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Summary eBioMedicine

Background Among the Omicron sublineages that have emerged, BA.1, BA.2, BA.5, and their related sublineages ~2023:9> 104753

have resulted in the largest number of infections. While recent studies demonstrated that all Omicron sublineages ~ PvPlished Online xx

robustly escape neutralizing antibody response, it remains unclear on whether these Omicron sublineages share any ?;Tg// /:;_ ;:92/ 33'3
. . . . . . . . . . . . .enl N .

pattern of evolutionary trajectory on their replication efficiency and intrinsic pathogenicity along the respiratory tract. | 47;3

Methods We compared the virological features, replication capacity of dominant Omicron sublineages BA.1, BA.2 and

BA.5 in the human nasal epithelium, and characterized their pathogenicity in K18-hACE2, A129, young C57BL/6,

and aged C57BL/6 mice.

Findings We found that BA.5 replicated most robustly, followed by BA.2 and BA.1, in the differentiated human nasal
epithelium. Consistently, BA.5 infection resulted in higher viral gene copies, infectious viral titres and more
abundant viral antigen expression in the nasal turbinates of the infected K18-hACE2 transgenic mice. In contrast, the
Omicron sublineages are continuously attenuated in lungs of infected K18-hACE2 and C57BL/6 mice, leading to
decreased pathogenicity. Nevertheless, lung manifestations remain severe in Omicron sublineages-infected A129
and aged C57BL/6 mice.

Interpretation Our results suggested that the Omicron sublineages might be gaining intrinsic replication fitness in
the upper respiratory tract, therefore highlighting the importance of global surveillance of the emergence of hyper-
transmissive Omicron sublineages. On the contrary, replication and intrinsic pathogenicity of Omicron is suggested
to be further attenuated in the lower respiratory tract. Effective vaccination and other precautions should be in place to
prevent severe infections in the immunocompromised populations at risk.
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Research in context

Evidence before this study

We searched PubMed on 18th April, 2023, with no starting
date limitations, using the terms “SARS-CoV-2" and “Omicron
sublineages” and “mice” for articles in English. From the 19
articles available, it did not reveal any report that investigated
the evolution trajectory of the replication fitness and
pathogenicity of Omicron sublineages BA.1, BA.2, BA.2.12.1,
BA.4 and BA.5 in vivo. We also searched “Omicron BA.5” and
“replication fitness” and it yielded six studies showing BA.5
replication in human airway epithelium, hACE2 transgenic
mice, and hamsters, but not other animal models.

Added value of this study

Our study reveals the divergent replication capacity of the
sequentially emerged Omicron sublineages (BA.1, BA.2,
BA.2.12.1, BA.4 and BA.5) in the upper and lower respiratory
tract. We show that the sequentially-emerged Omicron
sublineages might be gaining intrinsic replication fitness and
replicate more robustly than ancestral SARS-CoV-2 in the
differentiated human nasal epithelial cells. In the infected
animals, while the Omicron sublineages are replicating more
efficiently in the upper respiratory tract, their pathogenicity in

Introduction

Reported after Alpha (PANGO lineage B.1.1.7), Beta
(B.1.351), Gamma (P.1), and Delta (B.1.617.2), Omicron
(B.1.1.529) was designated as the fifth SARS-CoV-2
variant of concern (VOC) by the World Health Organi-
zation on November 26th, 2021 and has quickly replaced
Delta as the predominant circulating SARS-CoV-2
variant. Omicron BA.1 (B.1.1.529.1) contains a large
number of mutations when compared with ancestral
SARS-CoV-2, including 30 substitutions, three short
deletions, and one insertion in the spike protein. Due to
these changes, BA.1 demonstrated substantially altered
virological features including reduced spike cleavage,
attenuated pathogenicity, and robust immune evasion to
neutralization antibodies.' Continuous surveillance of
Omicron evolution revealed that BA.1 was replaced by
BA.2 and related sublineages, which became the pre-
dominant circulating SARS-CoV-2 strains until mid-
2022, and were subsequently replaced by BA.5 and
related sublineages.

Recent clinical investigations revealed a decreased
pathogenicity of BA.1 and BA.2 when compared to
previous VOCs,'*'* which are in agreement with previ-
ous in vitro and in vivo studies reported from us and

the lung continues to attenuate. Using the aged mice and
type-I interferon signaling deficient mice, we show that lung
damage caused by Omicron BA.5 remains severe in the
immunocompromised animal models.

Implications of all the available evidence

The emergence of Omicron sublineages led to the surge of
multiple waves of widespread SARS-CoV-2 infections globally.
Our findings suggest that the Omicron sublineages have been
gaining intrinsic replication fitness in the upper airway,
highlighting the importance of global surveillance on
emerging SARS-CoV-2 subvariants, especially on the early
detection of hyper-transmissive subvariants. Although
replication and intrinsic pathogenicity of the Omicron
sublineages continue to attenuate in the lower respiratory
tract, the risk of severe infection remains high in the
immunocompromised populations. Given the current
relaxation of COVID-19-related social restrictions,
development of effective nasal vaccines and implementation
of preventive measures should be in place to protect the
elderlies and immunocompromised patients.

others.**'>1 However, clinical severity of BA.5 and its
related sublineages remain incompletely understood.
Moreover, Omicron and its sublineages have remained
as the most prevalent SARS-CoV-2 variant until today.
Whether these sequentially emerged Omicron sub-
lineages share a pattern of evolutionary trajectory on
their intrinsic infectability and pathogenicity remains
unclear. In this study, we systemically compared the
virological features, replication capacity in the upper and
lower respiratory tract, and intrinsic pathogenicity of
BA.1, BA.2, BA.4, and BA.5 sublineages. We demon-
strated that the virus replication of Omicron sublineages
is becoming increasingly robust in primary human
nasal epithelial cells and in the nasal turbinates of K18-
hACE2, young CS57BL/6, aged C57BL/6, and A129
mouse models. Meanwhile, the virus replication of
Omicron sublineages has a trend of further attenuation
in the lungs of K18-hACE2 and young C57BL/6 mice,
leading to attenuated pathogenicity. Notably, Omicron
sublineages can still cause severe diseases in the lungs
of A129 and aged C57BL/6 mice, suggesting preventa-
tive measures should be in place for the highly sus-
ceptible populations including the elderlies and
immunocompromised patients.
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Methods

Experimental model and subject details

Viruses and biosafety

Wild type SARS-CoV-2 HKU-001a (GenBank: MT230904),
B.1.351/Beta (GISAID: EPI_ISL_2423556), B.1.617.2/
Delta (GenBank: OM212471), BA.1 (GenBank:
OM212472), BA.2 (GISAID: EPI_ISL_9845731), BA.2.12.1
(GISAID: EPI_ISL_13777659), BA.4.1 (GISAID:
EPI_ISL_13777657) and BA.5.2 (GISAID: EPI_
ISL_13777658) were isolated from laboratory-confirmed
COVID-19 patients in Hong Kong. All variants of
SARS-CoV-2 were cultured and titrated by plaque assays
using VeroE6-TMPRSS2 cells. Sequences of all vari-
ants used in this study were confirmed with nanopore
sequencing. In vivo and in vitro experiments with in-
fectious SARS-CoV-2 were performed according to
the approved standard operating procedures of the
Biosafety Level 3 facility at Department of Microbi-
ology, HKU.

Cell cultures

293T, and VeroE6 were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (11965092, Gibco,
Amarillo, Texas, USA) containing 10% fetal bovine
serum, 100 units penicillin, and 100ug/ml strepto-
mycin. Calu3 was maintained in DMEM/F12
(11320033, Gibco) containing 10% fetal bovine serum,
100 units penicillin, and 100ug/ml streptomycin.
VeroE6-TMPRSS2 was cultured in DMEM supple-
mented with 10% fetal bovine serum, 100 units pen-
icillin,100ug/ml streptomycin and 2% G418. All cells
were cultured at 37 °C in an incubator with 5% CO,_ All
cell lines used are routinely tested for mycoplasma and
are maintained mycoplasma-free.

Virus infection in human nasal epithelial cell air-liquid
interface (ALl) culture

The human nasal epithelial cells in air-liquid interface
(ALI) culture were purchased from Epithelix (EPO2MP,
Epithelix, Switzerland) and maintained with MucilAir
culture medium (EP04MM, Epithelix) until virus chal-
lenge. On the day of virus challenge, cells were washed
with MucilAir culture medium to remove the apical
mucin, followed by virus inoculation at the apical side at
2 multiplicity of infection (MOI). Cells were incubated
for 2 h at 37 °C to allow virus entry. Residual inoculum
was removed and washed away after incubation. Su-
pernatants and cell lysates were harvested from the
apical side for viral genome copy quantification with
RNA extraction followed by one-step RT-qPCR and
infectious virus titration with TCIDs, assays at the
designated time points. For immunofluorescence
staining, cells were fixed with neutral-buffered formalin
followed by permeabilization with 0.1% Triton-X-100
(11332481001, Sigma—Aldrich, USA). The SARS-CoV-2
nucleocapsid protein and ciliated cells were detected
with in-house rabbit anti-SARS-CoV-2 nucleocapsid
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serum®” and mouse anti-beta-tubulin (T7941, Sigma-—
Aldrich, USA), respectively. Primary antibodies were
visualized with Alexa Fluor 594-conjugated goat anti-
mouse secondary antibody (A-11005, Thermo Fisher
Scientific, USA) and Alexa Fluor 488-conjugated goat
anti-rabbit secondary antibody (A-11034, Thermo Fisher
Scientific), followed by mounting with ProLong™ Dia-
mond Antifade Mountant with DAPI (P36962, Thermo
Fisher Scientific). Images were acquired with a Carl
Zeiss LSM880 confocal microscopy (Zeiss, USA). To
acquire the monolayer image of hNECs, Z-stack was
applied to capture each layer in the z-axis of hNECs.
Orthogonal projection was used to stack the Z-stack into
one image. Images were processed and analysed by
ZEISS Zen (blue edition) software using the maximum
intensity projection setting.

In vivo virus challenge in mice

Heterozygous K18-hACE2 C57BL/6] mice (2B6.Cg-
Tg(K18-ACE2)2Prlmn/J) were obtained from The Jack-
son Laboratory. The C57BL/6] and A129 mice were
obtained from the Centre for Comparative Medicine
Research, the University of Hong Kong. The mice were
kept in cages with individual ventilation under 65%
humidity and an ambient temperature of 21-23 °C and
a 12-12 h day-night cycle for housing and husbandry.
Group sizes were chosen based on statistical power
analysis and our prior experience in examining viral ti-
tres in SARS-CoV-2-infected K18-hACE2 transgenic and
C57BL/6 mice. Gender- and age-matched mice were
randomized into different experimental groups. For
virus challenge in transgenic mice, female and male
K18-hACE2 transgenic mice (aged 6-10 weeks) were
anaesthetized with ketamine and xylazine, followed by
intranasal inoculation with 20 pl per mouse of Omicron
subvariants BA.1, BA.2, BA.2.12.1, BA.4.1 or BA5.2 at
5000 PFU per mouse as we previously described.”""” For
infection in the wildtype and A129 mice, female
C57BL6/] (aged 6-8 weeks and aged 10-11 months) and
female A129 mice (aged 6-8 weeks) were intranasally
challenged with B.1.351, BA.2, BA.4.1 or BA.5.2 at
1 x 10° PFU. Mice were euthanized at 2 dpi. to collect
nasal turbinate and lung tissues for virological assess-
ment, histological examination and pathology scoring.

Histology and immunohistochemistry staining

Animal tissues were collected and fixed with 10%
neutral-buffered formalin. Nasal turbinates were decal-
cified with 10% formic acid for 10days before being
processed with a semi-enclosed benchtop tissue pro-
cessor (TP1020, Leica, Germany) and sectioned at 5 pm
with the Leica RM2125 RTS benchtop microtome.
Immunohistochemistry (IHC) staining was performed
with in-house rabbit polyclonal anti-SARS-CoV-2
nucleocapsid protein antibodies (1:4000), followed by
incubation with biotinylated goat anti-rabbit IgG (H + L)
secondary antibody (1:500) (BA-1000, Vector laboratories,
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USA). Color was developed with the VECTASTAIN®
ABC-AP Kit (AK-5000) and VectorRed substrate kit (SK-
5100, Vector Laboratories) according to the manufac-
turer’s instructions. The nuclei were counterstained with
Gill's haematoxylin before the tissue sections were
mounted using the VectaMount permanent mounting
medium (H-5000, Vector Laboratories). The nucleocapsid
protein-covered area was quantified with the IHC Image
analysis Toolbox in Image] (v.1.8.0_345). For H&E
staining, tissue sections were stained with Gill'’s haema-
toxylin and eosin-Y. Images were acquired using the
Olympus BX53 light microscope (Olympus Life Science,
Japan). Three to four mice were sampled in each group
(as specified in the figure legends) and four to six sections
from each animal were used for histology analysis. To
obtain the semiquantitative histology scoring, tissue sec-
tions were graded in a blinded manner according to the
pathological changes in the nasal turbinate and lung tis-
sues by an experienced pathologist as previously reported
by us and others.®*

In vivo competition assay

6-to-8-week-old female K18-hACE2 transgenic mice
were intranasally challenged with mixture of BA.2 and
BA.5.2 or BA.4.1 and BA.5.2 at 1:1 ratio based on their
infectious viral tires at 5000 PFU of each virus. Mice
were euthanized at 2 dpi. to collect nasal turbinate
for RNA extraction with the RNeasy Mini kit (74106,
Qiagen, MD, USA) and first strand cDNA synthesis
using Transcriptor First Strand c¢cDNA Synthesis Kit
(04897030001, Roche, USA). The viral genome was
amplified using Q5® High-Fidelity DNA Polymerase
(M0491L, New England Biolabs, USA) with ARTIC
network nCoV-2019 primers v4 (Integrated DNA Tech-
nologies, USA). The PCR amplicons were purified with
SPRIselect beads (B23319, Beckman Coulter, USA) and
quantified with Qubit Fluorometer (Thermo Fisher
Scientific). The Illumina libraries were prepared using
the KAPA HyperPrep Kit (KK8505, Roche Applied Sci-
ence, Penzberg, Germany) using 100 ng as input
following the manufacture protocol with double-sided
size selection to select adapter ligated libraries with
the size range 300-750 bp. PCR was performed for li-
brary enrichment followed by purification using
AMPure XP beads (A63882, Beckman Coulter). The
enriched libraries were validated using gel electropho-
resis, Qubit and qPCR for quality control analysis. The
libraries were denatured and diluted to optimal con-
centration prior sequencing on the Illumina MiSeq
System using the MiSeq Reagent Kit v3 (600-cycle)
(Illumina, San Diego, USA) for paired-end sequencing
(PE301). The output fastq files were subjected to adapter
removal using FASTP. The pair end reads were then
combined into one read using Paired-End reAd merger
(PEAR). Then, the assembled reads were filtered by
Quality by FASTP by retaining reads of average Q score
of 30, removing reads with at least 10% unqualified

bases and length shorter than 300. The PCR primers
were trimmed from the front and the end of each read.
Pairwise alignments were performed between the BA.2
(GISAID: EPI_ISL _9845731) and BA.5.2 (GISAID:
EPI_ISL_13777658) and between BA.4.1 (GISAID:
EPI_ISL_13777657) and BA.5.2 genome sequence using
SnapGene (v.3.2.1). Single nucleotide polymorphism
(SNP) sites between the pair of genomes were extracted
using SNP-SITES (v.2.5.1). Clean reads were mapped to
the BA.2 and BA.4.1 genome for the competition assay
between BA.2 and BA.5.2 and that between BA.4.1
and BA.5.2, respectively using BWA MEM (v.0.7.17)
with default setting. The coverage statistics of both
comparisons were retrieved from the BAM files with
PYSAMSTATS (v.1.1.2) (https://github.com/alimanfoo/
pysamstats). The abundance of BA.2, BA.4.1 and BA.5.2
was calculated based on the ratio of reads containing the
variant-specific SNPs.

Infectious virus titration by TCIDs, assays and plague assays
To quantify infectious viral titre with TCIDs, assays,
nasal turbinates and lung tissues harvested from infec-
ted mice were homogenized in DMEM with Tissue
Lyzer II (Qiagen) and clarified supernatants were 10-fold
serially diluted and inoculated to monolayered VeroE6-
TMPRSS2 cells. Supernatant samples from cells infec-
ted with SARS-CoV-2 WT, Delta, BA.1, BA.2, BA.2.12.1,
BA.4.1 or BA.5.2 were harvested and 10-fold serially
diluted before inoculated onto VeroE6-TMPRSS2 cells.
Cytopathic effect (CPE) was observed at five days post
infection for the quantification of the median tissue
culture infectious dose. To compare the plaque size
developed by SARS-CoV-2 WT, Omicron BA.1, BA.2,
BA.2.12.1, BA.4.1 or BA.5.2, monolayer of VeroE6-
TMPRSS2 cells in 12-well plate were challenged with
different virus strains at 40 PFU/well. After 2 h infec-
tion, the cells were covered with 1% low-melting agarose
in DMEM with 1% FBS for following incubation. The
infected plates were fixed with 4% paraformaldehyde at
1,2, 3,4, or 5 dpi, followed by staining with 0.5% crystal
violet in 25% ethanol/distilled water for plaque visuali-
zation. The diameter of plaques was measured by Adobe
Photoshop CC software (v. 2018).

Cell viability assays

VeroE6-TMPRSS2 cells were infected with SARS-CoV-2
WT, Delta, BA.1, BA.2, BA.2.12.1, BA.4.1 or BA.5.2 at
0.1 MOL. Cell viability was quantified by CellTiter-Glo
luminescent cell viability assay kit (G7573, Promega,
WI, USA), following manufacturer’s manual with the
EnSight Multimode Microplate Reader (Perkin Elmer,
USA) at the designated time points.

Package of SARS-CoV-2-spike pseudoviruses and pseudovirus
entry assays

SARS-CoV-2-spike pseudoviruses were packaged as
previously described.®*'** Briefly, 293T cells were
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transfected with different spikes with Lipofectamine
3000 (L3000-015, Thermo Fisher Scientific). At 24 h post
transfection, the cells were transduced with VSV-deltaG-
firefly pseudotyped with VSV-G. At 2 h post trans-
duction, the cells were washed three times with PBS and
cultured in DMEM containing 1%FBS and anti-VSV-G
(8G5F11) antibody (EB0010, kerafast, Boston, MA,
USA). The pseudoviruses were then harvested at 16 h
post transduction and titrated with TCIDs, assays. For
pseudovirus entry assays, target cells were inoculated
with pseudoviruses for 2 h and cultured in media con-
taining 1% FBS for 24 h, before washed and lysed for
detection of luciferase signal with a luciferase assay
system (E1501, Promega, Madison, WI, USA) according
to manufacturer’s instructions. All SARS-CoV-2 spike
plasmids were obtained from GenScript (Nanjing,
China).

RNA extraction and real-time reverse-transcription
polymerase chain reaction

Viral RNA was extracted from infected cells using
QIAsymphony RNA Kit (931636, Qiagen). Viral RNA of
supernatants collected from infected cells was extracted
using QIAamp Viral RNA Mini Kit (52906, Qiagen).
Viral RNA from mice lung and nasal turbinate samples
were extracted with the RNeasy Mini kit (74106, Qia-
gen). After RNA extraction, qRT-PCR was performed
using QuantiNova Probe RT-PCR Kit (208354, Qiagen)
or QuantiNova SYBR Green RT-PCR Kit (208154, Qia-
gen) with the LightCycler 480 Real-Time PCR System
(Roche). The primer and probe sequences are available
upon request.

Protease inhibitor treatment assay

The serine protease inhibitor, camostat (HY-13512),
and the cysteine protease inhibitor, E64D (HY-100229),
were purchased from MedChemExpress (Monmouth
Junction, NJ, USA). VeroE6-TMPRSS2 cells were
treated with DMSO, camostat, or E64D at concentra-
tion of 50 pM for 2 h before pseudovirus transduction.
At 24 hpi, the cell lysates were lysed for detection of
luciferase signal. The DMSO-treated cells transduced
with pseudovirus carrying the same spike served as the
control. Luciferase readings from the inhibitor-treated
cells were normalized with the mock-treated controls.
For protease inhibitor treatment on Calu3 and VeroE6
cells, Calu3 and VeroE6 cells were infected with the
indicated Omicron sublineages at 0.5 MOI or 0.1 MOI
after treatment with DMSO, camostat, or E64D at
25 pM for 2 h. At 24 hpi, virus infected cells were lysed
for detection of viral sgE gene copies. The human nasal
epithelial cells were infected with the indicated Omi-
cron sublineages at 2 MOI after treatment with DMSO,
camostat, or E64D at 10 uM for 2 h. At 72 hpi, super-
natants were lysed for detection of viral RdRp gene
copies.
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Western blot analysis of spike cleavage

293T cells were transfected with spike plasmids of
SARS-CoV-2 WT (614G), BA.1, BA.2, BA.2.12.1, BA.4/5
and S;/S,Del. For infection experiment, VeroE6 cells
were challenged with SARS-CoV-2 WT, BA.1, BA.2 or
BA.5.2 at 2 MOL. Cell lysates were harvested in RIPA
buffer (89901, Thermo Fisher Scientific) at 24 h post
transfection or infection for Western blot analysis. The
membranes were blocked with 5% milk for 2h at room
temperature and incubated with a rabbit anti-SARS-
CoV-2 spike S2 antibody (40590-T62, Sino Biological,
China) at 4 °C for overnight incubation, followed by
detection with horseradish peroxidase (HRP) conjugated
secondary antibodies (31460, Thermo Fisher Scientific)
for 1h at room temperature. The signal was developed
using SuperSignal West Pico PLUS Chemiluminescent
Substrate (34580, Thermo Scientific) and detected using
Alliance Imager apparatus (Uvitec, Cambridge, UK).
f-actin was detected with a B-actin antibody (clone AC-
74, A5316, Sigma-Aldrich) (1:5000).

Cell-cell fusion assay

293T cells were co-transfected with different SARS-CoV-
2 spike plasmids with GFP1-10 plasmid (cat#68715,
Addgene, USA) as effector cells. Another population of
293T cells was co-transfected with ACE2, TMPRSS2,
and GFP11 (cat#68716, Addgene) as target cells. After
24 h post-transfection, the effector and target cells were
digested by EDTA-Trypsin (25200-072, Gibco) and
mixed at a 1:1 ratio. The mixed cells were co-cultured at
a 37 °C incubator for another 24 h. The mixed cells were
fixed in 10% formalin and then permeabilized with
0.19% Triton-X100 (Sigma, USA) at room temperature.
The antifade mounting medium with 4',6-Diamidino-2-
Phenylindole, Dihydrochloride (DAPI, H-1200, Vector
Laboratories) was used for mounting and DAPI stain-
ing. Images were taken with the Olympus BX73 fluo-
rescence microscope (Olympus Life Science, Tokyo,
Japan). The fusion area of images was quantified by
Image] (v.1.8.0_345).

Ordinal logistic regression (OLR) of lung pathology score over
time

Ordinal logistic regression (OLR) was used to model the
lung pathology of K18-hACE2 mice infected by BA.1,
BA.2, BA.2.12.1, BA.4.1, or BA.5.2 over time. The peak
count date of Omicron sublineages was retrieved from
the SARS-CoV-2 PANGO lineage online tool (https://
cov-lineages.org/).” The correlation between the peak
count date of each Omicron sublineage since COVID-19
outbreak and the lung pathology score was fitted to the
OLR model with the R (v. 4.1.2) package MASS.

Ethics
The use of animals was approved by the Committee on
the Use of Live Animals in Teaching and Research of
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The University of Hong Kong under CULATR 22-139,
5440-20 and 5193-19. Experiment procedures have
complied with the approved operation protocol.

Statistical analysis

Statistical comparison between two experimental groups
were performed with unpaired two-tailed Student’s
t-test. Comparison between three or more experimental
groups was performed with one-way or two-way
ANOVA. Differences were considered statistically sig-
nificant when p < 0.05. Data analysis was performed
with GraphPad Prism 8.0.

Role of funders

All donors and funding sources had no role in the study
design, data collection, analysis, interpretation, or
writing of the manuscript.

Results

Comparative virological features of Omicron BA.1,
BA.2, BA.4, and BA.5 sublineages

Over the past year, Omicron has continued to prevail as
the dominant SARS-CoV-2 VOC worldwide. Among the
emerged Omicron sublineages, BA.1, BA.2, BA.5, and
their related sublineages resulted in the largest waves of
infections (Fig. 1A). To perform in parallel comparison
on the virological features of Omicron sublineages, we
propagated the clinical isolates of BA.1,* BA.2,”
BA.2.12.1, BA.4.1, and BA.5.2 in VeroE6-TMPRSS2
cells. BA.2.12.1 spike differs from BA.2 spike at L452Q
and S704L. BA.4 and BA.S share the same spike
sequence, which differs from BA.2 spike at 69-70del,
L452R, F486V, and R493Q. Our BA.4.1 isolate contains
a V3G substitution in the signal peptide region and a
H146Q substitution when compared to BA.4 spike.
BA.5.2 and BA.5.2 related sublineages (BA.5.2.%) are the
most dominant BA.5 related sublineages (Fig. 1A).
BAS.2 shares the same spike sequence with BA.4 and
BA.S (Fig. 1B).

To compare the replication kinetics of different
sublineages, we first infected Calu3 and VeroE6 cells
with SARS-CoV-2 wildtype (WT), Delta, BA.1, BA.2,
BA.2.12.1, BA4.1, or BA.5.2 and harvested samples at
different time points post infection. We assessed virus
replication in cell lysates by quantification of sub-
genomic envelope (E) gene expression, which is a
replication intermediate of SARS-CoV-2. In parallel, we
quantified the level of infectious virus particles in the
supernatants with 50% tissue culture infectious dose
(TCIDsy) assays. Our results demonstrated that all five
Omicron sublineages replicated less efficiently in Calu3
cells when compared to that of WT and Delta. Among
the Omicron sublineages, BA.5.2 replicated to the
highest level in Calu3 cells, which was statistically
different in infectious titre than that of BA.1 and
BA.2.12.1 at 48 h post infection (hpi) (Fig. 1C). In
VeroE6 cells, BA.5.2 infection generated higher

infectious titre than that of Delta, BA.1, BA.2, BA.2.12.1,
BA.4.1, and were comparable to that of WT (Fig. 1D). In
keeping with its better replication, BA.5.2 infection
resulted in lower cell viability in VeroE6-TMPRSS2 cells
when compared to Delta, BA.1, BA.2, BA.2.12.1, and
BA.4.1 at 30 and 36 hpi, while WT remained as the most
cytopathic SARS-CoV-2 strain evaluated (Fig. 1E).

Next, we assessed the virological features of Omicron
spikes. We found that cleavage of BA.1 and BA.2 spike
at S1/S, in the infected cells were less efficient than WT
(D614G) (Fig. 2A), in keeping with previous studies
from us and others.”*'**'* Interestingly, cleavage of
BA.5 spike was more efficient than that of BA.1 and
BA.2 (Fig. 2A). To further dissect spike cleavage irre-
spective of non-spike viral proteins, we transfected 293T
cells with spike expression plasmid of WT (D614G),
BA.1, BA.2, BA.2.12.1, BA.4/5, and S;/S,Del (a WT
spike mutant with deletions flanking the S;/S, site) as a
negative control,” and harvested cell lysates at 24 h post
transfection to detect spike cleavage. Consistent with the
observations in infected cells, we showed that BA.1,
BA.2, and S;/S,Del spikes were less readily cleaved at
S1/S, than WT (D614G). While the cleavage of
BA.2.12.1 spike was highly comparable with that of BA.2
spike, the cleavage of BA.4/5 spike was significantly
more efficient than that of BA.2 (P = 0.0396), and was
comparable with that of WT (D614G) (P = 0.4321)
(Fig. 2B and C). In parallel, we analyzed spike-mediated
cell-cell fusion in 293T cells using the split GFP fusion
assays. In line with the spike cleavage results, BA.4/5
spike most efficiently mediated cell-cell fusion among
the evaluated Omicron sublineages, and induced a
comparable level of cell-cell fusion compared with that
of WT (D614G) (P = 0.3379) (Fig. 2D and E). We next
infected VeroE6-TMPRSS2 cells with WT, BA.1, BA.2,
BA.2.12.1, BA4.1, and BA.5.2, and quantified plaque
formation at different time points post infection. We
found that BA.5.2 infection resulted in the largest pla-
ques among the evaluated Omicron sublineages on 5
days post infection, followed by BA.1. However, plaques
formed upon WT infection remained significantly larger
than that of BA.5.2 at 2 to 5 dpi (Fig. 2F and G). The
more efficient spike cleavage at S;/S, suggests that
BA.4/5 may be more efficient in transmembrane serine
protease 2 (TMPRSS2)-mediated entry. However, in
pseudovirus entry assays, we found that the efficiency of
TMPRSS2 usage by BA.4/5 pseudoviruses was similar
to that of BA.2 pseudoviruses, and lower than that of
WT (D614G) (P < 0.0001) and BA.1 pseudoviruses
(P = 0.0002) (Fig. 2H). This observation agreed with
results obtained in pseudovirus entry assays in the
presence of camostat (pan-serine protease inhibitor),
which demonstrated inefficient inhibition of BA.4/5
pseudovirus entry with camostat in VeroE6-TMPRSS2
cells (Fig. 2I). In contrast, BA.4/5 pseudovirus entry
was more efficiently inhibited by E64D (pan-cysteine
protease inhibitor) when compared to WT (D614G),
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Fig. 1: Virus replication kinetics of Omicron sublineages. (A) The change in proportion of the genome sequences of SARS-CoV-2 Omicron
sublineages deposited in GISAID from January 2022 to October 2022. The x-axis indicated the sequence collection date. The y-axis indicated the
proportion of the SARS-CoV-2 Omicron sublineage sequences. (B) Amino-acid sequence alignment of SARS-CoV-2 reference strain Wuhan-hu-1,
BA.1, BA.2, BA.2.12.1, BA.4, BA.4.1, BA.5, and BA.5.2 spike. Amino acid positions are designated based on SARS-CoV-2 reference strain. (C and
D) Cells were challenged with SARS-CoV-2 WT, Delta, BA.1, BA.2, BA.2.12.1, BA.4.1 or BA.5.2 at 0.5 MOI (for Calu3) (C) or 0.1 MOI (VeroE6) (D).
Cell lysates were harvested at the designated time points for quantification of the subgenomic RNA of the envelope (sgE) gene (n = 8). In-
fectious viral particles in supernatant samples were titrated with TCIDsq assays (n = 4). (E) Cell viability of VeroE6-TMPRSS2 cells infected with
WT, Delta, BA.1, BA.2, BA.2.12.1, BA.4.1 or BA.5.2 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 significances were determined using two way-ANOVA with Sidak’s multiple
comparisons test (C-D) or with Dunnett’s multiple comparisons test (E). Data were obtained from three independent experiments. Each data
point represents one biological repeat. * represented p < 0.05 and ** represented p < 0.01. *** represented p < 0.001, **** represented
p < 0.0001. NS, not statistically significant; WT, wildtype SARS-CoV-2.

BA.1, and BA.2 pseudovirus, and was inhibited to a  compared with WT and earlier Omicron sublineages
similar degree compared to S;/S,Del and S;/S;AAAA (a  (Fig. 2]).

WT spike mutant with the S;/S, PRRA motif changed to

AAAA) (Fig. 21). To verify the data obtained from using  Replication fitness of Omicron BA.1, BA.2, BA.4,
pseudoviruses, Calu3 and VeroE6 cells were pretreated ~ and BA.5 sublineages in primary human nasal

with camostat or E64D, followed by infection with WT  epithelial cells

(D614G), BA.1, BA.2, BA2.12.1, BA4.1, BA.5.2 and S,/ Omicron sublineages robustly evade neutralization
S,Del. In keeping with the pseudovirus findings, BA.5.2  antibody responses, which in part explained their highly
showed reduced sensitivity to camostat in Calu3 cells  efficient transmission in the immunized or previously
and increased sensitivity to E64D in VeroE6 cells when  exposed populations.'**¢ Meanwhile, the replication
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Fig. 2: Virological features of Omicron sublineages in vitro. (A and B) Representative image of spike cleavage in VeroE6 and 293T cells. (A)
VeroE6 cells were infected with the indicated Omicron subvariants. (B) 293T cells were transfected with the indicated spike plasmids. Viral-
infected or spike-transfected cell lysates were harvested at 24 hpi. for detection of SARS-CoV-2 spike cleavage with Western blotting using
an anti-spike S2 antibody. Representative image of spike was shown with B-actin added as a sample processing control. Spike and p-actin were
run on different gels and detected on different membranes. The experiment was repeated six times independently with similar results. (C) The
cleavage ratio of spike proteins from six independent experiments in (B) was quantified by Image). (D) Representative images of spike-mediated
cell-cell fusion. 293T cells (effectors cells) were co-transfected with the indicated spike with GFP1-10, and were co-cultured with 293T cells co-
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capacity of Omicron sublineages at the human nasal
cavity, which may similarly play a role in their trans-
missibility, has not been thoroughly investigated. To
this end, we sought to assess the replication fitness of
SARS-CoV-2 WT, BA.1, BA.2, BA.4.1, or BA.5.2 in pri-
mary human nasal epithelial cells (hNECs). We first
showed that the respiratory tract cell type markers for
basal cells (P63, CK5), ciliated cells (FOX]J1, SNTN), and
club cells (CC10) are significantly upregulated in the
hNECs than that of lung epithelial Calu3 cells (Fig. 3A).
In addition, we evaluated the expression of nasal
markers (FOXG1, PAX7, SIX3) in the hNECs, and
found that they are more highly expressed than that in
Calu3 cells (Fig. 3B), suggesting that the compartment-
specific gene expression profile of the hNECs is
consistent with the human nasal epithelium as previ-
ously reported in single-cell sequencing analysis.” In
parallel, we found that hNECs expressed SARS-CoV-2
entry factors (ACE2, TMPRSS2, cathepsin L, cathepsin
B, and furin) at significantly higher levels than Calu3
cells (Fig. 3C). SARS-CoV-2 entry in hNECs predomi-
nantly occurred through the TMPRSS2-mediated
plasma membrane pathway since SARS-CoV-2 entry
was more readily inhibited by camostat than E64D
(Fig. 3D). Upon virus infection, we harvested superna-
tants at 2, 24, 48, and 72 hpi and quantified the level of
infectious virus production with TCIDs, assays. We
found that while all Omicron sublineages replicated
more efficiently than that of WT, BA.5.2 demonstrated
the highest level of replication among all Omicron
sublineages. At 48 hpi, BA.5.2 produced 27.0-folds
(P < 0.0001), 4.9-folds (P < 0.0001), and 2.2-folds
(P = 0.0095) higher infectious titre than that of WT,
BA.1, and BA.2, respectively, and was comparable with
that of BA.4.1. At 72 hpi, BA.5.2 produced 10.0-folds
(P < 0.0001), 24folds (P = 0.0140), 3.0-folds
(P = 0.0217), and 1.7-fold (P = 0.8277) higher infec-
tious titre than that of WT, BA.1, BA.2, and BA4.1,

respectively (Fig. 3E). Intriguingly, there is a trend of
increasing fitness of SARS-CoV-2 replication in the
hNECs, which was also evidenced by quantification of
the RARp gene in the supernatant samples and sub-
genomic E gene in the cell lysate samples at 72 hpi
(Fig. 3F and G). In the cell lysates, the subgenomic E
gene level upon BA.5.2 infection was 237.7-folds
(P = 0.0007), 3.5folds (P = 0.0069), 2.3-folds
(P = 0.0278), and 1.8-fold (P = 0.0787) higher than
that of WT, BA.1, BA2, and BA.4.1, respectively
(Fig. 3G). We further evaluated the antigen expression
of WT-, BA.1, BA.2-, BA.4.1-, and BA.5.2-infected
hNECs by immunofluorescence staining at 24 hpi.
Our data indicated that while all Omicron sublineages
could target ACCTUB + ciliated cells in the hNECs, the
highest number of nucleocapsid (N)-expressing cells
were detected in BA.5.2-infected samples, followed by
BA.4.1, BA.2, and BA.1 in a descending order (Fig. 3H).
In contrast, N-expressing ciliated cells were scarcely
detected in the WT-infected hNECs (Fig. 3H). Together,
these results revealed that all Omicron sublineages
replicated significantly more robustly than WT in
hNECs. In addition, the sequentially emerged Omicron
sublineages are gaining further replication fitness in the
hNECs.

Replication and pathogenicity of Omicron BA.1,
BA.2, BA.4, and BA.5 sublineages in K18-hACE2
transgenic mice

To investigate the in vivo replication fitness of the
dominant Omicron sublineages at different stages of the
Omicron wave, we intranasally challenged 6-to-10-week-
old K18-hACE2 transgenic mice with 5000 PFU of BA.1,
BA.2, BA.2.12.1, BA.4.1 or BA.5.2, and euthanized the
infected mice at 2 dpi to collect nasal turbinates and
lung tissues for virological assessment (Fig. 4A-D).
In the nasal turbinate samples, BA.5.2 infection resulted
in the highest viral sgE gene copies, which was

transfected with hACE2, TMPRSS2, and GFP11 (target cells) at a 1:1 ratio. The co-cultured cells were fixed with 4% PFA, permeabilized with 0.1%
Triton-X100, and stained with DAPI. Representative images were from four independent experiments with similar results. (E) The fusion area
was quantified by ImageJ. Results were normalized with the SARS-CoV-2-WT (D614G) group. (F) Plaque assay images of SARS-CoV-2 WT, BA.1,
BA.2, BA2.12.1, BA.4.1 and BA.5.2 in VeroE6-TMPRSS2 cells. VeroE6-TMPRSS2 cells were challenged with SARS-CoV-2 WT, BA.1, BA.2,
BA.2.12.1, BA.4.1 and BA.5. The infected cells were fixed with 4% paraformaldehyde at the designated time points and stained with crystal
violet (n = 3). The experiment was repeated three times independently with similar results. Each well represents one biological repeat. (G)
Plaque diameters at the indicated time points were measured by Adobe Photoshop (n = 20). (H) 293T cells were transfected with hACE2 or co-
transfected with hACE2 and TMPRSS2, followed by transduction with pseudoviruses expressing the spike of SARS-CoV-2 WT (D614G), BA.1,
BA.2, BA.2.12.1, BA.4/5 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 hACE2 overexpression. (I) VeroE6-TMPRSS2 cells were
pre-treated with 50 pM camostat (left panel) and E64D (right panel) for 2 h followed by transduction with pseudoviruses expressing the spike
of SARS-CoV-2 WT (D614G), BA.1, BA.2, BA.4/5, S1/S;Del, S1/S,AAAA at 24 h post-transfection. Pseudovirus entry was quantified by measuring
the luciferase signal (n = 8). The luciferase signal was normalized to the mean luciferase readouts of cells treated with DMSO. (J) Calu3 (left
panel) and VeroE6 (right panel) cells were pre-treated with 25 pM camostat and E64D, respectively, for 2 h followed by challenge with authentic
viruses SARS-CoV-2 WT, BA.1, BA.2, BA.2.12.1, BA.4.1, BA.5.2, SARS-CoV-2 S,/S,Del. Viral-infected cell lysates were harvested at 24 hpi for
quantification of the subgenomic RNA of the envelope (sgE) gene (n = 6). Data represents mean = SD from the indicated number of biological
repeats. Statistical significance was determined with one-way ANOVA (C, D, I, and J) or two-way ANOVA (G and H). Data were obtained
from three independent experiments. Each data point represents one biological repeat. * represented p < 0.05 and ** represented p < 0.01.
*** represented p < 0.001, **** represented p < 0.0001. NS, not statistically significant. WT, wildtype SARS-CoV-2.
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Fig. 3: Virological assessment of Omicron BA.1, BA.2, BA.4.1, BA.5.2 in primary human nasal epithelial cells. (A) Gene expression level of
the respiratory tract epithelial cell markers in primary human nasal epithelial cells (hNECs) and Calu3 cells (n = 3). (B) Gene expression level of
the nose-enriched markers in hNECs and Calu3 cells (n = 3). (C) Gene expression level of SARS-CoV-2 entry factors in hNECs and Calu3 cells
(n = 3). (D) hNECs were pre-treated with 10 pM camostat (left panel) or E64D (right panel) for 2 h followed by SARS-CoV-2 WT, BA.1, BA.2,
BA.4.1, or BA.5.2 infection at 2 MOI (n = 3). Supernatant samples were harvested at 72 hpi and the viral RdRp gene level was quantified with
gRT-PCR. (E-G) hNECs were infected with BA.1, BA.2, BA.4.1, BA.5.2, or WT SARS-CoV-2 at 2 MOI (n = 3). Supernatants were harvested for
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18.5- (P = 0.0273) and 10.5-folds (P = 0.0309) higher
than that of BA.1 and BA.2, respectively (Fig. 4A).
Consistently, the infectious viral titre of BA.5.2-infected
mouse nasal turbinates were 7.7- (P = 0.0110) and 1.6-
fold (P = 0.4480) higher than that of the BA.1- and
BA.2-infected mouse nasal turbinates, respectively
(Fig. 4C). We next assessed the replication of BA.5.2 in
the lungs of the infected K18-hACE2 mice, and detected
comparable RNA levels for BA.1, BA.2, and BA.5.2
(Fig. 4B). The mean infectious titre of BA.5.2
(0.9 x 10° PFU/g) in lungs of infected animals was
slightly lower than that of BA.1 (1.4 x 10° PFU/g) and
BA.2 (1.9 x 10° PFU/g), but did not reach statistical
significance (Fig. 4D). To further characterize the viral
antigen expression in vivo, we performed immunohis-
tochemistry staining to detect the SARS-CoV-2 nucleo-
capsid (N) protein in nasal turbinates and lungs of the
infected mice (Fig. 4E-H). In keeping with the virus
burden findings in the nasal turbinate, N protein was
most abundantly detected in the nasal epithelium of
BA.5.2-infected mice when compared to their counter-
parts infected with BA.1, BA.2, BA.2.12.1, or BA4.1
(Fig. 4G). With quantification, the N protein-covered
area in nasal turbinates of BA.5.2-infected mice was
7.5- (P =0.0026) and 1.9-folds (P = 0.0179) higher than
that of BA.1- and BA.2-infected mice, respectively
(Fig. 4E). Consistent with the infectious titre results, N
protein in the lungs of BA.5.2-infected mice (1.4%) was
less readily detected when compared to those of BA.1-
(2.3%) and BA.2-infected mice (2.1%) (Fig. 4F and H).

To investigate the pathogenicity caused by the Omi-
cron sublineages, we performed comparative histo-
pathological analysis with haematoxylin and eosin
(H&E) staining on the nasal turbinate and lung tissues
harvested at 2 dpi. We first examined the nasal turbinate
tissues of BA.5.2-infected mice and found that the
pathological changes were featured by extensive
epithelium damage. Integrity of the epithelium lining
was destroyed due to severe epithelial cell loss, while
necrotic epithelial cell deposition and proteinaceous
exudates were frequently identified in the nasal cavity
(Fig. 5A). Similarly, significant epithelium desquama-
tion and cell necrosis were also observed in the nasal
turbinate of BA.2-infected mice (Fig. 5A). In contrast,
scattered nasal epithelial cell loss was occasionally
spotted in the nasal epithelium of BA.4.1-infected mice,

while the nasal epithelium lining in BA.l1- and
BA.2.12.1-infected animals remained largely intact, with
only a small amount of inflammatory cell infiltrates
accompanied with proteinaceous exudates found in the
nasal cavity (Fig. 5A). We adopted a semi-quantitative
histopathological scoring system to describe the patho-
logical findings as previously reported.® In the nasal
turbinates, BA.5.2 infection contributed to the highest
pathology scores, followed by BA.2 (Fig. 5B-D). The
mean pathology score in the nasal turbinate of BA.5.2-
infected mice was 5.0, which was higher than that of
BA.2-infected mice (3.5) and BA.l-infected mice (0.5)
(Fig. 5D). Next, we examined the histopathological
changes in the lung tissues. In general, inflammation in
the lung was mild among all Omicron sublineages
examined. Localized inflammatory infiltration in the
lamina propria, alveolar septa, and perivascular area was
universally identified in all experimental groups
(Fig. 5A). Semi-quantitative scoring identified a total
lung pathology score of 0.8 in BA.5.2-infected mice,
which was lower than that of BA.2-infected mice (2.0)
and BA.1-infected mice (2.3) (Fig. SE-H). We performed
an ordinal logistic regression (OLR) based on the total
lung pathology score and the peak count date of BA.1,
BA.2, BA.2.12.1, BA.4.1, and BA.5.2, and found that the
sequentially emerged Omicron sublineages are signifi-
cantly declining in intrinsic lung pathology over time
(B = -0.01361, P = 0.0399) (Fig. 5I). In comparison,
lungs of the mock-infected littermates were absence of
any identified pathological changes (Supplementary
Fig. S1). Collectively, our histopathological findings
corroborated with the virological assessment results and
provided further evidence that the increasing replication
fitness of Omicron sublineages in the nasal turbinates
results in more severe pathological damage in the nasal
epithelium, with BA.5.2 infection causes the most se-
vere damage among all evaluated Omicron sublineages.
In mouse lungs, Omicron sublineages are continuously
attenuated and BA.5.2 resulted in milder pathology
when compared to the previous dominant Omicron
sublineages, BA.2 and BA.1.

Replication fitness of BA.2, BA.4 and BA.5 in
K18-hACE2 transgenic mice

As evidenced by the more robust replication fitness of
BA.5.2 over BA.2 and BA.4.1 in the nasal turbinates, we

titration of (E) infectious viral titres with TCIDs, assays at 2, 24, 48 and 72 hpi and quantification of (F) viral RdRp gene copies at 72 hpi. (G) Cell
lysates were harvested at 72 hpi for quantification of viral subgenomic E gene (sgE) copies and were normalized with housekeeping gene
GAPDH (n = 3). (H) hNEGs infected with BA.1, BA.2, BA.4.1, BA.5.2, or WT SARS-CoV-2 at 2 MOI were fixed at 24 hpi for the visualization of
ciliated cell marker beta-tubulin (red) and SARS-CoV-2 nucleocapsid protein (green) by immunofluorescence staining. Scale bar, 20 pm. Data
were obtained from three independent experiments. Each data point represents one biological repeat. Data represent mean + SD from the
indicated number of biological repeats. Statistical significance was determined with multiple two-tailed Student's t-test (A-C), one-way ANOVA
with Dunnett’s multiple comparison tests (D, F, and G), and two-way ANOVA with Sidak’s multiple comparison tests (E). *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. NS, not statistically significant. WT, wildtype SARS-CoV-2.
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Fig. 4: Virological assessment of Omicron BA.1, BA.2, BA.2.12.1, BA.4.1 and BA.5.2 in K18-hACE2 transgenic mice. 6-to-10-week-old male
and female K18-hACE2 transgenic mice were challenged with 5000 PFU Omicron subvariants BA.1 (n = 6), BA.2 (n = 7), BA.2.12.1 (n = 4),
BA.4.1.2 (n = 8) and BA.5.2 (n = 6). Mice were euthanized at 2 dpi for collection of nasal turbinate and lung tissues for detection of viral burden
and viral antigen expression. (A and B) Viral sgE copies were quantified with probe-specific RT-qPCR in the (A) nasal turbinate and (B) lung. (C
and D) Infectious viral titres were quantified with plaque assays in the (C) nasal turbinate and (D) lung samples. (E and F) SARS-CoV-2
nucleocapsid protein in the (E) nasal turbinate and (F) lung was quantified with Image). Four mice from each experiment group were used
for viral antigen expression quantification. (G and H) Representative images of immunohistochemistry staining for the detection of SARS-CoV-
2 nucleocapsid protein (red, indicated with arrows) in the (G) nasal turbinate and (H) lung. Scale bar, 100 pm. Data represent mean + SD from
the indicated number of biological repeats. Statistical significance was determined with Brown-Forsythe and Welch one-way ANOVA with
Dunnett's T3 multiple comparisons tests (A-F). Data were obtained from three independent experiments. Each data point represents one
biological repeat. Mean value for each experiment group were shown. *p < 0.05, **p < 0.01. NS, not statistically significant.

postulated that BA.5.2 might be able to outcompete  inoculating a mixture of the two viruses (each at
BA.2 and BA4.1 in the nasal turbinates of infected = 5000 PFU) to the K18-hACE2 mice. At 2dpi, we har-
mice. To evaluate this hypothesis, we carried out  vested nasal turbinate tissues for detection of the viral
competition assays between BA.5.2 and BA.2 by  genome abundance with next generation sequencing
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Fig. 5: Pathogenicity and replication fitness of Omicron BA.1, BA.2, BA.2.12.1, BA.4.1 and BA.5.2 in K18-hACE2 transgenic mice. (A)
Representative images of H&E staining of the nasal turbinate and lung. Dashed circles, necrotic cell debris; closed arrowheads, epithelium
desquamation; arrows, perivascular inflammatory cell infiltration; cross, proteinaceous exudation; open arrowheads, lamina propria infiltration;
asterisk, alveolar septa thickening. Three sections were taken from each animal for immunochemistry analysis. Scale bar, 100 pm. (B-D)
Semiquantitative analysis of the pathological changes in the nasal turbinate. (B) Nasal epithelium damage (0 = normal structure; 1 = mild
epithelial cell loss; 2 = moderate epithelium desquamation; 3 = severe epithelium detachment) and (C) nasal cavity abnormality (necrotic
epithelial cell debris, protein/fibrin deposition, and inflammatory cell infiltration each scored 1 point) were scored accordingly. (D) Pathology
scores of the of the nasal turbinate were shown by adding the histological scores of nasal epithelium damage and abnormalities in the nasal
cavity of each animal. (E-H) Semiquantitative analysis of the pathological changes in the lung. (E) Bronchiolitis (0 = normal structure; 1 = mild
peribronchiolar infiltration; 2 = peribronchiolar infiltration plus epithelial cell death; 3 = score 2 plus intrabronchiolar wall infiltration and
epithelium desquamation), (F) alveolar damage (0 = normal structure; 1 = alveolar wall thickening and congestion; 2 = focal alveolar space
infiltration or exudation; 3 = diffused alveolar space infiltration or exudation or haemorrhage) and (G) perivascular infiltration (0 = normal
structure; 1 = mild perivascular oedema or infiltration; 2 = vessel wall infiltration; 3 = severe endothelium infiltration) were scored accordingly.
(H) Pathology scores of lungs were shown by adding the histological scores of bronchiolitis, alveolar damage, and perivascular infiltration in the
lung of each animal. (1) Logistic regression based on the lung pathology scores presented in (H) and the peak count date of the indicated
Omicron sublineages. Each sublineages were shown according to the individual peak count date proportionally since COVID-19 outbreak.
Logistic regression coefficient (), its 95% confidence interval (Cl) and the p-value (P) were shown. (J-M) BA.2 and BA.5.2 or BA.4.1 and BA.5.2
were mixed at 1:1 ratio based on their infectious viral titres at 5000 PFU, followed by intranasal inoculation of the mixture into three to four 6-
to-8-week-old female K18-hACE2 transgenic mice. Nasal turbinate was harvested at 2 dpi and subject to next generation sequencing (NGS)
analysis. Proportion of viral genome copies of the nasal turbinate samples determined with NGS analysis were shown from the competition
assay between (J) BA.2 and BA.5.2 (n = 4) and (L) BA.4.1 and BA.5.2 (n = 3). Viral genome abundance (K) between BA.2 and BA.5.2 (n = 4) and
(M) between BA.4.1 and BA.5.2 (n = 3) was compared with that of the inoculum and shown in fold change. Data represent mean + SD from the
indicated number of biological repeats. Statistical significance was determined with Brown-Forsythe and Welch one-way ANOVA with Dunnett's
T3 multiple comparisons tests (B-H) and two-tailed Student's t-tests (K and M). Data were obtained from three independent experiments. Each
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(NGS) analysis. The NGS results indicated that BA.5.2
rapidly outcompeted BA.2 in the nasal turbinate of all
four infected mice at as early as 2dpi (Fig. 5]). The mean
virus genome proportion of BA.5.2 in the nasal turbi-
nate samples increased to 2-folds when compared to
that of the inoculum (32.5% in the inoculum vs 66.4%
in harvested samples), while that of BA.2 was decreased
to 0.5-fold (67.5% in the inoculum vs 33.6% in harvested
samples) (P = 0.0002) (Fig. 5K). We next compared the
viral fitness between BA.5.2 and BA.4.1, and showed
that BA.5.2 similarly outcompeted BA.4.1 in the nasal
turbinates of all three co-infected mice at 2 dpi (Fig. 5L).
The mean virus genome abundance of BA.5.2 increased
to 3.2-folds when compared to that of the inoculum
while that of BA.4.1 diminished to 0.7-fold (P = 0.0016)
(Fig. 5M). Thus, these results indicated that BA.5.2
demonstrated better replication fitness than BA.2 and
BA.4.1 in the nasal turbinates of infected mice. Taken
together, the nasal turbinate findings from K18-hACE2
mice agreed with results obtained from the hNECs,
indicating that the Omicron sublineages are gaining
replication fitness in the nasal epithelium of humans
and mice, with BA.5.2 demonstrated the most robust
replication capacity. Meanwhile, the trend is different in
the lungs with BA.5.2 demonstrated lower antigen
expression when compared with the previous dominant
Omicron sublineages BA.1 and BA.2.

Replication fitness and pathogenicity of Omicron
sublineages in young C57BL/6, A129, and aged
C57BL/6 mice

Since Omicron sublineages carry the N501Y mutation
in spikes that renders infectivity to wildtype (WT) mice
(Supplementary Fig. S2),””* we further infected young
C57BL/6 mice (aged 6-8 weeks), aged C57BL/6 mice
(aged 10-11 months), and the type [ interferon receptor
knockout A129 mice (aged 6-8 weeks) to investigate the
differential replication and pathogenicity characteristics
of Omicron sublineages between the immunocompro-
mised and immunocompetent mouse models. We
intranasally challenged the three animal models with
1 x 10° PFU of BA.2, BA.4.1 and BA.5.2 and measured
viral burdens in the nasal turbinate and lung tissues at 2
dpi. Additionally, we used the N501Y-carrying B.1.351
(Beta) as a control, which was previously shown to be
capable of infecting WT murines.” As expected, B.1.351
replicated at high levels in both nasal turbinates and
lung tissues in all three mouse models (Fig. 6A and B).
In the nasal turbinates of young C57BL/6 mice, while
the replication of all evaluated Omicron sublineages was
attenuated compared with B.1.351, the replication of

BA.5.2 was significantly more efficient than that of BA.2
(P = 0.0088) (Fig. 6A), in keeping with our findings in
K18-hACE2 mice. In the nasal turbinates of aged
C57BL/6 mice, while the replication of Omicron BA.2
was attenuated compared with B.1.351, the replication
of BA.5.2 was significantly more robust than that of
BA.2 (P = 0.0038) and B.1.351 (P = 0.0435) (Fig. 6A). In
the nasal turbinates of A129 mice, the replication of
BA.5.2 was significantly more efficient than that of BA.2
but was lower than that of B.1.351, similar to the pattern
observed in young C57BL/6 mice (Fig. 6A). Overall, the
viral sgE copy in the nasal turbinates of BA.5.2-infected
mice was 3.5- (P = 0.0088), 6.4- (P = 0.0038), and 5.7-
folds (P = 0.0038) higher than that of BA.2 in young
C57BL/6, aged C57BL/6, and A129 mice, respectively
(Fig. 6A). In the lung tissues of young C57BL/6 mice,
while BA.2 replication was reduced when compared to
B.1.351, BA.5.2 replication was further attenuated by
12.9-folds when compared to BA.2 (P = 0.0096)
(Fig. 6B). In contrast to the observation from young
C57BL/6 mice, in the lung tissues of aged C57BL/6
mice and A129 mice, the replication of BA.5.2 was not
attenuated when compared to BA.2 (Fig. 6B). We next
determined the production of progeny viruses in lungs
with plaque assays. Our data indicated that the infec-
tious viral titre of BA.5.2 was 22-folds (P = 0.0100) lower
in comparison to BA.2 in the lungs of young C57BL/6
mice (Fig. 6C). In lungs of aged C57BL/6 mice and
A129 mice, the infectious viral titre of BA.5.2 was largely
comparable with that of BA.2 (Fig. 6C). To evaluate the
differences in viral antigen expression among the Om-
icron sublineages, we detected the abundance of viral N
protein in lung tissues with immunohistochemistry
staining. In corroboration with the virological assess-
ment results, viral antigen expression in lungs of
BA.5.2-infected young C57BL/6 mice were 19.3-
(P=0.0163) and 11.3-folds (P = 0.0266) lower than those
of B.1.351 and BA.2, respectively. In contrast, viral N
protein was expressed at comparable levels between
BA.5.2 and BA.2 in the lungs of aged C57BL/6 mice and
A129 mice (Fig. 6D and E).

In parallel, we assessed histopathological changes
and corresponding pathology scores with formalin-fixed
right lungs collected from the three infection models.
We found that compared to mock infection which con-
tributes to no pathological changes in mouse lungs
(Supplementary Fig. S1), B.1.351 infection uniformly
led to obvious pathological damages in the lungs of
young C57BL/6, aged C57BL/6, and A129 mice at 2 dpi,
including moderate to severe bronchiolitis (Fig. 7A and
B), multifocal alveolar haemorrhage (Fig. 7A and C),

data point represents one biological repeat. Mean value for each experiment group were shown. *p < 0.05, **p < 0.01, ***p < 0.001. NS, not

statistically significant.
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Fig. 6: Virological assessment of Omicron BA.2, BA.4.1 and BA.5.2 in WT C57BL/6, aged C57BL/6, and A129 mice. 6-to-8-week-old female
C57BL/6 (n = 4 for BA.4.1; n = 5 for B.1.351, BA.2, and BA.5.2), 10-to-11-month old female C57BL/6 (n = 3 for B.1.351, BA.2, BA.4.1, and
BA.5.2) and 6-to-8-week-old female A129 (n = 4 for B.1.351, BA.2, BA.4.1 and BA.5.2) mice were challenged with 1 x 10> PFU Omicron
subvariants BA.2, BA.4.1, BA.5.2, or B.1.351 (Beta). Mice were euthanized at 2 dpi for collection of nasal turbinate and lung tissues for detection
of viral burden and lung tissues for viral antigen expression. (A and B) Viral sgE copies in the (A) nasal turbinate and (B) lung were quantified
with probe-specific RT-gPCR. (C) Infectious viral titres in the lungs were quantified with plaque assays. (D) Viral antigen expression in the lung
was quantified with the SARS-CoV-2 nucleocapsid protein expression by Image). Four mice from each experimental group were used for viral
antigen expression quantification. (E) Representative images of immunohistochemistry staining for the detection of SARS-CoV-2 nucleocapsid
protein (red, indicated with arrows) in the lung. The corresponding nucleocapsid protein positive area was quantified with Image) and shown.
Three sections were taken from each animal for immunochemistry analysis. Scale bar, 100 pm. Data represent mean + SD from the indicated
number of biological repeats. Statistical significance was determined with Brown-Forsythe and Welch one-way ANOVA with Dunnett's T3
multiple comparisons test in (A-D). Data were obtained from three independent experiments. Each data point represents one biological repeat.
*p < 0.05, **p < 0.01. NS, not statistically significant.
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Fig. 7: Pathogenicity of Omicron BA.2, BA.4.1 and BA.5.2 in WT C57BL/6, aged C57BL/6, and A129 mice. 6-to-8-week-old female C57BL/6,
10-to-11-month old female C57BL/6 and 6-to-8-week-old female A129 challenged with 1 x 10° PFU Omicron subvariants BA.2, BA.4.1, BA.5.2,
or B.1.351 (Beta) and were euthanized at 2 dpi to collect lung tissues for pathological examination (n = 4 for young C57BL/6 and A129 mice,
n =3 for aged C57BL/6 mice). (A) Representative images of H&E staining of the nasal turbinate and lung. Dashed circles, necrotic cell debris;
closed arrowheads, epithelium desquamation; arrows, perivascular inflammatory cell infiltration; cross, proteinaceous exudation; open
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extensive alveolar destruction (Fig. 7A and C), and
interstitial congestion with severe inflammatory in-
filtrations (Fig. 7A and D). In keeping with the viral
antigen expression results in lungs of young C57BL/6
mice, the mean total lung pathology score of BA.5.2 (0.8)
was lower than those of B.1.351 (4.8) and BA.2 (2.3).
However, in aged C57BL/6 and A129 mice, the total
lung pathology score of BA.5.2 was similar to those of
B.1.351 and BA.2 (Fig. 7E). Together, our results
demonstrate that the dominant Omicron sublineages
are gaining replication fitness in both primary human
nasal epithelial cells and nasal epithelium of infected
animals. In contrast, the replication of all evaluated
Omicron sublineages are attenuated in the lungs of K18-
hACE2 and young C57BL/6 mice, leading to reduced
lung pathology. Notably, the replication and pathoge-
nicity of BA.5.2 remain comparable to BA.2 in the lungs
of aged C57BL/6 and A129 mice, suggesting Omicron
infection can still cause severe infection in the immu-
nocompromised animals.

Discussion

Previous literature demonstrated that BA.1 had a repli-
cation advantage over Delta®** and could outcompete
Delta in co-infection experiments in human nasal
epithelial cells.”! However, the intrinsic replication
fitness of Omicron sublineages in the nasal epithelium
has not been thoroughly investigated. Here, we revealed
that while all Omicron sublineages replicated substan-
tially more robustly than that of WT in human nasal
epithelial cells of the upper respiratory tract, the domi-
nant Omicron sublineages BA.1, BA.2 and BA.5 are
gaining further replication fitness in human nasal
epithelial cells in the order of BA.1, BA.2, BA.4.1, and
BA.5.2. In the nasal turbinates of K18-hACE2 mice,
BA.5.2 replicated better than BA.2, which was in turn
better than BA.1. In keeping with these results, BA.5.2
outcompeted BA.2 and BA.4.1 in in-vivo competition
assays in the nasal turbinates of K18-hACE2 mice.
Similarly, BA.5.2 consistently replicated to higher levels
than BA.2 in the nasal turbinates of young C57BL/6,
aged C57BL/6, and A129 mice. Concordantly, a recent
study also demonstrated an increased replication

capacity of BA.5 in the upper airway in ferrets.”
Collectively, these findings indicate that the dominant
Omicron sublineages, including BA.1, BA.2, and BA.5,
have become increasingly efficient in their replication at
the nasal epithelium of the upper respiratory tract.
Increased viral replication fitness in the upper respira-
tory tract was associated with enhanced virus trans-
missibility in vivo.**?* Therefore, the intrinsically
increased efficiency of Omicron replication in the nasal
epithelium may contribute to their more efficient spread
among the human populations observed clinically.*”*

In early 2022, we and others reported that BA.1 was
attenuated in pathogenicity in vivo when compared to
SARS-CoV-2 WT and previous VOCs."* This observation
was later confirmed by additional in vivo studies**' as
well as recent clinical studies conducted in COVID-19
patients.'*"* Subsequently, we reported that BA.2 repli-
cated slightly less efficiently than BA.1 in the lungs of
K18-hACE2 mice, resulting in slightly more attenuated
lung pathology when compared to BA.1.” This finding
was similarly confirmed in recent clinical studies. In a
large cohort study in England that included over one
million patients, BA.2 cases had lower risks of death and
hospital admission than BA.1 after adjustment for
confounders.” In another study from South Africa, the
risk of severe disease among hospitalised individuals
upon BA.2 infection was lower than that of BA.1 cases
(adjusted odds ratio = 0.78; P = 0.029). During the
preparation of our manuscript, a study indicated BA.5
can infect lung cells more robustly than earlier Omicron
subvariants both in vitro and in vivo.* Such discrep-
ancies might be attributed to the amino acid sub-
stitutions in the viral genome as well as the differences
in animal models used. The pathogenicity of BA.5 has
been evaluated by additional groups but with inconsis-
tent conclusions.**

In this study, we showed that the infectious titre and
viral protein expression of BA.5.2 was 2.1- and 1.5-fold
lower than that of BA.2 in the lungs of K18-hACE2
mice. Meanwhile, the total lung pathology score of
BA.5.2 was 2.5-folds lower than that of BA.2, suggesting
that BA.5.2 was slightly further attenuated when
compared to BA.2. Since the receptor expression in the
K18-hACE2 transgenic mice may not be optimally

arrowheads, lamina propria infiltration; dashed ellipse, haemorrhage; asterisk, alveolar septa thickening. Three sections were taken from each
animal for immunochemistry analysis. Scale bar, 100 pm. (B-E) Semiquantitative analysis of the pathological changes in the lung. (B) Bron-
chiolitis (0 = normal structure; 1 = mild peribronchiolar infiltration; 2 = peribronchiolar infiltration plus epithelial cell death; 3 = score 2 plus
intrabronchiolar wall infiltration and epithelium desquamation), (C) alveolar damage (0 = normal structure; 1 = alveolar wall thickening and
congestion; 2 = focal alveolar space infiltration or exudation; 3 = diffused alveolar space infiltration or exudation or haemorrhage) and (D)
perivascular infiltration (0 = normal structure; 1 = mild perivascular oedema or infiltration; 2 = vessel wall infiltration; 3 = severe endothelium
infiltration) were scored accordingly. (E) Pathology scores of the of the lung were shown by adding up the histological scores of bronchiolitis,
alveolar damage, and perivascular infiltration in the lung of each animal. Four mice from each experimental group were used for histology
analysis and semiquantitative analysis. Statistical significance was determined with Kruskal-Wallis nonparametric test followed by Holm-Sidak’s
multiple comparisons test in (B-E). Data were obtained from three independent experiments. Each data point represents one biological repeat.
Mean value for each experiment group were shown. *p < 0.05, **p < 0.01. NS, not statistically significant.
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physiological, we additionally evaluated the replication
and pathogenicity of BA.5.2 and BA.2 in wildtype
C57BL/6 mice and A129 mice. Importantly, we found
that the subgenomic E gene, infectious titre, and viral
protein expression in lungs of BA.5.2-infected young
C57BL/6 mice were 12.9- (P = 0.0096), 22- (P = 0.0100),
and 11.3-folds (P = 0.0266) lower than that of BA.2-
infected young C57BL/6 mice, respectively. In keeping
with the virus replication results, the total lung patho-
logical score of BA.5.2-infected young C57BL/6 mice
was 2.9-folds lower when compared to that of BA.2-
infected young C57BL/6 mice. Together, our results
from K18-hACE2 and wildtype C57BL/6 mice indicate
that the dominant Omicron sublineages, including
BA.1, BA.2, and BA.S5, continue to attenuate in repli-
cating in the lungs, leading to attenuated pathogenicity.
Nevertheless, in the lung tissue of immunodeficient
aged C57BL/6 mice and the IFN alpha/beta receptor
knockout A129 mice, BA.5.2 replicated to comparable
level as BA.2 and could still result in severe lung dis-
eases, suggesting that despite the attenuation of Omi-
cron sublineages in the general populations with intact
immunity, the ongoing transmission of Omicron sub-
lineages remains a threat to the elderlies and immu-
nocompromised patients. Therefore, vaccination is an
important countermeasure to reduce hospitalization and
to prevent the spread of SARS-CoV-2 in the immuno-
compromised population. However, since major differ-
ences regarding to virus tropism, transmissibility,
clinical symptoms remain unneglectable between
infected animal models and humans, continuous clin-
ical surveillance to reflect the replication fitness and
pathogenicity of Omicron sublineages in humans
should be conducted in future studies.

We and others previously demonstrated that BA.1
and BA.2 spikes are characterized with reduced spike
cleavage at the S;/S, site, reduced efficiency in spike-
mediated cell-cell fusion, reduced plaque formation,
and decreased TMPRSS2 usage while increase in
capacity in cell entry through the endocytic
pathway.””'*?">*% In this study, we demonstrated that
BA.5.2 spike had increased spike cleavage at the S;/S,
site and gained efficiency in spike-mediated cell-cell
fusion leading to larger plaque size when compared
with BA.1 and BA.2 spikes. Interestingly, the BA.4/5
spike pseudovirus was enhanced in utilizing the endo-
somal entry pathway when compared to the BA.2 spike
pseudovirus, which cannot be explained by its increased
spike cleavage and gained efficiency in spike-mediated
cell-cell fusion. We further verified this observation by
infection with authentic BA.1, BA.2 and BA.5 viruses
and the data suggested BA.5 consistently showed
reduced TMPRSS2-mediated virus entry while
increased in dependency on the endocytic entry pathway
when compared with wildtype SARS-CoV-2 and BA.1.
Although discrepancies remained between our current
study and findings from a recent study which suggested

an enhanced TMPRSS2 usage for BA.5, it should be
aware that the predominant cell entry pathway utilized
by SARS-CoV-2 is cell type-dependent. To this end,
physiological-relevant cells or cell lines such as primary
human airway cells should be used when investigating
virus entry pathways.

While previous studies provided compelling evi-
dence that suggested the spike gene is likely a major
determinant of the observed virological and pathoge-
nicity phenotypes of Omicron,**' additional reports
have also suggested major determinants of Omicron
pathogenicity to reside outside of spike.***’ For example,
nsp6 was shown to contribute to the attenuated patho-
genicity of the Omicron BA.1, although detailed mech-
anism remained to be elucidated. The clinical isolate
BA.5.2 that we used in the current study (GISAID:
EPI_ISL_13777658) differs from BA.2 (GISAID: EPI_
ISL_9845731) at multiple non-spike regions, including
NSP3 (G489S), NSP4 (F438L), M (D3N) and ORF3
(F140L). Substitutions at these sites might also
contribute to the discrepant pathogenicity of BA.5.2 in
immunocompetent mice (K18-hACE2 and young
C57BL/6) and immunodeficient mice (A129 and aged
C57BL/6), as well as the differences between spike-only
recombinant Omicron and authentic Omicron strains
reported in previous studies.'>162+324445

Overall, our study investigated the virological fea-
tures, replication, and pathogenicity of the dominant
Omicron sublineages for the past year (BA.1, BA.2, and
BA.5). Our data suggested that the Omicron sublineages
might be gaining replication fitness in the upper res-
piratory tract while that in the lung are continuously
attenuated. These findings provide scientific founda-
tions to the public health authorities for setting
up control and management measures against the
emerging Omicron sublineages.
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