
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Article
SARS-CoV-2 reinfection p
revents acute respiratory
disease in Syrian hamsters but not replication in the
upper respiratory tract
Graphical abstract
Highlights
d Syrian hamsters develop a strong, durable humoral response

after SARS-CoV-2 infection

d Syrian hamsters develop chronic lesions consistent with

alveolar bronchiolization

d Reinfection results in reduced viral replication in the upper

respiratory tract

d Reinfection does not result in acute pulmonary disease in the

Syrian hamster
Hansen et al., 2022, Cell Reports 38, 110515
March 15, 2022
https://doi.org/10.1016/j.celrep.2022.110515
Authors

Frederick Hansen,

Kimberly Meade-White, Chad Clancy, ...,

Michael A. Jarvis, Kyle Rosenke,

Heinz Feldmann

Correspondence
feldmannh@niaid.nih.gov (H.F.),
kyle.rosenke@nih.gov (K.R.)

In brief

Hansen et al. show that SARS-CoV-2

infection of hamsters results in an acute

pulmonary disease and that hamsters

develop a strong, durable antibody

response with lesions consistent with

alveolar bronchiolization. SARS-CoV-2

reinfection results in low levels of viral

replication in the upper respiratory tract

and protection from acute respiratory

disease
ll

mailto:feldmannh@niaid.nih.gov
mailto:kyle.rosenke@nih.gov
https://doi.org/10.1016/j.celrep.2022.110515
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2022.110515&domain=pdf


OPEN ACCESS

ll
Article

SARS-CoV-2 reinfection prevents acute respiratory
disease in Syrian hamsters but not replication
in the upper respiratory tract
Frederick Hansen,1,5 Kimberly Meade-White,1,5 Chad Clancy,2 Rebecca Rosenke,2 Atsushi Okumura,1

David W. Hawman,1 Friederike Feldmann,2 Benjamin Kaza,1 Michael A. Jarvis,1,3,4 Kyle Rosenke,1,*
and Heinz Feldmann1,6,*
1Laboratory of Virology, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Rocky Mountain Laboratories, 903

S 4th Street, Hamilton, MT 59840, USA
2Rocky Mountain Veterinary Branch, Division of Intramural Research, National Institute of Allergy and Infectious Diseases, National Institutes

of Health, Hamilton, MT, USA
3University of Plymouth, Plymouth, Devon, UK
4The Vaccine Group Ltd, Plymouth, Devon, UK
5These authors contributed equally
6Lead contact

*Correspondence: feldmannh@niaid.nih.gov (H.F.), kyle.rosenke@nih.gov (K.R.)

https://doi.org/10.1016/j.celrep.2022.110515
SUMMARY
Human cases of SARS-CoV-2 reinfection have been documented throughout the pandemic, but are likely un-
der-reported. In the current study, we use the Syrian hamster SARS-CoV-2 model to assess reinfection with
homologousWA1 and heterologous B.1.1.7 (Alpha) and B.1.351 (Beta) SARS-CoV-2 variants over time. Upon
primary infection with SARS-CoV-2 WA1, hamsters rapidly develop a strong and long-lasting humoral im-
mune response. After reinfection with homologous and heterologous SARS-CoV-2 variants, this immune
response protects hamsters from clinical disease, virus replication in the lower respiratory tract, and acute
lung pathology. However, reinfection leads to SARS-CoV-2 replication in the upper respiratory tract with
the potential for virus shedding. Our findings indicate that reinfection results in restricted SARS-CoV-2 repli-
cation despite substantial levels of humoral immunity, denoting the potential for transmission through rein-
fected asymptomatic individuals.
INTRODUCTION

In late 2019, severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2), the causative agent of coronavirus disease

2019 (COVID-19) was first reported from Wuhan, China (Chen

et al., 2020; Lu et al., 2020; Wu et al., 2020). After the initial

outbreak, SARS-CoV-2 was declared a pandemic on March

11, 2020 (WHO, 2020). More than 440 million cases and 5.9

million deaths have been reported globally to date (WHO,

2021). Cases of SARS-CoV-2 reinfection have been reported

from many countries since the beginning of the pandemic;

however, whether these cases represent real reinfection events

has been difficult to verify (CDC, 2021a; Boyton and Altmann,

2021). An understanding of the dimension of reinfection resulting

in viral shedding and the effect of prior immunity on acute

disease development are important from a public health

management perspective.

The first confirmation of reinfection by genomic sequencing

was reported from Hong Kong in August 2020, with the patient

experiencing an asymptomatic reinfection with a variant from a

different clade 142 days after the initial symptomatic infection
This is an open access article under the CC BY-N
(To et al., 2020). Since then, several additional reinfections

have been documented experiencing varying degrees of disease

severity (Prado-Vivar et al., 2021; Van Elslande et al., 2021;

Gupta et al., 2020; Tillett et al., 2021; Zucman et al., 2021),

including an immunocompetent 25-year-old Nevada man expe-

riencing severe COVID-19 after reinfection with a distinct 20C

clade SARS-CoV-2 variant only 48 days after an initial mild dis-

ease (Tillett et al., 2021).

Reinfection with related coronaviruses is not unprecedented

and has been clearly demonstrated for three of the four seasonal

human coronaviruses: NL63, OC43, and 229E (Poland et al.,

2020). Protective immunity gained from primary infection with

these seasonal coronaviruses can wane quickly, and reinfection

is possible within 6–12 months after the initial infection (Edridge

et al., 2020). Rates of reinfection can be considerable, with one

Kenyan study finding that, within 6 months of a primary infection,

reinfection among study participants occurred at rates of 21%,

5.7%, and 4.0% for NL63, OC43, and 229E, respectively (Kiyuka

et al., 2018).

Specific IgG and neutralizing antibodies have been detected in

recovered COVID-19 patients for at least 5–8 months after
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infection, suggesting a prolonged humoral immune response

and the potential for protection against reinfection and disease

(Wajnberg et al., 2020; Borgonovo et al., 2021; Fotouhi et al.,

2021; Chvatal-Medina et al., 2021; Gudbjartsson et al., 2020;

Dan et al., 2021; Lumley et al., 2021). However, some studies

have suggested that the intensity and longevity of the SARS-

CoV-2 humoral responses correlate with disease severity, with

IgG and neutralizing antibody titers decliningmore rapidly (within

1–4 months) (Ibarrondo et al., 2020; Lau et al., 2021; Long et al.,

2020; Roltgen et al., 2020; Self et al., 2020).

Studies assessing the potential for reinfection with homolo-

gous SARS-CoV-2 variants in several animal models have found

that primary infection induced immune responses capable of

protecting against disease with evidence of low-level viral

replication (Bosco-Lauth et al., 2020; Brustolin et al., 2021;

Chandrashekar et al., 2020; Clark et al., 2021; Deng et al.,

2020; Imai et al., 2020; Jiang et al., 2020). The relatively short

time from a primary infection to reinfection in these studies (%

35 days) is a limitation and long-term studies, in which the dura-

bility of the immune response is assessed, are critical to evaluate

the longevity of protection from SARS-CoV-2 reinfection.

Furthermore, studies assessing the susceptibility to reinfection

with heterologous SARS-CoV-2 variants of concern (VOCs) are

of high importance given the continuing emergence of multiple

VOCs including the Alpha, initially identified in the United

Kingdom (B.1.1.7), and Beta variants, initially identified in South

Africa (B.1.351). Both VOCs are associated with increases in

transmission compared to prototypical variants (CDC, 2021b;

Davies et al., 2021, Pearson et al., 2021). Additionally, decreases

in neutralizing activity against the B.1.351 variant in vaccinated

and recovered individuals has also been observed, making

animal studies investigating the reinfection potential of this and

other VOCs particularly important (CDC, 2021b; Wang et al.,

2021; Wu et al., 2021).

The Syrian hamster is an established SARS-CoV-2 infection

model that is associated with mild to moderate respiratory

disease with high levels of shedding from the upper respiratory

tract and virus replication in the lung (Imai et al., 2020; Rosenke

et al., 2020; Sia et al., 2020). In the present study, we used the

Syrian hamster model to assess the potential for homologous

SARS-CoV-2 reinfection at timepoints up to 5 months after

infection while concurrently tracking specific IgG and neutral-

izing antibody responses of primary infected hamsters. We

also investigated the potential for heterologous reinfection in

hamsters using the B.1.1.7 Alpha and B.1.351 Beta variants at

7 weeks after infection. Our studies showed that previous

SARS-CoV-2 infection protected hamsters reinfected with

homologous and heterologous SARS-CoV-2 variants from lung

disease, but not from SARS-CoV-2 replication in the upper

respiratory tract. This indicates that transmission through rein-

fected asymptomatic individuals is possible.

RESULTS

Primary infection
Initially, we established primary infection models in the Syrian

hamster with the B.1.1.7 (Alpha) and B.1.151 (Beta) VOCs in

comparison with the WA1 variant. Groups of six animals
2 Cell Reports 38, 110515, March 15, 2022
were intranasally infected with 1 3 103 at 50% of the

tissue culture infective dose (TCID50) of either SARS-CoV-2

isolate WA-CDC-WA1/2020 (designated WA1), SARS-CoV-

2_2hCOV_19_England_204820464_2020 isolate (designated

B.1.1.7, Alpha), or SARS-CoV-2 isolate nCoV-hCoV-19/USA/

MD-HP01542/2021 (designated B.1.351, Beta) as described

before (Rosenke et al., 2020). Hamsters were monitored for

clinical signs and weight loss over 5 days. While the WA1-

and B.1.1.7-infected animals lost between 5.2% and 7.0%

of their body weight over those days, the B.1.151-infected

hamsters only lost about 1.6% of their weight on average (Fig-

ure S1A). Additional signs of disease were rather mild, with

hunched posture and ruffled fur observed in animals of all

groups.

Oral swabs were collected at 3 and 5 days post-infection (DPI)

and lung tissue was harvested on 5 DPI. All samples were

analyzed for viral RNA and infectious virus using a previously

described subgenomic (sg) E quantitative polymerase chain

reaction (qPCR) (Corman et al., 2020) and TCID50 assays

(Rosenke et al., 2020). Oral swabs showed comparable sgRNA

levels among all three variants (Figure 1A). Infectious virus titers

in the oral swabs were higher for the B.1.351-infected animals,

but the difference was not statistically significant (Figure 1B).

Statistically significant differences in lung viral loads, however,

were noticed, with WA1-infected animals showing significantly

lower sgRNA levels and infectious virus titers (Figures 1C and

1D). Although differences in lung viral loads were found between

the B.1.1.7 and B.1.351 VOCs, only the infectious virus titers

were statistically significant from one another (Figure 1D). During

the acute stage primary infection with the B.1.1.7 and B.1.351

VOCs at 5 DPI, histopathologic lesions consisted of moderate

to severe broncho-interstitial pneumonia focused on terminal

airways (Figure 1E, left panels) consistent with pulmonary lesions

previously described for infections with WA1 (Rosenke et al.,

2020). SARS-CoV-2 antigen immunoreactivity was observed

primarily in type I pneumocytes, with moderate numbers of

pulmonary macrophages, type II pneumocytes, and bronchiolar

epithelial cells also exhibiting the SARS-CoV-2 antigen (Fig-

ure 1E, right panels). Overall, both VOCs were associated with

increased pathology and virus replication in the lower respiratory

tract.

Homologous reinfection
Syrian hamsters (n = 40) were infected intranasally with 200

times the median infectious dose (ID50) (1 3 103 TCID50) of

WA1 as determined previously (Rosenke et al., 2020). All infected

hamsters were monitored for clinical signs daily and oral swabs

were taken at 3 and 5 DPI (peak virus shedding) for virology.

Three animals were euthanized at 5 DPI (peak lung pathology)

to establish a baseline for virology and pathology of the primary

WA1 infection. The remaining infected hamsters (n = 38) were

allocated to three groups that were allowed to recover for either

14 (group 1, n = 9), 49 (group 2, n = 12) or 152 (group 3, n = 17)

DPI before reinfection with WA1 was performed as described

above (Figure 2A). Groups 2 and 3 contained additional animals

to compensate for possible attrition owing to age-related

mortality. For each group, three hamsters were euthanized on

the day of reinfection to establish another baseline for virology
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Figure 1. Primary infection with SARS-CoV-2 variants in the Syrian hamster model

Three groups of hamsters (n = 6) were infectedwith either of three SARS-CoV-2 variants, WA1, B.1.1.7 (Alpha) and B.1.351 (Beta) to compare oral shedding (A, B),

viral lung loads (C, D) and lung histopathology (E). A sg E qPCR assay was used tomeasure oral shedding of viral RNA aswell as viral RNA loads in the lung tissues

collected at the time of necropsy. A standard TCID50 assay was used to determine levels of infectious virus in both oral swabs and lungs. Hematoxylin and eosin

(H&E) and immunohistochemistry (IHC) staining were used to determine histopathology and SARS-CoV-2 antigen distribution in lung tissue.

(A) Viral sgE RNA in oral swabs at 3 DPI and 5 DPI.

(B) Infectious virus in oral swabs at 3DPI and 5DPI.

(C) Viral sgE in lungs at 5DPI.

(D) Infectious virus in lungs at 5DPI.

(E) Histology and SARS-CoV-2 antigen distribution in lung tissue. Histopathologic lesions at 5 DPI consisted ofmoderate to severe broncho-interstitial pneumonia

focused on terminal airways (H&E, left panels, original magnification3200). SARS-CoV-2 antigen immunoreactivity was observed primarily in type I pneumocytes

(IHC, right panels, original magnification3200) (scale bar, 100 mM). Statistical differences were determined using nonparametric one-way AVOVA (Kruskal-Wallis)

with correction for multiple comparisons in PRISM. WA1 infection (blue), B.1.1.7 infection (red), and B.1.351 infection (orange).
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and pathology. Following homologous reinfection animals were

monitored for clinical signs daily. Oral swabs were taken at 3

and 5 days post reinfection (DPR) (peak virus shedding) for

virology and the remaining hamsters in each group were eutha-

nized at 5 DPR (peak lung pathology) to collect lungs for virology
and pathology. To track the humoral immune responses over

time, serum samples were collected from all hamsters at the

time of euthanasia. For group 3, additional serum samples

were collected via retro-orbital blood collection at 73, 100, and

130 DPI.
Cell Reports 38, 110515, March 15, 2022 3
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Figure 2. Design of homologous reinfection

study and humoral immune response to

infection and reinfection

(A) Homologous reinfection study. Hamsters (n =

40) were infected intranasally with 1 3 103 TCID50

of WA1 SARS-CoV-2 and swabbed at 3 DPI and 5

DPI to monitor shedding and ensure all animals

were infected. Three animals were randomly

selected and necropsied at 5 DPI to measure

disease and infectious titers in the lung. The re-

maining 37 animals were divided into 3 groups for

reinfection at varying timepoints. Groups 1 (n = 9),

2 (n = 12), and 3 (n = 16) were allowed to recover

for 14, 49, and 152 DPI after primary infection and

were reinfected with WA1 SARS-CoV-2. Three

animals from each group were euthanized before

reinfection as infection controls for viral replication

and pathology (baseline). The humoral response

was measured over the course of the study with

serum collected at terminal timepoints; addition-

ally serum was collected from group 3 at 73, 100,

and 130 DPI. Oral swabs were collected at 3 DPR

and 5 DPR to monitor viral shedding. Lung tissue

was collected from all control and reinfected

hamsters at the time of necropsy (5 DPR) to

determine viral titers and lung pathology.

(B) Total IgG antibodies against the spike protein.

Total IgG antibodies were determined using an in-

house ELISA dilution series assay targeting the S1

region of the SARS-CoV-2 spike protein.

(C) Total IgG antibodies against the RBD. Total IgG

antibodies were determined using an in-house

ELISA assay targeting the RBD of the SARS-CoV-

2 spike protein.

(D) Neutralizing antibodies. Neutralizing antibody

titers were determined through a TCID50-based

neutralization assay using two-fold serially diluted

hamster serum and the homologous SARS-CoV-2

WA1-2020 strain. Solid gray circles are data points

from singly infected and hollow white circles are

data points generated from reinfected animals.

Statistical differences were determined using

nonparametric one-way AVOVA (Kruskal-Wallis)

with correction for multiple comparisons.
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Primary infection induced rapid, robust, and long-lasting

antibody responses

Serum samples from group 1–3 animals were evaluated for the

presence of neutralizing and total IgG antibodies specific to

either the WA1 spike S1 subunit or spike receptor binding

domain (RBD) antigens. By 5 DPI, antibody titers were 1:1,600

and between 1:1,600 and 1:6,400 against S1 and spike RBD an-

tigens, respectively (Figures 2B and 2C). These titers correlated

with a neutralizing antibody response within the range of 1:20 to

1:80 against infectious WA1 (Figure 2D). Peak IgG and neutral-

izing antibody responses were already observed at 14 DPI (Fig-

ures 2B–2D). High IgG and neutralizing antibody titers were

maintained over the entire 152-day period, even in the absence

of antigenic boost through reinfection, with no significant

decrease being observed between consecutive timepoints (Fig-
4 Cell Reports 38, 110515, March 15, 2022
ures 2B–2D). While a decrease in IgG RBD antibody titers was

detected at 130 DPI (group 3), this titer decrease was not statis-

tically significant compared with 100 and 152 DPI (Figure 2D).

Although antibody titers increased after homologous reinfection

in most groups in all assays, statistically significant boosting ef-

fects were not observed (Figure 2D). Together, these data show

that SARS-CoV-2 primary infection in hamsters results in rapid,

robust, and long-lasting IgG and neutralizing antibody responses

with small but insignificant boosting effect after homologous

reinfection.

Homologous reinfection was not associated with clinical

disease

Hamsters lost weight after primary infection for 6 days with re-

covery beginning on day 7 and continuing weight gain (Fig-

ure S1B). After homologous reinfection on 14 DPI, hamsters
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in group 1 continued to gain weight over the 5-day period. This

weight gain was attributed to the hamsters still being in their

juvenile growth phase (Figure S1C). No substantial weight

loss was observed for hamsters reinfected with homologous vi-

rus at 49 DPI (group 2) or 152 DPI (group 3) (Figure S1C). No

signs of clinical disease, as described above for primary in-

fected hamsters, were observed in any hamster after

reinfection.

Homologous reinfection resulted in viral replication and

shedding

Next, we evaluated oral swab and lung samples for infectious

virus and viral RNA. Oral swabs and lung samples from animals

after primary infection (3 and 5 DPI) contained high levels of

viral sgRNA (Figures 3A and 3C). Infectivity assays revealed

high levels of infectious virus in all lungs and low levels of infec-

tious virus in two of three oral swabs (Figures 3B and 3D). Oral

swabs and lung tissues were negative for sgRNA and infectious

virus before reinfection at 14 (group 1), 49 (group 2), and 152

(group 3) DPI, indicating clearance from primary SARS-CoV-2

infection (Figures 3A–3D). After homologous reinfection, all

groups had detectable sgRNA in the oral swabs at 3 DPR (Fig-

ure 3A) (group 1: 6 of 6 hamsters (100%), group 2: 4 of 9 ham-

sters (45%), and group 3: 12 of 13 hamsters (92%). The sgRNA

levels in the reinfected hamsters were significantly lower than

what was detected after the initial infection (Figure 3A). Infec-

tious virus was isolated from oral swabs at 3 DPR in 3 of 6 an-

imals in group 1 (50%), 2 of 9 animals in group 2 (22%), and 5

of 13 animals in group 3 (38%) (Figure 3B). While notable, these

infectious titers were not statistically significant compared with

the pre-reinfection baselines. At 5 DPR, oral sgRNA levels

decreased for all groups, with the majority of hamsters being

negative at this time point (Figure 3A). Infectious titers also

decreased at 5 DPR, with only one hamster in groups 1

(16%) and 3 (8%) showing low titers of infectious virus (Fig-

ure 3B). Interestingly, no reinfected hamsters had detectable

sgRNA in the lung samples at 5 DPR (Figure 3C). However,

two of the nine (22%) hamsters from group 2 had infectious vi-

rus in the lungs, a result that was not statistically different from

the pre-reinfection baselines (Figure 3D). Overall, homologous

reinfection resulted in transient, short-lived, low-level SARS-

CoV-2 replication in the upper respiratory tract with negligible

spread to the lungs.
Figure 3. Viral replication and pulmonary pathology after homologous

A sgE qPCR assay was used to detect viral RNA loads in oral swabs and lung tis

virus in oral swabs and lung tissues (B, D). Hematoxylin and eosin (H&E) and immun

CoV-2 antigen distribution in lung tissue (E).

(A) Viral RNA in oral swabs.

(B) Infectious virus in oral swabs.

(C) Viral RNA levels in lung samples.

(D) Infectious virus in lung samples.

(E) Histology and SARS-CoV-2 antigen distribution in lung tissue. H&E (origina

tion 3200) staining were performed immediately before (left panels; 14, 49, and

157 DPI/5DPR). H&E (upper panels) showed resolving interstitial pneumonia de

thology consistent with acute SARS-CoV-2 infection (H&E, original magnificat

resolving interstitial pneumonia and alveolar bronchiolization were not associat

CoV-2-specific immunoreactivity (IHC, original magnification 3200 at 19, 54, a

(Kruskal-Wallis) with correction for multiple comparisons was used to determine

group 2 (D49, red), and group 3 (D152, orange).
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Homologous reinfection did not cause acute lung
pathology
Pulmonary pathology and immunohistochemistry were as-

sessed in animals euthanized before reinfection at 14, 49, and

152 DPI (baselines) and after reinfection at 5 DPR (19, 54, and

157 DPI). Resolution of broncho-interstitial pneumonia, including

terminal airway changes previously described as type II

pneumocyte hyperplasia associated with resolution of disease

(Rosenke et al., 2020), was observed in all animals that had

been euthanized before reinfection (14, 49, and 152 DPI) (Fig-

ure 3E, left panels). Owing to the persistence of this lesion

from 14 through 152 DPI as well as the presence of ciliated

epithelia (Figure S2) and cells morphologically consistent with

Clara cells, these foci were determined to be consistent with

alveolar bronchiolization (Nettesheim and Szakal, 1972) and

not the previously described type II pneumocyte hyperplasia.

At 5 DPR (19, 54, and 157 DPI), there were no acute pulmonary

lesions in any of the hamsters (Figure 3E, hematoxylin and eosin

staining, upper panels). All reinfected animals exhibited alveolar

bronchiolization with subjectively and mildly larger foci of

alveolar bronchiolization noted at 54 and 157 DPI. The SARS-

CoV-2 antigen was clearly observed in bronchiolar epithelium,

type I and type II pneumocytes, and pulmonary macrophages

during acute stage infection (5 DPI) (Figure 1E, right panel), while

no evidence of viral antigen was detected in any of the groups

before and after reinfection (Figure 3E, immunohistochemistry,

bottom panels). Acute pulmonary damage was associated with

primary SARS-CoV-2 infection and, unexpectedly, pulmonary

pathology was persistent and substantial for at least 5 months

into recovery. However, acute pulmonary disease consistent

with primary viral interstitial pneumonia was not observed in

animals reinfected with the homologous SARS-CoV-2 WA1

variant.

Heterologous reinfection
Syrian hamsters (n = 21) were intranasally infected with the WA1

SARS-CoV-2 isolate as described in the homologous reinfection

study. One group (n = 9) of animals were intranasally reinfected

at 49 DPI with the B.1.1.7 and the other group (n = 9) with the

B.1.351 SARS-CoV-2 VOC at the same dose as for the primary

WA1 infection (Figure 4A). To save animals, group 2 hamsters

(n = 9) from the homologous reinfection study also served as
reinfection

sue (A, C). A standard TCID50 assay was used to determine levels of infectious

ohistochemistry (IHC) staining were used to assess histopathology and SARS-

l magnification 3200) and IHC (SARS-CoV-2 N protein, original magnifica-

152 DPI) and 5 days after homologous reinfection (right panels; 19, 54, and

veloping into alveolar bronchiolization. Reinfection failed to induce histopa-

ion 3200 at 19, 54, and 157 DPR/5 DPR). IHC (lower panels) showed that

ed with SARS-CoV-2 immunoreactivity. Reinfection failed to result in SARS-

nd 157 DPI/5 DPR) (scale bar, 100 mM). A nonparametric one-way AVOVA

statistical differences in PRISM. Primary infection (gray), group 1 (D14, blue),
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Figure 4. Design of heterologous reinfection study and humoral immune response to infection and reinfection

(A) Heterologous reinfection study. Hamsters (n = 21) were infected intranasally with 13 103 TCID50 ofWA1SARS-CoV-2 and swabbed 3DPI and 5DPI tomonitor

shedding and ensure animals were infected. Three animals were randomly selected and necropsied at 5 DPI to measure disease and infectious titers in the lung.

The 18 remaining animals were separated into 2 groups of 9 animals. Three animals were randomly selected from both groups and necropsied before reinfection

at 49 DPI to measure lung titers and pathology (baseline). The remaining animals were reinfected with the 1 3 103 TCID50 of either the WA1, B.1.1.7 (Alpha), or

B.1.351 (Beta) SARS-CoV-2 variants. Reinfected hamsters were swabbed at 3 DPR and 5 DPR to monitor shedding and necropsied at 5 DPR to determine lung

viral load and pathology. To save animals, group 2 hamsters (n = 9) from the homologous reinfection study (Figures 2 and 3) also served as homologous reinfection

controls for the heterologous reinfection study. Blood samples were taken at the time of necropsy (49 DPI, baseline and 54 DPI/5 DPR, reinfection).

(B) IgG antibody titers were assessed using an in-house ELISA against the WA1 spike protein.

(C) IgG antibody titers were determined using an in-house ELISA assay specific to the RBD of the WA1 spike protein.

(D) WA1-neutralizing antibody titers were determined through a dilution series using serum from either the WA1, B.1.1.7, or B.1.351 SARS-CoV-2 infected

hamsters. Primary infection (gray), WA1 (blue), B.1.1.7 (red), and B.1.351 (orange). Statistical analyses were performed using nonparametric one-way AVOVA

(Kruskal-Wallis) with correction for multiple comparisons in Prism.
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homologous reinfection controls for the heterologous reinfection

study. The monitoring of animals for disease signs, oral swab

sampling (3 and 5 DPI; 3 and 5 DPR), blood sampling, and

euthanasia (5 DPI, before reinfection at 49 DPI, and 5 DPR)

with harvesting of lungs were performed as outlined in Figure 4A

and the homologous reinfection study above (Figure 2A).

Heterologous reinfection resulted in boosted antibody

responses

Serum samples collected at 49DPI and 5 days after reinfection (5

DPR) were used to determine IgG antibodies specific to WA1

SARS-CoV-2 spike and RBD (Figures 4B and 4C). IgG spike

and RBD antibody titers were similar to what was detected in

the homologous reinfection study (Figures 2B, 2C, 4B, and

4C). IgG spike and RBD antibodies were also boosted by

reinfection with each variant at 5 DPR; however, this effect was

only statistically significant for the B.1.351 reinfected hamsters

when compared to the pre-reinfection baselines (49 DPI) (Fig-

ure 4B). The boosting effect was comparable for the animals re-

infected with the WA1 and B.1.351 variants and, although the

IgG spike antibody titers of animals in the B.1.1.7 reinfected

group were somewhat lessoned, a boosting effect was detected
as well (Figures 4B and 4C). Neutralizing activity against theWA1

was also compared at 49 DPI with the control hamsters showing

equivalent neutralizing antibody titers at levels comparable with

what were seen in the homologous reinfection study (Figures 2D

and 4D). The neutralizing antibodies were boosted after

reinfection with all variants at day 49 (5 DPR), but these increases

were only significant in the animals reinfected with the B.1.351

(Figure 4D).

Heterologous reinfection was not associated with

clinical disease

Weight loss in reinfected animals never exceeded 1.4%with any

of the three variants (Figure S1D). While signs of clinical

disease were observed in primary infected animals as described

above, these signs were not apparent in any of the reinfected

hamsters. These results support that primary infection with

WA1 SARS-CoV-2 protected against overt clinical disease after

heterologous reinfection with the B.1.1.7 and B.1.351 VOCs.

Heterologous reinfection resulted in increased virus

replication and shedding

The pre-reinfection baselines (n = 3) at 49 DPI had no detectable

sgRNA or infectious virus, either in the oral swabs or the lung
Cell Reports 38, 110515, March 15, 2022 7
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Figure 5. Viral replication and pulmonary pathology after heterologous reinfection
A sgE qPCR assay was used to detect viral RNA loads in oral swabs and lung tissue (A, C). A standard TCID50 assay was used to determine levels of infectious

virus in oral swabs and lung tissues (B, D). Hematoxylin and eosin (H&E) and immunohistochemistry (IHC) staining were used to assess histopathology and SARS-

CoV-2 antigen distribution in lung tissue (E).

(A) Viral RNA in oral swabs.

(B) Infectious virus in oral swabs.

(legend continued on next page)
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tissues (Figures 5A and 5C). In oral swabs evaluated at 3 DPR (52

DPI), all variant groups showed evidence of viral replication in the

sgE qPCR assay with four of nine (44%), six of nine (66%), and

eight of nine (89%) hamsters for the WA1, B.1.1.7, and B.1.351

variant groups, respectively (Figure 5A). sgRNA was detected

in all groups after reinfection, but the levels were significantly

lower after reinfection (Figure 5A). In addition, the B.1.351 rein-

fected hamsters showed significantly higher sgRNA levels

compared with the WA1, but not the B.1.1.7, reinfected animals.

On average, the B.1.1.7 reinfected hamsters had higher sgRNA

levels than WA1 reinfected hamsters at this time point, although

this difference was not significant (Figure 5A).

Higher levels of infectious virus were isolated from the 3 DPR

(52DPI) oral swabs in themajority of B.1.351 reinfected hamsters

(5 of 9, 56%) compared with theWA1 group (2 of 9; 22%) and the

B.1.1.7 groups (none; 0%) (Figure 5B), but thesedifferenceswere

not significant. At 5 DPR (54 DPI), the majority of animals had

cleared the reinfection in the upper respiratory tract. At the time

of necropsy (5 DPR), no hamster in any reinfection group had in-

fectious virus present in oral swabs (Figure 5B). No sgRNA was

detected in the lungs for any of the three variants at 5 DPR (54

DPI), while infectious virus was isolated in two of nine (22%)

animals for the WA1 variant (Figures 5C and 5D). These results

are consistent with the homologous reinfection study showing

that virus replication occurred in the upper respiratory tract, but

wasnearly absent in the lower respiratory tract uponhomologous

and heterologous reinfection (Figures 3C, 3D, 5C, and 5D).

Heterologous reinfection did not cause acute lung

pathology

Pulmonary pathology and immunohistochemistry were as-

sessed in animals before (49 DPI) and after heterologous

reinfection (5 DPR [54 DPI]). Alveolar bronchiolization was

observed in all animals before and after reinfection; however,

no evidence of acute pathology consistent with primary viral

infection was observed in any reinfected hamster (Figure 5).

Immunohistochemistry revealed no SARS-CoV-2 antigen

detection in lung tissues from animals euthanized before (49

DPI) or after heterologous reinfection (5 DPR [54DPI]) (Figure 5E).

Thus, acute pulmonary lesions were only associated with

primary SARS-CoV-2 infection with persistent pulmonary

pathology observed for a prolonged period (49 DPI). Importantly,

acute pulmonary pathology was not observed after reinfection

with either the B.1.1.7 or B.1.351 VOC.

DISCUSSION

Reinfection with seasonal coronaviruses has been observed in

the past with cases occurring frequently within 6–12 months
(C) Viral RNA levels in lung samples.

(D) Infectious virus in lung samples.

(E) Histology and SARS-CoV-2 antigen distribution in lung tissue. H&E (original ma

staining were performed immediately before (49 DPI) and 5 days after heterolog

pneumonia developing into alveolar bronchiolization. Reinfection failed to induce

DPI/5 DPR. IHC (right panels) showed that resolving interstitial pneumonia and alv

Reinfection failed to result in SARS-CoV-2 specific immunoreactivity (IHC, origin

one-way AVOVA (Kruskal-Wallis) with correction for multiple comparisons was us

reinfection (red), and B.1.351 reinfection (orange).
upon primary infection (Kiyuka et al., 2018; Edridge et al.,

2020). Similarly, reinfections with SARS-CoV-2 have been

described with case numbers likely being vastly under-reported

(Gupta et al., 2020; Prado-Vivar et al., 2021; Tillett et al., 2021; To

et al., 2020; Van Elslande et al., 2021; Zucman et al., 2021).

Cases may be missed for a variety of reasons, including a

general lack of testing and asymptomatic primary or secondary

infections, as well as insufficient investigation and reporting of

potential reinfections by overwhelmed public health agencies.

Understanding the dynamics of SARS-CoV-2 reinfection will

become ever more relevant asmore people with previous natural

or vaccine-stimulated immunity to SARS-CoV-2 may become

susceptible again owing to waning immunity and the emergence

of new variants that partially evade the immune response (CDC,

2021b; Wang et al., 2021; Wu et al., 2021).

The homologous reinfection studywas designed to investigate

the potential for reinfection of Syrian hamsters for up to 5months

while simultaneously tracking humoral immune responses. This

was different to previous animal studies that have investigated

SARS-CoV-2 reinfection after about 1 month (Bosco-Lauth

et al., 2020; Brustolin et al., 2021; Chandrashekar et al., 2020;

Deng et al., 2020; Imai et al., 2020; Jiang et al., 2020). In our study

SARS-CoV-2 spike-specific IgG and neutralizing antibodies

developed rapidly (within 5 days), leveled off quickly (around

14 days) and were maintained at similar levels over the entire

study period (about 5 months). This rapid, strong, and long-last-

ing immune response protected reinfected hamsters from

SARS-CoV-2-induced clinical disease and acute pulmonary

pathology even after 5 months past the primary infection.

Homologous reinfection at short- and long-term timepoints

resulted in temporary viral replication, which seemed largely

restricted to the upper respiratory tract. Localized virus replica-

tion was rapidly cleared, which might be explained by the strong

humoral immune response that even got boosted after reinfec-

tion. Particularly high levels of neutralizing antibodies may

quickly neutralize infectious virus, which may explain why virus

was difficult to isolate. Nevertheless, infectious SARS-CoV-2

was isolated from the oral mucosa, suggesting it could be

shed from the upper respiratory tract with the consequence of

transmission after reinfection.

The heterologous reinfection studywas designed to determine

the reinfection potential with distinct variants, especially VOCs of

high public health concern. First, the acute infection models

were established with each variant to determine any potential

differences in viral replication or disease in the hamster. Although

infection with the VOCs did not change disease severity, we did

observe significant increases in both viral RNA and infectious

virus in the lungs of the animals infected with either the B.1.1.7
gnification3200) and IHC (SARS-CoV-2N protein, original magnification3200)

ous reinfection (54 DPI/5DPR). H&E (left panels) showed resolving interstitial

histopathology consistent with acute SARS-CoV-2 infection (H&E, 200 3 54

eolar bronchiolization were not associatedwith SARS-CoV-2 immunoreactivity.

al magnification 3200 at 54 DPI/5 DPR), (scale bar 100 mM). A nonparametric

ed to determine statistical differences in PRISM. WA1 reinfection (blue), B.1.1.7

Cell Reports 38, 110515, March 15, 2022 9



Article
ll

OPEN ACCESS
(Alpha) and the B.1.351 (Beta) variants when compared with the

WA1 group. After establishing the infectionmodel, we performed

the heterologous challenge; to our knowledge, no study has thus

far experimentally addressed this issue. We tested reinfection

with the B.1.1.7 (Alpha) and B.1.351 (Beta) VOCs after a primary

infection with the WA1 variant. In humans, both VOCs are asso-

ciated with increased transmissibility and possibly pathogenicity

(Pearson et al., 2021, Davies et al., 2021; CDC, 2021b). Naive

Syrian hamsters were equally susceptible to both VOCs with

similar or increased virus replication in the upper and lower res-

piratory tracts when compared with the WA1 variant. As with the

homologous reinfection study, hamsters were protected from

clinical disease and acute pulmonary lesions after reinfection

with both VOCs. Overall, reinfection with the two VOCs resulted

in temporary localized SARS-CoV-2 replication in the upper res-

piratory tract, but in not the lower respiratory tract, indicating a

potential for shedding and thus transmission.

While infectious virus was detectable from the upper respira-

tory tract in both homologous and heterologous rechallenge,

reinfection failed to induce acute pulmonary pathology at any

evaluated time point. Interestingly, alveolar bronchiolization, a

chronic pulmonary histopathologic change that can result in

decreased lung function, was observed after primary SARS-

CoV-2 infection of hamsters, even up to 5 months, indicating

long-lasting pulmonary lesions after SARS-CoV-2 infection. It

is unknown if the extent and severity of alveolar bronchiolization

observed in the Syrian hamster model appropriately reflects

chronic pulmonary pathology in humans, or if the lesions

observed in this study are an under-representation of chronic

pulmonary pathology associated with SARS-CoV-2 infection.

Foci of alveolar bronchiolization seemed larger at 49 and 152

DPI relative to 14 DPI, suggesting this lesion may be even pro-

gressive in the Syrian hamster model. Importantly, it is unknown

if full lesion resolution occurs in this species after SARS-CoV-2

infection. While this lesion may be subtle, it may still be associ-

ated with functional disturbances, such as activity intolerance

or decreased inspiratory volume in the hamster model. So far,

alveolar bronchiolization has not been documented in any

SARS-CoV-2 animal model and merits further investigation.

Alveolar bronchiolization was first described after the 1957

influenza pandemic (Hers et al., 1958), and was later recapitu-

lated in animal models of influenza infection in 1975 by Loosli

et al. (1975). Interestingly, alveolar bronchiolization in the murine

model of influenza infection does not resolve with time (Loosli

et al., 1975). More recently, alveolar bronchiolization has been

demonstrated in up to 39% of human patients diagnosed with

diffuse alveolar damage (Taylor et al., 2018). Taken together,

these data suggest that infectious causes of moderate to severe

distal bronchiolar and alveolar disease may lead to chronic,

irreparable changes in the lower respiratory tree in both humans

and animalmodels. Moreover, as thewild-type hamstermodel of

SARS-CoV-2 infection does not meet the clinical definition of

acute respiratory distress syndrome with only mild clinical signs

observed, the extent of lesions observed histologically in this

model may under-represent the extent of disease in moderate-

to-severe SARS-CoV-2 infection in humans.

Although significantly lower after reinfection, the presence of

infectious virus in the upper respiratory tract suggests that infec-
10 Cell Reports 38, 110515, March 15, 2022
tious viral shedding and, therefore, transmission may occur for a

limited but still undefined period, even though no respiratory

disease developed. The potential for virus shedding and trans-

mission of a reinfected host is highly relevant for epidemiologic

risk assessments of SARS-CoV-2 spread after recovery from

natural infection, as well as after vaccination. Viral shedding

from reinfected individuals that are asymptomatic (or mildly

symptomatic) could pose a serious public health concern to

the unvaccinated or immunocompromised populations.

Syrian hamsters have a robust IgG and neutralizing antibody

responses after SARS-CoV-2 infection, measuring magnitudes

higher than what has been observed in humans (Wajnberg

et al., 2020). The observed SARS-CoV-2 replication in the

upper respiratory tract despite the circulation of high levels of

neutralizing antibodies further illustrates the potential for

transmission in this model. As COVID-19 patients have been

shown to mount a much lower humoral response after SARS-

CoV-2 infection (Chvatal-Medina et al., 2021; Dan et al., 2021;

Gudbjartsson et al., 2020; Ibarrondo et al., 2020; Lau et al.,

2021; Long et al., 2020; Roltgen et al., 2020; Self et al., 2020;

Lumley et al., 2021), the potential for reinfection may be even

higher in humans. This risk may be especially high for individuals

who experienced only mild COVID-19, as the strength and

longevity of the humoral immune response may correlate with

disease severity (Ibarrondo et al., 2020; Lau et al., 2021; Long

et al., 2020; Roltgen et al., 2020; Self et al., 2020), or are exposed

to particular variants such as B.1.1.7 or B.1.351 VOCs that may

escape certain neutralizing antibody responses generated dur-

ing infection of early SARS-CoV-2 variants.

In summary, our data indicate that hamsters recovering from a

primary SARS-CoV-2 infection are susceptible to homologous

and heterologous SARS-CoV-2 reinfection, which seems to be

localized to the upper respiratory tract and not resulting in

diseaseandacutepulmonarypathology.Despitebeing restricted

and short lived, virus replication may result in upper respiratory

tract shedding and thus transmission. As more people recover

from COVID-19 worldwide, understanding the natural immunity

that SARS-CoV-2 infection confers in the short and long

term will become ever more crucial. Additional longitudinal

human and animal studies are needed to fully achieve this

understanding.

Limitations of the study
The study design was challenging and owing to the emergence

of VOCs has been adapted to include heterologous reinfection.

Given the complex setup, the study has multiple limitations, of

which a few are discussed below. First, study group sizes varied

to decrease the number of animals required to remain practical

with animal work in biocontainment. Knowing this limitation,

we have carefully arranged for the different groups to gain

maximum outcome with statistically significant results. Second,

the dose of primary and re-infection have been chosen based on

previous experience with the WA1 variant (Rosenke et al., 2020).

We chose between 100 and 1,000 ID50 which is a common

challenge dose. Based on our experience with the WA1 variant,

we think a lower or even higher dosewould not considerably alter

the outcome, but can only speculate until performing such

experiments. Third, owing to the fast emergence of naturally
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occurring VOCs, we are unable to address the current situation

driven by the delta and omicron variants, as those variants had

not emerged at the time of the experiment. Future studies will

have to include those latest variants. Fourth, the immunology is

somewhat limited by the lack of reagents for the hamster model,

so the study focused on IgG antibodies as the key measure for

protection against SARS-CoV-2. Further studies will address

and expand on the immune response generated after reinfection.
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SARS-CoV-2 isolate nCoV-hCoV-19/USA/MD-

HP01542/2021 (B.1.351; SA; beta)

Andy Pekosz

(Johns Hopkins)

GISAID # EPI_ISL_890360

SARS-CoV-2_2hCOV_19_England_204820464_ 2020

isolate (B.1.1.7; UK; alpha)

BEI Resources GISAID # EPI_ISL_683466

Critical commercial assays

Rotor-Gene probe kit Qiagen Cat #204374

QiaAmp Viral RNA kit Qiagen Cat #52906

RNeasy kit Qiagen Cat #74004

ChromoMap DAB kit Roche Tissue

Diagnostics

Cat#760-159

Experimental models: Cell lines

Vero E6 Ralph Baric, UNC N/A

Experimental models: Organisms/strains

Syrian hamster HsdHan:AURA Envigo N/A

Oligonucleotides

Subgenomic E primer forward 5’-ACAGGTACGTT

AATAGTTAATAGCGT

IDT N/A

Subgenomic E primer reverse 5’-ATATTGCAGCA

GTACGCACACA

IDT N/A

Subgenomic E probe 5’-FAM-ACACTAGCCATCC

TTACTGCGCTTCG-BBQ

IDT N/A

Software and algorithms

Prism 9 Graphpad https://www.graphpad.com/

scientific-software/prism/
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Heinz Feld-

mann (feldmannh@niaid.nih.gov).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal model and sample collection
To establish the primary infection model with the B.1.1.7 and B.1.351 variants for comparison with the WA1 variant, groups of six

animals (3 males, 3 females; 8 weeks of age) were intranasally infected with 1 3 103TCID50 with one of three SARS-CoV-2 variants;

WA1, UK (B.1.1.7), or SA (B.1.351) as (described previously) (Rosenke et al., 2020). Briefly, hamsters were anesthetized through

inhalation of vaporized isoflurane and inoculated via intranasal installation of 25 mL inoculum dropped into each naris by pipette. After

infection, hamsters were weighed andmonitored for signs of disease daily. Oral swabs were collected at days 3 and 5 DPI to monitor

virus shedding. For this, hamsters were anesthetized, the oral cavity was swabbed using polyester flock tipped swabs (Puritan

Medical Products), the swabs were immediately immersed in 1 mL of sterile tissue culture media and vortexed. At 5 DPI all hamsters

were euthanized, and the lung tissue was collected for virological and histological comparisons of acute lung disease.

For the homologous reinfection study, 40 wild-type Syrian hamsters (20 males, 20 females; 8 weeks of age) were anesthetized and

infected with 103 TCID50 (200 ID50) (Rosenke et al., 2020) of WA1 as described above. After infection, hamsters were weighed and

monitored for signs of disease daily. Oral swabs were collected on 3 and 5 DPI as described above to monitor virus shedding.

Hamsters were reinfected at 14 DPI (group 1), 49 DPI (group 2), or 152 DPI (group 3) with the same dose, strain, and route as

described before. Oral swabs were collected on 3 and 5 DPR as described above to monitor virus shedding. At 5 DPR, reinfected

hamsters were anesthetized, and blood was collected via cardiac puncture for serology. Animals were immediately euthanized,

and lung tissue was harvested for virology and histopathology. In addition, blood was collected by peri-orbital bleeding at 73,

100, and 130 DPI from group 3 hamsters for serology.

For the heterologous reinfection study, 21 Syrian hamsters were intranasally infected with the same dose of WA1 as described

above for the homologous reinfection study. Following infection, hamsters were weighed and monitored for signs of disease daily.

Oral swabs were collected on 3 and 5 DPI as described above to monitor virus shedding. Subsequent reinfections were performed

using either the same variant (WA 1), the B.1.1.7 (alpha), or the B.1.351 (beta) variants. The WA1-reinfected hamsters are the same

animals as in the group 2 of the homologous reinfection. Oral swabs were collected on 3 and 5 DPR as described above to monitor

virus shedding. At 5 DPR, reinfected hamsters were anesthetized, and bloodwas collected via cardiac puncture for serology. Animals

were immediately euthanized, and lung tissue was harvested for virology and histopathology.

Virus and cells
SARS-CoV-2 isolate SARS-CoV-2/human/USA/WA-CDC-WA1/2020 (WA1) was kindly provided as passage 3 by the Centers for

Disease Control and Prevention (Harcourt et al., 2020) and propagated one more time at Rocky Mountain Laboratories (RML) in

Vero E6 cells. The virus stock used was free of contaminations and was sequenced confirmed to be identical to the initial deposited

GenBank sequence (MN985325.1). SARS-CoV-2 isolate nCoV-hCoV-19/USA/MD-HP01542/2021 (B.1.351; SA; beta) was provided

by Andy Pekosz (Johns Hopkins) and this passage 2 stock was propagated one more time at RML in Vero E6 cells. The virus stock

was sequence confirmed and found to have amino acid changes at NSP5 (P252L: 17%) and NSP6 (L257F: 57%) when aligned to the

GISAID sequence (GISAID: EPI_ISL_890360). The SARS-CoV-2_2hCOV_19_England_204820464_2020 isolate (B.1.1.7; UK; alpha)

was provided by BEI Resources at passage 2 and was propagated at RML one more time in Vero E6 cells. The stock was sequence

confirmed and had amino acid changes at ORF1AB (D3725G: 13%) and ORF1AB (L3826F: 18%) when aligned to the GISAID

sequence (GISAID: EPI_ISL_683466). Virus propagation was performed in DMEM (Sigma) supplemented with 2% fetal bovine serum

(Gibco), 1 mM L-glutamine (Gibco), 50 U/mL penicillin and 50 mg/mL streptomycin (Gibco). Vero E6 cells, kindly provided by R. Baric

(University of North Carolina) were maintained in DMEM (Sigma) supplemented with 10% fetal calf serum, 1 mM L-glutamine,

50 U/mL penicillin, and 50 mg/mL streptomycin.

Biosafety and ethics
Work with infectious SARS-CoV-2 was approved by the Institutional Biosafety Committee (IBC) and performed in the high

biocontainment facilities at RML, National Institute of Allergy and Infectious Diseases (NIAID), an the National Institutes of Heath

(NIH). Sample removal from high biocontainment followed IBC-approved Standard Operating Protocols (Haddock et al., 2021).

Animal work was approved by the Institutional Animal Care and Use Committee and performed by certified staff in an Association

for Assessment and Accreditation of Laboratory Animal Care International accredited facility. Work followed the institution’s

guidelines for animal use, the guidelines and basic principles in the NIHGuide for the Care and Use of Laboratory Animals, the Animal

Welfare Act, the United States Department of Agriculture, and the United States Public Health Service Policy on Humane Care and

Use of Laboratory Animals. Syrian hamsters were group housed in HEPA-filtered cage systems enriched with nesting material and

were provided with commercial chow and water ad libitum. Animals were monitored at least twice daily.

METHOD DETAILS

Virus titration assay
Virus endpoint titrations were performed in Vero E6 cells as previously described (Rosenke et al., 2020). Briefly, tissue was homog-

enized in 1 mL DMEM using a TissueLyzer (Qiagen) and clarified from cell debris by low-speed centrifugation. Cells were inoculated
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with 10-fold serial dilutions of homogenized lung samples or oral swabs in 100 mL DMEM (Sigma-Aldrich) supplementedwith 2% fetal

bovine serum, 1mML-glutamine, 50 U/mL penicillin, and 50 mg/mL streptomycin. Cells were incubated for 6 days and then scored for

cytopathogenic effects (CPE) and the TCID50 was calculated using the Reed-Muench formula.

Viral genome detection
A qPCR was performed on RNA extracted from swabs or tissues (%30 mg) using QiaAmp Viral RNA kit or RNeasy kit (Qiagen),

respectively. A one-step real-time reverse transcriptase PCR assay was used to amplify a portion of the E gene to detect sgRNA

(Corman et al., 2020). Dilutions of RNA standards counted by droplet digital PCR were run in parallel and used to calculate viral

RNA genome copies. The Rotor-Gene probe kit (Qiagen) was used to run the PCRs according to the instructions of themanufacturer.

Histopathology
Tissues were fixed in 10% neutral buffered formalin for a minimum of 7 days with two changes of formalin. Tissues were placed in

cassettes and processed with a Sakura VIP-6 Tissue Tek, on a 12-h automated schedule, using a graded series of ethanol, xylene,

and ParaPlast Extra. Embedded tissues are sectioned at 5 mm and dried overnight at 42�C before staining.

Specific anti-CoV immunoreactivity was detected using GenScript U864YFA140-4/CB2093 NP-1 at a 1:1,000 dilution. The sec-

ondary antibody is the Vector Laboratories ImPress VR anti-rabbit IgG polymer (cat# MP-6401). The tissues were then processed

for immunohistochemistry using the Discovery Ultra automated processor (Ventana Medical Systems) with a ChromoMap DAB kit

(Roche Tissue Diagnostics cat#760-159).

ELISAs
Plates were coated with spike 1 or spike RBD antigen (The Native Antigen Company; 50 ng/well) in PBS for overnight adsorption at

4�C. Plates were washed in PBS/Tween (0.05) and wells blocked using 5% powderedmilk in TBS/Tween (0.05%) for 1 h at RT. Ham-

ster serum samples were added at an initial 1:100 dilution followed by 1:4 dilutions up to 1:409,600 or 1:1,638,400 in duplicate and

incubated 1 h at room temperature. Plates were washed and anti-IgG goat anti-hamster HRP labelled secondary antibody (http://

www.kpl.com) at 1:2,000 dilution was added to all wells for 1hr at RT. After washing ABTS substrate (seracare) was added for

15 min before a 5% SDS solution was added to stop the reaction. Optical density values for each well were measured at 405 nm.

Endpoint antibody titers were based on the last positive dilution of any particular dilution series. Positives were counted as any value

above the average + 3 times the standard deviation of the negative serum controls at each dilution.

Virus neutralization assay
Hamster sera were heat-inactivated (30 min, 56�C), serial diluted two-fold (prepared in 2% DMEM) and mixed with 100 TCID50 of

SARS-CoV-2 WA1, B.1.1.7, or B.1.351. After 1 h incubation at 37�C and 5% CO2, virus:serum mixture was added to VeroE6 cells

and incubated at 37�C and 5% CO2. At 6 DPI, the CPE was scored. The virus neutralization titer was expressed as the reciprocal

value of the highest dilution of the serum which still inhibited virus replication.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed in GraphPad PRISM version 8.2.0. Statistical differences were assessed using a nonparametric

one-way AVOVA (Kruskal-Wallis) with correction for multiple comparisons to analyze viral RNA, infectious virus, and weight change

data, IgG, and neutralizing antibody data.
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