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SUMMARY

SARS-CoV-2 Omicron variant has evolved into sublineages. Here, we compared the neutralization suscep-
tibility and viral fitness of EG.5.1 and XBB.1.9.1. Serum neutralization antibody titer against EG.5.1 was
1.71-fold lower than that for XBB.1.9.1. However, there was no significant difference in virus replication
between EG.5.1 and XBB.1.9.1 in human nasal organoids and TMPRSS2/ACE2 over-expressingA549 cells.
No significant difference was observed in competitive fitness and cytokine/chemokine response between
EG.5.1 and XBB.1.9.1. Both EG.5.1 and XBB.1.9.1 replicated more robustly in the nasal organoid from a
younger adult than that from an older adult. Our findings suggest that enhanced immune escape contrib-
utes to the dominance of EG.5.1 over earlier sublineages. The combination of population serum suscepti-
bility testing and viral fitness evaluation with nasal organoids may hold promise in risk assessment of
upcoming variants. Utilization of serum specimens and nasal organoid derived from older adults provides
a targeted risk assessment for this vulnerable population.

INTRODUCTION

Since the emergence of SARS-CoV-2 in 2019, worldwide effort in viral genomic surveillance has revealed sequential appearance of SARS-CoV-

2 variants.1 The World Health Organization has highlighted epidemiologically important variants as variants of concern (VOC), variants of in-

terest (VOI), and variants under monitoring (VUM). These variants may have better growth rate, better viral fitness, higher virulence and/or

increased immune escape. For example, the Omicron variant, first detected with genomic surveillance in Botswana and South Africa in

November 2021 and now become the dominant variant,2,3 exhibited marked immune escape,4,5 better fitness than Delta in the presence

of serum from vaccinees,6 and shorter doubling time.7,8 In 2022, several Omicron sublineages have gradually emerged and become the domi-

nant strain, including the BA.1, BA.2, BA.5 and BQ.1.1,9

XBB, a recombinant of BA.2.10.1 and BA.2.75, emerged in August 2022. Patients with prior vaccination or infection had a markedly lower

neutralizing titers against XBB than previous Omicron sublineages.10 XBB outcompeted other sublineages and has become the dominant

sublineage in 2023. Within the XBB epidemic, XBB.1.5 (January 2023), XBB.1.9 (March-April 2023), XBB.1.16 (April 2023) and XBB.2.3 (May

2023) have become prevalent and was designated as variants of interest (VOI) or variants under monitoring (VUM) by the World Health Or-

ganization.11 EG.5, a descendant of XBB.1.9 (XBB.1.9.2 with F456L mutation), was designated as a VOI on 9th August 2023 because the rapid

increase in prevalence and immune escape.12,13 According to the World Health Organization, over 90% of SARS-CoV-2 strains belong to the

Omicron variant XBB sublineage, and about half belong to the EG.5 or its descendants in October 2023.14

SARS-CoV-2 primarily replicates in the nasal epithelium in humans. Hence, the nasal organoid may be a more physiologically relevant

model for studying viral fitness than immortal cell lines or animal models. We have previously established well-differentiated human nasal

organoids consisting of ciliated cells, goblet cells and club cells.15 We have used the human nasal organoids to demonstrate the more robust
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Figure 1. Temporal trend of EG.5 and XBB.1.9.1

(A) Global; (B) Hong Kong. The global data of SARS-CoV-2 were obtained from GISAID on 6th November 2023.
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infection of Omicron BA.5 than the BA.1 or ancestral strain.16 The aim of the current study is to use the human nasal organoids to compare the

fitness of EG.5.1 (a descendant of XBB.1.9.2) and the closely related XBB.1.9.1 which EG.5 have replaced.

RESULTS

Emergence of XBB.1.9.1.* and EG.5.* globally

The proportion of XBB.1.9.1 or its sublineages (XBB.1.9.1.*) first exceeded 1%globally and in Hong Kong in February 2023, and peaked inMay

2023 (13.48% globally; 28.83% in Hong Kong) (Figure 1). The proportion of EG.5 or it sublineage (EG.5.*) exceeded 1% inMay 2023, and over-

took XBB.1.9.1 and its sublineages since July 2023. In October 2023, while the proportion of EG.5.* reached 93.8% in Hong Kong, the pro-

portion of EG.5.* reached only 46.9% globally. In view of the dominance of EG.5.*, we proceeded to determine whether the possible reason

for dominance. EG.5, when compared with XBB.1.9.1, carries the additional mutations ORF1a A690V (nsp2 A510V) and A3143V (nsp4 A390V)

and the spike F456L. EG.5.1, when compared with EG.5, carries an additional spike mutation Q52H.

Comparison of susceptibility to serum neutralization between EG.5.1 and XBB.1.9.1

Since EG.5.1 replaced other XBB sublineages, we hypothesized that EG.5.1 is less susceptible to serum neutralization in our population. We

compared the serum neutralization titers between EG.5.1 and XBB.1.9.1 using a live virus neutralization assay. We included serum specimens

from 33 patients which were collected in August 2023 (Table S1). All 33 patients received at least 2 doses of vaccines; 17 received BNT162b2

only, 12 received CoronaVac only, and 4 received both BNT162b2 and CoronaVac. 16 had prior infection, of whom 12 had infection in 2022

and 4 had infection in 2023.

Of the 33 patients, 6 did not have detectable levels of neutralizing antibody (nAb) against either XBB.1.9.1 or EG.5.1. Excluding these 6

patients, the nAb titer against EG.5.1 was lower than that against XBB.1.9.1 for 85.2% (23/27) of patients. The geometric mean 50% neutral-

izing antibody titer (NT50 GMT) was 1.71-fold lower for EG.5.1 (GMT: 64.52; 95% CI: 37.4–111.2) than XBB.1.9.1 (GMT: 110.4; 95% CI: 67.2–

181.3) (p = 0.0009; Wilcoxon matched pairs signed rank test) (Figure 2).

Viral replication kinetics and competition assays

In our previous study, we found that BA.5 replicated better than BA.1 in nasal organoid.16 Here, we compared the viral replication between

EG.5.1 and BA.5.2 in the nasal organoid. The viral load was significantly higher for EG.5.1 than BA.5.2 at 24 and 48 hpi (Figure S1).

Next, we compared the replication kinetics between EG.5.1 and XBB.1.9.1 between the nasal organoid derived from the younger adult (28

years old) and that from the older adult (68 years old). The nasal organoid derived from the older adult exhibited amuch higher expression the

senescence biomarker beta-galactosidase (Figure 3A). We also determined the viral replication in VeroE6/TMPRSS2 cells (a monkey kidney

cell line that is most frequently used for viral culture) and A549/TMPRSS2/ACE2 (a human lung cell line derived from a patient with carcinoma

that overexpresses the TMPRSS2 and ACE2). There was no statistically significant difference in the virus replication kinetics between EG.5.1

and XBB.1.9.1 in A549/TMPRSS2/ACE2, nasal organoid from the younger adult, and the nasal organoid from the older adult (Figure 3B). On

VeroE6/TMPRSS2 cells, the viral load of EG.5.1 was slightly higher than XBB.1.9.1 at 48 hpi (9.675 log10 vs. 9.089 log10). Both EG.5.1 and

XBB.1.9.1 achieved highest viral load in the nasal organoid derived from the younger adult and VeroE6/TMPRSS2 cell line. At 24, 48 and

72 hpi, the viral loads in the younger adult nasal organoid were about 1–2 log higher than those in the older adult nasal organoid (Figure S2).

To further compare the fitness of EG.5.1 and XBB.1.9.1, we performed the competition assay in the human nasal organoids. For the nasal

organoid derived from the 28-year-old adult, themean% of EG.5.1 increased from 60% to 74.4%within the first 24 h, but remained below 80%

up to 72 hpi (Figure 3C). The viral load was too low in the nasal organoid derived from the older adult for accurate quantification. Hence, we

did not observe an improve fitness of EG.5.1 over XBB.1.9.1.

Fusion assay

Wepreviously demonstrated that cell-cell fusion differs between variants.17 In this study, we compared the fusion activity between EG.5.1 and

XBB.1.9.1 in VeroE6/TMPRSS2 cells. There was no observable difference between the cell-cell fusion activity at 24, 48 or 72 hpi (Figure S3).
2 iScience 27, 109706, May 17, 2024



Figure 2. Comparison of live virus neutralizing antibody titers against EG.5.1 and XBB.1.9.1

Serum specimens with undetectable levels of nAb against both EG.5.1 and XBB.1.9.1 were excluded.

Dotted horizontal lines represent the lower limit of detection. Data represent the geometric mean

titer with 95% confidence interval. Statistical analysis was performed using Wilcoxon matched pairs

signed rank test. NT50, 50% neutralization titer.
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Cytokine and chemokine response in nasal organoid

Next, we determined whether there is any difference in the ability of EG.5.1 and XBB.1.9.1 in eliciting inflammatory response in the nasal or-

ganoid derived from the younger adult. The levels of IL1b, IL6, IP10, IL8, IFNa2 and GM-CSF were not statistically significantly different be-

tween EG.5.1 and XBB.1.9.1 (Figure 4). The levels of other cytokines were near the limit of quantification and therefore not compared.
DISCUSSION

The ancestral SARS-CoV-2 strain has undergone significant evolutionary divergences, resulting in the emergence of multiple lineages. None-

theless, only a limited number of lineages have prevailed.1 The ability to evade from prior population immunity and increased viral fitness are

important attributes leading to the success of a variant.5,10,16,18 Globally, EG.5 is currently the most prevalent sublineage in October 2023. In

Hong Kong, there was a surge of SARS-CoV-2 cases in early summer, with a peak in May 2023 (Figure 1), which was dominated by XBB.1.9,

XBB.1.5 and XBB.1.16 at similar proportions. However, the EG.5.1, a descendant of XBB.1.9.1, has replaced other lineages causing a small

speak in September/October 2023. In this study, we sought to determine how EG.5.1 outcompeted XBB.1.9.1 and became the dominant line-

age. We found that EG.5.1, which contains the spike F456L mutation, was 1.71-fold less susceptible to neutralization by serum collected in

August 2023. However, we did not observe any significant increase in fitness of EG.5.1 over XBB.1.9.1 in human bronchial epithelial cell

line (A549/TMPRSS2/ACE2) and human nasal organoids. Hence, our findings suggest that the prevalence of EG.5.1 in Hong Kong and glob-

ally was more likely attributed to its ability to escape pre-existing population immunity rather than its enhanced viral fitness.

Previous studies compared EG.5.1 with XBB lineages other than those within the XBB.1.9 lineage.19,20 In our current study, we specifically

compared the difference between EG.5.1 and XBB.1.9.1 because both are descendants of the XBB.1.9 lineage. Our comparison will avoid the

potential effect of the unique mutations ORF1a A690V and A3143V that are present in the XBB.1.9 lineage. Another unique feature of our

study is that we have used authentic viruses instead of pseudoviruses. This is particularly important for the viral fitness and cytokine assays

as pseudovirus only contains the spike protein and therefore the effect of infection due to other viral proteins would be missed.

In the spike protein, EG.5.1 differs from XBB.1.9.1 or XBB.1.9.2 in that EG.5.1 carries the F456L mutation. The F456L mutation is likely

responsible for the difference in neutralization susceptibility betweenXBB.1.9.1 and EG.5.1. Using a pseudovirus neutralization assay, Faraone

et al. found that XBB.1.5 with F456L is less susceptible to serum neutralization than XBB.1.5 without the F456Lmutation.20 Furthermore, F456L

may be associated with increased transmissibility for other lineages. The European Center for Disease Prevention and Control (ECDC) re-

ported that XBB.1.5 carrying the F456L mutation may have increased transmission rates.13

In addition to employing commonly used immortalized cell lines for assessing viral fitness, we also incorporated human nasal organoid as a

more physiologically relevant model. First, the nasal epithelium represents the initial anatomical site of SARS-CoV-2 infection. Second, the

viral load in the nasal epithelium correlates with person-to-person transmissibility.21 Third, unlike cell lines that comprise of a single cell

type, the nasal organoid consists of the ciliated cells, goblet cells and club cells that recapitulates the cell types in the nasal epithelium.
iScience 27, 109706, May 17, 2024 3



Figure 3. Comparative fitness of EG.5.1 and XBB.1.9.1

(A) Beta-galactosidase staining on differentiated nasal organoid monolayers from a younger adult (28 years old) and an older adult (68 years old). Upper panel:

light microscopy; Lower panel: Nuclei were counterstained with DAPI (blue). Scale bar, 100 mm (left), 50 mm (right).

(B) Viral replication in VeroE6/TMPRSS2 cell line, A549/TMPRSS2/ACE2 cell line or nasal organoids derived from the younger adult or the older adult. The viral

load was determined using RT-qPCR. Data represent mean, and error bar represents one standard deviation. The viral load at each time point was compared

using Student’s t test. *, p < 0.05.

(C) Competition assay between EG.5.1 and XBB.1.9.1. Human nasal organoid derived from the young adult was infected with EG.5.1 and XBB.1.9.1 at a

EG.5.1:XBB.1.9.1 TCID50 ratio of 1:1. Next generation sequencing was performed on the cell culture supernatants that were collected at 24, 48 and 72 hpi.

The percentage of reads corresponding to the EG.5.1 was determined using the spike amino acid residues 52 and 456. The data at 0 h time point represents

the sequencing result of the 1:1 mixture. Data represent mean, and error bar represents one standard deviation.
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The host dependent or restriction factors for viral replication are different between human andmonkeys (VeroE6), and between the nasal and

lung adenocarcinoma cells (A549).

Older adults are more vulnerable to SARS-CoV-2 infection.3 Hence, risk assessment in this population is especially critical. In the current

study, we specifically determined the immune escape of EG.5.1 based on serum of older individuals. Furthermore, we have specifically

compared the viral replication in nasal organoids derived from a young and an old adult because there may be age differences in the sus-

ceptibility. Indeed, we found that both EG.5.1 and XBB.1.9.1 replicated more slowly in the nasal organoid from the older adult than that

derived from the younger adult.

We did not find any significant difference in the cell-cell fusion activity between EG.5.1 and XBB.1.9.1. This is expected as there is no dif-

ference in the amino acid sequence between the two virus lineages in the S2 of the spike protein, which is responsible for fusion.

We did not observe with any differences in the cytokine and chemokine response between EG.5.1 and XBB.1.9.1. Our results corroborated

with the clinical observation that there is no change in clinical severity for EG.5.1.

The World Health Organization and other public health agencies consider viral genetic and phenotypic characteristics during risk assess-

ment of novel variants. Our data suggest that the risk assessment of novel variants can incorporate data from immune susceptibility testing

using a population’s serum specimens and viral fitness assessment on human nasal organoid. Since older adults aremore vulnerable to SARS-

CoV-2 infection, the risk assessment of emerging SARS-CoV-2 variants should include serum specimens and nasal organoid from both

younger and older adults.

Limitations of the study

There are several limitations in this study. First, while our results suggest that the nasal epithelium from younger adults aremore supportive of

SARS-CoV-2 replication, we should interpret the results with caution as ourmodel does not consist of resident or circulating immune cells that

limit viral replication. Second, we only tested one strain of each of the lineage. It is possible that viruses within the same lineage may exhibit

different immune escape or viral fitness. Third, we only compared nasal organoids derived from one younger adult and one older adult. Com-

parisons with multiple nasal organoids from young and old adults are required to determine whether this is a general phenomenon.
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Figure 4. Comparison of cytokine and chemokine response between EG.5.1 and XBB.1.9.1 in human nasal organoid

Human nasal organoid derived from the young adult was infected with EG.5.1 or XBB.1.9.1 at an MOI of 0.1. The levels of cytokines and chemokines were

determined in the culture supernatant collected at 2, 24, 48 and 72 hpi. Dotted lines represent the limit of detection. Data represent mean, and the error

bars indicate one standard deviation.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

hCoV-19/Hong Kong/HKU-231103-001/2023 In house N/A

hCoV-19/Hong Kong/HKU-230414-002/2023 In house N/A

Chemicals, peptides, and recombinant proteins

10X TrypLE Select Gibco�; New York, USA Cat# A1217701

Matrigel Corning�, Corning, NY, USA Cat# 356231

PneumaCult�-ALI Medium Vancouver, BC, Canada, Cat# 05001

Fetal bovine serum Gibco�; New York, USA Cat# 16140071

Dulbecco’s Modified Eagle Medium (DMEM) Gibco�; New York, USA Cat# 2523099

Penicillin/streptomycin Gibco�; New York, USA Cat# 15140122

phosphate-buffered saline (PBS) Gibco�; New York, USA Cat# 2430052

Low-melting point agarose InvivoGen Cat# 16520100

Crystal violet Sigma-Aldrich�, Saint Louis, MO, USA Cat# 548-62-9

Polyethylenimine MAX (PEI MAX) Polysciences Cat# 24756-1

40,6-diamidino-2-phenylindole Vector Laboratories, Burlingame, CA, USA Cat# H-1200-10

Critical commercial assays

b-Galactosidase Staining Kit Danvers, MA, USA Cat# 9860

LEGENDplex� BioLegend, San Diego Cat# 740390

RNeasy Mini Kit QIAGEN Cat# 74104

Deposited data

Full genome sequence of

SARS-CoV-2 EG.5.1 virus

GISAID EPL_ISL_18461518

Full genome sequence of

SARS-CoV-2 XBB.1.9.1 virus

GISAID EPI_ISL_17468452

Experimental models: Cell lines

VeroE6/TMPRSS2 JCRB Cat# JCRB1819

RRID: CVCL_YQ49

A549/TMPRSS2/ACE2 InvivoGen a549-hace2tpsa

RRID: CVCL_A5KB

Oligonucleotides

Rdrp/Hel Forward primer

CGCATACAGTCTTRCAGGCT

Integrated DNA Technologies N/A

Rdrp/Hel Reverse primer

GTGTGATGTTGAWATGACATGGTC

Integrated DNA Technologies N/A

Rdrp/Hel Probe

FAM-TTAAGATGTGGTGCTTGCATACGTAGAC-lABkFQ

Integrated DNA Technologies N/A

Software and algorithms

GraphPad Prism GraphPad https://www.graphpad.com
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Kelvin Kai-WangTo

(kelvinto@hku.hk).

Anaconda Software Distribution Anaconda https://www.anaconda.com/downloads
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Materials availability

This study did not generate new unique reagents.

Data and code availability

The genome sequences of viral strains used in this study are deposited to GISAID (Accession number: EPL_ISL_18461518 and EPI_

ISL_17468452). All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code.

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

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethical approval

This study has been approvedby the Institutional ReviewBoard of the University of Hong Kong/Hospital Authority of HongKongWest Cluster

(HKU/HA HKW IRB) (Reference number UW 22–328 and UW 23–376).

Global prevalence of XBB.1.9.1 and EG.5 sublineages

We downloaded the metadata of SARS-CoV-2 sequences from GISAID on 6th November 2023.22 A SARS-CoV-2 sequence was included if it

had been marked as complete in the metadata file, and was directly obtained from a human clinical specimen without in vitro passage. A

sequence was excluded if collection date information was not complete. All processing was performed on Python v3.9.1223 (pandas

v1.4.2,24 json v2.0.9) running on Anaconda Software Distribution v 4.11.0.

Cell lines

TMPRSS2-expressing VeroE6 (VeroE6/TMPRSS2) cell line was obtained from the Japanese Collection of Research Bioresources (JCRB) Cell

Bank (JCRB Cat#JCRB1819). TMPRSS2 and ACE2 over-expressing A549 cells (A549/TMPRSS2/ACE2) were obtained from InvivoGen (Catalog

code: a549-hace2tpsa).

Virus strains

The SARS-CoV-2 EG.5.1 (GISAID accession number: EPL_ISL_18461518) and XBB.1.9.1 strains (GISAID accession number EPI_ISL_17468452)

were isolated from respiratory specimens of COVID-19 patients in Hong Kong. The virus isolates were cultured using VeroE6/TMPRSS2 cells

and was performed in a biosafety level 3 facility as we described previously.10

METHOD DETAILS

Live virus neutralization test

Serum samples collected from 33 adults aged over 70 years old in Hong Kong were heat-inactivated at 56�C for 30 min and were serially

diluted in 2-folds with MEM containing 1% fetal bovine serum (FBS). Duplicates of each diluted serum were mixed with a SARS-CoV-2 virus

isolate to reach a final concentration of 100 TCID50 and were incubated at 37�C for 1 h. After incubation, 100 mL of the serum-virus mixture was

then added to VeroE6/TMPRSS2 cells that were seeded in 96-well plates 24 h before infection. The cells were incubated with the mixture at

37�C. After incubation for 3 days, cytopathic effect (CPE) was visually scored for each well by two independent observers in a blindedmanner.

The 50% neutralisation titer (NT50) was determined by using log (inhibitor) vs. normalized response-variable slope in GraphPad PRISM version

9.4.0. For statistical analysis, a value of 5 was assigned if the live virus neutralising antibody titer is < 10.

Human nasal organoids

Nasal cells collected from the nasal mid-turbinate were washed and digested into single cells with 10X TrypLE Select (Gibco; New York, USA;

Cat#A1217701). Resultant cells were embedded in 70%Matrigel (Corning, Corning, NY, USA, Cat#356231) and supplementedwith expansion

medium in a 24-well suspension culture plate (Thermo Scientific, Rochester, NY, USA, Cat#144530). Details of the expansionmedium is shown

in Table S2. The organoids were passaged once they reach 70–80% confluency (i.e., every 7–14 days).

To develop differentiated nasal organoidmonolayers (dNsO-mono), we first digested undifferentiated 3D nasal organoids into single cells

with 10X TrypLE Select for 3–5min at 37�Cand seeded the cells onto Transwell inserts (Corning,NY, USA; Cat#3470). The cells were cultured in

expansion medium for 3 to 4 days to reach 90% confluency. Differentiation was then initiated by switching to differentiation medium

(PneumaCult-ALIMedium [STEMCELL Technologies]; Vancouver, BC, Canada, Cat# 05001) supplementedwith 10mMN-[N-(3,5-difluorophe-

nacetyl)-l-alanyl]-S-phenylglycine t-butyl ester (DAPT) and incubated for another 10 to 12 days. The medium was supplied to both the upper

and lower compartments and was replenished every other day.

b-galactosidase staining

b-galactosidase staining was performed using Cell Signaling Technology’s Senescence b-Galactosidase Staining Kit (Danvers, MA, USA

Cat#9860). dNsO-mono fixed overnight at 4�C were stained according to the manufacturer’s protocol. Images were acquired using the

Olympus BX53F microscope.
8 iScience 27, 109706, May 17, 2024
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Viral replication kinetics in VeroE6/TMPRSS2 cell line, A549/TMPRSS2/ACE2 cell line

VeroE6/TMPRSS2 or A549/TMPRSS2/ACE2 cells were seeded onto 96-well tissue culture plates with Dulbecco’s Modified Eagle Medium

(DMEM) supplemented with 10% FBS, 100 U/mL of penicillin, and 100 mg/mL of streptomycin. The culture plates were incubated at 37�C
and 5% CO2 for 48 h prior to the experiment. After removing the culture medium and washing cells by phosphate-buffered saline (PBS),

0.01 multiplicity of infection (MOI) of EG.5.1 or XBB.1.9.1 were inoculated to cells for infection at 37�C and 5% CO2 for 2 h. Cell culture su-

pernatant was collected at 2, 24, 48, and 72 h post infection (hpi). Viral RNA was extracted for RT-qPCR assay to determine the viral load.

Cell lysates were collected at 72 hpi.
Viral replication kinetics in human nasal organoids

Human nasal organoids were infected with EG.5.1 or XBB.1.9.1 at 0.1 MOI. The infected nasal organoids were incubated at 37�C in a 5% CO2

incubator. After 2 h of viral adsorption, the medium was removed. Organoids were washed twice with basal medium and cultured with basal

medium at 37�C and 5% CO2 incubator. The supernatant was collected at 2, 24, 48 and 72 hpi. At each of the time points, the viral load in the

culture supernatant was determined by RT-qPCR, and the viral titer was determined by plaque assay.
Determination of viral load with RT-qPCR

Viral RNAwas extractedwith RNAmini kit (Qiagen) for viral load assays. The viral load was determined using reverse transcription quantitative

polymerase chain reaction (RT-qPCR) targeting the RdRp gene.
Plaque assay

The VeroE6/TMPRSS2 cells were seeded one day before infection at 1.5 3 106 cells/mL. On the day of infection, cells were infected with

10-fold serial dilutions of culture supernatant and incubated at 37�C, 5% CO2 incubator for 1 h. At the end of the incubation, the culture su-

pernatant was removed and replaced with 23 MEM medium and 2% low-melting point agarose mixture. At 3 days post-infection, the cells

were fixed with 4% formaldehyde in PBS overnight and the cells were stained with 0.5% crystal violet solution (80% of PBS and 20%methanol).

The cells were then washed to reveal the plaques. The result was expressed as plaque-forming units (PFU)/mL.
Competition assay in human nasal organoids

Human nasal organoids were infected with 0.1 MOI of EG.5.1 and XBB.1.9.1 at a ratio of 1:1 based on the TCID50 as determined in VeroE6/

TMPRSS2 cells. Culture supernatant was collected at 24, 48 and 72 hpi for whole viral genome sequencing. Biological triplicate was

performed.

Whole-genome sequencing was performed using Illumina sequencing. The percentage of reads corresponding to the EG.5.1 and

XBB.1.9.1 at the spike amino acid residues 52 (EG.5.1: H; XBB.1.9.1: Q) and 456 (EG.5.1: L; XBB.1.9.1: F) was used for the determination of

competition results.
Cytokine and chemokine assay

The levels of cytokines and chemokines in the culture supernatant were measured using the multiplex panel (LEGENDplex) (BioLegend, San

Diego, Cat no. 740390). The cytokine and chemokines included IL1b, IL6, TNFa, IP10, IFNa2, IFNb, IFNl1, IFNl2/3, IFNg, IL8, IL12p70, GM-

CSF and IL10.
Fusion assay

Green fluorescent protein (GFP) plasmid was packaged by Polyethylenimine MAX (PEI MAX) (Polysciences, Cat no: 24756-1) and transfected

into VeroE6/TMPRSS2 cells in 24-well plates. At 8 h post transfection, 0.0001 MOI of EG.5.1 or XBB.1.9.1 was added to GFP-transfected cells.

At 24, 48, and 72 hpi, cell images were taken with fluorescent microscope. GFP-transfected cells without viral infection represent the negative

control for virus-induced cell-cell fusion.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 10.2.0. The viral loads at each time point between XBB.1.9.1 and EG.5.1, and be-

tween EG.5.1 and BA.5.2, were compared using Student’s t test. A p value of <0.05 was considered as statistically significant.
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