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SARS-CoV, MERS-CoV, and potentially SARS-CoV-2 emerged as novel human coronaviruses following cross-
species transmission from animal hosts. Although the receptor binding characteristics of human coronaviruses
are well documented, the role of carbohydrate binding in addition to recognition of proteinaceous receptors has
not been fully explored. Using natural glycan microarray technology, we identified N-glycans in the human lung
that are recognized by various human and animal coronaviruses. All viruses tested, including SARS-CoV-2, bound

strongly to a range of phosphorylated, high mannose N-glycans and to a very specific set of sialylated structures.
Examination of two linked strains, human CoV OC43 and bovine CoV Mebus, reveals shared binding to the sialic
acid form Neu5Gce (not found in humans), supporting the evidence for cross-species transmission of the bovine
strain. Our findings, revealing robust recognition of lung glycans, suggest that these receptors could play a role in
the initial stages of coronavirus attachment and entry.

1. Introduction

A variety of pathogens circulate within wild and domesticated ani-
mals maintaining a potential reservoir of global health threats. Species
barriers are mostly effective at stalling or preventing human infection,
but viruses that overcome them have the potential to cause devastating
pandemics, as seen with coronaviruses and influenza viruses (Bolles
etal., 2011; de Wit and Munster, 2013). Most human coronaviruses have
been shown to use a proteinaceous receptor - ACE-2 for SARS-CoV,
SARS-CoV-2, and HCoV NL63 or DPP4 for MERS-CoV (Hoffmann
et al., 2020; Hofmann et al., 2005; Letko et al., 2020; Li, 2016; Li et al.,
2003; Raj et al., 2013; Tortorici et al., 2019), however, there is a
growing body of evidence, discussed below, for the recognition of a
glycan attachment receptor that aids in targeting the virus to cell
surface.

The spike protein (S) is a homotrimeric protein containing two do-
mains, S1 which is responsible for receptor binding and S2 which must
be proteolytically activated for entry (Li, 2016). Sialic acid has been
proposed as a co-receptor for MERS-CoV and is bound by an alternative

receptor binding domain from the one that interacts with DPP4 (Li et al.,
2017; Wang et al., 2013; Yuan et al., 2017). Predictive structural anal-
ysis of SARS-CoV-2 spike reveals, via sequence comparison, a similarity
with MERS-CoV in regard to the flexible loop regions responsible for the
sialoside binding of that virus (Awasthi et al., 2020). Additionally,
studies revealed that SARS-CoV-2 has the ability to bind specifically to
only the type I blood group A antigen of the ABO(H) glycan antigens,
confirming glycan recognition and inspiring questions regarding blood
group and susceptibility to infection (Wu et al., 2021). Recent studies
indicate that for the murine hepatitis virus JHM-CoV, receptor usage is
not exclusively limited to a carbohydrate receptor via spike domain
‘S1A’ or a proteinaceous one via ‘S1B’. The model suggests that coop-
erative binding may be important in initiating infection, first with a
more abundant, yet less specific receptor that is a sialylated glycan, and
then to the more specialized protein interaction (Qing et al., 2020).
Heparin and heparan sulfate have been implicated in HCoV NL-63 and
SARS-CoV-2 entry (Clausen et al., 2020; Kim et al., 2020; Milewska
et al., 2014). Some strains of coronavirus, such as bovine CoV Mebus,
HCoV 0C43, and HCoV HKU-1, use carbohydrates as their primary
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receptors. These viruses bind to the sialic acid derivative 9-O-Ac-Sia as a
receptor (Huang et al., 2015; Schultze et al., 1991; Vlasak et al., 1988).
BCoV Mebus has been linked to HCoV OC43 as a potential ancestral
strain that crossed into the humans (Vijgen et al., 2005). The use of a
common carbohydrate receptor lowers the species barrier, making
cross-species transmission and adaptation more readily achievable.

In order to identify carbohydrate structures that may serve as po-
tential receptors in the human lung tissues, we examined the glycan
recognition of a panel of representative coronaviruses (CoV) from
human and animal hosts. We studied the human strains SARS-CoV-2,
HCoV-0C43, and HCoV-NL63 and the animal strains, bovine coronavi-
rus BCoV Mebus and porcine respiratory coronavirus PRCV ISU-1. Using
defined glycan microarrays and the natural human lung shotgun glycan
microarray, we were able to characterize the ability of these viruses to
bind specific glycan determinants and discovered that each strain dis-
plays robust binding to phosphorylated, high mannose glycans from the
human lung. Interestingly, we recently demonstrated that influenza A
viruses (IAV) could also bind these structures and often did so with
greater affinity than to the widely accepted receptor, sialic acid-
terminating glycans (Byrd-Leotis et al., 2019a, 2019b). It is possible
that coronaviruses can utilize glycan receptors, which are ubiquitous
and often homologous between animal and human hosts, to facilitate
initial attachment to human host tissues during cross-species trans-
mission events and ‘gain entry’ to the human reservoir, with further
adaptive mutations leading to efficient transmission. Additionally, our
findings suggest that a possible common mechanism exists between
membrane bound respiratory pathogens for the recognition of phos-
phorylated glycans, which could have implications for a universal
approach to antiviral treatment.
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2. Results and discussion
2.1. Characterization of CoVs on NCFG array and HL-SGM

In order to assess the capability of CoV to interact with glycans found
at the site of infection in the human lung, we analyzed the binding of
each strain to the National Center for Functional Glycomics (NCFG)
defined glycan microarray and the human lung shotgun glycan micro-
array (HL-SGM), a natural glycan microarray prepared from human lung
tissue. The NCFG array is a synthetic array, meaning that the glycans and
glycan determinants are chemically or enzymatically synthesized. This
array provides a range of structures, yet the biological occurrence of
many of them is unverified. The NCFG glycan microarray is standard for
assaying glycan recognition of proteins and pathogens (http://www.
functionalglycomics.org/). The array consists of over 600 glycan struc-
tures, representing a variety of combinations. Overall, the CoV strains
used in these assays do not exhibit strong binding to the NCFG arrays
(Fig. 1A). The human coronaviruses OC43 and NL63 are the exceptions
with very specific binding to isolated glycans- Neu5,9Aca2-Sp8 (Chart
ID #48) for OC43 and (3S)Galf1-4(6S)GlcNAc variants (Chart IDs #34
and 35 with Sp8 and SpO linkers, respectively) for NL63. The OC43
binding is not unexpected given prior work suggesting this glycan is the
receptor (Vlasak et al., 1988) and our results from the sialic acid de-
rivative array. However, our previous data characterizing the human
lung glycome indicate that there is a relatively low abundance of glycans
terminating in these structures in the lung tissue (Jia et al., 2020), and
results from studies on the HL-SGM reveal binding to typical sialylated
complex N-glycan structures. The HCoV NL63 strain binds the sulfated
determinants (3S)Galp1-4(6S)GlcNAc (Chart IDs #34 and 35 with Sp8
and SpO linkers, respectively) and Galp1-4(Fucal-3) (6S)GlcNAc (Chart
ID #283) (Fig. 1A). The HCoV strain SARS-CoV-2 exhibits binding to
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Fig. 1. A. Virus binding to NCFG glycan microarray. Each CoV strain was bound to the NCFG array. The average RFU scale is higher for NL63 and reflects the greater
intensity of binding by this strain. B. CoV strains binding on HL-SGM. The human CoV strains NL63, SARS-CoV-2, and OC43, as well as the bovine CoV Mebus and the
porcine strain ISU-1 are bound to the HL-SGM. Fractions containing phosphorylated, high mannose glycans are highlighted by the blue box, while sialylated glycans

are denoted by the purple box.
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Chart ID 23 which is 6S(3S)Galb1-4GlcNAcb-Sp0, however this struc-
ture is not a strong binder. The recognition of sulfated structures is
consistent with recent studies that identified binding to heparin and
heparan sulfate (Clausen et al., 2020; Kim et al., 2020; Milewska et al.,
2014). Our results indicate that the presence of the sulfate may be more
important for recognition than the full glycan structure e.g., N-glycan
backbone vs glycosaminoglycans.

To explore the potential of CoVs to bind glycans at the site of
infection in the lung, we examined binding to the HL-SGM. These nat-
ural glycan microarrays were developed to represent the variety of
naturally-occurring N-glycans expressed in the human lung glycome
(Byrd-Leotis et al., 2019b). The HL-SGM is comprised of N-glycans iso-
lated from lung tissue via the ORNG method (Song et al., 2016). The
shotgun method entails releasing the glycans en masse, derivatizing
them with fluorescent linkers, and separating them via two dimensional
HPLC. The fractions, grouped largely by charge and mass, are cata-
logued as the tagged glycan library. Glycans are printed from each
fraction and those that are bound by viruses are prioritized for structural
characterization. Thus, not all structures on the array are known.
Additionally, multiple species can populate the same fraction and
therefore be printed in the same spot. General trends about the array
have been elucidated by standard lectin binding and enzymatic treat-
ments (Song et al., 2011a) and two distinct populations of glycans have
been identified: phosphorylated, high mannose-type N-glycans and
sialylated complex N-glycans. We observed that CoV strains bind widely
to the phosphorylated, high mannose-type N-glycans with additional
high binding to a limited number of sialylated glycans (Fig. 1B). The
exception is the BCoV Mebus strain which exhibits a much broader range
of binding to sialylated fractions.

In general, all of the CoV strains examined exhibited very similar
binding profiles with multiple fractions consistently ranking as top
binders for all CoV strains except BCoV Mebus. Fig. 2 panel A shows a
plot comparing the top 10 fractions for each virus. Average rank cor-
responds to the intensity of binding measured by average RFUs and
ranked high to low. Frequency relates to the number of viruses that bind
to a particular fraction. The structures found in fractions 56, 30, 36, 27,
42 and 33 are known (structural analysis could not be completed on
fractions 31 and 32), and the dominant glycan species are represented
by the cartoons in Fig. 2 panel B. The structures are predicted based on
the mass and compared to known biologically relevant compounds.
Interestingly, the predominant structures include two sialylated glycans,
each bi-antennary with only one core N-acetylglucosamine. One glycan
species is fully sialylated while the other contains one branch that ter-
minates in sialic acid. Of note is the lack of binding to fractions that
contain the complete complex N-glycan structure composed of 2 units of
N-acetylglucosamine at the core. These structures are among the most
abundant in the lung and are present on the array, and yet they are not
strongly bound by the CoV strains. Additionally, single chain and tri and
tetra-antennary sialylated glycans are not high binding structures. Of the
phosphorylated glycans that are recognized, the mannose core sizes
range from Mang to Manj.

2.2. Coronaviruses versus influenza A viruses on HL-SGM

A comparison of these coronavirus results with influenza A virus
(IAV) binding to the array reveals that both sets of respiratory pathogens
are able to bind to phosphorylated glycans in the lung and, to a more
limited extent for CoV, sialylated species. Interestingly, the specific
glycan fractions that are highly bound within those broad classifications
(phosphorylated vs sialylated) are different (Fig. 3). While both patho-
gens bind to branched N-glycans that are fully or partially sialylated
with Neu5Ac, CoV strains prefer a structure without the additional core
N-acetylglucosamine. The nearly exclusive binding to a common bi-
antennary, disialylated structure minus the core N-acetylglucosamine
while the full structure is available is particularly interesting. It could
suggest that the structure of the entire glycan is important for
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Fig. 2. Top 10 fractions bound by CoV strains and predicted structures. A. For
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average rank (an average of the ranks of each fraction for each virus). B. Car-
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recognition, or it could reflect a feature of the array composition in that
these fractions may be at different density, or the structures have a
specific orientation that makes them more amenable to CoV recognition.
The full version of this structure is a consistent high binder for the
majority of influenza A virus strains tested and is one of the most
abundant structures in the total glycome. The differences in phosphor-
ylated, high mannose glycan recognition are even more striking, with an
entire subset of fractions that are bound by IAV but not CoV. While
electrostatic interactions with these charged carbohydrates could be
important for binding, as is true for many glycan-binding proteins, it is
clear that the stereochemistry of the remaining structure play a key role
in determining specificity.

2.3. Comparison of HCoV OC43 and BCoV mebus on modified sialic acid
array

Both the HCoV strain OC43 and BCoV strain Mebus use a sialic acid
derivative as their viral receptors (Schultze et al., 1991; Vlasak et al.,
1988) and, as these strains are reported to be linked (Vijgen et al., 2005),
we sought to specifically identify the glycans from the human lung
natural array and a modified sialic acid array (Song et al., 2011b) that
may provide clues about cross-species adaptation. We compared the
binding of each strain to both arrays and in both cases, the OC43 virus is
much more restrictive in the spectrum of glycans bound. BCoV Mebus
binds to a wide variety of glycans from the human lung and on the sialic
acid derivative array (Fig. 4 panel A). Force plots illustrate the glycan
fractions that are bound by one and/or both viruses. The gray dots
represent each glycan (from the defined sialic acid derivative array) or
fraction potentially containing multiple glycans (on the HL-SGM). The
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Fig. 3. Comparison of CoV and IAV binding on HL-SGM. The top heatmap represents binding to the phosphorylated fractions, while the bottom one is the sialylated
fractions. Not all are shown due to space constraints and lack of binding to upper fraction ID numbers. Strains are listed on the left, with CoV in blue, H3N2 drift IAV
strains in gray, and seasonal/pandemic HIN1 IAV strains in red. Arrows point to fractions of interest.

orange circle corresponds to BCoV strain, and the green represents HCoV
0C43. A linkage between the circles indicates binding and the length of
the link corresponds to binding strength (ie the shorter the link, the
higher the RFU). On the sialic acid derivative array, only two species are
bound by both viruses, Neu5,9Ac2 and Neu5Gc9Ac. Neu5,9Ac2 is the
predicted receptor for OC43 and BCoV Mebus. Interestingly, Neu5Gce
structures are not found in humans due to the lack of the appropriate
metabolic pathway (Irie et al., 1998) but are prevalent in other mam-
mals. The recognition of this glycan by the HCoV OC43 strain supports
proposals that this virus stemmed from a transmission event with the
bovine virus. In the human lung repertoire, the predominant species
recognized by both are biantennary, fully or partially sialylated N-gly-
cans. These structures make up a significant portion of the human lung
glycome based (Jia et al., 2020) and could have eased the trans-
missibility and adaptation of the bovine strain to humans.

3. Conclusion

Our results demonstrate that each CoV strain we tested, including
SARS-CoV-2, can bind to phosphorylated, high mannose glycans found
in the human lung. Additionally, we describe the recognition of specific
sialylated glycans by all the viruses tested. The HL-SGM displays the N-
glycome of the human lung, and therefore our data reveals interactions
that could be biologically relevant for infection. However, the locali-
zation of the phosphorylated, high mannose glycans in the cell is
currently unknown. While we hypothesize that these interactions may
occur at the surface of the cell and function in entry, it is possible that
these glycans are intracellular and recognition occurs later in the entry
pathway or at other phases of the virus life cycle. While modified sialic
acid and sulfated glycans have been implicated in cell culture infection,
we find that those interactions do not outweigh the binding to phos-
phorylated glycans on these arrays. Interestingly, the comparison of CoV
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binding with IAV reveals similar trends but differences in specific
binding partners. Previous work with various strains of CoVs has hinted
at the possibility of an attachment receptor, often a carbohydrate, and a
more specific entry receptor. Our work indicates that, with the ability to
bind a diverse set of glycans from the lungs, the occurrence of a glycan-
based interaction is possible and likely. Additionally, comparison of the
PRCV ISU-1 with the human strains reveals a very tight binding pattern
regardless of animal or human host. The BCoV Mebus strain has a much
more diverse and broad binding profile on all the arrays tested, which
could be a factor in priming this virus for cross-species transmission.

4. Materials and methods
4.1. Cells and viruses

Each coronavirus strain required a specific cell line for propagation.
These cell lines were acquired from ATCC (Manassas, VA): ST (ATCC
CRL-1746), LLC-MK2 (ATCC CCL-7.1), Vero C1008 (E6) (ATCC CRL-
1586) and MDBK (ATCC® CCL-22). HCT-8 cells were a generous gift
from Dr. Mark Tompkins at the University of Georgia. The following
coronavirus strains were obtained from BEI Resources, NIAID, NIH:
Porcine Respiratory Coronavirus, ISU-1, NR-43286; human coronavirus,
NL63, NR-470; and bovine coronavirus, BCoV Mebus, NR-445. Dr.
Mehul Suthar provided the UV-inactivated SARS-CoV-2, and Dr. Mark
Tompkins shared the human coronavirus OC43 strain. The cell lines
VeroE6, LLC-MK2, and ST were maintained with MEM (ThermoFisher)
+ 10 % FBS (ThermoFisher) growth media, while the MDBK and HCT-8
cell lines were maintained in DMEM (Thermofisher) + 10 % FBS. For
virus infection, an MOI of 0.01 to 0.001 was used. Once cell monolayers
were 80-90 % confluent, media was removed, and the cells were washed
with PBS. The monolayer was overlaid with inoculation media con-
taining the viruses and allowed to incubate for 1 h for adsorption. After
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Fig. 4. A Comparison of HCoV 0C43 and its
ancestral strain BCoV Mebus. A. Each strain was
tested on the sialic acid derivative array (SIA) and
the HL-SGM. The sialylated fractions of the HL-SGM
are set apart with the purple box. B. The force
graphs compare the glycans that are recognized by
both strains. On the SIA array, only two structures
are common to each virus and are labeled. For the
HL-SGM, only the sia-terminating glycans are
analyzed and the predicted structures in the frac-
tions that are bound by both viruses are shown.
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the incubation, 20 ml of media was added to the flask. The infected cells
were incubated at 34 °C or 37 °C depending on the virus and cells for 4-6
days. The VeroE6 cells were used to amplify SARS-CoV-2, and the
infection media was complete DMEM medium consisting of 1x DMEM
(VWR, #45000-304), 10 % FBS, 25 mM HEPES Buffer (Corning Cellgro),
2 mM L-glutamine, 1 mM sodium pyruvate, 1x Non-essential Amino
Acids, and 1x antibiotics. HCoV NL63 was grown in LLC-MK2 cells, and
the infection media was MEM +10 % FBS +10 % tryptose phosphate. ST
cells were used to amplify ISU-1, and the infection media was MEM +
Earle’s salts + NEAA, 1500 mg/L NaHCO3, 1 mm sodium pyruvate, 2
mm L-glutamine. BCoV Mebus and HCoV OC43 were grown in MDBK
and HCT-8 cells respectively using serum-free DMEM plus antibiotics for

the infection media. SARS-CoV-2 was UV inactivated prior to microarray
analysis. The infected cell supernatant was exposed to 1 dose of UV light
at 5,000 x 100pJ/cm2. To verify that the virus was inactivated, two sets
of plaque assays in duplicate and a limiting dilution assay in triplicate
were completed. Influenza A virus (A/Pennsylvania/08/2008) was used
as a control for the microarray experiments and was amplified in MDCK
cells using serum-free DMEM plus penicillin-streptomycin (Byrd-Leotis
et al., 2019b).

4.2. Virus purification and labeling

Supernatants were collected from flasks infected with each CoV and
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subjected to low-speed centrifugation (3,000 RPM) to pellet the cell
debris. The clarified supernatant was laid over a 25 % sucrose in NTE
(100 mM NacCl, 10 mM Tris, 1 mM EDTA) cushion, and viruses were
pelleted via ultracentrifugation using Ultra-clear centrifuge tubes
(Beckman Coulter, Indianapolis IN) and a Beckman Coulter SW32 Ti
rotor at 28,000 rpm (133548.5xg) for 2 h at 4 °C. Virus pellets were
resuspended in 2 ml of phosphate buffered saline (PBS) and then re-
sidual sucrose was cleared by an additional spin using rotor sw41 Ti,
15,000 rpm (55408 xg) for 1 h at 4 °C. Viral pellets were resuspended in
PBS and aliquoted for downstream applications and storage at —80 °C.

Purified virus was labeled with Alexafluor 488 (Invitrogen) prior to
glycan array assays. The virus was mixed with 25 pg of Alexafluor 488
and 20 pl of 1 M NaHCO3 pH 9 and allowed to incubate for 1 h at room
temperature. Excess label was dialyzed out of the sample using a 7,000-
molecular-weight-cutoff Slide-A-Lyzer mini-dialysis unit (Thermo Sci-
entific) against PBS pH 7.0 overnight. In all cases, labeled viruses were
used in experiments the following day. The same procedure was fol-
lowed for influenza A viruses utilized as controls.

4.3. Microarray assays and analysis

When necessary, viruses were diluted with TSM binding buffer (20
mM Tris-HCI, 150 mM sodium chloride (NaCl), 2 mM calcium chloride
(CaClp) and 2 mM magnesium chloride (MgCly)+ 0.1%BSA) and then
incubated on the glycan microarray for an hour. Influenza A viruses
were diluted with PBS as BSA can interfere with the sialic acid binding.
For the NCFG arrays with a single array per slide, 70 pl of labeled virus
was pipetted onto the slide and covered with a glass coverslip. The HL-
SGM and modified sialic acid arrays are printed to have multiple sub-
arrays per slide. For these experiments, ProPlate® Multi-Well chambers
(Grace Bio) were used on the slide to separate each array and experi-
ment. While neuraminidase activity is not a concern with these CoV
strains, we included IAV as a control for our assays and sought to
maintain consistent procedures, so all viruses were incubated at 4 °C.
After removal of the virus solutions, the arrays were washed 3 times in
TSMT (20 mM Tris-HCI, 150 mM sodium chloride (NaCl), 2 mM calcium
chloride (CaCly) and 2 mM magnesium chloride (MgCly) + 0.05 %
Tween 20), 3 times in TSM (20 mM Tris-HCl, 150 mM sodium chloride
(NaCl), 2 mM calcium chloride (CaCly) and 2 mM magnesium chloride
(MgCly)) and 3 times in water. An InnoScan1100AL (Innopsys, Car-
bonne, France) fluorescence scanner was used to generate the images
using an excitation wavelength of 495 nm and an emission wavelength
of 519 nm. The fluorescence of the spots was quantified using GenePix
Pro Microarray Analysis software (Molecular Devices, San Jose, CA,
USA) or MAPIX analysis software version 8.5.0 (Innopsys, Carbonne,
France) and then further processed using Microsoft Excel as previously
described (Bradley et al., 2011; Byrd-Leotis et al., 2014; Heimburg--
Molinaro et al., 2012). The force graph was generated via the GLAD web
application (Mehta and Cummings, 2019) and the following settings
were used: Force Range Min 1000 Max 70000, Force Strength —40, Link
Distance 50.
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