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Abstract 

The development of a tractable small animal model faithfully reproducing human 

COVID-19 pathogenesis would arguably meet a pressing need in biomedical research. 

Thus far, most investigators have used transgenic mice expressing the human ACE2 in 

epithelial cells (K18-hACE2 transgenic mice) that are intranasally instilled with a liquid 5 

SARS-CoV-2 suspension under deep anesthesia. Unfortunately, this experimental 

approach results in disproportionate high CNS infection leading to fatal encephalitis, 

which is rarely observed in humans and severely limits this model’s usefulness. Here, 

we describe the use of an inhalation tower system that allows exposure of 

unanesthetized mice to aerosolized virus under controlled conditions. Aerosol exposure 10 

of K18-hACE2 transgenic mice to SARS-CoV-2 resulted in robust viral replication in the 

respiratory tract, anosmia, and airway obstruction, but did not lead to fatal viral 

neuroinvasion. When compared to intranasal inoculation, aerosol infection resulted in a 

more pronounced lung pathology including increased immune infiltration, fibrin 

deposition and a transcriptional signature comparable to that observed in SARS-CoV-2-15 

infected patients. This model may prove useful for studies of viral transmission, disease 

pathogenesis (including long-term consequences of SARS-CoV-2 infection) and 

therapeutic interventions. 
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SARS-CoV-2, Animal models, Viral pathogenesis, Antiviral immunity, Lung function, 

Route of infection. 

(which was not certified by peer review) is the author/funder.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 6, 2021. ; https://doi.org/10.1101/2021.08.06.455382doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.06.455382


 

3 
 

Main text 

The coronavirus disease 2019 (COVID-19) pandemic is caused by the recently 

identified b-coronavirus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) (Wu et al., 2020; Zhou et al., 2020). Disease severity is variable, ranging from 

asymptomatic infection to multi-organ failure and death. Though SARS-CoV-2 primarily 5 

targets the respiratory system, some patients with COVID-19 can also exhibit 

extrarespiratory symptoms, including neurological manifestations such as loss of smell 

(anosmia) and taste (ageusia), headache, fatigue, memory impairment, vomiting, gait 

disorders and impaired consciousness (Helms et al., 2020; Qiu et al., 2020; Xydakis et 

al., 2020; Iadecola et al., 2020). SARS-CoV-2 can infect neurons in human brain 10 

organoids (Ramani et al., 2020; Song et al., 2021) and a few studies reported the 

presence of SARS-CoV-2 in olfactory sensory neurons (OSNs) and deeper areas within 

the central nervous system (CNS) in fatal COVID-19 cases (Glatzel et al., 2021; 

Matschke et al., 2020; Puelles et al., 2020; Song et al., 2021; Melo et al., 2021). 

However, the neurotropism of SARS-CoV-2 and a direct role of CNS infection in the 15 

pathogenesis of neurological manifestations remains highly debated. 

   

Despite the availability of effective vaccines against SARS-CoV-2, we still know 

little about COVID-19 pathogenesis. Arguably, the availability of tractable animal models 

to mechanistically dissect virological, immunological and pathogenetic aspects of the 20 

infection with SARS-CoV-2 and future human coronaviruses would be a major benefit. 

Wild-type laboratory mice are poorly susceptible to SARS-CoV-2 infection because the 
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mouse angiotensin-converting enzyme (ACE) 2 does not act as a cellular receptor for 

the virus (Muñoz-Fontela et al., 2020). Several transgenic mouse lineages expressing 

the human version of the SARS-CoV-2 receptor (hACE2) support viral replication and 

recapitulate certain clinical characteristics of the human infection (Muñoz-Fontela et al., 

2020). The most widely used model is the K18-hACE2 transgenic mouse (McCray et al., 5 

2007), which expresses hACE2 predominantly in epithelial cells under the control of the 

cytokeratin 18 (KRT18) promoter (Chow et al., 1997). K18-hACE2 mice are typically 

infected by intranasally instilling liquid suspensions of SARS-CoV-2 under deep 

anesthesia. This results in disproportionate high CNS infection leading to fatal 

encephalitis (Jiang et al., 2020; Sun et al., 2020; Winkler et al., 2020; Zheng et al., 10 

2021; Kumari et al., 2021), which rarely occurs in patients with COVID-19. Such viral 

neuroinvasion severely limits the usefulness of these mouse models, hampering studies 

on disease pathogenesis (including long-term consequences of SARS-CoV-2 infection) 

as well as on drug discovery. 

 15 

SARS-CoV-2 is mainly transmitted from person to person via respiratory droplets 

(Zhou et al., 2021). In an attempt to mimic this transmission route, we made use of a 

nose-only inhalation tower system that allows to expose unanesthetized mice to 

aerosolized virus under controlled pressure, temperature and humidity conditions (see 

Figure S1A-C and Methods). Animals were located inside a restraint with a neck clip 20 

positioned between the base of the skull and the shoulders, thus avoiding thorax 

compression, keeping the airways completely unobstructed and allowing for 
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spontaneous breathing through the nose. K18-hACE2 transgenic mice were infected 

with a target dose of 1 × 105 tissue culture infectious dose 50 (TCID50) of SARS-CoV-2 

either through intranasal administration with 25 µl of diluted virus (IN) or through a 20 to 

30 minute exposure to aerosolized virus (AR) (Figure 1A-B, see Methods). Pulmonary 

function was measured during aerosol exposure using plethysmography. Frequency, 5 

tidal volume, minute volume and accumulated volume of SARS-CoV-2-exposed mice 

were comparable to PBS-exposed mice (Figure S1D).  

 

As expected (Zheng et al., 2021; Kumari et al., 2021), IN-infected animals 

exhibited significant body weight loss and a severe clinical score (see Methods for 10 

details), so that, by day 6 post infection (p.i.), ~ 80% of them had died and the remaining 

ones appeared lethargic (Figure 1C-E). By contrast, AR-infected mice maintained 

stable body weight, and did not show any signs of disease nor mortality (Figure 1C-E). 

The severe disease observed in IN-infected K18-hACE2 transgenic mice was 

associated with the detection of high viral RNA titers and infectious virus in the brain 15 

(Figure 1F- I). By contrast, neither SARS-CoV-2 RNA nor infectious virus were detected 

in the brain of mice exposed to aerosolized virus (Figure 1F-I). Immunohistochemical 

and immunofluorescence staining confirmed the presence of the SARS-CoV-2 

nucleoprotein in the brain of IN-infected, but not AR-infected, mice (Figure 1J, K and 

data not shown). Specifically, diffuse staining for SARS-CoV-2 nucleoprotein was 20 

detected throughout the cerebrum with comparable staining in the different brain areas 

with the notable exception of the cerebellum where most of its cells stained negative for 
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viral antigens (Figure 1K). Neurons were by far the most infected brain cells as shown 

by the co-staining of the SARS-CoV-2 nucleoprotein with the pan-neuronal marker 

NeuN (~90% double positive cells, Figure 1L and Figure S2A). Accordingly, neurons in 

infected brains strongly up-regulated iNOS (Goody et al., 2005), which was 

undetectable in neuronal cells from control, uninfected mice (Figure 1M). By contrast, 5 

only a minor fraction of astrocytes (~2%) and microglia (~4%) stained positive for the 

SARS-CoV-2 nucleoprotein (Figure 1N, O and Figure S2B, C). Of note, Iba1+ myeloid 

cells in SARS-CoV-2-infected brains were activated as revealed by the characteristic 

morphology (swollen processes with reduced ramifications) and CD68 positivity (Figure 

1P, Q). Consistent with the data on the recovery of infectious virus, viral RNA, and viral 10 

antigens, we found a significant immune cell recruitment (particularly of T cells, B cells, 

monocytes, and eosinophils) in the brains of IN-infected, but not AR-infected mice 

(Figure S2D, E). Together, these results reveal a profound viral neuroinvasion which 

correlates with the severe health deterioration in IN-infected mice. The high viral load 

and widespread viral distribution in the brain of IN-infected mice contrasts with the 15 

occasional localized detection of SARS-CoV-2 in the olfactory bulbs and/or the medulla 

of fatal COVID-19 cases (Bradley et al., 2020; Kantonen et al., 2020; Matschke et al., 

2020; Meinhardt et al., 2021; Reichard et al., 2020; Serrano et al., 2021) and caution 

against utilizing this model to investigate the neurological complications of SARS-CoV-2 

infection in humans. 20 
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We next investigated the potential SARS-CoV-2 entry portals to the central 

nervous system (CNS) in IN-infected K18-hACE2 transgenic mice. One possibility is 

that the virus gains access to the CNS via the blood-brain barrier, which implies a 

viremic phase. However, no SARS-CoV-2 RNA was ever detected in the sera of 

infected mice (Figure S2F, G), consistent with earlier reports (Winkler et al., 2020; 5 

Zheng et al., 2021; Kumari et al., 2021). Alternatively, SARS-CoV-2 could enter the 

CNS by retrograde axonal transport upon olfactory sensory neuron infection. Indeed, 

and in line with previous studies (Winkler et al., 2020; Zheng et al., 2021; Kumari et al., 

2021), viral RNA was detected in the olfactory bulb of IN-infected, but not AR-infected, 

mice (Figure 1R, S). Overall, the data indicate that IN, but not AR, infection of K18-10 

hACE2 transgenic mice with SARS-CoV-2 results in lethal neuroinvasion likely via 

retrograde axonal transport after olfactory sensory neuron infection.  

 

We next analyzed viral replication in the upper respiratory tract of K18-hACE2 

transgenic mice infected with SARS-CoV-2 via intranasal inoculation or aerosol 15 

exposure. We detected the presence of SARS-CoV-2 RNA in the nasal turbinates of 

both AR- and IN-infected mice at days 3 and 6 p.i. (Figure 2A, B). In order to examine 

whether viral replication within the upper respiratory tract induced anosmia, we 

subjected AR- and IN-infected mice to a social scent-discrimination assay (Zheng et al., 

2021) (Figure 2C). If olfaction is normal (as in PBS-treated controls), male mice 20 

exposed to tubes containing male or female bedding preferentially spend time sniffing 

the female scent (Figure 2D-F). By contrast, both AR- as well as IN-infected mice spent 
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significantly less time sniffing the female scent at day 3 p.i. (Figure 2D, E), indicative of 

hyposmia or anosmia. Importantly, at day 3 p.i. mobility of both AR- and IN-infected 

mice was normal, as there were no differences in the amount of time spent sniffing the 

male tube (Figure 2D). At day 6 p.i., AR-infected mice still showed signs of 

hyposmia/anosmia, whereas IN-infected mice were completely lethargic preventing 5 

further analyses (Figure 2D-F). The data obtained in AR-infected mice are consistent 

with the hypothesis that hyposmia or anosmia occur because of the infection of olfactory 

epithelium and in the absence of CNS infection or general malaise (Zheng et al., 2021).  

 

We next assessed viral replication in the lower respiratory tract of SARS-CoV-2-10 

infected K18-hACE2 transgenic mice. We detected comparable amounts of SARS-CoV-

2 RNA and infectious virus from the lungs of mice infected with the two different routes 

of administration at both day 3 and day 6 p.i. (Figure 2G-J). Immunohistochemical and 

immunofluorescence staining for the SARS-CoV-2 nucleoprotein confirmed similar 

levels of viral antigens and similar staining patterns in the lungs of IN- and AR-infected 15 

mice (Figure 2K). To gain insight into the impact of infection on lung physiology, 

pulmonary function was measured at day 3 and 5 p.i. via whole-body plethysmography. 

Consistent with previously published data (Leist et al., 2020; Menachery et al., 2015), 

we confirmed that, when compared to control mice, IN-infected mice exhibited a 

significant loss in pulmonary function as indicated by changes in e.g., respiratory 20 

frequency, tidal volume, Rpef (a measure of airway obstruction) and PenH (a 

controversial metric that has been used by some as an indirect measure of airway 
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resistance and by others as a non-specific assessment of breathing patterns (Bates et 

al., 2004; Lundblad et al., 2007; Lomask, 2006; Menachery et al., 2015)) (Figure 2L 

and Figure S3A). Interestingly, most of these respiratory parameters were normal or 

much less altered in AR-infected mice, suggesting that the observed changes in IN-

infected mice were mostly due to CNS infection. One notable exception is Rpef, a 5 

calculated index of airway resistance that considers the time needed to reach maximum 

expiratory flow and the total expiratory time (Menachery et al., 2015). Interestingly, Rpef 

was the only metric that was consistently altered in AR-infected mice (and to the same 

extent as in IN-infected mice), suggesting that this index might truly reflect lung infection 

and pathology, rather than CNS involvement. 10 

 

COVID-19, particularly in its most severe forms, has been associated with 

thrombotic phenomena that entail increased platelet activation and aggregation, and 

fibrin deposition in the lungs (Lax et al., 2020; Fox et al., 2020; Dolhnikoff et al., 2020; 

Mast et al., 2021; Manne et al., 2020). We therefore set out to assess platelet function 15 

by performing light transmission aggregometry of platelet rich plasma (PRP) obtained 

from infected mice. Whereas IN infection resulted in a significantly impaired platelet 

aggregation, PRP from AR-infected mice showed a normal or even increased 

aggregation (Figure 2M). Interestingly, this was associated with increased fibrin 

deposition and larger platelet aggregates in the lungs of AR-infected mice (Figure 2N, 20 

O and Figure S3B). Together, the data indicate that aerosol exposure of K18-hACE2 
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transgenic mice to SARS-CoV-2 results in robust viral replication in the respiratory tract, 

anosmia, airway obstruction, and platelet aggregation with fibrin deposition in the lung.  

 

Although the vigorous SARS-CoV-2 replication in the lungs of AR-infected K18-hACE2 

transgenic mice suggests that these mice de facto inhaled at least the same amount of 5 

virus as IN-infected mice, it is theoretically possible that a higher viral inoculum would 

have resulted in fatal neuroinvasion even upon aerosol delivery. However, when we 

infected mice with 5 × 105 TCID50 of SARS-CoV-2 via aerosol delivery, we still failed to 

detect any viral replication in the CNS (data not shown). To further increase viral 

replication in the infected hosts, we transiently inhibited type 1 IFN receptor signaling 10 

with anti-IFNAR1 blocking antibodies (Abs) prior to AR infection (Figure S4A). As 

expected, higher levels of viral RNA (Figure S4B) and infectious virus (Figure S4C) 

were detected in the lungs of mice treated with anti-IFNAR1 Abs compared to control 

mice. The presence of higher amounts of virus in the lungs of anti-IFNAR1-treated mice 

was confirmed by immunohistochemical staining for the SARS-CoV-2 nucleoprotein 15 

(Figure S4D). Despite the increased lung viral load, we failed to detect SARS-CoV-2 

RNA, infectious virus, or viral antigens in the brain of anti-IFNAR1-treated AR-infected 

mice (Figure S4E-G).  

 

We next sought to better characterize the histopathological changes and the 20 

immune response in the lungs of SARS-CoV-2 infected mice. Hematoxylin and eosin 

staining revealed an inflammatory process that peaked at day 6 post infection and 
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appeared more severe in AR- than in IN-infected mice (Figure 3A and Figure S5A). 

Lung sections revealed interstitial edema, consolidation, alveolar wall thickening and 

immune infiltration of both polymorphonuclear and mononuclear cells in the alveolar as 

well as the interstitial space (Figure 3A and Figure S5A). Consistent with the histology, 

the absolute number of cells recovered 6 days after infection from the lung and 5 

bronchoalveolar lavage (BAL) was significantly higher in AR-infected than in IN-infected 

mice (Figure 3B-E). Specifically, the differences in immune cell recruitment could be 

imputed to an increase in CD4+ and CD8+ T cells as well as in monocytes (Figure 3B-

E). A higher number of TCR-b+ T cells in the lung of AR-infected mice was confirmed by 

confocal immunofluorescence histology (Figure S5B). 10 

 

Next, we sought to analyze the transcriptome in the lung of infected K18-hACE2 

mice by performing bulk RNA sequencing (RNA-seq) of lung homogenates 6 days after 

SARS-CoV-2 infection. Principal component analysis revealed distinct transcriptional 

signatures between AR-infected, IN-infected, and uninfected mice (Figure 3F). Genes 15 

upregulated upon AR infection were associated to adaptive immune responses, and to 

immune system signaling by interferons and other cytokines (Figure 3G, Figure S6 and 

Table S1). In particular, the transcription of genes related to cytokine-mediated 

signaling, type I IFN signaling and cellular response to IFN-g (Winkler et al., 2020) was 

increased in the lung of AR-infected mice with respect to IN-infected ones (Figure 3H, I 20 

and Table S1). Interestingly, many human orthologs of the genes upregulated in the 

lungs of AR-infected mice were found to be also induced in COVID-19 patients, 
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including genes related to leukocyte trafficking (e.g., Ccl11, Ccl8, Ccl2, Cxcl9 and 

Cxcl10), antiviral response induced by type I IFN (Ifitm3, Ifit2, Oas1a, Oas3, Stat1, Irf1, 

Mx1, Mx2, Isg15) and TNF (Tnfsf10) (Delorey et al., 2021; Blanco-Melo et al., 2020; 

Karki et al., 2021)(Figure 3I, Figure S6 and Table S1). Of note, Ccl8 and Ccl2 as well 

as Cxcl9 and Cxcl10, chemoattractants for monocytes and T cells, respectively, were 5 

significantly upregulated in the lungs of AR-infected mice and in COVID-19 patients, in 

line with the increased recruitment of these cells (Figure 3I, Figure S6C and Table S1). 

The enrichment of the gene signature related to the cellular response to IFN-g in AR-

infected mice prompted us to assess SARS-CoV-2-specific T cell responses. Antigen-

specific CD8+ and CD4+ T cells recovered from lung homogenates were assessed for 10 

IFN-g, TNF-a and Granzyme-B (Gz-B) expression upon in vitro stimulation with the H2-

Db-restricted S538-546 and I-Ab-restricted ORF3a 266-280 immunodominant peptides 

(Zhuang et al., 2021). In line with the RNA-seq data, we found that the absolute number 

of IFN-g+ TNF-a+ virus-specific CD8+ and CD4+ T cells were significantly higher in the 

lung of AR-infected mice compared to IN-infected mice (Figure 3J, K).  15 

In summary, we have generated and characterized a novel COVID-19 platform, 

based on controlled aerosol exposure of K18-hACE2 transgenic mice to SARS-CoV-2. 

Mice infected via aerosol develop robust respiratory infection, anosmia, and signs of 

airway obstruction but, in contrast to mice infected intranasally, do not experience fatal 

neuroinvasion. Moreover, when compared to intranasal inoculation, aerosol exposure 20 

results in a more severe lung pathology, inflammation, and fibrin deposition. We believe 

that this model may allow studies on viral transmission (e.g., by analyzing the effect of 
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aerosol particle size, humidity, and temperature on infectivity), on disease pathogenesis 

(including, potentially, thrombotic events and long-term consequences of infection) and 

on therapeutic interventions.  

 

 5 
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Figure legends 

Figure 1. Intranasal inoculation, but not aerosol exposure, of SARS-CoV-2 leads 

to fatal neuroinvasion in K18-hACE2 transgenic mice. (A) Illustration of the two 

modalities used to infect K18-hACE2 mice with SARS-CoV-2. On the left, intranasal 

injection (IN) is shown. On the right, representation of an unanesthetized mouse placed 5 

in the nose-only Allay restrainer on the inhalation chamber is shown. In red, aerosolized 

virus with a particle size of ~4 µm; in light-blue, primary flow set to 0,5 L/min/port; in 

grey, mouse breathing outflow (see Methods). (B) Schematic representation of the 

experimental setup. K18-hACE2 mice were infected with a target dose of 1 x 105 TCID50 

of SARS-CoV-2 through intranasal (IN) administration or through aerosol (AR) 10 

exposure. Lung, brain, nasal turbinates, olfactory bulbs, and blood were collected and 

analyzed 3 days and 6 days post infection. (C) Mouse body weight was monitored daily 

for up to 6 days and is expressed as the percentage of weight relative to the initial 

weight on day 0. Statistical significance of comparison between IN- (n = 17-29, blue 

dots) and AR-infected mice (n = 9-23, red dots) is shown. Control mice treated with PBS 15 

are also shown (n = 9-11, black dots). Data are represented as mean ± SEM. (D) 

Clinical score was assessed evaluating the piloerection (0-3), posture (0-3), activity 

level (0-3), eye closure (0-3) and breathing (0-3) (see Methods). Statistical significance 

of comparison between IN- (n = 16, blue dots) and AR-infected mice (n = 16, red dots) 

is shown. PBS-treated control mice did not exhibit any clinical signs. (E) Survival curve 20 

of IN- (n = 32, blue dots) and AR-infected mice (n = 26, red dots). (F, G) Quantification 

of SARS-CoV-2 RNA in the brain of IN- (n = 7-11, blue dots) and AR- (n = 6-10, red 
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dots) infected mice as well as of PBS-treated control mice (n = 4, black dots) measured 

3 days (F) and 6 days (G) post infection. RNA values are expressed as copy number 

per ng of total RNA and the limit of detection is indicated as a dotted line. (H, I) Viral 

titers in the brain were determined 3 (H) and 6 days (I) after infection by median tissue 

culture infectious dose (TCID50). PBS-treated control mice: n = 2-3, black dots; IN-5 

infected mice: n = 4, blue dots; AR-infected mice: n = 4, red dots. (J) Representative 

immunohistochemical micrographs of sagittal brain sections from PBS-treated control 

mice (left), IN- (middle) and AR-infected mice (right) 6 days post infection. N-SARS-

CoV-2 positive cells are depicted in brown. Scale bars, 1 mm. (K) Representative 

confocal immunofluorescence staining for N-CoV-2 (red) in sagittal brain sections of IN-10 

infected mice. Cell nuclei are depicted in blue. White boxes indicate different brain 

areas: cerebellum (Cer); dentate gyrus (DG); hippocampus (Hipp); corpus callosum 

(Cc); cerebral cortex (Ctx); thalamus (Tha); striatum (Str). Scale bars, 1 mm. (L) 

Representative confocal immunofluorescence micrographs of sagittal brain sections 

from PBS-treated control mice (first panel) and IN-infected mice 6 days post infection. 15 

N-CoV-2 is depicted in red, NeuN neural marker in green and cell nuclei in blue. Fields 

of cerebral cortex (Ctx), hippocampus (Hipp), striatum (Str), thalamus (Tha) and 

cerebellum (Cer) are shown. Scale bars, 100 µm. (M) Representative confocal 

immunofluorescence micrographs of cerebral cortex (Ctx) in PBS-treated control mice 

(left panel) and IN-infected mice (right panel) 6 days post infection. iNOS+ cells are 20 

depicted in red and cell nuclei in blue. Scale bars, 100 µm. (N) Representative confocal 

immunofluorescence micrographs of two areas of the brain from IN-infected mice 6 
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days post infection. Corpus callosum (Cc) of the cerebral cortex, left panel, and dentate 

gyrus (DG), right panel. N-CoV-2 is depicted in red, GFAP astroglial marker in green 

and cell nuclei in blue. Scale bars, 100 µm. (O) Representative confocal 

immunofluorescence micrographs of the cerebral cortex (Ctx) of IN-infected mice at 6 

days post infection. N-CoV-2 is depicted in red, Iba1 microglial marker in green and cell 5 

nuclei in blue. White box indicates the magnification represented in the right panel. 

Scale bars represent 100 µm (image) and 25 μm (magnification). (P, Q) Representative 

confocal immunofluorescence micrographs of the cerebral cortex (Ctx) of PBS-treated 

control mice (P) and IN-infected mice (Q) 6 days post infection. Left panels show Iba1 

microglial marker in green and cell nuclei in blue; right panel shows CD68 marker of 10 

microglial activation in white. Scale bars, 10 μm. (R, S) Quantification of SARS-CoV-2 

RNA in the olfactory bulbs of IN- (n = 4-12, blue dots) and AR- (n = 4-12, red dots) 

infected mice as well as of PBS-treated control mice (n = 2-4, black dots) measured 3 

days (R) and 6 days (S) post infection. RNA values are expressed as copy number per 

ng of total RNA and the limit of detection is indicated as a dotted line.  15 

Data are expressed as mean ± SEM. Data in (C-I, R, S) are pooled from 2 independent 

experiments per time point. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001; two-

way ANOVA followed by Sidak’s multiple comparison test (C, D, comparison between 

blue and red dots for each time point); Log-rank (Mantel-Cox) test (E); Kruskal-Wallis 

test (F-I, R-S). 20 
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Figure 2. Aerosol exposure of K18-hACE2 transgenic mice to SARS-CoV-2 leads 

to efficient respiratory infection, anosmia, and fibrin deposition in the lung. (A-B) 

Quantification of SARS-CoV-2 RNA in the nasal turbinates of PBS-treated control mice 

(n = 3, black dots) and of IN- (n = 7, blue dots) and AR- (n = 7, red dots) infected mice 3 

days (A) and 6 days (B) post infection. RNA values are expressed as copy number per 5 

ng of total RNA and the limit of detection is indicated as a dotted line. (C) Illustration 

showing social scent-discrimination test. Male mice were free to investigate for 5 

minutes two different tubes containing their own cage bedding or female cage bedding 

placed at two opposite corners of a clean cage. (D, E) Time that males spent sniffing 

their own male scent or female scent (D) and the sum of the two times (E) is expressed 10 

as time sniffing (seconds). Analyses were performed 3 or 6 days post IN- (n = 3-6, blue 

dots) or AR-infection (n = 3-5, red dots). As control, PBS-treated mice are shown (n = 8, 

black dots). In D, comparison between female and male time in each group of mice. n.d, 

the sniffing time could not be determined since mice were completely lethargic. (F) 

Preference index for male mice was calculated as (female time – male time)/ (total 15 

sniffing time female + male), as an indicator of the time spent sniffing preferred (female) 

or non-preferred (male) scents. n.d.: the sniffing time could not be determined since 

mice were completely lethargic.   (G, H) Quantification of SARS-CoV-2 RNA in the lung 

of IN- (n = 7-11, blue dots) and AR- (n = 7-10, red dots) infected mice as well as of 

PBS-treated control mice (n = 4, black dots) measured 3 days (G) and 6 days (H) post 20 

infection. RNA values are expressed as copy number per ng of total RNA and the limit 

of detection is indicated as a dotted line. (I, J) Viral titers in the lung were determined 3 
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(I) and 6 days (J) after infection by median tissue culture infectious dose (TCID50). PBS-

treated control mice: n = 2-3, black dots; IN-infected mice: n = 4-7, blue dots; AR-

infected mice: n = 4-10, red dots. (K) Representative immunohistochemical (left) and 

confocal immunofluorescence (right) micrographs of lung sections from PBS-treated 

control mice (top), IN- (middle) and AR-infected mice (bottom) at 6 days post infection. 5 

N-CoV-2 positive cells are depicted in brown (left panels) or in red (right panels). Cell 

nuclei are depicted in blue (right panels). Scale bars, 30 μm. (L) Pulmonary function 

was assessed by whole-body plethysmography performed 3 and 5 days post IN- (n = 6-

14, blue dots) and AR-infection (n = 7-14, red dots). As control, PBS-treated mice were 

evaluated (n = 6, black dots). Frequency (left) and Rpef (right) parameters are shown. 10 

Calculated respiratory values were averaged over a 15 minute-data collection period. 

(M) Representative aggregometry curves induced by arachidonic acid (AA) on platelet-

rich plasma from PBS-treated control mice (left), IN- (middle) and AR-infected mice 

(right) 6 days post infection. Platelet aggregation was measured by light transmission 

aggregometry for 5 minutes and is expressed as % aggregation. (N) Representative 15 

immunohistochemical micrographs of lung sections from PBS-treated control mice (left), 

IN- (middle) and AR-infected mice (right) at 6 days post infection. Fibrin deposition is 

shown in brown. Scale bars, 30 μm. (O) Quantification of the size of fibrin deposits 

(µm2). n = 4.  

Data are expressed as mean ± SEM and are pooled from 2 independent experiments 20 

per time point. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001; Kruskal-Wallis 

test (A, B, E-J); two-way ANOVA followed by Sidak’s multiple comparison test (L); 
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Mann-Whitney U-test two-tailed (D, O). In D, statistical analysis was performed 

comparing female and male sniffing time within the same experimental group of mice. 

 

 

Figure 3. Histopathological changes, immune response, and transcriptional 5 

signatures in the lungs of infected mice. (A) Representative hematoxylin/eosin 

(H&E) micrographs of lung sections from PBS-treated control mice (left), IN- (middle) 

and AR-infected mice (right) 6 days post infection. Scale bars, 50 μm. (B-E) Absolute 

number of total cells (B, D) and of single cell populations (C, E) recovered from lung 

homogenates (B, C) and bronchoalveolar lavage (BAL) (D, E) of PBS-treated control 10 

mice (n = 4-6, black dots), IN- (n = 3-7, blue dots) and AR-infected mice (n = 3-7, red 

dots) analyzed 6 days post infection. CD8+ T cells (Live, CD45+, CD8+); CD4+ T cells 

(Live, CD45+, CD4+); B cells (Live, CD45+, CD8-, CD4-, B220+, CD19+); AM, alveolar 

macrophages (Live, CD45+, CD8-, CD4-, Ly6g-, CD11b-, F4/80+, SiglecFhi); Mono, 

monocytes (Live, CD45+, CD8-, CD4-, Ly6g-, SiglecF-, CD11b+, Ly-6c+); Eosino, 15 

eosinophils (Live, CD45+, CD8-, CD4-, Ly6g-, CD11b+, SiglecFint); Neu, neutrophils (Live, 

CD45+, CD8-, CD4-, CD11b+, Ly6g+). (F) Principal Component Analysis (PCA) of RNA-

seq expression values from the lungs of PBS-treated, control (n = 2, black), IN- (n = 3, 

blue) and AR-infected (n = 4, red) mice. Percentages indicate the variance explained by 

each PC. (G) Volcano plot of RNA-Seq results. The X-axis represents the Log2 Fold-20 

Change of Differentially Expressed Genes (DEG) comparing AR- to IN-infection, the Y-

axis the -Log10(FDR). Genes significantly upregulated in AR- relative to IN- (|logFC| > 1 
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and adjusted P value < 0.05, horizontal and vertical dashed line) belonging to the 

“Adaptive immune system” pathway from BioPlanet 2019 (Huang et al., 2019) are 

highlighted in violet. (H) GSEA of three gene sets described in (Winkler et al., 2020), 

comparing the transcriptome of IN- and AR-infected mice, presented as the running 

enrichment score for the gene set as the analysis 'walks down' the ranked list of genes 5 

(reflective of the degree to which the gene set is over-represented at the top or bottom 

of the ranked list of genes) (top), the position of the gene-set members (black vertical 

lines) in the ranked list of genes (middle) and the value of the ranking metric (bottom). 

(I) Heatmaps of genes (one per row) belonging to the three signatures as in (H), 

expressed in logarithmic normalized read counts. Each column represents an individual 10 

sample and results were visualized using the pheatmap R package. (J, K) Absolute 

number of CD8+ (J) and CD4+ (K) T cells producing IFN-g, TNF-a or both and 

expressing CD44 and Granzyme-B (Gz-B) in the lung of PBS-treated control mice (n = 

4, black dots), IN- (n = 5, blue dots) and AR-infected mice (n = 5, red dots) 6 days after 

infection.  15 

Data are expressed as mean ± SEM. Data in (B-E, J, K) are pooled from 2 independent 

experiments. * p-value < 0.05, ** p-value < 0.01; Kruskal-Wallis test (B-E, J, K). 
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Supplementary Figure Legends 

 

Figure S1. Recorded parameters in the nose-only inhalation tower system. (A) 

Mean of the pressure (cm H20) measured within the outer core of the nose-only 

inhalation tower during the time of PBS-exposure (n = 4, black dots) or SARS-CoV-2-5 

exposure (n = 8, red dots) of K18-hACE2 mice. (B) Mean temperature (°C) over time at 

a chamber port exposed to PBS (n = 4, black dots) or SARS-CoV-2 (n = 8, red dots). 

(C) Mean humidity measured over time at a chamber port exposed to PBS (left panel, n 

= 4, black line) or SARS-CoV-2 (right panel, n = 8, red line). (D) Respiratory parameters 

analyzed during exposure through plethysmography associated to the Allay restrainer. 10 

Mean of breathing frequency, tidal volume, minute volume and accumulated inhaled 

volume measured during mouse exposure to PBS (upper panels, n = 4, black lines) or 

SARS-CoV-2 (lower panels, n = 8, red lines).  

Data are expressed as mean ± SEM (A, B) and as mean (C-E) and are representative 

of at least 2 independent experiments.  15 

 

Figure S2. SARS-CoV-2 neuroinvasion occurs upon intranasal infection, but not 

upon aerosol exposure. (A) Quantification (corresponding to Figure 1L) of neurons 

infected with SARS-CoV-2 as percentage of N-CoV-2+ cells on total NeuN+ cells in the 

cerebral cortex of PBS-treated control mice (n = 4, black dots) and IN-infected mice (n = 20 

4, blue dots) 6 days post infection. (B) Quantification (corresponding to Figure 1N) of 

astrocytes infected with SARS-CoV-2 as percentage of N-CoV-2+ cells on total GFAP+ 
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cells in the cerebral cortex of PBS-treated control mice (n = 4, black dots) and IN-

infected mice (n = 4, blue dots) 6 days post infection. (C) Quantification (corresponding 

to Figure 1O) of infected microglia as percentage of N-CoV-2+ cells on the total Iba1+ 

cells in the cerebral cortex of PBS-treated control mice (n = 4, black dots) and IN-

infected mice (n = 4, blue dots) 6 days post infection. (D, E) Absolute number of total 5 

cells (D) and single cell population (E) recovered from brain homogenates of PBS-

treated control mice (n = 4, black dots), IN- (n = 3-7, blue dots) and AR-infected mice (n 

= 3-7, red dots) analyzed 6 days post infection. CD8+ T cells (Live, CD45+, CD8+); CD4+ 

T cells (Live, CD45+, CD4+); B cells (Live, CD45+, CD8-, CD4-, B220+, CD19+); microglia 

(Live, CD45int, CD64+, F4/80+); Mono, monocytes (Live, CD45hi, CD8-, CD4-, Ly6g-, 10 

SiglecF-, CD11b+, Ly-6c+); Eosino, eosinophils (Live, CD45hi, CD8-, CD4-, Ly6g-, 

CD11b+, SiglecFint); Neu, neutrophils (Live, CD45hi, CD8-, CD4-, CD11b+, Ly6g+). (F, G) 

Quantification of SARS-CoV-2 RNA in the serum of IN- (n = 4, blue dots) and AR- (n = 

4, red dots) infected mice as well as of PBS-treated control mice (n = 3, black dots) 

measured 3 days (F) and 6 days (G) post infection. RNA values are expressed as copy 15 

number per ng of total RNA and the limit of detection is indicated as a dotted line.  

Data are expressed as mean ± SEM. Data in (D-G) are pooled from 2 independent 

experiments per time point. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001; 

Mann-Whitney U-test two-tailed (A-C); Kruskal-Wallis test (D-G).  

 20 

Figure S3. Breathing parameters and platelet aggregates in the lungs of SARS-

CoV-2 infected mice. (A) Pulmonary function was assessed by whole-body 
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plethysmography performed 3 and 5 days post IN- (n = 6-14, blue dots) and AR-

infection (n = 7-14, red dots). As control, PBS-treated mice were evaluated (n = 6, black 

dots). Tidal volume (left) and PenH (right) parameters are shown. Calculated respiratory 

values were averaged over a 15 minute data collection period. (B) Representative 

confocal immunofluorescence micrographs of lung sections from PBS-treated control 5 

mice (left), IN- (middle) and AR-infected mice (right) 6 days post infection. CD41+ 

platelets are depicted in green; cell nuclei are depicted in blue. Scale bars, 30 μm.  

Data are expressed as mean ± SEM and are pooled from 2 independent experiments 

per time point. ** p-value < 0.01, *** p-value < 0.001; two-way ANOVA followed by 

Sidak’s multiple comparison test. 10 

 

Figure S4. Aerosol exposure of K18-hACE2 transgenic mice to SARS-CoV-2 does 

not lead to fatal neuroinvasion even upon type I IFN receptor blockade. (A) 

Schematic representation of the experimental setup. K18h-ACE2 mice were treated with 

anti-IFNAR1 blocking antibody (or isotype control) 1 day before infection with a target 15 

dose of 1 x 105 TCID50 of SARS-CoV-2 via aerosol exposure. Lungs and brains were 

collected and analyzed 6 days post infection. (B, E) Quantification of SARS-CoV-2 RNA 

in the lungs (B) and brains (E) of isotype control- (n = 4, red dots) and a-IFNAR1- (n = 

4, green dots) treated mice as well as of PBS-treated control mice (n = 3, black dots) 

measured 6 days post infection. RNA values are expressed as copy number per ng of 20 

total RNA and the limit of detection is indicated as a dotted line. (C, F) Viral titers in the 

lungs (C) and brains (F) were determined 6 days after infection by median tissue culture 
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infectious dose (TCID50). (D, G) Representative immunohistochemical micrographs of 

lung (D) and brain (G) sections from PBS-treated control mice (left), isotype control- 

(middle) and a-IFNAR1- (right) treated mice at 6 days post infection. N-CoV-2 positive 

cells are depicted in brown. Scale bars, 1 mm. Right panels, quantification of the 

percentage of N-CoV-2 positive area in the lung (top) and brain (bottom) of indicated 5 

mice; each dots represent one mouse.  

Data are expressed as mean ± SEM. ** p-value < 0.01; Kruskal-Wallis test (B-G). 

 

Figure S5. More severe lung pathology in AR-infected than in IN-infected mice. (A) 

Representative hematoxylin/eosin (H&E) micrographs of lung sections from PBS-10 

treated control mice (top), IN- (middle) and AR-infected mice (bottom) 6 days post 

infection. Scale bars, 50 μm. (B) Representative confocal immunofluorescence 

micrographs of lung sections from PBS-treated control mice (left), IN- (middle) and AR-

infected mice (right) 6 days post infection. TCR-b positive cells are depicted in green; 

cell nuclei are depicted in blue. Scale bars, 30 μm. 15 

 

Figure S6. Transcriptional signature in the lungs of infected mice. (A) Volcano plot 

of RNA-seq results. The X-axis represents the Log2 Fold-Change of Differentially 

Expressed Genes (DEG) comparing AR- to IN-infected mice, the Y-axis the -

Log10(FDR) Genes significantly upregulated in AR- relative to IN-infected mice 20 

(adjusted P value < 0.05) are colored in red and genes significantly downregulated are 

colored in blue. (B) Top ten pathways enriched by p values (resulting from a Fisher 
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exact test) from BioPlanet 2019 database (Huang et al., 2019) for upregulated and 

downregulated genes (|logFC| > 1 and adjusted P value < 0.01). Enrichment tests were 

performed using the EnrichR web platform (https://maayanlab.cloud/Enrichr/). (C) Box 

plot representing the expression level of the indicated genes in the lung of PBS-treated 

control mice (n = 2, gray boxes), IN- (n = 3, blue boxes) and AR-infected (n = 4, red 5 

boxes) mice 6 days post infection. Y-axis indicates the logarithmic normalized read 

counts. Comparison between IN-infection and AR-infection. * adjusted P value < 0.05, ** 

adjusted P value < 0.01, *** adjusted P value < 0.001. Adjusted P value corrected using 

Benjamini Hochberg correction method. 

 10 
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Supplementary Table Legends 

Supplementary Table 1. Differential Gene Expression between AR- and IN-

infected mice. Results showed in Figure 3F-I and Figure S6. Genes expressed (cpm ³ 

2 in at least 2 samples) were processed using LIMMA (Ritchie et al., 2015) and 

significant differentially expressed genes (Adjusted P value < 0.05) are showed. 5 
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Materials and Methods  

Mice 

B6.Cg-Tg(K18-ACE2)2Prlmn/J mice (referred to in the text as K18-hACE2) were 

purchased from The Jackson Laboratory. Mice were housed under specific pathogen-

free conditions and heterozygous mice were used at 8-10 weeks of age. All 5 

experimental animal procedures were approved by the Institutional Animal Committee 

of the San Raffaele Scientific Institute and all infectious work was performed in 

designed BSL-3 workspaces. 

 

Virus  10 

The SARS-CoV-2/human/ITA/Milan-UNIMI-1/2020 (GenBank: MT748758.1) 

isolation was carried out in BSL-3 workspace and performed in Vero E6 cells, which 

were cultured at 37°C, 5% CO2 in complete medium (DMEM supplemented with 10% 

FBS, MEM non-essential amino acids, 100 U/ml penicillin, 100 U/ml streptomycin, 2mM 

L-glutamine). Virus stocks were titrated using Endpoint Dilutions Assay (EDA, 15 

TCID50/ml). Vero E6 cells were seeded into 96 wells plates and infected at 95% of 

confluency with base 10 dilutions of virus stock. After 1h of adsorption at 37°C, the cell-

free virus was removed, cells were washed with PBS 1X, and complete medium was 

added to cells. After 48h, plates were evaluated for the presence of a cytopathic effect 

(CPE). TCID50/ml of viral stocks were then determined by applying the Reed–Muench 20 

formula.  
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Nose-only inhalation tower system 

The DSI nose-only inhalation tower system (DSI Buxco respiratory solutions, 

DSI) is composed of 7 open ports where mice are exposed to aerosolized virus. Mice 

were placed in the DSI Allay restraint. The Allay collar is positioned between the base of 

the mouse skull and its shoulders, thus avoiding thorax compression, and maintaining 5 

normal breathing patterns. Liquid virus was aerosolized by an Aeroneb (Aerogen) 

vibrating mesh nebulizer that generates particles of ~4 µm size which were uniformly 

delivered to all the tower ports. One port of the tower was occupied by a temperature 

and humidity probe for real-time monitoring of the tower conditions. The inhalation tower 

controller software was used to define the flow and pressure of the inhalation tower as 10 

well as the temperature, humidity, and the ratio O2/CO2 inside the tower. During virus 

exposure mice were monitored through plethysmography for frequency, tidal volume, 

minute volume and accumulated volume. The whole system was placed inside a class II 

biological safety hood that is located in a BSL-3 facility. 

 15 

Mouse infection through aerosol exposure (AR) or intranasal administration (IN) 

Unanesthetized K18-hACE2 mice were placed in a nose-only Allay restrainer on 

the inhalation chamber (DSI Buxco respiratory solutions, DSI). To reach a target 

accumulated inhaled aerosol (also known as delivered dose) of 1 x 105 TCID50, mice 

were exposed to aerosolized SARS-CoV-2 for 20-30 minutes (depending on the total 20 

volume of diluted virus and on the number of mice simultaneously exposed). Primary 

inflows and pressure were controlled and set to 0,5 L/minute/port and -0,5 cmH2O, 
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respectively. As control, K18-hACE2 mice received the same volume of aerosolized 

PBS (125 µL per mouse). 

Intranasal administration of 1 x 105 TCID50 of SARS-COV-2 per mouse in a total 

volume of 25 µL PBS was performed under 2% isoflurane (#IsoVet250) anesthesia.  

Infected mice were monitored daily to record body weight, clinical and respiratory 5 

parameters. The clinical score was based on a cumulative 0-3 scale evaluating fur, 

posture, activity level, eyes and breathing (see table below). 

 

Parameter Degree Scoring points 

Fur Shining 0 

 Matte 1 

 Ruffled 3 

Posture Normal 0 

 Hunched 1 

 Massively hunched 3 

Activity level Active (social contacts) 0 

 Impaired (motility after stimulation) 1 

 No activity (lethargy) 3 

Eyes Clear and clean 0 

 Semi-closed 1 

 Unclean and closed 3 
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Breathing Normal 0 

 Slightly changed 1 

 Strongly accelerated  3 

 

In vivo treatment 

In selected experiments, K18-hACE2 mice were injected intraperitoneally with 2 

mg per mouse of a-IFNAR1 blocking antibody (BioXcell, #BE0241, clone MAR1-5A3) 1 

day before infection.  5 

 

Social scent-discrimination test 

The social scent-discrimination test was used to assess hyposmia/anosmia in IN-

infected or AR-infected male mice compared to PBS-treated control male mice, as 

previously described (Zheng et al., 2021). Briefly, two 2 ml-Eppendorf tubes containing 10 

beddings from the cage of grouped females and from the experimental male were 

placed at two opposing corners of a clean cage. Experimental male mice were scored 

for 5 minutes for the time spent in sniffing the tubes, considering only the time when the 

nose was inside one of the two tubes. Control male mice preferentially explored the 

tube containing the female bedding. Preference index was calculated as: (time spent to 15 

sniff female tube - time spent to sniff male tube) / (time spent to sniff female tube + time 

spent to sniff male tube). 
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Whole-body plethysmography 

Whole-body plethysmography (WBP) was performed using WBP chamber (DSI 

Buxco respiratory solutions, DSI). Mice were allowed to acclimate inside the chamber 

for 10 minutes before recording respiratory parameters for 15 minutes using the 5 

FinePointe software.    

 

Platelet aggregation 

Blood was collected from the retro-orbital sinus into 1:10 volume of citrate 

phosphate dextrose (CPD; Sigma-Aldrich, #C7165) and platelet-rich plasma (PRP) was 10 

prepared as described (Iannacone et al., 2008). The PRP platelet count was adjusted to 

the lowest value of the day. Homologous platelet-poor plasma (PPP) was isolated by 

spinning the remaining peripheral blood from PRP at 3500 rpm for 10 minutes. 

Aggregation in stirred PRP at 37°C was induced by adding 125 µM of Arachidonic Acid 

(Mascia Brunelli, #311501WB) and monitored by recording changes in light 15 

transmittance through the PRP suspension using a Chrono-log model 490 

aggregometer (Chrono-log Corporation, Havertown, PA). 

 

Cell Isolation and Flow Cytometry  

Mice were anesthetized and the trachea was cannulated with a 22-G canula (BD, 20 

#381223) followed by bronchoalveolar lavage (BAL) with 3 washes of 1 ml sterile PBS. 

BAL fluid was centrifuged to obtain a single cell suspension. Mice were euthanized by 
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cervical dislocation. At the time of autopsy, mice were perfused through the right 

ventricle with PBS. Brain and olfactory bulbs were removed from the skull and nasal 

turbinates from the nose cavity. Lung tissue was digested in RPMI 1640 containing 3.2 

mg/ml Collagenase IV (Sigma, #C5138) and 25 U/ml DNAse I (Sigma, #D4263) for 30 

minutes at 37°C. Brain was digested in RPMI 1640 containing 1 mg/ml Collagenase D 5 

(Sigma, # 11088866001) and 50 U/ml DNAse I for 30 minutes at 37°C. Homogenized 

lungs and brains were passed through 70 μm nylon meshes to obtain a single cell 

suspension. Cells were resuspended in 36% percoll solution (Sigma #P4937) and 

centrifuged for 20 minutes at 2000 rpm (light acceleration and low brake). The 

remaining red blood cells were removed with ACK lysis.  10 

For analysis of ex-vivo intracellular cytokine production, 1 mg/ml of brefeldin A (Sigma 

#B7651) was included in the digestion buffer. All flow cytometry stainings of surface-

expressed and intracellular molecules were performed as described (Bénéchet et al., 

2019). Briefly, cells were stimulated for 4h at 37°C in the presence of brefeldin A, 

monensin (life technologies, #00-4505-51) and two immunodominant peptides covering 15 

the ORF3a 266-280 (restricted to I-Ab, EPIYDEPTTTTSVPL) and the spike protein 

S538-546 (restricted to H2-Db, CVNFNFNGL) of SARS-CoV-2, as described (Zhuang et 

al., 2021). Cell viability was assessed by staining with Viobility™ 405/520 fixable dye 

(Miltenyi, Cat #130-109-814). Antibodies (Abs) are indicated in the table below.  

Name Clone  Source and catalog number 

CD103 2E7 Biolegend #121408 

CD62L RM4-5 Biolegend #104420, Biolegend #104428 
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CD11b 

 
M1/70 

 
Biolegend #101218 

 
IA/IE 

 
M5/114.15.2 

 
Biolegend #107622 

 
Ly-6c 

 
HK1.4 

 
Biolegend #128013 

 
Siglec-F 

 
E50-2440 

 
BD Biosciences #740388 

 
CD64 

 
X54-5/7.1 

 
BD OptiBuild #740622 

 
CD8 

 
53-6.7 

 
Biolegend #100725, Biolegend #100759 

 
CD11c 

 
HL3 

 
BD Biosciences #563735 

 
CD4 
 

 
RM4-5 

 
BD Biosciences #740208; BD Biosciences 
#741912 

 
B220 

 
RA3-6B2 

 
BD Biosciences #564662 

 
CD44 
 

 
IM7 

 
BD Biosciences #741227; BioLegend 
#103028 

 
CD69 

 
H1.2F3 

 
BD Biosciences #612793 

 
CD19 

 
1D3 

 
BD Biosciences #749027 

 
F4/80 

 
BM8 

 
Biolegend #123110 

 
Ly-6g 

 
1A5 

 
BD Pharmingen #562700 

 
CD45 
 

 
30-F11 

 
Biolegend #103113, BD Biosciences 
#564279 

 
IFN-g 

 
XMG1.2 

 
Biolegend #505813 
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Bcl-6 K112-91 Biolegend #581525 
 
TNF-α 

 
MP6-XT22 

 
Biolegend #506329 

 
CD183 (CXCR3) 

 
CXCR3-173 

 
BD Biosciences #740630 

 
CD279 (PD-1) 

 
RMP1-30 

 
BD Biosciences #749306 

 
Granzyme-B 

 
GB12 

 
Invitrogen #MHGB04 

 
T-bet 

 
4B10 

 
Invitrogen #25-5825-82 

 
CD3 

 
145-2C11 

 
BD Biosciences #564661 

 

Flow cytometry analysis was performed on BD FACS Symphony A5 SORP and 

analyzed with FlowJo software (Treestar).  

 

Tissue homogenate and viral titers 5 

Tissues homogenates were prepared by homogenizing perfused lungs and 

brains using gentleMACS Octo Dissociator (Miltenyi BioTec, #130-096-427) in M tubes 

(#130-093-335) containing 1 ml of DMEM 0% FBS. Samples were homogenized for 

three times with program m_Lung_01_02 (34 seconds, 164 rpm). The homogenates 

were centrifuged at 3’500 rpm for 5 minutes at 4°C. The supernatant was collected and 10 

stored at −80°C for viral isolation and viral load detection. Viral titer was calculated by 

50% tissue culture infectious dose (TCID50). Briefly, Vero E6 cells were seeded at a 

density of 1.5 × 104 cells per well in flat-bottom 96-well tissue culture plates. The 

following day, 10-fold dilutions of the homogenized tissue were applied to confluent cells 

and incubated 1h at 37°C. Then, cells were washed with phosphate-buffered saline 15 

(PBS) and incubated for 72h at 37°C in DMEM 2% FBS. Cells were fixed with 4% 
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paraformaldehyde for 30 min and stained with 0.05% (wt/vol) crystal violet in 20% 

ethanol.  

 

RNA extraction and qPCR 

Tissues homogenates were prepared by homogenizing perfused lung, brain, 5 

olfactory bulb, and nasal turbinates using gentleMACS dissociator (Miltenyi BioTec, 

#130-096-427) with program RNA_02 in M tubes (#130-096-335) in 1 ml of Trizol 

(Invitrogen, #15596018). The homogenates were centrifuged at 2000 g for 1 min at 4°C 

and the supernatant was collected. RNA extraction was performed by combining 

phenol/guanidine-based lysis with silica membrane-based purification. Briefly, 100 µl of 10 

Chloroform were added to 500 µl of homogenized sample and total RNA was extracted 

using ReliaPrep™ RNA Tissue Miniprep column (Promega, Cat #Z6111). Total RNA 

was isolated according to the manufacturer’s instructions. qPCR was performed using 

TaqMan Fast virus 1 Step PCR Master Mix (Lifetechnologies #4444434), standard 

curve was drawn with 2019_nCOV_N Positive control (IDT#10006625), primer used 15 

are: 2019-nCoV_N1- Forward Primer (5’-GAC CCC AAA ATC AGC GAA AT-3’), 2019-

nCoV_N1- Reverse Primer (5’-TCT GGT TAC TGC CAG TTG AAT CTG-3’) 2019-

nCoV_N1-Probe (5’-FAM-ACC CCG CAT TAC GTT TGG TGG ACC-BHQ1-3’) (Centers 

for Disease Control and Prevention (CDC) Atlanta, GA 30333). All experiments were 

performed in duplicate.  20 
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RNA-seq library preparation 

Total RNA was obtained from homogenized lung tissues, as described above, for 

bulk RNA sequencing. Sequencing libraries were generated using Smart-seq2 method, 

as described (Picelli et al., 2014; Bénéchet et al., 2019). In brief, 4 ng of RNA were 

retrotranscribed and cDNA was amplified using 13 cycles and purified with AMPure XP 5 

beads (Beckman Coulter). Concentration was determined using Qubit 3.0 (Life 

Technologies) and the size distribution was assessed using Agilent 4200 TapeStation 

system. The following tagmentation reaction was performed starting from 0.5 ng of 

cDNA for 30 min at 55°C and the enrichment PCR was carried out using 12 cycles. 

Libraries were then purified with AMPure XP beads, quantified using Qubit 3.0 and 10 

single-end sequenced (75 bp) on an Illumina NextSeq 500.  

 

RNA-seq data processing and analysis 

Raw reads were aligned to mouse genome build GRCm38 using STAR aligner 

(Dobin et al., 2013). Gene counts were generated using featureCounts (part of the 15 

Subread package (Liao et al., 2019)), based on GENCODE gene annotation version 

M22. In order to discard genes highly expressed by one sample only, a filter of cpm ³ 2 

in at least two samples was added. Read counts were normalized with the Trimmed 

Mean of M-values (TMM) method (Robinson and Oshlack, 

2010) using calcNormFactors function and then Voom (Law et al., 2014) was applied. 20 

Differentially Expressed Genes (DEGs) between AR- and IN-infected mice were 
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identified by generating a linear model using LIMMA R package (Ritchie et al., 2015) 

(Figure S6 and Table S1). 

 

Gene Set Enrichment Analysis and signatures visualization 

Gene Set Enrichment Analysis (GSEA) was performed using the GseaPreranked 5 

Java tool (Subramanian et al., 2005) with pre-ranked Log2 fold changes between 

aerosol and intranasal samples in expressed genes. Three signatures described in 

(Winkler et al., 2020) were analyzed. 

 

Histochemistry 10 

Mice were euthanized and perfused transcardially with PBS. One left lobe of the 

lung and a sagittal section of a hemisphere of the brain were fixed in zinc formalin and 

transferred into 70% ethanol 24h later. Tissues were then processed, embedded in 

paraffin, and automatically stained for SARS-CoV-2 (2019-nCoV) Nucleocapsid (SINO 

BIO, #40143-R019) or for fibrin (DAKO, #A0080) through LEICA BOND RX 1h room-15 

temperature (RT) and developed with Bond Polymer Refine Detection (Leica, DS9800). 

For hematoxylin and eosin (H&E) staining, tissues were stained as previously described 

(Guidotti et al., 2015; Bénéchet et al., 2019). Bright-field images were acquired with an 

Aperio Scanscope System CS2 microscope and the ImageScope program (Leica 

Biosystem) following the manufacturer’s instructions. N-SARS-CoV-2 percentage of 20 

positive area (Figure S4 D, G) was determined by the QuPath (Quantitative Pathology & 

Bioimage 5 Analysis) software. Size of fibrin deposits (Figure 2 O) was determined by 
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automatically building masks on fibrin-positive areas and calculating the covered 

surface that was expressed in µm2 with the QuPath software. 

 

Confocal Immunofluorescence Histology 

Mice were euthanized and perfused transcardially with PBS. One left lobe of the 5 

lung was collected and fixed in 4% paraformaldehyde for 16h, then dehydrated in 30% 

sucrose prior to embedding in OCT freezing media (Killik Bio-Optica #05-9801). 20 µm 

sections were cut on a CM1520 cryostat (Leica) and adhered to Superfrost Plus slides 

(Thermo Scientific). Sections were permeabilized and blocked in PBS containing 0.3% 

Triton X-100 (Sigma-Aldrich) and 0,5% BSA followed by staining in PBS containing 10 

0.1% Triton X-100 and 0,2% BSA. Slides were stained for SARS-CoV-2 nucleocapsid 

(GeneTex, polyclonal, #GTX135357), CD41 (Biolegend, Clone MWReg30, #133908) or 

TCRβ (Biolegend, Clone H57-597, #109218) for 1h at room temperature. Then, slides 

were stained with Alexa Fluor 568-conjugated goat anti-rabbit IgG (Life Technologies, 

#A-11011) for 2h at room temperature (for SARS-CoV-2 nucleocapsid staining). A 15 

hemisphere of the brain was fixed in 4% paraformaldehyde for 48h, then dehydrated in 

30% sucrose for 24h. Prior to embedding in OCT freezing media, brain was soaked in a 

solution 1:1 of 30% sucrose and OCT for 1h in agitation. Brain was cut in 50 µm-thick 

sagittal sections and free-floating sections were rinsed in PBS/Azide 1%. Quenching 

was performed by shaking (300rpm) the sections for 10 min at room temperature in a 20 

PBS solution containing 1:100 methanol and 1:30 H202. The sections were then 

incubated 20 min with 0.3% Triton X-100 and 0.5% BSA for 1 h. Immunofluorescence 
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staining was performed in PBS containing 0.1% Triton X-100 and 0.2% BSA over night 

(O/N) at 4°C and then stained with secondary antibody for 2h at room temperature. The 

following primary Abs were used for staining: anti-SARS-CoV-2 nucleocapsid 

(GeneTex, #GTX135357), anti-NeuN (Immulogical Sciences, #MAB377), anti-GFAP 

(Abcam, #ab4674), anti-Iba1 (Synaptic system, #234006), anti-CD68 (Abcam 5 

#ab53444), and anti-iNOS (Abcam #ab3523). The following secondary Abs were used 

for staining: Alexa Fluor 647-conjugated goat anti-chicken IgG (Thermo Fisher, #A-21), 

Alexa Fluor 568-conjugated goat anti-rabbit IgG (Thermo Fisher, #A-11011), Alexa 

Fluor 488-conjugated rat anti-mouse IgG (BD Bioscience, #553443). Lung and brain 

sections were washed twice for 5 min and stained with DAPI (Life technologies, 10 

#D1360) for 5 min at RT, then washed again and mounted for imaging with 

FluorSaveTM Reagent (Merck Millipore, #345789). Images were acquired on an SP5 or 

SP8 confocal microscope with 20x objective (Leica Microsystem). To minimize 

fluorophore spectral spillover, the Leica sequential laser excitation and detection 

modality was used.  15 

 

Statistical analyses and software 

Detailed information concerning the statistical methods used is provided in the 

figure legends. Flow and imaging data were collected using FlowJo Version 10.5.3 

(Treestar) and Imaris (Bitplane), respectively. Statistical analyses were performed with 20 

GraphPad Prism software version 8 (GraphPad). Immunohistochemical imaging 

quantifications were performed with QuPath (Quantitative Pathology & Bioimage 5 
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Analysis) software. n represents individual mice analyzed per experiment. Experiments 

were performed independently at least twice to control for experimental variation. Error 

bars indicate the standard error of the mean (SEM). We used Mann-Whitney U-tests to 

compare two groups with non-normally distributed continuous variables and Kruskal-

Wallis non-parametric test to compare three or more unpaired groups. We used two-5 

way ANOVA followed by Sidak’s multiple comparisons tests to analyze experiments 

with multiple groups and two independent variables. Kaplan-Meier curves were 

compared with the Log-rank (Mantel-Cox) test. Significance is indicated as follows: *p < 

0.05; **p < 0.01; ***p < 0.001. Comparisons are not statistically significant unless 

indicated. 10 
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Figure 1. Intranasal inoculation, but not aerosol exposure, of SARS-CoV-2 leads to fatal 
neuroinvasion in K18-hACE2 transgenic mice. 

(A) Illustration of the two modalities used to infect K18-hACE2 mice with SARS-CoV-2. On the left, 
intranasal injection (IN) is shown. On the right, representation of an unanesthetized mouse placed in the 
nose-only Allay restrainer on the inhalation chamber is shown. In red, aerosolized virus with a particle size 
of ~4 μm; in light-blue, primary flow set to 0,5 L/min/port; in grey, mouse breathing outflow (see Methods). 
(B) Schematic representation of the experimental setup. K18-hACE2 mice were infected with a target dose 
of 1 x 105 TCID50 of SARS-CoV-2 through intranasal (IN) administration or through aerosol (AR) exposure. 
Lung, brain, nasal turbinates, olfactory bulbs, and blood were collected and analyzed 3 days and 6 days 
post infection. (C) Mouse body weight was monitored daily for up to 6 days and is expressed as the 
percentage of weight relative to the initial weight on day 0. Statistical significance of comparison between 
IN- (n = 17-29, blue dots) and AR-infected mice (n = 9-23, red dots) is shown. Control mice treated with PBS 
are also shown (n = 9-11, black dots). (D) Clinical score was assessed evaluating the piloerection (0-3), 
posture (0-3), activity level (0-3), eye closure (0-3) and breathing (0-3) (see Methods). Statistical 
significance of comparison between IN- (n = 16, blue dots) and AR-infected mice (n = 16, red dots) is 
shown. PBS-treated control mice did not exhibit any clinical signs. (E) Survival curve of IN- (n = 32, blue 
dots) and AR-infected mice (n = 26, red dots). (F, G) Quantification of SARS-CoV-2 RNA in the brain of IN- 
(n = 7-11, blue dots) and AR- (n = 6-10, red dots) infected mice as well as of PBS-treated control mice (n = 
4, black dots) measured 3 days (F) and 6 days (G) post infection. RNA values are expressed as copy 
number per ng of total RNA and the limit of detection is indicated as a dotted line. (H, I) Viral titers in the 
brain were determined 3 (H) and 6 days (I) after infection by median tissue culture infectious dose (TCID50). 
PBS-treated control mice: n = 2-3, black dots; IN-infected mice: n = 4, blue dots; AR-infected mice: n = 4, 
red dots. (J) Representative immunohistochemical micrographs of sagittal brain sections from PBS-treated 
control mice (left), IN- (middle) and AR-infected mice (right) 6 days post infection. N-CoV-2 positive cells are 
depicted in brown. Scale bars, 1 mm. (K) Representative confocal immunofluorescence staining for 
N-CoV-2 (red) in sagittal brain sections of IN-infected mice. Cell nuclei are depicted in blue. White boxes 
indicate different brain areas: cerebellum (Cer); dentate gyrus (DG); hippocampus (Hipp); corpus callosum 
(Cc); cerebral cortex (Ctx); thalamus (Tha); striatum (Str). Scale bars, 1 mm. (L) Representative confocal 
immunofluorescence micrographs of sagittal brain sections from PBS-treated control mice (first panel) and 
IN-infected mice 6 days post infection. N-CoV-2 is depicted in red, NeuN neural marker in green and cell 
nuclei in blue. Fields of cerebral cortex (Ctx), hippocampus (Hipp), striatum (Str), thalamus (Tha) and cere-
bellum (Cer) are shown. Scale bars, 100 μm. (M) Representative confocal immunofluorescence 
micrographs of cerebral cortex (Ctx) in PBS-treated control mice (left panel) and IN-infected mice (right 
panel) 6 days post infection. iNOS+ cells are depicted in red and cell nuclei in blue. Scale bars, 100 μm. (N) 
Representative confocal immunofluorescence micrographs of two areas of the brain from IN-infected mice 6 
days post infection. Corpus callosum (Cc) of the cerebral cortex, left panel, and dentate gyrus (DG), right 
panel. N-CoV-2 is depicted in red, GFAP astroglial marker in green and cell nuclei in blue. Scale bars, 100 
μm. (O) Representative confocal immunofluorescence micrographs of the cerebral cortex (Ctx) of 
IN-infected mice 6 days post infection. N-CoV-2 is depicted in red, Iba1 microglial marker in green and cell 
nuclei in blue. White box indicates the magnification represented in the right panel. Scale bars represent 
100 μm (image) and 25 μm (magnification). (P, Q) Representative confocal immunofluorescence 
micrographs of the cerebral cortex (Ctx) of PBS-treated control mice (P) and IN-infected mice (Q) 6 days 
post infection. Left panels show Iba1 microglial marker in green and cell nuclei in blue; right panels show 
CD68 marker of microglial activation in white. Scale bars, 10 μm. (R, S) Quantification of SARS-CoV-2 RNA 
in the olfactory bulbs of IN- (n = 4-12, blue dots) and AR- (n = 4-12, red dots) infected mice as well as of 
PBS-treated control mice (n = 2-4, black dots) measured 3 days (R) and 6 days (S) post infection. RNA 
values are expressed as copy number per ng of total RNA and the limit of detection is indicated as a dotted 
line. 

Data are expressed as mean ± SEM. Data in (C-I, R, S) are pooled from 2 independent experiments per 
time point. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001; two-way ANOVA followed by Sidak’s 
multiple comparison test (C, D, comparison between blue and red dots for each time point); Log-rank (Man-
tel-Cox) test (E); Kruskal-Wallis test (F-I, R-S).
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Figure 2. Aerosol exposure of K18-hACE2 transgenic mice to SARS-CoV-2 leads to efficient 
respiratory infection, anosmia, and fibrin deposition in the lung. 

(A-B) Quantification of SARS-CoV-2 RNA in the nasal turbinates of PBS-treated control mice (n = 3, black 
dots) and of IN- (n = 7, blue dots) and AR- (n = 7, red dots) infected mice 3 days (A) and 6 days (B) post 
infection. RNA values are expressed as copy number per ng of total RNA and the limit of detection is 
indicated as a dotted line. (C) Illustration showing social scent-discrimination test. Male mice were free to 
investigate for 5 minutes two different tubes containing their own cage bedding or female cage bedding 
placed at two opposite corners of a clean cage. (D, E) Time that males spent sniffing their own male scent 
or female scent (D) and the sum of the two times (E) is expressed as sniffing time in seconds. Analyses 
were performed 3 or 6 days post IN- (n = 3-6, blue dots) or AR-infection (n = 3-5, red dots). As control, 
PBS-treated mice are shown (n = 8, black dots). n.d.: the sniffing time that was not determined since mice 
were completely lethargic. (F) Preference index for male mice was calculated as (female time – male time)/ 
(total sniffing time, female + male), as an indicator of the time spent sniffing preferred (female) or 
non-preferred (male) scents. n.d.: the sniffing time that was not determined since mice were completely 
lethargic. (G, H) Quantification of SARS-CoV-2 RNA in the lung of IN- (n = 7-11, blue dots) and AR- (n = 
7-10, red dots) infected mice as well as of PBS-treated control mice (n = 4, black dots) measured 3 days (G) 
and 6 days (H) post infection. RNA values are expressed as copy number per ng of total RNA and the limit 
of detection is indicated as a dotted line. (I, J) Viral titers in the lung were determined 3 (I) and 6 days (J) 
after infection by median tissue culture infectious dose (TCID50). PBS-treated control mice: n = 2-3, black 
dots; IN-infected mice: n = 4-7, blue dots; AR-infected mice: n = 4-10, red dots. (K) Representative 
immunohistochemical (left) and confocal immunofluorescence (right) micrographs of lung sections from 
PBS-treated control mice (top), IN- (middle) and AR-infected mice (bottom) 6 days post infection. N-CoV-2 
positive cells are depicted in brown (left panels) or in red (right panels). Cell nuclei are depicted in blue (right 
panels). Scale bars, 30 μm. (L) Pulmonary function was assessed by whole-body plethysmography 
performed 3 and 5 days post IN- (n = 6-14, blue dots) and AR-infection (n = 7-14, red dots). As control, 
PBS-treated mice were evaluated (n = 6, black dots). Frequency (left) and Rpef (right) parameters are 
shown. Calculated respiratory values were averaged over a 15 minute-data collection period. (M) 
Representative aggregometry curves induced by arachidonic acid (AA) on platelet-rich plasma from 
PBS-treated control mice (left), IN- (middle) and AR-infected mice (right) 6 days post infection. Platelet 
aggregation was measured by light transmission aggregometry for 5 minutes and is expressed as 
% aggregation. (N) Representative immunohistochemical micrographs of lung sections from PBS-treated 
control mice (left), IN- (middle) and AR-infected mice (right) at 6 days post infection. Fibrin deposition is 
shown in brown. Scale bars, 30 μm. (O) Quantification of the size of fibrin deposits (μm2). n = 4. 

Data are expressed as mean ± SEM and are pooled from 2 independent experiments per time point. 
* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001; Kruskal-Wallis test (A, B, E-J); two-way ANOVA 
followed by Sidak’s multiple comparison test (L); Mann-Whitney U-test two-tailed (D, O). In (D), statistical 
analysis was performed comparing female and male sniffing time within the same experimental group of 
mice.
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Figure 3
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Figure 3. Histopathological changes, immune response, and transcriptional signatures in the lungs 
of infected mice. 

(A) Representative hematoxylin/eosin (H&E) micrographs of lung sections from PBS-treated control mice 
(left), IN- (middle) and AR-infected mice (right) 6 days post infection. Scale bars, 50 μm. (B-E) Absolute 
number of total cells (B, D) and of single cell populations (C, E) recovered from lung homogenates (B, C) 
and bronchoalveolar lavage (BAL) (D, E) of PBS-treated control mice (n = 4-6, black dots), IN- (n = 3-7, blue 
dots) and AR-infected mice (n = 3-7, red dots) analyzed 6 days post infection. CD8 T cells (Live, CD45+, 
CD8+); CD4 T cells (Live, CD45+, CD4+); B cells (Live, CD45+, CD8-, CD4-, B220+, CD19+); AM, alveolar 
macrophages (Live, CD45+, CD8-, CD4-, Ly6g-, CD11b-, F4/80+, SiglecFhi); Mono, monocytes (Live, CD45+, 
CD8-, CD4-, Ly6g-, SiglecF-, CD11b+, Ly-6c+); Eosino, eosinophils (Live, CD45+, CD8-, CD4-, Ly6g-, CD11b+, 
SiglecFint); Neu, neutrophils (Live, CD45+, CD8-, CD4-, CD11b+, Ly6g+). (F) Principal Component Analysis 
(PCA) of RNA-seq expression values from the lungs of PBS-treated, control (n = 2, black), IN- (n = 3, blue) 
and AR-infected (n = 4, red) mice. Percentages indicate the variance explained by each PC. (G) Volcano 
plot of RNA-Seq results. The X-axis represents the Log2 Fold-Change of Differentially Expressed Genes 
(DEG) comparing AR- to IN-infection, the Y-axis the -Log10(FDR). Genes significantly upregulated in AR- 
relative to IN- (|logFC| > 1 and adjusted P value < 0.05, horizontal and vertical dashed line) belonging to the 
“Adaptive immune system” pathway from BioPlanet 2019 (Huang et al., 2019) are highlighted in violet. (H) 
GSEA of three gene sets described in (Winkler et al., 2020), comparing the transcriptome of IN- and 
AR-infected mice, presented as the running enrichment score for the gene set as the analysis 'walks down' 
the ranked list of genes (reflective of the degree to which the gene set is over-represented at the top or 
bottom of the ranked list of genes) (top), the position of the gene-set members (black vertical lines) in the 
ranked list of genes (middle) and the value of the ranking metric (bottom). (I) Heatmaps of genes (one per 
row) belonging to the three signatures as in (H), expressed in logarithmic normalized read counts. Each 
column represents an individual sample and results were visualized using the pheatmap R package. (J, K) 
Absolute number of CD8+ (J) and CD4+ (K) T cells producing IFN-γ, TNF-α or both and expressing CD44 
and Granzyme-B (Gz-B) in the lung of PBS-treated control mice (n = 4, black dots), IN- (n = 5, blue dots) 
and AR-infected mice (n = 5, red dots) 6 days after infection. 

Data are expressed as mean ± SEM. Data in (B-E, J, K) are pooled from 2 independent experiments. 
* p-value < 0.05, ** p-value < 0.01; Kruskal-Wallis test (B-E, J, K).
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Supplementary Figure 1
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Figure S1. Recorded parameters in the nose-only inhalation tower system.  

(A) Mean of the pressure (cm H20) measured within the outer core of the nose-only inhalation tower during 
the time of PBS-exposure (n = 4, black dots) or SARS-CoV-2-exposure (n = 8, red dots) of K18-hACE2 
mice. (B) Mean temperature (°C) over time at a chamber port exposed to PBS (n = 4, black dots) or 
SARS-CoV-2 (n = 8, red dots). (C) Mean humidity measured over time at a chamber port exposed to PBS 
(left panel, n = 4, black line) or SARS-CoV-2 (right panel, n = 8, red line). (D) Respiratory parameters 
analyzed during exposure through plethysmography associated to the Allay restrainer. Mean of breathing 
frequency, tidal volume, minute volume and accumulated inhaled volume measured during mouse exposure 
to PBS (upper panels, n = 4, black lines) or SARS-CoV-2 (lower panels, n = 8, red lines). 

Data are expressed as mean ± SEM (A, B) and as mean (C-E) and are representative of at least 2 
independent experiments. 
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Figure S2. SARS-CoV-2 neuroinvasion occurs upon intranasal infection, but not upon aerosol 
exposure. 

(A) Quantification (corresponding to Figure 1L) of neurons infected with SARS-CoV-2 as percentage of 
N-CoV-2+ cells on total NeuN+ cells in the cerebral cortex of PBS-treated control mice (n = 4, black dots) and 
IN-infected mice (n = 4, blue dots) 6 days post infection. (B) Quantification (corresponding to Figure 1N) of 
astrocytes infected with SARS-CoV-2 as percentage of N-CoV-2+ cells on total GFAP+ cells in the cerebral 
cortex of PBS-treated control mice (n = 4, black dots) and IN-infected mice (n = 4, blue dots) 6 days post 
infection. (C) Quantification (corresponding to Figure 1O) of infected microglia as percentage of N-CoV-2+-

cells on the total Iba1+ cells in the cerebral cortex of PBS-treated control mice (n = 4, black dots) and IN-
infected mice (n = 4, blue dots) 6 days post infection. (D, E) Absolute number of total cells (D) and single 
cell populations (E) recovered from brain homogenates of PBS-treated control mice (n = 4, black dots), IN- 
(n = 3-7, blue dots) and AR-infected mice (n = 3-7, red dots) analyzed 6 days post infection. CD8 T cells 
(Live, CD45hi, CD8+); CD4 T cells (Live, CD45hi, CD4+); B cells (Live, CD45hi, CD8-, CD4-, B220+, CD19+); 
microglia (Live, CD45int, CD64+, F4/80+); Mono, monocytes (Live, CD45hi, CD8-, CD4-, Ly6g-, SiglecF-, 
CD11b+, Ly-6c+); Eosino, eosinophils (Live, CD45hi, CD8-, CD4-, Ly6g-, CD11b+, SiglecFint); Neu, neutrophils 
(Live, CD45hi, CD8-, CD4-, CD11b+, Ly6g+). (F, G) Quantification of SARS-CoV-2 RNA in the serum of IN- (n 
= 4, blue dots) and AR- (n = 4, red dots) infected mice as well as of PBS-treated control mice (n = 3, black 
dots) measured 3 days (F) and 6 days (G) post infection. RNA values are expressed as copy number per ng 
of total RNA and the limit of detection is indicated as a dotted line. 

Data are expressed as mean ± SEM. Data in (D-G) are pooled from 2 independent experiments per time 
point. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001; Mann-Whitney U-test two-tailed (A-C); Krus-
kal-Wallis test (D-G). 
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Figure S3. Breathing parameters and platelet aggregates in the lungs of SARS-CoV-2 infected mice. 

(A) Pulmonary function was assessed by whole-body plethysmography performed 3 and 5 days post IN- (n 
= 6-14, blue dots) and AR-infection (n  = 7-14, red dots). As control, PBS-treated mice were evaluated (n  = 
6, black dots). Tidal volume (left) and PenH (right) parameters are shown. Calculated respiratory values 
were averaged over a 15 minute data collection period. (B) Representative confocal immunofluorescence 
micrographs of lung sections from PBS-treated control mice (left), IN- (middle) and AR-infected mice (right) 
6 days post infection. CD41+ platelets are depicted in green; cell nuclei are depicted in blue. Scale bars, 30 
μm. 

Data are expressed as mean ± SEM and are pooled from 2 independent experiments per time point. 
** p-value < 0.01, *** p-value < 0.001; two-way ANOVA followed by Sidak’s multiple comparison test.
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Supplementary Figure 4

Figure S4. Aerosol exposure of K18-hACE2 transgenic mice to SARS-CoV-2 does not lead to fatal 
neuroinvasion even upon type I IFN receptor blockade. 

(A) Schematic representation of the experimental setup. K18h-ACE2 mice were treated with anti-IFNAR1 
blocking antibody (or isotype control) 1 day before infection with a target dose of 1 x 105 TCID50 of 
SARS-CoV-2 via aerosol exposure. Lungs and brains were collected and analyzed 6 days post infection. (B, 
E) Quantification of SARS-CoV-2 RNA in the lungs (B) and brains (E) of isotype control- (n = 4, red dots) 
and α−IFNAR1- (n = 4, green dots) treated mice as well as of PBS-treated control mice (n = 3, black dots) 
measured 6 days post infection. RNA values are expressed as copy number per ng of total RNA and the 
limit of detection is indicated as a dotted line. (C, F) Viral titers in the lungs (C) and brains (F) were 
determined 6 days after infection by median tissue culture infectious dose (TCID50). (D, G) Representative 
immunohistochemical micrographs of lung (D) and brain (G) sections from PBS-treated control mice (left), 
isotype control- (middle) and α−IFNAR1- (right) treated mice at 6 days post infection. N-CoV-2 positive cells 
are depicted in brown. Scale bars, 1 mm. Right panels, quantification of the percentage of N-CoV-2 positive 
area in the lung (top) and brain (bottom) of indicated mice; each dots represent one mouse. 

Data are expressed as mean ± SEM. ** p-value < 0.01; Kruskal-Wallis test (B-G).
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Figure S5. More severe lung pathology in AR-infected than in IN-infected mice. 

(A) Representative hematoxylin/eosin (H&E) micrographs of lung sections from PBS-treated control mice 
(top), IN- (middle) and AR-infected mice (bottom) 6 days post infection. Scale bars, 50 μm. (B) Representa-
tive confocal immunofluorescence micrographs of lung sections from PBS-treated control mice (left), IN- 
(middle) and AR-infected mice (right) 6 days post infection. TCR-β positive cells are depicted in green; cell 
nuclei are depicted in blue. Scale bars, 30 μm.
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Figure S6. Transcriptional signature in the lungs of infected mice. 

(A) Volcano plot of RNA-seq results. The X-axis represents the Log2 Fold-Change of Differentially 
Expressed Genes (DEG) comparing AR- to IN-infected mice, the Y-axis the -Log10 (FDR). Genes 
significantly upregulated in AR- relative to IN-infected mice (adjusted P value < 0.05) are colored in red and 
genes significantly downregulated are colored in blue. (B) Top ten pathways enriched by p values (resulting 
from a Fisher exact test) from BioPlanet 2019 database (Huang et al., 2019) for upregulated and 
downregulated genes (|logFC| > 1 and adjusted P value < 0.01). Enrichment tests were performed using the 
EnrichR web platform (https://maayanlab.cloud/Enrichr/). (C) Box plot representing the expression level of 
the indicated genes in the lung of PBS-treated control mice (n = 2, gray boxes), IN- (n = 3, blue boxes) and 
AR-infected (n = 4, red boxes) mice 6 days post infection. Y-axis indicates the logarithmic normalized read 
counts. Comparison between IN-infection and AR-infection. * adjusted P value < 0.05, ** adjusted P value < 
0.01, *** adjusted P value < 0.001. Adjusted P value corrected using Benjamini Hochberg correction 
method.
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