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ABSTRACT

A frequently repeated premise is that viruses evolve to become less pathogenic. This appears
also to be true for SARS-CoV-2, although the increased level of immunity in human populations
makes it difficult to distinguish between reduced intrinsic pathogenicity and increasing protective
immunity. The reduced pathogenicity of the omicron BA.1 sub-lineage compared to earlier
variants is well described and appears to be due to reduced utilization of TMPRRS2. That this
reduced pathogenicity remains true for omicron BA.5 was recently reported. In sharp contrast,
we show that a BA.5 isolate was significantly more pathogenic in K18-hACE2 mice than a BA.1
isolate, with BA.5 infection showing increased neurovirulence, encephalitis and mortality,
similar to that seen for an original ancestral isolate. BA.5 also infected human cortical brain
organoids to a greater extent than a BA.1 and original ancestral isolate. Neurons were the target
of infection, with increasing evidence of neuron infection in COVID-19 patients. These results
argue that while omicron virus may be associated with reduced respiratory symptoms, BA.5

shows increased neurovirulence compared to earlier omicron sub-variants.
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Introduction

The omicron variant of concern diverges considerably from earlier variants; the evolutionary
origins remain unclear, with the closest genetic ancestor dating back to mid-2020 2. Omicron
viruses have spread faster globally than any previous variants, and the BA.5 sub-lineage became
the dominant SARS-CoV-2 virus in many countries 4. Long COVID is now well described for
many variants of concern °, and also occurs after infection with BA.5 6. Neurological and
psychiatric manifestations represent a major component of COVID-19 and long COVID " and
these remain for patients infected with omicron viruses 13, although data specifically for BA.5
neurological manifestations has not yet emerged. The large number of changes in spike for
omicron and omicron sub-lineages has rendered vaccination *41¢, many monoclonal antibody
treatments 17, and prior exposure with other variants *8 less protective. Patients who experience
multiple SARS-CoV-2 infections are also at increased risk of acute and post-acute sequalae,
which include neurological manifestations *°.

There is strong evidence for brain abnormalities in COVID-19 patients 223, Encephalitis is
well documented, usually in hospitalized COVID-19 patients with severe disease, with
encephalitis predisposing to poor outcomes and a higher risk of mortality %242, The
mechanism(s) whereby brain pathology/immunopathology and/or neuropathology might manifest
in COVID-19 patients remains debatable, with the systemic cytokine storm and/or direct brain
infection likely involved 222732, A number of studies have now shown brain infection in
COVID-19 patients 3% with viral RNA or protein detected in the brains of 20-38% of patients
that died of COVID-19 33, A number of groups have also reported detection of viral RNA in
cerebrospinal fluid of COVID-19 patients “°-*4, including patients infected with omicron virus .

The K18-hACE2 mouse model represents a model of severe COVID-19 that significantly
recapitulates the lung pathology and inflammatory pathways seen in humans, and has been
widely used for assessing new interventions and for studying SARS-CoV-2 biology “6-%2.
Infection of K18-hACE2 mice with original ancestral isolates via intranasal inoculation, usually
results in fulminant and lethal brain infections, with virus likely entering the brain via the
olfactory epithelium, across the cribriform plate and into the olfactory bulb 4°4. This route of
entry into the brain may also be relevant for COVID-19 patients 3°:38:39.55-57,

Neurons represent a target of SARS-CoV-2 infection in brains of K18-hACE2 mice °*°¢ non-

human primates *’, and hamsters >°, with infection of neurons also observed in COVID-19
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73 patients 333", Reduced brain infection and the ensuing reduction in mortality after infection of
74  K18-hACE2 mice with omicron BA.1 5262 or BA.5 viruses 5354 has been viewed as evidence that
75  these viruses are intrinsically less pathogenic . Similarly, a chimeric original ancestral virus
76  containing a BA.1 spike showed 80% lethality in K18-hACE2 mice, whereas BA.1 infection was
77 non-lethal, arguing that non-spike proteins can carry determinants of pathogenicity 6’. The latter
78  contention is supported by other studies that do not involve mice 3%, Establishing lower

79  pathogenicity of new variants in humans populations is complicated by the rising levels of

80  protective immunity due to vaccinations and/or past infections 0, In vitro organoid systems

81  provide another method for evaluating pathogenicity, with infection of neurons in brain

82  organoids well described 3”172 and BA.2 showing enhanced replication "3, Infection of neurons
83  results in their demise "2, with type I IFN induction seen in some studies 2”2 but not others .
84 Evasion of anti-spike antibodies is likely the main driver of SARS-CoV-2 evolution, as the

85  majority of amino acid substitutions in new variants are in the spike protein "#". However,

86  changes in non-spike proteins are likely responsible for the increasing resistance to the anti-viral
87  activity of type I interferons seen for each new variant of concern %, with a sizable number of

88  SARS-CoV-2 non-spike proteins involved in suppressing these responses %°7°.

89 Herein we show that an omicron BA.1 isolate was significantly less pathogenic in K18-

90 hACE?2 than an original ancestral isolate, in agreement with previous reports -2, A recent

91  publication reports that this reduced pathogenicity remains true for omicron BA.5 3. In contrast,
92  when compared with BA.1, we found that a BA.5 isolate displayed increased pathogenicity in

93  K18-hACE2 mice, with rapid weight loss, brain infection and encephalitis, and mortality. In

94  addition, BA.5 productively infected human brain organoids significantly better than BA.1.

95  These results suggest that the omicron lineage is not evolving towards reduced pathogenicity,

96  with BA.5 showing increased neuropathology over BA.1.

97
98  Results
99
100  Omicron BA.5 is lethal in K18-hACE2 mice
101 Infection of K18-hACE2 mice with original ancestral isolates of SARS-CoV-2 is well

102 described and results in weight loss and mortality by =5 days post infection (dpi) >2°377%% Wwe

103  re-illustrate this phenomena herein using an original ancestral isolate (SARS-CoV-2qLpo2) and
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104  our K18-hACE2 mice, with the ethically defined end point of >20% weight loss reached by 4-5
105  days post infection (dpi) (Fig. 1a, Original). An omicron BA.1 isolate (SARS-CoV-2qimRro1) Was
106  substantially less virulent, with only 20% of mice showing weight loss >20% requiring

107  euthanasia by 9/10 dpi (Fig. 1a, Omicron BA.1; Supplementary Fig. 1a). The reduced

108  pathogenicity of BA.1 isolates in K18-hACE2 mice is consistent with previous reports 606267,
109 Infection of K18-hACE2 mice with an omicron BA.5 virus (SARS-CoV-2qimros) resulted in
110  severe weight loss requiring euthanasia in 100% of mice by 4-6 dpi (Fig. 1a, Omicron BA.5).
111 BA.5 infected mice also showing more overt symptoms than BA.1, with original ancestral isolate
112 showing slightly higher disease scores than BA.5 (Fig. 1b). Kaplan Meier plots illustrate a

113 highly significant difference between BA.5 and BA.1 (Fig. 1b, p=1.7x10?). Although mortality
114  from BA.5 was significantly delayed when compared with the original ancestral isolate

115  (p=0.003), the mean delay was only 0.88 days (Fig. 1c). These results contrast with a recent
116  publication reporting that the reduced pathogenicity of omicron sub lineages was retained for
117 BA5®,

118 On 5 dpi there were no significant differences in viral titers in lungs and nasal turbinates

119  between BA.1 and BA.5, whereas the original ancestral isolate had =2 logs higher lung titers and
120 =4 logs higher nasal turbinate titers (Fig. 1d, p<0.034 Kruskal-Wallis tests). Brain titers were
121 also ~4 logs higher on 5 dpi for the original ancestral isolate when compared with BA.5, with
122 BA.5 titers not significantly different from the BA.1 brain titers for the 3 mice that were

123 euthanized due to weight loss 9/10 dpi (Fig. 1d, Brains). However, consistent with previous

124 reports 881 the majority (80%) of BA.1 infected mice showed no symptoms, with no virus

125  detected in the brains of symptom-free animals (Fig. 1d, Brains).

126

127 Immunohistochemistry of BA.5 brain infection in K18-hACE2 mice

128 The fulminant brain infection seen after infection of K18-hACE2 mice with original ancestral
129  isolates is well described, with widespread infection of neurons in various brain regions,

130  including the cortex 490525458 A very similar pattern of brain infection was observed in our
131  hands using our K18-hACE2 mice and original ancestral isolate, with immunohistochemistry
132 (IHC) undertaken using a recently developed anti-spike monoclonal antibody >* (Supplementary
133 Fig. 2a).

134 IHC staining of brains of K18-hACE2 mice infected with BA.5 also showed widespread
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135 infection of neurons in the cortex, as well as the hippocampus and the hypothalamus (Fig. 2a,b).
136 Viral RNA/protein has been detected in the cortex of post-mortem COVID-patients %37, with
137  disruption of the hippocampus also reported 2282, The hypothalamus does not appear to be the
138 site of infection in COVID-19 patients 8, although the hypothalamic-pituitary axis does appear
139  to be affected 8. Viral antigen was also clearly evident in neural dendrites and axons (Fig. 2b),
140  with viral antigen staining in neurites previously shown in human brain organoids &°.

141 In the K18-hACE2 model, brain infection is generally associated with weight loss and

142 mortality 8 (generally via euthanasia after reaching ethically defined end points). Perhaps of
143 note, even low levels of IHC-detectable BA.5 infection was associated with weight loss that
144  required euthanasia (Supplementary Fig. 2b), illustrating that such fatal outcomes do not require
145  afulminant brain infection.

146

147  Lesions in the brains of BA.5 infected K18-hACE2 mice identified by H&E staining

148  The brains of BA.5 infected K18-hACE2 mice showed a number lesions that have also been
149  observed in COVID-19 patients and/or primate models. Neuron vacuolation (hydropic

150  degeneration) was clearly evident (Fig. 3a), and has been reported previously for infection of
151  K18-hACE2 mice with an original ancestral isolate “°, and was also observed in non-human

152 primate (NHP) model of SARS-CoV-2 infection 3L. The presence of viral antigen in the cortex
153  was associated with apoptosis (Supplementary Fig. 3) and a high intensity of H&E-detectable
154  lesions (primarily vacuolation), but was not associated with immune cell infiltrates

155  (Supplementary Fig. 4). The lack of infiltrates around areas of infection has also been noted in
156  COVID-19 patients *’. Perivascular cuffing (Fig. 3b) is well described in histological

157  examinations of brains from deceased COVID-19 patients 3839°6.87.88 - Other lesions observed in
158  the BA.5-infected K18-hACE2 mouse brains, that have also been described in post-mortem

159  COVID-19 patients, include perivascular edema (Fig. 3c) 81, microglial nodules (Fig. 3d)

160 38568892 and small hemorrhagic lesions (Fig. 3e) &%,

161

162  SARS-CoV-2 Omicron BA.S5 infects neurons in K18-hACE2 mice

163  Infection in the brains of K18.nACE2 mice with BA.5 is primarily located within the cortex as
164  revealed using S-protein immunocytochemistry (Fig. 4 a-f). We used co-staining with the

165  neuronal marker NeuN and SARS-CoV-2 S-protein which was mainly detected in neurons
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166  demonstrating that they are the primary target cells in K18-hACE2 mouse brains (Fig 4. a-f).
167  These neurons were predominantly found in layer 6 and are therefore likely pyramidal neurons.
168  Using super-resolution microscopy, we resolved S-protein within vesicular structures in the
169  neuronal cell bodies (Fig. 4 d-f insets). We also found low levels of S-protein in microglia

170  labelled with Ibal (Fig. 4 g-1). This suggests that microglia may also be infected, albeit at low
171 levels, or that actively phagocytose viral particles (Fig. 4 j-l insets). Furthermore, microglia
172 appear to be recruited to infected neurons and their processes making immediate contact with
173 infected cells (Fig. 4 J-l insets). Interestingly, we could not detect signs of infection of reactive

174  astrocytes labelled with GFAP in immediate proximity to infected neurons (Fig 4 m-r and insets).

175

176  RNA-Seq of BA.5-infected K18-hACE2 mouse brains

177  Mice were infected i.n. as in Fig. 1 (BA.5) and euthanized when weight loss reached the ethically
178  defined end point of *20% (Supplementary Fig. 5a). Control mice received the same i.n.

179  inoculation of UV-inactivated BA.5. Brains were examined by RNA-Seq (BioProject ID:

180  PRJINA911424), with the PCA plot shown in Supplementary Fig. 5b and viral reads in

181  Supplementary Fig. 5¢. Differentially expressed genes (DEGS) (g<0.05, n=437) were analyzed
182 by Ingenuity Pathway Analysis (IPA) %653 (Supplementary Table 1). Selected representative IPA
183  annotations, grouped by themes, are shown in Fig. 5. The dominant annotations illustrate a

184  cytokine storm, with the top cytokine Up Stream Regulators (USRs) including interferons both
185  type II (IFNy) and type I (IFNa2, IFNA1 IFNB1), as well as TNF, IL-1 and IL-6, all previously
186  well described for SARS-CoV-2 infections “6. The concordance for cytokine USRS for brain and
187  lung infection and for the different variants of concern was high (Supplementary Fig. 5d),

188  arguing that inflammatory response are generally very similar across different infected organs
189  and for different SARS-CoV-2 variants.

190 A large series of annotations were associated with leukocyte migration and activation

191  (Supplementary Table 1), with the top two overarching annotations shown (Fig. 5). These results
192  are consistent with the perivascular cuffing seen by H&E (Fig. 3b). An additional series of

193  neuropathology-associated annotations were also identified with high z-scores and significance
194  (Fig. 5, Neuropathology). Activation of microglia and vascular lesions (Fig. 5) were consistent
195  with the histological findings (Fig. 3b,c,d). Multiple sclerosis-like features, myelitis,

196  demyelination 4% and encephalitis %2426 are also features described for COVID-19 patients.
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197  Apoptosis of neurons was reported in the NHP model 3, with pyroptosis in the CNS of COVID-
198 19 patients also proposed %. Gene Set Enrichment Analyses (GSEAS) using gene sets provided
199  in MSigDB (=50,000 gene sets) and in Blood Transcription Modules *7, generated broadly

200 comparable results to those obtained from IPA (Supplementary Table 1). In addition, a

201  significant negative enrichment (negative NES) for olfactory neuroepithelium genes (MSigDB)
202 % was also identified (Fig. 5), suggesting loss of cells in this tissue in BA.5-infected mouse

203  brains.

204 In summary, the bioinformatic analyses suggest that BA.5-infected K18-hACE2 mouse brains
205  show typical SARS-CoV-2-associated inflammatory responses, with annotations consistent with
206  histological findings and studies in COVID-19 patients.

207

208  Human cortical brain organoids

209  Human, induced pluripotent cells (hiPSCs), derived from a primary dermal fibroblast line

210  (HDFa) from a normal human adult, were used to generate approximately spherical, ~2-3 mm
211 diameter, “mini-brains” using a rotating incubator (Supplementary Fig. 6a). Thirty day old

212 organoids were infected with either the original ancestral isolate, BA.1 or BA.5 (MOI~1) and
213 were cultured for 4 days. IHC illustrated that substantially more cells in the organoids were

214  infected by BA.5 than by the original ancestral virus (Fig. 6a). The small area infected with the
215  original ancestral isolate (Fig. 6a, Original, insert) corresponded to an area of the organoid with
216  IHC-detectable hACE2 staining (Supplementary Fig. 6b). Supernatants showed a significant
217  increase in viral titers after BA.5 infection over the 4 day period, and virus titer in the supernatant
218  was significantly higher for BA.5 compared to BA.1 at day 4 post infection (Fig. 6b). RNA-Seq
219  was undertaken on organoids 4 dpi and viral reads were ~25 fold higher for organoids infected
220  with BA.5 than those infected with an original ancestral isolate (Fig. 6c).

221 RNA-Seq of BA.5 infected human cortical brain organoids compared with uninfected
222 organoids provided 2390 DEGs (q<0.001), of which 575 were up-regulated genes

223 (Supplementary Table 2). RNA-Seq of original ancestral isolate-infected organoids provided
224 252 DEGs (g<0.001), of which 132 were up-regulated (Supplementary Table 2). Given the

225  higher level of infection, more DEGs might be expected for BA.5. Of the 132 up-regulated

226 DEGs, 118 were also identified in the BA.5 infected organoids (Fig. 6d), arguing that the original

227  ancestral is not inducing fundamentally different response in these organoids.
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228 The 2390 DEGs for BA.5 were analyzed by IPA (Supplementary Table 2), with

229  “Coronavirus Pathogenesis Pathway” identified as a top canonical pathway (Fig. 6e). The top
230 USRs were (i) PTPRR (a protein tyrosine phosphatase receptor), which was recently identified in
231  astudy of brains from SARS-CoV-2 infected hamsters and is associated with depression in

232 humans %, (ii) COPS5 (COP9 signalosome subunit 5), whose mRNA is bound by SARS-CoV-2
233 NSP9, perhaps resulting in suppression of host responses 1%, (iii) LARP1, a translational

234 repressor that binds SARS-CoV-2 RNA 1% (iv) ESR1 (nuclear estrogen receptor), which is

235  important for ACE2 expression 1%, (v) EGLIN, oxygen sensors that target HIF o subunits for
236  degradation, with HIF-1a promoting SARS-CoV-2 infection and inflammation 1%, IPA Diseases
237  and Functions feature identified a series of neuropathology-associated annotations, including a
238 motor dysfunction signature, with motor deficits documented for severe COVID-19 patients 2L,
239  Consistent with the IHC data, a series of signatures describe disruption and death of neurons

240  (Fig. 6e). No significant up-regulation of IFN, cytokine or inflammatory signatures was

241  identified after infection with BA.5.

242

243  Discussion

244 We show herein that a BA.5 isolate is more pathogenic in K18-hACE2 mice than a BA.1 isolate,
245  arguing that the reduced pathogenicity of omicron variants may not be retained by BA.5. Our
246  observation contrasts with a previous report %, but is consistent with recent hamster studies

247 104195 The COR-22 isolate used in the Uraki et al. study has two substitutions from the original
248  ancestral not seen in the QIMRO3 isolate used herein (Spike T761, NSP5 P252L). The QIMRO03
249  isolate (BE.1 sublineage) also has seven substitutions from the original ancestral not seen in

250 COR-22; NS3 (Orf3a) G49C and V48F, NSP3 A386T, NSP2 Q376K and 1273V, NSP13 M233l,
251 N E136D. To the best of our knowledge no pertinent activities have been ascribed to these

252 substitutions, although N, NSP3 and NSP13 are involved in suppression of type | IFN responses
253 8 which may provide an explanation for differences between COR-22 and QIMRO3.

254 An increase in pathogenicity of BA.5 over BA.1 in K18-hACE2 mice may be associated
255  with an increased reliance on TMPRSS2 1%, The early omicron variants tended to be less

256  dependent on TMPRSS2 than original ancestral isolates, and showed an increased propensity to
257  use the endocytic route of entry; a shift associated with lower pathogenicity and changes in spike

258 107108 The BA.1 and BA.5 isolates used herein have 14 amino acid differences in the spike
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259  protein (Supplementary Table 3). Pathogenicity has been shown to be dependent on TMPRSS2
260 utilization 1%, with TMPRSS?2 utilization reported to be a virulence determinant, even for

261  omicron variants 1%, Treatment with a TMPRSS2 inhibitor also prevented brain infection in

262  K18-hACE2 mice . Anincreased ability to infect, even TMPRSS2-low, cells in the olfactory
263 epithelium 2 may thus promote entry of BA.5 into the brains of K18-hACE2 mice. What

264  remains perplexing is how the TMPRSS2-dependent original ancestral isolate can produce such a
265  fulminant brain infection, despite the low level expression (mean of only 3.6 reads) of

266 TMPRSS2 (Supplementary Table 1, All genes tab, yellow highlight). Viral reads in K18-hACE2
267  mice infected with the original ancestral isolate illustrate a loss of the QTQTN sequence adjacent
268 to the furin cleavage site, which impairs furin cleavage 1**1*°, in virus populations in the brain in
269 half of the animals, but not the lung (Supplementary Fig. 7a). A furin cleavage site deletion is
270  seen in virus sequences in brains of SARS-CoV-2 infected hamsters ¢ (Supplementary Fig. 7b).
271 Thus during brain infection the original ancestral isolate acquires a reduced dependence on

272 TMPRSS2 1. BA.5 would thus appear to have both TMPRSS2-dependent and TMPRSS2-

273 independent capabilities, the first perhaps promoting neurotropism and the second

274  neurovirulence.

275 RNA-Seq of organoids illustrated zero or very low TMPRSS2 mRNA expression

276 (PRINAB813692), explaining the very poor infection by the original ancestral isolate (Fig. 6a-c).
277  The more efficient infection by BA.5 (Fig. 6a-c) was thus likely due to TMPRSS2-independent
278 infection. Perhaps surprising was the lack of induction of type | IFN response by BA.5 in these
279  organoids. However, a study using an original ancestral isolate also showed no IFN induction %,
280  whereas as an early, and a BA.2, omicron isolate induced clear type I IFN responses in slightly
281  different organoid systems >73, Our organoids are capable of generating type | IFN responses
282  when infected with other viruses (Rawle et al in preparation), suggesting BA.5 can effectively
283  suppress anti-viral response in this glia-free, neural organoid system. Suppression of type | IFN
284  responses by SARS-CoV-2 involves multiple non-structural proteins 6, with a trend towards

285  better suppression capabilities emerging with each new variant 2,

286 A widely repeated contention is that viruses tend to evolve towards lower virulence 118119,

287  even though there are good examples where this is clearly not the case 29122, For certain aspects
288  the contention also does not appear to hold for SARS-CoV-2; for example, a higher proportion of

289  patients infected with BA.5 develop anosmia, when compared with BA.1 *. Anosmia was

10
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290  recently closely linked to long-lasting cognitive problems in COVID-19 patients 2%, with

291 infection of the olfactory epithelium potentially proving access to the brain %2, The data

292 herein would support the view that BA.5 has developed an increased propensity for

293  neuroinvasiveness over earlier omicron variants. The detection of spike in infected brain cortical
294  structures demonstrate that the SARS-CoV-2 can not only access these regions via an unknown
295  mechanism but also selectively affect groups of neurons within these regions. It is worth noting
296 that the detection of the S-protein in vesicular structures in the soma of pyramidal neurons

297  suggest a possible transport mechanism that likely involve endocytosis and is potentially

298 influenced by co-receptor neuropilin 24, Further work is warranted to better understand this
299  neuroinvasive mechanism as this likely contribute to neurological symptoms of COVID.

300 Thus, even if respiratory disease is less severe for omicron variants as a whole, BA.5 may show
301 increased risk of acute and long term neurological complications over earlier omicron variants
302 %

303

304 Materials and methods

305

306 Ethics statements and regulatory compliance

307  All mouse work was conducted in accordance with the Australian code for the care and use of
308 animals for scientific purposes (National Health and Medical Research Council, Australia).

309  Mouse work was approved by the QIMR Berghofer Medical Research Institute Animal Ethics
310 Committee (P3600). All infectious SARS-CoV-2 work was conducted in the BioSafety Level 3
311  (PC3) facility at the QIMR Berghofer MRI (Australian Department of Agriculture, Water and the
312 Environment certification Q2326 and Office of the Gene Technology Regulator certification
313 3445). Breeding and use of GM mice was approved under a Notifiable Low Risk Dealing

314 (NLRD) ldentifier: NLRD_Suhrbier_Oct2020: NLRD 1.1(a). Mice were euthanized using

315  carbon dioxide.

316 Collection of nasal swabs from consented COVID-19 patients was approved by the QIMR
317  Berghofer Medical Research Institute Human Research Ethics Committee (P3600).

318

319  SARS-CoV-2 isolates

320  Anoriginal (ancestral) strain isolate, SARS-CoV-2qLpo2 (hCoV-19/Australia/QLD02/2020)
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321  (GISAID accession EPI_ISL_407896) was kindly provided by Dr Alyssa Pyke and Fredrick

322 Moore (Queensland Health Forensic & Scientific Services, Queensland Department of Health,
323 Brishane, Australia) 1?6, Omicron isolates were obtained from nasal swabs from consented

324  COVID-19 patients >*27, Infected Vero E6 cells were subjected to RNA-Seq and viral genomes
325  de novo assembled using Trinity. The omicron BA.1 isolate, SARS-CoV-2qivro1 (SARS-CoV-
326 2/human/AUS/QIMR03/2022), belongs to the BA.1.17 lineage (GenBank: ON819429 and

327  GISAID EPI_ISL_13414183) **27. The omicron BA.5 isolate, SARS-CoV-20imros (SARS-
328  CoV-2/human/AUS/QIMR03/2022) belongs to the BE.1 sublineage (GenBank: OP604184.1).
329  Virus stocks were propagated in Vero E6 cells and were checked for endotoxin and mycoplasma
330  (MycoAlert, Lonza). Viruses were titered using CCIDsp assays 122,

331

332 Mouse infection and monitoring

333  K18-hACE2 mice (strain B6.Cg-Tg(K18-ACE2)2PrImn/J, JAX Stock No: 034860) were

334  purchased from The Jackson Laboratory, USA, and were maintained in-house as heterozygotes
335 by backcrossing to C57BL/6J mice (Animal Resources Center, Canning Vale WA, Australia) as
336 described “6. Heterozygotes were inter-crossed to generate a homozygous K18-hACE?2

337  transgenic mouse line. Genotyping was undertaken by PCR and sequencing across a SNP that
338 associates with the hACE2 transgene 1%° to distinguish heterozygotes (TTTG(A/C)AAAC) from
339  homozygotes (TTTGCAAAC). The mice were held under standard animal house conditions, and
340  were infected intrapulmonary via the nasal route with 5x10* CCIDsp of virus in 50 pL. RPMI

341 while under light anesthesia as described 53, Mice were weighed and overt disease symptoms
342 scored as described 3. Mice were euthanized using CO, and tissue titers determined using

343  CClIDsp assays and Vero E6 cells as described 53129,

344

345  Maintenance and expansion of human induced pluripotent stem cells

346  The human-induced pluripotent cells (hiPSCs) used in this study were reprogrammed from adult
347  dermal fibroblasts (HDFa, Gibco, C0135C) using the CytoTune-iPS 2.0 Sendai Reprogramming
348  Kit (Invitrogen, A16518) *3°. They were cultured on human recombinant vitronectin (Thermo
349  Fisher Scientific) coated plates in StemFlex medium (Thermo Fisher Scientific) according to the
350 manufacturer's guidelines within a humidified tissue culture incubator at 37C, 5% CO>

351  atmosphere.
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352

353  Generation of Human Cortical organoids

354  On day 0 of organoid culture, hiPSCs (less than passage 50) were dissociated with StemPro

355  Accutase (Thermo Fisher Scientific) to generate a cell suspension. 5000 cells were plated in
356  each well of an ultra-low-binding 96-well plate (Corning) in StemFlex media supplemented with
357 10 uM ROCK inhibitor Y-27632 (Stemcell technologies). From days 1-5, daily media changes
358  were carried out with StemFlex medium supplemented with 2 uM Dorsomorphine (Abcam) and
359 10 uM SB-431542 (Stemcell technologies). On day 5, the medium was replaced with a

360  Neuroinduction medium consisting of DMEM/F12 (Thermo Fisher Scientific), 1% N2

361  Supplement (Thermo Fisher Scientific), 10 ug/ml Heparin (Stem cell technologies), 1%

362  Penicillin/Streptomycin (Thermo Fisher Scientific), 1% Non-essential Amino Acids (Thermo
363  Fisher Scientific), 1% Glutamax (Thermo Fisher Scientific) and 10 ng/ml FGF2 (Stemcell

364  Technologies). On day 7, organoids were embedded in Matrigel (Corning), transferred to an

365 ultra-low-binding 24-well plate (Corning) (one organoid per well), and continued to grow in
366  Neuroinduction medium for three more days. On day 10, organoids were supplemented with
367 differentiation medium, consisting of Neurobasal medium, 1% N2, 2% B27 supplements

368  (Thermo Fisher Scientific), 0.5% Penicillin/Streptomycin, 1% Glutamax, 1% Non-essential
369  Amino Acids, 50 UM of 2-Mercaptoenthanol (Merck), 2.5 pg/ml Insulin (Merck), 1% Knockout
370  Serum Replacement (Thermo Fisher Scientific), 10ng/ml FGF2, 1 uM CHIR99021 (Stemcell
371 Technologies) and placed in a CelVivo Clinostar incubator (Invitro Technologies) (24 organoids
372 per Clinoreactor) spinning at 20 rpm. All media changes from 10 days onwards were performed
373  every other day.

374

375 Infection of Cortical organoids

376  30-day-old organoids were transferred from each Clinoreactor into an ultra-low-binding 24-well
377  plate (one organoid per well), infected with various SARS-CoV-2 strains at a multiplicity of
378 infection (MOI) of 1 and placed within a humidified tissue culture incubator at 37C, 5% CO. for
379 2 hours. Organoids were then washed twice with media, transferred into 50 mm LUMOX gas
380 exchange dishes (SARSTEDT) (4 organoids per dish) containing 7 ml of differentiation media,
381 and placed within a humidified tissue culture incubator at 37C, 5% CQO2 for 4 days.

382
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383  Histology and immunohistochemistry

384  H&E staining of formalin fixed paraffin wax embedded tissue sections was undertaken as
385  described 8126, Immunohistochemistry was undertaken as described using the in-house
386  developed anti-spike monoclonal antibody, SCV-1E8 >,

387

388  Fluorescence Immunohistochemistry

389  Paraffin embedded K18-hACE2 mouse brains were sectioned on a rotary microtome into 10 um
390  sagittal sections. Sections were dewaxed and antigen retrieval was performed in Antigen

391  Recovery Solution (citrate buffer solution consisting of 10 mM Sodium Citrate, 0.05% SDS

392 0.01%, pH 6.0) at 90°C for 10 min in a BioCare decloaker. Slides were blocked with blocking
393  buffer (0.5% BSA, 0.05% Saponin, 0.01% Triton X-100, 0.05% Sodium Azide in 0.1M

394  Phosphate Buffered Saline (PBS) for 30 min at room temperature and subsequently incubated in
395  primary antibody diluted in blocking buffer at room temperature for three days in a humidity
396  chamber using anti-S-protein (mouse, 1:100, in house antibody SCV-1E8 °¥) in conjunction with
397 either anti-NeuN (chicken, 1:3000, Merck, ABN91), anti-lbal (rabbit, 1:1000, Wako, #019-

398  19741), or anti-GFAP (rabbit, 1:1000, Abcam, ab7260). Slides were washed 4 times in PBS for
399 15 min. Slides were further incubated in blocking buffer for 5 min prior to adding the species-
400  specific secondary antibody at room temperature overnight in a light-proof humidity chamber:
401  Alexa fluor-546 anti-mouse (1:1000, Invitrogen, A11030), Alexa fluor-647 anti-rabbit (1:1000,
402  Invitrogen, A32733), or Alexa fluor-488 anti-chicken (1:1000, Invitrogen, A11039). Slides were
403  washed once in PBS and incubated in DAPI diluted (1 png/ ml, Merck) in saline for 5 min. Slides

404  were washed 3x in PBS for 15 min and were mounted with DABCO mounting media.
405
406  Super-resolution microscopy

407  K18-hACE2 mouse brain sections were imaged using an Olympus UPLXAPO 10x/0.4 NA air
408  objective, 20x/0.8 NA air objective and an UPLXAPO 60x/1.42 NA oil-immersion objective
409  mounted on a spinning disk confocal microscope (SpinSR10; Olympus, Japan) built on an
410  Olympus 1X3 body equipped with two ORCA-Fusion BT sSCMOS cameras (Hamamatsu

411  Photonics K.K., Japan) and controlled by Olympus cellSens software. Images were acquired as
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412 3D Z-stack tile images and were deconvolved using Huygens Professional Deconvolution

413  Software (Scientific Volume Imaging, Netherlands).

414

415  RNA-Seq and bioinformatics

416  In-house RNA-Seq was undertaken as described using Illumina Nextseq 550 platform generating
417 75 bp paired end reads “612°. The per base sequence quality for >90% bases was above Q30 for
418  all samples. Subsequent analyses were undertaken as described #6126 with the mouse reference
419  genome GRCm39 primary assembly and GENCODE M27 used in the combined reference that
420 included SARS-CoV-2 isolate Wuhan-Hu-1 (NC_045512.2; 29903 bp). In brief, counts for

421 mouse genes and for SARS-CoV-2 were generated using RSEM and differentially expressed
422  genes were determined using EdgeR. To avoid missing type I IFN genes, which have low read
423 counts 3, a low filter of row sum normalized read count >1 was used.

424 DEGs in direct and indirect interactions were analyzed using Ingenuity Pathway Analysis
425  (IPA) (QIAGEN) using the Canonical pathways, Up-Stream Regulators (USR) and Diseases and
426  Functions features 1%,

427

428  Statistics

429  Statistical analyses of experimental data were performed using IBM SPSS Statistics for

430  Windows, Version 19.0 (IBM Corp., Armonk, NY, USA). The t-test was used when the

431  difference in variances was <4, skewness was >-2 and kurtosis was <2. For non-parametric data
432  the Kolmogorov-Smirnov test was used.
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464  Figure Legends

465

466  Figure. 1. K18-hACE2 mice infected with an original (ancestral) strain isolate, omicron
467 BA.l and omicron BA.5 isolates. a Percent weight change post infection. Original ancestral
468 isolate (n=5-12 mice measured per time point), means and SEs are plotted (data from 3

469  independent experiments). BA.1, three mice showed weight loss >20% (requiring euthanasia, )
470  and are graphed individually; means and SE are plotted for the surviving mice (n=4-15 mice
471 measured per time point). BA.5 (n=6) graphed individually. b Disease scores for the indicated
472 overt disease symptoms for animals described in a. For BA.5 the remaining mouse on 6 dpi

473  showed a Posture score of 2. For BA.1 no overt symptoms were seen except in a single animal
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474  on 9 dpi, with this animal one of the 3 that required euthanasia due to weight loss. ¢ Kaplan

475  Meyer plot showing percent survival; n=12 for original, n=13 for BA.5 and n=24 for BA.1 (data
476  from 2-3 independent experiments). Statistics by log-rank tests. d Viral tissue titers for the

477  indicated organs. Mice were euthanized on the indicated dpi, the indicated organs harvested and
478  the tissue titers determined by CCIDso assays. ND — not detected (limit of detection ~2

479  log10CCIDso/g). Bars show means for 5 dpi. Brains BA.1 shows 3 mice that were euthanized
480  due to weight loss (1) and 3 symptom-free mice that were also euthanized at this time point.

481  (Data from 2-3 independent experiments).

482

483  Figure 2. Immunohistochemistry of brains of BA.5 infected K18-hACE2 mice using an anti-
484  spike monoclonal antibody. a Brain of BA.5-infected K18-hACE2 mouse 6 dpi showing IHC
485  staining in the cortex and hypothalamus. Insert enlargements on the right. b As for a showing
486  staining of the hippocampus. Far right shows staining of the axons (arrowheads).

487

488  Figure 3. Histological lesions in brains of BA.5 infected K18-hACE2 mice. a Neuron

489  vacuolation (hydropic degeneration) of neurons (arrowheads) in the cortex 4 dpi. A control brain
490  from mice inoculated with UV-inactivated BA.5 is shown on the right. b Perivascular cuffing.
491 A venule (red blood cells in the center) is surrounded by leukocytes (two leukocytes are indicated
492 by arrow heads), 7 dpi. A control venule is shown on the right. ¢ Focal vasogenic edema; fluid
493  filled perivascular space (arrowheads), 6 dpi. A control is shown on the right, with arrowheads
494  showing normal perivascular spaces. d Microglial nodule; accumulation of microgliocytes

495  (some typical microgliocytes indicated with arrowheads), 6 dpi. e. Small hemorrhagic lesion, 7
496  dpi (arrowheads indicate some extravascular red blood cells).

497

498  Figure 4. Neurotropism of Omicron BA.5 in brains of K18-hACE2 mice. K18-hACE2 mice
499  (n=6) were inoculated with omicron BA.5 (5x10* CCIDsp) and brains collected 5 dpi for

500 histological examination. Brains were fixed, paraffin embedded, sectioned, and stained for

501 SARS-CoV-2 S-protein (red) and DAPI (blue) in conjunction with either the neuronal marker
502  NeuN (green), microglial marker Ibal (green) or reactive astrocyte maker GFAP (green) using
503 immunofluorescence. a-c Representative low magnification 3D Z-stack maximum projections of

504  the cortex of an infected brain section co-stained for S-protein (red) and NeuN (green). Scale bar
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505 =50 mm. d-f Higher magnification image of S-protein in infected neurons (arrowheads indicate
506 infected neurons). Scale bar = 10 mm. (i-ii) Zoom in of infected neurons showing S-protein in
507  vesicle like structures. g-i Representative low magnification 3D Z-stack maximum projections of
508 the cortex of an infected brain section co-stained for S-protein (red) and Ibal (green). Scale bar =
509 50 mm. j-l Higher magnification image showing infected neurons and low levels of S-protein in
510 microglia (arrowheads indicate infected neurons, asterixis indicate microglia with low levels of
511  S-protein). Scale bar = 10 mm. (iii) Zoom in of microglia containing low levels of S-protein. (iv)
512 Zoom in of infected neuron showing microglial processes contacting cells. m-o Representative
513  low magnification 3D Z-stack maximum projections of the cortex of an infected brain section
514  stained for S-protein (red) and GFAP (green). Scale bar = 50 mm. p-r Higher magnification

515  image showing no reactive astrocytes in region of infection (arrowheads indicate infected

516  neurons). Scale bar = 10 mm. (v) Zoom in of infected neuron with no GFAP.

517

518 Figure 5. Transcriptome signatures in brains of K18-hACE2 mice infected with BA.5.
519 RNA-Seq of BA.5 infected brains (n=6) compared with brains of mice inoculated with UV-
520 inactivated BA.5 (n=5) identified 437 DEGs. The DEGs were analyzed by Ingenuity Pathway
521  Analysis (IPA) and GSEAs using the Molecular Signatures Data Base (MSigDB), with a

522  representative sample of annotations shown and grouped by theme (a full list is provided in

523  Supplementary Table 1).
524

525  Figure 6. Infection of cortical brain organoids with original ancestral, BA. 1 and BA5. a
526  IHC of brain organoids 4 dpi with original ancestral and BA.5 using an anti-spike monoclonal
527 antibody. b Viral titers in the supernatant of the organoid cultures sampled at the indicated dpi.
528  Statistics by Kolmogorov-Smirnov test. c RNA-Seq-derived viral reads counts for infected

529  organoids, 4 dpi. d Venn diagram showing overlap of up-regulated DEGs for organoids infected
530  with BA.5 and original ancestral. e DEGs (n=2390, g<0.001) generated from RNA-Seq of BA.5
531 infected organoids (n=4) 4 dpi vs uninfected organoids (n=4) were analyzed by IPA. Selected
532  and representative annotations are shown (for full data set see Supplementary Table 2).

533
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Supplementary Fig. 1. a Expanded data for Fig. 1a showing all weight measurements.
There were n=24 mice in total infected with BA.1 and n=25 mice inoculated with UV-
inactivated BA.1. Some mice were euthanized at specific time points to assess tissue
titers (Fig. 1d), others n=3 (*), were euthanized as they reach the ethically defined end
point (>20% weight loss). Note that inoculation with UV-inactivated virus (at the same
protein dose as live virus) by itself causes weight loss, although usually <15%.
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Supplementary Fig. 2. Anti-spike monoclonal antibody straining of brains by immuno-
histochemistry (IHC). a IHC of brains from K18-hACE2 mice infected with original strain isolate,
illustrating the range of IHC staining. Top right shows an enlarged image from the cortex
indicating infection of neurons. b As for a but infection with omicron BA.5. Despite relatively
low level of IHC staining in the brain this mouse reached ethically defined endpoint requiring
euthanasia by day 4.
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BA.5 (7 dpi)

Supplementary Fig. 3. Apotag staining of the brain shown in Fig. 2b. Insert
shown on the right.
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BA.5 (6 dpi) BA.5 (6 dpi)

b

IHC insert

Supplementary Fig. 4. a Anti-spike monoclonal antibody straining by immuno-histochemistry
(IHC) of brain from a BA.5 infected K18-hACE2 mouse (left) and H&E staining of a section
from the same block (right). b Inserts showing association of viral antigen detection in the
cortex (IHC positive staining) with high density of H&E lesions (primarily vacuolation). A
control is shown bottom right; H&E staiing of the same region of the cortex in a control
uninfected animal.
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Supplementary Figure 5. RNA-Seq of brains from BA.5 infected K18-hACE2 mice.

a Weight loss for BA.5 infected K18-hACE2 mice used for RNA-Seq (no measurements
were taken on 2 or 3 dpi). Half the brain was used for RNA-Seq and the other half was
analysed by histology. Mice reached ethically defined end points on 5 dpi (n=1), 6 dpi (n=4),
and 7 dpi (n=1), brains were harvested at these time points and used for RNA-Seq. b PCA
plot showing segregation between brain samples from K18-hACE2 mice that were infected
with BA.5 (n=6) or inoculated with UV-inactivated virus (n=5). c¢ Viral and lung read counts
(TPM). d Pearson correlations for cytokine IPA USR z-scores between indicated groups.
When an USR was absent (not significant) for one group but present (significant) for the
other, a z-score of 0 was given to the former. The BA.1 data set was derived from the 3 mice
that died 9/10 dpi (n=3), with controls inoculated with UV-inactivated virus (n=5). The
QLDO02 data set was derived from the 5 mice euthanized 5 dpi (n=5), with brains from naive
mice used as controls (n=5). The BA.5 lung data set was obtained from the same mice as for
the brains.
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Supplementary Figure 6. Human cortical brain organoids. a Photograph of “mini-
brains” grown in a rotating CelVivo Clinostar incubator. b hACE2 IHC for the organoid
shown in Fig. 6¢ (original), corresponding to the region of viral infection.


https://doi.org/10.1101/2022.12.22.521696
http://creativecommons.org/licenses/by-nd/4.0/

(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 m
available under aCC-BY-ND 4.0 International license.

a SARS-CoV-2 (original strain) infected K18-hACE2 mouse brains and lungs

Brains

Mouse 1 ATGCGCTAGTTAT TCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 2 ATGCGCTAGTTAT TCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 3 ATGCGCTAGTTAT i TCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 4 ATGCGCTAGTTAT In frame deletion 1cTccTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 5 ATGCGCTAGTTAT TCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 6 ATGCGCTAGTTAT TCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT

Mouse 7 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 8 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 9 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 10 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 11 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 12 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT

Lungs
Mouse 1 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT

Mouse 2 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 3 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 4 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 5 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 6 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 7 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 8 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 9 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 10 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 11 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT
Mouse 12 ATGCGCTAGTTATCAGACTCAGACTAATTCTCCTCGGCGGGCACGTAGTGTAGCTAGTCAATCCATCATTGCCTACACTATGTCACTT

QT QTNSPRRAR

b
SARS-CoV-2 (original strain) infected hamsters brains and lungs (Frere et al. 2022. Sci Transl Med)

Brain (with deletion n=5, without deletion n=1)

. .CCCATTGGTGCAGGTATATGCGCTAGTTATCAGACTCA

. .CCCATTGGTGCAGGTATATGCGCTAGTTATCAGACTCA

. .CCCATTGGTGCAGGTATATGCGCTAGTTATCAGACT

. .CCCATTGGTGCAGGTATATGCGCTAGTTATCAGACT!
GTATATGCGCTAGTTATCAGACTCRG

ATCCATCATTGCCTACACTATGTC

CCATCATTGCCTAC

CCATCATTGCCTACAC
CCATCATTGCCTACACTATGTCACTTGGTGCAGRRRATTCAGTTGCTTACA. |
ATCCATCATTGCCTACACTATGTCACTTGGTGCAGARRATTCAGTTGCTTACA. .

I:n frame deletion

. .CCCATTGGTGCAGGTATATGCGCTAGTTATCAGACTCAGACTAATTCTCCT 5CRAC CAATCCATCATTGCCTACA. .
@ T @ T N S P R R A R vV A 5 Q

Lung

. .CCCATTGGTGCAGGTATATGCGCTAGTTATCAGACTCAG
. .CCCATTGGTGCAGGTATATGCGCTAGTTATCAGACT!
. .CCCATTGGTGCAGGTATATGCGCTAGTTATCAGACT!
. . CCCATTGGTGCAGGTATATGCGCTAGTTATCAGRACTCA

AERTCCATCRTTGCCTACA. .
TCCATCATTGCCTACA. .
CCATCATTGCCTACA. .
ATCCATCRATTGCCTACA..
TCCATCATTGCCTACK. .
TCCATCATTGCCTACA. .
TCCATCATTGCCTACA. .
TCCATCATTGCCTACA. .
TCCATCATTGCCTACA. .
TCCATCATTGCCTACA. .
CCATCATTGCCTACA. .
TCCATCATTGCCTACA. .
CCATCATTGCCTACA. .
CCATCATTGCCTACA. .

. .CCCATTGGTGCAGGTATATGCGCTAGTTATCAGACTCA

. .CCCATTGGTGCAGGTATATGCGCTAGTTATCAGACTCA
.CCCATTGGTGCAGGTATATGCGCTAGTTATCAGACT
CATTGGTGCAGGTATATGCGCTAGTTATCAGACTCAG
TGCAGGTATATGCGCTAGTTATCAGACTCAGRA
AGGTATATGCGCTAGTTATCAGRCTCA
GGTATATGCGCTAGTTATCAGACTCAGACTAR : .

TATATGCGCTAGTTATCAGACTCAGACTRAT \G
@ T o T Ns P[RRBATRSTVASQ

Polybasic P1 P1’

Furin

Supplementary Fig. 7. Virus in brains show loss of functional furin cleavage site. a K18-hACE2
mice infected with SARS-CoV-2 QLDO02 strain (bioproject number: PRINA813692). SARS-CoV-
2 sequences in 6/12 mouse brains had a deletion of the QTQTN flanking sequence of the furin
cleavage site, while this site was intact in lungs of the same mice. b RNA-seq data from brains and
lungs of hamsters infected with SARS-CoV-2 original strain (WA1) was downloaded from SRA
Bioproject PRINA837993 (Frere et al. 2022. Sci Transl Med). RNA-Seq bioinformatics was
performed as described in the methods and virus sequences viewed in Integrated Genomics Viewer.
5/6 sequence reads spanning this region in the brain had deletions in the furin cleavage site
(TNSPRRARSVAS). This deletion was not identified in any lung sequences.
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