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Genome-wide CRISPR screen reveals key role of sialic acids in 
PEDV and porcine coronavirus infections
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ABSTRACT Porcine epidemic diarrhea virus (PEDV) is a globally distributed alphacoro�
navirus with economic importance that can cause severe watery diarrhea and even 
death in piglets. To identify host factors essential for PEDV infection, we performed 
a genome-wide CRISPR/Cas9 screen in human hepatocellular carcinoma cells (Huh7) 
using the highly virulent PEDV GIIb strain GDU. Several genes involved in the sialic 
acid and heparan sulfate biosynthesis pathway and cholesterol metabolism were highly 
enriched following PEDV selection. We validated that the host factor ST3 beta-galacto�
side alpha-2,3-sialyltransferase 4 (ST3GAL4), which catalyzes the transfer of sialic acid to 
sugar chains via �2,3-linked linkages, is important for PEDV infection. To systematically 
investigate the role of sialic acid in PEDV infection, we knocked out genes related to 
sialic acid synthesis. This led to a reduced abundance of sialic acid on the cell surface, 
which in turn inhibited PEDV adsorption and internalization. Furthermore, we found that 
both �2,3-linked and �2,6-linked sialic acids can serve as cellular attachment factors for 
PEDV. We conducted a glycan microarray screen to determine which sialoglycans are 
preferred by the PEDV spike protein. The results revealed that PEDV favors binding to 
�2,3-sialoglycans. Additionally, we found that not only current circulating PEDV strains 
but also other porcine coronaviruses rely on sialic acid for e�cient infection. Collectively, 
our �ndings provide insights into critical host factors involved in PEDV infection and 
demonstrate that disrupting genes involved in sialic acid biosynthesis negatively a�ects 
the infectivity of multiple porcine enteric coronaviruses.

IMPORTANCE A wide range of viruses utilize sialic acid as receptors. Sialic acid binding 
may serve as a key determinant of viral host range. Di�erent viruses exhibit distinct 
preferences for speci�c types of sialic acid linkages. However, it remains unclear which 
speci�c subtypes of sialic acid are utilized during PEDV infection. In this study, we 
performed CRISPR-based genome-wide knockout screening and identi�ed ST3GAL4 as
a key host factor for PEDV infection. Furthermore, we found that both �2,3-linked and 
�2,6-linked sialic acids can function as attachment factors for PEDV infection. A glycan 
microarray screen revealed that PEDV S1 shows the strongest binding preference for 
�2,3-linked and �2,8-linked sialosides. Sialic acids were also implicated in infections by 
other porcine enteric coronaviruses. Overall, our �ndings advance our understanding of 
viral entry mechanisms of PEDV and other swine coronaviruses and may provide avenues 
for designing antiviral strategies.

KEYWORDS PEDV, sialic acid, ST3GAL4, ST6GAL1, SLC35A1, coronaviruses

P orcine epidemic diarrhea (PED) is a highly contagious intestinal disease caused by 
PED virus (PEDV), which is characterized by vomiting, watery diarrhea, dehydration, 

and anorexia (1, 2). PEDV a�ects piglets more severely than it a�ects adult pigs and 
causes severe diarrhea in newborn piglets, with mortality rates ranging from 80% to 
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study found that PEDV can be propagated in Huh7 cells without trypsin (-like) proteases 
(29), which facilitates the growth of signal cells. We performed CRISPR-based genome-
wide knockout (KO) screening to identify host factors required for PEDV infection using 
a highly virulent strain. The ST3GAL4 gene encoding the sialyltransferase of �2,3-linked 
sialic acid was among the top hits of the screen. KO of ST3GAL4 inhibited PEDV infection, 
indicating that ST3GAL4 is essential for e�cient infection by PEDV. Additionally, we 
found that PEDV can use �2,3-linked or �2,6-linked sialic acid as attachment factors and 
that removal of sialic acid inhibits the adsorption and internalization of PEDV. Our study 
further revealed that sialic acid enhances the entry of multiple coronaviruses into cells, 
suggesting that enzymes related to sialic acid biosynthesis could serve as targets for 
developing intervention strategies against porcine coronaviruses.

RESULTS

Genome-scale CRISPR screen identi�ed host dependency factors for PEDV 
infection

To identify key host factors essential in PEDV replication, we screened a lentiviral-medi�
ated genome-wide CRISPR screen in Cas9-expressing Huh7 cells that were mutagenized 
using a lentiviral gRNA library. For this screen, we performed three consecutive rounds of 
infection with a highly virulent PEDV (GDU strain, GIIb type) at an MOI of 0.1. Surviving 
cells were collected and single-guide RNA (sgRNA) sequences were PCR ampli�ed and 
subjected to next-generation sequencing (NGS) (Fig. 1A). The top 10 ranked sgRNAs were 
identi�ed by calculating the log2 fold change between control and surviving mutant 
cells. The top 10 most enriched genes after the third round of PEDV infection included 
SLC35B2, DHCR7, ST3GAL4, NDST1, DIPK2A, FOXA2, and PATZ1 (Fig. 1B). To identify the 
function of candidate PEDV-resistance genes, we conducted KEGG pathway enrichment 
analysis for top 50 ranked sgRNA targets. The analysis showed signi�cant enrichment 
of genes related to sialic acid and heparan sulfate biosynthesis, as well as ferroptosis, 
following PEDV selection (Fig. 1C). Based on the results of our screen, we selected four 
genes for further validation, prioritizing them according to their rankings in the analysis. 
Porcine kidney proximal tubular epithelial cells (LLC-PK1) stably expressing Cas9 protein 
were used to construct KO cell lines. Polyclonal KO cells were then infected with PEDV at 
an MOI of 0.1 on day 9 post-sgRNA transduction. The results showed that KO of ST3GAL4 
greatly inhibited PEDV infection (Fig. 1D). Moreover, we found that ST3GAL4 KO reduced 
both virus titers and viral RNA copies (Fig. 1E and F).

ST3GAL4 is an important host factor in PEDV infection

Since ST3GAL4 KO cells exhibited the strongest inhibition of PEDV replication, we 
constructed a clonal ST3GAL4 KO LLC-PK1 cell line. A four-base pair deletion was 
identi�ed at the sgRNA binding region compared to the wild-type (WT) sequence, 
verifying the KO of the ST3GAL4 gene in the cell line (Fig. 2A). To determine whether 
ST3GAL4 is required for PEDV replication, we constructed a ST3GAL4-KO-complement 
LLC-PK1 cell line, which stably expressed the ST3GAL4 gene (Fig. S1). Western blot 
analysis using a Flag-tag antibody con�rmed stable expression of ST3GAL4 in the 
complemented cells (Fig. 2B). No signi�cant di�erence was observed in cell viability 
among ST3GAL4 KO, complement, and WT cells (Fig. 2C). Knocking out ST3GAL4 
signi�cantly reduced virus titers after infection, while PEDV replication was fully restored 
upon ST3GAL4 complementation (Fig. 2D through F). These results demonstrate that 
ST3GAL4 is an important host factor for PEDV infection.

PEDV utilizes both �2,6-linked and �2,3-linked sialic acid to infect cells

Among the sialyltransferase proteins, ST3GAL4 catalyzes the transfer of sialic acid to 
sugar chains through �2,3-linked linkages. To assess which subtypes of sialic acid have 
high a�nity for PEDV infection, we constructed KO cells of sialic acid synthesis-related 
genes (SLC35A1 and ST6GAL1) and ST3GAL4/ST6GAL1 double KO LLC-PK1 cells 
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(ST3GAL4/ST6GAL1DKO) (Fig. 3A). Maackia amurensis lectin II (MAL II) speci�cally binds to 
�2,3-linked sialic acid, and Sambucus nigra lectin (SNA) preferentially binds �2,6-linked 
sialic acid. Lectin binding analysis revealed a signi�cant decrease in the synthesis of �2,3-
linked sialic acid between SLC35A1, ST3GAL4, and ST3GAL4/ST6GAL1DKO cells, and KO 
SLC35A1, ST6GAL1, and ST3GAL4/ST6GAL1DKO had a strong e�ect on the synthesis of 
�2,6-linked sialic acid (Fig. 3B). To evaluate PEDV infection, we performed immuno�uor-
escence assays targeting the PEDV-S1 and TCID50 assays for both WT and KO cells. 
Compared to control cells, all KO cell lines (ST3GAL4, SLC31A1, ST6GAL1, and ST3GAL4/
ST6GAL1DKO) showed signi�cantly reduced PEDV infection. Notably, the SLC35A1 KO and 
ST3GAL4/ST6GAL1DKO cells demonstrated the strongest inhibitory e�ects (Fig. 3C and D).

FIG 1 Genome-scale CRISPR screen identi�ed host dependency factors for PEDV infection. (A) Overview of CRISPR screen in 
Huh7 cells. (B) Scatter plots reveal sgRNA-targeted sequence frequencies and the enrichment in control cells versus cells that 
survived PEDV infection. (C) KEGG pathway enrichment analysis for the top 50 sgRNA targets from the third PEDV challenge 
rounds. (D) PEDV infection of control and gene (DIPK2A, STGAL4, FOXA2, and PATZ1) KO LLC-PK1 cells. Cells were infected with 
PEDV (MOI = 0.1), and PEDV-infected cells were visualized by immuno�uorescence using an S1-speci�c antibody. Scale bar 
= 100 �m. (E) TCID50 assay measuring PEDV titers in WT and KO LLC-PK1 cells. (F) qPCR quanti�cation of PEDV N RNA in WT 
and KO LLC-PK1 cells. P values were determined by two-tailed unpaired t-tests. Error bars represent standard deviations from 
three independent experimental replicates. ns, no signi�cant; *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001. Data are 
representative of at least three independent experiments.
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To further examine the role of �2,6-linked sialic acid, we constructed SLC35A1 and 
ST6GAL1 complementation cell lines, which stably expressed the SLC35A1-Flag and 
ST6GAL1-Flag gene (Fig. S1B and C). Western blot analysis using the Flag-tag antibody 
con�rmed successful expression (Fig. 3E). CCK-8 kit assay determined that neither KO nor
complementation of SLC35A1 or ST6GAL1 signi�cantly a�ected cell viability (Fig. S2A 
and B). Consistent with results from ST3GAL4 complementation, both SLC35A1 and 
ST6GAL1 complementation restored sensitivity to PEDV infection (Fig. 3F).

FIG 2 ST3GAL4 is an important host factor in PEDV infection. (A) Alignment of the nucleic acid sequences of WT and ST3GAL4 
KO LLC-PK1 cells. (B) Western blot analysis to detect the expression of ST3GAL4-�ag in ST3GAL4 KO LLC-PK1 and KO-ST3GAL4 
complement LLC-PK1 cells. (C) Cell viability detection in WT, ST3GAL4 KO, and KO-ST3GAL4 complement LLC-PK1 cells by 
a CCK-8 kit. (D) Immuno�uorescence assays for detection of the PEDV in WT, ST3GAL4 KO, and KO-ST3GAL4 complement 
LLC-PK1 cells following infection with PEDV (MOI = 0.1) at 24 hpi. Scale bar, 100 �m. (E) The viral titers of PEDV in WT, ST3GAL4 
KO, and KO-ST3GAL4 complement LLC-PK1 cells infected with PEDV (MOI = 0.1) at 24 hpi were evaluated by TCID50 assay. 
(F) One-step growth curves of WT, ST3GAL4 KO, and KO-ST3GAL4 complement LLC-PK1 cells infected with PEDV (MOI = 0.1) 
measured by TCID50 assay. P values were determined by two-tailed unpaired t-tests. Error bars represent standard deviations 
from three independent experimental replicates. ns, no signi�cant; *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001. Data 
are representative of at least three independent experiments.
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FIG 3 PEDV can use both �2,6-linked and �2,3-linked sialic acid to infect cells. (A) Alignment of the 
nucleic acid sequences of WT, SLC35A1, and ST6GAL1 knockout (KO) cells. (B) MAL II (binds to Sia-�2,3-
galactose-GlcNAc) staining of WT and KO cells. SNA (binds to Sia-�2,6-galactose-GlcNAc) staining of WT 
and KO cells. Scale bar, 100 �m. (C) Immuno�uorescence assays for detection of the PEDV in WT and 
KO cells following infection with PEDV (MOI = 0.1) at 24 hpi. Scale bar, 100 �m. (D) PEDV titers in WT 
and KO cells infected with PEDV (MOI = 0.1) at 24 hpi were evaluated by TCID50 assay. (E) Western blot 
analysis to detect the expression of SLC35A1-Flag in SLC35A1-KO and KO-SLC35A1 complement LLC-PK1 
cells. Western blot analysis to detect the expression of ST6GAL1-Flag in ST6GAL1-KO and KO-ST6GAL1 
complement LLC-PK1 cells. (F) One-step growth curves of WT, SLC35A1 KO, KO-SLC35A1 complement, 
ST6GAL1 KO, and KO-ST6GAL1 complement LLC-PK1 cells infected with PEDV (MOI = 0.1) measured by 
TCID50 assay. (G) Immuno�uorescence assays for detection of the PEDV-S1 protein in cells following 
infection with PEDV (MOI = 0.2) at 24 hpi. Scale bar, 100 �m. (H) PEDV titers in cells infected with PEDV 
(MOI = 0.2) at 24 hpi were evaluated by TCID50 assay. P values were determined by two-tailed unpaired 
(Continued on next page)
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DISCUSSION

PEDV is a highly contagious swine virus that has caused signi�cant economic damage to 
the pig industry since the emergence of more virulent strains in 2013. In this study, we 
conducted a genome-wide CRISPR/Cas9 screen to identify essential host factors that 
contribute to infection of such a highly virulent PEDV strain. Results from the screen and 
subsequent analysis highlighted that several genes involved in sialic acid synthesis,
including ST3GAL4, ST6GAL1, and SLC35A1, are important for viral infection.

Sialic acids play a signi�cant role in the infection process of various coronaviruses, 
including PEDV (11, 13). Modi�cations as well as glycan linkage of sialic acids can 

FIG 5 PEDV spike protein preferably binds �2,3-linked and �2,8-linked sialic acid. (A) The synthetic glycans 1�24 were used for 
microarray screening of the binding with PEDV S1. (B) Glycan microarray screen to identify which type of sialic acid for PEDV S1 
binds. The average relative �uorescence value (RFU) was calculated by four independent replicates on the glycan microarray 
after the removal of the highest and lowest signals. The error bars indicate the standard deviation (SD) of RFU.
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FIG 6 �2,3-linked and �2,6-linked sialic acids are essential for multiple coronaviruses infection. (A) Immuno�uorescence 
assays (IFAs) for detection of the PEDV-S1 protein in WT and KO LLC-PK1 cells infected with PEDV(GII-b) (MOI = 0.1 at 24 hpi). 
Scale bar, 100 �m. Viral titers were measured by TCID50 assay. (B) IFAs for detection of the PEDV-S1 protein in WT and KO 
LLC-PK1 cells infected with PEDV(GII-c) (MOI = 0.1 at 24 hpi). Scale bar, 100 �m. Viral titers were measured by TCID50 assay. 
(C) IFAs for detection of the PDCoV-S1 protein in WT and KO LLC-PK1 cells infected with PDCoV (MOI = 0.1 at 24 hpi). Scale bar, 
100 �m. Viral titers were measured by TCID50 assay. (D) IFAs for detection of the TGEV-S1 protein in WT and KO LLC-PK1 cells 
infected with TGEV (MOI = 0.1 at 24 hpi). Scale bar, 100 �m. Viral titers were measured by TCID50 assay. (E) IFAs for detection of 
the GFP protein in WT and KO LLC-PK1 cells infected with SADS-GFP (MOI = 0.1 at 24 hpi). Scale bar, 100 �m. Viral titers were 
measured by TCID50 assay. (F) Proposed model illustrating the di�erent steps in synthesis of Sia and sialylated glycans. PEDV 
can use both �2,6-linked and �2,3-linked sialic acid to infect cells. P values were determined by two-tailed unpaired t-tests. 
Error bars represent standard deviations from three independent experimental replicates. ns, no signi�cant; *P < 0.05; **P < 
0.01; ***P < 0.001; and ****P < 0.0001. Data are representative of at least three independent experiments.
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determine speci�city of virus binding. Human IAVs have a greater a�nity for �2,6-linked 
sialic acid (32), while avian IAVs are more inclined to use �2,3-linked sialic acid (33). Swine 
IAVs have a high a�nity for both �2,3-linked and �2,6-linked sialic acid (24). We here 
demonstrate that PEDV can use both �2,3-linked and �2,6-linked sialic acids as receptors 
for infection. Through gene KO experiments, we observed that reducing sialic acid levels 
on the cell surface strongly suppressed PEDV infection. Interestingly, while both �2,3-
linked and �2,6-linked sialic acids are implicated in PEDV infection, the double KO of 
ST3GAL4 and ST6GAL1, as well as the depletion of SLC35A1, which impacts both types of 
sialic acid, had the most substantial e�ect on virus binding, internalization, and infection, 
suggesting that PEDV may exploit multiple sialic acid subtypes to facilitate infection.

Interestingly, we found that the PEDV replication was decreased in SLC35A1 KO cells 
pretreated with 3Fax-Neu5Ac compared to those pretreated with DMSO. This suggests 
that additional mechanisms may exist to reduce PEDV infection in a sialic acid-independ�
ent manner. Wang et al. reported that KO of SLC35A1 led to abnormal expression of 
multiple glycoproteins, including downregulation of pAPN and ACE2 (34), indicating that 
SLC35A1 KO may exert an antiviral e�ect beyond those mediated by sialic acid. Although 
KO of sialic acid synthesis-related genes signi�cantly suppressed infection, it did not 
completely block virus entry. This suggests that sialic acids function as auxiliary receptors 
rather than primary receptors, similar to what has been observed for other coronaviruses 
including MERS-CoV and TGEV (35, 36). Binding to sialoglycan binding may promote 
virus binding to the cell surface either directly or indirectly. Structural studies on OC43 
have shown that sialoglycan binding may trigger opening of the spike protein which 
enables binding to a proteinaceous receptor (37). The structural implications of sialic acid 
binding on the PEDV spike protein dynamics remain to be explored.

Glycan microarray screening showed that PEDV S1 preferentially binds to �2,3-linked 
and �2,8-linked sialic acids, rather than the �2,6 type. However, we also found that 
both �2,3-linked and �2,6-linked sialic acids are implicated in the entry of PEDV and 
PEDV-S pseudovirus. We propose that low-a�nity sialic acids can e�ciently enhance 
PEDV binding and entry. Supporting this, Liu et al. showed that low-a�nity �2,6-linked 
sialic acids facilitate avian IAV binding and entry by hetero-multivalent interactions (38). 
The role of low-a�nity sialic acid types in PEDV entry needs to be further explored.

The use of sialoglycans for PEDV infection may be strain dependent and is particularly 
associated with virulent strains of the non-S-Indel type (39). We found that two recent 
PEDV strains, GII-b and GII-c, prevalent in China from 2020 to 2023, can utilize both types 
of sialic acids, similar to the PEDV-GDU strain.

In addition, our �ndings, along with previous studies (27, 40, 41), show that sialic 
acids are involved in the infection of other porcine coronaviruses. Targeting sialic acid 
biosynthesis pathways may inform future e�orts aimed at developing antiviral strategies.

MATERIALS AND METHODS

Cells and virus

Human embryonic kidney 293 cells stably expressing the SV40 large T antigen 
(HEK-293T), African green monkey kidney epithelial cells (Vero), Porcine kidney proximal 
tubular epithelial cells (LLC-PK1), and swine testicular (ST) cells were purchased from 
ATCC. All cells were maintained in Dulbecco�s modi�ed Eagle medium (Gibco, Shanghai, 
China) supplemented with 10% heat-inactivated fetal bovine serum and 1% penicil�
lin/streptomycin (Cat#15140122, Gibco, Shanghai, China) were incubated at 37�C with 
5% CO2.

The following viruses were used: the virulent PEDV strain GDU (GenBank acces�
sion number KU985230), the PDCoV strain (GenBank accession number MF095123.1), 
the TGEV strain WH-1 (GenBank accession number HQ462571.1), and SADS-GFP was 
kindly provided by Dr. Yao-Wei Huang (42). PEDV strain (GII-b: PP472643.1 and GII-c: 
PP472642.1) were isolated from our laboratory. The PEDV and SADS-GFP strain was 
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propagated in Vero cells in the presence of 10 �g/mL trypsin, and the PDCoV strain was 
propagated in LLC-PK1 cells in the presence of 5 �g/mL trypsin.

Reagents and antibodies

Mouse anti-PEDV-S1, Flag tag, PDCoV-S1, and TGEV-S1 monoclonal antibodies were 
prepared in our laboratory. Antibodies and dyes were purchased, including Alexa
Fluor 488 Donkey anti-Mouse IgG (antGene, Wuhan, China), DAPI and Hoechst (Beyo�
time, Shanghai, China), FITC-labeled SNA and FITC-labeled MAL II lectins (Vector Lab, 
Burlingame, USA).

Genome-wide CRISPR/Cas9 library screen

Genome-wide sgRNA library was generated by �260,000 unique sgRNA in Huh7-Cas9 
cells as described before (43). The coverage of genome-wide sgRNA library was >400-
fold (44). For the genome-wide CRISPR screening assays, ~100 million Huh7-Cas9 library 
cells were infected with PEDV at an MOI of 0.1. At 21 days after infection, the surviving 
cells were expanded for NGS analysis and the next round of infection.

Lentivirus preparation

Lentiviral vector, pMD2.G,, and psPAX2 plasmid were co-transfected in HEK 293T cells via 
jetPRIME transfection reagent (Polyplus, Paris, France) according to the manufacturer�s 
instructions. After 48 h postinfection (hpi) of transfection, the supernatant was collected 
and stored at �80�C.

Generation of KO cell lines

All the sgRNAs used in this experiment were designed according to the dedicated 
website (http://crispor.tefor.net/crispor.py). The sgRNA sequence targeting the target 
genes was cloned and inserted into the LentiGuide-Puro vector to produce the 
recombinant lentivirus. LLC-PK1-Cas9 cells were infected with LentiGuide-Puro lentivirus, 
and puromycin (2.5 �g/mL) was added to select the positive cells at 24 hpi. We used the 
serial dilution method to select monoclonal cells. All primers used are listed in Table S1.

Cell viability assay

A colorimetric-based cell counting kit-8 (CCK-8) assay (Dojindo Molecular Technologies, 
Rockville, MD, USA) was used to determine cell viability. In brief, control and KO cells 
were seeded in 96-well plates, and then 10 �L of CCK-8 reagent was added to each well 
at 12, 24, and 36 h. The plates were incubated in a 37�C constant temperature incubator 
for 4 h, and the absorbance at 450 nm was measured with a microplate reader.

TCID50 and plaque assays

The stock virus was serially diluted to inoculate con�uent Vero cell monolayers and 
grown in 96-well plates. The cell monolayer was washed three times with PBS before 
infection with 100 �L of the virus. Eight replicate wells were inoculated for each dilution, 
and the plates were incubated at 37�C with 5% CO2 for 2 days. The viral titers were 
calculated by using the Reed-Muench method and are expressed as TCID50 per milliliter.

IFA

The cells were gently washed in PBS and then �xed with 4% paraformaldehyde for 
10 min at room temperature. This was followed by a permeabilization step using ice-cold 
0.1% Triton X-100 was added for 15 min at room temperature. Then, the samples 
were washed three times with PBS, and the cells were then blocked with 3% bovine 
serum albumin (BSA) in PBS for 30 min at room temperature. Afterward, the cells were 
incubated with an anti-PEDV spike antibody in PBS for 1 hpi at 37�C, followed by three 
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Glycan microarray printing and screening

The synthetic ganglioside glycans 1�24 (100 �M) were dissolved in sodium phosphate 
bu�er (pH 8.5, 250 mM) and printed in replicates of six with spot volume ~400 pl at 
55% humidity (47). The slides were incubated overnight in a saturated NaCl chamber (an 
incubation chamber with 75% relative humidity, maintained by saturated NaCl-soaked 
cotton), followed by quenching with 50 mM ethanolamine in a Tris bu�er (pH 9.0, 
100 mM). The blocked slides were dried by centrifugation and kept in a desiccator at 
room temperature prior to use. Microarray slides were blocked with TSM blocking bu�er 
(20 mM Tris Cl, pH 7.4, 150 mM NaCl, 2 mM CaCl2, 2 mM MgCl2, 0.1% Tween-20, and 
5% skimmed milk). Puri�ed pA-LS and PEDV-S1-Fc were uniformly mixed according to a 
molar ratio of 1:1 and incubated for 30 min on ice, and then empty pA-LS nanoparticles 
or nanoparticles complexed with PEDV-S1-Fc were incubated for 120 min at 4�C in TSM 
binding bu�er (20 mM Tris Cl, pH 7.4, 150 mM NaCl, 2 mM CaCl2, 2 mM MgCl2, 0.05% 
Tween, and 1% BSA) on the microarray slides. After two repeated washes with TSM 
washing bu�er (20 mM Tris-Cl, 150 mM NaCl, 2 mM CaCl2, 2 mM MgCl2, and 0.05% 
Tween) and TSM bu�er (20 mM Tris-Cl, pH 7.4, 150 mM NaCl, 2 mM CaCl2, and 2 mM 
MgCl2) respectively, the subarrays were incubated with 100 �L StrepMAB-Classic DY-649 
(diluted 1:200 in TSM binding bu�er) and washed with TSM washing bu�er, TSM bu�er,
and deionized water. The resulting array slides were scanned for �uorescence on an 
InnoScan 710 Microarray Scanner. The data were processed with Mapix software and 
further analyzed using IBM SPSS 19 (SPSS Inc.). Relative �uorescence values (RFUs) were 
calculated by averaging four independent replicates (corrected for mean background) on 
the glycan array after removal of the highest and lowest signals.

Statistical analysis

All the statistical analyses, except for the genetic screening and single-cell sequencing 
data, were performed using GraphPad Prism software. Two-tailed unpaired t-tests were 
used to compare two unpaired groups. The data were analyzed for normality and log 
(normal distribution) using the Kolmogorov�Smirnov test before analysis of variance was 
applied. All analyses were performed at a threshold � level of 0.05. The speci�c statistical 
tests used for each data set are mentioned in the respective �gure captions, as well as 
any data transformation that was applied. All measurements were taken from distinct 
samples.
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