO for each variant using one-way ANOVA and Dunnett’s post-test. For c-i, variant

infection levels were compared to BA.2 at each time point by two-way ANOVA and Bonferroni post-test. Colors indicate

comparator (BA.5, purple; BA.2.75, yellow; XBB.1, light red; XBB.1 (B), red; XBB.1.5, dark red; BQ.1.1, light green; BQ.1.1 (B),

dark green). Mean+/-SEM or individual datapoints are shown. hpi, hours post infection. *, p<0.05 ; **, p<0.01; ***, p<0.001; n.s.,

not significant.
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Extended Data Table 1. Orf6 mutations detected in the Omicron subvariants  

 BA.1 BA.2 BA.4 BA.5 

A27259C (synonymous) + + + − 

G27382C, A27383T, T27384C (non-synonymous: D61L) 
− + + − 

Presence of Orf6 mutations in BA.1, BA.2, BA.4 and BA.5 at the indicated positions compared to the reference 
sequence hCoV-19/Wuhan/WIV04/2019 (WIV04) (EPI_ISL_402124). Nucleotide and (non-synonymous amino 
acid) changes indicated. No mutations were detected in the region of the M gene surrounding the Orf6 TRS at 
position 27041-27046 (core TRS ACGAAC). 
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Extended Data Table 2. Nucleocapsid (N) mutations detected in the Omicron 
subvariants  

 BA.1 BA.2 BA.4 BA.5 

C28311T (non-synonymous: P13L) + + + + 

A28330G (synonymous) − − − + 

A28363T (synonymous) + + + + 

Deletion 28364-28372 (31-33del) + + + + 

C28724T (non-synonymous: P151S) − − + − 

G28881A, G28882A (non-synonymous R203Kⴕ) + + + + 

G28883C (non-synonymous G204Rⴕ) + + + + 

A29510C (non-synonymous S413R) − + + + 

Presence of N mutations in BA.1, BA.2, BA.4 and BA.5 at the indicated positions compared to the reference 
sequence hCoV-19/Wuhan/WIV04/2019 (WIV04) (EPI_ISL_402124). Nucleotide and (non-synonymous amino 
acid) changes indicated. BA. 1, BA.2, BA.4 and BA.5 carry nucleotide substitution A28271T, changing their 
Kozak initiation context from adequate (A in −3, T in +4) to the weak (T in −3, T in +4) as previously described16. 
ⴕ The non-synonymous mutations R203K-G204R confer a partial TRS for N* sgRNA16. 

 

 
 
 
 
 
 
 
 
 
 
 

.CC-BY 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted September 19, 2023. ; https://doi.org/10.1101/2022.07.12.499603doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.12.499603
http://creativecommons.org/licenses/by/4.0/

	Reuschl et al Nat Micro resubmitted
	21302_1_supp_287836_s0994h_convrt
	Final_Extended_Data_Figures
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10

	Final_ExtendedDataTable1_2


