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Dear Editor,
Identifying the host factors that are utilized for virus infection and 
mapping their cell-type expression profile can help to understand 
the viral tissue/organ tropism and pathogenesis. Much effort has 
been devoted to the identification of SARS-CoV-2 infection-de-
pendent host factors. CRISPR-based activation (Konermann 
et al., 2015), the up-expression of a virus-dependent host gene 
through the recruitment of specific transcriptional activators to 
the promoter, as a gain of function strategy, may facilitate the 
virus infection. In this study, we performed the genome-scale 
CRISPR activation screen, as a complementary method to previ-
ous knockout screens, for SARS-CoV-2 in HeLa cells that express 
a minimal level of receptor ACE2. The cell library was infected 
with single-round virus replication particles SARS-CoV-2 GFP/ΔN 
trVLP (Ju et al., 2021), and the GFP positive cells were sorted for 
genomic DNA extraction, sgRNA sequencing, and data analysis 
(Table S1). The top candidates from the screen were determined 
according to their MAGeCK score (Fig. 1A). In addition to the 
critically important cellular receptor ACE2 and serine protease 
TMPRSS2, some other host factors that are known for promoting 
the SARS-CoV-2 infection, such as the DC-SIGN (CD209; Thepaut 
et al., 2021) and ITGA5 (Integrin Subunit Alpha 5; Bristow et al., 
2020; Sigrist et al., 2020; Beddingfield et al., 2021), were identified, 
confirming the utility of the screening strategy. It was noteworthy 
that SIGLEC1 (Sialic Acid Binding Ig Like Lectin 1), which belongs 

to the C-type lectin family, is the most significantly enriched host 
gene. Gene ontology enrichment analysis of the top 100 genes 
revealed that most of the genes were related to virus life cycle, 
especially viral entry or receptors (Fig. S1). Some genes that regu-
late the metabolic response were also identified (Fig. S1).

Validation experiments using individual sgRNAs to activate 
the endogenous protein expression indicated that ITGA5, ACE2, 
and SIGLEC1 increase the SARS-CoV-2 infection over 20-fold when 
compared to the control cells (Fig. 1B). The upregulation of sur-
face SIGLEC1 protein and cellular mRNA was confirmed by flow 
cytometry and RT-qPCR respectively (Fig. S2A and S2B). Besides the 
known DC-SIGN, three novel factors, cholesterol-binding protein 
PROM2 (Prominin 2; Florek et al., 2007), ATPase CARNS1 (ATPGD1, 
Carnosine Synthase 1; Drozak et al., 2010), and FAM193A (Family 
With Sequence Similarity 193 Member A) with no clear biological 
functions, also significantly enhanced the virus infection (Fig. 1B).

As the SIGLEC1 is the top hit on our screen, and to further ver-
ify if the SIGLEC1 promotes the SARS-CoV-2 infection, we overex-
pressed the cDNA of SIGLEC1 in non-permissive HeLa cells, and 
infected with the virus for nucleocapsid (N) protein expression 
analysis. As expected, the empty vector control cells showed min-
imal infection (Fig. 1C). While the ACE2 overexpression conferred 
the cells to be permissive and over 50% of cells were positive for 
N protein, the expression of SIGLEC1 promoted the virus infection 
to around 25% (Fig. 1C). To examine if the SIGLEC1 could be a host 
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Figure 1.  Genome-scale CRISPR activation screen identifies genes that promote SARS-CoV-2 infection. (A) Genes identified from the CRISPR screen. 
The genes were indicated based on the MAGeCK score and false discovery rate. The size of circle shows the different number of good sgRNAs enriched 
from the screen. (B) Experimental validation of the top 50 genes. Gene expression was activated using sgRNA in WT HeLa cells that were infected with 
SARS-CoV-2 virus. (C) cDNA expression and validation by SARS-CoV-2 infection. The human ACE2 and SIGLEC1 cDNA were overexpressed in WT HeLa 
cells for the experiment. (D) Validation of SIGLEC1 by other coronaviruses. CRISPR sgRNA activated WT HeLa cells were infected with coronaviruses 
from the genus alpha, beta, gamma, and delta. (E) Pseudovirus infection assay. The expression of selected genes was activated for the infection by 
pseudovirus bearing the spike protein of SARS-CoV-2. (F) The impact of SIGLEC1 mutation on coronavirus infection. WT SIGLEC1 or R116A mutant were 
overexpressed in WT HeLa cells and infected with three different coronaviruses. (G) Antibody blockade in HeLa-SIGLEC1 cells.
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proviral factor for other members of coronavirus, we infected 
endogenously activated HeLa cells with coronaviruses from all 
four genera, the alpha genus including the HCoV-NL63, HCoV-
229E, swine acute diarrhea syndrome coronavirus (SADS-CoV), 
and porcine epidemic diarrhea virus, the beta genus including 
HCoV-OC43, the gamma genus including the infectious bronchi-
tis virus, and the delta genus including the porcine deltacoro-
navirus (PDCoV). The results indicated that SIGLEC1 expression 
could significantly enhance the infection by all the coronaviruses 
tested (Fig. 1D). Moreover, the enhancement of virus infection by 
SIGLEC1 expression was confirmed by using the retrovirus-based 
pseudovirus bearing the SARS-CoV-2 spike protein (Fig. 1E). The 
expression of DC-SIGN or ITGA5 also promoted the pseudovirus 
infection to a variable extent (Fig. 1E).

SIGLEC1 has been shown to facilitate the HIV-1 infection by 
binding to the ganglioside embedded in the lipid of virions, and 
the mutation of residue arginine at the position 116 to alanine 
can abrogate the binding property (Izquierdo-Useros et al., 2012; 
Puryear et al., 2013). To determine the specificity of SIGLEC1-
mediated binding to the ganglioside to promote the virus infec-
tion, we overexpressed the wild-type SIGLEC1 or R116A mutant 
in HeLa cells, and infected with SARS-CoV-2, HCoV-229E, or 
HCoV-OC43. The surface expression of SIGLEC1 was confirmed 
(Fig. S2C). The mutation of R116A could obviously decrease the 
infection by all these three viruses (Fig. 1F). In addition, it is pre-
viously reported that antibody blockade such as the clone 7D2 
can prevent the binding of SIGLEC1 to the ganglioside as reported 
for HIV-1 and ebolavirus (Izquierdo-Useros et al., 2012; Puryear et 
al., 2013; Perez-Zsolt et al., 2019). Likewise, we found that pre-in-
cubation of SIGLEC1 blocking antibody in HeLa-SIGLEC1 cells 
could significantly decrease the infection by both HCoV-229E and 
HCoV-OC43 (Fig. 1G).

Moreover, to assess if SIGLEC1 facilitating virus infection is 
mediated by the primary receptor ACE2, three ACE2-deficient 
cell lines, HeLa, A549, and 293T, were employed. It showed that 
overexpression of SIGLEC1 in ACE2-knockout 293T or ACE2-
knockout A549 does not facilitate the SARS-CoV-2 infection (Fig. 
S3). However, overexpression of SIGLEC1 in ACE2-knockout HeLa 
still promotes the infection, albeit much less efficient than that in 
wild-type HeLa cells (Fig. S3), suggesting that the role of SIGLEC1 
in promoting SARS-CoV-2 infection primarily depends on the 
receptor ACE2. In some cell types such as HeLa, other known or 
unknown candidate receptors instead of ACE2 may coordinate 
with SIGLEC1 to enhance the virus infection.

SIGLEC1 is highly expressed on mature DCs and mediates the 
trans-infection of HIV-1 to CD4+ T cells (Izquierdo-Useros et al., 
2012). The expression of SIGLEC1 on DCs is significantly upreg-
ulated by interferon or lipopolysaccharide (LPS) stimulation 
(Izquierdo-Useros et al., 2012; Puryear et al., 2013). To investigate 
the role of SIGLEC1 on DCs in SARS-CoV-2 infection, we prepared 
the monocyte-differentiated immature DCs and treated with 
IFN-α or LPS, resulting in the maturation of DCs. The purity of DCs 
was analyzed by detecting the surface expression of markers (Fig. 
S4). As expected, the expression level of SIGLEC1 was increased 
in mature DCs (Fig. S5A), while the DC-SIGN was constitutively 
expressed and not changed (Fig. S5B). The binding of SARS-CoV-2 
virions on mature DCs was slightly increased, especially on the 
LPS-stimulated DCs (Fig. 2A). To examine if the virion internali-
zation is enhanced in mature DCs, cells were pre-incubated with 
SIGLEC1 blocking antibody 7D2, and then incubated with the 
virions for 1 or 4 h. The internalized virions bearing the genomic 
RNA were quantified by qRT-PCR. The virus internalization was 

significantly prevented by blocking antibody pretreatment when 
compared to the isotype control (Fig. 2B). The addition of mannan, 
a C-type lectin inhibitor to block the DC-SIGN (Izquierdo-Useros 
et al., 2012), had a synergistic effect with the blocking antibody 
(Fig. 2B). The blocking effect on virion internalization was further 
confirmed by detecting the minus-strand viral RNA, an indicator 
of the viral replication initiated (Fig. 2C). Moreover, the blocking 
effect of SIGLEC1-mediated virion entry by antibody was dimin-
ished when the virus stock was prepared in the presence of chem-
ical reagent PDMP, a competitive inhibitor of glycosylceramind 
synthase (Fig. 2D) (Hatch et al., 2009). These results suggested 
that SIGLEC1 can enhance SARS-CoV-2 infection in mature DCs.

Macrophages play significant roles in virus infection and 
inflammation. Resident alveolar macrophages (AMs) with 
SIGLEC1 expression are present with high frequency in the BAL 
samples compared to digested lung tissues (Bharat et al., 2016; 
Yu et al., 2016). To investigate if SIGLEC1 could enhance the infec-
tion of SARS-CoV-2 in AMs, we isolated the primary AMs from 
human BAL fluid with noninflammatory or noninfectious disor-
ders. Antibody blockade with 7D2 followed by virus infection sig-
nificantly reduced the viral RNA at both 4 and 24 h (Figs. 2E and 
S6A). The differential cytokine production was also determined. 
Antibody blockade could obviously reduce the cytokine mRNA 
levels such as IL-6, TNFa, IFNG, IFNA1, IFNB1, at 4- or 24-hour 
post-infection (Figs. 2F and S6B).

To rule out the possible influence of cellular receptor ACE2 
on virus infection in human primary AMs, we switched to the 
mouse model in which the ACE2 does not support the wild-type 
SARS-CoV-2 entry. We first tested the bone marrow–derived mac-
rophages and found that blocking the mouse SIGLEC1 with spe-
cific antibody 3D6 (Erikson et al., 2015) can markedly inhibit the 
virus infection (Fig. 2G). Then, we isolated the mouse primary AMs, 
and the surface expression of mouse SIGLEC11 was confirmed 
(Fig. 2H). Similarly, antibody blockade by 3D6 obviously prevented 
the virus infection at 4 and 24 h (Fig. 2I). In addition, the expres-
sion of cytokine mRNA levels such as Tnfa, Il-1b, and Cxcl1 was 
significantly reduced (Fig. 2J). These results from both human and 
mouse primary AMs suggested that SIGLEC1 plays an important 
role in promoting virus infection and cytokine production.

Since expression of SIGLEC1 is present on AMs, and blockade of 
SIGLEC1 ex vivo significantly reduced the SARS-CoV-2 infection, it 
would be intriguing to investigate if SIGLEC1 could promote virus 
infection in vivo, especially in the lung where AMs are abundant. 
We administered human ACE2 knock-in mice intranasally with 
SIGLEC1 blocking antibody 3D6 or isotype, followed by intrana-
sal inoculation of SARS-CoV-2. The antibodies were given again 
at 24-hour post-infection, and mice were sacrificed on day 3 for 
tissue harvesting (Fig. 2K). Although no difference in viral load was 
observed in the turbinate representing the upper respiratory tract, 
the viral RNA in lungs treated with SIGLEC1 blocking antibody was 
slightly reduced (Fig. 2L). The viral RNA in the brain had the trend 
to decrease when given the blocking antibody, although not sta-
tistically significant (Fig. 2L). We could not see the difference in 
histopathological changes by H&E staining in lungs (Fig. 2M), but 
RNA ISH indicated that viral RNA appears to be less in the lungs 
of mice treated with blocking antibody than that with isotype (Fig. 
2N). Thus, blockade of the SIGLEC1 could potentially reduce the 
virus infection in the lung where the AMs are abundant.

In this study, we employ the genome-scale CRISPR-based recruit-
ment of transcription factors to upregulate the expression of endog-
enous genes and identify the lectin proteins, such as SIGLEC1, that 
promote the pan-coronavirus infection. The identification of host 
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Figure 2.  Blockade of SIGLEC1 reduces SARS-CoV-2 infection in primary cells and in human ACE2 knock-in mice. (A) Virion binding assay in different 
DCs. (B) Blockade of SIGLEC1 by antibody decreases virion internalization. The DCs were pretreated with isotype or SIGLEC1 blocking antibody 7D2 in 
the presence or absence DC-SIGN inhibitor mannan, the internalized virions were quantified by qRT-PCR at 1 or 4 h. (C) Detection of minus-strand RNA 
synthesis at 1 h for the internalized virion by qRT-PCR. (D) The effect of glucosylceramide synthase competitive inhibitor on virion internalization. The 
virion stock was prepared in Calu-3 cells with or without PDMP treatment, then used for internalization assay in IFN-α-DCs. The surface SIGLEC1 was 
blocked with isotype or specific antibody clone 7D2. (E) Antibody blockade decreases virus infection in hAMs. The hAMs were pretreated with isotype or 
blocking Ab 7D2, and viral RNA in cells at 4-hour post-infection was quantified by qRT-PCR. (F) Antibody blockade reduces the virus-induced cytokine 
production in hAMs. The hAMs were pretreated with isotype or blocking Ab 7D2, and the mRNA expression levels for the indicated cellular cytokines 
at 4-hour post-infection were quantified by qRT-PCR. (G) Virion infection in mouse bone marrow–derived macrophages (BMDMs). Mouse BMDMs were 
pretreated with isotype or SIGLEC1 blocking antibody 3D6 in the presence or absence of DC-SIGN inhibitor mannan, viral RNA in cells was quantified 
at 1-hour post-infection. (H) Surface expression of SIGLEC1 in mouse primary alveolar macrophages. (I) Antibody blockade decreases virus infection in 
mouse AMs. The mAMs were pretreated with isotype or blocking Ab 3D6, and viral RNA in cells at 4- and 24-hour post-infection was quantified by qRT-
PCR. (J) Antibody blockade reduces the virus-induced cytokine production in mAMs. The mAMs were pretreated with isotype or blocking Ab 3D6, and 
the mRNA expression levels for the indicated cellular cytokines at 24-hour post-infection were quantified by qRT-PCR. (K) Scheme of antibody treatment 
and SARS-CoV-2 challenge. (L) Viral loads in the tissues of lung, nasal turbinate, and brain. The human ACE2 knock-in mice were treated with isotype or 
SIGLEC1 blocking antibody 3D6. Tissues were harvested at day 3 post-challenge of SARS-CoV-2 to quantify the viral RNA by qRT-PCR. (M) H&E staining 
of lung sections of challenged mice. Representative images are shown from n = 3 mice. Scale bar, 100 μm. (N) RNA ISH of lung sections of challenged 
mice. Representative images are shown from n = 3 mice. Scale bar, 100 μm.
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factors mediating the infection is of significance to understand the 
tissue tropism and pathogenesis of SARS-CoV-2.

Supplementary data
The authors declare that all relevant data supporting the findings 
of this study are available within the paper and its Supplementary 
information. The Supplemental Data provide information for the 
CRISPR-Cas9 screen and statistical analysis.
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