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ABSTRACT
Crimean-Congo hemorrhagic fever virus (CCHFV) is a human pathogen, and was first associated
with its corresponding disease during an outbreak in the mid 1940s. At that time, outbreaks were
mainly restricted to the former Soviet Union, Africa and Asia, but lately disease incidents have
markedly risen and CCHFV is now also endemic in several countries in the Middle East and
Europe. The prevalence of CCHFV is intimately associated with the geographic occurrence of its
tick vector, and is the most widely spread tick-borne virus of medical importance. The disease
caused by CCHFV is manifested by severe hemorrhage that occasionally causes fatalities. There is
currently no cure for CCHF. Antivirals are routinely used but treatment is mainly supportive.
Although research in the last decade has significantly contributed to our current understanding,
much remains before we can fully elucidate the mechanisms underlying CCHF pathogenesis.
An important feature of a productive virus infection is to access the cell interior where viral
replication occurs. This first step is accomplished by binding to a virus-specific receptor on the host
cell surface. For CCHFV the receptor is presently not known. In the subsequent internalization
process, our investigations show that CCHFV enters cells by clathrin-dependent endocytosis. We
also found that CCHFV infection was impaired when cells were depleted of cholesterol. This
suggests that CCHFV entry could also be mediated by specialized plasma membrane microdomains,
enriched in cholesterol.
Following internalization viruses must reach the appropriate intracellular sites where replication can
be initiated. Because the cytoplasm is dense and does not admit long-range diffusion, intracellular
transport is mediated by microtubules or actin filaments and their associated motors. We showed
that intact microtubules were important in the early events following CCHFV internalization and
later, in viral replication. In the process of viral transcription, however, neither intact nor dynamic
microtubules were required. In the late stages of CCHFV replication cycle progeny virus release was
markedly reduced when microtubules were perturbed, suggesting that microtubules are important in
viral assembly and/or egress. Besides their involvement in cargo trafficking, actin filaments are also
important in the uptake and release of molecules into and out from cells. Our investigations of the
role of actin filaments in the life cycle of CCHFV show that virus proteins interact directly with
actin and that actin is important in their intracellular positioning. Moreover, we show that
extracellular progeny virus is markedly reduced when actin filaments are depolymerized early in
infection, suggesting that actin may be involved in several steps of CCHFV replication cycle.
Interaction with the cytoskeletal actin filaments and microtubules is also demonstrated for different
nitric oxide synthases, the enzymes responsible for nitric oxide production. Nitric oxide is a
biologically active molecule that functions as a potent signaling molecule and is critically involved in
the unspecific host defense against pathogens. In virus infections, nitric oxide is known to inhibit
replication. Accordingly we show that CCHFV viral RNA is reduced when infection is performed in
the presence of a nitric oxide donor. Consequently, virus proteins and progeny virus titers are also
reduced.
Although much remains to be explored, this thesis has provided data that will further our
understanding of CCHFV interactions with host cell structures, which may be of importance for
future antiviral and vaccine design.
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ÉDESANYÁMNAK

Ember, küzdj és bízva bizzál
Minden reménnyel el ne hagyjál!
Ne higyj a pokolnak, ne higyj a rossznak
Elöbb vagy utóbb gyöznie kell a jónak.
Lehet küldetésünk, lehet hivatásunk,
Alkotó tehetség lesz a megváltásunk,
Kisebb, nagyobb idöre teljesül reményünk.
Ha kissé csalódtunk a jó munka után
Több erövel indulj rohamra azután.
Akad, ki felfigyel hangodra,
Harcodat folytatja,
Mi neked nem sikerült, ö megvalósítja
A jó munka számunkra, sose lesz
kárunkra.
Av morfar, Bertalan Lázár

ABSTRACT
Crimean-Congo hemorrhagic fever virus (CCHFV) is a human pathogen, and was first
associated with its corresponding disease during an outbreak in the mid 1940s. At that
time, outbreaks were mainly restricted to the former Soviet Union, Africa and Asia, but
lately disease incidents have markedly risen and CCHFV is now also endemic in several
countries in the Middle East and Europe. The prevalence of CCHFV is intimately
associated with the geographic occurrence of its tick vector, and is the most widely spread
tick-borne virus of medical importance. The disease caused by CCHFV is manifested by
severe hemorrhage that occasionally causes fatalities. There is currently no cure for CCHF.
Antivirals are routinely used but treatment is mainly supportive. Although research in the
last decade has significantly contributed to our current understanding, much remains
before we can fully elucidate the mechanisms underlying CCHF pathogenesis.
An important feature of a productive virus infection is to access the cell interior where
viral replication occurs. This first step is accomplished by binding to a virus-specific
receptor on the host cell surface. For CCHFV the receptor is presently not known. In the
subsequent internalization process, our investigations show that CCHFV enters cells by
clathrin-dependent endocytosis. We also found that CCHFV infection was impaired when
cells were depleted of cholesterol. This suggests that CCHFV entry could also be mediated
by specialized plasma membrane microdomains, enriched in cholesterol.
Following internalization viruses must reach the appropriate intracellular sites where
replication can be initiated. Because the cytoplasm is dense and does not admit long-range
diffusion, intracellular transport is mediated by microtubules or actin filaments and their
associated motors. We showed that intact microtubules were important in the early events
following CCHFV internalization and later, in viral replication. In the process of viral
transcription, however, neither intact nor dynamic microtubules were required. In the late
stages of CCHFV replication cycle progeny virus release was markedly reduced when
microtubules were perturbed, suggesting that microtubules are important in viral assembly
and/or egress. Besides their involvement in cargo trafficking, actin filaments are also
important in the uptake and release of molecules into and out from cells. Our
investigations of the role of actin filaments in the life cycle of CCHFV show that virus
proteins interact directly with actin and that actin is important in their intracellular
positioning. Moreover, we show that extracellular progeny virus is markedly reduced when
actin filaments are depolymerized early in infection, suggesting that actin may be involved
in several steps of CCHFV replication cycle.
Interaction with the cytoskeletal actin filaments and microtubules is also demonstrated for
different nitric oxide synthases, the enzymes responsible for nitric oxide production. Nitric
oxide is a biologically active molecule that functions as a potent signaling molecule and is
critically involved in the unspecific host defense against pathogens. In virus infections,
nitric oxide is known to inhibit replication. Accordingly we show that CCHFV viral RNA
is reduced when infection is performed in the presence of a nitric oxide donor.
Consequently, virus proteins and progeny virus titers are also reduced.
Although much remains to be explored, this thesis has provided data that will further our
understanding of CCHFV interactions with host cell structures, which may be of
importance for future antiviral and vaccine design.
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1 AIMS
Crimean-Congo hemorrhagic fever virus (CCHFV) is a hemorrhagic fever virus
that when acquired may cause severe disease with occasional fatalities. In this
respect there is great value in trying to understand the molecular mechanisms
underlying viral pathogenesis. However, because little is previous known about
CCHFV and the disease it causes, these accomplishments lie some years ahead.
It is therefore important that we investigate and elucidate virus-cell interactions
in order to contribute to the body of knowledge about this virus.
Because fundamental knowledge of CCHFV infection kinetics and interactions
with cells were lacking at this time, we chose to focus on the significance of
some of the virus-cell interactions present during a CCHFV infection.
Therefore, the work presented in this thesis was aimed at extending and
furthering our understanding of CCHFV entry pathways into susceptible cells
and subsequent interactions with the host cell cytoskeleton. Also, since innate
immunity plays an important role in both host defense strategies and in
pathogenesis, we investigated the antiviral properties of nitric oxide on CCHFV,
one of the molecules produced by the activation of the innate immune response.
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2 INTRODUCTION
2.1

CRIMEAN-CONGO HEMORRHAGIC FEVER VIRUS

In 1944, a large outbreak of severe hemorrhagic fever was reported in the
Crimean peninsula in the former Soviet Union1. Some years later a virus with
similar pathogenesis was isolated 1956 from a patient in Congo, Africa2. Shortly
thereafter it was established that the two viruses were in fact the same, and the
virus was subsequently named Crimean-Congo hemorrhagic fever virus
(CCHFV)1.
Beginning from the 1970s, only sporadic cases of CCHF have been reported
worldwide3. Lately however, and especially during the 21st century, outbreaks of
CCHF have become intensified in countries of former Yugoslavia, Turkey and
Iran3. Because CCHFV was already present in theses countries, recent
outbreaks are not likely to result from the establishment of new virus types.
Instead, it is proposed that other factors are responsible for the increased
incidence of CCHF. One factor is climate changes that facilitate tick
reproduction4,5, which in combination with an extended and increasing use of
land for agriculture and farming, results in the elevated risk of exposure to ticks
and therefore the disease6. Other possible factors may be increased knowledge
of CCHF and the virus biology itself, resulting in improved and more sensitive
diagnostic tools and a higher confirmation rate. Finally, and although not fully
evaluated, there is also a potential role of migratory birds in CCHFV
dissemination. Birds are generally refractory to CCHF infection but may carry
infected ticks over distant geographic areas1.
The geographic occurrence of CCHF cover areas in Africa, Asia, Eastern
Europe and the Middle East1,6,7. In fact, of all medically significant tick-borne
diseases, CCHFV is the most geographically widespread pathogen3. Humans
acquire the infection through the bite of a tick, by contact with infected blood or
tissues, or by contact with patients during the acute phase of CCHF infection7.
Although ticks represent the major route of transmission, transmission via the
amplifying animal host, is also prevalent6.
Presently, there is no cure for CCHF. Treatment is mainly supportive and
comprises various antivirals, immunoglobulin preparations and monitoring of
the patient’s status8. Because reported case fatality rates range between 3 and
30%6, research on CCHFV is challenging, yet necessary.
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2.1.1 Structure and replication

CCHFV is a member of a large family of negative stranded RNA viruses
denoted the Bunyaviridae. The family consists of more than 300 viral species and
is subdivided into five genera: Orthobunyavirus, Hantavirus, Phlebovirus, Tospovirus
and finally Nairovirus, to which CCHFV belongs (Figure 1)9. The Nairovirus
genus consists of 34 viruses that are further subdivided into seven serogroups,
and of which only two, the CCHF group and the Nairobi sheep disease group,
cause disease10.

TOSPOVIRUS
Tomato spotted wilt virus

ORTHOBUNYAVIRUS

PHLEBOVIRUS
Rift Valley fever virus
Uukuniemi virus

Bunyaviridae

Bunyamwera virus
La Crosse virus

HANTAVIRUS
Hantaan virus
Puumala virus
Sin Nombre virus

NAIROVIRUS
CCHFV
Dugbe virus
Nairobi sheep disease virus

Figure 1. The different genera in the Bunyaviridae family and their representative members.

All bunyaviruses share the common features of virion size (80-120 nm in
diameter), the viral envelope and the tripartite single-stranded genomic RNA of
negative polarity (Figure 2)11. The RNA segments are referred to as the small (S),
the medium (M) and the large (L) segments, according to their size (Figure
2)11,12. Consequently the S-segment constitutes the smallest segment and
encodes the structural nucleocapsid protein (NP). It serves to protect the RNA
and, together with the viral polymerase, participates in viral transcription and
replication. The glycoproteins (GPs) Gn and Gc are encoded by the medium
sized M-segment. These surface proteins protrude through the viral lipid
envelope and are responsible for viral attachment and entry into host cells
(Figure 2)11. Finally, the L-segment encodes the viral RNA-dependent RNA
polymerase and is unique for nairoviruses because of its nearly two-fold larger
size compared to the L-segment of other bunyaviruses13-15.
Besides the four structural proteins, NP, Gn, Gc and the viral polymerase,
several bunyaviruses also encode one or two nonstructural proteins (NS) from
the S- and/or M-segment, NSs and NSm, respectively. All bunyaviruses except
3

for nairoviruses are known to encode an NSs. Data suggest that NSs acts as an
interferon (IFN) antagonist and determines viral host-range, and may have a
regulatory function in viral replication11. NSm has only been found in
orthobunyaviruses, phleboviruses and tospoviruses and is believed to participate
in virus assembly16,17. Recently a protein with characteristics similar to NSm was
identified in CCHFV, however the function in virus assembly is yet to be
proven18.
All three segments are in association with a viral RNA polymerase and are
encapsidated by NPs to form ribonuclecapsids. Each segment contains one
open reading frame, flanked by non-coding regions and at the ends, partially
complementary nucleotides11. Because of these terminal sequences, intrastrand
interactions are proposed to result in non-covalently closed circular viral
RNAs19. The function of these structures has yet to be demonstrated for
CCHFV in vivo, however, by using a CCHFV minigenome rescue system, it was
shown that the non-coding regions contain all the necessary information needed
for the execution of viral transcription, replication and segment encapsidation20.

RNA-dependent
RNA polymerase

Glycoproteins
(Gn and Gc)

Nucleocapsid
protein (NP)

Genomic RNA

Ribonucleocapsids

RNA Polymerase

L 5’

L

M

S

M

S

12 kb

3’

Glycoproteins
5.4 kb
Nucleocapsid
1.7 kb

80 - 120 nm

Figure 2. Schematic picture of the CCHF virion and the genomic RNAs. The L-segment
encodes the RNA-dependent RNA polymerase, the M-segment encodes the glycoproteins Gn
and Gc, and the S-segment encodes the nucleocapsid protein (NP). The three RNA segments are
complexed with NP to form ribonucleocapsids.

Entry of CCHFV into cells is most likely mediated by the interactions of viral
GPs and a so far unknown receptor. There is currently no information regarding
host cell structures involved in CCHFV attachment or internalization, however,
hantaviruses (genus Hantavirus) have been shown to bind cell-surface integrins
and enter cells through clathrin-dependent endocytosis21,22. Following
endocytosis it is proposed that the acidic early endosomes cause the necessary
conformational change/s in Gn and/or Gc to enable fusion of the viral and
cellular membranes and thus release ribonucleocapsids11. In the cytoplasm, the
4

ribonucleocapsids become partly uncoated and are subjected to transcription of
viral RNAs (vRNA), catalyzed by the viral polymerase11. The vRNAs also serve
as templates for the synthesis of full-length complementary RNAs (cRNA),
which in turn serves as template for the synthesis of more vRNAs. Several
reports suggest that bunyavirus replication is membrane-associated, but the site
of replication is not elucidated11,23.
Shortly after transcription, bunyavirus proteins are either synthesized on free (S
and L mRNA) or membrane-bound (M mRNA) ribosomes with NP being the
most abundantly synthesized virus protein. The glycoproteins are cotranslationally cleaved into two precursor proteins; preGn and preGc before
they are processed into the mature Gn and Gc24-26. Their transport from the
endoplasmic reticulum (ER) to the Golgi apparatus, the site of virus assembly, is
achieved by signal peptides in the Gn proteins11,27,28. Subsequent assembly and
maturation of the virus occurs by budding of virus proteins and
ribonucleocapsids into the Golgi membranes11. Following budding, virions are
transported to the plasma membrane within vesicles analogous to the secretory
pathway and virions are released by exocytosis11. For certain hantaviruses and
phleboviruses, assembly and budding is also demonstrated to occur at the
plasma membrane29,30.
2.1.2 Epidemiology and evolution

CCHFV is transmitted by ticks that belong to the genus of Hyalomma, and was
first isolated from a febrile patient in 19561. Since then, the virus has also been
isolated from immature ticks and eggs, suggesting that ticks are capable of
transovarial (from mother to egg)7,11,31 and transstadial (from larvae to adult)32-35
transmissions.
Currently, CCHFV is known to be present in at least 30 countries in Europe,
Asia and Africa and its distribution coincides well with the geographic
occurrence of its hyalomma tick vector1,7,36. Although CCHFV has been isolated
from other tick genera as well, their role in virus transmission is yet to be
determined37.
In nature, CCHFV circulates in an enzootic tick-vertebrate-tick cycle, causing no
apparent or only mild disease in animals. In endemic areas, CCHFV is
maintained in nature by infecting smaller wildlife species (hares and
hedgehogs) that are known to be infested by immature ticks1. However, the
role of these mammals in the lifecycle of the tick or the virus is presently not
known1. Larger vertebrates and domestic animals (horse, cattle, sheep, goats
and pigs) serve as amplifying hosts and are frequently tested seropositive1. Birds
are not known to be infected but may play a role in the transportation of
infected ticks, thereby facilitating virus dissemination between different
5

countries1,38,39. Although no antibodies were detected, tick-infested and
slaughtered ostriches have been demonstrated to cause outbreak of CCHF38. In
the laboratory, ostriches can be infected and develop viremia 1-4 days post
infection38.
One important factor that facilitates tick reproduction and consequently the
increase in incidence of tick-borne diseases is climate changes4,5. The correlation
between tick activity and temperature has already been demonstrated for
CCHFV in early investigations from the former Soviet Union1. Other important
factors resulting in increased disease incidence are environmental changes. This
may for example be due to introduction of new settlers into infected areas,
increasing and extending agriculture or changing pastures for animals1. An
example of how environmental changes contribute to CCHF infection comes
from the first documented outbreak in Crimea in 1944. Due to World War 2
and the occupation of Crimea, farmers abandoned their land and hunting of
hares ceased. Neglected for years, hares became abundant and pastures were
overgrown. Thus, when Soviet troops returned and reoccupied the land,
infection by CCHFV and the following outbreak was a fact1. Likewise, the
increase in CCHF infections in Turkey over that last years is also explained by
people returning to previously abandoned areas6. Several outbreaks are also
associated with livestock trading40-43.
CCHFV infects women and men without any preference in gender6. People at
risk are mainly agricultural workers living in endemic areas, veterinarians and
abattoir workers6. For these occupational groups, infection is usually acquired by
close contact with infected livestock, blood or ticks while caring for or
slaughtering animals43-46. Similarly, health-care workers in the hospitals are at
serious risk of CCHFV transmission when caring for infected patients with
hemorrhage. Exposure to infected blood or needle-stick injuries have accounted
for several cases of nosocomial outbreaks, including fatalities 6,45,46. Because
there are no indications that certain CCHFV strains are more virulent than
others, it is proposed that quality and access to a health care system, co-existing
infections and host susceptibility to infections are more likely to determine
disease progression3.
Important contributors to virus evolution include mutations caused by the viral
RNA polymerase, recombination, and for viruses with segmented genome,
reassortment47,48. Mutations create the initial variation, which in combination
with recombination events and reassortments increase virus diversity47.
Diversity of arthropod-borne viruses is evolutionary constrained, imposed by
different replication environments and the requirement of the virus to retain
infection in its vector and vertebrate host49. Although presumably present in
CCHFV50,51, recombinations are rather infrequent events in negative-stranded
RNA viruses52. In contrast to recombination, reassortment is common and is
6

present in all five bunyavirus genera51,53,54 . Interestingly, phylogenetic studies
show that clustering of the S- and L-segments is consistent and correlate with
the geography of the parent strain while clustering of the M-segments are
different54. These results suggest that reassortment is mainly confined to the Msegment and supports the notion that co-infection and mixing of CCHFV is a
common event54.
2.1.3 Clinical features and pathogenesis

Humans are the only targets in which CCHFV is known to causes severe
disease1. Still, the effort to elucidate CCHF pathogenesis has been hampered due
to the requirement of Biosafety Level 4 containment laboratories and the failure
of the virus to cause disease in laboratory animals55. The latter has contributed
to limited histological studies of CCHF and at present, pathological findings are
only founded on samples collected postmortem56,57.

DIC

Onset of disease
(non-specific symptoms)

AST

Viremia

ALT

Lymphocytes
days

7d
Incubation
period

Prehemorrhagic
period

10 d
Hemorrhagic
period

Convalescence

Figure 3. Clinical and pathological course of CCHF infection. Disseminated
intravascular coagulation (DIC), alanine aminotransferase (ALT), aspartate
aminotransferase (AST).

The typical course of CCHF infection is divided into four phases based on
clinical observations: incubation, prehemorrhagic, hemorrhagic and
convalescence (Figure 3)1. The incubation period is short (3-7 days) and ranges
from the time of CCHFV exposure until the prehemorrhagic phase that is
manifested by increasing viremia58. Early investigations showed that the
incubation period was correlated to the route of transmission. Thus, viremia
developed faster in patients that were bitten by a tick compared to persons that
were exposed to infected blood or tissue from livestock36. During the
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prehemorrhagic phase, which lasts on the average for 3 days, there is a sudden
onset of fever, headache, myalgia and dizziness1,6. The subsequent hemorrhagic
period is short, progresses rapidly and is characterized by petechiae, bleeding
from the nose, the gastrointestinal syststem, the urinary tract and the respiratory
tract59. For those who survive, the convalescent period begins 10-20 days after the
onset of the disease57. To date, no relapse of CCHF has been reported6.
Histopathology studies and clinical features of CCHF show great resemblance to
other hemorrhagic fever viruses such as Ebola hemorrhagic fever (EHF)55-57.
Thus, following an incubation period of less than a week, both diseases are
manifested by a sudden onset of fever, headache, muscle ache, nausea and other
non-specific symptoms55. Main target cell are macrophages, endothelial cells and
hepatocytes56,57, and for EHF also dendritic cells60. Infection of hepatocytes is
associated with elevated plasma levels of liver enzymes and necrosis, suggesting
a direct, virus-mediated hepatocellular damage55-57. Lymphocyte depletion in the
spleen and other lymphoid tissues has also been observed in tissues collected
postmortem from CCHF patients56. In EHF, lymphocytes are not infected but
are eliminated through apoptosis, and infection of endothelial cells is thought to
occur only in the terminal phase of illness55,61.
In severely ill EHF and CCHF patients, one important prognostic hallmark is
elevated plasma levels of proinflammatory cytokines such as interleukin 6 (Il-6)
and tumor necrosis factor (TNF)-D62,63. Another is the humoral response. Thus,
in contrast to survivors, fatal cases fail to induce the development and response
of protective virus-specific antibodies6,64.
Patient viral load is also indicative of disease prognosis65,66 . In CCHF, mean
virus titers are 1000-fold higher in fatal compared to nonfatal cases with fatal
cases exceeding 109 genomes/ml plasma66.
Other markers indicative of severe illness and mortality are pathologic
conditions such as disseminated intravascular coagulation (DIC) and
hemophagocytosis6,62. DIC is characterized by local fibrin deposition followed
by the consumption and degradation of coagulation factors, resulting in platelet
shortage and subsequent hemorrhage67. Hemophagocytosis is an unusual
condition that occurs in response to infection and has been observed in biopsies
from several CCHF patients68-70. In hemophagocytosis, the elevated levels of
proinflammatory cytokines activate monocytes, which cause the destruction of
red blood cells and platelets. A hallmark of this condition is impaired function
of natural killer (NK) cells and cytotoxic T-cells (CTL) and organomegaly due to
infiltration of activated lymphocytes71.
Due to the severe disease of CCHFV, and the propensity of human to human
transmission, safe, quick and reliable diagnostic tools are necessary. Presently,
the most common approach to diagnose CCHFV is by detection of genomic
RNA, detection of virus-specific antibodies and virus isolation72. Working with
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live virus or even suspected patients samples, requires the highest level of
biological containment, rendering laboratory capacity the limiting factor for fast
diagnosis in the endemic countries.
2.1.4 Treatment, prevention and control

There is currently no specific cure for the disease caused by CCHFV. Supportive
therapy is a major part of case management and is based on the monitoring of
the patient’s status, replacement of plasma or blood and administration of the
antiviral drug ribavirin.
Ribavirin is a nucleoside analogue with a broad antiviral activity that inhibits the
replication of a wide range of RNA and DNA viruses73. In the laboratory, it was
shown that ribavirin treatment of suckling mice, infected with various strains of
CCHFV, reduced viremia and mortality rate74,75. The first report attributing
ribavirin a clinical importance against CCHFV comes from an incident 1995
when three health care workers were treated with ribavirin and all three
recovered from severe illness76. Since then, randomized clinical trials have not
been performed, mainly due to ethical constrains57. Current investigations of
ribavirin in the treatment of CCHFV show some inconsistency and therefore it
is proposed that the drug should rather be used when best suited, i.e. during the
viremic phase57. Thus, based on the four phases of CCHFV infection, it is
hypothesized that effective treatment could be considered in two phases57. The
first phase, which is characterized by viral replication and spread in the
bloodstream, could be blocked by an antiviral drug such as ribavirin while the
second phase, characterized by the release of proinflammatory cytokines and
DIC, should rather be targeted with drugs to DIC or sepsis (Figure 3)57.
Recent investigations in the laboratory show that in vitro treatment with type I
interferons (IFN) have an antiviral activity against hemorrhagic fever viruses in
general, including CCHFV77-82. IFNs are part of the innate immune responses
and serve to limit the infection before pathogen-specific responses are mounted.
Production of IFNs occurs within hours in response to viral infection and the
antiviral state is achieved by the transcription of various IFN-stimulated genes
and subsequent protein synthesis. Although promising in the laboratory, the
antiviral effect of IFNs in CCHFV management has not been confirmed in
clinical trials.
In response to CCHFV infection antibodies are usually detected within 5-9 days
after the onset of disease83. Failure to develop virus-specific antibodies is fatal84.
It was early recognized that serum from recovered humans or animals is
beneficial in the treatment of CCHFV 1. In fact, immunoglobulin preparations,
in combination with formalin-inactivated vaccine, have been used to successfully
treat CCHFV in Bulgaria85. But because treatment was performed without
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control groups, firm evidence about the actual efficacy of immunoglobulins is
lacking. Since the population at risk for CCHFV infection is relatively limited,
large-scale production of vaccine is unfortunately not favored.
Due to the ecology of CCHFV, individuals working outdoors and especially
those working with domestic animals are at great risk to become infected86.
Other groups at risk are health-care-workers, to whom it is recommended to use
protective and disposable clothing when handling patients or patient
materials76,86-88. For tick management, measures are taken in endemic areas by
the use of pesticides86. Animals are either immersed in a trough containing the
pesticide or sprayed on86. Modification of the habitat to reduce the tick
population has also been tested, albeit with reduced efficiency. Despite all the
efforts, controlling Hyalomma ticks is currently inefficient, costly and
impractical86.

10

2.2

PATHWAYS OF VIRAL ENDOCYTOSIS

As obligate intracellular organisms, all viruses must overcome and find their way
through numerous barriers in the host cell. To cause infection, viruses also need
to enter and penetrate limiting membranes before they can deliver their viral
nucleic acid to the site of viral replication. Different cellular factors as well as the
presence or absence of a surrounding viral lipid bilayer is critical and dictates the
strategy of entry and penetration.
Before entry, viruses bind to host cell attachment factors and/or virus
receptors89,90. Binding initiates a signaling cascade that leads to the necessary
conformational changes in the virus and/or host cell structures to promote
internalization89,90. Receptors encompass a vide variety of proteins, lipids and
carbohydrates and do not only promote virus internalization but also determine
cell tropism91. It is clear that viruses, by binding and crosslinking cellular factors
such as receptors, can use the host cell’s signaling pathways in different ways.
Signaling promotes and supports virus entry and downstream events such as
internalization and intracellular transport92,93.

MACROPINOCYTOSIS
(> 1 µm)
CLATHRIN - DEPENDENT
ENDOCYTOSIS (~120 nm)

NON - CLATHRIN NON - CAVEOLAE DEPENDENT ENDOCYTOSIS
CAVEOLAE - DEPENDENT
(~ 90 nm)
ENDOCYTOSIS (~ 60 nm)

Macropinosome
Early endosome
Caveosome
Lysosome
Late endosome

Figure 4. Endoyctic pathways used by viruses.

Most enveloped and non-enveloped viruses employ the preexisting endocytic
pathways in their target cells89,90. Endocytic pathways such as clathrin-dependent
endocytosis (clathrin-DE) are constitutive while caveolae-dependent endocytosis
(caveolae-DE) is a triggered event91,94. In addition, there are several non-clathrin,
non-caveolae-dependent endocytosis pathways and engulfment via
macropinocytosis or phagocytosis95-97. One additional internalization pathway
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for enveloped viruses is by fusing with the plasma membrane, however, this
pathway is only known to be used for a few viruses89.
The endocytic pathways are normally used for taking up solutes, lipids and
proteins. For viruses endocytosis is advantageous because it allows the virus
particle to travel past different cellular barriers such as the actin cortex and the
dense cytoplasm98. Moreover, endocytosis offers a protected environment and a
long-range passage to necessary intracellular sites and/or organelles where virus
penetration takes place. Endocytosis is especially beneficial for viruses that need
to deliver their viral cargo to the vicinity of the nucleus, as in for example
influenza virus99,100.
Following endocytosis, viruses need to penetrate the limiting membrane and
transfer their genome and accessory proteins across the membrane and into the
cytosol. The site of penetration is determined by different cellular factors such as
pH, receptors, proteases, chaperones and ultimately the viral structure. Thus,
enveloped viruses penetrate into the cytosol by fusing the viral and cellular
membranes while penetration of non-enveloped viruses involves membrane
lysis or pore-formation91. Low pH-mediated penetration is the most commonly
employed mechanism among viruses. The acidic milieu induces important and
necessary conformational changes in the virion structure and enables fusion91.
2.2.1 Clathrin-dependent endocytosis

Among the endocytic pathways, clathrin-DE constitutes the major route. It
occurs constitutively in all mammalian cells and is responsible for the
continuous uptake of nutrients and most signaling receptors. Moreover, clathrinDE takes part in the intercellular communication and modulates signal
transduction by controlling the levels of surface signaling receptors94. Although
the best studied endocytic pathway, detailed insight into the molecular
mechanisms of clathrin-DE is still lacking. However, it is clear that clathrin-DE
is a dynamic process and comprises proteins that are conserved throughout
eukaryotes. Activation of clathrin-DE is regulated by more than 90 kinases.
Some of these kinases are involved in the regulation of the cytoskeleton, the cell
cycle, cell growth and membrane trafficking101.
Clathrin-DE is a ligand-induced event and begins with the binding of a ligand to
its cellular receptor. Thereafter accessory proteins and clathrin are sequentially
recruited to the active site, after which clathrin-coated lattices are rapidly curved
and internalized102,103. Subsequent release of vesicles from the plasma membrane
occurs by scission. The key players in vesicle scission are dynamin 104-106, actin
filaments and actin motor proteins94,107-109. In the current model, dynamin forms
a ring at the vesicle stalk and different actin motors pull the vesicle in opposite
directions, creating the tension that results in vesicle detachment. Alternatively,
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the lipid boundary created by dynamin, between the vesicle and the vesicle stalk,
results in vesicle scission after tension is applied110,111. Once the vesicles are
internalized, clathrin and accessory proteins are released into the cytoplasm and
recycled for another round of clathrin-DE while the naked vesicle fuses with
early endosomes 112.
Semliki forest virus (SFV) was among the first viruses shown to use clathrinDE113. Since then many enveloped and non-enveloped viruses has been
demonstrated to use clathrin-DE. This endocytic pathway is now recognized as
the most commonly used entry route for viruses21,91,114-116. It has been shown
that viruses themselves, by binding to their receptor, are capable of inducing the
clathrin pathway. Virus-induced signaling results in the assembly of coated pits
underneath the surface of the bound virus particle106,114. Thereafter,
internalization occurs rapidly and viruses are observed in clathrin-coated pits
already 5 minutes post internalization117-119.
The vesicles originating from clathrin-DE converge into the acidic early
endosomes120. Upon arrival, the endocytosed cargos are selectively sorted into
different populations of endosomes120. Some cargo are recycled and sent back to
the plasma membrane while others are destined for the degradative route to
lysosomes120. There is also evidence that internalized viruses are subjected to
selective sorting. For example, vesicles that harbor influenza viruses are rapidly
transported to the vicinity of the nucleus where the virus penetrates late
endosomes121. Thereafter, the ribonucleocapsids escape into the cytosol and are
imported into the nucleus where replication occurs100. In contrast, SFV and
vesicular stomatitis virus, both replicate in the cytoplasm and the viruscontaining vesicles fuse with early endosomes122. Alternatively, viruses can also
become part of multivesicular endosomes, but how viruses penetrate these
membranes is not clear123.
For many viruses, the acidic milieu of endosomes induces conformational
changes in the virion structure and activates acid-dependent proteases that
sometimes are required for viral penetration into the cytoplasm118,124-127.
The regulation of membrane trafficking in endocytosis is provided by a family of
small GTPases denoted Rab128,129. Studying these proteins has contributed
notably to the characterization of virus penetration sites. Hence, SFV and
vesicular stomatitis virus penetrate in Rab5-positive early endosomes while
influenza virus penetrates in Rab7-positive late endosomes122. It seems that
virus-specific penetration sites may not be unambiguous since different strains
of adenovirus can penetrate in both early and late endosomes130,131.
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2.2.2 Caveolae-dependent endocytosis

As an alternative to clathrin-DE, endocytosis can also occur via structures
coated with the integral membrane protein caveolin-1, the major constituent of
caveolae. Caveolae are small, pre-formed invaginations in the plasma membrane,
50-70 nm in diameter, and enriched in cholesterol, sphingolipids and signaling
molecules132-134. The presence of caveolae is restricted to certain cell types135
and the structure is maintained mainly because of the cholesterol-binding
properties of caveolin-1136,137. Moreover, caveolae constitute a subset of lipid
rafts, discussed in more detail below.
In contrast to the constitutive clathrin-DE, caveolae-DE is a triggered
event138,139 that similar to clathrin-DE requires dynamin and actin filaments
(AFs) for vesicle scission140. The internalized vesicles are transported to
caveosomes, pre-existing organelles with neutral pH141. Occasionally, vesicles
internalized by caveolae-DE intersect transiently with acidic endosomes142.
The caveolae formation is an extremely stable structure and does not undergo
cyclic association or dissociation of the coat proteins142. This enables caveolae to
maintain its identity even when docking with a target membrane. This process is
very different from vesicles generated during clathrin-DE, where membrane
identity is lost completely upon fusion with the target membrane142.
The non-enveloped simian virus 40 (SV40) was the first virus shown to enter
cells by caveolae-DE143. Recent investigations show that SV40-induced
internalization is regulated by more than 80 kinases that only partially overlap
with those activated in clathrin-DE101. Following internalization, SV40containing vesicles are delivered to caveosomes138,140,141 before transported to
the ER from which they penetrate into the cytosol141. To date, the number of
viruses being added to the list of caveolae-DE is growing144-150. Despite this, the
role of caveolae in cellular endocytosis is currently under debate. This is because
cells-surface caveolae are static structures that in normal conditions only
support internalization of certain ligands and exchange caveolin-1 with the
plasma membrane slowly151-154. Several reports also indicate that caveolin-1 is in
fact a negative regulator of endocytosis151,155. Further evidence arguing against
an important role of caveolae in cellular functions is the mild phenotype of
caveolin-1 knockout mice156.
2.2.3 Non-clathrin, non-caveolae-dependent endocytosis

Several of the newly discovered non-clathrin, non-caveolae-dependent
endocytosis pathways is sensitive to cholesterol depletion and therefore
dependent on cholesterol. In this regard cholesterol is an important constituent
of lipid rafts, specific microdomains present in biological membranes157,158. The
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ordered lipid rafts consist of cholesterol and sphingolipids, and are distinguished
from the disordered surrounding composition of phospholipids157,158. Lipid
rafts also act as signaling platforms by harboring signal-competent proteins that
are able to transmit signals from the outside159,160. Important examples of such
proteins are glycosylphosphatidylinositol (GPI)-anchored proteins159,161. It is
also proposed that the combination of different sphingolipids, cholesterol and
proteins can generate different subsets of lipid rafts. One subset of lipid rafts has
already been mentioned above, namely caveolae135,162.
In addition to the raft/caveolae-DE described in the previous section, there are
also several lipid raft-dependent but caveolin-independent endocytosis
pathways. Since one technique to study raft-mediated endocytosis is by
cholesterol depletion, which also destroys caveolae, caveolae-independent
internalization can only be assayed correctly in cells that are mutant for or lack
caveolin-1. Thus, when SV40, the prototype virus for caveolae-DE, was used for
infection of cells lacking caveolin-1 (and therefore caveolae), internalization
occurred faster, was dependent on cholesterol but independent on dynamin163,
suggesting that caveolae-DE is not the only entry route for SV40. Post
internalization however, the caveolae-DE and the cholesterol-dependent
pathway seem to converge at the level of caveosomes and caveosome like
structures, respectively138,141,163.
There is also a caveolin-independent but lipid raft and dynamin-dependent entry
pathway135,153,155,164. It is proposed that this pathway coexists and have an
overlapping function with caveolae-DE. Alternatively, in cells that have no
caveolae-DE, the dynamin-dependent pathway could replace caveolae-DE
functionally153.
Investigations on influenza virus entry have provided important evidence that
viral entry routes may coexist and operate in parallel rather than compensate for
each other. Influenza virus entry has traditionally been considered to occur by
clathrin-DE119. Lately however, a non-clathrin, non-caveolae-dependent
endocytosis has also been demonstrated in influenza virus entry114. The two
pathways have comparable intracellular trafficking kinetics and seem to
converge into similar endocytic compartments shortly after virus
internalization114. Similarly, recent reports show that the arenavirus
lymphocytic choriomeningitis virus (LCMV) and severe acute respiratory
syndrome coronavirus (SARS-CoV) can also enter cells by a cholesteroldependent and non-clathrin, non-caveolae-dependent manner165,166.
Another pathway for viruses into their target cell is by fusing directly with the
plasma membrane. This is known to occur for some of the enveloped viruses
that belong to the retro-, herpes- and paramyxoviruses89,90. For example, after
binding to its receptor, human immunodeficiency virus type 1 (HIV-1) is
proposed to induce clustering of virus co-receptors in a cholesterol dependent
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manner167 and then fuse with the plasma membrane. Whether the receptors per
se are associated with lipid-rafts is presently not known, however, fusion with the
plasma membrane and subsequent entry requires lipid rafts168.
Another virus that also penetrates cells by fusing with the plasma membrane is
herpes simplex virus (HSV). Because both fusion and endocytosis have been
demonstrated for HSV, it is proposed that entry could be cell-type
dependent169.
2.2.4 Macropinocytosis and phagocytosis

Macropinocytosis is a major endocytic pathway present in certain cell types like
fibroblasts and macrophages170,171, and plays a key role in bacterial entry172.
Internalization by macropinocytosis is associated with membrane ruffling and is
strictly dependent on cortical actin but independent of dynamin173. The pathway
mainly involves internalization of large volumes of extracellular fluid and
associated membranes. It is a nonspecific internalization pathway and does not
require ligand binding to a specific receptor but is rather formed as a response to
cell stimulation173. The internalized vesicles, macropinosomes, can become
acidified and intersect with endocytic vesicles, making macropinocytosis a
possible virus entry pathway 91.
So far, only a limited number of viruses have been shown to employ
macropinocytosis as an entry route. For example, HIV-1 normally enters and
penetrates its host cell by fusing with the plasma membrane, but in macrophages
the virus can enter cells by macropinocytosis174. However, this is not a very
effective entry route and most HIV-1 particles are degraded. In contrast to HIV1, productive infection of adenoviruses requires macropinocytosis175. Although
not well understood, adenovirus internalization by clathrin-DE and subsequent
exit to the cytosol is accompanied by a virus-induced macropinosome
formation175. Another virus associated with macropinocytosis is vaccinia
virus176,177.
Phagocytosis has so far not been associated with viral entry, however a
phagocytosis-like uptake was recently observed for HSV-1178.
2.2.5 Entry and endocytosis of bunyaviruses

With respect to entry and endocytosis, bunyaviruses are generally poorly
characterized. The main part of our current understanding comes from studies
performed on hantaviruses (genus Hantavirus). Similar to CCHFV, the rodentborne pathogenic hantaviruses are also known to infect endothelial cells without
causing cell damage. Given some of these similarities and the fact that
hantaviruses are studied to a larger extent, some things could be learnt from
hantavirus studies.
16

At present, no cell surface receptor has been identified for CCHFV. The entry
of hantaviruses are mediated by integrins22,179, a large family of transmembrane
glycoproteins that mediate cell adhesion, migration and differentiation22,179.
Integrins are also commonly employed as attachment and/or cell entry receptors
by several enveloped and non-enveloped viruses180. For hantaviruses it is also
clear that pathogenic and non-pathogenic viruses use different integrinreceptors181,182.
Endothelial cells are polarized cells with an apical and a basolateral surface,
separated from each other by tight junctions. While CCHFV entry into polarized
cells, by a so far unknown receptor and mechanism, is strictly basolateral183,
hantavirus entry occurs from the apical surface182. This is despite the fact that
the integrin receptors, used in hantavirus entry, are localized to the basolateral
side of polarized cells. In line with this, it was recently discovered that the decayaccelerating factor (DAF), present on the apical surface of polarized cells could
provide the link between the two cell surfaces182. Upon virus attachment and
subsequent DAF-mediated signaling, hantaviruses bypass the barrier of cell-cell
junctions and are translocated to the site of virus receptors. Interestingly, DAF
is a GPI-anchored protein, present in lipid rafts and is also engaged in
enterovirus entry. Binding of enteroviruses to DAF results in viral translocation
to tight junctions where the virus receptors reside184.
Following integrin binding, hantavirus entry and internalization is dynamin-,
clathrin- and pH-dependent but caveolin-independent21. Incoming virus
proteins are detected in association with early endosomes 90 minutes post
infection and with lysosomes four hours post infection21. Despite the fact that
viruses and most cellular ligands of clathrin-DE are localized to the acidic early
endosomes within minutes122,185, hantavirus endocytosis appears to be rather
slow. pH-dependent entry of bunyaviruses is supported in several
investigations186-188, but the site of penetration is not established. Recently,
detailed investigations on hantavirus endocytosis show that hantaviruses use
clathrin-DE but not caveolae-DE189.
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2.3

VIRUS INTERACTIONS WITH THE HOST CELL CYTOSKELETON

The intracellular organization of cells is highly dependent on the presence of a
network of three cytosolic filaments, actin filaments (AFs), intermediate
filaments and microtubules (MTs) (Figure 5). These components are key
structures of the cell cytoskeleton and are involved in many crucial cellular
processes190. Together with cross-linking and signaling proteins, the cytoskeleton
provides cells with a dynamic framework and enables cells to quickly respond to
stimuli190. The cytoskeleton also maintains cell integrity, enables cell motility and
drives cell division. Moreover, AFs and MTs position intracellular organelles and
participate in the intracellular transport and vesicular sorting191-193.
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Figure 5. The intracellular organization of microtubules and actin filaments in nonpolarized epithelial cells. Majority of the actin filaments reside close to the cell surface and
constitute the actin cortex while microtubules provide tracks for long range transport. Inward
movement on microtubules is mediated by the dynein-dynactin complex, and the outward
movement, towards the plasma membrane is ensured by kinesins. (MTOC, microtubule
organizing centre).

Actin and microtubules are also involved in the uptake and release of molecules
and are thus part of the endocytic and secretory pathways in cells. For example,
local assembly/disassembly of cortical actin often accompanies internalization
events at the cell surface and is crucial in vesicle detachment 194. Since AFs in the
actin cortex are also connected to MTs, incoming as well as outgoing vesicles
can switch tracks from AFs to MTs195. Switching tracks is an important feature
in intracellular trafficking since actin filaments are mainly engaged in the shortrange transport, close to the cell surface196,197 while MTs account for the long18

range transport, into and out from the cell interior196,197. Due to the dense and
crowded cytoplasm, intracellular diffusion is only efficient for very short
distances, and objects larger than 20 nm are practically immobile198. Hence,
motor-mediated intracellular movements are pivotal and are mediated by
different actin- and MT-associated motors (Figure 5)196.
Considering the dense cytoplasm, it is not surprising that viruses have multiple
ways to interact with the host transport machinery98,196,197,199,200. Intracellular
transport ensures virus or virus subparticle delivery to the replication site and
provides a route for assembled viruses out of the cell. Transport can be
accomplished by at least two alternative strategies. First, by hijacking the host
membrane traffic, as in for example endocytosis, and second, by interacting
directly with the cytoskeletal transport machinery98,196,197,199,200.
2.3.1 Microtubules

MTs are present in all eukaryotic cells and are essential in the control of cell
morphology and division. In addition, MTs participate in cargo transport
during endocytosis and exocytosis, and control the spatial organization of
different cell structures/organelles and their intracellular movement.
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Figure 6. The subunits and
structure of microfilaments and
actin filaments. Microtubules are
built up from ơ and Ƣ tubulins and
actin filaments consist of actin
proteins.
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MTs are long hollow cylinders built up from D- and E-subunits of tubulins and
MT-associated proteins (Figure 6). They are organized in a highly polarized
manner, with the rapidly growing plus-end facing the cell periphery and the
more slowly growing minus-end located centrally, close to the MT-organizing
center (MTOC) (Figure 5). The organization of MTs is not uniform between
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cells of different origin. For example, in non-polarized cells, MTs radiate from
the MTOC to the cell periphery, where their plus-ends are located201. In
polarized epithelial cells MTs are arranged in an apical-basal array, favoring
trafficking between opposite surfaces201.
Movement on MT tracks is mainly catalyzed by the motor protein dynein and its
cofactor dynactin (minus-end directed transport) or kinesins (plus-end directed,
transport), enabling cellular and viral cargoes to move with a velocity of 0.2-4
um/seconds197,202.
2.3.1.1 Virus interactions with microtubules

A growing number of reports demonstrate that MTs and their associated motors
participate in the intracellular movement of viruses or subviral particles197. This
is particularly evident in the long-range axonal retrograde and anterograde
transport of neurotropic viruses like herpesvirus197,203. Without MTs and MT
motors, herpesvirus movement by diffusion is estimated to proceed with 10 mm
over a time period of approximately 200 years98.
Regardless of replication site (cytoplasm or nucleus) both enveloped and nonenveloped viruses have been shown to use MT tracks196,197. With respect to viral
entry pathways, viruses may travel within vesicles that are regulated by the host
cell machinery (in the case of endocytosis) 121,197,204 or viruses may be required to
engage MTs directly (in the case of membrane fusion/penetration)197,205. For
viruses that fuse and penetrate through the plasma membrane, MT-mediated
interactions must be initiated close to the cell surface, soon after virus
internalization. In contrast, endocytosed viruses are transported on MTs along
the endocytic pathway.
Similar to the inward movement, many viruses employ MT-dependent
trafficking during virus assembly and budding/egress98,196,206. Because these sites
comprise various subcellular organelles and structures (perinuclear, ER, Golgi or
plasma membrane), viruses or viral components need to be transported by
minus- or plus-directed MT motors197. Transport may occur either inside
exocytic vesicles or by direct interactions with MTs. While plus-directed
transport directly enables viruses to reach the cell plasma membrane, certain
viruses must first use minus-end-directed motors to the MTOC, and there
switch to plus-end-directed motors207-210. Considering virus-MT interactions, it
is not surprising that tubulins are sometimes found within virus particles211-213.
Besides a role in cargo transport, MTs are also involved in the transcription/
replication of several viruses214-217. Moreover, several negative-stranded RNA
viruses have been demonstrated to interact with MTs directly218,219 .
Interestingly, for some of these viruses, MTs are required in virus
transcription215 while in others, MTs only enhance transcription218. In recent
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reports, it is demonstrated that the replication of several hantaviruses is
dependent on MTs189,220.
Viruses can also use cellular signaling pathways to reorganize the MT
cytoskeleton, thereby altering MT architecture to better suit their needs. Some
examples of viral interferences are, modified transport kinetics221, stabilization
of MTs to ensure viral intracellular delivery or later on, exit222-224, and interfering
with MTOC dynamics225-227.
2.3.2 Actin filaments

AFs are ubiquitous in all eukaryotic cells and comprise of globular actin
monomers that are assembled into filamentous actin (Figure 6). Similar to MTs,
AFs are polarized with a fast-growing plus-end and a slow-growing minus-end,
oriented with their plus-ends towards the plasma membrane228. AFs are
organized into bundles or networks through the interaction of signaling factors
and actin-crosslinking molecules as for example in the formation of filopodia
and actin stress fibers229.
Although AFs are present throughout the entire cell, the highest concentration
of actin is found beneath the plasma membrane, in the actin cortex (Figure 5).
This network is linked to the plasma membrane and MTs via different
membrane proteins and is a key player in cell motility and provides mechanical
strength via stress fibers 228. The actin cortex is also a barrier for incoming or
exiting particles98.
Lately, it has become clear that AFs play major roles in the formation and
internalization of clathrin-coated vesicles230. Similar results are also starting to
accumulate on clathrin-independent pathways, suggesting that actin is involved
in most endocytic pathways231. In clathrin-DE, actin reorganization is initiated
during the invagination of clathrin-coated-pits, and later actin is required in
vesicle formation, constriction and scission103,232. The opposite process of
endocytosis, exocytosis, is also dependent on actin remodeling. Actin is thought
to stabilize vesicle docking to the plasma membrane and finally to drive the
closure and compression of the fusion complex233. Besides endocytosis and
exocytosis, AFs are also involved in vesicular trafficking, catalyzed either by
actin motor proteins (myosins) or through actin remodeling by pushing,
propelling or modulating membrane plasticity191,194.
2.3.2.1 Virus interactions with actin filaments

Before internalization into their host cells, certain viruses undergo lateral
movements on the cell surface, referred to as virus surfing 90,91,138. In this
process, viruses bind to cell filopodia and surf towards the cell body in an actinand myosin-dependent manner114,121,138,234. The role of virus surfing is
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speculative but has been suggested to ensure virus transport to a region in the
plasma membrane where internalization is favorable197. Alternatively, surfing
could provide means for viruses to bind multiple receptors, thereby increasing
signaling and the chance of successful infection197.
AFs are also important in virus internalization. Most of these results are based
on studies where the actin structure is disrupted, and as a consequence viruses
fail to become internalized175,204. For viruses that enter cells via the cellular
endocytic machinery this is not surprising since most endocytic pathways require
local actin reorganization194. During endocytosis, the actin cortex is reorganized
so that it facilitates rather than impedes vesicular scission and subsequent inward
transport194. For viruses that penetrate directly through the plasma membrane,
they need to find their own way across the dense actin cortex. One way is to
induce actin reorganization through cellular signaling pathways. Signaling
promotes actin depolymerization and facilitates internalization of viruses like
adenovirus and SV40138,235. Alternatively, participation of the actin cytoskeleton
in virus internalization could be cell-type dependent or rely on the entry route in
a particular cell. An example of the former is influenza virus entry where actin is
important in polarized cells and dispensable in non-polarized cells236 while HSV
entry is an example of the latter. HSV is normally endocytosed169 or penetrates
the plasma membrane by fusion237. In phagocytic cells, HSV can be internalized
by a phagocytosis like uptake178.
Following internalization in vesicles or by fusion with the plasma membrane,
viruses switch tracks from AFs to MTs before they continue their journey to the
site of viral penetration or replication, respectively197. Similar to MTs, certain
viruses are associated with AFs during transcription/replication238-240. In the
cytosol, AFs are involved in the replication of human parainfluenza virus 3239. In
the nucleus, actin has so far not been demonstrated to play part in virus
infection. However, following nuclear delivery, HSV particles are often found in
close association with filamentous structures238. In uninfected cells, actin is
involved in the tethering of factors for transcription and splicing in the nucleus,
and in the nuclear export of mRNA 241,242.
Actin and actin-motors are also known to participate in viral capsid assembly in
the nucleus and nuclear egress197,243,244. In the subsequent long-range movement
of viral cargoes across the cytoplasm and towards the plasma membrane, MTs
are engaged197. Upon arrival to the plasma membrane, newly produced viruses
are released by either exocytosis, budding from the plasma membrane (mostly
enveloped viruses) or lysis (mostly non-enveloped viruses)197. But before release
viruses must get across the actin cortex. Virus-containing vesicles may modify
the actin cortex by mechanisms similar to the host’s secretory or exocytic
vesicles, and can therefore induce actin remodeling and switch tracks from
MTs to AFs197. Accordingly, viruses that bud from the plasma membrane,
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such as influenza virus and retroviruses, must overcome the actin barrier by
themselves, for example by inducing actin disassembly245,246.
Actin can also be used to promote cell-to-cell spread. For example, vaccinia
virus is first transported to the cell periphery on MTs where it fuses with the
plasma membrane247. Next, virus-induced actin polymerization allows vaccinia
virus to surf away from the cell and into the next247. Similar to MTs, hostderived AFs are also found inside virions, but whether there are any functional
implications for either structure, is currently not known197,248-250.
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Figure 7. Schematic picture of microtubule- and actin filament-mediated transport in the
endocytic and secretory pathways. Close to the cell surface, actins are engaged in cargo
transport while microtubules mediate long range transport in and out from the cell interior.
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2.3.3 Intermediate filaments

Intermediate filaments are not involved in intracellular transport and are
presently not know to have any associated motor proteins. With regard to virus
infections, several viruses are known to rearrange or disassemble intermediate
filaments late in infection. In this respect, rearrangement of these filaments was
shown to enhance the diffusion of microinjected beads198. Although not proven
for viruses, similar rearrangements could possibly facilitate virus fusion during
egress98,251,252.
2.3.4 Bunyavirus interactions with the cytoskeleton

Most viruses studied with respect to cytoskeleton-mediated transport comprise
DNA viruses that replicate in the nucleus, and non-enveloped viruses. For
bunyaviruses little is known regarding their interaction with the host cell
cytoskeleton during entry and endocytosis.
Previous studies show that the nucleocapsid protein (NP) of Black Creek
Canal virus (genus Hantavirus) co-immunoprecipitates with actin but not
tubulin253. This interaction is due to the intrinsic property of NP since it
associates with actin whether NP is expressed alone or via infection.
Interestingly, NP binds both globular and filamentous actin, indicating that
NP-actin interactions are likely to be maintained even in cells with perturbed
AFs253. Actin is also important in Black Creek Canal virus assembly but not in
the early events of virus binding or entry253. Because actin drugs do not block
infection completely, it is suggested that AFs may enhance but are not essential
in virus assembly and/or release. Alternatively, budding and assembly may
occur at different sites within cells and therefore engage AFs differently.
In recent studies it is demonstrated that hantavirus NP co-localize with the
ER-Golgi intermediate compartment, and that trafficking to this site is
mediated by MTs and the MT motor dynein220. Accordingly, when MTs are
disrupted, NP localization is dispersed. Moreover, disrupting MT architecture
impairs replication for some hantavirues220 while replication of other
hantaviruses are more sensitive to actin depolymerization189,220. In the entry
and early post-entry steps however, all hantaviruses are equally sensitive to
drugs that target actin189,220.
Infection of polarized cells with Rift valley fever virus (genus Phlebovirus) results
in the disruption of MT and Golgi morphology, and causes cytopathic effect in
the cell254. This process enables the virus to be released bi-directionally,
thereby promoting tissue infiltration from the basolateral surface and
dissemination via apical release. Disrupting MTs and Golgi promotes
dissemination by facilitating virus-containing vesicles to reach the cell periphery.
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Investigations on CCHFV infection in polarized cells show that entry and
release is almost entirely confined to the basolateral domain of polarized
epithelial cells183. However, infection occurs without any cytopathic effects, and
although none of the cytoskeletal components were investigated, redistribution
of tight junction proteins was not observed.
In a recently published study, it was reported that Bunyamwera virus (the
prototype virus of bunyaviruses, genus Orthobunyavirus) factories are built
around the Golgi complex23. These factories, referred to as viral tubes, are
proposed to host viral replication and ribonucleocapsid assembly.
Furthermore, assembly and morphology of these tubes are actin-dependent
and appear to contain the actin-motor myosin.
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2.4

NITRIC OXIDE IN VIRUS INFECTION

Besides maintaining cell shape, mediating transport and positioning intracellular
organelles, the cytoskeleton also participates in signal transduction. One example
is the signal transmission elicited by mechanical stimuli and stress of cells255,256.
Similarly, mechanotransduction, the ability to transmit and modulate tension via
the focal adhesion sites, is a well established process in endothelial cells257. These
signals result in a wide variety of responses enabling cells to cope with the
presented and sometimes unfavorable environment. For example, cytoskeletal
rearrangements and the subsequent signal transduction regulate transcription,
mRNA stability, activity and trafficking of nitric oxide synthases (NOS)258.
The NOS enzymes exist in three isoforms, endothelial NOS (eNOS), neural
NOS (nNOS) and inducible NOS (iNOS)259. They co-localize with the
cytoskeletal actin filaments, microtubules and intermediate filaments which
regulate NOS functions and enable the enzymes to catalyze the production of
nitric oxide (NO)260,261. eNOS and nNOS are constitutively expressed and allow
the production of small amounts of NO that is important for normal
physiological processes. In contrast, NO expression via iNOS is induced by
cytokines and other inflammatory mediators, resulting in high concentrations of
NO. eNOS is predominantly expressed in vascular endothelial cell and to a less
extent in epithelial cells of kidney, heart and lungs, while nNOS is expressed in
the nervous tissue and iNOS in inflammatory cells262. eNOS derived NO
regulates vascular tone and angiogenesis 263 and nNOS derived NO regulates
neuronal communication264. Thus, depending on the site and type of NOS, NO
can act as a cellular messenger or as a toxin to kill bacteria, parasites and
viruses227,260,265-270.

Arginine
NOS
Citrulline

RNS
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NO
O2
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Figure 8. Mechanism of nitric oxide-mediated cytotoxicity. Normally, nitric oxide (NO) is
released in low concentratins from a constitutive nitric oxide synthase (NOS) while superoxide
(O2-) is converted to hydrogen peroxide (H2O2) by superoxide dismutase (SOD). Under stress,
inducible NOS increase NO production, and inactivates SOD. Elevated levels of NO and
superoxide favor their interaction, resulting in the formation of the proinflammatory and
proapoptotic mediator peroxynitrite (ONOO-).

26

NO is a biologically active molecule with diverse functions and signaling
potentials, and can be produced in most cell types259. The molecule is
synthesized from the amino acid arginine by NOS, resulting in citrulline and
NO271 (Figure 8). NO by itself is not very toxic unless it reacts with radicals like
superoxide (O2-). Together, NO and superoxide forms peroxynitrite (ONOO)272,273 that activates the cell death pathways (Figure 8)274,275. Superoxide is a byproduct from mitochondrial respiration but can be produced in large quantities
by phagocytic cells. In this respect, superoxide, similar to NO and NO-derived
reactive intermediates, serves to kill invading microorganisms. These reactive
nitrogen/oxygen species (RNOS) constitute small molecules that are highly
reactive because of the presence of unpaired electrons, and include oxygen ions,
free radicals and peroxides. In normal condition, RNOS are formed as a natural
byproduct in cellular metabolism and participate in cell signaling. However,
when cells are subjected to stress, RNOS level increase and result in oxidative
stress, a state caused by the imbalance between the production of RNOS and
the cell’s ability to detoxify the reactive intermediates. This is for example the
case in iNOS-mediated NO production and subsequent cellular toxicity. In this
process, elevated NO levels inactivate superoxide dismutase (SOD), an
important antioxidant that catalyzes the conversion of superoxide into hydrogen
peroxide. When SOD is inactivated, superoxide levels increase and favor
superoxide-NO interactions, resulting in peroxynitrite formation (Figure 8)269,275.
When the balance of oxidant/antioxidant is disturbed, RNOS are capable of
modifying proteins, lipids, interfering with enzyme activity and activation of cell
death pathways273,276,277.
The non-specific innate immune system constitutes a first line of defense against
foreign organisms and serves to provide immediate protection before the
specific and adaptive immunity is activated278. As part of the unspecific innate
immune response, high amounts of NO is generated through the induction and
up-regulation of iNOS in inflammatory cells like macrophages266,279, neutrophils
and natural killer cells280. The expression is regulated by cytokines281,282 and
comprise de novo synthesis of iNOS rather than modulating protein activity, as is
the case in eNOS and nNOS regulation280.
iNOS induction in virus infection is either mediated by proinflammatory
cytokines283-285, viral components286,287 or both288-290 and results in elevated NO
levels with subsequent antiviral effects. Examples of NO-mediated inhibition of
virus replication can occur by disrupting virion structure304, inactivating the viral
polymerase305, viral protease306 or by inhibiting protein translation in general307.
Both DNA285,291,292 and RNA293-297 viruses are know to be sensitive to NO, thus
it is not surprising that viruses are able to negatively regulate iNOS
expression298-303. Interestingly, although NO levels are elevated in response to
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certain virus infections, NO is not necessarily associated with antiviral effects,
questioning the role of NO as an antiviral molecule268,308.
Even though elevated expression of NO is intended as an action to limit virus
proliferation and dissemination, NO, and in particular peroxynitrite are also
attributed in the pathological effects associated with infections268,283,309-313.
Accordingly, investigations show that iNOS expression correlates well with the
severity of viral infections, indicating that NO-mediated cytotoxicity overrules
the beneficial antiviral activities of NO227,313-318. This is also one of the proposed
mechanisms underlying severe pathogenesis in hemorrhagic fever virus
infections. It is believed that vascular leakage and hemorrhage occurs in
response to coagulation defects, and that cell death of endothelial cells occurs in
response to the massive release of proinflammatory and proapoptotic mediators,
among others NO 319.
Excess production of NO and hence RNOS formation are also involved in the
modification of cellular nucleic acid, resulting in mutagenesis and tumor
formation320. Mutations affect virus evolution and more specifically virus fitness,
heterogeneity and may render viruses resistant to drugs. Consequently, recent
investigations demonstrate an increased mutation rate for several RNA viruses
in response to elevated NO levels308,321,322.
2.4.1 Nitric oxide in bunyavirus infection

With respect to the members within the Bunyaviridae family, several studies show
that hantaviruses are sensitive to reactive nitrogen species (RNS)304. Hantavirus
replication is strongly reduced in the presence of NO, regardless of source of
NO (NO-donor or endogenous), but not in the presence of peroxynitrite304.
The opposite is observed for cell-free virions, being sensitive to peroxynitrite
but not to NO304. Although not proven, NO may be part of hantavirus
pathogenesis since elevated NO levels are frequently detected in patient serum
samples323-326 but not in the animal host326. Accordingly, fatalities and severe
disease are only observed in mice infected with pathogenic hantaviruses, and in
association with elevated NO levels and a lack of seroconversion327,328. Further
indications of host cell mediated pathogenesis in hantavirus infection comes
from the fact that hantavirus infection per se does not induce NO production327.
Consequently, infection of iNOS deficient mice with either pathogenic or nonpathogenic hantavirus strains, results in survival and clearance of viremia326,327.
Interestingly, when endogenous NO production is induced in an already
established hantavirus infection, only low levels of NO and no reduction in virus
titers are detected, suggesting that hantaviruses interfere with the antiviral
immune responses303.
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3 RESULTS AND DISCUSSION
Below I present a brief overview of the results in this thesis. I have added
additional results to the microtubule studies that are not present in the paper in
order to extend my analysis and support new conclusions.
3.1

PAPER I

As a first step in a productive virus infection, viruses must enter their host cells.
This first step constitutes binding to a host cell receptor that enables virus
internalization or fusion with the plasma membrane. When internalized, viruses
fuse with the acidic early or late endosomes, or escape from non acidic
compartments before viral uncoating and initiation of the viral replication cycle.
In our initial investigations of CCHFV entry pathways, we targeted two proteins,
clathrin and caveolin-1 that are important constitutes of clathrin- and caveolaedependent endocytosis (clathrin-DE and caveolae-DE), respectively. By
reducing the intracellular RNA and protein levels of these proteins individually,
we found that CCHFV entry was impaired in response to clathrin but not
caveolin-1 knock-down. These results suggest that CCHFV uses clathrindependent endocytosis but not caveolae-DE. Moreover, we obtained further
support for clathrin-DE when drugs, known to interfere with endosome
acidification, also reduced infection efficiency. Although clathrin-DE most likely
constitutes an entry route for CCHFV, it seems there are other alternative entry
pathways. This is concluded from the fact that CCHFV infection was not only
reduced in response to clathrin knock-down but also to cholesterol depletion of
cells.
Entry pathways mediated by lipid rafts, membrane sub-domains, consist of
various proteins, including signal transducing proteins, and are held in place by
cholesterol-protein interactions135. Lately, lipid rafts have been shown to mediate
entry of a number of viruses. More importantly, viruses previously known to
enter cells via clathrin- or caveolae-DE have recently been shown to enter cells
in a cholesterol dependent but clathrin and caveolae-independent
manner163,165,166. These findings imply that viral entry is not restricted to a single
pathway but may comprise of several and diverse entry routes. These routes may
exist in parallel in the same cell or be specific for virus entry in a specific cell
type. Moreover, because several lipid raft-proteins are capable of signal
transduction, the association of viruses with lipid rafts facilitates virus
internalization329.
Our investigations of CCHFV infection into cells depleted of cholesterol,
showed that CCHFV protein and progeny virus levels decreased with increasing
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concentrations of a cholesterol depleting drug. The importance of cholesterol
was confirmed by adding exogenous cholesterol to the cells, which reversed the
inhibition of protein and progeny virus levels.
In the early steps of CCHFV infection we found that cholesterol depletion had
no effect on CCHFV binding to the cells, suggesting that cholesterol and/or
lipid rafts were not involved in this step. However, CCHFV early RNA levels
were significantly reduced when cholesterol depletion preceded infection but
also when cholesterol depletion occurred 1 hour post infection (hpi). Moreover,
the extent of the reduction in RNA levels was similar in both conditions,
regardless of when cholesterol was depleted. It is possible that cholesterol
depletion before infection could have resulted in poor internalization and
therefore a reduction in CCHFV RNA levels. However, this does not explain
why cholesterol depletion 1hpi also impairs infection. The latter could be a
result of endosomal entrapment in response to cholesterol depletion, which has
been demonstrated in adenovirus infection330. Alternatively, and because most
viruses have already escaped the endosomes within 1h, cholesterol may be
important in CCHFV transcription and/or subsequent events in the virus life
cycle. A role of lipids, lipid synthesis and the association of viruses with lipid
membranes have been demonstrated in the replication process for several RNA
and DNA viruses331-339. It is therefore possible that cholesterol depletion could
interfere with and impair CCHFV transcription/replication as well.
3.2

PAPER II AND III

Once inside the host cell, viruses must reach the appropriate intracellular sites

where replication can be initiated. For CCHFV, the intracellular transport, if not
entirely, than at least to some extent is most likely carried out by the host
endocytic machinery. Since CCHFV entry is pH-dependent, fusion with the
limiting membrane and subsequent uncoating can take place either at the early
or late endosomes. Which one, is presently not known. Following uncoating,
CCHFV may already be present at the site of transcription or require further
transportation. Regardless of which, studies on CCHFV early infection (6 hours)
in cells with perturbed microtubules (MTs), showed that the first hour following
virus adsorption and entry into cells was critically dependent on intact but not
dynamic microtubules. In contrast, when microtubule manipulating drugs were
added 1 hpi, RNA expression was equally efficient in drug-treated and control
cells. Detailed analysis showed that RNA synthesis at this time point,
characterized by an increase in positive sense RNA only, represented viral
transcription. Although positive sense RNA may also constitute complementary
(c) RNA, this is unlikely since vRNA did not increase at this time point (Figure
9). Furthermore, our investigations on CCHFV binding and internalization into
cells suggest that none of these steps are mediated by microtubules. Taken
together, our results showed that early steps (0 to 1hpi) in CCHFV replication
cycle require intact MTs. Here, MTs may mediate the intracellular transport of
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LOG RNA levels relative to nonreplicating CCHFV (ΔΔCt)

CCHFV to the initial transcription sites since disruption of MTs 1hpi, did not
impair the subsequent transcription.

10000
1000
100
10
1

1h 6h 16h

1h 6h 16h

1h 6h 16h

total RNA

m/cRNA

vRNA

Figure 9. CCHFV RNA expression
during the first 16 hours of infection.
RNA expression levels were determined
relative to bound, non-replicating CCHFV.
Results illustrate total CCHFV RNA and
RNA separated into positive (mRNA and
complementary (c)RNA ) or negative
(vRNA) sense RNA.

Our observations that intact MTs were only important in the very early steps of
CCHFV infection but not during transcription, prompted us to further
investigate microtubule-mediated steps in the life cycle of CCHFV. We found
several pieces of evidence implicating that transcription and/or replication was
enhanced when microtubules were stabilized.
First, CCHFV total RNA expression was higher in cells when microtubules were
stabilized 1-6hpi. Second, drug-treatment 1-16hpi resulted in significantly higher
RNA levels in cells with stabilized microtubules (SM) compared to control,
suggesting that SM enhanced transcription and/or replication. Moreover, when
cells were rinsed free of the stabilizing drug and maintained for another 2 hours,
CCHFV RNA expression decreased in a time dependent manner to RNA levels
comparable to control (Figure 10A). These results suggest that SM specifically
enhance CCHFV RNA expression.
In the 16-hour infections (SM 1-16hpi), CCHFV RNA comprised of equal
amounts of positive and negative sense RNA (data not shown). Thus, it is
possible that SM could also enhance CCHFV replication. Alternatively, the
increase in negative sense RNA could be a result of elevated transcription,
accompanied by more protein synthesis and consequently more efficient
replication. It is proposed that the bunyavirus nucleocapsid protein (NP) has a
regulatory function and is an important constituent of the viral transcriptionand replication complexes11. As such, increasing its concentration, as well as the
concentration of other virus proteins may result in enhanced vRNA synthesis
and a more efficient virus production in general. To investigate this further, we
treated cells with the microtubule stabilizing or depolymerizing drug 1-6hpi. The
time point of drug-treatment (1-6hpi) corresponded to the expression of
positive sense CCHFV RNA only and should therefore not interfere with virus
replication per se (Figure 9). Accordingly, 6hpi cells were rinsed free of drugs and
maintained until 24hpi before progeny virus was collected and titrated. In
agreement with enhanced transcription efficiency, progeny virus levels increased
almost two-fold in cells with SM compared to control (Figure 10B). Although
these results showed that SM most likely, by enhancing transcription, also
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enhanced progeny virus production, it does not exclude that SM may facilitate
CCHFV replication too.
In response to depolymerized microtubules (DM) however, progeny virus levels
were comparable to control (Figure 10B). This suggests that intact MTs are not
required in early CCHFV transcription and that disrupting MTs during this time
point does not inhibit the subsequent steps of CCHFV life cycle. Because our
investigations were performed in cell cultures, we cannot speculate on the role
of microtubule in CCHFV transcription per se. However, past studies show that
purified tubulin subunits are important co-factors in the in vitro transcription of
negative stranded RNA viruses218,340,341, implying that tubulins are directly
involved in viral transcription.
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Figure 10. Microtubule stabilization increase CCHFV transcription. (A) Vero E6 cells
were treated with the microtubules stabilizing drug paclitaxel (PAC) 1-16hpi (0h).
Thereafter cells were rinsed and maintained for another 1 or 2 hours in drug free medium
before cells were rinsed and harvested. Intracellular total CCHFV RNA levels were
determined by quantitative PCR. (B) Vero E6 cells were treated with PAC or nocodazole
(NOC, microtubule depolymerizing drug) 1-6hpi. Thereafter, cells were rinsed and
infection was maintained until 24hpi before supernatants were collected and titrated.

In contrast to the RNA levels in cells with SM, assessment of total RNA in cells
with DM cells (drug-treated 1-16hpi) showed an approximately two-fold
reduction in both positive and negative sense viral RNA. It is unlikely that these
reductions occurred in response to poor transcription since transcription was
not affected in the first 6 hours of infection. Instead we hypothesize that DM
affects CCHFV replication. If so, reduced vRNA synthesis could result in poor
secondary transcription and therefore low levels of positive sense RNA. One
significant difference between cells with DM and SM is the absence and
presence of MTs, respectively. In the case of DM, microtubule formation is
inhibited and MTs are broken down into their tubulin subunits. In SM, however,
bundles of MTs keep providing functional tracks inside the cells. Functional
implication of SM comes from the fact that stable MTs are present in cells
normally342,343 and that several viruses induce microtubule stabilization to
facilitate viral biogenesis207,344,345. Based on these premises, the different
properties of cells with DM and SM may explain why DM but not SM reduced
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CCHFV infection. One possibility is that CCHFV transcription and replication
occur at different intracellular sites, and that transport to the replication site is
ensured by SM but not by DM. Support for this hypothesis comes from a recent
study performed on hantaviruses. This study demonstrated that hantavirus NP
transport is mediated by MTs, and when MTs are disrupted, virus replication is
impaired 189,220. Alternatively, CCHFV transcription and replication may occur at
the same intracellular site but require different host proteins/structures that are
recruited to the viral replication complex on microtubules. Supporting this
hypothesis is the fact that mitochondria that are transported on microtubule
tracks348, are also involved in the replication of several viruses346, and recently, in
bunyavirus replication23,347.
Similar to microtubules, actin has also been implicated in virus transcription and
replication239,349,350, and could be part of these processes for CCHFV as well.
Indeed, we found that actin co-immunoprecipitated with CCHFV NP,
indicating their interaction. At present it is not clear when and how this
interaction occurs and what steps in the virus life cycle that are targeted, but
when actin is depolymerized, progeny virus titers are significantly reduced.
These results indicate a role for microtubules and actin filaments in the
replication cycle of CCHFV, and suggest that actin and/or microtubules may be
involved in the translocation and/or positioning of CCHFV virus proteins and
RNA to the replication site. The interaction of NP with the cytoskeleton may
also serve to tether proteins/structures that are necessary in CCHFV
transcription or replication. Interactions with the cytoskeleton has also been
reported for hantaviruses253 and recently, actin and microtubules were
implicated in hantavirus replication189,220.
Bunyavirus assembly and maturation occurs by budding into the Golgi
apparatus 11. Therefore, interfering with Golgi structure and function may cause
failure in CCHFV assembly. Since Golgi structure is dependent on
microtubules, we investigated whether CCHFV proteins co-localized to Golgi
elements in the presence of DM and SM and whether this would interfere with
CCHFV assembly. As expected, both drugs redistributed Golgi from its
perinuclear site but without dramatically altering the association between the
Golgi proteins and CCHFV glycoproteins. Because fragmentation and dispersal
of Golgi does not necessarily reduce protein secretion through the Golgi351-354, it
is possible that CCHFV assembly is not impaired or only affected to a small
extent when Golgi architecture is altered. Accordingly, in response to SM (116hpi), intracellular progeny virus titers were similar to control, while in cells
with DM progeny virus titers were reduced two-fold. Interestingly, the
reduction in progeny virus titers was equally large and corresponded to a
similar reduction in vRNA levels. Because these results were obtained in
response to the same drug and infection time points, our results indicate that
vRNA could be the limiting component in CCHFV assembly.
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Transport along the secretory pathway, from Golgi to the plasma membrane, is
mediated by microtubules355, and when disrupted, vesicle delivery is delayed
but not abolished356,357. Our results showed that CCHFV progeny virus release
was markedly reduced in response to SM and DM. Since bunyaviruses are
proposed to exit via the secretory pathway, it is possible that virion transport
to the plasma membrane was slowed down. In addition, although cells were
only drug-treated for 1h (23-24hpi), we cannot rule out that CCHFV assembly,
in addition to slow exocytosis, could be affected as well. This is because
microtubule-mediated Golgi rearrangements require some time before Golgi
ministacks regain function354,358.
3.3

PAPER IV

Nitric oxide (NO) synthesis is catalyzed by one of three nitric oxide synthases
(NOS), two of which is constitutive and one inducible359. Low-output NO levels
are sustained by the constitutive NOS in healthy individuals, and high-output
NO concentrations, engaged in inflammation and infection, are catalyzed by
inducible NOS (iNOS). iNOS is part of the innate immune system and its
expression is induced and regulated by proinflammatory cytokines release from
immune cells like macrophages. After production, NO in combination with
reactive compounds, results in the formation of reactive nitrogen species (RNS)
that are responsible for antimicrobial and cytotoxic effects.
To investigate if NO and/or RNS have an inhibitory effect on CCHFV
infection, two drugs were used, one NO-donor and one peroxynitrite-donor.
We found that in the presence of high doses of the NO-donor, both proteins
and progeny virus levels were markedly reduced, without the adverse effects in
overall protein translation or cellular viability. On the level of replication,
concentrations of the NO-donor, corresponding to 1 log reduction in progeny
virus titers, also reduced viral RNA (vRNA) expression. Remarkably, the
reduction was only two-fold, suggesting that events occurring in parallel
(transcription/translation) and/or subsequent to (assembly/budding) CCHFV
replication are more likely to be targeted by NO or RNS. To investigate NOmediated inhibition further, cells were also treated with a peroxynitrite donor. In
contrast to the NO-donor, this drug did not cause reduction in progeny virus
titers.
Altogether, our results demonstrate that inhibition of CCHFV requires high NO
levels. Since the concentration of NO required to inhibit CCHF particle
formation is similar or higher than what is found in patient serum samples
following virus infections65,326, it is possible that NO is more involved in CCHF
pathogenesis rather than exerting antiviral properties. In line with this, NOmediated toxicity is proposed to be part of the pathogenesis in other
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hemorrhagic fever viruses65,319. Alternatively, local NO production at the site of
inflammation could potentially result in NO concentrations high enough to
exert antiviral properties.
The apparent and similar pathogenesis observed in patients infected with
hemorrhagic fever viruses are all indicative of an indirect cytokine-mediated
permeabilisation of endothelial cells61,319,360,361. In response to virus infection,
macrophages release proinflammatory and proapoptotic mediators, some of
which also regulate iNOS expression and NO production, resulting in NOmediated cell death319. Accordingly, NO levels are much higher in fatal than non
fatal cases of Ebola virus infection65. Other hemorrhagic fever viruses, including
CCHFV, are also capable of infecting macrophages and may thus elicit the
inappropriate and damaging nature of host responses, resulting in severe disease
and mortality60,62,319,362-364.
Alternatively, in the closely related pathogenic hantaviruses it is demonstrated
that infection of endothelial cells via the hantavirus integrin receptor,
dysregulates integrin function181,365. These integrins are present on the surface of
endothelial cells and macrophages366,367 where they are involved in the regulation
of endothelial migration and vascular integrity368,369. Recently published data
show that inactivation of integrin signaling by hantavirus infection sensitizes
cells to endothelial growth factor-mediated permeability, which is proposed to
cause vascular disorder and subsequent hemorrhage370.
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4 CONCLUSIONS AND FUTURE PERSPECTIVES
Although much remains before we can fully understand the pathogenesis
underlying CCHFV infection, a steadily growing number of publications ensures
that we constantly increase our current understanding.
In this thesis, we have investigated the interaction of CCHFV with some of its
host cell structures. These studies have revealed that CCHFV is internalized by
clathrin-dependent endocytosis in a pH-dependent pathway. Lipid raft-mediated
entry, only recently implicated in viral endocytosis, may also contribute in
CCHFV internalization. Thereafter, microtubules were important in the early
events of CCHFV replication cycle. Viral transcription was not dependent on
intact microtubules but was significantly enhanced in the presence of stabilized
microtubules, resulting in elevated generation of different viral RNA species. On
the other hand, when microtubules were depolymerized, CCHFV replication
was impaired, suggesting that the transition from transcription to replication
involves microtubules. There is also a role of actin in CCHFV biogenesis. More
specifically, actin and CCHFV proteins are able to interact with each other.
Actin is also important in the intracellular positioning of nucleocapsid protein.
Finally, perturbation of microtubules late in infection reversibly and negatively
interfered with CCHFV egress.
Considering the targets immune cells of CCHFV and its pathogenesis
resembling other hemorrhagic fever viruses, it is compelling to speculate how
hemorrhagic viruses and CCHFV may cause severe disease in a similar way. We
showed that high levels of NO reduced CCHFV progeny virus titers. Since
these levels were similar to or above physiological NO concentrations, NOmediated cytotoxicity may account for some of the pathophysiological
conditions observed in CCHFV infected patients. Similarly, endothelial
permeability caused by the interaction and disruption of integrin signaling is very
interesting. However, in contrast to interactions with host cell structures, the
biological relevance for NO-mediated cells toxicity and vascular permeability
would require entire biological entities. But since there are no animal models for
CCHFV, research continues to pose a challenge.
Severe disease, hemorrhage and death are characteristic features of hemorrhagic
fever viruses. These viruses are able to quickly disseminate in their hosts,
foremost by delaying or inactivating the innate immune responses and because
of their ability to infect immune cells. Human infections are accidental and
disease presumable occurs in response to virus-induced suppressive
mechanisms, which in the natural host presents persistence and adaptation.
Given that target cells of CCHF infection are endothelial cells and macrophages,
and the similarities in the pathogenic phenotype between hemorrhagic fever
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viruses and hantaviruses, it is tempting to speculate on how NO and
dysfunctional endothelial cell signaling may contribute to CCHF pathogenesis.
How to defeat or even combat these pathogens is not an easy task. Approaches
to prevent virus entry and uncoating should be possible in the near future.
However, this would require the identification of the CCHFV host cell receptor.
Other investigations that may be fruitful are comparative investigations between
pathogenic and non-pathogenic virus strains, being on the level of RNA
sequence, protein, virus particle or the interplay of viruses with entire biological
systems.
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5 POPULÄRVETENSKAPLIG SAMMANFATTNING
Krim-Kongo blödarfeberviruset (CCHFV) tillhör virusfamiljen Bunyaviridae och
sprids med fästingar. I dagsläget återfinns viruset i olika delar av Afrika, Asien,
Mellanöstern och Europa och dess förekomst sammanfaller väl med den
geografiska utbredningen av den fästing som sprider CCHFV.
Sjukdomsförloppet startar med influensaliknande symtom och gestaltas senare
av inre blödningar. I allvarliga fall kan förvärrade blödningarna och ett
chocktillstånd leda till att patienten dör. Eftersom det i dagsläget inte finns något
botemedel eller vaccin för sjukdomen, får man bara laborera med viruset i
speciella laboratorier.
För att kunna infektera en cell måste alla virus först binda till en ytstruktur, en
receptor, på värdcellens yta och därefter ta sig in i cellen. Eftersom cellens hölje
liksom cellens kompakta inre utgör ett hinder för virus, utnyttjar de flesta virus
värdcellens befintliga mekanismer för att ta sig in i värdcellen.
På senare tid har det lagts mycket fokus på hur olika virus tar sig in i sin värdcell.
Detta har resulterat i upptäckten av flera nya men ännu ej definierade
upptagningsvägar. Man vet dock att olika virus använder sig av olika vägar för
att ta sig in i värdcellen och att en del virus till och med kan använda sig av flera
vägar. De olika upptagningsvägarna karakteriseras och särskiljs utifrån
egenskaper som tidskinetik, pH samt de proteiner/komponenter som reglerar
varje enskild upptagningsväg. I en och samma cells kan det finnas flera, parallella
upptagningsmekanismer och frånvaro av en mekanism kan kompenseras för
genom uppreglering av en annan.
Det vanligaste sättet för virus att ta sig in i cellen är via en process som kallas
endocytos. I den mest väldefinierade endocytosvägen är proteinet clathrin
involverat. Denna mekanism är ständigt påslagen och startas genom att viruset
binder till en ytreceptor varvid den påföljande signalkaskaden leder till
internalisering av viruset i speciella vesiklar. För att vesiklarna ska kunna
knoppas av från cellens yta, behövs även aktin, en av komponenterna som utgör
cellskelettet. Därefter transporteras vesiklarna inåt i cellen på mikrotubulin,
strukturer som också utgör cellskelettet. Väl inne i cellen sammansmälter de
inkommande vesiklarna med endosomer, små vesiklar med lågt pH. Den sura
miljön leder till förändringar i virusets ytproteiner och resulterar i att viruset kan
ta sig ut ur vesikeln och släppas ut i cytoplasman.
Det finns även andra endocytosvägar för upptag av molekyler till celler, i vilka
kolesterol är en viktig komponent. Kolesterol binder ihop proteiner så att de
tillsammans bildar små öar i cellens plasmamembran. Ett exempel på en sådan ö
är caveolae som består av kolesterol och bland annat av proteinet caveolin.
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Tillsammans bildar de strukturer på cellytan som kan användas för
internalisering. Till skillnad från clathrinvägen är endocytos via caveolae inte pHberoende och måste induceras för att medge upptag.
För att undersöka med vilka mekanismer CCHFV tar sig in i värdceller
minskade vi nivåerna av clathrin eller caveolin inne i cellen och kunde således
undersöka dess påverkan på internaliseringen av CCHFV. Vi har också använt
kemikalier som på olika sätt förhindrar clathrinvägen, kemikalier som häver pHsänkningen i endosomerna samt en kemikalie som binder upp och gör
kolesterolet otillgängligt. Våra resultat visar att CCHFV använder sig av
clathrinvägen och är pH-beroende. Resultaten tyder också på att CCHFV kan
använda sig av en kolesterolberoende endocytos, dock ej av caveolae.
Tidigt under infektionen kommer viruset i kontakt med den barriär av tätt
packade aktinfilament som finns direkt under plasmamembranet. För virus som
tas upp via cellens egna upptagningsvägar utgör detta inget hinder eftersom
värdcellen reglerar och inducerar uppluckring av filamenten. Virus som däremot
tar sig in i cellen genom att smälta samman med plasmamembranet måste ordna
passagen genom aktinbarriären på egen hand.
Förutom att utgöra cellskelettet, upprätthåller aktinfilament och mikrotubuli
cellens form, håller cellens organeller på plats samt bildar vägar inuti cellen så att
transport av olika komponenter kan ske. De ser också till att cellen snabbt kan
svara på yttre stimuli genom att vidarebefordra signaler. Eftersom aktinfilament
och mikrotubuli bara utgör själva vägen behövs även transportproteiner för att
åstadkomma rörlighet. Speciella transportproteiner binder till respektive struktur
och medger transport i en viss bestämd riktning. Generellt gäller det att aktin
och dess transportproteiner först och främst används under internaliseringen
och för korta transportsträckor nära cellytan medan mikrotubuli och dess
transportproteiner används för längre transporter, in mot och ut från cellens
mitt.
Våra studier avseende aktinets roll under en CCHFV infektion visar att
virusproteiner och aktin interagerar med varandra. Vi visar också att aktin har en
betydande roll för lokaliseringen av virusproteinerna till områdena nära
cellkärnan. Aktin är troligtvis också viktig i ett eller flera steg av CCHFVs
livscykel eftersom det endast produceras en liten mängd nya viruspartiklar när vi
behandlar celler med en kemikalie som bryter ner aktinet. Möjliga processer som
kan påverkas av aktin är virusreplikationen, virussammansättningen och virusets
avknoppning.
Vi har också använt oss av kemikalier för att undersöka vilken roll mikrotubuli
har under en CCHFV infektion. Dessa kemikalier bryter antingen ner eller
stabiliserar mikrotubuli i cellen. Våra studier visar att intakta mikrotubuli är
39

mycket viktiga under den första timmen efter en infektion. Senare under
infektionen när transkriptionen är igång, är mikrotubuli inte vara särskilt viktiga.
Således ser vi inte heller någon reduktion i uttrycket av virusspecifikt RNA
oavsett vilken kemikalie vi använder. Under replikationen däremot, dvs. då
virusgenomet kopieras, ser vi en minskning i viralt RNA men endast då
mikrotubuli är nedbrutet. I slutskedet av infektionen fann vi att viruspartiklar
hade svårt att ta sig ut ur celler med nedbrutna mikrotubuli samt i celler med
statiska mikrotubuli. Sammantaget visar våra resultat att mikrotubuli har en
betydande roll för en produktiv CCHFV infektion, framför allt i de tidiga och
sena stegen av virusets livscykel.
Cellskelettet har även en reglerande funktion för enzymer och deras aktivitet. Ett
sådant exempel är enzymet som syntetiserar kväveoxid. Kväveoxid är en
molekyl som spelar en viktig roll i det ospecifika medfödda immunsvaret. Denna
typ av immunsvar startar snabbt efter en infektion och tjänar till att hålla
infektionen under kontroll till dess att det specifika immunsvaret som t.ex.
antikroppar har aktiverats.
För att avgöra vilken roll kväveoxiden har under en infektion med CCHFV har
vi använt oss av en kemikalie som avger kväveoxid. Vi har studerat hur
kemikalien påverkar virusreplikeringen genom att analysera syntesen av
virusspecifika proteiner samt produktionen av nya viruspartiklar. Våra resultat
visar att produktionen av virusproteiner minskar, liksom andelen nytillverkade
viruspartiklar.
Eftersom vi saknar tillräckligt mycket kunskap om CCHFV och dess sjukdom
kan vi i dagsläget inte utveckla läkemedel eller vaccin. En viktig del för att i
framtida kunna tillverka botemedel är studier som kartlägger virusets målceller,
upptagningsvägar och andra interaktioner med värdcellen. I våra studier har vi
visat och beskrivit virus-värdcell interaktioner som med kompletternade resultat
från andra forskningslaboratorier förhoppningsvis kan utgöra grunden till
framtida botemedel.
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