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Abstract: The Flavivirus genus includes a number of important viruses that are pathogenic to humans
and animals and are responsible for outbreaks across the globe. Integrins, a family of heterodimeric
transmembrane molecules expressed in all nucleated cells mediate critical functions of cell physiology
and cell cycle. Integrins were previously postulated to be involved in flavivirus entry and to modulate
flavivirus replication efficiency. In the present study, mouse embryonic fibroblasts (MEF), lacking
the expression of αVβ3 integrin (MEF-αVβ3−/−), were infected with four different flaviviruses,
namely yellow fever virus (YFV), West Nile virus (WNV), Usutu virus (USUV) and Langat virus
(LGTV). The effects of the αVβ3 integrin absence in double-knockout MEF-αVβ3−/− on flavivirus
binding, internalization and replication were compared to the respective wild-type cells. Binding to
the cell surface for all four flaviviruses was not affected by the ablation of αVβ3 integrin, whereas
internalization of USUV and WNV was slightly affected by the loss of αVβ3 integrin expression.
Most interestingly, the deletion of αVβ3 integrin strongly impaired replication of all flaviviruses
with a reduction of up to 99% on virus yields and a strong reduction on flavivirus anti-genome
RNA synthesis. In conclusion, our results demonstrate that αVβ3 integrin expression in flavivirus-
susceptible cell lines enhances the flavivirus replication.

Keywords: integrins; flavivirus; host cell factors; virus binding; virus internalization; virus replication

1. Introduction

Zoonotic flaviviruses (family Flaviviridae; genus Flavivirus) are able to infect a broad
diversity of hosts such as equines, birds, non-human primates and humans (reviewed
in [1,2]). Among these, viruses as dengue virus (DENV), yellow fever virus (YFV), West
Nile virus (WNV), Usutu virus (USUV), Zika virus (ZIKV) and tick-borne encephalitis
virus (TBEV) are responsible for disease outbreaks in tropical and subtropical regions [2].
In most cases, flavivirus infection leads to subclinical manifestations or self-limited flu-like
symptoms. Rare but severe neurological manifestations like encephalitis, Guillain Barré
syndrome or acute flaccid paralysis are also reported upon flavivirus infection in endemic
areas [3,4]. Flaviviruses are enveloped with a single-stranded RNA genome of positive
polarity (+ssRNA). The genomic RNA encodes for a polyprotein that is cleaved into
10 proteins: three structural and seven non-structural proteins [5].

Upon attachment to cellular receptor(s), virions are internalized mainly through
clathrin-mediated endocytosis [6]. Within the endosomes, the low pH environment trig-
gered by lysosome fusion causes conformational changes in the envelope protein resulting
in viral membrane fusion and release of the viral genome into the cytoplasm, initiating

Viruses 2022, 14, 18. https://doi.org/10.3390/v14010018 https://www.mdpi.com/journal/viruses

https://doi.org/10.3390/v14010018
https://doi.org/10.3390/v14010018
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0000-0003-3229-8377
https://orcid.org/0000-0002-5620-1528
https://orcid.org/0000-0003-0215-185X
https://doi.org/10.3390/v14010018
https://www.mdpi.com/journal/viruses
https://www.mdpi.com/article/10.3390/v14010018?type=check_update&version=1


Viruses 2022, 14, 18 2 of 18

the replication cycle [5,7]. During flavivirus RNA replication, an intermediate double-
stranded RNA (dsRNA) form is synthetized, which is later unwound by a viral helicase.
The antigenome RNA serves as template for the synthesis of new flavivirus genomic RNA
(+ssRNA) [5]. Their exceptional ability to infect a broad diversity of hosts raises specula-
tions that flaviviruses use a common-shared receptor(s) to infect the host cell [8]. In the last
few years, several molecules have been characterized to be involved in the early steps of
flavivirus infection such as heat shock proteins, TIM and TAM receptors, heparan sulfate
and Dendritic Cell-Specific Intercellular Grabbing Non-integrin molecules (DC-SIGN) and
integrins (reviewed in [8–10]).

Integrins are a class of cell adhesion receptors and are expressed essentially in all
nucleated cells from nematodes to mammals [11]. They are heterodimeric transmembrane
molecules composed of two non-covalently linked subunits: one alpha (α) and one beta (β)
integrin subunit [12]. Up to now, 18 α integrin subunits and 8 β integrin subunits have
been identified and characterized. These α and β integrin subunits combine to each other
to form 24 different integrin heterodimers [13]. The main function of integrin molecules
is to project cell adhesion via extracellular matrix interaction. These interactions promote
intracellular signaling that regulates important cellular functions like cell motility, survival,
differentiation and division [14,15]. Integrins have been postulated as cellular receptors
for several viruses, like foot and mouth disease virus, human adenoviruses, hantaviruses
and human echovirus [16–22]. In addition to that, several other viruses exploit the integrin
machinery to promote attachment and internalization (i.e., Coxsackievirus and Ebola virus
and some members of the Herpesviridae family) [22–26]. Flavivirus and integrin interactions
were first reported by Chu et al., who demonstrated that αVβ3 integrin mediated WNV
binding to and entry into CS-1 human melanoma cells. Furthermore, functional blocking
of αVβ3 integrin as well as αVβ3 integrin gene silencing resulted in inhibition of WNV
entry and infection leading to the conclusion that αVβ3 integrin is a putative receptor for
WNV [27,28]. In contrast, Medigeshi et al. demonstrated later that WNV binding to and
entry into the host cells are completely independent of αVβ3 integrin [29]. More recently,
αVβ3 and αVβ5 integrin heterodimers were shown to be involved in Japanese encephalitis
virus (JEV) and ZIKV infection and internalization, respectively, in human and mouse cell
lines [30,31].

We previously reported that WNV binding and entry is independent of integrins for
all four WNV strains tested in a mouse cell model lacking the expression of β3 and β1
integrin subunits. However, integrin expression substantially enhanced WNV replication
raising speculations that integrins might represent an important host cell factor for WNV
infection and replication [32]. In the present study, we investigated the role of αVβ3 integrin
in infection with WNV and three other flaviviruses using a mouse embryonic fibroblast
(MEF) model lacking the expression of αVβ3 integrin. Our results demonstrated that the
loss of αVβ3 integrin expression did neither impair flavivirus binding to the cell surface
nor affected cell susceptibility. Most importantly, ablation of αVβ3 integrin substantially
affected flavivirus RNA replication suggesting that αVβ3 integrin represents an essential
host cell factor, which promotes effective flavivirus replication.

2. Materials and Methods
2.1. Cell Lines

MEFs harboring a genomic ablation of the αV and β3 integrin subunit genes (MEF-
αVβ3−/−) and its respective wild-type cells (MEF-WT) were cultivated in Dulbecco’s
Modified Eagle’s Medium (DMEM, ThermoFisher, Waltham, MA, USA) supplemented
with 10% Fetal Bovine Serum (FBS, ThermoFisher, Waltham, MA, USA). The produc-
tion of MEFs harboring genomic ablations of integrin genes is described elsewhere [32].
CHO-K1 cells (CHO-K1, ATCC n◦ CCL61) and Vero cells (clone 76, ATCC n◦ CRL-1587)
were obtained from the Collection of Cell Lines from the Friedrich-Loeffler-Institut (FLI,
Greifswald-Insel Riems, Germany). CHO-K1 and Vero 76 cells were cultivated in Mini-
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mum Essential Medium (MEM, ThermoFisher, Waltham, MA, USA) supplemented with
antibiotics and 5% of FBS. All cells were maintained at 37 ◦C and 5% CO2.

2.2. Viruses

Yellow fever virus strain 17D (YFV-17D [33]), Usutu virus strain Germany (USUV, [34]),
West Nile virus vaccine strain (PrevNile, [35]) and Langat virus strain TP-21 (LGTV, [36])
were kindly provided by Dr. Ute Ziegler (INNT-FLI, Greifswald-Insel Riems). Viruses were
inoculated into semi-confluent monolayers of Vero 76 cells for 5–7 days. Supernatants from
infected cells were harvested, centrifuged at 5000 revolutions per minute (rpm) for 10 min,
aliquoted and stored at −80 ◦C until use.

2.3. Determination of Virus Titers

Viral stock titers were determined by plaque assay as described elsewhere [37]. Briefly,
virus stocks were ten-fold serially diluted in MEM supplemented with antibiotics but
without FBS. Dilutions with a final volume of 1 mL were added to each well in dupli-
cates. Plates were incubated for 1 h at 37 ◦C with 5% CO2 and agitation every 15 min to
ensure efficient virus adsorption. After 1 h, inocula were removed and 3 mL of overlay
medium (MEM with 2% FBS, antibiotics and 1.8% bacteriological-grade agarose) added
and incubated at 37 ◦C with 5% CO2 for 7 days. At day 7 post inoculation, plates were
fixed with 10% buffered formalin and stained with 1% crystal violet solution. Plaques were
counted and the titer determined as follows: (n◦ of plaques × inoculum volume)/inverse
dilution = titer in Plaque Forming Units/mL (PFU/mL)). Tissue culture infectivity dose 50
(TCID50) was used to estimate the endpoint titers in infection experiments. For this, Vero
76 cells were seeded into 96-well plates at a concentration of 105 cells per well 24 h prior to
virus inoculation. One hundred microliter of supernatants from infected cells were added
to the first column and ten-fold serially diluted in MEM supplemented with antibiotics but
without FBS. Plates were then incubated at 37 ◦C with 5% CO2 for 1 h for virus adsorption.
Thereafter, inocula were removed, plates washed once with 1× phosphate-buffered saline
(PBS) which was replaced with fresh MEM supplemented with 2% FBS and antibiotics.
Plates were then incubated for 7 days at 37 ◦C with 5% CO2. On the 7th day, supernatants
were removed, and cell monolayers were fixed with 10% buffered formalin for 1 h, followed
by washing to remove cell debris and eventually stained with 1% crystal violet solution for
1 h. Plates were extensively washed and dried overnight. Spearman and Kärber calculation
was applied to determine TCID50 as described elsewhere [38,39].

2.4. Antibodies

Hamster anti-mouse CD61 (integrin β3) clone HM-β 3.1, rat anti-mouse CD51 (inte-
grin αV) clone RMV-7 and hamster anti-mouse CD29 (integrin β1) clone HMβ1–1 were
purchased from Biolegend (San Diego, CA, USA). Biotin-labeled hamster anti-mouse CD61
(integrin β3) clone HM-β 3.1 and rat anti-mouse CD51 (integrin αV) clone RMV-7 were
used for cell sorting. Anti-hamster immunoglobulin G (IgG) labeled with Alexa 488, anti-rat
IgG-Alexa 647 and anti-rat IgG-Cyanine 3 (Cy3) were purchased from Jacksons Immunore-
search (Cambridge, UK). Rat and Armenian hamster IgG isotype controls were purchased
from Biolegend (San Diego, CA, USA).

2.5. Flow Cytometry Analysis

Flow cytometry analysis was conducted to estimate the levels of integrin expression
on the cell surface. Briefly, cells were detached from cell culture flasks and passed through
a 40 µm cell strainer (BD Bioscience, San Jose, CA, USA). Cells were counted in hematocy-
tometer and a cell concentration adjusted to 1 × 106 cells per tube. Cells were incubated on
ice for 30 min, centrifuged and incubated with integrin-subunit specific antibody for 1 h
at 4 ◦C. After this incubation, cells were washed twice with cold 1× PBS and centrifuged
at 2000 rpm for 5 min. Secondary antibodies labelled with fluorescent dyes were added
and incubated for an additional 1 h at 4 ◦C. Subsequently, cells were washed twice with
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cold 1× PBS and centrifuged at 2000 rpm for 5 min. Cell pellets were resuspended in cold
1× PBS before integrin expression was measured by BD FACSCanto II (BD Bioscience, San
Jose, CA, USA) flow cytometer and acquired with BD FACSDiva Software (BD Bioscience,
San Jose, CA, USA). Flow cytometry data were analyzed using Flowing software version 2
(Turku Centre for Biotechnology, Turku, Finland).

2.6. Cloning, Cell Transfection and Cell Sorting

CHO-K1 cells were transfected with vectors encoding either the mouse αV or the
mouse β3 integrin subunits (accession numbers: KP296148.1; NM016780.2). The αV and β3
integrin subunit encoding sequences were inserted into pcDNA3.1-based plasmids (Ther-
moFisher, Waltham, MA, USA) between the BamHI and NotI restriction sites (pcDNA 3.1
Zeo-β3 and pcDNA 3.1 Hygro-αV). CHO-K1 transfection was performed using Lipofec-
tamine 3000 (ThermoFisher, Waltham, MA, USA) at a DNA/Lipofectamine ratio of 1:3.
Briefly, 1 × 106 cells were seeded in 12 well-plates 12–16 h prior transfection. Twenty-four
hours post-transfection, medium was changed and cells incubated for additional 24 h.
Forty-eight hours post-transfection, cells were split and set under antibiotic selection mark-
ers as indicated: Hygromycin (ThermoFisher, Waltham, MA, USA) 100 µg/mL and Zeocin
(Invivogen, San Diego, CA, USA) 500 µg/mL. After antibiotic selection, cells were sorted by
positive selection using MACS Microbeads magnetic cell sorting system (Miltenyi Biotec,
Gladbach, Germany) following manufacturer’s instructions. Shortly, cells were detached
and resuspended in sterile 1× PBS containing 0.5 g sodium azide/L and 1% bovine serum
albumin (BSA) fraction V (Sigma-Aldrich, St. Louis, MO, USA) and incubated with biotin-
labeled hamster anti-mouse CD61 (integrin β3) and rat anti-mouse CD51 (integrin αV)
antibodies for 2 h at 4 ◦C with constant rotation. After incubation, cells were washed twice
with cold 1× PBS and incubated with anti-biotin MACS Microbeads (Miltenyi Biotec, Glad-
bach, Germany) for 30 min at 4 ◦C with constant rotation. Subsequently, cells were washed
twice with cold 1× PBS and loaded onto magnetic MS-Columns (Miltenyi Biotec, Gladbach,
Germany). The flow-through containing the integrin negative cells was discarded and after
extensive washes the integrin expressing cells were eluted, centrifuged and cultivated in
medium containing zeocin or hygromycin selection antibiotics as mentioned above.

2.7. Indirect Immunofluorescence Assay

Cells were grown on glass cover slips 12–16 h prior to immunostaining. Thereafter,
cells were fixed with 3% paraformaldehyde (PFA, Carl Roth, Karlsruhe, Germany) for
15 min, followed by incubation with 50 mM ammonium chloride (Carl Roth, Karlsruhe,
Germany) for 30 min. After this, cells were permeabilized with 0.5% TritonX-100 (Carl Roth,
Karlsruhe, Germany), washed twice with 1× PBS and blocked with 0.5% skimmed milk
(Carl Roth, Karlsruhe, Germany) diluted in 1× PBS. Antibodies were diluted in blocking
buffer and cells were incubated with integrin-specific antibodies for 1 h at room temperature
followed by three washes with 1× PBS and subsequent incubation with secondary Alexa
488-labeled anti-hamster IgG and Cy3-labeled anti-rat IgG antibodies for an additional
1 h at 4 ◦C. For nuclei staining, the glass cover slips were quickly rinsed with 2 mg/mL
of 4′,6-diamidino-2-phenylindole (DAPI) solution (Sigma-Aldrich, St. Louis, MO, USA)
diluted at 1:5000 in 1× PBS followed by a final wash with 1× PBS plus a quick rinse in
distilled water. Finally, coverslips were dried and fixed upside down on microscopy slides
with VectaShield anti-fade mounting medium (Vector labs, San Francisco, CA, USA). Cells
were visualized in the laser-scanning confocal microscope Leica DMI600 CS using the LAS
AF Leica Application Suite software (Leica, Wetzlar, Germany). Images were post-treated
with ImageJ software (National Institutes of Health, Bethesda, MD, USA).

2.8. Cell Viability Assay

Determination of cell viability was performed using the CellTiter 96® AQueous One
Solution Cell Proliferation Assay (Promega, Madison, WI, USA) following instructions of
the manufacturer. Briefly, cells were detached and resuspended in DMEM containing 10%
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FBS. Total cell number was determined and cells were seeded in different concentrations
ranging from 103 to 106 cells per well in duplicate into 96-well plates to a final volume of
100 µL. Subsequently, 20 µL of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS) reagent was added to each well, plates were gently
agitated and incubated at 37 ◦C with 5% CO2 atmosphere under light protection for 4 h.
After 4 h, absorbances were measured at 490 nm using an ELISA plate reader (TECAN,
Männedorf, Switzerland). Background wells (only MTS reagent) as well as blank wells (no
reagent) were added as controls. Absorbances were plotted by the mean value of respective
cell amount after background absorbance subtraction.

2.9. Cell Adhesion Assay

Cell adhesion assays were performed as described elsewhere with modifications [40].
Briefly, Maxisorp ELISA plates (ThermoFisher, Waltham, MA, USA) were coated overnight
at 4 ◦C with 1 µg/mL of recombinant mouse vitronectin (Sino Biological, Beijing, China) or
BSA in carbonate buffer (pH 8.0). The next day, plates were washed once with 1× PBS and
blocked with 2% BSA solution for 1 h at 37 ◦C. Cell monolayers were detached from the
cell culture flasks using 5mM ethylenediaminetetraacetic acid (EDTA, Carl Roth, Karlsruhe,
Germany), the total cell number determined and added to the wells at a final concentration
of 1 × 105 cells per well in serum free medium supplemented with 0.1% BSA. Cells were
incubated for 45 min at 37 ◦C to allow adhesion to vitronectin. Vero 76 cells were used as
attachment controls for the assay. After adhesion, plates were gently washed to remove
unbound cells and plates were fixed with 3% PFA for 1 h at room temperature. Adherent
cells were stained for 1 h with 1% crystal violet prepared in 20% methanol (Carl Roth,
Karlsruhe, Germany). After extensive washing, plates were dried and dye was extracted
from the cells using 50% ethanol (Carl Roth, Karlsruhe, Germany) in 50 mM sodium citrate
buffer (pH 4.5, Carl Roth, Karlsruhe, Germany). Optical densities (OD) were measured at
550 nm using an ELISA plate reader (TECAN, Männedorf, Switzerland).

2.10. Virus Infection Experiments

Multi-cycle replication kinetics were performed in 24-well plates. For this, cells were
seeded at concentration of 1 × 104 cells per well at 12 h prior to virus inoculation and
cultured with DMEM supplemented with 2% FBS. Then, cells were washed once with
1× PBS and inoculated with different flaviviruses at a multiplicity of infection (MOI) of 0.1
for 1 h at 37 ◦C. Inocula were removed and cells washed twice with 1× PBS before 1 mL of
DMEM supplemented with 2% FBS was added to each well. Supernatants were harvested
at 24, 48, 72 and 96 h post inoculation and virus titers were determined by TCID50 in Vero
76 cells as described above.

For the binding assay, cells were seeded on 12-well plates with DMEM supplemented
with 2% FBS at a concentration of 1 × 105 cells per well, at 12 h prior virus inoculation. On
the next day, medium was replaced by serum free DMEM and cells were pre-incubated at
4 ◦C for 30 min prior to virus inoculation. After this, plates were placed on ice and cells
inoculated with the flaviviruses at a MOI of 10. Cells were incubated for 1 h on ice with
agitation every 15 min. Thereafter, the inoculum was removed and the wells were washed
four times with cold 1× PBS to remove unbound virus particles. Cell monolayers were
resuspended in RLT buffer (Qiagen, Hilden, Germany) and stored at −80 ◦C.

For the internalization assay, cells were seeded as described above. After pre-incubation
of cells at 4 ◦C for 30 min, virus inoculation and incubation on ice, virus inocula were
removed and cells were washed three times with cold 1× PBS and shifted to 37 ◦C for
40 min to allow virus internalization. Thereafter, medium was removed and cell mono-
layers were washed once with cold 1× PBS and treated with acidic glycine (pH 2.5, Carl
Roth, Karlsruhe, Germany) for 2 min to inactivate non-internalized virions as described
elsewhere [41–43] followed by 2 washes with 1× PBS. Cell monolayers were resuspended
in RLT buffer (Qiagen, Hilden, Germany) and stored at −80 ◦C.
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For the replication assay, cells were seeded as described above. Cells were inoculated
with flaviviruses at a MOI of 10 and incubated at 37 ◦C for virus adsorption for 1 h. After
this period, inocula were removed and monolayers were washed four times with 1× PBS.
Finally, cells were cultivated with DMEM containing 2% FBS and incubated at 37 ◦C with
5% CO2. Supernatants and monolayers were harvested 48 h after inoculation and stored at
−80 ◦C until use.

2.11. Binding Inhibition Assay

For the binding inhibition assay, cells were seeded on 24-well plates with DMEM
supplemented with 2% FBS at a concentration of 1 × 105 cells per well, 12–16 h prior to
virus inoculation. Medium was replaced by serum free DMEM medium and cells were
pre-incubated at 4 ◦C for 15 min prior to treatment with integrin ligands. Type I collagen
(0–500 µg/mL-Sigma-Aldrich, St. Louis, MO, USA), synthetic Arg-Gly-Asp (RGD motif)
tripeptide (0–250 µg/mL-Sigma-Aldrich, St. Louis, MO, USA) and recombinant mouse
vitronectin (0–50 µg/mL-Sino Biological, Beijing, China) were added into the wells with
serum free DMEM supplemented with 1 mM MnCl2 (Carl-Roth, Karlsruhe, Germany)
and 1 mM MgCl2 (Carl-Roth, Karlsruhe, Germany) and incubated at 4 ◦C for 30 min to
allow ligand binding. After this, plates were placed on ice and washed twice, and cells
were inoculated with flaviviruses at a MOI of 10. Cells were incubated for 1 h on ice with
constant agitation every 15 min. After this period, the inoculum was removed and the
wells were washed four times with cold 1× PBS to remove unbound virus particles. Cell
monolayers were resuspended in RLT buffer (Qiagen, Hilden, Germany) and stored at
−80 ◦C.

2.12. RNA Isolation and RT-qPCR

Viral RNA from cell supernatants was isolated using the Qiamp Viral RNA Mini
Kit (Qiagen, Hilden, Germany) following manufacturer instructions. Total RNA from
infected and uninfected cells was isolated using the RNeasy Mini Kit (Qiagen, Hilden,
Germany) following manufacturer instructions. RNA samples were stored at −80 ◦C until
use. To quantify the viral genomic RNA, reverse transcription quantitative polymerase
chain reaction (RT-qPCR) was performed using the QuantiTect Probe RT-PCR kit (Qiagen,
Hilden, Germany). For quantification of viral genome, a standard curve containing serial
dilutions of a synthetic RNA harboring the primer/probe binding sites of each primer set
used was included in every RT-qPCR run.

The thermal cycling conditions used for RT-qPCR were as follows: 50 ◦C for 30 min
followed by 95 ◦C for 15 min for reverse transcription and 45 cycles at 95 ◦C for 15 s,
55 ◦C for 30 s, and 72 ◦C for 15 s for qPCR. For the detection of flavivirus antigenomic
RNA from infected monolayers, total RNA was isolated as described above and cDNA
was synthetized using the respective flavivirus specific forward primers described in
Table S1. The cDNA synthesis was performed using SuperScript III reverse transcriptase
(ThermoFisher, Waltham, MA, USA) as follows: 25 ◦C for 10 min, 50 ◦C for 60 min and
85 ◦C for 15 min. Levels of flavivirus antigenome RNA were normalized to beta-actin as
housekeeping gene and calculated using the 2−∆∆Ct method [44]. The cDNA synthesis
was performed on Biometra T3 Thermal Cycler (Analytik Jena, Jena, Germany) and RT-
qPCR reactions were performed on CFX96 Real-Time PCR System (Bio-Rad, Feldkirchen,
Germany). Primer and probe sequences are listed in Supplementary Table S1.

2.13. Data and Statistical Analysis

Primary data were analyzed using Microsoft Excel and graphics were designed using
GraphPad Prism version 8.4 (San Diego, CA, USA). Statistical analyses were performed
using GraphPad Prism version 8.4. The non-parametric Mann-Whitney-U test was applied
to evaluate data from the binding experiments. The parametric Student’s t-test was applied
to evaluate data from replication and internalization assays. One-Way ANOVA with
Bonferroni’s correction was applied for the replication experiments with the CHO-K1 cells.



Viruses 2022, 14, 18 7 of 18

Statistical significance is represented as: (*) = p ≤ 0.05, (**) = p ≤ 0.01, (***) = p ≤ 0.001 and
(****) = p ≤ 0.0001. Non-significant: (ns) = p > 0.05.

3. Results
3.1. Characterization of Integrin-Deficient Cell Lines

MEFs deficient for αVβ3 (MEF-αVβ3−/−), as well as the respective wild-type (MEF-
WT) cell lines were characterized for their integrin expression profile by flow cytometry
and confocal laser scanning microscopy. First, flow cytometry analysis was performed
to confirm loss of αVβ3 integrin expression in the integrin deficient cell line as well as
to measure the level of integrin expression in the MEF-WT. The MEF-WT expressed high
amounts of αV and β3 integrin subunits, whereas the MEF-αVβ3−/− showed complete
absence of both, the αV and β3 integrin subunits (Figure 1a). We also measured the levels
of β1 integrin subunit, which is widely expressed in murine fibroblasts [32,45]. The β1
integrin subunit could be detected on the cell surface of the MEF-WT as well as MEF-
αVβ3−/− indicating that other integrin heterodimers are present on the cell surface of
MEF-αVβ3−/− (Figure 1a). Expression levels of αV, β1 and β3 integrin subunits reached
more than 99% in the MEF-WT, contrary to the MEF-αVβ3−/−, which demonstrated
total absence of αV and β3 integrin subunit expression whereas high amounts of β1
integrin subunit were still expressed (>99%). Ablation of αVβ3 in the MEF-αVβ3−/−

had no influence on cell viability when compared to the MEF-WT (Figure S1a). Chinese
hamster ovary (CHO) cells transfected with either the mouse αV (CHO-αV+/+) or the
mouse β3 (CHO-β3+/+) integrin subunit expressed high amounts of the respective integrin
subunit (Figure S2a). In order to confirm these findings and to determine the integrin
subcellular localization, confocal laser scanning microscopy was applied. As demonstrated
in Figure 1b, if expressed, integrins are globally distributed over the cell membrane in both
MEF-WT and MEF-αVβ3−/− (Figure 1b). In accordance with the flow cytometry analysis,
the MEF-WT expressed significant amounts of αV, β1 and β3 integrin subunits, whereas
MEF-αVβ3−/− showed to solely express the β1 integrin subunit (Figure 1b). The integrin
subcellular localization as well as their expression patterns are in accordance with what was
previously described [32,46]. Similarly, high amounts of both αV and β3 integrin subunit
in the CHO-αV+/+ and CHO-β3+/+ cells were visualized by confocal microscopy as shown
in Figure S2b.
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cytometry (a) and laser scanning confocal microscopy (b). In (a), cells were incubated with anti-
integrin subunit-specific antibodies followed by incubation with secondary antibodies labelled with
Alexa 647 (red histograms) or Alexa 488 (green histograms). Cell controls correspond to untreated
cells. Histograms represent the mean fluorescence intensity (MFI; x-axis) and the cell counts (y-
axis). Total cell counts: 1 × 104. In (b) cells were cultivated on coverslips and stained with integrin
subunit-specific antibodies followed by incubation with secondary antibodies labelled with Alexa 488
(green) or Cy3 (red). Nuclei were stained with DAPI. Laser wavelengths used for imaging: 405 nm
(DAPI), 450–470 nm (Alexa 488), 540–570 nm (Cy3). Scale bar: 20 µm (αV integrin) and 13 µm (β1
and β3 integrins).

3.2. Integrins Are Not Involved in Flavivirus Binding to the Host Cell

One of the main integrin functions is to mediate cell adhesion through close interaction
with the extracellular matrix [12,14]. Previous reports have shown that several viruses use
integrins as an attachment factor to trigger virus internalization pathways [17,23,47]. To
investigate whether αVβ3 integrin is involved in flavivirus binding to the host cells, MEF-
αVβ3−/− and MEF-WT cells were inoculated with different flaviviruses. Cell monolayers
were initially pre-incubated at 4 ◦C to arrest cell membrane movement, and consequently
virus internalization, followed by incubation on ice and inoculation with different fla-
viviruses. As shown in Figure 2a, the absence of αVβ3 integrin did not impair flavivirus
binding to the cell surface of MEF-αVβ3−/− cells as measured by RT-qPCR. In fact, fla-
vivirus binding to both MEF-αVβ3−/− and MEF-WT were at a similar level to that observed
for Vero 76 cells (Figure S3). Similarly, ectopic expression of murine αV or β3 integrin
subunits in CHO cells, a cell line which does not express αV or β3 integrin subunits on
the cell surface, did not enhance flavivirus binding to the cell surface (Figure 2b). Since
the deletion of the αV integrin subunit impairs the formation of αV-containing integrin
he-terodimers other than αVβ3 (i.e., αVβ1, αVβ5, αVβ6, αVβ8) at the cell surface, other
integrin heterodimers might still be present in the MEF-αVβ3−/−. To investigate whether
these integrin heterodimers other than αVβ3 integrin are involved in flavivirus binding,
MEF-WT as well as MEF-αVβ3−/− were treated with different commonly used integrin
ligands, such as: vitronectin, type I collagen and a synthetic RGD tripeptide motif. For this
purpose, cells were incubated at 4 ◦C to allow ligand binding and subsequently infected
with different flaviviruses. As denoted in Figure S4, cell treatment with different integrin
ligands had no impact on flavivirus binding to the cell surface of MEFs, reinforcing that
integrins play no role in flavivirus binding to the MEFs. Together, these results demonstrate
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that αVβ3 integrin and other integrins that interact with synthetic integrin ligands are not
required for flavivirus binding to the cell surface of MEF.

Viruses 2021, 13, x FOR PEER REVIEW 9 of 20 
 

 

(green) or Cy3 (red). Nuclei were stained with DAPI. Laser wavelengths used for imaging: 405 nm 
(DAPI), 450–470 nm (Alexa 488), 540–570 nm (Cy3). Scale bar: 20 µm (αV integrin) and 13 µm (β1 
and β3 integrins). 

3.2. Integrins are not Involved in Flavivirus Binding to the Host Cell 
One of the main integrin functions is to mediate cell adhesion through close 

interaction with the extracellular matrix [12,14]. Previous reports have shown that several 
viruses use integrins as an attachment factor to trigger virus internalization pathways 
[17,23,47]. To investigate whether αVβ3 integrin is involved in flavivirus binding to the 
host cells, MEF-αVβ3−/− and MEF-WT cells were inoculated with different flaviviruses. 
Cell monolayers were initially pre-incubated at 4 °C to arrest cell membrane movement, 
and consequently virus internalization, followed by incubation on ice and inoculation 
with different flaviviruses. As shown in Figure 2a, the absence of αVβ3 integrin did not 
impair flavivirus binding to the cell surface of MEF-αVβ3−/− cells as measured by RT-
qPCR. In fact, flavivirus binding to both MEF-αVβ3−/− and MEF-WT were at a similar level 
to that observed for Vero 76 cells (Figure S3). Similarly, ectopic expression of murine αV 
or β3 integrin subunits in CHO cells, a cell line which does not express αV or β3 integrin 
subunits on the cell surface, did not enhance flavivirus binding to the cell surface (Figure 
2b). Since the deletion of the αV integrin subunit impairs the formation of αV-containing 
integrin he-terodimers other than αVβ3 (i.e.,: αVβ1, αVβ5, αVβ6, αVβ8) at the cell surface, 
other integrin heterodimers might still be present in the MEF-αVβ3−/−. To investigate 
whether these integrin heterodimers other than αVβ3 integrin are involved in flavivirus 
binding, MEF-WT as well as MEF-αVβ3−/− were treated with different commonly used 
integrin ligands, such as: vitronectin, type I collagen and a synthetic RGD tripeptide motif. 
For this purpose, cells were incubated at 4 °C to allow ligand binding and subsequently 
infected with different flaviviruses. As denoted in Figure S4, cell treatment with different 
integrin ligands had no impact on flavivirus binding to the cell surface of MEFs, 
reinforcing that integrins play no role in flavivirus binding to the MEFs. Together, these 
results demonstrate that αVβ3 integrin and other integrins that interact with synthetic 
integrin ligands are not required for flavivirus binding to the cell surface of MEF. 

 
Figure 2. Flavivirus binding to the cell surface of (a) MEF-WT and MEF-αVβ3−/− and (b) CHO-K1, 
CHO-αV+/+ and CHO-β3+/+. Cells were infected with YFV-17D, WNV, USUV or LGTV at a MOI of 
10, placed on ice to allow virus binding to the cell surface but no internalization. After 1 h, cells were 
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determined by RT-qPCR. Virus binding values are expressed in cycle threshold (Ct) values. Three 
independent experiments were performed in triplicate each. Bars represent mean Ct values and 
error bars represent the standard deviation (means ± standard deviation). Statistical analysis: Mann–
Whitney test; ns: not significant (p > 0.05). 

  

Figure 2. Flavivirus binding to the cell surface of (a) MEF-WT and MEF-αVβ3−/− and (b) CHO-K1,
CHO-αV+/+ and CHO-β3+/+. Cells were infected with YFV-17D, WNV, USUV or LGTV at a MOI
of 10, placed on ice to allow virus binding to the cell surface but no internalization. After 1 h, cells
were extensively washed, monolayers harvested and the amount of virus bound to the cell surface
was determined by RT-qPCR. Virus binding values are expressed in cycle threshold (Ct) values.
Three independent experiments were performed in triplicate each. Bars represent mean Ct values
and error bars represent the standard deviation (means ± standard deviation). Statistical analysis:
Mann–Whitney test; ns: not significant (p > 0.05).

3.3. Ablation of αVβ3 Integrin Expression Does Not Hinder Flavivirus Infection

In order to verify whether genomic deletion of αVβ3 integrin in MEFs renders cells re-
sistant to flavivirus infection, we performed a multi-step virus replication kinetics. MEF-WT
as well as MEF-αVβ3−/− were inoculated with YFV-17D, WNV, USUV and LGTV at a MOI
of 0.1 to assess the flaviviruses ability to infect and replicate in these cells. Supernatants
were harvested every 24 h until 4 days post-inoculation, and viral titers were determined
by TCID50 assay. Highest titers were achieved for WNV, LGTV and USUV in Vero 76 cells,
with the exception of YFV-17D, which replicated better in MEF-WT (Figure 3a–d). Loss
of αVβ3 integrin expression in the MEF-αVβ3−/− did not confer resistance to flavivirus
infection. However, replication efficiency was significantly impaired in the MEF-αVβ3−/−

cells in comparison with the MEF-WT cells (Figure 3a–d). For the YFV-17D, no infectious
virus was detected after the first 24 h in the MEF-αVβ3−/−. Ninety-six hours post infection,
the MEF-αVβ3−/− infected with YFV-17D displayed the lowest titers (3.0 TCID50/mL),
followed by LGTV (3.25 TCID50/mL), WNV (3.75 TCID50/mL) and USUV (5.0 TCID50/mL).
These results indicate that αVβ3 integrin is not required as a flavivirus attachment factor
or entry receptor, but its expression significantly affects flavivirus replication efficiency
in MEFs.
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Figure 3. Replication kinetics of (a) YFV-17D, (b) WNV, (c) USUV and (d) LGTV in MEF-WT, MEF-
αVβ3−/− and Vero 76 cells. Cells were inoculated with these flaviviruses at a MOI of 0.1 and
supernatants were harvested at 24, 48, 72 and 96 h post inoculation. Values represent virus titers
determined by TCID50 in Vero 76 cells over a period of 4 days post-infection.

3.4. Absence of αVβ3 Integrin Expression Affects Internalization of Some but Not All Flaviviruses

Integrins promote a close connection with the actin cytoskeleton leading to a sequence
of intracellular events that later culminate in remodeling of actin filaments and consequently
cell membrane reorganization [48,49]. Flavivirus internalization is mediated mainly by
clathrin-mediated endocytosis [7]. Since clathrin-mediated endocytosis is the main fla-
vivirus entry and internalization route [7], we analyzed whether loss of αVβ3 integrin
expression could hinder flavivirus internalization. Cells were incubated on ice prior to virus
inoculation to stop cell membrane movement and prevent virus internalization and then
inoculated with different flaviviruses and incubated for one hour. After 1 h, monolayers
were washed and shifted to 37 ◦C to allow virus internalization. Internalized virus particles
were quantified by RT-qPCR. As shown in Figure 4, the lack of αVβ3 integrin affected
the internalization of WNV (p ≤ 0.001, Figure 4b), and USUV (p ≤ 0.0001, Figure 4c), but
did not have any effect on internalization of YFV-17D (p > 0.05, Figure 4a) and LGTV
(p > 0.05, Figure 4d). Together, these results suggest that αVβ3 integrin is involved in the
internalization process of some, but not all flaviviruses.
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Figure 4. Internalization of (a) YFV-17D, (b) WNV, (c) USUV and (d) LGTV by MEF-WT and MEF-
αVβ3−/−. Cells were inoculated with different flaviviruses on ice for 1 h to allow virus binding
but not internalization. Thereafter, cells were extensively washed and shifted to 37 ◦C for 30 min to
allow virus internalization. Cell monolayers were treated with acidic glycine (pH 2.5) for 2 min to
inactivate non-internalized virus. Monolayers were harvested, the amount of internalized virus was
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determined by RT-qPCR and expressed as copy numbers per microliter (log transformed). Three
independent experiments were performed in triplicate each. Dot plots represent each individual
replicate from the three independent experiments. Statistical analysis: Unpaired Student’s t-test with
Welch’s correction; (***) p ≤ 0.001; (****) p ≤ 0.0001; ns: not significant (p > 0.05).

3.5. Lack of αVβ3 Integrin Substantially Impairs Flavivirus Replication

Next, we investigated whether deletion of αVβ3 integrin affects flavivirus replica-
tion. The MEF-αVβ3−/− as well as MEF-WT were inoculated with different flaviviruses
at a MOI of 10, and 48 h post-infection, supernatants and monolayers were separately
harvested and viral RNA load and virus titers were quantified by RT-qPCR and TCID50
determination, respectively.

Interestingly, as shown in Figure 5, deletion of αVβ3 integrin significantly impaired
replication of all flaviviruses investigated. In general, the reduction on viral RNA load in
the MEF-αVβ3−/− reached more than 90% for all four flaviviruses tested (Figure 5a) in
comparison with the MEF-WT. Similarly, virus titers measured by TCID50 were drastically
reduced in the MEF-αVβ3−/− in comparison with the MEF-WT (Figure 5b). These results
demonstrated that the absence of αVβ3 integrin expression strongly impaired flavivirus
replication in MEFs. To confirm our findings, CHO cells expressing either the mouse αV or
β3 integrin subunit were infected with four flaviviruses and viral RNA load was measured
by RT-qPCR. As observed in Figure S5a–d, ectopic expression of αV integrin subunit in
CHO cells (CHO-αV+/+) enhanced replication of YFV-17D by 82% (p = 0.0045) and USUV
by 142% (p ≤ 0.0001) in comparison to CHO-K1 wild-type cells. Expression of β3 integrin
subunit in CHO cells (CHO-β3+/+) had no effect on replication of YFV-17D and USUV but
enhanced replication of WNV by 21.5% (p = 0.0251) and LGTV by 72.5% (p = 0.0069) in
comparison to the CHO-K1 wild-type cells. Taken together, these results demonstrated
that flavivirus replication benefits from the expression of integrins, either αV and/or β3
integrin subunit.
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Figure 5. Replication analysis of YFV-17D, WNV, USUV and LGTV in MEF-WT and MEF-αVβ3−/−

cells 48 h post inoculation showing (a) viral RNA load and (b) virus titers. Cells were seeded into
12-well plates and inoculated with different flaviviruses at a MOI of 10. After one hour, monolayers
were extensively washed and shifted to 37 ◦C for 48 h. Supernatants were harvested, viral RNA
isolated and RT-qPCR was performed to determine viral RNA yields. The amount of virus genome
is expressed as copy numbers per microliter (log transformed). End-point determination of virus
titers were calculated using the Spearman–Kärber method and expressed as TCID50 log values.
Three independent experiments were performed in triplicate each. Bars represent mean values
and error bars represent the standard deviation (mean ± standard deviation). Statistical analysis:
Unpaired Student’s t-test with Welch’s correction: (*) = p ≤ 0.05, (**) = p ≤ 0.01, (***) = p ≤ 0.001 and
(****) = p ≤ 0.0001.
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3.6. αVβ3 Integrin Knockout Influences Flavivirus RNA Genome Replication

Since flaviviruses are positive sense RNA viruses, a negative-strand anti-genomic
viral RNA is synthetized during flavivirus RNA replication, which serves as a template
for new positive stranded genomic viral RNA molecules. Detection of negative-strand
anti-genomic viral RNA is thus considered a hallmark of active flavivirus replication [5,50].
The negative-stranded RNA is synthetized at low levels during the replication cycle. Some
authors have proposed a ratio (positive/negative stranded) between 6:1 to 12:1 in the early
stages of infection and 45:1 to 100:1 in the late stages of infection [51–54]. In order to confirm
whether the lack of αVβ3 influences flavivirus replication at the RNA replication level, we
measured the levels of flavivirus antigenomic RNA in MEF-WT and MEF-αVβ3−/− cells.
Interestingly, the levels of all four flavivirus antigenomic RNA were considerably lower
in MEF-αVβ3−/− than in MEF-WT (Figure 6). Synthesis of negative stranded RNA was
reduced by 94% for YFV-17D, 65.7% for WNV, 85% for USUV and 98% for LGTV in the
MEF-αVβ3−/− when compared to the MEF-WT (100%). This finding strongly supports the
involvement of αVβ3 integrin in flavivirus RNA replication.
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Figure 6. Relative quantification of flavivirus antigenome (negative-strand) RNA in MEF-WT and
MEF-αVβ3−/− cells. Cells were infected with YFV-17D, WNV, USUV and LGTV at a MOI of 10.
After 48 h post inoculation, monolayers were washed, harvested, lysed and total RNA was extracted.
RT-qPCR was performed to quantify the amount of negative-strand RNA. The levels of flavivirus
negative-strand RNA were normalized against beta-actin, a housekeeping gene, and the relative
gene expression was calculated by 2ˆ−∆∆Ct method. Levels of flavivirus negative-strand RNA were
expressed as fold amplification in relation to the housekeeping gene. Three independent experiments
were performed in triplicate each. Bars represent mean values and error bars represent the standard
deviation (mean ± standard deviation). Statistical analysis: Unpaired Student’s t-test with Welch’s
correction: (*) = p ≤ 0.05 and (**) = p ≤ 0.01.

4. Discussion

Although many aspects of flavivirus binding and entry into the host cells have been
already described, cellular host factors modulating flavivirus replication are still an un-
explored field. In the last few years, several new flavivirus host cell factors have been
reported and the knowledge is increasing rapidly [55–60]. Integrins, one of the major
families of cell adhesion molecules have been postulated to be involved in the flavivirus
infection cycle [12,28,30–32]. In the present study, we demonstrated that αVβ3 integrin is
not involved in flavivirus binding to the host cell, but indeed involved in flavivirus RNA
replication and at some degree also in the internalization process of some flaviviruses.

MEFs lacking the expression of αVβ3 integrin were used in this study to investigate the
involvement of this specific integrin in the flavivirus infection cycle. The double knockout
MEF model used in the present study displays a full deletion of the αVβ3 integrin gene
at the DNA level by homologous recombination similarly to what has been described
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elsewhere [32]. By targeting gene ablation at the DNA level, we avoided several off-target
effects commonly observed in gene silencing techniques like siRNA/shRNA, which may
partially influence the outcome of virus replication [61].

There are 24 different integrin molecules described and due to the nature of integrins
to form heterodimers; deletion of one integrin subunit impairs the expression of other
integrins at the cell membrane [12]. The MEF model used in our study displayed a full
deletion in the αV and β3 integrin subunit genes, which, in turn, disables the expression at
the cellular membrane of all αV and β3 integrin heterodimer combinations. Flow cytometry
analysis revealed the total absence of αV and β3 integrin expression in the MEF-αVβ3−/−

cells. However, cells still expressed considerable levels of β1 integrin subunit, indicating
that the ablation of either αV or β3 integrin subunits does not influence the expression
of β1 integrin subunit. This integrin subunit may interact and form heterodimers with
α integrin subunits other than αV. Several studies have demonstrated that MEFs express
a diverse repertoire of integrins, in particular β1 integrin subunit combinations such as
α5β1, α11β1, α2β1 and α1β1 [62–66]. Besides the αV and β3 integrin subunits investigated
in our study, it remains unknown whether MEFs from our study express other integrin
subunits beyond αV, β3 and β1. Additionally, it should be considered that the lack of one
or more integrin subunits might lead to a compensatory effect in which cells upregulate the
expression of other integrin heterodimers. Other studies demonstrated the susceptibility of
MEFs to flavivirus infection leading to productive virus replication [29,32]. Several viruses,
like foot and mouth disease virus, Epstein-Barr virus, echovirus and herpesviruses use
integrins to mediate binding to the host cell [10]. In our study, we have shown that the loss
of αVβ3 integrin expression did not confer cell resistance to any of the flaviviruses studied,
and binding to αVβ3 expressing and non-expressing cells was similar, but replication
efficiency was considerably impaired. Thus, the hypothesis that αVβ3 integrin might be
a major flavivirus receptor or mediate flavivirus attachment to the cell membrane of MEF
is not supported by our results. These findings also corroborated with previous reports
demonstrating that the absence of integrin expression did not confer cell resistance to WNV
and is not required for flavivirus binding to the host cell [29,32]. In the present study,
CHO-K1 cells expressing the mouse αV or β3 integrin subunit were used as model to study
the influence of integrin expression in flavivirus infection. Of note, CHO-K1 cells have
been described to be resistant to a variety of viruses as several integrin subunits are not
expressed [67]. In accordance with our results using MEFs lacking the expression of αVβ3
integrin, expression of either αV or β3 integrin subunit in CHO-K1 cells, per se did not
increase flavivirus binding to the cell surface.

Chu et al. reported that antibodies against αV and β3 integrin subunits as well as
integrin ligands inhibited WNV binding and internalization in CS-1 human melanoma
cells [28]. Similarly, epitope-blocking antibodies targeting αV and β3 integrin subunits in
baby hamster kidney (BHK) cells reduced JEV replication [30]. In our experiments, cell
treatment with synthetic RGD tripeptide motif, vitronectin and type I collagen, all integrin
ligands, did not affect flavivirus binding to MEFs so that the involvement of integrins
in flavivirus binding is most unlikely. Thus, our results are in accordance with what has
been reported previously for WNV [29,32]. In fact, several other attachment factors have
been described for flaviviruses, among them C-lectin molecules, mannose receptors and
heparan sulfate. Studies with YFV, DENV, TBEV and WNV could show that flavivirus
pre-incubation with heparin or cell treatment with heparinase abrogated the infection at
considerable amounts (more than 90%) [60,68–73]. Considering that the virus strains used
in our study are attenuated or cell culture adapted strains, future studies should evaluate if
pathogenic and/or not cell-culture adapted strains differ in their ability to bind heparan
sulfate that could minimize flavivirus binding and usage of integrins.

Integrin-mediated intracellular signaling can promote cytoskeleton rearrangement
and several viruses exploit this pathway for virus internalization [10,48,49]. Our results
demonstrate that the absence of αVβ3 integrin expression affects internalization of WNV
and USUV, but not that of YFV and LGTV. Since MEFs are likely to express integrin
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heterodimers other than αVβ3 integrin, one could speculate whether these viruses use
different integrins for virus internalization. Additionally, the presence of other integrin
heterodimers may be required for LGTV and YFV-17D internalization into MEFs. Further
studies should investigate whether other integrin heterodimers may play a role in the
internalization of other flaviviruses. The presence of integrin ligand motifs (RGD motif) in
envelope proteins of YFV-17D, JEV and Murray Valley encephalitis virus was previously
reported [74]. Amino acid exchanges in the YFV-17D RGD motif did not affect virus binding
to or internalization into the target cell but rather had a negative effect on virus replica-
tion and spread [74]. Nevertheless, it might be possible that flaviviruses are dependent
on integrins to promote internalization in a similar mechanism to what is described for
hantaviruses and human cytomegalovirus (HCMV). Hantaviruses were demonstrated to
bind to the plexin-semaphorin integrin domain of the inactive bent integrin conformation,
while HCMV was demonstrated to bind integrins via a highly conserved disintegrin-like
domain [24,75]. Further studies should address whether the integrin activated state might
play a role in flavivirus infection.

Finally, we demonstrated that the deletion of αVβ3 integrin in MEFs markedly im-
paired replication of all flaviviruses tested here, leading to reductions in viral RNA loads,
virus titers and decreased amounts of flavivirus antigenomic RNA. Moreover, ectopic
expression of either αV or β3 integrin subunit in CHO cells slightly enhanced flavivirus
replication. This evidence suggests that the αVβ3 integrin is a common flavivirus host
cell factor, necessary for efficient flavivirus replication. Previous studies also showed that
the expression of integrins in MEFs enhanced WNV replication in comparison to their
β1 or β3 integrin-deficient cell line counterparts [32]. A second study with JEV showed
that silencing the expression of αV or β3 integrin subunits in BHK and HeLa cells led to
reductions on JEV replication rates reinforcing that integrins are a mutual flavivirus host
cell factor. In the same study, expression of β3 integrin subunit in CHO cells enhanced
JEV viral RNA loads and virus titers [30]. Interestingly, Chu et al., also demonstrated that
rescue of β3 integrin subunit in CS-1 human melanoma cells greatly increased WNV entry
and infectivity [28].

Some flaviviruses, as mentioned before YFV-17D, JEV and Murray Valley encephalitis
virus, harbor the RGD motif in the envelope protein, suggesting that these flaviviruses
might interact with integrins [74]. Whether the presence of this integrin ligand motif in
some flaviviruses has any functional activity is unclear at present and should be further
investigated. In accordance with van der Most et al., (1999) our experiments with YFV-17D
showed the lowest replication rate in integrin αVβ3 deficient cells among all the other
flaviviruses, reinforcing the importance of integrins for flavivirus replication [74].

Although the exact mechanism of how integrins modulate flavivirus replication is un-
clear, it might be conceivable that the integrin-mediated intracellular signaling is impaired
once αVβ3 integrin is knocked-out. Therewith, other molecules that are under control
of integrin expression or integrin-mediated intracellular signaling may be hampered in
their function as important flavivirus host cell factors. For instance, integrins, in special
αVβ3 integrin, have been shown to complex with Toll-like receptors (TLR) enhancing their
responses to viral and bacterial agents. Depletion of TLR-2 and TLR-3 or β3 integrin in ep-
ithelial cells, keratinocytes and neural cell lines greatly impaired TLR responses culminating
in less interferon and tumor necrosis factor responses. Further studies should investigate
whether interferon and TLR signaling pathways are impaired once αVβ3 integrin is deleted
in MEFs [76–78].

Integrins are very specialized molecules in transmitting and controlling several down-
stream pathways leading to diverse cellular responses such as cell migration, differentiation,
mitoses and apoptosis [13]. A study conducted by Zaidel-Bar and colleagues demon-
strated the magnitude of integrin interactions, called “integrin adhesome”, culminating in
more than 150 cellular components and more than 690 interactions with diverse cellular
components [79]. In this sense, it is plausible that the loss of αVβ3 integrin expression and
consequently, impairment of its intracellular signaling pathways might interfere with the
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expression of several other molecules that might affect flavivirus RNA replication. Addi-
tionally, integrin-mediated intracellular signaling might enhance the expression of cellular
molecules that promote flavivirus replication creating a more favorable environment for
flavivirus replication.

In conclusion, our results strongly suggest that αVβ3 integrin is a mutual flavivirus
host cell factor that influences the flavivirus replication efficiency. Further studies should
be performed in mouse and human cell lines to dissect the exact mechanisms in which
integrins modulate flavivirus replication.
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32. Schmidt, K.; Keller, M.; Bader, B.L.; Korytář, T.; Finke, S.; Ziegler, U.; Groschup, M.H. Integrins modulate the infection efficiency
of West Nile virus into cells. J. Gen. Virol. 2013, 94, 1723–1733. [CrossRef] [PubMed]

33. Theiler, M.; Smith, H.H. The effect of prolonged cultivation in vitro upon the pathogenicity of yellow fever virus. J. Exp. Med.
1937, 65, 767–786. [CrossRef]

34. Jöst, H.; Bialonski, A.; Maus, D.; Sambri, V.; Eiden, M.; Groschup, M.H.; Günther, S.; Becker, N.; Schmidt-Chanasit, J. Isolation of
Usutu Virus in Germany. Am. J. Trop. Med. Hyg. 2011, 85, 551–553. [CrossRef] [PubMed]

35. Arroyo, J.; Miller, C.; Catalan, J.; Myers, G.A.; Ratterree, M.S.; Trent, D.W.; Monath, T.P. ChimeriVax-West Nile Virus Live-Attenuated
Vaccine: Preclinical Evaluation of Safety, Immunogenicity, and Efficacy. J. Virol. 2004, 78, 12497–12507. [CrossRef] [PubMed]

36. Gordon Smith, C.E. A Virus Resembling Russian Spring–Summer Encephalitis Virus from an Ixodid Tick in Malaya. Nature 1956,
178, 581–582. [CrossRef] [PubMed]

37. Dulbecco, R.; Vogt, M. Some Problems of Animal Virology as Studied by the Plaque Technique. Cold Spring Harb. Symp. Quant.
Biol. 1953, 18, 273–279. [CrossRef]

38. Spearman, C. The Method of ‘Right and Wrong Cases’ (‘constant Stimuli’) Without Gauss’s Formulae. Br. J. Psychol. 1904–1920
1908, 2, 227–242. [CrossRef]

39. Kärber, G. Beitrag zur kollektiven Behandlung pharmakologischer Reihenversuche. Naunyn-Schmiedebergs Arch. Exp. Pathol.
Pharmakol. 1931, 162, 480–483. [CrossRef]

40. Miao, H.; Burnett, E.; Kinch, M.; Simon, E.; Wang, B. Activation of EphA2 kinase suppresses integrin function and causes
focal-adhesion-kinase dephosphorylation. Nat. Cell Biol. 2000, 2, 62–69. [CrossRef]

41. Hung, S.-L.; Lee, P.-L.; Chen, H.-W.; Chen, L.-K.; Kao, C.-L.; King, C.-C. Analysis of the Steps Involved in Dengue Virus Entry into
Host Cells. Virology 1999, 257, 156–167. [CrossRef] [PubMed]

42. Suksanpaisan, L.; Susantad, T.; Smith, D.R. Characterization of dengue virus entry into HepG2 cells. J. Biomed. Sci. 2009,
16, 17. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/10779172
http://doi.org/10.1128/JVI.74.11.4949-4956.2000
http://doi.org/10.1099/0022-1317-81-5-1383
http://doi.org/10.1016/0092-8674(93)90231-E
http://doi.org/10.1038/4768
http://doi.org/10.1073/pnas.95.12.7074
http://doi.org/10.1128/JVI.73.5.3951-3959.1999
http://www.ncbi.nlm.nih.gov/pubmed/10196290
http://doi.org/10.1038/emboj.2009.326
http://doi.org/10.1016/S0092-8674(02)00628-1
http://doi.org/10.1073/pnas.0406821101
http://doi.org/10.1128/jvi.65.9.4735-4740.1991
http://www.ncbi.nlm.nih.gov/pubmed/1870199
http://doi.org/10.1073/pnas.0807578106
http://doi.org/10.1016/S0042-6822(03)00261-7
http://doi.org/10.1074/jbc.M410208200
http://doi.org/10.1128/JVI.00008-08
http://doi.org/10.1016/j.rvsc.2016.12.007
http://doi.org/10.1016/j.celrep.2019.11.020
http://doi.org/10.1099/vir.0.052613-0
http://www.ncbi.nlm.nih.gov/pubmed/23658209
http://doi.org/10.1084/jem.65.6.767
http://doi.org/10.4269/ajtmh.2011.11-0248
http://www.ncbi.nlm.nih.gov/pubmed/21896821
http://doi.org/10.1128/JVI.78.22.12497-12507.2004
http://www.ncbi.nlm.nih.gov/pubmed/15507637
http://doi.org/10.1038/178581a0
http://www.ncbi.nlm.nih.gov/pubmed/13369466
http://doi.org/10.1101/SQB.1953.018.01.039
http://doi.org/10.1111/j.2044-8295.1908.tb00176.x
http://doi.org/10.1007/BF01863914
http://doi.org/10.1038/35000008
http://doi.org/10.1006/viro.1999.9633
http://www.ncbi.nlm.nih.gov/pubmed/10208929
http://doi.org/10.1186/1423-0127-16-17
http://www.ncbi.nlm.nih.gov/pubmed/19272179


Viruses 2022, 14, 18 17 of 18

43. Thepparit, C.; Phoolcharoen, W.; Suksanpaisan, L.; Smith, D.R. Internalization and propagation of the dengue virus in human
hepatoma (HepG2) cells. Intervirology 2004, 47, 78–86. [CrossRef]

44. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−∆∆CT

Method. Methods 2001, 25, 402–408. [CrossRef]
45. Liu, S.; Shi-wen, X.; Blumbach, K.; Eastwood, M.; Denton, C.P.; Eckes, B.; Krieg, T.; Abraham, D.J.; Leask, A. Expression of integrin

β1 by fibroblasts is required for tissue repair in vivo. J. Cell Sci. 2010, 123, 3674–3682. [CrossRef] [PubMed]
46. Geiger, B.; Yamada, K.M. Molecular Architecture and Function of Matrix Adhesions. Cold Spring Harb. Perspect. Biol. 2011,

3, a005033. [CrossRef]
47. La Linn, M.; Eble, J.A.; Lübken, C.; Slade, R.W.; Heino, J.; Davies, J.; Suhrbier, A. An arthritogenic alphavirus uses the α1β1

integrin collagen receptor. Virology 2005, 336, 229–239. [CrossRef]
48. Delon, I.; Brown, N.H. Integrins and the actin cytoskeleton. Curr. Opin. Cell Biol. 2007, 19, 43–50. [CrossRef]
49. Parsons, J.T.; Horwitz, A.R.; Schwartz, M.A. Cell adhesion: Integrating cytoskeletal dynamics and cellular tension. Nat. Rev. Mol.

Cell Biol. 2010, 11, 633–643. [CrossRef]
50. Selisko, B.; Wang, C.; Harris, E.; Canard, B. Regulation of Flavivirus RNA synthesis and replication. Curr. Opin. Virol. 2014,

9, 74–83. [CrossRef]
51. Gong, Y.; Trowbridge, R.; Macnaughton, T.B.; Westaway, E.G.; Shannon, A.D.; Gowans, E.J. Characterization of RNA syn-

thesis during a one-step growth curve and of the replication mechanism of bovine viral diarrhoea virus. J. Gen. Virol. 1996,
77, 2729–2736. [CrossRef] [PubMed]

52. Nielsen, S.U.; Bassendine, M.F.; Martin, C.; Lowther, D.; Purcell, P.J.; King, B.J.; Neely, D.; Toms, G.L. Characterization of hepatitis
C RNA-containing particles from human liver by density and size. J. Gen. Virol. 2008, 89, 2507–2517. [CrossRef] [PubMed]

53. Komurian-Pradel, F.; Perret, M.; Deiman, B.; Sodoyer, M.; Lotteau, V.; Paranhos-Baccalà, G.; André, P. Strand specific quantitative
real-time PCR to study replication of hepatitis C virus genome. J. Virol. Methods 2004, 116, 103–106. [CrossRef] [PubMed]

54. Iglesias, N.G.; Gamarnik, A.V. Dynamic RNA structures in the dengue virus genome. RNA Biol. 2011, 8, 249–257. [CrossRef]
55. Savidis, G.; McDougall, W.M.; Meraner, P.; Perreira, J.M.; Portmann, J.M.; Trincucci, G.; John, S.P.; Aker, A.M.; Renzette, N.;

Robbins, D.R.; et al. Identification of Zika Virus and Dengue Virus Dependency Factors using Functional Genomics. Cell Rep.
2016, 16, 232–246. [CrossRef]

56. Ward, A.M.; Calvert, M.E.K.; Read, L.R.; Kang, S.; Levitt, B.E.; Dimopoulos, G.; Bradrick, S.S.; Gunaratne, J.; Garcia-Blanco, M.A.
The Golgi associated ERI3 is a Flavivirus host factor. Sci. Rep. 2016, 6, 34379. [CrossRef]

57. Campos, R.K.; Wong, B.; Xie, X.; Lu, Y.-F.; Shi, P.-Y.; Pompon, J.; Garcia-Blanco, M.A.; Bradrick, S.S. RPLP1 and RPLP2 Are
Essential Flavivirus Host Factors That Promote Early Viral Protein Accumulation. J. Virol. 2017, 91, e01706-16. [CrossRef]

58. Nain, M.; Mukherjee, S.; Karmakar, S.P.; Paton, A.W.; Paton, J.C.; Abdin, M.Z.; Basu, A.; Kalia, M.; Vrati, S. GRP78 Is an Important
Host Factor for Japanese Encephalitis Virus Entry and Replication in Mammalian Cells. J. Virol. 2017, 91, e02274-16. [CrossRef]

59. Viktorovskaya, O.V.; Greco, T.M.; Cristea, I.M.; Thompson, S.R. Identification of RNA Binding Proteins Associated with
Dengue Virus RNA in Infected Cells Reveals Temporally Distinct Host Factor Requirements. PLoS Negl. Trop. Dis. 2016,
10, e0004921. [CrossRef]

60. Fernandez-Garcia, M.-D.; Mazzon, M.; Jacobs, M.; Amara, A. Pathogenesis of Flavivirus Infections: Using and Abusing the Host
Cell. Cell Host Microbe 2009, 5, 318–328. [CrossRef]

61. Boettcher, M.; McManus, M.T. Choosing the Right Tool for the Job: RNAi, TALEN, or CRISPR. Mol. Cell 2015,
58, 575–585. [CrossRef] [PubMed]

62. Carracedo, S.; Lu, N.; Popova, S.N.; Jonsson, R.; Eckes, B.; Gullberg, D. The fibroblast integrin alpha11beta1 is induced
in a mechanosensitive manner involving activin A and regulates myofibroblast differentiation. J. Biol. Chem. 2010, 285,
10434–10445. [CrossRef] [PubMed]

63. Guo, H.-B.; Lee, I.; Bryan, B.T.; Pierce, M. Deletion of Mouse Embryo Fibroblast N-Acetylglucosaminyltransferase
V Stimulates α5β1 Integrin Expression Mediated by the Protein Kinase C Signaling Pathway. J. Biol. Chem. 2005,
280, 8332–8342. [CrossRef] [PubMed]

64. Lu, N.; Karlsen, T.V.; Reed, R.K.; Kusche-Gullberg, M.; Gullberg, D. Fibroblast α11β1 Integrin Regulates Tensional Homeostasis
in Fibroblast/A549 Carcinoma Heterospheroids. PLoS ONE 2014, 9, e103173. [CrossRef] [PubMed]

65. Popova, S.N.; Rodriguez-Sánchez, B.; Lidén, A.; Betsholtz, C.; Van Den Bos, T.; Gullberg, D. The mesenchymal al-
pha11beta1 integrin attenuates PDGF-BB-stimulated chemotaxis of embryonic fibroblasts on collagens. Dev. Biol. 2004,
270, 427–442. [CrossRef] [PubMed]

66. Zhu, C.-Q.; Popova, S.N.; Brown, E.R.S.; Barsyte-Lovejoy, D.; Navab, R.; Shih, W.; Li, M.; Lu, M.; Jurisica, I.; Penn, L.Z.; et al.
Integrin α11 regulates IGF2 expression in fibroblasts to enhance tumorigenicity of human non-small-cell lung cancer cells. Proc.
Natl. Acad. Sci. USA 2007, 104, 11754–11759. [CrossRef] [PubMed]

67. Xu, X.; Nagarajan, H.; Lewis, N.E.; Pan, S.; Cai, Z.; Liu, X.; Chen, W.; Xie, M.; Wang, W.; Hammond, S.; et al. The genomic
sequence of the Chinese hamster ovary (CHO)-K1 cell line. Nat. Biotechnol. 2011, 29, 735–741. [CrossRef]

68. Navarro-Sanchez, E.; Altmeyer, R.; Amara, A.; Schwartz, O.; Fieschi, F.; Virelizier, J.-L.; Arenzana-Seisdedos, F.; Desprès, P.
Dendritic-cell-specific ICAM3-grabbing non-integrin is essential for the productive infection of human dendritic cells by mosquito-
cell-derived dengue viruses. EMBO Rep. 2003, 4, 723–728. [CrossRef]

http://doi.org/10.1159/000077830
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1242/jcs.070672
http://www.ncbi.nlm.nih.gov/pubmed/20940256
http://doi.org/10.1101/cshperspect.a005033
http://doi.org/10.1016/j.virol.2005.03.015
http://doi.org/10.1016/j.ceb.2006.12.013
http://doi.org/10.1038/nrm2957
http://doi.org/10.1016/j.coviro.2014.09.011
http://doi.org/10.1099/0022-1317-77-11-2729
http://www.ncbi.nlm.nih.gov/pubmed/8922466
http://doi.org/10.1099/vir.0.2008/000083-0
http://www.ncbi.nlm.nih.gov/pubmed/18796720
http://doi.org/10.1016/j.jviromet.2003.10.004
http://www.ncbi.nlm.nih.gov/pubmed/14715313
http://doi.org/10.4161/rna.8.2.14992
http://doi.org/10.1016/j.celrep.2016.06.028
http://doi.org/10.1038/srep34379
http://doi.org/10.1128/JVI.01706-16
http://doi.org/10.1128/JVI.02274-16
http://doi.org/10.1371/journal.pntd.0004921
http://doi.org/10.1016/j.chom.2009.04.001
http://doi.org/10.1016/j.molcel.2015.04.028
http://www.ncbi.nlm.nih.gov/pubmed/26000843
http://doi.org/10.1074/jbc.M109.078766
http://www.ncbi.nlm.nih.gov/pubmed/20129924
http://doi.org/10.1074/jbc.M413532200
http://www.ncbi.nlm.nih.gov/pubmed/15615721
http://doi.org/10.1371/journal.pone.0103173
http://www.ncbi.nlm.nih.gov/pubmed/25076207
http://doi.org/10.1016/j.ydbio.2004.03.006
http://www.ncbi.nlm.nih.gov/pubmed/15183724
http://doi.org/10.1073/pnas.0703040104
http://www.ncbi.nlm.nih.gov/pubmed/17600088
http://doi.org/10.1038/nbt.1932
http://doi.org/10.1038/sj.embor.embor866


Viruses 2022, 14, 18 18 of 18

69. Davis, C.W.; Nguyen, H.-Y.; Hanna, S.L.; Sánchez, M.D.; Doms, R.W.; Pierson, T.C. West Nile Virus Discriminates between
DC-SIGN and DC-SIGNR for Cellular Attachment and Infection. J. Virol. 2006, 80, 1290–1301. [CrossRef]

70. Miller, J.L.; deWet, B.J.M.; Martinez-Pomares, L.; Radcliffe, C.M.; Dwek, R.A.; Rudd, P.M.; Gordon, S. The Mannose Receptor
Mediates Dengue Virus Infection of Macrophages. PLoS Pathog. 2008, 4, e17. [CrossRef]

71. Chen, Y.; Maguire, T.; Hileman, R.E.; Fromm, J.R.; Esko, J.D.; Linhardt, R.J.; Marks, R.M. Dengue virus infectivity depends on
envelope protein binding to target cell heparan sulfate. Nat. Med. 1997, 3, 866–871. [CrossRef] [PubMed]

72. Germi, R.; Crance, J.-M.; Garin, D.; Guimet, J.; Lortat-Jacob, H.; Ruigrok, R.W.H.; Zarski, J.-P.; Drouet, E. Heparan Sulfate-Mediated
Binding of Infectious Dengue Virus Type 2 and Yellow Fever Virus. Virology 2002, 292, 162–168. [CrossRef] [PubMed]

73. Lee, E.; Pavy, M.; Young, N.; Freeman, C.; Lobigs, M. Antiviral effect of the heparan sulfate mimetic, PI-88, against dengue and
encephalitic flaviviruses. Antivir. Res. 2006, 69, 31–38. [CrossRef]

74. Van der Most, R.G.; Corver, J.; Strauss, J.H. Mutagenesis of the RGD Motif in the Yellow Fever Virus 17D Envelope Protein.
Virology 1999, 265, 83–95. [CrossRef] [PubMed]

75. Raymond, T.; Gorbunova, E.; Gavrilovskaya, I.N.; Mackow, E.R. Pathogenic hantaviruses bind plexin-semaphorin-integrin
domains present at the apex of inactive, bent alphavbeta3 integrin conformers. Proc. Natl. Acad. Sci. USA 2005,
102, 1163–1168. [CrossRef]

76. Casiraghi, C.; Gianni, T.; Campadelli-Fiume, G. αvβ3 Integrin Boosts the Innate Immune Response Elicited in Epithelial Cells
through Plasma Membrane and Endosomal Toll-Like Receptors. J. Virol. 2016, 90, 4243–4248. [CrossRef]

77. Gianni, T.; Campadelli-Fiume, G. The Epithelial αvβ3-Integrin Boosts the MYD88-Dependent TLR2 Signaling in Response to
Viral and Bacterial Components. PLoS Pathog. 2014, 10, e1004477. [CrossRef]

78. Gerold, G.; Abu Ajaj, K.; Bienert, M.; Laws, H.-J.; Zychlinsky, A.; de Diego, J.L. A Toll-like receptor 2–integrin β3 complex senses
bacterial lipopeptides via vitronectin. Nat. Immunol. 2008, 9, 761–768. [CrossRef]

79. Zaidel-Bar, R.; Itzkovitz, S.; Ma’ayan, A.; Iyengar, R.; Geiger, B. Functional atlas of the integrin adhesome. Nat. Cell Biol. 2007,
9, 858–867. [CrossRef]

80. Vina-Rodriguez, A.; Sachse, K.; Ziegler, U.; Chaintoutis, S.C.; Keller, M.; Groschup, M.H.; Eiden, M. A Novel Pan-Flavivirus
Detection and Identification Assay Based on RT-qPCR and Microarray. Biomed Res. Int. 2017, 2017, 4248756. [CrossRef]

81. Lanciotti, R.S.; Kerst, A.J.; Nasci, R.S.; Godsey, M.S.; Mitchell, C.J.; Savage, H.M.; Komar, N.; Panella, N.A.; Allen, B.C.;
Volpe, K.E.; et al. Rapid detection of west nile virus from human clinical specimens, field-collected mosquitoes, and avian
samples by a TaqMan reverse transcriptase-PCR assay. J. Clin. Microbiol. 2000, 38, 4066–4071. [CrossRef] [PubMed]

82. Toussaint, J.F.; Sailleau, C.; Breard, E.; Zientara, S.; De Clercq, K. Bluetongue virus detection by two real-time RT-qPCRs targeting
two different genomic segments. J. Virol. Methods 2007, 140, 115–123. [CrossRef] [PubMed]

http://doi.org/10.1128/JVI.80.3.1290-1301.2006
http://doi.org/10.1371/annotation/98b92fca-fa6e-4bf3-9b39-13b66b640476
http://doi.org/10.1038/nm0897-866
http://www.ncbi.nlm.nih.gov/pubmed/9256277
http://doi.org/10.1006/viro.2001.1232
http://www.ncbi.nlm.nih.gov/pubmed/11878919
http://doi.org/10.1016/j.antiviral.2005.08.006
http://doi.org/10.1006/viro.1999.0026
http://www.ncbi.nlm.nih.gov/pubmed/10603320
http://doi.org/10.1073/pnas.0406743102
http://doi.org/10.1128/JVI.03175-15
http://doi.org/10.1371/journal.ppat.1004477
http://doi.org/10.1038/ni.1618
http://doi.org/10.1038/ncb0807-858
http://doi.org/10.1155/2017/4248756
http://doi.org/10.1128/JCM.38.11.4066-4071.2000
http://www.ncbi.nlm.nih.gov/pubmed/11060069
http://doi.org/10.1016/j.jviromet.2006.11.007
http://www.ncbi.nlm.nih.gov/pubmed/17196266

	Introduction 
	Materials and Methods 
	Cell Lines 
	Viruses 
	Determination of Virus Titers 
	Antibodies 
	Flow Cytometry Analysis 
	Cloning, Cell Transfection and Cell Sorting 
	Indirect Immunofluorescence Assay 
	Cell Viability Assay 
	Cell Adhesion Assay 
	Virus Infection Experiments 
	Binding Inhibition Assay 
	RNA Isolation and RT-qPCR 
	Data and Statistical Analysis 

	Results 
	Characterization of Integrin-Deficient Cell Lines 
	Integrins Are Not Involved in Flavivirus Binding to the Host Cell 
	Ablation of V3 Integrin Expression Does Not Hinder Flavivirus Infection 
	Absence of V3 Integrin Expression Affects Internalization of Some but Not All Flaviviruses 
	Lack of V3 Integrin Substantially Impairs Flavivirus Replication 
	V3 Integrin Knockout Influences Flavivirus RNA Genome Replication 

	Discussion 
	References

