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Abstract 38 

Mice are not susceptible to wildtype SARS-CoV-2 infection. Emerging SARS-CoV-2 39 

variants including B.1.1.7, B.1.351, P.1, and P.3 contain mutations in spike, which have been 40 

suggested to associate with an increased recognition of mouse ACE2, raising the postulation 41 

that they may have evolved to expand species tropism to rodents. Here, we investigated the 42 

capacity of B.1.1.7 and other emerging SARS-CoV-2 variants in infecting mouse (Mus 43 

musculus) and rats (Rattus norvegicus) under in vitro and in vivo settings. Our results show 44 

that B.1.1.7 and P.3, but not B.1 or wildtype SARS-CoV-2, can utilize mouse and rat ACE2 45 

for virus entry in vitro. High infectious virus titers, abundant viral antigen expression, and 46 

pathological changes are detected in the nasal turbinate and lung of B.1.1.7-inocluated mice 47 

and rats. Together, these results reveal that the current predominant circulating SARS-CoV-2 48 

variant, B.1.1.7, has gained the capability to expand species tropism to rodents. 49 

  50 
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Introduction  51 

Coronaviruses have repeatedly crossed species barriers to cause human infection 1. Severe 52 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a novel lineage B human-53 

pathogenic betacoronavirus that was first identified in December 2019 2. SARS-CoV-2 is 54 

highly transmissible and has rapidly spread worldwide to cause more than 180 million cases 55 

of Coronavirus Disease 2019 (COVID-19) with over 3.9 million deaths 3,4. Same as SARS-56 

CoV-2 and human coronavirus NL63 (HCoV-NL63), SARS-CoV-2 also uses angiotensin-57 

converting enzyme II (ACE2) as the cellular receptor for entry 5. Importantly, new SARS-58 

CoV-2 variants of concern (VOC) with amino acid substitutions at the receptor-binding 59 

domain of spike protein continue to emerge as the pandemic expands and are potentially 60 

associated with increased transmissibility and/or virulence 6. 61 

 62 

Mammals, especially bats and rodents, are considered to be the main animal reservoirs of 63 

alphacoronaviruses and betacoronaviruses 1,7. The global distribution, rapid growth rate, high 64 

population densities, and close peridomestic relationship with humans of synanthropic rodent 65 

species like rats and mice give them important roles in the transmission cycle of various 66 

zoonotic pathogens 8-10. We and others have previously shown that murine cells are not 67 

susceptible to SARS-CoV-2 infection in vitro and mice are not infectable by SARS-CoV-2 in 68 

vivo 11,12, which is due to the amino acid substitutions present at the ACE2-spike interacting 69 

surface on mouse ACE2 (mACE2) compared with human ACE2 (hACE2) that render SARS-70 

CoV-2 spike unable to utilize mACE2 for cell entry 13,14. Interestingly, emerging SARS-71 

CoV-2 variants, including B.1.1.7 6, B.1.351 15, P.1 16, and P.3 17, all contain the N501Y 72 

mutation in spike that has been suggested to be associated with mouse adaptation 18, raising 73 

the postulation that these emerging SARS-CoV-2 variants may have evolved to expand 74 

species tropism to mouse and possibly other rodents. To evaluate this possibility with major 75 
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public health significance, we in parallel evaluated the capacity of SARS-CoV-2 wildtype 76 

(WT) and SARS-CoV-2 B.1.1.7 variant to infect mice (Mus musculus) and rats (Rattus 77 

norvegicus). Our results demonstrate that while mice and rats are not permissive to WT 78 

SARS-CoV-2, B.1.1.7 efficiently infects these rodents with production of infectious virus 79 

particles in the nasal turbinate and lung for 4-to-7 days post infection. These findings indicate 80 

that the predominant circulating SARS-CoV-2 variant, B.1.1.7, have gained the capacity to 81 

expand species tropism to rodents and that public health control measures including stringent 82 

rodent control should be implemented to facilitate the control of the ongoing pandemic. 83 

 84 

Results 85 

The predominant circulating SARS-CoV-2 variant B.1.1.7 efficiently infects mice 86 

B.1.1.7 emerged in late 2020 and has quickly become the dominant SARS-CoV-2 variant 87 

among all recently reported SARS-CoV-2 isolates in countries on different continents (Fig. 88 

1a and Fig. S1). In line with the surge of B.1.1.7, the N501Y mutation in spike, which is one 89 

of the B.1.1.7-defining mutations, has emerged as the most predominant spike mutation since 90 

late 2020 (Fig. 1b). This is associated with critical public health importance since N501Y has 91 

been implicated in an increased recognition of mouse ACE2 18, hinting that the naturally-92 

emerging N501Y-carrying SARS-CoV-2 variants, including B.1.1.7, B.1.351, P.1, and P.3, 93 

may have evolved to infect rodents. To evaluate this possibility, we assessed SARS-CoV-2 94 

pseudovirus entry in the non-permissive BHK21 cells with mouse ACE2 (mACE2), rat 95 

ACE2 (rACE2), or human ACE2 (hACE2) overexpression. Our results demonstrated that 96 

BHK21 cells with mACE2 or rACE2 overexpression were permissive to the entry of SARS-97 

CoV-2-N501Y-spike pseudoviruses, but not SARS-CoV-2-WT-spike pseudoviruses. In 98 

contrast, both pseudoviruses efficiently utilized hACE2 for entry (Fig. 1c). Next, we 99 

evaluated the capacity of SARS-CoV-2 variants to infect BHK21 cells expressing mACE2, 100 
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rACE2, or hACE2. As demonstrated in Figure 1d and 1e, SARS-CoV-2 WT and B.1 (Fig. 101 

S2), which do not carry N501Y, did not infect or replicate in BHK21 cells overexpressing 102 

mACE2 or rACE2. In stark contrast, B.1.1.7 and P.3 (Fig. S2), which carry N501Y, both 103 

efficiently infected and replicated in mACE2- or rACE2-expressing BHK21 cells (Fig. 1d,e). 104 

The viral gene copies in the cell lysate samples of B.1.1.7-infected BHK21 cells expressing 105 

mACE2 or rACE2 were 1880 (P=0.0040) and 1623 (P=0.0093) folds higher than that of the 106 

control (vector-transfected) BHK21 cells, respectively (Fig. 1e). Together, these findings 107 

suggest that the recently emerged N501Y-carrying SARS-CoV-2 variants, including B.1.1.7, 108 

B.1.351, P.1, and P.3, can utilize murine ACE2 as entry receptor and may infect murine 109 

species without the need of further adaptation. 110 

 111 

To directly address the question of whether these emerging SARS-CoV-2 variants have 112 

evolved to gain the capacity to cross species barrier to murine species, we intranasally 113 

challenged 6- to 8-week-old C57B6 mice (Mus musculus) with B.1.1.7 or WT SARS-CoV-2 114 

and collected tissues for virological and histological assessment on 2, 4, and 7 days post 115 

infection (d.p.i.) (Fig. 1f). Importantly, in B.1.1.7-inoculated mice, virus gene copies were 116 

detected in brain, nasal turbinate, lung, spleen, and colon tissues. In particular, robust virus 117 

replication was detected in the nasal turbinate and lung tissues, which were 4044 and 330 118 

folds higher than that of WT SARS-CoV-2-inoculated mice at 2 d.p.i., respectively. Viral 119 

gene copies were cleared from WT SARS-CoV-2-inoculated mice at 7 d.p.i., but remained 120 

readily detectable from the nasal turbinate and lung of B.1.1.7-incolated mice (Fig. 1g,h). 121 

Permissibility to mouse cells was not due to the D614G mutation since B.1 that carries 122 

D614G did not infect and replicate in the nasal turbinate and lung of the inoculated mice (Fig. 123 

1i). Importantly, high-titer infectious virus particles were recovered from the nasal turbinate 124 

and lung of B.1.1.7-inocluated mice at 2 d.p.i. and remained detectable in some of the 125 
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inoculated animals at 4 d.pi. and 7 d.p.i (Fig. 1j,k). In comparison, infectious viral titers were 126 

only marginally detected in the nasal turbinates of mice inoculated with WT SARS-CoV-2 at 127 

2 d.p.i. but not at 4 d.p.i. and 7 d.p.i.. No infectious virus particle could be recovered from the 128 

lung of WT SARS-CoV-2-inoculated mice. Together, these findings indicate that the 129 

predominant circulating SARS-CoV-2 variant, B.1.1.7, but not WT SARS-CoV-2, can infect 130 

mice with robust virus shedding from the nasal turbinate. 131 

 132 

Mice (Mus musculus) develop pathological changes after primary B.1.1.7 inoculation 133 

Next, we evaluated viral antigen expression and virus-induced pathology in the respiratory 134 

tract of mice upon B.1.1.7 or WT SARS-CoV-2 inoculation. As demonstrated in Figure 2a, 135 

abundant viral nucleocapsid (N) protein expression was detected in mice inoculated with 136 

B.1.1.7 but not WT SARS-CoV-2. In the nasal turbinate, robust viral N protein expression 137 

was detected in the epithelial lining at 2 d.p.i. (Fig. 2a) and remained detectable at 4 d.p.i. 138 

(Fig. S3). In the lung, abundant N protein was detected in the bronchioles and alveoli (Fig. 139 

2b). Viral N protein in the lung of B.1.1.7-inoculated mice was most readily detected at 2 140 

d.p.i. and remained detectable at 7 d.p.i. (Fig. S3). In contrast to B.1.1.7-inoculated mice, no 141 

viral N protein could be detected in the nasal turbinate and lung of WT SARS-CoV-2-142 

incoluated mice (Fig. 2a,b and Fig. S3). Histological examination of B.1.1.7-inoculated mice 143 

showed epithelial damage with secretion and cell debris in the nasal turbinate (Fig. 2c, 2 144 

d.p.i., red arrows) at 2 d.p.i.. At 4 d.p.i., more severe submucosal infiltration and loss of 145 

epithelial integrity were observed in multiple locations (Fig. 2c, 4 d.p.i., red arrows). At 7 146 

d.p.i., intact nasal turbinate epithelium with resolved inflammatory infiltration was observed 147 

in the B.1.1.7-inoculated mice, indicating regeneration of the epithelial lining after virus 148 

infection (Fig. 2c, 7 d.p.i., red arrow). In mice inoculated with WT SARS-CoV-2, the nasal 149 

turbinate epithelium remained intact from 2 d.p.i. to 7 d.p.i. (Fig. 2c, blue arrows). In line 150 
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with the histopathological findings of the nasal turbinate, the lung of B.1.1.7-inoculated mice 151 

showed alveolar wall congestion and inflammatory infiltration (Fig. 2d, 2 d.p.i, red arrows) 152 

accompanied by alveolar haemorrhage (Fig. 2d, 4 d.p.i, red arrows). Perivascular infiltration 153 

and alveolar septal thickening in the lung of B.1.1.7-inoculated mice remained evident at 7 154 

d.p.i (Fig. 2d, 7 d.p.i, red arrows). In contrast, the lung of WT SARS-CoV-2-inoculated mice 155 

showed no histopathological changes at all examined time points (Fig. 2d, blue arrows). 156 

Despite the histopathological changes found in B.1.1.7-inoculated mice, no significant body 157 

weight loss was observed (Fig. S4). 158 

 159 

Moreover, we rechallenged B.1.1.7- or WT SARS-CoV-2-incoluated mice at 14 d.p.i. with 160 

B.1.1.7 and harvested their nasal turbinate, lung, and blood samples at 14 days post 161 

rechallenge (d.p.r.). Our results showed that mice previously inoculated with B.1.1.7 but not 162 

WT SARS-CoV-2 were partially protected from virus rechallenge as evidenced by the lower 163 

virus gene copy detected in the nasal turbinate and lung (Fig. 2f). In agreement with the 164 

observed partial protection, we detected the presence of serum SARS-CoV-2-specific 165 

neutralizing antibodies at 14 days post primary virus challenge in B.1.1.7-incoluated but not 166 

WT SARS-CoV-2-inoculated mice (Fig. 2g). The level of neutralizing antibody was further 167 

enhanced upon rechallenge, in a virus inoculum-dependent manner (Fig. 2h). Taken together, 168 

our results demonstrate that the current predominant circulating B.1.1.7 variant has expanded 169 

species tropism to mice with high infectious virus titer shedding from their nasal turbinate. 170 

 171 

B.1.1.7 infects and causes pathological damages in rats (Rattus norvegicus) 172 

Brown rats or street rats live in close proximity to humans and play key roles in 173 

disseminating zoonotic diseases. Rat ACE2 (rACE2) is similar to mACE2 in amino acid 174 

sequences (Fig. S5) and supported B.1.1.7 entry in vitro (Fig. 1c-e). To evaluate whether rats 175 
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are susceptible to B.1.1.7 infection, we challenged 6-week-old Sprague Dawley rats (Rattus 176 

norvegicus) intranasally with B.1.1.7 or WT SARS-CoV-2 (Fig. 3a). Similar to B.1.1.7 177 

infection in mice, the viral gene copies of the inoculated rats peaked at 2 d.p.i. and were 17.0- 178 

and 1,831.7-folds higher in the nasal turbinate and lung, respectively, than that of WT SARS-179 

CoV-2-inoculated rats (Fig. 3b,c). Importantly, infectious virus titers were recovered from the 180 

nasal turbinate and lung of B.1.1.7-inoculated but not WT SARS-CoV-2-inoculated rats, 181 

indicating that rats were permissive to B.1.1.7 but not WT SARS-CoV-2 (Fig. d,e). In line 182 

with the infectious virus titer results, immunohistochemistry staining revealed that viral N 183 

protein was more frequently detected in the lung than the nasal turbinate of B.1.1.7-184 

inoculated rats (Fig. 3f), while viral N protein was absent in the lung and nasal turbinate of 185 

WT SARS-CoV-2-inoculated rats (Fig. 3f). 186 

 187 

In the nasal turbinate of B.1.1.7-inoculated rats, histological examination showed loss of 188 

mucosal integrity and epithelial damage at 2 d.p.i. (Fig. 3g, 2 d.p.i., red arrows). More severe 189 

epithelial sloughing and submucosal infiltration were detected at 4 d.p.i. (Fig. 3g, 4 d.p.i., red 190 

arrow), which were largely regenerated at 7 d.p.i. (Fig. 3g, 7 d.p.i., red arrow). In contrast, 191 

the epithelial lining in the nasal turbinate of WT SARS-CoV-2-inoculated rats remained 192 

intact at all time points examined (Fig. 3g, blue arrows). In the lung of B.1.1.7-inoculated 193 

rats, moderate to severe multi-focal consolidation in the alveoli was observed at 2 d.p.i.. (Fig. 194 

3h, 2 d.p.i., red arrows). Moreover, necrotic cell debris in the bronchioles, perivascular 195 

cuffing caused by inflammatory infiltration, fibrin deposition in the interstitium, and alveolar 196 

septa thickening were also observed (Fig. 3i). Alveolar congestion, epithelial disruption in the 197 

bronchioles, and alveoli infiltration remained evident at 4 d.p.i. (Fig. 3h, 4 d.p.i., red arrows). 198 

Upon viral clearance at 7 d.p.i., these lung pathologies were largely resolved (Fig. 3h, 7 d.p.i., 199 

red arrows). In contrast to B.1.1.7-inocluated rats, no pathological change was observed in 200 
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the lung of WT SARS-CoV-2-inoculated rats at any examined time points (Fig. 3h, blue 201 

arrows). These findings reveal that the current predominant circulating SARS-CoV-2 variant, 202 

B.1.1.7, has evolved to expand species tropism beyond WT SARS-CoV-2, and can infect 203 

rodents including rats and mice. 204 

 205 

Differential SARS-CoV-2 tropism in K18-hACE2 and wild type mice 206 

Since mice are not susceptible to WT SARS-CoV-2 infection 12, the K18-hACE2 transgenic 207 

mice are utilized as an animal model for SARS-CoV-2 infection 19. Our current findings 208 

reveal that B.1.1.7 can naturally infect mice, which may serve as a new animal model for 209 

SARS-CoV-2 infection that does not require prior virus adaptation or introduction of human 210 

ACE2 to the mice. To compare the two infection models, we first characterized the 211 

physiological distribution of ACE2 in the two mouse models (Fig. 4a). Our data showed that 212 

the K18-hACE2 and C57B6 mice expressed comparable levels of mACE2. Mouse ACE2 213 

expression in the intestine was the highest, followed by kidney, colon, lung, and nasal 214 

turbinate (Fig. 4b), which resembled the natural ACE2 distribution in human 20,21. In addition 215 

to mACE2, K18-hACE2 mice express high level of hACE2 at all evaluated organs (Fig. 4c). 216 

The hACE2 expression level was 3,719.1-, 28.3-, 1.1-, 369.2-, 8,285.5-, 1,035.8-, 26.0-, 37.1-217 

, and 36.0-folds higher than that of the mACE2 expression in brain, nasal turbinate, lung, 218 

heart, liver, spleen, small intestine, colon, and kidney of K18-hACE2 mice, respectively (Fig. 219 

4b,c).  220 

 221 

Next, we in parallel inoculated 6- to 8-week-old C57B6 and K18-hACE2 mice with B.1.1.7 222 

and evaluated virus replication at 2 d.p.i.. Interestingly, our results indicated that B.1.1.7 223 

replication was more robust in the nasal turbinate of C57B6 mice than that of the K18-224 

hACE2 mice [(vRNA; C57B6: 2.15×106 vs K18-hACE2: 2.17×104; p=0.0234) and (PFU; 225 
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C57B6: 9.87×105 vs K18-hACE2: 1.50×105; p=0.0014]. In contrast, B.1.1.7 replication was 226 

more robust in the lungs of K18-hACE2 mice than that of the C57B6 mice [(vRNA; C57B6: 227 

1.08×104/103HPRT vs K18-hACE2: 5.36×106/103HPRT; p=0.0005) and (PFU; C57B6: 228 

7.67×104/gram tissue vs K18-hACE2: 1.02×107/gram tissue; p<0.0001] (Fig. 4d,e). These 229 

findings were validated by immunohistochemistry staining, which consistently detected more 230 

abundant viral N protein expression in the nasal turbinate of C57B6 mice than K18-ACE2 231 

mice. Similarly, viral N protein was most frequently and abundantly detected in the lung of 232 

K18-hACE2 mice than C57B6 mice (Fig. 4f). In addition to the nasal turbinate and lung, high 233 

levels of infectious virus titer and viral antigen expression were detected in the brain of K18-234 

hACE2 mice, which is suggested to cause fatal outcome in the infected animals 22. In 235 

contrast, the brain of C57B6 mice was free of either infectious virus particles or viral antigen 236 

expression (Fig. 4e,f). In addition to evaluating B.1.1.7 infection in C57B6 and K18-hACE2 237 

mice, we additionally compared the infection of B.1.1.7 and WT SARS-CoV-2 in K18-238 

hACE2 mice. Our results indicated that the B.1.1.7 and WT SARS-CoV-2 have similar 239 

replication efficiency in the nasal turbinate and lung of K18-hACE2 mice (Fig. S6). Taken 240 

together, the B.1.1.7-inoculated C57B6 mouse model may represent a more physiologically 241 

relevant model for studying SARS-CoV-2 pathogenesis and therapeutics evaluation due to its 242 

native ACE2 distribution profile, while the K18-hACE2 mouse model will be useful for 243 

studying the central nervous system pathologies of SARS-CoV-2 infection. 244 

 245 

Discussion 246 

In summary, we demonstrate that the current dominant circulating SARS-CoV-2 variant, 247 

B.1.1.7, has evolved to gain the capability to cross species barrier to infect rodents including 248 

mice and rats, which are not permissive to WT SARS-CoV-2. Mice and rats reside in close 249 

proximity to humans, including densely populated areas with circulating B.1.1.7 and/or other 250 
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N501Y-carrying SARS-CoV-2 variants. The acquired susceptibility of these rodents to 251 

SARS-CoV-2 variants has substantially increased the risk of SARS-CoV-2 infection in the 252 

rodent population, which may result in a zoonotic reservoir of SARS-CoV-2. In particular, 253 

our results indicate that B.1.1.7-infected mice and rats can shed infectious virus particles in 254 

the respiratory tract for approximately 4 to 7 days after infection, which may contaminate the 255 

environment and become a persistent source of human infection. Importantly, SARS-CoV-2 256 

adaptation in mice occurs rapidly, with mouse-adapting mutations usually developing within 257 

1-to-10 passages 18,23-25. These mutations will result in even more robust SARS-CoV-2 258 

replication in rodents and may further facilitate virus dissemination. 259 

 260 

Interspecies spill-over of SARS-CoV-2 is not uncommon. While SARS-CoV-2 is presumed 261 

to have originated from an animal reservoir, humans are also known to infect other animals 262 

with SARS-CoV-2, including cats, dogs, and even tigers in zoos 26-28. A previous study 263 

demonstrated that bidirectional SARS-CoV-2 transmission could occur between humans and 264 

minks 29. Rodents including mice and rats were previously not permissive to SARS-CoV-2 265 

infection and were thus not considered to be an important animal reservoir of the ongoing 266 

COVID-19 pandemic. However, as demonstrated in the current study, the evolving SARS-267 

CoV-2 variants with the N501Y mutation in spike can now naturally infect mice and rats, and 268 

potentially other rodent species. Considering the abundance of these animals and their 269 

proximate habitats with humans, humans-to-rodents and rodents-to-humans transmissions 270 

may be inevitable. Public health measures including stringent rodent control and surveillance 271 

on SARS-CoV-2 infection in the rodent populations especially in densely populated regions 272 

should be implemented to facilitate the control of the pandemic.  273 

 274 

Methods 275 
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Viruses and biosafety 276 

All virus strains used in this study were shown in Figure S2. SARS-CoV-2 wildtype virus 277 

HKU-001a (GenBank: MT230904) was a clinical isolate as previously described 11. SARS-278 

CoV-2 B.1 (GISAID: EPI_ISL_497840), B.1.1.7 (GISAID: EPI_ISL_1273444), and 279 

B.1.1.28.3 (P.3) (GISAID: EPI_ISL_1660475) were isolated from laboratory-confirmed 280 

COVID-19 patients in Hong Kong. In vitro and in vivo experiments involving infectious wild 281 

type SARS-CoV-2, B.1, B.1.1.7, and P.3 were performed in Biosafety Level 3 laboratory and 282 

strictly followed the approved standard operation procedures.  283 

 284 

SARS-CoV-2-Spike-pseudovirus entry assay 285 

The SARS-CoV-2-WT-S and SARS-CoV-2-N501Y-S pseudoviruses were generated in 293T 286 

cells as we previously described 30. For pseudovirus entry assays, mouse ACE2, rat ACE2, or 287 

human ACE2 were transfected into BHK21 cells. At 24-hour post transfection, transfected 288 

cells were inoculated with pseudoviruses for 24 h before washed and lysed for measuring 289 

luciferase activity with a firefly luciferase assay system (E1501, Promega). 290 

 291 

In vivo virus challenge 292 

The use of animals was approved by the Committee on the Use of Live Animals in Teaching 293 

and Research of The University of Hong Kong. Heterogenous K18-hACE2 C57BL/6J mice 294 

(2B6.Cg-Tg(K18-ACE2)2Prlmn/J) were obtained from The Jackson Laboratory. For virus 295 

challenge in mice, 6- to 8- week-old female C57BL/6J mice or K18-hACE2 transgenic mice 296 

were anaesthetized with ketamine and xylazine, followed by intranasal inoculation with 20 297 

µl/mouse of WT, B.1, or B.1.1.7 SARS-CoV-2 at 4×103 PFU/mouse as we previously 298 

described 31. For SARS-CoV-2 infection in rats, 6-week-old female Sprague Dawley rats 299 

were anaesthetized with ketamine and xylazine, followed by intranasal inoculation with 300 
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4×105 PFU/rat of WT or B.1.1.7 SARS-CoV-2 diluted in 50µl PBS. On day 2-, 4- and 7-day 301 

post virus challenge, animals were euthanized for harvesting organs for viral load titration 302 

and histology staining.  303 

 304 

RNA extraction and quantitative RT-PCR 305 

RNA extraction and RT-qPCR were performed as we previously described 11. SARS-CoV-2 306 

genome copies were quantified with sequence-specific probe and primers targeting the RNA-307 

dependent RNA polymerase 11. 308 

 309 

Infectious virus titration by plaque assays 310 

Organs harvested from virus-inoculated animals were homogenized in DMEM with Tissue 311 

Lyzer II, followed by centrifugation and titration. To titrate the infectious virus titer, tissue 312 

homogenates were 10-fold serially-diluted with DMEM and applied to monolayered VeroE6 313 

cells for 2h. After inoculation, cells were washed once before overlaid with 1% low-melting 314 

agarose containing 1% FBS. Cells were further incubated for 72 h and fixed with 0.5% 315 

crystal violet for visualizing plaque formation 32.  316 

 317 

Histology and immunohistochemistry staining 318 

Animal tissues were harvested and fixed with 10% neutral-buffered formalin. Nasal 319 

turbinates were decalcified with 10% formic acid for 7 days before being processed with the 320 

TP1020 Leica semi-enclosed benchtop tissue processor. IHC was performed with the DAB 321 

(3,3’-diaminobenzidine) substrate kit (Vector Laboratories) as we previously described 33. To 322 

detect the viral antigen, in-house mouse monoclonal biotinylated anti-SARS-CoV-2 323 

nucleocapsid protein antibody was used, followed by color development with the DAB 324 

substrate kit. The nuclei were detected with haematoxylin before the tissue sections was 325 
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mounted with the VectaMount permanent mounting medium (Vector Laboratories). For H&E 326 

staining, tissue sections were stained with Gill’s haematoxylin and eosin-Y. Images were 327 

acquired with the Olympus BX53 light microscope.  328 

 329 

Immunofluorescence staining 330 

Nucleocapsid of SARS-CoV-2 was detected by the in-house rabbit polyclonal anti-SARS-331 

CoV-2 nucleocapsid antibody as we previously reported 34. Nuclei were stained with the 332 

DAPI dye (Thermo Fisher Scientific) before the tissue sections being mounted with the 333 

Diamond Prolong Antifade mounting buffer (Thermo Fisher Scientific). Images were 334 

acquired with the Olympus BX53 light microscope.  335 

 336 

Neutralizing antibody assay 337 

Mice serum was obtained immediately before virus rechallenge and 14 days post rechallenge. 338 

Sera were heat-inactivated for 30 m at 56 oC before use. Two-fold serially diluted sera was 339 

incubated with 100 TCID50 WT SARS-CoV-2 for 1 h at 37 oC. After incubation, the virus-340 

sera mixture was inoculated in VeroE6 cells and further incubated for 72 h for cytopathic 341 

effect (CPE) development. The neutralization titer was determined by observing the highest 342 

dilution without CPE. 343 

 344 

Multiple sequence alignment and docking 345 

Sequence alignment and docking were performed as we previously described 35. ACE2 346 

protein sequences of human (Q9BYF1), mouse (Q8R0I0), and rat (Q5EGZ1) were retrieved 347 

from Uniprot. Multiple sequence alignment was constructed with Muscle. The crystal 348 

structure of wildtype SARS-CoV-2 spike RBD and human ACE2 complex (code: 6M0J) was 349 

retrieved from the Protein Data Bank. Mouse and rat ACE2 structures were generated by 350 
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mutating the interface residues within 4.0Å of RBD according to the multiple sequence 351 

alignment. The complex of ACE2 and N501Y RBD was built by superimposition of N501Y 352 

RBD (code: 7NEG) with wildtype RBD. All ACE2-RBD complexes were relaxed and locally 353 

refined with Rosetta Relax and Docking protocols. Interface binding energies were estimated 354 

with InterfaceAnalyzer application. 355 

 356 

Statistical analysis 357 

Data analysis were performed with Graphpad prism 8.0. Statistical comparison between 358 

different groups was performed by one-way ANOVA, two-way ANOVA, or Student’s t-test. 359 

Differences were considered statistically significant when p<0.05.  360 

 361 
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Figures and figure legends 512 

 513 

Figure 1. The predominant circulating SARS-CoV-2 variant B.1.1.7 efficiently infects 514 

mice. (a) Top 10 prevalent lineages of SARS-CoV-2 and (b) Top 10 amino acid mutations in 515 

the spike of SARS-CoV-2 variants retrieved from the GISAID EpiCoV database as of June 516 

28th, 2021. (c) BHK21 cells transfected with empty vector, mouse ACE2, rat ACE2 or human 517 

ACE2 were inoculated with SARS-CoV-2-S-pseudoviruses with either WT or N501Y spike. 518 

Pseudovirus entry was determined at 24h post inoculation (n = 3). VC, vector control. (d and 519 

e) BHK21 cells overexpressing empty vector, mouse ACE, rat ACE2 and human ACE2 were 520 
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infected with B.1, B.1.1.7, P.3, or WT SARS-CoV-2. Relative viral gene expression in (d) 521 

supernatants and (e) cell lysates were determined by RT-qPCR (n = 3). (f-k) 6-to-8-week-old 522 

C57B6 mice were intranasally inoculated with B.1.1.7, B.1, or WT SARS-CoV-2. Mice were 523 

euthanized on 2, 4 or 7 d.p.i. and tissues were harvested for viral titer quantification. (f) 524 

Schematic illustration of the in vivo infection experiment in C57B6 mice. (g-i) Viral gene 525 

copies from mice infected with B.1.1.7, B.1, or WT SARS-CoV-2. (j and k) Infectious viral 526 

titer in the nasal turbinates, lungs and colons of mice inoculated with B.1.1.7 or WT SARS-527 

CoV-2. Dashed line indicates detection limits. Data represents mean ± SD from the indicated 528 

number of biological repeats. Statistical differences were determined with two-way analysis 529 

of variance (ANOVA) in (c), (d) and (e). * represented P < 0.05; ** represented P < 0.01; 530 

*** represented P < 0.001; **** represented P < 0.0001. WT, wild type SARS-CoV-2. NT, 531 

nasal turbinate. 532 

  533 
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Figure 2. Mice (Mus musculus) develop pathological changes after primary B.1.1.7 535 

inoculation. (a-d) C57B6 mice intranasally inoculated with B.1.1.7 or WT SARS-CoV-2 536 

were euthanized for harvesting nasal turbinate and lung tissues on 2, 4 and 7 d.p.i.. 537 

Representative images of immunohistochemistry staining for the detection of nucleocapsid 538 

protein (brown) in the (a) nasal turbinates and (b) lung on 2 d.p.i.. Insets were shown below 539 

for the circled areas. Scale bar, 500 µm. (c) Representative images of hematoxylin and eosin 540 

(H&E) staining of mouse nasal turbinates harvested on 2, 4 and 7 d.p.i.. Pathological changes 541 

in the B.1.1.7-inoculated mice on 2 d.p.i. and 4 d.p.i. were pointed out with red arrows. On 7 542 

d.p.i., the integrity of the nasal cavity epithelium was restored (red arrow). Intact nasal 543 

epithelium layers of the WT SARS-CoV-2-inoculated mice were shown for comparison (blue 544 

arrows). (d) Representative images of H&E staining of mouse lungs harvested on 2, 4 and 7 545 

d.p.i.. In the lungs of B.1.1.7-inoculated mice, alveolar wall congestion and alveolar 546 

infiltrations were detected on 2 d.p.i. (red arrows). Alveolar haemorrhage was developed on 4 547 

d.p.i. (red arrows). Alveolar septa thickening remained evident on 7 d.p.i.. Normal structure 548 

of bronchioles and alveoli in the lung of the WT SARS-CoV-2-inoculated mice were 549 

indicated by blue arrows for comparison. Scale bar, 200 µm. (e-h) C57B6 mice were 550 

intranasally inoculated with 2×105 PFU WT SARS-CoV-2 or B.1.1.7 at 2×103, 2×104, or 551 

2×105 PFU, followed by rechallenge on 14 d.p.i. with B.1.1.7 at the indicated titers. (e) 552 

Schematic illustration of the rechallenge experiment. (f) Viral titer in nasal turbinate and lung 553 

of the infected mice on day 2 post rechallenge quantified with RT-qPCR (n = 4 for group 1-3, 554 

n = 3 for group 4). (g) Neutralizing antibody titer in mouse sera harvested on 0 day post 555 

rechallenge (d.p.r.) (n = 8 for group 1-3, n = 3 for group 4) and (h) 14 d.p.r. (n = 4 for group 556 

1-3, n = 3 for group 4). Dashed line indicates the detection limit of each assay. NT, nasal 557 

turbinate. 558 
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Figure 3. B.1.1.7 infects and causes pathological damages in rats (Rattus norvegicus). (a) 560 

Schematic illustration of in vivo infection experiment in Sprague Dawley rats. 6-week-old 561 

Sprague Dawley rats were intranasally inoculated with B.1.1.7 or WT SARS-CoV-2. On 2, 4 562 

and 7 d.p.i., rats were euthanized for harvesting tissues for virological assessment and 563 

histopathological analysis. (b and c) Viral titer quantified with RT-qPCR in the brain, nasal 564 

turbinate, lung, heart and intestine of the inoculated rats. NT, nasal turbinate. (d and e) 565 

Infectious viral titer quantified with plaque assays in the nasal turbinate and lung of the 566 

inoculated rats. (f) Immunohistochemistry staining for the detection of nucleocapsid protein 567 

expression (brown) in the nasal turbinate and lung of the inoculated rats on 2 d.p.i. Insets 568 

were shown below for the circled areas. Scale bar, 200 µm for nasal turbinate; 500 µm for 569 

lung. (g-i) Histopathological analysis for nasal turbinate and lung harvested on 2, 4, and 7 570 

d.p.i.. (g) Representative H&E images showing pathological changes in the nasal cavity of 571 

B.1.1.7-inocuated rats, including epithelial damage and loss of mucosal integrity (2 d.p.i., red 572 

arrow). On 4 d.p.i., more severe epithelial sloughing and submucosal infiltrations were 573 

detected (4 d.p.i., red arrow). On 7 d.p.i., the epithelial lining was largely restored (7 d.p.i., 574 

red arrow). In contrast, the structure of the nasal turbinate in WT SARS-CoV-2-inoculated 575 

rats remained undisrupted throughout the course of experiment. (h) Representative H&E 576 

images showing severe alveoli consolidation (2 d.p.i., red arrows), epithelium disruption and 577 

alveoli infiltrations (4 d.p.i., red arrows) in the lungs of B.1.1.7-inoculated rats. Acute lung 578 

injuries were largely repaired by 7 d.p.i. and normal structure of the alveoli and lung were 579 

indicated by red arrows. No pathological change was observed in either alveoli or 580 

bronchioles of WT SARS-CoV-2-inoculated rats (2, 4, and 7 d.p.i., blue arrows). Scale bar, 581 

200 µm. (i) Typical pulmonary lesions detected in the lungs of B.1.1.7-inoculated rats on 2 582 

d.p.i.. Scale bar, 100 µm.  583 

  584 
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 585 

Figure 4. Differential SARS-CoV-2 tropism in K18-hACE2 and wild type mice. (a) 586 

Schematic illustration of comparative study of SARS-CoV-2 B.1.1.7 tropism in C57B6 and 587 

K18-hACE2 mice. (b) Mouse ACE2 expression quantified with RT-qPCR. (c) Human ACE2 588 

expression quantified with RT-qPCR. (d) Viral gene copy in nasal turbinate, lung and brain 589 

of the B.1.1.7-inoculated C57B6 and K18-hACE2 mice quantified with RT-qPCR. (e) 590 
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Infectious viral titers in nasal turbinate, lung, and brain of B.1.1.7-inoculated C57B6 and 591 

K18-hACE2 mice quantified with plaque assays. (f) Representative immunohistochemistry 592 

images of nasal turbinate, lung, and brain of B.1.1.7-inoculated C57B6 and K18-hACE2 593 

mice. Presence of SARS-CoV-2 nucleocapsid protein were shown in brown and indicated by 594 

black arrows. Scale bar, 100 µm. Statistical differences were determined with two-tailed 595 

Student’s t-test in (d) and (e). * represented P < 0.05; ** represented P < 0.01; *** 596 

represented P < 0.001; **** represented P < 0.0001. Av, alveoli; B, bronchioles. NT, nasal 597 

turbinates; SI, small intestine. 598 

 599 
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Supplementary figures and supplementary figure legends 616 

 617 

Fig. S1. Geographic distribution of the B.1.1.7 variant. Heatmap of the geographic 618 

distribution of B.1.1.7 isolates retrieved from the GISAID EpiCoV database as of 28th June, 619 

2021. 620 

 621 

 622 

 623 

 624 

 625 

 626 

 627 

 628 
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  629 

 630 

Fig. S2. Phylogenetic tree of virus strains used in this study. Phylogenetic tree showing 631 

evolutionary position of the wild type SARS-CoV-2 (Genbank: MT230904), SARS-CoV-2 632 

variant B.1 (GISAID: EPI_ISL_497840), B.1.1.7 (GISAID: EPI_ISL_1273444), and P.3 633 

(GISAID: EPI_ISL_1660475) as of 15th April, 2021. To place the four SARS-CoV-2 634 

sequences in the existing phylogenetic tree, full-length sequences were uploaded to UshER 635 

with default parameters. The phylogenetic tree including genomes from GeneBank, COG-UK 636 

and CNCB as of April 15, 2021. Phylogenetic tree follow-up modification was done in iTOL. 637 

 638 
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 639 

 640 

Fig. S3. Immunohistochemistry staining of nasal turbinates and lungs from SARS-CoV-641 

2-inocuated C57B6 mice. Representative images of immunohistochemistry staining for the 642 

detection of SARS-CoV-2 nucleocapsid protein (brown) in the nasal turbinates (left) and lung 643 

(right) from B.1.1.7- or WT SARS-CoV-2-inoculated mice on 4 d.p.i. and 7 d.p.i.. Insets 644 

were shown for the circled areas. Scale bar, 500 µm. 645 

 646 

 647 

 648 

 649 

 650 

 651 
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 652 

 653 

Fig. S4. Survival and body weight of C57B6 mice infected with B.1.1.7 variant. C57B6 654 

mice were intranasally inoculated with 2×105 PFU WT SARS-CoV-2 or with B.1.1.7 at 655 

2×103, 2×104 or 2×105 PFU. (a) Mice survival and (b) body weight changes were shown until 656 

10 d.p.i.. 657 

  658 



 

32 
 

 659 

Fig. S5. Interaction between SARS-CoV-2 spike RBD and ACE2. (a) Sequence alignment 660 

of the interface residues from ACE2 proteins of human, mouse, and rat that are within 4.0Å 661 

of RBD. The dots indicate amino acid residues that are identical to that of human. (b) 662 

Binding mode and energy of ACE2 proteins from different species with wild type and 663 

N501Y RBD. ACE2 and RBD were shown in gray cartoon representation. Polar interactions 664 

were indicated with yellow dotted lines. Polar interaction partners from ACE2 and RBD were 665 

shown as green and magenta sticks. The predicted binding affinities were labelled 666 

accordingly. 667 
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 669 

Fig. S6. B.1.1.7 and WT SARS-CoV-2 infection in K18-hACE2 mice. (a) Schematic 670 

illustration of the infection experiment. (b) Virus genome copy quantified with RT-qPCR in 671 

the nasal turbinate and lung. NT, nasal turbinate. (c) Infectious virus titer quantified with 672 

plaque assays in the nasal turbinate and lung. (d) Representative images of 673 

immunofluorescence staining to show the expression of nucleocapsid protein (green, white 674 

arrows) in the lung and nasal turbinates. Scale bar, 200 µm. Statistical differences were 675 

determined with two-tailed Student’s t-test in (b) and (c). * represented P < 0.05; ** 676 

represented P < 0.01; *** represented P < 0.001; **** represented P < 0.0001. NT, nasal 677 

turbinates. 678 


