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ANOVA

analysis of variance

APS

ammonium peroxodisulfate

bp

base pairs

BSA

bovine serum albumin

BSL

Biosafety Level

C protein

capsid protein

CCLV

Collection of Cell Lines in Veterinary Medicine

CDC

Centers for Disease Control and Prevention

Cdc42

cell division control protein 42

cDNA

complementary DNA

CLSM

confocal laser scanning microscopy

ct

cycle threshold

Dabco

1,4-Diazabicyclo[2,2,2]octan

DAPI

4’,6-Diamidino-2-phenylindol

DC-SIGN

dendritic cell-specific intercellular adhesion molecule
(ICAM) 3-grabbing non-integrin

DC-SIGNR

dendritic cell-specific ICAM-3 grabbing non-integrin-related
protein

DENV; DENV-1, -2, -3 or -4

Dengue virus; Dengue virus serotype 1, 2, 3 or 4

df

degrees of freedom

DI, DII, DIII

domain I, domain II, domain III of E protein

DiD

1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyamine,4chlorobenzenesulfobate salt

D-MEM

Dubecco’s Modified Eagle Medium

DMSO

dimethyl sulfoxide

DNA

deoxyribonucleic acid

dNTP

deoxyribonucleoside triphosphate

DTT

dithiothreitol

E(number)

embryonic day

E protein

envelope protein

EDTA

ethylenediamine tetraacetic acid

EGFP

enhanced green fluorescent protein
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EGFR

epidermal growth factor receptor

ELISA

enzyme-linked immuosorbent assay

ER

endoplasmic reticulum

FACS

fluorescence activated cell sorting

FAK

focal adhesion kinase

FAM

6-carboxyfuorescein

FCS

fetal calf serum

FITC

fluorescein isothiocyanate

FMDV

Foot-and-mouth disease virus

F-ratio

continuous probability distribution according to R. A. Fischer
(statistics)

g

constant of the earth’s gravitational force

GAG(s)

glycosaminoglycan(s)

GFP

green fluorescent protein

HCMV

human Cytomegalovirus

HEX

hexachloro-fluoresceine

HIV

human immunodeficiency virus

HNE buffer

hepes-sodium chloride-EDTA

hrs p.i.

hours post infection

HS

heparan sulfate

HSP

heat-shock protein

HSV

herpes simplex virus

IC-RNA

internal control RNA

ICTV

International Committee on Taxonomy of Viruses

Ig

immunoglobulin

IMDM

Iscove’s Dulbecco’s Modified Eagles Medium

IPTG

isopropyl-β-D-thiogalactopyranosid

ITGAV

integrin alpha v

ITGB1

integrin beta 1

ITGB3

integrin beta 3

JEV

Japanese encephalitis virus

kb

kilobases

kDa

kilodalton

LAMR

laminin receptor

LB agar/medium

Lysogeny Broth agar/medium

LDLR

low density lipoprotein receptor

LPS

lipopolysaccharide
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M protein

membrane protein

mab

monoclonal antibody

MACS

magnetic activated cell sorting

MALDI-TOF

matrix assisted laser desorption/ionisation-time of flight mass
spectrometry

MAV-1

mouse adenovirus type 1

MEF

mouse embryonic fibroblast

MEM

minimal essential medium

MF

mouse fibroblast

min

minute

MKF

mouse kidney fibroblast

MOI

multiplicity of infection

mRNA

messenger ribonucleic acid

MS

mass spectrometry

MVEV

Murray Valley encephalitis virus

Ni-NTA

nickel-nitrilotriacetic acid

NS

non-structural protein

n.s.

(statistically) not significant

nt

nucleotides

OD

optical density

p (statistics)

probability of error

p.i.

post infectionem

PAGE

polyacrylamide gel electrophoresis

PBS

phosphate buffered saline

PCR

polymerase chain reaction

PE

phycoerythrin

PEG

polyethylene glycol

pers. comm.

personal communication

PFU

plaque forming units

PI3-K

phosphatidylinositol 3-kinase

prM protein

pre-membrane protein

PVDF membrane

polyvinylidene fluoride membrane

qRT-PCR

quantitative reverse transcriptase PCR

Rac1

ras-related C3 botulinum toxin substrate 1

Ras

‘rat sarcoma’ protein

RGD motif

arginine-glycine-aspartic motif

RhoA

Ras homolog gene family, member A
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RT-PCR

reverse transcriptase PCR

s

second(s)

SD

standard deviation

SDS

sodium dodecyl sulphate

SSQ

sum of squares

TAE buffer

tris-acetate-ethylenediamine tetraacetic acid buffer

TAMRA

carboxy-tetramethyl-rhodamine

TBEV

Tick-borne encephalitis virus

TCID50

tissue culture infectious dose 50

TE buffer

tris-ethylenediamine tetraacetic acid buffer

TEMED

N,N,N’,N’-Tetramethylethylenediamin

Tm

melting temperature

TNE buffer

tris-sodium chloride-ethylenediamine tetraacetic acid buffer

Tris

tris(hydroxymethyl)aminomethane

U

units

UTR

un-translated region

VEGFR

vascular endothelial growth factor receptor

VGP

viral genome containing particle

VOPBA

virus overlay protein blot assay

WNV

West Nile virus

X-gal

5-Bromo-4-chloro-3-indolyl-beta-D-galactopyranoside

YFV

Yellow fever virus

Cross-references refer to chapter numbers in State of Knowledge (2), Materials and Methods
(3), Results (4), Discussion (5) and Appendix (A). Square brackets refer to sources listed in
References.
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Summary
Katja Schmidt
Cellular factors modulating the entry efficiency of West Nile virus – Involvement of integrins
West Nile virus (WNV) constitutes a major public health concern considering the changing
environment, climate changes, worldwide travel and global trade. An increasing number of
outbreaks has been reported for Europe during recent years. Understanding the basic mechanisms of host cell infection will contribute to the knowledge of WNV pathogenesis, transmission and species susceptibility, and help to encounter this global threat in terms of prevention,
control and treatment strategies. Identification of receptors and molecules involved in WNV
entry is of fundamental importance since the early interaction with the host cell does not only
determine cell susceptibility but may also contribute to the exceptionally broad host tropism
of WNV. The integrin αvβ3 had been postulated earlier to function as a receptor for WNV;
however, its involvement in WNV entry has been doubted recently.
In this context, the present study was designed to clarify the involvement of integrins in WNV
entry. Additional questions were addressed as to their role, the extent to which they participate in virus entry, and to possible differences in the binding or entry efficiencies in distinct
WNV strains.
A cell culture model was established, based on specific integrin knock-out cell lines, in order
to investigate the susceptibility of these cells to WNV. Wild type, integrin αv-deficient, β3deficient and αv/β3 double-knock-out mouse embryonic fibroblasts were isolated from 12.5
days old embryos which possess a specific modification in the particular integrin subunit
genomic sequence. The MEF cell lines were cultured and characterised for their integrin
expression patterns by immuno-fluorescence staining and for their expression levels by flow
cytometry analysis. Additionally, integrin β1-deficient mouse kidney fibroblasts and the
parental cell line were included in the study. In a parallel approach wild type and integrin
deficient cell lines were infected with four WNV strains. Efficiency of binding and of
internalisation in terms of virus yields was assayed separately by determination of genome
containing virus particle numbers. Furthermore, the involvement of cell-associated heparan
sulfate as an attachment factor was investigated. The use of two cell types, Lcells (mouse cells
from connecting tissue) and CHO-K1 (Chinese Hamster Ovary cells), and their glycosaminoglycan- or heparan sulfate-deficient derivatives allowed comparisons of binding and replication efficiencies.

VI

Summary

The major conclusions drawn from the experiments are as follows:
(i)

The presence of either αv, β1 or β3 integrins on cell surfaces is not a requirement for a
successful WNV infection of the mouse fibroblasts. All four WNV strains were capable
to replicate in the integrin deficient cell lines. However, the replication efficiency in β3deficient cells was substantially lower than in wild type mouse embryonic fibroblasts.
Therefore, a rescue of the β3 integrin subunit was introduced into the integrin β3deficient cell line (refer to results in indent ii, iii).

(ii)

The hypothesis from the early literature that integrins function as receptors mediating
both virus binding and internalisation in an integrated step is rejected. Efficiency of
virus attachment to cell surfaces of integrin deficient cells was comparable to that of
integrin expressing cells. Moreover, blocking antibodies against β1 and β3 integrin
subunits failed to interfere with virus binding to specifically β1 or β3 integrin
expressing cells, and had no effect on the infection outcome.

(iii) Integrin expression positively affects virus yields as seen in integrin β3 rescue and
integrin β1-floxed cells in comparison to the corresponding integrin deficient cell line.
At which stage in virus entry or during post-entry integrins intervene is not clear. Due to
the surface localisation of integrins, a functioning at the level of virus internalisation is
suggested, either by mediating endocytosis or by interacting with other unidentified surface receptors in terms of activation or inhibition, or by modification of these proteins,
the latter may result in an improved accessibility for the virus.
(iv) Differences among the four WNV strains used in this study do not affect the usage of β1
and β3 integrins during entry and/or replication.
(v)

Rescue of the integrin β3 subunit in CHO-K1 cells, and constitutive expression of
integrin αvβ3 does not result in permissiveness of these cells for WNV. Hence, it is assumed that another surface protein is necessary which facilitates virus internalisation,
either in cooperation with or independently from integrin αvβ3. Furthermore, efficiency
of binding to CHO-K1 cells was essentially the same as seen in other cells. This indicates, in agreement to other findings of the study (see indent ii), that integrin αvβ3 does
neither mediate binding of WNV to the cell surface nor internalisation in a selfcontained process.

(vi) Heparan sulfate serves as a possible attachment factor for WNV but accounts only for a
limited portion of virus attachment.

Summary

VII

The synopsis of these findings strongly suggests αvβ3 integrins to be involved in WNV entry
into target cells. However, results provide evidence that integrins are not the exclusive
receptor for WNV, which is in accordance with the multiple receptors concept established in
the literature for other Flavivirus members. Other receptors and associated pathways are used
(i) alternatively or (ii) in addition.
The results have important implications for further research on cellular factors that are crucial
for WNV entry and thereby determine the basic mechanisms of infection. This knowledge
would contribute to an improved understanding of WNV pathogenesis and of the susceptibility of cells in order to allow the control of this public health threat, and the prevention and
treatment at the level of individuals, humans and animals, by the development of anti-viral
drugs targeting the virus entry.
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Katja Schmidt
Zelluläre Faktoren, die die Eintritts-Effizienz von West-Nil-Viren in Zellen beeinflussen –
Beteiligung von Integrinen
Das West-Nil-Virus (WNV) könnte unter den sich verändernden Umwelt- und Klimabedingungen und in Folge des zunehmenden weltweiten Reiseverkehrs und Handels eine ernsthafte
Bedrohung für die öffentliche Gesundheitsvorsorge darstellen. Das Virus wurde 1937 aus
dem Blut einer fiebernden Frau in der West-Nil Region Ugandas isoliert, erhielt aber erst
weltweite Aufmerksamkeit, nachdem es 1999 in die USA eingeschleppt worden war, und sich
innerhalb von drei Jahren über den nordamerikanischen Kontinent verbreitet hatte. Seitdem
werden in den USA jährlich mehrere hundert Menschen und Pferde mit WNV infiziert,
– vielfach mit tödlichem Ausgang. In den letzten Jahren wurde eine zunehmende Anzahl von
WNV-Ausbrüchen auch in Europa gemeldet. Um dieser Bedrohung mit Präventions-,
Bekämpfungs- und Behandlungs-Strategien begegnen zu können, ist das Verständnis der
grundlegenden Mechanismen der Infektion von Wirtszellen von großer Bedeutung, weil diese
wesentlich die Übertragung und Pathogenese von WNV, sowie die spezifische Empfänglichkeit verschiedener Wirtsspezies beeinflussen. Zu diesem Zweck ist die Identifizierung von
Rezeptoren und von mit diesen assoziierten Molekülen unabdingbar, da sie den Eintritt von
WNV in die Zelle vermitteln bzw. daran beteiligt sind. Die ersten Interaktionen mit der
Wirtszelle bestimmen nicht nur die Empfänglichkeit der Zelle gegenüber dem Virus, sondern
sie tragen möglicherweise auch zum außergewöhnlich breiten Wirtstropismus von WNV bei.
Das Integrin αvβ3 soll der älteren Literatur zufolge für WNV als zellulärer Rezeptor dienen;
allerdings wurde kürzlich eine Beteiligung am Eintritt des Virus in die Zelle bezweifelt.
Diese wissenschaftliche Kontroverse bildet die Grundlage für die vorliegende Studie. Ziel ist
es zu klären, ob Integrine am Viruseintritt beteiligt sind. Dies schließt weitere Fragestellungen
hinsichtlich ihrer Funktion, der relativen Bedeutung ihrer Beteiligung am Eintritt und mögliche Unterschiede in der Bindungs- und Endozytoseeffizienz von verschiedenen Virusstämmen ein.
Um die Empfänglichkeit spezifisch Integrin-defizienter Zellen für WNV zu untersuchen,
wurde ein Zellkulturmodell etabliert, das auf Mausfibroblastenzellen beruht. Wildtyp, αvIntegrin-defiziente, β3-Integrin-defiziente und αvβ3-Integrin-Doppelknock-out Fibroblasten
wurden aus 12,5 Tage alten Mausembryonen mit einer Modifikation der genomischen
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Sequenz der entsprechenden Integrin-Untereinheit isoliert. Die Zellen wurden in Kultur
gebracht und hinsichtlich ihrer Expressionsmuster mit Immunfluoreszenzfärbung und
bezüglich der Expressionshöhe mithilfe von Durchflusszytometrie charakterisiert. Außerdem
wurden β1-Integrin-defiziente Mausnierenfibroblasten und ihre Mutterzelllinie in die Untersuchungen einbezogen. Die Wildtypzellen und Integrin-defizienten Zelllinien wurde in einem
parallelen Ansatz mit jeweils einem der vier WNV-Stämme New York 1999, Dakar, Uganda
und Sarafend infiziert. Um die Effizienz der Bindung und der Internalisierung anhand der
Virusausbeute zu bestimmen, wurde mittels qRT-PCR die Anzahl der Viruspartikel gemessen. Außerdem wurde die Beteiligung von zellmembran-gebundenem Heparansulfat als
Faktor für die Anheftung der Viren an die Zelloberfläche untersucht. Zu diesem Zweck
wurden zwei Zelltypen, Lcells (Maus-Bindegewebszellen) und CHO-K1 Zellen (Ovarzellen
des Chinesischen Hamsters), und ihre Glykosaminoglykan- oder Heparansulfat-defizienten
Abkömmlinge infiziert, um die Bindungs- und Replikationseffizienzen vergleichen zu
können.
Die wesentlichen Schlussfolgerungen aus den Versuchen sind Folgende:
(i)

Das Vorhandensein von αv-, β1- oder β3-Integrinen auf der Oberfläche von Zellen ist
keine Voraussetzung für eine erfolgreiche Infektion der Mausfibroblastenzellen mit
WNV. Alle vier WNV-Stämme konnten sich in den Integrin-defizienten Zellen vermehren. Allerdings war die Replikationseffizienz in den β3-Integrin-defizienten Zellen deutlich geringer als in den Wildtypzellen. Aus diesem Grund wurden β3-Integrin-defiziente
embryonale Mausfibroblasten mit einem Expressions-Plasmid transfiziert, das die β3Integrin-Untereinheit enthielt (‚Rescuezellen’; in Unterpunkt ii und iii behandelt).

(ii)

Die ursprüngliche Annahme, dass Integrine als Rezeptoren fungieren, die sowohl die
Virusbindung als auch Virusaufnahme in einem einzigen Schritt vermitteln, wird verworfen. Die Bindungseffizienz an die Zelloberfläche Integrin-defizienter Zellen war
vergleichbar mit der von Integrin-exprimierenden Zellen. Antikörper, die die β1- oder
β3-Integrin-Untereinheit blockieren, waren nicht in der Lage, die Virusbindung an β1oder β3-Integrin-exprimierende Zellen zu beeinträchtigten, und hatten keine Auswirkung auf den Erfolg der Infektion.

(iii) Die Expression von Integrinen wirkt sich positiv auf die Virusausbeute aus, wie sie im
Vergleich von β3-Integrin-Rescuezellen und β1-Integrin-exprimierenden (flox) Zellen
zu den entsprechenden Integrin-defizienten Zellen deutlich wurde. In welcher Phase
sich Integrine in den Viruseintritt in die Zelle oder in nachfolgende Abläufe einschalten,
ist bisher unklar. Aufgrund der Oberflächenlokalisation von Integrinen wird eine Funk-

X

Zusammenfassung

tion auf der Ebene der Virusinternalisierung nahe gelegt, entweder indem sie die Endozytose vermitteln oder indem sie mit anderen bisher nicht identifizierten Oberflächenrezeptoren in Form von Aktivierung oder Inhibierung interagieren, oder indem sie diese
Proteine so verändern, dass eine verbesserten Zugänglichkeit für das Virus erreicht
wird.
(iv) Unterschiede zwischen den vier WNV-Stämmen, die in dieser Arbeit verwendet
wurden, wirken sich nicht auf die funktionelle Beteiligung von β1- und β3- Integrinen
während des Viruseintritts und/oder der Virusreplikation aus.
(v)

Die Wiederherstellung (Rescue) der β3-Integrin-Untereinheit in CHO-K1 Zellen und
die konstitutive Expression von αvβ3-Integrinen in den stabil transfizierten Zellen führt
nicht zur Permissivität für WNV. Deshalb wird angenommen, dass ein anderes Oberflächenprotein die Internalisierung ermöglicht, entweder im Zusammenwirken mit oder
unabhängig von αvβ3-Integrinen. Außerdem unterscheidet sich die Effizienz der Bindung an die Zelloberflächen der CHO-K1-Zellen nicht wesentlich von der anderer Zellen. In Übereinstimmung mit anderen Ergebnissen dieser Arbeit (siehe Unterpunkt ii)
deutet dies darauf hin, dass αvβ3-Integrine weder die Bindung von WNV an die Zelloberfläche noch die Virusaufnahme in die Zelle in einem eigenständigen, von anderen
Faktoren unabhängigen Prozess bewirken.

(vi) Heparansulfat kommt als Faktor für die Anheftung von WNV an Zelloberflächen in
Frage; allerdings kann nur ein begrenzter Anteil aller gebundenen Viruspartikel dadurch
erklärt werden.
Die Zusammenfassung dieser Ergebnisse weist deutlich auf eine Beteiligung von αvβ3Integrinen am WNV-Eintritt in Wirtszellen hin. Andererseits zeigen die Ergebnisse, dass die
hier untersuchten Integrine nicht die einzigen Rezeptoren für WNV sind, sondern dass weitere
Zelloberflächenproteine am Eintritt beteiligt sind, wie dies in der Literatur für andere Flavivirus Spezies beschrieben wurde. Andere Rezeptoren und rezeptorabhängige Wege werden
entweder (i) alternativ oder (ii) zusätzlich zu αvβ3-Integrinen für die Infektion von Zellen
benutzt.
Die Ergebnisse dieser Arbeit liefern wichtige Ansatzpunkte für die weitere Forschung, wenn
es darum geht, die zellulären Faktoren zu identifizieren, die entscheidend für den Eintritt von
WNV sind, womit auch zum besseren Verständnis der grundlegenden Mechanismen der
Virusinfektion beigetragen wäre. Dieses Wissen würde zweifellos zu einem tieferen Verständnis der WNV-Pathogenese und der unterschiedlichen Empfänglichkeit von Wirtszellen
beitragen. Damit würde es möglich, in der öffentlichen Gesundheitsvorsorge geeignete
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Gegenstrategien zu entwickeln, und durch die Entwicklung neuer anti-viraler Medikamente
die Vorbeugung und Behandlung auf der Ebene individueller Erkrankungen bei Mensch und
Tier zu verbessern.
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1 Introduction
West Nile virus (WNV) was initially isolated in Uganda in 1937 but it was not until 1999 that
WNV gained worldwide attention, after it had been introduced into the USA, due to its rapid
spread and high numbers of infections and deaths in birds, horses and humans. The appearance in the USA and the following unprecedented panzootic has not only initiated novel
research efforts in America but also renewed interest in the virus in the Old World. The
increased awareness and improvements in surveillance and diagnosis may also have contributed to the growing number of reports of WNV outbreaks in Europe. The worldwide travel
and the global trade, together with the climate change, are expected to allow potential vectors
to establish which in consequence facilitates WNV to spread to areas unaffected so far.
WNV belongs to the family Flaviviridae. Other important members of the genus Flavivirus,
such as Dengue virus, Yellow fever virus and Japanese encephalitis virus, are known to cause
diseases in humans worldwide. In the natural transmission cycle, in endemic regions, WNV
circulates between mosquitoes as vectors, and birds as reservoir hosts. Noticeably, WNV can
infect a wide taxonomical range of vertebrate species but most of them do not sufficiently
support virus replication for transmission. Disease symptoms rarely occur except in humans
and horses where WNV infections are frequently accompanied by a mild fever (West Nile
fever), which occasionally results in the development of neurological disorders with fatal
outcome. Several hundred human cases per year have been reported for the United States
alone. WNV therefore constitutes a challenge for public health preparedness.
To improve the understanding of WNV transmission and species susceptibility it is important
to know the basic mechanisms of host cell infection. The knowledge of WNV pathogenesis
will allow responding to this global threat in terms of prevention, control and treatment
strategies.
The underlying mechanisms allowing WNV to replicate in a large variety of different arthropod, mammal and bird species are largely unknown but are believed to rely on highly conserved proteins relevant for viral entry and replication. The first step in virus entry comprises
binding to the host cell receptor. Specificity of this interaction determines, in part, cell and
host tropism, and may explain the broad host range of WNV. Although receptor usage by
Flaviviruses has intensively been studied in recent years, only few studies addressed the early
steps in WNV infection of cells. Little is known about the features of WNV entry and the
differences in receptor usage among strains. Chu and Ng [99] postulated the importance of
integrin αvβ3 as a putative receptor for the WNV lineage 2 strain Sarafend. Integrins are
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highly conserved heterodimeric transmembrane proteins that mediate adhesion to the extracellular matrix and cell-to-cell-contact, and that participate in many processes of the cell cycle.
They have been described to serve as receptors for several viruses, among others Adenovirus,
Foot-and-mouth disease virus, Hantavirus and coxsackie virus. In a subsequent publication,
however, Medigeshi and co-workers [315] concluded that WNV entry is independent of
integrin αvβ3.
The contradictory results of both research groups appear even more complicated against the
background to what is currently known about Flavivirus entry. A thorough evaluation of
existing literature on possible cellular receptors used by Flaviviruses in general and by WNV
in particular left several questions unanswered (see State of Knowledge 2.6). It is not only
unclear whether integrins are involved in WNV entry but also which integrin subunit may be
involved in particular, and to what extent, in terms of virus yields, and whether efficiency of
virus entry is affected by differences among strains.
The present study therefore aims to characterise the interaction between WNV and integrins.
A cell culture model was established to shed light on the role of integrins as receptors that
mediate virus binding to the cell surface or that may even possess additional functions in
downstream virus uptake. Wild type and specifically integrin-deficient mouse fibroblasts
lacking the integrin subunits αv, β1 or β3, respectively, allow (i) studying the involvement of
integrins, (ii) identification of the integrin subunit involved and (iii) addressing their function
in WNV entry. Up to now, there are no comparative studies on the general validity of a
receptor candidate for different WNV strains. In this study four representative strains of the
two major WNV lineages were selected to evaluate potential differences in the binding and
entry capacities for the four cell lines mentioned above.
Expected results concerning the initial virus-cell-interaction are thought to have important
implications for the understanding of the WNV pathogenesis and of factors affecting the
susceptibility to WNV infection. This knowledge may, in future, serve as a background for
the development of better prevention and treatment strategies. Furthermore, the cell culture
model provides a promising tool for future studies on the integrin-mediated entry of other
viruses.
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2 State of Knowledge
2.1 Historical aspects – Epidemiology of WNV
West Nile virus was first isolated in 1937 from the blood of a febrile woman in the West Nile
province of Uganda [447]. It was not until 1951 that more WNV isolates were found in the
serum of children with non-specific symptoms in Egypt [317]. At a very early point the close
antigenetic relationship with Japanese encephalitis virus and St. Louis encephalitis virus was
detected [445]. In the course of large field studies, transmission of WNV could be related to
mosquitoes as vectors and birds as important amplifying hosts [468, 511]. Though residents
of eastern central Africa showed a significant prevalence of antibodies to WNV and closely
related Flaviviruses [446], diseases associated with WNV infection were sporadic events
usually characterised by mild symptoms and fever. The epidemic in Israel in 1957 during
which the first WNV fatal cases occurred [455] was the only epidemic with severe neurological diseases in humans until 1996. Another large epidemic with high numbers of patients with
fever but without fatalities was described from South Africa in 1974 [314]. In 1962, the first
cases of WNV infection in Europe were documented [19, 212, 340]. Until 1993, WNV
outbreaks of disease in humans and horses were spatially and temporally limited with few
fatalities only, and occurred primarily in the Mediterranean region, in Africa and in Eastern
Europe [168, 169, 195]. The occurrence of WNV infections in Africa and Europe is summarised in Table 1. Seroprevalence studies, however, revealed that it was much more widely
spread across these regions [62, 129, 449]. Since the early 1990’s, the frequency and severity
of WNV infections increased dramatically [254, 370]. With the outbreak in Romania in 1996,
WNV has become a major public health concern in Europe.
Table 1. Human and equine cases of WNV infection reported for African and European
countries.
Number of cases in
humans/horses

Number of fatal cases in
humans/horses

13/80

1/>20

app. 3.000

0

Algeria [340]

50/0

8/0

Morocco [469]

1/94

0/42

Year

Country

1962 – 1964

France [340, 341]

1974

South Africa [233, 314]

1994
1996
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Number of cases in
humans/horses

Number of fatal cases in
humans/horses

Romania
(Bucharest) [483]

393/0

17/0

1997-2000

Romania [66, 77]

39/0

5/0

1997

Tunisia [150]

47/0

3/0

1998

Italy [12]

0/14

0/6

1998 – 2000

Israel [499]

417/0

35/0

1999

Russia [293]

480/0

40/0

1999

Russia
(Volgograd) [378]

826/0

40/0

2000

France [341]

0/76

0/58

2003

France [300]

1/1

0/0

2003

Morocco [430]

0/9

0/5

2004

Sudan [119]

36/0

4/0

2008

Italy [65]

9/32

0/5

2009

Italy [140, 401]

16/13

1/0

2010

Spain [141]

1/12

0/?

2010

Russia [141]

552/0

>6/0

2010

Romania [141, 443]

57/0

4/0

2010

Italy [141]

1/86

0/2

2010

Israel

58/0

0/0

2010

Greece [139, 365]

261/7

34/2

Year

Country

1996

Three years later, WNV became a focus of interest worldwide with its unexpected emergence
in the USA (New York) where it caused mass mortality in birds, and an increased number of
human encephalitis cases [9]. The route by which the virus entered the USA remained unclear
[175, 370]. Infected mosquitoes or imported wild birds brought into the States were assumed
to have been possible causes. The strain isolated in New York was closely related to strains
circulating in Israel and Tunisia one year earlier [175, 229, 261, 262]. In the following years
the virus spread over the whole continent leading to high numbers of infections in humans
(Figure 1), horses and birds. Highest numbers were seen in 2002 and 2003 and coincided with
the emergence of a new WNV genotype (WN02) which displaced the originally introduced
WNV variant (NY1999) and became the dominant genotype in North America [115, 130].
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Although WN02 differs only by 0.18 % from NY1999, its ability to replicate faster in
mosquitoes presumably provides a selective advantage [334]. The rapidity by which WNV
spread over the North and South American continent within a few years remains without
parallels. By 2003, confirmed cases of WNV infection were reported by the majority of US
states [80], and by 2006 it had reached Argentina (Buenos Aires) [331].
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20
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20

02
20
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20
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20

99
19

Figure 1. Number of human cases and deaths from 1999 to 2009 reported by the CDC: Statistics, Surveillance and Control [80] resulting in 29.675 cases of infection and 1.163 fatalities in total.

With its introduction to North America, the virus encountered an immunological naïve
population what in consequence led to thousands of dead and moribund birds, and high
numbers of infections in humans and horses. Following the continent-wide establishment,
symptomatic infections decreased in number. This parallels with the finding from the Old
World where the number of clinical cases is much lower presumably due to a long time of coexistence of the virus and its avian host. Remarkably, the southward spread to Middle and
South America was not accompanied by notable morbidity or mortality in birds, horses and
humans. No more than two human cases were reported from Mexico and the Cayman Islands
[112, 196]. The striking difference in severity of WNV infection in North and South America
is not fully understood, leading to some speculations about cross-protection after former
Flavivirus infection such as Dengue virus [472], reduced virulence, the role of higher species
diversity in the tropical region, less competent vectors or susceptible hosts, and decreased
intensity of surveillance and diagnosis [254].
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Apart from high numbers of clinical cases of WNV infection in North America, an increasing
number of WNV outbreaks in humans and horses has been noted recently in Europe
(Table 1). As a consequence of the increased awareness of WNV as a public health threat,
research on WNV has been intensified, especially in the fields of serosurveillance, identification of potential vectors and their ecology and geographical distribution, development of
diagnostic tools, antiviral drugs and vaccines, phylogenetic analysis, and mechanisms of
virus-associated pathogenesis.

2.2 Origin and taxonomy of West Nile virus
WNV has taxonomically been classified as a member of the genus Flavivirus within the
family Flaviviridae [184] that includes four genera [476]:
•

Flavivirus with 53 listed species; other authors, however, mention more than 70 Flavivirus species [42, 259, 327], including an increasing number of tentative species

•

Pestivirus with 4 species [320]

•

Hepacivirus with Hepatitis C virus as the only representative [301]

•

unassigned viruses.

Many members of the genus Flavivirus are important human pathogens, such as Yellow fever
virus (YFV), Dengue virus serotype 1 to 4 (DENV), Japanese encephalitis virus (JEV), St.
Louis encephalitis virus, Tick-borne encephalitis virus (TBEV), and West Nile virus, the latter
being the most widely distributed species [255]. The term ‘flavi’ comes from the Latin word
flavus ‘yellow’ and is derived from the Yellow fever virus that causes Yellow fever.
Originally, Flaviviruses were grouped together on the basis of their antigenetic relationship as
revealed by haemagglutination inhibition assay using polyclonal sera after infection or
immunization [382]. As Flaviviruses are transmitted by haematophageous arthropods from
host to host [185], they are assigned as arboviruses (arthropod-borne viruses). The genus
Flavivirus is subdivided into tick-borne viruses, mosquito-borne viruses and viruses with no
known arthropod vector [259].
Because of serological cross-reactivity the genus Flavivirus is divided into ten sero-groups or
complexes that also have distinct geographical distributions [476]. WNV is assigned to the
Japanese encephalitis group characterised by cross-reactivity against the envelope protein
[118, 243, 381]. The Japanese encephalitis group includes 8 members: Cacipacore virus,
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Japanese Encephalitis virus, Koutango virus, Murray Valley encephalitis virus, St. Louis
encephalitis virus, Usutu virus, West Nile virus, and Yaounde virus [476].

2.3 Molecular classification of WNV isolates
Based on phylogenetic analysis of full genome sequences or partial sequences encoding the
envelope protein or the non-structural proteins 1, 3 or 5, more than five lineages have been
described (Figure 2). With reference to the full genome sequence the two major genetic
lineages differ in nucleotide level between 21 and 29 % and in amino acid level between
3 and 7 % [30, 85, 261]. The classification into different lineages does not coincide with the
geographic distribution, pathogenicity or host preference [57]. The close relationship between
isolates from distant countries can be explained by the long-distance transport of the virus by
migrating birds [64, 85, 342]. At the same time, there is a significant genetic variation among
WNV isolates in the same geographic region [36] due to different geographic provenances.
Within lineage 1, two subgroups of WNV isolates are described. They show a sequence
similarity of at least 87 % on nucleotide level [30]. Isolates from subgroup 1a are closely
related with a nucleotide identity of 95.2 to 99.9 % and have a worldwide distribution [64,
369, 371]. WNV isolates in this subgroup from North America display little genetic variation
since their first discovery in 1999 with a percentage nucleotide identity of more than 99.6 %
among all sequenced isolates [114, 261]. Sequence comparison of North American and some
Mediterranean WNV isolates showed a sequence homology of more than 99.8 % with Israeli
isolates from 1998. Hence, it is generally accepted that an isolate from the Middle East had
been introduced to the USA in 1999 [262]. While in the USA WNV genotypes circulate with
little modifications since their introduction, in southern Europe a number of genetically
different WNV strains co-exist.
Kunjin virus was first classified as a distinct species within the genus Flavivirus but, because
of antigenetic and molecular-genetic similarities to WNV lineage 1, it now forms subgroup 1b
[424, 426]. WNV Kunjin isolates circulate in Australia as a single topotype with less than 2 %
variation among isolates [156, 189, 287]. Their genetic variation compared to other WNV
isolates is much higher with a distance of up to 13 % [57, 426]. Kunjin isolates can be
distinguished from other WNV isolates by monoclonal antibodies and by cross-neutralisation
analysis [262, 419].
While lineage 1 isolates are found worldwide in temperate, tropical as well as subtropical
regions, isolates from lineage 2 had long been thought to be endemic exclusively in sub-
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Saharan Africa, South Africa and Madagascar [30, 419]. However, in 2004 a lineage 2 isolate
was for the first time isolated in Europe from a goshawk in Hungary [15, 142]. Sequence
identity within this lineage is only 80.5 %.
Although Sarafend is located within lineage 2, antigenetic analysis using monoclonal antibodies against WNV revealed that it belongs to a distinct antigenetic group [2, 426]. This strain is
believed to be a human isolate from Israel and differences regarding antigenicity and replication may be due to a history of extensive in vitro passages [424].
In Europe another WNV was isolated from Culex pipiens near Rabensburg at the CzechAustrian border. The Rabensburg isolate has an amino acid identity of 89 to 90 % to isolates
from lineages 1 and 2 and is therefore proposed to form the third lineage [14].
The Russian isolate LEIV-Krnd88-190 which was found in Dermacentor marginatus ticks in
the northwest Caucasus Mountain valley in 1998 presumably represents lineage 4, although
the taxonomic status has not been fully clarified yet [14, 292, 385].
Indian WNV isolates were formerly described as subgroup 1c, being a split of lineage 1 and 2
[180]. Currently, they are designated as lineage 5 as they show a genetic divergence of 21 to
26 % to all other lineages [43]. Indian isolates can also be distinguished from other WNV
isolates by serological assays [488].

State of Knowledge

Figure 2. Phylogenetic tree of WNV isolates and classification into five lineages. Analysis
is based on the full-length coding sequence of the envelope protein gene (1503 bp). The four
WNV isolates used in this study are indicated by red lettering and set in relation to other
WNV representatives. The tree was constructed using a maximum-likelihood approach
(MEGA 5.0 software) based on a GTR+I+G model as suggested by the Akaike Information
Criterion (AIC) and Bayesian Information Criterion (BIC). Figures at nodes indicate maximum likelihood bootstrap values of 500 runs under the specified model. Only higher values
than 70 are shown. The tree was supported using neighbour-joining Tamura 3-parameter
method. JEV was included as an out-group. The scale bar represents 0.2 nucleotide (nt) substitutions per nt position. The list of the GenBank accession numbers of the WNV isolates
used is found in Appendix A.3. Constructed and kindly provided by S. Fereidouni, Friedrich-Loeffler Institute, Isle of Riems, Germany.
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2.4 Transmission of WNV
WNV is maintained in nature in an enzootic mosquito-bird-mosquito transmission cycle [194]
(see Figure 3). This cycle involves different species of birds and mosquitoes depending on the
specific geographic area and climatic region. The transmission dynamics of WNV partially
displays the complex relationship between vector abundance, vector competence, species
composition, host preference, susceptibility and competence of vertebrate hosts.

Figure 3. Transmission cycle of WNV. In the principal enzootic transmission cycle WNV
circulates between ornithophilic mosquitoes (2.4.1) and birds as amplifying hosts (2.4.2). A
direct bird-to-bird-transmission has been reported (see 2.4.2). Infected hybrid mosquitoes
(bridge vectors) transmit the virus to humans and other animals which are designated as
dead-end or incidental hosts (2.4.3, 2.4.4 and 2.4.5).

2.4.1 The vectors
To date, more than 75 WNV competent mosquito species, among them 59 species in the USA
alone, from 11 different genera have been described worldwide [79, 159, 316, 377, 486].
Despite the large number of competent species, it seems that only a few species are significantly involved in WNV epidemiology [328]. However, the ability to use many different
vector species has probably contributed to the distribution of WNV and its worldwide
establishment [181, 255]. Mosquito species of the genus Culex, especially ornithophilic (bird
feeding) species, are generally considered as the main vectors of WNV, both in the Old World
and in the Americas [191, 247, 418, 419]. Within the Culex pipiens complex, mosquito

State of Knowledge

11

hybrids are believed to be responsible for the fast and wide spread of WNV over the North
American continent because of their low host preference and more general feeding habits
compared to their ornithophilic and anthropophilic parents [108, 157, 454]. Different biotic
and abiotic factors can influence regional transmission, as sex of vectors, host preference,
feeding behaviour, longevity of vectors, mean ambient temperature, humidity, rainfall
patterns, seasonal density and activity of vectors as well as population density of suitable
hosts [528].
Mosquitoes become infected by feeding on a viraemic host. Conversely, infected mosquitoes
pass the virus to a new host during blood sucking via the infectious saliva. The time between
infectious blood meal and virus secretion by salivary glands lasts 10 - 14 days depending on
the ambient temperature [124]. Direct transmission of the virus from vector to host is defined
as horizontal transmission. To ensure vertical transmission within a vector generation the
virus is passed to the egg (transovarial) by infected genitalia [18, 408]. Transmission efficiency is relatively low with less than 1 % of infected progeny mosquitoes [344]. Long-time
persistence of the virus in overwintering mosquitoes (diapause) or in laid eggs allows the
virus to maintain the transmission cycle in temperate climates over one year [125].
Basically ticks can replace mosquitoes as the main vectors. However, the transmission of
WNV by ticks has been described to occur only occasionally in nature [212, 332, 337].
Infection studies in laboratory experiments with several soft (family Argasidae) and hard
(Ixodidae) tick species showed that only species of the Argasidae are WNV competent with
low efficiency of virus transmission compared to mosquitoes [1, 6, 264]. Even though, ticks
may contribute to virus distribution since they have a higher longevity than mosquitoes and
can passively be transported by migratory birds over long distances.

2.4.2 The reservoir – WNV infection of birds
WNV can infect a wide range of vertebrate species in nature but wild birds are believed to
play the most important role as main host reservoir in virus amplification and distribution [67,
194, 371]. The Centers for Disease Control and Prevention (CDC) in the USA, listed 326 bird
species that died as a result of WNV infection [81].
In the 1950s, Work et al. [511] found corvids and sparrows to be most competent as WNV
reservoirs. Later, in consequence of the WNV epidemics in the USA, infection experiments
confirmed that passerine birds (order Passeriformes; corvids, especially the American crow
(Corvus brachyrhynchos), blue jays (Cyanocitta cristata), house finches (Carpodacus
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mexicanus) and house sparrows (Passer domesticus)), and Charadriiformes (especially waders
and gulls) were the most competent taxa for WNV, assessed on the basis of duration and
magnitude of viraemia [249, 392].
WNV is primarily spread along flyways used by migratory birds which are exposed to WNV
particularly in areas of higher virus circulation, and during stopovers en route where birds
feed and rest before continuing their journey [393]. By comparison, resident and shortdistance migrants show a lower seroprevalence and lower antibody titres. A monitoring study
from Germany, for example, accomplished by Seidowski et al. [434] found neutralising
antibodies only in migratory but not in resident birds. By contrast, because of the speed and
pattern of spread non-migratory birds are believed to participate in the dispersal of WNV in
North America [391].
In the Old World, in endemic regions, seroprevalence in birds is high, but mortality associated
with WNV tends to be low [212, 511] though outbreaks with fatal infections in birds occur
occasionally [177, 302]. In absence of large-scale bird mortality, neurological symptoms in
horses are often the sole indication of a local presence of the virus. On the contrary, in the
New World WNV seems highly pathogenic to birds with high mortality rates [135]. Dead or
dying birds are often used as indicator of local WNV transmission [134, 352].
Direct transmission from bird to bird by oral or faecal-oral infection, grooming or when
feeding the nestlings could be demonstrated in experiments [16, 249], so that at a local level
bird-to-bird transmission has a significant potential for the establishment and dispersal of
WNV [194]. Transmission by feeding on infected prey animals has also been described in a
limited number of cases [165].
Duration of viraemia depends on bird species, and lasts between 5 and 7 days in most cases.
Viral titres of 103 to 1010 plaque forming units per ml (PFU/ml) can be reached in birds [249].
WNV infects a variety of inner organs and the ZNS of birds. Viral RNA was detected in
brain, kidney, liver, dermal tissue, eye, lung, cloacal and throat swabs, and in feather pulps
[123, 248, 364]. Mortality rates depend on bird species, virulence of the isolate [47, 263, 353]
and age of the infected bird [11, 528]. Disease in birds due to WNV infection is usually
characterised by neurological disorders and death shortly after clinical onset [528].

2.4.3 WNV infection of horses
Mosquitoes that feed on birds as well as on other vertebrates including mammals are termed
bridge vectors. Mammals can readily get infected by WNV, but are considered to be dead-end
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or incidental hosts because viremia titres are generally too low to infect mosquitoes [112]. A
minimum concentration of 105 PFU/ml in the host’s blood is necessary for an efficient
transmission.
Horses are relatively sensitive to WNV infection and commonly develop neurological
symptoms due to diffuse encephalomyelitis. Duration of viremia is short and virus titres are
relatively low reaching no more than 102.7 PFU/ml [54]. Up to twelve percent of experimentally infected horses show symptoms with ZNS involvement such as fever, ataxia, recumbency, hypersensitivity in sound and touch, paresis and paralysis [53, 54]. Mortality rate is high
with 28 to 45 % once ZNS symptoms are seen [54].
In recent years, an increasing number of epidemics with WNV infected horses showing
neurological signs were reported from Africa, Australia, Europe and America [12, 68, 331,
341, 430].

2.4.4 WNV infection of other vertebrates
WNV has not only been isolated from a variety of mammals but also from reptiles and
amphibians [122, 178, 406]. Infections occur occasionally but most species are not sensitive
to WNV and therefore rarely develop disease. In endemic areas seroprevalence rates in
domestic animals ranging from 18 to 62 % are considerably high and may serve as indicators
for local WNV activity [35, 240].
Although incidentally infected vertebrates appear to be less important hosts in the natural
transmission cycle of WNV, they may still contribute to direct non-arthropod-borne transmission by infection of predators and raptors [165, 528]. Only golden hamsters [471], lemurs
[402], lake frogs [252], eastern cottontail rabbits [480], fox squirrels [407], and eastern
chipmunks [379] have been described to develop sufficient viremia titres to support arthropod-related transmission. Direct oral transmission of WNV was observed on the occasion of
two outbreaks with mass mortality on an alligator farm that had been attributed to the alligators’ diet of horse meat [323]. Direct transmission has also been shown experimentally in the
murine model [37].
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2.4.5 WNV infection of humans
Infections of humans by WNV have been observed in various countries of the Old World for
more than 50 years [29, 212, 340]. Similar to horses, disease outbreak in humans is the result
of an accidental infection with WNV.
While 80 % of infections in humans are subclinical, in the remaining 20 % WNV is responsible for a severe febrile illness, known as West Nile fever, including a broad spectrum of
associated complications [333, 368, 370]. Febrile symptoms usually disappear after 3 to
6 days, and most patients recover fully [244, 497]. However, less than 1 % develop neurological complications such as loss of awareness, dysphagia, ataxia, vertigo, neck stiffness, stupor,
disorientation, tremor, muscle weakness, or coma as a direct result of meningitis (one third of
such cases) or encephalitis (two thirds) [58, 67, 77]. Acute flaccid paralysis because of lower
motor neuron lesions has been described in North America and Romania [76, 412, 436].
Persons of any age are affected, but those over 50 years are at highest risk of death [311, 361].
Immunosuppression and diseases such as diabetes and high blood pressure are considered
additional risk factors [107, 437]. Once severe neurological symptoms due to WNV infection
develop, the prognosis for recovery is bad [435]. In the USA, from 1999 to 2008, 9 % of
neuroinvasive cases of confirmed WNV infections were fatal [281].
Human-to-human transmission by blood and blood components [34, 209, 367], organ transplantations [210, 226], intra-uterine transmission during pregnancy [363], and by nursing
(breast milk) has been described, but there is no indication for a direct contact transmission.

2.5 Virological aspects
2.5.1 Morphology of WNV
WNV is an enveloped virus of approximately 50 nm in diameter with icosahedral symmetry
[51, 280]. The electron microscopy picture shows a smooth surface with no spikes or surface
projections in the virion’s neutral pH conformation [335]. The spherical nucleocapsid is circa
25 nm in diameter and consists of multiple copies of the viral capsid (C) protein associated
with the viral genome [51]. It is surrounded by a 0.4 nm thick lipid layer in which the envelope (E) protein and the membrane (M) protein are inserted [335]. In mature virions,
E proteins form head-to-tail homodimers [51]. The overall external icosahedral scaffold is
formed by ninety copies of E homodimers that completely cover the surface of the virion. Sets
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of three parallel dimers form 30 rafts that arrange in a ‘herring-bone’ pattern [336]. The
structure of the viral core appears disordered [258, 336]. It is not clear if the icosahedral
symmetry of the core is not synchronised with the external glycoprotein layer, or if it is
ordered but with no icosahedral symmetry. A specific interaction between C and E proteins,
however, could not be demonstrated [336]. Figure 4 depicts the structure of a mature WNV
particle.

Figure 4. Structure of WNV (mature particle, schematic). E proteins arrange in a dimeric
conformation in association with M proteins. Both structural proteins are inserted into a lipid bilayer derived from the host cell. Capsid proteins enclose the viral genome. Adapted
from Zhang et al. [524].

2.5.2 Genome structure and organisation
The genome consists of a single stranded RNA with positive orientation [51]. The RNA is
about 11 × 103 nucleotides in length [73], and a single open reading frame codes for a polyprotein precursor of approximately 3400 amino acids. At its 5’- and 3’-ends, the open reading
frame is flanked by untranslated regions (UTR) of 96 and 631 nucleotides, respectively. These
UTRs form highly conserved secondary and tertiary structures that are essential for the
initiation of translation and replication [277]. The 3’-end lacks polyadenylation, the 5’-end
carries a cap of type I structure [73, 502].
The genome of Flaviviruses encodes three structural proteins [72, 500], i.e. the capsid,
(pre-)membrane and the envelope protein, and seven non-structural proteins (NS proteins):
NS1, NS2a, NS2b, NS3, NS4a, NS4b, NS5 [56, 71, 280] (see Figure 5). While the structural
proteins constitute the structural components of the viral particle, the non-structural proteins
are involved in RNA replication, virus assembly and influence the host cell response [277,
280].
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Figure 5. Organisation of the WNV genome. The single-stranded positive-sense RNA genome consists of a single open reading frame that is flanked by untranslated regions at the 5’
and 3’ end. The genome encodes three structural proteins (C, prM, E) which form the viral
particle, whereas the seven non-structural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b,
NS5) serve for the viral replication machinery.

2.5.3 WNV replication cycle
After infection through mosquito bite WNV infests Langerhans dendritic cells in the skin
[121] which are the sites of the first replication. A second round of replication occurs when
infected cells migrate to regional lymph nodes. At this point the viremic phase starts and the
infection spreads over inner organs. In case the blood-brain-barrier is penetrated (neuroinvasive WNV isolates), the ZNS becomes affected. Neurons and glia cells undergo apoptosis
after infection, and necrosis as a direct result of ischemia [120, 121, 417].
Attachment of the virus particle to the cell surface by binding to a cellular receptor represents
the first interaction with the host cell. Internalisation occurs by receptor-mediated endocytosis
through clathrin-coated vesicles [97, 355]. Cytoskeletal components especially actin filaments
are essential to achieve initial uptake of viral particles through the plasma membrane, whereas
microtubuli are rather involved in the transportation of the internalised virus in endocytic
vesicles. Upon acidification of the endosome a conformational rearrangement of E protein is
initiated leading to the fusion of the viral membrane with the host membrane [49, 325],
release of the nucleocapsid into the cytoplasm and eventually to the uncoating of the viral
genome [202, 326, 461].
Flavivirus replication occurs in close vicinity to the rough endoplasmic reticulum (ER).
Replication complexes consist of viral RNA, viral proteins and host cell factors [296, 298].
Genomic RNA functions as messenger RNA for the translation of the polyprotein precursor.
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Then, the translation complex is transported to the membrane of the ER where the morphogenesis of infectious particles takes place. The polyprotein is co- and post-translationally
processed by host-cell signalases to release the C, prM, E and NS1 proteins [357]. The E, C
and prM proteins are anchored in the ER lipid layer with their transmembrane domains and
are thereby translocated to the ER lumen. Further cleavage occurs through the virus-encoded
NS2b/NS3 protease. When the viral NS5 protein is eventually processed it functions as a
RNA-dependent RNA-polymerase which catalyses the synthesis of new positive strand viral
genomic RNA via synthesis of a full-length negative intermediate template strand. Genomic
RNA synthesis is 10 to 100-fold more efficient than complementary viral RNA synthesis [51,
100].
After budding into the lumen, assembly of immature virions occurs within the ER where viral
RNA is compounded with membrane-associated C protein and packaged into an ER derived
lipid bilayer containing heterodimers of E and prM proteins [289, 296]. Heterodimers form a
total number of 60 trimeric spikes that protrude from the surface of immature virions [336].
The prM acts as scaffold by capping the fusion loop of the E protein, presumably in order to
prevent premature fusion while the virus passes the acidic secretory pathway [200, 250, 275,
289]. During the traverse of the trans-Golgi network, viral membrane proteins are glycosylated and, near the cell surface, prM is processed by furin-catalysed cleavage to M [200]. The
dissociation of the prM/E complex enables E protein to form head-to-tail homodimers that
finally leads to the mature virion [258, 458, 503]. Eventually, infectious progeny virus is
released by exocytosis from the plasma membrane [357] ten to twelve hours after infection of
the cell [97]. The exception is the WNV strain Sarafend in which particle release from the
plasma membrane by budding has been observed in Vero cells [354]. Flavivirus replication
can be lytic for target cells, leading to syncytium formation, or can be persistently noncytopathic [327, 512]. The different stages of the WNV replication cycle are pictured in
Figure 6.
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Figure 6. WNV replication cycle. Virus attaches to the surface of the host cell by receptor
binding (A) and penetrates the cellular membrane by receptor-mediated endocytosis via
clathrin-coated pits (B). Acidification of the endosomal vesicle triggers conformational
changes in the E protein that lead to fusion of the viral and the host cell membranes, disaggregation of the virus particle and release of the nucleocapsid into the cytoplasm (C). The
positive-sense RNA is translated into a single polyprotein that is co- and post-translationally
processed (D). Genome replication occurs in relation to intracellular membranes (E). Assembly of the virus particle is achieved by budding of the structural proteins and viral genome into the lumen of the endoplasmic reticulum (F). The immature viral particle is transported through the trans-Golgi network and processed to form the mature infectious virus
particle (G). Mature virions are released by exocytosis (H).

2.5.4 Viral carbohydrates, lipids and proteins
2.5.4.1 Carbohydrates and Lipids
Carbohydrates and lipids are also components of the virus particle. Virions contain about 9 %
carbohydrates bound as glycolipids and glycoproteins. Composition and structure of the
carbohydrate components depend on the host cell (vertebrate or arthropod). Asparagine-linked
glycosylation sites are present in prM (1-3 sites), E (0-2) and NS1 (1-3) proteins of Fla-
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viviruses. Lipids are derived from host cell plasma membrane and account for up to 17 % of
the total virion’s mass [280].

2.5.4.2 Structural capsid and membrane protein
Multiple copies of the capsid protein (12 kDa) form the viral capsid, the internal core,
surrounded by the envelope. Crystal analysis by Dokland et al. [126] revealed that a structural
unit is composed of four C proteins dimers. C proteins contain basic amino acids which
interact with the viral RNA genome to form the nucleocapsid. The highly hydrophobic
carboxy-terminal end of C protein acts as signal peptide for prM and mediates incorporation
of the translated polyprotein into the ER membrane [280].
prM (20 to 26 kDa), which is the precursor of M protein (8 kDa), forms heterodimers together
with E protein in immature virions and facilitates most likely correct folding of E protein and
is assumed to play a role in protecting E protein from premature conformational changes
(2.5.3). prM contains a highly conserved N-linked glycosylation site. It is removed when the
amino-terminal part is cleaved by a furin-like cellular protease resulting in the formation of
the smaller, unglycosylated M protein [23, 458].

2.5.4.3 Structural envelope protein
E protein (50 to 53 kDa), which is highly conserved among Flaviviruses, mediates attachment
and receptor-binding to the host cell, and is, therefore, the main target for neutralising
antibodies [109, 403].
X-ray analysis of the E protein ectodomains of both Tick-borne encephalitis virus [396] and
Dengue virus [324] yielded a structure of three domains. Recently, the x-ray crystallographic
structure of the E glycoprotein of WNV has also been analysed demonstrating that it adopts
the same overall fold [234, 359]. Each E monomer folds into three structural domains
predominantly composed of β-strands: a centrally located domain I (DI) consisting of a 10stranded β-barrel, the dimerisation domain II (DII) formed by two extended loops that
protrude from DI, and a third domain (DIII) that adopts an immunoglobulin-like fold formed
by seven antiparallel β-strands [21, 359].
Short flexible linkers connect these domains and allow conformational changes required for
pH-triggered fusion and virus maturation [525]. The DI-DII interface is relatively variable
whereas the DI-DIII linkage appears to be more rigid. The relative orientation between the
three domains to each other changes during the replication cycle of the virus [525]. The fusion
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loops of E protein homodimers are mutually buried in identical hydrophobic pockets at the
DI-DIII interface [234, 359] (see Figure 7).

Figure 7. Structure of the ectodomain of WNV E protein. The dimeric pre-fusion conformation of the envelope protein is shown. In one monomer, domains I, II and III are coloured
blue, yellow and red, respectively. The fusion peptide is highlighted in green at the tip of
DII. The scheme presents the relative head-to-tail orientation of the homodimer. Modified
from Nybakken et al. [359].

Domain I includes amino acid residues 1 to 51, 134 to 195, and 284 to 297 [359]. It is part of
the hinge region that undergoes conformational shift in connection with DII upon exposure of
E protein to low pH [49, 325].
Domain II is structurally conserved within the Flavivirus genus and includes the amino acid
residues 52 to 133 and 196 to 283 [359]. It has been implicated in the acid catalysed fusion
event [4, 49, 325]. DII contains a hydrophobic loop, including amino acid stretch 98 to 110,
which constitutes a prototypical class II fusion protein in its trimeric low-pH induced conformation [201, 239].
The mild acidic environment in the endosome induces a reversible dissociation of E protein
dimers into monomers followed by a dramatic structural rearrangement that, in a second step,
leads to irreversible conversion into trimers, and thereby triggers fusion [49, 460, 461]. Then,
the viral fusion loop at the distal end of the E protein is exposed and subsequently inserted
into the host cell membrane. Eventually E protein refolds back to drive the fusion process to
completion by bringing the viral and host membrane towards each other which leads to
merging of membranes and to fusion pore formation [202, 325, 461].
Domain III comprises amino acid residues 303 to 395. This region includes the arginineglycine-aspartic (RGD) motif at position 388 to 390, exposed on the viral surface of most
mosquito-borne Flaviviruses. WNV, however, exhibits an RGE (arginine-glycine-glutamic)
motif at this position instead [106, 500]. DIII, especially the lateral ridge, constitutes the part
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of E protein that has been found to be responsible for cellular attachment and receptor
recognition [95, 213, 269].
X-ray crystallography, cryo-electron microscopy and NMR spectroscopy studies of WNV,
TBEV and DENV-2 have indicated that DIII protrudes slightly above the surface, and thus
allows access of potential receptor molecules and antibodies [234, 258, 324, 335, 396, 491].
Strongly WNV-neutralising antibodies have been mapped to a set of important epitopes
within this domain, preferably to the exposed lateral ridge [24]. As a major factor in host
immune response, neutralising antibodies potentially prevent infection of cells by blocking
binding of virus to the cell surface [109, 198] or by preventing virus-induced fusion of viral
and host cell membranes after virus internalisation [59, 186, 404, 462]. Immunisation with
recombinant DIII protein induced WNV-specific immune response in mice and elicited high
titres of virus-neutralising antibodies that protected against infection [86, 98]. Due to immunogenicity and receptor binding properties E protein DIII is an attractive target for the design
of vaccines, the development of antiviral agents, and as an antigen in Flavivirus serologic
diagnostics [86].
An N-linked glycosylation site in E protein at residue 154 is present in many but not all WNV
lineage 1 strains, and also in some lineage 2 strains, though others harbour a deletion of four
amino acid that ablates the potential glycosylation site [2, 30]. Passage history may also have
a considerable influence on a strain’s glycosylation status [2, 82]. The envelope N-linked
glycosylation has been proposed to play a multifarious role in WNV biology. For instance,
glycosylation has been suggested as molecular determinant for neuroinvasiveness as demonstrated in the murine model [22, 23, 441] though neuropathogenicity seems unaffected. In
addition, E protein glycosylation has been associated with enhanced replication efficiency,
altered pH-sensitivity and reduced infectivity of mammalian cells [192, 425, 441]. Experimental infection of birds indicated a higher pathogenicity of WNV variants possessing an
N-linked glycosylation site [339]. With respect to pathogenicity in humans, many isolates
responsible for significant human outbreaks have been found to contain a glycosylation site in
E protein [262, 419]. Besides, the glycosylation site in E protein has been suggested to be
involved in receptor binding as described below (2.6).

2.5.4.4 Non-structural proteins
The Flavivirus non-structural protein 1, NS1, a glycoprotein of variable quaternary structure
is associated with virus replication as well as immune response modulation. Other multiple
functions in virus assembly, intracellular transportation of structural proteins and virus release
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are not yet ascertained [21, 297]. Most importantly, it is a required cofactor during RNA
replication [277], and has been seen in co-localisation with the double-stranded viral RNA
replicative form [278, 297]. In the course of Flavivirus infection of host cells, NS1 is not only
found to be associated with those intracellular organelles that are involved in viral replication,
but it is also associated with the cell membrane and partly released through secretion by
mammalian cells [294]. NS1 is assumed to promote immune evasion by decreased complement activation, as it accumulates in the serum [101]. High levels of NS1 in the serum of
Flavivirus infected patients correlate with the severity of disease [276]. NS1 elicits the
production of antibodies and in consequence allows the host immune response to encounter
WNV infection by means of Fc-gamma receptor-mediated phagocytosis and clearance of
infected cells [103]. Immunisation of mice with purified NS1 or passive immunisation with
monoclonal NS1-specific antibodies protects mice against lethal virus challenge [102, 146].
The NS2 protein comprises NS2a and NS2b. NS2a is involved in virus assembly and is
associated with RNA replication as it co-localises to sub-cellular structures where it interacts
with replicase components NS3 and NS5 [280]. NS2a has been shown to act as interferon
antagonist by inhibiting interferon signalling. The membrane-associated hydrophilic domain
of NS2b forms stable complexes with NS3 and is therefore an essential co-factor for the
proteolytic activity [84, 280]. The hydrophobic region of NS2b is required for cotranslational
insertion of the NS2b-NS3 precursor into the ER membrane [105].
The conserved protein NS3 has multiple functions in polyprotein processing and RNA
replication. The N-terminal one-third of the NS3 protein chain constitutes the viral trypsinlike serine protease complex together with NS2b [501] that cleaves the polyprotein at those
regions that follow the NS2a/NS2b sequence in order to release viral proteins that are essential for replication and assembly of new virus particles [280]. The C-terminal region of the
NS3 has a RNA-helicase activity, probably required for unwinding of the highly structured
RNA during RNA replication. It also functions as a nucleotide-triphosphatase (NTPase) and
5’-RNA-triphosphatase (RTPase) [45, 504, 505], both of which are strictly regulated within
membranous compartments in the virus infected cell [285].
The functions of the hydrophobic proteins NS4a and NS4b are not well known. They are
assumed to be involved in the replication process by anchoring the viral replicase to cellular
membranes [83]. NS4b has been reported to interact with the helicase domain of NS3 [487].
A genetic interaction between NS4a and NS1 as a putative replicase component has been
observed by Lindenbach et al. to be essential for RNA replication [279].
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NS5 is the biggest and most highly conserved Flavivirus protein [277]. Its amino-terminal end
has the methyltransferase activity necessary for RNA cap formation while the virus replicates
in the cytoplasm [113]. The C-terminal domain contains RNA-dependent RNA polymerase
activity, essential for replication of the RNA genome [51, 113]. Interaction between NS5 and
NS3 has been demonstrated. This interaction stimulates the NTPase activity of NS3 [235] and
possibly coordinates helicase, polymerase and capping activities [51].

2.6 Receptors
2.6.1 General aspects of Flavivirus receptor usage
Since virus attachment to cell surface molecules is the first steps in viral replication, it plays a
key role in the infection of cells. Interaction with the cellular receptor initiates a chain of
succeeding events that allow virus entry. Attachment to cell surface molecules and receptormediated internalisation are often distinct steps in the complex entry process. Viruses utilise
different internalisation and trafficking pathways in order to gain entry into target cells such
as clathrin-mediated endocytosis, uptake via caveolae, clathrin/caveolae-independent mechanisms, fusion with the host cell membrane, macropinocytosis, and phagocytosis.
Identification of viral receptors is not only important to understand viral pathogenesis but may
also contribute to the development of novel antiviral strategies that impede the interaction
between virus and the cell surface and hence, infection of host cells [5, 160, 440]. Different
approaches are used to identify potential receptor candidates involved in virus binding or in
the internalisation process [155, 197, 231]. They are often pursued by means of pre-infection
enzymatic treatment of cells and virus overlay protein blot assay (VOPBA) of cell membrane
fractions. In refining these approaches the level of virus binding and the precise functions of
particular membrane-associated proteins in virus entry are to be addressed. Usually, competition experiments are conducted using receptor-blocking antibodies, recombinant or soluble
receptors, receptor ligands, or recombinant viral envelope protein. Specifically deficient cells,
indirect immuno-fluorescence and co-immunoprecipitation are other options commonly used
to conclusively identify a putative receptor.
In Flaviviruses, the E protein which is the major component of the accessible virion surface
mediates receptor recognition and binding to target cells [93, 200, 396, 479]. In particular,
DIII is assumed to be the receptor binding domain because of its structural characteristics and
its ability to compete with the whole virus for receptor binding (2.5.4.3). Since DIII can fold
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independently from DI and DII into a stable conformation, it presents an attractive tool for
binding experiments. Nonetheless, the exclusive role of DIII has been questioned as the virus
binding behaviour has been attributed to a more complex interaction between virus and
receptor including DII [33, 39].

2.6.2 Cellular receptors: DENV, JEV, YFV, MVEV and TBEV
Despite an increasing number of cell surface molecules that have been found to be involved in
Flavivirus binding to the cell surface and subsequent uptake, the precise mechanisms of the
entry event remain poorly understood. The former assumption that a single receptor mediates
entry has been replaced by a more complex view involving multiple receptor molecules. In
recent years, a growing number of putative receptors has been described for mosquito-borne
Flaviviruses in different mammalian cell lines (see also Figure 8).
Heparan sulfate: Japanese encephalitis virus [92, 283], Yellow fever virus [170] and Dengue
virus [88, 206] interact with glycosaminoglycans (GAGs), in particular the highly sulfated
heparan sulfate (HS), on Vero cells, CHO (Chinese hamster ovary) cells and BHK (baby
hamster kidney) cells and various other mammalian cell types. As for mosquito cells binding
of DENV could not be inhibited by treatment of cells with glycosidase and by competition
with heparin, the use of different receptor molecules on mosquito cells has been suggested
[473]. The role of GAGs as an initial attachment factor has also been discussed for Tick-borne
encephalitis virus though an alternative receptor other than HS has been suggested [257].
Common types of GAGs are chondroitin sulfate A, dermatan sulfate, and keratin sulfate;
however, HS is the most abundant heteropolysaccharide in vertebrate tissues. GAGs are
highly sulfated unbranched polysaccharides, and are, therefore, negatively charged. The
majority of GAGs is linked to core proteins that allow multiple GAG attachment to form a
brush-like structure (proteoglycans). Proteoglycans are ubiquitously distributed and occur
both as parts of the extracellular matrix and as integral membrane components. Cell surface
associated HS is coupled to proteins with conserved cytoplasmic domains and thereby
involved in intracellular signalling [69]. Their physiological function is to modulate ligand
mediated activation of other signalling cell surface receptors, and to promote cellular adhesion
to the extracellular matrix. They also mediate contact between tissues of different types [510]
and they have been suggested to act as a plasma membrane carrier [26]. Because of the large
numbers of binding sites, however combined with a low binding affinity, HS is thought to
serve as a possible attachment factor by capturing and concentrating floating virus particles
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[307, 429]. As binding is relatively unspecific in most cases, it is likely that, after initial
binding of Flaviviruses to cell surface GAGs, subsequent interaction of attached virus with
other host cell receptors is necessary for successful infection [266, 307]. There is, however,
some evidence that HS is also capable to interact in a specific way and does not simply serve
as attachment factor but has a multiple role in mediating virus infection [284]. It may be
important, therefore, to consider the potential multiple roles of GAGs for a deeper understanding of virus-host cell interactions.
Serial passage of JEV, MVEV, and TBEV in tissue culture cells (human adenocarcinoma,
murine neuroblastoma, and BHK cells) induced amino acid substitutions in E protein that
increased the net positive charge favourable for HS binding resulting in attenuation of
neurovirulence of host cell-adapted variants [92, 179, 266, 268, 303]. This can be regarded as
a consequence of a changed receptor usage which in turn can be explained by an increased
affinity to cell surface GAG for attachment.
By contrast, HS played no role in binding and entry of DENV into human leukocyte cell lines,
and even GAG-deficient cells were successfully infected [33]. It was suggested, therefore,
that HS may function as an attachment factor in some virus-cell type combinations only. Up
to the present, the definitive role of HS in Flavivirus entry remains controversial.
DC-SIGN: For DENV, the specific E protein glycosylation pattern apparently plays a crucial
role in binding to the dendritic cell-specific intercellular adhesion molecule 3-grabbing nonintegrin (DC-SIGN), a C-like lectin that has been identified as a receptor on immature
dendritic cells. DC-SIGN preferably recognises mosquito-cell-derived DENV [346] and is
used by all four serotypes [467].
HSP70/90: Infection inhibition assay suggested the participation of heat shock protein HSP70
and HSP90 as part of the receptor complex for DENV entry localised in lipid rafts in neuroblastoma cells as well as in human monocyte macrophages [398]. As for JEV, HSP70 isolated
from the membrane fraction of mouse neuroblastoma cells was found to specifically bind
recombinant purified JEV E protein [110]. A former study described a 40 and 45 kDa cell
surface protein on C6/36 mosquito (Aedes albopictus) cells interacting with DENV-4 [414]. A
recent study hypothesised that the 74 kDa heat shock cognate protein 70 on mosquito cells
may act as a penetration receptor involved in the fusion process [394]. The results of a
subsequent study confirmed that the 45 and 74 kDa proteins on mosquito cells relocated to
the cell surface after heat shock treatment are immunologically related to HSP90 on mammalian cells [415].
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Laminin receptor: In HepG2 liver cells DENV-1, but not serotypes 2, 3 and 4, has been
postulated to interact with the 37/67 kDa high affinity laminin receptor (LAMR), a common
non-integrin surface protein on many cell types [475]. In C6/36 mosquito cells soluble
laminin inhibited binding and internalisation, and the 37/67 kDa LAMR protein identified by
VOPBA specifically interacted with DENV serotype 3 and 4 [413]. Soluble laminin also
inhibited JEV infection of C6/36 cells to a low extent but in a dose-dependent manner [44].
Another study used two-dimensional gel electrophoresis to show that DENV serotypes 1, 2
and 3 reacted with the 37/67 kDa LAMR of porcine kidney cells [481]. The involvement of
LAMR as cellular receptor was also reported for TBEV [386]. Further experiments led to the
assumption that specific interactions with LAMR are based on the highly conservative
structure of DII of Flaviviruses [39, 40]. So far, no definitive conclusion on the role of LAMR
can be drawn as the interaction mechanisms seem to be more complex than assumed.
LDLR: Experiments by Chien et al. [91] suggest an alternative entry route other than HS for
JEV into CHO cells mediated by cell surface expressed low density lipoprotein receptor
(LDLR). Effectiveness of entry of non HS-adapted JEV strains into wildtype CHO and HSdeficient mutant cells was reduced by bovine lactoferrin which showed its anti-JEV activity
by binding to HS as well as to LDLR.
Immune receptors: Fc receptors mediate immune adherence of virus to cells by concentrating antibody-virus complexes on the cell surface what in consequence facilitates subsequent
uptake. These receptors have been implicated in the attachment of DENV immune complexes,
with antibodies at sub-neutralising concentrations, and enhanced replication of DENV in
various human cell types [111, 282]. This phenomenon is called antibody dependent enhancement. Lipopolysaccharide (LPS) binding CD14-associated molecules have been
described to be also involved in immune adherence [87]. Experiments showed that LPS
inhibited DENV infection of human monocyte macrophages in a dose-dependent manner,
presumably through blocking its receptor CD14. Differences between serotypes and strains
within one serotype in their capacity to bind to human leukocytes were evident [33]. Another
receptor was described for DENV on natural killer cells where DENV E protein triggered
natural killer cell induced cell lysis and increased interferon-gamma secretion by binding to
natural killer cell activating receptor NKp44 [205].
Integrins: Basically, the inhibitory effect of LPS could be due to an integrin interaction as
LPS also binds to β2 integrins. However, this seems not to be the case since no reduced
binding of DENV could be observed in the absence of Ca2+/Mg2+ [33]. Mutations within the E
protein RGD motif which was expected to mediate binding to integrins had little effect on
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YFV and MVEV uptake into cells or on titres, respectively. Therefore, it was concluded that
RGD-mediated integrin binding does not play the major role for virus entry if any [218, 529].
By contrast, another research group noted that functional blocking antibodies against integrin
αvβ3 could effectively inhibit JEV infection, and to a lesser extent also DENV infection [99].
Another study reported the involvement of integrin αvβ3 for DENV-2 entry into human
dermal microvascular endothelial cells [523]. After pre-incubation with soluble integrin or
down-regulation of integrin αvβ3 by RNA interference, virus entry was inhibited by 90 %.
Referring to these findings it becomes obvious that the involvement of integrins in virus entry
for the above mentioned Flaviviruses, i.e. JEV, DENV, MVEV and YFV, remains so far
unclear.

Figure 8. Flavivirus receptors. Some of the cellular proteins that have been described as
Flavivirus receptors are depicted in this graphical view. Detailed information is given in the
text of this chapter. Abbreviations see text.

Other proteins: A variety of proteins were isolated from different cell types but could not
further be identified. For JEV a 57 kDa protein derived from BHK cells [464], a 74 kDa
molecule from Vero cells [242] and a 74 kDa protein from C6/36 cells [394] have been
suggested to be involved in binding.
As for DENV, a 74 kDa membrane-associated protein found on Vero cells supports infection
of DENV-4 [394]. A 67 and 80 kDa protein isolated from Aedes albopictus and Aedes aegypti
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midgut cells were suggested as possible receptors for all four serotypes [318, 338]. Additionally, two proteins of approximately 40 to 42 kDa and 70 to 72 kDa from a B-cell line and a
myelo-monocytic cell line specifically bound DENV-2 and DENV-3 but not DENV-1 and -4
[31]. Proteins of 29, 34 and 43 kDa isolated from an endothelial cell line interacted with
DENV-2 possibly as part of the receptor complex [498], whereas on mouse and human
neuroblastoma cells a 65 kDa trypsin-sensitive protein was found [390]. A glycosphingolipid
expressed on the cell surface of human erythroleukemia and BHK cells was reported to be
recognized by DENV-4 [7]. Several different HepG2 cell surface proteins were found for
each DENV serotype by VOPBA and it was concluded that multiple surface-associated
molecules are necessary for successful infection [230].
For TBEV, two proteins of 18 and 35 kDa of permissive cells were detected to bind TBEV as
components of a putative receptor complex [251].

2.6.3 Cellular receptors: WNV
Only few studies have addressed the entry features of WNV in terms of receptor usage.
However, according to what has been reported for other Flaviviruses, binding experiments
with WNV came up with several cell surface-associated proteins that possibly participate in
virus binding and uptake. But results do not always point in the same direction and are
sometimes inconsistent.
Heparan sulfate: Similar to what has been noted for JEV, enhanced affinity to HS of cell
culture adapted WNV isolate New York 1999 was reported and attributed to a single amino
acid change at residue 138 [266]. Compared to JEV the loss of neuroinvasiveness of passage
variants was less pronounced probably due to a more efficient growth in inner organs of both,
parent and passage variants. Other studies, however, suggested that HS was not required for
successful infection of neither Vero nor C6/36 mosquito cells since pre-treatment of cells with
heparinase had no effect on binding [94, 96].
DC-SIGNR: The C-type lectin DC-SIGNR, dendritic cell-specific ICAM-3 grabbing nonintegrin-related protein (i.e. liver- and lymph node-specific ICAM-3 grabbing non-integrin)
has been described to mediate cellular attachment of WNV, but not endocytocsis, by binding
the evenly spaced glycan on E protein [117]. As WNV binds DC-SIGNR but not DC-SIGN,
differences in carbohydrate spacing, type and shift in location presumably make the difference
in binding affinity and specificity between WNV and DENV [116, 237, 359].
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NKp44: Interaction of WNV with NKp44 results in natural killer cell activation by NKp44mediated degranulation [205].
Laminin receptor: Consistent to what had been shown for DENV and TBEV, a direct
interaction of DII with laminin binding protein (LAMR) was also demonstrated for WNV
[39]. It was concluded that other cell surface receptor(s) are followed by the collaborative
interaction of DII, the fusion peptide, with LAMR during endocytosis.
Other proteins: Several plasma membrane-associated proteins were isolated from C6/36
mosquito cells by VOPBA: 55, 70, 95 and 140 kDa molecules. An involvement in the
receptor complex for WNV on mosquito cells was suggested [94].
To summarise these findings on putative WNV receptors, the following can be argued: DCSIGNR mediates attachment on microvascular endothelial cells; HS possibly plays a role as
attachment factor, too, but has no function beyond. NKp44 has been described as immune
receptor on natural killer cells only. The high affinity laminin receptor presumably serves as
‘downstream’ co-receptor after receptor binding. But for all that the question remains open
what the common receptor(s) and/or co-receptor(s) on mammalian cells are that mediate
binding and internalisation of WNV.
In 2003, Chu and Ng [96] isolated a 105 kDa protease-sensitive glycoprotein from the plasma
membrane of Vero and murine neuroblastoma cells and suggested its importance as putative
receptor for WNV. In a following study this protein was identified as the integrin αvβ3 [99].

2.7 Integrins
2.7.1 Overview
Integrins enclose a family of highly conserved, ubiquitously distributed, heterodimeric
transmembrane proteins. They are restricted to metazoans and found across diverse taxa,
ranging from sponges to mammals [221, 507]. Meanwhile, they have become the best
understood cell adhesion receptors [221].
Integrins are integral membrane receptor proteins that consist of two non-covalently bound
glycoprotein subunits, designated α and β, respectively. Presently, in mammals at least 18 α
and 8 β subunits combine with each other to form approximately 24 distinct integrin receptors
[216, 219] (Figure 9). They are expressed in large numbers by virtually all cell types, and
many different integrins can be expressed on the same cell simultaneously [161, 176].
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Each subunit is composed of (i) a large extracellular domain of > 940 (α) and > 640 (β) amino
acid residues (120 to 180 and 90 to 110 kDa), (ii) a single transmembrane domain and (iii) a
short C-terminal cytoplasmic domain (10 to 50 residues) [8, 221, 456]. The relatively long
cytoplasmic tails of β subunits are well conserved and are assumed to have similar functional
properties [161]. α and β subunits are homologous to each other and both subunits bind their
specific ligand [221, 516]. The substrate specificity of integrins depends on the cell type on
which they are expressed [215, 291]. Integrins are able to recognize multiple ligands. This is
achieved by some integrins in binding to the RGD motif, a common binding site of many
ligands [154, 220, 373]. The binding of ligands to integrins is universally dependent on
bivalent cations and usually stimulated by Mg2+ and Mn2+, and inhibited by Ca2+ [380].

Figure 9. The integrin receptor family. The scheme depicts the known αβ heterodimeric associations: 8 β subunits combine with 18 α subunits to form 24 distinct integrins. These can
be subdivided into several subfamilies based on, e.g. ligand specificity (RGD specificity is
shown here as an example), or, in case of β2 and β7 integrins, based on restriction in expression to leucocytes. Adapted and modified from Hynes et al. [221] and Gahmberg et al.
[161].
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2.7.2 Integrin function
The primary function of integrins is to mediate cellular adhesion to the extracellular matrix by
binding their specific ligand. Most integrins bind more than one ligand and most ligands bind
to more than one integrin [380, 527]. It is of importance in this context that integrins are
involved in the bidirectional transduction of signals [144]. This allows linkage of the extracellular matrix with the cytoskeleton across the plasma membrane and thereby the integrins
‘integrate’ the cell into its micro-environment [215]. Furthermore, integrins participate in a
variety of physiological processes: cell-to-cell contacts, signal transduction, cytoskeleton
organisation, cellular trafficking (migration), cell proliferation, apoptosis, morphology,
differentiation, immune response (e.g. leukocyte trafficking), haemostasis, wound healing [25,
104, 171, 221, 431, 518], and they play a key role in tumour progression [3, 457] and several
human diseases, e.g. Glanzmann’s thrombasthenia [236, 358], epidermolysis bullosa [388]
and leukocyte adhesion deficiency [143].
Integrins can only bind their ligands when they exceed a certain minimal number on a given
cell surface area. Upon certain stimuli they initiate remodelling of the cytoskeleton and cluster
in so-called focal contacts (i.e. focal adhesion sites), specialized structures in which integrins
are connected to bunched actin filaments [222, 433, 527]. Adhesion to the extracellular matrix
is achieved through multiple integrin bonds that increase the binding affinity as a result of
their cooperative interaction, and thereby overcome the initial weak binding affinity [104,
161, 432].
Ligand binding by integrins triggers a variety of signal transduction events (outside-in
signalling) that regulate many aspects of cell processes e.g. cell proliferation, gene expression,
survival, differentiation, cell motility, and polarity [61, 171, 193]. The function of integrins
itself is regulated by inside-out signalling [176, 203].

2.7.3 Integrin-mediated signalling
The cytoplasmic tails of integrins are devoid of any enzymatic activity or corresponding
protein-binding motifs except for the NPXY motif in β subunits [362]. Thus, integrins rely on
adaptor proteins that connect the cytoplasmic tail with the cytoskeleton and mediate signalling
[439]. Many proteins have been reported to bind to integrin tails, most often to those of the β
subunits [270] and the interaction chain of these submembrane linker proteins is complex. By
downstream activation of several enzymes such as the focal adhesion kinase (FAK) and Src
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family kinases, integrins control a variety of signalling pathways. FAK in turn activates Ras
and Rho family GTPases (guanosine triphosphatases) [75, 183]. The Rho family GTPases
Rac1 and Cdc42 regulate cell migration by actin cytoskeleton reformation, formation of
filopodia and cell polarity [384]. Other integrin-mediated pathways include the mitogenactivated protein (MAP) kinase pathway involved in cell growth, the phosphatidylinositol-3
kinase (PI3-K) pathway which induces cytoskeleton changes, and the extra-cellular-signalregulated kinase (Erk) pathway [232].
Cytoplasmic tails of α and β subunits interact with each other to control the activation state.
The separation of the cytoplasmic tails seems to be essential to initiate integrin activation
(inside-out signalling) [241, 290]. Reciprocally, binding of extracellular ligands enhances
separation of the cytoplasmic tails, and thereby allows the interaction with cytoskeleton and
molecules involved in signal transducing (outside-in signalling).
The function of integrins and their adhesive properties are controlled by changing the activation state which goes along with a conformational change. Most integrins are not constitutively active [176, 220]. Crystallographic analysis and electron microscopy revealed three overall
conformations that correspond to their activation state (see Figure 10): (i) integrins clamped in
the inactive or low affinity state predominantly adopt a ‘closed’ or bent conformation, in
which they do not bind to ligands and do not transduce signals, whereas (ii, iii) integrins
activated e.g. by Mg2+ are predominantly in an ‘open’ or extended form with (ii) intermediate
affinity and closed headpiece, or (iii) an active state with high affinity and an open headpiece
induced by ligand binding [8, 161, 291, 465, 514, 515]. Another general principle is that
integrins frequently intercommunicate to activate or inhibit each other [221, 433].
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Figure 10. Integrin activation. A schematic view of integrins adopting different conformations due to different activation states. Integrins in their bent form are assumed to be in
inactive (left). An intermediate affinity is achieved by straightening of the legs (middle).
The activated high affinity conformation requires opening the binding site and separation of
the legs (right). The change in conformation is accompanied by a separation of the cytoplasmic tails which allows binding of cytoplasmic proteins and downstream signalling. The
binding site for divalent cations is indicated. Adapted from Gahmberg et al. [161].

2.7.4 Integrin αvβ3
Integrin αvβ3 is expressed at low levels on many cell types but high level expression is
limited to osteoclasts, activated (i.e. angiogenic) endothelial cells, platelets, fibroblasts, midmenstrual cycle endometrium, placenta, inflammatory sites, migrating smooth muscle cells
and invasive tumors [3, 90, 128, 136, 138, 162, 286]. Because of its participation in angiogenesis, placentation and implantation, bone remodelling, rheumatoid arthritis, pathological
neovascularisation, and tumor metastasis it has been in the focus of intense research [137,
151, 470, 509].
Originally, integrin αvβ3 was known to bind vitronectin. Meanwhile, it has been found to
interact with many other ligands including fibrinogen, fibronectin, laminin, von Willebrand
factor, thrombospondin, and collagen [153, 211]. Integrin αvβ3 also recognizes osteopontin,
bone sialoprotein, tenascin, agrin [306], plasminogen activator inhibitor-1 [459], cell adhesion
molecule L1 on neurites [329, 520], and a fragment of metalloproteinase 2 [52]. In addition,
integrin αvβ3 has been described to synergise with other surface molecules by physical
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contact and to modulate the expression levels of several cell surface receptors [204, 448, 484].
For bidirectional signalling, it interacts with a number of important intracellular signalling
proteins namely paxillin, vinculin, α-actinin, talin, tensin, FAK, caspase 8, and others [270,
372, 463].
αv integrins comprise a subset of the integrin family sharing a common αv subunit combined
with one of five β subunits (β1, β3, β5, β6 or β8). Most αv integrins recognize the RGD
sequence in a variety of ligands that are mentioned above [211, 308, 490]. The β3 subfamily
includes αIIbβ3 and αvβ3 and is involved in a broad array of important physiological and
pathological functions [220]. αIIbβ3 is expressed on platelets and megakaryocytes only, and
is essential for platelet aggregation, thrombosis and haemostasis [128, 238, 438].

2.7.5 Genetically modified integrin-deficient mice
The specific non-redundant function of each integrin becomes most obvious by the phenotypes of specific knock-out mice [221]. Modification of the gene that encodes the αv integrin
subunit results in the lack of all five αv integrins. Remarkably, despite of the absence of αv
integrins a considerable degree of development and organogenesis is seen [13]. All embryos
start to develop normally, indicating that embryonic development is independent of αv
integrins until embryonic day (E) 9.5. In mid-gestation (E9.5 to E11.5), 80 % of αv-null
embryos die because of placental defects that lead to pericardial oedema, and delayed growth
and development of the embryos. The remaining 20 % of αv-null embryos appear normal by
E10.5 and are mostly born alive. These homozygote newborns consistently exhibit cerebral
vascular defects with intracerebral haemorrhages probably due to neuroepithelial defects
[312], intestinal bleedings, and malformation of the secondary palate. All these αv-null
liveborns die perinatally. By contrast, heterozygous mice appear normal and do not show
neither anatomical nor behavioural abnormalities [13].
β3-knock out mice were generated to get a model of the human disease Glanzmann’s thrombasthenia, and to facilitate further studies of haemostasis, thrombosis and angiogenesis [207,
223, 400]. Unlike homozygous αv deficient mice, mice with a full (homozygous) knock-out
of the β3 gene are viable and fertile. They display defects in platelet aggregation, clot retraction, prolonged bleeding times, cutaneous and gastrointestinal bleedings, which are the
cardinal features of Glanzmann’s thrombasthenia, and evident osteosclerosis increased with
age [313]. Mice of this phenotype have a reduced average life expectancy. Placental defects
occur, affecting placental development and maintenance, which finally leads to increased
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foetal mortality of approximately 10 % of embryos. However, implantation is not affected and
numbers of embryos found per litter do not differ from those of wild type mice [207].

2.8 WNV and integrins
Chu and Ng [99] applied several methods to show the potential involvement of integrin αvβ3
in mediating virus entry:
•

Functional blocking antibodies: pre-treatment of Vero cells with functional blocking
antibodies against integrin αvβ3 and its subunits remarkably inhibited WNV infection up
to 75 %.

•

Down-regulation in expression: gene silencing of the β3 subunit resulted in cells largely
resistant to WNV, whereas expression of the recombinant β3 integrin subunit increased
permissiveness of CS-1 melanoma cells that synthesise only minimal levels of endogenous β3 subunits [478].

•

Competition assay with soluble recombinant integrin and integrin ligands: soluble integrin
blocked infection in a dose-dependent manner. It was observed, however, that integrinmediated WNV entry was independent of divalent cations. RGD peptides had only a neglectable effect on WNV binding. Therefore, it was concluded that divalent cations and
the RGD recognition are not essential for WNV interaction with integrins. Additionally,
preincubation of cells with integrin-specific ligands, fibronectin and vitronectin had a partial inhibitory effect on WNV infection of cells only.

•

Analysis of integrin-mediated signalling: infection of cells with WNV resulted in outsidein signalling events by activation (phosphorylation) of the integrin-associated FAK. FAK
is a non-receptor protein tyrosine kinase that was reported to be a component of integrinstimulated signalling process [70] (see also 2.7.3). Additionally, co-localisation of FAK
and vinculin, a regulator protein for integrin-mediated signal transduction, could be pictured in infected cells.

In a subsequent study, the specificity and affinity of DIII for integrin αvβ3 was confirmed
[269]. Atomic force microscopy was used to directly measure the interaction forces between
viral DIII and integrin and to quantify binding affinity. Interacting forces resulted to be highly
specific. Competition with DIII for receptor binding showed a concentration-dependent
reduction of WNV entry into cells. Application of DIII alone was able to induce phosphorylation of FAK.
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In striking contrast to these findings, Medigeshi et al. demonstrated that WNV entry is
independent from integrin αvβ3 [315]. Entry was rather dependent on lipid rafts and associated molecules since depletion of cellular cholesterol by treatment with methyl-β-cyclodextrin
negatively affected WNV at the level of entry. Indeed, CS-1 melanoma cells that have been
shown by Chu and Ng [99] to be largely non-permissive for WNV were efficiently infected
by WNV. Additionally, infection of wild type mouse embryonic fibroblasts (MEFs), and
MEFs deficient either for the β3 integrin subunit or for FAK showed no differences in
replication efficiency. Hence, Medigeshi et al. concluded that integrin αvβ3 is not required for
a successful infection, and that WNV uses an alternative receptor within lipid rafts.
Conclusions from these two studies are contradictory, so that finally the involvement of
integrins in binding and internalisation of WNV remains unclear. Several questions seek an
answer:
(i)

Is integrin αvβ3 involved in receptor binding and entry of WNV, as an attachment
factor, receptor or co-receptor, and if so, to what extent and which subunit mediates
binding?

(ii)

Is binding and subsequent internalisation of WNV mediated by a direct physical contact
with integrins or is WNV internalised by means of mechanisms that include a more indirect participation of integrins through integrin-mediated signalling pathways, or
through enhancement, activation or inhibition of other cell surface proteins?

(iii) What other receptor or co-receptor molecules participate in the entry process of WNV?
(iv) Do specific traits of lineages or even strains determine the affinity to particular surface
molecules? The two studies used two different WNV strains: Sarafend which belongs to
lineage 2 was used by Chu and Ng, a New York 1999 isolate from lineage 1 was taken
by Medigeshi et al.
This concise overview shows that the present knowledge of Flavivirus entry in general and of
WNV entry in particular is far from being complete. The specification of the molecules
involved and the entry-associated signalling processes that finally lead to virus internalisation
will definitively help to understand the first steps in West Nile virus infection and to identify
the factors that modulate the susceptibility to and transmission efficiency of WNV.

Materials and Methods

37

3 Materials and Methods
All materials used in this work, including details of the manufacturer, are found in the
appendix (A.1). Buffers in the text are accompanied by a buffer number that refers to the
buffer components list in Appendix A.1.6. The PBS buffer (1×) used throughout this study
was prepared from a 10× PBS stock buffer solution no. 3. If not otherwise stated deionised
water was used for solutions and buffer preparations and if required solutions were sterile
filtered or autoclaved. For preparations and reaction set-ups with DNA and RNA RNase-free
water (A.1.12) was used. Values of quantities (concentrations) and international symbols are
used according to DIN 1310 and the International System of Units [474]. In cross-references
chapter numbers refer to the main text in Materials and Methods (3) or Results (4).

3.1 Molecular methods
DNA was stored at -20 °C. Because of the chemical instability of RNA and the ubiquitous
presence of RNases work with RNA was carried out at especially marked RNA working
areas. RNase-free materials, consumables and solutions were used throughout. Samples for
further RNA isolation and isolated RNA were stored at -70 °C.

3.1.1 Isolation of nucleic acids
3.1.1.1 Plasmid preparation
To isolate recombinant plasmids from small or large scale bacterial protein production the
QIAprep® Spin Miniprep Kit and the QIAfilter® Plasmid Midi Kit, respectively, were used
following the manufacturer instructions. Mini preparations allowed a large number of setups
to be processed simultaneously and time efficiently. The Midi Kit was used when large
amounts of purified plasmid DNA was to be prepared.
Competent E. coli XL-1 blue cells were used throughout this study for transformation in order
to prepare plasmid DNA. The transformation protocol is explained in 3.1.5.9. Clones were
picked from Lysogeny Broth (LB) agar plates with pipette tips the next day and transferred to
fresh LB medium. To select for resistant clones antibiotics were added to all LB media. The
application of ampicillin (c = 0.1 mg/ml of LB medium) or kanamycin (c = 0.05 mg/ml of LB
medium) depended on the plasmid’s specific resistance gene.
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When performing QIAprep® Spin Miniprep for selection and further identification of
recombinant bacterial clones for the correct target sequence, clones were picked from the
plate and incubated overnight at 37 °C in 3 ml LB medium in a bacterial shaker. The next day,
the bacterial suspension was centrifuged at 4500 × g for 15 min to pelletise bacterial cells.
Plasmid DNA preparation was processed following the Miniprep instruction. DNA was eluted
in 50 µl of water. DNA concentration was measured photometrically at 260 nm wavelength
(3.1.2).
For plasmid Midi preparations an Erlenmeyer flask with 5 ml LB medium was used for an
over-day culture in a bacterial shaker at 37 °C. 500 µl of the bacterial suspension were
transferred to 50 ml fresh LB medium for overnight culture. The following day the bacterial
suspension was centrifuged at 2900 × g for 30 min and cells were lysed following the kit
instructions. Differing from the kit’s protocol, after elution plasmid DNA was pelleted by
centrifugation at 4500 × g and 4 °C for 1 hour in centrifuge tubes with a 15 ml volume. After
washing the pellet was centrifuged for another 30 minutes. Finally the pellet was air-dried and
resuspended in 100 to 200 µl of water depending on the approximate copy number of the
plasmid used. Concentration was determined by optical density measurements (see 3.1.2) and
working concentrations were prepared.

3.1.1.2 Preparation of DNA from culture cells and tissue material
3.1.1.2.1 Mouse tissue lysis for genotyping
PCR analysis based on specific primers designed for target gene sequences was used to
characterise genotypes of mice in order to determine the mutated, the knock-out or the knockin gene. Mouse genomic DNA can be obtained from a variety of tissues such as ear punches,
blood, toe and tail clips. In most cases tail samples were used in this study for PCR analysis.
Before weaning tail clips of 1-2 mm were collected individually from the pups. Each tube was
numbered and pubs were marked by shaving the fur according to a particular shaving pattern.
If DNA was not extracted immediately tissue samples were stored at -20 °C. For DNA
preparation 300 µl of mouse lysis buffer no. 2 and 3 µl of proteinase K (c = 0.1 g/l of lysis
buffer) were added to the tube containing the tail clip and incubated overnight in a thermocycler at 56 °C under constant shaking. The mixture was stored at -20 °C and heated up to 95 °C
for 10 min before PCR analysis was performed (see 3.4.2).
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3.1.1.2.2 Genomic DNA from mouse fibroblast cells and mouse embryonic tissue
Cells were pelleted by centrifugation at 400 × g for 10 min and mixed with lysis buffer no. 2
and proteinase K before incubated overnight as described in 3.1.1.2.1. Accordingly, DNA was
extracted from embryonic tissue or the embryos’ amnion for further analysis of the target
gene sequence by PCR. Volumes of lysis buffer and proteinase K were adjusted to the
quantities of material available. Until further use the DNA containing mixture was kept at
-20 °C.

3.1.1.2.3 Isolation of viral DNA from cell culture supernatant
For the purification of mouse adenovirus type 1 (MAV-1) DNA from cell culture supernatant
the QIAamp® DNA Mini Kit was used according to the manufacturer’s instruction. DNA was
eluted in a total volume of 50 µl of water and stored at -20 °C before objected to quantitative
real-time PCR (see 3.1.3.4.4).

3.1.1.3 Isolation of RNA from culture cells and supernatants
3.1.1.3.1 RNA extraction from cell culture supernatant
Cell free cell culture fluids were processed according to the QIAamp® Viral RNA Mini Kit
protocol. Briefly, viral RNA was extracted from 140 µl cell culture supernatant added to
560 µl of the kit’s AVL lysis buffer and spiked with 5 µl internal control (IC-)RNA
(2 × 105 copies µl-1) used as RNA extraction control. For large scale RNA extractions the
NucleoSpin® 96 Virus Core Kit was used for automated purification by the Tecan pipetting
robot. For this, 150 µl cell culture supernatant was transferred to 600 µl of the kit’s RAV-1
buffer and processed following the manufacturer instruction. RNA was eluted from the
column in a final volume of 50 µl in AVE buffer included in the kit.

3.1.1.3.2 RNA extraction from cells
Infected and non-infected cell monolayers were dissolved in TRIzol Reagent and processed
according to the instructions supplied by the manufacturer. 1 ml TRIzol was used for approximately 10 cm2 surface area of a culture dish. Accordingly, 0.5 ml was applied to a
12-well with 4.01 cm2. RNA was either extracted manually following the manufacturer’s
information in case of a small number of samples, or was isolated by machine (Tecan pipet-
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ting robot). For the latter, after addition of 0.2 ml chloroform, the NucleoSpin® 96 Virus Core
Kit was used according to the manufacturer information on RNA extraction. RNA was eluted
in a total volume of 50 µl RNAse free water.

3.1.2 Photometric determination of nucleic acids
To quantify nucleic acids and evaluate their purity spectrophotometric measurements at
260 nm wavelength and gel electrophoresis were used in this study. RNA or DNA was 1:30
diluted in water to give a total volume of 60 µl and mixed thoroughly for subsequent analysis
with the Bio Photometer. Samples were applied to photometer cuvettes and measured while
water was used as a blank. The Lambert Beer’s law was used to correlate the measured
absorbance with the concentration where the extinction coefficient is 50 (µg/ml)-1 cm-1 for
double stranded DNA and 40 (µg/ml)-1 cm-1 for single-stranded RNA, and the path length is
1 cm [416]. The E260nm/E280nm ratio was taken as a guide for the purity of the DNA/RNA
solution since contaminants with proteins or phenol may be indicated by ratios below 1.8 for
DNA and 2.0 for RNA.

3.1.3 Polymerase chain reaction, PCR
Sequences of both forward and reverse primers and probes used in this study are listed in
A.1.10.

3.1.3.1 PCR with Taq DNA polymerase
Taq DNA polymerase derived from the bacterium strain Thermus aquaticus is commonly
used for PCR because of its high synthesis rate. In this work Qiagen Taq DNA polymerase
and DreamTaq DNA polymerase were used to determine the genotypes of genetically
modified mice and derived mouse embryos and fibroblasts, as well as for the analysis of
eukaryotic cells for successful transfection.
The general protocol was as follows: water and buffers were pipetted into a PCR reaction tube
before dNTPs, primer solutions, DNA, and finally Taq polymerase were added and mixed.
All steps were performed on ice. For large scale PCR reaction setups a mixture of equivalent
amounts of buffers, dNTPs, primers and Taq polymerase was prepared in a microcentrifuge
tube before partitioning and addition of DNA to each PCR reaction tube occurred separately.
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Reaction conditions and the appropriate annealing temperatures for primers were adjusted
according to the manuals supplied by Qiagen and Fermentas, with some modifications, and
are depicted in Table 2. Detailed PCR protocols and temperature settings for genotyping of
mice, embryos and cells are given in chapter 3.4.2.
Table 2. PCR with Taq DNA polymerase - Reaction mixture and temperature profile
Reagents

50 µl volume

10× PCR buffer

5 µl

Q-Solution (for Qiagen Taq only)

10 µl

Primer forward (10 µmol/l)

1 µl

Primer reverse (10 µmol/l)

1 µl

dNTPs (10 µmol/l each)

1 µl

DNA

x µl (x ≤ 1µg/reaction)

Taq DNA Polymerase

0.25 µl

Temperature

Time

Cycles

94 °C (Initial denaturation)

3 min

1 cycle

94 °C (Denaturation)

30 s

55 - 68 °C (Annealing, 5 °C below Tm)

30 s

72 °C (Elongation)

1 min + 1 min/kb

72 °C (Final extension)

10 min

35 cycles

1 cycle

3.1.3.2 PCR with PWO DNA polymerase
Because of its 3’-5’ exonuclease proofreading activity PWO DNA polymerase isolated from
Pyrococcus woesei has a relatively high replication fidelity compared to Taq DNA polymerase and was, therefore, used for the amplification of DNA target sequences destined for
further sequencing or cloning into a target vector. The instructions by the producer were
followed. In general, the reaction setup was performed as described in 3.1.3.1. Reaction
mixtures I and II were combined, vortexed and briefly centrifuged before the reaction tube
was placed in a thermocycler to run through the following temperature profile (Table 3):
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Table 3. PCR with PWO DNA polymerase - Reaction mixture and temperature profile
Reagents of reaction mixture I

50 µl volume

dNTPs (10 µmol/l each)

2 µl

Primer forward (10 µmol/l)

1 µl

Primer reverse (10 µmol/l)

1 µl

DNA

x µl

Reagents of reaction mixture II

50 µl volume

10× PCR buffer

10 µl

PWO DNA Polymerase

0.5 µl

Temperature

Time

Cycles

94 °C (Initial denaturation)

2 min

1 cycle

94 °C (Denaturation)

15 s

45-65 °C (Annealing)

30 s

72 °C (Elongation)

45 s - 2 min

94 °C
45 - 65 °C
72 °C

72 °C (Final extension)

10 cycles

15 s
30 s
45 s - 2 min + 5 sec
cycle elongation per
cycle
5 min

15 - 20 cycles

1 cycle

3.1.3.3 Reverse Transcriptase (RT)-PCR
Commercial one-step Reverse Transcriptase (RT)-PCR formulations allow the combination of
two methods in a single tube. First, RNA is transcribed by reverse transcriptase into complementary DNA (cDNA) which is, in a second step, amplified using gene-specific primers. The
SuperScript™ III One-Step RT-PCR Kit and specific primers were used in this study to
generate and amplify viral gene sequences which encode either envelope (E) protein or DIII
of the E protein. The product protocol provided by the manufacturer was followed (Table 4).
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Table 4. RT-PCR reaction mixture and temperature profile
Reagents

50 µl volume

2× Reaction Mix

25 µl

RNA

5 - 10 µl (0.01 pg - 1 µg)

Primer forward (10 µmol/l)

1 µl
1 µl

Primer reverse (10 µmol/l)
TM

SuperScript

®

III RT/Platinum Taq Mix

2 µl

Temperature

Time

55 °C (cDNA synthesis)

30 min

94 °C (Denaturation)

2 min

94 °C (Denaturation)

15 s

55 - 65 °C (Annealing, 10 °C below Tm)

30 s

68 °C (Elongation)

1 min/kb

68 °C (Final extension)

5 min

Cycles
1 cycle

40 cycles

1 cycle

3.1.3.4 Quantitative real-time reverse-transcriptase PCR (qRT-PCR)
Real-time PCR permits both detection and quantification of one or more specific sequences in
a sample. The fluorescence emission intensity is detected in real time and converted into a
ct-value (cycle-threshold). These ct-values were used in this study to calculate the relative
number of genome containing virus particles. Viral RNA was isolated from cell culture
supernatant as described in 3.1.1.3.1 or from cell monolayers, respectively, as explained in
3.1.1.3.2. The three qRT-PCR protocols for WNV analysis described below differ in the way
that they detect different regions within the WNV gene. Additionally, the qRT-PCR WNVSystem 2 allows the absolute quantification of viral particles by means of an external calibrator.
The general setup was as follows: forward and reverse primers were mixed with the probe(s)
and 0.1× TE buffer, prepared from 20× TE buffer (A.1.6) by dilution in RNase-free water,
and kept in aliquots at -20 °C. A master mix was prepared using the QuantiTect Probe RTPCR Kit (2× master mix and reverse transcriptase mix), the probe-primer-mix and RNase-free
water in multiples of a 20 µl volume unit per reaction and well of a PCR plate. 5 µl of RNA
was added to each well containing the master mix components. Pure water and a non template
control were used as negative controls in every run.
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3.1.3.4.1 WNV-System 3 qRT-PCR (NS2a protein)
The WNV-specific amplification site of this qRT-PCR is located within the NS2a sequence
detecting both lineage 1 and 2 WNV isolates. Primers and probes were designed according to
Eiden et al. [132]. Fluorescence of the FLI-WNF-Probe labelled at the 5’-end with the FAM
reporter dye was excited at 495 nm wavelength. The real-time PCR was performed with the
Mx 3000P QPCR system and specific fluroescence signals were measured at 516 nm wavelength and ct-values of each sample calculated.
The in vitro transcribed enhanced green fluorescent protein (EGFP) gene fragment was used
as internal RNA (IC-RNA; 2 × 105 copies µl-1) extraction control, as described by Hoffmann
et al. [208]. The pre-mixture of primers and probes was added to the master mix components
containing the WNV-specific primers and probes (Table 5). Fluorescence of the HEX labelled
probe was excited at 535 and measured at 556 nm wavelengths, respectively.
Table 5. WNV-System 3 qRT-PCR (NS2a protein)
Reagents

25 µl volume

RNase free water

3.25 µl

2× QuantiTect probe RT-PCR master mix

12.5 µl

Reverse Transcriptase mix

0.25 µl

FLI-WNF5-F (100 µmol/l)

0.2 µl

FLI-WNF6-R (100µmol/l)

0.2 µl

FLI-WNF-Probe3; FAM (100µmol/l)

0.018 µl

0.1× TE (pH 8.0)

1.58 µl

RNA

5 µl

Internal control
EGFP-11-F (100 µmol/l)

0.05 µl

EGFP-10-R (100 µmol/l)

0.05 µl

EGFP-1HEX (100 µmol/l)

0.025 µl

0.1× TE (pH 8.0)

1.875 µl

Temperature

Time

50 °C (Reverse transcription)

30 min

95 °C (Inactivation/Activation Taq)

15 min

95 °C (Denaturation)

15 s

55 °C (Annealing)

30 s

72 °C (Elongation)

30 s

Cycles
1 cycle

42 cycles
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3.1.3.4.2 WNV-System 2 with external calibrator control (5’ UTR)
The construction of a synthetic RNA control comprising the target sequence was used as a
standard to establish a calibration curve and thereby allowed quantification of WNV genome
copy numbers.
Construction, amplification and quantification of synthetic control RNA as well as the design
of primers and probes is described by Eiden et al. [132]. Primers and probes of this qRT-PCR
hybridize within the 5’ untranslated region. The INEID probe detects WNV genome lineage 1
and 2, and a second synthetic probe allows the unambiguous detection of synthetic control
RNA (Figure 11). A viral control probe was introduced which detects the viral sequence only.
The qRT-PCR was run with the CFX96TM Real-Time System and specific fluorescence
signals were excited at 495, 535 and 650 nm and measured at 516 nm (INEID probe), 556 nm
(synthetic probe) and 670 nm (viral probe) wavelength, respectively.

Figure 11: Schematic view of the WNV genome sequence and the positions of primers and
probes used for the WNV-System 2. The sequence is based on the New York 1999 isolate
(GenBank accession no. AF196835). Positions of modifications in the original sequence are
marked by red lettering. The viral control RNA sequence is given in the upper box. Primer
binding sites are indicated by bold lettering; the position of the INEID probe, the synthetic
probe and the viral control probe are displayed by blue, yellow and red bars, respectively.
This figure was kindly provided by M. Eiden, Friedrich-Loeffler-Institute, Riems, Germany.

Serial dilutions of the control RNA ranging from 1 to 2.5 × 107 copies µl-1 were used to
construct the calibration curve by plotting mean ct-values against RNA copy numbers (linear
fit of logarithmic RNA copy number, r2 ≥ 0.998 in k = 20 independent assays, with n = 96
samples each in most cases). The resulting regression function was used to determine the total
WNV genome copy numbers, i.e. genome containing particles, from the ct-values.
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Table 6. WNV-System 2 with external calibrator control (5’ UTR)
Reagents

25 µl volume

RNase free water

5.2 µl

2× QuantiTect probe RT-PCR master mix

12.5 µl

Reverse Transcriptase mix

0.3 µl

INEID f1 (100 µmol/l)

0.2 µl

INEID r1 (100 µmol/l)

0.2 µl

INEID probe-FAM (100 µmol/l)

0.025 µl

Synthetic control probe-HEX (100 µmol/l)

0.025 µl

Viral control probe-Cy5 (100 µmol/l)

0.025 µl

0.1× TE (pH 8.0)

1.525 µl

RNA

5 µl

Temperature

Time

50 °C (Reverse transcription)

30 min

95 °C (Inactivation/Activation Taq)

15 min

95 °C (Denaturation)

15 s

55 °C (Annealing)

30 s

72 °C (Elongation)

30 s

Cycles
1 cycle

42 cycles

3.1.3.4.3 WNV Lanciotti qRT-PCR (envelope protein)
Quantitative detection of genome copy numbers of the vaccine strain ChimeriVax-WN01 was
performed according to Lanciotti et al. [132] with some modifications. Forward primer CDCWNV ENV-f and reverse primer CDC-WNV Env-r, both of them targeting the E protein of
WNV lineage 1 strains, were mixed with the CDC-WNV Env-probe and the other master mix
components (Table 7) according to 3.1.3.4. The Lanciotti qRT-PCR was performed using the
CFX96TM Real-Time System. Fluorescence of the Env-probe was excited at 495 nm and
measured at 516 nm wavelength.
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Table 7. WNV Lanciotti qRT-PCR (envelope protein)
Reagents

25 µl volume

RNase free water

3.25 µl

2× QuantiTect probe RT-PCR master mix

12.5 µl

Reverse Transcriptase mix

0.25 µl

CDC WNV Env-f (100 µmol/l)

0.2 µl

CDC WNV Env-r (100 µmol/l)

0.2 µl

CDC WNV Env-probe-FAM (100 µmol/l)

0.018 µl

0.1× TE (pH 8.0)

1.58 µl

RNA

5 µl

Temperature

Time

Cycles

50 °C (Reverse transcription)

30 min

1 cycle

95 °C (Inactivation/Activation Taq)

15 min

95 °C (Denaturation)

10 s

55 °C (Annealing)

25 s

72 °C (Elongation)

25 s

42 cycles

3.1.3.4.4 MAV-1 qPCR
Differing from the WNV qRT-PCR protocols as described in 3.1.3.4, for qPCR in order to
quantify MAV-1 DNA the Maxima SYBR Green system was used according to the
manufacturer (Table 8). The qPCR was run in the CFX96TM Real-Time System. Fluorescence
of the SYBR Green I fluorophore was excited at 494 nm and measured at 521 nm emission
wavelength, respectively.
Table 8. MAV-1 qPCR
Reagents

50 µl volume

RNase free water

14 µl

2× SYBR Green Master Mix

25 µl

MAV-1-Fw1 (1.25 µmol/l)

2 µl

MAV-1-Rev1 (1.25 µmol/l)

2 µl

DNA

7 µl
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Temperature

Time

Cycles

95 °C (Inactivation/Activation Taq)

10 min

1 cycle

95 °C (Denaturation)

15 s

60 °C (Annealing)

1 min

39 cycles

3.1.4 Agarose gel electrophoresis
In general, agarose gel electrophoresis is the most convenient method to separate and identify
DNA fragments after amplification [321]. In this study it was also used for the isolation and
preparation of DNA bands of a specific size. Agarose (c = 10 – 20 g/l) was dissolved in 1×
TAE buffer prepared from a 50× TAE stock solution no. 4. Concentration of agarose was
chosen in respect to the expected fragment size. After dissolution of the agarose by heating
and subsequent gelatinisation inside the gel chamber, 10 µl of the DNA mixture after amplification or enzymatic digestion were mixed with 2 µl of 6× loading dye and transferred to the
gel slot. As control a molecular size marker (Lambda DNA/Eco471 (AvaII), 13 or peqGOLD
100 bp DNA-ladder) was added. DNA fragments were separated in an ionic buffer solution of
1× TAE buffer at 110 V for one hour. After electrophoresis the agarose gel was stained with
ethidium bromide (c = 1 mg/l) for approximately 20 minutes. Separation of DNA bands was
visualised by stimulation of ethidium bromide with UV light and documented using an
integrated camera system and thermal printer. For preparations, DNA containing bands were
excised from the gel and extracted as described in 3.1.5.3.

3.1.5 Cloning
The general purpose of cloning is the integration of a DNA sequence into a target plasmid
vector for amplification in large quantities. For inserting PCR products into target expression
vectors, primers were designed containing a restriction site at their 5’-end and thus, these
cleavage sites were integrated into the amplified DNA fragment during PCR (3.1.3.1 and
3.1.3.2). The recombinant vector was amplified by bacteria reproduction after transformation
(see 3.1.5.9). Bacteria cells were cultivated by means of resistance selection and DNA
plasmids were isolated from the bacterial suspension (3.1.1.1).
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3.1.5.1 Cloning strategy for PCR products
The vector plasmids pET-19b and pASG-IBA43 were used for the expression of recombinant
WNV E protein and DIII of E protein in the prokaryotic system. RNA extracted from WNV
isolate Uganda 1937 and from WNV New York flamingo 1999 (see A.1.9 for GenBank
accession numbers) was reverse transcribed and amplified as described in 3.1.3.3. The PCR
product was excised from the gel or directly purified (see 3.1.5.2 and 3.1.5.3). Subsequently,
the target DNA fragment (insert) was objected to enzymatic digestion as primers encoded
specific restriction sites (3.1.5.4). After enzymatic reaction the insert was purified using the
MinElute® Reaction Cleanup Kit (3.1.5.6). The vector plasmid was treated with the same
restriction enzymes, and then dephosphorylated with Antarctic Phosphatase (3.1.5.5). After
heat inactivation the reaction mixture was additionally cleaned-up following the QIAquick®
Nucleotide Removal Kit manual (3.1.5.6). In a final reaction the DNA fragment and the target
vector were ligated using T4 Ligase as described in chapter 3.1.5.7.
Cloning into the StarGate Cloning System (A.1.2) was performed according to manufacturer’s instructions. This system allows time efficient sub-cloning of the target gene into a donor
vector as a starting point for cloning into several different expression vectors in parallel.
Briefly, the targeting insert was amplified by PWO DNA polymerase as mentioned in 3.1.3.2,
and in a subsequent single tube reaction cloned into the pENTRY-IBA10 following the Entry
Cloning Set protocol. Potential recombinant clones were selected by analytical restriction
with HindIII and XbaI. These clones were additionally sequenced to select for those with the
correct gene sequence. In a second step the insert was cloned by oriented transfer reaction in a
single reaction tube into the expression vector pASG-IBA43. Details on the primers used for
recombinant protein production, i.e. primer names, sequences and included restriction sites,
are listed in A.1.10.2. The exact primer combination for each target sequence is referred to in
4.2.1.1.

3.1.5.2 PCR purification
For further use PCR products were purified to remove remaining nucleotides and other
substances. DNA fragments were either excised from a preparative gel as described below or
purified using the QIAquick® PCR Purification Kit according to the provided protocol. DNA
was eluted in a total volume of 10 to 30 µl water depending on the amount of DNA which
was checked in the agarose gel in advance.
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3.1.5.3 Gel extraction
Following amplification or enzymatic digestion of target DNA fragments, bands were directly
isolated from a preparative agarose gel. After separation and visualisation of DNA-associated
ethidium bromide under UV light, appropriate bands were excised with a one-way surgical
blade, transferred to a micro-reaction tube and processed according to the MinElute® Gel
Extraction Kit protocol. Elution volumes were adjusted in respect to the amount of DNA
assessed by the band size that had been seen in the gel before.

3.1.5.4 Enzymatic digestion
Enzymatic digestion by restriction endonucleases was run in a thermocycler. Conditions were
adjusted in relation to restriction buffer, temperature and supplementation of BSA as recommended by the manufacturer. 1 µl with 20 U of enzyme was used to digest 1 µg of DNA in a
reaction volume of 50 µl supplemented with NEB buffer 1, 2, 3 or 4 that induced the highest
enzyme activity according to manufacturer’s recommendations and, if recommended with
0.5 µl of 100× BSA. After incubation for at least one hour at 37 °C, enzymes were heat
inactivated for 20 minutes at 65 °C. In a double digestion process reaction conditions and
enzyme solution volumes were adjusted according to their activity in the buffer used to ensure
consistent cleavage of DNA with both enzymes.

3.1.5.5 Dephosphorylation of terminal phosphoryl residues
Antarctic Phosphatase was applied to the digested vector in order to catalyse the removal of
5’ phosphate groups from DNA plasmids to prevent self-ligation of cleaved ends. The
digested vector was mixed with 1 µl 10× Antarctic Phosphatase reaction buffer per 10 µl
reaction mixture and with 1 U Antarctic Phosphatase per 1 µg vector. The reaction mixture
was incubated for 30 minutes at 37 °C and finally the enzyme was inactivated for five minutes
at 65 °C.

3.1.5.6 DNA clean-up after enzymatic reaction
The following kits were used for a clean-up of DNA fragments from enzymatic reactions:
MinElute® Reaction Cleanup Kit for inserts and plasmids up to 4 kb, QIAquick® Nucleotide
Removal for larger plasmids up to 10 kb. The kits’ instructions were followed. DNA was
eluted with water to give a volume of 10 to 20 µl.
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3.1.5.7 Ligation
T4 DNA Ligase, the most frequently used enzyme for ligations, was used for all ligation
reactions. In a total reaction volume of 10 µl, digested and dephosporylated plasmid DNA
(vector) and the insert were set up at a ratio of 1:1, 1:3 and 1:5 and mixed with 1 U ligase and
1 µl of 10× Ligase buffer. Vector and insert concentrations were measured by photometric
analysis (3.1.2) and ratios were calculated using the following formula: DNA-amount [pmol]
= mass [pg] / 660 [g/mol] × bp of vector or insert (for an example see below). Duration of
incubation and temperatures were as follows: 4 °C for 6 hours, increase to 7 °C for 6 hours,
followed by 6 hours at 14 °C for, and finally at 16 °C for 6 hours.
Plasmid and insert ratio calculation
Insert e.g. E protein

1500 bp

Vector e.g. pET-19b

3700 bp

Molecular mass

= DNA length × molar mass for double stranded DNA
= 1500 × 660 g/mol
= 0.9 × 106 g/mol

OD concentration
Ligation ratio of vector:insert

50 ng/µl
50 ng/µl / 0.9 × 106 g/mol = 55,55 × 10-3 pmol/µl
1:1; 1:3 and 1:5 (mol/mol)

3.1.5.8 Preparation of competent bacteria cells
Transformation competent E. coli cells were amplified by the magnesium-calcium method.
Bacteria stocks were prepared by addition of 200 µl of sterile glycerol solution (c = 0.6 l/l) to
800 µl of bacterial overnight culture suspension and stored at -70 °C. For the preparation of
competent XL1-blue E. coli cells tetracycline (c = 7.5 µg/ml of LB medium) was added to
10 ml LB medium. BL21 E. coli cells were cultured in 10 ml LB medium without antibiotics.
Cells from the frozen stock solution were transferred to the LB medium by scraping with a
pipette tip over the surface. After overnight incubation at 37 °C in a bacterial shaker, 1 ml of
the overnight culture suspension was added to 40 ml freshly prepared LB medium with
tetracycline (c = 7.5 mg/l of LB medium) if necessary. Incubation proceeded until an optical
density at 600 nm wavelength (OD600) value of 0.4 to 0.5 was reached in a cuvette with 1 cm
path length. The bacterial suspension was transferred to a centrifuge tube with a 50 ml volume
and kept on ice for 10 minutes. After centrifugation at 1600 × g and 4 °C for 10 minutes the
pellet was resuspended in 2 ml, and filled up with 18 ml of sterile filtered (0.22 µm pore size),
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ice-cold magnesium-calcium-buffer no. 1 and incubated on ice for another 30 minutes. The
suspension was centrifuged again at 600 × g and 4 °C for 10 minutes, and resuspended in 3 ml
magnesium-calcium-buffer. After addition of 450 µl glycerine (c = 1 l/l), aliquots of 100 µl
were shock frozen in liquid nitrogen. Competent bacterial cell aliquots were stored at -70 °C.
Transformation efficiency was evaluated by the number of transformed cells in 100 µl
aliquots per 1 µg of plasmid DNA.

3.1.5.9 Transformation of competent cells
For amplification by bacterial reproduction, plasmid vectors or ligation products (3.1.5.7)
were added to a 100 µl aliquot of slowly thawed competent E .coli cells and incubated on ice
for 30 minutes. Subsequently, cells were subjected to heat shock treatment at 42 °C for
2 minutes in a thermomixer and kept on ice for another 5 minutes. 1 ml LB medium was
added and bacterial cells were incubated for another 60 minutes at 37 °C in a thermomixer
under gentle shaking. Either 300 µl were plated directly or cells were pelleted by centrifugation at 8000 × g for 3 minutes and resuspended in 300 µl LB medium before plating. The
following controls were prepared and transferred to cells: vector control, digested and
dephosphorylated vector after addition of ligase, digested vector treated with ligase, and
digested vector without ligase. Plates were incubated overnight at 37 °C. DNA was prepared
from recombinant bacterial colonies as described earlier (3.1.1.1).

3.1.6 Sequencing of gene fragments
Solutions containing 1.5 - 2 µg of purified plasmid DNA or 200 - 500 ng of purified PCR
product (with a length over 1000 bp) were diluted in a total volume of 15 µl. In cases where
standard sequencing primers could not be used, 2 pmol µl-1 of each forward and reverse
primer in a total volume of 15 µl were additionally prepared. The samples were sent to
Eurofins MWG Operon, Ebersberg, Germany for sequencing. The cycle sequencing technology with dideoxy chain determination was performed using ABI 3730XL sequencing machines. The results were compared with sequences of the National Center for Biotechnology
Information (NCBI) database [345] or with vector maps provided by manufacturers and
evaluated by alignment using the BioEdit software.
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3.1.7 Gene synthesis
The gene of the mouse integrin subunit β3 including signal sequence was synthesised and
cloned into the pcDNA 3.1/zeo(+) used as eukaryotic expression vector. The automated
gene synthesis and subsequent cloning was performed by GeneArt AG, Regensburg, Germany, using the GeneAssembler® technology. The sequence of the mouse integrin β3 subunit
(ITGB3) based on the mRNA ITGB3 mouse sequence provided by GenBank, accession
no. NM016780.2. The sequence was modified for optimal expression in the murine system by
optimised codon usage. Additionally, a Kosak sequence (5’-GCCACC-3’) was introduced at
the 5’-UTR. 5’ BamHI and 3’ NotI restriction sites were added for subcloning the gene into
the pcDNA 3.1/zeo(+). The correctness of the sequence was checked by the company and
the synthesis report documents were attached.

3.2 Protein biochemical methods
3.2.1 Protein expression in E. coli cells
Competent E. coli BL-21 cells were transformed (3.1.5.9) with the recombinant target
plasmid and several clones were picked from the plate the next day. Clones were transferred
to 10 ml of LB medium supplemented with antibiotics (see 3.1.1.1) for overnight culture in a
bacterial shaker. For quantitative protein expression the entire 10 ml volume was added to an
Erlenmeyer flask containing 500 ml LB medium with antibiotics. Incubation was allowed in a
bacterial shaker until an OD600 value of about 0.5 was reached. Then, isopropyl β-D-1thiogalactopyranosid (IPTG) was added to give a final concentration of 1 µmol/l in order to
induce protein expression. For the tet-promoter of the pASG-IBA43 vector anhydrotetracycline (c = 0.2 mg/l of LB medium) was used for induction.
Incubation proceeded for a particular time period that was established in advance. Prior to
large scale protein expression for the first time the E. coli expression pattern, in particular the
induction, expression quantity and maximum of the desired protein were analysed in a test run
with 50 ml LB medium only. Before induction a zero sample was taken, and after induction
the bacteria suspension was sampled every hour. Samples were centrifuged at 4500 × g and
4 °C for 20 minutes and cell pellets were lysed in bacterial lysis buffer no. 7. The protein
expression pattern was visualised by Coomassie brilliant blue staining (3.2.3.1.1) after sodium
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dodecyl sulfate polyacrylamide gel electrophoresis (SDS page). Finally, the time point of
maximal protein expression was evaluated.
After incubation, the bacterial suspension was poured into tubes with a 50 ml volume and
centrifuged at 4500 × g and 4 °C for 20 minutes. The supernatant was decanted and bacterial
cell pellets were kept frozen at -20 °C before they were subjected to protein purification.
Stocks of recombinant bacterial cells were prepared by mixing 800 µl of overnight bacterial
suspension with 200 µl of glycerol (c = 0.6 l/l) and stored at -70 °C.

3.2.2 Purification by Ni-NTA affinity chromatography
Several purification protocols were tested (see A.2.1 ) before one of them was selected and
optimised to give the protocol described in the following. E protein or DIII of E protein was
purified under denaturing conditions using their His-tags and Nickel-NTA affinity chromatography. After protein expression (3.2.1), bacterial cells were resuspended in 4 ml lysis buffer
no. 22 per 50 ml of the original suspension. Single volumes were combined to give a total
volume of about 200 ml bacterial suspension for one purification run. After incubation at
room temperature for 30 minutes under constant shaking, resuspended bacterial cells were
sonicated at 60 Hz for at least 8 minutes on ice until the suspension became almost clear.
Then the suspension was filled into micro-reaction tubes and centrifuged at 10.000 × g and
4 °C for 30 minutes. Supernatant was discarded and single pellets containing the inclusion
bodies were lysed in a total of 10 ml lysis buffer with urea no. 23, then combined and incubated for 30 minutes at room temperature.
The Ni-NTA column was prepared according to the manufacturer’s advice: Ni-NTA agarose
was carefully solved by rolling and 3 to 5 ml Ni-NTA was filled into a polypropylene column
liner. The column was equilibrated by application of 15 ml lysis buffer with urea no. 23.
After having taken a 50 µl sample for further analysis (see below) the lysed material was
added to the column and incubated for 90 minutes at 4 °C on a horizontal shaker to allow
binding of the histidine-tagged proteins to the nickel ions. Finally the column was placed in a
rack and the flow through containing the unbound proteins was discarded after having taken
another sample (see below). The column was washed with 30 to 50 ml washing buffer no. 24
while avoiding the column material to run dry. Imidazole which shows a higher affinity to
nickel than histidine was used to mask the column and to prevent unspecific binding of
proteins. Increasing concentrations of imidazole together with a step-wise pH reduction were
used to finally displace bound proteins from the column. Eventually, His-tagged proteins were
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eluted in several fractions of 1 to 5 ml elution buffer no. 25 and samples taken from each
fraction. Optimal pH for elution, depending on the protein had been determined earlier (see
4.2.2). To assess the quality and efficiency of the purification process samples taken at each
step as described above were kept frozen at -20 °C before analysis with SDS gel electrophoresis and Coomassie brilliant blue staining (3.2.3).
The column material was prepared for re-use by washing with 15 ml acetic acid
(c = 0.2 mol/l), 15 ml glycerine (c= 0.3 l/l), 15 ml water and 15 ml ethanol (c = 0.3 l/l) in this
order. For storage at 4 °C, 3 ml of ethanol were left in the column to cover the material.

3.2.3 SDS page
The sodium dodecyl sulfate (SDS) polyacrylamide separation gels used in this study contained 13 % acrylamide, unless otherwise stated. The separation gel no. 13 was prepared and
filled between two glass plates (spacer plate and short plate), that were fixed in a casting
stand. The gel was overlaid by a thin layer of propanol-2 (c = 0.7 l/l). After polymerisation,
propanol-2 was rinsed off with water before the loading gel no. 12 was applied on top of the
separation gel within the gel caster. A comb was placed into the second gel to form slots.
Upon polymerisation the comb was removed and the gel cassette sandwich was put into the
electrode assembly. The electrophoresis apparatus was set up and operated following the
manufacturer’s instructions. The tank and the inner buffer chamber were filled with
1× electrophoresis buffer prepared from the 10× electrophoresis stock solution no. 11. Protein
samples were mixed at a ratio 1:1 with 2× CVL buffer prepared from the 10× stock solution
no. 10 and heat-denatured in a thermocycler at 95 °C for 5 minutes. Samples were briefly
centrifuged before loaded onto the gel. A molecular weight standard, PageRulerTM Unstained
Protein Ladder or the Precision Plus Protein Standard, was added. The SDS gel was run at
100 V until samples passed the loading gel and then raised to 200 V.

3.2.3.1 Staining of SDS gels
3.2.3.1.1 Coomassie brilliant blue staining
Before sample traces reached the bottom of the SDS gel, power was switched off and the
electrophoresis buffer was discarded. The gel was removed from the gel cassette sandwich by
separating the glass plates and transferred to a plastic dish where it was covered with soluble
Coomassie brilliant blue staining solution no. 16. Staining was realised for one hour on a
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horizontal shaker. To visualise protein bands within the soaked dye, the Coomassie solution
was removed and replaced by destaining solution no. 17 which was renewed every 30 minutes
for several times until the SDS gel was stainless again. Gels were maintained in storage buffer
no. 14 and scanned for documentation of results and further analysis of protein purity using
the AIDA protein analysis software.

3.2.3.1.2 Silver staining
If only trace amounts of proteins could be expected in a SDS gel, silver staining was preferred
as it is more sensitive by a factor of 50. Silver ions binding to glutamine acid, aspartic acid
and cysteine residues of proteins stain protein bands upon reduction by formaldehyde. After
releasing the gel from the glass plates the following steps were consecutively performed:
fixation by incubation for one hour in fixation buffer no. 19, washing the gel first with 50 %
ethanol (c = 0.5 l/l), then with 30 % ethanol (c = 0.3 l/l) for 10 minutes each, reduction for
1 minute in reduction buffer no. 20 before washing three times with water for 20 seconds. The
gel was silver stained by incubation in silver staining buffer no. 21 for 20 minutes. Two
washing steps with water for 20 seconds followed and finally the gel was developed using
developing buffer no. 18. Upon visualisation of stained protein bands, processing was stopped
by acetic acid (c = 0.05 l/l). The stop solution was displaced by water for storage and subsequent documentation and analysis.

3.2.3.2 Immunoblot analysis of proteins (Western blotting)
In addition to Coomassie brilliant blue staining or silver staining western blotting was
performed to detect the target proteins if specific antibodies were commercially available.
Polyvinylidene fluorid (PVDF) transfer membranes were activated in methanol (c = 1 l/l) for
5 minutes before washed in blotting buffer no. 9. After SDS page gels had been released from
glass plates they were also rinsed with blotting buffer. The transfer membrane was placed on
top of 3 layers of filter gel blot paper followed by the SDS gel and 3 layers of filter paper.
Layers were soaked with blotting buffer and subjected to transfer at 15 V and 0.3 A per gel
for 45 minutes. After protein transfer, the transfer membrane was isolated, placed into a
plastic dish and blocked for 30 minutes in blocking buffer no. 8 to inhibit non-specific
binding. Antibody incubation was performed the same day or after the blot had been stored
overnight at 4 °C in blocking buffer. Incubation with the specific antibody was allowed for
one hour in blocking buffer on a horizontal shaker under constant agitation. If not otherwise
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stated, the antibody dilution was 1:2000 in a volume sufficient to cover the blot. The blot was
washed three times for 10 minutes with washing buffer no. 15. The secondary antibody with
the reporter enzyme alkaline phosphatase was 1:2000, Strep-Tactin 1:4000 diluted in washing
buffer. Both were added to cover the blot and left for one hour. Washing steps were repeated
three times. The last washing buffer was discarded. 1× assay buffer prepared from the
10× stock solution no. 6 was added to the blot twice for 2 minutes each time and discarded.
The membrane was allowed to drip off using absorbent paper before covered with CDP-Star
for 5 minutes. Finally, the blot was laid inside a transparent sheet before analysed using the
VersaDoc® Imager. Size of the target protein in comparison to the protein size marker and
relative quantity were estimated using the BioRad Quantity One software.

3.2.4 Determination of protein concentration (Bradford method)
The Roti® Nanoquant technology, a modification of the Bradford protein assay [46], was
used throughout this study following the instructions of the manufacturer. Working steps that
included handling with the BSA stock solution were done under a work bench. A bovine
serum albumin (BSA) standard series for the calibration curve was prepared with concentrations of 0; 2.5; 5; 10; 25; 50; 100; 200; 300; 400; 500 mg/l (stock solution with 10 g/l, A.1.1)
diluted in water to give a total volume of 200 µl. To ensure linearity of measurements target
proteins were ten-fold (or more) diluted in a total volume of 200 µl with two replicates.
800 µl of a 1:5 diluted Roti® Nanoquant solution was added to the protein samples and to the
BSA standard series. Then, each sample was transferred to cuvettes with 1 cm path length.
Absorption was measured with the Thermo Spectronic Helios β at wavelength 590 and
450 nm against water as a reference. The ratios of the absorption values of 590 and 450 nm
were plotted against the concentration to yield the calibration curve.

3.2.5 Dialysis of proteins in solution
To remove any potential metal ions, dialysis tubes were boiled for 20 minutes in a solution
containing sodium hydrogen carbonate (c = 0.02 g/l) and EDTA (c = 1 mmol/l). After rinsing
once with water tubes were again brought to boil for 20 minutes in water. Dialysis tubes were
stored in another volume of water in the refrigerator until use.
After purification (3.2.2) eluted protein was dialysed against buffer at a 1000-fold excess in
volume. Recombinant WNV E protein was dialysed against sodium carbonate buffer
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(c = 0.05 mol/l) using a Visking dialysis tube. Recombinant DIII was dialysed according to
Chu et al. [95]: pH of the protein in the eluted volume was adjusted to 7.9 before it was
transferred to a Cellu Trans tube and dialysed against buffer no. 26. Dialysing was performed
at 4 °C and buffers were changed three times every 6 to 10 hours. Afterwards, dialysed
protein was centrifuged for 10 minutes at 4500 × g and 4 °C to remove insoluble protein
aggregations. Dialysed DIII was further concentrated using the Amicon filter device with an
additional centrifugation step at 4000 × g for 20 minutes. Soluble proteins were kept frozen at
-20 °C.

3.3 Cell culture
3.3.1 Cultivation of mammalian cells
All continuous cell lines, with the exception of the β1-deficient and β1-floxed mouse kidney
fibroblasts (MKFs, see also 3.4.2), designated here as MKF-ITGB1(-/-) and MKFITGB1(flox/flox), and all media were obtained from the Collection of Cell Lines in Veterinary Medicine (CCLV), Isle of Riems, Germany. Cells were cultured in accordance with the
CCLV’s recommendations. A list of the cell lines used, their split ratios, and the culture
medium number applied is given in A.1.7.4. Composition and components of each culture
medium (ZB) are found in A.1.7.3, all solutions and substances used for cell culture in
A.1.7.1 . Culture media were supplemented with 100 units/ml of penicillin and 0.125 g/l of
streptomycin. All cell lines were grown under standard conditions, in a 37 °C incubator with
5 % CO2. Handling with cell cultures was done in a laminar flow work bench. Reagents were
sterile-filtered (0.22 µm pore size) if necessary to prevent microbial contamination. Cell
growth and morphological changes were visualised using the light microscope Zeiss Axiovert 25.
Culture medium was changed twice a week. When monolayers were confluent cells were split
according to the split ratio recommended by the CCLV or to own experience. Old medium
was removed; cells were washed with PBS and detached with ATV-double (2 ml for a 75 cm2
flask). A fraction of detached cells meeting the required split ratio was transferred to a new
culture flask containing fresh culture medium.
Cell counting and seeding of exact cell number onto cell culture dishes were achieved by
detaching cells and resuspending in culture medium. Cells were counted in a Neubauer
counting chamber, with a depth of 0.1 mm and a great square area of 1 mm2, so that the cell
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suspension could be adjusted to the desired cell suspension concentration. The mean sum of
all four counting squares was multiplied by the chamber constant 104 to yield the cell number
per ml.

3.3.2 Cryopreservation
3.3.2.1 Freezing
For permanent storage of eukaryotic cells in liquid nitrogen, suspensions of freshly detached
cells were centrifuged at 150 × g for 10 minutes. Supernatant was discarded and the cell pellet
was resuspended in fresh medium containing 0.1 l/l DMSO. 1 ml aliquots of cell suspension
were transferred to cryogenic storage vials (cryotubes), the number of which depended on
split ratio and original size of the cell culture flask in relation to the desired amount of cells
for freezing. Cell cryotubes were placed in the Qualifreeze Cryo-Freezing Device filled with
propanol-2 to ensure slow freezing (1 °C per minute) of cells. After keeping at -70 °C for at
least 24 hours tubes were finally transferred to the liquid nitrogen tank for long-term storage.

3.3.2.2 Thawing
To reactivate cryopreserved cells, tubes were removed from the liquid nitrogen tank and cells
were quickly thawed in a warm water bath or by adding warm (37 °C) medium. To remove
traces of DMSO cells were transferred to a centrifugation tube filled with warm medium and
centrifuged at 150 × g for 10 minutes before supernatant was discarded after pipetting and
cells were gently resuspended in warm medium for subsequent seeding onto a 25 or 75 cm2
flask according to the ratio they were split prior to freezing.

3.3.3 Transfection
Transfection of MEFs was achieved using Lipofectamine 2000 or the GenJet In vitro
DNA transfection reagent following the manufacturer’s instructions. Cells were seeded on
6-well culture dishes in medium without antibiotics the day before transfection. At 90 %
confluence of cells, medium was removed and new medium without antibiotics was added.
Complexes of DNA (in µg) and Lipofectamine or GenJet (in µl) at a ratio of 1:3 (µg/µl)
were prepared according to the transfection protocols. 12 µl Lipofectamine and 4 µg of
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plasmid DNA were diluted in 250 µl of culture medium ZB 30d each and mixed gently. For
the GenJet transfection protocol, 1 µg DNA and 3 µl GenJet were diluted in 50 µl ZB 10d
each. The dilutions were combined before formation of complexes was allowed by incubation
following the manufacturers’ instructions before the entire mixture was given to the cells.
After incubation for 24 hours, medium was replaced by fresh culture medium and cells were
incubated for another 24 hours, when antibiotics for selection were added (see below).
Transfection procedures were accompanied by a control well with non-transfected cells, a
well which was treated with transfection reagent only and one well of cells transfected with a
control green fluorescent protein (GFP)-expressing vector plasmid constructed to be used as a
transfection efficiency control for cells. For this purpose, the GFP encoding gene (742 bp) of
the plasmid vector pEGFP-N1 was subcloned and ligated into the pcDNA3.1/zeo(+) by the
use of its NotI and BamHI restriction sites. Selection in order to get stable transfected cells
was achieved by addition zeocin to the medium. The antibiotic concentration that killed all
non-transfected control cells was determined for each cell line used and is found in 4.4.3.3.1.
Cells or the culture supernatant were tested for successful transgene expression by PCR
(3.1.3.1), immuno-fluorescence (3.5.2.1.1) or flow cytometry analysis (3.5.2.2).

3.3.4 Cell viability testing (trypan blue staining)
This simple procedure in which non-viable cells absorb the stain allows determination of cell
viability. Cells were detached from the culture dish and suspended in a total volume of 1 ml
medium or PBS. 100 µl of 0.4 % trypan blue solution was added and the percentages of viable
cells were counted immediately under the light microscope using the Neubauer counting
chamber. The numbers of blue stained cells, i.e. non-viable cells, and the total numbers of
cells were determined separately and the percentage of viable cells calculated.

3.3.5 Cell separation
Transfected cells were separated to increase the percentage of positive, integrin-expressing
cells within the population. For positive selection the MACS system in combination with the
MiniMACS Separator and the MACS® MultiStand was used. The manufacturer‘s instructions were generally followed. Cells were detached and resuspended in sterile sodium azide
(c = 0.5 g/l in PBS) before incubated with biotin-labelled antibody HM beta 3.1 (100 ng per
2 × 105 cells) for two hours. Washing of cells was achieved by addition of 2 ml MACS buffer
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(MACS® BSA Stock Solution diluted 1:20 in autoMACS® Rinsing Solution, A.1.7.1) and
cells were centrifuged at 300 × g for 10 minutes. The cell pellet was resuspended in 80 µl of
MACS buffer and carefully mixed with 30 µl anti-biotin MicroBeads. Binding of the beads to
antibody-labelled cells was allowed at 4 °C for 15 minutes before cells were washed again as
described above, and resuspended in 500 µl MACS buffer. MS columns were equilibrated
with 500 µl MACS buffer before cells were carefully applied on top of the column. The
column was washed three times with MACS buffer and the flow through collected in a
centrifuge tube. Finally the column was removed from the magnetic stand and 1 ml MACS
buffer was applied before the cells were pressed through the columns into a tube using a
plunger. Aliquots of the flow through and the positive selected cells were incubated with antibiotin FITC-labelled secondary antibody to check for separation efficiency.

3.4 Genetically modified mice
3.4.1 Housing of mice
Details on the genetically modified mouse lines deficient for a specific integrin subunit are
listed in A.1.11. Mice were kept under conventional mouse housing conditions in standard
small animal cages on sawdust bedding. Dry food pellets and fresh drinking water were
provided ad libitum. Live production colonies were selected according to their genotype. Pubs
were genotyped after weaning as described in 3.1.1.2.1 and separated by sex.

3.4.2 Genotyping of genetically modified mice, embryos and cells by PCR
Master mixes were prepared on ice following descriptions in 3.1.3.1. Specific primers
targeting the β3 allele were constructed according to Hodivala-Dilke et al. [207]. β1-deficient
and β1-floxed MKFs [148, 383] were kindly gifted by R. Faessler, Max Planck Institute of
Biochemistry, Martiensried, Germany, who also provided sequences of specific primers.
Information on the sequences of primers specific for the wild-type and targeted alleles for the
αv-deficient mice were obtained by personal communication from B. Bader, TUM Freising,
Germany. Sequences of primers are found in A.1.10.5. Optimal PCR reaction conditions for
the primer combinations were established (see Table 9 and Table 10). The amplified PCR
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products were analysed by agarose gel (c = 18 g/l of 1× TAE buffer, see 3.1.4) electrophoresis
to separate the amplified wild-type and the targeted allele fragments.
Table 9. Mouse line αv LacZ and derived embryos/cells (Qiagen Taq DNA Polymerase)
Reagents

50 µl volume

10× PCR-Buffer

5 µl

Q-Solution

10 µl

dNTPs

1 µl

Primer I2 (75.75 µmol/l)

0.2 µl

Primer Alphav20 (72.15 µmol/l)

0.2 µl

Primer Rev1tau (75.75 µmol/l)

0.2 µl

DNA

2 µl

Taq DNA Polymerase

0.25 µl

Water

31.15 µl

Temperature

Time

Cycles

94 °C

3 min

1 cycle

94 °C

30 s

52 °C

45 s

72 °C

1 min

72 °C

10 min

35 cycles

1 cycle

Table 10. β3-deficient mouse line and derived embryos/cells and β1-deficient MKFs
(Dream-Taq DNA Polymerase)
Reagents

50 µl volume

10× PCR-Buffer

5 µl

dNTPs

1 µl

Primer 1 (10 µmol/l)*

1 µl

Primer 2 (10 µmol/l)*

1 µl

Primer 3 (10 µmol/l)*

1 µl

DNA

2 µl

DreamTaq
Water

TM

DNA Polymerase

0.25 µl
38.75 µl

Materials and Methods

63

Temperature

Time

Cycles

94 °C

3 min

1 cycle

94 °C

30 sec

65 °C (β3-PCR)/60 °C (β1-PCR)

30 sec

72 °C

1 min

72 °C

10 min

35 cycles

1 cycle

* The primer combinations were Beta3-Fw, Beta3-Rev1 and Beta3-Rev2 for β3-deficient mice,
embryos or cells and T56, L1 and LacZ for β1-deficient cells.

3.5 Establishment of integrin deficient cell lines
3.5.1 Preparation of mouse embryonic fibroblasts
Mouse embryonic fibroblasts (MEFs) were prepared as described by Bader et al. [13]. After
controlled mating stated by plug check of the females, mouse embryos were isolated at
embryonic day 12.5 from the uterus and amnion. Whole embryos were dissected, head and
inner organs were removed and the remaining tissue was washed in PBS. MEFs were isolated
from united cell structures and dissociated by incubation with a 1:10 mixture of 10× trypsin
solution diluted in 1× versene solution at 37 °C for 10 minutes. Eventually, cells were
separated by pipetting up and down and plated in a tissue culture dish of 10 cm diameter with
fresh ZB10 medium. After having reached confluency, cells were sub-cultured to obtain a
homogenous fibroblastic cell culture. MEFs were grown in ZB 10. Genomic DNA derived
from the embryo’s yolk sac or head was used to determine the genotype by PCR (see 3.4.2).

3.5.2 Investigation of integrin expression
3.5.2.1 Immuno-fluorescence of integrins and virus particles
3.5.2.1.1 Integrin staining of cells
Immuno-fluorescence using integrin-specific antibodies allowed visualising the integrin
distribution on the surface of the mouse fibroblast cell lines. Other approaches and fixation
methods that were tested failed to provide satisfactory results, and are therefore briefly
described in A.2.2. Cells were seeded onto glass cover slips placed in a 24-well culture dish.
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Cells were not grown to close to each other when subjected to immuno-fluorescence staining.
The medium was withdrawn and cover slips were washed once with PBS for 5 minutes.
Fixation with paraformaldehyde no. 29 was allowed for 15 minutes before cells were incubated with ammonium chloride solution (c = 50 mmol/l of PBS) for 30 minutes. After washing in
PBS, cells were permeabilised with TritonX-100 (c = 0.05 l/l of PBS) for 10 minutes. Subsequently blocking of cells was achieved by addition of skim milk (c = 2.5 g/l of PBS) for 15
minutes. All these steps were performed at room temperature.
Fluorophore labelled or unlabelled antibodies RMV-7, HM beta 3.1, and HMβ1-1 were
diluted in blocking buffer according to the dilution ratio given in Table 11. For double
staining differentially labelled antibodies were diluted in a single micro-reaction tube.
Approximately 10 µl of the antibody suspension was pipetted as a droplet onto a parafilm
inside a self-made humidity chamber to prevent cells from drying. Glass cover slips were laid
upside down onto the droplet and incubation was allowed for 2 hours at 37 °C before slips
were washed with PBS twice. If necessary, a second incubation time with a secondary,
fluorophore labelled antibody diluted in blocking buffer was run for one hour at 37 °C. After
incubation glass cover slips were washed twice with PBS and rinsed once with DAPI solution
diluted 1:5000 in PBS prepared from the stock solution no. 27. Finally cells were washed with
water before they were laid upside down on a slide and mounted in elvanol no. 28 which
contained the anti-bleaching agent Dabco. Green fluorescence of labelled antibodies RMV-7,
HM beta 3.1, HMβ1-1 and of secondary antibodies was excited at wavelength 488 nm (Argon
laser), red fluorescence at wavelength at 568nm (Helium-Neon laser), respectively. Fluorescence signals of nuclei stained with DAPI were excited with the UV laser at 405 nm. Fluorescence of antibody-integrin-complexes and nuclei was visualised using the Confocal Laser
Scanning Microscpy (CLSM) Leica TCS SP5 setup mounted on an inverted Leica DMI600
CS microscope and associated LAS AF Leica Application Suite software. Merged images
were imported for processing with ImageJ software.
Table 11. Antibodies used for immuno-fluorescence staining and their dilution
Primary antibody (clone), labelling

Dilution

anti-αv (RMV-7)

1:50

anti-αv (RMV-7); Alexa Fluor® 488

1:20

anti-αvβ3 (LM 609)

1:100

Secondary antibody; labelling

Dilution

anti-rat IgG; Alexa Fluor® 488

1:400

anti-rat IgG; Alexa Fluor® 546

1:800

anti-mouse IgG; Alexa Fluor® 488

1:400

anti-mouse IgG; Alexa Fluor® 546

1:500
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Primary antibody (clone), labelling

Dilution

Secondary antibody; labelling

Dilution

anti-β1 (HMβ1-1); Alexa Fluor 647

1:100

anti-β1 (HMβ1-1); FITC

1:10

anti-hamster IgG DyLight® 488

1:250

anti-β3 (HM beta 3.1)

1:25

anti-hamster IgG DyLight® 488

1:250

anti-β3 (HM beta 3.1); Alexa Fluor®
488

1:10

anti-β3 (HMβ3-1); Alexa Fluor 647

1:100

3.5.2.1.2 Staining of virus particles
Labelling of virus particles was accomplished according to van der Schaar et al. [531]. After
purification and concentration (see 3.6.2) of the vaccine strain ChimeriVax-WN01, about
2 × 106 PFU were mixed with 2 µl of a DiD solution (c = 1 mmol/l of DMSO) and incubated
at 20 °C for 20 minutes. Subsequently, virus particles were separated from unbound dye by
gel filtration using Sephadex G-25 columns. The column material was equilibrated with
25 ml HNE buffer no. 32 and centrifuged once at 1000 × g for 2 minutes before the virus-dyesuspension was applied. After centrifugation with the same settings, the virus-containing flow
through was collected, diluted in an appropriate amount of serum-free medium and incubated
with cells at 4 °C for various time periods. The subsequent steps of fixation and staining of
cell surface structures were performed as described before (3.5.2.1.1). DiD-labelled virus
particles were visualised after excitation at 633 nm wavelength (Helium-Neon laser).
Alternatively, virus particles were stained after inoculation of cells with virus and subsequent
fixation. For this, anti-West Nile envelope (anti-E) antibody was conjugated with the fluorescent ligand Lightning-Link Atto488. Conjugation was achieved following the manufacturer’s instructions. 100 µg of anti-E antibody were set up with 10 µl of LL-Modifier reagent,
mixed and incubated with the lyophilised Lightning-Link material overnight at room
temperature. Then, 10 µl of LL-quencher FD reagent was added and incubated for another
30 minutes. The conjugate was stored at 4 °C until further use. The conjugated antibody was
1:5 diluted in blocking buffer in combination with the anti-integrin antibody labelled with a
red fluorophore (or left without when used as a control). All steps were accomplished as
described above (3.5.2.1.1). Green fluorescent virus particles were visualised after excitation
at 488 nm wavelength (Argon laser).
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3.5.2.2 Flow cytometry
This technique is based on the emission of optical signals by cells when passing individually a
laser light beam. It can be combined with fluorescence signals transmitted by labelled
antibodies. For surface staining cells were seeded onto a 162 cm2 culture flask two days
before flow cytometry was performed. Flasks were rinsed once with PBS and cells were
detached by addition of 4 ml ATV-double and individualised by carefully pipetting up and
down. Following separation by a cell strainer (100 µm pore size), placed on top of a 50 ml
centrifugation tube, fetal calf serum (FCS) was added to give a final concentration of 0.2 l/l in
the suspension to inactivate trypsin. The cell suspension was centrifuged at 180 × g for
5 minutes at 4 °C, and cells were washed with PBS once. Eventually, the cell pellet was
resuspended in 1 to 2 ml sodium azide (c = 0.5 g/l in PBS) and incubated for 30 minutes.
Thereafter, cells were counted and concentration was adjusted to 2 × 106 cells per millilitre.
5 × 104 cells were left without addition of antibodies and were used as a control in FACS
analysis. To 100 µl of the adjusted cell suspension (i.e. 2 × 105 cells) 100 ng (RMV-7 and
HM beta 3.1) or 200 ng (2C9.G2-PE, and HMβ1-1) labelled antibody suspension, according
to the manufacturers, was added, gently vortexed and cells incubated for 2 hours in a refrigerator. Additionally, same amounts of host-specific isotype antibodies (200 ng Armenian
hamster IgGs, or 1 µl of rat anti-trout IgGs and 1 µl goat anti-rat IgG; Alexa Fluor® 488)
were applied to control cells to measure non-specific background staining. To remove
unbound antibodies the tube was filled up with sodium azide buffer (see above) and cells were
centrifuged at 720 × g and 4 °C for 5 minutes. The resulting pellet was resuspended in 400 µl
sodium azide buffer for final flow cytometry analysis using the BD FACScalibur Flow
Cytometer. After excitation with the argon-ion laser at 488 nm wavelength, fluorescence
signals were measured and detected in the FL1 channel (bandpass filter of 530 nm: Alexa®
Fluror 488 labelled antibodies RMV-7, HM beta 3.1, secondary antibodies or the FITClabelled antibody HMβ1-1 were used) or in the FL2 channel (585 nm filter: 2C9.G2 PElabelled). Results were analysed and processed using the CellQuest Pro software. Some
additional information on the protocol establishment and the antibodies used is given in A.2.2.

3.6 Virological methods
Virus propagation, titre determination and cells infection studies with WNV, except ChimeriVax-WN01, were accomplished under biosafety level (BSL) 3 conditions. ChimeriVax-
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WN01 is a live attenuated vaccine consisting of the attenuated Yellow Fever virus human
vaccine strain 17D as a backbone and its prM and E genes replaced by the corresponding
WNV genes of a New York flamingo isolate from 1999 [187, 190].

3.6.1 Virus propagation
The virus strains used and their GenBank (NCBI) accession numbers are listed in A.1.9.
Vero 76 cells were used throughout this study to propagate WNV isolates under identical
conditions. 24 after seeding onto 162 cm2 cell culture flasks monolayers of Vero cells were
infected at subconfluency with a 1:1000 dilution of a viral stock solution (see below) in FCSfree medium. After incubation for one hour maintenance medium containing FCS
(c = 0.02 l/l of medium) was added. Infectious cell culture supernatant was harvested after
3 to 5 days, depending on the virus isolate, when 60 - 70 % of the cell monolayer was
destructed. The virus containing supernatant was subsequently cleared from cell debris by low
speed centrifugation at 1500 × g for 15 minutes. Aliquots of viral stocks were stored at -70 °C
for further use. The morphological changes of virus-infected cells were visualised using the
Motic AE 20 microscope. The virus titres were determined by TCID50 or plaque assay as
described below in 3.6.3.1 and 3.6.3.2. Differing from this protocol MAV-1 was propagated
in wild type MEFs for 7 to 9 days. Culture supernatant was cleared by low speed centrifugation and viral DNA was stored at -20 °C before titres were determined by TCID50.

3.6.2 Virus purification and concentration
Cell free infectious culture supernatant was mixed with polyethylene glycol (PEG 6000;
c = 0.5 l/l) to a final concentration of 0.05 l PEG 6000 per litre virus suspension and incubated
on ice for 30 minutes. Virus particle precipitation was achieved by overnight incubation at
4 °C. At the same time, a sucrose gradient was prepared as follows: 2.5 ml sucrose solution
(c = 500 g/l of TNE buffer no. 33) was pipetted into an ultracentrifuge tube and overlaid with
5 ml of a sucrose solution (c = 300 g/l of TNE buffer). The gradient was allowed to establish
overnight at 4 °C. The next day the virus suspension was centrifuged at 3600 × g and 4 °C for
30 minutes. The resulting pellet was resuspended in TNE buffer no. 33 to concentrate the
virus particles to a 100-fold. The virus suspension was very carefully pipetted on top of the
sucrose gradient and centrifuged at 100.000 × g and 4 °C for 2 hours. The visible band that
accumulated according to its specific density within the gradient was aspirated with a sterile
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syringe and resuspended in a 10-fold volume of PBS (pH 7.2). To further purify the concentrated virus, the suspension was centrifuged again at 100.000 × g and 4 °C for 2 hours. The
whitish-grey virus pellet was suspended in a 100th of the original volume and small aliquots
were kept frozen at -70 °C.

3.6.3 Determination of infectious virus particles
3.6.3.1 TCID50
The quantification of infectious WNV particles by TCID50 (tissue culture infectious dose
50 %) was applied to viral stocks and cell culture supernatant from the long term replication
experiment (3.6.1 and 4.4.3.1). Titration was performed on a 96-well cell culture plate using
Vero 76 cells. Determination of MAV-1 titres was realized using wild type MEFs.
1 × 104 cells were seeded in each well the day before they were infected and allowed to grow
in a CO2 incubator at 37 °C. 10-fold serial dilutions were prepared from virus stocks or
samples with fresh culture medium devoid of FCS (ZB5d or ZB10d). Medium was removed
from confluent cell monolayer and a 100 µl volume of every dilution step was added to eight
wells in a row. To two rows of negative control wells medium without virus was added.
Following incubation at 37 °C for 1 hour, maintenance medium containing 0.2 l/l FCS was
prepared and a 100 µl volume was added to each well. Incubation proceeded for 5 to 7 days
depending on the WNV isolate. Cytopathic effect was visualised and TCID50 was calculated
after fixation with formalin (i.e. formaldehyde 37 %; c = 0.2 l/l) and staining with crystal
violet (c = 10 g/l). Each virus sample was assayed in duplicates and virus titres were determined according to the Spearman-Karber method [260, 452].
M = X k + d/2 - ∑P i
M = Logarithm of titre in relation to the testing volume
X k = Negative common logarithm of the highest dilution level where all wells are positive (i.e.
infected)
d = Negative common logarithm of the dilution factor
P i = Reaction rate (positive wells/well in a row) started with the dilution X k
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3.6.3.2 Plaque assay
Vero B4 cells were used to determine the number of plaque forming units (PFU)/ml of viral
stocks. 4.5 × 105 cells per well were seeded on a 6-well culture dish the day before infection
took place. The medium was removed and cells were infected with a ten-fold serial virus
dilution in medium without FCS (ZB5d). A 500 µl volume of each dilution step was added in
duplicates to the wells. The cells were incubated for 1 hour at 37 °C when the plate was
carefully agitated every 15 minutes. Meanwhile the overlay was prepared by mixing in a
microwave dissolved bacto-agar (c = 18 g/l) and the same volume of double ZB 5d medium,
supplemented with FCS to a final concentration of 0.04 l/l. The liquid overlay was placed in a
42 °C water bath for the remaining incubation time. Subsequently, virus suspension was
removed by pipetting going from high to low dilutions. 3 ml of overlay was added to each
well. When the overlay had become solid the culture dishes were sealed with parafilm.
Incubation proceeded for another 3 to 4 days in a CO2 incubator at 37 °C. To determine the
plaque numbers cells were stained by addition of 3 ml crystal violet staining solution no. 31 to
each well, on top of the overlay. 1 to 3 days after staining the agar overlay was carefully
removed, plaques were counted and PFU/ml calculated: PFU ml-1 = plaques/(dilution [ml/ml]
× volume [ml])

3.7 Cell infection studies
Media for all cell infection assays were prepared without antibiotics. Incubation at 37 °C was
realized in a CO2 incubator, incubation at 4 °C in a refrigerator.

3.7.1 General protocol for binding and replication assays
A general infection protocol was established for the infection experiments based on 12- or
24-well culture dishes. Details on the particular procedure and the experimental conditions are
given in the context of the experimental results to which they apply in the relevant chapters of
Results.
Cells were seeded on 12-well (or 24-well) culture dishes before infection. In a first approach
the exact seeding concentration of each cell line was determined to give same cell densities
per well 24 hours later when infected. After pre-incubation at 4 °C for 15 minutes cells were
washed once with 1 ml of FCS-free medium containing BSA fraction V (c = 0.05 g/l) before

70

Materials and Methods

inoculated with virus at a defined MOI, diluted in the BSA containing medium to give a total
volume of 300 µl. Incubation was allowed for one hour to two hours depending on the
experimental approach at 4 °C or 37 °C with intermitting agitation every 10 minutes. To
remove unbound virus particles the virus suspension was aspirated and cells were washed
three times with 1 ml PBS each. To asses binding efficiencies to the cell lines cell monolayers
were dissolved in 0.5 ml TRIzol per well. For the replication assays 1 ml maintenance
medium containing FCS (c = 0.02 l/l) was added to the wells. In a variant protocol cells were
washed once with PBS before treated with 1 ml acid glycine buffer no. 30 for 1 minute to
inactivate non-internalised virus [217]. Then, cells were washed again twice with PBS and
maintenance medium was added. In both approaches the culture supernatant was harvested
after incubation for two days at 37 °C. TRIzol and supernatant samples were stored at -70 °C
before RNA was extracted as described in 3.1.1.3.1 and 3.1.1.3.2 and analysed by qRT-PCR
using a calibrator curve to determine absolute numbers of genome containing virus particles
(3.1.3.4.2).
This protocol was also used for the MAV-1 binding and replication experiments, except that
viral DNA was isolated and viral genome contents were determined by qPCR according to
3.1.3.4.4. The experiments based on the application of blocking antibodies were realised on a
24-well format instead with half the cell number. Here, the inoculation volume and washing
volumes were reduced accordingly, to 150 µl and 500 µl, respectively.

3.7.2 Long-term replication assay
Vero cells, EMF/R (full mouse embryo cells) and mouse fibroblasts were grown in 25 cm2
tissue culture flasks. Prior to confluency (80 - 95 %, approximately 6.2 × 105 cells) medium
was discarded and cells were infected at an MOI of 0.05 PFU/ml in a total volume of 1 ml
virus diluted in medium without FCS. Virus absorption was allowed for one hour at 37 °C
with gentle agitation every 15 to 20 minutes. After addition of 5 ml fresh maintenance
medium supplemented with Hepes (c = 25 mmol/l) and FCS (c = 0.02l/l) incubation proceeded. Viral replication was allowed for 5 days under standard conditions in a CO2 incubator at
37 °C. Samples of infectious cell culture supernatant were taken every 24 hours post infection
(p.i.) and analysed by qRT-PCR (3.1.3.4.1) to quantify relative genome copy numbers. 5 days
p.i. the remaining supernatant was harvested and cleared from cell debris by centrifugation at
1500 ×g for 15 minutes. Samples were stored at -70 °C before analysed.
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3.7.3 Infection experiments concerning glycosaminoglycans
Cells were seeded in a previously determined cell line dependent concentration on a 12-well
culture dish the day before infection. 2 × 105 cells per well were infected at an MOI of
5 PFU/cell. For the competition assay Vero cells, wild-type MEFs, L cells and sog9 cells were
used. Increasing concentrations of heparin (0 - 200 µg/ml) were added to constant amounts of
virus (ChimeriVax-WN01), or left without heparin, in a total volume of 300 µl medium
without FCS. Incubation was allowed for one hour at 4 °C with inverting the tube every
15 minutes. Cells were washed once with FCS-free medium before the heparin-virus-mixture
was added and incubated for 90 minutes at 4°C. After washing three times with PBS, cell
monolayers were dissolved in TRIzol or maintenance medium with FCS (c = 0.02l/l) was
added. TRIzol and culture supernatant samples were kept frozen at -70 °C before RNA was
isolated and ct-values measured (3.1.3.4.3).
Inhibition experiments using laminin or bovine lactorferrin were accomplished accordingly,
except that here cells were pre-incubated with laminin or lactoferrin. No washing step was
included before virus was added.
The infection experiments with specifically GAG-deficient cells included the use of two cell
types with three cell lines each. The parental cell lines Chinese hamster ovary cells, CHO-K1
[387], and L cells, i.e. a mouse fibroblast cell line [485] were compared with two corresponding mutant cell lines. The mutant derivatives exhibit a specific defect either in the GAG
synthesis pathway or in the synthesis of HS in particular: the CHO-K1 derived mutants pgsA745 (GAG-deficient) and pgsE-606 cells (partially HS-deficient), and the L cell derived sog9
cells with a defect in the GAG synthesis [17] and gro2C cells, defective in the HS synthesis
[182, 485]. The experimental approach followed the general protocol given in 3.7.1.

3.8 Statistical analysis
Standard testing (Wilcoxon signed-rank test, Kruskal-Wallis test, Tukey-Kramer HSD test,
Wilcoxon-Mann-Whitney test and linear correlation) was applied to evaluate statistical
significance of results as given in the legends of figures and tables, or in the text. If necessary,
data from infection experiments were logarithmical transformed to stabilise variances with
respect to parametric statistical testing. After transformation, data were analysed using
2-dimensional analysis of variance (ANOVA) underlying the constant effects cell line and
virus strain. Additionally, the interaction between cell line and virus strain (cell line*virus
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strain) was considered. To check the requirements of the parametric ANOVA data were
analysed for normality within each group using the Shapiro-Wilk test and for homogeneity
between groups with the Brown-Forsythe test which is more robust against deviations form
normality as other tests. Since these tests require higher numbers of replicates than used in the
experiments, the possibility to identify true deviations from the normality and variance
homogeneity is very limited. Therefore, the results of all parametric ANOVA tests were
checked with the non-parametric Scheirer-Ray-Hare test [422] that is based on the (onedimensional) Kruskal-Wallis test. The test statistic χ2 is used instead of the F value of the
conventional ANOVA. If the results of the parametric ANOVA were in accordance with the
Scheirer-Ray-Hare test, linear contrasts were tested with the parametric ANOVA to identify
significant differences of means among groups. For multiple testing the probability value was
Bonferroni corrected.
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4 Results
The Results chapter is structured as follows: in the first part (4.1) the E protein sequences of
the four WNV strains that were used in the infection experiments and for recombinant protein
expression are aligned and compared. The second part (4.2) presents the production of
recombinant WNV proteins as potential tools for virus-free binding assays and as antigens for
diagnostic tests. The third part (4.3) describes the establishment of a cell culture model and
the characterisation of the cell lines which constitute the basis for the experiments in chapter
4.4. This is the last and largest part of the Results chapter which comprises a series of infection studies with the newly established as well as commercially available continuous cell
lines. Cross-references refer to chapter numbers in State of Knowledge (2), Materials and
Methods (3), or other parts of the Results chapter (4).

4.1 Proof of identity and sequence comparison of WNV strains
Before infection experiments were realised, virus strains were checked for their proper
identity. As the envelope protein was in the focus of this study, the E protein encoding
sequence of all WNV strains used for the cell infection experiments and for recombinant
protein expression were subjected to automated sequencing. RNA isolated from the supernatant of infected Vero cells was transcribed and amplified by one-step RT-PCR using WNVspecific primers, shown in Table 12, and subsequently purified using the QIAquick® PCR
Purification Kit. Results were compared with the published NCBI GenBank sequences of the
particular WNV strain. Surprisingly, the New York strain from 1999 was not a human isolate
as previously supposed but had a 100 % identity with the published sequence of a New York
1999 variant isolated from a flamingo (Genbank accession no. AF196835). The WNV strain
Dakar was purchased from the National Collection of Pathogenic Viruses in Salisbury, UK,
without any further information (no sequencing data available) but was thought to be a WNV
lineage 2 strain. However, sequencing revealed its close relationship to lineage 1 strains, but it
could not be attributed to any of the published WNV lineage 1 sequences. A recently published WNV isolate from the Central African Republic, ArB310/67 (Genbank accession
no.°GQ851608.1), [310] showed with 99 % the highest similarity on nucleotide level with the
Dakar strain from this study. The nucleotide sequence of the WNV vaccine strain ChimeriVax-WN01 (PreveNile) was consistent with the New York 1999 flamingo sequence in
regard to the E protein encoding region. WNV Sarafend and the WNV Uganda 1937 isolate
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were identical on nucleotide level to the corresponding sequences published in GenBank
(accession no. AY688948 and M12294, respectively).
Table 12. Primers used for the sequencing of WNV strains
WNV strain

Forward primer
(nt postion)

Reverse primer
(nt position)

Annealing
temperature

New York 1999 flamingo

NY-Fw-2 ( 967 - 984)

NY-Rev-2 (2469 - 2453)

62 °C

Dakar

E Expression (967 - 987)

Ug-Rev-2 (2457 - 2441)

62 °C

Sarafend

E Expression (967 - 987)

Ug Rev-2 (2457 - 2441)

62 °C

Uganda 1937

Ug-Fw-BamHI (966 - 987)

Ug-Rev-2 (2457 - 2441)

62 °C

ChimeriVax-WN01
(Vaccine PreveNile)

E Expression (967 - 987)

NY-Rev-2 (2469 - 2453)

62 °C

The sequencing results were further used to align and compare the amino acid sequences of
the complete gene section coding for the E protein (Figure 12). Within the binding domain
DIII a difference in three amino acids between the lineage 1 and 2 strains was detected at
position 312 (Lys→Ala), 313 (Gly→Arg) and 369 (Ala→Ser). In the two lineage 1 strains,
the DIII encoding sequences were identical. The lineage 2 strain Sarafend differed from the
Uganda strain at amino acid position 332 (Thr→Lys). Noticeably, WNV Uganda showed a
four amino acid deletion at position 154 to 157 leading to the loss of the N-glycosylation site
as has been reported for some lineage 2 strains in the literature (2.5.4.3).
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Figure 12. Alignment of the amino acid sequences of the E proteins of four WNV strains and
ChimeriVax-WN01. Identities in the sequence in relation to the WNV New York 1999 flamingo
isolate are indicated by dots; dashes show gaps in the sequence. The corresponding region of DI
is underlined in blue, of DII in yellow and of DIII in red. The transmembrane region of the E
protein is not depicted. Amino acid differences within DIII are highlighted by red boxes. The
area of the glycosylation site, or the four amino acid deletion seen in the WNV Uganda, is coloured in blue. All other amino acid mutations are marked by grey areas.
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4.2 Cloning and expression of recombinant West Nile virus proteins
As stated earlier the WNV envelope protein, in particular domain III, has been shown to
mediate virus binding to the host cell membrane and to be involved in the subsequent steps
that comprise virus entry (2.5.4.3). Thus, efforts were made to generate recombinant WNV
proteins with the aim to conduct virus-free in vitro binding experiments to eventually assess
the specific interaction with particular membrane-associated proteins of the cell lines established in this study (4.3).
It has been discussed in State of Knowledge that other Flaviviruses show differences in the
binding and internalisation features among different strains or serotypes within a species. As
the divergence of the two major WNV lineages is between 21 and 29 % on nucleotide level,
also binding of the viral E protein might reveal differences in the affinity to its cellular
receptor. Therefore, RNA from two WNV strains, representing the two main WNV lineages,
served as a basis for the cloning of E protein into different expression vectors. Recombinant E
protein and the specific binding domain, DIII, were expressed separately (see Figure 13 for a
schematic representation).

Figure 13. Sketch of the WNV genome (adapted from the published sequence of WNV
New York 1999, GeneBank accession no. AF196835). The three structural proteins are encoded at the 5’ end of the RNA genome. The E protein is highlighted by colours. E protein
uses the carboxy terminus of the pre-membrane protein as signal peptide (solid dark blue
bar). Numbers and arrows indicate nucleotides encoding each region. DI and DII are indicated by a light blue bar. The binding domain, DIII, is shaded in red. The hydrophobic
transmembrane region at the 3’ end of E protein is marked by a dark blue area. Primer positions are indicated: (a) NY-Fw2 or oT-NY-Fw2, (b) DIII-NY-Fw7, (c) oT-NY-Rev or DIIINY-Rev5, (d) NY-Rev2.

4.2.1 Cloning of WNV E protein and DIII of E protein
The concept for cloning which follows from the above mentioned facts was realized as
described in 3.1.5.1.
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4.2.1.1 DNA amplification
RNA from cell culture supernatant was isolated using the QIAmp® Viral RNA kit. RNA
genome derived from the isolates WNV New York flamingo 1999 and Uganda 1937 was
transcribed into cDNA using primer pairs that flanked the coding sequence of E protein or of
DIII. To increase the solubility and yield of recombinant protein, the hydrophobic distal
carboxy-terminal (i.e. transmembrane) region of E protein was removed (defined here as
EΔ96 protein). The primer sequences were deduced from the NCBI database’s sequence
containing restriction sites for directed (New York-EΔ96 and DIII), undirected (Uganda DIII)
cloning or otherwise modified according to the IBA StarGate® Cloning requirements.
Complementary DNA fragments of the E protein encoding sequence with varying lengths,
1503 bp (New York E protein), 1491 bp (Uganda E protein), 1215 bp (New York EΔ96
protein), 1203 (Uganda EΔ96) or 312 bp (New York and Uganda DIII), were amplified. The
1503 bp New York and 1491 bp Uganda full length E protein sequences were also cloned into
the pET-19b vector. However, the expression products were not satisfying in respect to purity
and yield, so that they are not presented in the following. The success of DNA amplification
was checked by gel electrophoresis where distinct bands of the expected size were seen in the
agarose gel (1 %). DNA amplification products were purified using the QIAquick® PCR
purification kit. PCR products were used for cloning into expression vectors as described
below. Table 13 lists the plasmid constructs and the corresponding recombinant proteins.
Table 13. List of plasmid constructs used for the expression of recombinant WNV proteins
Construct

Recombinant
protein 1, 2

Primer pair

Enzymes used for
cloning

Molecular mass
(standard/
calculated)*

pET19b-NY-EΔ96

EΔ96 protein of
NY 1999 1

oT-NY-Fw2
oT-NY-Rev

BamHI, NdeI

48 kDa/43.63 kDa

pET19b-NY-DIII

DIII of NY 1999 1

DIII-NY-Fw-7
DIII-NY-Rev-5

BamHI, NdeI

15 kDa/10.95 kDa

pASG-IBA43-UgEΔ96

EΔ96 protein of
Uganda 2

WNV-Ug-IBA-Fw
WNV-Ug-IBA-Rev

StarGate® Cloning

54 kDa/43.27 kDa

pET19b-Ug-DIII

DIII of Uganda 1

DIII-Ug-Fw-4
DIII-Ug-Rev-5

BamHI

15 kDa/10.95 kDa

With 1 His-tag (N-terminal) or with 2 His- (N-terminal) and Strep-tag (C-terminal). * The calculated mass is
based on the amino acid sequences of the corresponding WNV protein, whereas the mass according to the
standard includes the protein’s tags.
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4.2.1.2 Cloning into expression vectors
Amplificates and plasmid vectors were ligated after restriction digest and subsequent purification to remove enzymes and nucleotide fragments. E. coli bacteria cells were transformed
with the ligation products. After mini preparation of randomly selected clones, purified
plasmids were subjected to gel electrophoresis. A control restriction digest was applied to
those clones’ plasmids which showed the expected band size to give a control for successful
cloning: endonucleases HindIII and XbaI were used for the IBA constructs (pASG-IBA43Ug-EΔ96), NdeI and BamHI for the pET-NY-EΔ96 and pET-NY-DIII constructs, and BamHI
for pET-Ug-DIII. Separation of DNA fragments was visualised by agarose gel electrophoresis. DNA plasmids of those clones that displayed the proper band combination with the
expected size were objected to automated sequencing. Results were aligned with the published sequences of the NCBI database using BioEdit. Clones were selected on the basis of
the greatest possible conformity in sequence and the correct in-frame orientation of the insert.
The WNV New York EΔ96 protein coding sequence was successfully cloned into the pET19b vector. Expression of E protein DIII from Uganda and New York was also realised using
the same vector. The Uganda EΔ96 protein sequence could not be cloned into the pET-19b
vector so that the expression vectors pPSG-IBA43 and the pASG-IBA43 were used instead.
Sequence analysis showed that the sequences of cloned genes differed from the GenBank
entries (see Table 14), i.e. the New York 1999 accession no. AF196835 and Uganda accession
no. M12294.
Table 14. List of mutations in the amino acid sequence of the
recombinant WNV proteins
Construct

Position

Mutation

66

Ser→Gly

108

Phe→Leu

127

Gly→Arg

247

Met→Ile

404

Ile→Asn

pASG-IBA43-Ug-EΔ96

299

Met→Thr

pET19b-NY-DIII

-

-

pET19b-Ug-DIII

352

Val→Ala

pET19b-NY-EΔ96
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4.2.2 Expression of WNV E protein and DIII in E. coli bacteria cells
The recombinant expression plasmids were transformed into BL21 E. coli cells and expression was induced by IPTG (pET-19b, pPSG-IBA43) or anhydrotetracycline (pASG-IBA43).
As the Uganda EΔ96 protein cloned into pPSG-IBA43 could not be expressed after induction,
it was subcloned into the pASG-IBA43. Here, successful expression was realised probably
due to the Tet promoter which is of medium strength compared with the T7 promoter and,
therefore, is supposed to promote stability of certain proteins.
In a first step, small scale protein expression was induced to identify recombinant clones with
highest expression rates, and to determine the point in time of optimal expression. Subsequently, sufficient quantities of purified protein were produced by large-scale expression in
500 ml LB medium and expressed proteins were purified by nickel-NTA-agarose affinity
chromatography (see 3.2.2). All WNV proteins produced in the course of this study were
packed inside bacterial inclusion bodies. Therefore, solubilisation of the inclusion bodies and
subsequent isolation of the proteins required purification steps under denaturing conditions
with 8 mol/l urea. Finally, proteins were eluted by pH reduction in three to four steps, at
pH 4.5 for the New York EΔ96 protein in pET-19b, at pH 5.9 for Uganda EΔ96 protein in
pASG-IBA43, whereas elution of DIII was found to be best at pH 2.4. The products from the
various purification steps were analysed in a 13 % SDS gel which was subsequently stained
with Coomassie brilliant blue (Figure 14 and Figure 15). The molecular mass by standard of
the purified proteins was similar to values given in the literature (see 2.5.4.3). Purity and
homogeneity of the proteins were assessed using the AIDA software which showed a single
peak with the expected molecular mass of 15 kDa for DIII, 48 kDa for the New York EΔ96
protein and 54 kDa for the Uganda EΔ96 protein (see also Table 13). The purity yielded was
between 92 % and 100 % within the elution fraction.
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Figure 14. Purification of WNV EΔ96 proteins by affinity chromatography. Coomassie
stained SDS gels of the various purification steps of the EΔ96 protein of (A) WNV New
York 1999 and (B) WNV Uganda are displayed. (1) The lysate of the E. coli inclusion bodies, (2) the flow through, (3) the washing step, (E1-4) the elution steps are shown.
(M) ‘PageRuler unstained protein ladder’. Positions corresponding to the molecular
weight marker are indicated on the left.

The quantity of the eluted proteins was determined using the method described by Bradford
and differed depending on the expression efficiency of the particular protein and the vector
used. Concentration of proteins was calculated using a BSA standard series (3.2.4). Amounts
of about 5-7 mg EΔ96 protein or approximately 1 mg DIII of E protein per litre bacteria
suspension were obtained. The concentration of soluble DIII protein in the elution buffer was
comparably low. After dialysis in order to remove denaturing agents and to facilitate refolding, concentration was increased using the Amicon® ultra centrifugal filter (Figure 15).
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Figure 15. Purification and concentration of WNV DIII protein (here New York DIII).
Coomassie stained SDS gels are displayed. (A) Purification steps after expression in E. coli
by affinity chromatography. (1) The lysate of the E. coli inclusion bodies, (2) the flow
through, (3) the washing step, and (E1-3) the elution steps are presented. (B) Lane 1 shows
the protein band corresponding to DIII protein after dialysis, lane 2 the flow through, lane 3
the concentrated protein after repeated centrifugation. (Ma) ‘Precision Plus Protein unstained
standards’. (Mb) ‘PageRuler unstained protein ladder’. Positions corresponding to the molecular weight marker are indicated on the left.

4.2.3 Characterisation of expressed WNV proteins
Western blot analysis using both anti-His•Tag® and monoclonal antibodies directed against
WNV E protein confirmed specificity of the recombinant proteins. Commercially available
monoclonal anti-E protein antibodies 3.67G and 3.91D both recognised not only recombinantly expressed E protein of the two lineages but also DIII (Figure 16). This indicates that
epitopes located within this domain are targeted by these antibodies. The anti-His•Tag®
antibody directed against the deca-histidine tag was used as a positive control and showed that
bands matched.
The identity of the produced proteins was also confirmed by MALDI-TOF mass spectrometry. Affinity purified proteins were separated on standard SDS gels and two gel plugs of
1.5 mm diameter were excised from bands for mass spectrometric analysis. Samples were
processed exactly as described by Skiba et al. [444]. Combined peptide mass fingerprint and
TOF/TOF spectra were queried using the Swiss Prot database [489] restricted to viral proteins. For all samples at least two highly informative TOF/TOF peptide spectra were obtained.
Identification as WNV E protein and DIII protein was unambiguous for all samples at
significance levels of more than 99 %. Spectra complied well with in-silico digests of the
calculated protein sequences of the constructs.

82

Results

The recombinant EΔ96 protein and DIII of the WNV isolate New York flamingo 1999 were
successfully used as antigens in ELISA applications for the screening of human, horse and
bird sera (S. Fereidouni, Friedrich-Loeffler Institute, Isle of Riems, Germany; unpublished
data).

Figure 16. Western blot analysis of E protein and DIII of WNV New York 1999. Monoclonal anti-E antibody 3.67G was used for detection. Blots show purification steps of (A)
E protein and (B) DIII. In lane 1 the lysate of the E. coli inclusion bodies is seen, in lane 2
the flow through, in lane 3 the elution fraction. (Ma) ‘PageRuler unstained protein ladder’.
(Mb) ‘Precision Plus Protein unstained standards’. Positions corresponding to the molecular
weight marker are indicated on the left.

4.3 Establishment of a cell culture model for infection experiments
The heterogeneous, ubiquitously distributed cell surface receptor integrin αvβ3 was described
as the putative receptor for WNV (2.8). Reduced infectivity after application of blocking
antibodies against the integrin or its subunits, and resistance of αvβ3 non-expressing cells to
WNV infection affirmed this finding. Against this background the overall aim of this study
was to establish a cell culture model based on cell lines that are deficient for specific integrin
subunits.

4.3.1 Integrin deficient mouse lines
In order to establish the above mentioned cell culture model, two integrin deficient mouse
lines were used. First of all, breeding stocks of the αv-deficient (αv/LacZ mice) and the β3deficient mouse lines were established. These genetically modified mouse lines had been used
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as models to investigate integrin-associated human diseases (2.7.5). The αv integrin subunit
coding gene was inactivated by the deletion of the first exon and introduction of a LacZ gene
cassette. With regard to the β3 integrin subunit, homologous recombination replaced a 1.4 kb
fragment of the wild type allele containing exon I and II by the 1.7 kb neomycin resistance
cassette used for positive selection.
Combining the two mentioned mouse lines, a double-knock-out mouse line was established
that is deficient for both the β3 (full knock out, homozygous) and αv subunit (partial knockout, heterozygous). At first, heterozygous αv(+/LacZ) knock-out mice were bred with
homozygous, β3-deficient mice. In the next generation, those progenies that possessed a
heterozygous αv(+/LacZ)/β3(+/-) genotype were crossbred to obtain a heterozygous
αv(+/LacZ), homozygous β3(-/-)-deficient mouse line. Embryonic fibroblasts originated from
this mouse line were cultured and characterised in the course of this study. However, they
were not of particular interest for the experiments planned but are rather tools for future
studies that aim at the double rescue by transgenic integrin subunits.

4.3.2 PCR analysis of integrin deficient mice, embryos and mouse
fibroblasts
PCR analysis encompassing the specific integrin subunit encoding gene was of particular
importance for this work in order to screen mice progenies for their genotype and to accomplish controlled mating of mice, and, last of all, to check the genotypes of the mice derived
embryonic fibroblasts. PCR adjustments based on a three primer technique were optimised to
give the protocols described in 3.4.2. Table 15 lists the expected DNA fragment sizes of the
wild type and the mutant alleles of the particular αv-, β1- and β3-specific PCRs.
Offspring of the two mouse lines (see 4.3.1) were genotyped after weaning to be separated
and mated accordingly to keep the breeding stock running. In order to prepare fibroblasts
from precisely 12.5 days old embryos the mating dates was controlled. Isolation of homozygous deficient embryos was effortless in the case of β3-deficient mice as the full β3 knock-out
phenotype was viable and, therefore, homozygous mice could be mated. All resulting embryos had a homozygous β3-deficient genotype. In contrast, the full αv-knock-out results in
embryonic or perinatal death (2.7.5). Here, only heterozygous mice could be mated to
generate embryos with three different genotypes: αv(+/+) wild type, heterozygous αv(+/LacZ)
and homozygous αv(LacZ/LacZ)-deficient embryos. PCR screening was accomplished to
detect those embryos with αv homozygous genotypes.
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Table 15. Expected band sizes resulting from the integrin specific PCRs
PCR for the αv gene

PCR for the β1 gene

PCR for the β3 gene

Wild type band

477 bp

Mutant band

359 bp

Flox (wild type) band

450 bp

Mutant band

670 bp

Wild type band

446 bp

Mutant band

538 bp

4.3.3 Establishment of integrin deficient cell lines
In order to generate mouse embryonic fibroblasts (MEFs) from integrin deficient mice,
embryos were isolated at day 12.5 from the females’ uteri and prepared for cell culture as
described in 3.5.1. Finding of live αv-deficient embryos were rare events, consistent with
Mendel’s law that only 25 % of all embryos were homozygous for the αv knock-out out of
which only 20 % were reported to be still alive at embryonic day 12.5 due to early embryonic
death resulting from placental defects [13]. To increase the rate of living homozygous
deficient embryos fibroblasts were also isolated at embryonic day 10.5. However, cells did
not grow in culture and died after some days. In this study only 16.9 % of embryos had a
homozygous αv-deficient genotype and out of these only 36.4 % were still viable at time of
isolation to give a total percentage of 4.5 % of all embryos dissected (Table 16, numbers of
αv-deficient embryos shaded in light blue).
Table 16. Absolute numbers and percentages in relation to the genotype of all
embryos dissected
Genotype

αv +/+

αv +/-

αv -/-

Total

Viable embryos

18 (20.2 %)

46 (51.7 %)

4 (4.5 %)

68 (76.4 %)

Dead embryos

3 (3.4 %)

7 (7.9 %)

11 (12.4 %)

21 (23.6 %)

Total

21 (23.6 %)

53 (59.6 %)

15 (16.8 %)

89 (100 %)

All intact and dead (at different stages of absorption or mummification) embryos were
checked for their genotypes by PCR. Living embryos with a full αv-knock-out presented the
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typical phenotype with intracerebral haemorrhages due to neurovascular defects as shown in
Figure 17.

Figure 17. Images and PCR analysis of wild type and αv-deficient embryos. Embryos with
an αv-knock-out display intracerebral haemorrhages (B, C), whereas wild type embryos appear normal (A). (D) PCR analysis of the embryos obtained from one female is shown. The
PCR products of 359 bp for the homozygous αv-knock-out (KO) are encircled in green. The
wild type (WT) band corresponds to the 477 bp PCR product. (M) Marker peqGOLD
100 bp DNA-ladder. (-/-) homozygous deficient, (+/-) heterozygous, (+/+) wild type.

Twenty-four females were dissected to isolate fibroblasts from the viable embryos which
were checked by PCR for their genotype. Several wild type αv(+/+), heterozygous
αv(+/LacZ) and β3(-/-)-deficient, one αv(LacZ/LacZ)-deficient and two double-knock-out
αv(LacZ/LacZ)/β3(-/-) MEF cell lines could be established. In this study, these cell lines were
designated as wild type MEFs, MEF-ITGAV(-/-), and MEF-ITGB3(-/-). Only one of the wild
type MEF cell line was characterised and used in the following experiments. Heterozygous
cells were cryo-conserved and left aside in the infection experiments. Figure 18 shows the
features of the MEFs with respect to their αv, β3 and β1 integrin genes analysed by PCR. The
mouse kidney fibroblast cell lines MKF-ITGB1(-/-) and MKF-ITGB1(flox/flox) were
included in the analysis and are therefore presented in this context (for further details see
4.3.4).

86

Results

Figure 18. Genotyping of the established MEF and of the MKF cell lines by PCR analysis.
The genotypes of wild type (1), αv-deficient (2), β3-deficient (3), αv/β3 double knock-out
(4), β1-deficient (5), and β1-floxed (6) mouse fibroblasts were checked by (A) αv-PCR,
(B) β1-PCR, (C) β3-PCR as outlined in 4.3.2. (M) Marker peqGOLD 100 bp DNA-ladder.
bp positions are indicated on the left or right, respectively.

In general, standard cell culture methods were applied for the establishment and cultivation of
the MEFs. However, the establishment of the β3- and in particular the αv-deficient cell line
was difficult as cells were slowly-growing during the first passages and sensitive to handling.
Gelantine covering of culture plates to facilitate adherence and the increase of the FCS
concentration was tested but had no enhancing effect on cell growth. MEFs were cultured
until the growth rate was high enough to allow one to two passages a week. This was accomplished after approximately passage number 18. After this passage number was achieved cells
were subjected to infection experiments (see 4.4.3). Figure 19 shows light microscopy images
of the mouse fibroblast cell lines.

4.3.4 Phenotyping of wild type and integrin deficient mouse fibroblats
In a next step the established cell lines were characterised with respect to their integrin
expression features. Integrins are expressed as heterodimeric receptors on the cell surface
(2.7.1). Thus, the loss of the αv integrin subunit results in the lack of all five αv integrin
receptor combinations (αvβ1, αvβ3, αvβ5, αvβ6, αvβ8; see also 2.7.4). In contrast, on β3deficient MEFs only the expression of integrin αvβ3 is affected. Since the alternative β3
integrin, i.e. αIIbβ3, is exclusively expressed on thrombocytes it is not relevant in this context.
Two additional mouse fibroblast (in the following: MF) cell lines were made available by R.
Faessler (A.1.7.4): mouse kidney fibroblasts MKF-ITGB1(-/-) and their parental cell line
MKF-ITGB1(flox/flox). Thus, the latter was used as a wild type control for the MKFITGB1(-/-). The term ‘flox’ refers to the genetical marking of a gene sequence by LoxP sites
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in order to be able to delete the corresponding gene fragment. Both cell lines were immortalised by the SV40 large T antigen (R. Faessler, Max Planck Institute, Martinsried, Germany;
pers. comm.) and differed from the MEFs described above in their morphology and the
proliferation rate. The absence of the integrin subunit β1 makes the expression of 12 heterodimeric integrin combinations, i.e. integrin αvβ1 and integrins α(1-11)β1, impossible.

4.3.4.1 Characterisation of the MF cell lines by immuno-fluorescence staining
In order to verify the αv, β1 and β3 integrin deficiency of the established cell lines and to
examine the distribution of these integrins assembled in focal contacts on the cell surface of
MFs immuno-fluorescence was accomplished using mouse-specific antibodies directed
against the αv (mab clone RMV-7), β1 (mab HMβ1-1) or the β3 (mab HM beta 3.1) subunit.
At sub-confluency, 24 to 48 hours after seeding onto glass cover slips, cells were fixed and
stained before integrin distribution and nuclear staining were visualised by confocal laser
scanning microscopy. Sub-confluency was important to picture the focal contact rich cell
protrusions and cell-to-cell-contacts. As seen in Figure 19 imaging showed that αv and β3
integrins assembled in a typical focal contact manner, i.e. isolated bar-shaped dots, localised
on the cell surface. Double fluorescence staining revealed that αv integrins were concentrated
in the cell periphery whereas β3 integrins were also found in the inner cell radius. Most
noticeably, the distribution of β1 integrins showed a different picture. They presented a more
elongated assembly across the cell surface similar to those of stress fibres with which they are
connected. The same structures were seen in all but the β1-deficient MKFs, so that the
antibody reaction was regarded to be specific. The images in Figure 19 show that both αv and
β3 integrins are absent from the surface of MEF-ITGAV(-/-) cells derived from the homozygous αv-mutant embryos. Apart from the absence of detectable β3 integrins on the surface of
MEF-ITGB3(-/-) cells there were no changes in the expression pattern regarding αv integrins.
The expression of β1 integrins of both deficient cell lines was not altered. The MKFITGB1(-/-) cells lacked β1 integrins but showed the expected distribution of αv and β3
integrins. All these integrins were found on the surface of the two wild type cell lines, wild
type MEFs and MKF-ITBG1(flox/flox).
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Figure 19. Confocal microscopy images of integrin expression and distribution of the MFs
used in this study. Antibodies specific for the integrin subunits αv, β1 or β3 and the combination of αv (green) and β3 (red) integrin specific antibodies were used to picture integrin
expression. Panels show images for each combination of cell line × antibody. Nuclear staining was realised by the nucleic acid stain DAPI. Merged colours of the double staining indicate co-localisation of integrins (yellow). Scale bars of 100 µl (light microscopy images)
and 20 µm (fluorescence images) are displayed.

In addition to the MF cell lines, the integrin αvβ3-specific antibody LM609 raised against the
human heterodimeric integrin αvβ3 was used to picture the integrin distribution on the surface

Results

89

of Vero cells. Images in Figure 20 show that Vero cells have a comparably high expression
density of integrin αvβ3 as reported before [99]. Application of this antibody to the MFs in
combination with secondary anti-mouse IgG antibodies failed. Binding of the monoclonal
antibody LM609 to the mouse cells was non-specific.

Figure 20. Immuno-fluorescence staining of integrin αvβ3 on the surface of Vero cells.
Monoclonal integrin αvβ3-specific antibody LM609 and a secondary anti-mouse Alexa
Fluor®546 antibody were used. (A) Cell clustering, (B) two cells. Scale bars of 20 µm are
displayed.

4.3.4.2 Characterisation of the MF cell lines by flow cytometry analysis
Flow cytometry analysis was used to estimate the integrin expression levels on live cell
surfaces of the wild type and integrin deficient MFs. The fluorescence profiles were measured
using the FACSalibur flow cytometer after incubation with anti-mouse integrin specific
antibodies targeting the αv subunit (mab RMV-7), the β3 subunit (mab HM beta 3.1 and
2C9.G2) or the β1 subunit (mab HMβ1-1). Control cells incubated with isotype antibodies
showed similar fluorescence intensities to untreated cell controls. 2 × 105 cells were stained
and a minimum of 10.000 cells were counted at a time. Cells were gated upon morphological
characteristics whereby dead cells were excluded from FACS analysis. In general, the results
of the flow cytometry analysis were consistent with the PCR and confocal laser scanning
microscopy results described in 4.3.3 and 4.3.4.1, respectively. After subtracting the background fluorescence of the cell control no β3 integrin positive cells were found in the scatter
plots of MEF-ITGB3(-/-) whereas all cells were found to be positive for αv and β1 integrins.
Expression of αv and β3 integrins on MEF-ITGAV(-/-) was below the limit of detection.
Fluorescence signals did not exceed the baseline when MKF-ITGB1(-/-) cells were incubated
with the β1-specific antibody, indicating the absence of β1 integrins, whereas the expression
of αv and β3 integrins was not affected. Figure 21 shows the integrin expression profiles
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represented by FACS histograms. The untreated cell controls were adjusted to the same
fluorescence intensity level in order to compare fluorescence levels of the different cell lines.
Interestingly, no significant differences between fluorescence signals were seen. These
findings suggest that the β1 integrins did not show any evidence of up-regulation in expression in compensation for the absence of β3 integrins or vice versa. It was concluded that the
integrin expression levels of the MEF cell lines are comparable. The expression levels of αv
and β3 integrins on MKF-ITGB1(-/-) and MKF-ITGB1(flox/flox) were reduced in comparison to the established cell lines.

Figure 21. Fluorescence profiles from flow cytometry analysis. Cells were incubated with
integrin specific antibodies or left untreated (cell controls, isotype controls not shown here).
Panels represent FACS histogram for each combination of cell line × antibody. Monoclonal
antibodies RMV-7, HMβ1-1 and HM beta 3.1 were used for detection. Abscissa - fluorescence intensity (log scale); ordinate - number of cells counted in each column of the histogram.

4.3.4.3 Characterisation of the MEFs by mouse adenovirus type 1
Deficiency of a cell line with respect to a particular receptor should result in a resistance or
partial resistance to infection by a control virus that uses the same receptor. However, the
difficulty is that most virus species that have been described to use integrins for viral entry
can use alternative receptors in the absence of integrins or do not use exclusively integrins,
respectively. Some human adenoviruses use integrins as co-receptors for entry after binding to
the coxsackie-adenovirus-receptor CAR [351, 508]. Human adenovirus type 5 which is
dependent on αv integrins as co-receptors was kindly provided by Kathrin Zimmermann,
University of Greifswald, Germany. However, first experiments showed that virus replication
in the mouse cell lines ceased, so that it could not be used as a control virus for the MEFs.
Since the murine adenovirus type 1 (MAV-1) has been shown recently to also be dependent
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on αv integrins for entry [389] it was used instead. MAV-1 replicated in the MEFs and
showed a strong cytopathic effect.
Wild type MEFs, MEF-ITGB3(-/-), MEF-ITGB3(-/-)rescue and MEF-ITGAV(-/-) were
seeded onto 12-well culture dishes 24 hours prior to infection. The protocol for infection
experiments given in Materials and Methods (3.7.1) was generally followed. More precisely,
1 × 105 cells per well were pre-cooled before inoculated with virus at an MOI of 0.5 PFU/cell.
Infection was allowed for 90 minutes at 4 °C. To determine yields of virus bound to the cell
surface a first set of cells was harvested after extensive washing with PBS. The second set
was washed before maintenance medium was added to the wells and incubation proceeded for
2 days at 37 °C. Virus DNA was isolated from the supernatant and from the TRIzol samples
from the first set before being quantified by qPCR to calculate ct-values.
The Kruskal-Wallis test was used for statistical analysis of the real-time PCR read-out.
Comparison of the rank means was accomplished by the Tukey-Kramer’s HSD test. Figure
22-A shows that binding to MEF-ITGAV(-/-) was significantly reduced compared to wild
type MEFs as had been described by Raman et al. [389]. A more prominent, highly significant
effect had the loss of the integrin β3 subunit on virus binding which led to lower yields in
MAV-1 ct-values by a factor of 10-3. Most noticeably, when the integrin β3 subunit was
rescued as seen in MEF-ITGB3(-/-)rescue (establishment of these cells see 4.4.3.3), binding
efficiency of MAV-1 was comparable with wild type cells. After incubation of cells with
MAV-1 for 48 hours the highly significant difference between wild type and MEF-ITGB3(-/-)
disappeared (Figure 22-B). Here, the absence of the αv subunit had an enhancing effect on
MAV-1 replication which was completely unexpected. Levels of virus production were
similar to those seen in β3-rescue MEFs. These findings clearly demonstrate that β3 integrins
are involved in (i) MAV-1 binding, and (ii) replication, both effects being independent from
each other. Presumably this is due to an improved uptake of virus particle into MEFITGB3(-/-)rescue cells. The lack of αv integrins led to reduced yields of bound virus but
obviously this did not influence virus production negatively, instead it enhanced virus’
replication compared to wild type cells. To address this issue, additional experiments would
have been necessary to clarify the role of αv integrins in terms of MAV-1 replication. This,
however, was beyond the scope of this study. Nevertheless, results clearly demonstrate that
the presence or absence of both, αv and β3 integrins, led to different binding and replication
efficiencies of MAV-1.
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Figure 22. Binding of MAV-1 to and replication in MEFs. (A) Binding and (B) replication
of virus after 48 hrs p.i., both quantities expressed in ct-values. Testing: (A) Kruskall-Wallis
test, n =3, χ2 = 9.53, p < 0.03, (B) Kruskal-Wallis test, n = 3, χ2 = 8.95, p < 0.03, multiple
comparisons: Tukey-Kramer HSD test, (n.s.) p > 0.05, (*) 0.01 < p ≤ 0.05, (**) 0.001 < p ≤
0.01, (***) p ≤ 0.001.

4.4 Cell infection studies
The establishment of cell lines that are deficient for specific integrin subunits had been
outlined in the previous chapter. In addition to PCR analysis MFs were characterised as to
their expression features concerning the three mentioned integrin subunits. In the following
the results of several infection experiments are described that were conducted in order to
identify the specific role of integrins in WNV entry. Other proteins were also considered as to
their involvement in virus binding and internalisation.

4.4.1 Pilot studies
The optimal conditions regarding the seeding density of cells, the infection dose (MOI) and
incubation time were determined in pilot studies. Due to the fact that a plaque or TCID50
titration assay could underestimate viral infectivity and does not include all virus particles
produced [531], and in respect to the high number of samples, either the number of genome
containing equivalents, in terms of ct-values, or absolute numbers of viral genome containing
particles (VGPs) were determined by qRT-PCR. The data were used to calculate the binding
or replication efficiencies. Binding efficiency could be directly measured by sampling the cell
monolayers and adsorbed virus particles after incubation at 4 °C to prevent endocytosis.
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Because the internalisation efficiency as a separate process could not be quantified, uptake of
particles was indirectly assessed by determining the production of virus in the culture supernatant 24 to 48 hours post infection assuming that the efficiency of replication processes were
essentially the same among the cell lines used in a parallel approach. It has been reported
recently that progeny virus is released from infected cells 12 hours after infection [97], so that
approximately 2 to 4 replication cycles were completed.
Different cell surface-associated proteins had been postulated to be involved in the entry
process of Flaviviruses, but only few were unambiguously identified (2.6.2). A pilot study
was conducted in which several substances were tested to provide information as to whether
similar attachment or receptor molecules are used by WNV. These substances have successfully been used to block infection of mammalian cells with Dengue virus or Japanese
encephalitis virus. Here, the chimeric vaccine strain ChimeriVax-WN01 (PreveNile) was
selected since it allowed work under BSL 2 conditions. Basically the experimental approach
outlined in Matrials and Methods (3.7.3) was followed.
First, an inhibition assay was performed. Vero cells and wild type MEFs were pre-incubated
with increasing concentrations of laminin (0, 2, 4, 8 µg per well) or bovine lactoferrin (0, 0.1,
25, 50, 50, 100, 200 µg/ml) diluted in medium devoid of FCS for one hour at 4 °C before cells
were infected with constant amounts of virus, MOI of 5 PFU/cell. Alternatively virus was
incubated with increasing concentrations of heparin (0, 0.2, 2, 20, 200 µg/ml) for 1 hour at
4 °C before the mixture was inoculated with the cells. BSA (c = 100 g/l) was used as a control
for the specificity of inhibition and was found to have no effect on blocking virus entry.
Trypan blue staining was applied to estimate the cytotoxic effect of the substances used at
their highest dose on mock-infected cells. Morphological inspection under the microscope
revealed cell viability of more than 90 %. Only wild type MEFs incubated with BSA showed
slightly more than 10 % cell death. Cells were washed before infection was implemented for
two hours at 4 °C, for the binding set, or at 37 °C, for the replication set, respectively. After
extensive washing cell monolayers were either dissolved in TRIzol or maintenance medium
was added. 24 hours post infection the infectious culture supernatant was collected and RNA
was isolated. No concentration-dependent effect was seen neither in the binding behaviour of
the virus to the cells nor in the virus amount in the supernatant 24 hours post infection when
cells were pre-incubated with laminin or bovine lactoferrin. By contrast, pre-incubation of
virus with heparin had an inhibitory effect on virus binding and, presumably as a result of
this, on replication in both Vero cells and wild type MEFs. The results in Figure 23 show that
binding and replication 24 hours post infection was impaired in a dose-dependent manner,
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indicating that soluble glycosaminoglycans were able to bind virus particles in competition
with cell-associated attachment proteins, thereby preventing viral replication. Results were
standardised against the level of virus bound or produced, respectively, with no heparin
incubation. Maximum inhibition of binding was between 80 and 90 % for the two cell lines
used when virus was incubated with 200 µg/ml heparin. The ability of heparin to block
binding and thereby entry suggested that cell-associated heparan sulfate may play a role in
viral attachment to the cell surface.
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Figure 23. Concentration dependent inhibition of WNV binding and replication by preincubation of virus with soluble heparin. The percentage of inhibition is plotted against the
concentrations of heparin used. Inhibitory effect of heparin on (A) virus binding, (B) replication 24 hrs p.i., both variables assayed by calculation of ct-values. All values were related
to the untreated virus controls with 0 % inhibition, i.e. 100 % binding or replication.

4.4.2 Involvement of glycosaminoglycans in WNV binding and entry
Binding to positively charged cell surface structures such as GAGs has been described for
several Flaviviruses (2.6.2). Binding of virus particles to GAGs as attachment factors is most
often based on unspecific electrostatic affinity but specific virus-interactions have also been
described. The application of heparin used as a soluble analogue for heparan sulfate in
competition assays constitutes a simple method to investigate the role of GAGs in virus
adsorption to the cell surface. Heparin has the same carbohydrate composition as heparan
sulfate except that it is more highly sulfated, less acetylated and contains more iduronic acids.
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4.4.2.1 Inhibition of WNV binding to mammalian cells by heparin neutralisation
Based on the pilot study results constant quantities of virus (ChimeriVax-WN01) were
incubated with two different concentrations of heparin, i.e. 2 µg/ml and 200 µg/ml, or left
untreated (virus control), and incubated at 4 °C for one hour. The protocol given in Material
and Methods (3.7.3) was followed. Monolayers of Vero cells, wild type MEFs, L cells and
sog9 cells, i.e. a mutant cell line derived from L cells, were inoculated with the virus-heparin
mixture and infection was allowed before the amount of cell-bound particles was assayed by
qRT-PCR. This approach was repeated in three independent experiments with triplicates each.
Table 17 lists the details of the statistical read-out. Both, the parametric and the nonparametric test showed that the main factor heparin concentration had a highly significant
effect on the level of cell-bound virus particles regardless which cell line was used. The linear
contrasts showed that differences in binding between untreated virus controls and virus preincubated with 2 µg/ml were negligible (statistically not significant, p > 0.05), whereas
reduction of virus yields after incubation with 200 µg/ml heparin was highly significant (p <
0.001, multiple comparisons, Bonferroni correction included). However, significance of the
factor cell line on the amount of bound virus was seen in the parametric 2-way ANOVA only
and, therefore, has to be considered with caution. Figure 24 illustrates that virus preincubation with a soluble heparan sulfate analogue results in a drastic reduction of cell-bound
virus to less then 10 % where untreated virus controls were taken as 100 % binding.

standardised means
of untreated virus

Binding to cells (%)
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20
0

Vero cells

2 µg/ml

200 µg/ml

wild type MEFs
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sog9

Figure 24. Soluble heparin blocks WNV binding to mammalian cells. Bars represent means
of bound virus in percent standardised to the untreated cell-bound virus control calculated
from ct-values. Binding to cells was significantly reduced in each cell line after incubation
of virus with 200 µg/ml heparin (p ≤ 0.001). Error bars represent ± SD of means (n = 3).
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Table 17: Effect of heparin pre-incubation on WNV binding: statistical analysis
2-way ANOVA

Scheirer-Ray-Hare test

df

SSQ

F-ratio

P>F

Scheirer’s H

P>H

model

11

88.52

70.45

< 0.001

32.73

< 0.001

factor cell line

3

2.84

8.28

< 0.001

4.37

n.s.

factor concentration

2

82.88

326.76

< 0.001

25.52

< 0.001

cell line * concentration

6

2.80

4.09

0.006

2.84

n.s.

4.4.2.2 WNV binding and replication in glycosaminoglycan deficient cell lines
Since a soluble GAG was able to interfere with virus binding to cell surfaces by competing
with the receptor, then the presence of cell surface GAGs, especially heparan sulfate, may
also influence the binding level. To examine if cell surface GAGs are involved in virus
adsorption, cell lines which are deficient in enzymes essential for the synthesis of various
GAGs might differ in their ability to bind WNV. CHO-K1 cells and L cells, used as wild type
controls, and two derived mutant cell lines for each wild type control were infected in parallel
(see also 3.7.3): due to a defect either in (i) the GAG synthesis in general no GAGs are found
on the surface of pgsA-745 (CHO mutant) and sog9 (L cells mutant), or in (ii) the synthesis of
HS, in particular, results in the absence of HS on the surface of pgsE-606 cells (CHO derived)
and gro2C (L cells derived). The general protocol given in Materials and Methods (3.7.1) was
followed with some modifications. Binding and replication of the WNV strains New York
and Uganda, representatives of the two main WNV lineages, was examined in these cell lines.
Cells (2 × 105 per well each) were pre-cooled, washed once before inoculated with virus at an
MOI of 10 PFU/cell. Virus adsorption to the cells was allowed for 1 hour at 4 °C before cells
and cell-bound virus were either lysed in TRIzol after extensive washing or they were washed
twice to remove unbound virus and overlaid with medium devoid of FCS. Then, incubation
proceeded for one hour at 37 °C to allow virus internalisation of bound virus particles. To
inactivate non-internalised virus cells were eventually treated with acid glycine and repeatedly
washed before maintenance medium was added. 48 hours after infection the culture supernatant was harvested and viral RNA was isolated. The number of viral genome containing
particles (VGPs) per µl RNA was calculated by quantitative RT-PCR using the calibration
curve.
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The original data is presented in 4.4.4.2 in context with binding efficiency to the two cell
types. Data shown in Figure 25 have been recalculated from the original data. The capacity of
the virus to bind to surfaces of wild type cells and of derivatives defective in GAG expression
after cold infection differed significantly (Figure 25-A). Means of the differentials of virus
particles per µl RNA (Δz; deficiency type (i) or (ii) minus wild type parental cell line) of one
group (cell type) were tested against the null hypothesis (Wilcoxon signed-rank test, H0: Δz ≥
0, Ha: Δz < 0, one-sided testing). In most cases a significant reduction in binding and replication in the mutants in comparison to their wild type parental cells was observed (Figure 25).
For testing with a 2-way ANOVA data were transformed to achieve normal distribution and
to stabilise variances (third root transformation to retain negative prefixes). From the results
for the binding experiment shown in Table 18 it was concluded that the type of deficiency of
the two mutants within one cell type had no significant effect on the yield of bound virus.
Interestingly, the main factor virus strain had a highly significant effect on Δz values indicating that WNV Uganda was more dependent on cell surface GAGs for attachment than WNV
New York. The ANOVA model for the replication experiment showed only a weak significance in the CHO (p > 0.059) and in the L cell lines (p > 0.088). Presumably a higher number
of replicates would lead to significant effects in the experiments. Most surprisingly, however,
was the fact, that both WNV strains did virtually not replicate in the CHO cell lines (Figure
25-B) showing particle numbers as low as 2 particles per µl RNA (highest values seen for
WNV Uganda with 180 particles/µl) in the supernatant 48 hours post infection. This finding is
again addressed in 4.4.4.
Though the loss of GAGs had a significant effect on binding and replication these findings
indicate that a main non-heparan sulfate-dependent pathway obviously contributes to the
WNV binding and subsequent entry into the mouse fibroblast cell lines. However, both strains
readily bound to CHO-K1 cells and to the mutant derivatives but replication in these cells was
completely impaired.
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Figure 25. Dependence of WNV binding and replication on GAGs. Differentials of virus
particles of mutant cell line minus particle numbers of wild type cells within a cell type (Δz,
means ± SDs) of (A) the binding experiments, (B) the virus yields in the supernatant 48 hrs
p.i. Δz a (pgsE-606 cells - wild type CHO-K1), Δz b (pgsA-745 cells – CHO-K1), Δz c (gro2C
cells – L cells), Δz d (sog9 cells – L cells). Arrows indicate Δz values of cell lines in which
WNV replication failed. (*) p ≤ 0.05, Wilcoxon signed-rank test, one-sided.

Table 18: Statistical analysis of the binding experiment (effect of deficiency type)

L cell lines

CHO cell lines

2-way ANOVA

Scheirer-Ray-Hare test

df

SSQ

F-ratio

P>F

Scheirer’s H

P>H

model

3

1482.03

175.773

< 0.001

8.948

< 0.05

factor virus strain

1

1478.46

526.05

< 0.001

8.3

< 0.01

factor deficiency
type

1

3.53

1.257

0.30

0.41

n.s.

deficiency type *
virus strain

1

0.036

0.0127

0.91

0.23

n.s.

model

3

901.50

10.98

0.003

8.64

< 0.05

factor virus strain

1

859.23

31.39

< 0.01

8.31

< 0.01

factor cell type

1

1.49

0.054

0.82

0.82

n.s.

deficiency type *
virus strain

1

40.78

1.49

0.26

0.26

n.s.
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4.4.3 Involvement of integrins in WNV binding and entry
The established cell culture model was used as a tool to clarify the question whether and to
what extent integrins play a role for WNV binding and infection of cells and to determine the
specific integrin receptor or its subunits that mediates binding and/or entry. The MF cell lines
were used for two kinds of experiments: (i) binding studies to elucidate the involvement of
integrins in virus adsorption to the cells, and (ii) replication studies to indirectly quantify the
involvement of integrin-mediated internalisation.

4.4.3.1 Effect of integrin expression on long-term virus propagation
In a first experiment the ability of WNV to infect and to replicate in cell lines lacking specific
integrin subunits was assessed. Mouse fibroblasts devoid of the integrin subunits αv, β1 or β3,
i.e. MEF-ITGAV(-/-), MKF-ITGB1(-/-), MEF-ITGB3(-/-), respectively, and wild type MEFs
were infected at sub-confluency with four WNV strains individually at an MOI of 0.05
PFU/cell (see also 3.7.2). The WNV strains, New York and Dakar (lineage 1, both), Uganda
and Sarafend (lineage 2, both) were tested in parallel to evaluate possible differences in their
binding capacities. A low original virus load was chosen to allow long-term virus propagation. Continuous, commercially available cell lines, EMF/R, derived from a full mouse
embryo, and Vero cells, were co-infected as control cells, the latter being frequently used for
experimental studies of Flavivirus infection. Additionally, for stability testing virus was
incubated in the same way but without cells. After one hour of incubation with virus, maintenance medium was added and virus propagation was allowed for 5 days. Then, the cell culture
supernatant was harvested and viral RNA isolated. The relative amount of viral genome copy
numbers was quantified by calculation of ct-values by qRT-PCR. Three independent experiments were performed in parallel triplicates of each strain and cell line, accompanied by
mock-infected controls and infected control cell lines.
To calculate the yields of infectious virus particles, the titres of representative samples, based
on ct-values, were determined by TCID50 assay on Vero cells (see Figure 27-B).

Results

Differences in ct-values 5 days p.i.

100

25
20

***
***

***
**
***

n.s.

n.s.

***
n.s

15
n.s.
10

***
n.s.

5
0
New York
wild type

Dakar
ITGAV(-/-)

Sarafend
ITGB1(-/-)

Uganda
ITGB3(-/-)

Figure 26. Permissiveness of integrin deficient mouse fibroblasts for WNV. Ct-values in the
supernatant 5 days after infection were subtracted from those at the onset of infection to estimate the increase in genome containing particles of each combination cell line × virus
strain. Wilcoxon-Mann-Whitney test; multiple testing, with Bonferroni correction: (n.s.)
p > 0.05, (**) 0.001 < p ≤ 0.01, (***) p ≤ 0.001. Error bars represent the ± SDs of means
(n = 3).

Results in Figure 26 show clearly that all cell lines were permissive for WNV and that all
strains used in this study were able to replicate in the above mentioned cell lines. Obviously,
virus binding and replication could not be prevented by the absence of one or several integrin
receptors. There were, however, distinct and reproducible differences in the ct-values measured after five days. Statistical evaluation with the Wilcoxon-Mann-Whitney test yielded
significant differences between integrin deficient and wild type MFs (p < 0.05, two-sided
testing).
The highest replication efficiency was seen in MKF-ITGB1(-/-) cells and was comparable to
values found in Vero cells (data not shown). The significantly enhanced virus propagation in
comparison to wild type cells can presumably be attributed to the fact that MKF-ITGB1(-/-)
were derived from a different tissue and had been immortalised. Differences in their phenotype in regard to cell size, proliferation rate and integrin expression in comparison to the other
MFs had been detected before (4.3.4). Significantly reduced virus yields 5 days after infection
were measured in the supernatant of MEF-ITGB3(-/-) when infected with the WNV strains
New York and Dakar relative to wild type MEFs. Amplification of WNV Dakar in MEFITGAV(-/-) was also significantly lower.
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To facilitate the presentation of data, the increase in original viral genome equivalents after
5 days of incubation was expressed in x-fold amplification as shown in Figure 27-A, calculated from the ct-value differences shown in Figure 26. Differentials in the amplification of
VGPs after 5 days, i.e. the virus yields, are displayed. Differences in virus yields were not
only found between the cell lines but also among the WNV strains. Titration results shown in
Figure 27-B agreed with these findings, though amplification rates of infectious virus particle
in terms of titres were lower than the amplification of VGPs, and also differed between cell
lines and strains. The discrepancy between the relative viral genome containing particle
numbers and infectious virus particles was particularly high for the WNV Uganda strain. The
data are the same as used in Figure 27 but this finding is not explicitly presented here. Titre
determination of virus incubated without cells showed a total loss of viral viability after
5 days (data not shown).
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Figure 27. Amplification of different WNV strains in MFs 5 days p.i. as a multiple of (A)
VGP numbers based on ct-values, (B) TCID 50 titres, in relation to ct-values or titres, respectively, at the time of infection.

In a separate experiment wild type MEFs were transfected with the pEGFP-N1 to see if the
vector’s neomycin resistance might be in some way involved in the virus replication. During
the generation of integrin deficient mice deletions within the genome had been replaced by a
neomycin resistance cassette (4.3.1). However, the presence of a neomycin resistance gene
had no effect on the final outcome (data not shown). Both, a lower cell density at the moment
of infection and extensive washing after virus incubation had also no effect (data not shown).
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These findings strongly suggest an involvement of integrins, in particular β3 integrins, in
WNV replication in host cells. It can be stated, however, that the presence of αv, β1 and β3
integrins is not essential for a successful infection of mouse fibroblasts.

4.4.3.2 Kinetic profiles – Description of the replication course by viral RNA
content in the supernatant
Within the replication experiment described above infectious culture supernatant was sampled
daily and assayed by qRT-PCR in order to investigate the replication profiles of all four virus
strains over the 5 days period. Furthermore a virus stability profile was accomplished to
determine the stability of WNV genome containing particles incubated at 37 °C without cells
(see also 4.4.3.1). Here, the virus dilution was added to the same medium employed for the
virus propagation in infected cell lines and incubated in parallel to infected cells at 37 °C for
5 days. Every 24 hours aliquots were taken and the relative levels of genome copy numbers
were assayed. Samples for the kinetic profiles were taken from three replicates of one
independent experiment.
Replication profiles performed over a five days period of each virus strain are illustrated in
Figure 28 as a multitude of the original genome containing particles calculated from ct-values.
It was found that saturation of VGPs was reached between day 4 and day 5 post infection
regardless of the cell line and virus strain. Differences were seen in the retarded onset, in the
replication rate and in the final amount of VGPs of MEF-ITGB3(-/-) compared to wild type
MEFs. These features were also prominent in MEF-ITGAV(-/-) infected by Dakar (Figure
28-B). Amplification of virus was best and reached highest yields in the MKF-ITGB1(-/-) as
it had been noticed before (4.4.3.1). Replication of the Uganda strain was low in all assays
(Figure 28-C) including the Vero cell controls (data not shown). None the less the low sample
numbers final ct-values were roughly in accordance with the replication assay described
above.
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Figure 28. Replication profiles of four WNV strains in wild type and integrin deficient
MFs: lineage 1 strains (A) New York, (B) Dakar, and lineage 2 strains (C) Uganda and (D)
Sarafend. Amplification is given as a multiple of VGPs based on ct-values.

4.4.3.3 Establishment of β3-rescue MEFs
Although previous findings had shown that neither αv, β1 nor β3 integrins were essential for a
productive WNV infection of the cell lines considered, it became evident that the loss of β3
integrins influenced virus replication negatively. In order to unambiguously confirm their role
in WNV binding or internalisation a functional rescue of the missing integrin subunit in MEFITGB3(-/-) cells was realised. The complete coding sequence for the β3 subunit consists of
2.364 bp, encoding a 788 amino acid long protein that comprises a 26-residue signal peptide,
a 692-residue extracellular ectodomain, a 23-residue transmembrane domain, and a 47-residue
cytoplasmic domain.
4.4.3.3.1 Rescue of the β3 integrin subunit in MEF-ITGB3(-/-)
The artificially synthesised gene encompassing the complete coding sequence for the mouse
integrin β3 subunit had been optimised for expression in the murine system (see 3.1.7). The
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eukaryotic expression vector pcDNA3.1/zeo(+) was used for transfection of MEFITGB3(-/-). By selection for zeocin resistance stably transfected cell populations were
cultured. The zeocin sensitivity of the MEF-ITGB3(-/-) was determined in advance and
resulted in 2 mg/ml enough to kill all non-transfected control cells within a two weeks period.
Transfection using the lipotransfection agent Lipofectamine resulted in high cytotoxicity for
the MEFs and low transfection efficiency as it was seen under the fluorescence microscope of
pcDNA-GFP transfected control cells. However, MEF-ITGB3(-/-) could successfully be
transfected with the plasmid construct pcDNA-ITGB3 encoding the full mouse integrin β3
subunit including signal sequence (for simplicity, MEF-ITGB3(-/-)-pcDNA-ITGB3 is in the
following designated as β3-rescue MEFs or MEF-ITGB3(-/-)rescue). Several zeocin-resistant
populations were raised. Since cells were under selection pressure the proliferation rate was
low at the beginning and therefore it took two month after selection was implemented before
cells reached adequate densities for testing. A PCR approach using three primers in a parallel
was established to detect both the intact and the shortened gene encoding the β3 subunit
devoid of its cytoplasmic domain (ITGB3Δ47; see 4.4.3.3.4). At confluency cells were
passaged and tested for the β3 subunit encoding gene by PCR (Figure 29). PCR positive cell
populations were selected and characterised for qualitative and quantitative integrin expression by immuno-fluorescence staining and flow cytometry analysis (4.4.3.3.2).

Figure 29. PCR analysis of β3-rescue MEFs. Arrows indicate two bands of 774 bp and
462 bp fragment size that are visible in case of the complete gene encoding ITGB3 (with
cytoplasmic tail). Primers GA-ITGB3-Fw4, GA-ITGB3-Rev6, GA-ITGB3-Rev7 and
Dream-Taq DNA polymerase (annealing temperature 62 °C) were applied. (M) Marker
peqGOLD 100 bp DNA-ladder, (1) vector control pcDNA-ITGB3, (2) cell control MEFITGB3(-/-), (3) transfected cells, MEF-ITGB3(-/-)rescue.

Results

105

4.4.3.3.2 Characterisation of β3-rescue MEFs
The established protocols for immuno-fluorecence staining and flow cytometry as described
in 4.3.4.1 and 4.3.4.2 were applied to confirm integrin expression and, as a second step, to
estimate the percentage of β3 integrin positive cells within a population. Immunofluorescence images of transfected cells in Figure 30 clearly show that MEF-ITGB3(-/-) cells
had successfully been manipulated to express high numbers of mouse integrin β3. Fluorescence staining of the artificially introduced β3 subunit using the β3-specific antibody yields
intense fluorescence signals and clear-cut edges against the background. The pattern of cell
surface expression and distribution of αv and β1 integrins on the integrin β3 positive cells,
MEF-ITGB3(-/-)rescue, was found to be not different from their parental cell line MEFITGB3(-/-). Double fluorescence staining of β3-rescue cells showed merged colours, i.e. colocalisation of αv integrin and of the rescued β3 integrins.

Figure 30. Immuno-fluorescence images of MEF-ITGB3(-/-) and β3-rescue MEFs. Anti-αv
(RMV-7), anti-β3 (HM beta 3.1), and anti-β1 (HMβ1-1) antibodies were used for the
staining of MEF-ITGB3(-/-) cells (row above) and the β3-rescue cells, MEFITGB(-/-)rescue (row below). Additionally, co-localisation (yellow) of αv (green
fluorescence) and β3 (red fluorescence) integrins is depicted. Scale bars of 100 µm (light
microscopy images) and 20 µm (fluorescence images) are displayed.

Zeocin-resistent, PCR-positive cells were subjected to flow cytometry analysis to estimate the
share of integrin expressing cells within the population. In accordance with the immunofluorescence results, flow cytometry data clearly indicated expression of β3 integrins on the
transfected MEFs. The percentage of β3 integrin expressing cells was found to be between 30
and 80 % for the different populations, the remainder being zeocin-resistent β3 integrin nonexpressing cells. The FACS histograms in Figure 31 show the fluorescence intensities of β3-
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rescue MEFs with reference to integrin β3-deficient MEFs. High expression levels of β3
integrins were found, whereas the expression of αv or β1 integrins was not altered. The
fluorescence intensities of MEF-ITGB3(-/-)rescue stained with the anti-β3 antibody were
considerably higher than those of other β3 expressing MFs, i.e. wild type MEFs, MKFITGB1(-/-) and MKF-ITGB1(flox/flox). This indicated that β3-rescue MEFs over-expressed
β3 integrins on their surfaces.

Figure 31. Expression profiles of β3-rescue MEFs. (A) FACS histograms illustrate the fluorescence intensities of the different antibodies applied on MEF-ITGB3(-/-) (blue profiles)
and MEF-ITGB3(-/-)rescue (red profiles). Monoclonal antibody RMV-7 targeting the αv
subunit (a), HMβ1-1 the β1 subunit (b), and HM beta 3.1 the β3 subunit (c), were used for
detection. Fluorescence intensities of unstained cell controls are displayed by open profiles.
(B) The β3 integrin levels of the β3-rescue MEFs were compared to those of MEF-wildtype,
MKF-ITGB1(-/-) and MKF-ITGB1(flox/flox) in terms of fluorescence intensities when
those of the cell controls were set to the same level (mean fluorescence intensity of 10). Abscissa - fluorescence intensity (log scale); ordinate - number of cells counted in each column
of the histogram.

4.4.3.3.3 Separation of integrin β3-expressing and non- expressing cells
The cell populations with the highest percentage of positive, integrin β3-expressing cells was
selected (80 % integrin β3 positive cells by flow cytometry analysis) and subjected to separation in order to optimise the yield of β3 integrin expression. The separation of the integrin β3
positive (rescue) and negative cells was necessary since the percentage of integrin expressing
cells could not be kept on the same level over several weeks. After application of a monoclonal biotin-labelled antibody targeting the β3 subunit cell separation was realised by magnetic
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activated cell sorting (3.3.5). Subsequently, the success of cell sorting was checked by flow
cytometry analysis. The flow-through (non-labelled cells) and positively separated cells were
incubated with an anti-biotin FITC-labelled secondary antibody. The separation efficiency
was high with over 99 % positive, integrin β3-expressing cells and only 2 % biotin-labelled
cells found in the flow-through. Figure 32 illustrates the decrease of integrin β3-expressing
cells over a period of one month and, after cell separation, the high-grade expressing cell
population.

Figure 32. Loss in expression of β3 integrins of β3-rescue MEFs and high-grade expression
resulting from magnetic cell separation. Percentages are indicated within the graphs. FACS
histograms are presented: the first analysis showed approximately 81 % positive cells (A), a
month later only 20 % positive cells were seen within the population (B; in blue cells from
the first measurement). Cell separation resulted in almost a 100 % ITGB3 positive MEFs
(C). Fluorescence intensities of unstained cell controls are displayed by open profiles. Monoclonal antibody 2C9.G2 was used for detection. Abscissa - fluorescence intensity (log
scale); ordinate - number of cells counted in each column of the histogram.

4.4.3.3.4 Additional experiments to rescue the β3 subunit without its cytoplasmic domain
Integrin-mediated signalling is accomplished mainly through the β subunit of the heterodimeric receptor, in particular through interaction of its cytoplasmic tails with intracellular
signalling pathways. Studies have shown that the β3 cytoplasmic tails are important for the
cross talk with other integrin receptors and surface molecules (2.7.3). In this context, a
construct encoding the mouse β3 subunit devoid of the cytoplasmic domain, designated here
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as ITGB3∆47, was produced to investigate the significance of integrin-mediated signalling in
virus internalisation. The plasmid pcDNA-ITGB3 was used as the basis for the amplification
of the ITGB3Δ47 gene fragment by PCR (primers GA-ITBG3-Crev and GA-ITGB3-Fw, see
A.1.10.5; annealing temperature 67 °C). The DNA fragment was ligated into the
pcDNA3.1/zeo(+) by directed cloning using its NotI and BamHI restriction sites. Vector
plasmids containing the gene for ITGB3Δ47 were subjected to a control digest with BamHI
and BsrGI: three bands were seen for the full integrin β3 subunit DNA fragment, two bands
only in case of the shortened fragment. The plasmid construct was sequenced through the
subcloned region. It showed complete consistency with the published amino acid sequence of
the mouse integrin β3 subunit. The PCR outlined in Figure 29 was established to differentiate
between the full-length ITGB3 and the ITGB3Δ47 encoding genes and was also used for the
analysis of transfected cells. Transfection of MEF-ITGB3(-/-) was achieved by lipotransfection with the GenJet reagent which showed lower cytotoxicity and higher transfection
efficiencies compared to Lipofectamine. However, neither immuno-fluorescence nor flow
cytometry analysis indicated expression of β3 integrins on the cells’ surfaces. The fact that the
ITGB3Δ47 subunit was not recognised by specific antibodies (mab HM beta 3.1 or mab
2C9.G2) suggests that the β3 subunit without its entire cytoplasmic domain was (a) either not
expressed in its natural conformation which could have been a direct consequence of
(i) impaired transcription and/or translation of the gene into the protein, or (ii) protein
accumulation inside the cell, or (b) improperly folded on the cell surface. Therefore,
ITGB3Δ47 transfected MEFs were of no use for further studies, and experiments were
abandoned at this stage.

Figure 33. PCR analysis of ITGB3Δ47-rescue MEFs. Two bands of 774 bp and 462 bp are
seen for the complete β3 integrin subunit encoding gene, a fragment of 462 bp only for the
shortened construct. Bands are indicated by arrows. (M) Marker peqGOLD 100 bp DNAladder, (1) vector control pcDNA-ITGB3, (2) vector control pcDNA-ITGB3Δ47, (3) cell
control MEF-ITGB3(-/-), (4) transfected β3-rescue MEFs, (5) MEFs transfected with
pcDNA-ITGB3Δ47.
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4.4.3.4 Comparison of integrin deficient MF cell lines with the corresponding
integrin expressing cell lines in infection experiments
The following experiments pursued the same approach and, thus, are summarised at this
point. Details of the protocol can be found in Materials and Methods 3.7.1. After preincubation at 4 °C to synchronise infection and prevent internalisation of virus cells were
washed once. 1 × 105 cells, MEF-ITGB3(-/-) and MEF-ITGB3(-/-)rescue, or 5 × 105 cells,
MKF-ITGB1(-/-) and MKF-ITGB1(flox/flox), per well were infected with four WNV strains
individually at an MOI of 2 PFU/cell (ITGB1 experiments) or 10 PFU/cell (ITGB3 experiments) and incubated for one hour at 4 °C with intermitting agitation to allow virus adsorption. Unbound virus was removed by extensive washing. Cells of the binding set (Set 1) were
extensively washed before cells and cell-adsorbed virus particles were dissolved in TRIzol. A
second set (Set 2, replication experiment), was incubated for another 30 minutes at 37 °C to
allow endocytosis. Then, cells were washed thoroughly with PBS and fresh maintenance
medium was added. After 48 hours of incubation culture supernatant was harvested. The third
set (Set 3, replication experiment with the focus on endocytosis) was also incubated at 37 °C
for 30 minutes, but this step was followed by treatment with acid glycine buffer to inactivate
non-internalised virus. After washing cells were treated in the same way as the second group.
The viral RNA content was analysed by qRT-PCR and absolute numbers of virus particles
(VGPs) were calculated using the calibration curve. The experiments were repeated in three
independent runs with triplicates of virus strain and cell line each.

Set 1

Set 2

Set 3

Figure 34: Graphic presentation of the experimental approach. The foci of the three sets are
pictured in the drawings below: Set 1 is aimed at the detection of cell-bound virus particles,
Set 2 and Set 3 depict virus replication of (Set 2) cell surface attached and internalised or
(Set 3) of internalised virus only.
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4.4.3.4.1 Binding of WNV to integrin β3-deficient MEFs and to the corresponding β3expressing (rescue) derivatives
Statistical evaluation of the results from the binding experiments by 2-way ANOVA revealed
that the amount of bound virus particles did not differ significantly (p > 0.05) between the two
cell lines (Table 19). However, the main factor virus strain had a significant effect on the
virus particles numbers. This fact was attributed to the different amounts of original VGP
numbers since the calculation of the MOIs was based on the determination of infectious virus
particles by plaque titration assay. This led to high systematic differences in the original VGP
numbers among the four WNV strains (New York < Sarafend < Dakar < Uganda). Figure 35
shows that yields of virus particles bound to β3-deficient MEFs and to their transfected
derivatives, MEF-ITGB3(-/-)rescue, are on comparable levels, not showing any significant

log10 (virus particles per µl RNA)

difference. Obviously, WNV binding to this cell type was independent of β3 integrins.

5.0

n.s

n.s

New York

Dakar

n.s

n.s

Sarafend

Uganda

4.5
4.0
3.5
3.0
2.5
2.0
MEF-ITGB3(-/-)

MEF-ITGB3(-/-)rescue

Figure 35. WNV binding to integrin β3-deficient and β3-rescue MEFs Yields of four different WNV strains are shown by the amount of virus particles per µl RNA (log-transformed).
Error bars represent ± SDs of transformed means (n = 3). (n.s.) p > 0.05 (2-way ANOVA,
see Table 19).

Table 19. ITGB3 binding experiment: statistical analysis
2-way ANOVA
df

SSQ

F-ratio

P>F

model

7

6.83

50.07

< 0.001

factor virus strain

3

6.68

114.36

< 0.001

factor cell line

1

0.04

1.83

0.20

cell line * virus strain

3

0.11

1.86

0.18

The Scheirer-Ray-Hare test is omitted since the factor cell line is far from
being statistically significant.
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4.4.3.4.2 WNV replication in integrin β3-deficient and β3-expressing (rescue) MEFs
In parallel to the binding experiment the second and third set of cells were shifted to 37 °C
after cold infection to allow internalisation of cell-bound virus particles as described in
4.4.3.4. This approach aimed at the investigation of the virus up-take capacities of integrin β3deficient and specifically β3-expressing MEFs considering the fact that internalisation could
not be analysed as an independent process as it had been outlined earlier (4.4.1).
Most noticeably, visual inspection of infected cell monolayers under the light microscope
revealed an obvious cytopathic effect seen in the β3-rescue MEFs, whereas MEF-ITGB3(-/-)
seemed less affected, when compared to mock infected control cells.
Figure 36 depicts clear differences in the amount of virus two days after infection between the
two cell lines. The level of VGPs in the supernatant of the β3-expressing cells,
MEF-ITGB3(-/-)rescue, was always higher than in the β3-deficient cells, MEF-ITGB3(-/-).
Statistical testing of the data was done as described in Materials and Methods (3.8). The
Brown-Forsythe test indicated heterogeneity of variances and assumption of normality was
also violated in some cases (Shapiro-Wilk test). Hence, results of the 2-way ANOVA were
checked by the non-parametric Scheirer-Ray-Hare test. In both tests the model was highly
significant (Table 20). A highly significant effect of the cell line and the virus strain was
found in both sets, whereas the interaction cell line × virus strain was not significant (p >
0.05). The latter indicated that the differences in VGPs between deficient and rescue cells did
not depend significantly on the virus strain. The effect of virus strain on the virus yield
measured in both cell lines was attributed to differences in the original VGP numbers as stated
before (4.4.3.4.1). The highly significant effect of the main factor cell line found in both sets
indicates that the yields of virus particle numbers were influenced by the expression of β3
integrins. Linear contrasts were calculated for comparisons of the two cell lines infected by
the same virus strain each (Figure 36).
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Figure 36. Replication of four WNV strains in integrin β3-deficient and β3-rescue MEFs.
Concentrations expressed as virus particles per µl RNA were log-transformed. (B) Set 3,
with acid glycine treatment of cells, (A) Set 2, without treatment. Error bars represent ± SDs
of transformed means (n = 3). (***) p ≤ 0.001 (2-way ANOVA, see Table 20, multiple comparisons Bonferroni corrected).

Table 20: Replication experiment: statistical analysis

Set 3

Set 2

2-way ANOVA

Scheirer-Ray-Hare test

df

SSQ

F-ratio

P>F

Scheirer’s H

P>H

model

7

5.79

62.47

< 0.001

21.88

< 0.01

factor virus strain

3

3.38

85.05

< 0.001

12.36

< 0.01

factor cell line

1

2.36

178.2

< 0.001

9.00

< 0.01

cell line * virus strain

3

0.05

1.31

0.31

0.50

n.s.

model

7

6.94

117.04

< 0.001

22.25

< 0.01

factor virus strain

3

3.13

123.27

< 0.001

10.71

< 0.025

factor cell line

1

3.75

442.79

< 0.001

11.21

< 0.001

cell line * virus strain

3

0.06

2.23

0.125

0.33

n.s.

Set 2 without acid glycine treatment; Set 3 with acid glycine treatment

To highlight the differences of the results shown in Figure 36 virus particle numbers in the
supernatant of MEF-ITGB3(-/-) were standardised to those of integrin β3-rescue MEFs (see
Figure 37). Relative yields were less than 20 % in most cases except for Set 2 cells infected
by the two lineage 2 strains.
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These findings are in agreement with the results from the long-term replication experiment
(4.4.3.1), showing that β3 integrins are involved in WNV replication, since β3 integrin cell

Virus particles per µl RNA (%)

surface expression enhances virus replication.

100

standardised means
of MEF-ITGB3(-/-)rescue cells

80
60
40
20
0
New York

Dakar

with acid treatment

Sarafend

Uganda

without acid treatment

Figure 37. Concentration of virus particles per µl RNA in the replication experiment (Set 3
with acid treatment, Set 2 without treatment), relative to the β3-rescue cells (100 %). See
Figure 36 for further explanations.

4.4.3.4.3 Binding of WNV to integrin β1-deficient and integrin β1-expressing MKFs
Experiments similar to those described for the ‘ITGB3’ cell lines in the previous chapter were
conducted with focus on β1 integrins. Here, MKF-ITGB1(flox/flox) and their derivative
MKF-ITGB1(-/-) were infected with a low MOI of 2 PFU/cell instead since the cell density
and replication efficiency of WNV were relatively high (see 4.4.3.1).
Corresponding to what had been noticed for the ITGB3 binding experiments, the 2-way
ANOVA showed no significant difference (p > 0.05) for the factor cell line (Table 21). The
effect of the virus strain on the amount of bound virus was highly significant. However, this
feature is not of further interest as has been discussed before (4.4.3.4.1).
It is seen in Figure 38 that no difference in binding to the two mentioned cell lines was
significant for none of the four WNV strains. Therefore, binding of WNV seems to be
independent of β1 integrins on the cell surface.
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Figure 38. WNV binding to integrin β1-deficient and to the corresponding integrin expressing MKFs. Yields of four different WNV strains are shown by the amount of virus particles
per µl RNA (log-transformed). Error bars represent ± SDs of transformed means (n = 3).
(n.s.) p > 0.05 (2-way ANOVA, Table 21).

Table 21. ITGB1 binding experiment: statistical analysis
2-way ANOVA
df

SSQ

F-ratio

P>F

Model

7

5.40

56.30

< 0.001

factor virus strain

3

5.38

130.87

< 0.001

factor cell line

1

0.003

0.24

0.63

cell line * virus strain

3

0.02

0.43

0.74

The Scheirer-Ray-Hare test is omitted since the factor cell line is far from
being statistically significant

4.4.3.4.4 WNV replication in integrin β1-deficient and integrin β1-expressing MKFs
Similar findings to those of the ITGB3 replication experiment (4.4.3.4.2) were observed in
this assay. Replication within 48 hours after infection was considerably higher in MKFITGB1(flox/flox), used as a wild type control, regardless of the virus strain used (Figure 39).
In comparison to the ITGB3 experiment the differences between the two groups of acid
glycine treated and non-treated cells were less evident. This indicates that most of the cellbound virus particles were internalised within the 30 minutes of incubation at 37 °C, whereas
for the MEF-ITGB3(-/-) and MEF-ITGB3(-/-)rescue up-take of bound virus particles was
retarded.
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Statistical analysis of the data was essentially the same as in the ITGB3 replication experiment. Both, the parametric and non-parametric test showed high significance for the model.
The main factor cell line had a highly significant effect on the virus yield indicating that the
amount of virus produced was significantly increased in the presence of β1 integrin expression. The effect virus strain was statistically significant in the 2-way ANOVA test only.
Additionally, this test also showed a weak interaction of cell line × virus strain. This indicates
that the virus strain influences the differences in replication between the two cell lines. Both
results, however, should be regarded with caution since the Scheirer-Ray-Hare test did not
yield significance in both cases. Linear contrasts to compare the two cell lines infected by the
same virus strain were calculated and are shown in Figure 39-A.
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Figure 39. Replication of four WNV strains in integrin β1-deficient and β1-expressing MFs.
Replication experiments with (A) ITGB1, and (B) ITGB3. (B) is the the same as in Figure
36 and is shown here for comparison. Concentrations expressed as virus particles per µl
RNA were log-transformed. Cells were treated with acid glycine (light colours, Set 3) or
untreated cells (dark colours, Set 2). Error bars represent ± SDs of transformed means
(n = 3). (**) 0.001 < p ≤ 0.01, (***) p ≤ 0.001 (2-way ANOVA, see Table 22; multiple comparisons Bonferroni corrected).
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Table 22. Replication experiment: statistical analysis

Set 3

Set 2

2-way ANOVA

Scheirer-Ray-Hare test

df

SSQ

F-ratio

P>F

Scheirer’s H

P>H

Model

7

5.80

36.41

< 0.001

21.24

< 0.01

factor virus strain

3

0.87

12.68

< 0.001

3.03

n.s.

factor cell line

1

4.68

205.71

< 0.001

17.28

< 0.001

cell line * virus strain

3

0.25

3.71

0.03

0.93

n.s.

model

7

6.21

37.35

< 0.001

20.37

< 0.01

factor virus strain

3

0.83

11.63

< 0.001

2.65

n.s.

factor cell line

1

5.09

214.15

< 0.001

17.28

< 0.001

cell line * virus strain

3

0.29

4.13

0.02

0.46

n.s.

Set 2 without acid glycine treatment; Set 3 with acid glycine treatment.

The lack of β1 integrins resulted in a reduction of produced virus particles of more than 70 %
up to 90 %, depending on the virus strain as shown in Figure 40. Results in the previous
section had indicated that the expression of β3 integrins leads to higher levels of VGPs as it
was seen in the MEF-ITGB3(-/-)rescue. The results of the ITGB3 and ITGB1 experiments

Virus particles per µl RNA (%)

showed that both integrin subunits are involved in virus replication.
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Figure 40. Concentration of virus particles per µl RNA in the replication experiment (Set 3
with acid treatment, Set 2 without treatment), relative to the ITGB1 flox cells (100 %). See
Figure 39 for further explanations.
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4.4.3.5 Effect of increasing virus concentrations on WNV replication in MFs
To confirm the previous findings, MEF-ITGB3(-/-), MEF-ITGB3(-/-)rescue, MKFITGB1(-/-) and MKF-ITGB1(flox/flox) cells were infected in a joint experiment. Confluent
cell monolayers were exposed to increasing amounts of virus. The WNV New York strain
was used for this experiment and MOIs of 0.1, 1, 10 and 100 PFU/cell were applied in parallel
to each cell line. The experimental approach outlined in 4.4.3.4 for Set 3 was generally
followed with the exception that cells were washed twice after incubation at 4 °C to remove
unbound virus and overlaid with FCS-free medium. Following incubation for 1 hour at 37 °C
cells were washed and treated with acid glycine as described before (4.4.3.4). The experiment
was repeated in three independent runs with triplicates each. The calculated numbers of VGPs
in the supernatant, 48 hours after infection were plotted against the input MOI to create
replication curves (Figure 41). Comparison of linear correlation coefficients showed that the
linear model fit the data better than the saturation model (dose-response-curve). The saturation of neither virus binding sites on the cell surface nor the replication mechanisms was
reached even at the maximum of virus concentration. Results were consistent with those
obtained in the experiments before. Similarly, in the linear range, replication of the New York
strain was highest in MKF-ITGB1(flox/flox) and lowest in MEF-ITGB3(-/-). At every
infection dose applied virus production was enhanced when the respective β subunit was
expressed, i.e. MKF-ITGB1(flox/flox) > MKF-ITGB1(-/-) and MEF-ITGB3(-/-)rescue >
MEF-ITGB3(-/-). The reproduction rate in the linear range was higher by a factor of approximately 1.7 in MKF-ITGB1(flox/flox), and of 4.5 in MEF-ITGB3(-/-)rescue compared to their
corresponding β1- or β3-deficient cell line.
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Figure 41. Replication rates of the WNV strain New York in different mouse fibroblast cell
lines. The number of virus particles produced is shown in relation to the MOIs, i.e. 0.1, 1,
10, 100 PFU/cell. The coefficient of determination (r2) was 0.591 for MEF-ITGB3(-/-),
0.813 for MEF-ITGB3(-/-)rescue, 0.706 for MKF-ITGB1(-/-) and 0.907 for MKFITGB1(flox/flox). All correlation coefficients failed significance at p = 0.05 due to low
sample numbers (n = 3).

4.4.3.6 Effect of blocking antibodies targeting the β1 or β3 integrin subunit on
WNV binding and internalisation
A competition assay was realised using integrin specific blocking antibodies to verify that β1
and β3 integrins do not play a role in virus binding. In an earlier pilot study, Vero cells were
pre-incubated with the integrin αvβ3-specific monoclonal antibody LM609 to block binding
of ChimeriVax-WN01 to integrins similar to the experiment that had been described earlier
(2.8). In this study, however, no effect of blocking antibodies on virus binding was observed.
Therefore, experiments were not repeated with this cell line × antibody combination. Instead,
for further studies MFs and mouse-specific integrin blocking antibodies were used.
Details on the infection protocol are given in Materials and Methods (3.7.1). MKFITGB1(flox/flox) and MEF-ITGB3(-/-)rescue were seeded on 24-well cell culture dishes
24 hours before infection, accompanied by the corresponding deficient cell lines as controls.
Cells were pre-cooled, rinsed once with ice-cold FCS-free medium and incubated with
increasing concentrations of blocking antibodies (0, 5, 15, 25, 50 µg/ml) diluted in FCS-free
medium. Two antibodies were tested: the azide free (LEAF purified) β1 subunit specific
antibody HMβ1-1 and anti-β3 subunit specific antibody HMβ3-1, both had been described in
functional assays to block ligand binding of integrins. It has been shown in 4.3.4.1 and 4.3.4.2
that these antibodies recognised the corresponding integrin subunit of the mouse fibroblasts
used in this study. Now, cells were either incubated with one antibody clone, or with both
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simultaneously as a control. Isotype IgG controls were included in the experiment. Binding of
antibodies was allowed for one hour at 4 °C before cells were washed twice to remove
unbound antibodies, and infected at an MOI of 4 PFU/cell (MKF-ITGB1(flox/flox)) or
20 PFU/cell (MEF-ITGB3(-/-)rescue) before incubation proceeded at 4 °C (binding) or 37 °C
(replication). The experimental approach described for the Set 1 (binding) and Set 3 (replication set with acid glycine treatment) in 4.4.3.4 was basically followed. Three independent
experiments with triplicates each were accomplished.
As expected, and in accordance to the previous findings the application of integrin blocking
antibodies did not influence virus binding to cells nor their internalisation in terms of virus
production within 48 hours. No correlations were seen between antibody concentration and
the number of bound or produced virus particles for MEF-ITGB3(-/-)rescue and for MKFITGB1(flox/flox) with their specific β3 or β1 blocking antibody (Figure 42). Furthermore,
double application of antibodies had no effect on the virus yields either. In summary, blocking
integrin antibodies failed to have any significant effect.
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Figure 42. Effect of integrin blocking antibodies on WNV binding and replication in MFs.
(A) WNV binding, (B) WNV replication within 48 hours. The scattering of data does not
show any significant difference among antibody concentrations. MEF-ITGB3(-/-)rescue and
MKF-ITGB1(flox/flox) cells were incubated with anti-β3 or anti-β1 antibodies, respectively
(red and blue quadrates). As a control cells were incubated with both anti-β1 and anti-β3
antibodies (5; 25 µg/ml; triangles). Concentrations are given as amounts of virus particles
per µl RNA (log-transformed). The coefficient of determination (r2) was below 0.08 for the
binding set, except for double application on β3-rescue MEFs which yielded 0.383, and below 0.13 for the replication set. All correlation coefficients failed significance at p = 0.05.
The data shown are means of three replicates from three independent experiments.
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4.4.3.7 Immuno-fluorescence staining of cell-bound virus particles
To qualitatively image virus binding, and as an alternative method for future studies with the
focus on virus internalisation, efforts were made to label virus particles with fluorochromes.
Virus labelling using the red lipophilic fluorescent probe DiD had been described by van der
Schaar to track single virus particles when infecting cells [531]. The dye accumulates in the
viral membrane and has been intensive enough to allow detection of single virions.
ChimeriVax-WN01 was purified after virus propagation and concentrated before subjected to
DiD labelling as described in Materials and Methods (3.5.2.1.2). The amount of virus passing
the column of the filter used to remove the dye was checked by qRT-PCR (Lanciotti-qRTPCR, 3.1.3.4.3). In a first approach, Vero cells were seeded on glass cover slips and incubated
with DiD-labelled ChimeriVax-WN01 at 4 °C for different time periods to allow virus
adsorption to cells. To affirm the success of labelling, cell-bound virus particles were additionally stained with the monoclonal anti-E protein antibody 3.67G and with a secondary antimouse Alexa® 488 labelled antibody (Figure 43-A and -B). It had been checked before by
blotting virus on a PVDF membrane that the two monoclonal anti-E antibodies 3.67G and
3.91D, stock solution 1:2000 diluted, detected ChimeriVax-WN01 at 1:10 and 1:100 ratio but
not the control virus (data not shown).
Figure 43 shows DiD labelled virus particles (complexes of virus particles of approximately
450 nm) near to the cell surface. Unfortunately, clear-cut integrin containing focal contact
structures could not be pictured unless cells were permeabilised with TritonX. This, however,
destroyed integrity of the virions’ lipid bilayer and hence the DiD labelling. Besides, cell
morphology was severely affected with increasing incubation time presumably due to DMSO
traces (less than 1 %) in the dye mixture. For these reasons, this approach was not further
pursued for the application in question. In the following, the monoclonal anti-E antibody
3.67G was directly labelled with the fluorescent dye Lightening-Link Atto488 (3.5.2.1.2).
Unfortunately, background staining of cells resulted to be comparably high.
As a result, no co-localisation of cell-bound virus particles (green) and β1 or β3 integrins (red)
could be observed since both components were rarely visualised on the same focal plane
(Figure 43-C). This finding is consistent with results from the previous chapters which
demonstrated that virus binding to the cell surface is independent of integrins.
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Figure 43. Labelling of WNV particles for application in immuno-fluorescence based infection assays. (A) Virus was DID labelled (red fluorescence) and E proteins of virus particles
were additionally stained applying anti-E 3.67G antibody and goat anti-mouse IgG Alexa
Fluor® 488 (green fluorescence), (B) two cells, showing details. Arrows indicate merged
colours (yellow). (C) β3 integrins (red) and cell-bound virus particles (green) stained by anti-E antibody 3.67G are shown. Arrows indicate putative virus particles. Scale bars of 20 µm
are displayed.

4.4.4 Infection studies with integrin β3-rescue CHO cells
Chapter 4.4.2.2 displayed the unexpected outcome of the replication experiment accomplished
with CHO-K1 cells and its derivatives. Numbers of virus particles in the supernatant, 48 hours
after infection were negligible so that replication in these cell lines was considered to be
virtually impaired. Binding, however, was not negatively affected and comparable to L cells
(Figure 44).
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Figure 44. Comparison of binding efficiencies of two WNV strains to CHO and L cell lines.
Results of this experiment were already shown in Figure 25. Here, the focus is on absolute
numbers of bound virus particles to allow comparison of the two cell types. Concentrations
are given as amounts of virus particles per µl RNA (log-transformed). Red bars indicate the
CHO cell lines, blue bars the L cell lines (see 4.4.2.2 for details). Means ±SD (n = 3).

A recent publication emphasised the unusual resistance of CHO cells to viral infection due to
the lack of several receptors on the surface of these cells, though the corresponding genes are
obviously present [517]. It was found that both αv and β3 integrins, among others, are not
expressed on the surface of CHO cells. Another study could show that the αv subunits are
endogenously expressed and that after transfection, the transgenic β3 subunit paired with
endogenous hamster αv resulting in a chimeric αvβ3 integrin receptor [152]. Thus, the
experiments in the following were designed to clarify whether the expression of β3 integrins
alone leads to permissiveness of CHO cells for WNV.

4.4.4.1 Rescue of β3 integrins in CHO-K1 cells and characterisation of CHOITGB3 cells
Similarly to MEF-ITGB3(-/-) cells (see 4.4.3.3.1), CHO-K1 wild type cells were transfected
with the full length cDNA encoding the mouse integrin β3 subunit, and selected for resistance
to obtain stably transfected cells. Lipofectamine was used for transfection and 0.5 mg/ml
Zeocin was applied for selection. Integrin β3 positive cells were selected based on the
expression of the β3 integrin subunit using the biotin-labelled antibody HM beta 3.1 and antibiotin microbeads for magnetic cell separation (see also 4.4.3.3.3). Separation yielded 97 %
integrin β3 positive cells within the selected population with about 28 % positives in the flow
through by flow cytometry analysis. Fluorescence staining clearly visualised the expression of
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β3 integrins in focal contacts on the cell surface of transfected cells whereas wild type CHO
did not show any comparable structures with the same fluorescence intensity (Figure 45-A
and -B). The αv subunit necessary to combine to form the heterodimeric αvβ3 integrin was
obviously provided by endogenously expressed αv subunits as reported in 4.4.4. Figure 45
shows the confocal laser scanning miscroscopy images of wild type CHO-K1 and CHOITGB3 cells and the results of the flow cytometry analysis. Rescue of the integrin β3 subunit
leads to an increase in fluorescence intensity compared with the wild type parental cell line
(Figure 45-C).

Figure 45. Illustration of the successful integrin β3-rescue in CHO-K1 cells. Immunofluorescence images show the expression of β3 integrins on the surface of (A) CHO wild
type, and (B) CHO-ITGB3 cells. The FACS histogram (C) compares the fluorescence intensities of the β3-specific antibody applied to wild type CHO (blue profile) and pcDNAITGB3 transfected CHO cells (red profiles). Fluorescence intensity of the unstained cell
control is indicated by an open profile. Abscissa - fluorescence intensity (log scale); ordinate
- number of cells counted in each column of the histogram. Scale bars of 20 µm are displayed.

4.4.4.2 Comparison of WNV replication in CHO wild type and CHO-ITGB3 cells
Following the same approach as described for the replication set in 4.4.2.2, CHO-K1 wild
type and integrin β3-rescue CHO cells (3 × 105 cells per well) were infected at an MOI of
5 PFU/cell with the New York and Uganda strain. The experiment was repeated in three runs
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with triplicates of cell line and virus strain each. Virus particle numbers were calculated based
on the calibration curve. For both cell lines the virus yield was near the detection limit of the
qRT-PCR with less than 18 virus particles per µl RNA (Figure 46). In addition to what has be
shown in earlier experiments of this study, that integrins are not essential for WNV infection
of cells, it could be demonstrated here that the expression of β3 integrins alone was not
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Figure 46. Replication of two WNV strains in CHO wild type and transfected CHO cells to
rescue the β3 integrin subunit. Virus yields in the supernatant 2 days post infection are depicted as virus particles per µl RNA (log-transformed). Error bars represent ± SDs of means
(n = 3).
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5 Discussion
West Nile virus is a worldwide distributed pathogen causing infections in humans and animals
with a mild to severe outcome. Generally, determination of the factors that define host species
tropism and pathogenesis includes the identification of receptors used by the virus for
attachment to the cell surface and subsequent internalisation. Cellular receptors usually play
important roles in cell adhesion, cell-to-cell interactions, signal transduction and defence
mechanisms. Whether the receptor is expressed or not, the level of its expression, its function
and distribution in the host’s tissue determine the cells’ susceptibility, and thereby play an
important role for cell type, tissue and host tropism, respectively. The receptor usage can
either be promiscuous or highly selective. The specificity of a virus to its receptor can define,
in part, the pathogenicity and the course of disease [305, 429].
Albeit the multitude of putative Flavivirus receptors which have been proposed so far, the
definitive identification of the complete array of cellular molecules required for viral entry has
not yet been achieved (2.6.2). Only few surface proteins could unambiguously be identified
and characterised to function as receptors. Most often their physiological relevance and
precise function in the entry process remains unclear. Within the Flavivirus genus the early
events in virus entry are best studied in Dengue virus and Japanese encephalitis virus. For
WNV, however, the number of potential receptor candidates which have been proposed in the
literature is limited as has been outlined in State of Knowledge (2.6.3). The notable ability of
WNV to infect a broad range of species (mosquitoes, reptiles, birds, and mammals) and
virtually every cell line in vitro leads to the assumption that either a highly conserved receptor, present on all cells, is used or that multiple receptors are used in parallel, depending on
the particular cell type infected.
Addressing this issue, a cell culture model was established in this study which allows investigating the involvement of integrins in WNV infection. The findings are expected to give a
better insight into receptors and entry routes used by WNV. Furthermore, this model is
expected to provide a useful tool for a wide range of experimental studies of integrin function
in virus entry and entry-induced cellular mechanisms.
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5.1 Methods
5.1.1 Cell infection experiments
Generally accepted criteria that unambiguously identify a cellular protein to function as a viral
receptor are (i) the high-affinity interaction with the virus, (ii) the location on the surface of
host cells, (iii) the inhibition of viral infection by specific receptor-blocking antibodies,
(iv) the resistance of susceptible cells to infection by knock-down of this protein, and (v) the
permissiveness of initially non-permissive cells after receptor cloning and transfection [63,
155, 197, 231]. In practise, however, identification of a viral receptor is hampered by the fact
that (i) a clear inhibition is difficult to achieve since the virus may use several receptors or
pathways in parallel, (ii) the receptor density on the cell surface may be low and the affinity
of virus to its receptor limited, (iii) in most cases virus entry into host cells comprises several
steps, and (iv) the validity of available methods is limited.
A cell based system designed for the study of virus-receptor-interactions is best suited to
evaluate the potential in vivo susceptibility of cells as it mimics all steps in virus entry. In this
context, cell binding or infection assays are the most commonly used approaches for studies
that aim at the definitive identification of viral receptors. A broad diversity of protocols has
been described by numerous authors. Other authors use isolated or recombinant cell surface
proteins, which have been suggested by preceding studies, to investigate the direct interaction
with the virus. However, difficulties in isolation and relative insolubility of many of the
cellular surface proteins are problems that must be overcome for these kinds of experiments
[228, 493].
The determination of virus titres or genome containing particles in the supernatant after
several replication cycles is a common method used by many authors to measure differences
in the binding behaviour and/or endocytosis mechanisms. However, the approach to draw
conclusions from the numbers of virus particles in the supernatant for virus internalisation
efficiencies seemed to be the most critical point of findings in this study (see also 4.4.1). The
experimental approach of the replication set used in the infection assays was not able to
distinguish (i) whether integrins are required for either binding in a post-attachment step, or as
functional receptors for virus entry, or (ii) whether they induce virus internalisation, rather
indirectly, by integrin-mediated signalling (5.3.2). Though the involvement of integrins in
another stage of the virus replication cycle cannot be absolutely excluded, the surface localisation of these cell adhesion molecules allows the general assumption that integrins respond
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to virus binding, and are involved in virus internalisation rather than in the downstream
replication cycle [163, 482].
The approach applied in this study to evaluate the WNV binding characteristics, i.e. the
binding set, represents only a rough approximation to the amount of specifically bound virus
particles as washing may be insufficient to quantitatively remove all non-bound virions. Other
methods may also be convenient and adequate in measuring the number of bound virus, such
as flow cytometry [257, 467], but were not available for the study. However, since the
treatment of all cells within each infection experiment was accomplished in exactly the same
way differences in particle numbers can be regarded to reflect the specific experimental
design. As a result, this approach yielded significant differences for the GAG experiments
(4.4.2.2) and the MAV-1 studies (4.3.4.3). In the latter marked differences in the binding
properties of MAV-1 to the MEF cell lines were seen.
Mouse fibroblasts isolated from 12.5 days old embryos were regarded to better imitate in vivo
conditions than continuous, artificially immortalised cell lines or tumor cells, since they have
undergone a limited number of passages only and are closer to primary cells that still keep the
main functional components of the tissue from which they are derived [127, 428]. The use of
knock-out cells is advantageous since deletions in the gene coding for a specific integrin
subunit result in the complete absence of all corresponding heterogeneous integrin pairings on
the surface (Figure 9 in 2.7.5). In contrast, application of blocking antibodies does not result
in an absolute functional blockage of the integrin considered since even at high antibody
concentrations not all integrins are targeted. Similarly, down-regulation of a particular
integrin subunit by means of small interfering RNA does not suppress expression completely,
and low expression levels can still be detected [99]. These two aspects complicate the
estimation of a potential involvement of integrins in virus binding and uptake, and hamper
final predictions about their quantitative contribution to virus entry. Another important
advantage of the MF cell culture model used here is that the different integrin deficient and
wild type MFs are comparable in their cell physiological characteristics, apart from the lack of
the particular integrin subunit. This fact allows the direct comparison of results in order to
assess the impact of a particular integrin subunit on virus infection for this cell type. To
enhance comparability of results on how β1 and β3 integrin expression affects WNV replication, deficient cell lines were directly compared with their corresponding integrin expressing
cell lines, integrin β3-rescue MEFs or β1-floxed MKFs, which allowed excluding any
background differences between cell lines that arise from possible differences between mouse
strains. An additional motive for the establishment of this model was to get the option to
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introduce a transgenic rescue of the absent subunit to find out whether the taxon affects cell
susceptibility as has been described for other viruses, e.g. Foot-and-mouth disease virus
(FMDV) [347]. This, however, was not part of this work but can be addressed by succeeding
studies using this cell model.
The assessment of viral RNA content and the calculation of genome containing particle
numbers was considered to be the best method to quantify virus yields, since determination of
infectious virus particles may underestimate the true number of virus particles bound or
produced [531], and to be the most efficient method viewed in terms of the very high sample
numbers (see also 4.4.1). Determination of infectious virus particles by TCID50 calculation
was accomplished for the long-term study only and did not yield different results (4.4.3.1).
The discrepancy between infectious virus particles and relative numbers of RNA containing
particles was notably high for the Uganda strain (4.4.3.1). Van der Schaar et al. reported a
ratio of infectious to genome containing particles to be 1:2.600 for Dengue virus serotype 2
[531]. Similar findings were reported for the human immunodeficiency virus (HIV) type 1 and
attributed to limited binding affinities of the virus in titration assays which led to a severe
underrating of the actual concentration of virus particles [477]. On the other hand, determination of genome containing particles itself may underestimate the physical virus particle
numbers based on protein determinations due to incomplete viral genomes, insufficient RNA
extraction or inefficient RT-PCR [531].
Plaque assay as an alternative method applied directly on the MF cell lines was tested in order
to evaluate possible differences in their susceptibility. Readability and interpretation were of
no relevance in the way that plaque sizes differed not only between the WNV strains but also
between cell lines infected by the same strain (data not shown). The latter finding may be
explained by an altered receptor usage on these cells [266].
An additional method was established using confocal laser scanning microscopy as a tool to
visualise cell surface binding of virus particles and for use in future studies designed to
investigate the characteristics of WNV entry into living cells [530, 531]. The use of the
chimeric vaccine strain ChimeriVax-WN01 restricts comparisons with WNV specific traits to
steps upstream the release of the nucleocapsid into the cytoplasm (2.5.3). Binding features
were considered comparable to those of the New York strain since their envelope protein
sequences were found to be homologue (4.1). DiD labelling of virus particles showed promising results (4.4.3.7) but was sensitive to TritonX treatment which in turn was necessary for
imaging of integrin-specific focal contacts. Hence this method was not helpful in this context.
No fluorophore labelled anti-E protein antibodies were commercially available and those
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which were available for immuno-fluorescence application were generated in mice. This,
however, was inadequate for the application of secondary mouse IgG antibodies as mouse
fibroblasts were to be used here. Fluorescence conjugation of the primary anti-E antibody
worked but showed high background staining of cells so that the results obtained are interpreted in the context with other findings of this study. A co-localisation of a receptor candidate would not be a definitive proof of an interaction with the virus since associated molecules may be involved or the interaction may be of different nature. However, detection of
other than a direct interaction between virus and a specific cellular protein is beyond the limits
of this method. Conglomeration of virus particles which allows visualisation has been
described by van der Schaar et al. [531]. It is questionable, though, as to whether these virus
complexes show the natural binding behaviour of single particles.
In summary it can be stated that there is no one method which fully satisfies all the requirements in order to unambiguously identify a receptor and, at the same time, its precise function
in virus entry. The consecutive application of a set of promising methods provides a set of
results, based on different properties, which at best may point in the same direction. This can
be taken as a proof that the protein in question is indeed a virus receptor. The methods applied
in this study are expected to be reliable within their limits in answering the specific questions
outlined earlier in Introduction.

5.1.2 Recombinant WNV envelope protein and domain III
Soluble forms of viral proteins involved in receptor binding are crucial not only in defining
the role of such proteins, that means their capacity to interact with cellular surface proteins,
but are also often used as an important tool for receptor identification. Recombinant Flavivirus envelope proteins have been used instead of infectious virus for binding experiments
[89, 213], interaction force measurements [41, 269], and for co-immunoprecipitation assays
[398]. The ability to compete with the virus for receptor binding in a dose-dependent manner
constitutes the most relevant property of viral binding proteins [93, 95, 173]. The inhibition of
virus entry may be achieved by two non-mutually exclusive mechanisms: preventing (i) the
virus from interacting with cellular membranes by interference with the virus particle, and
(ii) the interaction with the target surface protein and competition with the virus for binding
[173].
In this study, WNV E protein, and domain III which constitutes the principal binding domain
were recombinantly expressed since they had been proposed to mediate binding of WNV to
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the integrin receptor [269]. Strong interacting forces between DIII and integrin αvβ3 were
reported which led to the assumption that binding was highly specific (2.8). Application of
increasing amounts of recombinant DIII inhibited virus binding to αvβ3-expressing cells but
not to non-expressing cells [269]. Such findings are generally taken as a proof that the viral
protein interacts with the receptor in question.
In contrast, first findings in this study, obtained from experiments with the mouse fibroblast
cell lines showed that the putative receptor protein, integrin αvβ3, was not necessary for
WNV infection of cells (4.4.3.1). It was concluded that alternative unidentified receptors exist
which may interfere with recombinant proteins. Based on this result a convincing decision
about the integrin’s involvement in WNV binding was impossible. Therefore, binding assays
with recombinant proteins were abolished. Basically, the use of recombinant WNV proteins
instead of infectious virus should be regarded with scepticism as some disadvantages exist:
(i)

Only binding properties can be investigated whereas infectious virus organises all steps
of entry. Later results of this study show that integrins do not mediate, in a first step, virus binding to the cell surface (4.4.3.4.1 and 4.4.3.4.4). Thus, the use of recombinant
protein alone may misguide conclusions concerning the potential role of receptor proteins in virus entry. On the other hand, Chu and Ng postulated that recombinant DIII activated signalling pathways by induction of FAK autophosphorylation via interaction
with integrins [99]. This conclusion was rebutted by Scherbik et al. who demonstrated
that FAK activation was not triggered by integrins [423]. Hence, the approach of pathway activation induced by recombinant WNV proteins must be regarded carefully.

(ii)

Application of DIII can be insufficient to activate all steps that lead to virus internalisation depending on the molecules and mechanisms involved. Several authors doubt its
exclusive importance and suggest all three domains to be involved in the interaction of
the virus and its receptor(s) (2.6.1).

(iii) In prokaryotic systems there is an uncertainty about the exact secondary structure of
recombinantly expressed proteins compared to that under natural conditions, especially
of posttranslational modified (e.g. glycosylated) proteins. The ability of a soluble protein to imitate the virus binding properties can be influenced by its conformation. Thus,
the proper folding of a recombinant protein is thought to be of great importance. Unfortunately, a definitive proof of a certain folding structure is difficult to achieve. As an
example, Chu et al. argued that the induction of neutralising antibodies in immunised
mice is a strong indication that recombinantly expressed WNV DIII adopted a biological relevant conformation [95]. In this study expression, purification and dialysis proto-
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cols were basically the same as used by Chu et al. Therefore, native folding of DIII was
assumed but could not be evidenced as no monoclonal antibodies directed against conformational epitopes of E protein were commercially available.
These critical points make the utilisation of recombinant protein instead of infectious virus
problematic when WNV binding behaviour is addressed. Hence, together with the reason
outlined before, this approach was not further pursued. Once the knowledge regarding WNV
host cell binding and the steps following attachment will have been improved the recombinantly expressed proteins of this work will possibly find application.
The E protein genes of the four WNV strains used in the infection experiments of this study
were sequenced in order to check their identity and to interpret possible differences in binding
and entry patterns (4.1). Multiple amino acid differences were found, some of them located
within the binding domain DIII which is largely exposed on the lateral surface of the E
protein (2.5.4.3). Distinct replication efficiencies in wild type and integrin deficient MFs
(4.4.3.1), respectively, within a strain may, at least in parts, be based on differences in the
sequence of the E protein. Provided that the established MEFs do not differ in their entire
protein configuration, discrepancies in virus particle yields were, therefore, attributed to the
lack of certain integrins. Most noticeably, there was a marked reduction in the replication
efficiency in αv-deficient MEFs of the Dakar strain compared to the efficiency of other
strains. Supposed that DIII alone mediates entry the question arises on how the differences
seen in the replication of the New York and the Dakar strain come about since both are
homologous in the DIII amino acid sequence. This again points to an additional participation
of envelope protein domains I and II, or differential effectiveness in replication.

5.2 Characteristics of the mouse fibroblast cell lines
Fibroblasts are morphologically heterogeneous cells that synthesise extracellular matrices and
are, therefore, often used as feeder cells in embryonic stem cells culture. The different MEF
cell lines established in this study and the MKF cell lines were compared as to specific
phenotypic features in order to characterise integrin expression patterns. The MEF and MKF
cell lines differed markedly in their morphology, as seen under the light microscope, and in
respect to their growth characteristics (4.3.4 and Figure 19 in 4.3.4.1). The increase in cell
numbers found in the MKF-ITGB1(-/-) and MKF-ITGB1(flox/flox) cells was considerably
larger than in the other cell lines which was attributed to the tissue they were derived from,
their high passage number and immortalisation status. Differences among the MEF, and MKF
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cell lines were much less pronounced. The ‘fully equipped’ wild type cell lines, i.e. MEFwildtype and MKF-ITGB1(flox/flox), showed the highest growth rate. The poor growth rate
of αv-deficient MEFs in comparison to wild type MEFs was attributed to the loss of all five
αv integrin combinations. Cytometry analysis did not indicate an up-regulation of one integrin
subunit in compensation to the absence of another (Figure 21 in 4.3.4.2), which is consistent
to what has been reported by others [13, 207]. The expression levels of MKF-ITGB1(-/-) and
MKF-ITGB1(flox/flox) in respect to αv and β3 integrins were considerably reduced, presumably for the reasons mentioned above. Expression levels of the established MEFs may change
over time with the number of passages reached. However, up to a passage number of approximately 50 no apparent differences were seen in the expression profiles evaluated from flow
cytometry data (data are shown in 4.3.4.2). Similar to the cytometry data, there were no major
differences among cell lines in the steady-state mRNA pool of the integrin subunits in
question, determined by qRT-PCR (M. Keller, Friedrich-Loeffler Institute, Isle of Riems,
Germany, pers. comm.). This confirms the balance of integrin levels without up- or downregulation as mentioned above and suggests that basic mechanisms of regulation in respect to
integrin expression occur both in wild type and integrin knock-out cells. Previous studies have
shown that an integrin can be replaced, if absent, in its function by another integrin. For
example, integrin αvβ3 was found to be involved in fibronectin matrix assembly in the
absence of β1 integrins [506, 519].
Infection of the MEF cell lines with the control virus MAV-1 yielded remarkable differences
in binding and replication efficiencies among cell lines. Since MEFs were generated under the
same conditions and had similar passage numbers when used in the infection studies, it was
presupposed that cells differed solely in features related to integrin expression, and that
merely the presence or absence of a particular integrin subunit led to different binding and
replication efficiencies of MAV-1.
In this study only the three integrin subunits αv, β1 and β3 were considered. Whether the
expression levels of other integrin heterodimers are affected by the loss of either the αv, β1 or
β3 subunit was beyond the scope of this study. However, most integrin combinations which
hold important integrin-mediated functions are composed by at least one of theses integrin
subunits (Figure 9 in 2.7.1). Moreover, it cannot be ruled out that other cell surface molecules
are up- or down-regulated as a consequence of the loss of great parts of adhesion receptors or
simply by impaired signalling processes such as recycling of cell surface proteins (discussed
in 5.3.2).
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5.3 WNV receptors
Virus entry most often is a dynamic event comprising multiple steps, in which several cellular
structures participate, alternatively or synergistically, and may function as attachment factors,
receptors or co-receptors [155, 197, 429]. Until now, the understanding of the entry mechanisms employed by WNV and the crucial steps that result in virus infection is poor. For other
important Flaviviruses a long list of putative receptor candidates implicated in virus entry
exists (2.6.2). What emerges from all experimental studies with Flaviviruses support the
conclusions that (i) diverse proteins can be used by the virus for binding and entry, depending
on cell type [230, 304, 397, 475], (ii) several different proteins can serve as receptors on the
same cell type, (iii) binding properties vary notably among strains and serotypes [33, 283],
and (iv) virus binding and entry seems to be a multistage process in itself as, within a putative
receptor complex, several molecules, i.e. attachment factors, receptors and co-receptors, may
be used consecutively by the virus to gain entry [31, 32, 33, 390]. Some receptor proteins are
present on specific cell types only, whereas others are common to all cell types, and some of
them are used by more than one member of the Flavivirus genus [33, 95]. Along with
numerous efforts to identify potential receptor candidates it became clear that definitive
conclusions are difficult to achieve as the one-receptor-mediates-entry hypothesis must be
dismissed.
The underlying mechanisms which enable WNV to replicate in a large variety of different
arthropod, mammal and bird species invite to extensive speculations. The unusually wide host
tropism of WNV might be related to structural features and to binding properties of its
envelope protein. In addition, it is supposed that at cellular level the relevant cell proteins
used for virus entry and replication are highly conserved among divergent host species [50,
51].

5.3.1 Integrins
Integrins, in particular integrin αvβ3 had been proposed by Chu and Ng to be the functional
receptor for WNV [99]. Results from knock-down assays and inhibition of infection by
specific antibodies suggested the function of integrin αvβ3 as the relevant WNV receptor.
Integrins are found in all metazoans and are not only similar in function across taxonomic
groups but are also highly conserved in genome sequences that encode the α and β subunits
(2.7.1). Speculating about the role of integrin as a putative WNV receptor, this could explain,
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at least in parts, the broad host range of WNV and its ability to infect virtually every cell type
tested. The broad host range, on the other hand, may be a result from the virus’ ability to use
diverse cell receptors and entry routes in parallel depending on the cell type infected. Herpesviruses, for instance, have been described to use multiple receptors which may explain their
broad tissue tropism [451, 495].
Different mechanisms of integrin-dependent viral infection have been described where
integrins hold diverse functions, e.g. as attachment factors, receptor or as co-receptors, in
mediating virus attachment and entry [482]. Virulent strains of FMDV use at least four
integrins (αvβ1, αvβ3, αvβ6, αvβ8) as binding receptors on target epithelial cells [347, 348,
410]. The use of a particular integrin depends on the tissue infected, e.g. αvβ6 on mucosal
epithelia. Obviously, the integrin β subunit cytoplasmic domain is not essential for binding
and internalisation of FMDV as partial deletions or full truncation had no effect [349]. This
indicates that integrins are not directly involved in virus internalisation of FMDV, but may
activate other cell surface molecules that mediate virus uptake. Two other members of the
Picornaviridae utilise αvβ3 to initiate infection, human coxsackievirus A9 [405] and human
echovirus 9 [350]. Several Hantavirus species use αvβ3 and αvβIIb to achieve cellular entry
[167, 299]. Human Cytomegalovirus (HCMV) entry into permissive fibroblasts is dependent
on either β1 or β3 integrins [149]. The primary receptor CAR is a key determinant of tropism
of human adenoviruses [272, 356], but only in the presence of integrin αvβ1, αvβ3, αvβ5 used
as co-receptors virus entry is promoted [273, 508]. Direct binding to αv integrins has been
described for the mouse adenovirus type 1 (see 4.3.4.3), whereby binding is independent from
CAR [271]. Therefore, MAV-1 was used as a control virus in this study (see also 5.2). Indeed,
both αv and β3 integrins proved to be involved in MAV-1 binding and internalisation,
whereby the loss of the β3 subunit had the most prominent effect on binding (4.3.4.3).

5.3.1.1 Cell lines
The cell culture model of this study was directed to shed light on the relationship between
WNV and integrins as putative receptors in respect to their precise function, their share in
viral entry and to the question which subunit mediates entry. At the time the experiments were
conducted a fundamental uncertainty existed in the literature as to the role of integrins in
WNV entry. Experiments accomplished by Medigeshi et al. [315] yielded a contrary conclusion to that of Chu and Ng [99] (see also 2.8). CS-1 melanoma cells were found to be nonpermissive to WNV infection in experiments performed by Chu and Ng, op. cit. However,
when Medigeshi et al. repeated the experiments, viral production was at comparable levels as
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found in other cell lines. CS-1 melanoma cells [147] are highly differentiated non-invasive
tumor cells that only have a limited repertoire of integrin receptors because they do not
synthesise β3 and β5 integrins [246]. However, upon certain stimuli, i.e. treatment with 5bromo-deoxyuridine, expression of integrins is induced due to suppressed differentiation that
in consequence promotes invasiveness of this cell line [478]. The manipulability of CS-1
melanoma cells makes this cell line less predictable according to important features. Therefore, reliability of findings that involve integrin expression should be critically discussed.
Against this background the mouse fibroblast cell lines of this study appear to provide a more
reliable model since specific integrin subunits are knocked out from the genome. Their
phenotypic features have already been discussed in 5.2. Accordingly, one or several integrin
heterodimeric receptors are entirely absent from the cell surfaces. As mentioned earlier
(5.1.1), knock-down of the β3 integrin subunit by gene silencing as described by Chu and Ng
could not completely eliminate the expression of β3 integrins and, therefore, was not able to
prevent virus binding absolutely [99]. Besides, the application of several cell lines that are
deficient for one of the integrin subunits αv, β1 or β3 allows a direct comparison of infection
success and thereby facilitates specification of the integrin subunit in question.

5.3.1.2 Involvement of integrins in WNV infection
Results from the long-term replication experiments presented in 4.4.3.1 clearly show that
integrins are not essential for a successful infection of the MF cell lines by WNV. This in turn
indicates that integrins are not the only receptor used by WNV to enter cells and that other
receptors may be used in parallel or instead in the absence of integrins. However, the marked
reduction in the replication efficiencies in β3-deficient MEFs and, for Dakar strain, also in αvdeficient cells was largely in accordance with results obtained by Chu and Ng [99]. The β3
subunit seemed to have the greatest effect on cell permissiveness in terms of viral RNA
yields. To exclude any possible side effect the mouse line background may have on derived
MFs, and to specifically address the importance of the particular integrin, the β3 integrin
subunit of deficient cells was rescued (4.4.3.3). Since the comparison of immortalised β1deficient MKFs with the generated wild type MEFs was not meaningful (see 5.2), MKFITGB1(flox/flox) were used as a wild type control to investigate the role of β1 integrins on
WNV infection. β1- and β3-deficient MFs were infected in parallel with their corresponding
integrin expressing cell line to facilitate a direct quantitative assessment. Data from these
experiments clearly demonstrate a significant enhancement in the level of produced virus if
the particular integrin was present on the cell surface. Vice versa integrin deletion affected
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WNV yields negatively (4.4.3.4.2 and 4.4.3.4.4). Moreover, the cytopathic effect caused by
virus infection was most prominent in the β3 integrin overexpressing MEFs. In agreement
with these experiments the application of increasing amounts of virus showed that the
replication rates were always higher in the rescue or floxed cells (4.4.3.5). As expected, the
replication rate did not show a tendency of saturation with MOIs up to 100 PFU/cell. Numbers of more than 5000 radio labelled virus particles per cell have been reported to saturate
binding sites on cells [94]. Comparable amounts of virus could not be applied in the experiments of this study since higher concentrations of virus could not be achieved due to technical
reasons. It is to mention at this point that the proportion of integrin expressing cells within the
population of integrin β3-rescue MEFs did not affect virus production, e.g. infection of cell
populations with either 99 % or 50 % integrin β3 positive cells had no consequence for the
result of these experiments (see ±SD in Figure 36 in 4.4.3.4.2) whereas the total loss of β3
integrins led to significantly lower virus yields. This additionally indicates that, within the
scope of this study, integrin function was not saturated which may be attributable to the
generally high concentration of integrins on cell surfaces.
In summary, replication of WNV, that means the sum of all events occurring during the
infection cycle, was reduced by 90 % at maximum but not completely suppressed by the lack
of either β1 or β3 integrin subunits. These findings imply that the two β integrins constitute
either one of the main entry routes but that in their absence other routes are used instead or
that different routes are used in parallel. However, it becomes clear from the literature that
significance of a particular receptor for virus entry can depend on cell type so that this result
is valid for mouse fibroblasts in particular but should not be generalised for other cell types
without further investigations.

5.3.1.3 Independence of WNV binding from integrins
There was no evidence that WNV binding to MFs was in any way influenced by the expression of certain integrins (4.4.3.4.1 and 4.4.3.4.3). Equally, application of integrin specific
antibodies that block integrin binding to ligands did not show any effect, nor on virus binding
or on virus uptake itself (4.4.3.6). This was in striking contrast to results from Chu and Ng
who inhibited to a large extent both, binding and internalisation of WNV by application of
functional blocking antibodies [99]. However, complete block could not be achieved, even in
the presence of high antibody concentrations. It can be argued that differences in the outcome
may result from different cell lines and commercially available antibodies used in both
studies. Remarkably, when Vero cells together with the monoclonal anti-αvβ3 antibody clone
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LM609 were used in an assay comparable to that of Chu and Ng no inhibition of binding was
observed (4.4.3.6).
Usually, integrin specific functional blocking antibodies impair binding to extracellular matrix
components by masking the RGD motif recognition site on the integrins. Many viruses that
use integrins as cellular receptors exhibit an RGD motif which constitutes the most common
recognition motif for integrins (2.7.1). On the other hand several reports document virus
binding to integrins to be independent from an RGD motif or another specific recognition site.
Instead, some virus species interact with unique regions of integrin receptors. For instance,
HCMV binds to integrins by a highly conserved disintegrin-like domain [149]. Hantavirus,
Rotavirus and adeno-associated virus type 2 virus also contain distinct binding motifs for
virus-integrin-interaction [10, 167, 522]. Some Flavivirus members, such as Murray Valley
encephalitis virus and Yellow fever virus, contain an RGD or a similar motif in their E protein
sequence which implies that these motives may play a crucial role in binding to integrins.
However, the dependence of integrin binding on the RGD motif was questioned when, after
introduction of mutations, no difference in the outcome of virus yields were observed (see
2.6.2). Similarly, in experiments with DENV-2 soluble integrins were shown to compete with
cell-associated integrins in binding, even though the virus does not contain an RGD sequence
[523]. WNV does not exhibit an RGD motif either (2.5.4.3), and soluble RGD peptides did
not inhibit virus binding (2.8). Application of extracellular matrix components which compete
for integrin binding sites had a marginal effect on WNV binding only. It remains unclear from
the publication of Chu and Ng why, on one side, integrin blocking antibodies were able to
prevent WNV binding and internalisation when, on the other hand, soluble ligands displayed
no or only weak effects [99].
The results of the binding experiments (4.4.3.4.1 and 4.4.3.4.3), and the antibody blocking
experiments (4.4.3.6) presented here point rather to a negligible importance of integrins for
virus entry as an attachment factor or a binding receptor. Whether binding occurs in a later
step as a direct interaction between virus and integrin, following attachment to the cell
surface, remains a question of further research. In this case, if an interaction occurs, it cannot
depend on an RGD motif.
Images from confocal laser scanning microscopy point in the same direction, i.e. that WNV
binding to cell surfaces is not dependent on integrins. Images showed that virus particles
failed to co-localise with integrins assembled in focal contacts, even though imaging quality
was suboptimal. This finding demonstrates that there is no direct interaction, in a first step of
infection, but it does not exclude the existence of an indirect interaction as discussed in 5.3.2.
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Contrary to this finding, electron microscopy imaging of an immuno-gold-labelled 105 kDa
protein, presumably integrin αvβ3, revealed a physical interaction with WNV [96]. Another
study with DENV using immuno-fluorescence imaging was successful to affirm integrin
binding by co-localisation of virus particles and integrins on vascular endothelial cells [523].
To clarify any possible interaction additional experiments are necessary since the results
obtained by Chu and Ng are in contrast to those of Medigeshi et al. and do not agree to a large
extent with those obtained in this study.

5.3.1.4 Integrin expression upon infection
Following WNV infection the level of integrin mRNA was not profoundly affected within a
two days period based on the half-time of integrins (unpublished data, M. Keller, FriedrichLoeffler Institute, Isle of Riems, Germany, pers. comm.). This means that integrin transcription was not up- or down-regulated which would have been a potential counter mechanism
induced by virus infection. An increased degradation of integrins as a result of a putative
usage as a receptor was therefore excluded. Generally, the disappearance of a viral receptor
from the cell surface may point to a co-internalisation of the virus-receptor-complex after
virus attachment. This strategy is suggested to be employed by the virus to protect the cell
from super-infection or to prevent interference between the virus and the receptor during its
maturation and secretion [48]. An increased down-regulation in the expression level of the
laminin receptor was noted upon DENV infection [475] and of the epidermal growth factor
receptor (EGFR) after HCMV infection [145]. Up-regulation of cellular receptors in the
course of infection has, on the other hand, also been reported: heat-shock cognate protein 70,
Hsp70, in cells infected by JEV [110] and β3 integrins on endothelial cells infected by
DENV-2 [523].
In this study, flow cytometry was not accessible under BSL 3 conditions so that integrin
expression levels on the surface of WNV infected cells could not be determined. Hence, it
remains unresolved whether an increased integrin recycling occurs following WNV infection.

5.3.1.5 Influence of WNV strains on integrin usage
Disagreement in the essentials of the two studies, Chu and Ng and Medigeshi et al., in respect
to the involvement of integrin αvβ3 in WNV entry may perhaps result from the use of two
different WNV strains. The genetic divergence between the lineage 1 strain New York 1999
and the lineage 2 strain Sarafend was hypothesised to contribute to an altered receptor usage
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[315]. The fact that WNV Sarafend belongs to a separate antigenetic group (see 2.3) supports
this argument. Until now, there are no comparative studies which address discriminative
receptor usage, diverse entry routes and different infection efficiencies among WNV strains.
As mentioned earlier (5.3), observations made from infection experiments with Flaviviruses
suggest that receptor binding and entry characteristics may depend on the serotype or strain
used. For instance, JEV strains comprise two groups which come with two entry pathways;
one group is dependent on HS for entry, whereas the other can use alternative routes [91,
283].
Therefore, both strains used by Chu and Ng and Medigeshi et al. were selected for the
infection experiments described here. To offer a broader perspective, two additional strains
were included; a second lineage 1 strain, i.e. Dakar, and the prototype lineage 2 strain
Uganda. Differences in the replication capacities between cell lines and strains were apparent
in the long-term replication experiments (4.4.3.2). However, the relative differences between
integrin expressing and non-expressing MFs among virus strains were largely upheld.
Statistical analysis from the infection studies presented in 4.4.3.4.2 and 4.4.3.4.4 showed that
the virus strain had no effect on the differences in the virus levels of β1- and β3-expressing
and non-expressing MFs. This indicates that genomic differences among WNV strains do not
affect the usage of β1 and β3 integrins during entry and/or replication, in other words,
integrins are used to the same extent.

5.3.1.6 Summary of findings
To resume the outcome of this work in comparison to the results of Chu and Ng and Medigeshi et. al., the following can be stated: Findings obtained from this study were not consistent with those of Chu and his co-workers who postulated that integrin αvβ3 is the main
player in initiating virus entry [99], and that the interaction with WNV occurs in a highly
specific manner [269]. Neither integrin-mediated binding to cell surfaces nor inhibition of
binding or internalisation by integrin specific blocking antibodies was observed in this study.
Thus, the overriding importance of integrin αvβ3, at least its role as an attachment factor or as
a primary binding receptor, must be denied. Findings of this study agree, however, with the
result of Chu and Ng, op. cit., that the lack of β3 integrins in particular influences WNV
infection of cells negatively. This is probably due to a decreased uptake of virus into cells as it
was analysed by differences in yields in the supernatant two days after infection (4.4.3.4.2).
On the other hand, it must be considered that other cell lines were used here what might have
resulted in a variable use of integrin as a receptor in terms of function and extent. Actually,
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results of this study point to the existence of at least one alternative route used by WNV for
entry that occurs independently of αv, β1 and/or β3 integrins. It became obvious that integrins
are not necessary for a successful infection of the cell lines regarded. In this respect results are
in accordance with those from Medigeshi et al. who supported the notion that WNV entry is
independent of integrin αvβ3 [315]. In contrast to findings from this study they could not
show that replication decreased in β3-deficient MEFs in comparison to wild type MEFs. The
integrin β3-rescue cells are thought to present a better model to study the effect of integrin
expression on replication efficiencies since it uses exactly the same cell line. A comparative
study using wild type and β3 integrin over-expressing (rescue) MEFs was beyond the scope of
this work.
The understanding of the WNV-integrin relationship is still superficial and needs further
investigations in order to convincingly depict the complex interaction. The results of this
study support the concept that β1 and β3 integrins play an important role in the WNV infection cycle. However, their function obviously does not occur at the level of binding to the cell
surface but rather downstream during entry or in post-entry stages. With this in mind, findings
lead to speculations about the involvement of integrins in the WNV entry process: (i) integrins may interact as a co-receptor or a secondary (e.g. functional) receptor directly with the
virus, in combination with another surface receptor, or (ii) they may not directly interact with
the virus but enhance or block other cell surface molecules important for WNV binding and
entry, or may improve accessibility to other surface receptors for virus binding (see also
5.3.2), or (iii) integrins may merely be involved in the downstream signal transduction
(discussed in 5.3.2), which either initiates viral uptake or modifies the cellular milieu for virus
replication in a post-entry step.
It was beyond the scope of this study to consider the entire spectrum of integrin subunits
present on MFs for WNV entry. The possibility cannot be ruled out that WNV interacts with a
wide spectrum of integrin heterodimers, and that, in the absence of specific integrins, it can
use other members of the integrin family. Since both integrin β subunits, β1 and β3, seem to
affect virus replication, it is plausible that several integrin receptors may be used in parallel by
WNV for entry.

5.3.2 An excursus – virus entry-induced signalling
Receptor interaction is not only required for virus binding to the host cell but also to induce a
cascade of cellular signalling events that finally lead to the uptake of the virus particle. By
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reason of their surface localisation it is most likely that integrins are involved in WNV
replication in particular via virus internalisation mediated by signal transduction.
Little is known about cellular signalling events induced by Flavivirus and, in particular, WNV
infection. Activation of the Rho GTPases, Rac1 and Cdc42 upon virus binding results in actin
cytoskeleton reorganisation, and formation of filopodia, both of which have been shown to be
crucial in DENV-2 entry [521]. Rho GTPases, a subgroup of the Ras superfamily, control the
organisation of the actin cytoskeleton. Activation leads to (i) bundling of actin filaments to
form stress fibres which are associated with integrin focal adhesion complexes and (ii) actin
polymerisation to form filopodia [295]. Another member of the Ras superfamily, Rab 5, an
important regulator of membrane trafficking has been implicated in the transport of WNV and
DENV to early endosomes [256]. Filopodia are thin plasma protrusions containing tightly
parallel organised bundles of actin filaments. Their possible function in viral entry is the
transport of virus-receptor-complexes to the cell body where viral particles are subsequently
internalised [309]. Filopodia are especially rich in lipid rafts, cholesterol-rich membrane
microdomains that act as signalling platforms due to high concentrations of cellular receptors
and lipid raft-associated signalling molecules [131, 158]. The significance of lipid rafts as
sites of virus entry has been described for DENV and WNV [315, 398]. Phosphatidylinositol
3-kinase (PI3-K) activation and downstream Akt phosphorylation as viral mechanisms to
prevent early apoptotic cell death, observed for JEV and DENV-2 in neuroblastoma mouse
cells, was suggested to be dependent on lipid rafts [265]. Recently, Scherbik et al. [423]
showed that WNV infection, at early stages, leads to a rapid and sustained Ca2+ influx
presumably by triggering the opening of Ca2+ channels. This results in cleavage of caspase 3,
an apoptotic regulator, and activation of several kinases, such as FAK, which constitute a
mechanism to prolong cell survival. Increased Ca2+ levels had no effect on virus entry and,
therefore, were suggested to be involved in the virus-induced rearrangement of ER membranes. Contrary to Chu and Ng [99], Scherbik and co-workers, op. cit., showed that FAK
activation was not a result of integrin-triggered outside-in signalling of infected cells [423].
Rather it was effected by other integrin independent processes, e.g. mediated by G-protein
coupled receptors, growth factor receptors, cytokines or increased levels of cytosolic Ca2+. As
a result, other downstream targets are recruited, e.g. Src kinase family [427].
Figure 47 illustrates that integrins in particular are involved in many cellular pathways with
diverse functions in the cell cycle (see also 2.7.2). Therewith most of the above described
processes, implicated in Flavivirus internalisation or induced upon binding, are linked to
integrin-mediated signalling cascades.

142

Discussion

Figure 47. Integrin signalling. Graphical presentation of some important signal transduction
pathways that affect the cytoskeleton re-organisation, cell proliferation, differentiation, migration and survival/apoptosis (see also 2.7.3). The major submembraneous linkers between
integrins and pathways are collated close to the cytoplasmic tails. Important key players
(Ras, RhoA, Rac, PI3-K and Cdc42) are highlighted in red. Integrins synergise with other
cell surface receptors including growth factor receptors to activate and to coordinate signalling pathways. Modified from Cell Signalling Technology [78].

Research aimed to specify the signalling processes, induced by virus binding, that ultimately
result in virus internalisation would significantly help understanding the first steps in WNV
entry and to identify the molecules involved. It has been described in State of Knowledge
(2.7.3) that the cytoplasmic domains of integrins, especially those of the β subunits, interact
with adaptor proteins crucial for transmitting signals and thereby can initiate endocytosis. The
β cytoplasmic domains have also been implicated in the cross-talk with those of other
integrins [38, 375]. In this context, to specify the function of the cytoplasmic tail in WNV
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infection as to its involvement in WNV endocytosis, the β3-deficient MEFs of this study were
transfected with cDNA encoding the β3 subunit devoid of its cytoplasmic domain (4.4.3.3.4).
By this way the conserved membrane-proximal motif NPXY and membrane-distal motif
NXXY (where X denotes any amino acid) which normally recruit adaptor proteins to the
cellular membrane are deleted. Similar experiments were conducted to investigate the
function of integrins in FMDV entry [349]. It was demonstrated that the complete cytoplasmic domain of the β subunit is not required for endocytosis of FMDV. The reason that the
construct used in this study was not expressed properly as it was not recognised by specific
antibodies may be associated with the extent of its deletion. Other studies report successful
expression of β3 subunit truncation products that still retain the membrane proximal region of
the cytoplasmic domain [349, 494]. This conserved region consisting of six residues
(KLLITI) controls the integrin’s affinity to ligands and participates in the regulation of signal
transduction [188, 214, 421]. In the absence of interactions it is located within the cell
membrane and becomes exposed upon activation.
The increasing number of viruses that have been found to use integrins for cell entry suggests
a more important role than merely constituting docking sites for the virus. There is growing
evidence that integrins comply with different functions beyond virus binding, e.g. in entry by
initiating endocytosis, re-arrangement and modification of the cytoskeleton, by activation of
signalling pathways or in ultimately providing a more stable environment for the virus by
down-regulating the host-immune response. Echovirus 1 and coxsackievirus A9 enter cells
via integrin-mediated endocytosis regulated by a dynamin-dependent mechanism [199, 374].
Adenovirus interaction with αv integrins, resulting in endocytosis, was reported to induce
signals through the FAK pathway involving PI3-K and GTP-binding proteins [273, 274].
DENV binding to the integrin αvβ3 has been shown to induce actin cytoskeleton rearrangement [523]. Upon binding integrin αvβ3 routes herpes simplex virus (HSV) to lipid rafts and
dynamin-2-dependent acidic compartments [174]. It is not clear, however, whether integrins
trigger HSV endocytosis or rather modify the cell surface to preclude virus entry. There is
currently no evidence that HSV directly interacts with integrin αvβ3 [173], similar to findings
of WNV binding experiments in this study (5.3.1.3). The authors postulated integrins to rather
affect remodelling of the cell surface or signalling activities that in consequence suppress
other pathways [174].
Integrins are not only the main activators in linking extracellular stimuli to the cytoskeleton,
inducing actin rearrangement and in regulating the cell cycle. Most remarkable, in terms of
viral entry, is their ability to guide the trafficking of other signalling receptors, in particular
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the growth factor receptors EGFR and VEGFR (vascular endothelial growth factor receptor),
and cellular structures, such as cholesterol-rich membrane microdomains [75]. Moreover they
influence the manner by which the growth factor receptors respond to their ligands [75, 492].
For instance, a key function of intgrin αvβ3 is to suppress trafficking of receptors that
promote cell migration. This occurs by modulating Rho GTPase signalling and by altering the
recycling of receptors such as EGFR [74] and VEGFR [399]. In case the function of integrin
αvβ3 is disturbed other integrins and receptor tyrosine kinases are increasingly recycled to the
plasma membrane [74]. Since integrins cluster within lipid rafts which constitute docking
sites for many signalling molecules, integrins are implicated in coordinated signalling, i.e. the
regulation of the intensity of multiple signalling cascades and membrane traffics [20, 172,
376, 442]. This important feature is again addressed in 5.4.

5.3.3 Heparan sulfate
The initial interaction between a virus and its host cell is most often accomplished by electrostatic interaction forces prior to the transfer to a high-affinity virus receptor. Since glycosaminoglycans, in particular heparan sulfate, are expressed by many cell types in high concentrations [28] they are used as attachment factors by many viruses in order to facilitate binding
to high-affinity receptors (see also 2.6.2). For some viruses, however, HS constitutes a true
receptor which is essential for infection. There are many examples for the usage of HS in
virus entry, e. g. Echovirus 5 [225], bovine viral diarrhoea virus [224], HSV [360, 450],
Hepatitis C virus [319, 466], Alphaviruses such as equine encephalitis viruses and Sindbis
virus [60, 164, 526], FMDV O type [227], and HIV [366]. In some cases viruses have been
reported to adapt in cell culture to a preferential use of GAGs [245, 411].
As for Flaviviruses, the importance of cell-associated HS as one of the main players for virus
binding was highlighted for DENV, JEV and TBEV, though, on the other hand, its key role
has been critically discussed recently (2.6.2). Involvement in both, virus attachment to the
surface as well as receptor function that mediates entry has been suggested [88, 267]. The
high conservation in the envelope protein sequence among Flaviviruses led to speculations
about the use of similar molecules in order to gain entry. Hence, the potential role of HS for
WNV binding was investigated in this study (4.4.2).
Serially passages of the WNV isolate New York 1999 led to cell culture adaptation parallel to
an enhanced usage of HS due to a single amino acid exchange at residue 138 (2.6.3). Repeated sequencing of the strains used here did not reveal any amino acid exchange at amino acid
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position 138 of the E protein (4.1). Reduced infectivity or loss of neuro-invasiveness as a
result of cell culture adaptation was not seen for WNV New York and Uganda either as both
strains were still capable to infect mice and falcons and to cause disease (Joke Angenvoort
and Ute Ziegler, Friedrich-Loeffler Institute, Isle of Riems, Germany, pers. comm.).
Since the structure of heparin differs from cell-associated heparan sulfate, specifically GAGand HS-deficient mutant cell lines derived from two cell types were infected in parallel and
compared with their parental wild type cells. The lack of either GAGs in total or of HS had a
significant effect on binding of the two WNV strains tested (4.4.2.2), though not as strong as
seen after heparin pre-incubation (4.4.2.1). It was obvious that this finding was due to the loss
of HS and not to the loss of other cell-associated GAGs, e.g. chondroitin sulfate, as the
deficiency type had no significant effect on the outcome. However, binding was not largely
affected, though GAGs seem to play a more important role for WNV Uganda than the New
York strain (4.4.2.2). Therefore, the extent to which pre-incubation of virus with heparin
inhibited binding to cell surfaces indicates binding to be unspecific. The cause might be either
a direct interaction with the virus or an aggregation of viral particles, both of them preventing
binding to the cellular receptor. In summary, HS may account only for a limited portion in
initial attachment of WNV to the cell surface. Hence, GAGs do not play an obligatory role in
WNV infection as has described for other Flaviviruses.
The presence of bovine lactoferrin which was reported to inhibit JEV infection by interacting
with surface bound heparan sulfate [91] did not appear to have any relevant effect on WNV
binding or the infection of cells (4.4.1). Similarly, soluble laminin did not yield a reduction in
WNV binding as has been described for DENV, JEV and TBEV (2.6.2). Thus, the 37/67-kDa
high-affinity laminin receptor seems not to be a widely used receptor in WNV. However,
there might be some conditions in terms of cell type and WNV strain under which the 37/67kDa high-affinity laminin binding protein can be utilised as a receptor [39].
It is concluded that presently there is no evidence that molecules of the type which have
frequently been described for Flaviviruses also contribute to a great extent to WNV entry at
early stages of infection.

5.4 Resistance of CHO cells to WNV infection
CHO-K1 is an ancestral cell line from which many cell lines have been derived [517]. The
derivatives are commonly used as host cells for the development and production of recombinant biopharmaceuticals or antigens. Specifically deficient CHO mutants are often employed
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in cell infection studies that make use of the lack of different types of cell-associated GAGs to
address their involvement in virus entry [60, 91, 257, 283].
In this context CHO-K1 and two derivatives were used in WNV infection studies to clarify
the role of cell surface HS on virus binding (5.3.3). Most surprisingly, these cell lines were
non-permissive for WNV independently of GAG expression. In contrast, CHO cells have
been successfully used in many infection studies with other Flaviviruses (2.6.2). Since CHO
cells lack expression of β3 integrins though αv integrins are endogenously expressed [152,
174], they were transfected with the same plasmid encoding the mouse β3 integrin subunit as
described for the β3-rescue MEFs (see 4.4.4.1). However, the rescue of a chimeric αvβ3
integrin did not result in permissiveness of CHO cells for WNV infection (4.4.4.2). This
resistance to infection, independently as to whether β3 and αv integrins are expressed, leads to
the following alternative hypotheses: (i) WNV binding and internalisation is independent of
the existence of β3 integrins for this cell line, (ii) β3 integrins do not function as primary
receptor nor co-receptor but rather mediate internalisation, in agreement to what has been
suggested before (5.3.1.6 and 5.3.2), and (iii) β3 integrins serve as functional receptors but
only in combination with other surface molecules or factors (see below in this chapter).
As far as known no cell line has been mentioned before in the literature to be resistant to
WNV infection. Hence, CHO cells have a considerable potential as a tool for studies targeted
to the identification of cellular proteins which are essential for WNV entry. The premise,
however, is that the resistance is related to the lack of surface expressed proteins. Since CHO
cells are susceptible to and permissive for JEV and DENV different receptor or entry pathways are assumed to be used by WNV as suggested in the previous chapter (5.3.3).
CHO-K1 cells have been used in many studies which were focused on virus entry since many
proteins, that serve either as cell adhesion molecules involved in viral recognition, or that are
crucial for viral entry and trafficking, are either absent in the genome or lack expression in the
CHO transcriptome [517]. The resistance to infection is most often due to the lack of essential
cell surface receptors. For instance, ITGAV, ITGB3, ITGAM, and CAR do not show evidence of surface expression. Likewise, the epidermal growth factor receptor is also absent
owing to a failure in the transcription [517]. HCMV can only infect cells that express both
EGFR and integrin αvβ3, the latter of which acting as a co-receptor [495]. Virus binding to
both surface molecules initiates their interaction. The resulting complex is translocated to
lipid rafts in order to induce coordinated signalling that is essential for the early steps in
HCMV infection. Co-transfection of EGFR and integrin αvβ3 expression plasmids rendered
susceptibility of CHO cells [495]. As outlined before (5.3.2), growth factor receptors and
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integrins in particular are known to be involved in coordinated signalling to synchronise
activation of distant pathways [172].
HSV infection of CHO cells is blocked at the level of entry due to the lack of its entry
receptors, the Nectin-1/HveC receptor, EGFR, and herpes virus entry mediator [288, 330,
343, 496]. Though the CHO genome has homologues of these genes expression was not
detected [517]. FMDV type A12 was able to replicate in CHO cells only because they were
transfected to express integrin αvβ3 whereas other strains used alternative pathways for entry
[348]. Complete resistance to infection of CHO cells has also been described for murine
retroviruses, adenoviruses, coxsackievirus B3, pseudorabies virus, HIV and Hepatitis B virus
attributed to the lack of receptors in the genome or in transcriptome data [27, 253, 322, 343,
420, 513]. However, the resistance of CHO cells to virus infection has not to be limited to the
prevention of viral entry but may also be due to a block beyond the attachment and entry steps
[453]. Generally, introduction of cDNA encoding the viral genome into non-permissive cells
can be used to demonstrate the stage of inhibition in the replication cycle.
WNV attachment to CHO cells was not altered as numbers of bound virus were comparable to
those of other cell lines (4.4.4). Questions as to whether HS and integrins act additively or
synergistically as receptors were discarded since binding to HS-deficient derivatives of the
CHO cell line was not different from binding to derivatives of the mouse fibroblast cell line.
In conclusion, results suggest that not a binding receptor but rather another protein involved
in a later step of virus entry is missing. If integrins are involved in WNV entry into CHO-K1
cells, a similar situation to what has been discussed above for HCMV is conceivable, where
integrins may participate as co-receptors or as additional factors in virus entry.

5.5 Concluding remarks and outlook
The Discussion chapter clearly demonstrates that the present knowledge about WNV entry,
the molecules, the mechanisms and the entry-induced signalling pathways involved, is far
from being satisfactory. Findings provided by this study reiterate the complexity of the entry
process found in other viruses. The major conclusions are as follows:
(i)

The presence of αv, β1 or β3 integrins is not a requirement for a successful WNV
infection of the cell lines used here (5.3.1.2). This conclusion is based on the fact that
all four WNV strains were capable to replicate in the integrin deficient mouse fibroblasts.
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(ii)

The early assumption that integrins function as receptors that mediate virus binding and
internalisation in an integrated step is rejected (5.3.1.3). Virus attachment to cell surfaces of integrin deficient cells is comparable to those of integrin expressing cells. Similarly, blocking antibodies against β1 and β3 integrin subunits failed to interfere with virus
binding to integrin expressing cells and had no effect on the infection outcome.

(iii) Integrin expression positively affects virus yields (5.3.1.2), presumably at the level of
virus internalisation, by enhanced endocytosis or by interacting with other unidentified
surface receptors, either by physical contact or by integrin-mediated signalling (see also
5.3.1.6). It became clear in this study, however, that other entry routes are used by
WNV instead or in parallel to the integrins in question.
(iv) Differences among WNV strains do not affect the usage of β1 and β3 integrins during
entry and/or replication (5.3.1.5). While the strain plays a major role in virulence, infectivity and in the development of the disease results from this study indicate that efficiency of virus entry with respect to the involvement of integrins are, on the whole, the
same for all strains used here.
(v)

It is assumed that another surface protein different from integrin αvβ3 is necessary to
induce virus internalisation as an integrin-independent process or in cooperation with
integrin αvβ3 by joint signalling (5.4). Rescue of the β3 subunit in CHO-K1 cells and
constitutive expression of integrin αvβ3 did not result in permissiveness of these cells.
Efficiency of binding to CHO-K1 was essentially the same as in other cell types.

(vi) Heparan sulfate obviously serves as a possible attachment factor for WNV but accounts
for a limited share in virus attachment only (5.3.3). Binding to GAG- or specifically
HS-deficient cells was slightly but significantly reduced.
These aspects have important implications for the current model of WNV pathogenesis in
respect to entry mechanisms and susceptibility of cells. However, further studies are necessary designed to isolate the crucial receptors and to answer questions as to whether expression
and functions of these receptors may influence WNV infection in vivo. Based on the results of
this work the importance of integrin-mediated signalling for WNV entry has to be addressed
in future studies:
•

Additional efforts to achieve a successful rescue of a β3 subunit without its cytoplasmic
domain are pivotal in order to make a decision on the necessity of the signalling cascade
for virus uptake.
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Besides, the detection of pathways activated upon virus binding, i.e. activation of key
proteins such as RhoA, Cdc42, Rac1, Ras, PI3-K and Rab (see Figure 47), that are connected to integrins and other signalling receptors, is important. It not only allows depicting
the inside-directed signalling cascade related to virus infection but has also a great potential in identifying putative receptor candidates connected to the activated signalling pathways. Additionally, manipulation of the relevant host cell components by genetic and biochemical means may be helpful in this context.

•

The application of the cell culture model used in this study should be extended to infection
experiments with αv rescue MEFs, derived from the corresponding αv-deficient cells, to
analyse the effect of αv integrin on WNV replication.

•

Another interesting approach for further infection experiments may be to knock down
both β1 and β3 subunits to investigate the additive or synergistic quality of the negative
effect on WNV replication.

•

The physical interaction between WNV and integrins should be clarified since the results
yielded in this study differ from those achieved by Chu and Ng (5.3.1.3).

•

Finally, CHO cells have a great potential since, as far as known, they constitute the only
cell line resistant to WNV infection. Achieving permissiveness for WNV by substitution
of an absent receptor protein by transfection of these cells would unequivocally identify it
as such.

The knowledge of the general mechanisms of infection and replication of WNV is crucial for
the control of this virus worldwide. An important question that was addressed in this study
concerns the viral receptors as potential determinants not only for host and tissue tropism but
also for pathogenesis. Soluble receptors and anti-receptor compounds constitute potential
tools for control measures as they can prevent the interaction between the virus and its cellular
receptor. The overall aim of this study was to spotlight the putative involvement of integrins
as receptors in WNV entry.
In summary, the results obtained in this study corroborate the concept that WNV entry is a
multifarious process in which the cooperation of several cellular surface proteins is required
and where different molecules are used consecutively or alternatively for binding and endocytosis. The simple one-receptor-mediates-entry theory is unlikely to count for WNV infection
of susceptible host cells. Integrins in particular are definitively involved in WNV infection of
cells. However, it is unclear at which stage of virus entry and in which way.
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A. Appendix
A.1 Materials
A.1.1 Chemicals
Chemicals

Manufacturer

Acetic acid, 100 %, p.a.

Carl Roth GmbH, Karlsruhe, Germany

Acetone, Rotipuran®, ≥ 99.8 %, p.a.

Carl Roth GmbH, Karlsruhe, Germany

Acrylamide-NF/Bis solution (30 %), 29:1,
Rotiphorese®

Carl Roth GmbH, Karlsruhe, Germany

Agar Bacteriological Grade

MP Biomedicals Inc., Solon, Ohio, USA

Agarose, Ultra Pure

TM

Invitrogen GmbH, Darmstadt, Germany

Ammonium chloride, ≥ 99.5 %

Carl Roth GmbH, Karlsruhe, Germany

Ammonium peroxodisulfate (APS), p.a.

Merck KGAA, Darmstadt, Germany

Ampicillin sodium salt

Sigma-Aldrich Chemie GmbH, Munich, Germany

Anhydrotetracycline

IBA GmbH, Göttingen, Germany

Bovine Serum Albumin fraction V, for biochemistry

Merck KGAA, Darmstadt, Germany

Bovine Serum Albumin (BSA), solution (c = 10 g/l)

New England Biolabs GmbH, Frankfurt am Main,
Germany

5-Bromo-4-chloro-3-indolyl-beta-Dgalactopyranoside (X-gal), 20 mg/ml in dimethyl
formamide

Roche Diagnostics GmbH, Mannheim, Germany

Bromphenol blue

Sigma-Aldrich Chemie GmbH, Munich, Germany

Calcium chloride dihydrate, ≥ 99 %, p.a.

Carl Roth GmbH, Karlsruhe, Germany

CDP-Star, ready-to-use

Tropix, Roche Diagnostics GmbH, Mannheim,
Germany

Chloroform, Rotipuran®, ≥ 99 %, p.a.

Carl Roth GmbH, Karlsruhe, Germany

Coomassie® Brilliant Blue G250, pure

Serva Feinbiochemica GmbH & Co, Heidelberg,
Germany

Crystal Violet, > 90 %

Sigma-Aldrich Chemie GmbH, Munich, Germany

4’,6-Diamidino-2-phenylindol (DAPI)
dihydrochloride

Fluka, Sigma-Aldrich Chemie GmbH, Munich,
Germany

Dimethyl sulfoxide (DMSO), ≥ 99.5, for
microbiology

Carl Roth GmbH, Karlsruhe, Germany

Disodium hydrogen phosphate (Na2HPO4), ≥ 99 %,
p.a.

Carl Roth GmbH, Karlsruhe, Germany

1,4-Dithiothreitol (DTT), ≥ 99 %, p.a.

Carl Roth GmbH, Karlsruhe, Germany

1,4-Diazabicyclo[2,2,2]octan (Dabco), ≥ 99 %

Sigma-Aldrich Chemie GmbH, Munich, Germany
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Chemicals

Manufacturer

Ethanol , ≥ 96 %, denatured with 1 % MEK ethyl
alcohol

Carl Roth GmbH, Karlsruhe, Germany

Ethanol Rotipuran® >99,8%, p.a.

Carl Roth GmbH, Karlsruhe, Germany

Ethidium bromide, 1 % solution in water, for
electrophoresis

Merck KGAA, Darmstadt, Germany

Ethylenediamine tetraacetatic acid (EDTA), pure

Serva Feinbiochemica GmbH & Co, Heidelberg,
Germany

Fibronectin, bovine

Sigma-Aldrich Chemie GmbH, Munich, Germany

Formaldehyde, Rotipuran®, 37 % (Formalin), p.a.

Carl Roth GmbH, Karlsruhe, Germany

D-(+)-Glucose

Carl Roth GmbH, Karlsruhe, Germany

Glycerine, ≥ 99 %, p.a.

Carl Roth GmbH, Karlsruhe, Germany

Glycine, ≥ 99 %, p.a.

Carl Roth GmbH, Karlsruhe, Germany

Hepes Pufferan®, ≥ 99.5 %, for tissue culture

Carl Roth GmbH, Karlsruhe, Germany

Hydrochloric acid 37 %, p.a.

Carl Roth GmbH, Karlsruhe, Germany

Imidazole BioUltra, ≥ 99.5 %

Sigma-Aldrich Chemie GmbH, Munich, Germany

Isopropyl-β-D-thiogalactopyranosid (IPTG), ≥ 98 %,
high purity

Merck KGAA, Darmstadt, Germany

Kanamycin disulfate salt

Sigma-Aldrich Chemie GmbH, Munich, Germany

Magnesium chloride (MgCl2) hexahydrate, ≥ 99 %,
p.a.

Carl Roth GmbH, Karlsruhe, Germany

2-Mercaptoethanol, 99 %, p.a.

Carl Roth GmbH, Karlsruhe, Germany

Methanol, Rotipuran®, ≥ 99.9 %, p.a.

Carl Roth GmbH, Karlsruhe, Germany

N,N-Dimethylformamide

Sigma-Aldrich Chemie GmbH, Munich, Germany

Ni-NTA Agarose

Qiagen, Hilden, Germany

Nonidet P40

Roche Diagnostics GmbH, Mannheim, Germany

Paraformaldehyde, ≥ 95 %, pure

Carl Roth GmbH, Karlsruhe, Germany

Polyethylene glycol 6000 Rotipuran®

Carl Roth GmbH, Karlsruhe, Germany

Polyvinyl alcohol 4-88

Fluka, Sigma-Aldrich Chemie GmbH, Munich,
Germany

Potassium chloride, ≥ 99.5 %, p.a.

Carl Roth GmbH, Karlsruhe, Germany

Potassium dihydrogen phosphate, ≥ 99.5 %, p.a.

Carl Roth GmbH, Karlsruhe, Germany

Potassium hydroxide (KOH), ≥ 99 %, p.a.

Carl Roth GmbH, Karlsruhe, Germany

2-Propanol, Rotipuran®, ≥ 99.8 %

Carl Roth GmbH, Karlsruhe, Germany

Protease Inhibitor Cocktail Tablets cOmplete,
EDTA-free

Roche Diagnostics GmbH, Mannheim, Germany

Roti® Nanoquant

Carl Roth GmbH, Karlsruhe, Germany

Silver nitrate, puriss. p.a.

Fluka, Sigma-Aldrich Chemie GmbH, Munich,
Germany
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Chemicals

Manufacturer

Skim milk powder, MAMIPU

Hobbybäcker-Versand, Bellenberg, Germany

Sodium azide, ≥ 99 %, p.a.

Carl Roth GmbH, Karlsruhe, Germany

Sodium carbonate (Na2CO3), Rotipuran®, p.a.

Carl Roth GmbH, Karlsruhe, Germany

Sodium chloride (NaCl), ≥ 99.5 %, p.a.

Carl Roth GmbH, Karlsruhe, Germany

Sodium dihydrogen phosphate (NaH2PO4) dihydrate,
≥ 99 %, p.a.

Carl Roth GmbH, Karlsruhe, Germany

Sodium dodecyl sulphate (SDS), Ultra pure, ≥ 99 %,
for electrophoresis

Carl Roth GmbH, Karlsruhe, Germany

Sodium hydrogen carbonate (NaHCO3), ≥ 99.5 %,
p.a.

Carl Roth GmbH, Karlsruhe, Germany

Sodium pyruvate

Carl Roth GmbH, Karlsruhe, Germany

Sodium thiosulfate pentahydrate, p.a.

Carl Roth GmbH, Karlsruhe, Germany

Sucrose
Tetracycline hydrochloride

Sigma-Aldrich Chemie GmbH, Munich, Germany

N,N,N’,N’-Tetramethylethylenediamin (TEMED),
99 %, for electrophoresis

Fluka, Sigma-Aldrich Chemie GmbH, Munich,
Germany

Tris, UltraPure

Invitrogen GmbH, Darmstadt, Germany

Triton® X-100

Fluka, Sigma-Aldrich Chemie GmbH, Munich,
Germany

TRIzol® Reagent

Invitrogen GmbH, Darmstadt, Germany

Trypton, Casein Hydrolysate

Oxoid Deutschland GmbH, Wesel, Germany

Tween®20, Polyoxyethylene sorbitan monolaureate

Sigma-Aldrich Chemie GmbH, Munich, Germany

Urea, SigmaUltra

Sigma-Aldrich Chemie GmbH, Munich, Germany

Yeast extract

Carl Roth GmbH, Karlsruhe, Germany

A.1.2 Kits
Kits

Manufacturer

MinElute® Gel Extraction Kit

Qiagen GmbH, Hilden, Germany

MinElute® Reaction Cleanup Kit

Qiagen GmbH, Hilden, Germany

NucleoSpin® 96 Virus Core Kit

Machery-Nagel, Düren, Germany

QIAamp® DNA Mini Kit

Qiagen GmbH, Hilden, Germany

QIAamp® Viral RNA Mini Kit

Qiagen GmbH, Hilden, Germany

QIAfilter® Plasmid Midi Kit

Qiagen GmbH, Hilden, Germany

QIAprep® Spin Miniprep Kit

Qiagen GmbH, Hilden, Germany

QIAquick® Nucleotide Removal Kit

Qiagen GmbH, Hilden, Germany

QIAquick® PCR Purification Kit

Qiagen GmbH, Hilden, Germany
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Kits

Manufacturer

QuantiTect Probe RT-PCR Kit

Qiagen GmbH, Hilden, Germany

StarGate® Combi Entry Cloning Set

IBA GmbH, Göttingen, Germany

StarGate® Transfer Reagent Set

IBA GmbH, Göttingen, Germany

A.1.3 Enzymes, dNTPs, master mixes and length standards
Enzymes, dNTPs, master mixes and length
standards

Manufacturer

Antarctic Phosphatase, supplied with
10x Antarctic Phosphatase Reaction Buffer

New England Biolabs GmbH, Frankfurt am Main,
Germany

Desoxyribonucleoside triphosphate,
dNTPs (dATP, dTTP, dCTP, dGTP)

Roche Diagnostics GmbH, Mannheim, Germany

DNA Loading Dye (6×)

Fermentas, St. Leon-Rot, Germany

DNA Polymerase I, Large (Klenow) Fragment

New England Biolabs GmbH, Frankfurt am Main,
Germany

DreamTaqTM DNA Polymerase, supplied with
10× DreamTaqTM Buffer

Fermentas, St. Leon-Rot, Germany

Marker Lambda DNA/Eco471 (AvaII), 13

Fermentas, St. Leon-Rot, Germany

Marker peqGOLD 100 bp DNA-ladder

Peqlab Biotechnologie GmbH, Erlangen, Germany

Maxima SYBR Green/Fluorescein qPCR master
Mix (2×)

Fermentas, St. Leon-Rot, Germany

PageRulerTM Unstained Protein Ladder

Fermentas, St. Leon-Rot, Germany

Precision Plus Protein prestained standards

Bio-Rad Labaratories GmbH, Munich, Germany

Precision Plus Protein unstained standards

Bio-Rad Labaratories GmbH, Munich, Germany

Proteinase K, recombinant, PCR grade, Lyophilizate
from Pichia pastoris

Roche Diagnostics GmbH, Mannheim, Germany

PWO DNA Polymerase, supplied with
10× PCR buffer with MgSo4

Roche Diagnostics GmbH, Mannheim, Germany

QuantiTect Probe RT-PCR Kit

Qiagen GmbH, Hilden, Germany

Restriction Endonucleases (20 U/µl)
AflII, BamHI, HindIII, NdeI, NotI, and XbaI,
supplied with 1× NEBuffer 1, 2, 3, 4, 100× BSA

New England Biolabs GmbH, Frankfurt am Main,
Germany

SuperScript™ III One-Step RT-PCR System with
Platinum® Taq DNA Polymerase

Invitrogen GmbH, Darmstadt, Germany

T4 DNA Ligase, supplied with 10x Ligase buffer

Roche Diagnostics GmbH, Mannheim, Germany

T4 Polynucleotide Kinase, PNK

New England Biolabs GmbH, Frankfurt am Main,
Germany

Taq DNA Polymerase, supplied with
10x PCR buffer and 5x Q-Solution

Qiagen GmbH, Hilden, Germany
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Enzymes, dNTPs, master mixes and length standards were stored at -20 °C. For short term storage DNA size
markers were kept at +4 °C.

A.1.4 Plasmids
Vector plasmids

Manufacturer

pASG-IBA43

IBA GmbH, Göttingen, Germany

pcDNA

TM

3.1/His A

Invitrogen GmbH, Darmstadt, Germany

pcDNA 3.1/zeo(+)

Invitrogen GmbH, Darmstadt, Germany

pCSG-IBA144

IBA GmbH, Göttingen, Germany

pEGFP-N1

Clontech Laboratories, Inc., Staint-Germain-en-Laye,
France

pENTRY-IBA10

IBA GmbH, Göttingen, Germany

pET-19b

Novagen, Merck KGAA, Darmstadt, Germany

TM

A.1.5 Antibodies, fluorescent dyes and microbeads
Antibody (clone) and specificity; labelling

Manufacturer

Anti-Biotin MicroBeads

Miltenyi Biotec GmbH, Bergisch Gladbach, Germany

Anti-Biotin (FITC); goat IgG

United States Biological, Swampscott, MA, USA

Armenian Hamster IgG; FITC

Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA

Armenian Hamster IgG; PE

Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA

Goat Anti Hamster IgG DyLight® 488

AbD Serotec, Oxford, UK

Goat anti-mouse AP

Dianova (Jackson Immuno Research), Hamburg

Goat anti-mouse IgG; Alexa Fluor® 488

Invitrogen GmbH, Darmstadt, Germany

Goat anti-mouse IgG; Alexa Fluor® 546

Invitrogen GmbH, Darmstadt, Germany

Goat anti-rat IgG; Alexa Fluor® 488

Invitrogen GmbH, Darmstadt, Germany

Goat anti-rat IgG; Alexa Fluor® 546

Invitrogen GmbH, Darmstadt, Germany

His•Tag® Monoclonal Antibody

Novagen, Merck KGAA, Darmstadt, Germany

Integrin β3 (2C9.G2) Antibody; PE

Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA

Lightning-Link Atto488 Conjugation Kit

Innova Biosciences Ltd, Cambridge, UK

Armenian Hamster IgG Isotype Ctrl; LEAF
Purified

BioLegend, San Diego, CA, USA

Mouse Anti-Human Integrin alphaVbeta3 Antibody
(LM 609)

Millipore Corporation, Billericac, MA, USA

Precision Protein StrepTactin-AP Conjugate

Bio-Rad Labaratories GmbH, Munich, Germany

Rat Anti Mouse CD51(RMV-7)

AbD Serotec, Oxford, UK

Rat Anti Mouse CD51(RMV-7); Alexa Fluor® 488

AbD Serotec, Oxford, UK
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Antibody (clone) and specificity; labelling

Manufacturer

Rat anti trout IgGs (isotype control)

Fumio Takizawa, Friedrich-Loeffler-Institute, Isle of
Riems, Germany

Mouse Anti-West Nile/Kunjin Virus (3.67G),
Envelope

Millipore Corporation, Billericac, MA, USA

Mouse Anti-West Nile/Kunjin Virus (3.91D),
Envelope

Millipore Corporation, Billericac, MA, USA

1,1’-dioctadecyl-3,3,3’,3’tetramethylindodicarbocyamine,4chlorobenzenesulfobate salt (DiD), solid

Invitrogen GmbH, Darmstadt, Germany

Anti-mouse/rat CD29 (HMβ1-1); Alexa Fluor 647

BioLegend, San Diego, CA, USA

Integrin β1 (HMβ1-1) Antibody; FITC

Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA

Anti-mouse/rat CD29 (HMβ1-1); LEAF Purified

BioLegend, San Diego, CA, USA

Anti-mouse/rat CD61 (HMβ3-1); Alexa Fluor 647

BioLegend, San Diego, CA, USA

Hamster Anti Mouse CD61 (HM beta 3.1)

AbD Serotec, Oxford, UK

Hamster Anti Mouse CD61 (HM beta 3.1); Alexa
Fluor® 488

AbD Serotec, Oxford, UK

Hamster Anti Mouse CD61 (HM beta 3.1); Biotin

AbD Serotec, Oxford, UK

Anti-mouse/rat CD61 (HMβ3-1); LEAF Purified

BioLegend, San Diego, CA, USA

Antibodies were stored at +4 °C or -20 °C according to the manufacturers’ information.

A.1.6 Buffers and solutions
If not otherwise stated all buffers and solutions were prepared with deionised water. For use
under sterile conditions buffers were autoclaved or sterile-filtered after setup. 1× working
solutions were prepared from stock solutions (i.e. PBS, TAE, assay buffer, electrophoresis
buffer). The pH was adjusted by addition of hydrochloric acid (HCl) or sodium hydroxide

Generally used buffers

(NaOH) under constant stirring.
No

Buffer name

Composition

1

Magnesium-calcium buffer

75 mmol/l Calcium chloride dihydrate
25 mmol/l Magnesium chloride hexahydrate

2

Mouse lysis buffer

50 mmol/l Potassium chloride
10 mmol/l Tris pH 9.0
0.45 ml/l Nonidet P40
0.45 ml/l Tween 20
Storage at +4 °C
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No

Buffer name

Composition

3

Phosphate Buffered Saline (PBS), 10×,
pH 6.9

1.4 mol/l Sodium chloride
27 mmol/l Potassium chloride
65 mmol/l Potassium dihydrogen phosphate
15 mmol/l Sodium dihydrogen phosphate
dihydrate

4

TAE buffer, 50×, pH 8.3

2 mol/l Tris
0.057 l/l Acetic acid
50 mmol/l EDTA pH 8.0

5

APS, 10 %

100 g/l Ammonium peroxodisulfate
Storage at -20 °C, or +4 °C for up to 2 weeks

6

Assay buffer, 10×, pH 9.8

200 mmol/l Tris
10 mmol/l Magnesium chloride hexahydrate

Buffers for SDS gel electrophoresis and western blotting

7

Bacterial lysis buffer

50 mmol/l Tris pH 8.0
150 mmol/l Sodium chloride
0.5 g/l SDS
0.005 l/l TritonX-100

8

Blocking buffer for Western blots

1 l/l PBS (1×)
50 g/l Skim milk powder
0.001 l/l Tween20®

9

Blotting buffer

25 mmol/l Tris
192 mmol/l Glycine
0.2 l/l Methanol
2 g/l SDS

10

CVL, Loading buffer for SDS gels, 10×

100 g/l SDS
250 mmol/l Tris pH 6,8
0.25 l/l 2-Mercaptoethanol
0.15 l/l Sucrose
0.5 g/l Bromphenol blue
Storage at -20 °C

11

Electrophoresis buffer for SDS gels, 10×

250 mmol/l Tris
1.92 mol/l Glycine
10 g/l SDS
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Loading gel

6 ml water
2.5 ml Tris solution (0.5 M, pH 6.8)
1.3 ml Acrylamide
500 µl SDS (10 %)
200 µl APS (10 %), buffer no. 5
20 µl TEMED

13

Separation gel (2-3 gels), 13 %

4.5 ml water
3.75 ml Tris solution (1.5 M, pH 8.8)
6.5 ml Acrylamide
750 µl SDS (10 %)
100 µl APS (10 %)
10 µl TEMED

14

Storage buffer

0.1 l/l Methanol
0.05 l/l Glycerine

15

Washing buffer for Western blots

1 l/l PBS (1×)
0.001 l/l Tween20®

16

Coomassie brilliant blue staining

0.5 l/l Methanol
0.1 l/l Acetic acid

Buffers for staining of SDS gels

2.5 g/l Coomassie Brilliant Blue
17

Destaining solution

0.4 l/l Methanol
0.1 l/l Acetic acid

18

Developing buffer

0.57 mol/l Sodium carbonate
0.5 ml/l Formaldehyde (37 %)
0.04 mmol/l Sodium thiosulfate pentahydrate

19

Fixation buffer

0.50 l/l Methanol
0.12 l/l Acetic acid
0.5 ml/l Formaldehyde (37 %)

20

Reduction buffer

0.02 mmol/l Sodium thiosulfate pentahydrate

21

Silver staining buffer

1 g/l Silver nitrate
0.75 ml/l Formaldehyde (37 %)

22

Lysis buffer, pH 8.0

100 mmol/l Sodium dihydrogen phosphate
10 mmol/l Tris
10 mmol/l Imidazole
Protease inhibitor cocktail (1 tablet/50 ml buffer)
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23

Lysis buffer with urea, pH 8.0

100 mmol/l Sodium dihydrogen phosphate
10 mmol/l Tris
10 mmol/l Imidazole
8 mol/l Urea
Protease inhibitor cocktail (1 tablet/50 ml buffer)

Buffers for protein purification

24

Washing buffer, pH 6.3

100 mmol/l Sodium dihydrogen phosphate
10 mmol/l Tris
20 mmol/l Imidazole
8 mol/l Urea
Protease inhibitor cocktail (1 tablet/50 ml buffer)

25

Elution buffer, pH 2.4, 4.5, 5.9

100 mmol/l Sodium dihydrogen phosphate
10 mmol/l Tris
250 mmol/l Imidazole
8 mol/l Urea
Protease inhibitor cocktail (1 tablet/50 ml buffer)

26

Dialysis buffer for DIII, pH 8.0

50 mmol/l Tris
1 mmol/l EDTA
0.2 l/l Glycerine
100 mmol/l Sodium chloride
3 mmol/l Dithiothreitol

27

DAPI stock solution

2 g/l DAPI
Storage at -20 °C

Buffers for immuno-fluorescence

28

Elvanol

6 g Polyvinyl alcohol
Mix with 15 ml water and allow to stand at room
temperature for 2 hours
30 ml 0.2 M Tris, pH 8.5
15 g Glycerine
Shake for 10 min at 56 °C and centrifuge for 15
minutes at 5000×g.
Mix clear supernatant with 1 g Dabco (final
concentration 2.5 %)
Storage of aliquots at -20 °C

29

Paraformaldehyde 3 %, pH 7.3

1 l/l PBS (1×)
30 g/l Paraformaldehyde
Solve at 70 °C under constant stirring
Storage at -20 °C

Appendix

30

189

Acid glycine buffer, pH 3

137 mmol/l Sodium chloride

Buffers for virological methods

5 mmol/l Potassium chloride
0.5 mmol/l Magnesium chloride hexahydrate
0.68 mmol/l Calcium chloride dihydrate
100 mmol/l Glycine
31

Crystal violet staining solution

0.27 l/l Formalaldehyde (37 %)
1 g/l Crystal violet

32

HNE buffer, pH 7.4

5 mmol/l Hepes
150 mmol/l Sodium chloride
0.1 mmol/l EDTA

33

TNE buffer, pH 7.4

50 mmol/l Tris
150 mmol/l Sodium chloride
1 mmol/l EDTA

A.1.7 Cell culture
A.1.7.1 Culture solutions and reagents
Solutions and reagents

Brand name and Manufacturer

Dubecco’s Modified Eagle Medium (D-MEM)
powder (high glucose)

Gibco®, Invitrogen GmbH, Darmstadt, Germany

Dimethyl sulfoxide (DMSO) HYBRI-Max®

Sigma-Aldrich Chemie GmbH, Munich, Germany

F-12 Nutrient Mixture, powder

Gibco®, Invitrogen GmbH, Darmstadt, Germany

Fetal Bovine Serum (FCS), Origin: EU approved

Gibco®, Invitrogen GmbH, Darmstadt, Germany

G-418 Sulphate (50 mg/ml)

PAA Laboratories GmbH, Psching, Austria

GenJet In Vitro DNA Transfection Reagent

SignaGen Laboratories, Rockville, MD, USA

Minimal Essential Medium Eagle with Hanks’ Salts,
powder

Sigma-Aldrich Chemie GmbH, Munich, Germany

Iscove’s Dulbecco’s Modified Eagles Medium
(IMDM), powder

Gibco®, Invitrogen GmbH, Darmstadt, Germany

LipofectamineTM 2000 Transfection Reagent

LipofectamineTM, Invitrogen GmbH, Darmstadt,
Germany

MACS® BSA Stock Solution

Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany

MACS® Rinsing Solution

Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany

Minimal essential medium (MEM), powder with
Earle’s Salts

Gibco®, Invitrogen GmbH, Darmstadt, Germany

Non Essential Amino Acids (100×), liquid

Biochrom AG, Berlin, Germany
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Solutions and reagents

Brand name and Manufacturer

Opti-MEM® I Reduced-Serum Medium (1×), liquid

Gibco®, Invitrogen GmbH, Darmstadt, Germany

Penicillin G potassium salt, powder

Sigma-Aldrich Chemie GmbH, Munich, Germany

Streptomycin sulfate salt, powder

Sigma-Aldrich Chemie GmbH, Munich, Germany

Trypan Blue Stain 0.4 %

Gibco®, Invitrogen GmbH, Darmstadt, Germany

Trypsin (1:250), powder

Gibco®, InvitrogenTM, Darmstadt, Germany

Trypsin 2.5 %, 10×

Gibco®, InvitrogenTM, Darmstadt, Germany

Versene 1:5.000 (1×)

Gibco®, Invitrogen GmbH, Darmstadt, Germany

Versene (EDTA-disodium)

Serva Electrophoresis GmbH, Heidelberg, Germany

ZeocinTM Selection Reagent (100 mg/ml)

Invitrogen GmbH, Darmstadt, Germany

A.1.7.2 Composition of double ATV (adjusted trypsin-versen)
Component

Composition

Sodium chloride

8 g/l

Potassium chloride

0,4 g/l

Glucose

1 g/l

Sodium hydrogen carbonate

0,58 g/l

Trypsin

1 g/l

EDTA-disodium

0.4 g/l

Storage at +4 °C, or -20 °C for long-time storage.

A.1.7.3 Composition of culture media obtained from the CCLV
Culture medium number

Composition

ZB 3

10.63 g/l MEM with Hanks’ Salts
0.01 l/1 Non essential amino acids
0.85 g/l Sodium hydrogen carbonate
0.12 g/1 Sodium pyruvate
0.1 l/l FCS

ZB 5

5.32 g/l MEM with Hanks’ Salts
4.76 g/l MEM with Earle’s Salts
0.01 l/l Non essential amino acids
1.25 g/l Sodium hydrogen carbonate
0.12 g/1 Sodium pyruvate
0.1 l/l FCS
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Culture medium number

Composition

ZB 5d

5.32 g/l MEM with Hanks’ Salts
4.76 g/l MEMwith Earle’s Salts
0.01 l/l Non essential amino acids
1.25 g/l Sodium hydrogen carbonate
0.12 g/1 Sodium pyruvate

ZB 5d, double, serum free

10.64 g/l MEM with Hanks’ Salts
9.52 g/l MEMwith Earle’s Salts
0.02 l/l Non essential amino acids
2.5 g/l Sodium hydrogen carbonate
0.24 g/l Sodium pyruvate
13.3 g/l D-MEM with 4.5 g/l Glucose

ZB10

3.7 g/l Sodium hydrogen carbonate
0.12 g/1 Sodium pyruvate
0.1 l/l FCS
13.3 g/l D-MEM with 4.5 g/l Glucose

ZB10d

3.7 g/l Sodium hydrogen carbonate
0.12 g/1 Sodium pyruvate
0.1 l/l FCS
8.8 g/l IMDM

ZB 28

5.32 g/l F12 nutrient mixture
2.45 g/l Sodium hydrogen carbonate
0.1 l/l FCS
13.6 g/l Opti-MEM®

ZB 30d

2.4 g/l Sodium hydrogen carbonate
Media were freshly prepared and used within 4 to 6 week when stored at +4 °C.

A.1.7.4 Eukaryotic cell lines
Cell line

CCLV cell line number
or provided by

Medium no.;
Split ratio

Tissue origin

CHO-K1

CCLV-RIE 315

ZB 5; 1:4

Chinese hamster ovary

EMF-R

CCLV-RIE 1011

ZB 28; 1:4

Full mouse embryo

Gro2C

CCLV-RIE 288

ZB 3; 1:3

Mouse connective tissue

CCLV-RIE 287

ZB 3; 1:3

Mouse connective tissue

R. Faessler, Max Planck
Institute, Martinsried,
Germany

ZB 10; 1:6 - 1:10

Mouse kidney fibroblast

R. Faessler, Max Planck
Institute, Martinsried,
Germany

ZB 10; 1:6 - 1:10

Mouse kidney fibroblast

L cells
MKF-ITGB1(-/-)

1

MKF-ITGB1(flox/flox)1
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Cell line

CCLV cell line number
or provided by

Medium no.;
Split ratio

Tissue origin

pgsA-745

CCLV-RIE 316

ZB 5; 1:4

Chinese hamster ovary

pgsE-606

CCLV-RIE 317

ZB 5; 1:4

Chinese hamster ovary

Sog9

CCLV-RIE 297

ZB 3; 1:3

Mouse connective tissue

Vero 76

CCLV-RIE 228

VB 5; 1:6

African green monkey
kidney

Vero B4

CCLV-RIE 929

ZB5; 1:6

African green monkey
kidney

1

The MKF cell lines are based on a mixed mouse strain background, C57BL/6 and 129/Sv. A gene segment of
the β1 integrin subunit was genetically marked by LoxP Sites (MKF-ITGB1(flox/flox)), that are recognised by
the Cre recombinase in order to delete the corresponding gene segment (seen in MKF-ITGB1(-/-)).

A.1.8 Bacteria culture
A.1.8.1 Solutions
Solution (stock concentration)

Final concentration

5-Bromo-4-chloro-3-indolyl-beta-Dgalactopyranoside (X-gal; 20 mg/ml in dimethyl
formamide)

0.05 mg/ml (2.5 µl/ml)

Ampicillin (100 mg/ml)

0.1 mg/ml (1 µl/ml)

Anhydrotetracycline (2 mg/ml)

0.2 µg/ml (0.1 µl/ml)

Isoprpyl-β-D-thiogalactopyranosid (IPTG; 1 mol/l)

1 mmol/l

Kanamycin (50 mg/ml)

0.05 mg/ml (1 µl/ml)

Tetracyclin (10 mg/ml)

7.5 µg/ml (0.75 µl/ml)

Stock solutions were kept at -20 °C.

A.1.8.2 Media for bacteria culture
Medium

Composition

1× Lysogeny broth (LB) medium, pH 7.0

10 g/l Trypton
5 g/l Yeast extract
10 g/l Sodium chloride

Lysogeny broth (LB) agar, pH 7.0

10 g/l Trypton
5 g/l Yeast extract
10 g/l Sodium chloride
16 g/l Agar bacteriological grade

Culture medium and agar were autoclaved after setup and kept at +4 °C until use.
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A.1.8.3 Bacteria cells
Bacteria strain

Manufacturer

BL21 (DE3)

Novagen, Merck KGAA, Darmstadt, Germany

Competent E.coli Top10

IBA GmbH, Göttingen, Germany

XL1-Blue

Stratagene, Agilent Technologies Sales & Services
GmbH & Co.KG, Waldbronn, Germany

Competent bacteria and glycerol stocks were kept at -70 °C.

A.1.9 Virus strains
Virus Strain

GenBank (NCBI)1
accession number

Provided by

Mouse Adenovirus Type 1

M37187

Lieve Naesens, Rega Institute for Medical
Research, Katholieke Universiteit Leuven,
Leuven, Belgium

WNV ChimeriVax-WN01
Vaccine PreveNileTM

AF196835

Intervet, Merck & Co, Whitehouse Station,
NJ, USA

WNV Dakar

Not known

National Collection of Pathogenic Viruses in
Salisbury, UK

WNV New York 1999,
flamingo isolate

AF196835

M. Niedrig, Robert-Koch-Insitute, Berlin,
Germany

WNV Sarafend

AY688948

A. Mullbacher, John Curtis School of
Medical Research, Canberra, Australia

WNV Uganda

M12294

M. Niedrig, Robert-Koch-Insitute, Berlin,
Germany

1

NCBI, National Center for Biotechnology Information (URL, A.1.15).

A.1.10 Primers and probes
All primers and probes others than the IBA sequencing primer and those for the IBA StarGate®
Cloning were ordered and manufactured by Eurofins MWG Operon, Ebersberg, Germany.

A.1.10.1 Sequencing primer from IBA GmbH, Göttingen, Germany
Primer Name

Sequence (5’ → 3’)

Forward Sequencing Primer for pEXPR-IBA
Plasmids

5'-GAGAACCCACTGCTTACTGGC-3'

Reverse Sequening Primer for pEXPR

5'-TAGAAGGCACAGTCGAGG-3'

ASG-Primer-rev

5'-CGCAGTAGCGGTAAACG-3'

ASG-Primer-for

5'-GAGTTATTTTACCACTCCCT-3'
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Primer Name

Sequence (5’ → 3’)

Forward Sequencing Primer for pPR-IBA Plasmids

5'-TAATACGACTCACTATAGGG-3'

Reverse Sequencing Primer for pPR-IBA Plasmids

5'-TAGTTATTGCTCAGCGGTGG-3'

A.1.10.2 Primer for recombinant WNV proteins and partial sequencing of WNV
strains
Primer name

Position

Sequence (5’ → 3’)

DIII-NY-Fw-7

2

1861 - 1883 (s)*

5’-ACAGCATATGGGAACAACCTATGGCGTCTGTTC-3’

DIII-NY-Rev-5

1

2172 - 2151 (as)*

5’-GCCGGATCCGCTTCCAGACTTGTGCCAATGG-3’

DIII-Ug-Fw-4

4

1849 - 1871 (s)°

5’-CAGCTCGAGGGAACAACATATGGAGTATGTTC-3’

DIII-Ug-Rev-6

1

2158-2139 (as)°

5’-TCCGGATCCGCTTCCCAGATTTGTGCCAGTGA-3’

NY-Fw-2

2,3

NY-Rev-2

1

2469 - 2453 (as)*

5’-ACGGGATCCTTTTATTAAGCGTGCACGTTCACGG-3’

oT-NY-Fw-1

2

967 - 984 (s)*

5’-ACAGCATATGTTCAACTGCCTTGGAATG-3’

oT-NY-Rev

1

2181 - 2167 (as)*

5’-ACAGGGATCCTCAGCCATTGCTGCTTCC-3’

oT-Ug-Fw

1

966 - 986 (s)°

5’-ACAGGGATCCCTTCAACTGTTTAGGAATGAG-3’

oT-Ug-Rev

1

2169 - 2153 (as)°

5’-ACAGGGATCCTCATCCAATGCTGCTCCCAG-3’

Ug-Fw-BamHI

1,3

Ug-Rev-2

1

2457 - 2441 (as)°

5’-ACGGGATCCTTTTATTAAGCATGGACGTTGACCG-3’

WNV-Ug-IBA-Fw

5

967 - 989 (s)°

5’-AATGTTCAACTGTTTAGGAATGAGTAA-3’

WNV-Ug-IBA-Rev

5

2169 - 2150 (as)°

5’-TCCCTCCAATGCTGCTCCCAGATT-3’

E Expression

2, 3

967 - 984 (s)*

966 - 987 (s)°

967 - 987 (s)*

5’-ACGCTTAAGCATATGTTCAACTGCCTTGGAATG-3’

5’-CGTTTAAACTTAAGGATCCTTCAACTGTTTAGG
AATGAGT-3’

5’-CTTAAGCATATGTTCAACTGCCTTGGAATGAGC-3’

Genome position refers to the complete genome of * WNV New York 1999 (GenBank accession no. AF196835)
or of ° WNV Uganda 1937 (GenBank accession no. M12294). Additional restriction sites were introduced at the
5’-end of primers for cloning: 1BamHI, 2NdeI, 3AflII, 4XhoI, and 5modifications for IBA StarGate® Cloning. (s)
= sense orientation; (as) = antisense orientation.

A.1.10.3 Primers for qPCR
Primer name

Position

Sequence (5’ → 3’)

CDC WNV Env-f

1160 - 1180 (s)*

5’-TCAGCGATCTCCACCAAAG-3’

CDC WNV Env-r

1229 - 1209 (as)*

5’-GGGTCAGCACGTTTGTCATTG-3’

EGFP-10-R

813 - 794 (as)°

5’-CTTGTACAGCTCGTCCATGC-3’

EGFP-11-F

537 - 558 (s)°

5’ CAGCCACAACGTCTATATCATG-3’

FLI-WNF5-F

3558 - 3576 (s)*

5’-GGGCCTTCTGGTCGTGTTC-3’
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Primer name

Position

Sequence (5’ → 3’)

FLI-WNF6-R

3621 - 3603 (as)*

5’-GATCTTGGCYGTCCACCTC-3’ (Y:C/T)

INEID f1

1 - 20 (s)*

5’-AGTAGTTCGCCTGTGTGAGC-3’

INEID r1

118 - 100 (as)*

MAV-1-Fw1
MAV-1-Rev1

5’-GCCCTCCTGGTTTCTTAGA-3’
Δ

2848 - 2867 (s)

2995 - 2976 (as)

5'-GAGGCAAAGGGGGCAACACC-3'
Δ

5'-GGCGGTTCAGGCATGGAAGA-3'

*Genome position refers to the complete genome of WNV New York 1999 (GenBank accession no. AF196835).
°Position is based on the cloning vector pEGFP-1 (GenBank accession no. U55761).
Δ
Position refers to the MAV-1 complete coding sequence (accession no. M37187). (s) = sense orientation; (as) =
antisense orientation.

A.1.10.4 Probes for qRT-PCR
Probe name

Position

Sequence (5’ → 3’)

CDC WNV Envprobe

1186 - 1207 (s)*

5’-FAM-TGCCCGACCATGGGAGAAGCTC-TAMRA-3’

EGFP-1HEX

703 - 724 (s)°

5’-HEX-AGCACCGAGTCCGCCCTGAGCA-BHQ1-3’

FLI-WNF-Probe

3581 - 3602 (s)*

5’-FAM-CCACCCAGGAGGTCCTTCGCAA-TAMRA-3’

INEID probe

49 - 21 (as)*

5’-FAM-AATCCTCACAAACACTACTAAGTTTGTCATAMRA-3’

Synthetic control
probe

66 - 88 (s)*

5’-HEX-CTCCCACCTCTTTCTTACCACGA-BHQ1-3’

Viral control probe

66 - 92 (s)*

5’-CY5-GTGCGAGCTGTTTCTTAGCACGAAGAT-BHQ1-3’

*Genome position refers to the complete genome of WNV NY99 (GenBank accession no. AF196835). °Position
is based on the cloning vector pEGFP-1 (GenBank accession no. U55761). (s) = sense orientation; (as) =
antisense orientation.

A.1.10.5 Primer for genotyping of mice and MFs, and for the integrin constructs
Primer name

Position

Sequence (5’ → 3’)

Alphav20

140 - 163 (s)1, A

5’-CTTGACCGCAAGCGCACAGCACAG-3’

GA-ITBG3-Crev

2220 - 2193 (as)*;
NotI site at 5’-end

5’-ATA GCG GCC GCT TAC CAG ATC AGC AGT GTG
GCC AGG CCG ATC-3’

GA-ITBG3-Fw

1 - 30 (s)*; BamHI
site at 5’-end

5’-ATA GGA TCC ATG AGA GCA CAG TGG CCT GGA
CAG CTG TGG-3’

GA-ITGB3-C8-rev

2267 - 2227 (as)*,
NotI site at 5’-end

5'-TCGAACTTGGCGCGGCCGCGTCAGTCGTGG
ATGGTGATCAG-3'

GA-ITGB3-Fw4

1495 - 1518 (s)

5'-AGCGAAGAGGACTACAGACCCAGC-3'

GA-ITGB3-Rev6

2269 - 2245 (as)

5'-CCTCGAACTTGGCGAACTCTTTTCT-3'

GA-ITGB3-Rev7

1957 - 1939 (as)

5'-CCTCGTGCAGGGTGCCTCT-3'
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Primer name
I2

Sequence (5’ → 3’)

Position
661 - 642 (as)

1, A

19614 - 19634 (s)3,

L1

5’-CTGGATGCTGAGTGTCAGGT-3’
5’-GTGAAGTAGGTGAAAGGTAAC-3’

A

451 - 433 (as)C

LacZ

5’-RACGCCGAGTTAACGCCATC-3’

C

Rev1-tau

142 - 123 (as)

T56

19939 - 19921
(as)3,A

5’-GGGTTGCCCTTCCCTCTAG-3’

β3-Fw1

-564 to -544 (s)2, A

5’-CTTAGACACCTGCTACGGGC-3’

β3-Rev1

-257 to -276 (as)2,B

5’-CACGAGACTAGTGAGACGTG-3’

β3-Rev2

2, A

-128 to -145(as)

5’-GTTCCTCAGATCCATCATCG-3’

5’-CCTGCCTGAGGCTGAGTG-3’

Genome position based on the GeneArt sequence of * ITGB3 mouse with optimized mouse codon usage adapted
from the mRNA ITGB3 mouse (GenBank accession no. NM016780.2). 1based on the mouse localisation of
ITGAV from the Ensemble database (2:83564554-83647073:1), 2based on the mouse localisation of ITGB3 from
the Ensemble database (11:104469370-104531790:1), 3based on the mouse localisation of ITGB1 from the
Ensemble database (8:131209554-131257100:1), with respect to A the transcription start (=+1), B the translation
start of the Neomycin phoshotransferase (= +1), C the translation start of TauLacZ or LacZ (= +1). For the
Ensemble database URL see A.1.15.

A.1.11 Genetically modified mice
Mouse line

Mouse background

Target gene

Provided by

AlphaV LacZ

C57BL/6

Integrin alphaV,
intron 1

B.L. Bader, TUM Freising, Germany

Beta 3 deficient

C57BL/6

Integrin beta3, intron
1 and 2

K. Hodivala-Dilke, Institute of
Cancer, Barts and the London School
of Medicine and Dentistry, UK

129/Sv

A.1.12 Consumables
Manufacturer

Butane gas cartridge

Camping Gaz GmbH, Hungen-Inheiden, Germany

Cell culture materials

Consumables

Cell Culture Cluster, Flat Bottom Costar®
6 well; 12 well; 24 well; 48 well; 96 well

Corning GmbH, Kaiserslautern, Germany

Culture flask, Canted neck, phenolic style cap
or vent cap
25 cm²; 75cm²; 162cm²

Corning GmbH, Kaiserslautern, Germany

Tissue Culture Dish Costar ® 100mm

Corning GmbH, Kaiserslautern, Germany

Cell scraper, 25cm, 2-position scrape

Sarstedt, Nümbrecht, Germany

Cell strainer 100 µm Nylon

BD Biosciences, Erembodegern, Belgium

Centrifuge Tubes Ultra-Clear® for density gradient

Beckman Coulter GmbH, Krefeld, Germany
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Consumables

Manufacturer

Cryotube (1,8 ml, internal thread) Cellstar®

Greiner Bio-one GmbH, Frickenhausen, Germany

Dialysis tubes
Visking, Carl Roth GmbH, Karlsruhe, Germany

Zellu Trans, MWCO=10000 Da

Carl Roth GmbH, Karlsruhe, Germany

Disinfection

Visking, MWCO=14000 Da

Mikrozid® liquid

Schülke & Mayr GmbH, Norderstedt, Germany

Mikrozid® AF wipes

Schülke & Mayr GmbH, Norderstedt, Germany

Venno® Vet

Menno Chemie-Vertrieb GmbH, Norderstedt,
Germany
Nerbe Plus GmbH, Winsen/Luhe, Germany

Gel blot paper, Whatman®

Whatman Ltd., Maidstone, Kent, UK

Gloves

Disposal bag

Latex-one-way-examination gloves

Unigloves® GmbH, Troisdorf-Spich, Germany

Alfatex30® AQL 1,5

Sänger GmbH, Schrozberg, Germany

SHIELDskin ORANGE NITRILE 300

SHIELD Scientific, AE Ede, The Netherlands

SHIELDskin Xtreme

SHIELD Scientific, AE Ede, The Netherlands

Micro reaction tubes 0.5ml; 1.5ml; 2ml

Eppendorf AG, Hamburg, Germany

Microscope slides, SuperFrost® white

Carl Roth GmbH, Karlsruhe, Germany

MS columns for cell separation

Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany

Multiplate® PCR PlatesTM, low 96-well, clear

Bio-Rad Labaratories GmbH, Munich, Germany

Needle, 18 G x 11/2 “

Terumo® Neolus, Leuven, Belgium

Parafilm “M”® Laboratory Film

Pechiney Plastic Packaging, Chicago, IL, USA

PCR 8-Strip tubes

Eppendorf AG, Hamburg, Germany

Photometer cuvette, UVette®

Eppendorf AG, Hamburg, Germany, Germany

Photometer Plastibrand standard disposable
cuvettes

Brand GmbH + Co KG, Wertheim, Germany

Pipette Tip 10 µl; 100 µl; 200µl; 1000µl

Nerbe Plus GmbH, Winsen/Luhe

Polypropylene columns (5 ml), for gravity flow

Qiagen GmbH, Hilden, Germany

Disposable PD-10 Desalting columns (Sephadex
G-25 Medium)

GE Healthcare Europe GmbH, Freiburg, Germany

Serological Pipette 5 ml; 10ml; 25 ml

Sarstedt, Nümbrecht, Germany

Stericup, 0,22µm, GP Millipore Express® PLUS
Membrane, 150ml; 250ml; 500 ml

Millipore, Schwalbach/Ts., Germany

Sterilfilter (45 µl), Millex® GP

Millipore, Schwalbach/Ts., Germany

Surgical blades, steril

B. Braun, Aesculap AG, Tuttlingen, Germany

Syringe, one-way, 5 ml

Amefa GmbH, Limburg, Germany

20× TE buffer RNase free

Invitrogen GmbH, Darmstadt, Germany

Thermal Print Paper K65 HM-CE

Mitsubishi Electric, Ratingen, Germany
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Consumables

Manufacturer

Transfer membranes, ImmobilonTM 0.45 µm

Millipore, Schwalbach/Ts., Germany

Tube sterile, 15 ml; 50 ml

Sarstedt, Nümbrecht, Germany

Ultra Centrifugal Filter, Amicon®
MWCO 10000 Da

Millipore, Schwalbach/Ts. , Germany

Water bath protection, Aqua Clean

A. Hartenstein GmbH, Würzburg, Germany

Water, nuclease free

Fermentas, St. Leon-Rot, Germany

A.1.13 Technical equipment and laboratory instruments
Manufacturer

Agarose gel apparatus

Bio-Rad Labaratories GmbH, Munich, Germany

Bio Photometer 8,5 mm

Eppendorf AG, Hamburg, Germany

Centrifuges

Instruments

Centrifuge 5804R

Eppendorf AG, Hamburg, Germany

Centrifuge 5415D

Eppendorf AG, Hamburg, Germany

Centrifuge 5417R

Eppendorf AG, Hamburg, Germany

Biofuge Fresco

Heraeus Holding GmbH, Hanau, Germany

Heraeus Multifuge® 1S-R
Ultracentrifuge Optima

TM

Ultracentrifuge Optima

TM

Heraeus Holding GmbH, Hanau, Germany
Beckman Coulter GmbH, Krefeld, Germany

L-90K

Merck Eurolab Galaxy Mini (for PCR tubes)

Beckman Coulter GmbH, Krefeld, Germany
Merck KGaA, Darmstadt, Germany

Counting chamber, Neubauer

Paul Marienfeld GmbH & Co, Lauda-Königshofen,
Germany

Electrophoresis apparatus
MiniPROTEAN® 3 cell

Bio-Rad Labaratories GmbH, Munich, Germany

ELISA reader Wallac Victor2 1420 MultilabelTM
Counter

Perkin ElmerTm, Rodgau, Germany

FACScalibur Becton Dickinson

Becton, Dickinson and Company, Sparks, USA

Refrigerator/freezer

Bio-Rad Labaratories GmbH, Munich, Germany

Liebherr Premium

Liebherr-Hausgeräte Lienz GmbH, Germany

Liebherr Profi Line

Liebherr-Hausgeräte Lienz GmbH, Germany

Bosch Cooler

Robert Bosch GmbH, Gerlingen-Schillerhöhe,
Germany

Ultra low temperature freezer

New Brunswick Scientific, Eppendorf Vertrieb DE
GmbH,Wesseling-Berzdorf, Germany

Incubator

CFX96 Real-Time PCR Detection System

Incucell (Bacetria)

MMM Medcenter Einrichtungen GmbH, Planegg,
Germany

Thermo Forma

Thermo Fisher Scientific Inc., Waltham, MA, USA
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Manufacturer

MACS® MultiStand

Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany

Magnetic stirrer RH-basic

IKA-Labortechnik, Staufen, Germany

Microscopes

Instruments

Light microscope, Zeiss, Axiovert 25

Carl Zeiss GmbH, Jena, Germany

Light microscope, Motic AE20

Carl Zeiss GmbH, Jena, Germany

Fluorescence microscope Axiovert 200

Carl Zeiss GmbH, Jena, Germany

Fluorescence camera Axio Cam MRC

Carl Zeiss GmbH, Jena, Germany

CLSM Leica TCS SP5 setup with inverted
microscope Leica DMI600 CS

Leica Microsystems CMS GmbH, Mannheim,
Germany
LG intellowave, Seoul, Korea

MiniMACS Separator

Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany

Mx 3000P QPCR system

Stratagene Inc., La Jolla, CA, USA

pH Meter HI221

Hanna Instruments GmbH, Kehl a. Rhein, Germany

Photometer Helios β Thermo Spectronic

Thermo Fisher Scientific Inc., Waltham, MA, USA

Pipetboy comfort

IBS Integra Biosciences, Fernwald, Germany

Pipettes 0.5-10µl; 2-20µl; 10-100µl; 20-200µl; 1001000µl

Eppendorf AG, Hamburg, Germany

Pipette multi-chanel 20-200µl

Brand, Wertheim, Germany

Pipetting robot, Tecan Freedom EVO®

Tecan Deutschland GmbH, Crailsheim, Germany

Power Pac 200

Bio-Rad Labaratories GmbH, Munich, Germany

Power Pac 300

Bio-Rad Labaratories GmbH, Munich, Germany

Qualifreeze, Cryo-Freezing Instrument

Nalgene, Thermo Fisher Scientific Inc., Waltham,
MA, USA

Real-Time System CFX96TM

Bio-Rad Labaratories GmbH, Munich, Germany

Scales

Microwave MS-197H

Scaltec

Armin Baack, Schwerin, Germany

AND GR-202-EC

A&D Instruments, Japan

NavigatorTM

Ohaus GmbH, Gießen, Germany

Shaker for bacterial cultures GFL 3033

GFL, Burgwedel, Germany

Shaker, horizontal GFL 3006

GFL, Burgwedel, Germany

Sonifier Branson 450

Branson Sonic Power, Danbury, CT, USA

Spektropolarimeter J-810

Jasco, Groß-Umsatdt, Germany

Thermal cycler C1000TM

Bio-Rad Labaratories GmbH, Munich, Germany

Thermal Printer DPU-414

Seiko Instruments GmbH, Neu-Isenburg, Germany

Thermocycler T3

Biometra® GmbH, Göttingen, Germany

Thermomixer comfort

Eppendorf AG, Hamburg, Germany

Thermomixer 5436

Eppendorf AG, Hamburg, Germany
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Instruments

Manufacturer

Trans-Blot SD (Semi-Dry Transfer Cell)

Bio-Rad Labaratories GmbH, Munich, Germany

UV camera

Hama, Monheim, Germany

UV light source

AGS, Heildelberg, Germany

Vacuum Concentrator 5301

Eppendorf AG, Hamburg, Germany

VersaDocTM Imaging System Model 5000

Bio-Rad Labaratories GmbH, Munich, Germany

Vortexer
IKA, Staufen, Germany

Stuart Vortex Mixer

Bibby Scientific Limited, Staffordshire, UK

Work benches

Minishaker MS2

Steag Laminarflow

Steag GmbH, Pliezhausen, Germany

Holten Lamin Air (Model 1,8)

Thermo Fisher Scientific Inc., Waltham, MA, USA

Hera Safe

Heraeus Holding GmbH, Hanau, Germany

A.1.14 Software
Software

Developer

Application

Version

AIDA, Advanced Image
Data Analyser

Raytest Isotopenmeßgeräte, Straubenhardt, Germany

Protein analysis,
evaluation of images

4.19.029

CellQuest Pro

BD Biosciences, San
Jose, CA, USA

FACScalibur

5.1

Axiovision AC Release

Carl Zeiss, MicroImaging
GmbH, Göttingen,
Germany

Zeiss Fluorescence
Microscope

4.5

BioEdit

Tom Hall, Ibis Therapeutucs, Carlsbad, CA,
USA

Sequence alignment
editor

7.0.5.3

Bio-Rad CFX Manager Software

Bio-Rad Labaratories
GmbH, Munich, Germany

CFX96 Real-Time
PCR Detection System

1.5

BioRad Quantity One

Bio-Rad Labaratories
GmbH, Munich, Germany

VersaDoc, 1-D analysis
software

4.5.2

ImageJ

Wayne Rasband, National
Institutes of Health, USA
http://rsb.info.nih.gov

Processing of images

1.43u

JMP

SAS Institute Inc., Cary,
NC, USA

Statistical analysis

3.2.1

LAS AF, Leica
Application Suite

Leica Microsystems CMS
GmbH, Mannheim,
Germany

Imaging software for the
confocal microscope

2.3.0
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Software

Developer

Application

Version

pDraw32

AcaClone software
http://www.acaclone.com/

DNA analysis

1.1.107

Primer3

Whitehead Institute for
Biomedical Research,
Steve Rozen, Duke-NUS,
Graduate Medical School,
Singapore [409]

Primer design

0.4.0

A.1.15 Databases
Database

Developer

URL

Ensembl, Genome Browser

EMBL-EBI, European
Bioinformatics Institute,
Wellcome Trust Genome
Campus, Cambridge, Uk

http://www.ensembl.org/index.html

GenBank, NCBI Data base

National Center for Biotechnology Information, National
Library of Medicine, Bethesda,
MD, USA

https://www.ncbi.nlm.nih.gov/genbank/

ExPASy, Expert Protein
Analysis Systems

Swiss Institute of Bioinformatics, Lausanne, Switzerland [166]

http://expasy.org/

PubMed

National Center for Biotechnology Information, National
Library of Medicine, Bethesda,
MD, USA

http://www.ncbi.nlm.nih.gov/pubmed/

A.2 Establishment of protocols
A.2.1 Protein purification
Several purification protocols were tested. The protocol which did best was optimised and is
given in Material and Methods (3.2.2).
Other buffer combinations for purification were examined but results were not satisfactory:
(1) Tris buffer pH 7.4 with 10 mmol/l Tris and 100 mmol/l sodium chloride as a basis, (2)
phosphate buffer pH 7.4 with 0.1 mol/l sodium phosphate (Na2PO4) and 10 mmol/l Tris, and
(3) PBS buffer with 10 mmol/l PBS. Each lysis buffer contained 10 mmol/l reducing gluthathione, the washing buffer 50 mmol/l imidazole, the elution buffer 500 mmol/l imidazole, but
here no gluthathione was added. Amounts of eluted E protein were insufficient as most of the
protein failed to bind the column. Additionally, the elution fraction showed impurities with E.
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coli proteins (especially by a 37/38 kDa protein band identified as the outer membrane protein
F of E. coli). Attempts to increase the concentration with centricons did not have satisfactory
results. Protein expressions at 30 °C and 33 °C were tested to increase solubility but did not
show the expected result.
Non-denaturing conditions of the in Materials and Methods described protocol did not work
since recombinant proteins were found to be packaged inside inclusion bodies. However, it
turned out that proteins yielded higher purity when cells were lysed in lysis buffer without
urea first, sonicated and centrifuged before inclusion bodies were finally resuspended in lysis
buffer supplemented with 8 mol/l urea. Additionally, to mask the column material imidazol
was introduced to buffers and showed better results than buffers without.

A.2.2 Immuno-fluorescence staining
The procedure which did best is described in Materials and Methods 3.5.2.1.1. Several
fixation methods were tested: (i) 1 % formalin, (ii) ice-cold acetone at -20 °C for 10 minutes
and (iii) a 1:1 methanol/acetone mixture. None of these was suitable to picture the integrinspecific typical focal contact structure. When fixed with formalin or acetone intraplasmatic
dots and worm-like intracellular structures, presumably mitochondria were seen. Acetone/methanol fixation showed a bright fluorescence signal near the nucleus.
Another protocol which used Tween20 (c = 10 g/l of 1× PBS buffer) for washing and antibody incubation worked for the application of the monoclonal antibody LM609 only. To
enhance integrin expression and adhesion to cellular matrix components glass cover slips
were coated with 4 µg/ml fibronectin diluted in Earle’s balanced salt solution at 4 °C the day
before cells were seeded. But results were similar to those of untreated cover slips. Permeabilisation of cells with TritonX was essential to properly depict integrins assembled in focal
contacts. Without permeabilisation only faint structures on the cellular surface were visible.
Different antibody concentrations were tested to reduce the fluorescence background. Application of the αv integrin antibody (RMV-7) resulted in stronger fluorescence signals than the
same concentration of the β3 antibody but also produced higher background staining. Secondary antibodies were also introduced to increase the fluorescence signal and to perform double
fluorescence staining. But as the anti-hamster secondary antibody cross-reacted with the rat
anti-αv primary antibody (RMV-7) they were inoperative for double fluorescence staining, so
that finally only directly labelled antibodies were used.
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A.2.3 Flow cytometry analysis
As first experiments with mouse reactive antibodies had shown suboptimal results, mouse
leucocytes were used to test specificity of antibodies as described by the manufacturer. Here,
the method of detachment of cells without loss in integrin expression could be left aside for
the evaluation of the antibody’s reactivity. Antibodies were titrated to determine the proper
antibody working dilutions. With these pre-informations an appropriate protocol could be set
up. Detachment with 5 mmol/l EDTA in 1× PBS and resuspension of cells using the same
buffer failed since integrin detection was poor. Detachment by scraping resulted in relatively
high numbers of dead cells. Detaching with double ATV, pre-incubation of cells in sodium
azide (c = 0.5 ml/l in 1× PBS) to prevent enzyme activity, and prolongation of the incubation
time with antibodies up to two hours showed best results (see Materials and Methods 3.5.2.2).
Although the monoclonal antibody clone H9.2B8 (Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA) directed against the αv subunit recognised the αv subunit of mouse leucocytes, it failed to recognise the αv subunit of the MEFs and was, therefore, excluded from
further expression analysis experiments.

A.3 WNV isolates and accession numbers
The listed WNV isolates were used for the construction of the phylogenetic tree shown in
State of Knowledge Figure 2.
Virus isolate

GenBank (NCBI1) accession number

WNV/horse/USA-NY/NY99-eqhs/1999

AF260967

WNV/flamingo/USA-NY/fl382-99/1999

AF196835

WNV/Human/USA-NY/HNY1999/1999

AF202541

WNV/mosquito/Israel/WNV_0812m_ISR02/2002

AY369406

WNV/Blue Jay/USA-NY/01001399/

AY369406

WNV/Stork/Israel/IS-98-STD1/1998

AF481864

WNV/goose/Hungary/gsHungr03/2003

DQ118127

WNV/Human/Tunisia/PaH001/1997

AY268133

WNV/Human/Russia/Ast99-901/1999

AY278441

WNV/mosquito/Russia/Ast02-2-692

DQ411035

WNV/cormorant/Russia/Ast02-3-165

DQ411033

WNV/Human/Russia-Volgagrad/LEIV-Vlg99-27889/1999

AY277252

WNV/mosquito/Kenya/KN3829/1998

AY262283

WNV/horse/France/PaAn001/2000

AY268132
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Virus isolate

GenBank (NCBI1) accession number

WNV/horse/Morocco/96-111/1996

AY701412

WNV/horse/Italy/1998-equine/1998

AF404757

WNV/golden eagle/Spain/GE-1b-B/2007

FJ766331

WNV/horse/Morocco/0405/2003

AY701413

WNV/magpie/France/FRA407/2004

DQ786573

WNV/Human/Italy/Ita09/2009

GU011992

WNV/Human/Egypt/Eg101/1951

AF260968

WNV//Ethiopia/EthAn4766/1951

AY603654

KUNV//Australia/PAKUN/

AY274505

KUNV//Australia/FLSDX/

AY274504

KUNV/mosquito/Australia/MRM61C/1960

D00246

WNV/Human/India/804994/1980

DQ256376

WNV/parrot/Madagascar/AnMg798/1978

DQ176636

WNV/Human/South Africa/SA381/2000

EF429199

WNV//Israel/Sarafend/

AY688948

WNV/Human/Uganda/B956/1937

AY532665

WNV/mosquito/Senagal/ArD76104/1990

DQ318019

WNV/goshawk/Hungary/gshkHungr04/2004

DQ116961

WNV/Human/South Africa/SA93/2001

EF429198

WNV/Human/South Africa/SPU116/1989

EU068667

WNV/Culex pipiens/Czech/Rabensburg 97-103/1997

AY765264

WNV/D. marginatus/Russia-Caucasus/LEIV-Krnd88-190/1998

AY277251

WNV/mosquito/Russia-Volgagrad/8_1-05-Uu/2005

FJ159131

JEV/Human/India/057434/2005

EF623988

NCBI, National Center for Biotechnology Informatio (URL, A.1.15)

