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Summary
Background The Omicron BA.2 sublineage has replaced BA.1 worldwide and has comparable levels of immune eva-
sion to BA.1. These observations suggest that the increased transmissibility of BA.2 cannot be explained by the anti-
body evasion.

Methods Here, we characterized the replication competence and respiratory tissue tropism of three Omicron var-
iants (BA.1, BA.1.1, BA.2), and compared these with the wild-type virus and Delta variant, in human nasal, bronchial
and lung tissues cultured ex vivo.

Findings BA.2 replicated more efficiently in nasal and bronchial tissues at 33°C than wild-type, Delta and BA.1. Both
BA.2 and BA.1 had higher replication competence than wild-type and Delta viruses in bronchial tissues at 37°C.
BA.1, BA.1.1 and BA.2 replicated at a lower level in lung parenchymal tissues compared to wild-type and Delta
viruses.

Interpretation Higher replication competence of Omicron BA.2 in the human upper airway at 33°C than BA.1 may
be one of the reasons to explain the current advantage of BA.2 over BA.1. A lower replication level of the tested Omi-
cron variants in human lung tissues is in line with the clinical manifestations of decreased disease severity of
patients infected with the Omicron strains compared with other ancestral strains.
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Introduction
The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) is the causative agent of COVID-19 and
the B.1.1.529 (omicron) variant has been classified as a
variant of concern (VOC).1 Three Omicron sublineages
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were initially recognized: BA.1 (including BA.1.1, which
has R346K), BA.2, and BA.3. Among Omicron, BA.2 is
the dominant variant circulating worldwide.2

The ability of a virus to replicate in the human upper
and conducting airways is an important parameter to
evaluate the transmissibility of the virus among
humans and its pandemic threat. Therefore, assessing
viral replication in human respiratory tract provides
direct evidence on the virulence of the viruses. Ex vivo
human explants of the respiratory tract are highly physi-
ologically relevant models to study respiratory viruses
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Research in context

Evidence before this study

SARS-CoV-2 Omicron variant has become the dominant
variant circulating worldwide. Epidemiological data
shows that the BA.2 has now replaced BA.1. The main
aim of this study is to assess the viral replication and tis-
sue tropism of Omicron BA.2 in comparison with previ-
ous SARS-CoV-2 strains in human respiratory tissue
explants. We searched PubMed without language
restriction on 25th May 2022 for articles using the terms
“Omicron BA.2” or “SARS-CoV-2 BA.2” and “ex vivo” or
“human respiratory tract” or “human respiratory tissue”
or “human explant”, and found no relevant articles.

Added value of this study

We report that Omicron BA.2 replicated more efficiently
in nasal and bronchial tissues at 33°C than wild-type,
Delta and BA.1. Both BA.2 and BA.1 replicated to higher
titres than wild-type and Delta viruses in bronchi at 37°
C while the Omicron variants replicated less efficiently
than wild-type and Delta viruses in lung parenchymal
tissues.

Implications of all the available evidence

Omicron BA.2 replicates better than the BA.1 and previ-
ous strains in the upper respiratory tract but less effi-
ciently in the lung parenchyma than wild-type and
Delta. These findings are relevant to the understanding
of the rapid expansion of BA.2 over BA.1 and the
decreased disease severity of patients infected with the
Omicron strain compared with other ancestral strains.
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and their viral tropism. Complex and multicellular
responses can be obtained in ex vivo models but not in
cell lines. However, this model is highly dependent on
the availability of fresh human respiratory tissues,
which is not available in many research laboratories
worldwide. Besides, the experimental observation time
is relatively short (up to 96 hours post-infection) due to
the viability of explant tissue. In addition, since the tis-
sues cannot be expanded like cell cultures, the scale of
experimental settings is limited.

The BA.1 and BA.2 variants share 21 amino acid sub-
stitutions in the S protein while BA.1 and BA.2 variants
have an additional 12 and 11 mutations and deletions
which are not found in each other, respectively.3 This
suggests that BA.2 variant may differ in its infectivity,
transmissibility, pathogenicity and antigenicity from
the BA.1 variant. Epidemiological data shows that the
BA.2 has now replaced BA.1 globally with the majority
of sequences belonging to BA.2.2,3 However, there
appear to be no epidemiological or clinical differences
observed between BA.1 versus BA.2 subvariants.4

Reduced antibody neutralizing activity against BA.1,
BA.1.1 and BA.2 was reported when compared to the
ancestral virus strain.5�7 The extent of evasion from
neutralizing antibody elicited by vaccine immunity by
BA.1 and BA.2 were comparable.5�8 These findings sug-
gest that increased antibody evasion may not be the sole
reason for the current expansion of BA.2. Here, we
characterized the viral replication competence of the
BA.1, BA.1.1 and BA.2 variants and compared these with
the wild-type (WT) virus and Delta variant in ex vivo
explant cultures of human nasal, bronchial and lung
tissues.
Methods

SARS-CoV-2 isolation
Vero E6 (E6) cells were used for virus isolation and
propagation of wild-type virus and Vero E6-TMPRSS2
(T2) overexpressed cells which were developed and pro-
vided by Dr. Makoto Takeda,9 were used for Delta and
Omicron variants. Both cell-lines were cultured in
DMEM with 10% FBS and viruses were isolated as pre-
viously described.10 Viruses were isolated from clinical
specimen of the nasopharyngeal and throat swab from
patients infected with SARS-CoV-2 in virus transport
medium as previously described.10 The virus stock was
aliquoted and stored frozen at �80°C. Aliquots were
titrated to determine plaque forming unit (pfu) in
respective E6 or T2 cells. The experiments were carried
out in a Bio-safety level 3 (BSL-3) facility at the School of
Public Health, Li Ka Shing Faculty of Medicine, The
University of Hong Kong. In addition to the Omicron
variants (BA.1, BA.1.1 and BA.2.3), we used a wild-type
(WT) virus and a Delta variant for comparison. The
information of the virus isolates was listed in Supple-
mentary Table 1.

We deduced near full-length genomes and variants
from the samples using a Illumina sequencing protocol
previously described by us (see Supplementary
Materials).11,12
Ex vivo cultures of human respiratory tract and its
infection
Fresh non-tumour nasal turbinate (n=4), bronchus
(n=5) and lung (n=6) tissues were obtained from
patients aged 47-74 years undergoing elective surgery
in Department of Surgery at Queen Mary Hospital (Pok
Fu Lam, Hong Kong SAR, China) from January to
March 2022 and were removed as part of routine clini-
cal care but surplus for routine diagnostic requirements
as detailed previously.10 The donor information is listed
in the Supplementary Table 4. The virus infection pro-
cedures were performed as previously described.10

Briefly, similar sized pieces of human nasal, bronchus
and lung tissues were infected with each virus at 5£105

pfu/mL for 1 h at 33°C (nasal and bronchus tissues) or
37°C (bronchus and lung tissues). Each tissue fragment
www.thelancet.com Vol 83 Month , 2022
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was washed three times in culture medium to remove
residual virus inoculum, topped up with fresh medium
and incubated at 37°C as indicated. Mock-infected tis-
sues served as negative controls. Aliquots of culture
medium were removed at times indicated and stored at
�80°C until titration. Infectious viral titres in culture
supernatants were assayed by TCID50 in Vero E6-
TMPRSS2 cells. Infected tissues were fixed in 10% for-
malin and processed for immuno-staining at 48 hours
post infection (hpi) for nasal tissues or 72 hpi for bron-
chi and lungs. Viral titres were determined by using
TCID50 assay (see Supplementary Materials). Immuno-
histochemistry staining of paraffin-embedded tissues
was performed to visualize the SARS-CoV-2 infected
cells (see Supplementary Materials).
Thermal inactivation
Virus cultures in tissue culture wells without tissues or
cells were incubated at 338C, for human nasal and bron-
chus tissues or at 378C for human bronchus and lung
tissues were incubated. Virus supernatants were har-
vested at indicated time-points for titration by TCID50

assay to define the thermal inactivation of the virus in
the absence of replication.
Biosafety and ethics
All experiments were carried out in a Bio-safety Level 3
(BSL-3) facility. Informed consent was obtained from all
subjects and approval was granted by the Institutional
Review Board (IRB) of the University of Hong Kong
and the Hospital Authority (Hong Kong West) (IRB
approval no: UW 20-862 and UW 20-588).
Statistical analysis
Experiments with the ex vivo cultures were performed
for individual donors with the donor number stated in
the above section. Experiments with the in vitro cultures
were performed independently at least three times.
Results shown in figures are the calculated mean and
standard deviation of mean. Area-under-curve (AUC)
was calculated by integrating infectious virus titres at
24-48 or 24-72 hpi in ex vivo nasal, bronchial and lung
tissues. The differences in log10 transformed viral titres
between viruses and over time were compared using
two-way analysis of variance (ANOVA) followed by a
Tukey’s multiple-comparison test. Statistical significan-
ces between groups were calculated using one-way
ANOVA followed by a Tukey’s multiple-comparison test
or two-tailed t test. All the statistical significances were
calculated using GraphPad Prism version 9.0. Differen-
ces were considered significant at a p < 0.05.
Role of the funding source
The funders had no role in study design, data collection,
analysis, or interpretation of the data, or in the writing
www.thelancet.com Vol 83 Month , 2022
of the report. The corresponding author had full access
to all of the data and the final responsibility to submit
for publication.
Results

BA.2 replicates efficiently in human upper airway at
33°C
As the upper respiratory tract such as nasal tissues or
nasopharynx is the initial site of SARS-CoV-2 infection
following airborne or fomite mediated transmission,
and is at a lower temperature to the conducting airway,
we investigated and compared the viral replication
kinetics of WT, Delta, Omicron BA.1, BA.1.1 and BA.2
in nasal turbinate tissue at 33°C by quantitating infec-
tious virus using 50% tissue culture infectious dose
(TCID50) titrations. BA.2 replicated to significantly
higher titres than WT and Delta at 24 hpi and higher
titres than WT, Delta and BA.1 at 48 hpi (Figure 1A).
Similarly, BA.1.1 replicated to significantly higher titres
than WT, Delta and BA.1 at 48 hpi (Figure 1A). Higher
replication competence of BA.2 than WT, Delta and
BA.1 was also observed in area under the curve (AUC)
analysis aggregating virus titres at 24-48 hpi
(Figure 1B). Although higher mean viral titres of BA.2
than that of BA.1.1 was observed at 24 and 48 hpi and
also in AUC values, there was no statistical significances
between them.

At 33°C, BA.1.1 and BA.2 had very similar viral titres
at both 24 and 48 hpi in bronchial tissues (Figure 1C).
Besides, BA.1.1 and BA.2 had higher viral titres than
BA.1, WT and Delta viruses at 24 and 48 hpi in bron-
chial tissues (Figure 1C). BA.1 replicated to higher virus
titres than WT and Delta at 48 hpi. The higher replica-
tion competence of BA.1.1 and BA.2 than BA.1, WT and
Delta was confirmed by AUC analysis (Figure 1E).
BA.2 and BA.1 have comparable replication in human
bronchial tissues at 37°C
The replication of BA.1 in the bronchus was signifi-
cantly enhanced at 37°C and BA.1 and BA.2 were com-
parable with each other and both were higher than WT
and Delta at 24 and 48 hpi (Figure 1D). In addition,
both BA.1 and BA.2 replicated to higher titres than
BA.1.1 at 48 hpi. The higher replication competence of
BA.1 and BA.2 than WT, Delta and BA.1.1 was con-
firmed in AUC analysis (Figure 1F). BA.1.1 had a higher
value of AUC than WT. When AUC of each virus at
33°C and 37°C were compared, Delta and BA.1 repli-
cated more efficiently at 37°C than 33°C, BA.1.1
replicated to higher titres at 33°C than 37°C and there
was no significant differences in replication efficiencies
at 33°C or 37°C for WT and BA.2 (Figure 1G).

The tropism of the Omicron variants in the
bronchial and nasal tissues was visualized by
3



Figure 1. Viral replication kinetics of SARS-CoV-2 variants in ex vivo cultures of human respiratory tract. Viral replication of
SARS-CoV-2 variants in human ex vivo nasal turbinate at 33°C (A and B), bronchus at 33°C (C, E, G) or 37°C (D, F, G) and lung at 37°C
(H and I). The horizontal dotted line denotes the limit of detection in the TCID50 assay. Viral titres from A, C, D and H are depicted as
area under the curve (AUC) (B, E, F, G and I). Data are presented as geometric mean values. Error bars indicate SD with N = 4 (nasal,
individual donors); N = 5 (bronchus, individual donors); N = 6 (lung, individual donors). *P < 0.05; **P < 0.01; ***P < 0.001; ****P <

0.0001, (A, C, D and H, Two-way ANOVA followed by Tukey’s test; B, E, F and I, One-way ANOVA followed by Tukey’s test; G, two-
tailed T test).
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immunohistochemical staining of the SARS-CoV-2
nucleoprotein (Figure 2). There was no
observable differences in cell tropism in the bron-
chus tissues.
Omicron variants have a lower replication competence
in human lung tissues than previous strains
Similar to our previous results10 in ex vivo cultures of
human lung tissues, WT replicated to higher titres than
www.thelancet.com Vol 83 Month , 2022



Figure 2. Tissue tropism of SARS-CoV-2 variants in ex vivo cultures of human respiratory tract. Immunohistochemical staining
of SARS-CoV-2 nucleoprotein in ex vivo cultures of human nasal turbinate at 48 hpi (A), bronchus with infection at 33°C (B), 37°C at
72 hpi (C) and lung tissues at 72 hpi (D) infected with wild-type (WT), Delta and Omicron variants (BA.1, BA.1.1 and BA.2). Positive
cells are red-brown. Scale bar, 100 mm. The images are representative of two individual donors.
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BA.1 as early as at 24 hpi, while significantly higher viral
loads of WT infection were detected when compared to
all three Omicron variants (BA.1, BA.1.1 and BA.2) at
both 48 and 72 hpi (Figure 1H). The Delta variant repli-
cated to higher titres than BA.1 and BA.1.1 at 48 hpi and
higher titres than BA.1.1 at 72 hpi. AUC levels also
show the higher replication capacity of WT and Delta
than all three Omicron variants (Figure 1I).

BA.2 has higher thermal stability than previous strains
at 33°C
In order to investigate the stability of infectious virus
particles at 33°C and 37°C, thermal inactivation of each
virus was performed by incubating the virus at various
concentrations at 33°C or 37°C. The infectious virus
titres were monitored by TCID50 assay (Figure 3A). The
infectious virus concentrations at or below 5£103

TCID50/mL reduced to the detection limit after 24 h
incubation at 33°C while all viruses at 5£104 TCID50/mL
reduced to the detection limit after 24 h incubation at 37°C
except WT at 5£104 TCID50/mL remained 9% (Supple-
mentary Figure 1). Using titres of 5£104 TCID50/mL at 0
h as reference, we found that BA.2 had the highest percent-
age of residual infectious titres (50%) after 24 h incubation
at 33°C, followed by WT (36%), BA.1 (30%), Delta (25%)
and BA.1.1 (9%) (Figure 3B).

To determine whether the difference in replication
was due to host or intrinsic viral factors, we next
www.thelancet.com Vol 83 Month , 2022
explored the replication competence of the Omicron var-
iants at 33°C and 37°C. Vero E6-TMPRSS2 cells were
infected with Omicron BA.1, BA.1.1 and BA.2 at a MOI
of 0.1 and incubated at 33°C or 37°C for 1 to 48 h. Virus
titres in the culture supernatants were monitored by
TCID50 assay at indicated time points (Supplementary
Figure 2). All three Omicron variants replicated more
efficiently at 37°C than 33°C at 24 hpi. The AUC analy-
sis confirmed the higher replication competence at 37°C
than 33°C. All three variants had similar replication effi-
ciency at 33°C and 37°C and no significant differences
was detected (Supplementary Figure 2). These findings
suggest that there was no differences on the tempera-
ture sensitivity between the three Omicron variants in
cell lines. The higher replication competence of BA.2
over BA.1 at 33°C in nasal and bronchi is probably
specific to the virus-host interactions in the different
tissues.
Discussion
The higher replication capacity of BA.2, and to a lesser
extent of BA.1.1, compared with BA.1 and previous
strains in nasal tissues provides laboratory evidence
supporting epidemiological data that BA.2 has higher
transmissibility than BA.1.13,14 The body temperature of
the upper airways (approximately 33°C) is lower than
that in the lower airways (37°C). Therefore, infection of
5



Figure 3. Thermal inactivation curves at 33°C. Infectious virus titres in cell culture wells at 338C (A). The horizontal dotted line
denotes the limit of detection in the TCID50 assay. Percentages of infectious viral titre calculated with reference to the titres at 0 h
(B). Graphs show the mean values. Error bars indicate SD with N = 3 independent experiments. **P < 0.01; ***P < 0.001; ****P <

0.0001, (Two-way ANOVA followed by Tukey’s test).
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the nasal and bronchial tissues at these two tempera-
tures may provide information reflecting the virus phe-
notype at the upper and lower airways, respectively. We
found that BA.2 replicated equally well at both 33°C and
37°C in the bronchial tissues and more efficiently than
the previous virus strains (WT, Delta and BA.1) while
BA.1 replicated more efficiently at 37°C than 33°C. In
addition, the higher viral load of BA.2 than BA.1 var-
iants and previous virus strains in the upper respiratory
explants of nasal turbinate is in line with the findings
from the United Kingdom and Denmark that BA.2 vari-
ant may be more transmissible than the BA.1 variant13,14
and our findings may explain the higher transmissibil-
ity of BA.2 than BA.1 and the replacement of BA.1 in
many countries.

The enhanced replication of Omicron variants in the
human bronchi compared to Delta and WT may be
attributed to the mutations near the furin cleavage site
in BA.1 and BA.2. The mutation of S:655Y in the spike,
which is found in BA.1, BA.1.1 and BA.2, enhances viral
replication, spike protein cleavage, transmissibility than
its ancestor S:655H in a hamster model and outcom-
petes S:655H in both hamsters and a human primary
airway model.15 Another hamster study reports that
www.thelancet.com Vol 83 Month , 2022
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Omicron viral RNA lasts longer in the oral swab and the
viral antigen is found mainly in the bronchioles in the
infected animals when compared to Delta or ancestral
virus infection,16 which may be a major source of
excreted virus particles and hence may contribute to
increased transmission. The combination of mutations
S477N, Q498R and N501Y in the S protein of the Omi-
cron variants increases the binding affinity to ACE2 in
in-vitro evolution studies.17

Our findings of BA.2 and BA.1 having lower tropism
in human lung tissues supports existing clinical data
that that BA.2 may cause less severe disease than Delta
and WT. Our findings are consistent with experimental
studies on the pathogenicity in BA.1 and BA.2 in
infected mice and hamsters which show that BA.1 and
BA.2 viruses led to less pathogenicity than the early
virus strains.18 The finding that Omicron replicated less
efficiently in the human lungs is in line with a recent
report that less viral antigen was stained in the hamster
lung after Omicron infection compared to Delta and
ancestral strain and Omicron has an attenuated patho-
genicity in hamster models.16 It has been reported that
Omicron is less fusogenic than Delta variant and ances-
tral strain since the spike protein of Omicron is less effi-
ciently cleaved into two subunits when compared to
that of Delta and ancestral SARS-CoV-2.16,19 These find-
ings of low fusogenic potential of the Omicron spike
could translate to impaired cell-cell spread, which may
indicate less pathogenicity of Omicron when compared
to variants with higher fusogenic potential such as
Delta. Furthermore, by assessment of inflammatory
responses in the lungs of wild-type and hACE2 trans-
genic mice, BA.2 had significantly higher levels of some
pro-inflammatory cytokines and chemokines (such as
IL-1b, IFNg, and MIP-1b in wild-type mice and IL-1a,
TNF and MIP-1a in hACE2 mice) compared with mice
infected with BA.1.20 However, the levels of many pro-
inflammatory cytokines and chemokines were lower in
the lungs of both BA.1- and BA.2-infected mice than in
those of ancestral- and Beta variant-infected mice, prob-
ably owing to the low replication of BA.2 in the lungs
than the previous variants.20 Therefore, similar to BA.1,
BA.2 induced a limited pro-inflammatory cytokine /
chemokine responses in mouse lungs and it is less path-
ogenic than previous variants.20

Our findings are consistent with a previous publica-
tion showing that BA.1 omicron replicated more effi-
ciently in human bronchial tissues than the previous
variants including WT and Delta variants while less effi-
ciently in human lung tissues than WT and Delta var-
iants.10 Several recent studies report that BA.2 is
sensitive to E64d, a cathepsin inhibitor that blocks the
endocytosis-dependent entry of SARS-CoV-2, like BA.1
while Delta is resistant to E64d.10,19,21 The shift of cellu-
lar tropism away from TMPRSS2 expressing cells con-
fers BA.1 and BA.2 to have altered pathogenesis from
previous variants.
www.thelancet.com Vol 83 Month , 2022
Our findings are in concordance with clinical reports
showing that no epidemiological or clinical differences
were observed between BA.1 and BA.2 patients4 and
that both BA.1 and BA.2 infected patients were less
likely to be hospitalized, required less intense respira-
tory support and had a reduced period of hospital stay.22

The three Omicron variants have amino acid substi-
tutions in the nucleocapsid protein (R203K and
G204R), which are not found in WT and Delta variants
and these have been associated with enhanced virus rep-
lication.23 Our findings that BA.2 had a higher replica-
tion competence than BA.1 in the human nasal and
bronchus at 33°C may be attributed by the additional
mutations in BA.2. BA.2 has four unique amino acid
substitutions (S:S371F, S:T376A, S:D405N, S:R408S) in
the receptor binding domain (RBD) while it loses two
mutations (SG446S, SG496S) in the ACE2 binding
motif compared to BA.1 (Supplementary Table 3).24 The
relationship between these mutations in the RBD and
their replication capacity in the upper airway remains to
be elucidated.

The replicase-transcriptase complex is mainly
encoded from the sequences of ORF1a and ORF1b.25

Despite amino acid substitutions in the Spike, there are
a number of unique mutations in ORF1a, ORF1b,
ORF3a and ORF6 of BA.2, which are not in BA.1 (Sup-
plementary Table 3). These mutations within the ORF1a
and ORF1b may affect the replication and transcription
efficiency of BA.1 and BA.2 and further investigation
is needed.

While the genetic makeup of a virus could provide
some information on the functions of a particular muta-
tion site, biological study using authentic viruses in
physiologically relevant models could provide more
insights on the replication and tropism of the SARS-
CoV-2 variants because individual mutation could have
epistatic or independent effects that counteract the func-
tions of each other. A recent report demonstrates that
despite the presence of mutations predicted to facilitate
the cleavage of spike S1/S2, the spike of Omicron vari-
ant is less efficiently cleaved when compared to Delta
variant.19 Furthermore, host factors would also play a
role in the differential replication capacity of the var-
iants in terms of the expression of the receptors includ-
ing ACE2 and TMPRSS2, and the activity of these
enzymes and proteases in different tissues.

In this study, we used authentic viruses and ex vivo
models of human respiratory tissues, which are highly
physiologically relevant to the human body, and we
believe that the ex vivo models can provide more accu-
rate information reflecting the phenotype of the SARS-
CoV-2 variants in the human respiratory tissues when
compared to in vitro models. However, the number of
donors is small (between 4 to 6) and this is due to the
limitations of human respiratory tract tissue availability.
Another limitation is only one virus strain from each
variant was tested. Besides, several omicron subvariants
7
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have been detected—BA.2.12.1 was first identified in the
United States and BA.4 and BA.5 were first detected in
South Africa. BA.5 and BA.4 subvariants currently out-
competing the previous BA.1 and BA.2 subvariants and
are circulating in 83 and 73 countries, respectively.26

While BA.4 and BA.5 share similar mutations in the S
gene, BA.2.12.1 contains unique mutations.27 Several
reports show that while immune evasion of BA.2.12.1 is
only moderately enhanced when compared to BA.2, a
more robust immune evasion by BA.4 and BA.5 is
detected.27,28 Further investigations on the biological
characteristics of these subvariants would provide
insights on their transmission and pathogenicity.

In summary, our data demonstrate that BA.2 has
intrinsically higher replication competence in the
human upper respiratory tract (nasal and bronchi tis-
sues) at 33°C compared with WT, Delta and BA.1. This
may contribute to increased transmission of BA.2 in the
human population compared to the early virus strains.
Furthermore, the similar and lower tissue tropism of
BA.1, BA.1.1 and BA.2 in lungs compared to previous
strains is in line with the clinical manifestations of
decreased disease severity of patients infected with the
Omicron strain compared with other ancestral strains.
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