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SUMMARY
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Omicron BA.2 was a dominant circulating
SARS-CoV-2 variant worldwide. Recent reports hint that BA.2 is similarly potent regarding antibody evasion
but may be more transmissible than BA.1. The pathogenicity of BA.2 remains unclear and is of critical public
health significance. Here we investigated the virological features and pathogenicity of BA.2 with in vitro and
in vivo models. We show that BA.2 is less dependent on transmembrane protease serine 2 (TMPRSS2) for
virus entry in comparison with BA.1 in vitro. In K18-hACE2 mice, BA.2 replicates more efficiently than BA.1
in the nasal turbinates and replicates marginally less efficiently in the lungs, leading to decreased body
weight loss and improved survival. Our study indicates that BA.2 is similarly attenuated in lungs compared
with BA.1 but is potentially more transmissible because of its better replication at the nasal turbinates.
INTRODUCTION

The severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) Omicron BA.1 (PANGO lineage B.1.1.529.1) variant

was first discovered in South Africa in late November

2021 and has caused an explosive upsurge of coronavirus

disease 2019 (COVID-19) cases, quickly replacing the Delta

(B.1.617.2) variant as the dominant circulating variant.1 BA.1

is characterized by a large number of changes in its spike pro-

tein, including 30 amino acid substitutions, three short

deletions, and an insertion, compared with the ancestral

SARS-CoV-2. As a result of these changes, BA.1 is highly im-

munoevasive to antibodies elicited by previous infection and

vaccines, allowing the variant to cause reinfection and vac-

cine-breakthrough infection.2–5 We6 and others7 have recently

demonstrated that the pathogenicity of BA.1 is substantially
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attenuated in vivo compared to the wild-type (WT) SARS-

CoV-2 and previous variants of concern (VOCs). In keeping

with our animal model findings, BA.1 exhibited lower clinical

severity in humans.8–13 Mechanistically, we and others have

shown that the attenuated pathogenicity of BA.1 is associated

with reduced spike cleavage at the S1/S2 site, leading to inef-

ficient usage of the host transmembrane protease, serine 2

(TMPRSS2) for entry.6,14,15

More recently, surveillance of SARS-CoV-2 evolution has re-

vealed that Omicron BA.2 (B.1.1.529.2) has rapidly replaced

BA.1 and BA.1.1 as the predominant circulating SARS-CoV-2

variant (Figure 1A), whichmay be due to its higher transmissibility

compared with BA.1.16 Similar to BA.1, BA.2 demonstrates

a robust capacity of antibody evasion.17,18 However, the virolog-

ical features and intrinsic pathogenicity of BA.2 in comparison

with that of BA.1 remain incompletely understood.
Medicine 3, 100743, September 20, 2022 ª 2022 The Author(s). 1
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Figure 1. Virus replication kinetics of BA.2

(A) The change in proportion of SARS-CoV-2 lineages deposited in GISAID from November 2021 to March 2022. The x axis indicates the collection date. The y

axis indicates the proportion of the selected SARS-CoV-2 lineages.

(B–E) Cells were challenged with SARS-CoV-2WT, Delta, BA.1, or BA.2 at 0.5MOI (Calu3) or 0.1MOI (VeroE6). Cell lysates were harvested at the designated time

points for quantification of the subgenomic RNA of the envelope (sgE) gene (n = 8) (B and D). Infectious viral particles were titrated with a 50% tissue culture

infectious dose (TCID50) assay (n = 8) (C and E). The same BA.2 curves were used for statistical comparison between WT, Delta, and BA.1 (B–E).

(F) Cell viability of VeroE6-TMPRSS2 cells infected with the wild type (WT), Delta, BA.1, or BA.2 at 0.1 MOI was quantified at the designated time points (n = 8).

Data represents mean ± SD from the indicated number of biological repeats. Statistical significance was determined with two way-ANOVA (B–F). Data were

obtained from three independent experiments. Each data point represents one biological repeat. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not

statistically significant.
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RESULTS

Virological characteristics of BA.2 in vitro

To explore the virological characteristics of BA.2, we first

compared the replication efficiency of BA.2 with that of SARS-

CoV-2WT, Delta, andOmicron BA.1 in Calu3 human lung epithe-

lial cells, which predominantly support the TMPRSS2-mediated

plasmamembrane entry pathway for SARS-CoV-2 infection.19,20

Bymeasuring the subgenomic envelope (sgE) gene, which repre-

sents replication intermediates (Figure 1B), and TCID50, which

represents infectious virus titer (Figure 1C), our results suggested

that replication of BA.2was significantly attenuated inCalu3 cells

in comparison with theWT and Delta but comparable with that of

BA.1. In VeroE6 cells, which predominantly support the endo-

cytic entry pathway for SARS-CoV-2 infection because of defi-

cient TMPRSS2 expression,19,20 BA.2 replicated less efficiently

than WT but more efficiently than Delta and was at a similar level

compared with BA.1 (Figures 1D and 1E). BA.2 demonstrated a

trend of poorer replication in Calu3 cells and better replication

in VeroE6 cells in comparisonwith BA.1, although the differences

were not statistically significant (Figures 1C and 1E). Next we
2 Cell Reports Medicine 3, 100743, September 20, 2022
evaluated the cytotoxicity of BA.2 in VeroE6-TMPRSS2 cells.

Our results demonstrated that BA.2 infection resulted in signifi-

cantly less cell damage compared with the WT, Delta, and BA.1

from 6–24 h post infection (hpi) (Figure 1F).

We and others recently demonstrated that BA.1 is attenuated in

infecting and replicating in lung cells because of its reduced spike

cleavageat theS1/S2, site leading to inefficientusageofTMPRSS2

for entry.6,14,15 To assess the efficiency of TMPRSS2 usage of

BA.2, we overexpressed ACE2 with or without TMPRSS2 in

293T cells and challenged the cells with pseudoviruses bearing

the spike proteins of SARS-CoV-2 WT, Delta, BA.1, or BA.2. Our

results revealed that, although BA.1 is already defective in

TMPRSS2 usage compared with the WT and Delta, BA.2 is less

efficient in utilizing TMPRSS2 for entry than BA.1 (1.5-fold, p =

0.0186) (Figure 2A). In parallel, we evaluated pseudovirus entry

of the WT, Delta, BA.1, and BA.2 in VeroE6 and VeroE6-

TMPRSS2cells.Our results similarly showed thatBA.2 is less sen-

sitive than BA.1 by additional expression of TMPRSS2 in VeroE6

cells (1.3-fold, p = 0.0334) (Figure 2B). We evaluated the effect of

camostat, a pan-serine protease inhibitor, on pseudovirus entry

of the WT, Delta, BA.1, and BA.2 in VeroE6-TMPRSS2 cells. Our



Figure 2. Virological features of BA.2

(A) 293T cells were transfected with ACE2 or co-transfected with ACE2 and TMPRSS2, followed by transduction with pseudoviruses expressing the spike of

SARS-CoV-2 WT, Delta, BA.1, or BA.2 at 24 h post transfection. Pseudovirus entry was quantified by measuring the luciferase signal (n = 6). Fold change in the

luciferase signal was normalized to the mean luciferase readouts of cells with only ACE2 overexpression.

(B) VeroE6 and VeroE6-TMPRSS2 cells were transduced with pseudoviruses expressing the spike of WT, Delta, BA.1, or BA.2. Pseudovirus entry was quantified

by measuring the luciferase signal (n = 8). Fold change in the luciferase signal was normalized to the mean luciferase readouts of VeroE6 cells.

(C) VeroE6-TMPRSS2 cells were pre-treated with 1, 25, or 50 mMcamostat or DMSO for 2 h, followed by transduction with pseudoviruses expressing the spike of

WT, Delta, BA.1, or BA.2 in the presence of camostat. Pseudovirus entry was quantified by measuring the luciferase signal of the cell lysates at 24 h post

transduction (n = 6).

(D–G) Calu3 and Caco2 cells were pre-treated with 1, 25, or 50 mM camostat (D and F), E64D (E and G), or DMSO (D–G) for 2 h, followed by challenging the cells

with authentic WT, Delta, BA.1, or BA.2. The amount of viral sgE RNA in the harvested cell lysates at 24 hpi was determined by qRT-PCR (n = 6).

(H) VeroE6-TMPRSS2 cells were infectedwith theWT, Delta, BA.1, or BA.2 and fixedwith 4%paraformaldehyde at the designated time points, followed by crystal

violet staining. Plaque diameters were measured by Adobe Photoshop. Plaque diameters for the WT and Delta at 5 dpi were too large to be measured.

See also Figures S1 and S2. Data represent mean ± SD from the indicated number of biological repeats. Statistical significance was determined with two

way-ANOVA. Data were obtained from three independent experiments. Each data point represents one biological repeat. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001. ND, not determined.
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datademonstrated that1mMofcamostat significantly reduceden-

try of WT, Delta, and BA.1 pseudoviruses by 27.2% (p < 0.0001),

35.5% (p < 0.0001), and 21.4% (p < 0.0001), respectively, but

did not significantly reduce pseudovirus entry of BA.2. At higher

concentrations (25and50mM),BA.2wasconsistently lesssuscep-

tible to camostat inhibition compared with WT, Delta, and BA.1

(Figure 2C).
Next we evaluated the virus replication of authentic WT, Delta,

BA.1, and BA.2 in Calu3 and Caco2 cells in the presence of ca-

mostat or E64D, an endosomal entry inhibitor of SARS-CoV-2. In

Calu3 cells, BA.2 was significantly less susceptible to camostat

inhibition than WT, Delta, and BA.1 at 1 mM and 25 mM (Fig-

ure 2D). E64D treatment in Calu3 cells is largely ineffective

regarding entry of WT, Delta, BA.1, and BA.2 because
Cell Reports Medicine 3, 100743, September 20, 2022 3



Figure 3. Replication and pathogenicity of BA.2 in K18-hACE2 mice

6- to-8-week-old female and male K18-hACE2 transgenic mice were intranasally inoculated with 5 3 103 plaque-forming units (PFUs) BA.2 or BA.1. Nasal

turbinates and lungs of infectedmice were collected on 2, 4, or 6 dpi for viral burden determination (n = 4 for BA.2 on 2, 4, and 6 dpi; n = 5 for BA.1 on 2 and 4 dpi; n

= 4 for BA.1 on 6 dpi). Brains of infected mice were collected on 6 dpi for viral burden determination (n = 4). Body weight and survival of the infected mice were

monitored for 14 days (n = 8).

(A–E) Virological assessment of BA.2- and BA.1-infected K18-hACE2mice. Subgenomic envelope (sgE) gene expression in nasal turbinates and lungs on 2 and 4

dpi was quantifiedwith probe-specific qRT-PCR (A and B). Infectious viral titers in nasal turbinates and lungs on 2 and 4 dpi were quantified with plaque assays (C

and D). SgE gene expression in nasal turbinates, lungs, and brains 6 dpi was quantified with probe-specific qRT-PCR (E).

(legend continued on next page)
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SARS-CoV-2 entry is predominantly mediated by TMRPSS2 at

the plasmamembrane in this cell type (Figure 2E). In Caco2 cells,

SARS-CoV-2 can enter via the plasma membrane and the endo-

cytic pathway.21 In keeping with the findings from Calu3 cells,

BA.2 was less sensitive to camostat inhibition in Caco2 cells

compared with WT, Delta, and BA.1 (Figure 2F). In the presence

of E64D, BA.2 was inhibited to a larger extent compared with

WT, Delta, and BA.1 (Figure 2G). We next examined plaque for-

mation and plaque size of WT-, Delta-, BA.1-, and BA.2-infected

VeroE6-TMPRSS2 cells. Our data suggested that the plaques of

BA.2 developed slower than those of the WT, Delta, and BA.1

and were not detected at 1–2 days post infection (dpi). At 3–5

dpi, the mean diameter of BA.2 plaques was significantly smaller

than those of WT, Delta, and BA.1 (Figures 2H and S1). The

smaller diameter of BA.2 plaques compared with those of BA.1

is also in keeping with the observation that cleavage of BA.2

spike protein is less efficient than that of BA.1 (Figure S2). Our

in vitro results indicate that BA.2 is less dependent on

TMPRSS2 for virus entry in comparison with BA.1.

Replication and pathogenicity of BA.2 in vivo

We and others have demonstrated recently that the pathoge-

nicity of BA.1 is substantially attenuated in vivo compared with

SARS-CoV-2 WT, Alpha, Beta, and Delta.6,7 To investigate the

pathogenicity of BA.2 in vivo, we first compared virus propaga-

tion of BA.2 with that of BA.1 in the K18-hACE2 transgenic

mouse model. To this end, 6- to 8-week-old K18-hACE2 trans-

genic mice were intranasally challenged with BA.2 or BA.1,

and their tissues were collected for virological assessment.

Our result demonstrated that BA.2 replicated more robustly

than BA.1 in the nasal turbinate tissues of the infected mice. At

4 dpi, the sgE gene in nasal turbinate tissues of BA.2-infected

mice was significantly (9.4-fold, p = 0.0042) higher than in

BA.1-infected mice (Figure 3A). In contrast, our data revealed

that BA.2 replicated less efficiently than BA.1 in the lung tissues

of infected mice (Figure 3B), which is in keeping with the finding

that BA.2 is less efficient in TMPRSS2 usage than BA.1

(Figures 2A–2H). At this time point, the sgE gene in lung tissues

of BA.2-infected mice was significantly (2.5-fold, p = 0.0077)

lower than in BA.1-infected mice (Figure 3B). Consistent with

the sgE gene findings, the infectious virus titer in the nasal turbi-

nate tissues was higher in BA.2-infected mice than in BA.1-in-

fected mice (Figure 3C). In the lung samples, the infectious virus

titer appeared to be lower in BA.2-infected mice compared with

BA.1-infected mice, although the magnitude of the difference

was small and did not reach statistical significance (Figure 3D).

At 6 dpi, the trend of BA.2 replication compared with BA.1,

including more efficient replication in the nasal turbinates and
(F) Representative images of immunohistochemistry staining for detection of N pr

for BA.2).

(G) Representative images of hematoxylin and eosin (H&E) staining for detection

BA.2). See also Figure S3.

(H and I) Body weight (H) and survival (I) of K18-hACE2 mice infected with BA.2

Data represent mean ± SD from the indicated number of biological repeats. St

Student’s t test (E and H), or log rank (Mantel-Cox) test (I). Data were obtained f

mouse for histology and immunochemistry analysis. Scale bars represent 100 mm

0.001, ****p < 0.0001.
less efficient replication in the lungs, remained consistent (Fig-

ure 3E). Neither BA.2 nor BA.1 was readily detected in themouse

brains (Figure 3E). We next performed histopathological analysis

of lung tissues from infected K18-hACE2 transgenic mice. We

did not observe a significant difference in immunohistochemistry

staining of viral antigen in the lungs; multi-focal expression of the

viral nucleocapsid (N) protein was similarly observed in BA.2-

and BA.1-infected mouse lungs on 2 dpi and 4 dpi (Figure 3F).

Histological examination of BA.2-infected mouse lungs revealed

localized inflammatory infiltrations and thickening of the alveolar

septa (Figures 3G and S3), which was similar to BA.1-infected

mouse lungs.

In keeping with the virological assessment findings of less effi-

cient virus replication in the lungs, the body weight of BA.2-in-

fected mice was significantly higher than that of BA.1-infected

mice at early time points, including 2 dpi (p = 0.0205) and 4 dpi

(p = 0.0053) (Figure 3H). Survival analysis demonstrated that,

although 75% (6 of 8) of BA.1-infected K18-hACE2mice survived

the virus challenge, all (8 of 8) of the BA.2-infected mice survived

the virus challenge with the same virus inoculum (Figure 3I).

DISCUSSION

Omicron BA.2 has quickly replaced BA.1 as the predominant

circulating SARS-CoV-2 variant worldwide. Recent reports

have suggested that BA.2 is more transmissible than BA.116

and is similarly potent in antibody evasion.17,18 However, conclu-

sive evidence is currently lacking regarding the virological fea-

tures and intrinsic pathogenicity of BA.2 relative to that of

BA.1. In this study, by combining a series of in vitro assays, we

show that BA.2 is less dependent on TMPRSS2 for virus entry

than BA.1. In K18-hACE2 mice, BA.2 replicates more efficiently

than BA.1 in the nasal turbinates. In contrast, BA.2 replication

in mouse lungs is marginally attenuated compared with BA.1,

which results in less body weight loss and improved animal sur-

vival. Overall, the differences between BA.2 andBA.1 are small in

magnitude compared with what we observed with BA.1 and pre-

vious variants,6 but the increased replication capacity of BA.2 in

the nasal turbinatesmay explain the high transmissibility of BA.2.

These findings are important for optimization of public health

control measures of the ongoing COVID-19 pandemic.

Two recent studies have set out to explore the pathogenicity of

BA.2.22,23 Yamasoba et al.23 compared the replication and patho-

genicity of chimeric recombinant SARS-CoV-2 that encodes the S

proteinsofB.1.1,BA.1, andBA.2.Although theysimilarly observed

reduced spike cleavage of BA.2 in comparison with BA.1 and

B.1.1, they found that the pathogenicity of BA.2 is similar to that

of the ancestral B.1.1 and higher than that of BA.1.23 The different
otein (brown) of SARS-CoV-2 in the lungs of infected mice (n = 5 for BA.1, n = 4

of pathological changes in the lungs of infected mice (n = 5 for BA.1, n = 4 for

or BA.1.

atistical differences were determined with two-way ANOVA (A–D), two-tailed

rom two independent experiments. Four to six sections were taken from each

. Each data point represents one biological repeat. *p < 0.05, ** p < 0.01, ***p <

Cell Reports Medicine 3, 100743, September 20, 2022 5
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findings between our studies are likely attributed to the non-spike

substitutions between the genomes of BA.1 and BA.2, which war-

rant further investigations. Kawaoka et al.22 examined the patho-

genicityofBA.2 inmiceandhamsters.22 InBALB/cmice, theysimi-

larly showed that the virus titer in the lungs of BA.2-infected mice

was lower than in BA.1-infected mice 5 dpi. In our study, we per-

formed a side-by-side comparison of BA.2 and BA.1 by utilizing

the K18-hACE2 mouse model, which has the advantage over the

BALB/c mouse model of allowing survival analysis. By taking

advantage of the higher sensitivity of the K18-hACE2 mouse

model, we demonstrated a small but consistent difference be-

tween BA.2 and BA.1 in replication and pathogenicity.

The amino acid substitutions that contribute to the observed

differences between BA.2 and BA.1 are currently unknown.

BA.2 and BA.1 shares 21 substitutions in spike compared with

the ancestral WT SARS-CoV-2. However, BA.2 contains 8

unique changes that are not present in BA.1, including 3 substi-

tutions (T19I, A27S, and V213G) and 1 deletion (24–26 deletion)

in the N-terminal domain (NTD) and 4 substitutions (S371F,

T376A, D405N, R408S) in the receptor-binding domain (RBD).

BA.2 also possesses changes in other non-spike regions that

may also contribute to the observed phenotypic differences

with BA.1. The importance and function of these changes should

be further investigated with reverse genetics.

Limitations of the study
In the current study, we used the K18-hACE2 mouse model to

compare the pathogenicity of BA.1 and BA.2. Although this

model has been widely used for SARS-CoV-2 pathogenicity

studies, it is known that the introduced hACE2 may not be ex-

pressed at physiological levels across different tissues. In this re-

gard, hamsters andWTmice can be used for in-parallel analyses

for a more comprehensive conclusion regarding the in vivo path-

ogenicity of BA.1 and BA.2.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-SARS-CoV-2 N immune serum In house N/A

Anti-VSV-G (8G5F11) antibody Kerafast Cat#: EB0010; RRID:AB_2811223

Rabbit anti-SARS-CoV-2 spike S2 antibody Sino Biological Cat#: 40590-T62

Mouse b-actin antibody (clone AC-74) Sigma Cat#: A5316; RRID:AB_476743

Goat anti-Rabbit IgG(H + L) Secondary

Antibody,HRP

Thermo Fisher Cat#: 31460; RRID:AB_228341

Goat anti-Mouse IgG(H + L) Secondary

Antibody,HRP

Thermo Fisher Cat#: 31430; RRID:AB_228307

Bacterial and virus strains

SARS-CoV-2 HKU001a Chu et al., 2020 GENBANK: MT230904

SARS-CoV-2 B.1.617.2 (Delta) Shuai et al., 2021 GENBANK: OM212471

SARS-CoV-2 BA.1.529.1 (Omicron BA.1) Shuai et al., 2021 GENBANK: OM212472

SARS-CoV-2 BA.1.529.2 (Omicron BA.2) Iketani et al., 2022 GISAID: EPI_ISL_9845731

Chemicals, peptides, and recombinant proteins

SuperSignal West Pico PLUS

Chemiluminescent Substrate

Thermo Fisher Cat#: 34580

Camostat MedChemExpress Cat#: HY-13512

E64D MedChemExpress Cat#: HY-100229

VectaMount� Permanent Mounting Medium Vector Laboratories Cat#: H-5000-60

Critical commercial assays

DAB (3,30-diaminobenzidine) substrate kit Vector Laboratories Cat#: SK-4100

CellTiter-Glo luminescent cell viability assay kit Promega Cat#: G7572

Luciferase assay system Promega Cat#: E1501

QIAsymphony RNA Kit Qiagen Cat#: 931636

RNeasy Mini kit Qiagen Cat#: 74106

QuantiNova Probe RT-PCR Kit Qiagen Cat#: 208354

Experimental models: Cell lines

Human lung adenocarcinoma: Calu3 ATCC HTB-55

Human colorectal adenocarcinoma: Caco2 ATCC HTB-37

Human embryonic kidney: 293T ATCC CRL-3216

African green monkey kidney (clone of Vero-

76): VeroE6

ATCC CRL-1586

African green monkey: VeroE6-TMPRSS2 Japanese Collection of

Research Bioresources

(JCRB) Cell Bank

JCRB1819

Experimental models: Organisms/strains

Mouse: K18-hACE2 C57BL/6J (2B6 Cg-

Tg(K18-ACE2)2Prlmn/J)

The Jackson Laboratory Strain#:034860

Oligonucleotides

E_Sarbeco_F1, (SARS-CoV-2), forward primer:

5’- CGATCTCTTGTAGATCTGTTCTC -3’

Integrated DNA Technologies Cat#: 10006889

E_Sarbeco_R2 (SARS-CoV-2), reverse primer:

5’- ATATTGCAGCAGTACGCACACA -3’

Integrated DNA Technologies Cat#: 10006891

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

E_Sarbeco_P1 (FAM) Probe (SARS-CoV-2) :

5’- FAM- ACACTAGCCATCCTTACTGC

GCTTCG -ZEN-IBHQ -3’

Integrated DNA Technologies Cat#: 10006893

Recombinant DNA

pCAGEN-huACE2 This paper NCBI Reference Sequence: NM_001371415.1

pCMV3-huTMPRSS2 Sino biological Cat#: HG13070-CH

Software and algorithms

GraphPad Prism 8.0 Dotmatics https://www.graphpad.com/

scientific-software/prism/

ImageJ National Institutes of Health https://imagej.nih.gov/ij/

Other

EnSight Multimode Microplate Reader Perkin Elmer https://www.perkinelmer.com/product/

ensight-instrument-hh34000000

TissueLyser II Qiagen https://www.qiagen.com/us/products/

human-id-and-forensics/automation/

tissuelyser-ii/

Olympus BX53 light microscope Olympus https://www.olympus-lifescience.com/en/

microscopes/upright/bx53f2/

Alliance Imager apparatus Uvitec https://www.uvitec.co.uk/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Hin Chu (hinchu@hku.hk).

Materials availability
Materials generated in this study will be available upon fulfilment of material transfer agreement (MTA).

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

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Viruses
Wild type SARS-CoV-2 HKU-001a (GenBank:MT230904), B.1.617.2/Delta (GenBank: OM212471), BA.1 (GenBank: OM212472), and

BA.2 (Global Initiative on Sharing Avian Influenza Data, GISAID: EPI_ISL_9845731) were isolated from laboratory-confirmed COVID-

19 patients in Hong Kong.24,25 All variants of SARS-CoV-2were cultured and titrated by plaque assays using VeroE6-TMPRSS2 cells.

Sequences of all variants used in this studywere confirmedwith nanopore sequencing. In vivo and in vitro experiments with infectious

SARS-CoV-2 were performed according to the approved standard operating procedures of the Biosafety Level 3 facility at Depart-

ment of Microbiology, HKU.

Cells
Caco2, 293T, and VeroE6weremaintained in Dulbecco’smodified Eagle’smedium (DMEM) (Gibco, Amarillo, Texas, USA) containing

10% fetal bovine serum, 100 units penicillin, and 100ug/mL streptomycin. Calu3 was maintained in DMEM/F12 (Gibco) containing

10% fetal bovine serum, 100 units penicillin, and 100ug/mL streptomycin. VeroE6-TMPRSS2 was cultured in DMEM supplemented

with 10% fetal bovine serum, 100 units penicillin,100ug/mL streptomycin and 2%G418. All cells were cultured at 37�C in an incubator

with 5% CO2. All cell lines used are routinely tested for mycoplasma and are maintained mycoplasma-free.
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Mice
The use of animals was approved by the Committee on the Use of Live Animals in Teaching and Research of The University of

Hong Kong. Heterogenous K18-hACE2 C57BL/6J mice (2B6.Cg-Tg(K18-ACE2)2Prlmn/J) were obtained from The Jackson

Laboratory. 6- to 10-week-old male and female K18-hACE2 were used for all in vivo experiments. Animals were kept in cages

with individual ventilation with 65% humidity and ambient temperature ranging between 21-23 �Cwith 12-hour-interval day/night cy-

cle for housing and husbandry.

METHOD DETAILS

In vivo virus challenge in mice
For virus challenge in mice, K18-hACE2 transgenic mice were anaesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg), fol-

lowed by intranasal inoculation with 53 103 PFU of Omicron BA.1 or BA.2 diluted in 20 mL DMEM for each mouse. Mice were sacri-

ficed at 2, 4, and 6 dpi for harvesting nasal turbinate, lung, or brain tissues for virological assessment and histological examination as

we previously described.6,26 Survival and body weight of the infected animals weremonitored for 14 days or until death of the animal.

Histology and immunohistochemistry staining
Animal tissues were harvested and fixed with 10% neutral-buffered formalin. Nasal turbinates were decalcified with 15% formic acid

for 7 days before being processed with the TP1020 Leica semi-enclosed benchtop tissue processor. IHC was performed with the

DAB (3,30-diaminobenzidine) substrate kit (Vector Laboratories) as we previously described.27 The in-house rabbit anti-SARS-

CoV-2 N immune serum (1:5000) was used to detect viral antigen, followed by color development with the DAB substrate kit. The

nuclei were detected with haematoxylin before the tissue sections was mounted with the VectaMount permanent mounting medium

(Vector Laboratories). For H&E staining, tissue sections were stained with Gill’s haematoxylin and eosin-Y. Images were acquired

with the Olympus BX53 light microscope. Four to five mice were sampled each group (as specified in the figure legends) and four

to six sections from each animal were used for histology analysis.

Infectious virus titration by plaque assays and TCID50 assays
To quantify infectious viral titer with plaque assays, nasal turbinates and lung tissues harvested from infected mice were ho-

mogenized in 1 mL DMEM with Tissue Lyzer II (Qiagen, Germany) and clarified supernatants were 10-fold serially diluted

and inoculated onto a monolayer of VeroE6-TMPSS2 cells for 2 h at 37�C. After inoculation, the cells were covered with 1%

low-melting agarose in DMEM with 1% FBS. After four days, the cells were fixed by 4% paraformaldehyde, followed by staining

with 0.5% crystal violet in 25% ethanol/distilled water for plaque visualization. For TCID50 assays, supernatants from cells in-

fected with SARS-CoV-2 WT, Delta, BA.1, or BA.2 were harvested and 10-fold serially diluted before inoculated onto VeroE6-

TMPRSS2 cells. Cytopathic effect (CPE) was observed at four days post infection for the quantification of the median tissue

culture infectious dose.

Cell viability assays
VeroE6-TMPRSS2 cells were seeded in 96-well plate and infected with SARS-CoV-2WT, Delta, Omicron BA.1, and Omicron BA.2 at

0.1 MOI. Cell viability was quantified by CellTiter-Glo luminescent cell viability assay kit (Promega, USA) at 6 h, 12 h, 18 h, 24 h, 30 h

and 48 h post infection. Briefly, culture mediumwas discarded and replaced with 100 mL DMEMmedium containing 1% FBS and 1%

penicillin-streptomycin (5000 U/mL). Then 100 mL CellTiter-Glo reagent was added to each well and the plate was incubated for

10 min at room temperature. 100 mL reaction was taken to the opaque-walled 96-well plate for reading the luminescence, following

manufacturer’s manual with the EnSight Multimode Microplate Reader (Perkin Elmer, USA) at the designated time points.

Pseudovirus entry assays
All variants of SARS-CoV-2-spike pseudoviruses were packaged as previously described.6,28 Briefly, 293T cells were transfected

with different spikes with Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA). At 24 h post transfection, the cells

were transduced with VSV-deltaG-firefly pseudotyped with VSV-G. At 2 h post transduction, the cells were washed three times

by phosphate-buffered saline (PBS) and cultured in DMEM containing 1%FBS and anti-VSV-G (8G5F11) antibody (EB0010, kerafast,

Boston, MA, USA) (1:1000). The pseudoviruses were then harvested at 16 h post transduction titrated with TCID50. For pseudovirus

entry assays, target cells were grown in 96-well plates and inoculated with pseudoviruses carrying respective SARS-CoV-2 spike for

2 h and cultured in media containing 1% FBS for 24 h. The cells were washed and lysed in passive lysis buffer (E194A, Promega,

USA), followed by addition of luciferase assay reagent for detection of luciferase (E1501, Promega, Madison, WI, USA) according

to manufacturer’s instructions.

RNA extraction and real-time reverse-transcription polymerase chain reaction
The infected cells were lysed with 90 mL RLT buffer then viral RNAwas extracted and eluted in 100 mL DNase/RNase-free water using

QIAsymphony RNA Kit (931636, Qiagen, Germantown Road Germantown, MD, USA). Viral RNA from mice lung and nasal turbinate

samples were extracted with the RNeasy Mini kit (74106, Qiagen). Viral subgenomic RNA was detected using primers targeting the
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subgenomic E gene with the QuantiNova Probe RT-PCR Kit (208354, Qiagen). The primer and probe sequences are available upon

request.

Protease inhibitor treatment assay
The serine protease inhibitor, camostat, and the cysteine protease inhibitor, E64D, were purchased from MedChemExpress (Mon-

mouth Junction, NJ, USA). Calu3, Caco2, or VeroE6-TMPRSS2 cells were seeded in 96-well plates and treated with DMSO, Camo-

stat, or E64D at concentration of 1, 25, and 50mM for 2h. Calu3 and Caco2 cells were challengedwith viruses at 0.1MOI or 0.5MOI. At

24 hpi, the cell lysates were lysed in 90 mL RLT buffer and RNA were extracted for qRT-PCR quantification of virus replication. For

pseudovirus transduction, the cells were incubated with different spikes of pseudovirus, followed by luciferase signal measurement

at 24 hpi.

Western blot analysis of spike cleavage
VeroE6 cells were seeded in 6-well plates and infectedwith BA.2 or BA.1 at 0.1MOI. Cell lysates were harvested in 200 mLRIPA buffer

(89901, Thermo Scientific ) at 24 h post infection for the analysis of spike processing. The samples were subjected to 8% of SDS-

PAGE and transferred to the PDVF membranes, followed by blocked with 5% skim milk in PBS for 2h at room temperature and incu-

bated with specific primary antibodies at 4�C overnight, followed by incubating with horseradish peroxidase (HRP) conjugated sec-

ondary antibodies (Thermo Fisher Scientific) for 1h at room temperature. The signal was developed using SuperSignal West Pico

PLUS Chemiluminescent Substrate (34580, Thermo Scientific, USA) and detected using Alliance Imager apparatus (Uvitec, Cam-

bridge, UK). Full-length spike and S2 was detected with a rabbit anti-SARS-CoV-2 spike S2 antibody (40590-T62, Sino Biological)

(1:5000). Nucleocapid (N) was detected with an in-house rabbit anti-SARS-CoV-2 N immune serum (1:10000) and b-actin was de-

tected with a b-actin antibody (clone AC-74, A5316, Sigma, USA) (1:5000).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical comparison between two experimental groups were performed with unpaired two-tailed Student’s t-test. Comparison be-

tween three or more experimental groups was performed with one-way or two-way ANOVA. Survival of animals were compared with

Log- rank (Mantel-Cox) test. Differences were considered statistically significant when p < 0.05. Data analysis was performed with

Graphpad prism 8.0.
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