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Abstract

Members of the Old World Arenaviruses primarily utilize α-dystroglycan (α-DAG1) as a cel-

lular receptor for infection. Mutations within the glycoprotein (GP) of lymphocytic choriomen-

ingitis virus (LCMV) reduce or abrogate the binding affinity to α-DAG1 and thus influence

viral persistence, kinetics, and cell tropism. The observation that α-DAG1 deficient cells are

still highly susceptible to low affinity variants, suggests the use of an alternative receptor(s).

In this study, we used a genome-wide CRISPR Cas9 knockout screen in DAG1 deficient

293T cells to identify host factors involved in α-DAG1-independent LCMV infection. By chal-

lenging cells with vesicular stomatitis virus (VSV), pseudotyped with the GP of LCMV WE

HPI (VSV-GP), we identified the heparan sulfate (HS) biosynthesis pathway as an important

host factor for low affinity LCMV infection. These results were confirmed by a genetic

approach targeting EXTL3, a key factor in the HS biosynthesis pathway, as well as by enzy-

matic and chemical methods. Interestingly, a single point mutation within GP1 (S153F or

Y155H) of WE HPI is sufficient for the switch from DAG1 to HS binding. Furthermore, we

established a simple and reliable virus-binding assay, using directly labelled VSV-GP by

intramolecular fusion of VSV-P and mWasabi, demonstrating the importance of HS for virus

attachment but not entry in Burkitt lymphoma cells after reconstitution of HS expression.

Collectively, our study highlights the essential role of HS for low affinity LCMV infection in

contrast to their high affinity counterparts. Residual LCMV infection in double knockouts

indicate the use of (a) still unknown entry receptor(s).

Author summary

Lymphocytic choriomeningitis virus (LCMV) contributed to the fundamental under-

standing of immunological processes due to characteristics such as persistent and immu-

nosuppressive infection. However, not all strains of LCMV share the same traits.

Differences in tissue tropism and the course of disease led to intensive characterization of

distinct LCMV variants. Point mutations within the glycoprotein of LCMV were identi-

fied that reduce or abrogate the binding affinity to its host receptor α-Dystroglycan (α-

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009996 October 14, 2021 1 / 22

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Volland A, Lohmüller M, Heilmann E,

Kimpel J, Herzog S, von Laer D (2021) Heparan

sulfate proteoglycans serve as alternative receptors

for low affinity LCMV variants. PLoS Pathog

17(10): e1009996. https://doi.org/10.1371/journal.

ppat.1009996

Editor: Allan J. Zajac, University of Alabama at

Birmingham, UNITED STATES

Received: April 30, 2021

Accepted: September 30, 2021

Published: October 14, 2021

Copyright: © 2021 Volland et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: The author(s) received no specific

funding for this work.

Competing interests: The authors have declared

that no competing interests exist.

https://orcid.org/0000-0003-2805-8215
https://orcid.org/0000-0002-7712-3143
https://orcid.org/0000-0001-7167-3489
https://orcid.org/0000-0001-5825-7237
https://doi.org/10.1371/journal.ppat.1009996
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1009996&domain=pdf&date_stamp=2021-10-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1009996&domain=pdf&date_stamp=2021-10-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1009996&domain=pdf&date_stamp=2021-10-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1009996&domain=pdf&date_stamp=2021-10-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1009996&domain=pdf&date_stamp=2021-10-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1009996&domain=pdf&date_stamp=2021-10-26
https://doi.org/10.1371/journal.ppat.1009996
https://doi.org/10.1371/journal.ppat.1009996
http://creativecommons.org/licenses/by/4.0/


DAG1), leading to the classification of low and high affinity LCMV variants. α-DAG1-

independent infection and altered tissue tropism suggested the use of an alternative,

unknown receptor by low affinity LCMV variants. Applying a genome-wide knockout

screen and comparing different LCMV strains by genetic, enzymatic, and chemical

approaches, we identified heparan sulfate proteoglycans (HSPG) as alternative receptors

favoured by low affinity LCMV variants. These findings improve the understanding of

receptor usage by different LCMV variants and explain their distinct characteristics. Fur-

thermore, residual LCMV infection of double knockout cells indicate a major role of α-

DAG1 and HSPG as attachment factors for high and low affinity LCMV variants, respec-

tively, as well as the use of (a) still unknown entry receptor(s).

Introduction

Arenaviruses are enveloped RNA viruses with a bi-segmented ambisense genome, consisting

of a large segment that encodes the viral RNA-dependent RNA polymerase (L) and the matrix

protein (Z) as well as a small segment encoding the viral nucleocapsid protein (N) and the gly-

coprotein precursor (GPC). Similar to other enveloped viruses, GPC is further processed by

cellular proteases to generate functional GP1/GP2, with its host cell binding region located in

GP1 and the fusogenic site in GP2 [1].

Several Old World Arenaviruses including LCMV and members of the clade C New World

Arenaviruses bind to the ubiquitously expressed cellular receptor Dystroglycan (DAG1) [2,3].

DAG1 is expressed as a precursor polypeptide and posttranslationally cleaved in two non-

covalently bound subunits termed α-DAG1 and β-DAG1 [4]. Binding of extracellular matrix

(ECM) proteins such as laminin, agrin or perlecan to extracellular α-DAG1 and interaction of

membrane-spanning β-DAG1 with cytoskeletal proteins, provides a direct link between the

ECM and the cytoskeleton [5]. Proper O-glycosylation of extracellular α-DAG1 is essential for

its functionality. Defects in glycosyltransferases are not only linked to several forms of muscu-

lar dystrophy [6] but also to the loss of receptor binding of Lassa virus (LASV) and LCMV

[7,8]. Thus, ligand and arenavirus binding to α-DAG1 relies on like-acetylglucosaminyl-trans-

ferase (LARGE)-dependent modifications at Thr-317 and -319 within the mucin-like domain

[9] by synthesis and elongation of matriglycan [10]. However, not all LCMV variants are

dependent on functional DAG1 for virus binding and infection. Single point mutations within

the GP1 domain at positions S153F, Y155H, and L260F [11–13] are described to alter the bind-

ing affinity to α-DAG1 and facilitate binding to an alternative, still unknown receptor. This

resulted in a classification into low (e.g. WE2.2, Arm 53b, HPI WT) and high affinity (e.g. Arm

Cl13, WE54) LCMV variants. Interestingly, DAG1 knockout cells, although highly reduced,

are still susceptible to high affinity LCMV infection [13].

Members of the Tyro3/Axl/Mer (TAM) family as well as DC-SIGN and LSECtin were iden-

tified in a cDNA library screen as alternative receptors for LASV [14] and LCMV [15]. The

infection of lentiviruses pseudotyped with the GP of low or high affinity LCMV variants was

equally enhanced in Jurkat cells expressing Axl, Tyro3, DC-SIGN or LSECtin, indicating that

these are not alternative receptors exclusively used by low affinity variants. In addition, the

role of Axl is controversial, because no effect on LCMV infection was observed in an Axl

knockout mouse model [16]. In contrast, phosphatidylserine (PtdSer)-mediated and

DAG1-independent entry by the PtdSer receptors Axl and TIM-1 was shown for the closely

related LASV [1,17]. PtdSer-mediated virus entry, also known as apoptotic mimicry, is GP-

independent and exploited as an alternative entry pathway by various enveloped viruses

PLOS PATHOGENS HSPGs serve as alternative receptors for low affinity LCMV variants

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009996 October 14, 2021 2 / 22

https://doi.org/10.1371/journal.ppat.1009996


[18,19]. Since LASV GP pseudotyped LCMV or VSV virions were used to study Axl and TIM-

1 mediated entry, it is most likely that LCMV itself can utilize this pathway in the absence of its

preferred host receptor. Nevertheless, PtdSer-mediated virus uptake cannot explain differences

between low and high affinity LCMV variants in DAG1 deficient cells. Interestingly, mutations

within the GP1 domain not only affect the cell tropism and virus kinetic, but also influence

virus persistence. Variants with a high affinity for DAG1 are classified as persistent and immu-

nosuppressive pathogens, whereas low affinity binders are non-immunosuppressive and are

efficiently cleared by the hosts immune system [13]. Successful pseudotyping of several viral

vectors such as retroviruses, lentiviruses or vesicular stomatitis virus (VSV) with LCMV GP

were described previously [20–23]. This allows for easy and rapid analysis of the unique cell

tropism mediated by different LCMV GP variants.

We found that DAG1 expression in several cell lines did not correlate with tumour cell line

and tumour graft susceptibility using the GP of low affinity variant HPI WT (Y155H) in an

oncolytic VSV-based platform (VSV-GP) [24]. This underlines the assumption that low affin-

ity LCMV GP does not need DAG1 in order to mediate cell entry and uses one or several alter-

native receptor(s). Therefore, we aimed to identify the alternative receptor(s) for low affinity

LCMV variants. For this, we used a genome-wide CRISPR Cas9 knockout screen, which has

already been successfully used to identify host factors for several viruses [25–30]. Significant

enrichment of knockouts involved in the heparan sulfate (HS) biosynthesis pathway correlated

with reduced susceptibility against VSV-GP HPI WT in 293T DAG1 deficient cells. In this

manuscript, we demonstrate the importance of HS proteoglycans (HSPG) as alternative recep-

tors by genetic, enzymatic and chemical approaches in different cell lines.

Results

A genome-wide CRISPR Cas9 knockout screen identifies host factors

involved in DAG1-independent LCMV infection

To identify host factors involved in DAG1-independent LCMV infection, we performed three

rounds of pooled genome-wide CRISPR Cas9 knockout screens in 293T DAG1 knockout cells

(293T ΔDAG1). For this, 2x108 293T ΔDAG1 cells were transduced with the lentiviral GeCKO

Library at an MOI of 0.3 [31]. Ten days after puromycin selection, 3x108 cells were challenged

with replication competent (MOI 1) or incompetent (single round infectious, MOI 10) vesicu-

lar stomatitis virus (VSV), pseudotyped with the glycoprotein (GP) of LCMV (VSV-GP or

VSV-ΔG-GP). In this study, two high and three low affinity LCMV-GP variants were used:

HPI WT (Y155H), WE HPI S153F (WE2.2) and Arm 53b (L260F), all three carrying low affin-

ity mutations, and HPI high (H155Y) and Arm Cl13 (260L) which are classified as high affinity

variants (Fig 1A and 1B and S1 Table). Parallel to virus-mediated selection, uninfected cells

were further cultured to later serve as an untreated control and reference for bioinformatic

analysis.

Selection of completely resistant cells after infection with replication competent high or low

affinity VSV-GP variants failed. There are several potential explanations, such as the use of

multiple entry receptors, a family of receptors with high similarity between members or non-

specific entry pathways as described for other viruses. At cellular level, this may indicate an

essential role of the alternative receptor for cell survival, attachment or cell growth. To achieve

infection by a defined MOI and thus avoid unspecific uptake due to excessive virus progeny,

we decided to use replication incompetent VSV-ΔG-GP WE HPI for selection. This strategy

allowed isolation of cells that were not completely resistant but showed highly reduced suscep-

tibility to VSV-GP infection.
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After three rounds of infection, the genomic DNA was isolated and deep-sequenced. From

three independent selection experiments most hits were involved in the heparan sulfate bio-

synthesis pathway such as synthesis of glycosaminoglycan (GAG) (B4GALT7, B3GALT6 and

B3GAT3), the elongation of heparan sulfate (HS) chains (EXTL3, EXT1 and EXT2) and

SLC35B2 encoding the Golgi-resident transporter of the universal sulfate donor 3’-phosphoa-

denosine-5’-phosphosulfate (PAPS) (Fig 1C and 1D and S6 Table). Other enriched hits asso-

ciated with HS expression were the component of oligomeric golgi complex 1 (COG1) and

transmembrane protein 165 (TMEM165). HS expression unrelated but enriched genes

included UNC-50 inner nuclear membrane RNA binding protein (UNC50), ADP ribosylation

factor related protein 1 (ARFRP1) and mitochondrial elongation factor 1 (MIEF1) (for detailed

information see S6 Table). These results indicate an important role of HS as a host factor

involved in low affinity VSV-GP infection.

Lack of cell surface HS inhibits infection with LCMV variants

To validate the role of HS for LCMV infection, knockout cells (293T and L929) were generated

using the CRISPR Cas9 system. We designed two human and two murine guide RNAs

(gRNAs) targeting the EXTL3 gene, encoding for a key enzyme in the elongation process of

HS chains [32] and, along with SLC35B2, was highly enriched in the genome-wide CRISPR

Cas9 knockout screen (Fig 1C). To further analyse the role of HS in DAG1-independent

LCMV infection, we designed human double knockout cells lacking the expression of both,

DAG1 and EXTL3 (293T ΔDAG1 EXTL3). The natural absence of functional DAG1 makes the

murine fibroblast cell line L929 a perfect model for LCMV-GP mediated DAG1-independent

Fig 1. Genome-wide CRISPR Cas9 knockout screen identifies host factors import for LCMV infection in the absence of DAG1. (A) Schematic

overview of the genome of replication competent VSV-based reporter systems pseudotyped with high or low affinity LCMV GP variants and eGFP as a

transgene. (B) Schematic overview of CRISPR Cas9-mediated knockout screen in 293T ΔDAG1 cells with replication competent or incompetent high

and low affinity VSV-GP variants. Created with BioRender.com. (C) Enrichment of sgRNA expression after low affinity VSV-ΔG-GP (HPI WT)

selection compared to an untreated control (left). Representation of top hits and number of significantly enriched sgRNAs (out of 6) per gene (right;

n = 45) and (D) their roles in the heparan sulfate biosynthesis pathway. Enriched genes from the genome-wide CRISPR Cas9 screen are marked in

green.

https://doi.org/10.1371/journal.ppat.1009996.g001
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infection analysis and validation of results obtained with 293T cells. Moreover, EXTL3 knock-

out in L929 cells therefore represents a double knockout of DAG1 and HS expression. All cell

clones were generated by single cell dilution after CRISPR Cas9-mediated knockout.

Single and double knockout clones for DAG1 and/or EXTL3 were confirmed by flow

cytometry analysis (Figs 2A and S2A) and sequencing (not shown). Infection efficacy with

VSV-G pseudotyped lentivirus (LV) as a control showed no major differences between the

knockout variants and the parental cells (Fig 2B). In contrast, both knockouts had an effect on

infection of LCMV GP pseudotyped LV. The knockout of EXTL3 highly reduced susceptibility

to low affinity LV-GP HPI WT (Y155H), while the lack of DAG1 had no effect. Vice versa,

ΔDAG1 cells were poorly infected with both high affinity variants LV-GP HPI high (H155Y)

and LV-GP Arm Cl13 (260L), whereas no differences were observed in ΔEXTL3 cells. Low

affinity LV-GP Arm 53b (L260F) showed reduced infection of about ~ 40% in both ΔEXTL3
and ΔDAG1 cells compared to WT cells. Infection via high and low affinity GP was further

reduced to a very low level in double knockout 293T cells (ΔDAG1 EXTL3) compared to the

single knockout cells (Figs 2B and S2B). Multi-step growth kinetics performed with VSV WT

and low or high affinity VSV-GP variants over 48 h in 293T WT and knockout variants are in

line with the data generated with pseudotyped lentiviruses. Single knockout of EXTL3 or

DAG1 resulted in reduced virus titre for low or high affinity VSV GP variants, respectively.

This reduction was even stronger in double knockout (ΔDAG1 EXTL3) cells for all variants

Fig 2. Lack of HS after EXTL3 knockout reduces LCMV infection. (A) Flow cytometry analysis of Dystroglycan-1 (IIH6; red) and

Heparan sulfate (10E4; blue) expression in 293T WT, ΔDAG1, ΔEXTL3, and ΔDAG1 EXTL3 cells generated by CRISPR Cas9-mediated

knockout. (B) Infection assay using a lentiviral (LV) reporter system encoding eGFP. LVs were pseudotyped with VSV-G, as a control, and

low (HPI WT Y155H or Arm 53b L260F) or high (HPI high H155Y or Arm Cl13 260L) affinity LCMV GP variants. Cells were transduced

with an MOI of 1 (determined for 293T WT) and eGFP signal was measured 72 h later by flow cytometry. (C) Infection assay with low (WE

HPI or Arm 53b) and high (Arm Cl13) affinity variants of LCMV in different knockout variants of 293T cells. The cells were infected with

an MOI of 1 (determined by semi-functional quantitative flow cytometry assay[55] for 293T WT cells) for 2 h at 37˚C and 16 h p.i.

quantified by flow cytometry via LCMV N-staining. Shown are the means ± SD of three replicates.

https://doi.org/10.1371/journal.ppat.1009996.g002
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(S1 Fig). These results could be confirmed by infection studies with replication competent

LCMV (HPI WT, Arm 53b, and Arm Cl13) (Fig 2C). Thus, direct targeting of the key enzyme

EXTL3 of the HS biosynthesis pathway proved the importance of HS as a host factor involved

in viral infection of low affinity variants even in the presence of DAG1 and for high affinity

variants in the absence of functional DAG1.

Next, we treated WT (293T and L929) and 293T ΔDAG1 cells with Heparinase I/III to

remove HS from the cell surface. After treatment with 1 Unit/ml Heparinase I/III for 2 h at

37˚C the cells were washed and infected with VSV WT or VSV-GP variants for 1 h at 37˚C.

HS cleavage should result in reduced LCMV binding and infection comparable to a double

knockout (ΔDAG1 EXTL3) (Fig 3A).

Enzymatic digestion of HS by Heparinase I/III was confirmed by flow cytometry analysis

(Figs 3B and S2C). Treatment of 293T WT and ΔDAG1 cells with Heparinase I/III highly

increased infection with control virus VSV-G, as previously observed [33]. In contrast, infec-

tion with low affinity VSV-GP variants was reduced by 20–40% in 293T WT (Fig 3C) and by

75–85% ΔDAG1 cells (Figs 3D and S2D), respectively. Infection with high affinity VSV-GP

variants was only inhibited in ΔDAG1 cells. These results are weaker but consistent with the

reduction observed for 293T ΔEXTL3 and 293T ΔDAG1 EXTL3 infection (Fig 2B and 2C),

which may be explained by incomplete digestion of HS after Heparinase I/III treatment (Figs

3B and S1C). These results further confirm a key role of HS in high and low affinity VSV-GP

infection.

Soluble heparin and protamine sulfate inhibit infection of VSV-GP variants

We next assessed the ability of soluble heparin to inhibit LCMV infection and to compete for

DAG1 binding. In addition, we tested protamine sulfate (PS), a positively charged polycation

Fig 3. Enzymatic digestion of HS by Heparinase I/III inhibits LCMV GP mediated virus infection. (A) Schematic overview of

Heparinase I/III digestion of HS chains located on HSPGs on the cell surface. Cells were pre-treated for 2 h at 37˚C with 1 Unit

Heparinase I/III. Subsequently, cells were washed and infected with VSV WT or VSV-GP variants (MOI 1) for 1 h at 37˚C in

complete growth medium. (B) Flow cytometry analysis of cell surface HS of Heparinase I/III treated and untreated 293T WT cells.

Infection of Heparinase I/III treated (C) 293T WT and (D) ΔDAG1 cells with VSV WT and high or low affinity VSV-GP variants.

Infection was quantified by flow cytometry measuring eGFP signal 15 h p.i. Shown are the means ± SD of three replicates.

https://doi.org/10.1371/journal.ppat.1009996.g003
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and antagonist of heparin [34], for its ability to inhibit LCMV infection. To determine the

binding specificity to heparin, we included chondroitin sulfate (CS) as another glycosamino-

glycan (GAG) as a negative control. VSV WT or VSV-GP variants were pre-incubated with

different concentrations of heparin or CS. In contrast, PS treatment was performed directly on

cells before infection. Subsequently, cells were infected with VSV WT or VSV-GP and infec-

tion was quantified 15 h post infection (p.i.) by flow cytometry via eGFP expression.

Infection with VSV WT could not be inhibited by treatment with soluble heparin, PS or CS

in 293T WT or ΔDAG1 cells (Figs 4 and S3). VSV-GP variants with low affinity LCMV-GP

HPI WT (Y155H) or Arm 53b (L260F) were inhibited by soluble heparin or PS in a dose-

dependent manner, while incubation with CS showed no effect. The inhibition was stronger

for HPI WT (Y155H) compared to Arm 53b (L260F) in 293T WT cells, whereas both low

affinity variants were efficiently inhibited by low concentrations of heparin or PS in ΔDAG1
cells (Figs 4 and S3). The high affinity VSV-GP variants HPI high (H155Y) or Arm Cl13

(260L) showed no inhibition by HS, PS or CS in 293T WT cells. In ΔDAG1 cells only HPI high

(H155Y) was efficiently inhibited by soluble heparin. For all variants, strong inhibition at low

concentrations of PS was observed in ΔDAG1 cells. Surprisingly, only the two high affinity var-

iants were prone to pre-incubation with soluble CS in ΔDAG1 cells (Figs 4 and S3). Taken

together, these results demonstrate heparin-related inhibition of low affinity variants in 293T

WT cells and all variants in ΔDAG1 cells.

Fig 4. Treatment with soluble HS or PS efficiently inhibits infection of low affinity VSV-GP variants. VSV WT or VSV-GP variants (MOI

1) were incubated with 0, 20, 40, 80, 160, 320, 640 or 1,280 μg/ml of soluble (A) HS or (C) CS for 2 h at 4˚C in a total volume of 50 μl PBS and

afterwards used to infect 293T WT or ΔDAG1 cells for 1 h at 37˚C. To analyse the effect of (B) PS, cells were treated with 0, 1, 2, 4, 8, 16 or

32 μg/ml PS for 1 h at 37˚C and subsequently infected with low or high affinity VSV-GP variants (MOI 1). Infection was quantified by flow

cytometry measuring eGFP signal 15 h p.i. and is given relative to non-treated cells infected with the corresponding virus. Shown are the

means ± SD of three replicates. Statistical analysis was performed using one-way ANOVA, followed by Turkey’s multiple comparison test; �

p< 0.05, �� p< 0.001, ��� p< 0.0001 (added below data points).

https://doi.org/10.1371/journal.ppat.1009996.g004
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Chemical and genetic inhibition of sulfation inhibit VSV-GP infection

Next, we tested the role of sulfation, since one of the most enriched genes in the genome-wide

CRISPR Cas9 knockout screen was SLC35B2, which encodes the Golgi-resident transporter of

the universal sulfate donor 3’-phosphodenosine-5’-phosphosulfate (PAPS). Therefore, we cul-

tured 293T WT and ΔDAG1 cells for 2 weeks in the presence of 30 mM sodium chlorate, a spe-

cific inhibitor of PAPS synthetase [35]. Furthermore, we generated SLC35B2 knockouts for

293T WT (ΔSLC35B2) and DAG1 deficient (ΔDAG1 SLC35B2) cells. Infection of chemically

treated or ΔSLC35B2 cells was analysed with VSV WT or low and high affinity VSV-GP vari-

ants and quantified 15 h p.i. by flow cytometry via eGFP signal. Furthermore, 293T ΔSLC35B2
and ΔDAG1 SLC35B2 were included in the multi-step growth kinetic comparing high and low

affinity VSV-GP variants (S1 Fig).

VSV WT infection was impaired by about 10–20% in 293T WT and ΔDAG1 cells after

treatment with sodium chlorate. In contrast, infection with low affinity variants HPI WT

(Y155H) and Arm 53b (L260F) was reduced by about 70–80% and high affinity variants HPI

high (H155Y) and Arm Cl13 (260L) by about 20–30% in 293T WT cells. Further reduction of

about 90% was observed for all VSV-GP variants in sodium chlorate treated ΔDAG1 cells (Figs

5A and 5B and S2E). Successful knockout of SLC35B2 was confirmed by HS staining and flow

cytometry analysis (Fig 5C), as antibody detection (10E4) depends on N-sulfated residues

within the epitope of HS chains. The results obtained for SLC35B2 knockout variants after

infection with VSV WT or VSV-GP variants are stronger (Fig 5D) but in line with those gen-

erated for sodium chlorate treated 293T WT and ΔDAG1 cells. These findings indicate that

posttranslational sulfation of glycans or proteins in the Golgi compartment plays a major role

Fig 5. Chemical inhibition of sulfation and SLC35B2 knockout blocks infection of VSV-GP variants. For chemical inhibition, (A)

293T WT and (B) ΔDAG1 cells were cultured for 2 weeks in the presence of 30 mM sodium chlorate (NaClO3) in complete growth

medium. (C) Knockout of SLC35B2 in 293T WT (ΔSLC35B2) and DAG1 deficient cells (ΔDAG1 SLC35B2) was confirmed by heparan

sulfate staining and flow cytometry analysis. Sodium chlorate treated and (D) knockout cells were infected at an MOI of 1 for 1 h at

37˚C with VSV WT and low or high affinity VSV-GP variants. Infection was analysed by flow cytometry of eGFP signal 15 h p.i. Shown

are the means ± SD of three replicates.

https://doi.org/10.1371/journal.ppat.1009996.g005
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for efficient infection of all tested VSV-GP variants, especially for low affinity variants and in

the absence of functional DAG1.

HSPG expression enables VSV-GP attachment but not entry in Burkitt

lymphoma cells

HSPGs are often hijacked by viruses as attachment factors. In rare cases, these receptors are

also used for virus entry [36]. Some members of the HSPG family, especially syndecans

(SDC1–4), are known to function as autonomous endocytosis receptors [37]. This raises the

question whether HSPGs could serve as alternative entry receptors for LCMV. To distinguish

between attachment and entry/replication we designed a directly labelled VSV-reporter sys-

tem, encoding a intramolecular fusion protein P-mWasabi [38] and a reporter dsRed. Virus

binding can therefore be detected as a green (P-mWasabi) halo around cells via fluorescence

microscopy or can be measured via flow cytometry. Virus uptake and replication results in a

green and red signal within the cell due to the expression of P-mWasabi and dsRed (Fig 6A).

The Burkitt lymphoma cell lines Raji and BJAB were used as a control, as they are completely

resistant cells against LCMV infection. Interestingly, these cells lack HS on the cell surface, but

exogenous expression of the HS elongation factors EXT1 or EXT2 can restore HS expression

in several Burkitt lymphoma cell lines [39].

In 293T knockout variants, attachment of low affinity VSV-P-mWasabi-GP variants HPI

WT (Y155H) or Arm 53b (L260F) in ΔEXTL3 and ΔDAG1 cells was reduced by about 80%

and 40%, respectively. The high affinity VSV-P-mWasabi-GP variants HPI high (H155Y) or

Arm Cl13 (260L) showed no altered attachment to ΔEXTL3 cells, while a reduction of about

90% could be observed for ΔDAG1 cells. Strongest reduction for all variants was observed in

the double knockout cells (ΔDAG1 EXTL3). No major differences in virus attachment was

observed for control VSV-P-mWasabi-G (Fig 6B). Another low affinity variant (WE2.2) is

characterized by a single point mutation at position S153F. To analyse and compare its depen-

dence on HS expression for infection, we generated a directly labelled VSV-P-mWasabi-GP

variant with the point mutation at S153F into the WE HPI high background. Both binding and

infection studies in 293T WT and knockout clones revealed high dependence of HS expres-

sion, comparable to that of WE HPI WT variant (Fig 6C).

Surprisingly, in our experiments exogenous expression of EXT1, EXT2 or the combination

of both did not restore cell surface HS expression in BJAB or Raji cells as described by Jarousse

and colleagues (S4B and S5A Figs). In contrast, expression of core proteins like members of

the syndecan or glypican family was sufficient to restore HS expression and to facilitate virus

binding (Fig 6D and 6E). The co-expression of additional EXT1 further increased the HS sig-

nal (Fig 6D).

To address the question which HSPGs can serve as alternative entry receptors, we stably

transduced BJAB and Raji cells with members of the syndecan (SDC1–4) or glypican family

alone or in combination with EXT1 (S4 and S5 Figs). Attachment of VSV-P-mWasabi-G in

BJAB or stable transduced BJAB cells with SDC1–4 was very low. Surprisingly, the combina-

tion of SDC1–4 with EXT1 increased VSV-P-mWasabi-G binding. This increase was not

reflected in infection 12 h p.i. at 37˚C (Fig 6E). As expected, low affinity VSV-P-mWasabi-GP

variants attached more efficiently to cells expressing the HSPGs than high affinity variants.

The data indicate a slight preference in virus binding to SDC2 and SDC4 when EXT1 is co-

expressed (Fig 6E). Attachment could also be observed for members of the glypican family

(not shown), indicating an unspecific role of HSPGs for virus attachment. Unfortunately,

none of the tested HSPGs mediated virus entry in BJAB or Raji cells. Suppressed virus replica-

tion within BJAB or Raji cells can be excluded since the cells get readily infected with VSV
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Fig 6. Proteoglycan expression restores HS expression on cell surface of BJAB cells and enables LCMV GP mediated virus attachment. (A)

Schematic overview of a directly labelled VSV-GP construct encoding a P-mWasabi fusion construct and dsRed on 5th position that allows to

distinguish between attachment and virus entry/replication. Virus attachment was quantified by flow cytometry analysis. For attachment analysis,

cells were incubated with directly labelled VSV-P-mWasabi-G or -GP variants for 30–45 min at 4˚C in a total volume of 50 μl PBS or complete

growth medium. Before measurement, samples were washed twice with PBS. Created with BioRender.com. (B) VSV-G and LCMV-GP mediated

attachment of low or high affinity variants to 293T WT, ΔEXTL3, ΔDAG1, and ΔDAG1 EXTL3 cells. (C) Binding (4˚C for 30 min) and infection

(MOI 1, 37˚C, 14 h p.i.) assay with 293T WT and variants for WE HPI S153F carrying the low affinity mutation described for WE2.2. (D) Flow

cytometry analysis of HS expression in BJAB cells stably transduced with SDC2 or the combination of EXT1-SDC2 (left). GP-mediated (HPI WT)

virus attachment to BJAB cells stably transduced with EXT1, EXT1-EXT2 or EXT1-SDC2 (right). (E) Different members of the syndecan family

(SDC1–4) were tested alone or in combination with EXT1 in BJAB cells for their ability to enable VSV-G or LCMV-GP mediated attachment and

infection. (F) In a pulldown assay, 50 μl heparin-coated agarose beads (+B) were incubated with purified VSV WT or VSV-GP variants at 4˚C for 4 h

under constant rotation. After four washing steps with PBS + 0.2% BSA, the beads were resuspended in 100 μl RIPA buffer, incubated for 20 min on

ice and boiled at 95˚C for 10 min after the addition of 4x SDS loading buffer. Western blotting was performed with anti-VSV serum (detecting

VSV-G, -N, -M). co. = same amount of input virus used for incubation with heparin-coated agarose beads. (G) Bead-based pulldown assay performed

with purified VSV-GP HPI WT produced on 293T WT or 293T ΔEXTL3 cells. Signal intensity was compared using 50 μl or 100 μl heparin-coated

agarose beads to control for bead saturation effects. A pre-stained page ruler was used with the range of 10–180 kDa. Shown are the means ± SD of

three replicates.

https://doi.org/10.1371/journal.ppat.1009996.g006
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WT. In addition, sporadic infections of SDC expressing BJAB and Raji cells with VSV-P-

mWasabi-GP variants could be observed.

Next, we performed a pulldown assay by incubating purified VSV WT or VSV-GP variants

with heparin-coated agarose beads. As an additional control, we pre-incubated VSV WT or

VSV-GP variants with soluble heparin to block binding. Detection via western blot demon-

strated no binding of VSV WT to heparin-coated agarose beads, similar as previously observed

[30]. In contrast, pulldown of both low and high affinity VSV-GP variants was detected after

incubation with heparin-coated agarose beads, while binding of all variants was sensitive to

pre-incubation with 50 μg/ml soluble heparin (Fig 6F). The weaker signal of bound compared

to input VSV-GP could be due to several reasons, such as naked virions, contaminating VSV

proteins from virus stock production, saturation of binding sites on heparin-coated agarose

beads, loss of beads during washing steps or host cell-derived HS that bound to the glycopro-

tein of LCMV on VSV-GP. To investigate some of these possibilities, we produced VSV-GP

HPI WT on 293T WT or ΔEXTL3 (lacking HS expression) cells and compared pulldown after

using different amounts of heparin-coated agarose beads. Doubling the amount of beads had

no major effect on virus pulldown, whereas production on ΔEXTL3 cells strongly increased

pulldown efficacy of VSV-GP HPI WT compared to virus produced on HS expressing 293T

WT cells (Fig 6G).

In conclusion, these data demonstrate that all VSV-GP variants can bind to heparin and

that low affinity VSV-GP variants efficiently use HSPG for virus attachment but not entry in

Burkitt Lymphoma cell lines BJAB and Raji.

Discussion

Differences in the binding affinity to the described cell receptor Dystroglycan-1 (DAG1) [2] of

LCMV variants resulted in the classification of low and high affinity binders [12]. Single point

mutations in the LCMV glycoprotein (GP) such as S153F, Y155H, and L260F [11–13] are

responsible for the conversion of high into low affinity LCMV variants. Little or no differences

in the infectivity of cells after DAG1 disruption suggest that low affinity variants can use an

alternative receptor for cell entry. Several receptors such as DC-SIGN, LSECtin, Tyro3, and

Axl have been published to serve as alternative DAG1-independent receptors [15]. However,

the role of Axl remains controversial, as no effect on LCMV infection was observed in an Axl

knockout mouse model [16]. Furthermore, the susceptibility of 293T ΔDAG1 cells cannot be

explained by the use of the aforementioned surface receptors, as they are not or weakly

expressed by 293T cells. Therefore, the aim of this study was to identify host factors involved

in the uptake of low affinity LCMV variants in the absence of functional DAG1. To analyse

this, we performed a genome-wide CRISPR Cas9 knockout screen in 293T ΔDAG1 cells. For

cell selection, we used a vesicular stomatitis virus (VSV)-based reporter system, equipped with

the glycoprotein (GP) of different LCMV GP variants and eGFP as a marker gene at the 5th

position of the virus genome.

Several attempts to perform selection for cells resistant to VSV-GP infection with replica-

tion competent virus (high or low affinity LCMV GP variants) were not successful, indicating

that VSV-GP, in the absence of DAG1, could either use several alternative receptors, a family

of receptors with high similarity, or a non-specific entry pathway like apoptotic mimicry. On

cellular basis, this observation may also indicate an essential role for the alternative receptor in

cell survival, cell adhesion or cell growth, thereby preventing selection of resistant knockouts.

The use of a gentler approach by infection with replication incompetent virus allowed success-

ful isolation of less susceptible cells. Deep sequencing of this cell population revealed an impor-

tant role of HS biosynthesis in low affinity LCMV infection. HS has already been identified as
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an important entry factor for other viruses such as HERV-K, RVFV, ZIKV, MVA, or SINV

[26–30]. Interestingly, similar to our findings, HSPGs also appear to play an important role in

DAG1-independent entry of Lassa Virus (LASV) [17,40]. The authors performed a haploid

genetic screen using cells lacking α-DAG1 and recombinant VSV, pseudotyped with the GP of

LASV. They demonstrated the importance of LAMP1 for LASV infection, but also observed

an increase of enriched factors involved in heparan sulfate biosynthesis (e.g. EXT1, EXTL3,

SLC35B2, B3GAT3, EXT2 etc.) [40], similar to our results. We were able to prove the critical

role of HS biosynthesis by single and double knockouts of DAG1 and/or EXTL3, an essential

factor in the elongation process of HS chains [32].

Treatment with sodium chlorate, a specific inhibitor of the universal sulfate donor 3’-phos-

phoadenosine-5’-phosphosulfate (PAPS) synthesis [35], and the knockout of SLC35B2, a

Golgi-resident transporter of PAPS, demonstrated the importance of sulfation for efficient

infection with high and low affinity variants. PAPS serves as an important substrate for sulfa-

tion of several proteins as CCR5 [41] and all members of glycosaminoglycans (GAGs) such as

chondroitin [42] or heparan sulfate [43] in the Golgi compartment. It is therefore not surpris-

ing that SLC35B2 frequently appears in genome-wide screens as a top hit [25,30,41,44]. Thus,

it cannot be excluded that other important host factors for LCMV infection are also affected,

as might be indicated by reduced infection of high affinity VSV-GP variants in 293T

ΔSLC35B2 cells.

In addition to the genetic and chemical approach, we could also confirm the importance of

cell surface HSPG by enzymatic digestion of HS chains using Heparinase I/III. Although the

reduction of HS on the cell surface was not complete, it was sufficient to achieve a similar

decrease of infection as observed for knockout of EXTL3.

In contrast to our observations, LCMV was found not to interact with HS in previous stud-

ies [45–47]. However, these studies mainly analysed the high affinity variant Arm Cl13, which

could not or weakly be inhibited in our study as well. Furthermore, no study analysed the

importance of HS in the absence of functional DAG1. Strong inhibition of binding observed

in ΔEXTL3 cells for Arm 53b (L260F), HPI WT (Y155H) and WE HPI S153F (S153F) indicate

an important role of these mutations for GP-mediated attachment. Indeed, the switch from

DAG1 to HS binding is plausible, because DAG1 and heparin share an overlapping binding

region within the C-terminally located G-like domain 4 (LG4) of the laminin α1 chain, as pre-

viously discussed by Rojek and colleagues [45]. Consequently, this leads to competition

between heparin and DAG1 for laminin α1 binding [48]. Competition can also be observed

between LCMV GP and laminin α1 because they share overlapping binding regions within

DAG1 [46]. In this context it is also interesting to mention that the HSPGs agrin and perlecan

harbour LG domains that enable direct binding to DAG1 as well [5].

An unexpected observation in our study was the strong inhibition with either chondroitin

sulfate (CS) or both CS and protamine sulfate (PS) for the high affinity variants HPI high or

Arm Cl13, respectively. Usually CS is used as a negative control to prove specific binding to

HS, which could be shown for the low affinity variants HPI WT and Arm 53b. The recent find-

ings that PS also functions as a CS inhibitor [49] and low affinity binding of CS to laminin

[50], could indicate a role of CSPGs as alternative receptors for high affinity variants in the

absence of the preferred receptor DAG1.

To address the question whether HSPGs are used for virus attachment or virus entry, we

designed a directly labelled VSV-GP construct by intramolecular insertion of the green fluo-

rescent protein mWasabi with the P protein of VSV. At the same time a second reporter gene

dsRed, which is encoded at the 5th position of the VSV genome, allows to distinguish between

virus attachment and virus entry/replication. We decided to use the Burkitt lymphoma cell

lines Raji and BJAB, because, unlike most other lymphocyte cell lines, they are completely
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resistant to LCMV infection and do not express HS [39]. In contrast to Jarousse and col-

leagues, expression of proteoglycan members, e.g. from the syndecan (SDC) or glypican

(GPC) family was sufficient to restore HS expression on the cell surface. We decided to focus

on the transmembrane HSPG members SDC1–4. As widely expressed surface receptors with a

C-terminal cytoplasmic domain, SDCs are involved in cell signalling and biological functions

like cell migration, adhesion and cell-cell contact. They can interact with other cell surface

receptors like integrins and growth factor receptors or mediate binding to extracellular matrix

proteins such as collagen, laminin or fibronectin [51]. For most HS binding viruses, SDCs are

described to serve as attachment and not entry receptors with one exception: 6-O- and N-sul-

fated SDC1, which serves as an attachment and entry receptor for baculovirus [36]. In general,

HSPGs as autonomous endocytosis receptors have been known for some time [37] and could

therefore be considered as alternative entry receptors for LCMV. We could show a clear bind-

ing of low affinity LCMV variants to SDC1–4, which in most cases could be increased by addi-

tional EXT1 expression. This finding can be explained by increased HS biosynthesis as shown

by a stronger HS signal in flow cytometry analysis. Other HSPGs, such as GPC1, could also be

used by low affinity LCMV variants, indicating an unspecific role of HSPGs for virus attach-

ment. Differences in virus binding between SDC members might result from their non-con-

served ectodomain. Besides differences in the number and positioning of HS chains, they can

also contain additional CS chains (SDC1 and 3). In these terms, SDC2 and SDC4 share more

similarities, which would explain the preference of both receptors. None of the tested HSPGs

mediated virus uptake, indicating that these receptors in BJAB and Raji cells serve only as

attachment factors. Suppressed viral replication can be ruled out because VSV WT efficiently

infects and replicates in these cells. In addition, we observed sporadic and most likely random

VSV-GP uptake and virus replication in SDC expressing BJAB and Raji cells. Since a lack of

virus uptake may also depend on the absence of cell-specific signalling factors or the ability to

perform certain endocytosis pathways, these observations are only valid for BJAB and Raji

cells.

Specific binding of VSV-GP to heparin was demonstrated by a pulldown assay using hepa-

rin-coated agarose beads. Binding of both, low and high affinity VSV-GP variants was

detected, indicating that all tested variants are able to interact with heparin. This result is con-

sistent with our data showing that high affinity variants bind to HSPG in the absence of func-

tional DAG1. Increased pulldown of VSV-GP HPI WT produced on 293T ΔEXTL3, lacking

HS biosynthesis, compared with virus produced on 293T WT cells suggests, that GP of viral

progeny may be covered with heparin.

The results from this study (for HSPG) and an earlier publication by Kunz et al. (2003, for

DAG1) suggest that HSPG and DAG1 [52] serve as attachment factors for low and high affinity

variants, respectively. As residual virus infection is seen in knockout cells for both receptors

and for both high and low affinity viruses, both LCMV variants might use the same, still

unknown entry receptor (family) for membrane fusion and virus uptake.

Materials and methods

Cell lines and plasmids

293T (ATCC, Manassas, VA, USA), L929 (ACC 2, DSMZ, Braunschweig, Germany) and deri-

vates were cultured in high glucose Dulbecco’s Modified Eagle Medium (Merck, Darmstadt,

Germany) supplemented with 10% fetal bovine serum (FBS, Gibco, Carlsbad, CA, USA), 2%

L-Glutamin (200 mM, Gibco), 100 U/ml Penicillin-Streptomycin (10,000 U/ml, Gibco), 1%

MEM Non-Essential Amino Acids Solution (100x, Gibco), and 1% Sodium Pyruvate (100

mM, Gibco). BJAB (ACC757, DSMZ), Raji (CCL-86, ATCC) and derivates were cultured in
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RPMI-1640 medium (Gibco) supplemented with 10% FBS, 2% L-Glutamin and 100 U/ml

Penicillin-Streptomycin. BHK-21 (ATCC) were maintained in Glasgow minimum essential

medium (Gibco) supplemented with 10% FBS, 5% tryptose phosphate broth (Gibco), and 100

U/ml Penicillin-Streptomycin. All cell lines were cultured in humidified incubators at 37˚C

and 5% CO2.

Human EXT1–2, SDC1–4 and GPC1 sequences were amplified from 293T cDNA and sub-

cloned into a lentiviral vector (#119863; pLenti CMVie-IRES-BlastR; Addgene, Watertown,

USA). Additional selection variants were cloned by exchanging the blasticidin resistance with

that of puromycin (#1000000049; Addgene) or hygromycin (Hygromycin plasmid; Geneco-

poeia, Rockville, MD, USA). All PCR primers are listed in detail in S2 Table. Lentiviruses were

produced as described below. 293T, BJAB and Raji cells were transduced using spinfection in a

12-well format at 1,000 g for 2 h at 32˚C in the presence of 8 μg/ml Polybrene (Sigma-Aldrich,

St. Louis, MO, USA). Clonal isolation of Cas9-2A-CD8 expressing 293T ΔDAG1 cells was per-

formed by sorting CD8 positive cells via flow cytometry. Cas9 expression was verified by west-

ern blot analysis (7A9-3A3 antibody; Santa Cruz Biotechnology, Dallas, TX, USA). BJAB, Raji

or 293T cells stably transduced with vectors encoding for resistance markers were selected

with either 500 μg/ml hygromycin (Invivogen, Toulouse, FR), 12.5 μg/ml blasticidin (Invivo-

gen) or 0.5 μg/ml puromycin (Invivogen), respectively.

Virus variants

VSV, VSV-ΔG-GP (pseudotyped, single round infectious) and VSV-GP (chimera of VSV and

LCMV GP) have been described previously [23,53]. Five different LCMV GP variants WE HPI

S153F (WE2.2), WE HPI (Y155H), WE high (H155Y), Arm 53b (L260F), and Arm Cl13

(260L) were compared in this study (Fig 1A and S1 Table). Reporter VSV-GP variants contain

additional eGFP at position 5 of the viral genome. Directly labelled VSV-PmWasabi-GP vari-

ants were generated by exchanging P with an intramolecular fusion protein P-mWasabi [38]

and cloning dsRed at position 5 (Fig 6A). All VSV-GP variants were rescued using a helper

virus-free rescue protocol as described previously [54]. Briefly, viruses were rescued in 293T

WT cells by co-transfection of helper plasmids using the calcium phosphate method and pla-

que purified on BHK-21 cells. Working stocks were produced on BHK-21 cells, filtered

(0.45 μM), concentrated overnight by low speed centrifugation using a 20% sucrose cushion,

aliquoted and stored at—80˚C. Virus variants were titrated via tissue culture infectious dose

50% (TCID50) on BHK-21 or 293T cells as described below. VSV-ΔG-GP were produced and

titrated on BHK-21 cells stably expressing LCMV GP.

LCMV working stocks of the strains Arm Cl13, Arm 53b (both kindly provided by Annette

Oxenius, Prof.), and WE HPI were produced in a biosafety 3 lab on BHK-21 cells. Briefly, 80%

confluent BHK-21 cells were infected with an MOI of 0.01 at 37˚C in ¼ of the total volume of

GMEM supplemented with 2% FBS. One hour later, the remaining amount of GMEM was

added. The virus containing supernatant was collected and pooled 48 h and 72 h post infec-

tion. After centrifugation at 1,000 g for 5 min at 4˚C, aliquots were stored at—80˚C. LCMV

titers were determined as previously described [55]. Briefly, BHK-21 cells were infected in

serial dilutions and LCMV-NP (VL-4; S4 Table) positive cells were measured 24 h later via

flow cytometry.

To produce lentiviral particles, we adapted a previously described method [56]. Briefly, 10

cm dishes with 3.3x106 293T cells seeded the previous day were co-transfected using the cal-

cium phosphate method with 12.5 μg lentiviral Gag/Pol plasmid pCMV-dR8.91, 1 μg of

VSV-G or LCMV-GP plasmid and 7.5 μg lentiviral transfer vector plasmid (encoding for

eGFP, Cas9-2A-CD8, SDC1–4, GPC1, EXT1–2 or GeCKO Library A/B) in the presence of
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25 μm chloroquine. The medium was exchanged 14 h post transfection. The supernatant was

harvested and pooled after 36 and 60 h. Following filtration (0.45 μm filter), lentivirus was

either further purified and concentrated by low speed centrifugation using a 20% sucrose cush-

ion or aliquoted directly and stored at—80˚C. Virus titers were determined by limited dilution

and flow cytometry analysis of transduced cells (eGFP+) or by the colorimetic MTT assay ana-

lysing resistant cells after stable transduction with vectors encoding resistance marker.

TCID50 assay

Viral titers were determined and calculated via TCID50 assay according to the Spearman-

Kaerber formula [57]. Briefly, the day before infection, 103 BHK-21 cells were seeded per well

of a 96-well plate. Eight replicates of ten-fold serial dilutions of virus samples were added to

the cells and incubated at 37˚C. One week after infection, the wells with a clear cytopathic

effect (CPE) were counted and the titer was calculated.

Generation of knockout cells

293T and L929 cells were transfected with a CRISPR-Cas9-2A-eGFP plasmid (#PX458,

Addgene) encoding the indicated gRNA (S3 Table). The gRNAs were designed using the

ATUM gRNA Design Tool. Clonal lines were generated by limited dilution and verified by

flow cytometry and sequencing of the genomic target region (Microsynth, Balgach,

Switzerland).

Genome-wide CRISPR Cas9 knockout screen

Three rounds of independent selection experiments of pooled genome-wide CRISPR Cas9

knockout screens were performed using the human GeCKOv2 CRISPR knockout pooled

library (a gift from Feng Zhang; # 1000000049; Addgene) [58]. The screen was performed

according to a protocol adapted from a previous study [31]. For each replicate 3x108 293T

ΔDAG1 cells stably expressing Cas9-2A-CD8 were transduced with the lentiviral packed

GeCKO library at an MOI of 0.3 in the presence of 8 μg/ml Polybrene (Sigma-Aldrich).

Twenty-four hours later the cells were selected for 10 days with 0.8 μg/ml puromycin. Subse-

quently, 3x108 cells were challenged with replication competent VSV-GP variants (MOI 1) or

single round infectious VSV-ΔG-GP WE HPI (MOI 10). During virus mediated selection,

uninfected cells were cultured as controls. After three rounds of infection, genomic DNA of

5x106 selected or 3x107 uninfected cells was isolated using the Monarch Genomic DNA Purifi-

cation Kit (NEB). In a nested PCR approach using Herculase II Fusion DNA Polymerase (Agi-

lent, Santa Clara, CA, USA), we first pre-amplified the sgRNA containing lentiviral insertions

and in the second round added stagger bases and illumina P5- and P7-barcoded adaptors (S5

Table). The PCR products were then analysed by agarose-gel electrophoresis (AGE) and

pooled in equal concentrations. Subsequently, the pooled PCR amplicons were gel purified

and deep sequenced on an Illumina HiSeq4000 in collaboration with the biomedical sequenc-

ing facility (BSF) of the Research Center for Molecular Medicine of the Austrian Academy of

Sciences (CeMM). Sequencing data were analysed with the online tools GenePattern [59] and

Galaxy [60]. Reads were then demultiplexed and trimmed to align sgRNA sequences to a refer-

ence using Bowtie2 [61]. Sequencing data are available in the supplements (S6 Table).

Flow cytometry analysis

Cells were detached using 5 mM EDTA and washed twice with FACS Buffer (PBS with 1%

FBS). We stained with the indicated antibodies (S4 Table) at 4˚C for 30–60 min followed by
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two washing steps with FACS Buffer. For intracellular staining (LCMV N), the cells were

treated with the fixation/permeabilization kit (Transcription Factor Buffer Set; BD Biosciences,

San Jose, CA, USA) according to the manufacturers protocol. Each measurement included

1x104 events and was performed on a FACSCanto II (BD Biosciences) and analysed using

FlowJo software.

Heparinase I/III and sodium chlorate treatment

293T and L929 cells were treated in complete growth medium with 2 Units/ml Heparinase I/

III (Sigma-Aldrich) for 2 h at 37˚C. Cleavage and reduction of cell surface heparan sulfate

(HS) was verified by flow cytometry analysis.

293T and L929 cells were passaged for 2 weeks in complete growth medium supplemented

with 30 or 50 mM sodium chlorate (Roth).

Post-treatment, supernatant was removed and cells were infected with VSV WT or

VSV-GP variants for 1 h at 37˚C in complete growth medium at an MOI of 1. Infection was

assessed 15 h p.i. by flow cytometry (eGFP) and normalized to untreated controls.

Inhibition assay

Heparin, Chondroitin sulfate (CS) and protamine sulfate (PS; Carl Roth, Karlsruhe, Germany)

were dissolved in PBS. High and low affinity VSV-GP variants (MOI 1) were pre-incubated

with the indicated amounts of Heparin or CS (for both: 20, 40, 80, 160, 320, 640 or 1,280 μg/ml)

for 2 h at 4˚C in a total volume of 50 μl. Treatment with PS was performed directly on cells with

the indicated concentrations (1, 2, 4, 8, 16, 32 μg/ml) for 1 h at 37˚C. Subsequently, cells were

infected with VSV WT or VSV-GP variants for 1 h at 37˚C. Infection was assessed 15 h p.i. by

flow cytometry (eGFP) and normalized to untreated controls.

Binding and heparin pulldown assay

Directly labelled VSV-P-mWasabi-G or -GP variants by intramolecular fusion protein of

VSV-P and the green fluorescent protein mWasabi (P-mWasabi) [38] were designed and pro-

duced as mentioned earlier. Working stocks were titrated via TCID50 on 293T WT cells. For

all experiments 1x105 cells were incubated in 50 μl PBS or complete growth medium at 4˚C

with an MOI of 10 (corresponds to approximately 50% virus-bound 293T WT cells). After 30–

45 min, cells were washed twice with PBS and binding was quantified by flow cytometry (% of

mWasabi positive cells). Virus replication could be detected by intracellular expression of P-

mWasabi and dsRed as early as 12 h after infection.

For the pulldown assay, the inner surface of 1.5 ml screw cap tubes were blocked over night

with PBS containing 5% bovine serum albumin (BSA, Roth) at 4˚C under constant rotation.

VSV WT or VSV-GP variants were pre-treated with or without 50 μg/ml soluble Heparin in

100 μl PBS + 0.2% BSA for 2 h at 4˚C. Fifty or 100 μl of heparin-coated agarose beads (Sigma-

Aldrich) were washed three times and incubated with pre-treated VSV WT or VSV-GP vari-

ants for 4 h at 4˚C under constant rotation. Subsequently, samples were washed four times

with PBS + 0.2% BSA, resuspended in 100 μl RIPA lysis buffer, incubated on ice for 20 min

and boiled at 95˚C for 10 min after addition of 4x SDS loading buffer. Samples were loaded on

a 10% polyacrylamide gel and transferred to a nitrocellulose membrane. After blocking at

room temperature for 1 h with PBS containing 5% skim milk and 0.1% Tween 20 (PBSTM),

the membrane was incubated over night at 4˚C with anti-VSV serum (1:40,000 in PBSTM,

Prof. Stefan Finke, Friedrich Loeffler Institute, Island Riems), followed by peroxidase-conju-

gated goat anti-rabbit IgG (1:10,000 in PBST, Jackson ImmunoResearch) for 1 h at room tem-

perature. Blots were developed with enhanced chemiluminescence (ECL).
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Statistical analysis

Statistical analysis was performed using GraphPad prism software (version 9, GraphPad Soft-

ware, La Jolla, CA, USA), as indicated in the figure legends.

Supporting information

S1 Fig. Multi-step growth kinetic of VSV WT or VSV-GP variants in 293T knockout cells.

1x105 cells (293T WT, ΔDAG1, ΔEXTL3, ΔSLC35B2, ΔDAG1 EXTL3, ΔDAG1 SLC35B2) were

seeded per well in a 24 well plate. One day later, cells were infected with an MOI of 0.01 with

VSV WT or high and low affinity VSV-GP variants. The supernatant was collected 8, 16, 24,

36 and 48 h p.i. and stored at—80˚C. Virus titre was determined by TCID50 on BHK-21 cells.

Shown are the means ± SD of two replicates.

(TIF)

S2 Fig. HS expression is important for the infection of DAG1 deficient L929 cells. (A) Flow

cytometry analysis of Heparan sulfate (10E4) expression in L929 WT (red) and two clones of

ΔEXTL3 L929 cells (blue) and (C) after treatment with 1 Unit Heparinase I/III for 2 h at 37˚C.

Infection assays comparing the susceptibility of L929 WT cells vs (B) L929 ΔEXTL3, (D)

Heparinase I/III treated L929 WT cells and (E) L929 WT cells cultured for 2 weeks in the pres-

ence of 50 mM sodium chlorate (NaClO3). Cells were infected with VSV WT (control, grey)

and high or low affinity VSV-GP variants at an MOI of 5 for 1 h at 37˚C. Infected cells were

quantified 15 h later via measurement of eGFP positive cells by flow cytometry. Shown are the

means ± SD of three replicates.

(TIF)

S3 Fig. Treatment with soluble HS or PS inhibits infection of low affinity VSV-GP variants

in L929 WT cells. VSV WT (control) and high or low affinity VSV-GP variants were pre-incu-

bated with different amounts of soluble (A) HS or (B) CS for 2 h at 4˚C. Afterwards L929 WT

cells were infected for 1 h at 37˚C. (C) Inhibitory effect of PS. L929 WT cells were pre-treated

with different concentrations of PS for 1 h at 37˚C and subsequently infected with VSV WT

(control) and high or low affinity VSV-GP variants. Infection was quantified 15 h p.i. by flow

cytometry measuring eGFP expression. Shown are the means ± SD of three replicates.

(TIF)

S4 Fig. SDC and HS staining of 293T WT and transduced BJAB cells. Flow cytometry analy-

sis of (A) SDC1–4 expression (blue) in 293T WT cells. HS expression analysis via Flow cytom-

etry of BJAB cells stably transduced with lentiviral vectors encoding for (B) EXT1–2 and (E)

EXT1 + SDC1–4 stably transduced BJAB cells. SDC expression analysis of BJAB cells stably

transduced with (C) SDC1–4 or (D) in combination with EXT1. Cells were selected 48 h post

transduction either with blasticidin (SDC vectors) or puromycin (EXT vectors). Staining con-

trols, single transduced BJAB cells (EXT1) or WT BJAB cells are marked in grey.

(TIF)

S5 Fig. SDC and HS staining of Raji cells. Flow cytometry analysis HS expression in Raji cells

(A) stably expressing EXT1-EXT2 and (B) EXT1 + SDC1–4 stably transduced cells. (C) SDC

staining of Raji-EXT1 cells stably transduced with SDC1–4. Cells were selected 48 h post trans-

duction either with blasticidin (SDC vectors) or puromycin (EXT vectors). Marked in grey are

either single transduced Raji cells (EXT1) or the WT.

(TIF)

S1 Table. Comparison of high and low affinity LCMV variants.

(DOCX)
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S2 Table. Human and murine CRISPR gRNAs.

(DOCX)

S3 Table. Cloning primer for lentiviral transfer vector. Italic sequence: overhang.

(DOCX)

S4 Table. Antibodies for Flow cytometry analysis.

(DOCX)

S5 Table. NGS primer for nested PCR.

(DOCX)

S6 Table. NGS data on genome-wide CRISPR Cas9 knockout screen performed with VSV-

ΔG-GP HPI WT in 293T ΔDAG1 cells.

(XLSB)
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Software: André Volland, Michael Lohmüller, Sebastian Herzog.

Supervision: Janine Kimpel, Dorothee von Laer.

Validation: André Volland.
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Writing – review & editing: André Volland, Michael Lohmüller, Emmanuel Heilmann,

Janine Kimpel, Sebastian Herzog, Dorothee von Laer.

References
1. Brouillette RB, Phillips EK, Patel R, Mahauad-Fernandez W, Moller-Tank S, Rogers KJ, et al. TIM-1

Mediates Dystroglycan-Independent Entry of Lassa Virus. J Virol. 2018;92. https://doi.org/10.1128/JVI.

00093-18 PMID: 29875238

2. Cao W, Henry MD, Borrow P, Yamada H, Elder JH, Ravkov E V., et al. Identification of α-dystroglycan

as a receptor for lymphocytic choriomeningitis virus and Lassa fever virus. Science (80-). 1998; 282:

2079–2081. https://doi.org/10.1126/science.282.5396.2079 PMID: 9851928

PLOS PATHOGENS HSPGs serve as alternative receptors for low affinity LCMV variants

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009996 October 14, 2021 18 / 22

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009996.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009996.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009996.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009996.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009996.s011
https://doi.org/10.1128/JVI.00093-18
https://doi.org/10.1128/JVI.00093-18
http://www.ncbi.nlm.nih.gov/pubmed/29875238
https://doi.org/10.1126/science.282.5396.2079
http://www.ncbi.nlm.nih.gov/pubmed/9851928
https://doi.org/10.1371/journal.ppat.1009996


3. Spiropoulou CF, Kunz S, Rollin PE, Campbell KP, Oldstone MBA. New World Arenavirus Clade C, but

Not Clade A and B Viruses, Utilizes α-Dystroglycan as Its Major Receptor. J Virol. 2002; 76: 5140–

5146. https://doi.org/10.1128/jvi.76.10.5140-5146.2002 PMID: 11967329

4. Holt KH, Crosbie RH, Venzke DP, Campbell KP. Biosynthesis of dystroglycan: Processing of a precur-

sor propeptide. FEBS Lett. 2000; 468: 79–83. https://doi.org/10.1016/s0014-5793(00)01195-9 PMID:

10683445

5. Dempsey CE, Bigotti MG, Adams JC, Brancaccio A. Analysis of α-dystroglycan/LG domain binding

modes: Investigating protein motifs that regulate the affinity of isolated LG domains. Frontiers in Molec-

ular Biosciences. Frontiers Media S.A.; 2019. https://doi.org/10.3389/fmolb.2019.00018 PMID:

30984766

6. Hewitt JE. Abnormal glycosylation of dystroglycan in human genetic disease. Biochimica et Biophysica

Acta—Molecular Basis of Disease. Biochim Biophys Acta; 2009. pp. 853–861. https://doi.org/10.1016/j.

bbadis.2009.06.003 PMID: 19539754

7. Imperiali M, Thoma C, Pavoni E, Brancaccio A, Callewaert N, Oxenius A. O Mannosylation of α-Dystro-

glycan Is Essential for Lymphocytic Choriomeningitis Virus Receptor Function. J Virol. 2005; 79:

14297–14308. https://doi.org/10.1128/JVI.79.22.14297-14308.2005 PMID: 16254364

8. Kunz S, Rojek JM, Kanagawa M, Spiropoulou CF, Barresi R, Campbell KP, et al. Posttranslational Mod-

ification of α-Dystroglycan, the Cellular Receptor for Arenaviruses, by the Glycosyltransferase LARGE

Is Critical for Virus Binding. J Virol. 2005; 79: 14282–14296. https://doi.org/10.1128/JVI.79.22.14282-

14296.2005 PMID: 16254363

9. Hara Y, Kanagawa M, Kunz S, Yoshida-Moriguchi T, Satz JS, Kobayashi YM, et al. Like-acetylglucosa-

minyltransferase (LARGE)-dependent modification of dystroglycan at Thr-317/319 is required for lami-

nin binding and arenavirus infection. Proc Natl Acad Sci U S A. 2011; 108: 17426–17431. https://doi.

org/10.1073/pnas.1114836108 PMID: 21987822

10. Walimbe AS, Okuma H, Joseph S, Yang T, Yonekawa T, Hord JM, et al. POMK regulates dystroglycan

function via LARGE1-mediated elongation of matriglycan. Elife. 2020; 9: 1–90. https://doi.org/10.7554/

eLife.61388 PMID: 32975514

11. Hastie KM, Igonet S, Sullivan BM, Legrand P, Zandonatti MA, Robinson JE, et al. Crystal structure of

the prefusion surface glycoprotein of the prototypic arenavirus LCMV. Nat Struct Mol Biol. 2016; 23:

513–521. https://doi.org/10.1038/nsmb.3210 PMID: 27111888

12. Kunz S, Sevilla N, Rojek JM, Oldstone MBA. Use of alternative receptors different than α-dystroglycan

by selected isolates of lymphocytic choriomeningitis virus. Virology. 2004; 325: 432–445. https://doi.

org/10.1016/j.virol.2004.05.009 PMID: 15246281

13. Smelt SC, Borrow P, Kunz S, Cao W, Tishon A, Lewicki H, et al. Differences in Affinity of Binding of

Lymphocytic Choriomeningitis Virus Strains to the Cellular Receptor α-Dystroglycan Correlate with Viral

Tropism and Disease Kinetics. J Virol. 2001; 75: 448–457. https://doi.org/10.1128/JVI.75.1.448-457.

2001 PMID: 11119613

14. Shimojima M, Stroher U, Ebihara H, Feldmann H, Kawaoka Y. Identification of Cell Surface Molecules

Involved in Dystroglycan-Independent Lassa Virus Cell Entry. J Virol. 2012; 86: 2067–2078. https://doi.

org/10.1128/JVI.06451-11 PMID: 22156524

15. Shimojima M, Kawaoka Y. Cell surface molecules involved in infection mediated by lymphocytic chorio-

meningitis virus glycoprotein. Journal of Veterinary Medical Science. J Vet Med Sci; 2012. pp. 1363–

1366. https://doi.org/10.1292/jvms.12-0176 PMID: 22673088

16. Sullivan BM, Welch MJ, Lemke G, Oldstone MBA. Is the TAM Receptor Axl a Receptor for Lymphocytic

Choriomeningitis Virus? J Virol. 2013; 87: 4071–4074. https://doi.org/10.1128/JVI.03268-12 PMID:

23325690

17. Fedeli C, Torriani G, Galan-Navarro C, Moraz M-L, Moreno H, Gerold G, et al. Axl Can Serve as Entry

Factor for Lassa Virus Depending on the Functional Glycosylation of Dystroglycan. J Virol. 2017;92.

https://doi.org/10.1128/jvi.01613-17 PMID: 29237830

18. Moller-Tank S, Maury W. Phosphatidylserine receptors: Enhancers of enveloped virus entry and infec-

tion. Virology. Academic Press Inc.; 2014. pp. 565–580. https://doi.org/10.1016/j.virol.2014.09.009

PMID: 25277499

19. Moller-Tank S, Kondratowicz AS, Davey RA, Rennert PD, Maury W. Role of the Phosphatidylserine

Receptor TIM-1 in Enveloped-Virus Entry. J Virol. 2013; 87: 8327–8341. https://doi.org/10.1128/JVI.

01025-13 PMID: 23698310

20. Beyer WR, Westphal M, Ostertag W, von Laer D. Oncoretrovirus and Lentivirus Vectors Pseudotyped

with Lymphocytic Choriomeningitis Virus Glycoprotein: Generation, Concentration, and Broad Host

Range. J Virol. 2002; 76: 1488–1495. https://doi.org/10.1128/jvi.76.3.1488-1495.2002 PMID:

11773421

PLOS PATHOGENS HSPGs serve as alternative receptors for low affinity LCMV variants

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009996 October 14, 2021 19 / 22

https://doi.org/10.1128/jvi.76.10.5140-5146.2002
http://www.ncbi.nlm.nih.gov/pubmed/11967329
https://doi.org/10.1016/s0014-5793%2800%2901195-9
http://www.ncbi.nlm.nih.gov/pubmed/10683445
https://doi.org/10.3389/fmolb.2019.00018
http://www.ncbi.nlm.nih.gov/pubmed/30984766
https://doi.org/10.1016/j.bbadis.2009.06.003
https://doi.org/10.1016/j.bbadis.2009.06.003
http://www.ncbi.nlm.nih.gov/pubmed/19539754
https://doi.org/10.1128/JVI.79.22.14297-14308.2005
http://www.ncbi.nlm.nih.gov/pubmed/16254364
https://doi.org/10.1128/JVI.79.22.14282-14296.2005
https://doi.org/10.1128/JVI.79.22.14282-14296.2005
http://www.ncbi.nlm.nih.gov/pubmed/16254363
https://doi.org/10.1073/pnas.1114836108
https://doi.org/10.1073/pnas.1114836108
http://www.ncbi.nlm.nih.gov/pubmed/21987822
https://doi.org/10.7554/eLife.61388
https://doi.org/10.7554/eLife.61388
http://www.ncbi.nlm.nih.gov/pubmed/32975514
https://doi.org/10.1038/nsmb.3210
http://www.ncbi.nlm.nih.gov/pubmed/27111888
https://doi.org/10.1016/j.virol.2004.05.009
https://doi.org/10.1016/j.virol.2004.05.009
http://www.ncbi.nlm.nih.gov/pubmed/15246281
https://doi.org/10.1128/JVI.75.1.448-457.2001
https://doi.org/10.1128/JVI.75.1.448-457.2001
http://www.ncbi.nlm.nih.gov/pubmed/11119613
https://doi.org/10.1128/JVI.06451-11
https://doi.org/10.1128/JVI.06451-11
http://www.ncbi.nlm.nih.gov/pubmed/22156524
https://doi.org/10.1292/jvms.12-0176
http://www.ncbi.nlm.nih.gov/pubmed/22673088
https://doi.org/10.1128/JVI.03268-12
http://www.ncbi.nlm.nih.gov/pubmed/23325690
https://doi.org/10.1128/jvi.01613-17
http://www.ncbi.nlm.nih.gov/pubmed/29237830
https://doi.org/10.1016/j.virol.2014.09.009
http://www.ncbi.nlm.nih.gov/pubmed/25277499
https://doi.org/10.1128/JVI.01025-13
https://doi.org/10.1128/JVI.01025-13
http://www.ncbi.nlm.nih.gov/pubmed/23698310
https://doi.org/10.1128/jvi.76.3.1488-1495.2002
http://www.ncbi.nlm.nih.gov/pubmed/11773421
https://doi.org/10.1371/journal.ppat.1009996


21. Miletic H, Bruns M, Tsiakas K, Vogt B, Rezai R, Baum C, et al. Retroviral Vectors Pseudotyped with

Lymphocytic Choriomeningitis Virus. J Virol. 1999; 73: 6114–6116. https://doi.org/10.1128/JVI.73.7.

6114-6116.1999 PMID: 10364368

22. Dylla DE, Xie L, Michele DE, Kunz S, McCray PB. Altering α-dystroglycan receptor affinity of LCMV

pseudotyped lentivirus yields unique cell and tissue tropism. Genet Vaccines Ther. 2011;9. https://doi.

org/10.1186/1479-0556-9-9 PMID: 21496330

23. Muik A, Kneiske I, Werbizki M, Wilflingseder D, Giroglou T, Ebert O, et al. Pseudotyping Vesicular Sto-

matitis Virus with Lymphocytic Choriomeningitis Virus Glycoproteins Enhances Infectivity for Glioma

Cells and Minimizes Neurotropism. J Virol. 2011; 85: 5679–5684. https://doi.org/10.1128/JVI.02511-10

PMID: 21450833

24. Urbiola C, Santer FR, Petersson M, van der Pluijm G, Horninger W, Erlmann P, et al. Oncolytic activity

of the rhabdovirus VSV-GP against prostate cancer. Int J Cancer. 2018; 143: 1786–1796. https://doi.

org/10.1002/ijc.31556 PMID: 29696636

25. Thamamongood T, Aebischer A, Wagner V, Chang MW, Elling R, Benner C, et al. A Genome-Wide

CRISPR-Cas9 Screen Reveals the Requirement of Host Cell Sulfation for Schmallenberg Virus Infec-

tion. J Virol. 2020;94. https://doi.org/10.1128/JVI.00752-20 PMID: 32522852

26. Petitjean O, Girardi E, Ngondo RP, Lupashin V, Pfeffer S. Genome-Wide CRISPR-Cas9 Screen

Reveals the Importance of the Heparan Sulfate Pathway and the Conserved Oligomeric Golgi Complex

for Synthetic Double-Stranded RNA Uptake and Sindbis Virus Infection. Greber UF, editor. mSphere.

2020;5. https://doi.org/10.1128/mSphere.00914-20 PMID: 33177215

27. Luteijn RD, van Diemen F, Blomen VA, Boer IGJ, Manikam Sadasivam S, van Kuppevelt TH, et al. A

Genome-Wide Haploid Genetic Screen Identifies Heparan Sulfate-Associated Genes and the Macropi-

nocytosis Modulator TMED10 as Factors Supporting Vaccinia Virus Infection. J Virol. 2019;93. https://

doi.org/10.1128/JVI.02160-18 PMID: 30996093

28. Li Y, Muffat J, Javed AO, Keys HR, Lungjangwa T, Bosch I, et al. Genome-wide CRISPR screen for

Zika virus resistance in human neural cells. Proc Natl Acad Sci U S A. 2019; 116: 9527–9532. https://

doi.org/10.1073/pnas.1900867116 PMID: 31019072

29. Riblett AM, Blomen VA, Jae LT, Altamura LA, Doms RW, Brummelkamp TR, et al. A Haploid Genetic

Screen Identifies Heparan Sulfate Proteoglycans Supporting Rift Valley Fever Virus Infection. J Virol.

2016; 90: 1414–1423. https://doi.org/10.1128/JVI.02055-15 PMID: 26581979

30. Robinson-McCarthy LR, McCarthy KR, Raaben M, Piccinotti S, Nieuwenhuis J, Stubbs SH, et al.

Reconstruction of the cell entry pathway of an extinct virus. PLoS Pathog. 2018;14. https://doi.org/10.

1371/journal.ppat.1007123 PMID: 30080900

31. Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA, Mikkelsen TS, et al. Genome-scale CRISPR-

Cas9 knockout screening in human cells. Science (80-). 2014; 343: 84–87. https://doi.org/10.1126/

science.1247005 PMID: 24336571

32. Yamada S. Specific functions of Exostosin-like 3 (EXTL3) gene products. Cell Mol Biol Lett. 2020;25.

https://doi.org/10.1186/s11658-020-00218-9 PMID: 32265995

33. de Boer SM, Kortekaas J, de Haan CAM, Rottier PJM, Moormann RJM, Bosch BJ. Heparan Sulfate

Facilitates Rift Valley Fever Virus Entry into the Cell. J Virol. 2012; 86: 13767–13771. https://doi.org/10.

1128/JVI.01364-12 PMID: 23015725

34. Jaques LB. Protamine—antagonist to heparin. Canadian Medical Association journal. Canadian Medi-

cal Association; 1973. pp. 1291–1297. Available: /pmc/articles/PMC1941450/?report = abstract PMID:

4122234

35. Baeuerle PA, Huttner WB. Chlorate—a potent inhibitor of protein sulfation in intact cells. Biochem Bio-

phys Res Commun. 1986; 141: 870–877. https://doi.org/10.1016/s0006-291x(86)80253-4 PMID:

3026396

36. Makkonen K-E, Turkki P, Laakkonen JP, Yla-Herttuala S, Marjomaki V, Airenne KJ. 6-O- and N-Sul-

fated Syndecan-1 Promotes Baculovirus Binding and Entry into Mammalian Cells. J Virol. 2013; 87:

11148–11159. https://doi.org/10.1128/JVI.01919-13 PMID: 23926339

37. Christianson HC, Belting M. Heparan sulfate proteoglycan as a cell-surface endocytosis receptor.

Matrix Biol. 2014; 35: 51–55. https://doi.org/10.1016/j.matbio.2013.10.004 PMID: 24145152

38. Das SC, Nayak D, Zhou Y, Pattnaik AK. Visualization of Intracellular Transport of Vesicular Stomatitis

Virus Nucleocapsids in Living Cells. J Virol. 2006; 80: 6368–6377. https://doi.org/10.1128/JVI.00211-06

PMID: 16775325

39. Jarousse N, Chandran B, Coscoy L. Lack of Heparan Sulfate Expression in B-Cell Lines: Implications

for Kaposi’s Sarcoma-Associated Herpesvirus and Murine Gammaherpesvirus 68 Infections. J Virol.

2008; 82: 12591–12597. https://doi.org/10.1128/JVI.01167-08 PMID: 18842731

PLOS PATHOGENS HSPGs serve as alternative receptors for low affinity LCMV variants

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009996 October 14, 2021 20 / 22

https://doi.org/10.1128/JVI.73.7.6114-6116.1999
https://doi.org/10.1128/JVI.73.7.6114-6116.1999
http://www.ncbi.nlm.nih.gov/pubmed/10364368
https://doi.org/10.1186/1479-0556-9-9
https://doi.org/10.1186/1479-0556-9-9
http://www.ncbi.nlm.nih.gov/pubmed/21496330
https://doi.org/10.1128/JVI.02511-10
http://www.ncbi.nlm.nih.gov/pubmed/21450833
https://doi.org/10.1002/ijc.31556
https://doi.org/10.1002/ijc.31556
http://www.ncbi.nlm.nih.gov/pubmed/29696636
https://doi.org/10.1128/JVI.00752-20
http://www.ncbi.nlm.nih.gov/pubmed/32522852
https://doi.org/10.1128/mSphere.00914-20
http://www.ncbi.nlm.nih.gov/pubmed/33177215
https://doi.org/10.1128/JVI.02160-18
https://doi.org/10.1128/JVI.02160-18
http://www.ncbi.nlm.nih.gov/pubmed/30996093
https://doi.org/10.1073/pnas.1900867116
https://doi.org/10.1073/pnas.1900867116
http://www.ncbi.nlm.nih.gov/pubmed/31019072
https://doi.org/10.1128/JVI.02055-15
http://www.ncbi.nlm.nih.gov/pubmed/26581979
https://doi.org/10.1371/journal.ppat.1007123
https://doi.org/10.1371/journal.ppat.1007123
http://www.ncbi.nlm.nih.gov/pubmed/30080900
https://doi.org/10.1126/science.1247005
https://doi.org/10.1126/science.1247005
http://www.ncbi.nlm.nih.gov/pubmed/24336571
https://doi.org/10.1186/s11658-020-00218-9
http://www.ncbi.nlm.nih.gov/pubmed/32265995
https://doi.org/10.1128/JVI.01364-12
https://doi.org/10.1128/JVI.01364-12
http://www.ncbi.nlm.nih.gov/pubmed/23015725
http://www.ncbi.nlm.nih.gov/pubmed/4122234
https://doi.org/10.1016/s0006-291x%2886%2980253-4
http://www.ncbi.nlm.nih.gov/pubmed/3026396
https://doi.org/10.1128/JVI.01919-13
http://www.ncbi.nlm.nih.gov/pubmed/23926339
https://doi.org/10.1016/j.matbio.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24145152
https://doi.org/10.1128/JVI.00211-06
http://www.ncbi.nlm.nih.gov/pubmed/16775325
https://doi.org/10.1128/JVI.01167-08
http://www.ncbi.nlm.nih.gov/pubmed/18842731
https://doi.org/10.1371/journal.ppat.1009996


40. Jae LT, Raaben M, Herbert AS, Kuehne AI, Wirchnianski AS, Soh T, et al. Lassa virus entry requires a

trigger-induced receptor switch. Science. 2014; 344: 1506. https://doi.org/10.1126/science.1252480

PMID: 24970085

41. Park RJ, Wang T, Koundakjian D, Hultquist JF, Lamothe-Molina P, Monel B, et al. A genome-wide

CRISPR screen identifies a restricted set of HIV host dependency factors. Nat Genet. 2017; 49: 193–

203. https://doi.org/10.1038/ng.3741 PMID: 27992415

42. Dick G, Grøndahl F, Prydz K. Overexpression of the 30-phosphoadenosine 50-phosphosulfate (PAPS)

transporter 1 increases sulfation of chondroitin sulfate in the apical pathway of MDCK II cells. Glycobiol-

ogy. 2008; 18: 53–65. https://doi.org/10.1093/glycob/cwm121 PMID: 17965432
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