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Background: The SARS-CoV-2 virus may have direct or indirect effects on other human 
organs beyond the respiratory system and including the liver, via binding of the spike protein. 
This study investigated the potential direct interactions with the liver by comparing the 
binding of SARS-CoV-2 spike proteins to human AT2-like cells, primary human hepatocytes 
and immortalized hepatocyte-like hybrid cells. Receptors with binding specificity for SARS- 
CoV-2 spike protein on AT2 cells and hepatocytes were identified.
Methods: The specific binding of biotinylated spike and spike 1 proteins to undifferentiated 
human E12 MLPC (E12), E12 differentiated alveolar type 2 (AT2) cells, primary human hepato-
cytes (PHH) and E12 human hepatocyte-like hybrid cells (HLC) was studied by confocal micro-
scopy. We investigated the expression of ACE-2, binding of biotinylated spike protein, biotinylated 
spike 1 and inhibition of binding by unlabeled spike protein, two neutralizing antibodies and an 
antibody directed against the hepatocyte asialoglycoprotein receptor 1 (ASGr1).
Results: E12 MLPC did not express ACE-2 and did not bind either of spike or spike 1 proteins. 
AT2-like cells expressed ACE-2 and bound both spike and spike 1. Both PHH and HLC did not 
express ACE-2 and did not bind spike 1 protein. However, both PHH and HLC actively bound 
the spike protein. Biotinylated spike protein binding was inhibited by unlabeled spike but not 
spike 1 protein on PHH and HLC. Two commercial neutralizing antibodies blocked the binding 
of the spike to PHH and HLC but only one blocked binding to AT2. An antibody to the 
hepatocyte ASGr1 blocked the binding of the spike protein to PHH and HLC.
Conclusion: The absence of ACE-2 receptors and inhibition of spike binding by an anti-
body to the ASGr1 on both PHH and HLC suggested that the spike protein interacts with the 
ASGr1. The differential antibody blocking of spike binding to AT2, PHH and HLC indicated 
that neutralizing activity of SARS-CoV-2 binding might involve additional mechanisms 
beyond RBD binding to ACE-2.
Keywords: asialoglycoprotein receptor, E12 MLPC, SARS-CoV-2, AT2, human 
hepatocytes, spike proteins

Introduction
SARS-CoV-2 is the virus responsible for the COVID-19 pandemic and its dama-
ging effects on both health and economics worldwide. Transmission and pathology 
of the virus appears to be mediated through the respiratory system via interaction of 
the viral spike protein with the ACE-2 receptor1–3 differentially presented on 
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various cells within the respiratory system.4,5 Expression 
of ACE-2 has been reported on lung alveolar epithelial 
cells, enterocytes of the small intestine, circulatory 
endothelial cells, arterial smooth muscle cells,6 adipose 
tissue, bone marrow, duodenum, endometrium, heart, kid-
ney, testis, and thyroid7 suggesting a potential direct effect 
of COVID-19 on those tissues. Additionally, infection 
with COVID-19 has been associated with significant 
liver injuries and altered liver function tests.8

Alterations in liver function have been attributed to 
secondary effects of cytokine cascade, hypoxia, underlying 
liver disease,9–11 or infection of ACE-2 positive 
cholangiocytes.12 There have also been reports of corona-
virus particles in hepatocytes without a defined mechanism 
for infection.13

In a recent report studying the receptome of spike 
binding, ACE-2 was confirmed as the primary receptor 
for the spike protein via the binding domain (RBD) on 
the spike 1 portion of the molecule and the N-terminal- 
domain as the sites critical for virus–host interaction.14 

Additionally, the report described binding of the spike 
protein with ectopically expressed ASGR1 and 
KREMEN1 in transfected non-liver cells. The results 
strongly suggested the existence of additional entry points 
into cells for the SARS-CoV-2 virus via the spike protein. 
Differences in primary infection sites and clinical mani-
festations of SARS-CoV and SARS-CoV-2, both utilizing 
ACE-2 as the primary site of cellular infection, suggested 
that other cellular receptors may be involved in SARS- 
CoV-2 host interactions.14

E12 TERT-immortalized multi-lineage progenitor cells 
(MLPC) derived from human umbilical cord blood have 
been differentiated into immortalized AT2-like cells (AT2) 
(manuscript submitted) and fused directly with primary 
human hepatocytes to create immortalized hepatocyte- 
like cells (HLC).15 The resultant E12 AT2-like cells 
expressed the characteristics of small airway epithelial 
cells associated with alveolar type 2 cells and not alveolar 
type 1 cells. The E12/PHH fusion cells (HLC) expressed 
the characteristics of fully mature and highly differentiated 
hepatocytes.15

This report studied the interactions of the SARS-CoV-2 
spike protein with potential receptors on human cord 
blood-derived MLPC differentiated AT2, HLC and pri-
mary human hepatocytes (PHH) by confocal analysis. 
The characteristics of spike protein binding were exam-
ined using biotinylated spike proteins and blockade of 
binding by un-labeled spike proteins, spike protein- 

directed neutralizing antibodies and an antibody directed 
against the hepatocyte surface membrane asialoglycopro-
tein receptor 1 (ASGr1). The results suggested that bind-
ing and inhibition analyses can be used to assess the 
potential mechanisms of viral host cell interactions with 
a myriad of different target cells in the body, but also to 
assess therapeutics designed to inhibit that binding.

Immortalized AT2 and HLC could provide accurate 
and reproducible tools to study the differential virus–host 
interactions between these targets of COVID-19 infection 
and aid in the development of therapeutics designed to 
inhibit binding and infection by the SARS-CoV-2 virus. 
In addition, the potential binding of spike protein to the 
ASGr1 on hepatocytes suggested a mechanism of viral 
entry via the clathrin-coated pit receptor-mediated path-
way and direct injury to the liver.16,17

Methods and Materials
E12 Multi-Lineage Progenitor Cells 
(MLPC)
MLPC are multi-potent non-hematopoietic stem cells iso-
lated from human umbilical cord blood.15 Umbilical cord 
blood was collected as part of an FDA submission to 
market PrepaCyte-CB, a product to de-bulk cord blood 
for cryo-banking and transplantation. IRB approval of the 
studies was conducted by the University of Minnesota, the 
Saint Louis Cord Blood Bank and by Quorum Review 
Protocol #800, March 3, 2005. The cord blood samples 
were collected by the American Red Cross Cord Blood 
Program (Saint Paul, Minnesota) and Ridgeview Medical 
Center (Waconia, MN). Donations were collected with 
donor consent for research use only.

Briefly, isolated leukocytes were incubated overnight in 
MSCGM (PT-4105, Lonza, Walkerville, MD) after which non- 
adherent cells were removed. Cells were cultured in MSCGM 
until 80–90% of cells had a fibroblastic morphology. These 
cells were transfected with the gene for TERT, as previously 
described15 and were cloned by limited dilution. The E12 clone 
was selected for both immortality and differentiating potential. 
The E12 MLPC, expanded and cryopreserved for over 14 
years, were used as undifferentiated control cells and as the 
source of cells for the development of the AT2-like cells and 
the fusion partner in the development of MLPC/hepatocyte 
hybrid cells.15 For confocal analysis, E12 cells (106/mL in 
MSCGM, 200 μL per well) were plated in non-coated 16 
well chamber slides (Nalge, Nunc International, Rochester, 
NY) and allowed to attach overnight before use in the analysis.
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Alveolar Type 2-Like Cells (AT2)
AT2-like cells were developed from the differentiation of E12 
MLPC. Briefly, E12 cells (3 x 105 cells/mL) in MSCGM were 
added to non-coated tissue culture vessels and allowed to 
attach overnight. Medium was then exchanged with SAGM 
(SAGM, Lonza, Walkerville, MD, cat # 3118) and allowed to 
culture for 8–14 days with 3 medium changes per week. Upon 
achieving 70% confluence, cells were harvested by treatment 
with Tryp-LE (12605–028, Life Technologies, Grand Island, 
NY) allowed to dissociate from the culture vessel and used for 
confocal analysis, as a positive control for binding spike 
proteins and ACE-2 expression. Cells (106/mL in SAGM, 
200 μL per well) were plated in non-coated 16 well chamber 
slides and allowed to adhere overnight prior to confocal 
analysis.

Hepatocyte-Like Cells (HLC)
Hepatocyte-like fusion cells were created by the fusion of E12 
MLPC with primary human hepatocytes, as previously 
described.15 Equal numbers of E12 MLPC and primary hepa-
tocytes were fused using 50% polyethylene glycol in RMPI + 
0.01% EDTA. Resultant cells were plated into collagen-coated 
75 cm2 tissue culture flasks and were cultured for 7 days in 
RPMI + 20% FBS. After 7 days, non-fused PHH were no 
longer viable and did not contribute to the HLC cell lines. 
HLC were examined for hepatocyte-specific markers includ-
ing albumin and urea production. HLC were demonstrated to 
express markers and production consistent with fully mature 
and well-differentiated hepatocytes. HLC (106/mL in hepato-
cyte expansion medium, 200 μL per well) were plated in 
collagen-coated 16 well chamber slides and were allowed to 
adhere overnight prior to confocal analysis. Hepatocyte expan-
sion medium consisted of Williams Medium E supplemented 
with 2% fatty acid-free BSA (Sigma, A7030), 1% ITS solution 
(Lonza, 17–838Z), 5mM hydrocortisone 21-hemisuccinate 
(Sigma, H2270) and glutamax (35050, Gibco) supplemented 
with FGF basic (20 ng/mL) (233-FB), FGF-4 (20 ng/mL) 
(7460-F4), HFG (40 ng/mL) (294-HG), SCF (40 ng/mL) 
(255-SC), Oncostatin M (20 ng/mL) (295-OM), BMP-4 (20 
ng/mL) (314-BP), EGF (40 ng/mL) (236-EG) and IL-1β (20 
ng/mL)(201-LB) all from R&D Systems (Minneapolis, MN).

Primary Human Hepatocytes (PHH)
Cryo-preserved primary human hepatocytes and media 
were obtained from Zenotech (Kansas City, KS). Cells 
were thawed with OptiThaw medium and enumerated 
with OptiCount medium in a standard hemacytometer. 

Hepatocytes were diluted to a final concentration of 106 

cells/mL of OptiPlate medium and were plated in col-
lagen-coated 16 well chamber slides at 200 μL per well. 
After 4 hours of plating, the medium was changed to 
OptiCulture medium to allow overnight attachment and 
spread of cells prior to confocal analysis.

Confocal Immunofluorescent Analysis
Cells were prepared for staining with antibodies and 
binding of spike proteins by fixing the cells in 1% for-
maldehyde for 1 hour. Cells were then washed x 2 with 
PermaCyte permeabilization medium (WBP-1000, 
CMDG, St. Paul, MN). All staining took place in the 
presence of PermaCyte. Cells were incubated with an 
unlabeled primary antibody (100 ng) for 30 minutes at 
room temperature. ACE-2 (labeled with alexa 594, 
FAB9332T), albumin (MAB1456) and asialoglycopro-
tein receptor 1 (MAB4394) antibodies were obtained 
from R&D Systems (Minneapolis, MN). Unbound anti-
body was removed by washing with PermaCyte and the 
cells were counterstained with a secondary antibody 
specific for mouse (A-11005) antibody labelled with 
Alexa 594 dye (Life Technologies, (Eugene, OR)). 
Marker expression was confirmed by positive staining 
when compared to cells stained with antibody isotype 
controls (QTC1000, CMDG, St. Paul, MN). The nuclei 
of the cells were visualized by staining with DAPI.

The binding of SARS-CoV-2 spike and spike 1 proteins 
was analyzed by confocal microscopy using biotinylated 
spike proteins. Cells were prepared as described above. 
Cells were labelled with 250 ng of either biotinylated spike 
(RBD) (SPD-C8E9, ACROBiosystems, Newark, DE) or 
biotinylated spike 1 protein (SIN-C82E8, 
ACROBiosystems) for 30 minutes. Unbound spike proteins 
were removed by washing cells twice with PermaCyte med-
ium. Bound spike proteins were visualized by secondary 
staining with streptavidin-alexa 594 (S11227 Life 
Technologies). Cells were counterstained with DAPI to 
visualize the nuclei.

Specificity of biotinylated spike proteins binding to the 
cells was confirmed by blockade of binding by a 5 molar 
excess of unlabeled spike protein. Cells were prepared as 
per the confocal analysis of antibody binding. Cells were 
incubated with 1.25 μg of unlabeled spike protein 
(ACROBiosystems, SPD-S52H6) or spike 1 protein 
(ACROBiosystems, S1N-C52H3) for 1 hour. Without 
washing the unbound unlabeled spike protein, biotinylated 
spike and spike 1 proteins were added to the cells and 
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incubated for 30 minutes. Cells were washed twice with 
PermaCyte medium to remove any unbound proteins. 
Bound biotinylated spike proteins were observed by sec-
ondary labeling with streptavidin-alexa 594. Cells were 
counterstained with DAPI to visualize the nucleus.

The effects of antibodies on the binding of the spike 
proteins to the cells were examined using two commer-
cially available neutralizing antibodies obtained from 
ACROBiosystems (SAD-S35) and Novatein Biosystems 
(PR-nCOV-mABS1, Boston, MA) and the ASGr1- 
specific antibody (R&D Systems). One μg of either neu-
tralizing antibody was preincubated with the spike protein 
for one hour prior to the addition of the mixture to the cells 
prepared as described for binding of the spike proteins. 
The ASGr1 antibody (300 ng) was preincubated with cells 
prior to the addition of the spike protein. Visualization of 
the binding of biotinylated spike protein was accomplished 
by secondary staining with streptavidin-alexa 594. The 
nuclei of the cells were visualized with DAPI.

Cells were analyzed on the Olympus Fluoview 1000 
confocal microscope. The confocal images in Figures 1–4 
are representative of at least 3 studies done on different days.

Results
Binding of Spike Proteins to AT2-Like 
Cells
In a parallel study that surveyed the differentiation of E12 
MLPC to AT2-like cells, it was demonstrated that AT2-like 
cells were positive for markers associated with AT2 cells 
(surfactant protein C, ACE2, TM4SF1, HT2-280), negative 
for markers associated with AT1 cells (AGER, caveolin 1 
and aquaporin) and positive for markers not unique to AT2 
cells but known to be expressed on AT2 cells (CK19, CD26 
and EpCAM). These results were identical to primary small 
airway epithelial cells. Both cell types were also shown to 
bind spike and spike 1 proteins. Biotinylated spike proteins 
could be blocked by unlabeled spike protein (RBD). Pre- 
incubation with neutralizing antibodies prevented the bind-
ing of biotinylated spike protein by the ACROBiosystems 
neutralizing antibody, but not the Novatein antibody. 
Expressions of ACE-2, spike protein binding and inhibition 
were repeated for this study to confirm the involvement of the 
ACE-2 receptor (Figure 1).

Expression of ACE-2, ASGr1 and Albumin
The expressions of ACE-2, ASGr1 and albumin in control 
E12 MLPC, HLC and PHH were studied by antibody 

staining. E12 MLPC were shown to be negative for 
ACE-2, ASGr1 and albumin expression. In contrast, 
ASGr1 and albumin were shown to be strongly expressed 
by both HLC and PHH. ACE-2 was not detectible in either 
cell type (Figure 2).

Binding of Spike Protein
The ability of E12 MLPC, HLC and PHH to bind spike 
and spike 1 proteins was studied using biotinylated spike 
proteins. E12 MLPC were unable to bind either spike or 
spike 1 proteins. HLC and PHH were able to bind spike 
protein but not spike 1 protein. The binding of biotinylated 
spike protein could be blocked by pre-incubation with 
unlabeled spike protein (Figure 3). The binding of bioti-
nylated spike protein could not be blocked by spike 1, but 
could be blocked by ACROBiosystems and Novatein neu-
tralizing antibodies and also an antibody directed against 
the ASGr1 (Figure 4).

Discussion
It is critical to elucidate the mechanisms of virus/host 
interactions of the SARS-CoV-2 for the development of 
therapeutics designed to inhibit the binding and internali-
zation of the virus to a myriad of cell types. The over-
arching strategy for the development of vaccines or 
therapeutics has involved the interaction between the S1 
portion of the viral spike protein and the ACE-2 cellular 
receptor found in the respiratory tract and in various other 
tissues.4–7 Differences in transmission, pathology and 
organ involvement between SARS-CoV and SARS-CoV 
-2 (both dependent upon ACE-2 binding) suggested that 
additional receptors may contribute to the attachment and 
internalization of the SARS-CoV-2 virus14 in both the 
respiratory lungs and other organ systems.

The potential infection of tissues that are ACE-2 nega-
tive has spurred the search for additional receptor interac-
tions of the spike protein. Some of these potential spike 
protein receptor targets include neuropilin-1,18 ASGR1 
and KREMEN1.14 The observation of SARS-CoV-2 parti-
cles in hepatocytes8 and the robust expression of ASGr1 
receptors and neuropilin-1 on hepatocytes suggested that 
altered liver function associated with COVID-19 infection 
may be directly caused by infection with the virus and 
mediated by binding to one or both receptors.

We investigated the potential virus: receptor inter-
actions via the spike protein using fluorescent confocal 
microscopy and biotinylated spike (RBD) and spike 1 
proteins. In a parallel study, E12 MLPC were 
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differentiated to AT2-like cells (manuscript submitted). 
These cells expressed markers associated with AT2 
cells (surfactant protein C, ACE2, TM4SF1, HT2- 

280), negative for markers associated with AT1 cells 
(AGER, caveolin 1 and aquaporin) and positive for 
markers not unique to AT2 cells but known to be 

Figure 1 Biotinylated spike and spike 1 protein binding to E12 differentiated AT2-like cells and inhibition by unlabeled spike protein and neutralizing antibodies. Bound 
biotinylated spike proteins were visualized by sequential labeling with streptavidin-alexa 594. Cells positive for binding are shown by red fluorescence. Blue nuclei were 
visualized by counterstaining with DAPI. (A) Binding of biotinylated spike protein (containing RBD). (B) Inhibition of biotinylated spike protein binding by co-incubation with 
a 5 molar excess of unlabeled spike protein (RBD). (C) Binding of spike 1 protein. (D) Inhibition of biotinylated spike protein binding by preincubation with a neutralizing 
antibody from ACROBiosystems. (E) Lack of binding inhibition by neutralizing antibody from Novatein Bio. (F) Inhibition of biotinylated spike 1 binding by unlabeled spike 
(RBD) protein. 
Abbreviation: RBD, receptor-binding domain.

Figure 2 Expression of ACE-2, ASGr1 and serum albumin. Undifferentiated E12 MLPC data are shown in (A–D). E12 HLC fusion cell results are presented in (E–H). 
Primary human hepatocytes (PHH) are shown in (I–L). Cells were incubated with unlabeled primary antibody and sequentially stained with secondary antibody labeled with 
alexa-594. Positive binding is shown by red fluorescence. Blue nuclei were visualized by DAPI counterstaining. Figures (A, E and I) were stained with isotype control 
antibodies. Figures (B, F and J) were stained with antibody specific for ACE-2. Figures (C, G and K) were stained with antibody specific for the asialoglycoprotein receptor 1 
(ASGr1). Figures (D, H and L) were stained with antibody specific for serum albumin.
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expressed on AT2 cells (CK19, CD26 and EpCAM). 
These results were identical to primary small airway 
epithelial cells. The binding of biotinylated spike pro-
teins and specific blocking by unlabeled protein and 
neutralizing antibodies confirmed that the primary 
interaction of spike protein with AT2-like cells and 
primary small airway epithelial cells was via the S1 

portion of the protein with the ACE-2 receptor. We 
repeated those studies in support of our findings with 
the HLC and PHH. The differential inhibition of spike 
protein binding with two different antibodies suggested 
that viral neutralization could result from mechanisms 
other than direct inhibition of S1 (RBD) binding to 
ACE-2.

Figure 3 Undifferentiated E12 MLPC confocal microscopy is shown in (A–D). E12 HLC fusion cell data are presented in (E-H). Primary human hepatocytes (PHH) are 
shown in (I–L). Positive binding is indicated by red fluorescence. Blue nuclei were visualized with DAPI counterstaining. Figures (A, E and I) were labeled with Sav-594. 
Figures (B, F and J) were labeled with biotinylated spike protein followed by sequential staining with streptavidin-alexa 594. Figures (C, G and K) were labeled with 
biotinylated spike 1 protein followed by sequential staining with streptavidin-alexa 594. Figures (D, H and L) biotinylated spike protein binding was blocked by a 5 molar 
excess of unlabeled spike protein (RBD) followed by sequential staining with streptavidin-alexa 594.

Figure 4 Inhibition of biotinylated spike binding by neutralizing antibodies to spike 1, spike and ASGr1. E12 HLC fusion cell data are shown in (A–D). Primary human 
hepatocytes (PHH) are shown in (E–H). Positive binding of biotinylated spike proteins is shown by red fluorescence. Blue nuclei are visualized by counterstaining with DAPI. 
Figures (A and E) confocals show the inability of a 5 molar excess of unlabeled spike 1 protein to block the binding of biotinylated spike protein. Figures (B and F) show 
inhibition of binding of biotinylated spike protein by neutralizing antibody from ACROBiosystems. Figures (C and G) show binding inhibition of biotinylated spike protein by 
neutralizing antibody from Novatein Bio. Figures (D and H) demonstrate inhibition of any detectable binding of biotinylated spike protein by antibody specific for the 
hepatocyte membrane ASGr1.
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The characteristics of SARS-CoV-2 interactions with 
hepatocytes were studied by observing the binding of bioti-
nylated spike (RBD) and spike 1 proteins to HLC and PHH 
using the undifferentiated E12 as a known negative control. It 
was observed that HLC and PHH were both negative for 
ACE-2, precluding that as a potential site of viral binding. 
This was confirmed by the inability of the cells to bind S1 
protein. The binding of biotinylated spike protein and block-
ade by unlabeled spike protein on HLC and PHH suggested 
that the binding was specific, and via a mechanism distinct 
from ACE-2. The complete inhibition of spike binding by an 
antibody directed against the ASGr1 is strongly suggestive 
that ASGr1 is a binding site for the spike protein on hepato-
cytes. Interestingly, blockade of spike binding by both neu-
tralizing antibodies on HLC and PHH was distinct from AT2 
cells where inhibition occurred solely with the antibody that 
was directed against the RBD. This is suggestive of neutra-
lizing activity that can occur outside the RBD.

Utilization of multiple cell types to study the interactions 
of spike protein binding will help identify additional receptor 
pathways for infection with COVID-19. They could also 
provide a powerful tool to aid in the development of therapeu-
tics against multiple sites on the spike protein or receptors of 
the host cells. With the existent emergence of new variants and 
mutations of the SARS-CoV-2 exhibiting enhanced transmis-
sibility, it is especially important to expand our repertoire of 
cellular models to investigate the effects of the mutations on 
the binding characteristics of the virus to host cells. The 
availability of immortalized cells with the stable characteris-
tics of human alveolar type 2 cells and mature well- 
differentiated hepatocytes could provide an accurate and 
reproducible tool to effectively study the various virus–host 
interactions via spike proteins by providing potential viral 
receptors that are segregated according to cell type. We believe 
that AT2 and HLC provide such a tool.
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