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ABSTRACT Schmallenberg virus (SBV) is an insect-transmitted orthobunyavirus that
can cause abortions and congenital malformations in the offspring of ruminants.
Even though the two viral surface glycoproteins Gn and Gc are involved in host
cell entry, the specific cellular receptors of SBV are currently unknown. Using
genome-wide CRISPR-Cas9 forward screening, we identified 3=-phosphoadenosine 5=-
phosphosulfate (PAPS) transporter 1 (PAPST1) as an essential factor for SBV infection.
PAPST1 is a sulfotransferase involved in heparan sulfate proteoglycan synthesis en-
coded by the solute carrier family 35 member B2 gene (SLC35B2). SBV cell surface
attachment and entry were largely reduced upon the knockout of SLC35B2, whereas
the reconstitution of SLC35B2 in these cells fully restored their susceptibility to SBV
infection. Furthermore, treatment of cells with heparinase diminished infection with
SBV, confirming that heparan sulfate plays an important role in cell attachment and
entry, although to various degrees, heparan sulfate was also found to be important
to initiate infection by two other bunyaviruses, La Crosse virus and Rift Valley fever
virus. Thus, PAPST1-triggered synthesis of cell surface heparan sulfate is required for
the efficient replication of SBV and other bunyaviruses.

IMPORTANCE SBV is a newly emerging orthobunyavirus (family Peribunyaviridae)
that has spread rapidly across Europe since 2011, resulting in substantial economic
losses in livestock farming. In this study, we performed unbiased genome-wide
CRISPR-Cas9 screening and identified PAPST1, a sulfotransferase encoded by
SLC35B2, as a host entry factor for SBV. Consistent with its role in the synthesis of
heparan sulfate, we show that this activity is required for efficient infection by SBV.
A comparable dependency on heparan sulfate was also observed for La Crosse virus
and Rift Valley fever virus, highlighting the importance of heparan sulfate for host
cell infection by bunyaviruses. Thus, the present work provides crucial insights into
virus-host interactions of important animal and human pathogens.
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Schmallenberg virus (SBV), an orthobunyavirus from the family Peribunyaviridae, was
first identified in 2011 in cattle from a farm near the city of Schmallenberg (North

Rhine-Westphalia, Germany) (1) and has since spread rapidly, causing a large epidemic
in European livestock. SBV is transmitted by midges from the Culicoides species (2, 3),
predominately infects ruminants, and causes only mild clinical signs in adult animals.
However, infection of pregnant animals during a critical period of pregnancy can
induce severe congenital malformations, abortions, or stillbirth (4, 5).

The family Peribunyaviridae belongs to the order Bunyavirales (6). Among Bunyavi-
rales, several viruses, including La Crosse virus (LACV), hantavirus, Rift Valley fever virus
(RVFV), Crimean-Congo hemorrhagic fever virus (CHHFV), and severe fever with throm-
bocytopenia syndrome virus (SFTSV), are vector transmitted and can cause zoonotic
diseases with high mortality rates (7–11). Orthobunyaviruses have a tripartite single-
stranded negative-sense RNA genome consisting of the large (L), medium (M), and
small (S) segments. The L segment encodes the RNA-dependent RNA polymerase
(RdRp), which is responsible for viral transcription and replication. The S segment
encodes the nucleoprotein (N), which encapsidates the viral genome, as well as the
nonstructural protein NSs, which is known to interfere with host innate immunity (12,
13). The M segment encodes the two viral surface glycoproteins Gn and Gc and the
nonstructural protein NSm. Gc is predicted to be a class II membrane fusion protein
with the fusion peptide located within the conserved, membrane-proximal, C-terminal
core region (14). The N-terminal variable part of Gc forms trimeric spikes protruding
from the viral membrane (3). Studies with LACV suggest that Gc plays a crucial role in
viral attachment in both insect and mammalian cells. In contrast, Gn might function as
an additional attachment protein exclusively in mosquito cells (15–18).

At present, potential cell surface receptors recognized by the surface glycoproteins
of SBV and other orthobunyaviruses remain poorly characterized. However, a recent
study reported that heparan sulfate (HS) proteoglycan is an important attachment
factor for SBV (19). In the present study, we confirmed this finding by an unbiased
genome-wide CRISPR-Cas9 screening approach for cellular factors required for mam-
malian cell entry of SBV and additionally other bunyaviruses. This technique has been
used previously to uncover host factors involved in viral entry, e.g., for bat influenza
A-like viruses of the H17N10 and H18N11 subtypes, human immunodeficiency virus
(HIV), chikungunya virus (CHIKV), adeno-associated virus (AAV), dengue virus, hepatitis
C virus (HCV), and Zika virus (ZKV) (20–26).

RESULTS
Identification of a PAPST1 sulfate transporter as an entry factor for SBV. To

identify host factors involved in SBV entry, we performed a genome-wide CRISPR-Cas9-
based screen in SBV-susceptible 293T cells (Fig. 1A). For this purpose, we generated a
293T cell clone expressing Cas9 (293T-Cas9). Next, we transduced these cells with a
lentiviral single guide RNA (sgRNA) library targeting 19,114 genes (4 sgRNAs/gene) and
1,000 nontargeting control sgRNAs (Brunello library) (27) at a multiplicity of infection
(MOI) of 0.3 to ensure that each cell expresses only one sgRNA. The transduced
293T-Cas9 cells were selected with puromycin for 10 days and subsequently expanded
to achieve 1,000-fold coverage for each sgRNA in the cell pool (approximately 8.0 � 108

cells). We then infected these cells with SBV isolate BH80 at an MOI of 0.1 and harvested
mock-infected cells in parallel. After 3 rounds of infection to ensure that selected
survivors were resistant to SBV, genomic DNA (gDNA) of survivor cells was collected
and subjected to Illumina sequencing to determine the enrichment of the integrated
sgRNAs using the MAGeCK suite (28) (Fig. 1B). The top-hit candidate of this analysis was
the solute carrier family 35 member B2 gene (SLC35B2), encoding 3=-phosphoadenosine
5=-phosphosulfate (PAPS) transporter 1 (PAPST1), involved in HS proteoglycan synthesis
(29). Since the sulfation of mammalian cell surface proteins depends on the Golgi-
resident sulfotransferase PAPST1 (30), we postulated that HS might be crucial for the
cellular entry of SBV. Besides SLC35B2, the olfactory receptor family 5 subfamily P
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member 3 (OR5P3) and pleckstrin homology domain-containing S1 (PLEKHS1) genes
were also identified in the CRISPR-Cas9 screen.

PAPST1 is required for SBV attachment and entry. To validate the role of PAPST1
in SBV infection, we generated single-SCL35B2-knockout (KO) 293T cell clones, desig-
nated TKO1 and TKO2, by a CRISPR-Cas9 approach using two different sgRNAs. In
comparison to control 293T (TCtrl) cells, TKO1 and TKO2 showed markedly reduced HS
surface expression similar to that of heparinase II-treated cells (Fig. 2A and B). Intrigu-
ingly, both TKO1 and TKO2 were largely resistant to SBV infection, detected by viral Gc
expression, compared to TCtrl cells, as shown by immunofluorescence (Fig. 2C) or flow
cytometry (fluorescence-activated cell sorter [FACS]) analysis (Fig. 2D) at 24 h postin-
fection. In order to exclude potential bias due to cell culture adaptation of SBV BH80,
we additionally investigated the HS dependency of two SBV isolates that were not
further passaged on cell cultures after initial isolation. Similar to SBV BH80, both SBV
isolates D512 and D495 infected TCtrl cells efficiently but were not able to infect TKO1
and TKO2 cells (Fig. 2I and J). To determine whether HS is essential for viral attachment,
we quantified cell-bound SBV after inoculation for 1 h at 4°C by an S segment-based
real-time quantitative PCR (RT-qPCR) assay. As shown in Fig. 2K (left), a pronounced
reduction of cell surface-associated SBV RNA could be detected on TKO1 and TKO2
compared to TCtrl cells. Consistently, reduced levels of viral RNA were found in both
TKO1 and TKO2 but not in TCtrl cells after incubation for 4 h at 37°C (Fig. 2K, right).
Together, our findings suggest that PAPST1-triggered HS synthesis plays an important
role in the binding of SBV to the cell surface and subsequent entry.

To confirm these findings in another SBV-susceptible cell type, we generated
SLC35B2 knockouts using human Huh7 cells. As described above for 293T cells, the two
Huh7 knockout cell lines (HKO1 and HKO2) showed reduced HS surface levels com-
pared to control cells (HCtrl) (Fig. 2E and F). In addition, the knockout of SLC35B2 in
Huh7 cells resulted in a significant degree of resistance to infection by SBV (Fig. 2G and
H) although to a lesser extent than observed in the SLC35B2 knockout 293T cells (Fig.
2C and D).

In order to validate these findings, we reintroduced SLC35B2 in the 293T knockout
cell lines TKO1 (TKO1�LV-SLCB35B2) and TKO2 (TKO2-LV-SLC35B2) using lentiviral

FIG 1 Identification of a sulfate transporter as an entry factor for SBV. (A) Schematic overview of the genome-wide
CRISPR-Cas9 screen. 293T cells stably expressing Cas9 (293T-Cas9) were transduced with lentiviruses encoding a
human CRISPR knockout pooled sgRNA library at an MOI of 0.3. At 2 days posttransduction, cells (293T-Cas9-sgRNA)
were selected with puromycin (1 �g/ml) for 10 days and subsequently infected with SBV at an MOI of 0.1. Survivors
were reinfected with SBV at an MOI of 0.1 for 2 more rounds and harvested to isolate genomic DNA for subsequent
analysis by next-generation sequencing. (B) Candidate genes identified by the CRISPR-Cas9 screen. Data analysis
was performed by using the MAGeCK software suite (28) to identify enriched sgRNA, and the corresponding genes
were rank ordered by robust rank aggregation (RRA) scores. Low RRA scores indicate a stronger selection of the
corresponding gene.
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FIG 2 SLC35B2 is required for attachment and entry of SBV. (A) 293T (TCtrl) or SLC35B2 KO (TKO1 and TKO2) cells were treated with or
without heparinase II (4 U/ml) for 1 h at 37°C. Heparan sulfate (HS) surface staining of the cells was analyzed by FACS analysis using an
anti-HS antibody (10E4). APC, allophycocyanin. (B) Graph summarizing the mean fluorescence intensity (MFI) of HS surface staining from
three independent experiments as shown in panel A. Error bars indicate the standard deviations of data from three independent
experiments. Statistical analyses were performed by one-way analysis of variance (ANOVA). Shown are means � standard deviations. ****,
P � 0.0001. (C) Fluorescence microscopy images of TCtrl, TKO1, and TKO2 cells infected with SBV (MOI of 0.1) for 24 h. Viral antigen was
detected using an anti-SBV Gc-specific antibody. Nuclei were stained with DAPI (blue). Bar � 100 �m. (D) The 293T cell lines were infected
with SBV (MOI of 0.1), for 24 h, fixed, and stained with an anti-SBV Gc-specific antibody. The frequency of SBV-infected cells was quantified
by FACS analysis. Error bars indicate the standard deviations of data from three independent experiments. Statistical analyses were
performed by one-way ANOVA. Shown are means � standard deviations. ****, P � 0.0001. (E) HS surface staining of Huh7 cells as
described above for panel A. (F) Quantification (MFI) of HS surface staining of the indicated Huh7 cells as described above for panel B.
Error bars indicate the standard deviations of data from three independent experiments. Statistical analyses were performed by one-way
ANOVA. Shown are means � standard deviations. ****, P � 0.0001. (G) Fluorescence microscopy images of SBV-infected Huh7 cells as
described above for panel C. (H) Quantification of SBV-infected Huh7 cells by FACS analysis as described above for panel D. Error bars
indicate the standard deviations of data from three independent experiments. Statistical analyses were performed by one-way ANOVA.
Shown are means � standard deviations. ***, P � 0.003. (I) Fluorescence microscopy analysis of the indicated 293T cells infected with the
SBV isolates BH80, D512, and D495 (MOI of 0.1) for 24 h. Infected cells were stained with an anti-SBV N-specific antibody (green). The nuclei
were stained with DAPI (blue). Bar � 100 �m. (J) Quantification of the infected cells out of three independent experiments as shown in
panel A by FACS analysis. Error bars indicate the standard deviations of data from three independent experiments. Two-way ANOVA was
performed to determine the P values. ****, P � 0.0001. (K) RT-qPCR was performed to quantify cell surface-attached (left) or intracellular
(right) SBV RNA. Cells were incubated with the virus at an MOI of 0.1 for 1 h at 4°C or for 4 h at 37°C, respectively. After several wash steps
to remove unbound viral particles, RNA was extracted for RT-qPCR analysis. SBV RNA copy numbers were normalized to the mean values
for TCtrl cells in each assay. Statistical analyses were performed by one-way ANOVA. Shown are means � standard deviations. **, P � 0.01;
****, P � 0.0001.
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expression vectors (LV-SLC35B2). FACS analysis revealed that the expression of SLC35B2
in both knockout cell lines, TKO1�LV-SLCB35B2 and TKO2�LV-SLCB35B2, restored HS
surface expression to levels comparable to those of 293T control cells (TCtrl cells
transduced with an empty control vector [LV-Ctrl]) (Fig. 3A). In contrast, both TKO1 and
TKO2 cells transduced with the control vector only, TKO�LV-Ctrl, did not restore HS
surface expression (Fig. 3A). The reconstitution of SLC35B2 in both TKO1 and TKO2 cells
ablated the pronounced resistance to SBV infection, whereas control-transduced
SLC35B2 knockout cells remained resistant (Fig. 3B). Consistently, viral titers of up to 105

PFU/ml were observed in TKO1 and TKO2 cells reconstituted with SLC35B2 using an
initial low infection dose of an MOI of 0.001, whereas only threshold levels were
observed in control-transduced SLC35B2 knockout cells (Fig. 3C). Collectively, our data
suggest that in both 293T and Huh7 cells, SLC35B2 is required for efficient SBV infection.

Heparan sulfate is required for infection by other bunyaviruses. Next, we
investigated whether other bunyaviruses also require HS for efficient infection. We
therefore infected TCtrl, TKO1, and TKO2 cells with LACV and RVFV, the latter express-
ing a green fluorescent protein (GFP) reporter gene. We additionally included herpes
simplex virus 1 (HSV-1), which is known to enter cells by binding to HS (31, 32).
Vesicular stomatitis virus (VSV) and influenza A virus (IAV), which are not dependent on
HS for virus entry, served as controls (33, 34). As expected, HSV-1 only poorly infected
SLC35B2 knockout cells, whereas both VSV and IAV were able to infect control and
knockout cells equally well (Fig. 4A and B). In contrast, the infection rates of SLC35B2
knockout cells treated with RVFV or LACV were significantly reduced in TKO1 and TKO2
cells (Fig. 4A and B). To confirm that HS supports infection, we also inoculated
heparinase II-treated 293T cells with SBV and LACV. Indeed, the number of cells infected
with SBV and LACV decreased after treatment, whereas VSV infection was not affected
(Fig. 4C). Altogether, SLC35B2 expression and surface-resident HS are required to initiate
infection by SBV and other bunyaviruses although to various degrees.

DISCUSSION

With genome-wide CRISPR-Cas9 screening, we identified the gene SLC35B2, encod-
ing the sulfotransferase PAPST1, as a host cell attachment and entry factor for SBV.
PAPST1 is involved in the synthesis of HS proteoglycan and the expression of cell
surface HS (29). Accordingly, genetic ablation of SLC35B2 and heparinase pretreatment
of susceptible cells abrogate SBV replication and indicate the importance of HS for
efficient host cell entry by several bunyaviruses. SLC35B2 might therefore represent a

FIG 3 Reconstitution of SLC35B2 restores the infectivity of SBV. (A) HS staining (MFI) of 293T (TCtrl) and SLC35B2 KO (TKO1
and TKO2) cells stably transduced with either a control lentivirus (LV-Ctrl) or an SLC35B2-encoding lentivirus (LV-SLC35B2)
analyzed by FACS analysis. (B) Fluorescence microscopy of the indicated cell lines upon infection with SBV (MOI of 0.1) for
24 h. Viral antigen was detected using an anti-SBV Gc-specific antibody, and the nuclei were stained with DAPI.
Bar � 100 �m. (C) SBV multiplication on the indicated cell lines upon infection with SBV (MOI of 0.001). At the indicated
hours postinfection (hpi.), viral titers in the supernatants were determined by a plaque assay. Error bars indicate the
standard deviations of data from three independent experiments. Two-way ANOVA was performed to determine the
P values. **, P � 0.005; ****, P � 0.0001.
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new target for the inhibition of this class of viruses. In addition to SLC35B2, other genes,
such as OR5P3 and PLEKHS1, were identified in the CRISPR-Cas9 screen; however,
additional experiments are required to validate these hits.

Glycosaminoglycans (GAGs) such as HS are known to engage with attachment and
entry of several viruses (32, 35–39). A previous study identified HS as a factor for the
binding and cell entry of SBV and Akabane virus. The enzymatic removal of cell surface
HS by heparinase treatment and targeted knockout of the EXT2 gene, encoding an
enzyme, like PAPST1, involved in the HS biosynthesis pathway, resulted in significantly
reduced infection rates (19). The SLC35B2 gene detected by our CRISPR-Cas9 screening
approach has previously been described to have an impact on HIV infection. However,
in this case, the sulfation of a tyrosine residue on the CCR5 coreceptor of HIV-1 but not
cell surface-resident HS was required for cell entry (21). For SBV, it is currently not
known whether HS represents a general attachment factor or whether a specific protein
at the cell surface needs to be sulfated to trigger SBV cell entry.

Previous knockout screens that showed the dependence of pathogen cell entry on
HS identified multiple genes that were involved in HS biosynthesis (37, 40, 41),
including xylosyltransferase, galactosyltransferase, or the exotosin (EXT) families of
glycosyltransferases (42). However, our screen identified only the gene encoding the
sulfotransferase PAPST1. This might suggest suboptimal conditions in our screening
approach attributed to, e.g., the species of the original host, the choice of cell line, and
long-term cell culture during multiple rounds of infection. These conditions possibly
provoked a growth disadvantage of particular cell populations harboring specific gene
knockouts that were then lost during cell passages. Accordingly, although loss-of-
function CRISPR-Cas9 screenings are powerful tools to identify viral entry factors, this
approach may have limitations, especially if these factors are essentially required for
general host cell metabolism or if multiple entry factors exist.

The requirement of HS for efficient infection by RVFV has been described previously
(36, 37), but we now demonstrate that the infectivity of SBV and LACV also depends on
HS, highlighting the importance of this proteoglycan for viral cell entry by different
bunyaviruses. Since the structures and architectures of the spike proteins of SBV and
LACV are almost identical, we assume that Gc or the Gc/Gn heterodimer is responsible

FIG 4 The presence of heparan sulfate enhances infection by SBV and other bunyaviruses, including LACV and RVFV. (A) Fluorescence microscopy analysis of
the indicated 293T cells infected with SBV; LACV; or GFP-encoding HSV-1, RVFV, VSV, and IAV (MOI of 0.1) for 24 h. Infected cells were stained with an anti-SBV
Gc antibody or an anti-LACV N-specific antibody or analyzed for GFP expression (green). The nuclei were stained with DAPI (blue). Bar � 100 �m. (B)
Quantification of the infected cells out of three independent experiments as shown in panel A by FACS analysis. (C) FACS analysis of 293T cells treated with
the indicated units per milliliter of heparinase II for 1 h at 37°C and then infected with SBV, LACV, or VSV-GFP for 2 h (MOI of 0.1). Error bars indicate the standard
deviations of data from three independent experiments. Two-way ANOVA was performed to determine the P values. *, P � 0.05; **, P � 0.005; ****, P � 0.0001.
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for the binding of HS during the process of cell surface attachment of the virions (3, 43).
However, for Bunyamwera virus, it has been shown that mutant viruses lacking the Gc
head domain can still replicate in cell culture (44). Thus, the binding of Gc to HS is most
likely not an exclusive factor mediating the cell entry of bunyaviruses, also indicating
that the process of HS-dependent cell attachment and entry by SBV and other bunya-
viruses is still not fully understood. Further research is therefore required, and the
results presented here might serve as a solid basis for future research to elucidate the
specific role of HS within this process and also for the in vivo situation.

MATERIALS AND METHODS
Cell lines. Human embryonic kidney 293T cells and African green monkey kidney Vero cells were

purchased from the American Type Culture Collection (ATCC). Human hepatoma Huh7 cells were
described previously (45). BHK-21 cells (CCLV 0164) were obtained from the Collection of Cell Lines in
Veterinary Medicine, Biobank of the Friedrich-Loeffler-Institut, Insel Riems, Germany. All cell lines were
maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with fetal calf serum (FCS)
(10%, vol/vol; Thermo Fisher Scientific) and penicillin-streptomycin (100 U/ml; Thermo Fisher Scientific)
at 37°C with 5% CO2.

CRISPR screen and Illumina sequencing and analysis. Genomic DNA (gDNA) of cell pellets was
isolated using a Quick-DNA Miniprep Plus kit (Zymo Research). PCR was performed on gDNA to construct
Illumina sequencing libraries, each containing 5 �g gDNA, according to the Broad Institute protocol for
PCR of sgRNAs for Illumina sequencing and analysis using the MAGeCK software suite (28) as previously
described (20).

Generation of knockout cell lines. SLC35B2 KO cell clones were generated using CRISPR-Cas9-
mediated genome editing via a lentiviral transduction system. We first generated 293T cells or Huh7 cell
clones stably and highly expressing Cas9 (293T-Cas9 or Huh7-Cas9) by lentiviral transduction as de-
scribed previously (20). The guide RNAs of oligonucleotides containing the SLC35B2-targeting sequences
(NCBI RefSeq accession number NM_001286509.1), CCTGGCGCCCCGAACAGAGG and CACTCGGTTCATT
AGCACC, and the control sgRNA sequence, AAAAAGCTTCCGCCTGATGG, were individually cloned into
lentiGuide-Puro (Addgene plasmid 52963, a kind gift from Feng Zhang). Lentiviruses expressing sgRNA
targeting SLC35B2 and control sgRNA were produced as described previously (46). 293T-Cas9 or
Huh7-Cas9 cells were transduced with the lentivirus and selected with puromycin at 1 �g/ml for
293T-Cas9 cells and 2 �g/ml for Huh7 cells after 2 days posttransduction. Single-cell clones were
screened by FACS analysis for HS surface expression using an anti-heparan sulfate mouse monoclonal
antibody (10E4 epitope) (catalog number 379225; Amsbio) followed by genotyping using specific
primers for PCR (SLC35B2 KO1 fwd [5=-CCAGCAGTCCAAACGGGATA-3=], SLC35B2 KO2 fwd [5=-GGTGAAT
CCAGACTTAGGAGGG-3=], and SLC35B2 KO1-KO2 rev [5=-TGCTGACCCCAATGGAGATG-3=]).

Generation of SLC35B2-reconstituted 293T cell lines. A chemically synthesized SLC35B2 gBlock
(IDT) was amplified by PCR with specific primers (forward primer 5=-CGTGGATCCGCCGCCACCATG-3= and
reverse primer 5=-GCAGAATTCTCAAACTTTTTGC-3=). The PCR product was cloned into pLV-EF1a-IRES-
Hygro (Addgene plasmid 85134) using BamHI and EcoRI restriction sites. Lentiviruses harboring SLC35B2
or the pLV-EF1a-IRES-Hygro vector were produced in 293T cells as described previously (46). Control 293T
(TCtrl) cells and SCL35B2 knockout cell lines (TKO1 and TKO2) were transduced with either a lentivirus
expressing SLC35B2 or an empty vector. The cells were then selected with 200 �g/ml hygromycin.
Restored HS surface expression was confirmed by FACS analysis.

Heparan sulfate surface staining. Cells were detached with phosphate-buffered saline (PBS)–
10 mM EDTA and resuspended in FACS buffer (PBS supplemented with 1% bovine serum albumin [BSA;
Sigma-Aldrich]). Cells were washed three times with FACS buffer by centrifugation at 4,000 rpm for 2 min
at 4°C, followed by resuspension of cell pellets. To stain for cell surface heparan sulfate, cells were
incubated for 1 h at 4°C with an anti-heparan sulfate mouse monoclonal antibody (10E4 epitope) (catalog
number 379225; Amsbio) (1:50 dilution). Cells were washed three times with FACS buffer as described
above and subsequently stained with secondary goat anti-mouse Ig antibodies coupled to allophyco-
cyanin (APC) (catalog number 550826; BD Pharmingen) (1:200). Samples were analyzed on a FACSCanto
II system (BD). Typically, 2.0 � 104 cells were acquired, and APC intensities were examined. Data analysis
was performed using FlowJo software v10.3.0.

Virus infections. Virus isolates SBV BH80/11-4 (SBV BH80), SBV D512/12 (SBV D512), and SBV
D495/12-2 (SBV D495) were grown on BHK-21 cells for about 72 h and harvested by one cycle of freezing
and thawing followed by centrifugation. Aliquots were stored at �80°C until further use. SBV isolates
D512 and D495 were originally isolated in 2012 and kindly provided by Andreas Moss, Lebensmittel und
Veterinärinstitut, Oldenburg, Germany. LACV was kindly provided by Ramasamy Raju, Meharry Medical
College, Nashville, TN (47). The recombinant RVFV vaccine strain MP-12, generated to carry a green
fluorescent protein (GFP) gene in place of the NSs gene, has been described previously (48). For infection
with SBV isolates, RVFV, LACV, HSV1(17�)Lox-pMCMVGFP (HSV-1) (49), or VSV (33), 293T or Huh7 cells were
seeded in monolayers, infected with the viruses at the indicated MOIs (PFU per cell), and maintained in
the infection medium DMEM supplemented with FCS (5%, vol/vol; Thermo Fisher Scientific) and
penicillin-streptomycin (100 U/ml; Thermo Fisher Scientific). Infection with the IAV (A/SC35M) (H7N7) GFP
reporter virus was performed as previously described (34).

(i) Immunofluorescence-based infection readout. At the indicated hours postinfection, cells were
fixed using 4% paraformaldehyde (PFA) in PBS for 15 min, washed three times with PBS, and permeab-
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ilized with 0.5% Triton X-100 in PBS for 5 min. Viral proteins were stained with antibodies against SBV
isolates (anti-SBV Gc mouse monoclonal antibody [3] at 1:100 or anti-SBV N mouse monoclonal antibody
[50] at 1:500) or LACV (anti-LACV N rabbit polyclonal antibody [kindly provided by Ramasamy Raju] at
1:1,000) for 1 h at room temperature. Next, cells were washed three times with PBS and stained using
secondary antibodies (for SBV, anti-mouse IgG coupled to Alexa Fluor 488 [catalog number 115-546-062;
Jackson ImmunoResearch]; for LACV, anti-rabbit Cy3-conjugated antibody [catalog number 711-165-152;
Jackson ImmunoResearch]) for 1 h. Cells were washed, and nuclei were stained for 5 min using
4=,6-diamidino-2-phenylindole (DAPI) at a dilution of 1:5,000 in PBS. Finally, fluorescence images were
acquired on a Zeiss Observer.Z1 inverted epifluorescence microscope (Carl Zeiss) equipped with an
AxioCamMR3 camera using a 20� objective.

(ii) Flow cytometry-based infection readout. Briefly, cells were trypsinized and harvested by
centrifugation at 4,000 rpm for 2 min at 4°C. Cells were fixed for 20 min on ice with BD Cytofix/Cytoperm
fixation solution (BD Bioscience) followed by washing twice with BD Perm/Wash washing solution (BD
Bioscience). Subsequently, samples were stained with primary antibodies (for SBV, anti-SBV Gc mouse
monoclonal antibody at 1:100 or anti-SBV N mouse monoclonal antibody at 1:100; for LACV, anti-LACV
N rabbit polyclonal antibody at 1:1,000; for RVFV, anti-RVFV rat antibody [51] at 1:200), followed by
staining with secondary antibodies [for SBV, anti-mouse Ig antibodies coupled to APC (catalog number
550826; BD Pharmingen) at 1:200; for LACV, anti-rabbit IgG antibody coupled to BV421 (catalog number
565014; BD Pharmingen) at 1:200; for RVFV, anti-rat IgG(H�L) cross-absorbed antibody coupled to Alexa
Fluor 488 (catalog number A11006; Life Technology) at 1:200]. Samples were analyzed on a FACSCanto
II system (BD). The frequency of APC-, BV421-, Alexa Fluor 488-, or GFP-positive cells was quantified using
FlowJo software v10.3.0.

Binding and entry assays. To determine the binding of viral particles at the cell surface, precooled
cells were infected at an MOI of 0.1 for 1 h on ice. The supernatant was then removed, and the cells were
washed 3 times with PBS to remove unbound virus particles. Cells were lysed with TRIzol reagent
(Invitrogen), and after the addition of chloroform and phase separation, RNA was extracted from 100 �l
of the aqueous layer using a KingFisher 96 Flex instrument (Thermo Scientific) and the NucleoMag Vet
system (Macherey-Nagel) according to the manufacturers’ instructions. RT-qPCR analysis was performed
on a Bio-Rad CFX96 Touch real-time PCR detection system. A previously described, S segment-based
RT-qPCR assay was used with an external standard for viral RNA quantification (52). To determine entry,
cells were infected at an MOI of 0.1 and incubated at 37°C with 5% CO2. At 4 h postinfection, cells were
washed 3 times with PBS, and RNA extraction and RT-qPCR were performed as described above.

Determination of viral growth kinetics. Cells were inoculated with SBV at an MOI of 0.001 in
infection medium as described above at 37°C for 1.5 h. Next, cells were washed twice with PBS, and the
medium was replaced with infection medium. At 24, 48, 72, and 96 h postinfection, 150 �l of the
supernatant was collected and subjected to a plaque assay for the determination of viral titers on Vero
cells.

Heparinase treatment. Cells were seeded in 24-well plates 24 h prior to infection. The medium was
removed, and cells were washed with DMEM with 0.2% BSA twice. Cells were then incubated with serial
2-fold dilutions of heparinase II (New England BioLabs) in DMEM with 0.2% BSA for 1 h at 37°C, followed
by inoculation of SBV, LACV, or VSV at an MOI of 0.1 for 2 h at 37°C. The supernatant was then removed,
and the cells were washed twice with DMEM with 5% (vol/vol) FCS before incubation for 24 h at 37°C.
The frequency of infected cells was quantified by flow cytometry as described above.
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