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M Check for updates

The emergence of SARS-CoV-2 variants of concern with progressively increased
transmissibility between humansis a threat to global public health. The Omicron

variant of SARS-CoV-2 also evades immunity from natural infection or vaccines', but it
isunclear whether its exceptional transmissibility is due toimmune evasion or
intrinsic virological properties. Here we compared the replication competence and
cellular tropism of the wild-type virus and the D614G, Alpha (B.1.1.7), Beta (B.1.351),
Delta (B.1.617.2) and Omicron (B.1.1.529) variants in ex vivo explant cultures of human
bronchiand lungs. We also evaluated the dependence on TMPRSS2 and cathepsins for
infection. We show that Omicron replicates faster than all other SARS-CoV-2 variants
studied in the bronchibut less efficiently in the lung parenchyma. All variants of
concern have similar cellular tropism compared to the wild type. Omicron is more
dependent on cathepsins than the other variants of concern tested, suggesting that
the Omicron variant enters cells through a different route compared with the other
variants. The lower replication competence of Omicron in the human lungs may
explain the reduced severity of Omicron that is now being reportedin
epidemiological studies, although determinants of severity are multifactorial. These
findings provide important biological correlates to previous epidemiological

observations.

Since the emergence of COVID-19 in December 2019, the causative
agent SARS-CoV-2 has continued to evolve in humans, generating
variants of progressively increased transmissibility between humans.
The World Health Organization (WHO) has classified several lineages as
variants of concern (VOCs) on the grounds of their high transmission
rate, potential forimmune evasion, unusual epidemiological proper-
ties, or adverse impact on diagnostics and therapeutics®. These VOCs
include the Alpha, Beta, Gamma, Delta and Omicron virus lineages.
Thefirstvirus variantemerged in February 2020 carrying the D614G
amino acid substitution in the S protein and this quickly became the
dominant virus variant globally. It was shown to replicate more rap-
idly in primary airway epithelial cells and in the nasal cavity of experi-
mentally infected hamsters, explaining its greater transmissibility in
humans?. The Alpha lineage, which was first reported in the United
Kingdomin September 2020, had 13 mutationsin the spike (S) protein,
and the N501Y and P681H mutations in the spike protein contributed
to its increased transmissibility**. The deletion at position 60-70 in
the spike proteinled to aloss of detection of the Sgene targetinsome
diagnostictests (by PCRwith reverse transcription (RT-PCR)), termed
S-gene target failure®. The Betalineage first detected in South Africa in
August 2020, contained 10 mutations in the S protein and mutations
N501Y and K417N enhanced viral transmission while E484K contributed
toimmune evasion”®, The Deltalineage was first identified in the state

of Maharashtra, Indiain October 2020, had multiple amino acid substi-
tutions in the S protein—including L452R and E484Q, which enhance
angiotensin-converting enzyme 2 (ACE2) binding, transmission and
immune evasion®®. The Omicron variant was identified in Botswana
and South African in November 2021 and was designated as VOC by
the WHO in the same month. It has 37 amino acid substitutions in the
Sprotein,15of whichareinthereceptor-binding domain. Thus, it was
probable that the phenotype of the virus would be markedly affected
for transmission, escape from previous immunity or both. As of 14
December 2021, the Omicron varianthasbeen detected in 76 countries
globally". Differences in disease severity between variants has been
more subtle. Amodest increase in disease severity has been reported
for the Delta VOC, with higher hospital admissions compared with
the Alpha VOC™**. The extensive amino acid substitutionsin the spike
protein of Omicron™ are likely to have major implications on transmis-
sibility, disease severity and immune evasion from serumneutralizing
antibodies from both infection- and vaccine-elicited and therapeutic
monoclonal antibodies. However, there is limited information on the
biological or virological characteristics of this variant. Omicron rep-
lication is ACE2 dependent and it has a considerable ability to evade
neutralizing antibodies elicited by past infection or vaccination'.
The correlation of the phenotype of a SARS-CoV-2 variant in vitro
withepidemiology is wellillustrated by the experimental observations
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Fig.1|Viralreplicationkinetics of SARS-CoV-2 variantsinexvivo cultures
of humanrespiratory tract.a-d, Humanex vivo cultures of bronchi and lungs
wereinfected with 5 x10° TCIDs, per mlat 37 °C. Viruses released in the culture
supernatants were measured over time using the TCIDs, assay. a, ¢, Viral
replication kinetics of SARS-CoV-2WT, D614G, Alphaand Betain human

ex vivo cultures of bronchi (a) and lungs (c). b, d, Viral replication kinetics of
SARS-CoV-2WT, Deltaand Omicronin human ex vivo cultures of bronchi (b)
and lungs (d). The horizontal dotted line denotes the limit of detectionin the

withthe D614G mutation. Anisogenic wild-type (WT) virus engineered
to carry the spike D614G substitution had enhanced viral replication
in human lung epithelial cells and primary human airway tissues by
increasing the infectivity and stability of virions". Hamsters infected
with this virus produced higher infectious titres in nasal washes and
thetrachea, but notinthelungs, supporting clinical evidence showing
that the mutation enhances viral loads in the upper respiratory tract
of patients with COVID-19 and may increase transmission. However,
studies using physiologically relevant experimental models investigat-
ing the phenotype of the Omicron variant in comparison to previous
variants of SARS-CoV-2 are lacking.

We have previously used ex vivo explant cultures of the humanbron-
chi and lung parenchyma to study the competence of viral replica-
tion and the cellular tropism of avian influenza viruses'®", MERS'2°
and SARS-CoV-2 (ref. %). This provided a suitable platform to rapidly
compare the replication profile and tropism of the Omicron variant
with others and to provide insights into the observed epidemiology
of this variant. We initially compared the viral replication kinetics
of WT SARS-CoV-2 with the D614G variant and VOCs from Alpha and
Betalineages in ex vivo explant cultures of human bronchi and lungs.
Inasubsequent set of experiments, we compared the viral replication
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TCIDs, assay. Dataare geometric mean +s.d. n = 6. Statistical analysis was
performed using two-way analysis of variance (ANOVA) followed by Tukey’s
test; P<0.05was considered to be statistically significant, and exact Pvalues
arepresented. e, f, Viral titres froma (e) tod (f) are depicted as AUC. Dataare
thegeometric mean +s.d.n = 6. Statistical analysis was performed using
one-way ANOVA followed by Tukey’s test; P< 0.05 was considered to be
statistically significant, and exact Pvalues are presented.

profiles of the WT with the Delta and B.1.1.529/Omicron lineages.
We also investigated the cellular tropism of the virus using immuno-
histochemistry and compared the dependency of WT, Deltaand Omi-
cron variants on transmembrane serine protease 2 (TMPRSS2) and
cathepsins for their replication.

Higher replication of Omicronin bronchi

Wefirst compared thereplication kinetics of WT, D614G, Alphaand Beta
strainsthat wereisolated fromreturning travellers or the communityin
Hong Kong in ex vivo cultures of human bronchi and lungs by titrating
infectious virus using 50% tissue culture infectious dose (TCID,) titra-
tions. The only significant difference observed was a higher replication
ofthe Betavariantin humanbronchiat 72 hours post-inferction (hpi); no
significant difference was noted between viruses at 24 and 48 hpi (Fig. 1a).
When WT, Deltaand Omicron variants were compared, the Omicron vari-
antreplicated tosignificantly higher titres compared with the WT or Delta
at24 and 48 hpi—adifference of greater than 70-fold (Fig. 1b). At 72 hpi,
both Delta and Omicron viruses replicated significantly more than the
WT strain in human bronchi, but there was no significant difference
between the Deltaand Omicron viruses. When these experiments were
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Fig.2|Tissue tropism of SARS-CoV-2 variantsin ex vivo cultures of human
respiratorytract.a,b, Ex vivo cultures of human bronchi(a) and lungs

(b) infected with WT and various variants of SARS-CoV-2 with 5 x 10° TCIDs,
permlormockat37 °C.Thetissues were fixed with formalin at 72 hpi
Paraffin-embedded sections were analysed usingimmunohistochemical
staining with a polyclonal antibody against the SARS-CoV-2 nucleoprotein.
Positive cells are red-brown. Scale bars, 100 pm. The images are representative
oftwoindividual donors.

performed at33 °C, theviral titres were similar to those at 37 °Cfor each
virus (datanotshown).Inexvivo cultures of humanlungtissue, the only
significant difference observed wasareductioninreplication of Omicron
compared withthe WT strain at 24,48 and 72 hpi (Fig. 1c, d). These find-
ingsinbronchus and lungtissues were confirmedinareaunder thecurve
(AUC) analysis of aggregate virus titres at 24-72 hpi (Fig. 1e, f). Theindi-
vidualdonor datasets of viral titres for the comparison of WT, Deltaand
Omicron are shown in Extended Data Fig. 1. The same consistent trend
was observed for each individual donor. Similar trends were observed
between ORF1b gene quantification and TCIDs, results—a higher level
ofviralgene was detected in bronchiinfected with the Omicron variant
compared with the WT and Delta strains, while a higher number of viral
gene copies was measured in lung tissues infected with the WT strain
compared with the Delta and Omicron variants (Extended Data Fig. 2).

Thetropismofeachvirusvariantin the bronchiand lungs was visualized
through immunohistochemical staining of the SARS-CoV-2 nucleopro-
tein (Fig. 2). The virus variants did not appear to differ in cell tropismin
the bronchus tissues that were infected ex vivo. For Omicron, there was
evidence of extensive virusinfection—the ciliated epithelium, goblet and
clubcells,inwhichinfection of WT, Alpha, Beta, Deltaand Omicronviruses
was observed onthebasis ofimmunofluorescence staining (Figs.2aand 3).
Transmission electron microscopy also showed the presence of Omicron
viral particlesinmembrane-bound vesiclesin the cytoplasm,aswellason
the surface attached to microvilli of ciliated cells (Extended Data Fig. 4).
Thevirusvariants did notappear todifferin cell tropisminthe lung tissue
(Fig. 2b). Immunohistochemical staining showed positive staining in the
lung tissues, with the spindle-shaped antigen-positive cells morphologi-
cally resembling type 1 pneumocytes. In lung tissues infected with Omi-
cron, there were decreased staining intensities of viral antigen identified
(Extended DataFig. 3). By contrast, greater numbers of cells with positive
staining for viral antigen were observedinthe bronchial epitheliuminfected
with Omicron compared with all of the other variants and the WT virus.

ACE2 and TMPRSS2 expressionin the respiratory tract

ACE2 and transmembrane serine protease 2 (TMPRSS2) contribute to
theentry of SARS-CoV-2intocells. The latter cleaves the spike S2 domain
(S2’), enabling the virus to enter the cell through cell fusion at the outer
cellmembrane, distinct from viral entry through the endocytic path-
way?2, ACE2 expressed at the cell surface exists as shortand long forms,
withtheshort formlacking the domain that binds to SARS-CoV-2 spike®.
We showed that there was significantly higher expression of both long-
and short-form ACE2 in human bronchi compared with in the lungs
(Fig. 4a). Immunohistochemical staining also showed clear evidence
of more extensive ACE2 staining in the bronchi compared with in the
lungs (Fig. 4b and 4c). We next investigated the TMPRSS2 expression
and found significantly higher expression of TMPRSS2 mRNA in the
bronchi compared within the lungs (Fig. 4a).

Omicron preference for endocytic entry

Weinvestigated WT,Deltaand Omicronvirusreplicationfortheirdepend-
ence on TMPRSS2. We compared the viral replication kinetics of the
WT, Deltaand Omicron strains in Vero E6 and Vero E6-TMPRSS2 (E6/T2)
cells. Although virus titres at 24 hpi were higher in E6/T2 cells for the
WT and Delta, the magnitude of the difference was 100-1,000-fold for
Delta, 3-100-fold for Omicron and around 10-fold for the WT (Fig. 4d).
The AUClevels of the viral titres at 24-48 hpi confirmed these findings
(Fig.4e). Omicronreplicated tolower titres compared with the WT and
Delta strains at 24 hpiin E6/T2 cells (Extended Data Fig. 5), which was
also shown in their AUC levels (Fig. 4e). We next infected Vero E6/T2
cellswiththe WT, Deltaand Omicronstrainsin the presence of camostat
mesylate (aninhibitor of serine proteases, including TMPRSS2)*or E64d
(aninhibitor of cathepsins)?. The viability of Vero E6/T2 cells was above
80% after treatment with camostat mesylate at concentrations up to
300 pMor E64d at concentrations up to120 uM (Extended Data Fig. 6).
Although both WT and Omicron infection was partially reduced by
camostat mesylate, Deltawas more sensitive to the inhibitor (Fig. 4f, g).
By contrast, while both WT and Delta infection was partially sup-
pressed by E64d, Omicron infection was reduced more substantially
toaround 5% of the control (Fig. 4g). The combined treatment of camo-
stat mesylate and E64d completely blocked the infection of all three
viruses (Fig. 4f). This suggests that, in contrast to Delta, Omicron may
be more dependent on the endocytic pathway to enter cells.

Discussion

Preliminary epidemiological data fromthe United Kingdom suggest
that the risk of household transmission with Omicron is 3.2 times
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Fig.3|Cellular tropism of SARS-CoV-2 variantsin ex vivo cultures of human
bronchi. Ex vivo cultures of human bronchi were infected with SARS-CoV-2 WT,
Alpha, Beta, Delta, Omicron or mock. At 72 hpi, the tissues were fixed with
formalin,embedded in paraffin and stained forimmunofluorescence (green)
analysis of theindicated cell markers: acetyl-a-tubulin® (ciliated cells), mucin

(95% confidence interval 2.0-5.0) higher than with Delta, which in
turn was a highly transmissible virus compared with the WT virus.
Omicron has a reproduction number (R) of 3.7 (ref. ). It has been
unclear whether this increased efficiency of transmission is driven
by mutations that confer immune escape from antibodies in the
population elicited by previous infection or vaccination, by intrinsic
viralfactors or acombination of the two. Itisincreasingly clear that
high neutralizing antibody titres elicited by previous infection or
immunization are markedly compromised by Omicron'. Our results
suggest that the Omicron variant has a substantial (over 70-fold
increase) and significantly higher replication competence in
the human bronchi compared with both WT and Delta viruses at
24 hpi The extent to which this faster replication in the bronchi
might contribute to transmissibility is unclear, but higher infec-
tious virus load in conducting airways might result in increased
amounts of infectious virus released while breathing or speaking,
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Club cells

SAC’ (secretory goblet cells) and club cell protein10* (club cells); monoclonal
antibodies against the SARS-CoV-2 nucleoprotein (red) and 4’,6-diamidino-
2-phenylindole-positive for nuclei (blue) were used. Theimages are
representative of two individual donors. Scale bars, 100 pm.

therefore enhancing transmission through the airborne route.
Therearealso recent reports suggesting that Omicron hasincreased
viralreplication compared with the Deltaand WT virus in differenti-
ated human nasal epithelial cultures in vitro®. Infectious SARS-CoV-2
hasbeen detected in fine aerosol particlesin air exhaled by patients
with COVID-19%. The mechanistic reasons underlying the increased
replication competence in the bronchi remain to be elucidated.
The Omicron variant has 37 amino acid substitutions in the spike
protein, 15 of which are in the receptor-binding domain™. Infection
with Omicron is ACE2 dependent® and the binding of the spike of
Omicron spike to ACE2 is enhanced compared with that of the WT
virus?®. We showed that there is more extensive ACE2 expressionin
human bronchi compared with in the lungs, which may explain the
enhanced replication of SARS-CoV-2 in the bronchi. Omicron also
has amino acid substitutions in the nucleocapsid protein (R203K
and G204R) that are associated with enhanced virus replication®.
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Fig.4 | ACE2 expression of respiratory tissues, TMPRSS2 and cathepsins
dependence of SARS-CoV-2 variants. a, The mRNA expression of both the
longand short forms, the short formand the long form of ACE2, and TMPRSS2
was measured by using quantitative PCR with reverse transcription (RT-qPCR).
Thefold change in expressioninbronchi (n=6)and lungs (n=8) was
normalized to the average gene expression of lung tissues. Dataare mean +s.d.
Statistical analysis was performed using unpaired two-sided Student’s t-tests.
b, ¢, Immunohistochemical staining of paraffin-embedded sections with
antibodies against non-specific forms (b) and the long form (c) of ACE2 in
bronchiand lungs. Positive cells arered-brown. Scale bars, 100 pum. The images
arerepresentative of twoindividual donors.d, Viral replication kinetics of WT,
Deltaand Omicronin Vero E6 (E6) and Vero E6-TMPRSS2 (T2) cells determined
using the TCIDs, assay. Cells were infected with SARS-CoV-2 viruses ata
multiplicity of infection (MOI) of 0.01. Data are the geometric mean t s.d. of the

Epidemiological studies suggested that the Delta variant was sub-
stantially more transmissible than Alpha variant®, whichitselfwas more
transmissible than the earlier virus strains*. Thus, our data indicating
that Delta variant has higher titres of infectious virus than WT virus
in the bronchiis also compatible with the epidemiological observa-
tions. It has been shown that pseudoviruses expressing Delta spike
have agreater ability to infect ACE2'°” human bronchial epithelial cells
compared with the previous variants®. Moreover, the spike protein of
Deltaisin a predominantly cleaved state, which may promote its rep-
lication efficiency in human airway®2. P68IR enhanced the cleavage of

virustitre.n=3.Thehorizontal dotted line denotes the detection limit of the
TCIDs, assay. Statistical analysis was performed using two-way ANOVA
followed by Tukey’s test. e, The viral titres from d are shown as AUC. Dataare
mean +s.d. n = 3. Statistical analysis was performed using one-way ANOVA
followed by Tukey’s test.f, g, The effects of treatment with camostat mesylate
(Cam)and E64d onviralreplication. T2 cells were pretreated with camostat
mesylate, E64d or both for1h. Infection of SARS-CoV-2 WT, Deltaand Omicron
was performed ataMOI of 0.01. Afterinfection, the cells were replenished with
fresh mediumwith the drug. ORFIb gene copies were measured in culture
supernatants at 24 hpiusing RT-qPCR. Data are the mean + s.d. percentages of
ORF1b gene copies using vehicle treatment asreference. n = 6. Statistical
analysis was performed using one-way ANOVA followed by Tukey’s test. P< 0.05
was considered to be statistically significant, and exact Pvalues are presented.

furin-cleavage sequences, which contributes to the enhanced fitness
of Deltaover Alphainacompetition assay in Calu-3 and human airway
epitheliumin vitro models®?*,

Our datashowing that the Omicron variant has lower viral replication
competence in the lungs compared with the bronchi are of particular
interest. This difference is also confirmed by the immunohistochem-
istry studies showing less virus infected cells in human lung explant
cultures ex vivo. The biological determinants of this divergence in
comparative replication competence of Omicron and Delta variants
in the bronchi and lungs remain to be examined. These observations
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may suggest that Omicron may have reduced clinical severity, but such
interpretations need to be qualified because the disease severity of
COVID-19 is determined not only by virus replication but also by dys-
regulated innate immune responses. Recent epidemiological studies
from South Africaand the United Kingdom suggest that Omicron has
caused less hospitalization compared with Delta®?¢. Thus, the findings
fromthe ex vivo cultures are in concordance with recent epidemiologi-
cal assessments both in regard to transmission and disease severity.

Our finding that Omicroninfection was less dependent on TMPRSS2
activities but more sensitive to a cathepsin inhibitor compared with
Delta suggests that Omicron may enter cells primarily through the
endocytic pathway, wheras Delta preferentially enters cells through
fusion atthe cell surface. The adoption of a ubiquitous endocytic path-
way potentially broadens the cellular spectrum for Omicroninfection
and enables Omicron to infect cells with ACE2 expressionirrespective
of the presence of TMPRSS2. Single-cell sequencing results indicate that
cells with co-expression of ACE2 and cathepsins are more abundantin
the upperairway than cells that co-express ACE2 and TMPRSS2, which
may explain the increased replication competence of Omicron in the
bronchi*. Our findings that Omicron preferentially enters cells through
the endosomal pathway while Delta is more reliant on the cell surface
fusion is consistent with the reports on alveolar epithelial cells and
nasal epithelial cells?**. The use of therapeuticinhibitors of TMPRSS2
may be of limited benefitin the management of clinical infections with
the Omicron variant. Although there have been single-cell studies on
the distribution of TMPRSS2 in cell cultures, the data on the extent
of its distribution are hampered by the sensitivity and specificity of
antibodies in fixed tissues.

One of the limitations of this study is that only one virus strain from
each lineage was tested. Furthermore, all six virus variants were not
tested in parallel in the same experiment, but this is very difficult to
carry outlogistically asthereis limited tissue available to test six viruses
with replicates.

In summary, our findings reveal that Omicron has faster and
enhanced viral replication efficiency in the human bronchi compared
with the previous lineages, suggesting that it has an intrinsic capac-
ity for enhanced transmission. The lower replication competence of
Omicron in human lungs is compatible with lower disease severity
compared with Delta. Both of these observations are concordant with
epidemiological data. Evenif disease severity is modestly reduced, the
very efficient transmissibility of Omicron will pose a major threat to
global public health and health care systems. Investigations on prevent-
ing Omicroninfection through vaccination boosters and therapeutic
options are urgently needed.
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Methods

SARS-CoV-2isolation

Vero E6 cells (ATCC) were used for virus isolation and propagation of
the WT virus, D614G strain and Alpha variant, and Vero E6-TMPRSS2
overexpressed cells (provided by M. Takeda)* were used for the Beta,
Deltaand Omicron variants. Both cell lines were cultured in DMEM with
10%FBS. The original clinical samples were collected from patients with
a confirmed SARS-CoV-2 infection in Hong Kong from January 2020
to November 2021 (Extended Data Table 1) and isolated as previously
described®. Viruses were isolated from clinical samples of the naso-
pharyngeal and throat swab from patients infected with SARS-CoV-2
in virus transport medium. Vero E6-TMPRSS2 (E6/T2) cells seeded
at1x10°cells in 24-well plate were inoculated with 50 pl of sample
and topped up with 2% FBS DMEM medium to 1 ml for 1 h at 37 °C.
The cells were washed once with PBS, replenished with fresh medium
and observed daily for cytopathic effect (CPE). Culture supernatants
were collected when the CPEreached around 50% and was defined as P1.
The virus was further propagated in E6/T2 cells. The virus stock
was aliquoted and stored frozen at —80 °C. Aliquots were titrated to
TCIDs,inrespective cell lines. All cell lines used were mycoplasma free.
The experiments were carried out in abio-safety level 3 (BSL-3) facility at
the School of Public Health, LKS Faculty of Medicine, The University of
HongKong. Informed consent was obtained fromall of the participants
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 UW20-863).

Exvivo cultures and infection of human respiratory tract

Fresh non-tumour bronchi (n=12) and lungs (n =12) tissues were
obtained from patients aged 51-78 years undergoing elective surgery in
Department of Surgery at Queen Mary Hospital from May to December
2021 and were removed as part of routine clinical care but surplus for
routine diagnostic requirements as described previously***°. The donor
informationis listed in the Extended Data Table 2. The virus infection
procedures were performed as previously described®®. In brief, similarly
sized pieces of human bronchus and lung tissues were infected with
eachvirusat5 x 10° TCIDs, per ml for1hat37 °C. Each tissue fragment
was washed three times in culture medium to remove residual virus
inoculum, topped up with fresh medium and incubated at 37 °C as indi-
cated. Mock-infected tissues were used as negative controls. Aliquots
of culture medium were removed at the indicated times and stored at
-80 °Cuntil titration. Infectious viral titres in culture supernatants were
assayed by TCIDs, in Vero E6 or Vero E6-TMPRSS2 cells, respectively,
depending on the cells used for virus isolation and passage. Infected
tissues were fixed in10% formalin and processed forimmunostaining at
72 hpi.Bronchus tissues were also fixed in formalin and then processed
for transmission electron microscopy as previously described*.

Viral titration by TCID,, assay

A confluent 96-well tissue culture plates of Vero-E6 or Vero E6-TMPRSS2
cellswas prepared one day before the virus titration (TCID,,) assay. Cells
were washed once with PBS and replenished with DMEM (Gibco) with
2% foetal bovine serum (Gibco) supplemented with100 U ml™ penicillin
and 100 pg ml™ streptomycin (Gibco). Serial dilutions of virus super-
natant, from 0.5 log to 7 log, were performed and each virus dilution
wasaddedtothe platesin quadruplicate. The plates were observed for
cytopathic effect daily. The end point of viral dilution leading to CPE
in 50% of inoculated wells was estimated using the Karber method*.
AUC was calculated from the viral titres from different time points
indicated in the y axis.

Immunohistochemistry staining of paraffin-embedded tissues
Human respiratory tract tissues (lungs and bronchi) were fixed with
10% formalin overnight at 4 °C and the fixed tissues were embedded

in paraffin blocks. For immunohistochemistry, the 4 um sliced sec-
tions were microwaved for 15 min for antigen retrieval. Endogenous
peroxidase activity was stopped by quenching the tissue sections with
3%H,0,for20 min. The slides were then blocked with10% normal horse
serum at room temperature and incubated with primary antibodies
(anti-SARS-CoV-2 nucleoprotein (NP) (40143-T62, Sino Biological) or
ACE2 (long form, ab108252; short form, ab15348, Abcam)) for 90 min
atroomtemperature followed by horseradish peroxidase-conjugated
anti-rabbit antibodies (Vector Laboratory). The sections were devel-
oped using NovaRED Substrate Kit (Vector Laboratory). The cell nuclei
were counterstained with Mayer’s Hematoxylin.

To characterize the SARS-CoV-2-infected cells, double-antibody
immunofluorescence staining against SARS-CoV-2 NP and different cel-
lular markers was performed. The tissue sections were first stained with
SARS-CoV-2 NP antibody similar to as mentioned above except, after
SARS-CoV-2NP antibody incubation, the sections were incubated with
alkaline phosphatase-conjugated anti-rabbit or anti-mouse antibodies
(Vector Laboratory) and developed using the Vector Red (VR) Substrate
Kit (Vector Laboratory). The sections were then microwaved, incubated
with SCGB1A1/CC10 (Protein-Tech), acetylated a-tubulin (Santa Cruz),
MUCSAC (Thermo-Fisher), for 90 min at room temperature followed by
goatantirabbit-AF488 or goat anti mouse-AF488. The cell nuclei were
counterstained with DAPI (blue). The sections were imaged using the
Nikon Eclipse Ti-S microscope.

Quantification ofimmunohistochemistry
Immunohistochemically stained samples were analysed using Image)
Fiji (v.2.1.0) as previously described****, In brief, each original IHC
(RGB) image was split into single-coloured images and Nova-red
(SARS-CoV-2 NP) stained image was selected for the quantification
of SARS-CoV-2 NP expression. The Nova-red (SARS-CoV-2 NP) stained
signal was quantified after adjusting the threshold, whichis set at the
same value for all theimages. The results are presented as frequency
of expression and was calculated as percentage of positively stained
areadivided by the totalimage area of lung tissues or by the epithelium
area of bronchial tissues.

RT-qPCR

Theviral RNAin culture supernatants was extracted using the QlAamp
Viral RNA Mini Kit (Qiagen). RNA was reverse-transcribed by using
random 6-mer primers with the PrimeScript RT Reagent Kit (Takara).
mRNA expression of target genes was detected using the correspond-
ing primers (Extended Data Table 3) using an ABI ViiA 7 real-time PCR
system (Applied Biosystems). All of the procedures were performed
accordingto the manufacturers’instructions. The viralgene and gene
expression profiles of cell lysates were quantified and normalized to
B-actin as previously described* 8,

Replication of SARS-CoV-2in Vero-E6 and Vero-E6-TMPRSS2
cells and drug treatment

Vero-E6 and Vero-E6-TMPRSS2 cells in 48-well plates were infected
with SARS-CoV-2 at a MOI of 0.01 for viral replication kinetics. Viral
titres in culture supernatants (1-48 hpi) were determined using
TCID,, assay (see above). To assess the effect of TMPRSS2 inhibitor
and cathepsinsinhibitor, the Vero-E6-TMPRSS2 cells were infected with
SARS-CoV-2 at a MOI of 0.01. Camostat mesylate (Sigma-Aldrich) or
E64d (Sigma-Aldrich) at 30 uM was added 1 h before, during and after
infection. Vehicle was used as anegative control. Viral replication was
evaluated by quantification of SARS-CoV-2 ORF1b copy numberin the
culture supernatants by using qPCR at 24 hpi (ref. *5).

Quantification of cell viability

Cellviability of Vero-E6-TMPRSS2 after drug treatment was evaluated
using the Cell Counting Kit 8 (WST-8/CCK8) (Abcam). In brief, cells
grown to 70% confluency in 48-well plates were incubated for 24 h
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in the absence or presence of various concentrations (0.41-300 pM)
of camostat mesylate and (1.88-120 pM) of E64d. Next, the culture
medium was aspirated and washed once with PBS, incubated with
CCK8 working solution (CCK8:medium, 1:10) at 37 °C, 5% CO, for 2 h.
Subsequently, optical density values at 450 nm were measured using a
multiplate reader (BMG FLUOstar OPTIMA). Cell viability was expressed
as a percentage of that of the control cells.

Statistical analysis

Experiments with the human ex vivo cultures were performed
independently with six different donors. The results shown in the
figures are the geometric mean + s.d. AUC was calculated by integrat-
inginfectious virus titres at 24-72 hpiinexvivo bronchus or lung tis-
suesorat24-48 hpiincelllines. The differences inlog,,-transformed
viral titres and quantitative viral RNA of ORF1b between viruses
and over time were compared using two-way ANOVA followed by
Tukey’s multiple-comparison test using GraphPad Prism v.9.1.2.
Comparisons of AUC and quantitative viral RNA of ORFIb between
viruses were calculated using one-way ANOVA followed by Tukey’s
multiple-comparison test. Differences were considered to be sig-
nificantat P < 0.05.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

All data generated or analysed during this study are included in the
Article. The sequences of all SARS-CoV-2 viruses used in this study
are available in Genbank , and alist of the accession IDs is provided
in Extended Data Table 1. Source data are provided with this paper.
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assay. Viral replication kinetics of wild-type (WT), Deltaand Omicronin human
ex vivo cultures ofa.bronchusandb. lung fromindividual donors are shown.
The horizontal dotted line denotes the limit of detectionin the TCID,, assay.
Bar-charts show the geometric mean.

Extended DataFig.1|Viralreplicationkinetics of SARS-CoV-2 variantsinex
vivo cultures of humanrespiratory tract fromindividual donors. Human ex
vivo cultures of bronchus and lung were infected with 5x10° TCID5,/mL at 37 °C.
Virusreleasedin the culture supernatants were measured over time by TCIDs,
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Extended DataFig.2|Viral RNA of SARS-CoV-2 variants in ex vivo cultures
ofhumanrespiratory tract. Humanex vivo cultures of bronchus and lung
wereinfected with 5x10° TCIDs,/mL at 37 °C. Viral RNA of ORFIb gene released
inthe culture supernatants were measured over time by real time PCR. Viral
ORF1b gene copies of wild-type (WT), Deltaand Omicronin humanex vivo
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cultures of bronchus and lung are shown. Bar-charts show the mean (n=4)
(+/-SD). Statistics were performed using Two-way ANOVA followed by a Tukey’s
multiple-comparison test. p<0.05was considered as statistically significant
and exact p values are shown.
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Extended DataFig. 3 | Quantification of viral antigen staining of
SARS-CoV-2variantsinexvivo cultures of humanbronchus and lung. Ex
vivo cultures of human bronchus and human lung were infected with wild-type
(WT) and various variants of SARS-CoV-2 with 5x10° TCID,,/mL or mock at 37 °C
and the tissues were fixed with formalin at 72 h.p.i. Paraffin-embedded
sections were subjected toimmunohistochemical staining with a polyclonal
antibody against the SARS-CoV-2 nucleoprotein (SARS-2 NP). The expression of
SARS-2NPina.bronchus for wild-type (WT) (n=4),D614G (n=3), Alpha(n=35),
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Beta, (n=2), Delta (n=2),Omicron (n=3)and mock (n=2)andb. lung for
wild-type (WT) (n=5),D614G (n=5), Alpha (n =2), Beta, (n =2), Delta (n=3),
Omicron (n=3)and mock (n=2)is presented. Bar-charts show the mean
(+/-SD). Statistics were performed using One-way ANOVA followed by a Tukey’s
multiple-comparison testand samples with sample number <3 were excluded
inthe test. p<0.05was considered as statistically significant and exact p values
areshown.
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Extended DataFig. 4 |Omicronviral particlesin humanbronchial mucosa. presentandthereare virus particles presentin membrane bound vesiclesin the
Transmission electron micrograph of human bronchial mucosainfected with cytoplasmindicated by red boxes, as well as on the surface attached to
SARS-CoV-2 Omicronvariant. Tissues were fixed after 72 hin formalin, followed  microvilliindicated by blue boxes. Micrographis arepresentative photo of

by processinginto Epon, ultrathin sectioning and staining. Ciliated cells are threeindividual donors.Scalebar:1pm.
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Extended DataFig. 5| Viralreplication kinetics of SARS-CoV-2 variantsin
Vero E6-TMPRSS2 cells. Vero E6-TMPRSS2 cells were infected with
SARS-CoV-2wild-type (WT), Deltaand Omicron at MOI10.01. Virus released in
culture supernatants were measured over time by TCIDs, assay. The horizontal
dottedline denotes the limit of detection in the TCIDs, assay. Bar-charts show
the geometric mean of threeindependent experiments (n = 3) (+/-SD).
Statistics were performed using Two-way ANOVA followed by a Tukey’s
multiple-comparison test. p<0.05 was considered as statistically significant
and exact p values are shown.



Article

a Viability
120
100
<)
S 80
g 60—
°
S 40+
>
204 1C50 >300 pM
0 T T T 1
0.1 1 10 100 1000
Cam (M)
b Viability
120
100 P - - e 3 o s
S 80
g 60—
=
= 40
20— IC50 >120 uM
0 T T 1
1 10 100 1000
E64d (1M)
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Extended Data Table 1| Information of virus isolates

Lineage (Variant) Strain name Genbank accession ID
A (WT) hCoV-19/Hong Kong/WHV-HK61-P3/2020 OM403304
B.1.1.63 (D614G) hCoV-19/Hong Kong/2161-P5/2020 OM403305
B.1.1.7 (Alpha) hCoV-19/Hong Kong/3268-P2/2020 OM403306
B.1.351 (Beta) hCoV-19/Hong Kong/4527-P2/2021 OM403307
B.1.617.2 (Delta) hCoV-19/Hong Kong/VOC0013P2D5/2021 OM403308

B.1.1.529 (Omicron) hCoV-19/Hong Kong/VOC0195-P2/2021 OM403309
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Extended Data Table 2 | Information of tissue donor

PATIENT  TISSUE USED VIRUSES USED AGE GENDER
1 Lung WT, D614G, Alpha, Beta 66 M
2 Lung WT, D614G, Alpha, Beta 74 F
3 Lung WT, D614G, Alpha, Beta 71 F
4 Lung WT, D614G, Alpha, Beta 67 F
5 Lung WT, D614G, Alpha, Beta 70 M
6 Lung WT, D614G, Alpha, Beta 62 F
7 Lung WT, Delta, Omicron 73 M
8 Lung WT, Delta, Omicron 57 F
9 Lung WT, Delta, Omicron 59 F
10 Lung WT, Delta, Omicron 78 F
11 Lung WT, Delta, Omicron 63 M
12 Lung WT, Delta, Omicron 51 F




Extended Data Table 3 | Primer sequences used for quantitative RT-PCR

Target gene

Primer sequences (5’- 3’)

Actin, beta (ACTB)

SARS-CoV-2, open reading frame
1b (ORF1b)

Angiotensin converting enzyme 2
(ACE2, non-specific forms)
ACE2 (short form)

ACE2 (long form)

Transmembrane serine protease 2

(TMPRSS2)

Forward: TGGATCAGCAAGCAGGAGTATG
Reverse: GCATTTGCGGTGGACGAT
Forward: TGGGGYTTTACRGGTAACCT
Reverse: AACRCGCTTAACAAAGCACTC
Forward: TGGGACTCTGCCATTTACTTAC
Reverse: CCCAACTATCTCTCGCTTCATC
Forward: GTGAGAGCCTTAGGTTGGATTC
Reverse: TAAGGATCCTCCCTCCTTTGT
Forward: CAAGAGCAAACGGTTGAACAC
Reverse: CCAGAGCCTCTCATTGTAGTCT
Forward: CAGACCAGGAGTGTACGGGAAT
Reverse: TCTGCCCTCATTTGTCGATAAA
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

X X XX

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O O XOOOOS
X

NN

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  GraphPad Prism v9.1.2 were used to produce figures; Image) Fiji software (version 2.1.0) were used to measure intensities of IHC photos.

Data analysis GraphPad Prism v9.1.2 were used for statistical analyses; ImageJ Fiji software (version 2.1.0) were used to analyse intensities of IHC photos.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The sequences of SARS-CoV-2 viruses used in the manuscript are available in GISAID and the GISAID accession IDs are provided in the Extended Data Table 1 in the
manuscript. The data generated during the current study are available in the source data file in the manuscript.
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Life sciences study design
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Sample size For all experiments were performed at least three times to provide n=or >3. The sample number has been indicated in the figure legends.
The n> or = 3 was chosen so that statistical analysis can be performed to determine significances.

Data exclusions  There is no data exclusions.
Replication All in vitro experiments were performed at least three times independently. Some in vitro experiments had biological replicates which were
defined as cells culturing in different wells and samples collected from each well were processed and analyzed separately. Reproducible data

are obtained.

Randomization  N/A, Recruitment of individual donor for ex vivo infection was random and based on accessibility. There is no randomization for in vitro
experiments since the cell line exhibited a distinct genotype and phenotype.

Blinding The experiments and sample processing were performed by different individuals. Sample identities were blinded during data analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Antibodies

Antibodies used 1. Immunocytochemistry/Immunohistochemistry (Paraffin) SARS-CoV/SARS-CoV-2 Nucleocapsid Antibody Polyclonal Rabbit
40143-T62 Sino Biological 1:2000
2. Immunohistochemistry (Paraffin) Recombinant Anti-ACE2 antibody Monoclonal Rabbit [EPR4435(2)] ab108252 abcam
1:200
3. Immunohistochemistry (Paraffin) Anti-ACE2 antibody Polyclonal Rabbit ab108252 abcam 1:200
4, Immunocytochemistry SARS-CoV/SARS-CoV-2 Nucleocapsid Antibody Monoclonal Mouse 40143-MMO5 [IgG1 Clone #05]
Sino Biological 1:1000
5. Immunocytochemistry Anti-acetylated a Tubulin Antibody (6-11B-1) Monoclonal Mouse [6-11B-1] sc-23950 Santa Cruz
Biotechnology 1:100
6. Immunocytochemistry MUCSAC Monoclonal Antibody (45M1) Monoclonal Mouse MA5-12178 [45M1] Thermo Fisher
Scientific 1:50
7. Immunocytochemistry Uteroglobin/CC10 Polyclonal antibody Polyclonal Rabbit 10490-1-AP proteintech 1:100
8. Immunocytochemistry Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 Polyclonal Goat #
A11001 Thermo Fisher Scientific 1:1000
9. Immunocytochemistry Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 Polyclonal Goat #
A11034 Thermo Fisher Scientific 1:1000
10. Immunohistochemistry (Paraffin) ImmPress Horse Anti Rabbit 1gG Kit MP-7401-50 Vector Laboratory
11. Immunohistochemistry (Paraffin) ImmPress AP Anti-Rabbit Ig Kit MP-5401-15 Vector Laboratory

12. Immunohistochemistry (Paraffin) ImmPress AP Anti-Mouse Ig Kit MP-5402-15 Vector Laboratory
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Validation All antibodies used in this work were commercially developed. Information about validation as well as references using same
antibodies are available on the manufacturer's websites. The applications of antibodies are listed below:

SARS-CoV/SARS-CoV-2 Nucleocapsid Antibody Polyclonal Rabbit 40143-T62 Sino Biological 1:2000

Validated applications: ELISA, WB

Recombinant Anti-ACE2 antibody Monoclonal Rabbit [EPR4435(2)] ab108252 abcam 1:200

Validated applications: ELISA, WB, IP, IHC-P

Anti-ACE2 antibody Polyclonal Rabbit [EPR4435(2)] ab15348 abcam 1:200

Validated applications: ELISA, WB, ICC/IF, IHC (PFA fixed), IHC-Fr, IHC-P

SARS-CoV/SARS-CoV-2 Nucleocapsid Antibody Monoclonal Mouse 40143-MMO5 [IgG1 Clone #05] Sino Biological 1:1000.

Valldated applications: ELISA, WB, IHC-P, Flow

5. Anti-acetylated a Tubulin Antibody (6-11B-1) Monoclonal Mouse [6-11B-1] sc-23950 Santa Cruz Biotechnology 1:100.

Validated applications: WB, IP, IHC-P, IF
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6. MUCSAC Monoclonal Antibody (45M1) Monoclonal Mouse MA5-12178 [45M1] Thermo Fisher Scientific 1:50

. Validated applications: IHC-P, IF

7. Uteroglobin/CC10 Polyclonal antibody Polyclonal Rabbit 10490-1-AP proteintech 1:100

. Validated applications: ELISA, IHC-P, IF, Flow

8. Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 Polyclonal Goat # A11001 Thermo Fisher
Scientific 1:1000. Validated applications: ICC/IF, Flow

9. Goat anti-Rabbit 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 Polyclonal Goat # A11034 Thermo Fisher
Scientific 1:1000. Validated applications: IF, Flow

10. ImmPress Horse Anti Rabbit 1gG Kit MP-7401-50 Vector Laboratory

. Validated applications: ELISA, IHC, ICC

11. ImmPress AP Anti-Rabbit Ig Kit MP-5401-15 Vector Laboratory

. Validated applications: ELISA, IHC, ICC

12. ImmPress AP Anti-Mouse Ig Kit MP-5402-15 Vector Laboratory

. Validated applications: ELISA, IHC, ICC

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Vero E6 cells from ATCC.
Vero E6-TMPRSS2 cells were developed and provided by Dr. Makoto Takeda (Matsuyama, S. et al. Enhanced isolation of
SARS-CoV-2 by TMPRSS2-expressing cells. Proceedings of the National Academy of Sciences of the United States of America
117, 7001-7003, doi:10.1073/pnas.2002589117 (2020).

Authentication None of the cell lines used were authenticated.

Mycoplasma contamination All cell lines used were regularly tested for mycoplasma contamination and were mycoplasma free.

Commonly misidentified lines No commonly misidentified lines were used in this study.
(See ICLAC register)

Human research participants

Policy information about studies involving human research participants

Population characteristics The tissues came from those patients under surgery for tumor removal from the lung. The patient characteristics are
provided in the Extended Data Table 2.

Recruitment Recruitment of individual donor for ex vivo infection was random and based on accessibility. The tissues came from those
patients under surgery for tumor removal from the lung.

Ethics oversight 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 UW20-863).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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