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Abstract

SARS-CoV-2 has affected over 9 million patients with more than 460,000 deaths in about 6 months.
Understanding the factors that contribute to efficient SARS-CoV-2 infection of human cells, which are not
previously reported, may provide insights on SARS-CoV-2 transmissibility and pathogenesis, and reveal
targets of intervention. Here, we reported key host and viral determinants that were essential for efficient
SARS-CoV-2 infection in the human lung. First, we identified heparan sulfate as an important attachment
factor for SARS-CoV-2 infection. Second, we demonstrated that while cell surface sialic acids
significantly restricted SARS-CoV infection, SARS-CoV-2 could largely overcome sialic acid-mediated
restriction in both human lung epithelial cells and ex vivo human lung tissue explants. Third, we
demonstrated that the inserted furin-like cleavage site in SARS-CoV-2 spike was required for efficient virus
replication in human lung but not intestine tissues. Overall, these findings contributed to our
understanding on efficient SARS-CoV-2 infection of human lungs.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first reported from Wuhan, China, in
December 2019 . Infection of SARS-CoV-2 results in Coronavirus Disease 2019 (COVID—-19), which
shares a number of similar clinical manifestations with that of SARS but with a lower mortality rate 274,
However, SARS-CoV-2 is highly efficient in person-to-person transmission and has resulted in over 9
million cases with more than 460,000 deaths in 218 countries or regions within approximately 6 months

56 Investigations on the host and viral determinants that contribute to efficient SARS-CoV-2 infection of
human cells is a key research question that may facilitate our understanding on the biology of SARS-
CoV-2 transmission and pathogenesis.

Successful coronavirus infection requires direct interaction between the coronavirus spike protein and the
host cell surface receptor 78. In addition to their protein receptors, coronavirus spikes recognize a broad
array of cell surface molecules, which serve to facilitate virus attachment or entry °~'°. Similar to SARS-
CoV and human coronavirus NL63 (HCoV-NL63), the SARS-CoV-2 spike protein recognizes angiotensin-
converting enzyme 2 (ACE2) as the cell receptor for entry 1%/, However, the expression level of ACE2 in
the lung and respiratory tract is relatively low in comparison to many other human tissues, suggesting
that low levels of ACE2 is biologically relevant in supporting SARS-CoV-2 entry '8. Alternatively, SARS-
CoV-2 may be able to utilize other host determinants along the respiratory tract to facilitate virus
infection. In this regard, heparan sulfate and sialic acids are two ubiquitously expressed host factors that
are frequently utilized by human and animal coronaviruses for attachment and entry ''~7°. However, their
involvement in SARS-CoV-2 infection has not been explored.

In addition to recognition of cell surface molecules by the spike protein for attachment and entry,
proteolytic activation of the coronavirus spike protein at the S;/S, and S,' sites is essential for membrane
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fusion and infection of the host cells 8. Cleavage of spike begins during virus egress along the secretory
pathways by proprotein convertases such as furin 1°. Additional spike cleavage occurs during virus entry
and is mediated by host proteases including transmembrane protease serine 2 (TMPRSS2) and
cathepsin L, which is the representative protease for the plasma membrane entry and endosomal entry
pathway, respectively 2022, Recent studies identified a four amino acid insertion at the S,/S, junction of
SARS-CoV-2 spike that resulted in a “RRAR” sequence, which corresponded to a canonical furin-like
cleavage site 2324, These residues are absent in the spike protein of SARS-CoV, SARS-CoV-related
coronavirus (SARSr-CoV), and the closely related bat coronavirus RaTG13 2°. The additional furin-like
cleavage site is widely postulated to facilitate virus entry and increase cell tropism, leading to efficient
virus spread in the human population 22726 However, the physiological relevance of this furin-like motif in
SARS-CoV-2 spike has not been functionally evaluated during infectious virus infection.

In this study, we investigated the involvement of cell surface heparan sulfate and sialic acids in SARS-
CoV-2 infection and evaluated the physiological importance of the inserted furin-like cleavage site in
SARS-CoV-2 spike during virus replication. Our results revealed novel information on the host and viral
determinants that orchestrated the efficient SARS-CoV-2 infection of the human lungs. These findings
contributed to our understanding on the biology of the high SARS-CoV-2 transmissibility and suggested
targets of intervention against COVID-19.

Results

Heparan sulfate serves as an essential host determinant
during SARS-CoV-2 attachment and replication.

Angiotensin-converting enzyme 2 (ACE2) was identified as the receptor of SARS-CoV-2. Interestingly,
ACE2 expression is relatively low in the respiratory tract and SARS-CoV-2 infection could be detected in
cells with limited ACE2 expression, suggesting the involvement of additional host determinants in SARS-
CoV-2 infection 2728 Heparan sulfate proteoglycans were previously identified as the attachment
receptors for HCoV-NL63, which served an indispensable role during HCoV-NL63 attachment and
infection of target cells 12°. Despite both HCoV-NL63 and SARS-CoV-2 utilize ACE2 as the entry
receptor, the involvement of heparan sulfate proteoglycans during SARS-CoV-2 entry remain unexplored.
To this end, we evaluated the role of heparan sulfate during SARS-CoV-2 infection. We infected Calu3
(lung epithelial) and Caco2 (intestine epithelial) cells with early passage SARS-CoV-2 that were
pretreated with heparan sulfate, and harvested samples at 24 hours post infection. Our results showed
that the heparan sulfate treatment significantly reduced SARS-CoV-2 replication in both cell lysate and
supernatant samples of Calu3 and Caco?2 (Fig. 1a,b). Importantly, we further demonstrated that the
heparan sulfate treatment reduced SARS-CoV-2 replication in a dose-dependent manner. At 500ug/ml,
the treatment substantially reduced the amount of SARS-CoV-2 in the supernatant of Calu3 and Caco2
cells by 96% (p<0.0001) and 99% (p<0.0001), respectively (Fig. 1a,b). Next, to explore the mechanism of

exogenous heparan sulfate-mediated SARS-CoV-2 inhibition, we pretreated SARS-CoV-2 with heparan
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sulfate for 1 hour before adding the inoculum to Calu3 and Caco2 cells at 4 degree for 2 hours (Fig. 1c).
Our data demonstrated that exogenous heparan sulfate pretreatment significantly reduced SARS-CoV-2
attachment on Calu3 and Caco2 cells by 48% (p = 0.0012) and 55% (p = 0.0445), respectively (Fig. 1d).
To further confirm the role of heparan sulfate during SARS-CoV-2 replication, we treated Calu3 and
Caco?2 cells with heparinases, which contained endoglycosidase activity that cleaved and degraded the
polymeric heparan sulfate molecules at the cell surface. In line with the heparan sulfate treatment results,
heparinase treatment efficiently reduced SARS-CoV-2 replication in both Calu3 and Caco2 cells (Fig.
1ef). Specifically, the heparinase | + lll treatment reduced SARS-CoV-2 genome copy retrieved from the
supernatant of Calu3 and Caco2 cells by 73% (p = 0.0006) and 81% (p = 0.0004), respectively. Next, to
evaluate the physiological relevance of heparan sulfate during SARS-CoV-2 infection, we challenged ex
vivo human lung tissue explants with heparan sulfate- or mock-treated SARS-CoV-2 (Fig. 1g). Our result
demonstrated that the heparan sulfate treatment significantly reduced SARS-CoV-2 replication in the
tissue homogenate of human lung tissues by 39% (p = 0.0412) (Fig. 1h). In addition to SARS-CoV-2,
intervening the interaction between cell surface heparan sulfate and virus particles similarly reduced
SARS-CoV attachment and replication (Figure 1a-h), suggesting heparan sulfate played a conserved role
during SARS-CoV, SARS-CoV-2, and HCoV-NL63 infection, which all utilized ACE2 for entry. Collectively,
our results identified heparan sulfate as an essential attachment receptor for SARS-CoV-2 infection that
played an important physiological role for efficient SARS-CoV-2 replication in the human lungs.

Differential role of sialic acids during the attachment and
replication of SARS-CoV-2, SARS-CoV, and MERS-CoV

Sialic acid was previously identified to serve as an attachment factor for MERS-CoV '2. We next
investigated if sialic acid could similarly facilitate SARS-CoV-2 attachment and replication. We treated
Calu3 and Caco2 cells with neuraminidase (NA) from Arthrobacter ureafaciens for 1 hour to remove cell
surface sialic acids, followed by virus infection, and quantified virus production in the cell lysates and
supernatants at 24 hours post infection. Intriguingly, we observed dramatic differences on the outcome of
NA treatment in SARS-CoV-2, SARS-CoV, and MERS-CoV replication. In the lung epithelial Calu3 cells, NA
treatment significantly reduced MERS-CoV replication as evidenced by the sharp decrease in virus
genome copy in cell lysate and supernatant samples (Fig. 2a), which is in line with previous reports 123,
The positive role of sialic acid on MERS-CoV replication was further confirmed with plaque assays, which
demonstrated an 86% (p<0.0001) decrease in infectious virus titer upon NA treatment in comparison to
the mock-treated samples (Fig. 2a). In stark contrast to MERS-CoV, NA treatment did not decrease but
increased SARS-CoV replication. This was confirmed by both gRT-PCR and plaque assays, which showed
a 492% (p<0.0001) increase in infectious virus titer upon NA treatment (Fig. 2a). In this regard, our data
demonstrated a strictly opposite role of sialic acid on MERS-CoV and SARS-CoV infection, suggesting
that while sialic acid facilitated MERS-CoV infection, it served to restrict SARS-CoV infection in Calu3
cells. Next, we evaluated the consequence of NA treatment on SARS-CoV-2 infection. Interestingly,
despite a trend of upregulation, NA treatment did not significantly increase SARS-CoV-2 infectious
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particle production (p = 0.4942) (Fig. 2a), suggesting that SARS-CoV-2 could partly overcome the sialic
acid-mediated restriction in Calu3 cells. The role of sialic acids on virus replication appeared to be cell
type specific. In Caco?2 cells, while NA treatment did not modulate MERS-CoV replication, it significantly
promoted the replication of both SARS-CoV-2 and SARS-CoV (Fig. 2b). In contrast to Calu3 and Caco2
cells, NA treatment did not modulate virus replication for all three viruses in VeroE6 cells (Fig. 2c), which
was potentially explained by the difference in the level of cell surface sialic acid expression as suggested

from a previous report 2.

To investigate if sialic acid directly impacted the attachment of SARS-CoV-2, SARS-CoV, and MERS-CoV
on cell surface, we pretreated Calu3 cells with NA for 1 hour and inoculated the cells with individual
viruses at 4 degree for 2 hours (Fig. 2d). Our result demonstrated that while the NA treatment reduced
MERS-CoV attachment by 72% (p = 0.0104), it increased SARS-CoV attachment by 39% (p = 0.0189). The
attachment of SARS-CoV-2 on Calu3 was marginally increased by NA treatment (10%) and was not
significantly different from that of the mock-treated cells (p = 0.7101) (Fig. 2e). In addition, we further
evaluated the role of sialic acids on SARS-CoV-2 and SARS-CoV infection with immunofluorescence
detection of the viral nucleocapsid (N) protein. The imaging results indicated that while NA treatment
modestly increased SARS-CoV-2 infection in Calu3, the increase was more evident for SARS-CoV. In
Caco? cells, NA treatment efficiently promoted the infection of both viruses (Fig. 2f).

The differential interplay with sialic acids during SARS-CoV-2 and SARS-CoV infection is potentially
important and may contribute to the difference in the efficiency of infecting and replicating in human
lung cells by the two viruses 3132, To further investigate the interaction of SARS-CoV-2 and SARS-CoV
with sialic acids, we employed the solute carrier family 35 member A1 (SLC35A1) knockout HEK293 cells,
which are deficient in cell surface sialic acid expression and are resistant to influenza virus infection (Fig.
3a and Supplementary Fig. 1) 33. With ACE2 overexpression (Fig. 3b), the attachment of SARS-CoV on the
cell surface of the control knockout cells (SLC35A1YT/ACE2°¢) was 868% than that of the mock-
overexpressed cells (SLC35A1WT/ACE2™). In ACE2-overexpressed SLC35A1 knockout cells
(SLC35A1K0/ACE2°¢), SARS-CoV attachment significantly further increased to 1423% in comparison to
the control (SLC35A1VT/ACE2™) (SARS-CoV/SLC35A1K0/ACE2°¢ vs SARS-CoV/SLC35A1WT/ACE20¢:
p<0.0001) (Fig. 3c). However, the attachment of SARS-CoV-2 was only modestly increased in the surface
sialic acid deficient cells (SLC35A1X%/ACE2°¢: 846%) in comparison to the control (SLC35A1WT/ACE2°¢:
723%) (SARS-CoV—-2/SLC35A1X0/ACE2°¢ vs SARS-CoV-2/SLC35A1WT/ACE2°¢: p = 0.4914) (Fig. 3c).

To investigate whether sialic acids played physiologically important roles during SARS-CoV-2 and SARS-
CoV infection of the human lungs, we treated ex vivo human lung tissues with NA, followed by SARS-
CoV-2 or SARS-CoV challenge. Our results showed that SARS-CoV-2 replicated more efficiently than
SARS-CoV in the human lung without NA treatment (p = 0.0077 at 48 hpi) (Fig. 3d), which was consistent
with our previous report 3. The NA treatment significantly increased the replication of SARS-CoV (p =
0.0048 at 48 hpi) but not SARS-CoV-2 (p = 0.1173 at 48 hpi) in the human lung tissues, which mitigated
the replication difference between SARS-CoV-2 and SARS-CoV (p = 0.1713 at 48hpi) (Fig. 3d). The more
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sizable increase for SARS-CoV over SARS-CoV-2 replication upon NA treatment was additionally
evidenced by the significant increase in intracellular virus genome copies and infectious virus titers in
SARS-CoV but not SARS-CoV-2 infection (Fig. 3e,f). We next performed immunohistochemistry to directly
visualize the effect of NA treatment on SARS-CoV-2 and SARS-CoV infection in the human lung tissues.
As demonstrated in Fig. 3g, while NA treatment dramatically increased the extent of SARS-CoV infection
(middle panels, arrows) in human lung tissues, the level of SARS-CoV-2 infection was modestly affected
(left panels). Taken together, our results demonstrated an unexpected role of sialic acids in restricting
SARS-CoV-2 and SARS-CoV replication in human lung tissues. More importantly, the capacity of SARS-
CoV-2 in overcoming the sialic acid-mediated restriction might contribute to the highly efficient infection
and replication of SARS-CoV-2 in human lungs.

The inserted furin-like cleavage site in the SARS-CoV-2
spike is required for efficient virus replication in the human
lung

Recent studies identified a four amino acid insertion at the boundary between the SARS-CoV-2 spike S;

and S, subunits 2324, resulting in a “RRAR” furin-like cleavage site in SARS-CoV-2 spike. These residues
are not present at the S,/S, cleavage site of SARS-CoV spike, SARSr-CoV spike, and the closely related
bat coronavirus RaTG13 spike 2°. Similar amino acid insertions that created a polybasic furin cleavage
site were reported in the hemagglutinin protein of influenza viruses and were found to contribute to virus
virulence 34. However, the physiological importance of this furin-like cleavage site introduced at S;/S,
junction of SARS-CoV-2 spike has not been functionally evaluated during virus infection. To this end, we
first overexpressed human furin and ACE2 in the non-permissive BHK21 cells (Fig. 4a), followed by SARS-
CoV-2 or SARS-CoV infection, and assessed virus replication at 24 hpi. Interestingly, SARS-CoV-2
replicated to similar levels in the ACE2°¢/Furin®® and the ACE2°¢/Furin™ BHK21 cells (Fig. 4b,c),
suggesting that the expression of furin did not facilitate SARS-CoV-2 replication in the ACE2-expressing
BHK21 cells. Next, we compared the replication of SARS-CoV-2 with a SARS-CoV-2 mutant (SARS-CoV-
2 S,/S,mut), which contained a 10-amino acid deletion in spike that removed the S,/S, furin-like
cleavage site (Fig. 4d and supplementary Fig. 2) in Huh7 cells with or without furin overexpression (Fig.
4e). Our data demonstrated that SARS-CoV-2 S;/S,mut and SARS-CoV-2 replicated to largely
comparable levels in Huh7 cells (Fig. 4f,g). At the same time, overexpression of furin in Huh7 did not
promote the replication of SARS-CoV-2 S,/S,mut or SARS-CoV-2 (Fig. 4f,g).

Next, we infected a panel of seven different cell types of human and non-human origin, including Caco2
(human intestine), Calu3 (human lung), Huh7 (human liver), CRFK (cat), RK13 (rabbit), PK15 (pig), and
VeroE6 (monkey) cells, with SARS-CoV-2 or SARS-CoV-2 S;/S,mut. Interestingly, SARS-CoV-2
replicated significantly better than SARS-CoV-2 S,/S,mut in Calu3 (25.2-folds; p = 0.0046) but not the
other evaluated cells (Fig. 5a). To understand why the furin cleavage site was required for efficient SARS-
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CoV-2 replication in Calu3 but not other cells, we analysed the expression level of ACE2 and
representative host proteases from three representative permissive human cells (Caco2, Calu3, Huh7) as
well as three representative human cells that did not support SARS-CoV-2 replication (A549, HFL, RD) 32.
Our results suggested that Caco2 cells expressed the highest level of TMPRSS2, which was 46- and 28-
folds higher than that of Calu3 and Huh7, respectively. At the same time, Huh7 cells expressed the
highest level of cathepsin L, which was 19- and 14-folds higher than that of Caco2 and Calu3,
respectively (Fig. 5b). Calu3 expressed low levels of both TMPRSS2 and cathepsin L, which were the
representative enzyme responsible for plasma membrane and endosomal entry, respectively (Fig. 5b).
These findings suggested that in model cell lines, furin cleavage at S;/S, junction of spikewas required
for efficient SARS-CoV-2 replication in the absence of either a robust plasma membrane entry pathway
or a robust endosomal entry pathway.

We next compared the replication of SARS-CoV-2 and SARS-CoV-2 S,/S,mut in ex vivo human lung
tissues and ex vivo human intestine tissues (Fig. 5¢). Importantly, SARS-CoV-2 replicated more efficiently
than that of SARS-CoV-2 S;/S,mut in the human lung tissues (Fig. 5d,e). Specifically, SARS-CoV-2
replicated 3.2-fold (p = 0.0042) and 2.3-fold (p = 0.0011) higher than that of SARS-CoV-2 S,/S,mut at 36
and 60 hpi, respectively (Fig. 5d). Interestingly, despite their differential replication capacity in human
lung tissues, the two viruses replicated to similar levels in ex vivo human intestine tissues (Fig. 5f,g). Next,
we evaluated the expression of ACE2 and representative proteases in human lung and intestine tissues.
Our results revealed that the TMRPSS2 expression level in the human intestine tissues was 13-folds
higher than that in the human lung tissues, which might explain the dependency on furin activation of the
viral spike protein for SARS-CoV-2 replication in the human lung but not intestine (Fig. 5h). Overall, these
results suggested that the inserted furin-like cleavage site located at the S;/S, junction of SARS-CoV-2
spike is required for efficient virus replication in the human lungs.

Discussion

As evidenced by the rapid dissemination of SARS-CoV-2 globally, this novel betacoronavirus is highly
efficient in person-to-person transmission >0. Understanding the host and viral determinants that
contribute to efficient SARS-CoV-2 infection of human cells could provide insights on the biology of
SARS-CoV-2 transmission and pathogenesis, and potentially reveal targets of intervention. In this study,
we described key host and viral features that contributed to the efficient replication of SARS-CoV-2 in the
human lungs, which were not previously reported (Fig. 6). First, we identified heparan sulfate as an
attachment receptor for SARS-CoV-2 infection in in vitro human lung epithelial cells and ex vivo human
lung tissue explants. Second, we identified sialic acid as a host factor that restricted SARS-CoV-2 and
SARS-CoV infection. More importantly, SARS-CoV-2 was capable of overcoming the sialic acid-mediated
restriction, which facilitated its replication in the human lung tissues. Third, we identified the furin-like
cleavage site at the S;/S, junction of SARS-CoV-2 spike to be essential for efficient virus replication in
human lung epithelial cells. We further showed that SARS-CoV-2 replicated to significantly higher levels
in the ex vivo human lung tissues than that of SARS-CoV-2 S;/S,mut. The difference was organ-specific
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as the replication of the two viruses was comparable in ex vivo human intestine tissues. By analyzing the
expression of host factors for SARS-CoV-2 entry in human lung and intestine tissues, our results
suggested that the dependency on furin cleavage of spike for efficient SARS-CoV-2 replication in the
human lung was due to a relatively low level of TMPRSS2 expression. Collectively, our study revealed
critical host and viral determinants for efficient SARS-CoV-2 replication in the human lung, which
extended our understanding on the biology of SARS-CoV-2 infection and transmission.

Heparan sulfate is a linear polysaccharide that contains N-acetylglucosamine (GIcNAc) and glucuronic
acid (GlcA), with groups of sulfate and other modifications 3°. It serves as a major adhesion receptor for a
large number of viruses including human immunodeficiency virus, respiratory syncytial virus, and dengue
virus 36738 _|n addition, heparan sulfate also functions as an entry receptor for herpes simplex virus type 1
39 In the context of human coronavirus, heparan sulfate was previously reported to serve as an
indispensable attachment receptor for HCoV-NL63 1. By blocking the interaction between cell surface
heparan sulfate and virus spike, the attachment and infection of HCoV-NL63 was largely abolished 1.
Here, we demonstrated that blocking the interaction between cell surface heparan sulfate and virus spike
with exogenous heparan sulfate pretreatment significantly reduced SARS-CoV-2 attachment on Calu3
cells by 48% (p = 0.0012). Meanwhile, removing cell surface heparan sulfate by heparinase treatment
reduced SARS-CoV-2 in the supernatant of Calu3 cells by 73% (p = 0.0006) at 24 hpi. These evidence
suggested an essential role of heparan sulfate in SARS-CoV-2 attachment and replication. Since
heparan sulfate is ubiquitously expressed by most cell types, it may serve an important role during SARS-
CoV-2 infection as ACE2 expression is relatively low in the lung and respiratory tract comparing to many
other human tissues 8. In this regard, blocking the interaction between cell surface heparan sulfate and
viral spike should be considered as a potential intervention strategy for COVID—-19. Interestingly, as a
common anticoagulant, heparin was applied in the treatment of COVID-19 coagulopathy and was found
to associate with decreased mortality in severe cases *°. Since heparin is structurally similar with that of
heparan sulfate, its potential capacity on blocking SARS-CoV-2 infection should be further explored.

Sialic acid was a recognized host factor that served as an attachment factor or entry receptor for a
number of coronaviruses including transmissible gastroenteritis virus (TGEV), bovine coronavirus (BCoV),
HCoV-0C43, and HCoV-HKU1 13144142 Recently, MERS-CoV spike was identified to have sialic acid
binding capacity and sialic acid depletion in Calu3 cells reduced MERS-CoV entry by more than 70%
compared with mock-treatment '2. However, the role of sialic acid in SARS-CoV-2 or SARS-CoV infection
is unknown. Here, by using a combination of human lung epithelial cells, SLC35A1 KO cells, and ex vivo
human lung tissues, we demonstrated an unexpected role of cell surface sialic acid against SARS-CoV
infection. In comparison to SARS-CoV, SARS-CoV-2 attachment and replication was less restricted by cell
surface sialic acids. This might be explained by the higher ACE2 binding affinity by SARS-CoV-2
receptor-binding domain (RBD) comparing to SARS-CoV RBD #2344, Since sialic acids are abundantly
expressed in the human respiratory tract, the capacity of SARS-CoV-2 to overcome sialic acid-mediated
restriction in comparison to SARS-CoV may contribute to its efficient replication and person to person
transmission. Interestingly, to promote virus replication, influenza viruses encode for viral neuraminidase
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for efficient virus release from the infected host cells. In addition, a number of bacteria also express

sialidase #°. In this regard, the modulatory effect of influenza viruses and bacteria on SARS-CoV-2
infection might deserve further investigations.

The “PRRA” amino acid insertion at the S;/S, junction of SARS-CoV-2 spike was recently identified and

was widely speculated to facilitate virus replication or expand virus tropism 232426 _|n this study, we
carefully evaluated the importance of the reported S;/S, furin cleavage site in SARS-CoV-2 spike during
SARS-CoV-2 infection. Interestingly, SARS-CoV-2 replicated better than SARS-CoV-2 S;/S,mut in the
human lung epithelial cells (Calu3), which expressed low levels of TMPRSS2 and cathepsin L. Since
TMPRSS?2 and cathepsin L are the representative proteases responsible for plasma membrane and
endosomal entry pathways, respectively, our findings indicated that furin cleavage of the virus spike
would be essential for efficient SARS-CoV-2 replication in cell lines without either a robustly operative
plasma membrane or endosomal entry pathway. Previous studies suggested that human coronaviruses
could utilize either the plasma membrane serine protease TMPRSS2 or endosomal cysteine proteases
cathepsin L for spike activation and virus entry in cell lines 2722, However, TMPRSS2 played a more
predominant role in virus replication and infection than cathepsin L in primary cells and animal models
46-48 |n line with this finding, we further demonstrated that furin cleavage at S;/S, junction of SARS-
CoV-2 spike was required for efficient SARS-CoV-2 replication in the human lung but not intestine,
potentially due to the significantly lower TMPRSS2 expression in the lung comparing to the intestine. In
this regard, the potential of TMPRSS2 and furin inhibition should be further explored as potential
intervention strategies against SARS-CoV-2 since the respiratory tract is the primary target of the virus.

In summary, our study revealed essential host and viral determinants for SARS-CoV-2 infection of the
human lung. These findings contributed to our understanding on the efficient replication of SARS-CoV-2
in the respiratory tract and suggested targets of intervention against COVID-19.

Methods
Viruses and biosafety

SARS-CoV-2 HKU-001a (GenBank accession number MT230904) was isolated from the
nasopharyngeal aspirate of a laboratory-confirmed COVID-19 patient in Hong Kong as previously
described 32. SARS-CoV GZ50 (GenBank accession number AY304495) was an archived clinical isolate at
Department of Microbiology, HKU. MERS-CoV EMC/2012 was kindly provided by Dr Ron Fouchier from
Erasmus Medical Center. The influenza A virus strain A/Hong Kong/415742/2009(HT1N1)pdm09 was
isolated and archived at Department of Microbiology, HKU #°. VeroE6 cells were used to culture SARS-
CoV-2, SARS-CoV, and MERS-CoV. H1N1 were cultured in chicken embryo. All viruses were titrated by
plaque assays. SARS-CoV-2 HKU-001a S,/S,mut (GenBank accession numberMT621560), which
carried a 10 amino acid deletion, was isolated by plaque purification from SARS-CoV-2 cultured in
VeroE6 cells and subsequently sequenced (Supplementary Fig. 2). All experiments with infectious SARS-
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CoV-2, SARS-CoV-2 S,/S,mut, SARS-CoV, and MERS-CoV were performed following the approved
standard operating procedures of the Biosafety Level 3 facility at Department of Microbiology, HKU.

Cell cultures

Calu3, Caco2, Huh7, BHK21, RD, A549, RK13, PK15, CRFK, and VeroE6 were obtained from ATCC. The HFL
cells were developed in-house. The cells were maintained in minimum essential medium (MEM) (Gibco,
MA, USA), Dulbecco’s modified Eagle’'s medium (DMEM) (Gibco), or DMEM/F12 (Gibco) according to
supplier’s instructions. The cell lines used are routinely tested for mycoplasma and are maintained
mycoplasma-free.

Human ex vivo lung and intestine tissues and virus
inoculation on tissues

Human lung and intestine tissues in our ex vivo studies were acquired from patients undergoing surgeries
at Queen Mary Hospital, Hong Kong as we previously described 3'. All donors provided written consent as
approved by the Institutional Review Board of the University of Hong Kong/Hospital Authority Hong Kong
West Cluster. The tissues were maintained and processed freshly immediately upon receipt, as we
described previously 3. The processed specimens were infected with SARS-CoV, SARS-CoV-2, or SARS-
CoV-2 S,/S,mut at an inoculum of 1x107PFU/ml per well.

Heparan sulfate and heparinase treatment

Heparan sulfate (HS) (HY—-101916, MedChemExpress, NJ, USA) was incubated with viruses before
infection at the indicated concentrations at room temperature for Th. For virus attachment assays, the
pretreated viruses were incubated with cells at 0.2MOI at 4°C for 2h, washed, and harvested. For
replication assays, the pretreated viruses were incubated with cells at 0.2MOI at 37°C for 2h. The cells
were washed after 2h and incubated in HS-supplemented culture media. Cell lysates and supernatants
were harvested at 24 hpi. For heparinase assays, Calu3 or Caco?2 cells were pretreated with Heparinase |
(4U/ml) (PO735L, NEB, MA, USA), Heparinase Ill (0.5U/ml) (P0737L, NEB), or both at 37 °C for 1h. Viruses
were inoculated into the pretreated cells at 0.2MOI for 2h at 37°C. Cell lysates and supernatants were
harvested at 24 hpi. For HS treatment on ex vivo human lung tissues, SARS-CoV-2 and SARS-CoV at
1x107PFU/ml were pre-incubated with 1000ug/ml HS for 1h at room temperature. Lung tissues were
inoculated with pretreated viruses for 2h, washed, incubated in HS-supplemented culture media, and
harvested at 24hpi.
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Neuraminidase treatment on cell lines and ex vivo human
lung tissues

To determine the role of sialic acids during SARS-CoV-2 and SARS-CoV infection in cell lines, Caco2 and
Calu3 cells were pretreated with 12.5U neuraminidase A (NA) from Arthrobacter ureafaciens (P0722L,
NEB) at 37 °C for 1h before infection. The pretreated cells were challenged with SARS-CoV-2 or SARS-
CoV at 0.2MOI for 2h at 4°C for virus attachment assays. Alternatively, the pretreated cells were
challenged with SARS-CoV-2 or SARS-CoV at 0.2MOI for 2h at 37°C for virus replication assays. At 2hpi,
the cells were washed and NA-supplemented culture media were added. Cell lysates and supernatants
were collected at 24 hpi. For ex vivo human lung tissues, the lung specimens were pre-incubated with 50U
NA for 1h at 37 °C. Pretreated human lung tissues were challenged with SARS-CoV-2 and SARS-CoV at
1x107PFU/ml for 2h. After virus inoculation, the lung tissues were washed, incubated in NA-supplemented
culture media, and harvested at the indicated time points.

Sialic acid transporter SLC35A1 knockout cells

SLC35A1 sgRNA oligos (5—CACCGCCATAGCTTTAAGATACACA—3' and 3'—
CGGTATCGAAATTCTATGTGTCAAA—5') were annealed by heating to 95°C for 5 minutes and cooling to
25°C at 1.5°C/minute. The lentiCRISPR v2 plasmid (Addgene) was digested by BsmBI (NEB) and purified
by electrophoresis and gel purification. The digested lentiCRISPR v2 plasmid (Addgene) and annealed
oligos were then ligated into SLC35A1-lentiCRISPR using the Quick Ligation Kit (M2200L, NEB). Ligation
products were purified by the PureLink PCR purification kit (Thermo Fisher Scientific, MA, USA). Purified
plasmids were transformed into DH5a competent cells and selected with ampicillin. At 14 hours after
transformation, colonies were picked for sequence analysis using human U6 primer. Positive colonies
were expanded and extracted using QIAGEN Plasmid Plus Kits (12963, QIAGEN, Hilden, Germany) to
obtain the SLC35A1-lentiCRISPR plasmid. The SLC35A1-lentiCRISPR plasmid was co-transfected with
packaging plasmids pMD2.G (Addgene) and psPAX2 (Addgene) into 293T cells using Lipofectamine
3000 (L3000015, Thermo Fisher Scientific). The cell supernatant that contained SLC35A1-lentiCRISPR
lentiviruses was harvested at 48 hpi and used for transduction. The transduced HEK293 cells were
selected for 72 hours in Tpg/ml puromycin and were limiting diluted in 96-well plates for clonal
expansion. Depletion of SLC35A1 expression in these clones was determined by DNA sequencing. The
phenotype of SLC35A1 knockout was confirmed by immunofluorescence staining for cell surface sialic
acids with Sambucus Nigra (SNA) lectin (FL—1301, Vector Laboratories, CA, USA). In addition, the
SLC35A1 knockout cells were functional evaluated by loss of capacity of supporting influenza virus
H1N1 infection. For this purpose, SLC35A1 or control knockout cells were challenged with H1N1 at 0.1
MOI for 1 hour at 37 °C. At 24 hours post virus challenge, the cell lysates were harvested for gRT-PCR
analysis of virus replication. To evaluate the role of sialic acid on SARS-CoV-2 or SARS-CoV attachment,
SLC35A1- and control-knockout HEK293 cells were transfected with hACE2 plasmid or empty vector for
24h. The transfected cells were challenged with SARS-CoV-2 or SARS-CoV at 0.2 MOI for 2h at 4°C. After
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2 hours, the inoculum was removed and the cells were washed 3 times with PBS. Cell lysates were
harvested in RLT buffer (Qiagen) for gRT-PCR analysis.

RNA extraction and qRT-PCR

RNA extraction and qRT-PCR were performed as we previously described °%°7. Cell lysates and tissue
samples were lysed by RLT buffer (Qiagen) and extracted with the RNeasy Mini kit (74106, Qiagen).
Supernatant samples were lysed by AVL buffer (Qiagen) and extracted with the QlAamp Viral RNA Mini kit
(52906, Qiagen). After RNA extraction, gRT-PCR was performed using the QuantiNova SYBR Green RT-PCR
kit (208154, Qiagen) or the QuantiNova Probe RT-PCR Kit (208354, Qiagen) with the LightCycler 480 Real-

Time PCR System (Roche, Basel, Switzerland). The primer and probe sequences were previous described
32,52

Plaque assay

VeroE6 cells were seeded in 12-well plates one day before the experiment. The harvested supernatant
samples were serially diluted and inoculated to the cells for 2h at 37°C. After inoculation, the cells were
washed with PBS 3 times, and covered with 2% agarose/PBS mixed with 2X DMEM / 2%FBS at 1:1 ratio.
The cells were fixed after incubation at 37°C for 72h. Fixed samples were stained with 0.5% crystal violet
in 25% ethanol/distilled water for 10min for plaque visualization.

Immunofluorescence staining

Immunofluorescence staining was performed as we previously described with slight modifications °3.
Briefly, infected cells were fixed overnight in 10% formalin. The fixed samples were washed with PBS and
blocked by serum-free protein blocker (X0909, Dako, Glostrup, Denmark) and Sudan black B. The samples
were then stained with an in-house rabbit anti-SARS-CoV-2-nucleocapsid (N) immune serum or an in-
house rabbit anti-SARS-CoV-N immune serum for virus detection. Sambucus Nigra lectin (SNA) from
Vector Laboratories was used for sialic acid detection. Goat anti-rabbit IgG secondary antibody (O-
11038) was purchased from Thermo Fisher Scientific. The antifade mounting medium with DAPI (H-
1200, Vector Laboratories) was used for mounting and DAPI staining. Images were taken with the
Olympus BX53 fluorescence microscope (Olympus Life Science, Tokyo, Japan).

Immunohistochemistry

Immunohistochemistry was performed as we previously described with slight modifications 3'. Human
lung tissue samples were collected and fixed overnight in 10% formalin. The fixed samples were
embedded in paraffin by TP1020 Leica semi-enclosed benchtop tissue processor and sectioned with
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microtome (Thermo Fisher Scientific). Sectioned samples were prepared on glass slides and were
dewaxed and dehydrated by serially diluted xylene, ethanol, and double-distilled water in sequence.
Afterwards, the samples were co-heated together with antigen unmasking solution (H-3300, Vector
Laboratories) at 85 °C for 90s for antigen exposure, followed by blocking with 0.3% hydrogen peroxide for
30min, and 1% BSA for 30min. The in-house rabbit anti-SARS-CoV—-2-N immune serum or in-house rabbit
anti-SARS-CoV-N immune serum were applied as the primary antibodies and were incubated with the
slides at 4 °C overnight. The signal was developed with the DAB (3,3-diaminobenzidine) substrate kit
(SK-4100, Vector Laboratories). Cell nuclei were labeled with Gill's haematoxylin. The slides were
mounted with antifade mounting medium with DAPI (H-1200, Vector Laboratories). Images were taken
with the Olympus BX53 light microscope (Olympus Life Science).

Western blot

Cells grown on 24-well plate were transfected with furin-flag and/or hACE2-V5 plasmids using
Lipofectamine 3000 (Thermo Fisher Scientific). Cells were lysed by RIPA buffer (89901, Thermo Fisher
Scientific) with protease inhibitor (4693159001, Roche, Basel, Switzerland) at 24h post transfection.
Proteins were separated with SDS-PAGE and transferred to nitrocellulose membrane. Specific primary
antibodies were incubated with the blocked membranes at 4°C overnight, followed by horseradish
peroxidase (HRP) conjugated secondary antibodies (Thermo Fisher Scientific) for 1Th at room
temperature. The signal was developed by Immobilon Crescendo Western HRP Substrate (WBLUR0500,
Merck Millipore, MA, USA) and detected using Alliance Imager apparatus (Uvitec, Cambridge, UK). Rabbit
anti-human furin antibody (ab183495, Abcam, Cambridge, UK) was used as the primary antibody for furin
detection. Human ACE2 was detected with a rabbit anti-V5 antibody (CM3005, ImmunoWay, TX, USA).
Beta-actin was used as the loading control, which was detected by mouse anti-human beta-actin
antibody (MAB8929, R&D).

Statistical analysis

Data represented mean and standard deviations. Statistical differences between two groups were
evaluated with Student'’s t-test using GraphPad Prism 6. Statistical differences between three or more
groups were evaluated with two-way ANOVA using Graphpad Prism 6. Differences were considered
statistically significant when P < 0.05.
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Figure 1

Heparan sulfate (HS) serves as an attachment factor for SARS-CoV-2 infection. a-b Calu3 and Caco2
cells were inoculated with HS-pretreated SARS-CoV-2 or SARS-CoV at 0.2MOI for 2h at 37°C. Cell lysates
and supernatants were harvested at 24hpi and virus replication was determined with qRT-PCR. ¢
Schematic of the attachment assay. d Calu3 and Caco2 cells were inoculated with HS-pretreated SARS-
CoV-2 or SARS-CoV at 0.2MOI for 2h at 4°C. Cell lysates were harvested after the 2h incubation and virus
attachment was determined with qRT-PCR. e-f Calu3 and Caco2 were pretreated with Heparinase |
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(4U/ml), Heparinase lll (0.5U/ml) or both for 1h at 37 °C, followed by virus infection at 0.2MOI. Cell
lysates and supernatants were harvested at 24hpi for qRT-PCR analysis. g-h Human lung tissues were
challenged with HS-pretreated SARS-CoV-2 or SARS-CoV at an inoculum of 1x107PFU/ml for 2h. Tissues
were harvested and homogenized at 24hpi for viral gene copy detection. Data represented mean and
standard deviations from three individual experiments. Statistical significance between groups was
determined with two way-ANOVA. * indicated p < 0.05, ** represented p < 0.01, *** represented p < 0.001,
**x* represented p < 0.0001. ns = not significant.
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Figure 2

Sialic acids play differential roles on attachment and replication of SARS-CoV-2, SARS-CoV, and MERS-
CoV. a-c Calu3, Caco?2, and VeroE6 cells were treated with neuraminidase (NA) for 1h at 37°C, followed by
SARS-CoV-2, SARS-CoV, or MERS-CoV inoculation at 0.2MOI for 2h. Cell lysates and supernatants were
harvested at 24hpi for qRT-PCR analysis and plaque assay titration. d Schematic of attachment assay. e
NA-pretreated Calu3 cells were incubated with the viruses at 4°C for 2h. Cell lysates were harvested at
2hpi for gRT-PCR analysis. f NA- or mock-treated Calu3 or Caco? cells were challenged with SARS-CoV-2
or SARS-CoV at 0.2MOI. Infected cells were fixed at 16hpi and immunolabeled for virus nucleocapsid (N)
protein (green) and DAPI (blue). Images were taken at 20x magnification. Bars represented 50um. Data
represented mean and standard deviations from three individual experiments. Statistical significance
between groups was determined with two way-ANOVA or Student’s t-test. * indicated p < 0.05, **
represented p < 0.01, *** represented p < 0.001, **** represented p < 0.00071. ns = not significant.
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Figure 3

SARS-CoV-2 overcomes sialic acid-mediated restriction in ex vivo human lung tissues. a SLC35ATWT and
SLC35A1KO 293 cells were fixed and stained with Sambucus Nigra Lectin (green) and DAPI (blue) for cell
surface sialic acid detection. Bars represented 50um. b Schematic of attachment assay. ¢ SLC35ATWT
and SLC35A1KO 293 cells with or without hACE2 overexpression were inoculated with SARS-CoV-2 or
SARS-CoV at 0.2MOI for 2h at 4°C. Cell lysates were harvested at 2hpi for gRT-PCR analysis. d-e Mock- or
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NA-treated ex vivo human lung tissues were infected with SARS-CoV-2 or SARS-CoV at an inoculum of
1x107PFU/ml. Supernatants were collected at 2, 24, and 48hpi and tissue samples were collected at
48hpi for gRT-PCR analysis. f Supernatants at 48hpi were titrated by plaque assays. g Representative
images of human lung tissues challenged with SARS-CoV-2 or SARS-CoV with or without NA treatment.
Viral N proteins were detected with anti-SARS-CoV-2-N or rabbit anti-SARS-CoV-N immune serum (arrows).
Bars represented 100um. Data represented mean and standard deviations from three individual
experiments. Statistical significance between groups was determined with two way-ANOVA. * indicated p
< 0.05, ** represented p < 0.01, *** represented p < 0.001, **** represented p < 0.0001. ns = not significant.
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The inserted furin-like cleavage site or furin overexpression does not promote SARS-CoV-2 replication in
BHK21 (non-permissive) and Huh7 (permissive) cells. a Human ACE2 and furin overexpression in BHK21
cells was confirmed with Western blot. b-c BHK21 cells with or without human ACE2 or furin
overexpression were infected with SARS-CoV-2 or SARS-CoV. Cell lysates and supernatants were collected
at 2 and 24hpi for qRT-PCR analysis. d Amino acid sequence alignment of residues around the S1/S2
cleavage site of SARS-CoV-2 reference strain (GenBank accession number: MN908947), SARS-CoV-2
HKUOO1a (MT230904), SARS-CoV-2 HKUOOTa S1/S2mut (MT621560), SARS-CoV GZ50 (AY304495),
SARSr-CoV WIV1 (KF367457), and bat-CoV RaTG13 (MN996532). e Furin overexpression in Huh7 cells
was confirmed with Western blot. f-g Huh7 cells with or without furin overexpression were infected with
SARS-CoV-2, SARS-CoV-2 S1/S2mut, or SARS-CoV. Cell lysates and supernatants were collected at 2 and
24hpi for qRT-PCR analysis. Data represented mean and standard deviations from three individual
experiments. Statistical significance between groups was determined with two way-ANOVA. ns = not
significant.
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Figure 5

The furin-like cleavage site in SARS-CoV-2 spike is required for efficient SARS-CoV-2 replication in ex vivo
human lung. a Seven cell types of human and non-human origin, including Caco2 (human intestine),
Calu3 (human lung), Huh7 (human liver), CRFK (cat), RK13 (rabbit), PK15 (pig), and VeroE6 (monkey)
were infected with SARS-CoV-2 or SARS-CoV-2 S1/S2mut at 0.2MOI. Cell lysates were collected at 24hpi
for viral genome copy analysis by gqRT-PCR. b The expression of ACE2, TMPRSS2, cathepsin L, cathepsin
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B, and furin from three representative permissive cell types (Caco2, Calu3, Huh7) and three non-
permissive cell types (A549, HFL, RD) to SARS-CoV-2 replication was analyzed with gRT-PCR. ¢ Schematic
of ex vivo human lung and intestine tissue infection. d-g Human lung and intestine tissues were infected
with SARS-CoV-2 or SARS-CoV-2 S1/S2mut. Cell lysate and supernatant samples were harvested at the
indicated time points for qRT-PCR analysis. h The expression of ACE2, TMPRSS2, cathepsin L, cathepsin
B, and furin from human lung and intestine tissues were determined with qRT-PCR. Data represented
mean and standard deviations from three individual experiments. Statistical significance between groups
was determined with two way-ANOVA or Student’s t-test. * indicated p < 0.05, ** represented p < 0.01, ***
represented p < 0.001, **** represented p < 0.0001. ns = not significant.
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Figure 6

Schematic of the host and viral determinants for SARS-CoV-2 infection of the human lung as revealed in
this study. a SARS-CoV-2 can utilize cell surface heparan sulfate proteoglycan as an attachment receptor.
b SARS-CoV-2 can largely overcome sialic acid-mediated restriction in lung cells. ¢ Furin cleavage of
SARS-CoV-2 spike is essential for efficient SARS-CoV-2 replication in the human lung, which is potential
due to the relatively low level of ACE2 expression in the lung comparing to many other human tissues.
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