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SUMMARY 
 
Anosmia was identified as a hallmark of COVID-19 early in the pandemic, however, with the 

emergence of variants of concern, the clinical profile induced by SARS-CoV-2 infection has changed, 

with anosmia being less frequent. Several studies have focused on the neuropathogenesis of the 

original SARS-CoV-2, but little is known about the neuropathological potential of the variants. Here, 

we assessed the clinical, olfactory and inflammatory conditions of golden hamsters infected with the 

original SARS-CoV-2, its ORF7-deleted mutant, and three variants: Gamma, Delta and Omicron/BA.1. 

We show that infected animals developed a variant-dependent clinical disease, and that the ORF7 of 

SARS-CoV-2 contribute to causing olfactory disturbances. Conversely, all SARS-CoV-2 variants were 

found to be neuroinvasive, regardless of the clinical presentation they induce. With newly-generated 

nanoluciferase-expressing SARS-CoV-2, we validated the olfactory pathway as a main entry point 

towards the brain, confirming that neuroinvasion and anosmia are independent phenomena upon 

SARS-CoV-2 infection. 

 
 
Keywords: host-pathogen interaction, host adaptation, COVID-19, neurotropism, olfaction, olfactory 
bulbs, central nervous system, reverse genetics 
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Graphical asbtract 
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INTRODUCTION 

 

The COVID-19 pandemic remains a major contemporary worldwide public health problem. 

Since the beginning of the pandemic in December 2019, more than 500 million cases have been 

confirmed, all SARS-CoV-2 variants combined (WHO, 2022). The original SARS-CoV-2 (Wuhan) gave 

rise to different variants of concern (VoCs) in the first year of the pandemic (B.1.1.7, B.1.351, P.1), 

which were almost totally replaced by the VoC Delta (B1.617.2) in 2020, by the VoC Omicron/BA.1 

(B.1.1.529) in 2021 and other Omicron lineages (BA.2, BA.4, BA.5) in 2022 (WHO, 2022).  

SARS-CoV-2 infects cells of the upper and lower airways, and COVID-19 manifests by a 

multitude of respiratory and extra-respiratory symptoms, including neurological manifestations, 

ranging from headache and dizziness to anosmia, ageusia and even stroke (Chou et al., 2021; Klimek 

et al., 2022; Paterson et al., 2020). The neuropathology of COVID-19 is currently considered to be a 

consequence of inflammation and hypoxia, rather than direct viral invasion into the CNS (Ruz-

Caracuel et al., 2022; Thakur et al., 2021). However, with the emergence of the VoCs, and the 

increasing rate of vaccination or previous infection, the symptomatology of COVID-19 has changed. 

In this context, the clinical picture induced by the VoC Omicron/BA.1 is less severe or sometimes 

asymptomatic, with a higher rate of upper airways involvement, sparing the olfactory mucosa and 

consequently a lower incidence of anosmia, initially considered a hallmark of COVID-19 (Boscolo-

Rizzo et al., 2022; Cardoso et al., 2022; Chen et al., 2022; Christensen et al., 2022; Garrett et al., 2022; 

Vihta et al., 2022). 

Previously, we determined that the infection of olfactory sensory neurons and loss of cilia in 

the olfactory mucosa caused by SARS-CoV-2 Wuhan in humans and Syrian hamsters and local 

inflammation were associated to olfaction loss, as well as neuroinflammation in the olfactory bulbs 

and that hamsters were relevant models for the study of the pathogenesis of SARS-CoV-2 infection 

(Chan et al., 2020; de Melo et al., 2021; Sia et al., 2020). Other authors reported persistent 

microgliosis in the olfactory bulbs of infected hamsters (Käufer et al., 2022), and differences in the 

neuroinvasiveness and neurovirulence of VoCs have been described (Bauer et al., 2022b). 

Additionally, other authors have attempted to compare VoCs pathogenicity in hamsters (Halfmann 

et al., 2022; McMahan et al., 2022; Mohandas et al., 2022), but studies relating SARS-CoV-2 brain 

invasion to neurological symptoms are lacking.  

Here, we identified that SARS-CoV-2 Wuhan and the VoCs Gamma, Delta and Omicron/BA.1 

are all capable of invading the brain of Syrian hamsters and of eliciting a tissue-specific inflammatory 

response. Using reverse genetics-generated bioluminescent viruses, we demonstrate that SARS-CoV-

2 infects the olfactory bulbs, but the clinical profile, including the olfactory performance, is highly 

dependent on the variant. Further, deletion of the ORF7ab sequence in the ancestral virus reduces 
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the incidence of olfaction loss without affecting the clinical picture nor the neuroinvasiviness. 

Accordingly, this work validates the olfactory pathway as the main entry route by SARS-CoV-2 into 

the brain and corroborates the neurotropic potential of SARS-CoV-2 variants. Neuroinvasion and 

anosmia are therefore independent phenomena upon SARS-CoV-2 infection. 

 

RESULTS 

 
SARS-CoV-2 induces a clinical disease in hamsters, with a VoC-related severity difference 

We first investigated the differences in the clinical picture induced by different SARS-CoV-2 

VoCs in comparison with the ancestral virus (Wuhan). We first tested the in vitro growth curves of 

these viruses in Vero-E6 cells, and found no significant differences (Fig. S1A). Then, male golden 

hamsters were inoculated intranasally with 6x104 PFU of SARS-CoV-2 Wuhan or the VoCs Gamma, 

Delta or Omicron/BA.1 and followed them up during 4 days post-infection (dpi). All SARS-CoV-2-

infected animals presented a progressive loss of weight; however, a variant effect was observed 

(Kruskal-Wallis P<0.0001, Fig. 1A-B), with SARS-CoV-2 Wuhan-infected animals presenting the most 

intense median weight loss (15.8%, interquartile range ‘IQR’ 3.9%), followed by Gamma-infected 

animals (11.0%, IQR 2.6%), Delta-infected animals (9.4%, IQR 3.1%) and Omicron/BA.1-infected 

animals (1.9%, IQR 2.5%). Non-specific sickness-related clinical signs (ruffled fur, slow movement, 

apathy) followed the same pattern (Kruskal-Wallis P<0.0001, Fig. 1D-E), with SARS-CoV-2 Wuhan-

infected animals presenting the worse clinical picture, followed by Gamma- and Delta-infected 

animals, while Omicron/BA.1-infected animals presented a delayed manifestation of mild signs, 

clinically observable at 4 dpi only.  

Olfaction loss is a typical clinical sign of SARS-CoV-2 Wuhan-infected hamsters (de Melo et al., 

2021), however olfactory deficit differed according to the different VoCs (Chi-square for trend 

P<0.0001): 62.5% (5/8) of SARS-CoV-2 Wuhan-infected animals presented loss of olfaction (Log-rank 

test compared to the mock P=0.0012), only 12.5% (1/8) of Gamma-infected animals lost olfaction 

completely with 62.5% (5/8) presenting an impaired olfactory performance (i.e. longer time to find 

the hidden cereals) (Log-rank test compared to the mock P<0.0001). In contrast, none of the Delta- 

and Omicron/BA.1-infected animals presented signs of olfactory impairment (Fig. 1G-H).  

Regarding lung pathology, as for the other clinical parameters, lung enlargement and lung 

weight-to-body weight (LW/BW) ratio were significantly higher in SARS-COV-2 Wuhan-infected 

animals; Gamma- and Delta-infected animals presented intermediate values, whereas 

Omicron/BA.1-infected animals’ values were close to those of the ones of mock-infected animals 

(Kruskal-Wallis P<0.0001, Fig. 1C and 1F). Likewise, the histopathological findings in the lungs 

followed the same tendency: congestion, edema, mononuclear cells infiltration, thickening of the 
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alveolar walls and bronchiolar epithelium desquamation were observed in all infected animals (Fig. 

S2A), along with a diffuse SARS-CoV-2 nucleoprotein staining (Fig. S2B), with more severe alterations 

observed in the lungs of SARS-COV-2 Wuhan-infected animals than in Gamma-, Delta-, and 

Omicron/BA.1-infected hamsters. 

In a multivariate analysis of clinical parameters recorded at 4 dpi, the two-first principal 

components explained 92.4% of sample variability. Body weight loaded negatively to PC1 (principal 

component) and negatively correlated with the clinical score and the LW/BW ratio, whereas the 

olfactory performance loaded positively to PC2 (Fig. S3A). In the principal component analysis (PCA) 

plot regarding tissue-related inflammation, the difference among groups was marked: mock and 

Omicron/BA.1-infected animals loaded homogeneously and relatively close, followed by the Delta-

infected animals. SARS-COV-2 Wuhan- and Gamma-infected animals loaded in a more dispersed way, 

far away from the other VoCs, effect of the olfactory performance results (Fig. S3C). 

 

SARS-CoV-2-infected airways respond to the infection regardless of the viral variants  

 Next, we measured the viral titer and RNA loads in the upper airways (nasal turbinates), and 

in the lower airways (lung). Infectious viruses were detected in the nasal turbinates and in the lungs 

of all infected hamsters regardless of the VoC, however, a variant effect was observed, with the 

highest values for the Gamma-infected animals, and the lowest values for the Omicron/BA.1-infected 

animals (Kruskal-Wallis P<0.0001, Fig. 2A). Genomic and sub-genomic SARS-CoV-2 RNA were 

detected equally in the lungs of all infected animals; but differently in the nasal turbinates, regardless 

of the positivity of all samples, Delta-infected animals presented the highest viral load (Kruskal-Wallis 

P=0.0023, Fig. 2B).  

Both the upper and lower airways responded to the infection by all VoCs (Fig. 2CD), but with 

a tissue-specific inflammatory signature: in the lungs, Mx2, Il-6, Cxcl10 and Il-10 were upregulated 

for all VoCs, and the highest in SARS-COV-2 Wuhan-infected animals (Fig. 2C). In the nasal turbinates, 

the gene expression of Ifn-b and Il-6 presented the highest values in SARS-COV-2 Wuhan-infected 

animals and the lowest in Omicron/BA.1-infected animals. Mx2, Cxcl10 and Il-10 expression were the 

highest in Delta-infected animals while Omicron/BA.1-infected animals showed the lowest levels (Fig. 

2D). To better appreciate the tissue- vs. VoC-related gene expression, we performed a multivariate 

analysis of these data. Interestingly, the two-first principal components explained 79.6% of sample 

variability (Fig. S3B). In the PCA plots, the nasal turbinates of all infected hamsters were loaded 

together (Fig. S3D), whereas in the lungs, only SARS-COV-2 WUHAN- and Delta-infected animals 

loaded in the same area, effect of Il-6, Cxcl10 and Il-10 (Fig. S3D).  

  

SARS-CoV-2 neuroinvasion and neuroinflammation in the olfactory bulbs 
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After establishing the clinical and inflammatory profile of the infected animals, we aimed to 

assess the effect of infection on the olfactory bulbs. Remarkably, even if the olfactory performance 

differed according to the VoCs (Fig. 1G-H), positive viral titers were detected in the olfactory bulbs of 

animals from all infected groups, with Gamma-infected animals presenting the highest titer at 4 dpi 

(Kruskal-Wallis P=0.0096, Fig. 2A). These findings were corroborated by the detection of genomic 

viral RNA in the olfactory bulbs of animals from all infected groups as well, but viral RNA load was 

higher in SARS-COV-2 WUHAN-infected animals (Kruskal-Wallis P=0.0104, Fig. 2B). Conversely, sub-

genomic RNA was below the detection limit in these samples, indicating the absence of productive 

SARS-CoV-2 replication.  

The olfactory bulbs presented an intrintriguing inflammatory profile. The antiviral Mx2 gene, 

along with the inflammatory genes Ifn-b, Il-6 and Cxcl10 were highly upregulated in the olfactory 

bulbs of hamsters infected by all VoCs, including Delta and Omicron/BA.1 (Fig. 2E), regardless of the 

normal olfactory performance in the food-finding test (Fig. 1 G-H), yet Il-10 expression was 

upregulated only in the olfactory bulbs of SARS-COV-2 Wuhan- and Delta-infected animals (compared 

to the mock). Unexpectedly, the gene expression of these selected targets tended to be higher in the 

olfactory bulbs of Delta-infected animals, including Tnf-a, which expression was not significative for 

SARS-COV-2 Wuhan-, Gamma- and Omicron/BA.1-infected animals (Fig. 2E). In a multivariate analysis 

for tissue- and VoC-related gene expression, the olfactory bulbs from SARS-COV-2 Wuhan-infected 

animals tended to load in proximity to the corresponding nasal turbinates (effect of Il-6, Cxcl10 and 

Il-10), whereas olfactory bulbs from Gamma-, Delta- and Omicron/BA.1-infected animals loaded 

separately, possibly reflecting the impact of Mx2, Tnf-a and Ifn-b differential expression (Fig. S3D).  

Having detected the virus in the olfactory bulbs using virologic and molecular techniques, we 

aimed to visualize the infection. We examined the SARS-CoV-2/W distribution in the whole brain by 

combining whole-head tissue clearing with light sheet microscopy imaging using iDISCO+ (Renier et 

al., 2014). At 4 dpi, all SARS-COV-2 Wuhan-infected hamsters displayed a diffuse viral distribution in 

the nasal cavity: nasal turbinates and olfactory epithelium (Fig. 3A and Video S1). Along the same 

lines, all SARS-COV-2 Wuhan-infected animals presented SARS-CoV-2 in the olfactory bulbs in sparse 

neurons, localized in the proximity of the olfactory nerve entry point (Fig. 3B and Video S2). No virus 

was observed in other areas of the brain and no alteration in the vascular network was observed. 

We next used a complementary method to visualize the infection of the olfactory bulbs. To 

this end, we generated recombinant viruses that express the nanoluciferase by reverse genetics 

(SARS-CoV-2 Wuhan_nLuc and Delta_nLuc; Fig. S1B and S4A). The disease profile induced by these 

two recombinant viruses was similar to the profile induced by the wild-type parental viruses (Fig. 3C). 

In vivo imaging of infected hamsters was performed at 4 dpi using fluorofurimazine (FFz) as substrate. 

Very low positive signals were observed in the nasal cavity region, possibly due to the thickness of 
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the skin and bones that could block the light emission, but significantly higher in the Wuhan_nLuc 

than the Delta_nLuc (Mann Whitney P=0.0286, Fig. S4BC). More sensitive results were obtained 

during the ex vivo imaging. After euthanasia, the lungs and brains were collected and imaged. Positive 

signals in the lungs were obtained at the same intensity for both viruses (Fig. 3D), and presented a 

multi-focal/diffuse distribution (Fig. 3E and S4D). The brains were imaged in the ventral position in 

order to better expose the olfactory bulbs. Intense luminescent signals were recorded from the 

brains of hamsters infected with either viruses; when placing the ROI (region of interest) exclusively 

in the olfactory bulbs, intensity was higher in Wuhan_nLuc (Mann Whitney P=0.0286); conversely, 

when considering the whole brain ventral area, intensity was higher in Delta_nLuc (Mann Whitney 

P=0.0286). The ratio of olfactory bulbs/brain signals was 4-fold higher for Wuhan_nLuc than 

Delta_nLuc (Mann Whitney P=0.0286, Fig. 3C and S4D), which might reflect the higher replication 

rate detected in the olfactory bulbs infected by the SARS-CoV-2/W (Fig. 2B). Despite intensity 

differences, the olfactory bulbs are the major infected structure in the brain, and sagittal views of 

the brain indicate that the origin of the luminescent signal is the ventral part of the olfactory bulbs, 

which is situated above the olfactory epithelium in the nasal cavity (Fig. 3E and S4E). 

 

Anosmia is not associated with viral load or infection of the olfactory bulbs 

All tested SARS-CoV-2 variants were found to be able to invade the CNS and infect the 

olfactory bulbs, but the incidence of olfactory dysfunctions varied according to the VoC, with 

hamsters infected with Delta and Omicron/BA.1 presenting no signs of anosmia (Fig. 1G-H). Several 

mutations on the spike distinguish the different VoCs. Furthermore, some VoC isolates also present 

deletions in the ORF7 sequence (Jelley et al., 2022; Mazur-Panasiuk et al., 2021; Panzera et al., 2021; 

Pyke et al., 2021), including the Delta isolate used in the present study (deletion spanning positions 

27507 to 27541 of the reference SARS-CoV-2 Wuhan genome). Since a possible link between ORF7b 

and olfaction loss has been proposed (Fogeron et al., 2021), we constructed a recombinant SARS-

CoV-2 based on the CoV-2/W backbone, where the ORF7ab sequence was replaced by that of GFP 

(SARS-CoV-2 Wuhan/DORF7ab) (Fig. S1C). Remarkably, the clinical profile exhibited by Wuhan/D 

ORF7ab-infected hamsters was similar to the one caused by the wild-type SARS-CoV-2 Wuhan (Fig. 

4A-D), showing that ORF7ab is not essential for viral infection and replication. However, the olfaction 

loss incidence decreased significantly; only 25% (2/8) of the infected animals presented signs of 

anosmia, in contrast to the 62.5% (5/8) observed in CoV-2/SARS-COV-2 Wuhan-infected hamsters 

(Chi-square for trend P=0.0060; Fig. 4E). Despite this reduction in anosmia incidence, Wuhan/D 

ORF7ab was still detected in the airways and in the olfactory bulbs of infected animals, with even 

higher titers (Fig. 4F-G).   
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Further, in order to test if the viral inoculum could influence the neuroinvasiveness of SARS-

CoV-2 and the incidence of olfactory dysfunctions, we infected hamsters with a 2-log lower infectious 

dose of CoV-2/W (6x102 PFU). These animals were submitted to the same clinico-behavioral tests 

described above. In the acute phase of the infection, up to 4 dpi, the low infectious dose induced 

similar body weight loss and clinical score as the animals infected with the initial inoculum, as well as 

infectious viral titers in the airways and in the olfactory bulbs (Fig. 4). Surprisingly, despite the 

presence of infectious virus in the olfactory bulbs, animals infected with a lower infectious dose 

presented a lower incidence of olfactory dysfunction (25%, 2/8). 

 

DISCUSSION AND CONCLUSIONS 

 

The neurotropism of SARS-CoV-2 is still a matter of debate (Bauer et al., 2022a). While studies 

on natural infection in humans and experimental infection in animal models reported brain infection 

by SARS-CoV-2 (de Melo et al., 2021; Matschke et al., 2020; Meinhardt et al., 2021; Rutkai et al., 

2022; Song et al., 2021), including in in vitro human models of infection (Pellegrini et al., 2020; Ramani 

et al., 2020), others failed to detect SARS-CoV-2 in the nervous tissue (Khan et al., 2021; Thakur et 

al., 2021). Despite this open question, the impact of SARS-CoV-2 infection on the brain is undeniable 

(Douaud et al., 2022; Helms et al., 2020; Paterson et al., 2020; Yang et al., 2021). Most of these 

published data is related to the original SARS-CoV-2 (Wuhan), however, less information concerning 

VoCs neuropathogenesis is available (Chen et al., 2022). Here we show that all evaluated SARS-CoV-

2 viruses (Wuhan, Gamma, Delta and Omicron/BA.1) are able to invade the brain, most likely via the 

olfactory bulbs, and of promoting inflammation. 

Despite this shared neuroinvasiveness, disease profile and airways responses are quite 

dependent on the SARS-CoV-2 variant. Indeed, we show that all VoCs can infect golden hamsters and 

promote lung inflammation, including Omicron/BA.1 differently from other reports (Abdelnabi et al., 

2022; Halfmann et al., 2022), probably due to infectious doses or viral isolates. A “variant-effect” in 

the clinical presentation and in the tissue-related inflammation was evident, with disease severity 

presenting the following order: SARS-CoV-2 Wuhan > Gamma > Delta > OmicronBA.1, which supports 

the hypothesis that Omicron/BA.1 evolution has resulted in a tropism more restricted to the upper 

respiratory tract, thereby causing a less severe clinical disease (Armando et al., 2022; Chen et al., 

2022; Hui et al., 2022; Yuan et al., 2022). Notwithstanding, the neuroinvasiveness, neurotropism, and 

neurovirulence characteristics of Omicron/BA.1 is similar to the other SARS-CoV-2 variants. Indeed, 

the data presented herein give support to the neuroinvasive ability of SARS-CoV-2, as besides 

detection of viral RNA and isolation of infectious virus from the olfactory bulbs, we could clearly 

observe SARS-CoV-2 infected neurons in the brain of hamsters by light sheet microscopy. 
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Nevertheless in hamsters, unlike what has been reported in K18-hACE2 mice which ACE2 expression 

pattern is non-physiological and ectopic (Song et al., 2021), SARS-CoV-2 Wuhan infection was 

restricted to the olfactory bulbs, without evidence of brain vasculature remodeling nor virus 

associated with blood vessels.  

Olfactory bulb infection is therefore a common feature in the SARS-CoV-2 infectious process, 

regardless of the variant considered. An inflammation response was also observed in this tissue, with 

a common upregulation of the antiviral gene Mx2, regardless of the VoC. The reason why some VoCs 

do not cause olfaction loss is still an open question. The infection and inflammation of the olfactory 

bulbs, if involved in SARS-CoV-2-associated anosmia, does not seem to be enough to cause olfaction 

loss in the golden hamster. Aggressions to the olfactory mucosa, rather than the olfactory bulb, are 

indeed likely the main factors contributing to anosmia, as recovery from anosmia has been related 

to regeneration of the olfactory epithelium in hamsters (Reyna et al., 2022; Urata et al., 2021). 

Moreover, significant changes in the olfactory epithelium, such as apoptosis, architectural damages, 

inflammation, downregulation of odorant receptors and functional changes in olfactory sensory 

neurons, might also contribute, on top of the infection per se, to the occurrence of anosmia (Bourgon 

et al., 2022; Chen et al., 2022; de Melo et al., 2021; Kishimoto-Urata et al., 2022; Messlinger et al., 

2022; Zazhytska et al., 2022). Therefore, it seems that infection and inflammation combined are 

needed to trigger anosmia, and the lower incidende of anosmia observed after infection by some 

VoCs is therefore linked to lower levels of inflammation. 

Furthermore, besides mutations in the spike sequence in the SARS-CoV-2 variants genome, 

additional mutations may be present in other regions of the viral genome, including deletions in the 

ORF7a and ORF7b sequences (Jelley et al., 2022; Mazur-Panasiuk et al., 2021; Panzera et al., 2021; 

Pyke et al., 2021). ORF7a and ORF7b have been related to viral-induced apoptosis, and to 

interference with the innate immunity and the antiviral response (Aliyari et al., 2022; Hayn et al., 

2021; Schaecher et al., 2007; Su et al., 2021), without, however, being essential to viral infection and 

replication (Schaecher et al., 2008; Silvas et al., 2021). Further, ORF7b has the potential to interfere 

with cell adhesion proteins in the olfactory mucosa (Fogeron et al., 2021), and interestingly, a binary 

interaction between ORF7b and the human olfactory receptor OR1D5 has also been reported (Kim 

et al., 2021). Deletions or mutations in these regions may therefore play an additional role in the 

induction of olfactory disturbances, by preserving the architecture and structures of the olfactory 

epithelium. Another important point is that we can observe a similar clinical profile and low incidence 

of olfactory disturbances as SARS-CoV-2 Wuhan/DORF7ab by simply reducing the viral inoculum of 

SARS-CoV-2 Wuhan. Regardless of a comparative evolution of body weight loss and clinical score 

(Imai et al., 2020), anosmia was less frequent in animals infected with a low dose of SARS-CoV-2 

Wuhan. This might be related to the less severe initial aggression suffered by the olfactory epithelium 
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due to lower infectious doses (Bryche et al., 2020; Urata et al., 2021) and may also explain why other 

studies did not detect olfaction dysfunction despite detecting inflammatory changes in the brain 

(Frere et al., 2022). 

Despite the occurrence or not of anosmia, SARS-CoV-2 can infect olfactory sensory neurons 

and the olfactory bulb (Chen et al., 2022; de Melo et al., 2021). SARS-CoV-2 neuroinvasion was 

hypothesized to occur by retrograde axonal flow via cranial nerves (olfactory, vagus, trigeminal) or 

by the hematogeneous route (Bauer et al., 2022a; Bulfamante et al., 2021; DosSantos et al., 2020). 

The data presented herein do not support hematogenous diffusion of SARS-CoV-2 towards the brain, 

and supports hypothesis of the olfactory retrograde pathway as a preferential portal of entry (Ueha 

et al., 2022). Brain infection via the olfactory pathway therefore seems a common feature of 

coronaviruses (Dubé et al., 2018; Shi et al., 2022), regardless of clinical disease presentations. Finally, 

this study highlights that neuroinvasion and anosmia are therefore independent phenomena upon 

SARS-CoV-2 infection. 
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Figure 1. Clinical profile of hamsters infected with SARS-CoV-2 original virus (Wuhan) or the 
variants of concern (VoC) Gamma, Delta and Omicron/BA.1. AB. Body weight variation over four 
days post-infection. C. Lung weight measured at 4 dpi.  DE. Clinical score over four days post-
infection. The clinical score is based on a cumulative 0–4 scale: ruffled fur; slow movements; apathy; 
and absence of exploration activity. F. Lung weight-to-body weight ratio measured at 4 dpi. 
Horizontal lines indicate median and the interquartile range (n=8/group). Kruskall-Wallis test 
followed by the Dunn’s multiple comparisons test (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
GH. Olfactory performance measured at 3 days post-infection (dpi). The olfaction test is based on the 
hidden (buried) food finding test. Curves represent the olfactory performance of animals during the 
test (G) and bars represent the final results (H) (n=8/group). Chi-square test for trend 
(****P<0.0001). See Supplementary Figures 1 and 2. 
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Figure 2. Virologic assessment and gene expression of selected immune mediators in different 
tissues of hamsters infected with SARS-CoV-2 original virus (Wuhan) or the variants of concern 
(VoC) Gamma, Delta and Omicron/BA.1. A. Infectious viral titers in the lung, nasal turbinates and 
olfactory bulbs at 4 days post-infection (dpi) expressed as TCID50 per 100 mg of tissue. Horizontal 
lines indicate median and the interquartile range (n=4/group). B. SARS-CoV-2 viral RNA load detected 
in the lung, nasal turbinates and olfactory bulbs at 4 dpi. Genomic and sub-genomic viral RNA were 
assessed based on the E gene sequence. Horizontal lines indicate median and the interquartile range 
Gray lines connect symbols from the same animals (n=4/group). C-E. Gene expression values in the 
lung (C), nasal turbinates (D) and olfactory bulbs (E) of Mx2, Ifn-b, Il-6, Cxcl10, Tnf-a and Il-10 at 4 
dpi. Horizontal lines indicate median and the interquartile range (n=4/group). Kruskall-Wallis test 
followed by the Dunn’s multiple comparisons test (*P<0.05, **P<0.01). nd: not detected. See 
Supplementary Figures 1 and 2. 
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Figure 3. Imaging assessment of SARS-CoV-2 neuroinvasion. AB. iDISCO+ whole head clearing and 
immunolabeling against the SARS-CoV-2 nucleoprotein in hamsters infected with the SARS-CoV-2 
original virus (Wuhan) at 4 days post-infection (dpi). A. Representative nasal turbinate (sagittal 
section from the skull) showing a diffuse distribution of SARS-CoV-2. Scale bar: 500 µm. See 
supplementary video 1. B. Representative olfactory bulb section stained for SARS-CoV-2 
nucleoprotein and for podoplanin (CD31/Podo) to identify the vascular compartment. Note presence 
of SARS-CoV-2 in olfactory bulb neurons, with no macroscopic alterations in the vascular network of 
the olfactory bulb. Scale bar: 200 µm. See supplementary video 2. CF. Bioluminescent recombinant 
SARS-CoV-2 viruses induce a clinical disease with infection of the olfactory bulbs. C. Clinical profile of 
hamsters infected with the recombinant viruses SARS-CoV-2 Wuhan_nLuc (based on the original 
SARS-CoV-2 Wuhan) and Delta_nLuc (based on the Delta variant). The body weight loss and the 
clinical score are comparable with those induced by wild-type viruses (n=4/group). The clinical score 
is based on a cumulative 0–4 scale: ruffled fur; slow movements; apathy; and absence of exploration 
activity (See Figure 1). D. Ex vivo bioluminescence values from the lungs, the olfactory bulbs (ventral 
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view), the brains (ventral view) and the ratio olfactory bulbs: brain at 4 dpi (n=4/group). Horizontal 
lines indicate median and the interquartile range. Mann-Whitney test (*P<0.05). The gray 
crosshatched area corresponds to background signals obtained from the same tissues of a mock-
infected hamster. EF. Representative ex vivo imaging of a lung (C) and a brain (D) of a hamster 
infected with a recombinant SARS-CoV-2 expressing the nLuc at 4 dpi. Note that in the brain, the 
major bioluminescent focus is localized in the ventral face of olfactory bulbs. See Supplementary 
Figure 3. 
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Figure 4. Clinical profile of hamsters inoculated with SARS-CoV-2 original virus (Wuhan) with a 
regular infectious dose (6x104 PFU), with a low infectious dose (6x102 PFU) of the SARS-CoV-2 
Wuhan (Wuhan low dose), or with a regular infectious dose (6x104 PFU) of a SARS-CoV-2 Wuhan 
deleted in the ORF7ab position (Wuhan/DORF7ab). AB. Body weight variation over 4 days post-
infection (dpi). CD. Clinical score comparison in the acute phase (4 dpi). The clinical score is based on 
a cumulative 0–4 scale: ruffled fur; slow movements; apathy; and absence of exploration activity. 
Horizontal lines indicate median and the interquartile range (n=8/group). E. Olfactory performance 
measured at 3 dpi. The olfaction test is based on the hidden (buried) food finding test. Curves 
represent the olfactory performance of animals during the test (n=8/group). F. Infectious viral titers 
in the lung, nasal turbinates and olfactory bulbs at 4 dpi expressed as TCID50 per 100 mg of tissue. 
Horizontal lines indicate median and the interquartile range (n=4/group). Kruskall-Wallis test 
followed by the Dunn’s multiple comparisons test (*P<0.05, **P<0.01, ***P<0.001). G. 
Representative image of a viral titration in the olfactory bulb from a hamster infected with 
Wuhan/DORF7ab, in which the ORF7ab has been replaced by the GFP. Note GFP+ Vero cells around 
a lysis plaque. Scale bar: 1000 µm. Data for SARS-CoV-2 Wuhan already presented in Figures 1 and 2. 
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Supplementary Figure 1. In vitro viral growth curves of different SARS-CoV-2 viruses. A. Growth 
curves of the SARS-CoV-2 original virus (Wuhan) and the variants of concern (VoC) Gamma, Delta and 
Omicron/BA.1. B. Growth curves of the recombinant nanoluciferase-expressing SARS-CoV-2 viruses 
(Wuhan_nLuc and Delta_nLuc), in comparison with wild-type corresponding viruses. C. Growth 
curves of the SARS-CoV-2 presenting a deletion in the ORF7ab (Wuhan/DORF7ab), in comparison 
with wild-type correspondent virus. Horizontal lines indicate median and the interquartile range (n=3 
independent replicates/time-point). Viral titers are expressed as the median tissue culture infectious 
dose (TCID50)/mL. Related to Figures 1, 3 and 4. 
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Supplementary Figure 2. Histopathology and immunohistochemical aspects of freshly-collected 
lungs from hamsters infected with SARS-CoV-2 original virus (Wuhan) or the variants of concern 
(VoC) Gamma, Delta and Omicron/BA.1 at 4 days post-infection (dpi). A. Representative images of 
Hematoxylin and Eosin (H&E) stained-whole lung sections (upper panels), bronchiolar epithelium 
(middle panels) and alveoli (bottom panels). B. Representative images of whole lung sections (upper 
panels), bronchiolar epithelium (middle panels) and alveoli (bottom panels) immuno-stained with 
SARS-CoV-2 N antibody. Immunoperoxidase, scale bar = 50 μm (n=8/group, except Omicron/BA.1 
where n=4). Related to Figure 1. 
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Supplementary Figure 3. Principal component analysis (PCA) of clinical parameters and immune 
mediators in different tissues of hamsters infected with SARS-CoV-2 original virus (Wuhan) or the 
variants of concern (VoC) Gamma, Delta and Omicron/BA.1. A. Variable correlation plot showing 
the correlation of clinical parameters in hamsters at 4 days post-infection (body weight variation, 
clinical score, olfaction test and lung weight-to-body weight ratio ‘LW/BW’). The two-first principal 
components explained 92.2% of sample variability (n=8/group). B. Variable correlation plot showing 
the correlation of immune mediators’ gene expression (Mx2, Ifn-b, Il-6, Cxcl10, Tnf-a and Il-10) in the 
olfactory bulb, nasal turbinates and lungs of hamsters at 4 days post-infection. The two-first principal 
components explained 80.5% of sample variability (n=4/group). CD. PCA plots. Each symbol 
represents one animal, colored according to the virus variant. Related to Figures 1 and 2. 
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Supplementary Figure 4. In vivo and ex vivo imaging in hamsters infected with bioluminescent 
recombinant SARS-CoV-2 viruses at 4 days post-infection (dpi). A. Delta_nLuc generation strategy. 
B. In vivo imaging of hamsters infected with the recombinant viruses Wuhan_nLuc (based on the 
original SARS-CoV-2 Wuhan) and Delta_nLuc (based on the Delta). The regions of interest (ROIs) are 
shown as red circles (n=4/group). C. In vivo bioluminescence values from the nasal cavity 
(n=4/group). Horizontal lines indicate median and the interquartile range. Mann-Whitney test 
(*P<0.05). The gray crosshatched area corresponds to background signals obtained from a mock-
infected hamster. DE. Ex vivo imaging of lungs (D) and brains (E) from hamsters infected with 
Wuhan_nLuc, Delta_nLuc and mock-infected at 4 dpi. The regions of interest (ROIs) are shown as red 
circles in the olfactory bulbs (for the lungs and the whole brain, the values from the whole organ 
were acquired). Related to Figure 3. 
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Supplementary Video 1. Light sheet imaging in the nasal turbinates. 3D  distribution of the 
nucleoprotein in the nostrils of a SARS-CoV-2 Wuhan infected hamster using whole-head clearing. 
Related to Figure 3. 
 
Supplementary Video 2. Light sheet imaging in the olfactory bulb. Presence of SARS-CoV-2 detected 
in the olfactory nerve and olfactory bulb neurons of a SARS-CoV-2 Wuhan infected hamster. Related 
to Figure 3.  
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Supplementary Table 1. Primers sequence used to amplify the different fragments for yeast 
recombination 
 

Fragment Sequence (5’-3’) * Position on the 
viral genome Size 

pRS416 Forward CCAGTAATGTGGACATTGCC / 
4816  Reverse CATCAACGACCTTGTCTTCAGTA / 

Linker His3 Forward CCTGAAAGCACTTGAAGAATTCC / 
1448  Reverse GGTATGCTAAGGCACAGCACACT 78 

Frag1 Forward GCCATTCATCCACAGTTGACA in His 3 3213 
 Reverse CATGGTGCTGACAGTGGAGTCT 3183  

Frag2 Forward TGAGCCATCGTGCCAATG 2885 3251 
 Reverse AGCCCGTCTGCTGGTATCAC 6135  

Frag3 Forward GGTTGCCAAACCTTATCAGAAATG 5804 3339 
 Reverse TTCACCTGTTCCACAGCCTTG 9142  

Frag4 Forward ACAGAGAGAAGATGACGCAGATAATG 8885 3251 
 Reverse GCCTGAATGGCCACGTACA 12135  

Frag5 Forward TGCGGATGATATCTCAACTTTAACTG 11824 3311 
 Reverse AAAGGAAAGCAAAGTTTGTATTGTCA 15134  

Frag6 Forward TGCGGATGATATCTCAACTTTAACTG 14782 3350 
 Reverse AAAGGAAAGCAAAGTTTGTATTGTCA 18131  

Frag7 Forward TGCGGATGATATCTCAACTTTAACTG 17786 3371 
 Reverse AAAGGAAAGCAAAGTTTGTATTGTCA 21156  

Frag8 Forward TGCGGATGATATCTCAACTTTAACTG 20932 3276 
 Reverse AAAGGAAAGCAAAGTTTGTATTGTCA 24207  

Frag9 Forward TGCGGATGATATCTCAACTTTAACTG 23854 3253 
 Reverse AAAGGAAAGCAAAGTTTGTATTGTCA 28832  

Frag10-1 Forward TGCGGATGATATCTCAACTTTAACTG 26589 1720 

nLuc Reverse AAAGGAAAGCAAAGTTTGTATTGTCA 28332  

Frag10-2 Forward TGCGGATGATATCTCAACTTTAACTG 27903 2132 
 Reverse AAAGGAAAGCAAAGTTTGTATTGTCA in Leu 2  

Linker Leu2 Forward TGCGGATGATATCTCAACTTTAACTG / 2041 
 Reverse AAAGGAAAGCAAAGTTTGTATTGTCA /  

*Based on the sequence of SARS-CoV-2 Delta/2021/I7.2 200 (GISAID ID: EPI_ISL_2029113) (Planas et al., 2021) 
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Supplementary Table 2. Primer sequences used for qPCR in the golden hamster tissues. 
 
Gene Sequence (5’-3’)  Reference 

Mx2 

Forward CCAGTAATGTGGACATTGCC 

(Zivcec et al., 2011) Reverse CATCAACGACCTTGTCTTCAGTA 

Probe FAM-TGTCCACCAGATCAGGCTTGGTCA-TAMRA 

Ifn-b 

Forward ACCCTAAAGGAAGTGCCAGA 

(Gowen et al., 2015) Reverse CCAGCTGCCAGTAATAGCTC 

Probe FAM-AGTTTGACTACAAGGATTAGCTTGAA-TAMRA 

Il-6 

Forward CCTGAAAGCACTTGAAGAATTCC 

(Zivcec et al., 2011) Reverse GGTATGCTAAGGCACAGCACACT 

Probe FAM-AGAAGTCACCATGAGGTCTACTCGGCAAAA-TAMRA 

Cxcl10 

Forward GCCATTCATCCACAGTTGACA 

(Zivcec et al., 2011) Reverse CATGGTGCTGACAGTGGAGTCT 

Probe FAM-CGTCCCGAGCCAGCCAACGA-TAMRA 

Tnf-a 

Forward TGAGCCATCGTGCCAATG 

(Espitia et al., 2010) Reverse AGCCCGTCTGCTGGTATCAC 

Probe FAM-CGGCATGTCTCTCAAAGACAACCAG-TAMRA 

Il-10 

Forward GGTTGCCAAACCTTATCAGAAATG 

(Espitia et al., 2010) Reverse TTCACCTGTTCCACAGCCTTG 

Probe FAM-TGCAGCGCTGTCATCGATTTCTCCC-TAMRA 

g-actin 

Forward ACAGAGAGAAGATGACGCAGATAATG 

(Espitia et al., 2010) Reverse GCCTGAATGGCCACGTACA 

Probe FAM-TTG AAA CCT TCA ACA CCC CAG CC-TAMRA 

Hprt 

Forward TGCGGATGATATCTCAACTTTAACTG 

(Zivcec et al., 2011) Reverse AAAGGAAAGCAAAGTTTGTATTGTCA 

Probe FAM-AAAGAATGTCTTGATTGTTGAAGGTAAAACTGACATTGG-TAMRA 
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Materials and methods 
 
Ethics. All animal experiments were performed according to the French legislation and in compliance 

with the European Communities Council Directives (2010/63/UE, French Law 2013–118, February 6, 

2013) and according to the regulations of Institut Pasteur Animal Care Committees. The Animal 

Experimentation Ethics Committee (CETEA 89) of the Institut Pasteur approved this study (200023; 

APAFIS#25326-2020050617114340 v2) before experiments were initiated. Hamsters were housed by 

groups of 4 animals in isolators and manipulated in class III safety cabinets in the Pasteur Institute 

animal facilities accredited by the French Ministry of Agriculture for performing experiments on live 

rodents. All animals were handled in strict accordance with good animal practice. 

 

SARS-CoV-2 virus and variants. The isolate BetaCoV/France/IDF00372/2020 (EVAg collection, Ref-

SKU: 014V-03890) was kindly provided by Sylvie van der Werf. The human sample from which strain 

hCoV-19/Japan/TY7-501/2021 (Brazilian variant, JPN [P.1]) was supplied by the Japanese National 

Institute of Infectious Diseases (Tokyo, Japan). The isolate SARS-CoV-2 Delta/2021/I7.2 200 (Indian 

variant, GISAID ID: EPI_ISL_2029113) and the isolate SARS-CoV-2 Omicron/B.1.1.529 (Omicron BA.1 

variant, GISAID ID: EPI_ISL_6794907) were supplied by the Virus and Immunity Unit hosted by Institut 

Pasteur and headed by Olivier Schwartz (Planas et al., 2022; Planas et al., 2021). Viral stocks were 

produced on Vero-E6 cells infected at a multiplicity of infection of 1x10-4 PFU/cell. The virus was 

harvested 3 days post-infection, clarified and then aliquoted before storage at -80°C. Viral stocks 

were titrated on Vero-E6 cells by classical plaque assays using semisolid overlays (Avicel, RC581-

NFDR080I, DuPont) (Baer and Kehn-Hall, 2014). 

Recombinant viruses expressing Nanoluciferase (nLuc) as a reporter gene were obtained by reverse 

genetics. Wuhan_nLuc was derived from the clone synSARS-CoV-2-GFP-P2A-ORF7a (clone #41) 

generated as described (Kouprina and Larionov, 2016; Kouprina et al., 2020; Noskov et al., 2003; 

Noskov et al., 2011; Thi Nhu Thao et al., 2020), where the GFP reporter gene was replaced by the 

nLuc one. The cloning strategy was optimized to build a complete cDNA of the Delta_nLuc virus on 

the same backbone than the isolate EPI_ISL_2029113. SARS-CoV-2 Wuhan/DORF7ab was obtained 

using the same reverse genetic system by replacing the complete ORF7ab sequence by that of GFP. 

 

Generation of the complete genome of SARS- CoV-2/Delta_nLuc virus. The viral genome was 

divided in 11 overlapping fragments around 3kb each. Those fragments and two fragments coding 

for different yeast-specific selection genes (His3 and Leu2) were recombined in the yeast centromere 

plasmid pRS416 to generate the complete genome clone of recombinant virus. The T7 promotor was 
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placed just before the 5’UTR sequence and a unique restriction site EAG1 was placed just after the 

poly(A) tail. 

Viral fragments were obtained either by RT-PCR on RNA extracted from Vero-E6 cells infected by 

Delta using the SuperScript IV VILO Master Mix (#11756050, Thermofisher) according to the 

manufacturer protocol, or using synthetic genes (GeneArt, Life Technologies).  All PCR amplifications 

were performed using Phusion™ High-Fidelity DNA Polymerase (#F530, Thermofisher). The PCR 

product were cloned in Topo-TA vector and their sequences controlled by sanger sequencing. The 

nLuc gene was inserted upstream ORF7a and separated from it using a GSG linker and a P2A peptide 

sequence to mediate cleavage between the reporter and the viral protein. It was directly synthetized 

in the F10-1 fragment. 

 

Yeast recombination. Recombination of the 4 yeast specific fragments and the 11 viral fragments 

was performed on S. cerevisiae BY4740. A yeast culture was carried out from an overnight pre-culture 

in YPDA medium (2 mL of pre-culture in 50 mL of YPDA medium heated to 30° C) until the exponential 

growth phase was reached with an optical density corresponding to approximately 1x108 cells/mL. 

The yeasts were harvested by centrifugation of 50 mL of culture (5,000 rpm at 4°C during 5 min) 

before being washed a first time in sterile solution of Tris-EDTA and lithium Acetate TE/LiAc (Tris-HCl 

pH 7.5 10 mM; EDTA pH 7.5 0.1 mM; LiAc 100 mM), then all the cells were resuspended in 500 μL of 

TE/LiAc solution (2.109 cells/mL). The yeast suspension was then incubated at 30° C without stirring 

during 30 min. During this time, a mix of all DNA fragments in an equimolar proportion was prepared. 

For each recombination condition, 50 μL of competent cells (108 cells) were brought into contact with 

300 μL of TE/LiAc solution and polyethylene glycol TE/LiAc/PEG (TE 10X; LiAc 10X; PEG 3350 40% v/v) 

with the DNA mix to be recombined and 50 μg of salmon sperm denaturated DNA (31149, Sigma) 

and then cooled for at least 5 min on ice. The mixture was incubated at 30°C during 30 min without 

agitation before undergoing a thermal shock at 42°C during 20 min. After cooling on ice, the yeasts 

were pelleted by centrifugation at 2,000 rpm at RT during 5 min and then resuspended and incubated 

with 500 μL of 5mM CaCl2 at RT during 10 min. The yeasts were centrifuged and resuspended in 200 

μL of sterile water before being plated out on a box of synthetic minimal selective medium defined 

by SD-His-Ura-Leu- agarose without histidine, Uracy3 and Leucine-2. The yeasts were left to grow for 

3 days at 30°C. For each recombination, ten different clones were checked by multiplex PCR 

(#206143, Qiagen) on rapid DNA preparations carried out by the Chellex technique as already 

described (Thi Nhu Thao et al., 2020) using specific primers (Table S1) to control the presence of the 

different fragments in a good orientation. The yeast colony of interest was subcultured in 200 mL of 

SD-His-Ura-Leu- medium to purify the plasmid. 
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Rescue of the virus. The plasmid was linearized by EagI-HF (#R3505, NEB) digestion, purified by a 

phenol chloroform process and transcribed in vitro into RNA using the T7 RiboMaxTM Large Scale 

RNA Production System (#P1300, Promega) and the m7G(5')ppp(5')G RNA Cap Structure Analog 

(#S1411, NEB) kits. Approximately 5 μg of linear DNA were used as template in a reaction volume of 

50 μL comprising: 10 μL of 5X T7 transcription buffer; 5 μL of m7G(50)ppp(50)G RNA cap analog 

structure at 30 mM; 0.75 μL of 100 mM GTP; 3.75 μL of each nucleotide type ATP, CTP; 100 mM UTP; 

and 5 μL of RNasin T7 RNA polymerase enzyme. The reaction was incubated at 30°C during 3 h then 

the template DNA was digested at 37°C during 20 min by adding 2 μL of the enzyme RQ1 RNase free 

DNase. The synthesized RNA was finally purified using a classical phenol chloroform method and 

precipitated. Twelve μg of complete viral mRNA and 4 μg of plasmid encoding the viral nucleoprotein 

(N) gene were electroporated on 8x106 Vero-E6 cells resuspended in 0.8 mL of Mirus Bio™ Ingenio™ 

Electroporation Solution (#MIR50114) using the Gene Pulser Xcell Electroporation System 

(#1652660, Biorad) with a pulse of 270V and 950 μF. The cells were then transferred to a T75 culture 

flask with 15 mL of DMEM supplemented with 2% FCS (v/v). The electroporated cells were incubated 

at 37°C, 5% CO2 for several days until the cytopathic effect (CPE) was observed. Then, the 

supernatant was harvested, aliquoted and frozen at -80°C until titration. The viral sequence was 

controlled by NGS. 

 

Viral growth curves. Vero-E6 cells (ATCC #CRL-1586) were used to assess the replication kinetics of 

different SARS-CoV-2 variants and recombinant viruses. The cells were maintained in Dulbecco’s 

modified culture medium (DMEM, 31966-021, Gibco) supplemented with 5% fetal calf serum, at 37ᴼC 

in 5% CO2. On the day before infection, 1x106 VeroE6 cells/well were plated onto 6-well plates. On 

day of infection, the cells were infected with SARS-CoV-2 virus at a multiplicity of infection (MOI) of 

0.01, in independent triplicates, and incubated during 24-, 48- or 72-hours post-infection. The 

supernatants were collected at each time-point and frozen at -80°C. Viral titers were obtained by 

classical TCID50 method on Vero-E6 cells after 72 hours post-infection (Lindenbach, 2009). 

 

SARS-CoV-2 model in golden Syrian hamsters. Male golden Syrian hamsters (Mesocricetus auratus; 

RjHan:AURA) of 5-6 weeks of age (average weight 60-80 grams) were purchased from Janvier 

Laboratories and handled under specific pathogen-free conditions. The animals were housed and 

manipulated in isolators in a biosafety level-3 facility, with ad libitum access to water and food. 

Before any manipulation, animals underwent an acclimation period of one week. Animals were 

anesthetized with an intraperitoneal injection of 200 mg/kg ketamine (Imalgène 1000, Merial) and 

10 mg/kg xylazine (Rompun, Bayer), and 100 µL of physiological solution containing 6x104 PFU of 

SARS-CoV-2 (wild-type or recombinant) was administered intranasally to each animal (50 µL/nostril). 
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Mock-infected animals received the physiological solution only. Infected and mock-infected 

hamsters were housed in separate isolators and were followed-up daily during four days at which 

the body weight and the clinical score were noted. The clinical score was based on a cumulative 0-4 

scale: ruffled fur, slow movements, apathy, absence of exploration activity. At day 3 post-infection 

(dpi), animals underwent a food finding test to assess olfaction as previously described (de Melo et 

al., 2021; Lazarini et al., 2012). Briefly, 24 hours before testing, hamsters were fasted and then 

individually placed into a fresh cage (37 x 29 x 18 cm) with clean standard bedding for 10 minutes. 

Subsequently, hamsters were placed in another similar cage for 2 minutes when about 5 pieces of 

cereals were hidden in 1.5 cm bedding in a corner of the test cage. The tested hamsters were then 

placed in the opposite corner and the latency to find the food (defined as the time to locate cereals 

and start digging) was recorded using a chronometer. The test was carried out during a 15 min period. 

As soon as food was uncovered, hamsters were removed from the cage. The tests were realized in 

isolators in a Biosafety level-3 facility that were specially equipped for that. At 4 dpi, animals were 

euthanized with an excess of anesthetics (ketamine and xylazine) and exsanguination (AVMA, 2020), 

and samples of nasal turbinates, lungs and olfactory bulbs were collected and immediately frozen at 

-80°C. Fragments of lungs were also collected and fixed in 10% neutral-buffered formalin. 

 

SARS-CoV-2 detection in golden hamsters’ tissues. Frozen lung fragments, nasal turbinates and 

olfactory bulbs were weighted and homogenized with 1 mL of ice-cold DMEM supplemented with 

1% penicillin/streptomycin (15140148, Thermo Fisher) in Lysing Matrix M 2 mL tubes (116923050-

CF, MP Biomedicals) using the FastPrep-24™ system (MP Biomedicals), and the following scheme: 

homogenization at 4.0 m/s during 20 sec, incubation at 4°C during 2 min, and new homogenization 

at 4.0 m/s during 20 sec. The tubes were centrifuged at 10.000 x g during 2 min at 4°C, and the 

supernatants collected. Viral titers were obtained by classical TCID50 method on Vero-E6 cells after 

72 hours post-infection (Lindenbach, 2009). Viral RNA loads were obtained by the quantification of 

genomic and sub-genomic SARS-CoV-2 RNA based on the E gene (Corman et al., 2020). Briefly, 125 

µL of the supernatants were homogenized with 375 µL of Trizol LS (10296028, Invitrogen) and total 

RNA was extracted using the Direct-zol RNA MicroPrep Kit (R2062, Zymo Research: nasal turbinates 

and olfactory bulbs) or MiniPrep Kit (R2052, Zymo Research: lung). We used the Taqman one-step 

qRT-PCR (Invitrogen 11732-020) in a final volume of 12.5 μL per reaction in 384-wells PCR plates using 

a thermocycler (QuantStudio 6 Flex, Applied Biosystems). Briefly, 2.5 μL of RNA were added to 10 μL 

of a master mix containing 6.25 μL of 2X reaction mix, 0.2 µL of MgSO4 (50 mM), 0.5 µL of Superscript 

III RT/Platinum Taq Mix (2 UI/µL) and 3.05 μL of nuclease-free water containing 400 nM of primers 

and 200 nM of probe. To detect the genomic RNA, we used the E_sarbeco primers and probe 

(E_Sarbeco_F1 5ʹ-ACAGGTACGTTAATAGTTAATAGCGT-3’; E_Sarbeco_R2 5ʹ-
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ATATTGCAGCAGTACGCACACA-3’; E_Sarbeco_Probe FAM-5ʹ-ACACTAGCCATCCTTACTGCGCTTCG-3’-

TAMRA). The detection of sub-genomic SARS-CoV-2 RNA was achieved by replacing the 

E_Sarbeco_F1 primer by the CoV2sgLead primer (CoV2sgLead-Fw 5ʹ-CGATCTCTTGTAGATCTGTTCTC-

3’). A synthetic gene encoding the PCR target sequences was ordered from Thermo Fisher Scientific. 

A PCR product was amplified using Phusion™ High-Fidelity DNA Polymerase (Thermo Fisher Scientific) 

and in vitro transcribed by means of Ribomax T7 kit (Promega). RNA was quantified using Qubit RNA 

HS Assay kit (Thermo Fisher scientific), normalized and used as a standard to quantify RNA absolute 

copy number. The amplification conditions were as follows: 55°C for 20 min, 95°C for 3 minutes, 50 

cycles of 95°C for 15 s and 58°C for 30 s; followed by 40°C for 30 s.  

 

Transcriptomics analysis in golden hamsters’ tissues. RNA preparations from lungs, nasal turbinates 

and olfactory bulbs collected at 4 dpi were submitted to RT-qPCR. Briefly, RNA was reverse 

transcribed to first strand cDNA using the SuperScript™ IV VILO™ Master Mix (11766050, Invitrogen). 

qPCR was performed in a final volume of 10 μL per reaction in 384-well PCR plates using a 

thermocycler (QuantStudio 6 Flex, Applied Biosystems). Briefly, 2.5 μL of cDNA (12.5 ng) were added 

to 7.5 μL of a master mix containing 5 μL of Taqman (11732-020, Applied Biosystems) and 2.5 μL of 

nuclease-free water containing golden hamster’s primer pairs (Table S2). The amplification 

conditions were as follows: 95°C for 10 min, 45 cycles of 95°C for 15 s and 60°C for 1 min; followed 

by a melt curve, from 60 °C to 95 °C. The g-actin and the Hprt (hypoxanthine phosphoribosyl-

transferase) genes were used as reference. Variations in gene expression were calculated as the n-

fold change in expression in the tissues from the infected hamsters compared with the tissues of the 

mock-infected group using the 2-DDCt method (Pfaffl, 2001). 

 

Sample staining and iDISCO+ clearing. For iDISCO+, three male and three female hamsters were 

infected with 6x104 PFU of SARS-CoV-2/W and followed up as described above. At 4 dpi, animals 

were anesthetized with an intraperitoneal injection of ketamine (200 mg/kg; Imalgène 1000, Merial) 

and xylazine (10 mg/kg; Rompun, Bayer), and we performed a transcardial perfusion with DPBS 

containing heparin (5×103 U/mL) followed by 4% neutral-buffered formaldehyde. The whole heads 

were collected and stored in 4% neutral-buffered formaldehyde during one week before analysis. 

SARS-CoV-2 nucleocapsid was detected in toto in the snout and brain of infected hamsters using the 

iDISCO+ protocol previously published (Renier et al., 2016) with minimal modifications. All buffers 

were supplemented with 0,01% of sodium azide (Sigma-Aldrich). The snout, containing the olfactory 

mucosa and the olfactory nerve, and the brain were dissected and processed separately to optimize 

tissue manipulation.  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 31, 2022. ; https://doi.org/10.1101/2022.08.31.505985doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.31.505985


 29 

All samples were first dehydrated in methanol (Sigma-Aldrich) using 20-40-60-80-100-100% dilutions 

in distilled water (1h to 2h each concentration). Complex lipid removal was achieved incubating the 

samples in a 2:1 mixture of dichloromethane (Sigma-Aldrich) and methanol overnight. Samples were 

then washed twice in methanol 100% and bleached overnight using a H2O2 5% solution in methanol. 

Then all samples were rehydrated using a methanol series (80-60-40-20%). To increase bone 

permeability, the snouts were decalcified by incubation in the Morse’s solution (formic acid 45% and 

sodium citrate 20%). Finally, all the samples (brains and snouts) were washed in PBS, then PBS-T (PBS 

with 0,2% Triton X-100 [Sigma-Aldrich]) and incubated in permeabilization buffer (20% DMSO [Sigma-

Aldrich] and 2.3% glycine [Sigma-Aldrich] in PBS-T) at 37°C overnight. Before immunostaining, 

samples were blocked (0,2% Gelatin [Sigma-Aldrich] in PBS-T) at 37°C for 24h. To reveal SARS-CoV-2 

and vasculature, three primary antibodies were combined: Rabbit anti-SARS CoV2 nucleocapsid 

antibody (GTX135357, GeneTex) diluted 1:1000; Goat anti-CD31 (AF3628, R&D Systems) diluted 

1:300; and Rat anti-Podocalyxin (MAB1556, R&D Systems) diluted 1:1000. After a 2-weeks incubation 

in primary antibody, the samples were washed (PBS supplemented with 0,2% tween-20 [Sigma-

Aldrich] and 2U/mL heparin [Sigma-Aldrich]) and incubated 10 days with the following secondary 

antibodies: Donkey anti-Rabbit Alexa 555 (A-31572, Thermo Fisher Scientific), Donkey anti-Goat 

Alexa 647 (A-21447, Thermo Fisher Scientific) and Chicken anti-Rat Alexa 647 (A-21472, Thermo 

Fisher Scientific) all diluted at 1:500. All antibodies were diluted in blocking solution and incubated 

at 37°C with gentle shacking. After immunostaining, the samples were washed, dehydrated in 

methanol (20-40-60-80-100-100%), incubated for 3h in a 2:1 mixture of dichloromethane and 

methanol, washed twice (15 min each) in dichloromethane 100% and cleared by immersion in 

dibenzyl ether.  

 

Light sheet imaging. Brain and snout samples were imaged using a LaVision Ultramicroscope II 

equipped with infinity-corrected objectives, laser lines OBIS-561nm 100mW and OBIS-639nm 70mW,  

and 595/40 and 680/30 filters for Alexa 555 and Alexa 647 respectively. The olfactory bulbs were 

imaged with a 4X 0,35NA objective, using a laser NA of 0,3 and a step size of 2µm obtaining images 

with 1,63x1,63x2µm/pixel resolution. The snouts were imaged with a 1,3X objective, adjusting the 

laser NA to 0,3 and step size of 5µm obtaining images with a 5x5x5µm/pixel resolution. All 

acquisitions were done with LaVision BioTec ImSpector Software. The 3D stacks obtained were 

analyzed using Bitplane Imaris 9.2 (Oxford instruments). 

 

In vivo and ex vivo bioluminescence imaging. At 4 dpi, animals infected with SARS-CoV-

2/Wuhan_nLuc and SARS-CoV-2/Delta_nLuc were anesthetized with an intraperitoneal injection of 

ketamine (200 mg/kg; Imalgène 1000, Merial) and xylazine (10 mg/kg; Rompun, Bayer). Next, 0.45 
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µmoles of the nLuc substract (Nano-Glo® in vivo substrate, CS320501, Promega) fluorofurimazine 

(FFz) were injected interperitoneally and the animals were placed in a confinement box and imaged 

using an IVIS® Spectrum In Vivo Imaging System (PerkinElmer) within 5 minutes of FFz injection. Two-

dimensional bioluminescence images were recorded, and photon emission was quantified 

(p/s/cm2/sr) in a region of interest defined using Living Image software (PerkinElmer). After in vivo 

imaging, animals were euthanized, the lungs and the brains were collected and quickly placed in a 

six-wells plate. The plates were placed in a confinement box and imaged as described above. 

 

Histopathology and Immunohistochemistry. Lung fragments fixed 7 days in 10% neutral-buffered 

formalin were embedded in paraffin. Four-µm-thick sections were cut and stained with hematoxylin 

and eosin staining. IHC were performed on Leica Bond RX using anti SARS Nucleocapsid Protein 

antibody (NB100-56576, Novus Biologicals) and biotinylated goat anti-rabbit Ig secondary antibody 

(E0432, Dako, Agilent).  Slides were then scanned using Axioscan Z1 slide scanner (Zeiss) and images 

were analyzed with the Zen 2.6 software (Zeiss). 

 

Statistics. Statistical analysis was performed using Prism software (GraphPad, version 9.0.0, San 

Diego, USA), with p < 0.05 considered significant. Quantitative data was compared across groups 

using Log-rank test, two-tailed Mann-Whitney test or Kruskall-Wallis test followed by the Dunn’s 

multiple comparisons test. Multivariate statistical analyses on clinical parameters and on tissue 

inflammation were achieved using Principal Component Analysis. Randomization and blinding were 

not possible due to pre-defined housing conditions (separated isolators between infected and non-

infected animals). Ex vivo analyses were blinded (coded samples). 
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