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Abstract 15 

Objectives: Close contact with patients with COVID-19 is speculated to be the most common cause of viral 16 
transmission, but the pathogenesis of COVID-19 by close contact remains to be elucidated. In addition, despite 17 
olfactory impairment being a unique complication of COVID-19, the impact of SARS-CoV-2 on the olfactory 18 
cell lineage has not been fully validated. This study aimed to elucidate close-contact viral transmission to the nose 19 
and lungs and to investigate the temporal damage in the olfactory receptor neuron (ORN) lineage caused by 20 
SARS-CoV-2. 21 

Methods: Syrian hamsters were orally administered SARS-CoV-2 as direct-infection models. On day 7 after 22 
inoculation, infected and uninfected hamsters were housed in the same cage for 30 minutes. These uninfected 23 
hamsters were subsequently assigned to a close-contact group. First, viral presence in the nose and lungs was 24 
verified in the infection and close-contact groups at several time points. Next, the impacts on the olfactory 25 
epithelium, including olfactory progenitors, immature ORNs, and mature ORNs, were examined histologically. 26 
Then, the viral transmission status and chronological changes in tissue damage were compared between the direct-27 
infection and close-contact groups. 28 

Results: In the close-contact group, viral presence could not be detected in both the nose and lungs on day 3, and 29 
the virus was identified in both tissues on day 7. In the direct-infection group, the viral load was highest in the 30 
nose and lungs on day 3, decreased on day 7, and was no longer detectable on day 14. Histologically, in the direct-31 
infection group, mature ORNs were most depleted on day 3 (p < 0.001) and showed a recovery trend on day 14, 32 
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with similar trends for olfactory progenitors and immature ORNs. In the close-contact group, there was no 33 
obvious tissue damage on day 3, but on day 7, the number of all ORN lineage cells significantly decreased (p < 34 
0.001). 35 

Conclusion: SARS-CoV-2 was transmitted even after brief contact and subsequent olfactory epithelium and lung 36 
damage occurred more than 3 days after the trigger of infection. The present study also indicated that SARS-CoV-37 
2 damages all ORN lineage cells, but this damage can begin to recover approximately 14 days post infection.  38 

1 Introduction 39 

Coronavirus disease (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is 40 
a pandemic since the end of December 2019 (1, 2) that remains to be contained; rather, the infected population 41 
is increasing worldwide. The incubation period from SARS-CoV-2 exposure to the onset of COVID-19 symptoms 42 
is reported to be approximately 6 days, and the viral load in droplets increases several days prior to the onset of 43 
symptoms in patients with COVID-19 (3-5). Accordingly, if virus carriers do not take appropriate infection control 44 
measures during the asymptomatic period, they may play an important role in unintentional COVID-19 spread (6, 45 
7). The most likely asymptomatic carriers are considered close contacts, defined as individuals who had contact 46 
with infected persons for more than 15 minutes within a 1-m distance without properly wearing masks, and these 47 
individuals are considered at high risk of exposure to SARS-CoV-2 and developing infection (8, 9). Nevertheless, 48 
how the virus spreads and multiplies in the body after brief close contact with an infected person has not been 49 
sufficiently studied. 50 

The nasal cavity comprises important tissue for the replication of SARS-CoV-2, and SARS-CoV-2 can cause 51 
chemosensory dysfunction and affect olfaction (10, 11). In the early days of the COVID-19 pandemic, olfactory 52 
dysfunction was often the first manifestation of COVID-19 (12). The prevalence and severity of COVID-19-53 
related olfactory dysfunction has decreased since the omicron variant became prevalent, but it remains an 54 
important issue as a sequela of COVID-19 (13). Despite the nose being an essential sensory organ, it has not been 55 
fully elucidated whether short-term close contact with an infected person can cause nasal damage. In previous 56 
studies using animal models, animals were administered high doses of SARS-CoV-2 and severe nasal epithelial 57 
damage was identified within a few days after viral exposure (14-17). However, as high doses of viruses are 58 
unlikely to be taken in at once in a real-life environment, the damage to the olfactory epithelium (OE) of the nose 59 
in these SARS-CoV-2 infection models may be discrepant from the actual situation. Therefore, it is imperative to 60 
validate close-contact infection models that readily resemble the infection situation in daily life. In addition, 61 
SARS-CoV-2 can be transmitted both nasally and orally in daily life, and the longitudinal tissue damage after 62 
nasal and oral virus administration needs to be evaluated.  63 

The OE is composed of supporting cells (sustentacular cells), basal progenitor cells, immature olfactory receptor 64 
cells (ORNs), and mature ORNs (18). Basal cells and supporting cells are particularly susceptible to damage by 65 
SARS-CoV-2 infection, and the entire OE may be denuded depending on the site (10, 14, 15, 19). This OE 66 
impairment improves over time, and the OE is nearly normalized within approximately 1 month after SARS-67 
CoV-2 infection, although the regenerative kinetics may differ according to the nose area, such as the nasal septum 68 
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and lateral nasal turbinate (14). Although temporal histological changes in the epithelial thickness of the OE over 69 
time have been reported, the impact of SARS-CoV-2 on the various cell groups comprising the OE over time has 70 
not been verified. Furthermore, as the susceptibility to damage and regeneration progression varies depending on 71 
the location in the nose (20, 21), it would be meaningful to examine the effects of SARS-CoV-2 on the OE, 72 
especially on the ORN lineage, in a site-specific manner. 73 

In this study, to elucidate the biological effects of short-term close contact with SARS-CoV-2 infected individuals, 74 
we created short-term contact models and examined histological and molecular biological changes over time in 75 
the nose and lungs. Next, we examined the temporal changes in the OE in a nasal-cavity site-specific manner in 76 
hamsters infected with SARS-CoV-2. Last, we compared the time course of virus spread in tissues between direct-77 
infection and close-contact models. 78 

2 Materials and Methods 79 

2.1 Animals 80 

We selected Syrian hamsters (Mesocricetus auratus) as the animal model for this study because Syrian golden 81 
hamsters have been used in various studies related to SARS-CoV-2 and are recognized as an excellent small 82 
animal model for SARS-CoV-2 infection (22, 23). Six-week-old, male Syrian hamsters were purchased from 83 
Japan SLC (Hamamatsu, Shizuoka, Japan) and maintained in a specific pathogen-free environment at the Animal 84 
Research Center of Nara Medical University. The animal experimental protocols followed the ARRIVE 85 
guidelines and were approved by The Animal Care and Use Committee at Nara Medical University (approval 86 
number, 12922). All procedures were performed in compliance with relevant guidelines on the Care and Use of 87 
Laboratory Animals, Nara Medical University and Animal Research, and Animal Care and Use Committee of the 88 
University of Tokyo. 89 

2.2 Animal model preparation 90 

SARS-CoV-2 infected animal models were prepared following previously reported methods (19, 24). In short, 91 
the SARS-CoV-2 strain (JPN/TY/WK-521, provided by the National Institute of Infectious Diseases, Japan) was 92 
used. Twenty-four hamsters were distributed into three groups: four hamsters in the control group, 12 hamsters 93 
in the SARS-CoV-2 transoral infection group (infected group), and eight hamsters in the short-term close-contact 94 
group (contact group). All experiments using SARS-CoV-2 were performed at the biosafety level 3 experimental 95 
facility of Nara Medical University, Japan. The time course is shown in Figure 1A. 96 

The hamsters were anesthetized with an intraperitoneal injection of pentobarbital (10 mg/mL, 0.8 mL/hamster) 97 
before virus inoculation. To the SARS-CoV-2 transoral infection group, 50 μL of virus solution diluted with saline 98 
(including 1.0×103 pfu of SARS-CoV-2) was administered orally as previously reported (19, 24). To the control 99 
group, 50 μL of saline was administered. At 3, 7, and 14 days after inoculation, the SARS-CoV-2-inoculated 100 
hamsters were euthanized by intraperitoneal injection of 1.0 ml sodium pentobarbital (10 mg/mL) followed by 101 
cardiac exsanguination.  102 
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To prepare the short-term close-contact models, uninfected hamsters were transferred to the cages of infected 103 
hamster on day 3 of SARS-CoV-2 administration and cohoused. After 30 minutes of cohabitation, the short-term 104 
close-contact hamsters and directly infected hamsters were separated. Three and 7 days after contact, the close-105 
contact-group hamsters were euthanized. The noses were sampled for histopathological examination, and the 106 
lungs were sampled for histopathological examination and quantitative polymerase chain reaction (qPCR).  107 

2.3 RNA extraction and RT-qPCR  108 

We validated SARS-CoV-2 viral RNA in the lungs to confirm the SARS-CoV-2 infection status of each hamster. 109 
Total RNA was isolated from the lung using NucleoSpin® RNA (Macherey-Nagel, Düren, Germany), and then 110 
converted to cDNA using a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, 111 
MA, USA), according to the previous protocol (19, 24) and the manufacturer’s instructions. RT-qPCR analysis 112 
was performed using a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific). The gene-specific 113 
primers and probes used were: Gapdh as endogenous control (TaqMan assay Cg04424038) and SARS-CoV-2 114 
nucleocapsid gene (forward: 5’- AAATTTTGGGGACCAGGAAC -3’, reverse: 5’- 115 
TGGCAGCTGTGTAGGTCAAC -3’, the TaqMan probe: FAM-ATGTCGCGCATTGGCATGGA-BHQ). The 116 
expression levels of each gene were normalized to the level of Gapdh expression for each sample. 117 

2.4 Tissue preparation 118 

Immediately after tissue harvesting, the lungs and nasal tissues assigned for histological analyses were gently 119 
irrigated and fixed in 4% paraformaldehyde for 14 days. Then, the tissue samples were decalcified, dehydrated in 120 
graded ethanol solutions, and embedded in paraffin. Coronal sections were obtained from all samples at the level 121 
of the anterior end of the olfactory bulb for histological analysis of the olfactory mucosa (18, 25-27). Four-122 
micrometer-thick paraffin sections were deparaffinized in xylene and rehydrated in ethanol before staining.  123 

2.5 Histological analyses 124 

Hematoxylin and eosin staining was performed to evaluate the overall tissue structure. For immunostaining, 125 
deparaffinized sections were treated with 3% hydrogen peroxide to block endogenous peroxidase activity and 126 
then incubated in Blocking One solution (Nacalai Tesque, Kyoto, Japan) to block non-specific immunoglobulin 127 
binding. After antigen retrieval, the samples were incubated with primary antibodies, followed by secondary 128 
antibodies.  129 

The primary antibodies used in this study are listed in Table 1. Anti-SARS-CoV-2 nucleocapsid antibody was 130 
used to identify SARS-CoV-2. The following antibodies were used to evaluate ORN neurogenesis: sex-131 
determining region Y-box 2 (SOX2), expressed by proliferating stem cells or progenitor cells in the basal layer of 132 
the OE; growth-associated protein 43 (GAP43), expressed by immature ORNs in the OE; and olfactory marker 133 
protein (OMP), expressed by mature ORNs in the OE. 134 

The ORNs are classified into four groups according to their zonal-expression patterns, and odorant receptors are 135 
expressed by sensory neurons distributed within one of four circumscribed zones (28-30). Of these, zone 1 is 136 
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determined by co-localization with NQO1 expression and zones 2–4 are determined by OCAM expression (28-137 
31). Our previous studies have shown that the OE of the dorsal nasal septum area represents OCAM-/NQO1+ 138 
expression (Zone 1) and that of the lateral area represents OCAM+/NQO1- expression (zones 2–4). Therefore, to 139 
analyze the OE, we divided coronal sections of the OE into two areas along the zonal organization: the dorsal 140 
nasal septum (NS) area and lateral turbinate (LT) area (Figure 1B).  141 

Images were captured using a digital microscope camera (Keyence BZ-X700, Osaka, Japan) with 10× and 40× 142 
objective lenses. OMP+ ORNs, SOX2+ ORN progenitors, and GAP43+ immature ORNs in a 300-μm region of 143 
each area were counted in the right and left sides of each sample. The number of each cell type was quantitatively 144 
analyzed using sections with immunostaining for each antigen and counterstaining with hematoxylin.  145 

2.6 Statistical analysis 146 

Statistical comparisons between groups were performed with one-way analysis of variance using GraphPad Prism 147 
software (version 6.7; GraphPad Software, Inc., San Diego, CA, USA, www.graphpad.com). qPCR data were 148 
subjected to logarithmic transformation prior to analysis. Results with p < 0.05 were considered statistically 149 
significant. 150 

3 Results 151 

3.1 Time course of SARS-CoV-2 infection after oral virus inoculation is analogous in the nose and 152 
lungs with a tendency to subside 7 days post infection 153 

To confirm that SARS-CoV-2 infection was established, we preliminary evaluated the presence of the virus in the 154 
noses and lungs of the SARS-CoV-2-infected hamsters on day 3 after oral inoculation with immunohistochemistry 155 
and RT-qPCR. The virus was identified in the noses with immunohistochemistry and in the lungs with 156 
immunohistochemistry and RT-qPCR. Viruses were found in various areas of the nasal cavity but were not evenly 157 
spread throughout the nasal mucosa. On day 7 post infection, the presence of virus diminished in both the noses 158 
and lungs, and the viral load in the lungs was reduced to less than 1 in 1000 according to the qPCR analyses. In 159 
the nasal cavity, the virus was rarely observed in the area near the nasal septum, but the virus was still present in 160 
the outer region. On the 14th day of infection, no virus was identified histologically in either the noses or lungs 161 
(Figure 2A, 2B) and no viral genes could be detected with qPCR (Figure 2C). 162 

Taken together, in the virus-direct inoculation model, the infection findings were severe on approximately day 3, 163 
and the viral load decreased on day 7 after virus administration; by day 14, the virus had almost completely 164 
cleared from the nose and lungs (Figure 2).  165 

3.2 No SARS-CoV-2 infection signs appeared in the first few days after short-term close contact but 166 
became apparent after a certain period following contact 167 

Next, we examined whether SARS-CoV-2 could infect the nose and lungs over time by brief contact with infected 168 
animals. SARS-CoV-2 was not identified in the noses or lungs on day 3 after short-term contact, but the virus was 169 
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extensively identified in both the nose and lungs of all hamsters on day 7 after close contact. In the nasal cavity, 170 
the virus was more apparent in the LT area than in the NS area. As for the lungs, on day 7, more virus was present 171 
in the close-contact group than in the direct-infection group, at an almost similar level to that of day 3 in the 172 
direct-infection group (Figure 3). The period for the virus to be identified in the tissues was markedly delayed 173 
compared to the direct-infection group. 174 

3.3 Transoral SARS-CoV-2 infection influences the ORNs at various differentiation stages over time 175 

Subsequently, we examined the temporal effects of SARS-CoV-2 infection on the ORN lineage in the direct-176 
infection model. We found differences in tissue damage between the NS and LT areas; in the NS area, on day 3, 177 
almost all superficial cells above the basal layer were missing, especially in the severely damaged areas, but the 178 
thickness of the OE tended to recover on day 14 of infection, suggesting OE regeneration. Conversely, in the LT 179 
area, the OE did not detach from the basal layer during days 3 to 14 after virus administration (Figure 4A). Figure 180 
4 illustrates representative findings in the most severely affected areas of the OE. 181 

In addition, we examined the impact of SARS-CoV-2 on all ORN lineage cells depending on the OE area. SOX2+ 182 
olfactory progenitors were scarcely identified in the NS area on days 3 and 7 but recovered to the same level as 183 
that in the control group on day 14. In contrast, in the LT area, the number of SOX2+ cells decreased on days 3 184 
and 7, but it became higher on day 14 compared to that of the control group (Figure 4B). GAP43+ immature ORNs 185 
could scarcely be seen in both the NS and LT areas on days 3 and 7, whereas the number of these cells increased 186 
on day 14 compared to the control group (Figure 4C). OMP+ ORNs could rarely be observed in the NS area on 187 
days 3 and 7, but a recovery tendency in cell counts was evident on day 14, but did not reach the level in the 188 
control group. In the LT area, OMR+ ORNs existed to some extent in the OE on days 3, 7, and 14, although they 189 
were fewer than those in the control group (Figure 4D). Thus, the ORN lineage was differently affected by SARS-190 
CoV-2 infection in the NS and LT areas. 191 

3.4 Short-term close contact with SARS-CoV-2 infected models causes late damage in all ORN lineage 192 
cells 193 

Last, we investigated how late-onset SARS-CoV-2 infection by short-term close contact with infected animals 194 
influences the OE over time. Although no structural changes in the OE were observed on day 3 after short-term 195 
close contact, marked disruption of the OE in the NS area was observed on day 7 (Figure 5A). 196 
Immunohistological examination showed no significant differences in the number of all ORN lineage cells of the 197 
OE on the 3rd day after contact compared with the control group, which supported the observation that no virus 198 
was identified in the tissue. Conversely, in the OE on day 7 after contact, neither SOX2+ olfactory progenitors 199 
nor GAP43+ immature ORNs could be identified in the NS or LT area, with only a few OMP+ mature ORNs in 200 
the LT area (Figure 5B-D). Thus, it was evident that short-term close contact could impair the ORN lineage, and 201 
the timing of this impairment was later than that by direct virus administration.  202 

4 Discussion 203 
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The present study showed that short-term close contact with infected hamsters did not cause nasal or pulmonary 204 
damage by day 3 but resulted in widespread infection of the nose and lungs within 7 days. In contrast, direct 205 
SARS-CoV-2 administration caused tissue damage in the nose and lungs with the virus being detected within a 206 
few days. Thereafter, the viral load in the tissues decreased over time, and no virus was identified in the nose or 207 
lungs 14 days post infection. We also demonstrated that SARS-CoV-2 extensively damaged the OE, and the 208 
degree of OE damage over time varied depending on the OE site. The numbers of ORN-related cells were reduced 209 
in all lineage cells with time and then tended to recover (Figure 6). 210 

Clinically, the incubation period, which required for COVID-19 symptoms to appear, is approximately 6 days (3, 211 
32), and SARS-CoV-2 RNA shedding lasts approximately 17 days in the upper respiratory tract (33, 34). Animal 212 
studies using SARS-CoV-2 infection models have reported that the viral load is highest on days 2–5 after virus 213 
administration (14, 35, 36) and the virus is eliminated from the tissues on days 8–10 after administration (14, 35); 214 
the direct-infection model in the present study showed a similar trend in viral load. In this study, the SARS-CoV-215 
2 viral load in hamsters increased after 1 week, despite a short contact time of 30 minutes. Therefore, there is a 216 
risk of viral transmission when in contact with SARS-CoV-2 infected individuals, even if it is only for a short 217 
period of time (approximately 30 minutes). Even though the virus could not be identified in the nose or lungs on 218 
the 3rd day after close contact, severe damage in both tissues was observed on the 7th day after contact, suggesting 219 
that the 4th to 6th day after contact with the infected animal was the time when the virus, which had remained 220 
latent in the meantime, multiplied. Although the present validation could only examine a period of 7 days after 221 
close contact, on day 7, the viral load in the lungs of the animals in the close-contact group was higher than that 222 
of the animals in the direct-infection group, implying that another week or longer may be required for the viral 223 
load level to become sufficiently low. Temporal changes in viral load and tissue damage after close contact remain 224 
a future topic of investigation. 225 

Regarding the transmission form in this short-term close-contact model, as the mouths and noses of the hamsters 226 
were not covered, various routes of infection may be considered, including contact, droplet, and airborne infection. 227 
Accordingly, if someone infected with SARS-CoV-2 talks or eats with others without a mask for 30 minutes, he 228 
or she can spread the infection to others. The percentage of people contracting SARS-CoV-2 and being 229 
asymptomatic is estimated to range from 1.2 to 12.9% (37, 38). It has now been more than 2 years since COVID-230 
19 became endemic, and the spread of infection has not been well-controlled. If asymptomatic carriers do not 231 
take appropriate infection control measures, they may spread the SARS-CoV-2 infection without realizing it.  232 

Olfactory dysfunction caused by SARS-CoV-2 is quite common, and it is now well established how the virus 233 
spreads to various olfactory-related tissues, such as the olfactory mucosa, olfactory bulb, and olfactory cortex 234 
(39-41). Regarding the effects of SARS-CoV-2 on the OE, it has been reported that the degree of epithelial damage 235 
and recovery rate of the OE differ depending on the location in the nasal cavity (14). However, the impact of 236 
SARS-CoV-2 on each ORN lineage cell has not been sufficiently verified. We previously reported that all ORN 237 
lineage cells are impaired by SARS-CoV-2 (19), and in this study, we verified related longitudinal effects for the 238 
first time to our knowledge.  239 
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In the NS area, SARS-CoV-2 infection caused shedding of almost all cells of the OE and greatly thinned the OE. 240 
The supporting cells of the OE express high levels of ACE2 (15, 42, 43), which may be susceptible to infection 241 
by SARS-CoV-2. It is possible that SARS-CoV-2 infection of the supporting cells interferes with their structural 242 
support, resulting in widespread epithelial shedding. ACE2 is also expressed in the basal olfactory progenitor 243 
cells (10, 42), and the low number of SOX2-positive cells on day 3 post infection suggests that SARS-CoV-2 244 
infection may have directly impaired the olfactory progenitor cells. In addition, as the other receptor of SARS-245 
CoV-2, neuropilin-1 is expressed in almost all cells of the OE (44, 45), it is not surprising that all ORN lineage 246 
cells could be affected by SARS-CoV-2. Thereafter, by day 14, the olfactory progenitors and immature ORNs had 247 
developed, and epithelial regeneration had become active, but mature ORNs had not sufficiently regenerated, 248 
suggesting that overall recovery from SARS-CoV-2 infection-induced OE damage may require longer than 14 249 
days (Figure 6). In fact, Urata et al. (14) and Reyna et al. (35) reported that in the NS, more than 21 days are 250 
needed for the OE thickness to recover to normal. Based on the results of this validation and previous reports, our 251 
hypothesis regarding the temporal impact of SARS-CoV-2 on the ORN lineage is presented in Figure 6. 252 

In the LT area, the number of OMP-positive cells did not considerably change over time, possibly because some 253 
ORNs are impaired by the virus, whereas the unimpaired ORNs remain present in the OE. Thus, it is conceivable 254 
that the SARS-CoV-2 receptor expression of the cells in that area may differ depending on the olfactory epithelium 255 
site. Moreover, given the increase in GAP43+ immature ORNs in the LT area on day 14, the number of impaired 256 
OMP+ mature ORNs is expected to increase on day 14 or later. As shown in Figure 6, the recovery of mature 257 
OMPs may need longer in the LT area than in the NS area because of the later timing of the numerical peak of 258 
ORN progenitors and immature ORNs in the LT area than in the NS area. Future studies are needed for further 259 
observations of the long-term infectious course after short-term close contact. 260 

In conclusion, the present study demonstrated that SARS-CoV-2 can be transmitted even after brief contact and 261 
that subsequent OE damage occurs more than 3 days after the trigger of infection. Moreover, SARS-CoV-2 could 262 
damage the olfactory receptor system, but the damage could begin to recover approximately 14 days post infection. 263 
For SARS-CoV-2 infection control, it is desirable to have a global discussion on the infection control measures 264 
that should be implemented and to create common worldwide rules.  265 
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Table 1. The primary antibodies used in this study 443 

Primary antibody Source Catalog No. Host Type Dilution 

SARS-CoV-2 

nucleocapsid 
GeneTex (Irvine, CA, USA) GTX135357 Rabbit polyclonal 1:1000 

SOX2 Abcam (Cambridge, UK),  ab92494 Rabbit monoclonal 1:300 

GAP43 Novus Biologicals (Centennial, CO, USA) NB300-143B Rabbit polyclonal 1:1000 

OMP Wako (Tokyo, Japan) 019-22291 Goat  polyclonal 1:8000 

  444 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 5, 2022. ; https://doi.org/10.1101/2022.09.03.506499doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.03.506499
http://creativecommons.org/licenses/by-nc-nd/4.0/


Short-term Close Contact with SARS-CoV-2 

16 
 

Figure legends 445 

Figure 1. Experimental timeline and nasal structure. 446 

A: Hamsters were administered orally severe acute respiratory syndrome coronavirus 2 (SARS-447 
CoV-2) (1.0×103 pfu). To prepare the short-term close-contact models, the uninfected hamsters 448 
were cohoused for 30 minutes with SARS-CoV-2 infected hamsters (3 days after SARS-CoV-2 449 
inoculation), and then separated. B: Representative images of the olfactory epithelium from control 450 
hamsters. The boxes indicate the regions of the dorsal nasal septum (NS) and lateral turbinate (LT) 451 
areas. 452 

Figure 2. Temporal SARS-CoV-2 infection findings in the nose and lungs. 453 

A: Representative images of immunohistological staining of severe acute respiratory syndrome 454 
coronavirus 2 (SARS-CoV-2) in control (CT) hamsters and SARS-CoV-2 hamsters on days 3, 7, 455 
and 14. SARS-CoV-2 is shown in brown. B: Immunohistochemistry staining of SARS-CoV-2 in 456 
the lung. C: SARS-CoV-2 gene detection with RT- quantitative polymerase chain reaction in the 457 
CT hamster and SARS-CoV-2 hamsters on days 3, 7, and 14.  458 

SARS-CoV-2: severe acute respiratory syndrome coronavirus 2 459 

Figure 3. Representative SARS-CoV-2 infection findings in the nose and lungs after short-term 460 
close contact with SARS-CoV-2 infected animals 461 

A, B: Representative images of SARS-CoV-2 staining in the nose (A) and lungs (B) 3 and 7 days 462 
after short-term close contact with SARS-CoV-2 infected animals (co-Day 3, co-Day 7). The 463 
number of each type of cell in a 300-μm region of each area was counted in the right and left sides 464 
of each sample (n = 4, each group). C: SARS-CoV-2 gene detection with RT- quantitative 465 
polymerase chain reaction in the CT hamster and contact hamsters on days 3 and 7. 466 

SARS-CoV-2: severe acute respiratory syndrome coronavirus 2 467 

Figure 4. Effects of SARS-CoV-2 infection on the olfactory receptor neuron lineage 468 

A: Representative hematoxylin and eosin staining (HE) images of the olfactory epithelium in 469 
control (CT) hamsters and SARS-CoV-2 hamsters on days 3, 7, and 14. B-D: Representative images 470 
of immunohistological staining in CT and SARS-CoV-2 hamsters. Nasal septum (NS) area and 471 
lateral turbinate (LT) area are shown in magnified view. Sex-determining region Y-box 2 (SOX2)+ 472 
progenitor cells (B), growth-associated protein 4 (GAP43)+ immature olfactory receptor neurons 473 
(ORNs) (C), and olfactory marker protein (OMP)+ ORNs (D) are shown in brown. The basal layer 474 
is indicated by arrows. Tissue sections were counterstained with the nuclear dye hematoxylin (blue). 475 
Numbers of SOX2+ ORN progenitors per 300 μm of the basal layer, and GAP43+ immature ORNs 476 
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and OMP+ mature ORNs per 300 μm of olfactory epithelium in each area are counted in CT or 477 
SARS-CoV-2 hamsters. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. 478 

SARS-CoV-2: severe acute respiratory syndrome coronavirus 2 479 

Figure 5. Effects of SARS-CoV-2 on the olfactory receptor neuron lineage after short-term close 480 
contact 481 

A: Representative hematoxylin and eosin staining (HE) images of the olfactory epithelium in 482 
control (CT) hamsters and contact hamsters on days 3 and 7 (co-Day 3, co-Day7). B–D: 483 
Representative images of immunohistological staining. The nasal septum (NS) area and lateral 484 
turbinate (LT) area are shown in magnified view. Sex-determining region Y-box 2 (SOX2)+ 485 
progenitor cells (B), growth-associated protein 4 (GAP43)+ immature olfactory receptor neurons 486 
(ORNs) (C), and olfactory marker protein (OMP)+ ORNs (D) are shown in brown. The basal layer 487 
is indicated by arrows. Tissue sections were counterstained with the nuclear dye hematoxylin (blue). 488 
Numbers of SOX2+ ORN progenitors per 300 μm of the basal layer and GAP43+ immature ORNs 489 
and OMP+ mature ORNs per 300 μm of olfactory epithelium in each area are counted in CT or 490 
contact hamsters. ****, P < 0.0001. 491 

SARS-CoV-2: severe acute respiratory syndrome coronavirus 2 492 

Figure 6. Hypothesis of temporal changes in the SARS-CoV-2 viral load in the lungs and the 493 
number of olfactory receptor neuron-related cells in different nasal areas 494 

Changes over time in the ratio of the number of olfactory receptor neuron lineage cells divided by 495 
that of the control group at each time point are displayed in the graph. The dashed line shows the 496 
speculated future trend. In addition, the estimated viral load of SARS-CoV-2 in the lungs is overlaid 497 
on each graph.  498 

NS: nasal septum, LT: lateral turbinate, OMP: OMP+ mature olfactory receptor neurons, GAP43: 499 
GAP43+ immature olfactory receptor neurons, SARS-CoV-2: severe acute respiratory syndrome 500 
coronavirus 2, SOX2: SOX2+ olfactory progenitors. 501 
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