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SUMMARY

Despite mounting evidence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) engagement
with immune cells, most express little, if any, of the canonical receptor of SARS-CoV-2, angiotensin-convert-
ing enzyme 2 (ACE2). Here, using a myeloid cell receptor-focused ectopic expression screen, we identified
several C-type lectins (DC-SIGN, L-SIGN, LSECtin, ASGR1, and CLEC10A) and Tweety family member 2
(TTYH2) as glycan-dependent binding partners of the SARS-CoV-2 spike. Except for TTYHZ2, these molecules
primarily interacted with spike via regions outside of the receptor-binding domain. Single-cell RNA
sequencing analysis of pulmonary cells from individuals with coronavirus disease 2019 (COVID-19) indicated
predominant expression of these molecules on myeloid cells. Although these receptors do not support active
replication of SARS-CoV-2, their engagement with the virus induced robust proinflammatory responses in
myeloid cells that correlated with COVID-19 severity. We also generated a bispecific anti-spike nanobody
that not only blocked ACE2-mediated infection but also the myeloid receptor-mediated proinflammatory re-
sponses. Our findings suggest that SARS-CoV-2-myeloid receptor interactions promote immune hyperacti-
vation, which represents potential targets for COVID-19 therapy.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), the etiological agent of the coronavirus disease 2019
(COVID-19) pandemic, has resulted in over 116 million confirmed
cases and more than 2.5 million deaths as of early March 2021
(https://covid19.who.int/). The high morbidity and mortality of
COVID-19 is associated with dysregulated immune responses
(Zhou et al., 2020b). Excessive lung inflammation induced by
SARS-CoV-2 infection is postulated to be a major driver of dis-
ease severity in individuals with COVID-19 (Mehta et al., 2020)
and contributes to the clinical observations of acute respiratory
distress syndrome, cytokine release syndrome, and lymphope-
nia (Bost et al., 2020; Diao et al., 2020; Feng et al., 2020; Giamar-
ellos-Bourboulis et al., 2020; Gong et al., 2020; Liao et al., 2020;
Moore and June, 2020; Vabret et al., 2020). Pharmacological in-
terventions aimed at reducing SARS-CoV-2 replication have
been relatively ineffective in improving clinical symptoms in indi-
viduals with severe COVID-19 (Grein et al., 2020), pointing to the
hyperactive immunopathology as a driving force for late-stage
diseases. However, little information is available about the
mechanisms for immunopathogenesis, which is key for identifi-
cation of therapeutic targets.

Angiotensin-converting enzyme 2 (ACE2) has been identified
as the primary cellular receptor for SARS-CoV-2 entry into host
epithelial cells (Hoffmann et al., 2020b; Wu et al., 2020a; Zhou
et al., 2020a). Similar to SARS-CoV, SARS-CoV-2 spike (S)
glycoprotein binds to ACE2 via the receptor-binding domain
(RBD) (Lu et al., 2020; Zhou et al., 2020a). Following receptor
engagement, several host serine proteases, including
TMPRSS2, TMPRSS4, furin, and endosomal cathepsins, cleave
the SARS-CoV-2 S protein at the junction between S1 and S2
fragments, enabling host and viral membrane fusion and delivery
of the viral genome into the cytosol (Hoffmann et al., 2020a,
2020b; Zang et al., 2020). Although proteases such as TMPRSS2
and cathepsins are utilized by SARS-CoV-2 and SARS-CoV
(Hoffmann et al., 2020b), S cleavage by furin is unique to
SARS-CoV-2 because of the presence of a polybasic (RRAR)
site at the S1-S2 junction (Xia et al., 2020). In addition to ACE2,
a number of other host molecules reportedly support SARS-
CoV-2 binding to cells and act as entry factors, including
CD147 (Wang et al., 2020), neuropilin-1 (Cantuti-Castelvetri
et al., 2020; Daly et al., 2020), sialic acid (Morniroli et al., 2020),
and heparan sulfate (Clausen et al., 2020; Liu et al., 2020). How-
ever, the functional relevance of these attachment factors and
receptors, especially to immune cells, is unclear. Nevertheless,
these studies highlight that SARS-CoV-2 may engage with
some target cells independent of ACE2 and that the current ther-
apeutic approaches to block S protein RBD-ACE2 interaction
(Brouwer et al., 2020; Cao et al., 2020; Chen et al., 2020; Ju
et al., 2020; Wu et al., 2020b) may not be sufficient to disrupt
such interactions.

Single-cell RNA sequencing (scRNA-seq) studies using bron-
choalveolar lavage (BAL) fluid from individuals with COVID-19
detected SARS-CoV-2 RNA in pulmonary epithelial cells and im-
mune cell populations, particularly in myeloid cells (Bost et al.,
2020). Myeloid cells may have a central role in SARS-CoV-2
pathogenesis because inflammatory monocytes and expansion
of monocyte-derived macrophages in infected pulmonary tissue

¢? CellPress

(Liao et al., 2020; Wen et al., 2020) can serve as sources of proin-
flammatory cytokines and chemokines (Feng et al., 2020; Gia-
marellos-Bourboulis et al., 2020; Moore and June, 2020) and
modulate T cell functionality (Zhou et al., 2020c). These hyperac-
tive myeloid cells correlate positively with systemic levels of
proinflammatory mediators, including interleukin-1 (IL-1), IL-6,
IL-8, and C-X-C motif chemokine (CXCL) 10 (Diao et al., 2020;
Feng et al., 2020; Giamarellos-Bourboulis et al., 2020; Gong
et al., 2020; Liao et al., 2020; Moore and June, 2020; Vabret
et al., 2020). Based on these results and the relatively low
ACE2 expression or other putative SARS-CoV-2 receptors in
myeloid cells, we sought to identify additional cellular binding
partners of the S protein beyond ACE2 and define their roles in
SARS-CoV-2-myeloid cell interactions.

We proposed an immune asynchrony model to explain the
possible mechanisms of COVID-19 pathogenesis that centers
on how SARS-CoV-2 dysregulates myeloid cell responses
(Zhou et al., 2020b). Here, using a high-throughput myeloid cell
receptor-focused screening approach, we identified and char-
acterized six host plasma membrane proteins that bound to
the SARS-CoV-2 S protein and potentially mediated interactions
with myeloid cells: the C-type lectin receptors DC-SIGN (en-
coded by CD209), L-SIGN (encoded by CLEC4M), LSECtin (en-
coded by CLEC4G), asialoglycoprotein receptor 1 (encoded by
ASGRT), CLEC10A (encoded by CLEC10A), and Tweety family
member 2 (encoded by TTYH2), a probable chloride channel
with no known immunological functions. C-type lectins have
been suggested as attachment factors or signaling receptors
for several viruses, including HIV-1 and HIV-2 (Pohimann et al.,
2001), dengue virus (Chen et al., 2008; Tassaneetrithep et al.,
2003; Wu et al., 2013), Ebola virus (Brudner et al., 2013; Zhao
et al., 2016), and respiratory viruses, including measles virus
(de Witte et al., 2006), influenza A virus (Hillaire et al., 2013),
and SARS-CoV (Jeffers et al., 2004; Marzi et al., 2004). However,
the contribution of C-type lectins to immune dysregulation in the
context of COVID-19 outcomes is unclear. Our findings suggest
that these receptors on myeloid cells may have an ACE2-inde-
pendent role in SARS-CoV-2 pathogenesis and immune
hyperactivation.

RESULTS

C-type lectins and TTYH2 interact with the SARS-CoV-

2 S protein

To identify myeloid cell-associated receptors for SARS-CoV-2, we
built a myeloid cell receptor array that comprised a human cDNA
library of ~300 host membrane proteins expressed preferentially
in myeloid cells (i.e., monocyte, macrophage, and dendritic cell
[DC] populations; Table S1). We applied a receptor overexpres-
sion and detection system modified from our previous report
(Wang et al., 2019) and tested the binding of human immunoglob-
ulin Fc-tagged SARS-CoV-2 S, S1, and RBD recombinant pro-
teins to HEK293T cells transfected with individual cDNA (Fig-
ure 1A). ACE2 and Fc receptors served as positive controls. We
identified six proteins that interacted with the SARS-CoV-2 S pro-
tein or its subunits, including five C-type lectins (DC-SIGN,
L-SIGN, LSECtin, ASGR1, and CLEC10A) and Tweety family
member 2 (TTYH2) (Figure 1B). All six candidate genes were ex-
pressed at levels comparable with ACE2 (Figure S1A). In contrast
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Figure 1. Discovery of C-type lectins and TTYH2 as interacting partners of the SARS-CoV-2 S protein

(A) Schematic of the myeloid cell receptor discovery approach. Individual plasmids of genes encoding myeloid cell receptors were transfected into HEK293T
cells, and a human Fc-tagged SARS-CoV-2 S protein mixture (S-Fc, S1-Fc, and RBD-Fc) and anti-human immunoglobulin G (IgG) Fc detection antibody were
added to the cell culture to assess binding (see STAR Methods for more details). S protein subunits and subdomains relative to ACE2 binding (RBD) are
also shown.

(B) Other than ACE2 (purple), DC-SIGN, L-SIGN, LSECtin, ASGR1, CLEC10A, and TTYH2 (all in red) were identified as binding partners for the SARS-CoV-2 S
protein (n = 2). Fc receptors (blue) served as positive controls.

(C) Representative images of the binding of the Fc-tagged S protein, its subunits, or Fc control (Fc Ctr) to the indicated receptors, captured by the cellular
detection system (CDS) (n = 3).

(D) Quantification of the interaction between S protein subdomains/subunits and different receptors, indicated on the x axis. Normalized binding capacity is
shown on the y axis (the sum of the total fluorescence intensity to the indicated receptor was set to 100).

(E) Binding between HEK293T cells expressing the indicated receptors and HIV-GFP virus pseudotyped with the SARS-CoV-2 S protein was detected by an anti-
S polyclonal antibody and analyzed by flow cytometry (n = 4).

Data are presented as the mean + SEM of five pooled independent experiments (D) or a representative experiment (E); **p < 0.001, ***p < 0.0001 by one-way
ANOVA (E). n refers to the number of independent experiments.

See also Figure S1.

to ACE2, which bound strongly to RBD-Fc, S-Fc, and S1-Fc, C-
type lectins interacted primarily with S-Fc and S1-Fc, with weak
or no binding to RBD-Fc (Figure 1C). These data suggest that
C-type lectins likely interact with the SARS-CoV-2 S protein via
non-RBD epitopes (e.g., the N-terminal domain [NTD] and C-ter-
minal domain [CTD]) within the S1 region. TTYH2 interacted
weakly with RBD-Fc but not with S-Fc or S1-Fc (Figure 1C).
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To map the interaction domain, we generated recombinant
NTD-Fc, RBD-Fc, CTD-Fc, and S2-Fc proteins. Consistent
with the screening results, DC-SIGN, L-SIGN, and LSECtin asso-
ciated predominantly with CTD-Fc and, to a lesser extent, NTD-
Fc. ASGR1 and CLEC10A interacted mainly with NTD-Fc,
whereas ACE2 and TTYH2 bound primarily to RBD-Fc (Fig-
ure 1D; Figure S1B). We next used an HIV-based lentivirus
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Figure 2. Glycan-dependent SARS-CoV-2 S interaction with C-type lectins via residues distinct from ACE2

(A) Quantification of S-Fc or RBD-Fc binding to HEK293T cells expressing the indicated receptors in the presence or absence of a 100X excess (in the mass ratio)
of His-tagged ACE2 ectodomain recombinant protein (ACE2-His) (n = 3).

(B) The hydrogen bond formation between the Lys352-Asp353, Tyr41 of human ACE2 (green) and the Thr500-Asn501-Gly502 loop segment of the wild-type (WT)
SARS-CoV-2 receptor binding motif (RBM) (PDB: 6M0J; left, cyan) or the Ala500-Ala501-Glu502 SARS-CoV-2 RBM mutant (right, cyan).

(C) Quantitative comparison of binding to the indicated receptors of Fc-tagged WT S1 and the T500A/N501A/G502A mutant S1 recombinant protein (n = 3).
(D) Representative images (left) and quantification (right) of binding of S-Fc or RBD-Fc (for TTYH2) to the indicated receptors in the presence or absence of 20 pug/
mL mannan (n = 3).

(E) Glycosylated SARS-CoV-2 S protein model highlighting Asn(N)165, N282, N343, and N603 glycans. The SARS-CoV-2 RBD is colored cyan, and the ACE2
N-terminal peptidase domain is shown in green.

(F) Quantification of representative S1 Asn mutants that enhanced interaction with ACE2 (N282Q, left) or some of the C-type lectins (N165Q, right) (n = 3).

(G) Quantification of representative S1 Asn mutants that reduced interaction with ACE2 (N343Q, left) or C-type lectins (N603Q, right) (n = 3).

(legend continued on next page)
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backbone pseudotyped with the SARS-CoV-2 S protein (Craw-
ford et al., 2020) to validate these interactions in the context of
a viral particle. SARS-CoV-2 pseudovirus bound strongly to
HEK293T cells overexpressing ACE2, DC-SIGN, L-SIGN, or
ASGR1 and exhibited weaker but significant binding to cells ex-
pressing LSECtin, CLEC10A, or TTYH2 (Figure 1E; Figure S1C).
Finally, we assessed the direct protein-protein binding of the S1
subunit from SARS-CoV-2 to the recombinant receptor ectodo-
mains by an enzyme-linked immunosorbent assay (ELISA),
except for TTYH2, which has multiple extracellular domains.
Analogous to the results with the pseudovirus, there was a clear,
albeit weaker, interaction between the S1 recombinant protein
and Fc-tagged ectodomain of these C-type lectins compared
with ACE2-Fc (Figure S1D). These data indicate that DC-SIGN,
L-SIGN, LSECtin, ASGR1, CLEC10A, and TTYH2 can associate
directly with the SARS-CoV-2 S protein and mediate pseudovi-
rus attachment to cells.

C-type lectins bind to the SARS-CoV-2 S protein via
residues distinct from ACE2 and TTYH2

Next we characterized the interaction interfaces of the SARS-
CoV-2 S protein with these myeloid receptors in comparison
with ACE2. Pre-incubation of the His-tagged soluble ectodomain
of ACE2 recombinant protein (ACE2-His) with S-Fc or RBD-Fc
completely blocked their binding to ACE2-overexpressing cells
(Figure 2A; Figure S2A). In addition, soluble ACE2-His blocked
binding of RBD-Fc to TTYH2 (Figure 2A; Figure S2A), likely
because of potentially shared binding motifs between ACE2
and TTYH2 in the RBD. Unexpectedly, S protein binding to
LSECtin was abolished in the presence of pre-bound ACE2-
His (Figure 2A; Figure S2A), suggesting that LSECtin may asso-
ciate with an RBD-proximal region of the S protein that is steri-
cally hindered upon binding of ACE2. In contrast, binding of
the S protein to other C-type lectins was not affected by soluble
ACE2, except for a weak reduction of L-SIGN interaction (Fig-
ure 2A; Figure S2A). Based on the RBD-ACE2 structure (Shang
et al., 2020), we generated an S1-Fc mutant bearing three point
mutations in the RBD (T500A/N501A/G502E), resulting in loss of
two hydrogen bonds between RBD and ACE?2 interaction (Fig-
ure 2B). This S1 protein mutant retained the capacity to bind to
all five C-type lectins but not to ACE2 (Figure 2C; Figure S2B),
confirming that the C-type lectin interface is distinct from that
of ACE2.

The SARS-CoV-2 S protein is heavily glycosylated, with 22 N-
linked glycans located mainly outside of the RBD (within the
NTD, CTD, and S2) and 2 O-linked glycans in the RBD (Shajahan
et al., 2020; Watanabe et al., 2020). Previous studies suggest
that glycosylation serves as a molecular shield for viruses to
reduce immunogenicity and facilitate viral entry and immune
escape (Gramberg et al., 2005; Han et al., 2007; Jeffers et al.,
2004; Londrigan et al., 2011). HIV gp120, influenza hemaggluti-
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nin, Ebola GP protein, and the SARS-CoV S protein contain
high-mannose glycans that can be recognized by DC-SIGN
and L-SIGN (Alvarez et al., 2002; Han et al., 2007; Jeffers
etal., 2004; Londrigan et al., 2011; P6himann et al., 2001). There-
fore, we tested whether S protein glycosylation affects interac-
tion with the myeloid cell receptors identified in our screen. We
found that addition of mannan (a mannose polymer) competi-
tively blocked binding of the S protein to DC-SIGN and L-SIGN
but not to ACE2, LSECtin, ASGR1, CLEC10A, or TTYH2 (Fig-
ure 2D). Similarly, endoglycosidase H (Endo H), which removes
high-mannose oligosaccharides on N-linked glycans (Trimble
and Maley, 1984), only reduced S protein binding to DC-SIGN,
L-SIGN, and, to a weaker extent, LSECtin (Figure S2C). In
contrast, treatment of the SARS-CoV-2 S protein with pepti-
de:N-glycosidase F (PNGase F), which removes all types of N-
linked glycans, significantly reduced S-Fc protein binding to all
myeloid cell receptors (Figure S2C). PNGase F treatment also
reduced S-Fc binding to ACE2 (Figure S2C), suggesting involve-
ment of glycans in the interaction with ACE2 and the immune
receptors.

To pinpoint the specific glycosylated residues important for re-
ceptor binding, we next performed a mutagenesis screen by dis-
rupting the individual 13 N-glycosylation sites and 2 O-glycosyl-
ation sites within the S1 subunit. We observed functional
mutation sites that could be categorized into an inhibitory group
whose single mutation led to significant loss of S1-Fc binding to
the host receptors (N343 to ACE2, N603 to almost all C-type lec-
tins, and the majority of the mutants to ASGR1 and CLEC10A).
We also identified an enhancing group; single mutation of these
sites led to significant increases in S1-Fc interactions (N74,
N149, N282, N603, N616, and N657 to ACE2; N165 to DC-
SIGN/L-SIGN/LSECtin; N234, N343, and N657 to DC-SIGN;
and N122 to LSECtin) (Figures 2E-2H; Figure S2D). Although
the N282Q mutation showed the most enhanced (3-fold) binding
to ACE2 among all glycosylation mutations, we observed that
the N165Q mutation greatly enhanced binding to DC-SIGN, L-
SIGN, and LSECtin but not ACE2 (Figure 2F; Figure S2D). The
N343 mutation in the RBD (Figure 2E) completely abolished
ACE2 binding (Figure 2G; Figure S2D), which is consistent with
arecent report showing that the N343 mutation leads to reduced
infectivity (Li et al., 2020). The N343 mutation also reduced bind-
ing of S1-Fc to ASGR1 and CLEC10A. However, it had no effect
on L-SIGN and LSECtin binding but enhanced S1-Fc binding to
DC-SIGN. Another N603 mutant in the CTD (Figure 2E) showed
decreased binding to most of the C-type lectins, which con-
trasted with its effects on ACE2 binding (Figure 2G; Figure S2D).
These data suggest that N603 may be a key glycosylation site
supporting SARS-CoV-2 S binding to C-type lectins but inter-
fering with its ACE2 interaction.

Although N-glycosylation greatly affects S1 interaction with
ACE2 and myeloid receptors, O-glycosylation may not be

(H) Schematic of the distribution of N- or O-glycosylation sites in the S1 subunit (top panel) and existence of natural mutations related to some of these sites
among ~5,000 SARS-CoV-2 viral genomes as well as quantitative analysis of the effect of individual mutations of these sites on S protein binding to the indicated

receptors (bottom panel).

All fluorescence images were captured by CDS and analyzed by CellProfiler software. Data are presented as the mean + SEM of a representative experiment (A,
C, D, F, and G) or three pooled independent experiments (H). ns, not significant. “p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by two-tailed unpaired Student’s t
test (A, C, D, F, and G) or one-way ANOVA (H). n refers to the number of independent experiments.

See also Figure S2.
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Figure 3. Myeloid cell-associated expression of C-type lectins and TTYH2 in individuals with COVID-19
(A) Uniform manifold approximation and projection (UMAP) visualizations of single cells isolated from BAL fluid from six individuals with severe COVID-19, with
color-coded clusters. Levels of SARS-CoV-2 viral RNA and the indicated host transcripts were plotted individually.

(legend continued on next page)
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required for binding of S1-Fc to most of the host receptors,
except for CLEC10A (Figure S2D). In parallel, we analyzed over
5,000 genomes of SARS-CoV-2 natural variants documented
as of May 2020 (Zhu et al., 2020), which revealed natural muta-
tions at the majority of N-linked glycosylation sites (Figure 2H).
Our findings support a critical role of SARS-CoV-2 S protein N-
linked glycosylation in interacting with ACE2 and myeloid cell
receptors.

C-type lectins and TTYH2 are expressed by myeloid cells
from individuals with hyperinflammatory COVID-19
Macrophages and DCs are susceptible to SARS-CoV and
MERS-CoV infections (Perlman and Dandekar, 2005; Zhou
et al.,, 2014), and the SARS-CoV-2 viral genome has been de-
tected in SPP1* lung macrophages (Bost et al., 2020). We re-
analyzed published scRNA-seq data of the BAL fluid from indi-
viduals with severe COVID-19 (Liao et al., 2020). Although
SARS-CoV-2-positive cells accounted for 22% of general cell
populations, cells expressing ACE2, the C-type lectins, and
TTYH2 were associated with a higher frequency of viral RNA
positivity (51% for ACE2, 40% for DC-SIGN, 67% for L-SIGN,
33% for LSECtin, 26% for ASGR1, 27% for CLEC10A, and
42% for TTYH2) (Figure S3A). We verified the presence of
SARS-CoV-2 viral RNA in SPP1*, CD169", or CD11C* myeloid
cell lineages that also expressed DC-SIGN, LSECtin, ASGR1,
CLEC10A, and TTYH2 but not ACE2 (Figure 3A; Figures S3B
and S3C). Although the mRNA level of L-SIGN in scRNA-seq
was relatively low, we confirmed its expression on the surface
of peripheral blood mononuclear cell (PBMC)-derived myeloid
cells, which had little ACE2 expression, as seen by flow cytom-
etry analysis (Figure S3D). We also validated the expression of
these myeloid receptors in BAL samples isolated from individ-
uals with severe COVID-19. Within CD45*CD14°CD11c*
CD206" myeloid cells, DC-SIGN was expressed preferentially
by the HLA-DR" subsets, L-SIGN was expressed principally by
the HLA-DR' subsets, and LSECtin, ASGR1, and CLEC10A
were expressed by both subsets (Figures S3E and S3F). The
expression of TTYH2 was verified by western blot because of
the lack of commercially available antibodies for flow cytometry
(Figure S3G).

Beyond viral attachment factors, host furin protease and
cysteine proteases (such as cathepsin L, CTSL) were expressed
in myeloid cells (Figure 3A; Figures S3B and S3C). In contrast,
TMPRSS2, similar to ACE2, was restricted to epithelial cells (Fig-
ure 3A; Figures S3B and S3C). Moreover, immune receptor-ex-
pressing myeloid cells in BAL fluid were associated with low
levels of type I, Il, and Il interferons (IFNA2, IFNB1, IFNG, and
IFNL1) but high levels of cytokines and chemokines, such as
IL1B, IL8, CXCL10, CCL2, and tumor necrosis factor (TNF), as
well as interferon (IFN)-stimulated genes with possible antiviral
activity (IFI27 and IFI30) (Figure 3A; Figure S3C). Gene Ontology
pathway analysis revealed that, unlike ACE2-positive epithelial

Immunity

cells, genes involved in proinflammatory immune responses
were enriched in DC-SIGN-, LSECtin-, TTYH2-, and CLEC10A-
positive myeloid cells with viral infection compared with those
without (Figure 3B). Through reanalysis of another published
scRNA-seq database (Grant et al., 2021), we also found specific
upregulation of these immune receptors and pro-inflammatory
cytokine/chemokines in BAL samples from individuals with
COVID-19 compared with those from individuals without pneu-
monia or those with bacterial pneumonia (Figure 3C), highlighting
their possible pathogenic role in COVID-19.

Myeloid cell receptors mediate SARS-CoV-2 S protein
binding independent of ACE2
To test whether these C-type lectins and TTYH2 mediate SARS-
CoV-2 interaction with myeloid cells, we used a GFP-encoding
HIV-based lentivirus pseudotyped with SARS-CoV-2 S protein
(SARS-CoV-2 pseudovirus). In this system, the GFP signals
were enhanced by, but not strictly dependent on, productive
infection. Therefore, the GFP signal was used as a surrogate
for virus attachment and/or replication. In the presence of the
SARS-CoV-2 pseudovirus, we detected robust GFP signals in
HEK293T cells that ectopically expressed DC-SIGN or L-SIGN
at levels comparable with those with ACE2 ectopic expression
(Figure 4A). The low level of SARS-CoV-2 pseudovirus engage-
ment through LSECtin, ASGR1, CLEC10A, and TTYH2 was
enhanced by co-expression of furin and/or TMPRSS2 (Fig-
ure S4A), which mediate S protein cleavage for viral entry (Hoff-
mann et al., 2020a, 2020b; Zang et al., 2020). Consistent with our
S protein mannan blockade results (Figure 2D), pseudovirus-
derived GFP signals through DC-SIGN and L-SIGN were in-
hibited by mannan treatment (Figure 4A). The SARS-CoV-2
pseudovirus with a mutated S protein (TS00A/N501A/G502E) re-
tained the ability to engage with DC-SIGN- or L-SIGN- but not
ACE2-expressing cells (Figure 4A). We also assessed the inter-
action of the SARS-CoV-2 pseudovirus with the human myeloid
cell line THP-1, which gained surface expression of DC-SIGN
and L-SIGN upon myeloid differentiation (Figure S4B). Gene
silencing of DC-SIGN or L-SIGN expression in differentiated
THP-1 cells by short hairpin RNA (shRNA) led to reduced GFP
signals (Figures S4B and S4C). In contrast to ACE2, the HIV-
based SARS-CoV-2 pseudovirus GFP signals mediated by the
myeloid cell receptors were not affected by nevirapine, a non-
nucleoside viral reverse transcriptase inhibitor (Merluzzi et al.,
1990) (Figure S4D). Similarly, nevirapine did not inhibit the GFP
signals generated from PBMC-derived myeloid cells after culture
with the SARS-CoV-2 pseudovirus (Figure S4E). These data sug-
gest that these myeloid cell receptors can engage with the
SARS-CoV-2 S protein on the pseudotyped virus, but this
engagement may not lead to active virus infection or replication.
SARS-CoV-2 pseudovirus engagement of the more physio-
logically relevant primary human PBMC-derived myeloid cells
was blocked partially by mannan treatment (Figure 4B). In

(B) Gene Ontology (GO) pathway enrichment connectivity diagram displaying pathways enriched in infected cells expressing the indicated receptors. The color
shades of dots in each diagram denote the p value of the hypergeometric test (the darker, the smaller the p value), the size of the dots represents the number of
genes associated in the indicated pathway (the larger, the more associated genes), and functionally related dots are connected by lines.

(C) Heatmaps of gene expression of myeloid receptors and pro-inflammatory cytokine/chemokines in BAL myeloid cells isolated from individuals without

pneumonia and those with bacterial pneumonia and COVID-19.
See also Figure S3.
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Figure 4. Myeloid cell receptors mediate ACE2-independent SARS-CoV-2 virus-immune interactions

(A) HEK293T cells transfected with the indicated receptors or vector control were co-cultured with HIV-GFP virus pseudotyped with SARS-CoV-2 WT or mutant
(T500A/N501A/G502E) S protein (SARS-CoV-2 pseudovirus) in the presence or absence of mannan (100 ng/mL) for 48 h, followed by flow cytometry analysis of
GFP expression (n = 3).

(B) Human PBMC-derived myeloid cells were co-cultured with SARS-CoV-2 pseudovirus with WT S protein in the presence or absence of mannan (100 pg/mL) for
48 h, followed by flow cytometry analysis (n = 3).

(C) HEK293T cells with or without ACE2 overexpression (left) and human PBMC-derived myeloid cells (right) were co-cultured with SARS-CoV-2 pseudovirus in
the presence of Fc Ctr or anti-ACE2 antibody (20 pg/mL). GFP-positive cells were quantified by flow cytometry after 48-h incubation (n = 3).

(D and E) Human PBMC-derived myeloid cells were co-cultured with SARS-CoV-2 pseudovirus with WT S protein (D) or a clinical isolate of SARS-CoV-2 (MOl = 1)
(E), with or without Fc-tagged S-interacting decoy receptor(s) (25 ng/mL of each). Cells were analyzed by flow cytometry after 48-h incubation (D) or lysed for RNA
extraction and RT-PCR analysis after 24-h incubation (E). The viral mMRNA level was normalized to the host GAPDH level, and the average value of the Fc Ctr group
was set to 100 (E) (n = 3).

Representative flow cytometry plots (left) and statistical analysis (right) are shown in (A), (B), and (D). Data are presented as mean + SEM of a representative
experiment. *p < 0.05, ***p < 0.001, ****p < 0.0001 by two-way ANOVA (A), two-tailed unpaired Student’s t test (B and right panel in C), or one-way ANOVA (left
panel in C, D, and E). n refers to the number of independent experiments.

See also Figure S4.

contrast to the ACE2-expressing HEK293T cells, myeloid cell corroborate these findings, we tested the effect of soluble
engagement by the SARS-CoV-2 pseudovirus was not blocked decoy receptors, alone or in combination, in blockade of
by ACE2 antibody treatment, again highlighting an alternative =~ SARS-CoV-2 binding to HEK293T cells expressing individual
use of cell surface molecules in myeloid cells (Figure 4C). Our  myeloid cell receptors. We found that ACE2-Fc alone could
data suggest ACE2-independent SARS-CoV-2 S-myeloid cell block the majority of the S-receptor interactions, except for
interactions. DC-SIGN or L-SIGN. However, DC-SIGN-Fc or L-SIGN-Fc in

We next tested a clinical isolate of the authentic SARS-CoV-  combination with ACE2-Fc led to nearly complete blockade
2 virus (2019-nCoV/USA-WA1/2020 strain) on HEK293T cells of ACE2, TTYH2, and DC-SIGN and around ~70%-80%
expressing ACE2 or individual myeloid cell receptors. Ectopic  blockade of L-SIGN, LSECtin, and ASGR1 binding (Fig-
expression of the myeloid cell receptors in HEK293T cells ure S4G). L-SIGN-Fc combined with ACE2-Fc also decreased
supported SARS-CoV-2 engagement, as indicated by viral pseudotyped SARS-CoV-2 (Figure 4D) and authentic SARS-
RNA levels after incubation with authentic SARS-CoV-2 (Fig- CoV-2 engagement with human myeloid cells (Figure 4E).
ure S4F). However, viral RNA detected in HEK293T cells ex- Our data suggest abortive viral infection after interaction
pressing individual myeloid receptors was significantly lower with myeloid receptors and that this interaction could be
than that seen in cells expressing ACE2 (Figure S4F). To blocked by soluble receptor decoy proteins.
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Figure 5. SARS-CoV-2 viral-immune interactions promote hyperinflammatory responses

(A) Human PBMC-derived myeloid cells from four healthy donors were incubated with a clinical isolate of SARS-CoV-2 (MOI = 0.5). Mock control was performed
using conditioned medium. Cells were lysed, and RNA was harvested at 24 h after incubation. mRNA levels of the SARS-CoV-2 N protein and the indicated
cytokines and chemokines were measured by RT-PCR and normalized to that of GAPDH. Data were presented as mean + SEM of four pooled cohorts. *p < 0.05,
**p < 0.01, ***p < 0.0001 by two-tailed paired Student’s t test.

(B and C) Human PBMC-derived myeloid cells of one representative donor were incubated with a clinical isolate of SARS-CoV-2 (MOI = 0.5) or conditioned
medium, followed by bulk RNA-seq analysis to dissect upregulated gene expression triggered by the virus. A volcano plot of gene expression (B) and a GO
pathway enrichment connectivity diagram (C) are shown.

(D) Heatmaps of proinflammatory gene expression in BAL myeloid cell subsets from healthy control (HC) individuals and those with mild or severe COVID-19.
(E) Proinflammatory gene expression in BAL myeloid cell subsets was plotted for healthy individuals (control) or individuals with COVID-19 with different disease

statuses. Data are presented as boxplots with the indicated mean line (black). ***

p < 0.001 by Wilcoxon rank-sum test.

(F) Correlation between the expression of myeloid receptors and the cytokines/chemokines in the myeloid cell subsets from COVID-19 BAL samples.

(E) and (F) were from the same scRNA-seq dataset.

SARS-CoV-2-myeloid cell interactions promote
hyperinflammatory responses

To understand the effect of SARS-CoV-2 engagement with
myeloid cell receptors, we also used a recombinant SARS-
CoV-2 virus whose ORF7 was replaced with an mNeonGreen re-
porter as an indicator of active virus replication (Xie et al., 2020).
We did not detect an mNeonGreen signal in primary human
PBMC-derived myeloid cells or HEK293T cells overexpressing
individual myeloid cell receptors co-cultured with mNeonGreen
SARS-CoV-2, in contrast to positive control Vero E6 cells and

1312 Immunity 54, 1304-1319, June 8, 2021

HEK293T-ACE2 cells (Figure S5). The data further support that
myeloid cell receptors do not facilitate active SARS-CoV-2 repli-
cation. To explore possible immune signaling effects after
SARS-CoV-2 virus engagement with myeloid cells, we incubated
human PBMC-derived myeloid cells with authentic SARS-CoV-2
and analyzed pro-inflammatory cytokines by RT-PCR (Fig-
ure 5A). We observed induction of proinflammatory cytokines
and chemokines, including IL-1A, IL-1B, IL-8, CXCL10, CCL2,
and CCL3 (Figure 5A), after exposure to the authentic SARS-
CoV-2 virus. Several of these molecules are elevated in the
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plasma of individuals critically ill with COVID-19 (Merad and Mar-
tin, 2020; Patterson et al., 2020). A delayed or impaired type | IFN
response is thought to be a critical mechanism for COVID-19
pathogenesis (Blanco-Melo et al., 2020; Zhou et al., 2020b). In
the presence of SARS-CoV-2, we found little induction of type |
and Il IFNs in myeloid cells, which is different from the general
virus uptake and sensing mechanism that stimulates strong
IFN responses (Park and lwasaki, 2020; Zhou et al., 2020b).

To profile the global transcriptomic responses of myeloid cells
to SARS-CoV-2, we performed bulk RNA-seq on primary human
myeloid cells incubated with SARS-CoV-2 or conditioned me-
dium. Incubation with SARS-CoV-2 led to robust amplification
of a large number of pro-inflammatory cytokines (IL-1B, IL-8,
CCL3, CCL2, CCL8, CCL4L2, CXCL2, CXCL14, and TNF) as
well as inflammation-related genes (EGR1, THBD, C4A, and
SOCS3) compared with conditioned medium alone (Figure 5B).
Gene Ontology analysis revealed that the top enriched pathways
were associated with cytokine activity, immune regulation, im-
mune responses, and chemotaxis (Figure 5C). To determine cor-
relations between myeloid cell inflammatory responses and
COVID-19, we examined the gene expression of inflammatory
cytokines using two published scRNA-seq datasets of BAL sam-
ples isolated from healthy control (HC) individuals and those with
mild and severe COVID-19 (Liao et al., 2020; Ren et al., 2021).
These proinflammatory genes were closely associated with dis-
ease severity (Figure 5D) as well as clinical progression or conva-
lescence (Figure 5E). Furthermore, we found a positive correla-
tion between the expression of proinflammatory genes and
myeloid receptor genes (Figure 5F). These data support the hy-
pothesis that SARS-CoV-2-myeloid cell interactions can induce
pathogenic proinflammatory responses in individuals with
COVID-19.

Screening of nanobodies that block SARS-CoV-2 viral-
immune interactions

The majority of therapeutic antibodies currently under develop-
ment prevent RBD-ACE2 interactions (Brouwer et al., 2020;
Cao et al., 2020; Chen et al., 2020; Ju et al., 2020; Pinto et al.,
2020; Wu et al., 2020b). Our data suggest that (1) the SARS-
CoV-2 S protein interacts with C-type lectins and TTYH2 through
interfaces distinct from ACE2, and (2) SARS-CoV-2 interaction
with myeloid cells might promote pathological inflammation.
Therefore, we hypothesized that interference of virus-myeloid re-
ceptor interactions via blocking antibodies could have therapeu-
tic effects. To test this hypothesis, we first examined a panel of
15 previously reported human monoclonal antibodies (mAbs)
against the NTD, RBD, CTD, and S2 domain that were derived
from individuals recovered from COVID-19 (Figure S6A; Chi
et al., 2020). However, none of these 15 antibodies elicited
robust effects in blocking binding of S1-Fc or RBD-Fc to myeloid
cell receptors (Figure S6B). In fact, many of these mAbs
enhanced interaction of the S protein with myeloid cell receptors.
To identify nanobodies that block all SARS-CoV-2 virus-host in-
teractions (ACE2 and myeloid cell receptors), we screened two
sets of naive or synthetic humanized llama VHH libraries (Dong
et al., 2020; Figure 6A). Eighty-eight S protein-specific single-
domain nanobodies without an Fc tag were clustered on the ba-
sis of VHH-blocking patterns to ACE2 and individual immune re-
ceptors. We identified a close relationship between LSECtin,
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ACE2, and TTYH2 (Figure 6B), in accordance with soluble
ACE2 blocking data (Figure 2A). Most of the VHH nanobodies
bind to the RBD in the S1 protein in our S1 protein panning (Fig-
ure 6B). Some of the RBD-interacting VHH nanobodies showed
broad and potent inhibition of S1-Fc binding to ACE2 and all
myeloid cell receptors (RBD-Fc to TTYH2) (Figure 6B; Fig-
ure S6C). Despite lack of the Fc region, some nanobodies
enhanced binding to host myeloid cell receptors (Figure 6B; Fig-
ure S6C). Two nanobody clones, A8 and G11, were selected for
development of Fc-tagged nanobodies, based on their comple-
mentary capacity to broadly block all interactions between the
S1 protein and host interaction partners (ACE2 and all six
myeloid cell receptors) (Figure 6B). These two nanobodies
recognized different S epitopes, and the Fc-tagged versions of
A8 and G11 also showed broad and potent blocking activity (Fig-
ure S6D). We generated a bispecific nanobody, A8-G11-Fc, that
demonstrated a higher affinity for the S protein (Figure 6C) as well
as increased inhibition of SARS-CoV-2 pseudovirus interaction
with human PBMC-derived myeloid cells compared with A8-Fc
or G11-Fc alone (Figure 6D). These findings were corroborated
in HEK293T cells overexpressing ACE2, DC-SIGN, or L-SIGN
(Figure S6E). A8-G11-Fc not only blocked SARS-CoV-2 infection
of HEK293T cells expressing ACE2 (Figure 6E) but also reduced
pro-inflammatory responses, more so than the soluble Fc-
tagged receptor cocktails (ACE2-Fc/L-SIGN-Fc) (Figures 6F
and 6G). These data highlight an important role of SARS-CoV-
2-myeloid receptor interactions in virus immunopathogenesis
and suggest that nanobodies can be potent modalities to
broadly neutralize these activities beyond ACE2-mediated virus
infection.

DISCUSSION

In this study, we aimed to define ACE2-independent SARS-CoV-
2 binding partners as a potential molecular basis of immune dys-
regulation in COVID-19. We identified and characterized five
C-type lectins and TTYH2 as new SARS-CoV-2 S interaction
partners on myeloid cells. DC-SIGN was first identified as a bind-
ing receptor for HIV-1 (Curtis et al., 1992), which can also use L-
SIGN for entry (da Silva et al., 2011). Both receptors are engaged
by SARS-CoV for entry into DCs (Jeffers et al., 2004; Marzi et al.,
2004). Other than its role as a virus attachment factor, the intra-
cellular signaling triggered by DC-SIGN has been involved in
multiple aspects of immune function, such as DC maturation,
myeloid cell cytokine response, and T cell priming (Konieczna
et al., 2015; Svajger et al., 2010). LSECtin is enriched in myeloid
cells as a ligand that suppresses T cells (Tang et al., 2009). In the
case of Ebola virus, recombinant LSECtin protein triggers down-
stream inflammatory responses (Zhao et al., 2016). ASGR1 has
been shown to bind directly to HBV and HEV, which facilitate
viral entry (Yang et al., 2010; Zhang et al., 2011, 2016). CLEC10A
is capable of promoting Ebola virus and filovirus infection (Brud-
ner et al., 2013; Takada et al., 2004). ASGR1 and CLEC10A are
associated with inflammatory diseases (Kanemaru et al., 2019).
In particular, CLEC10A ligation enhances cytokine production
induced by Toll-like receptor 7/8 (TLR7/8) (Heger et al., 2018).
TTYH2, a relatively undercharacterized protein, currently has
no known role in virus infection or immune signaling. However,
it can be involved in regulation of immune responses, given its
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Figure 6. Identification of nanobodies capable of blocking SARS-CoV-2-induced hyperinflammatory responses

(A) Schematic of the nanobody screening program to develop bispecific nanobodies that block S protein interaction with ACE2 and myeloid cell receptors (see
STAR Methods for details).

(B) Clustered heatmap of the relative blocking score for each VHH nanobody. Clones A8 and G11 are highlighted in the rectangular areas, and non-RBD in-
teracting nanobodies were labeled with an asterisk (n = 3).

(C) Probelife kinetics analysis of binding of A8-Fc, G11-Fc, and A8-G11-Fc to the S protein. Kp, Ko, and Ky values of individual nanobodies are shown in the
table. A representative experiment is shown.

(D) Human PBMC-derived myeloid cells were incubated with HIV-GFP virus pseudotyped with SARS-CoV-2 S protein in the presence of Fc Ctr, A8-Fc, G11-Fc, or
A8-G11-Fc (50 png/mL) for 48 h, followed by flow cytometry (n = 3).

(E) Neutralization of mNeonGreen SARS-CoV-2 reporter virus (MOI = 1) infection of HEK293T cells expressing ACE2 by an S-interacting decoy receptor cocktail
(ACE2-Fc/L-SIGN-Fc, 25 ng/mL of each) or a bi-specific nanobody (A8-G11-Fc, 50 pg/mL).

(F and G) Human PBMC-derived myeloid cells from two healthy cohorts were incubated with a clinical isolate of SARS-CoV-2 (MOI = 0.5) in the presence of Fc Ctr
protein (50 ng/mL), an ACE2-Fc/L-SIGN-Fc cocktail (25 pg/mL of each), or an A8-G11-Fc bi-specific nanobody (50 ng/mL). Mock control was performed using
conditioned medium. Cells were lysed for RNA extraction, and the supernatant was harvested 24 h after incubation. mRNA levels of the indicated cytokines and
chemokines were measured by RT-PCR and normalized to that of GAPDH (F), and cytokines in the supernatant were quantified by a multiplex magnetic bead
assay (G).

Data are presented as mean + SEM of a representative experiment (D and E) or four independent pooled experiments (F and G). *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001 by one-way ANOVA (D, F, and G). n refers to the number of independent experiments.

See also Figure S6.
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dominant expression on myeloid cells and potential function as
an ion channel (Suzuki and Mizuno, 2004). These studies sug-
gest that C-type lectins and TTYH2 may act as possible signaling
receptors of SARS-CoV-2 in myeloid cells, which may initiate
subsequent cytokine production and promote pathological
inflammation.

Our data reveal a role of non-RBD epitopes in the S protein
(NTD and CTD) in binding to myeloid receptors. The NTD and
CTD appear to be more glycosylated than the RBD, with unclear
implications. The SARS-CoV-2 S trimer has been suggested to
adopt a “closed” structure or an “open” conformation, and it
is possible that the NTD or CTD allosterically affect the confor-
mation of the RBD required for proper interaction with ACE2
(Walls et al., 2020). We found that S2 also bound weakly to the
C-type lectins. Given that co-expression of furin enhances
SARS-CoV-2 pseudovirus engagement with LSECtin, ASGR1,
and CLEC10A, this S2 binding may play a functional role at the
fusion step in addition to initial viral attachment.

Our results also highlight an important role of glycosylation in
repressing and enhancing SARS-CoV-2 receptor interactions.
The N343 residue, whose mutation to Q completely blocked
binding of the S protein to ACE2, is conserved between SARS-
CoV-2 and SARS-CoV (equivalent to N330), implying selective
pressure to maintain ACE2 interaction (Li et al., 2020; Watanabe
et al., 2020). A recent structural study of the S protein showed
that the N343 glycan is proximal to and surrounds the ACE2-in-
teracting motif in the RBD (Watanabe et al., 2020). An antibody
targeting the core fucose moiety of N343 neutralizes SARS-
CoV-2 infection without affecting ACE2 binding, although the
mechanism of neutralization is not clearly understood (Pinto
et al., 2020). The three ACE2-binding motifs are buried at the
interface in the closed structure, and the open conformation is
expected to be necessary for ACE2 interaction (Walls et al.,
2020). We hypothesize that the N343 glycan may be responsible
for the conformational switch or maintenance of the open struc-
ture, but why removal of this glycan only enhances binding to
DC-SIGN is unclear. A detailed study of other glycan mutants,
particularly those that occur naturally (N282, N165, etc.), would
yield additional insights into the mechanism of viral engagement
at a structural level and help determine the interfaces to be tar-
geted for disruption of viral entry and myeloid cell dysfunction.
Additionally, although we did not define a functional role of the
two purported O-glycan sites except for CLEC10A, the role of
O-glycans, particularly in combination with other mutations, re-
quires further investigation.

Our data support that SARS-CoV-2 can engage ectopically
expressed myeloid cell receptors and PBMC-derived myeloid
cells, but neither leads to active viral infection or replication.
Why these receptors, unlike ACE2, do not support active infec-
tion warrants further investigation. We also have not yet as-
sessed whether SARS-CoV-2 is endocytosed in these cells
and whether this is required for activation of innate immune
signaling. Our results suggest that SARS-CoV-2 directly stimu-
lates pro-inflammatory cytokine production from myeloid cells.
This, however, does not exclude the possibility that these
myeloid cell receptors support SARS-CoV-2 entry and infection
in other cell types and/or in the presence of some unknown co-
factors. It will be important to test whether myeloid cells from in-
dividuals with severe COVID-19 are susceptible to SARS-CoV-2
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infection and prone to induction of immune responses. Other
than direct virus engagement through receptors, it is also
possible that myeloid cells may acquire SARS-CoV-2 via uptake
of apoptotic or necrotic infected epithelial cells. In response to
virus uptake or infection, some immune cells may prevent or stall
virus replication through cell-intrinsic innate sensing mecha-
nisms that can be beneficial to the host.

We observed a strong induction of cytokine/chemokine
expression in primary myeloid cells co-cultured with SARS-
CoV-2. Unlike the general uptake of many other viruses that
strongly stimulates type I/lll IFN responses, we did not see
changes in these IFN genes’ transcription, which may reflect
no productive virus internalization or little viral RNA recognized
by RIG-I/MDA5 and other endosome-associated RNA sensing
molecules to trigger downstream IFN production. This observa-
tion is consistent with our data showing no bona fide SARS-
CoV-2 infection in myeloid cells. However, we observed specific
upregulation of IL-1A, IL-1B, IL-8, CXCL10, CCL2, and CCL3,
a proinflammatory gene program associated closely with
COVID-19 disease severity. Therefore, it is likely that these
myeloid-cell expressing SARS-CoV-2 S-interacting proteins
can serve as signaling receptors to trigger specific hyperinflam-
matory responses and play important roles in the immune dysre-
gulation and immunopathogenesis of COVID-19.

The current vaccine or neutralization antibody programs
mainly target SARS-CoV-2 RBD or RBD-ACE2 interaction.
Most, if not all, of those antibody strategies may not block
viral-immune cell interactions or alleviate the hyperimmune re-
sponses of COVID-19. To begin to explore the therapeutic utility
of our findings, we employed a nanobody discovery approach to
identify candidates that interfere with SARS-CoV-2 interactions
beyond ACE2. Although several vaccine programs have shown
some encouraging initial data in generating combinations of
neutralizing antibodies in humans (Pinto et al., 2020; Weisblum
et al., 2020), the quality and quantity of this repertoire can be
difficult to control. With a lower cost of production and enhanced
stability, nanobodies have major advantages over traditional an-
tibodies, including a small size, which allows enhanced penetra-
tion of the lungs via aerosolization (Gai et al., 2021; Nambulli
et al., 2021). Our data show that nanobodies can broadly block
SARS-CoV-2 S/ACE2 and myeloid cell receptor interactions.
Therefore, although ACE2 and myeloid cell receptors engage
the S protein through different epitopes, an individual nanobody
can still broadly block those interactions, possibly through the
specific features of nanobodies in binding of discontinuous epi-
topes (McMahon et al., 2018) and/or possible structural changes
on the S protein upon engagement with nanobodies. Because of
the large and complex structure of S trimers, we also performed
bispecific nanobody engineering, which showed potent activity
in neutralization of virus-induced inflammatory responses. We
envision that simultaneous blockade of SARS-CoV2 targeting
ACE2-positive epithelial cells and reducing myeloid cell hyperac-
tivation is a promising therapeutic strategy for COVID-19
treatment.

Limitations of study

Our myeloid receptor discovery screen was solely based on the
interaction between soluble Fc-tagged S/S1/RBD protein and
the receptors expressed by HEK293T, followed by transfection.
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Thus, it only captured plasma membrane proteins with good sur-
face expression that do not require additional factors for attach-
ment of the S protein or its subunits. In this study, we identified
myeloid cell-associated expression of these C-type lectins and
TTYH2 in BAL samples from individuals with severe COVID-19.
Whether expression of these receptors can be associated with
COVID-19 severity (for example, mild versus severe diseases) re-
mains unclear. Moreover, the detailed mechanism of action and
in vivo therapeutic potential of our nanobodies warrant further
investigation, especially in animal models of COVID-19 infection
and pathology and, more importantly, in individuals with severe
COVID-19.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit anti-SARS-CoV-2 spike antibody
Alexa Fluor 647 goat anti-human IgG (H+L)

Alexa Fluor 647 mouse anti-human IgG Fc,
clone JDC-10

Alexa Fluor 647 goat anti-mouse Ig
Alexa Fluor 647 donkey anti-rabbit IgG
Human TruStain FcX

Mouse anti-GAPDH monoclonal antibody,
clone 1E6D9

Mouse anti-FLAG monoclonal antibody,
clone M2

HRP-conjugated anti-mouse IgG
Rabbit anti-human DC-SIGNR monoclonal
antibody, clone EPR11211

Rabbit anti-human DC-SIGN antibody
HRP-conjugated anti-rabbit IgG
HPR-conjugated anti-human IgG
BUV737 Mouse anti-human CD11c
antibody, Clone B-ly6

Brilliant Violet 785 anti-human CD14
antibody, Clone M5E2

Brilliant Violet 711 anti-human CD16
antibody, Clone 3G8

PerCP/Cyanine5.5 anti-human CD24
antibody, Clone ML5

BUV496 Mouse anti-human CD45
antibody, Clone HI30

Brilliant Violet 650 anti-human CD123
antibody, Clone 6H6

Brilliant Violet 605 anti-human CD169

(Sialoadhesin, Siglec-1) antibody, Clone
7-239

PE/Dazzle 594 anti-human CD206 (MMR)
antibody, Clone 15-2

PE-Cyanine7 anti-human HLA-DR
monoclonal antibody, Clone LN3

Brilliant Violet 510 anti-human CD3
antibody, Clone OKT3

Human ACE2 Alexa Fluor 750-conjugated
antibody, Clone 535919

Brilliant Violet 421 anti-human CD209 (DC-
SIGN) antibody, Clone 9E9A8

Human DC-SIGNR/CD299 Alexa Fluor 700-
conjugated antibody, Clone 120604

Human LSECtin/CLEC4G Alexa Fluor 488-
conjugated antibody, Clone 845404
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Sino Biological
Invitrogen
SouthernBiotech

SouthernBiotech
BioLegend
BioLegend
Proteintech

Sigma Aldrich

Cell Signaling Technology

Abcam

Proteintech

Cell Signaling Technology

Sino Biological
BD Biosciences

BioLegend

BioLegend

BioLegend

BD Biosciences

BioLegend

BioLegend

BioLegend

eBioscience

Biolegend

R&D Systems

BioLegend

R&D Systems

R&D Systems

Cati#: 40589-T62
Cat#: A-21445; RRID: AB_2535862
Cat#: 9040-31; RRID: AB_2796603

Cat#: 1010-31; RRID: AB_2794131
Cati#: 406414; RRID: AB_2563202
Cati#: 422302; RRID: AB_2818986
Cati#: 60004-1-Ig

Cat#: F3165; RRID: AB_259529

Cati#: 7076; RRID: AB_330924
Cat#: ab169783

Cat#: 25404-1-AP; RRID: AB_2880062
Cat#: 7074; RRID: AB_2099233

Cat#: SSA001

Cat#: 741827; RRID: AB_2871162

Cati#: 301840; RRID: AB_2563425

Cat#: 302044; RRID: AB_2563802

Cat#: 311116; RRID: AB_10960741

Cati#: 750179; RRID: AB_2868405

Cati#: 306020; RRID: AB_2563827

Cat#: 346010; RRID: AB_2721539

Cat#: 321130; RRID: AB_2616867

Cati#: 25-9956-42; RRID: AB_1582284

Cat#: 317332; RRID: AB_2561943

Cat#: FAB9332S

Cati#: 330118; RRID: AB_2734324

Cat#: FAB162N

Cat#: FAB2947G

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

PE Mouse Anti-human ASGPR1 antibody, BD Biosciences Cat#: 563655; RRID: AB_2687910
Clone 8D7

APC anti-human CD301 (CLEC10A) BioLegend Cat#: 354705; RRID: AB_11218803
antibody, Clone HO37G3

Mouse IgG2A Alexa Fluor 750-conjugated R&D Systems Cat#: 1C003S

isotype control, Clone 20102

Brilliant Violet 421 Mouse IgG2A isotype BioLegend Cat#: 400259; RRID: AB_10895919
control, Clone MOPC-173

Mouse IgG2B Alexa Fluor 700-conjugated R&D Systems Cat#: IC0041N; RRID: AB_10973174
isotype control, Clone 133303

Mouse IgG2A Alexa Fluor 488-conjugated R&D Systems Cat#: 1C003G; RRID: AB_10718683
isotype control, Clone 20102

PE Mouse IgG1 isotype control, Clone BD Biosciences Cat#: 551436; RRID: AB_394195
MOPC-21

LIVE/DEAD Fixable Blue Dead Cell Stain Kit Invitrogen Cati#: L23105

Rabbit anti-TTYH2 polyclonal antibody Invitrogen Cat#: PA5-34395; RRID: AB_2551747
Anti-SARS-CoV-2 spike VHH-Fc, Clone A8 This paper N/A

Anti-SARS-CoV-2 spike VHH-Fc, This paper N/A

Clone G11

Anti-SARS-CoV-2 spike VHH-Fc, Clone This paper N/A

A8-G11

Bacterial and virus strains

SARS-CoV-2 (2019-nCoV/USA-WA1/2020
strain)

Centers for Disease
Control and Prevention

BEI Resources, Cat#: NR-52281

SARS-CoV-2-mNeonGreen reporter virus Xie et al., 2020 N/A

Biological samples

Healthy human buffy coat blood NYBC N/A

Chemicals, peptides, and recombinant proteins

SARS-CoV-2 spike S, hFc-tagged KACTUS Biosystems Cat#: COV-VM5SS
SARS-CoV-2 spike S1, hFc-tagged KACTUS Biosystems Cat#: COV-VM5S1
SARS-CoV-2 spike S1, mFc-tagged Sino Biological Cat#: 40591-VO5H1
SARS-CoV-2 spike S1, mFc-tagged Acrobiosystems Cat#: STN-C5257-100ug
SARS-CoV-2 spike RBD, hFc-tagged KACTUS Biosystems Cati#: COV-VM5BD
SARS-CoV-2 spike RBD, mFc-tagged Sino Biological Cat#: 40592-V0O5H
SARS-CoV-2 spike S1, His-tagged KACTUS Biosystems Cat#: COV-VM4S1
SARS-CoV-2 spike S1, hFc-tagged This paper N/A

SARS-CoV-2 spike NTD, hFc-tagged This paper N/A

SARS-CoV-2 spike RBD, hFc-tagged This paper N/A

SARS-CoV-2 spike CTD, hFc-tagged This paper N/A

SARS-CoV-2 spike S2, hFc-tagged This paper N/A

Human IgG1-Fc protein Sino Biological Cat#: 10702-HNAH
Human ACE2, His-tagged KACTUS Biosystems Cat#: ACE-HM401
Human ACE2, hFc-tagged Sino Biological Cat#: 10108-HO2H
Human DC-SIGN, hFc-tagged Sino Biological Cat#: 10200-HO1H
Human CD299, hFc-tagged Sino Biological Cat#: 10559-HO1H
Human LSECtin, hFc-tagged Acro Biosystems Cat#: CLG-H5250
Human ASGR1, hFc-tagged R&D Systems Cat#: 10255-AS
Human CLEC10A, His-tagged R&D Systems Cat#: 4888-CL
Human CLEC10A, hFc-tagged Sino Biological Cat#: 10821-HO1H
DNase | Roche Cat#: 11284932001
Recombinant human GM-CSF R&D Systems Cat#: 215-GM

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Recombinant human IL-4 R&D Systems Cat#: 204-IL
Recombinant human TNF-a. PeproTech Cat#: 300-01A
Lipofectamine 2000 Invitrogen Cat#:11668019
Polyethylenimine (PEI), Linear, MW 25000 Polysciences Cat#: 23966
TMB ELISA Substrate Solution Sino Biological Cat#: SEKCRO1
Pierce ECL Western Blotting Substrate Thermo Fisher Scientific Cati#: 32209

Bovine Serum Albumin Sigma Cat#: B4287-25G
lonomycin (free acid), Ca%* ionophore Abcam Cat#: ab120370
Critical commercial assays

PureLink RNA Mini Kit Invitrogen Cat#: 12183025
RNeasy Mini Kit QIAGEN Cat#: 74106

High-Capacity cDNA Reverse
Transcription Kit

SYBR Green PCR Master Mix
TagMan Universal PCR Master Mix

Applied Biosystems

Applied Biosystems
Applied Biosystems

Cati#: 4368813

Cat#: 4309155
Cati#: 4304437

MILLIPLEX MAP Human Cytokine/ Millipore Cat#: HCYTMAG-60K-PX30
Chemokine Magnetic Bead Panel -

Premixed 30 Plex - Immunology

Multiplex Assay

HIV-1 p24 ELISA Assay XpressBio Cat#: XB-1000

Q Buffer Probelife Cat#: 120010

HFC (Anti-HIgG Fc) Probe Probelife Cat#: 160003

Deposited data

RNA-sequencing data of human dendritic GEO Accession#: GSE155106

cells or macrophages infected with SARS-

CoV-2

Experimental models: Cell lines

HEK293T ATCC Cat#: CRL-3216; RRID: CVCL_0063
Expi293F Thermo Fisher Scientific Cat#: A14527; RRID: CVCL_D615
293FT Thermo Fisher Scientific Cat#: R70007; RRID: CVCL_6911
Vero CCL81 ATCC Cat#: CCL-81; RRID: CVCL_0059
Vero E6 ATCC Cat#: CRL-1586; RRID: CVCL_0574
THP-1 ATCC Cat#: TIB-202; RRID: CVCL_0006
Oligonucleotides

See Table S2 for primer sequences for This paper N/A

RT-PCR

Non-targeting control shRNA: This paper N/A

Forward:CCGGC

AACAAGATGAAGAGCACCAAC

TCGAGTTGGTGCTCTTCATCTT

GTTGTTTTTG; Reverse:AAT

TCAAAAACAACAA

GATGAAGAGCACCAACTCGAG

TTGGTGCTCTTCATCTTGTTG

DC-SIGN shRNA#1: Forward:CCGG This paper N/A

ACTGGTTGCAAGAGCTCATTTCT
CGAGAAATGAGCTCTTGCAACCA
GTTTTTTG; Reverse:AATTCAAAAAACTG
GTTGCAAGAGCTCATTTCT
CGAGAAATGAGCTCTTGCAACCAGT
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

DC-SIGN shRNA#3: Forward:CCGGGC
TTCCAGAGAAATCTAAGATCTCGAGAT
CTTAGATTTCTCTGGAAGCTTTITG;
Reverse:AATTCAAAAAGCTTCCAGAG
AAATCTAAGATCTCGAGATCTTAGAT
TTCTCTGGAAGC

L-SIGN shRNA#2: Forward:CCGGATC
GATGTGACGTTGACAATTCTCGAGA
ATTGTCAACGTCACATCGATTTTITG;
Reverse:AATTCAAAAAATCGATGTGA
CGTTGACAATTCTCGAGAATTGTCA
ACGTCACATCGAT

L-SIGN shRNA#4: Forward:CCGGATC
CGAGCAAGACGCAATCTACTCGAGT
AGATTGCGTCTTGCTCGGATTITITG;

This paper

This paper

This paper

N/A

N/A

N/A

Reverse:AATTCAAAAAATCCG
AGCAAGACGCAATCTACTCGAG
TAGATTGCGTCTTGCTCGGAT
Recombinant DNA
cDNA library GeneCopoeia Cat#: OC-13865-M02-300-5
cDNA library DNASU N/A
pcDNABS.1-SARS-CoV-2-S Laboratory of Dr. Lu Lu, N/A
Fudan University
pcDNA6B-FLAG-ACE2 Laboratory of Dr. Peihui N/A

pCMV-dR8.2 dvpr
pCDH-GFP
pPENTER-CD209
pPENTER-CLEC4G
pENTER-CLEC4M
PENTER-TTYH2
PENTER-ASGR1
PENTER-CLEC10A
PENTER
PcDNA3.1/nV5-DEST-ACE2
pLX304-TMPRSS2
pLenti6.3/V5-DEST-FURIN
psPAX2

pMD2.G

pLKO.1-puro

Wang, Shandong University
Stewart et al., 2003
System Bioscience
vigenebio
vigenebio
vigenebio
vigenebio
vigenebio
vigenebio
vigenebio

Zang et al., 2020
Zang et al., 2020
This paper
Laboratory of Dr.
Didier Trono, EPFL

Laboratory of Dr.
Didier Trono, EPFL

Stewart et al., 2003

Addgene, Cat#: 8455
Cat#: CD511B-1
Cat#: CH827318
Cat#: CH899337
Cat#: CH891751
Cat#: CH886758
Cat#: CH830386
Cat#: CH822531
Cati#: PD88001

N/A

N/A

N/A

Addgene, Cat#: 12260

Addgene, Cat#: 12259

Addgene, Cat#: 8453

Software and algorithms

CellProfiler version 4.0.5

R version 4.0.2

Python version 3.6.9

FlowdJo version 10.6.1
GraphPad Prism 8 version 8.4.3
Viral-Track

Cytoscape version 3.7.2
Bowtie2

XPONENT version 4.3.229.0

Broad Institute

The R project

Python software foundation
FlowJo

GraphPad Software

Bost et al., 2020

Shannon et al., 2003
Langmead and Salzberg, 2012

Luminex

https://cellprofiler.org/
https://www.r-project.org
https://www.python.org
https://www.flowjo.com/
https://www.graphpad.com/
https://github.com/PierreBSC/Viral-Track
https://cytoscape.org/

http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

https://www.luminexcorp.com/xponent/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jun Wang
(jun.wang@nyulangone.org).

Materials availability

Unique material requests should be directed to the Lead Contact and will be released with a Material Transfer Agreement for non-
commercial usage. There are restrictions on the availability of VHH nanobodies due to limited stock and continued consumption. We
are glad to share the remaining antibodies with reasonable compensation for processing and shipping upon completion of a Material
Transfer Agreement for non-commercial usage. Further discussion with NYU Grossman of Medicine and Ab Studio may be required if
there is potential for commercial application of these nanobodies.

Data and code availability
The accession number for the RNA-seq raw and processed datasets related to Figure 5B is Gene Expression Omnibus (GEO) data-
base: GSE155106.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Human embryonic kidney cell line HEK293T cells (ATCC, CRL-3216, RRID: CVCL_0063, Female) were cultured in complete Dulbec-
co’s Modified Eagle Medium (DMEM), supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-Glutamine, 1X
Penicillin/Streptomycin, 1mM Sodium Pyruvate, and 20 mM HEPES. THP-1 cells (ATCC, TIB-202, RRID: CVCL_0006, Male) were
cultured in RPMI 1640 medium supplemented with 10% FBS, 2 mM L-Glutamine, 20 mM HEPES, 1 mM Sodium Pyruvate, and
1X Penicillin/Streptomycin. To perform THP-1 differentiation, THP-1 monocytes were resuspended in complete media supple-
mented with 200 ng/mL rhiL-4 (R&D Systems), 100 ng/mL rhGM-CSF (R&D Systems), 20 ng/mL rhTNF-a (PeproTech), and
200 ng/mL ionomycin (Abcam) at a concentration of 2 x 10° cells/mL, followed by incubation at 37°C for 72 hr. Vero E6 (ATCC,
CRL-1586, RRID: CVCL_0574, Female) and Vero (ATCC, CCL-81, RRID: CVCL_0059, Female) cells were cultured in DMEM supple-
mented with 10% FBS, 2 mM L-Glutamine, 10 mM HEPES, 1 mM Sodium Pyruvate, 0.1 mM non-essential amino acids (NEAA), and
1X Penicillin/Streptomycin. 293FT cells (Thermo Fisher, R70007, RRID: CVCL_6911, Female) were cultured in DMEM supplemented
with 4.5 g/L Glucose, 10% FBS, 0.1 mM NEAA, 6 mM L-glutamine, 1 mM Sodium Pyruvate, and 1X Penicillin/Streptomycin. Expi293F
cells (Thermo Fisher Scientific, A14527, RRID: CVCL_D615, Female) were cultured in Expi293 Expression Medium (Thermo Fisher
Scientific, A1435101). All cells were maintained at 37°C and in a 5% CO, atmosphere, except for Expi293F cells that were cultured
at 37°C and in an 8% CO, atmosphere with 125 rpm orbital shaking.

Viruses

A clinical isolate of SARS-CoV-2 (2019-nCoV/USA-WA1/2020 strain) was obtained from the Centers for Disease Control and
Prevention (Harcourt et al., 2020). An mNeonGreen SARS-CoV-2 reporter virus was used as previously described (Xie
et al., 2020). SARS-CoV-2 viruses were passaged in Vero CCL81 cells and titrated using a plaque assay on Vero E6 cells (Zang
et al., 2020).

METHOD DETAILS

Primary cell cultures

Human primary myeloid cells were generated as described before (Lu et al., 2018). Briefly, human PBMCs were isolated from buffy
coat blood obtained by the New York Blood Center (NYBC) from healthy donors. PBMCs were allowed to attach to the bottom of a
T75 flask in RPMI 1640 media, supplemented with 2mM L-Glutamine, 0.5% FBS, and 30 ng/mL DNase | (Roche), at 37°C for 1 hr. Cell
culture was aspirated and attached cells were gently washed with 30 mL PBS for 3 times. Cells were then cultured in RPMI 1640
media, supplemented with 2mM L-Glutamine, 10% FBS, 1X Penicillin/Streptomycin, 30 ng/mL human GM-CSF (R&D Systems),
and 10 ng/mL human IL-4 (R&D Systems) for 5-7 days to promote myeloid cell differentiation. Cells were maintained at 37°C in a
5% CO, atmosphere.

Plasmids and fusion proteins

The human cDNA library constructs encoding ~300 full-length myeloid cell-associated membrane proteins were purchased from
Genecopoeia (Rockville, MD), DNASU (Tempe, AZ), or were individually cloned by the Wang laboratory at the New York University
Grossman School of Medicine. All the genes used for the myeloid cell receptor discovery were cloned into a mammalian expression
vector. Human fusion proteins were provided by KACTUS Biosystems (Woburn, MA), purchased from Sino Biological (Wayne, PA)
and ACRO Biosystems (Newark, DE), or were individually generated by tagging the extracellular domain with human IgG1 Fc and
expressed in Expi293F cells. Human ACE2 (in a pcDNA3.1/nV5-DEST vector) and TMPRSS2 (in a pLX304 lentiviral vector) were
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used as previously described (Zang et al., 2020). FURIN was cloned into a pLenti6.3/V5-DEST vector with a C-terminal V5 tag and a
blasticidin selection marker.

The myeloid cell receptor interaction assay

The myeloid cell receptor discovery approach was modified from a previous study (Wang et al., 2019). ~300 genes encoding trans-
membrane proteins were selected based on the myeloid cell-related expression profiles (bioinformatics analysis using BioGPS da-
tabases). To express the transmembrane proteins, cDNA library plasmids were individually transfected into HEK293T cells in a 384-
well plate (Applied Biosystems, 4307723). Briefly, an equal volume of plasmid (pre-diluted to 4 pg/mL in OptiMEM) and Lipofectamine
2000 (pre-diluted to 7 pL/mL in OptiMEM) were mixed and incubated at room temperature (RT) for 15 minutes (min). 20 uL of the
mixture were added to each well of the 384-well plate followed by 30 min incubation at RT. 10,000 HEK293T cells in 40 uL complete
medium were then added into each well and incubated at 37°C for 18 hr. For the initial screening experiment, 10 ng of human IgG1 Fc
(hFc)-tagged S, S1, and RBD (in total 30 ng) (KACTUS Biosystems) or 30 ng control human IgG1 Fc (Sino Biological), and 45 ng of
Alexa Fluor 647 Mouse Anti-Human IgG secondary antibody (SouthernBiotech) were added into each well. The plates were read 24 hr
later in the Applied Biosystems (Foster City, CA) 8200 cellular detection system (CDS) and analyzed by the CellProfiler software. Hu-
man Fc receptors served as internal positive controls for this assay.

To validate and characterize the S protein binding domains of the identified receptors, HEK293T cells were transfected with indi-
vidual receptors as described above, followed by the addition of 10 ng of S-hFc (KACTUS Biosystems), S1-hFc (KACTUS Biosystems
or this paper), NTD-hFc (this paper), RBD-hFc (KACTUS Biosystems or this paper), CTD-hFc (this paper), or S2-hFc (this paper), as
well as 15 ng of Alexa Fluor 647 goat anti-human IgG secondary antibody (Invitrogen) into each well. Data were collected and
analyzed as described above.

For the glycan mutagenesis screening, HEK293T cells were transfected with individual receptors or Fc receptor (FCGR2A) as
described above. 50 uL. WT S1-hFc (this paper) or mutant S1-hFc (this paper) in Expi293F media was added to each well together
with 15 ng of Alexa Fluor 647 mouse anti-human IgG secondary antibody (SouthernBiotech). The fluorescence intensity was calcu-
lated by CellProfiler software. Binding of S1-hFC (WT or mutant) to receptors was normalized to the protein amount determined by its
binding to FCGR2A expressing cells.

ACE2-His competition assay

To test whether ACE2-His could compete for the S protein binding to the host receptors, HEK293T cells were transfected with indi-
vidual receptors as described above. 10 ng of S-hFc (KACTUS Biosystems) or RBD-hFc (KACTUS Biosystems) (to check the binding
to TTYH2) were incubated with 1 ng of ACE2-His (KACTUS Biosystems) overnight at 4°C and then added to each well in a 384-well
plate. 15 ng of AF647-conjugated goat anti-human IgG secondary antibody (Invitrogen) was added to each well and incubated for
24 hr. Data was then collected by CDS and analyzed by CellProfiler software.

Soluble receptor blocking assay

To examine the blocking of S protein binding in the presence or absence of soluble receptors, HEK293T cells were transfected with
individual receptors as described above. 15 ng of mouse Fc (mFc)-tagged S1-mFc (Sino Biological) or RBD-mFc (Sino Biological) (to
check the binding to TTYH2) were incubated with 750 ng of soluble receptors overnight at 4°C and then added to each well in a 384-
well plate. 20 ng of AF647-conjugated goat anti-mouse IgG secondary antibody (SouthernBiotech) was added to each well and incu-
bated for 24 hr. Data was then collected by CDS and analyzed by CellProfiler software.

Pseudovirus experiments

HIV-GFP virus pseudotyped with SARS-CoV-2 S protein were generated by co-transfecting pcDNA3.1-SARS-CoV-2-S (a gift from
Dr. Lu Lu at Fudan University), pPCMV-dR8.2 dvpr (Addgene, 8455) (encoding HIV backbone) and pCDH-GFP (System Bioscience,
CD-511B-1) (encoding the GFP reporter) at 1:2:3 mass ratio into Expi293F cells using PEI (Polysciences) at 3:1 (PEI:DNA) mass ratio.
Four days post-transfection, the supernatant was harvested and filtered through a 0.45 um sterile syringe filter, followed by concen-
tration using Amicon Ultra-15 Centrifugal Filter Unit (Millipore, UFC910024). Pseudoviruses were titrated by HIV-1 p24 ELISA Assay
(XpressBio) according to the manufacturer’s protocol and stored at —80°C. Cells were co-cultured with the pseudovirus (p24 =
~60 ng/mL) for 12 hr and resuspended in fresh media, followed by an additional 36 hr incubation before analysis by flow cytometry
to determine the GFP expression.

SARS-CoV-2 virus experiments

SARS-CoV-2 virus co-culture

Human PBMC-derived myeloid cells, Vero E6 cells, or HEK293T cells transfected with the indicated receptors were co-cultured with
the authentic SARS-CoV-2 (Harcourt et al., 2020) (MOI = 0.5 - 1) or the mNeoGreen SARS-CoV-2 reporter virus (Xie et al., 2020)
(MOI = 0.1 - 10) with or without centrifugation at 1200 x g for 2 hr at RT. Media were then changed and cells were incubated at
37°C until analysis.

RNA extraction and quantitative PCR

Total RNA was extracted from cells using Trizol or lysis buffer from commercially available RNA extraction Kit (Thermo Fisher
Scientific or QIAGEN) at 24 hr after incubation at 37°C. Reverse transcription was performed with High-Capacity RT kit (Applied
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Biosystems). RT-PCR was performed using the CFX96 Touch Real-Time PCR Detection System (Bio-Rad) or StepOne Real-Time
PCR System (Applied Biosystems) with a 20 uL reaction, composed of 50 ng of cDNA, 10 uL Power SYBR Green master mix (Applied
Biosystems) for IL1A, IL1B, IL6, IL8, IL10, IL18, TNF, IFNA2, IFNB, IFNG, TGFB, CXCL3, CXCL10, CXCL11, CCL2, CCL3, CCLS5,
GAPDH or Tagman master mix (Applied Biosystems) for SARS-CoV-2 N protein, and 200 nM of each forward and reverse primer.
All SYBR Green primers and Tagman probes used in this study are listed in Table S2.

RNA-sequencing

Total RNA was extracted from human PBMC-derived myeloid cells in culture with conditioned media (mock) or a clinical isolate of
SARS-CoV-2 using Trizol. RNA sample quality was examined by the NanoDrop spectrophotometer (Thermo Fisher) and Bioanalyzer
2100 (Agilent). Libraries were sequenced on the BGISEQ-500 platform. The SE reads were aligned to the hg19 build using Bowtie2
(Langmead and Salzberg, 2012) to map clean reads to reference gene and using HISAT2 to reference genome with the following pa-
rameters:—phred64-sensitive -1 1 -X 1000. Reads were counted using Subread and differential gene expression analysis was per-
formed using DESeq2BGi. Data were analyzed using DESeq2.

shRNA knockdown assay

For DC-SIGN and L-SIGN knockdown experiments, shRNAs were cloned into the lentiviral pLKO.1-puro vector (Addgene, 8453).
Lentivirus carrying shRNAs were generated by co-transfecting plasmids encoding non-targeting control shRNA or targeting shRNAs,
psPAX2 (Addgene, 12260), and pMD2.G (Addgene, 12259) at 3:2:1 mass ratio into 293FT cells using PEI (Polysciences). Four days
post-transfection, the supernatant was harvested and filtered through a 0.45 um sterile syringe filter, followed by concentration using
Amicon Ultra-15 Centrifugal Filter Unit (Millipore, UFC910024). Viruses were stored at —80°C. THP-1 cells were infected with the vi-
ruses and the medium was changed at 12 hr post-infection. Cells were selected in the presence of 0.5-1 pg/mL puromycin for an
additional 48 hr. Cells were collected and knockdown efficiency were analyzed by western blot.

Flow cytometry

To validate the binding of S protein to the myeloid cell receptors, HIV-GFP virus pseudotyped with SARS-CoV-2 S protein were first
incubated with HEK293T cells expressing different receptors at 4°C for 45 min. Cells were then incubated with rabbit anti-SARS-
CoV-2 S protein antibody (Sino Biological, 40589-T62, dilution 1:200) at 4°C for 45 min, and stained with AF647 donkey anti-rabbit
IgG antibody (Biolegend, 406414, dilution 1:500) at 4°C for 45 min. Data were acquired on a ZE5 Cell Analyzer (Bio-Rad) and analyzed
by the FlowJo software.

For checking the infection by the mNeonGreen SARS-CoV-2 reporter virus, the cells were washed in PBS followed by fixation using
10% formalin and then resuspended in FACS buffer containing 1X PBS with 0.5% bovine serum albumin and 0.05% sodium azide.
Cells were analyzed by an LSRII flow cytometer (BD) or an Accuri C6 (BD, CA) and data was analyzed by FlowJo software.

To check the myeloid receptor expression by PBMC-derived myeloid cells, and cells in BAL fluid isolated from COVID-19 patients,
an immuno-profiling antibody set was used as described before to distinguish different cell populations (Yu et al., 2016). Human
TruStain FcX (Biolegend, 422302, dilution 1:100) was used for Fc receptor blocking. Cells were stained using the following fluores-
cently labeled anti-human antibodies: from Biolegend (San Diego, CA): Brilliant Violet 785 anti-human CD14 Antibody (301840, dilu-
tion 1:100), Brilliant Violet 711 anti-human CD16 Antibody (302044, dilution 1:100), PerCP/Cyanine5.5 anti-human CD24 Antibody
(311116, dilution 1:100), Brilliant Violet 650 anti-human CD123 Antibody (306020, dilution 1:100), Brilliant Violet 605 anti-human
CD169 (Sialoadhesin, Siglec-1) Antibody (346010, dilution 1:100), PE/Dazzle 594 anti-human CD206 (MMR) Antibody (321130, dilu-
tion 1:100), Brilliant Violet 510 anti-human CD3 Antibody (317332, dilution 1:100), Brilliant Violet 421 anti-human CD209 (DC-SIGN)
Antibody (330118, dilution 1:100), and APC anti-human CD301 (CLEC10A) Antibody (354705, dilution 1:100); from eBioscience (San
Diego, CA): PE-Cyanine7 anti-human HLA-DR Monoclonal Antibody (25-9956-42, dilution 1:100); from BD Biosciences (San Jose,
CA): BUV737 anti-human CD11c (741827, dilution 1:100), BUV496 anti-human CD45 (750179, dilution 1:100), and PE Anti-Human
ASGPR 1 (563655, dilution 1:100); and from R&D Systems (Minneapolis, MN); Alexa Fluor® 750 anti-human ACE2 antibody
(FAB9332S, dilution 1:100), Alexa Fluor® 700 anti-human DC-SIGNR/CD299 antibody (FAB162N, dilution 1:100), and Alexa Fluor®
488 anti-human LSECtin/CLECA4G antibody (FAB2947G, dilution 1:100). Cells were fixed in 1% paraformaldehyde overnight. Data
were acquired on a Cytek® Aurora (Cytek Biosciences) and analyzed by the FlowdJo software.

Western blot

HEK293T cells were transfected with FLAG-tagged receptors (Shandong University, P.Wang: pcDNA6B-FLAG-ACE2; vigenebio:
CH827318, CH891751, CH899337, CH830386, CH822531, CH886758 for DC-SIGN, L-SIGN, LSECtin, ASGR1, CLEC10A, and
TTYH2, respectively) or vector control (vigenebio, PD88001). 24 hr post-transfection, cells were lysed, and the lysates were har-
vested for western blot using the following antibodies: from Proteintech (Rosemont, IL): mouse anti-GAPDH antibody (60004-1-Ig,
dilution 1:5,000) and from Sigma-Aldrich (St. Louis, MO): mouse anti-FLAG antibody (F3165, dilution 1:10,000). To check the expres-
sion of DC-SIGN and L-SIGN in the undifferentiated or differentiated THP1 cells, cell lysates were harvested for western blot using the
following antibodies: from Proteintech (Rosemont, IL): mouse anti-GAPDH antibody (60004-1-Ig, dilution 1:5,000) and rabbit anti-DC-
SIGN antibody (25404-1-AP, dilution 1:1,000) and from Abcam (Cambridge, MA): rabbit anti-L-SIGN antibody (ab169783, dilution
1:1,000). HRP-conjugated secondary antibodies were purchased from Cell Signaling Technology (Danvers, MA): HRP-conjugated
anti-mouse IgG (7076, dilution 1:5,000) and HRP-conjugated anti-rabbit IgG (7074, dilution 1:5,000).
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To confirm the expression of TTYH2 in HEK293T, HEK293T transfected with TTYH2 cDNA, and PBMC-derived myeloid cells with
or without differentiation, these cells were directly lysed in Laemmli Sample Buffer followed by centrifugation. Supernatant was used
for gel electroporation. To assess the expression of TTYH2 in BAL samples isolated from COVID-19 patients, the BAL samples were
first lysed in Trizol followed by protein extraction. Briefly, chloroform was added to the Trizol-lysed samples, followed by thorough mix
and centrifugation. The top aqueous phase containing RNA was carefully removed by pipetting. DNA was precipitated by adding
100% ethanol to the remaining samples followed by centrifugation. The supernatant containing proteins was collected and proteins
were precipitated by adding isopropanol followed by centrifugation. Precipitated proteins were washed twice by 0.3 M
guanidine hydrochloride and once by 100% ethanol. Protein pallet was dissolved in 1% SDS solution. Anti-TTYH2 antibody (Invitro-
gen, PA5-34395) was used at 1:1,000 dilution, and anti-GAPDH and HRP-conjugated secondary antibody were used as
described above.

VHH, VHH-Fc, and bispecific nanobody

88 VHH nanobodies were generated from a naive llama VHH library and a humanized VHH nanobody library and selected for high-
affinity binding to SARS-CoV-2 S protein through three rounds of S1 panning as described before (Dong et al., 2020). ELISA was
performed to examine the binding to S1 and RBD. Selected VHH nanobodies were further tested for their capability to block S protein
binding to ACE2, DC-SIGN, L-SIGN, LSECtin, ASGR1, CLEC10A, and TTYH2, by cellular detection system (for ACE2, LSECtin,
ASGR1, CLEC10A, and TTYH2) or ELISA (for DC-SIGN and L-SIGN). VHH-Fc was constructed by fusing VHH domain with human
IgG1 Fc domain. Based on the results from competitive binding assay and blocking assay, two clones, A8 and G11, were picked
to construct A8-G11-Fc bispecific nanobody. A8 and G11 were connected by a Gly-Ser linker. All the Fc-fusion VHH nanobodies
were expressed in Expi293F cell and purified on a Protein A column.

To examine the blocking of S protein binding in the presence or absence of VHH nanobody, HEK293T cells were transfected with
individual receptors as described above. 10 ng of S1-hFc (KACTUS Biosystems) (to check the binding to ACE2, ASGR1, CLEC10A
and LSECtin) or RBD-hFc (KACTUS Biosystems) (to check the binding to TTYH2) were incubated with 50 uL VHH (various amount
from 10 pg to 400 pg) overnight at 4°C to allow the binding of VHH to S protein and then added to each well in a 384-well plate. 15 ng of
AF647-conjugated anti-human IgG secondary antibody (Invitrogen) were added to each well and incubated for 24 hr. Data was then
collected by CDS and analyzed by CellProfiler software.

To examine the blocking of S protein binding in the presence or absence of human Fc-tagged VHH nanobodies, HEK293T cells
were transfected with individual receptors as described above. 15 ng of S1-mFc (Sino Biological) or RBD-mFc (Sino Biological)
(to check the binding to TTYH2) were incubated with 750 ng of VHH-hFc overnight at 4°C to allow the binding of VHH-hFc to S1-
mFc or RBD-mFc and then added to each well in a 384-well plate. 20 ng of AF647-conjugated anti-mouse IgG secondary antibody
(SouthernBiotech) was added to each well and incubated for 24 hr. Data was then collected by CDS and analyzed by CellProfiler
software.

ELISA

96-well plates (Nunc-468667) were coated with 2 pg/mL recombinant SARS-CoV-2-S1 protein with His tag (Kactus Biosystems,
China) overnight. The plates were washed with TBST (TBS + 0.1% Tween-20) three times and blocked using 2% BSA (Sigma) in
TBST for 1 hr at 37°C. The wells were incubated with recombinant ACE2 (Sino Biological), DC-SIGN (Sino Biological), L-SIGN
(Sino Biological), LSECtin (Acro Biosystems), ASGR1 (R&D Systems), and CLEC10A (Sino Biological) with human Fc tag at 37°C
for 6 hr. Following three times washes with TBST, HRP conjugated anti-human Fc tag antibody (Sino Biological, dilution 1:5,000)
was added and incubated at 37°C for 1 hr. Plates were washed three times with TBST and 200 pL of the mixture of TMB Substrate
Solution (Sino Biological) was added to each well. While protected from light, plates were incubated at room temperature for 20 min.
Stop solution (2M H,SO,) was added and the microplate was read at OD450.

VHH was generated from the bacterial culture containing mannan that can block S protein interaction with DC-SIGN and L-SIGN.
To overcome this problem, we switched to ELISA and were able to check the capability of VHH to block S protein binding to DC-SIGN
and L-SIGN. S1-His (KACTUS Biosystems) were added at 50 ng per well for plate coating at 4°C overnight. The S1-His-coated
plate was first blocked using 10% FBS in PBS at RT for 1 hr and then incubated with 100 uL VHH at 37°C for 4 hr. Following
washes using PBS supplemented with 0.1% Tween-20 (American Bio, AB02038-00500) to remove free mannan and unbound
VHH, 2 ng/mL hFc-tagged DC-SIGN (Sino Biological), 5 ng/mL L-SIGN (Sino Biological) or equal concentration of recombinant
higG1 (Sino Biological), served as the negative control, were added and incubated at 37°C for 2 hr. Results were assessed by spec-
trophotometric measurement of absorbance at 450 nm using a FlexStation 3 Multi-Mode Microplate Reader (Molecular Devices, San
Jose, CA).

Probelife Kinetic Assay

Fc-tagged antibodies were each diluted in Q Buffer (Probelife) to 10 pg/mL to serve as the loading protein (enough for 8 wells each) for
human Fc probes (Probelife). For the association/dissociation steps, the spike S1-mFc Recombinant Protein (Acrobiosystems) was
serially diluted (1:2) in Q Buffer starting at 49.02 nM and ending at 0.766 nM (6 serial dilutions), with 0 mM being the negative control.
The kinetic assay program was set as: 120 s Baseline, 100 s Loading, 180 s Baseline, 180 s Association, and 900 s dissociation. The
shake speed was set to 1,000 rpm and the temperature was set to 30°C.
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Structural analysis of SARS-CoV-2 S protein

The site-specific Swiss-Model homology model based on PDB: 6VSB (Wrapp et al., 2020) was used in Figure 2E. Structures of the
glycans attached at each glycosylation site are based on the mass spectrometry data (Watanabe et al., 2020). N343 FA2, N603 M5,
N165 FA2, and N282 FA2B glycans (glycan naming system from (Watanabe et al., 2020)) are shown as atom-type colored space-
filling models, with carbons colored blue for N-acetyl-glucosamine, green for mannose and red for fucose moieties. The position
of the bound human ACE2 N-terminal peptidase domain was modeled using the structure of the complex (PDB: 6MOJ) (Lan
et al., 2020).

Multiplex cytokine and chemokine assay

Human PBMC-derived myeloid cells were co-cultured with authentic SARS-CoV-2 in the presence of Fc Control protein, ACE2-Fc/L-
SIGN-Fc (25 pg/mL for each), or A8-G11-Fc (50 ng/mL) for 24hr. Supernatant was then collected, and the secreted cytokine and che-
mokine protein levels were measured using a 30-plex array assay (Millipore, HCYTMAG-60K-PX30) according to the manufacturer’s
protocol. Briefly, 25 uL of cell culture supernatant were incubated with the magnetic capture beads, washed, and incubated with the
biotinylated detection antibodies and PE-conjugated streptavidin. Cytokines and chemokines were recorded on a MAGPIX machine
(Luminex) and quantitated via comparison to a standard curve. xPONENT software was used for the data collection and analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of the COVID-19 BAL fluid dataset

Detection of SARS-CoV-2 expression

The single-cell RNA-seq raw data was collected from the GEO database through the accession number GSE145926. The SARS-
CoV-2 and human reference genome were downloaded from the viruSITE website (http://www.virusite.org/archive/2020.2/
genomes.fasta.zip) and Ensembl database (http://www.ensembl.org//useast.ensembl.org/info/data/ftp/index.html?redirectsrc=//
www.ensembl.org%2Finfo%2Fdata%2Fftp%2Findex.html). The computational framework of Viral-track (Bost et al., 2020) was
applied to detect SARS-CoV-2 RNA reads in each cell with default parameters.

Data quality control

The following criteria were applied to filter all the cells: gene number between 200 and 6,000, UMI count > 1,000, and mitochondrial
gene percentage < 10%. After filtering, a total of 37,308 cells were left for the downstream analysis.

Dimensionality reduction

The filtered gene barcode matrix was first normalized and logarithmic converted using ‘normalized_total’ and ‘log1p’ methods in the
preprocess function of scanpy (https://github.com/theislab/scanpy; Wolf et al., 2018). The top 2,000 highly variable genes were then
identified using the ‘highly_variable_genes’ function. PCA was performed on the gene expression of these 2,000 genes. BBKNN
(Batch balanced k-nearest neighbors) was performed on the low dimension data to compute the weighted adjacency matrix that
removed the batch effect to describe the distance between cells. Then UMAP was performed on the matrix for visualization.
Statistical analysis

To determine SARS-CoV-2 infection, we calculated the number of infected cells, the intersection of infected cells, and the positive
cells of the indicated gene. The hypergeometric test was adopted to calculate the p value of the enrichment of SARS-CoV-2 to
selected cells on the last step. ‘rank_genes_groups’ in scanpy tools function was invoked to perform differential gene expression
analysis. For each set of selected cells, DEGs (differential expression genes) of infected cells and uninfected cells were calculated
using the ‘rank_genes_groups’ method, parameter ‘n_genes’ is set to the number of all genes, with other parameters using the
default value. A gene was considered significant with a p value < 0.05. Pathway enrichment bubble plots were generated using
the BINGO Application (Maere et al., 2005) and Cytoscape (Shannon et al., 2003).

Statistical analysis of non-scRNAseq data

Two tailed Student’s t test, one-way ANOVA, or two-way ANOVA were applied for statistical analysis in GraphPad Prism 8. P values
were calculated and reported as follows: ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001, ***, p < 0.0001. The error bars in
each figure represented standard error of the mean (SEM). n referred to the number of independent experiment unless specified.
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