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ABSTRACT

SARS-CoV-2 has continued to evolve throughout the COVID-19 pandemic, giving rise to
multiple variants of concern (VOCs) with different biological properties. As the pandemic
progresses, it will be essential to test in near real time the potential of any new emerging
variant to cause severe disease. BA.1 (Omicron) was shown to be attenuated compared to
the previous VOCs like Delta, but it is possible that newly emerging variants may regain a
virulent phenotype. Hamsters have been proven to be an exceedingly good model for SARS-
CoV-2 pathogenesis. Here, we aimed to develop robust quantitative pipelines to assess the
virulence of SARS-CoV-2 variants in hamsters. We used various approaches including
RNAseq, RNA in situ hybridization, immunohistochemistry, and digital pathology, including
software assisted whole section imaging and downstream automatic analyses enhanced by
machine learning, to develop methods to assess and quantify virus-induced pulmonary lesions
in an unbiased manner. Initially, we used Delta and Omicron to develop our experimental
pipelines. We then assessed the virulence of recent Omicron sub-lineages including BA.5,
XBB, BQ.1.18, BA.2 and BA.2.75. We show that in experimentally infected hamsters, accurate
quantification of alveolar epithelial hyperplasia and macrophage infiltrates represent robust
markers for assessing the extent of virus-induced pulmonary pathology, and hence virus
virulence. In addition, using these pipelines, we could reveal how some Omicron sub-lineages
(e.g., BA.2.75) have regained virulence compared to the original BA.1. Finally, to maximise
the utility of the digital pathology pipelines reported in our study, we developed an online
repository containing representative whole organ histopathology sections that can be
visualised at variable magnifications (https://covid-atlas.cvr.gla.ac.uk). Overall, this pipeline
can provide unbiased and invaluable data for rapidly assessing newly emerging variants and

their potential to cause severe disease.
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INTRODUCTION

As the COVID-19 pandemic progressed over the past three years, the virus responsible for
the disease, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has continued
to evolve giving rise to a number of variants, some of which were defined as “variants of
concern” (VOCs) by the WHO [1, 2]. These VOCs contain mutations, especially but not solely
in the spike encoding S-gene, which may confer a selective advantage for example by
increasing their transmissibility and/or immune evasion compared to the progenitor virus [1].
To date, the WHO has recognised five VOCs: B.1.1.7 (Alpha); B.1.351 (Beta); P.1 (Gamma);
B.1.617.2 (Delta) and B.1.1.529 (Omicron; henceforth referred as BA.1 to differentiate it from
other sub-lineages) [1, 3-5]. Since the emergence of the original BA.1 in November 2021 [5]
different sub-lineages have emerged. Soon after the BA.1 emergence, BA.2 became the
predominant variant followed by a variety of BA.2 descendants, including BA.5 and BA.2.75,
which became predominant in some geographical regions [1, 6]. Although both BA.5 and
BA.2.75 diversified from BA.2, these two Omicron sub-lineages are phylogenetically
separated from each other, suggesting that BA.5 and BA.2.75 emerged independently.
BQ.1.18 is a sub-lineage of BA.5 [7] while the XBB variant is a recombinant between BJ.1 (a
BA.2.10 derivative) and BM.1.1.1 (a descendant of BA.2.75), which was first detected in

September 2022 in India and spread significantly at the end of 2022 [8].

In general, each new variant spreading globally tends to be more transmissible than the
previous dominant variant [1]. As population immunity increases, due to either vaccination or
continuous virus exposure, it is likely that COVID-19 will adopt an endemic pattern, possibly

with seasonal peaks, primed by variants evading pre-existing immunity in the population [9].

Understanding in “real-time” the degree of vaccine escape of any new variant is critical to
determine vaccination policies. To this end, in vitro seroneutralisation assays have proven to
be a useful surrogate to predict vaccine escape of SARS-CoV-2 variants. Virus virulence is
another key phenotypic characteristic of any new variant requiring early assessment. The risk
of severe disease and hospitalisation varies, with Alpha, Gamma and Delta VOCs carrying an
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increased risk of ICU admission compared to Beta and BA.1. Hence, the combination of
increasing pre-existing immunity in the population together with the intrinsic attenuated
characteristics of Omicron, has led to an overall decrease in the incidence of severe disease

and mortality associated with COVID-19 [10-13].

It is however more difficult to predict the trajectory of new variants with respect to virus
virulence. Although BA.1 has been shown to be attenuated, and assuming that its transmission
potential is maintained, there are no universal evolutionary pressures that may keep this

phenotypic trait in newly emerging sub-lineages or new VOCs.

We and others have shown that the observed reduction in virulence of the BA.1 variant
correlates to a change in the virus entry pathways in vitro, and importantly in reduced virulence
in experimentally infected hamsters [14-17]. Throughout the pandemic, small animal models
have been used extensively to assess the virulence of wild type SARS-CoV-2 and emerging
VOCs [8, 14, 16-26]. These studies have provided invaluable data on disease pathogenesis,
virus transmission and the efficacy of different anti-viral compounds or vaccines [19, 27-32].
Importantly, hamsters have been shown to be naturally susceptible to SARS-CoV-2 infection
and to be able to transmit the virus to humans [33]. In hamsters, BA.1 is unable to infect lung
epithelial cells (unlike the original B.1 virus, Delta and other variants) [14, 16]. In addition, in
experimentally infected hamsters it is also possible to recapitulate the increased virulence of

the Delta variant compared to B.1 shown in the human population [23, 34].

Hence, although no animal model can fully recapitulate a human disease, hamsters represent
an excellent model to dissect SARS-CoV-2 pathogenesis and determine the degree of
virulence of newly emerging variants. To this end, many studies using experimentally infected
hamsters, have focused on measuring in vivo viral replication, on identifying virus infected
cells, and on examining pathogenic potential by measuring weight loss and assessing various
histopathological criteria in general by qualitative scores [8, 17-20]. Here, we have developed
unbiased and automated “digital pathology” methods to assess SARS-CoV-2 virulence. Digital
pathology is a broad term that refers to a variety of systems to digitize pathology slides and
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98 associated meta-data, their storage, review, analysis, and enabling infrastructure [35].

99  Computational analysis of whole scanned tissue sections provides the opportunity to quantify
100 cells or histological features in wide representative areas of infected organs. We applied these
101  pipelines with recently evolved variants (BA.5, BQ.1.18, BXX, BA.2 and BA.2.75) [1, 6-8] and
102  showed that some of them have gained a more virulent phenotype compared to the parent
103 BA.1. This pipeline can contribute to the rapid assessment of newly emerging variants and
104  should prove invaluable as the pandemic enters the next phase. Furthermore, we created an
105 online repository to share with the scientific community high resolution digitized whole organ
106  scanned slides from this study, providing a wider context to histopathology micrographs for

107  experimental models of COVID-19.

108 RESULTS

109 Host transcriptional response to SARS-CoV-2 infection. To assess the complex host
110 responses during SARS-CoV-2 infection, we first experimentally infected Golden Syrian
111 hamsters with either the Delta (B.1.617.2) or the BA.1 variants. These variants are on the
112  opposite spectrum of the phenotype associated with the clinical outcome of SARS-CoV-2
113 infection, both in humans and in experimental models. Hence, Delta and BA.1 can provide the
114  baseline for the development of quantitative pipelines to assess virus virulence. As expected,
115  between 2- and 6-days post-infection (dpi) the Delta-infected animals lost significantly more
116  weight and had higher welfare scores than both the BA.1- and mock-infected hamsters (Fig.
117  S1A), confirming the expected phenotype for both variants. We culled animals at either 2 or 6
118  dpiand collected tissues of both the upper and lower respiratory tract, in addition to peripheral

119  blood, for downstream analyses.

120 To understand the overall host responses to SARS-CoV-2 infection and identify potential
121 markers of virus virulence, we performed bulk RNAseq on lungs and blood of both infected
122 and mock-infected hamsters. Principal component analysis indicated distinct clustering of both
123 the Delta- and BA.1-infected groups at 2 dpi in lungs and blood but showed less distinctive
124  separation of BA.1- and mock-infected animals at 6 dpi (Fig. S1B). Both in the lungs and in
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125  peripheral blood, Delta, and BA.1 induced significant differential gene expression compared
126  to the mock-infected samples (Fig. 1A). As expected, both variants induced multiple cell
127 responses pathways associated with antiviral mechanisms, immune system activation,
128  cytokine and chemokine responses and interferon signalling as evident by gene ontology (GO)
129  analysis (Fig. 1B, C). Direct GO analysis between the two variants found a limited number of
130 pathways on day 6 upregulated only in delta-infected animals. These pathways include those
131  associated with remodelling and lipoprotein regulation, suggesting that the differences in
132  disease outcome caused by these two variants may be attributed to lesions and activation of
133 tissue repair pathways in the lungs. Comparison of ~200 interferon stimulated genes showed
134  a general activation of the type-I IFN response in infected animals (as suggested by the GO
135  analysis and previously published studies) both in the lungs and in the blood [36-38]. Delta-
136  infected animals showed a more robust upregulation of ISGs than BA.1-infected hamsters in
137  both lungs and blood (Fig. 1D, E). Overall, these analyses suggest that markers of type-I IFN
138  response, immune system activation and tissue repair may be useful to characterise the extent

139  of pathology induced by SARS-CoV-2 variants.

140 Imaging and quantification of SARS-CoV-2 replication in tissues. Next, we characterised
141  the spread of SARS-CoV-2 infection in infected tissues. Throughout this study, for the
142  detection of virus and cellular markers, we aimed to develop unbiased quantitative methods
143  using software assisted whole section imaging and downstream automatic analyses including
144  those enhanced by machine learning approaches (henceforth referred with the broad term of
145  digital pathology) [39]. Also, in order to share the histopathology features shown in this study
146  as comprehensively as possible, we have developed an online repository (“CVR Virtual
147  Microscopy”; https://covid-atlas.cvr.gla.ac.uk) where whole organ scanned images can be
148  accessed by users in their entirety and at variable magnification as if they were observing

149  slides under a microscope.

150 First, we compared the detection levels of SARS-CoV-2 nucleocapsid protein with its spike

151  RNA by immunohistochemistry (IHC) and in situ hybridisation, respectively. The two methods
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152  resulted in essentially identical staining patterns (Fig. S2). Background staining in mock-
153  infected samples was higher using IHC and therefore we used RNA in situ hybridisation for
154  the remaining part of the study. Next, we assessed virus replication for Delta and BA.1 along
155  the entire respiratory tract. As expected, tissues collected from animals culled at 2 dpi showed
156  both Delta- and BA.1-infected cells within the respiratory tract (Fig. 2A-B). We found instead
157 little evidence of virus infected cells in animals culled at 6 dpi. At 2 dpi, we found no significant
158  differences in the number of infected cells in the nose, larynx, and trachea of Delta- and BA.1-
159 infected animals. In our samples, the nose represents the inner mucosa of the small
160 cartilaginous tissue surrounding the nasal cavities of the hamster. However, both nasal
161 turbinates of Delta-infected animals and the lungs showed a significantly higher number of
162 infected cells than the same tissues in BA.1-infected hamsters. Importantly, significant spread
163  of SARS-CoV-2 in the lung parenchyma was evident only in Delta-infected hamsters. Delta
164 infected both epithelial cells in the bronchioles and alveoli forming large foci of infected tissues.
165 Conversely, BA.1 infected only cells in the bronchioles and at most formed small foci of
166 infection in the lung parenchyma in some animal (Fig. 2A-B). As expected, there was variability
167 between animals within each group with respect to the number of infected cells. This variability
168  was especially evident in the trachea, with 2 of 8 Delta-infected animals showing a number of
169 infected cells more than 10-fold the number in the remaining animals of the group. Except for
170  the two outliers indicated above, the tracheas of the remaining Delta- and BA.1-infected

171 hamsters showed a similar number of infected cells.

172  Given the data obtained by RNAseq, where the interferon response is a key differentially
173 activated pathway in infected hamsters, we also assessed expression of MX1, as a
174  representative core interferon stimulated gene [40]. MX1 expression in the nose and lungs
175 was in general lower at 2 dpi compared to the levels observed at 6 dpi. The larynx showed
176  high MX1 expression on 2 dpi but little on 6 dpi, while the turbinates and trachea showed
177  similar levels at both timepoints (Fig. 2C). Bulk RNAseq data suggested a more robust type-I

178 IFN response elicited by the Delta variant compared to BA.1 in lungs from infected hamsters
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179  (Fig. 1B-E). We aimed therefore to spatially resolve ISG expression in infected hamsters using
180 in situ RNA hybridisation of serial sections of tissue lungs. We used five sections with the
181 middle section probed for spike, while in the other sections we used RNA probes for the
182  following ISGs: RSAD2, IFIT1, MX1 and OAS1 (Fig. 3). The number of ISG-positive cells was
183  directly related to the number of spike-positive cells in the lungs of infected hamsters. There
184  were clear overlapping virus- and ISG-positive areas in both Delta- and BA.1-infected lungs.
185  Hence, the more robust type-l IFN response observed by RNAseq in the lungs and blood of

186 infected animals correlates with higher replication levels of Delta in the lungs.

187  The differences between Delta- and BA.1-infected hamsters were also present at earlier
188 timepoints. Analysis of tissues collected at 1 dpi of the turbinates, trachea, and lungs (Fig.
189  S3A) showed increased levels of spike RNA (Fig. S3B) and MX1 expression (Fig. S3C) in
190 Delta-infected animals. Similarly, nasal washes, throat swabs and whole lung RT-gPCR

191 indicated higher levels of genomic RNA in Delta-infected hamsters (Fig. S3D).

192  Quantifying the extent of pulmonary lesions by digital pathology. We showed above that
193  at 6 dpi, at the peak of clinical signs in experimentally infected hamsters, most of SARS-CoV-2
194  has been cleared by the host (Fig. 2A). Our RNAseq analysis suggested that in addition to
195  markers of the type-l IFN response, pathways leading to immune cell activation and tissue
196 repair are also differentially upregulated between Delta- and BA.1-infected hamsters (Fig. 1B-
197  C). Histopathology lesions in the lungs of infected hamsters (especially those infected with
198 Delta) were characterised by infiltration of macrophages in the alveoli and in the interstitium
199  with a multifocal to coalescent distribution especially at 6 dpi (Fig. 4). The immune cell
200 infiltration also contained neutrophils/heterophils as well as lymphocytes and plasma cells. At
201 2 dpi, Delta-infected hamsters showed vasculitis and a sloughing of bronchial epithelial cells.
202  Vascular and bronchial lesions was instead minimal in BA.1-infected animals at 2 dpi. As
203  shown in other studies [29, 41, 42], we found marked alveolar epithelial hyperplasia forming
204 dense meander- and rosette-like structures replacing the alveolar spaces especially in the

205  Delta-infected hamsters (Fig. 4). We termed these lesions “medusa,” as they resemble the
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206  shapes of the venomous snakes of the mythological Greek Medusa. The cellular infiltrates
207  and the proliferation of the type 2 pneumocytes (or other lung progenitor cells), which starts
208  around the bronchi involved a large area of the lung (around 50%), especially in Delta-infected
209 hamsters. Occasionally, multinucleated cells (interpreted as syncytia) were associated with

210 the often severely hyperplastic bronchial epithelium or in the lung parenchyma (Fig. 4).

211 Hence, we next aimed to image and quantify the extent of virus-induced pulmonary lesions by
212 first evaluating and comparing the immune cells infiltrate in the lungs of Delta- and BA.1-
213  infected hamsters. We specifically assessed T cells (CD3*) and macrophages (IBA1*) and
214  found a significant increase in the number of these cells in Delta-infected hamsters compared
215  to those infected with BA.1 (Fig. 5A-B. By histopathology, both cell types represent most

216  immune cell infiltrates in the lungs of Delta-infected hamsters (Fig. 5A, B).

217  We next developed a method to quantify alveolar epithelial hyperplasia. We used the thyroid
218  transcription factor (TTF1) [43, 44], a critical factor required for the expression of the surfactant
219  protein in the respiratory epithelia. As expected, we found that TTF1-positive cells included
220 the hyperplastic alveolar epithelial cells but also normal/isolated type 2 pneumocytes in the
221 lungs and epithelial cells in the terminal bronchioles. To quantify only the hyperplastic areas,
222 we used software assisted imaging detection. Using supervised machine learning
223 approaches, we “trained” the HALO software (Indica Labs) to detect clusters of TTF1-positive
224  nuclear areas representing proliferating type-2-pneumocytes while ignoring isolated type 2
225  pneumocytes or TTF1* cells in the terminal bronchioli. We found no hyperplastic lesions at 2
226  dpiin any of the hamster groups while at day 6 we found significantly more medusas in Delta-
227  infected hamsters compared to those infected with BA.1 (the latter had only values just above

228  background in most animals) (Fig. 5C, D).

229  Assessing the virulence of Omicron sub-lineages. The pipelines developed so far allow
230 us to provide an automatic, unbiased, and semi-quantitative method to assess the degree of
231 virulence of SARS-CoV-2 in hamsters. Hence, we next used this method to assess virulence
232 of recently emerged omicron sub-lineages.
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233 We first investigated BA.5, as other studies, although carried out with chimeric BA.2/BA.5
234 viruses, suggested that this variant had an increased virulence compared to BA.1 [22] (Fig.
235 6A, B). Lungs collected from hamsters infected with BA.5 showed, in comparison to those
236  infected with BA.1, an increase in (i) macrophage infiltrate (IBA-1* cells), (ii) cells expressing
237 MX-1 and (iii) alveolar epithelial hyperplasia, medusas (Fig. 6A). These changes were
238  however not as pronounced as those in the lungs of Delta-infected animals and did not reach
239  statistical significance compared to values in BA.1-infected hamsters. BA.5-infected animals
240  also showed a small decrease in body weight at 6 dpi, while animals infected with Delta or
241  BA.1 showed the expected phenotype (slight increase in weight for BA.1-infected animals and

242  weight loss for Delta from 2 dpi) (Fig. 6B).

243  Given that the digital pathology pipeline was able to show a possible intermediate virulence
244 phenotype for BA.5, we proceeded to assess the virulence of other Omicron sub-lineages
245  such as BQ.1.18, XBB and BA.2.75 (Fig. 6C-E). None of the variants induced major weight
246 loss in infected hamsters (Fig. 6C). Hamsters infected with BA.2.75 showed a modest weight
247  loss between dpi 2 and 5 but neither hamsters infected with BA.2.75 nor BQ.1.18 show, unlike

248  animals infected with BA.1, weight increase until 5 dpi (Fig. 6C).

249  We found an increase in macrophages infiltrating the lungs in hamsters infected with the other
250 variants compared to those infected with the original BA.1 (Fig. 6D). BA.2.75 showed the
251  highest levels of IBA* cells in the lungs, although differences were statistically significant only
252 with BA.1 and XBB, but not with BQ.1.18. Lungs of animals infected with BA.2.75 also
253  displayed a significant increase of alveolar epithelial hyperplasia compared to lungs of BA.1-
254  infected animals (Fig. 6E). Overall, the data suggest that virulence of Omicron sub-lineages,
255 and especially BA.5 and BA.2.75 increased compared to BA.1. We also compared BA.2.75 to
256 its predecessor BA.2 to determine whether there had been further evolutionary adaptations in
257 BA.2.75 that favoured a more virulent phenotype. No significant differences were observed for
258  weight losses and alveolar epithelial proliferation between BA.2.75 and BA.2 (Fig. 6F-G).

259  However, animals infected with BA.2.75 or those infected with BA.2 did not gain weight as
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260 steadily as mock- or BA.1-infected animals. We saw however a trend for BA.2.75-infected
261  hamsters to show an increase in the levels of infiltrating macrophages in the lungs compared
262  to BA.2, although differences were not statistically significant (Fig. 6H). Finally, to visualise
263  and compare all the different variants used in this study, we normalised the data using values
264  obtained in BA.1-infected hamsters as unit of reference between different experiments (Fig.
265  S4). Graphs displayed in Fig. S4 show, as expected, a gradient of virulence between variants.
266  XBB induced little or no lung pathology similarly to BA.1. BA.5, BA.2 and BQ.1.18 were more
267  virulent than BA.1, while BA.2.75 was clearly more virulent than BA.1 but not as virulent as
268  Delta. The use of a standard virus of reference could therefore enable comparisons between

269  variants used in different experiments (and different laboratories).

270 Discussion

271 The COVID-19 pandemic has entered a phase characterised by the periodic emergence of
272 immune escape variants, which may differ in their virulence from their predecessors.
273 Assessing the virulence of any newly emerged variant will be therefore one of the key features
274 requiring near real-time monitoring. Animal models have been used throughout the pandemic
275  tounveil many aspects of SARS-CoV-2 pathogenesis [42]. So far, there has been an excellent
276  correlation between the virulence of SARS-CoV-2 variants such as Delta and BA.1 in humans

277 and in experimentally infected hamsters [7, 17-20, 25, 26, 41, 45, 46].

278  In many studies, virulence of SARS-CoV-2 variants in experimentally infected hamsters has
279  been determined by assessing body weight loss, and various features of lung function and
280 histopathological lesions [8, 14, 16, 17, 22-26, 47]. In general, these parameters have proven
281  to be good proxies of the virulence of variants. This is particularly so for variants such as Delta
282 and Omicron, which exhibit clearly distinct phenotypes with respect to virulence. Some relative
283 discrepancies between studies can, however, arise when the intrinsic differences in virulence

284  between variants are modest, as for example with BA.2 and BA.5 compared to BA.1 [22, 25].
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285  Body weight and pulmonary function could be theoretically affected by a variety of factors
286 related to animal and welfare management that may differ in different experimental settings.
287  However, histopathological features in infected animals such as alveolar damage and
288 inflammatory lesions in the respiratory tract are a consequence of virus replication (and host
289 immune responses) and therefore directly reflect virus virulence. In various studies, lung
290 pathology is often characterised by qualitative scores determined by trained pathologists on
291 lesions such as bronchiolitis, haemorrhages, alveolar damage and others. Qualitative
292  histopathology scores can vary between individuals, and therefore these types of data are
293  difficult to compare unequivocally between different laboratories. In this study, we aimed to
294  develop a framework for quantitative unbiased methods to phenotype the relative virulence of
295 SARS-CoV-2 variants by quantifying the extent of pulmonary pathology in experimentally
296 infected hamsters. In line with previous studies [38, 48-50], our transcriptomic analysis showed
297  that SARS-CoV-2 infection induces an infiltrate of immune cells in the lungs and immune
298  activation in general. Indeed, here we found that expression of ISGs, and infiltrate of T cells
299 and macrophages are common in lesions induced by the hypervirulent variant Delta but are

300 barely above background in BA.1-infected hamsters.

301 In addition, our RNAseq data suggest that tissue remodelling was another key parameter
302  distinguishing the transcriptional profile of Delta- and BA.1-infected hamsters. Virulent SARS-
303 CoV-2 variants induce alveolar damage, with necrosis of type 1 and type 2 pneumocytes.
304 Lung damage is subsequently repaired by alveolar epithelial hyperplasia, which is a key
305 feature of lesions induced by SARS-CoV-2 in experimentally infected hamsters [29, 41, 42],
306 anditis also found in some cases in post-mortem samples of human patients dying as result
307 of COVID-19 [51-53]. Lung respiratory epithelium repair is due to proliferation of either type 2
308 pneumocytes following mild injuries [54], or other lung progenitor cells in response to severe

309 injury with abundant loss of type 1 pneumocytes [55-57].

310  Overall, we found that infiltrating macrophages and proliferating epithelial cells constitute most

311  of the cells in the affected areas of the lung parenchyma of SARS-CoV-2-infected hamsters.
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312  These two features represent therefore exceedingly good markers that by themselves provide
313  an unbiased quantification of the virus-induced pulmonary lesions, and by extension virus
314  virulence. In addition, the use of whole lung sections can also reduce bias by providing a
315  spatial overview of the inflammatory response. For example, our investigation of the spatial
316  distribution of the ISG response and how it directly correlated to the presence of virus in an
317 inflammatory lesion proved to be particularly insightful (Fig. 3). Whole scanned imaging of
318 tissue sections and downstream analyses including those based on artificial intelligence
319  approaches (“digital pathology”) have been used extensively in diagnostic pathology and other

320 fields including cancer research and infectious diseases [58-60].

321  Inour study, by performing immunohistochemistry of whole scanned lungs sections to identify
322 IBA1* cell (as convenient marker for macrophages), we were able to quantify infiltrating
323  macrophages in the lung parenchyma of experimentally infected hamsters. In this manner, the
324  relative number of infiltrating macrophages in the lung parenchyma can be acquired in an
325 unbiased fashion. The same approach to measure alveolar epithelial hyperplasia by simply
326  quantifying TTF1* cells did not initially provide satisfactory results, due to the expression of
327  this marker in both proliferating and non-proliferating type 2 pneumocytes, as well as bronchial
328  epithelial cells. However, supervised machine learning approaches allowed us to train the
329 software used to detect clusters of TTF1* cells (histological structures that we termed
330 “medusa”) and exclude isolated type 2 pneumocytes (representing the normal type 2 cells in
331 the lungs) or TTF1* cells in the bronchiolar epithelium. Our approach allowed us not only to
332  clearly distinguish the pulmonary lesions between those induced by the virulent Delta and the

333 attenuated BA.1, but also to show an increased virulence of other Omicron sub-lineages.

334  The pipeline used in this study, enabled us to show that BA.5 and BA.2.75 have acquired an
335 increased virulence phenotype compared to BA.1, as also suggested in other recent studies
336 [6, 22, 26]. We saw no differences instead in virulence between XBB and BA.1, also in keeping
337  with another recent study [8]. Interestingly we found a tendency for BA.2 to induce a higher

338 number of macrophage infiltrates and medusas compared to BA.1, although differences did
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339 not reach statistical significance. Other published studies found no major differences in
340 virulence between BA.1 and BA.2 [8, 47], in contrast to a previous study which used

341 recombinant viruses with either BA.1 or BA.2 spike [61].

342  We propose that the approach described in this study can be used to quantify moderate
343  differences in virulence between variants, although animal group sizes may need to be
344  adjusted to address specific experimental questions. Indeed, most studies focusing on SARS-
345  CoV-2 virulence in hamsters use experimental groups between 4 and 6 animals (and often
346  males only), but these may not be sufficient to reveal modest differences in virulence between
347 variants. It may be argued that modest differences in variant virulence observed in hamsters
348  could have limited biological significance in human patients. Indeed, a limitation of these type
349  of studies, is that the intrinsic virulence of variants in naive hamsters is difficult to compare
350 with their virulence in the “real world” in the human population, with pre-existing immunity
351 derived from vaccination or previous infections. However, the intrinsic virulence of newly
352  emerging variants remains a key phenotype to monitor to determine whether adjustments to
353  public health measures are needed. For example, the emergence of a variant with increased

354  virulence may require different vaccination policies from the existing ones.

355  We use equal number of both male and female hamsters in all our experiments. As expected,
356  we observed some gender-independent variability in the extent of the lesions caused by the
357 same variant between individual hamsters both within and between different experiments. A
358  standard reference virus could be used in multiple experiments assessing different variants to
359 normalise the data between experiments (Fig. S4). This approach would also enable

360 meaningful comparison of data between different laboratories.

361 In conclusion, the digital pathology pipelines developed in this study provide a framework for
362 the quantitative assessment of virulence of SARS-CoV-2 variants in experimentally infected
363 hamsters. The identification of virus standards with defined pathogenicity and sharing of
364  protocols for the quantification of pulmonary lesions, can allow comprehensive comparison of
365 in vivo data between different laboratories. We also developed an online repository to share
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366  more effectively with the research community histopathological images derived from scanned
367 whole organ tissue sections. We argue that the reader will be able to appreciate better
368 histopathological micrographs contained in the main body of manuscripts if these were
369 supplemented by images of whole scanned slides as those contained in our virtual
370 microscope. Due to space constraints, micrographs contained in figures of standard
371  manuscripts show only individual areas of interest at single or two magnifications. Virtual
372  microscopes allow the reader to view all areas of a given section and at multiple

373  magnifications, providing therefore a comprehensive spatial context of the data.

374  MATERIALS AND METHODS

375 Cells and Viruses. Calu-3 cells (ATCC HTB-55) are human lung adenocarcinoma epithelial
376  cells. African green monkey kidney cells (Vero E6) expressing the human Ace2 receptor [62]
377  were used to propagate the viruses. All cell lines were maintained at 37°C and 5% CO, in
378 DMEM (ThermoFisher) supplemented with 10% foetal bovine serum (FBS) (ThermoFisher),
379  except for Calu-3 cells where RPMI-1640 medium (ThermoFisher) was supplemented with
380 20% FBS. BA.5S virus isolate was obtained as passage P2 from Greg Towers (University
381  College London, UK) after initial access to passage P1 obtained from Alex Sigal (AHRI, South
382  Africa). Other variants used in this study included the Delta variant (B.1.617.2, GISAID
383  accession number EPI_ISL_1731019), BA.1, BA.2, BA.2.75, BQ.1.18, and XBB all isolated
384  from clinical samples obtained either at the CVR or at the Imperial College London. Viruses
385  were isolated from a clinical nasopharyngeal swab sample collected in virus transport medium.
386  Samples were then resuspended in serum-free DMEM supplemented with 100 units mL-1
387  penicillin-streptomycin, 10 ug mL-1 gentamicin and 2.5 ug mL-1 amphotericin B to a final
388  volume of 1.5 mL. Calu-3 cells were then inoculated and incubated overnight at 37C, 5% CO2.
389 Next day, cell culture medium was replaced with fresh complete medium before further
390 incubation. Infected cells were monitored for signs of CPE and the presence of viral progeny

391 in supernatant by RT-gPCR. All working stocks were propagated in VeroE®6 cells.
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392  Animals. Golden Syrian hamsters (HsdHan®:AURA were bred and maintained by Envigo;
393  Wyton, United Kingdom). Animals were shipped as required and acclimatised at the Veterinary
394  Research Facility (VRF) at the University of Glasgow prior to transfer to Containment Level 3
395 (CL3) suite. Animals were maintained in individually ventilated cages (IVCs) on a 12-hour
396 light/dark cycle and provided with food and water ad libitum. Both male and female hamsters
397 between 8-12 weeks old were used for experiments. All procedures were performed under a
398 UK Home Office licence in accordance with the Animals (Scientific Procedures) Act 1986. All

399 animal research adhered to ARRIVE guidelines.

400 Experimental infections. Animals were randomised to treatment groups, however, due to
401 the nature of this work blinding was not possible. Animals were handled within a Class |
402  microbiological safety cabinet (MSC) in a CL3 suite throughout the experiment. Hamsters were
403  anaesthetised with oxygen (1.5 L/minute) containing 5% isoflurane and intranasally dosed with
404 50 pl of Dulbecco’s Modified Eagle Medium (DMEM) containing 3.75x10% genome copies (the
405  equivalent of approximately 1x104 PFU) of SARS-CoV-2. We chose to use genome copies for
406  our infection studies to control for the differences in infectivity and plaque formation that have
407 been observed with the BA.1 variant [15]. Control animals received DMEM only. Animal
408  weights and temperatures were recorded daily, and animals were monitored twice daily for
409  signs of clinical disease including piloerection, hunching, abnormal breathing and reduced
410 peerinteractions. Animals received a disease score based upon weight loss and the presence
411  and severity of these signs. Animals were culled at the end of the experiment via a rising

412  concentration of CO,.

413  Throat Swabs. Animals were restrained and swabs (MWE) were inserted into the mouth and
414  rotated five times on each tonsil. The swabs were then placed in 2 ml DMEM (ThermoFisher)
415  containing 2% FBS (ThermoFisher) for 1 minute. For RNA RT-gPCR, 250 pl of media was
416  added to 750ul TRIzol LS (ThermoFisher). For live virus assays, the media was frozen at -

417 80°C.
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418 RNA extractions. Viral RNA was extracted from culture supernatants using the RNAdvance
419  blood kit (Beckman Coulter Life Sciences) following the manufacturer’s instructions. Tissue
420 samples, approximately 20 mg in size, were collected in homogenisation tubes containing 2.8
421  mm metal beads (Stretton Scientific) and 1 ml TRIzol reagent (ThermoFisher Scientific). Blood
422  was collected in TRIzol LS reagent (ThermoFisher Scientific) at a 1:4 ratio. Tissue samples
423  were homogenised (6500 rpm, 4x 30s cycle, 30s break, room temperature) using a Precellys
424  Evolution Homogeniser (Bertin Instruments) and the homogenate was mixed with 200 ul
425  chloroform (Merck - 1L). Each sample was mixed thoroughly and centrifuged at 12,000 x g for
426 15 minutes at 4°C. The aqueous phase was removed and mixed with 230 pl 100% ethanol
427  (Merck). The samples were then added to columns from RNeasy Mini Kits (Qiagen) and
428 processed as per manufacturer’s instructions. On column DNase digestion (Qiagen) was

429  performed on all samples for 15 minutes as per manufacturer’s instructions.

430 RT-gPCR. RNA was used as template to detect and quantify viral genomes by duplex reverse
431 transcriptase (RT) quantitative polymerase chain reaction (RT-qPCR) using a Luna Universal
432  Probe one-step RT-gPCR kit (New England Biolabs, E3006E). SARS-CoV-2-specific RNAs
433  were detected by targeting the ORF1ab gene using the following set of primers and probes:
434  SARS-CoV-2_Orflab_Forward 5GACATAGAAGTTACTGGCGATAGY, SARS-CoV-
435 2 _Orflab_Reverse 5TTAATATGACGCGCACTACAG3’, and SARS-CoV-2_Orflab_Probe 5’
436 HEX-ACCCCGTGACCTTGGTGCTTGT-BHQ-1 3'. Hamster B-actin was used as a reference
437  gene using the following primers hACTB-F 5CTCCCAGCACCATGAAGATC3’, hACTB-R
438 5'GCTGGAAGGTGGACAGTG3' , and hACTB-Probe 5 Cy5-
439 TGTGGATCGGTGGCTCCATCCTG-BHQ-3 3'. Normalisation was performed using the AACt
440  method and SARS-CoV-2 genomic copies were calculated by interpolating adjusted ORF1ab
441  Ctvalues from a standard curve. All runs were performed on the ABI7500 Fast instrument and

442  results analysed with the 7500 Software v2.3 (Applied Biosystems, Life Technologies).

443  Histology, immunohistochemistry and in situ hybridization. 3-um thick sections of

444  formalin-fixed (8%) and paraffin-wax embedded (FFPE) tissues (lung, trachea, larynx, and
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445  EDTA-decalcified turbinates) were cut and mounted on glass slides. Slides were stained with
446  haematoxylin and eosin (HE). The following antibodies were used: anti-SARS CoV-2
447  nucleocapsid (Novus Biologicals), anti-CD3 (Agilent DAKO) anti-Pax5 (Agilent DAKO), TTF-1
448  (Leica), IBA1 (Fuijifilm), and MX1 (Cell Signaling). As negative control, the primary antibody
449  was replaced by isotype serum. For visualization, the EnVision+/HRP, Mouse, HRP kit (Agilent
450 DAKO) or EnVision+/HRP, Rabbit, HRP kit (Agilent DAKO), respectively, was used in an
451  automated stainer (Autostainer Link 48, Agilent Technologies). For all immunohistochemistry
452  experiments, 3,3'-Diaminobenzidine (DAB) was used as a chromogen. RNA was detected
453  using RNAScope according to manufacturer’s instructions (Advanced Cell Diagnostics,
454  RNAScope) with simmering in target solution and proteinase K treatment. The following
455  probes were used: SARS-CoV-2 spike (product code: 848561), DapB (product code: 310043),
456  Ubiquitin (product code: 310041) as well as cricetine MX1 (product code: 1153131), IFIT1

457  (product code: 1153111), OAS1 (product code: 1153101), RSAD2 (product code: 1153121).

458 Digital pathology. For image analysis, slides were scanned with an Aperio VERSA 8
459  Brightfield, Fluorescence & FISH Digital Pathology Scanner (Leica Biosystems) at 200 x
460  brightfield magnification. Areas to be analysed (whole lung, nasal, laryngeal, tracheal as well
461  as upper and lower bronchial epithelium) were manually outlined using QuPath (Version 0.3.2)
462  [63], HALO® (Indica Labs) or Aperio ImageScope (Leica Biosystems). For each set of
463  immunohistochemistry or in situ-hybridization, respectively, the algorithm to detect the
464  percentage of positive cells (IBA1, CD3, PAX5) or positively stained area in pixel (MX1) was
465 tuned individually before analysing the slides of one experiment and marker. For the
466  quantification of areas with proliferating type-2-pneumocytes, the whole lung area was
467  outlined. Subsequently, the HALO algorithm “Al” was trained on several slides to detect
468  clusters of TTF1* nuclei within the lung corresponding to alveola epithelial hyperplasia
469  ("medusa”) while ignoring individual TTF1* cells and the positively stained bronchial
470  epithelium. The readout is therefore the percentage of positive TTF-1-stained area in the lungs

471  with medusa shapes. Slides with artefacts were excluded from the analysis as well as artefacts
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472  on the slides, which have been manually excluded. All photomicrographs have been captured

473  with Aperio ImageScope (Leica Biosystems).

474  Online digital pathology tool. Representative whole scanned images are available online at
475  https://covid-atlas.cvr.gla.ac.uk. The “CVR Virtual Microscope,” is an online tool where users
476  can zoom in and out of digital images of scanned tissues, accessing therefore the same

477  context and information experienced on a microscope.

478 RNA sequencing (Bulk RNAseq). Total RNA extracted from lung and blood samples from
479  uninfected and infected animals was quantified using Qubit Fluorometer 4 (Life Technologies;
480 Q33238), Qubit RNA HS Assay (Life Technologies; Q32855) and dsDNA HS Assay Kits (Life
481  Technologies; Q32854). RNA integrity number was determined on a 4200 TapeStation
482  System (Agilent Technologies; G2991A) using a High Sensitivity RNA Screen Tape assay
483  (Agilent Technologies; 5067-5579). Before library preparation, haemoglobin RNA was
484  removed from 1 ug of RNA extracted from blood samples using the GLOBINclear-Mouse/Rat
485  Globin mRNA Removal Kit (Thermo Fisher Scientific; AM1981) following the manufacturer’'s
486  instructions. Total RNA (500 ng) was used to prepare libraries for sequencing using the
487  lllumina TruSeq Stranded mRNA Library Prep kit (lllumina; 20020594) and SuperScript I
488  Reverse Transcriptase (Invitrogen; 18064014) according to the manufacturer’s instructions.
489 The PCR amplified dual indexed libraries were cleaned up with Agencourt AMPure XP
490 magnetic beads (Beckman Coulter; A63881), quantified using Qubit Fluorometer 4 (Life
491  Technologies; Q33238) and Qubit dsDNA HS Assay Kit (Life Technologies; Q32854). Their
492  size distribution was assessed using a 4200 TapeStation System (Agilent Technologies;
493  G2991A) with a High Sensitivity D1000 Screen Tape assay (Agilent Technologies; 5067—
494  5584). Libraries were pooled in equimolar concentrations and sequenced using high output
495  cartridges with 75 cycles (lllumina; 20024911) on an lllumina NextSeq 550 sequencer
496  (lllumina; SY-415-1002). A Q score of 230 was presented in at least 95% of the sequencing

497  reads generated.
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498 Sequence quality and assembly. Prior to performing bioinformatics analysis, RNA-Seq
499  reads quality was assessed using FastQC software

500 (http://www.bioinformatics.babraham.ac.uk/projects/fastqgc). Sequence adaptors were

501 removed using TrimGalore

502  (https://www.bioinformatics.babraham.ac.uk/projects/trim _galore/). Subsequently, the RNA-

503  Seqreads were analysed. Sequence reads were aligned to the Mesocricetus auratus genome
504  (MesAur1.0), downloaded via Ensembl using HISAT2. HISATZ2 is a fast and sensitive splice-
505 aware mapper, which aligns RNA sequencing reads to mammalian-sized genomes using the

506 FM index strategy [64].

507 Differential expression genes analysis. After the alignment to the Mesocricetus
508 auratus genome, FeatureCount [65] was used to calculate the mapped reads counts. In this
509 paper, we observed the differential expression genes (DEGs) of mock vs Delta and mock vs
510 BA.1 (2/6 days) on both lung and blood cells. The DESeq2 [66] in Generalized linear models
511  (GLMs) with multi-factor designs (here the factors are gender and condition of the samples)
512  was used for differential expression genes analysis. FDR P-value < 0.05 was used as the cut-
513  off of significant differential expression genes. We analysed the differential expressed gene

514  sets corresponding to molecular pathways of the Reactome database[67].

515  Statistical Analysis. All graphs and statistical analyses were produced using GraphPad
516  Prism 7 (GraphPad Software Inc., San Diego, CA, USA) as indicated in each figure legend. P

517  values <0.05 were deemed to be significant.

518 Data Availability Statement. The raw FASTQ files generated during this project have been
519 submitted to the European Nucleotide Archive (ENA) under project accession number
520 PRJEB55782. Raw data underpinning the figures in this study are available in Elighten (doi:

521  XXXXXXX)
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538 Figure Legends

539  Figure 1. Transcriptomic response of lungs and blood of SARS-CoV-2 infected
540 hamsters. (A) Volcano plots indicate the number of significantly upregulated (red arrows) or
541  downregulated (blue arrows) genes in lungs or blood of hamsters infected with the indicated
542  variant at each timepoint (compared to mock-infected controls). (B-C) Pathway analysis
543  highlighting the enriched ontologies of differentially expressed genes in the lungs (B) and
544  blood (C) of infected hamsters at 2 - and 6-days post-infection (dpi). The number of genes
545 involved are indicated beside each pathway. (D-E) Scatterplots representing the relative
546  expression of interferon stimulated genes (ISG) in lungs (D) and blood (E) of hamsters
547  experimentally infected with either the Delta or BA.1 variant at the indicated timepoints. ISG
548  with relative higher expression in BA.1 compared to Delta (FDR<0.05) are shown in red. ISG
549  with relative higher expression in Delta compared to BA.1 (FDR<0.05) are shown in blue. Data
550 derived from n=8 hamsters (4 females and 4 males per group), infected in two independent

551  experiments.

552  Figure 2. Distribution of Delta and BA.1 in organs of the respiratory tract of
553  experimentally infected hamsters. Golden Syrian hamsters were infected intranasally with
554  either Delta or BA.1 (or mock-infected). Control animals received media alone. Animals were
555 culled 2- or 6-days post infection (dpi) and the nose, turbinates, larynx, trachea, and lungs
556  were collected for digital pathology analyses (A). Tissues were assessed for the presence of
557  spike RNA by in situ hybridisation (B) or for the expression of MX1 by immunohistochemistry
558 (C). For signal quantification, slides were scanned with an Aperio VERSA 8 Brightfield,
559  Fluorescence & FISH Digital Pathology Scanner (Leica Biosystems) at 200 x brightfield
560 magnification. Areas to be analysed were outlined using QuPath (Version 0.3.2), HALO®
561 (Indica Labs) or Aperio ImageScope (Leica Biosystems). The algorithm to detect the
562  percentage of positively stained area in pixel was tuned individually before analysis. Statistical
563  analysis was performed using a Two-Way ANOVA, *<0.05, **<0.01, ***<0.001, ****<0.0001.

564  Data were derived from two independent experiments (n=8 in total; n=4 per experiment). Black
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565  circles: uninfected; red squares: Delta-infected; blue triangles: BA.1-infected. Blue scale bar:

566 100 um; green scale bar: 1 mm. Graphics made using biorender.com.

567  Figure 3. Expression of interferon stimulated genes in lungs of experimentally infected
568 hamsters. (A) In situ hybridisation of serial lung sections obtained from hamsters
569  experimentally infected with either Delta or BA.1 and killed at 2 days post-infection (2 dpi).
570  Probes used included those for SARS-CoV-2 spike, RSAD2, IFIT1, MX1 and OAS1. (B) Signal
571  was quantified as in Fig. 2 and statistical analysis was performed using a One-Way ANOVA,
572  *<0.05, **<0.01, ***<0.001, ****<0.0001. Data represents two independent experiments using
573  a total of n=6 hamsters (3 females and 3 males per group). Black circles: uninfected; red
574  squares: SARS-CoV-2 (Delta) infected; blue triangles: SARS-CoV-2 (BA.1) infected. Scale

575 bar: 3 mm.

576  Figure 4 — Histopathology of lungs of experimentally infected hamsters. Low (left) and
577  high (right) magnification of lung sections stained with haematoxylin and eosin of hamsters
578  experimentally infected with either the Delta or BA.1 variant (or mock-infected controls). At 2
579 days post-infection (dpi), Delta causes a higher level of infiltration of macrophages in and
580 around bronchi, while the BA.1 variant causes only mild infiltrations at 2 dpi compared to mock-
581 treated hamsters. On the same day, Delta-infected animals showed a moderate vasculitis
582 (inset, right panel) and a moderate sloughing of bronchial epithelial cells (asterisk). Vascular
583 and bronchi pathology was minimal in BA.1-infected animals at 2 dpi. At 6 dpi the lungs of
584  Delta-infected animals show a severe infiltration of macrophages, lymphocytes, plasma cells
585 and neutrophils/heterophils as well as a severe alveolar epithelial hyperplasia covering large
586 areas of the lung lobe (black arrows). BA.1-infected animals show in some cases the same
587 lesions but covering only limited amounts of the lung lobes (white arrows). Empty scale bars:

588 2 mm; filled scaled bars: 100 ym.

589 Figure 5 — Quantification of tissue histopathology in Delta or BA.1-experimentally
590 infected hamsters. Images of whole lung sections of hamsters experimentally infected with
591 either Delta or BA.1 (or mock-infected controls) and culled at either 2- or 6-days post-infection
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592  (dpi). Expression of CD3 (A), IBA1 (B) and TTF1 (C-D) was assessed by in situ hybridisation.
593  Animals were culled 2- or 6-days post infection (dpi) and the lungs were collected for
594  histological analysis. Note that TTF1 is expressed by hyperproliferating epithelial cells
595  (arrows), isolated type-2 pneumocytes and by epithelial cells lining the bronchi/bronchioles
596 (indicated with an asterisk). The software HALO was therefore trained to capture only
597  proliferating alveolar epithelial cells (“medusa”) and exclude isolated TTF1* type-2
598 pneumocytes and bronchial cells. CD3- and IBA1-positive cells in experimentally infected
599 animals were quantified using QuPath (Version 0.3.2), while HALO was used to quantify
600 medusa. Statistical analysis was performed using a Two-Way ANOVA, *<0.05, **<0.01,
601  ***<0.001, ****<0.0001. Data were obtained from two independent experiments using 8
602  hamsters (4 females and 4 males infected in two independent experiments). Black circles:
603  uninfected; red squares: SARS-CoV-2 (Delta)-infected; blue triangles: SARS-CoV-2 ( BA.1)-

604 infected. Blue scale bar: 1 mm; green scale bar: 400 um. Graphics made using biorender.com.

605 Figure 6. Quantification of Omicron sub-lineages virulence in experimentally infected
606 hamsters. (A) Micrographs of lung sections collected at 6 days post-infection (dpi) from
607  hamsters experimentally infected with either Delta, BA.1, BA.5 or mock-infected. Expression
608  of TTF1* hyperplastic epithelial cells and infiltrating macrophages (IBA1*) was assessed by in
609  situ hybridisation. Expression of MX1 was instead assessed by immunohistochemistry. Data
610 were quantified as in Fig. 5. (B) Differences in the weights between these animals were
611  recorded daily. (C) Daily recorded weight changes in animals mock-infected or infected with
612  either BA.1, XBB, BQ.1.18 or BA.2.75. Lung whole scanned sections were analysed for the
613  presence of IBA1* cells (D) or hyperplastic alveolar epithelial cells (E) as in A. (F) Daily weight
614  changes of mock-infected hamsters or animals infected with either BA.1, BA.2 or BA.2.75.
615  Quantification of cells expressing IBA1 (G) or hyperplastic TTF-1* cells was conducted as in
616  A. Statistical analysis was performed using a One-Way ANOVA with Tukey’s multiple
617 comparisons test. Weight comparisons were performed using a Two-Way ANOVA.

618  Significance is indicated with *<0.05, **<0.01, ***<0.001, ****<0.0001. * Denote comparisons
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619  between Delta and mock or BQ.1.18 and mock or BA.2.75 and mock; # denote comparisons
620 between BA.1 and delta or mock and BA.2.75; $ denotes comparisons between Delta and
621 BA.5 or mock and XBB; + denotes comparisons between uninfected and BA.5; & denotes
622  comparisons between BA.5 and BA.1. n=6 (3 females and 3 males per group). Black circles:
623  uninfected; red squares: SARS-CoV-2 (Delta) infected; blue triangles: SARS-CoV-2 (BA.1)
624  infected; green inverted triangles: SARS-CoV-2 (BA.5) infected; orange inverted triangles:
625 SARS-CoV-2 (XBB) infected; purple squares: SARS-CoV-2 (BQ.1.18) infected; pink squares:
626  SARS-CoV-2 (BA.2) infected; green diamonds: SARS-CoV-2 (BA.2.75) infected. Scale bar:

627 500 um. Graphics made using biorender.com.

628  Supplementary Data

629 Figure S1. Disease Scoring and PCA plots from transcriptomic analysis of tissues from
630 SARS-CoV-2 experimentally infected hamsters. (A) Hamsters were infected with Delta or
631 BA.1 intranasally. Mock-infected animals received media alone. The weights and disease
632  scores of each animal was recorded daily. (B) All animals were culled 2- or 6-days post-
633  infection (dpi), and RNA was extracted from lungs and blood for RNAseq. PCA plots indicate
634  the variance between the different samples at 2 and 6 dpi. Data were obtained from n=8

635 animals per group from two independent experiments (4 females and 4 males per group).

636  Figure S2. Detection of spike protein or RNA in SARS-CoV-2 experimentally infected
637 hamsters. Micrographs of lung tissues collected from hamsters infected intranasally with
638  either Delta or BA.1 (or mock-infected). Animals were culled at 2 dpi and lung sections were
639 assessed for the presence of viral protein by immunohistochemistry, or viral RNA by in situ

640  hybridisation.

641  Figure S3. Tissue Distribution of Delta and BA.1 in experimentally infected hamsters at
642 day 1 post-infection. (A) Hamsters were infected with either Delta or BA.1 intranasally (or
643  mock infected). Animals were culled 1 day post infection and turbinates, trachea and lungs

644  were collected for digital pathology analyses. (A). Tissues were assessed for the presence of
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645  spike RNA by in situ hybridisation (B) or for the expression of MX1 by immunohistochemistry
646  (C). For signal quantification, slides were scanned with an Aperio VERSA 8 Brightfield,
647  Fluorescence & FISH Digital Pathology Scanner (Leica Biosystems) at 200 x brightfield
648  magnification. (D) Nasal washes, throat swabs and lungs were analysed for the presence of
649 SARS-CoV-2 genomic RNA by RT-qPCR. Statistical analysis was performed using an
650 unpaired t test, *<0.05, **<0.01, ****<0.0001. Data is representative of two independent
651  experiments, n=6 (3 females and 3 males per group). Blue scale bar: 500 uym; green scale

652  bar: 200 um. Graphics made using biorender.com.

653  Figure S4. Comparison of virulence of SARS-CoV-2 variants used in this study. Data
654  shownin Fig. 6A, D, E, G and H was merged for either (A) IBA1 or (B) medusas by normalising
655 results to those obtained in BA.1 infected hamsters (taken as 1). Statistical analysis was
656  performed using a One-Way ANOVA with Tukey’s multiple comparisons test. Significance is

657 indicated with *<0.05, **<0.01, ***<0.001, ****<0.0001.
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