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ABSTRACT: Mucins are a diverse and heterogeneous family of
glycoproteins that comprise the bulk of mucus and the epithelial
glycocalyx. Mucins are intimately involved in viral transmission.
Mucin and virus laden particles can be expelled from the mouth
and nose to later infect others. Viruses must also penetrate the
mucus layer before cell entry and replication. The role of mucins
and their molecular structure have not been well-characterized in
coronavirus transmission studies. Laboratory studies predicting
high rates of fomite transmission have not translated to real-world
infections, and mucins may be one culprit. Here, we probed both
surface and direct contact transmission scenarios for their
dependence on mucins and their structure. We utilized disease-
causing, bovine-derived, human coronavirus OC43. We found that
bovine mucins could inhibit the infection of live cells in a concentration- and glycan-dependent manner. The effects were observed
in both mock fomite and direct contact transmission experiments and were not dependent upon surface material or time-on-surface.
However, the effects were abrogated by removal of the glycans or in a cross-species infection scenario where bovine mucin could not
inhibit the infection of a murine coronavirus. Together, our data indicate that the mucin molecular structure plays a complex and
important role in host defense.

■ INTRODUCTION

Coronaviruses (CoVs) have emerged as a serious public health
threat due to their ability to cause respiratory disease, including
severe acute respiratory syndrome (SARS), gastroenteritis,
neurological disease, and additional diseases in humans and
other animals. SARS-CoV infected more than 8000 people
between 2002 and 2003, and since 2012, the Middle East
respiratory syndrome (MERS) virus has infected more than
1700 people.1 Since January 2020, the devastating SARS-CoV-
2 virus and its related disease COVID-19 has killed more than
4 million people worldwide.2,3 During the course of these
outbreaks, researchers have sought to understand routes and
mechanisms of transmission. Respiratory viruses can spread
through direct contact with bodily fluids or from an infected
individual’s cough, sneeze, or vocalization that expels airborne
particles from their mucus membranes.4−8 Airborne virus can
land directly on the next host’s mucus membranes or can be
deposited onto a nearby surface creating a fomite object.9

Virus can be transferred from the fomite to a new host’s
mucosal tissues, and the viral replication cycle ensues. Here, we
present data regarding the role that mucus proteins play in
CoV infection.
The fomite transmission scenario particularly piqued our

interest due to conflicting reports on its importance
throughout the COVID-19 pandemic and other disease
outbreaks. Several epidemiological case studies indicated that
common touch surfaces were a source of fomite transmission

that led to outbreak infections of CoVs and other viruses.10−15

Laboratory research had also indicated that CoVs can persist
on surfaces for days16−20 and even weeks21−24 in both model
and clinical settings. However, large-scale epidemiology
studies25−27 have now led public health experts to conclude
that fomite transmission of CoVs, including SARS-CoV-2, is of
relatively low risk.9,28 Such discrepancies have frustrated public
health messaging and resulted in misallocation of resources
toward the excessive disinfection of surfaces,29 which comes
with its own potential respiratory dangers.30,31

Evaluating viral viability on surfaces in a model setting is
advantageous since it is challenging to fully eliminate human
behavior leading to direct contact or airborne transmission.
However, confounding factors must be at play since the
predictions of laboratory studies failed to actualize. The assay
method is one factor since the simple detection of viral genetic
material by polymerase chain reaction (PCR) cannot reveal if
the virus is intact and viable.32−35 Recent reviews summarize
more enlightening studies indicating that fomite-sourced CoVs
are viable and infectious to live human cells even after weeks
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dry on surfaces.21,36 It was noted that viral titers might be in
excess of real-world scenarios, which could lead to
disproportionately high survival.27 However, we noted another
important factor that could be at play. Coughs and sneezes
expel virus encased in mucus or mucosalivary fluid, and viruses
must pass through host mucus before entering cells to
replicate. However, prior studies typically utilized buffers or
growth media without accounting for mucus. We wondered if
mucus could, at least partially, explain the discrepancy between
real-world low fomite transmission and the reported persistent
viability of CoVs on surfaces in laboratory settings.
Mucus is an aqueous solution of 5−10 wt % mucin

glycoproteins with traces of salts, lipids, DNA, and other
proteins.37,38 Similarly, mucosalivary fluid contains 0.3−3 wt %
mucin.39,40 Mucins are a family of anionic high-molecular-
weight secreted and cell-surface proteins characterized by
remarkably dense regions of Pro and heavily glycosylated Thr
and Ser (Figure 1).41 The mucin peptide backbone provides

rigid structural support while the glycans bind copious water
and bind to biological targets, including pathogens. We
hypothesized that mucins could play a role in CoV fomite
viability by affecting the local environment experienced by
viruses in drying droplets or by binding them directly. The
viability of influenza and polio in evaporating droplets was
found to be dependent upon hydration, pH, and salt, which
mucins will affect, and mucins have shown inhibitory effects
against the cell entry of many viruses including influenza, polio,
herpes, and human immunodeficiency viruses in culture
models.42−45

Mucus has largely been viewed as a simple hydrating barrier
material, including in its role in viral defense.42,46 However, the
engagement of mucin glycans has emerged as an important
factor in host defense against broad classes of pathogens
including viruses, bacteria, and fungi.47,48 Mammalian mucin

glycan patterns vary with species and tissue49,50 and commonly
terminate in sialic acid structures (Sias).51−53 Sias are also
termed neuraminic acids (Neus) due to their concurrent
identification in saliva and in the brain. 50+ Sia forms have
been identified with varied acetylation patterns or other
structural variations (Figure 1).54,55 Since mucins are the first
point of contact when a virus is inhaled or inadvertently
transferred to a mucus membrane, it is intuitive that CoVs have
evolved the ability to bind to Sias as part of their replication
strategy. In fact, Sias have been identified as binding targets of
more than 9 disease-causing CoV strains.55−61

CoVs are enveloped RNA viruses that must deliver their
nucleocapsid into the host cell to replicate.62 Some CoVs use
cell-surface mucin Sias to induce membrane fusion with host
cells, while others bind for adhesion but enter via other surface
proteins.55,56,58,60,61,63 For example, SARS-CoV-2 and MERS-
CoV bind Sias but use angiotensin converting enzyme 2 or
dipeptidyl peptidase 4, respectively, for cellular entry. The Sia-
binding strategy is not unique to CoVs, and their conserved
receptor has an architecture similar to the influenza virus
receptor that engages Sias to gain cell entry.56,64 CoVs have
two surface projections, spike and hemagglutinin-esterase
(HE) proteins. The spike protein is usually responsible for
Sia binding and host fusion, though in some cases binding
occurs on HE (Figure 1).65 Considering the potential physical
and biochemical properties of mucin−virus interactions, we
sought to probe the role of mucins in CoV infectivity.

■ RESULTS
CoV Selection and Infectivity Assay Design. To

investigate the role of mucins in CoV transmission, we
selected human CoV OC43 for the bulk of our studies. CoVs
are divided into α, β, γ, and δ genera. OC43, like SARS-CoV,
SARS-CoV-2, and MERS-CoV, is a β-CoV that binds Sia via its
spike protein. OC43 is endemic in the human population,
causing mild respiratory tract infections with the potential for
severe complications or even fatalities in young children, the
elderly, or immunocompromised individuals.66,67 The virus
originated relatively recently via zoonotic transmission from a
bovine CoV.68,69 Both OC43 and the related bovine CoV are
reported to bind 5,9-O-acetyl-Sia (9AcOSia, Neu5,9Ac) and 5-
O-acetyl-Sia (5AcOSia, Neu5Ac) via their spike proteins.70−72

Based on this knowledge, we selected bovine submaxillary
mucin for our studies since the commercially available material
is known to contain Neu5Ac and Neu5,9Ac and originates
from a tissue of native viral targeting.73,74

We sought to examine the effects of varied mucin
concentration on OC43 infectivity. To generate the fomites,
viral stocks were diluted in phosphate buffered saline (PBS),
complete media, or solutions supplemented with mucin. We
selected concentrations from 0.1 to 5 wt % mucin to represent
the range naturally found in mucus and saliva. Droplets of 2 μL
were placed on a surface and allowed to dry completely. After
ca. 5 min, fomites were rehydrated with complete media and
the solutions subjected to infectivity assays in Vero E6 cells.
We quantified the protein concentration before and after
recovering virus from plastic fomites both with and without
mucin (Figure S15). We found that the rehydration and
recovery of the CoV from the plastic surface was highly
efficient in both cases and that adsorption and loss of the virus
were not a factor in our results. For direct contact
transmission, we simply added virus to cellular growth media
supplemented with mucin.

Figure 1. Coronavirus and mucin structure where viral spike proteins
bind to mucin Sia glycans. Mucin glycosylation initiates at Ser/Thr
with αGalNAc, and variable extended glycans often terminate in Sia,
Neu5Ac, which can be further acetylated at positions 4, 7, 8, and 9.
Some coronaviruses bind Sia via hemagglutinin esterase.
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We conducted 50% tissue culture infectious dose per
milliliter (TCID50) and plaque assays. In both assays, a
confluent monolayer of host cells is infected with serial
dilutions of the virus. For the TCID50 assay, morphological
changes are observed upon infection or cell death, termed
cytopathic effects (CPE). The dilution at which 50% of the cell
samples show CPE is used to calculate the TCID50 of the viral
titer. We imaged the cells for CPE at 5 days postinfection using
bright-field microscopy. To better quantify and compare
TCID50 results between assays, we used image analysis
software to quantify the percent of cells displaying CPE. In a

confluent monolayer of healthy cells, extrusion is part of the
natural response to crowding, and not all cells extended above
the monolayer are due to CPE.75 Therefore, we corrected for
this in our image analysis (Figure S1). For plaque assays,
infected host cells are covered with an immobilizing overlay
medium (agarose) to prevent infection from spreading through
the liquid medium during propagation.76 Zones of cell death,
or plaques, will develop. After fixing and staining with crystal
violet, plaques are counted, and viral titers are reported in
terms of plaque forming units (PFUs) per milliliter. Data are
presented as mean values and their associated standard error

Figure 2. Mucins inhibit the infection of live cells by CoV OC43 in a concentration- and glycan-dependent manner. CPE is evidenced by
morphological changes where infected cells rise above the healthy cell monolayer below. (A−D, F−I) 10× bright-field images of CPE in a TCID50
assay in Vero E6 cells 5 days postinfection, 10−1 dilution. MucinΔheat is heat-denatured mucin, and mucin−Sia is sialidase-treated mucin. Scale bars
are 200 μm. (E, J) Quantitated relative CPE due to OC43 infection in Vero E6 cells by image analysis software. All data are presented as mean
values and their associated standard error calculated from an N of 4−6. Data were processed with ANOVA and Tukey tests. Panels E and J only
show correlations that were nonsignificant. All other correlations were statistically different at p > 0.05 or less.

Figure 3. Mucins physically associate with CoV OC43. 10× fluorescent microscopy images of plastic fomites formed from 2 μL simulated sneeze
droplets with viral stock at 10% v/v and 0.5 wt % mucin in media: (A) AF594-OC43 alone; (B) AF594-OC43 mixed solution; (C) AF350-mucin,
mixed solution; and (D) overlaid images of panels B and C. Scale bars are 200 μm. (E−H) TEM images of mucin-coated OC43 viruses.
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calculated along with ANOVA and Tukey analyses (see the
SI). Experiments were generally performed in triplicate and
were reproducible over 3+ separate experiments.
Effect of Mucins on CoV Infectivity in Fomite

Transmission on Plastic. Plastic-fomite-derived OC43
remained highly infectious after drying in media or PBS
(Figure 2A; see Figure S2). However, OC43 fomites dried in
media or PBS supplemented with mucin revealed a remarkable
decrease in CPE that scaled with increasing wt % mucin
(Figure 2B−E, Figures S3 and S4). An addition of just 0.5 wt
% mucin reduced the CPE by 52% as compared to media
alone. CPE was essentially eliminated by supplementation with
2.5 or 5 wt % mucin, which reduced CPE by 95.6% and 99.9%,
respectively, over the standard 5 day assay window. We
continued observation through 7 days postinfection, and very
minimal CPE expansion could be seen in the 2.5 wt % sample
but not in the 5 wt % sample (see Figure S4). Plaque assays in
Vero E6 cells also revealed a stark contrast between
infectivities of CoV fomites prepared with and without
mucin (see Figure S18 for plaque assay data). Clearly, the
presence of mucin in these simulated cough or sneeze droplets
has a significant effect on the ability of the CoVs to later infect
cells.
Mucins and CoV OC43 Physically Associate.We sought

to probe the mechanism by which mucins exert their protective
effects against OC43 infection from plastic fomites. To directly
image fomite structures, we used N-hydroxysuccinimide
chemistry to fluorescently label the mucins with AF350 and
OC43 with AF594.77 Next, AF350-mucin and AF594-OC43
were dissolved separately or in combination in PBS, and
fomites on plastic were prepared. As shown in Figure 3, mucins
did not associate with the salt crystals dispersed over the plastic
surface when dried alone (Figure S17) or in combination with
OC43 (Figure 3C). Rather, a majority of the mucins localize to
the dry droplet edge in a sort of coffee-ring effect. However,
OC43 localization differed when dried alone vs with mucin.
OC43 dried in PBS rather uniformly coats the salt crystal
surfaces (Figure 3A). When coevaporated with mucin,
however, the majority of the AF594-OC43 colocalized with
the mucin ring, with only a small fraction coating the
crystalline salt surfaces (Figure 3B,D). These data suggest
that OC43 preferentially interacts with the mucin.
To further probe the physical association of OC43 and

bovine mucin, we directly imaged them using transmission
electron microscopy (TEM). OC43 was first concentrated by
ultracentrifugation through a sucrose cushion. OC43, 2.5 wt %
mucin, or OC43 + 2.5 wt % mucin solutions were prepared in
PBS. The solutions were placed on the TEM grid for
approximately 1 min to allow particle deposition, and then,
excess solution was removed. Deposited virus and mucin were
coated with negative stain, dried, and then imaged. We
observed spherical OC43 virus and globular mucin glyco-
protein aggregates when imaged alone (see Figure S22). In the
case of the mixed mucin and virus samples, we observed what
appears to be mucins coating the surface of the OC43 viruses
(Figure 3E−H). These data further indicate that mucins and
CoV OC43 physically interact.
Infection Inhibition Is Dependent on Mucin Glycans.

Mucins have both biophysical and biochemical properties in
terms of their rodlike, hydrophilic structure and glycans that
can bind directly to CoVs. Mucins also have hydrophobic
domains that aid in the formation of mucus gel networks.37,78

The hydrophobic viral envelope could associate with these

domains in the mucin, resulting in the colocalization effect we
observed. In contrast to our data in Figure 2, Marr and co-
workers studied the effect of relative humidity on droplets
loaded with fluorescently labeled bacteriophage Φ6, lipids, and
mucin. They reported that the Φ6 virus, which is also
enveloped, was not associated with mucin in dry droplets.79

Since these bacteriophages are not known to bind to mucin
glycans, we wondered if mucin Sias could be at least partially
responsible for the differing effects we observed with our
fomites.
To test the Sia hypothesis, we quantified the total Sia

content of our bovine submaxillary mucin using a colorimetric
quantitation kit (see the SI). We found a Sia content of 0.036
± 0.02 nmol/μg. Next, we treated the mucin with a
commercially available sialidase, which enzymatically cleaves
Sia glycans. Reaction products were again analyzed with the
quantitation kit, and complete Sia removal was confirmed. We
refer to this sample as mucin−Sia. Residual sialidase was
deactivated by brief heat-treatment to prevent any activity with
OC43 or Vero cells. We also subjected Sia-containing mucin to
brief heat-treatment (mucinΔheat) to determine if protein
denaturation or disruption of hydrophobic-associated networks
would affect the ability of the mucin to protect cells from viral
infection.
MucinΔheat and mucin−Sia and were utilized in OC43 fomite

preparation on plastic, along with no mucin and untreated
mucin controls. The fomites were rehydrated and subjected to
TCID50 assays in Vero cells and CPE image analysis. As
expected, strong CPE was observed in the fomites generated
from media with no mucin, while the addition of 2.5 wt %
mucin essentially eliminated the CPE (Figure 2F,G,J, CPE
reduced by 97%). Heat-treating the mucins resulted in only a
minor recovery of infectivity (Figure 2H,J, 78% reduction in
CPE), indicating that mucin conformation and/or intermo-
lecular associations play only a small role in their protective
effects. However, the removal of Sia from the mucins resulted
in a near-total loss of the protective effects and a full recovery
of infectivity (Figure 2I,J, 4% reduction in CPE), as differences
in the two were not statistically significant. From these data, we
can infer that Sia residues play a key role in the protective
effects of mucin against OC43 CoV infection. Prior work by
Szczepanski and co-workers similarly found that a global
removal of Sia from whole cells reduced CoV adhesion and
that supplementing the growth media with free Sia does not.71

We can likely attribute such findings to the mucins in solution
and in the glycocalyx.
Glycan patterns could affect mucin biophysics since they

alter rigidity, hydration, and surface charge,51,80−83 and
therefore, assigning all effects to Sia−CoV binding could be
erroneous due to neglecting conformational effects. Therefore,
we examined the secondary structure of the untreated mucin,
mucinΔheat, and mucin−Sia by circular dichroism spectroscopy.
We found that untreated mucin was 72% helical (see Figure
S9). MucinΔheat and mucin−Sia also displayed a helical
character, though it was reduced to 53% and 41%, respectively.
Since the removal of Sia and heat-treatment does induce a
minor loss of the helical structure, we cannot definitively rule
out conformational effects. However, mucin−Sia was subjected
to the same heat-treatment as mucinΔheat (in order to
deactivate remaining sialidase) and experiences a much more
dramatic loss of protective effects. Therefore, we propose
glycan−virus binding as the major factor.

ACS Central Science http://pubs.acs.org/journal/acscii Research Article

https://doi.org/10.1021/acscentsci.1c01369
ACS Cent. Sci. 2022, 8, 351−360

354

https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c01369/suppl_file/oc1c01369_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c01369/suppl_file/oc1c01369_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c01369/suppl_file/oc1c01369_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c01369/suppl_file/oc1c01369_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c01369/suppl_file/oc1c01369_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c01369/suppl_file/oc1c01369_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c01369/suppl_file/oc1c01369_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c01369/suppl_file/oc1c01369_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c01369/suppl_file/oc1c01369_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c01369/suppl_file/oc1c01369_si_001.pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c01369?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


To further probe the effects of Sia binding, we conducted
infectivity experiments with mucin vs free small-molecule Sia
(Neu5Ac) or in combination. We prepared plastic fomites
using OC43 solutions in media, media + 2.5 wt % mucin,
media + 40 mM Neu5Ac, or media + 2.5 wt % mucin and 40
mM Neu5Ac. Virus was rehydrated and subjected to TCID50

assays in Vero E6 cells. Reproducibly, OC43 infectivity was

high with no mucin and essentially eliminated with 2.5 wt %
mucin (Figure 4A, Figure S10). Supplementation with 40 mM
Neu5Ac only reduced infectivity by 20.1%, indicating that the
multivalent display of the glycans from the mucin peptide
backbone is essential for the inhibitory affects against infection.
We did not observe any competition effect by combining 40
mM Neu5Ac with mucin, and the mucins still exerted their

Figure 4. The inhibition of CoV fomite infection by mucins is independent of time and surface material but is dependent on attached Sias and on
mucin−CoV species match. Mucins also inhibit infection in mock direct contact transmission. Quantitated relative CPE in TCID50 assays in (A−E)
Vero E6 cells infected with OC43 or (F) L2 mouse fibroblasts infected with MHV. Panels A−C and F are fomite transmission with simulated
sneeze droplets, while panel D is direct contact transmission, and (E) is the comparison. Panels A, B, E, and F are data generated from plastic
fomites, while panel C is data of fomites of common touch surfaces. In panel B, viral fomites were rehydrated at various time points. For panels D
and E, CPE has been normalized to the no-mucin control. MucinΔheat is heat-denatured while mucin−Sia is sialidase-treated. All data are presented as
mean values and their associated standard error calculated from an N of 4−6. Data were processed with ANOVA and Tukey tests. One-way
ANOVA of the data in panel F revealed no statistical significance. Panels A and D only show correlations that were nonsignificant. All other
correlations were statistically different at p > 0.05 or less. Panels B, C, and E show correlations between no mucin and +2.5 wt % mucin and direct
contact and fomite transmission, respectively.
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protective effects. We could not examine the effects of
Neu5,9Ac in this work since this Sia form is not currently
commercially available in a pure form.
We further characterized the glycan-dependent interaction

of mucin and OC43 in binding assays. We first examined three
blocking agents on Nunc Maxisorp plates and selected bovine
serum albumin (BSA) as having the lowest viral binding
background (using AF594-OC43) as compared to milk and
serum. We also coated plates with varied concentrations of
AF350-mucin in order to determine the saturation concen-
tration, which was 20 μg/mL mucin (see Figure S16). The
following experiments were conducted using plates coated with
20 μg/mL mucin, mucinΔheat, or mucin−Sia and blocked with
BSA. We utilized plates with no mucin, blocked with BSA
treated with the same ELISA conditions as a control, and
subtracted this background from all other results. Plates were
incubated with varied concentrations of OC43 at 34 °C for 1 h.
We employed an enzyme-linked immunoassay (ELISA) with a
murine antibody (Ab) against OC43 and an antimouse Ab-
horseradish peroxidase (HRP) conjugate for detection. As
expected, we found high relative levels of mucin−OC43
binding for intact mucin that scaled with increasing virus
concentration (Figure 5). Removal of the Sia groups essentially

eliminated viral binding. This correlates nicely with our
infectivity assay results indicating that the inhibition
phenomenon is indeed due to Sia−CoV binding. Also
paralleling our infection assay data, heat denaturation of the
mucin reduced, but did not eliminate, binding. Considering the
reduction in binding due to heat-treatment, we speculate that
conformational aspects of Sia presentation are important for
mucin−CoV binding. We could directly visualize mucin−virus
binding using AF594-OC43 (see Figure S17). These data
indicate that AF594 labeling of the virus does not disrupt
binding and that the morphology and localization of dry

mucin−virus on plastic fomites as presented in Figure 2 are
likely relevant to real-world structures.

Effect of Mucin on CoV Infectivity in Direct Contact
Transmission. During our initial studies on plastic fomites,
we noticed an interesting phenomenon with serial dilutions of
rehydrated OC43 for plaque and TCID50 assays. In these
assays, infection rates typically go down as the viral titer is
reduced by dilution. However, in the cases of mucin
supplementation, we noticed that infectivity was lower in the
most concentrated stock, increased in the next dilution, and
then decreased serially with dilution thereafter. We surmised
this was due to the presence of mucins in solution carried
forward from the fomite preparation. Solution mucin
concentration would be high in the first stock but then
become diluted with the serial stocks. To confirm this
hypothesis, we conducted the same plastic fomite experiment
with cell media supplemented with constant wt % mucin.
Indeed, viral infectivity in the TCID50 assay scaled as expected
where infectivity decreased with the serial dilutions (see Figure
S12).
Considering the interesting flux in infectivity that appeared

to be due to the action of fomite-sourced mucins in solution,
we hypothesized that mucins would also affect infectivity in a
mock direct contact transmission experiment. Therefore, we
next addressed if the drying and concentrating step is essential
for inhibition of CoV infection by mucins, or if they are also
protective in direct contact transmission scenarios. For these
experiments, we conducted TCID50 assays and CPE image
analysis in Vero E6 cells at various viral dilutions and with
media supplemented with 0.5 or 2.5 wt % mucin, or with 2.5
wt % mucinΔheat or mucin−Sia. In these cases, the virus had
never been dried, and cultured cells were treated with aliquots
of mucin and CoV to mimic contact transmission at the
mucosal membrane. As shown in Figure 4D, mucins are also
highly protective in direct contact scenarios. Note that Figure
4D shows only correlations that were nonsignificant. We also
observed the same glycan-dependent phenomena where heat-
denatured mucins were still highly protective, but mucins that
had been sialidase-treated did not inhibit infection. We
compared the protective effects of mucin in the fomite vs
direct contact experiments by normalizing the CPE of the no-
mucin controls (Figure 4E). We noted that, at 0.1 and 0.5 wt %
mucin, considering standard error alone, infection prevention
was stronger in fomites than in direct contact but the
difference for the 0.5 wt % experiment was not statistically
significant by the Tukey test. With 2.5 wt % mucin, infection
was essentially nullified in both cases. We speculate that in
drying droplets the localized concentration of mucin will
become very high, improving binding between mucin and
virus.

Effect of Mucin on CoV Infectivity in Fomite
Transmission over Time and on Various Surface
Materials. Considering the strongly protective effects of
bovine mucin against cellular infection by CoV OC43 from
plastic fomites, we wondered if the same effects would be
observed on other common touch surface materials and how
long the effects would last. We first investigated whether time
remaining dried on a surface plays a role in viral infectivity with
or without mucins. We prepared plastic fomites as previously
described for OC43 with both the media control and media +
2.5 wt % mucin. Viruses were rehydrated at 5 min or 3, 24, 48,
or 72 h and the solutions subjected to TCID50 assays and CPE
image analysis in Vero E6 cells. As shown in Figure 4B, OC43

Figure 5. ELISA data for glycan-dependent mucin−CoV binding.
Varied concentrations of CoV OC43 were incubated with surface-
bound mucin, mucinΔheat, mucin−Sia, or no-mucin control (BSA only).
Binding was detected by treatment with a murine anti-OC43 Ab
followed by an antimouse-HRP Ab conjugate. Fluorescence is
reported relative to the no-mucin control. All data are presented as
mean values and their associated standard error calculated from an N
of 4−6. Data were processed with ANOVA and Tukey tests. Graph
shows correlations between mucin and mucinΔheat /mucin−Sia.
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dried without mucin declines in infectivity by 82% over 3 days
but does remain infectious. However, for the simulated sneeze
droplets with mucin, we observed very little CPE from the 5
min dry sample (96% reduction from 5 min with no mucin)
which declined to essentially nil by 24 h (99% reduction from
5 min with no mucin; Figure 4B, see Figure S20). This
indicates that the detrimental effects of the mucin on viral
viability are not affected by the time on the surface.
Next, we sought to ascertain if the protective effects of

mucin against OC43 infection were isolated to plastic fomites,
or if they would extend to other common touch surfaces. We
selected steel, glass, and surgical masks for comparison to
plastic. Fomites were again prepared using OC43 viral stocks
diluted in media or media + 0.5 or 2.5 wt % mucin. Surface-
adhered viruses were rehydrated and subjected to both TCID50
with image analysis and plaque assays in Vero cells. For all
surfaces tested, we observed strong CPE and high PFU counts
in cells infected with virus dried without mucin (Figure 4C,
plaque assay data are in Figure S18). By contrast, strong
reductions in CPE were observed for virus dried with 2.5 wt %
mucin regardless of the hard surface material. On plastic, CPE
was reduced by 92%; on glass, by 81%; and on steel, by 86% as
compared to the no-mucin control. Little to no reduction in
CPE was observed with 0.5 wt % mucin.
In agreement with other studies, the porous surface of the

surgical mask had slightly less infectious virus overall as
compared to plastic, glass, and steel in both the plaque and
TCID50 assays (Figure 4C, Figures S18 and S19).

16−23 On this
material, the protective effects of mucin were tempered, and
only a 56% reduction in CPE was observed. We presume that
this is due to rapid dissolution of the aqueous virus solution
across the high surface area of the mask fibers. This would
prevent the mucin and virus from concentrating together as
effectively as on a hard surface where they can form the ring
structure shown in Figure 3. This could result in the reduction
of protective effects. Interestingly, a study on the survival of
influenza on paper currency indicated that infectivity was
higher with mucus than without84 which researchers presumed
was due to preventing desiccation of the virus.85 We did not
observe such an effect here.
Cross-Species Mucin−Virus Pair Does Not Offer

Infection Protection. We hypothesized that Neu5Ac- and
Neu5,9Ac-spike protein binding is responsible for the bulk of
the protective effects of bovine mucin against OC43 infection.
The loss of these effects and return of infectivity with an
application of sialidase-treated mucin support this hypothesis.
However, sialidase removes all forms of Sia, and therefore, we
cannot definitively confirm that the effects are due to Neu5Ac
and Neu5,9Ac. To probe this theory from another angle, we
investigated a murine β-CoV, mouse hepatitis virus (MHV).
MHV is reported as selective for Neu4,5Ac, which bovine
mucin has not been characterized to display, and MHV was
specifically reported to not bind to bovine mucin.86,87

Additionally, unlike OC43, MHV binds Sia via its HE protein
rather than spike and enters cells via a non-Sia target protein
(carcinoembryonic antigen-related cell adhesion molecule 1).65

We prepared plastic fomites with either the media control or
media + 0.5, 2.5, or 5.0 wt % mucin as previously described.
We also included an even higher concentration of 10.0 wt %
mucin, and we prepared samples with +2.5 wt % mucin−Sia or
mucinΔheat. MHV was rehydrated, and the solutions were
subjected to TCID50 assays with image analysis in murine
fibroblast L2 cells. As shown in Figure 4F and Figure S21, the

addition of any mucin form or in any concentration had no
effect on MHV infectivity, even at the highest 10 wt %
concentration. These data further support the hypothesis that
the protective effects of bovine mucin against OC43 are related
to Sia-specific spike binding.

■ CONCLUSION AND PERSPECTIVES

Mucins are at the forefront of epithelial defense. The classical
view of their mechanism of action is as a simple, hydrating
barrier both in mucus and at the cell surface within the
glycocalyx. However, in recent years, it has become apparent
that both mucin biophysics and biochemistry are dependent
upon small changes in their structures and glycoforms.46

Mucin glycan patterns are unique to each species and tissue
and dynamically respond to genetic, environmental, and
metabolic cues.49,50 We have now shown that mucins play a
role in defense against CoV infection in a manner dependent
upon their Sia glycans.
OC43 is a disease-causing human CoV that is structurally

related to the bovine CoV from which it originated. We found
that bovine mucins could inhibit OC43 infection but could not
inhibit infection by a mouse CoV, MHV. We speculate that
this is due to CoV binding of the species-specific Sia variants
found on the bovine mucin, but further work is required to
assign causality. Glycan characterization is a challenging field in
its own right, requiring specialized equipment and training.
Enzymatic removal of the Sia residues from the bovine mucins
eliminated their protective effects against OC43, but heat
denaturation did not. We also noted that free Sia in solution
offered little infection protection, indicating that the glycans
must be attached to the mucin peptide backbone for these
effects. This aligns with data indicating that free Neu5,9Ac can
bind to OC43 but does not induce fusogenic conformational
changes.56 Our own binding assays indicate that OC43 binds
directly to mucins in a glycan-dependent manner, and that a
disturbance of protein structure and glycan presentation and
orientation may disrupt binding.
We focused mainly on fomite transmission scenarios due to

real-world epidemiology data indicating low transmission by
this route conflicting with lab data reporting remarkably
prolonged CoV viability on surfaces. We suspect that mucins,
which had been largely ignored in laboratory models, are a
culprit in the discrepancy. We found that mucins are protective
against fomite transmission from many common touch surface
materials and that the effect does not diminish over time.
Mucins also inhibited infection in a mock direct contact
transmission experiment where the virus had never been dried.
In this case, cells were bathed in mucin solution to mimic the
mucosal tissue surface.
We suspect that these inhibitory effects are not unique to

OC43 since SARS-CoV, SARS-CoV-2, and MERS are all
reported to bind Sias.58,88,89 Cell entry of SARS-CoV-2 has
been shown to be mediated by cell-surface Sias, and the spike
protein can bind several human Sias.90,91 Interestingly, human
Sia levels and forms can vary with diet92 and with respiratory-
relevant diseases such as cystic fibrosis93 and lung cancer.94

CoV−Sia binding could potentially contribute to the
vulnerability of certain populations to infection or influence
superspreading phenomena.95 Collectively, these data indicate
that we are just scratching the surface of the complex
biochemical actions of the fascinating glycoprotein mucins
that broadly defend against infection.
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