—

O 0 9 O ks W

W NN N N N N N N N N o e e e e e e e
[>EENc I SN B e SV N - VS B S I == e C RN e NV B S B S e =)

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.25.457626; this version posted August 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC

105 and is also made available for use under a CCO license.

The B.1.427/1.429 (epsilon) SARS-CoV-2 variants are more virulent than ancestral B.1 (614G)

in Syrian hamsters

Timothy Carroll*2*, Douglas Fox3", Neeltje van Doremalen?’, Erin Ball>*, Mary Kate Morris®,
Alicia Sotomayor-Gonzalez’, Venice Servellita’, Arjun Rustagi®, Claude Kwe Yinda?, Linda
Fritts®-2, Julia Rebecca Port?, Zhong-Min Ma?!, Myndi Holbrook?*, Jonathan Schulz?, Catherine A.
Blish®, Carl Hanson®, Charles Y. Chiu’#, Vincent Munster*#, Sarah Stanley3#, Christopher J.

Millerl.2,5.9#

ICalifornia National Primate Research Center, University of California Davis, Davis CA, USA
2Center for Immunology and infectious Diseases, University of California Davis, Davis CA, USA
3University of California, Berkeley, Department of Molecular and Cell Biology, Division of
Immunology and Pathogenesis

4Laboratory of Virology, Division of Intramural Research, National Institute of Allergy and
Infectious Diseases, National Institutes of Health, Hamilton, MT, USA

>Department of Pathology, Microbiology and Immunology, School of Veterinary Medicine,
University of California Davis, Davis CA, USA

®Division of Viral and Rickettsial Diseases, California Department of Public Health, Richmond,
CA, USA

’Department of Laboratory Medicine, University of California, San Francisco, San Francisco, CA,
USA

8Division of Infectious Diseases and Geographic Medicine, Department of Medicine, Stanford
University School of Medicine

J Division of Infectious Diseases, Department of Internal Medicine, School of Medicine,

University of California Davis, Davis CA, USA


https://doi.org/10.1101/2021.08.25.457626

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.25.457626; this version posted August 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

31  *=contributed equally to the work

32  #=to whom correspondence should be addressed.


https://doi.org/10.1101/2021.08.25.457626

34
35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.25.457626; this version posted August 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC

105 and is also made available for use under a CCO license.

Abstract

As novel SARS-CoV-2 variants continue to emerge, it is critical that their potential to cause
severe disease and evade vaccine-induced immunity is rapidly assessed in humans and studied
in animal models. In early January 2021, a novel variant of concern (VOC) designated B.1.429
comprising 2 lineages, B.1.427 and B.1.429, was originally detected in California (CA) and shown
to enhance infectivity in vitro and decrease antibody neutralization by plasma from
convalescent patients and vaccine recipients. Here we examine the virulence, transmissibility,
and susceptibility to pre-existing immunity for B 1.427 and B 1.429 in the Syrian hamster model.
We find that both strains exhibit enhanced virulence as measured by increased body weight
loss compared to hamsters infected with ancestral B.1 (614G), with B.1.429 causing the most
body weight loss among all 3 lineages. Faster dissemination from airways to parenchyma and
more severe lung pathology at both early and late stages were also observed with B.1.429
infections relative to B.1. (614G) and B.1.427 infections. In addition, subgenomic viral RNA
(sgRNA) levels were highest in oral swabs of hamsters infected with B.1.429, however sgRNA
levels in lungs were similar in all three strains. This demonstrates that B.1.429 replicates to
higher levels than ancestral B.1 (614G) or B.1.427 in the upper respiratory tract (URT) but not in
the lungs. In multi-virus in-vivo competition experiments, we found that epsilon
(B.1.427/B.1.429) and gamma (P.1) dramatically outcompete alpha (B.1.1.7), beta (B.1.351) and
zeta (P.2) in the lungs. In the URT gamma, and epsilon dominate, but the highly infectious
alpha variant also maintains a moderate size niche. We did not observe significant differences
in airborne transmission efficiency among the B.1.427, B.1.429 and ancestral B.1 (614G)

variants in hamsters. These results demonstrate enhanced virulence and high relative fitness of
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the epsilon (B.1.427/B.1.429) variant in Syrian hamsters compared to an ancestral B.1 (614G)

strain.

Author Summary

In the last 12 months new variants of SARS-CoV-2 have arisen in the UK, South Africa,
Brazil, India, and California. New SARS-CoV-2 variants will continue to emerge for the
foreseeable future in the human population and the potential for these new variants to
produce severe disease and evade vaccines needs to be understood. In this study, we used the
hamster model to determine the epsilon (B.1.427/429) SARS-CoV-2 strains that emerged in
California in late 2020 cause more severe disease and infected hamsters have higher viral loads
in the upper respiratory tract compared to the prior B.1 (614G) strain. These findings are
consistent with human clinical data and help explain the emergence and rapid spread of this

strain in early 2021.
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Introduction

With the identification in humans of at least five circulating variants of concern (VOC) in the last
12 months from the UK, South Africa, Brazil, India, and California [1-3], it is apparent that SARS-
CoV-2 VOCs will continue to emerge for the foreseeable future in the human population. These
new variants are replacing formerly dominant strains and sparking new COVID-19 outbreaks.
To avoid another uncontrolled SARS-CoV-2 pandemic, an ongoing effort is needed to monitor,
collect and analyze data on new SARS-CoV-2 variants, identify VOCs and determine their impact
on the performance of COVID-19 diagnostics and the efficacy of available treatments and
vaccines.

In early January 2021, a novel VOC with 2 lineages, designated B.1.427 and B.1.429
(epsilon variant), was detected in California (CA) [4]. Epidemiologic studies suggest that the
variants originated in CA and were responsible for an increasing proportion of cases beginning
in November until more than 50% of the cases in in the state were due to the variant in
February 2021 [4]. This suggested that epsilon (B.1.427/B.1.429) VOC had a moderately
increased transmission efficiency in the population relative to the previously dominant B.1
(614G). In-vitro studies demonstrated that the L452R spike mutation found in B.1.427/B.1.429
increases infectivity and decreases susceptibility to antibody neutralization, rendering these CA
VOCs completely resistant to one therapeutic monoclonal antibody, bamlanivimab [4].
B.1.427/429 has also been shown to partially escape vaccine elicited polyclonal and monoclonal
neutralizing antibodies, using a novel mechanism of immune evasion [5,6]. A 2-3-fold reduction
in the plasma neutralizing antibody titers against B.1.427/B.1.429 compared to ancestral B.1

(614G) variants in recipients of the Moderna mRNA vaccine was observed [5]. This finding was
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95  confirmed by a recent report showing that neutralizing titers in plasma from Wu-1 based mRNA
96  vaccinees or from recovered patients were 2- to 3.5-fold lower against the B.1.427/B.1.429 VOC
97  relative to B.1 (614G) pseudoviruses [6]. Further, the L452R mutation reduced neutralizing
98  activity in a subset of receptor binding domain-specific monoclonal (m)Abs tested, and the S13|
99  and W152C mutations abrogated neutralization by all N-terminal domain-specific mAbs tested
100  [6]. Taken together these data provide evidence that the epsilon (B.1.427/B.1.429) VOC
101 partially evades the human immune response [5,6].
102 Syrian hamsters are a widely used small animal model to study the infectivity and
103 virulence of clinical SARS-CoV-2 isolates [7-11]. Following intranasal inoculation, hamsters are
104  infected with SARS-CoV-2 and develop moderate to severe lung pathology. SARS-CoV-
105  2-infected hamsters mount neutralizing antibody responses and are protected against
106 homologous and heterologous re-challenge with SARS-CoV-2 [10,12,13]. In this study, we used
107  the hamster model to determine the relative fitness and transmissibility of the ancestral SARS-
108  CoV-2 and the B.1.427/429 strains in hamsters, and whether hamsters previously infected with
109  the ancestral B.1 (614G) are susceptible to acute reinfection with B.1.427 or B.1.429.
110 We find that the B.1.427/429 strains are more virulent than the ancestral B.1 (614G)
111  strain, as measured by weight loss of infected animals, viral titers in the upper respiratory tract
112 and histopathology of the lungs. These findings are consistent with human clinical data and
113 help explain the emergence and rapid spread of this strain in early 2021.

114
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Results

Body weight loss in hamsters inoculated with SARS-CoV-2 epsilon (B.1.429/427) is more
severe and sustained than in hamsters infected with ancestral B.1 (614G) SARS-CoV-2. To
assess the virulence of SARS-CoV-2 strains, we infected hamsters intranasally with
approximately 5000 PFU of B.1 (614G, B.1.427), or B.1.429 (Table 1). Body weights and oral
swabs were obtained daily, and lungs collected at necropsy on 2, 4, 6 and 10 days post-
inoculation were examined for pathologic changes and to determine the extent and level of
virus replication (Table 1). Hamsters inoculated with SARS-CoV-2 began losing weight at day 2-
3 Pl with a nadir lasting from 4-6 days Pl in B.1 (614G) animals, from 4-7 days Pl in B.1.427
animals and from 4-8 days Pl in B.1.429 animals. The difference in weight loss between the B.1

(614G) animals and epsilon (427/429) animals was statistically significant (Figure 1A).

Intranasal inoculation of hamsters with SARS-CoV-2 B.1.429 results in more severe pulmonary
pathology compared to B.1.427 or ancestral B.1 (614G) SARS-CoV-2. All hamsters inoculated
with the SARS-CoV-2 variants developed moderate to severe broncho-interstitial pneumonia.
To quantify the extent and severity of lung pathology, 2 scoring systems were used: the first
evaluated all relevant changes in the lungs of the infected animals (Figure 1B) and the second
evaluated only the pathology associated with the pulmonary vasculature (Figure 1C). In all
animals, the extent of lung pathology increased from days 2-6 and decreased dramatically by 10
days post-infection (Figure 1B and C). However, the lungs from hamsters infected with B.1.429
had a trend toward higher overall pathology scores compared to animals infected with B.1

(614G) or B.1.427 (Figure 1B). B.1.429 inoculated animals exhibited more widespread and
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137  severe lesions at 2 days Pl than B.1 (614G) and B.1.427 inoculated animals. These early severe
138  histopathological changes also persisted for a longer time in B.1.429 infections as seen by

139  comparison of the scores at days 2 and 10 (Figure 1B). Although not clinically significant,

140  hamsters infected with B.1.429 tended to have less vascular pathology than animals infected
141  with B.1 (614G) or B.1.427 (Figure 1C). B1.429 infection induced moderate to severe lung

142 pathology more quickly and for a longer duration than B 1. (614G) or B1.427.

143 Although the extent, severity and timing of the lesions differed, the overall nature of the
144  broncho-interstitial pneumonia was similar in all animals. At day 2 PI, lesions were centered on
145  large airways and ranged from mild bronchitis to patchy, moderate bronchiolitis, bronchiolar
146  epithelial cell necrosis and rupture of bronchiolar wall with limited extension of a mixed

147  inflammatory infiltrate (composed of neutrophils, macrophages, fewer lymphocytes and

148  scattered multinucleated syncytial cells) into adjacent alveolar septa (Figures 2 and 3: B, G, and
149  L). The affected pulmonary surface area in examined sections ranged from 2 to 20% (Figure 2 B,
150 G, and L). Vasculitis characterized by perivascular cuffing, intramural inflammatory cells and
151  endothelialitis (sub-and intra-endothelial inflammatory cell infiltration), was noted in

152  association with all SARS-CoV-2 variants, although more prominently in animals inoculated with
153 B.1(614G)and B.1.427. As noted above, the B.1.429 inoculated animals exhibited much more
154  widespread and severe lesions at day 2 Pl than B.1 (614G) and B.1.427 inoculated animals.

155 By day 4 Pl bronchiolar and alveolar lesions had progressed to necro-suppurative

156  bronchiolitis with loss of normal alveolar septal architecture and replacement by hemorrhage,
157  edema, fibrin, necrotic debris, mixed inflammation, and frequent multinucleated syncytial cells

158  (Figure 2 and 3: C, H, and M), affecting up to 50% of the pulmonary surface area (Figure 2 C, H,
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159 and M). Perivascular cuffing and endothelialitis (vasculitis) remained prominent features, with
160  mononuclear cells frequently extending from endothelium to adventitia in many small arteries
161  (Figure 3 M, inset). Variable bronchiolar epithelial hyperplasia (characterized by epithelial cell
162  piling up and increased mitotic figures) and scattered type |l pneumocyte hyperplasia were also
163 noted, particularly in those animals inoculated with B.1.429 (Figure 3 M).

164 Similar microscopic features, including necrotizing neutrophilic and histiocytic broncho-
165 interstitial pneumonia with syncytial cells, perivascular cuffing, and endothelialitis, were

166  observed at day 6 PI (Figures 2 and 3: D, |, and N), affecting 25-50% of the pulmonary surface
167  areain examined sections (Figure 2 D, |, and N). Reparative changes, including bronchiolar

168  epithelial hyperplasia and type Il pneumocyte hyperplasia, were also prevalent at day 6 PI

169  (Figures 2 and 3: D, |, and N).

170 By day 10 PI, the lung pathology in all animals had dramatically decreased. In animals
171  inoculated with B.1 (614G) and B.1.427, necrosis, neutrophilic inflammation and vascular

172  lesions appeared largely resolved, with replacement by patchy foci of mononuclear alveolar
173 septal inflammation with bronchiolar epithelial and type Il pneumocyte hyperplasia (Figures 2
174  and 3:E, J, O). The affected surface area in the lungs of these animals ranged from 2-10%

175  (Figure 2 E, J, O). The animals inoculated with the B.1.429 variant exhibited more severe and
176  widespread pulmonary lesions at day 10 PI (Figure 3 O), with persistence of neutrophilic to
177  histiocytic alveolar septal inflammation with scattered syncytial cells and occasional

178  endothelialitis as well as reparative changes. The affected surface area ranged from 15-20% in
179  this group (Figure 2 O).

180
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Intranasal inoculation of hamsters with B.1.427 results in similar distribution of virus in lungs
compared to ancestral B.1 (614G) SARS-CoV-2, while B.1.429 infects the lung parenchyma
more rapidly. We used in-situ hybridization (ISH) to localize viral RNA (VRNA) to specific
structures and cell types in the lung (Figure 4). The findings were similar in animals infected
with either B.1 (614G) or B.1.427. At day 2 PI, bronchiolar epithelial cells were intensely
labelled with infected cells extending along the entire length of main stem bronchi and smaller
airways (Figure 4 A, E). In addition, rare focal areas of vVRNA positive pneumocytes were found
in the lung parenchyma. At day 4 Plin B.1 (614G) and B.1.427 animals, airway epithelial cells
remained intensely labelled, with many of the infected cells detached from the basal lamina
(Figure 4 B, F). However, most of the VRNA positive cells at day 4 were now found in the lung
parenchyma, with type | and Il pneumocytes and alveolar macrophages strongly positive (Figure
4B, F). In contrast, in the B.1.429 infected animals intense labeling of vRNA positive cells in the
parenchyma and airways was already present at day 2 P, and this persisted to day 4 Pl (Figure 4
I,J). Of the 5-6 animals infected with each variant that were necropsied at day 6 PI, one animal
from each group had a few vRNA positive cells in isolated foci in the lung parenchyma. The
lungs from the remaining 4-5 animals in each group were negative (Figure 4 C, G, and K). At
day 10 PI, vRNA+ cells were not found in the lungs of any of the animals (Figure 4 D, H, and L).
Although B.1.429 disseminated to lung parenchyma more rapidly than B.1.427 or B.1 (614G), all
3 strains seemed to infect the same populations of cells in the lung: mainly airway epithelial
cells and type | and type Il pneumocytes (Figure 4). Alveolar macrophages were also labeled
but this was likely to due to phagocytosis of infected cell debris rather than productive

infection.

10
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Intranasal inoculation of hamsters with B.1.429/427 results in similar virus kinetics and viral
loads in lung and upper respiratory tract washes but sgRNA levels in oral swabs from B.1.429
infected animals were higher compared animals infected with to ancestral B.1 (614G) SARS-
CoV-2. In all the SARS-CoV-2 infected hamsters, the levels of sgRNA in daily oral swabs were
highest at 1 or 2 days Pl and then declined steadily to day 4 Pl. However, the sgRNA levels were
significantly higher in the oral swabs of B.1.429 animals compared to the B.1.427 or B.1 (614G)
animals (Figure 5A). The levels of sgRNA in URT washes collected at necropsy were highest at
day 2 Pl but had declined dramatically by day 10 PI (Figure 5B) in all animals and sgRNA levels
were similar in all hamster groups (Figure 5B). The levels of infectious virus and sgRNA in the
lungs of hamsters inoculated with all 3 viruses were very similar: high at days 2 and 4 Pl but

undetectable infectious virus and low sgDNA at days 6 and 10 PI (Figures 5C and D).

Specific variants predominate in lungs and nasal cavity of hamsters after intranasal
inoculation with a mixture of SARS-CoV-2 variants. To determine if there is a relative fitness
advantage among the circulating VOCs, hamsters were inoculated intranasally with a mixture of
viruses and the proportion of each inoculated virus in the lungs and nasal cavity was
determined. In the first experiment, animals (Table 1) were inoculated with 5000 PFU of SARS-
CoV-2 that was either a 1:1 or 9: 1 mixture of B.1 (614G) and B.1.427 based on PFU. In
hamsters inoculated with mixtures of 2 viruses, the level of sgRNA in the oral swabs were very
highest at day 1 then declined until day 4 PI (Figure 6 A) while sgRNA levels in lungs and URT

were higher at day 2 Pl than day 4 PI (Figure 6 A, B and D). The sgRNA levels in the oral swabs,

11
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225  lungs and URT of hamsters infected with the 2 virus mixtures were very similar to animals

226  inoculated with a single virus (Figure 6, Figure 5).

227 To determine if B.1 (614G) or B.1.427 had a competitive advantage over the other, RNA
228  from the lungs and upper respiratory tract from the animals was sequenced to determine the
229  proportion of each virus in the sample. In the URT and lung samples of the 1:1 inoculated

230  animals, B.1.427 made up between 39-57% of the virus population at day 2 Pl and 21-58% at
231  day 4 Pl (Figure 6C and E). In the lung samples of the 9:1 inoculated animals, B.1.427 made up
232 about 10% of the virus population in the lungs at day 2 and 4 PI (Figure 6C), while in the URT,
233 B.1.427 made up from 8% to 35% of the virus population at day 2 and 4 PI (Figure 6E). These
234 results suggest that B.1.427 may have slight replicative advantage in the URT compared to B.1
235  (614G). However, there was no indication that B.1.427 had an enhanced ability to replicate in
236  lungs compared to B.1 (614G).

237 To simultaneously determine the relative fitness of a larger number of variants, in a
238  third experiment, 10 animals (Table 1) were inoculated with 5000 PFU of SARS-CoV-2 that was
239  composed of an equal mixture, based on PFU, of 7 SARS-CoV-2 variants: ancestral B.1 (614G)
240  [18],B.1.427 [4], B.1.429[4], P.1 [19], P.2 [19], B.1.1.7 [20] and B.1.351 [21]. We developed a
241  amplicon sequencing strategy named QUILLS (QUasispecies ldentification of Low-Frequency
242 Lineages of SARS-CoV-2) to identify relative frequencies of viral variants within a mixed

243 population by sequencing of key single nucleotide mutations in the spike and orflab genes (see
244 Methods). QUILLS analysis of the pure viral stocks used to generate the mixture revealed >

245 99.5% of the RNA sequences obtained from the stocks were identical to the published sequence

246  of the respective VOC; analysis of mixture showed that each VOC comprised between 4% and

12
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247  25% of the RNA in the mixed virus inoculum (Figure 7A), as expected based on PFU

248  normalization. In the hamsters inoculated with this mixture of 7 viruses, the levels of sgRNA in
249  the lungs and URT were very high at days 2 and 4 PI (Figure 6 B and D) and were similar to the
250  levels found in animals inoculated with a single virus (Figure 5 C and D).

251 To determine if one or more of the 7 variants in the inoculum had a competitive

252  advantage over the others, RNA from the lungs and upper respiratory tract from animals

253 necropsied at day 2 Pl (n=5) and day 4 P (n=5) was sequenced and the proportion of each virus
254 in the samples was determined. In the day 2 lung samples, B.1 (614G), P.1 and epsilon

255  (B.1.427/B.1.429) predominated (mean: 32.8%/ range: 0-84%, 38.8%/0-98% and 25.4%/1-45%
256  respectively) with P.2, and 351 making up less than 2% of the vRNA (Figure 7 B and C). On day
257 4, the lung vVRNA was B.1(614G): 38.1%/11.2-51%, epsilon (B.1.427/ B.1.429) 38.2%/4-49%, P.1:
258  21.6%/0.1-47.2%, with B.1.1.7, P.2 and B.1.351 making up less than 2% of the vRNA (Figure 7 B
259 and C). Thus, in the lung, B.1 (614G), P1 and epsilon (B.1.427/ B.1.429) were the most frequent
260  variants while B.1.1.7, B.1.351 and P.2 were only found at low levels.

261 In the day 2 Pl URT washes, the VRNA was B.1 (614G): 35%/20-48%, P1: 28%/19.4-57%,
262  epsilon (B.1.427/ B.1.429): 27.7%/14.1-49.9%, B.1.1.7: 8.8%/2-37.9%, with P2 and 351 making
263  up less than 1% of the vVRNA (Figure 7 B and D). On day 4, the URT vRNA was B.1 (614G):

264  29.6%/0-70.2%, P.1: 33%/9.7-60%, epsilon (B.1.427/ B.1.429): 31.9%/14-63.3%, B.1.1.7: 5%/1-
265  13%, with P.2 and B.1.351 making up less than 1% of the vRNA (Figure 7 B and D). Thus, in the
266  URT, B.1 (614G), epsilon (B.1.427/ B.1.429) and P.1 were the most frequent variants, B.1.1.7

267  was intermediate and B.1.351 and P.2 were infrequent. These results demonstrate that B.1,

13
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268  P.1and epsilon (B.1.427/ B.1.429) have a competitive advantage over the other variants in the
269  lung but that B.1.1.7 can compete with P.1 and epsilon (B.1.427/ B.1.429) in the URT.

270

271  Prior Infection with B.1 (614G) protects hamsters from subsequent challenge with

272  B.1.427/429. To confirm protection from homologous challenge, hamsters (Table 1) were

273  inoculated intranasally with 5000 PFU B.1 (614G) and then were rechallenged with 5000 PFU
274  B.1(614G) 21 days later (Figure 8A); another group of hamsters (Table 1) was infected with
275  B.1.427 and rechallenged with B.1.427 21 days later (Figure 8B). To determine if B.1.427 and
276  B1.429 are susceptible to the immune responses elicited by prior infection with B.1 (614G),
277  hamsters (Table 1) were inoculated intranasally with 5000 PFU of B.1 (614G) and then were
278  challenged 21 days later by intranasal inoculation of 5000 PFU of B1.427 or B1.429. To

279  document infection and to determine the levels of vRNA at time of challenge, five animals in
280  each group were necropsied at day 2 and day 21 respectively (Table 1). Rechallenged animals
281  were necropsied on day 2 days after rechallenge (day 23) (Table 1). Viral titer and vRNA levels
282  inlungs were determined for all groups and timepoints (Figure 8).

283 All animals had high levels of sgRNA and infectious virus in lungs at day 2 PI, but no

284  infectious virus and only very low levels of sgRNA were detected in animals at day 21 PI (Figure
285  8), confirming that the animals had been infected by the initial inoculum and then cleared the
286 infection. Two days after re-challenge (day 23 PI), we could not isolate virus or detect sgRNA in
287  the lungs of any of the animals (Figure 8). Thus, prior infection with ancestral B.1 (614G)

288  protects hamsters from challenge 21 days later with either B.1.427 or B.1.429, with protection

289  defined as no virus replication in lungs.
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290

291  Th efficiency of airborne transmission between hamsters infected with (B.1.427/429) and B.1
292  (614G) is similar. To determine if the airborne transmission of B.1.427 and B1.429 between
293 hamsters is more efficient than B.1 (614G) airborne transmission, four groups of eight “donor”
294  hamsters (Table 1) were inoculated intranasally with 10* PFU of either B.1 (614G), A.1 (WA-1),
295  B.1.427,B.1.429 (Figure 9). Oral swabs were collected at day 1 Pl and naive “sentinel” animals
296  were added to one end of the cage separated from the donor animals by a barrier that prevents
297  large particles but allows smaller particles to pass between the co-housed animals [22]. Donor
298 animals were necropsied at Day 7 or 8 Pl and “sentinel” animals were monitored for virus in
299  oral swabs collected for up to 14 days after exposure. High levels of genomic and sgRNA were
300 detected in the oral swabs of all the donor animals confirming that they were infected (Figure
301  9A). Itis worth noting that the day 1 Pl sgRNA levels in the swabs of B.1.429 infected animals
302  were the highest and the difference compared to WA-1 infected animals was significant (Figure
303  9A). Of the eight sentinels exposed to the B.1.427 donors, all 8 were infected by 2 days post-
304  exposure (PE). By comparison, 100% of B.1 (614G) sentinels were infected by 3 days PE and
305 100% of WA-1 sentinels were infected by 5 days PE (Figure 9B). Thus, B.1.427 was transmitted
306  marginally more rapidly than WA-1 and B.1 (614G). In contrast among the B.1.429 sentinels, 7
307  out of 9 animals were infected by 3 days PE and 8 of 9 animals were infected by 5 days PE

308  (Figure 9B). Thus, B.1.427 transmits between hamsters marginally more efficiently than B.1
309 (614G) and WA-1, while B.1.429 transmits marginally less efficiently than B.1 (614G) and WA-1.
310  Taken together, these data suggest that airborne transmission of epsilon (B.1.427/429) and B.1

311 (614G) between hamsters is similar.
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312 Discussion

313  The SARS-CoV-2 epsilon variant is comprised of 2 separate lineages, B.1.427 and B.1.429, with
314  each lineage rising in parallel in California and other western states [4]. The variant is predicted
315 to have emerged in California in May 2020 and increased in frequency from 0% to >50% from
316  September 2020 to January 2021. The B.1.427/B.1.429 variant is no longer the predominant
317  circulating strain in California, as it was replaced first by the B.1.1.7 (alpha) variant, which has
318  since been replaced by the B.1.617.2 (delta) variant. The SARS-CoV-2 B.1.427/B.1.429 (epsilon)
319 variant has a characteristic triad of spike protein mutations (S131, W152C, and L452R) [4].

320 Epidemiologic and in-vitro studies found that the variant is approximately 20% more

321  transmissible with 2-fold increased shedding in patients compared to ancestral B.1 (614G) [4]
322  and that the spike L452R mutation conferring increased the infectivity of pseudoviruses in vitro
323 [4]. It was not clear if the B.1.427/B.1.429 variants caused more severe disease; however, as
324  the frequency of infection with the B.1.427/B.1.429 variants increased, the number of cases
325 increased [4], followed by an increase in COVID-19 associated hospitalizations and death

326  (https://covid19.ca.gov/state-dashboard/). In this study, we demonstrated that, based on

327  differences in weight loss, SARS-CoV-2 epsilon (B.1.429 and B.1427) is more virulent than

328  ancestral B.1 (614G) SARS-CoV-2 and B.1.429 is more virulent than B.1.427 in Syrian hamsters.
329  The more rapid dissemination of virus from the airways to the alveoli in the lungs and higher
330 levels of virus replication in the URT (daily oral swabs) of B.1.429 infected animals provide a
331 biologically plausible explanation for the higher virulence of this L452R carrying strain.

332 The significantly higher sgRNA levels in the oral swabs collected daily over the first 4

333  days of B.1.429 infection suggests that this variant has enhanced fitness in the URT of hamsters
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334  compared to B.1 (614G) or B.1.427. This finding is consistent with the finding that there is a 2-
335 fold increase in median viral loads in nasal swabs of patients infected with B.1.427/B.1.429

336  SARS-CoV-2 (epsilon) compared to patients infected with ancestral B.1 (614G) [4]. However, it
337 isimportant to note that the overall levels of sgRNA in the lungs of animals infected with all
338  three viruses were similar. Although not statistically significant, it should also be noted that the
339  sgRNA levels in the B.1.429 infected animals were higher at all time points compared to levels
340 inB.1andB.1.427 infected animals (Figure 5B). The inability to detect a significant difference in
341  sg RNA levels in URT washes collected at necropsy is likely due to the fact only 3-5 URT wash
342  samples were collected from each group of hamsters on days 2 and 4 PI, while 16-19 oral swab
343  samples were collected daily from each group of hamsters on days 1-4 Pl. The URT-specific

344  enhanced fitness of B.1.429 could be explained by a higher density of suspectable and

345  permissive cells for B.1.429 in the URT compared to the lung or by the presence of mutations in
346  B.1.429 that makes it more adapted for replication in the URT. Prior studies have suggested
347  that the L452R mutation may increase infectivity because it stabilizes the interaction between
348  the spike protein and its human ACE2 receptor [23] [24]. In-vitro studies found that the L452R
349  mutation that defines the episilon VOC enhances pseudovirus infection of 293T cells and lung
350  organoids [4]. Our finding in hamsters of higher replication levels of B.1.429 in the URT, but not
351 thelung, compared to the ancestral B.1 (614G) variant extends these in-vitro findings to intact
352  animals. Notably, our competition experiments demonstrated that the L452R containing

353  B.1.427 and B.1.429 variants outcompeted many other variants that do not contain L452R

354 (B.1.1.7,P.2,B.1.351) in the lungs and URT. The exceptions were B.1 (614G) and the P1

355  variant, which replicated to levels that were similar to (epsilon) B.1.427/B.1.429 in both lungs
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356  and URT; and the B.1.1.7 variant that was able to compete with B.1 (614G), B.1.427/429 and
357  P.linthe URT but not the lung. Our results are consistent with a previous report that the

358 B.1.1.7 variant replicates to higher levels in the nose of Syrian hamsters than the ancestral B.1
359  variant [25]. Both the P.1 and B.1.1.7 variants carry the N501Y-mutation that also enhances
360 infectivity in-vitro [24] and this may explain why they can successfully compete with the L452R
361  variants in the nose of hamsters. It is also possible to conclude from these results that the

362 relative fitness of different variants depends, at least to some extent, on the anatomic site of
363  theinfection.

364 The QUILLS strategy to identify relative frequencies of viral variants within a mixed

365 population by sequencing of key single nucleotide mutations has limitations in that

366  only variants with known mutations can be identified. All the variants used in the mixed

367 inoculum experiments in this study, have lineage-defining mutations in spike and orflab on the
368 backbone of ancestral B.1 (614G) and these 6 variants are unambiguously identified in the

369 infected animals by QUILLS. However, the variant identified as B.1(614G) using QUILLS is an
370  aggregate of all variants carrying 614G that cannot be otherwise be assigned to one of the

371  other 6 variants in the inoculum. This would include novel variants arising from the inoculum
372  B.1(614G) and revertants that may arise in each VOC quasispecies. Because of this,

373  the relative frequency assigned to the ancestral B.1(614G) is less reliable than the frequencies
374  of the other 6 variants that are based on positively identified sequences in the samples.

375  Similarly, a single point mutation in orflab, that can arise or revert spontaneously, distinguishes

376  B.1.427 and B.1.429. This makes it difficult to unambiguously identify B.1.429 and B.1.427 in
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377  mixtures and thus we reported the results as the frequency of the “epsilon”, the arrogate of the
378  B.1.429 and B.1.427 frequencies.

379 As previously reported with ancestral B.1 and other VOC [11,25,26], in this study

380 intranasal inoculation of hamsters with the SARS-CoV-2 B.1 (614G) or epsilon variants

381 (B.1.247/B.1.249) induced progressive moderate to severe broncho-interstitial pneumonia with
382  vasculitis, beginning as early as day 2 Pl. By day 10 PI, lesions were largely resolved, with only
383  residual mononuclear interstitial inflammation and reparative changes. While the pulmonary
384  pathology in hamsters largely mirrored that of humans, unlike humans that die of COVID [14-
385 17], we did not observe thrombosis, microangiopathy or necrotic vessel walls in any of the

386  hamsters. However, all hamsters recover from the SARS-CoV-2 infection, and thus do not

387  model fata COVID disease. This difference makes the comparison of lung pathology of

388  hamsters and humans imperfect. While the nature and distribution of the lesions were similar
389  with all strains, by analyzing histologic changes frequently (day 2, 4, 6 and 10 PI), we were able
390 to detect differences in the timing of the onset and resolution of the lesions in animals infected
391  with different strains. Although we did find that hamsters infected with B.1(614G) and B.1.427
392  tended to have more severe vascular changes than animals infected with B.1.429, this

393  increased vascular disease was not associated with more weight loss or higher levels of viral
394  replication and may be an incidental finding. We show here that studies employing sequential
395  analysis of pathologic changes in larger numbers of inoculated hamsters can detect differences
396  inthe time course of disease between SARS-CoV strains. Studies that examine one or two

397  timepoints Pl are less likely to be informative. In fact, although a study comparing B.1.1.7 and

398  B.1.351 infection in female Syrian hamsters found no major differences in lung histology, only
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one time point after infection, day 4 Pl, was examined [26]. Even at this single time point
however, compared to ancestral B.1 strains, the proinflammatory cytokine response was more
intense in lungs of B.1.1.7 infected hamsters [26]. This discordance between the relative
intensity of inflammation and the relative levels of inflammatory mediators reported
demonstrates that sequential examination of both parameters is needed to determine how the
lung inflammatory cell infiltrates drive the differential expression of inflammatory cytokines.

The ISH results demonstrated that B.1.427 and B.1 (614G) SARS-CoV-2 variants
disseminate from the airways to the lung parenchyma at between days 2 and 4 PI, at least 24
hours after B.1.429 has begun replicating in alveoli. The faster observed dissemination of virus
to alveoliin B.1.429 is consistent with the more rapid onset of histologic changes in the lung.
The combination of ISH and histopathologic examination of lungs collected at frequent intervals
post-inoculation seems to be a good strategy to detect differences in SARS-CoV-2 VOCs
virulence.

An ongoing concern is the extent to which newly emerging variants can evade
preexisting immunity that was generated from infections with ancestral SARS-CoV-2 strains.
These concerns have been validated by the P.1 epidemics in Manaus, Brazil that occurred
despite seropositivity rates of up to 76% prior to P.1 emergence [19]. The result of our serial
infection experiments clearly demonstrate that immune responses present 21 days after
primary infection by ancestral B.1 (614G) infection protect hamsters from challenge with both
epsilon variants (B.1.427/B.1.429). In fact, we were unable to detect any virus replication, or
infectious virus, in the lungs of any of the previously infected hamsters 2 days after the

heterologous challenge. Thus, the immunity induced by the prior B.1 (614G) infection
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421  completely protected the lung from the epsilon infections and thus the animal from significant
422  disease. Similarly, strong protection is found in hamsters infected with B.1 and rechallenged
423  with B.1.1.7 [25]. We did not however assess the levels of virus replication in the URT after
424 heterologous challenge, thus the degree to which prior infection affects replication in the URT,
425  and therefore transmission between hamsters, is unknown. In addition, as the rechallenge
426  occurred at day 21 PI, mature antiviral immune responses are expected to be present in blood
427  and secretions [10,13], however, we did not make any attempt to identify the immune

428  mechanism associated with the heterologous protection.

429 Epidemiologic studies led to the estimate that the epsilon (B.1.427/B.1.429) variant is
430  20% more transmissible than the ancestral B.1 (614G) and this was attributed to higher viral
431 loads in the URT [4] . However, the hamster transmission studies reported here failed to show
432  aconsistent or large difference in transmission efficiency, between the epsilon (B.1.427/

433  B.1.429) variant and the ancestral B.1 (614G) strain, despite the higher viral load in the URT of
434  B.1.429 infected hamsters. The inability to model increased airborne transmission of the

435  epsilon (B.1.427/ B.1.429) variant was likely due to a combination of the experimental design
436  and the relatively small differences in human transmission efficiency between B.1 (614G) and
437  epsilon (B.1.427/ B.1.429). Differences in hamster transmission would likely be apparent with a
438  variant that was at least 50% more transmissible than the ancestral strain and/or if the sentinel
439  animals were exposed to donor animals when virus shedding is no longer at its peak, 2-3 days
440  after they were inoculated. This may detect differences in transmission based on duration of
441  URT shedding, while the 24 hour Pl donor exposure approach attempts to detect differences

442  due to the levels of URT shedding at the peak of virus replication.
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As novel SARS-CoV-2 variants continue to emerge, it is critical that their pathogenic
potential be rapidly assessed in animal models. We found that the Syrian hamster model was
useful to detect differences in virulence of ancestral B.1 and the B.1.427 and B.1.429 epsilon
VOCs by comparing body weight changes over 10 days. The timing and severity of lung
pathology also distinguished the variants and correlated with the timing of virus dissemination
into deep lung tissues based on ISH labelling. Further, the multi-virus in-vivo competition
experiments provided insight into the relative fitness of the different SARS-CoV-2 variants and
revealed that the anatomic site (lung vs URT) can affect the relative fitness of the variants.
Clinical and epidemiologic studies are needed to confirm that the increased virulence and high
relative fitness of the epsilon (427/429) variant in Syrian hamsters is mirrored in human

infections.

22


https://doi.org/10.1101/2021.08.25.457626

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.25.457626; this version posted August 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

454

455  Materials and Methods

456

457  Ethics statement. Approval of all animal experiments was obtained from the Institutional

458  Animal Care and Use Committee of UC Davis, UC Berkeley, or the Rocky Mountain Laboratories.
459  Experiments were performed following the guidelines and basic principles in the United States
460  Public Health Service Policy on Humane Care and Use of Laboratory Animals and the Guide for
461  the Care and Use of Laboratory Animals. Work with infectious SARS-CoV-2 strains under BSL3
462  conditions was approved by the Institutional Biosafety Committees (IBC). The male and female
463  Syrian Hamsters used at UCD and UCB were 7-9 weeks old, and they were purchased from

464  Charles River Inc. The male and female Syrian Hamsters used for the airborne transmission
465  experiments at RML were 4-6 weeks old, and they were purchased from ENVIGO Inc.

466 Inactivation and removal of samples from high containment was performed per IBC-approved

467  standard operating procedures.

468  Viruses and cells. SARS-CoV-2 variant strains ancestral B.1 (614G), B.1.427, B.1.429, B.1.1.7
469  were isolated from patient swabs by CDPH, Richmond CA, and P.2 and 351 were isolated from
470  patient swabs at Stanford University, Stanford CA, USA. The “ancestral B.1 (614G)” SARS-CoV-2
471  variant had no defining mutations other than the B.1 (614G) mutation in spike. The P.1 variant
472  was expanded by CDPH from a sample originally obtained from BEI Resources to produce the
473  Plastock. SARS-CoV-2 strain nCoV-WA1-2020 (lineage A) was provided by CDC, Atlanta, USA.
474  Virus propagation was performed in Vero-86 cells in Dulbecco's Modified Eagle Medium

475  (DMEM) supplemented with 5% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL

476  penicillin and 100 g/mL streptomycin. No contaminants were detected in any of the virus stocks
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477  exceptin the P.1 stock in which mycoplasma was detected. There is no indication that this

478  contamination affected the experimental outcomes. All virus stocks except P1la were the

479  second passage of the patient isolate on Vero cells, the original isolation being the first passage
480  on Vero cells. The virus stocks were deep sequenced and the RNA sequences of all the virus

481  stocks used were 100% identical to the corresponding variant sequences deposited in GenBank.

482  Hamster inoculations. For experimental inoculations, 7-9 week old male Syrian hamsters

483  (Charles River) were infected intranasally with a total dose of approximately 5000 PFU of SARS-
484  CoV-2 suspended in 50uL sterile DMEM. For experiments in which mixtures of viruses were
485  used, the dose of all variants was approximately equal (< 10-fold difference) and the total virus
486  dose was approximately 5000 PFU. The airborne transmission experiments are described

487 below.

488 Infectious virus titer determination by TCIDs, assay. Virus titer in lung was determined by a
489  TCIDsg assay in Vero E6 cells. Briefly, 10,000 cells per well were plated in 96-well plates and
490  cultured for 24 hours at 37 °C/5% CO,. Lung tissue collected from hamsters was weighed and
491  homogenized by bead beating. Homogenates were serial 10-fold diluted in Vero E6 growth
492  medium and added to Vero E6 cells. Cells were observed for cytopathic effect for 5 days.

493  TCIDsq results were calculated using the Spearman and Karber method (LOD 200 TCIDsp/mL)

494  and normalized by lung tissue mass.

495
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496  gPCR for sub-genomic RNA quantitation. Quantitative real-time PCR assays were developed
497  for detection of full-length genomic vRNA (gRNA), sub-genomic VRNA (sgRNA), and total vRNA.
498  Upper respiratory tract washes and oral swabs were lysed in Trizol LS in BSL-3 and RNA was
499  extracted from the aqueous phase in BSL-2. RNeasy mini kits (Qiagen) were used to purify the
500 extracted RNA. Following DNAse treatment (ezDNAse; Invitrogen), complementary DNA was
501  generated using superscript IV reverse transcriptase (ThermoFisher) in the presence of

502  RNAseOUT (Invitrogen). A portion of this reaction was mixed with QuantiTect Probe PCR

503  master mix and optimized concentrations of gene specific primers. All reactions were run on a
504  Quantstudio 12K Flex real-time cycler (Applied Biosystems). sgRNA was quantified using

505  primers sgleadSARSCoV2_F (CGATCTCTTGTAGATCTGTTCTC) and wtN_R4

506 (GGTGAACCAAGACGCAGTAT), with probe wtN_P4 (/56-

507 FAM/TAACCAGAA/ZEN/TGGAGAACGCAGTGGG/3IABKFQ/). Standard curves generated from
508 PCR amplicons of the gPCR targets were used to establish line equations to determine RNA
509  copies/mL of sample.

510

511  Histopathology. At necropsy, lung was inflated with 10% buffered formalin (Thermo Fisher)
512 and hamster tissues were fixed for 48 hours at room temperature in a 10-fold volume of 10%
513  buffered formalin. Tissues were embedded in paraffin, thin-sectioned (4um) and stained

514  routinely with hematoxylin and eosin (H&E). H&E slides were scanned to 40x magnification by
515 whole-slide image technique using an Aperio slide scanner with a magnification doubler and a
516  resolution of 0.25 um/pixel. Image files were uploaded on a Leica hosted web-based site and a

517  board certified veterinary anatomic pathologist blindly evaluated sections for SARS-CoV-2
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518 induced histologic lesions. For semi-quantitative assessment of lung inflammation, the

519  pathologist estimated the area of inflamed tissue (visible to the naked eye at subgross

520  magnification) as a percentage of the total surface area of the lung section. Each section of lung
521  was further scored as described in Supplementary Table 1.

522

523  Insitu hybridization (ISH). RNAscope® ISH was performed according to the manufacturer's

524  protocol (Document Number 322452-USM and 322360-USM, ACD) with modifications. Briefly,
525  we used RNAscope 2.5 HD Red Detection Kit (ACD) and RNAscope Probe - V-nCoV2019-S (cat#
526 848561, ACD) in the ISH assay. At each run of the ISH, RNAscope® Negative Control Probe —
527  DapB (cat# 310043) and tissues from a SARS-CoV-2 uninfected animal hybridized with the SARS-
528  CoV-2 probes served as negative controls. RNAscope® Probe - Mau-Ppib (cat# 890851, ACD)
529  was used as a positive control for RNA quality and constancy of the ISH assay. Four-micron

530 deparaffinized paraffin sections were pretreated with 1x Target Retrieval Buffer at 100°C for 15
531  minutes and RNAscope Protease Plus at 40°C for 30 minutes before hybridization at 40°C for 2
532 hours. A cascade of signal amplification was carried out after hybridization. The signal was

533  detected using a Fast Red solution for 10 minutes at room temperature. Slides were

534  counterstained with hematoxylin, dehydrated, cover-slipped, and visualized by using a bright
535 field microscope.

536

537 Quasispecies identification of low-frequency lineages of SARS-CoV-2 (QUILLS)

538 We designed a amplicon strategy named QUILLS (QUasispecies_Identification of Low-

539  Frequency Lineages of SARS-CoV2) by which all of the major circulating variants of concern
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540  (VOCGs) and variants of interest (VOIs) could be identified on the basis of lineage-defining

541  mutations in the SARS-CoV-2 spike and orflb genes (Supplementary Figure 1). Five pairs of

542  forward and reverse primers (Table 1, “QUILLS primer set”) were designed to span the

543 nucleotide sites associated with the spike S13, W152, K417, L452, E484, N501, A570, D614,

544  H665, P681, T1027, and V1176 and orflb P976 and D1183 positions. Thus, these primers were
545  designed to target mutations that would be able to discriminate between all VOCs and nearly
546  all VOIs in a mixed population.

547 Extracted RNA was diluted 1:3, and 7 microliters of diluted material were used for first
548  strand cDNA synthesis using ProtoScript® Il First Strand cDNA Synthesis Kit (New England

549  Biolabs #E6560) with random hexamers and following manufacturer’s instructions. PCR

550 amplification was performed using the QUILLS primer set and Q5® High-Fidelity DNA

551 Polymerase (NEB #M0491) as follows: 15.4 ul of water, 5 ul of Q5 reaction buffer, 0.5 pl of

552 dNTPS (NEB N0447S), 0.25 ul of enzyme and 1.35 pl of primer for each pool (pool 1 and pool 2).
553  Reactions were incubated at 98 °C for 30s, 35 cycles of 98 °C for 15s and 65 °C for 5m, 4 °C until
554  use. Amplification product was bead washed with .8X CleanNGS Beads (CNGS-0500), DNA

555  concentration was measured with qubit and all samples were normalized to 60 ng to avoid

556  contamination. Libraries were prepared using NEBNext® Ultra™ Il DNA Library Prep Kit for

557  Illumina® (NEB #E7645L) following manufacturer’s instructions and NEB Next Multiplex Oligos
558  for lllumina (96 Index Primers, NEB #E6609) for multiplexing. Final concentration was measured
559  with qubit and final libraries were pooled for sequencing in a concentration between 20 and 40

560 ng. Final pool was diluted to 6.5 picomolar and spiked with 10% PhiX. MiSeq Reagent Kit v2

27


https://doi.org/10.1101/2021.08.25.457626

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.25.457626; this version posted August 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

561  (300-cycles single-end) was used for sequencing on the lllumina MiSeq (lllumina MS-102-2002)
562  following manufacturer’s specifications.

563 Raw FASTQ sequences were preprocessed using an in-house computational pipeline
564  thatis part of the SURPI software package [27,28]. The preprocessing step consisted of

565  trimming low-quality and adapter sequences using cutadapt [29], retaining reads of trimmed
566 length >75 bp, and then removing low-complexity sequences using the DUST algorithm in

567  PrinSeq [30]. After filtering the preprocessed dataset for SARS-CoV-2-specific viral reads using
568  the nucleotide BLAST algorithm with an e-value threshold cutoff of 10, lineage-specific

569  mutation single nucleotide polymorphisms (SNPs) were identified and counted using a custom
570  in-house computational script. The relative proportions of each SARS-CoV-2 variant in the

571  mixture were estimated by manual analysis of the mutational frequencies at each of the

572  lineage-defining SNPs.

573
574  Airborne Transmission experiments. The airborne transmission experiments were performed

575  at the Rocky Mountain Laboratories, NIAID, NIH as previously described [31]. Hamsters were
576  co-housed (1:1) in specially designed cages with a perforated plastic divider dividing the living
577  space in half, preventing direct contact between animals and movement of bedding material
578  (alpha-dri bedding). Donor hamsters were infected intranasally with 10* PFU of the different
579  SARS-CoV-2 variants. Sentinel hamsters were placed on the other side of a divider 6-8 hours
580 later. Sentinel hamsters received an oropharyngeal swab on 16 hours post exposure (PE), 24
581  hoursPE, 2,3,5, 7,10, and 14 days PE. Donors received an oropharyngeal swab 1 day post

582  inoculation. Donors were euthanized at 7 or 8 days PI, sentinels were followed until 14 DPE.
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Experiments were performed with cages placed into a standard rodent cage rack, under normal
airflow conditions. Sentinels were placed downstream of air flow.

Hamsters were weighed daily, and oropharyngeal (OP) swabs were taken daily until day
7 and then thrice a week. OP swabs were collected in 1 mL DMEM with 200 U/mL penicillin and
200 pg/mL streptomycin. Then, 140 uL was utilized for RNA extraction using the QlAamp Viral
RNA Kit (Qiagen) using QlAcube HT automated system (Qiagen) according to the manufacturer's
instructions with an elution volume of 150 pL. Sub-genomic (sg) viral RNA and genomic (g) was
detected by gRT-PCR [32,33]. Five uL RNA was tested with TagManTM Fast Virus One-Step
Master Mix (Applied Biosystems) using QuantStudio 6 Flex Real-Time PCR System (Applied
Biosystems) according to instructions of the manufacturer. Ten-fold dilutions of SARS-CoV-2
standards with known copy numbers were used to construct a standard curve and calculate

copy numbers/ml.

Statistical analysis. Because the number of hamsters in each animal group was not uniform,

mean values from each group were compared by fitting a mixed model, rather than by using a one-
way ANOVA. A post-hoc multiple comparison test was used to compare the mean values of the
B.1.427 or B.1.429 groups individually to the B.1 (614G) group. Graph Pad Prism 9.0 (San Diego, CA)

installed on a MacBook Pro (Cupertino, CA) running Big Sur Version 11.5 was used for the analysis.
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603  Figure Legends

604

605  Figure 1. Change in body weight and lung histopathology scores in hamsters after intranasal
606  inoculation with B.1 (614G), B.1.427 and B.1.429. A) Change in body weight relative to the day
607  of inoculation. A mixed effects model was used to compare the groups. B) Total lung

608  histopathology score (see methods for explanation). C) Lung vascular histopathology score (see
609  methods for explanation). In A, mean values from each group were compared by fitting a mixed
610  model, and a post-hoc multiple comparison test was used to compare the mean values of the 427
611  or 429 groups individually to the 614G group. Top of bars indicate mean values in Band C. .

612

613  Figure 2. Extent of lung histopathology in hamsters after intranasal inoculation with B.1

614 (614G), B.1.427 and B.1.429. A, F, K) histology of normal lungs from uninfected hamsters. Top
615  row: Histology of B.1 (614G) infection after B) 2 days PI, C) 4 days PI, D) 6 days PI, E) 10 days PI.
616 Middle row: Histology of B.1.427 infection after G) 2 days PI, H) 4 days PI, 1) 6 days PI, J) 10 days
617  PIl. Bottom row: Histology of B.1.429 infection after L) 2 days PI, M) 4 days PI, N) 6 days PI, O)
618 10 days PI. Hematoxylin and eosin staining. Sub-gross magnification. Scale bars equal 1 mm.
619

620  Figure 3. Nature of lung histopathology in hamsters after intranasal inoculation with B.1

621 (614G), B.1.427 and B.1.429. A, F, K) histology of normal lungs from uninfected hamsters. Top
622  row: Histology of B.1 (614G) infection after B) 2 days PI, C) 4 days PI, D) 6 days PI, E) 10 days PI.
623  Middle row: Histology of B.1.427 infection after G) 2 days PI, H) 4 days PI, 1) 6 days PI, J) 10 days

624  PI. Bottom row: Histology of B.1.429 infection after L) 2 days PI, M) 4 days PI, N) 6 days PI, O)
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625 10 days PI. Hematoxylin and eosin staining. 100x magnification. Scale bars equal 50 um, inset
626  scale bars equal 20 um.

627

628  Figure 4. Distribution of SARS-CoV-2 RNA+ cells in lungs of hamsters after intranasal

629  inoculation with B.1 (614G), B.1.427 and B.1.429 by in-situ hybridization (ISH). Sub-gross
630 histology and magnified regions (inset) of ISH-labeled lung sections from hamsters infected with
631 B.1(614G) for A) 2 days PI, B) 4 days PI, C) 6 days Pl and D) 10 days PI; or B.1.427 for E) 2 days
632  PI, F) 4 days Pl, G) 6 days Pl and H) 10 days PI; or B.1.429 for 1) 2 days PI, J) 4 days PI, K) 6 days
633  Pland L) 10 days PI. Cells labeled by riboprobe in-situ hybridization stain red. Scale bars equal 1
634 mm.

635

636  Figure 5. Viral loads in hamsters after intranasal inoculation with B.1 (614G), B.1.427 or

637 B.1.429. A)sg RNA copies in oral swabs collected daily until day 4 or necropsy. B) sgRNA

638  copies in upper respiratory tract (URT) washes collected at necropsy on 2, 4, 6 or days 10 PI. D)
639  sgRNA copies in lungs collected at necropsy on 2, 4, 6 or days 10 Pl. D) Infectious virus titers in
640  lungs collected at necropsy on 2, 4, 6 or 10 days PI. In A, mean values from each group

641  were compared by fitting a mixed model, and a post-hoc multiple comparison test was used to

642  compare the mean values of the B.1.427 or B.1.429 groups individually to the 614G group.

643

644  Figure 6. sgRNA levels and the proportion of each virus in hamsters after intranasal

645  inoculation with a 1:1 or 9:1 mixed inoculum of B.1 (614G) and B.1.427; and sgRNA levels in

646  hamsters inoculated with a mixed inoculum of 7 SARS-CoV-2 variants: B.1 (614G), B.1.427,
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B.1.427,P.1,P.2,B.1.1.7 and B.1.351. A) sgRNA copies in oral swabs collected daily for 4 days
Pl (copies/ug total RNA). B) sgRNA copies in lungs collected at necropsy on 2 and 4 days PI
(copies/ug total RNA). C) proportion of the VRNA in lungs collected at necropsy on 2 and 4 days
Pl that was B.1.427. D) sgRNA copies in URT washes collected at necropsy on 2 and 4 days PI
(copies/ug total RNA). E) proportion of the vRNA in URT washes collected at necropsy on 2, and

4 days Pl that was B.1.427.

Figure 7. Relative levels of SARS-CoV-2 variants in hamsters after intranasal inoculation with a
mixed inoculum of 7 SARS-CoV-2 variants: B.1 (614G), B.1.427, B.1.429, P.1, P.2, B.1.1.7 and
B.1.351. A) Proportion of each variant RNA in the total vRNA of each virus stock and the mixed
inoculum. B) Mean proportion of each variant RNA in the total vRNA at 2 and 4 days Pl in the
lungs (upper row) and URT (lower row) of hamsters infected with the mixed inoculum. C)
Proportion of each variant RNA in the total vVRNA at 2 and 4 days Pl in the lungs of each hamster
infected with the mixed inoculum. D) Proportion of each variant RNA in the total vRNA at 2 and

4 days Pl in the URT washes of each hamster infected with the mixed inoculum.

Figure 8. Prior infection with B.1 (614G) protects hamsters from subsequent challenge with
B.1.427 or B.1.429. A) sgRNA levels and infectious virus titer in hamster infected with B.1
(614G) and then challenged 21 days later with homologous B.1 (614G). B) sgRNA levels and
infectious virus titer in hamster infected with B.1.427 and then challenged 21 days later with
homologous B.1.427. C) sgRNA levels and infectious virus titer in hamster infected with B.1

(614G) and then challenged 21 days later with heterologous B.1.429. C) sgRNA levels and
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669 infectious virus titer in hamster infected with B.1 (614G) and then challenged 21 days later with
670  heterologous B.1.427.

671

672  Figure 9. Relative efficiency of B.1 (614G), B.1.427 and B.1.429 airborne hamster to hamster
673  transmission. A) sg RNA levels in oral swabs collected from donors 1 day after intranasal

674  inoculation. B) percent of sentinel animals that are infected each day based on detection of
675  sgRNAin oral swabs collected at least daily after co-housing.

676
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677

Table 1: Summary of the experiments.

virus Oral swabs Necropsy time points and
Experiment dose Virus (Day PI1) animal numbers Figures
(PFU) (Day PI/hamster number)
Pathogenesis/virulence | 5000 B.1(614G) di, d2, d3, d4 d2/e6, d4/6, d6/6,d10/5 | 1,2,3,4,5
Pathogenesis/virulence | 5000 B.1.427 di, d2, d3, d4 d2/e6,d4/9,d6/6,d10/6 | 1,2,3,4,5
Pathogenesis/virulence | 5000 B.1.429 di, d2, d3, d4 d2/4,d4/5, de6/5,d10/4 | 1,2,3,4,5
Fitness/competition 5000 | B.1.(614G) /B.1.427 di,d2,d3,d4 d2/3, d4/3 6
-1:1
Fitness/competition 5000 | B.1.(614G) /B.1.427 di,d2,d3,d4 d2/3, d4/3 6
-1:9
Fitness/competition 5000 | B.1.(614G)/B.1.427/ di,d2,d3,d4 d2/5, d4/5 6,7
B.1.429/P.1/P.2/B.1.
1.1.7/B.1.351
Prior infection/cross 5000 B.1(614G) then at - d2/s5, d21/5, d23/5 8
protection 21 days PI
B.1.(614G)
Prior infection/cross 5000 | B.1.427 tthenat21 - d2/s5, d21/5, d23/5 8
protection days P1 B.1.427
Prior infection/cross 5000 B.1(614G) then at - d23/5 8
protection 21 days PI B.1.427
Prior infection/cross 5000 B.1(614G) then at - d23/5 8
protection 21 days PI B.1.429
Airborne transmission 10* WA-1 donors: d1 donors: d 7 or 8/8 9
sentinels: DPE 0.5 -14 | sentinels: up to DPE 14/8
Airborne transmission 10% B.1.(614G) donors: d1 donors: d 7 or 8/8 9
sentinels: DPE 0.5 -14 | sentinels: up to DPE 14/8
Airborne transmission 104 B.1.427 donors: d1 donors: d 7 or 8/8 9
sentinels: DPE 0.5-14 | sentinels: up to DPE 14/8
Airborne transmission 10* B.1.429 donors: d1 donors: d 7 or 8/8 9

sentinels: DPE 0.5 -14

sentinels: up to DPE 14/8

678
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Figure 8
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