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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.

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 

BunyaviridaeORTHOBUNYAVIRUS

PHLEBOVIRUS

HANTAVIRUS

NAIROVIRUS

TOSPOVIRUS

CCHFV
Dugbe virus

Nairobi sheep disease virus 

Hantaan virus
Puumala virus

Sin Nombre virus

Tomato spotted wilt virus

Bunyamwera virus 
La Crosse virus

Rift Valley fever virus
Uukuniemi virus

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

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 

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.

Nucleocapsid 
protein (NP)

Genomic RNA

RNA-dependent 
RNA polymerase

S

M

L
5’ 3’L

12 kb

RNA Polymerase

M

S

5.4 kb

1.7 kb

Glycoproteins 
(Gn and Gc)

Ribonucleocapsids 

Glycoproteins

Nucleocapsid

80 - 120 nm
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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 co-
translationally 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 
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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 
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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 M-
segment 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.

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 

Viremia AST

ALT

Lymphocytes

Prehemorrhagic
period

Incubation
period

Hemorrhagic
period Convalescence

10 d7 d
days

Onset of disease
(non-specific symptoms)

DIC

Figure 3. Clinical and pathological course of CCHF infection.  Disseminated 
intravascular coagulation (DIC), alanine aminotransferase (ALT), aspartate 
aminotransferase (AST).
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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)- 62,63. 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.
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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.

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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Figure 4. Endoyctic pathways used by viruses. 
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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, clathrin-
DE 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, 



  13 

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 clathrin-
DE113. 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 virus-
containing 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, SV40-
containing 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 cholesterol-
dependent 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 HIV-
1, 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 rodent-
borne 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. 
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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 integrin-
receptors181,182.

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 decay-
accelerating 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.

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 short-
range transport, close to the cell surface196,197 while MTs account for the long-

Figure 5. The intracellular organization of microtubules and actin filaments in non-
polarized 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).
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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. 

MTs are long hollow cylinders built up from - and -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 

Figure 6. The subunits and 
structure of microfilaments and 
actin filaments. Microtubules are 
built up from  and  tubulins and 
actin filaments consist of actin 
proteins. 
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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 non-
enveloped 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 actin- 
and 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, host-
derived 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.

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-).
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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 by-
product 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 non-
pathogenic 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 caveolae- 
dependent 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 clathrin-
dependent 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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CCHFV to the initial transcription sites since disruption of MTs 1hpi, did not 
impair the subsequent transcription.   

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 transcription- 
and 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 

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.
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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. 

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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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. 
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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 (1-
16hpi), 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 NO-
mediated 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, NO-
mediated 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 NO-
mediated 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, NO-
mediated 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 



  37 

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 pH-
beroende 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 pH-
sänkningen 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 
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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. 



  41 

6 ACKNOWLEDGEMENTS 

Ni är många som på ett eller annat sätt har bidragit till denna bok och det är 
några personer som jag särskilt vill tacka. 

Ali Mirazimi, min huvudhandledare. Dessa år som det har tagit mig att komma 
där jag står idag har inneburit en intressant resa tillsammans med dig. Även om 
vi kanske initialt inte alltid har valt samma väg, har vi alltid mötts upp vid samma 
mållinje. Tack för denna tid, för att du har guidat och stöttat mig när jag så har 
behövt men framförallt för att du lät mig förverkliga mina idéer, givande som 
icke givande. 

Åke Lundkvist och Kerstin Falk, mina bihandledare, för att ni tog er an mig 
och lät mig agera fritt. 

Mina chefer under åren på KCB, Fredrik Elgh, Anders Tegnell, Johan
Struwe och Gunnar Sandström.

Alla medförfattare, tack för att ni har bidragit till denna bok. 

Mina rumskompisar, Dr. Ida, Grattis! Tack för att du genom detta också har 
avdramatiserat allvaret i samband med disputationen. Helen, för det lilla extra 
som du är så bra på. Cecilia, för att du har hjälpt mig i min forskning och för att 
ha bidragit till denna bok. Jättetack också för all hjälp och fixande på jobbet när 
jag inte varit på plats. Vithia, it has been such a pleasure to get to known you. 
Thank you for all the nice discussions. Min forna rumskompis, Jonas K för att 
du alltid har tid över för mig, det betyder jättemycket, och för att du bjuder på 
kanelsnurror och pommes.   

Sara, tack för ditt trevliga sällskap på konferenser och ett fint om än kort 
samboskap. Anne-Marie, för en härlig dyksemester och för att du alltid ställer 
upp. Sandor, du har gett mig nöjet och glädjen att få njuta av komiken i mina 
rötter språk. Tara för att DU är så söt. Malin S, nu vet jag att alla studenter är i 
goda händer. Daniel, utan din hjälp på labbet hade jag varit vetenskapligt SÅ 
mycket fattigare, Q-PCR är fantastiskt!  

Ett extra tack till mina trogna P4 följeslagare Ida, Sara, Anne-Marie och 
Cecilia. Mikael för att vid flertalet tillfällen ha lappat ihop min läckande dräkt 
och utmärkt P4 ansvar. 

Monica, vår koordinator som fixar allt oavsett när jag tittar in. 



42

Tack till alla nya och gamla kollegor på KCB, Jonas H, JA! Du hörde batteri! 
Marie, tråkigt att du försvann…Linda B, trevligt att ha dig tillbaka, Ann,
hoppas ni myser hemma, Annette, welcome to the lab! Åsa, för att du lärde mig 
att överleva i P4 och också Malin K, Gunnel, Talar, Benjamin, Sofie, Jolle, 
Karin S, Linda T.

Virushuset och SMI för trevliga fikastunder, kubb-, spel- och sångträffar och 
andar gemensamma aktiviteter. Maria K, Anh Nhi, Bråve, Carina, Kirill,
Bobby, Kristian, Susanne, och Lindvi för de små men ack så trevliga 
småsnacken runt fikabordet eller när man är på språng 

Tack också till alla underbara människor utanför jobbet. 

Ola och Maria, för goda och roliga träffar, vadslagningar, heta diskussioner och 
annat bus. Maria, tack också för att du är en sådan fin vän.  Gordana, dig fann 
jag i smutsiga men härliga Afrika. Tillsammans har vi dansat barfota skakandes 
de lurviga, svultit, blivit attackerade och slutligen bara skrattat över det hela. 
Tack vännen. 

Tomas o Magdalena, Nicke, Eva o Ville, Gustav, Monica, Selma o Sixten,
alltid lika trevligt att träffa er. Hoppas det blir mer av det snart igen. 

Johan, du kommer alltid att vara min vän. Hoppas jag får se mer av dig nu när 
du åter kommer till storstaden. Nisse och Stina, tack för att ni tog emot mig 
med öppen famn. 

Marcus, Emma, Astrid och Axel. Det är så trevligt att få träffa er, eller kanske 
rent av fint, nej jag menar faktiskt mysigt, jättemysigt. Claes och Anita, tack för 
att ni är så gulliga, för värmen ni skänker och för att ni bryr er. 

Syster, Stefanos och Vanessa. Även om vi inte träffas så ofta finns ni alltid i 
mina tankar. Ser fram emot en liten Nikos. 
Drága édesanyám, gondolataimban mindig velem vagy. Ez a könyv neked 
készült.   

Mattias, min tosseper, tänk att du fann mig till slut. Du kom in i mitt liv under 
en period då jag endast har kunnat ge dig små portioner av min tid. Ändå har du 
inte gjort annat än tagit hand om mig, stöttat och på alla tänkbara sätt funnits vid 
min sida. Med dig är livet lika underbart som lätt och jag ser fram emot att få 
dela resten av det med dig. Men före något annat, vår första semester utan att 
”jag ska bara”.  



  43 

7 REFERENCES 

1. Hoogstraal, H. The epidemiology of tick-borne Crimean-Congo hemorrhagic fever 
in Asia, Europe, and Africa. J Med Entomol 15, 307-417 (1979). 

2. Simpson, D.I. et al. Congo virus: a hitherto undescribed virus occurring in Africa. 
I. Human isolations--clinical notes. East Afr Med J 44, 86-92 (1967). 

3. Ergonul, O. & Whitehouse, C.A. Crimean-Congo hemorrhagic fever: A global perspective,
(Springer, 2007). 

4. Estrada-Pena, A. Forecasting habitat suitability for ticks and prevention of tick-
borne diseases. Vet Parasitol 98, 111-32 (2001). 

5. Gubler, D.J. et al. Climate variability and change in the United States: potential 
impacts on vector- and rodent-borne diseases. Environ Health Perspect 109 Suppl 2,
223-33 (2001). 

6. Ergonul, O. Crimean-Congo haemorrhagic fever. Lancet Infect Dis 6, 203-14 (2006). 
7. Whitehouse, C.A. Crimean-Congo hemorrhagic fever. Antiviral Res 64, 145-60 

(2004). 
8. Ergonul, O. Treatment of Crimean-Congo hemorrhagic fever. Antiviral Res 78,

125-31 (2008). 
9. Nichol, S.T. et al. Bunyaviridae. in Virus Taxonomy : VIIIth Report of the International 

Committee on Taxonomy of Viruses (eds. Fauquet, C.M., Mayo, M.A., Maniloff, J., 
Desselberger, U. & Ball, L.A.) 695-716 (Elsevier Academic Press, London, 2005). 

10. Burt, F.J., Spencer, D.C., Leman, P.A., Patterson, B. & Swanepoel, R. Investigation 
of tick-borne viruses as pathogens of humans in South Africa and evidence of 
Dugbe virus infection in a patient with prolonged thrombocytopenia. Epidemiol 
Infect 116, 353-61 (1996). 

11. Schmaljohn, C.S. & Nichol, S.T. Bunyaviridae, (Lippincott Williams & Wilkins, 
Philadelphia, PA, 2007). 

12. Clerx, J.P., Casals, J. & Bishop, D.H. Structural characteristics of nairoviruses 
(genus Nairovirus, Bunyaviridae). J Gen Virol 55, 165-78 (1981). 

13. Honig, J.E., Osborne, J.C. & Nichol, S.T. Crimean-Congo hemorrhagic fever virus 
genome L RNA segment and encoded protein. Virology 321, 29-35 (2004). 

14. Kinsella, E. et al. Sequence determination of the Crimean-Congo hemorrhagic 
fever virus L segment. Virology 321, 23-8 (2004). 

15. Meissner, J.D. et al. A variable region in the Crimean-Congo hemorrhagic fever 
virus L segment distinguishes between strains isolated from different geographic 
regions. J Med Virol 78, 223-8 (2006). 

16. Shi, X. et al. Requirement of the N-terminal region of orthobunyavirus 
nonstructural protein NSm for virus assembly and morphogenesis. J Virol 80,
8089-99 (2006). 

17. Soellick, T., Uhrig, J.F., Bucher, G.L., Kellmann, J.W. & Schreier, P.H. The 
movement protein NSm of tomato spotted wilt tospovirus (TSWV): RNA 
binding, interaction with the TSWV N protein, and identification of interacting 
plant proteins. Proc Natl Acad Sci U S A 97, 2373-8 (2000). 

18. Altamura, L.A. et al. Identification of a novel C-terminal cleavage of Crimean-
Congo hemorrhagic fever virus PreGN that leads to generation of an NSM 
protein. J Virol 81, 6632-42 (2007). 

19. Flick, R. & Whitehouse, C.A. Crimean-Congo hemorrhagic fever virus. Curr Mol 
Med 5, 753-60 (2005). 

20. Flick, R., Flick, K., Feldmann, H. & Elgh, F. Reverse genetics for crimean-congo 
hemorrhagic fever virus. J Virol 77, 5997-6006 (2003). 

21. Jin, M. et al. Hantaan virus enters cells by clathrin-dependent receptor-mediated 
endocytosis. Virology 294, 60-9 (2002). 

22. Gavrilovskaya, I.N., Shepley, M., Shaw, R., Ginsberg, M.H. & Mackow, E.R. beta3 
Integrins mediate the cellular entry of hantaviruses that cause respiratory failure. 
Proc Natl Acad Sci U S A 95, 7074-9 (1998). 



44

23. Fontana, J., Lopez-Montero, N., Elliott, R.M., Fernandez, J.J. & Risco, C. The 
unique architecture of Bunyamwera virus factories around the Golgi complex. Cell 
Microbiol (2008). 

24. Vincent, M.J. et al. Crimean-Congo hemorrhagic fever virus glycoprotein 
proteolytic processing by subtilase SKI-1. J Virol 77, 8640-9 (2003). 

25. Sanchez, A.J., Vincent, M.J., Erickson, B.R. & Nichol, S.T. Crimean-congo 
hemorrhagic fever virus glycoprotein precursor is cleaved by Furin-like and SKI-1 
proteases to generate a novel 38-kilodalton glycoprotein. J Virol 80, 514-25 (2006). 

26. Sanchez, A.J., Vincent, M.J. & Nichol, S.T. Characterization of the glycoproteins 
of Crimean-Congo hemorrhagic fever virus. J Virol 76, 7263-75 (2002). 

27. Bertolotti-Ciarlet, A. et al. Cellular localization and antigenic characterization of 
crimean-congo hemorrhagic fever virus glycoproteins. J Virol 79, 6152-61 (2005). 

28. Haferkamp, S., Fernando, L., Schwarz, T.F., Feldmann, H. & Flick, R. Intracellular 
localization of Crimean-Congo Hemorrhagic Fever (CCHF) virus glycoproteins. 
Virol J 2, 42 (2005). 

29. Ravkov, E.V., Nichol, S.T. & Compans, R.W. Polarized entry and release in 
epithelial cells of Black Creek Canal virus, a New World hantavirus. J Virol 71,
1147-54 (1997). 

30. Anderson, G.W., Jr. & Smith, J.F. Immunoelectron microscopy of Rift Valley 
fever viral morphogenesis in primary rat hepatocytes. Virology 161, 91-100 (1987). 

31. Gonzalez, J.P., Camicas, J.L., Cornet, J.P., Faye, O. & Wilson, M.L. Sexual and 
transovarian transmission of Crimean-Congo haemorrhagic fever virus in 
Hyalomma truncatum ticks. Res Virol 143, 23-8 (1992). 

32. Logan, T.M., Linthicum, K.J., Bailey, C.L., Watts, D.M. & Moulton, J.R. 
Experimental transmission of Crimean-Congo hemorrhagic fever virus by 
Hyalomma truncatum Koch. Am J Trop Med Hyg 40, 207-12 (1989). 

33. Shepherd, A.J., Swanepoel, R., Shepherd, S.P., Leman, P.A. & Mathee, O. 
Viraemic transmission of Crimean-Congo haemorrhagic fever virus to ticks. 
Epidemiol Infect 106, 373-82 (1991). 

34. Gordon, S.W., Linthicum, K.J. & Moulton, J.R. Transmission of Crimean-Congo 
hemorrhagic fever virus in two species of Hyalomma ticks from infected adults to 
cofeeding immature forms. Am J Trop Med Hyg 48, 576-80 (1993). 

35. Okorie, T.G. Comparative studies on the vector capacity of the different stages of 
Amblyomma variegatum Fabricius and Hyalomma rufipes Koch for Congo virus, 
after intracoelomic inoculation. Vet Parasitol 38, 215-23 (1991). 

36. Swanepoel, R. et al. Epidemiologic and clinical features of Crimean-Congo 
hemorrhagic fever in southern Africa. Am J Trop Med Hyg 36, 120-32 (1987). 

37. Shepherd, A.J., Swanepoel, R., Cornel, A.J. & Mathee, O. Experimental studies on 
the replication and transmission of Crimean-Congo hemorrhagic fever virus in 
some African tick species. Am J Trop Med Hyg 40, 326-31 (1989). 

38. Swanepoel, R. et al. Experimental infection of ostriches with Crimean-Congo 
haemorrhagic fever virus. Epidemiol Infect 121, 427-32 (1998). 

39. Shepherd, A.J., Swanepoel, R., Leman, P.A. & Shepherd, S.P. Field and laboratory 
investigation of Crimean-Congo haemorrhagic fever virus (Nairovirus, family 
Bunyaviridae) infection in birds. Trans R Soc Trop Med Hyg 81, 1004-7 (1987). 

40. Rodriguez, L.L. et al. Molecular investigation of a multisource outbreak of 
Crimean-Congo hemorrhagic fever in the United Arab Emirates. Am J Trop Med 
Hyg 57, 512-8 (1997). 

41. Scrimgeour, E.M. Crimean-Congo haemorrhagic fever in Oman. Lancet 347, 692 
(1996). 

42. el-Azazy, O.M. & Scrimgeour, E.M. Crimean-Congo haemorrhagic fever virus 
infection in the western province of Saudi Arabia. Trans R Soc Trop Med Hyg 91,
275-8 (1997). 

43. Khan, A.S. et al. An outbreak of Crimean-Congo hemorrhagic fever in the United 
Arab Emirates, 1994-1995. Am J Trop Med Hyg 57, 519-25 (1997). 

44. Fisher-Hoch, S.P. et al. Risk of human infections with Crimean-Congo 
hemorrhagic fever virus in a South African rural community. Am J Trop Med Hyg
47, 337-45 (1992). 

45. van Eeden, P.J. et al. A nosocomial outbreak of Crimean-Congo haemorrhagic 
fever at Tygerberg Hospital. Part I. Clinical features. S Afr Med J 68, 711-7 (1985). 



  45 

46. Swanepoel, R., Shepherd, A.J., Leman, P.A., Shepherd, S.P. & Miller, G.B. A 
common-source outbreak of Crimean-Congo haemorrhagic fever on a dairy farm. 
S Afr Med J 68, 635-7 (1985). 

47. Holland, J. et al. Rapid evolution of RNA genomes. Science 215, 1577-85 (1982). 
48. Worobey, M. & Holmes, E.C. Evolutionary aspects of recombination in RNA 

viruses. J Gen Virol 80 ( Pt 10), 2535-43 (1999). 
49. Weaver, S.C. Evolutionary influences in arboviral disease. Curr Top Microbiol 

Immunol 299, 285-314 (2006). 
50. Lukashev, A.N. Evidence for recombination in Crimean-Congo hemorrhagic fever 

virus. J Gen Virol 86, 2333-8 (2005). 
51. Deyde, V.M., Khristova, M.L., Rollin, P.E., Ksiazek, T.G. & Nichol, S.T. Crimean-

Congo hemorrhagic fever virus genomics and global diversity. J Virol 80, 8834-42 
(2006). 

52. Chare, E.R., Gould, E.A. & Holmes, E.C. Phylogenetic analysis reveals a low rate 
of homologous recombination in negative-sense RNA viruses. J Gen Virol 84,
2691-703 (2003). 

53. Hewson, R. et al. Evidence of segment reassortment in Crimean-Congo 
haemorrhagic fever virus. J Gen Virol 85, 3059-70 (2004). 

54. Hewson, R. Molecular Epidemiology, Genomics and Phylogeny of Crimean-
Congo Hemorrhagic Fever virus. in Crimean-Congo hemorrhagic fever: A global perspective
(eds. Ergonul, O. & Whitehouse, C.A.) 45-55 (Springer, Dordrecht, NL, 2007). 

55. Bray, M. Comparative pathogenesis of Crimean-Congo hemorrhagic fever and 
Ebola hermorrhagic fever. in Crimean-Congo hemorrhagic fever: A global perspective (eds. 
Ergonul, O. & Whitehouse, C.A.) 221-231 (Springer, Dordrecht, NL, 2007). 

56. Burt, F.J. et al. Immunohistochemical and in situ localization of Crimean-Congo 
hemorrhagic fever (CCHF) virus in human tissues and implications for CCHF 
pathogenesis. Arch Pathol Lab Med 121, 839-46 (1997). 

57. Ergonul, O. Clinical and pathologic features of Crimean-Congo Hemorrhagic 
Fever. in Crimean-Congo hemorrhagic fever: A global perspective (eds. Ergonul, O. & 
Whitehouse, C.A.) 207-220 (Springer, Dordrecht, NL, 2007). 

58. Swanepoel, R. et al. The clinical pathology of Crimean-Congo hemorrhagic fever. 
Rev Infect Dis 11 Suppl 4, S794-800 (1989). 

59. Ergonul, O., Celikbas, A., Baykam, N., Eren, S. & Dokuzoguz, B. Analysis of risk-
factors among patients with Crimean-Congo haemorrhagic fever virus infection: 
severity criteria revisited. Clin Microbiol Infect 12, 551-4 (2006). 

60. Geisbert, T.W. et al. Pathogenesis of Ebola hemorrhagic fever in cynomolgus 
macaques: evidence that dendritic cells are early and sustained targets of infection. 
Am J Pathol 163, 2347-70 (2003). 

61. Geisbert, T.W. et al. Pathogenesis of Ebola hemorrhagic fever in primate models: 
evidence that hemorrhage is not a direct effect of virus-induced cytolysis of 
endothelial cells. Am J Pathol 163, 2371-82 (2003). 

62. Ergonul, O., Tuncbilek, S., Baykam, N., Celikbas, A. & Dokuzoguz, B. Evaluation 
of serum levels of interleukin (IL)-6, IL-10, and tumor necrosis factor-alpha in 
patients with Crimean-Congo hemorrhagic fever. J Infect Dis 193, 941-4 (2006). 

63. Hensley, L.E., Young, H.A., Jahrling, P.B. & Geisbert, T.W. Proinflammatory 
response during Ebola virus infection of primate models: possible involvement of 
the tumor necrosis factor receptor superfamily. Immunol Lett 80, 169-79 (2002). 

64. Ergonul, O. et al. Characteristics of patients with Crimean-Congo hemorrhagic 
fever in a recent outbreak in Turkey and impact of oral ribavirin therapy. Clin Infect 
Dis 39, 284-7 (2004). 

65. Sanchez, A. et al. Analysis of human peripheral blood samples from fatal and 
nonfatal cases of Ebola (Sudan) hemorrhagic fever: cellular responses, virus load, 
and nitric oxide levels. J Virol 78, 10370-7 (2004). 

66. Cevik, M.A. et al. Viral load as a predictor of outcome in Crimean-Congo 
hemorrhagic fever. Clin Infect Dis 45, e96-100 (2007). 

67. Levi, M. Disseminated intravascular coagulation. Crit Care Med 35, 2191-5 (2007). 
68. Cagatay, A. et al. Haemophagocytosis in a patient with Crimean Congo 

haemorrhagic fever. J Med Microbiol 56, 1126-8 (2007). 
69. Tasdelen Fisgin, N. et al. Crimean-Congo hemorrhagic fever: five patients with 

hemophagocytic syndrome. Am J Hematol 83, 73-6 (2008). 



46

70. Karti, S.S. et al. Crimean-Congo hemorrhagic fever in Turkey. Emerg Infect Dis 10,
1379-84 (2004). 

71. Janka, G.E. Hemophagocytic syndromes. Blood Rev 21, 245-53 (2007). 
72. Zeller, H. Laboratory diagnosis of Crimean-Congo Hemorrhagic fever. in Crimean-

Congo hemorrhagic fever: A global perspective (eds. Ergonul, O. & Whitehouse, C.A.) 
233-243 (Springer, Dordrecht, NL, 2007). 

73. Graci, J.D. & Cameron, C.E. Mechanisms of action of ribavirin against distinct 
viruses. Rev Med Virol 16, 37-48 (2006). 

74. Paragas, J., Whitehouse, C.A., Endy, T.P. & Bray, M. A simple assay for 
determining antiviral activity against Crimean-Congo hemorrhagic fever virus. 
Antiviral Res 62, 21-5 (2004). 

75. Tignor, G.H. & Hanham, C.A. Ribavirin efficacy in an in vivo model of Crimean-
Congo hemorrhagic fever virus (CCHF) infection. Antiviral Res 22, 309-25 (1993). 

76. Fisher-Hoch, S.P. et al. Crimean Congo-haemorrhagic fever treated with oral 
ribavirin. Lancet 346, 472-5 (1995). 

77. Mirazimi, A. Old and new treatment strategies. in Crimean-Congo Hemorrhagic Fever: 
A global perspective (eds. Ergonul, O. & Whitehouse, C.A.) 258-260 (Springer, NL, 
Dordecht, 2007). 

78. Andersson, I. et al. Human MxA protein inhibits the replication of Crimean-
Congo hemorrhagic fever virus. J Virol 78, 4323-9 (2004). 

79. Andersson, I., Lundkvist, A., Haller, O. & Mirazimi, A. Type I interferon inhibits 
Crimean-Congo hemorrhagic fever virus in human target cells. J Med Virol 78, 216-
22 (2006). 

80. Frese, M., Kochs, G., Feldmann, H., Hertkorn, C. & Haller, O. Inhibition of 
bunyaviruses, phleboviruses, and hantaviruses by human MxA protein. J Virol 70,
915-23 (1996). 

81. Kochs, G., Janzen, C., Hohenberg, H. & Haller, O. Antivirally active MxA protein 
sequesters La Crosse virus nucleocapsid protein into perinuclear complexes. Proc 
Natl Acad Sci U S A 99, 3153-8 (2002). 

82. Reichelt, M., Stertz, S., Krijnse-Locker, J., Haller, O. & Kochs, G. Missorting of 
LaCrosse virus nucleocapsid protein by the interferon-induced MxA GTPase 
involves smooth ER membranes. Traffic 5, 772-84 (2004). 

83. Shepherd, A.J., Swanepoel, R. & Leman, P.A. Antibody response in Crimean-
Congo hemorrhagic fever. Rev Infect Dis 11 Suppl 4, S801-6 (1989). 

84. Papa, A. et al. Genetic characterization of the M RNA segment of Crimean Congo 
hemorrhagic fever virus strains, China. Emerg Infect Dis 8, 50-3 (2002). 

85. Vassilenko, S.M., Vassilev, T.L., Bozadjiev, L.G., Bineva, I.L. & Kazarov, G.Z. 
Specific intravenous immunoglobulin for Crimean-Congo haemorrhagic fever. 
Lancet 335, 791-2 (1990). 

86. Whitehouse, C.A. Risk groups and control measures for Crimean-Congo 
Hemorrhagic Fever. in Crimean-Congo hemorrhagic fever: A global perspective (eds. 
Ergonul, O. & Whitehouse, C.A.) 273-280 (Springer, Dordrecht, NL, 2007). 

87. Burney, M.I., Ghafoor, A., Saleen, M., Webb, P.A. & Casals, J. Nosocomial 
outbreak of viral hemorrhagic fever caused by Crimean Hemorrhagic fever-Congo 
virus in Pakistan, January 1976. Am J Trop Med Hyg 29, 941-7. (1980). 

88. Papa, A. et al. Crimean-Congo hemorrhagic fever in Albania, 2001. Eur J Clin 
Microbiol Infect Dis 21, 603-6 (2002). 

89. Sieczkarski, S.B. & Whittaker, G.R. Viral entry. Curr Top Microbiol Immunol 285, 1-23 
(2005). 

90. Smith, A.E. & Helenius, A. How viruses enter animal cells. Science 304, 237-42 
(2004). 

91. Marsh, M. & Helenius, A. Virus entry: open sesame. Cell 124, 729-40 (2006). 
92. Munter, S., Way, M. & Frischknecht, F. Signaling during pathogen infection. Sci 

STKE 2006, re5 (2006). 
93. Sodhi, A., Montaner, S. & Gutkind, J.S. Viral hijacking of G-protein-coupled-

receptor signalling networks. Nat Rev Mol Cell Biol 5, 998-1012 (2004). 
94. Conner, S.D. & Schmid, S.L. Regulated portals of entry into the cell. Nature 422,

37-44 (2003). 
95. Gruenberg, J. & van der Goot, F.G. Mechanisms of pathogen entry through the 

endosomal compartments. Nat Rev Mol Cell Biol 7, 495-504 (2006). 



  47 

96. Mayor, S. & Riezman, H. Sorting GPI-anchored proteins. Nat Rev Mol Cell Biol 5,
110-20 (2004). 

97. Glebov, O.O., Bright, N.A. & Nichols, B.J. Flotillin-1 defines a clathrin-
independent endocytic pathway in mammalian cells. Nat Cell Biol 8, 46-54 (2006). 

98. Dohner, K. & Sodeik, B. The role of the cytoskeleton during viral infection. Curr 
Top Microbiol Immunol 285, 67-108 (2005). 

99. Sieczkarski, S.B. & Whittaker, G.R. Dissecting virus entry via endocytosis. J Gen 
Virol 83, 1535-45 (2002). 

100. Lakadamyali, M., Rust, M.J. & Zhuang, X. Endocytosis of influenza viruses. 
Microbes Infect 6, 929-36 (2004). 

101. Pelkmans, L. et al. Genome-wide analysis of human kinases in clathrin- and 
caveolae/raft-mediated endocytosis. Nature 436, 78-86 (2005). 

102. Bellve, K.D. et al. Plasma membrane domains specialized for clathrin-mediated 
endocytosis in primary cells. J Biol Chem 281, 16139-46 (2006). 

103. Merrifield, C.J., Perrais, D. & Zenisek, D. Coupling between clathrin-coated-pit 
invagination, cortactin recruitment, and membrane scission observed in live cells. 
Cell 121, 593-606 (2005). 

104. DeTulleo, L. & Kirchhausen, T. The clathrin endocytic pathway in viral infection. 
Embo J 17, 4585-93 (1998). 

105. Merrifield, C.J., Feldman, M.E., Wan, L. & Almers, W. Imaging actin and dynamin 
recruitment during invagination of single clathrin-coated pits. Nat Cell Biol 4, 691-8 
(2002). 

106. Ehrlich, M. et al. Endocytosis by random initiation and stabilization of clathrin-
coated pits. Cell 118, 591-605 (2004). 

107. Brett, T.J., Legendre-Guillemin, V., McPherson, P.S. & Fremont, D.H. Structural 
definition of the F-actin-binding THATCH domain from HIP1R. Nat Struct Mol 
Biol 13, 121-30 (2006). 

108. Spudich, G. et al. Myosin VI targeting to clathrin-coated structures and 
dimerization is mediated by binding to Disabled-2 and PtdIns(4,5)P2. Nat Cell Biol
9, 176-83 (2007). 

109. Krendel, M., Osterweil, E.K. & Mooseker, M.S. Myosin 1E interacts with 
synaptojanin-1 and dynamin and is involved in endocytosis. FEBS Lett 581, 644-50 
(2007). 

110. Liu, J., Kaksonen, M., Drubin, D.G. & Oster, G. Endocytic vesicle scission by 
lipid phase boundary forces. Proc Natl Acad Sci U S A 103, 10277-82 (2006). 

111. Roux, A. et al. Role of curvature and phase transition in lipid sorting and fission of 
membrane tubules. Embo J 24, 1537-45 (2005). 

112. Ungewickell, E.J. & Hinrichsen, L. Endocytosis: clathrin-mediated membrane 
budding. Curr Opin Cell Biol 19, 417-25 (2007). 

113. Helenius, A., Kartenbeck, J., Simons, K. & Fries, E. On the entry of Semliki forest 
virus into BHK-21 cells. J Cell Biol 84, 404-20 (1980). 

114. Rust, M.J., Lakadamyali, M., Zhang, F. & Zhuang, X. Assembly of endocytic 
machinery around individual influenza viruses during viral entry. Nat Struct Mol Biol
11, 567-73 (2004). 

115. Helle, F. & Dubuisson, J. Hepatitis C virus entry into host cells. Cell Mol Life Sci 65,
100-12 (2008). 

116. Krishnan, M.N. et al. Rab 5 is required for the cellular entry of dengue and West 
Nile viruses. J Virol 81, 4881-5 (2007). 

117. Marsh, M. & Helenius, A. Virus entry into animal cells. Adv Virus Res 36, 107-51 
(1989). 

118. Marsh, M. & Helenius, A. Adsorptive endocytosis of Semliki Forest virus. J Mol 
Biol 142, 439-54 (1980). 

119. Matlin, K.S., Reggio, H., Helenius, A. & Simons, K. Infectious entry pathway of 
influenza virus in a canine kidney cell line. J Cell Biol 91, 601-13 (1981). 

120. Kirkham, M. et al. Ultrastructural identification of uncoated caveolin-independent 
early endocytic vehicles. J Cell Biol 168, 465-76 (2005). 

121. Lakadamyali, M., Rust, M.J., Babcock, H.P. & Zhuang, X. Visualizing infection of 
individual influenza viruses. Proc Natl Acad Sci U S A 100, 9280-5 (2003). 

122. Sieczkarski, S.B. & Whittaker, G.R. Differential requirements of Rab5 and Rab7 
for endocytosis of influenza and other enveloped viruses. Traffic 4, 333-43 (2003). 



48

123. Le Blanc, I. et al. Endosome-to-cytosol transport of viral nucleocapsids. Nat Cell 
Biol 7, 653-64 (2005). 

124. Chandran, K., Sullivan, N.J., Felbor, U., Whelan, S.P. & Cunningham, J.M. 
Endosomal proteolysis of the Ebola virus glycoprotein is necessary for infection. 
Science 308, 1643-5 (2005). 

125. Ebert, D.H., Deussing, J., Peters, C. & Dermody, T.S. Cathepsin L and cathepsin 
B mediate reovirus disassembly in murine fibroblast cells. J Biol Chem 277, 24609-
17 (2002). 

126. Simmons, G. et al. Inhibitors of cathepsin L prevent severe acute respiratory 
syndrome coronavirus entry. Proc Natl Acad Sci U S A 102, 11876-81 (2005). 

127. Pelkmans, L. & Helenius, A. Insider information: what viruses tell us about 
endocytosis. Curr Opin Cell Biol 15, 414-22 (2003). 

128. Pfeffer, S.R. Rab GTPases: specifying and deciphering organelle identity and 
function. Trends Cell Biol 11, 487-91 (2001). 

129. Somsel Rodman, J. & Wandinger-Ness, A. Rab GTPases coordinate endocytosis. J
Cell Sci 113 Pt 2, 183-92 (2000). 

130. Miyazawa, N., Crystal, R.G. & Leopold, P.L. Adenovirus serotype 7 retention in a 
late endosomal compartment prior to cytosol escape is modulated by fiber protein. 
J Virol 75, 1387-400 (2001). 

131. Rauma, T., Tuukkanen, J., Bergelson, J.M., Denning, G. & Hautala, T. rab5 
GTPase regulates adenovirus endocytosis. J Virol 73, 9664-8 (1999). 

132. Razani, B., Woodman, S.E. & Lisanti, M.P. Caveolae: from cell biology to animal 
physiology. Pharmacol Rev 54, 431-67 (2002). 

133. Hommelgaard, A.M. et al. Caveolae: stable membrane domains with a potential for 
internalization. Traffic 6, 720-4 (2005). 

134. Parton, R.G. Caveolae and caveolins. Curr Opin Cell Biol 8, 542-8 (1996). 
135. Parton, R.G. & Richards, A.A. Lipid rafts and caveolae as portals for endocytosis: 

new insights and common mechanisms. Traffic 4, 724-38 (2003). 
136. Murata, M. et al. VIP21/caveolin is a cholesterol-binding protein. Proc Natl Acad 

Sci U S A 92, 10339-43 (1995). 
137. Trigatti, B.L., Anderson, R.G. & Gerber, G.E. Identification of caveolin-1 as a 

fatty acid binding protein. Biochem Biophys Res Commun 255, 34-9 (1999). 
138. Pelkmans, L., Puntener, D. & Helenius, A. Local actin polymerization and 

dynamin recruitment in SV40-induced internalization of caveolae. Science 296, 535-
9 (2002). 

139. Parton, R.G., Joggerst, B. & Simons, K. Regulated internalization of caveolae. J
Cell Biol 127, 1199-215 (1994). 

140. Pelkmans, L. & Helenius, A. Endocytosis via caveolae. Traffic 3, 311-20 (2002). 
141. Pelkmans, L., Kartenbeck, J. & Helenius, A. Caveolar endocytosis of simian virus 

40 reveals a new two-step vesicular-transport pathway to the ER. Nat Cell Biol 3,
473-83 (2001). 

142. Pelkmans, L., Burli, T., Zerial, M. & Helenius, A. Caveolin-stabilized membrane 
domains as multifunctional transport and sorting devices in endocytic membrane 
traffic. Cell 118, 767-80 (2004). 

143. Stang, E., Kartenbeck, J. & Parton, R.G. Major histocompatibility complex class I 
molecules mediate association of SV40 with caveolae. Mol Biol Cell 8, 47-57 (1997). 

144. Marjomaki, V. et al. Internalization of echovirus 1 in caveolae. J Virol 76, 1856-65 
(2002). 

145. Richterova, Z. et al. Caveolae are involved in the trafficking of mouse 
polyomavirus virions and artificial VP1 pseudocapsids toward cell nuclei. J Virol
75, 10880-91 (2001). 

146. Gilbert, J.M., Goldberg, I.G. & Benjamin, T.L. Cell penetration and trafficking of 
polyomavirus. J Virol 77, 2615-22 (2003). 

147. Bousarghin, L., Touze, A., Sizaret, P.Y. & Coursaget, P. Human papillomavirus 
types 16, 31, and 58 use different endocytosis pathways to enter cells. J Virol 77,
3846-50 (2003). 

148. Cantin, C., Holguera, J., Ferreira, L., Villar, E. & Munoz-Barroso, I. Newcastle 
disease virus may enter cells by caveolae-mediated endocytosis. J Gen Virol 88, 559-
69 (2007). 



  49 

149. Empig, C.J. & Goldsmith, M.A. Association of the caveola vesicular system with 
cellular entry by filoviruses. J Virol 76, 5266-70 (2002). 

150. Nunes-Correia, I., Eulalio, A., Nir, S. & Pedroso de Lima, M.C. Caveolae as an 
additional route for influenza virus endocytosis in MDCK cells. Cell Mol Biol Lett 9,
47-60 (2004). 

151. Thomsen, P., Roepstorff, K., Stahlhut, M. & van Deurs, B. Caveolae are highly 
immobile plasma membrane microdomains, which are not involved in constitutive 
endocytic trafficking. Mol Biol Cell 13, 238-50 (2002). 

152. Glebov, O.O. & Nichols, B.J. Lipid raft proteins have a random distribution 
during localized activation of the T-cell receptor. Nat Cell Biol 6, 238-43 (2004). 

153. Nabi, I.R. & Le, P.U. Caveolae/raft-dependent endocytosis. J Cell Biol 161, 673-7 
(2003). 

154. Le, P.U. & Nabi, I.R. Distinct caveolae-mediated endocytic pathways target the 
Golgi apparatus and the endoplasmic reticulum. J Cell Sci 116, 1059-71 (2003). 

155. Le, P.U., Guay, G., Altschuler, Y. & Nabi, I.R. Caveolin-1 is a negative regulator of 
caveolae-mediated endocytosis to the endoplasmic reticulum. J Biol Chem 277,
3371-9 (2002). 

156. Parton, R.G. Cell biology. Life without caveolae. Science 293, 2404-5 (2001). 
157. Munro, S. Lipid rafts: elusive or illusive? Cell 115, 377-88 (2003). 
158. Rajendran, L. & Simons, K. Lipid rafts and membrane dynamics. J Cell Sci 118,

1099-102 (2005). 
159. Simons, K. & Toomre, D. Lipid rafts and signal transduction. Nat Rev Mol Cell Biol

1, 31-9 (2000). 
160. Helms, J.B. & Zurzolo, C. Lipids as targeting signals: lipid rafts and intracellular 

trafficking. Traffic 5, 247-54 (2004). 
161. Paulick, M.G. & Bertozzi, C.R. The glycosylphosphatidylinositol anchor: a 

complex membrane-anchoring structure for proteins. Biochemistry 47, 6991-7000 
(2008). 

162. Chazal, N. & Gerlier, D. Virus entry, assembly, budding, and membrane rafts. 
Microbiol Mol Biol Rev 67, 226-37, table of contents (2003). 

163. Damm, E.M. et al. Clathrin- and caveolin-1-independent endocytosis: entry of 
simian virus 40 into cells devoid of caveolae. J Cell Biol 168, 477-88 (2005). 

164. Nichols, B. Caveosomes and endocytosis of lipid rafts. J Cell Sci 116, 4707-14 
(2003). 

165. Rojek, J.M., Perez, M. & Kunz, S. Cellular entry of lymphocytic choriomeningitis 
virus. J Virol 82, 1505-17 (2008). 

166. Wang, H. et al. SARS coronavirus entry into host cells through a novel clathrin- 
and caveolae-independent endocytic pathway. Cell Res 18, 290-301 (2008). 

167. Manes, S. et al. Membrane raft microdomains mediate lateral assemblies required 
for HIV-1 infection. EMBO Rep 1, 190-6 (2000). 

168. Popik, W., Alce, T.M. & Au, W.C. Human immunodeficiency virus type 1 uses 
lipid raft-colocalized CD4 and chemokine receptors for productive entry into 
CD4(+) T cells. J Virol 76, 4709-22 (2002). 

169. Nicola, A.V., McEvoy, A.M. & Straus, S.E. Roles for endocytosis and low pH in 
herpes simplex virus entry into HeLa and Chinese hamster ovary cells. J Virol 77,
5324-32 (2003). 

170. Swanson, J.A. & Watts, C. Macropinocytosis. Trends Cell Biol 5, 424-8 (1995). 
171. Nichols, B.J. & Lippincott-Schwartz, J. Endocytosis without clathrin coats. Trends

Cell Biol 11, 406-12 (2001). 
172. Nhieu, G.T. & Sansonetti, P.J. Mechanism of Shigella entry into epithelial cells. 

Curr Opin Microbiol 2, 51-5 (1999). 
173. Amyere, M. et al. Origin, originality, functions, subversions and molecular 

signalling of macropinocytosis. Int J Med Microbiol 291, 487-94 (2002). 
174. Marechal, V. et al. Human immunodeficiency virus type 1 entry into macrophages 

mediated by macropinocytosis. J Virol 75, 11166-77 (2001). 
175. Meier, O. et al. Adenovirus triggers macropinocytosis and endosomal leakage 

together with its clathrin-mediated uptake. J Cell Biol 158, 1119-31 (2002). 
176. Locker, J.K. et al. Entry of the two infectious forms of vaccinia virus at the plasma 

membane is signaling-dependent for the IMV but not the EEV. Mol Biol Cell 11,
2497-511 (2000). 



50

177. Mercer, J. & Helenius, A. Vaccinia virus uses macropinocytosis and apoptotic 
mimicry to enter host cells. Science 320, 531-5 (2008). 

178. Clement, C. et al. A novel role for phagocytosis-like uptake in herpes simplex virus 
entry. J Cell Biol 174, 1009-21 (2006). 

179. Gavrilovskaya, I.N., Brown, E.J., Ginsberg, M.H. & Mackow, E.R. Cellular entry 
of hantaviruses which cause hemorrhagic fever with renal syndrome is mediated by 
beta3 integrins. J Virol 73, 3951-9 (1999). 

180. Stewart, P.L. & Nemerow, G.R. Cell integrins: commonly used receptors for 
diverse viral pathogens. Trends Microbiol 15, 500-7 (2007). 

181. Raymond, T., Gorbunova, E., Gavrilovskaya, I.N. & Mackow, E.R. Pathogenic 
hantaviruses bind plexin-semaphorin-integrin domains present at the apex of 
inactive, bent alphavbeta3 integrin conformers. Proc Natl Acad Sci U S A 102, 1163-
8 (2005). 

182. Krautkramer, E. & Zeier, M. Hantavirus causing hemorrhagic fever with renal 
syndrome enters from the apical surface and requires decay-accelerating factor 
(DAF/CD55). J Virol 82, 4257-64 (2008). 

183. Connolly-Andersen, A.M., Magnusson, K.E. & Mirazimi, A. Basolateral entry and 
release of Crimean-Congo hemorrhagic fever virus in polarized MDCK-1 cells. J
Virol 81, 2158-64 (2007). 

184. Stuart, A.D., Eustace, H.E., McKee, T.A. & Brown, T.D. A novel cell entry 
pathway for a DAF-using human enterovirus is dependent on lipid rafts. J Virol 76,
9307-22 (2002). 

185. Kornilova, E., Sorkina, T., Beguinot, L. & Sorkin, A. Lysosomal targeting of 
epidermal growth factor receptors via a kinase-dependent pathway is mediated by 
the receptor carboxyl-terminal residues 1022-1123. J Biol Chem 271, 30340-6 (1996). 

186. Gonzalez-Scarano, F., Pobjecky, N. & Nathanson, N. La Crosse bunyavirus can 
mediate pH-dependent fusion from without. Virology 132, 222-5 (1984). 

187. Whitfield, A.E., Ullman, D.E. & German, T.L. Tomato spotted wilt virus 
glycoprotein G(C) is cleaved at acidic pH. Virus Res 110, 183-6 (2005). 

188. Hacker, J.K. & Hardy, J.L. Adsorptive endocytosis of California encephalitis virus 
into mosquito and mammalian cells: a role for G1. Virology 235, 40-7 (1997). 

189. Ramanathan, H.N. & Jonsson, C.B. New and Old World hantaviruses 
differentially utilize host cytoskeletal components during their life cycles. Virology
(2008). 

190. Sheetz, M.P. Cell control by membrane-cytoskeleton adhesion. Nat Rev Mol Cell 
Biol 2, 392-6 (2001). 

191. Egea, G., Lazaro-Dieguez, F. & Vilella, M. Actin dynamics at the Golgi complex in 
mammalian cells. Curr Opin Cell Biol 18, 168-78 (2006). 

192. Hehnly, H. & Stamnes, M. Regulating cytoskeleton-based vesicle motility. FEBS 
Lett 581, 2112-8 (2007). 

193. Rogers, S.L. & Gelfand, V.I. Membrane trafficking, organelle transport, and the 
cytoskeleton. Curr Opin Cell Biol 12, 57-62 (2000). 

194. Girao, H., Geli, M.I. & Idrissi, F.Z. Actin in the endocytic pathway: from yeast to 
mammals. FEBS Lett 582, 2112-9 (2008). 

195. Brown, S.S. Cooperation between microtubule- and actin-based motor proteins. 
Annu Rev Cell Dev Biol 15, 63-80 (1999). 

196. Dohner, K., Nagel, C.H. & Sodeik, B. Viral stop-and-go along microtubules: 
taking a ride with dynein and kinesins. Trends Microbiol 13, 320-7 (2005). 

197. Radtke, K., Dohner, K. & Sodeik, B. Viral interactions with the cytoskeleton: a 
hitchhiker's guide to the cell. Cell Microbiol 8, 387-400 (2006). 

198. Luby-Phelps, K. Cytoarchitecture and physical properties of cytoplasm: volume, 
viscosity, diffusion, intracellular surface area. Int Rev Cytol 192, 189-221 (2000). 

199. Greber, U.F. & Way, M. A superhighway to virus infection. Cell 124, 741-54 
(2006). 

200. Sodeik, B. Mechanisms of viral transport in the cytoplasm. Trends Microbiol 8, 465-
72 (2000). 

201. Dammermann, A., Desai, A. & Oegema, K. The minus end in sight. Curr Biol 13,
R614-24 (2003). 

202. Caviston, J.P. & Holzbaur, E.L. Microtubule motors at the intersection of 
trafficking and transport. Trends Cell Biol 16, 530-7 (2006). 



  51 

203. Bearer, E.L., Breakefield, X.O., Schuback, D., Reese, T.S. & LaVail, J.H. 
Retrograde axonal transport of herpes simplex virus: evidence for a single 
mechanism and a role for tegument. Proc Natl Acad Sci U S A 97, 8146-50 (2000). 

204. Yonezawa, A., Cavrois, M. & Greene, W.C. Studies of ebola virus glycoprotein-
mediated entry and fusion by using pseudotyped human immunodeficiency virus 
type 1 virions: involvement of cytoskeletal proteins and enhancement by tumor 
necrosis factor alpha. J Virol 79, 918-26 (2005). 

205. McDonald, D. et al. Visualization of the intracellular behavior of HIV in living 
cells. J Cell Biol 159, 441-52 (2002). 

206. Smith, G.A. & Enquist, L.W. Break ins and break outs: viral interactions with the 
cytoskeleton of Mammalian cells. Annu Rev Cell Dev Biol 18, 135-61 (2002). 

207. Jouvenet, N., Monaghan, P., Way, M. & Wileman, T. Transport of African swine 
fever virus from assembly sites to the plasma membrane is dependent on 
microtubules and conventional kinesin. J Virol 78, 7990-8001 (2004). 

208. Diefenbach, R.J. et al. Herpes simplex virus tegument protein US11 interacts with 
conventional kinesin heavy chain. J Virol 76, 3282-91 (2002). 

209. Rietdorf, J. et al. Kinesin-dependent movement on microtubules precedes actin-
based motility of vaccinia virus. Nat Cell Biol 3, 992-1000 (2001). 

210. Tang, Y. et al. Cellular motor protein KIF-4 associates with retroviral Gag. J Virol
73, 10508-13 (1999). 

211. Johannsen, E. et al. Proteins of purified Epstein-Barr virus. Proc Natl Acad Sci U S 
A 101, 16286-91 (2004). 

212. Varnum, S.M. et al. Identification of proteins in human cytomegalovirus (HCMV) 
particles: the HCMV proteome. J Virol 78, 10960-6 (2004). 

213. Cantin, R., Methot, S. & Tremblay, M.J. Plunder and stowaways: incorporation of 
cellular proteins by enveloped viruses. J Virol 79, 6577-87 (2005). 

214. Mallardo, M., Schleich, S. & Krijnse Locker, J. Microtubule-dependent 
organization of vaccinia virus core-derived early mRNAs into distinct cytoplasmic 
structures. Mol Biol Cell 12, 3875-91 (2001). 

215. Moyer, S.A. Replication of the genome RNAs of defective interfering particles of 
vesicular stomatitis and Sendai viruses using heterologous viral proteins. Virology
172, 341-5 (1989). 

216. Schramm, B. & Locker, J.K. Cytoplasmic organization of POXvirus DNA 
replication. Traffic 6, 839-46 (2005). 

217. Ogino, T., Iwama, M., Ohsawa, Y. & Mizumoto, K. Interaction of cellular tubulin 
with Sendai virus M protein regulates transcription of viral genome. Biochem Biophys 
Res Commun 311, 283-93 (2003). 

218. Moyer, S.A., Baker, S.C. & Lessard, J.L. Tubulin: a factor necessary for the 
synthesis of both Sendai virus and vesicular stomatitis virus RNAs. Proc Natl Acad 
Sci U S A 83, 5405-9 (1986). 

219. Hill, V.M., Harmon, S.A. & Summers, D.F. Stimulation of vesicular stomatitis 
virus in vitro RNA synthesis by microtubule-associated proteins. Proc Natl Acad Sci 
U S A 83, 5410-3 (1986). 

220. Ramanathan, H.N. et al. Dynein-dependent transport of the hantaan virus 
nucleocapsid protein to the endoplasmic reticulum-Golgi intermediate 
compartment. J Virol 81, 8634-47 (2007). 

221. Suomalainen, M. et al. Microtubule-dependent plus- and minus end-directed 
motilities are competing processes for nuclear targeting of adenovirus. J Cell Biol
144, 657-72 (1999). 

222. Smith, G.A., Gross, S.P. & Enquist, L.W. Herpesviruses use bidirectional fast-
axonal transport to spread in sensory neurons. Proc Natl Acad Sci U S A 98, 3466-
70 (2001). 

223. Sharma-Walia, N., Naranatt, P.P., Krishnan, H.H., Zeng, L. & Chandran, B. 
Kaposi's sarcoma-associated herpesvirus/human herpesvirus 8 envelope 
glycoprotein gB induces the integrin-dependent focal adhesion kinase-Src-
phosphatidylinositol 3-kinase-rho GTPase signal pathways and cytoskeletal 
rearrangements. J Virol 78, 4207-23 (2004). 

224. Naranatt, P.P., Krishnan, H.H., Smith, M.S. & Chandran, B. Kaposi's sarcoma-
associated herpesvirus modulates microtubule dynamics via RhoA-GTP-



52

diaphanous 2 signaling and utilizes the dynein motors to deliver its DNA to the 
nucleus. J Virol 79, 1191-206 (2005). 

225. Ploubidou, A. et al. Vaccinia virus infection disrupts microtubule organization and 
centrosome function. Embo J 19, 3932-44 (2000). 

226. Jouvenet, N. & Wileman, T. African swine fever virus infection disrupts 
centrosome assembly and function. J Gen Virol 86, 589-94 (2005). 

227. Zaki, M.H., Akuta, T. & Akaike, T. Nitric oxide-induced nitrative stress involved 
in microbial pathogenesis. J Pharmacol Sci 98, 117-29 (2005). 

228. Welch, M.D. & Mullins, R.D. Cellular control of actin nucleation. Annu Rev Cell 
Dev Biol 18, 247-88 (2002). 

229. Pollard, T.D. & Borisy, G.G. Cellular motility driven by assembly and disassembly 
of actin filaments. Cell 112, 453-65 (2003). 

230. Kaksonen, M., Toret, C.P. & Drubin, D.G. A modular design for the clathrin- and 
actin-mediated endocytosis machinery. Cell 123, 305-20 (2005). 

231. Lanzetti, L. Actin in membrane trafficking. Curr Opin Cell Biol 19, 453-8 (2007). 
232. Yarar, D., Waterman-Storer, C.M. & Schmid, S.L. A dynamic actin cytoskeleton 

functions at multiple stages of clathrin-mediated endocytosis. Mol Biol Cell 16, 964-
75 (2005). 

233. Sokac, A.M., Co, C., Taunton, J. & Bement, W. Cdc42-dependent actin 
polymerization during compensatory endocytosis in Xenopus eggs. Nat Cell Biol 5,
727-32 (2003). 

234. Lehmann, M.J., Sherer, N.M., Marks, C.B., Pypaert, M. & Mothes, W. Actin- and 
myosin-driven movement of viruses along filopodia precedes their entry into cells. 
J Cell Biol 170, 317-25 (2005). 

235. Li, E., Stupack, D., Bokoch, G.M. & Nemerow, G.R. Adenovirus endocytosis 
requires actin cytoskeleton reorganization mediated by Rho family GTPases. J
Virol 72, 8806-12 (1998). 

236. Sun, X. & Whittaker, G.R. Role of the actin cytoskeleton during influenza virus 
internalization into polarized epithelial cells. Cell Microbiol 9, 1672-82 (2007). 

237. Heldwein, E.E. & Krummenacher, C. Entry of herpesviruses into mammalian 
cells. Cell Mol Life Sci 65, 1653-68 (2008). 

238. Baines, J.D., Hsieh, C.E., Wills, E., Mannella, C. & Marko, M. Electron 
tomography of nascent herpes simplex virus virions. J Virol 81, 2726-35 (2007). 

239. Gupta, S., De, B.P., Drazba, J.A. & Banerjee, A.K. Involvement of actin 
microfilaments in the replication of human parainfluenza virus type 3. J Virol 72,
2655-62 (1998). 

240. Portela, A. & Digard, P. The influenza virus nucleoprotein: a multifunctional 
RNA-binding protein pivotal to virus replication. J Gen Virol 83, 723-34 (2002). 

241. Bettinger, B.T., Gilbert, D.M. & Amberg, D.C. Actin up in the nucleus. Nat Rev 
Mol Cell Biol 5, 410-5 (2004). 

242. Pederson, T. & Aebi, U. Nuclear actin extends, with no contraction in sight. Mol 
Biol Cell 16, 5055-60 (2005). 

243. Forest, T., Barnard, S. & Baines, J.D. Active intranuclear movement of herpesvirus 
capsids. Nat Cell Biol 7, 429-31 (2005). 

244. Hofmann, W. et al. Cofactor requirements for nuclear export of Rev response 
element (RRE)- and constitutive transport element (CTE)-containing retroviral 
RNAs. An unexpected role for actin. J Cell Biol 152, 895-910 (2001). 

245. Nayak, D.P., Hui, E.K. & Barman, S. Assembly and budding of influenza virus. 
Virus Res 106, 147-65 (2004). 

246. Morita, E. & Sundquist, W.I. Retrovirus budding. Annu Rev Cell Dev Biol 20, 395-
425 (2004). 

247. Smith, G.L., Murphy, B.J. & Law, M. Vaccinia virus motility. Annu Rev Microbiol 57,
323-42 (2003). 

248. Grunewald, K. et al. Three-dimensional structure of herpes simplex virus from 
cryo-electron tomography. Science 302, 1396-8 (2003). 

249. Naito, S. & Matsumoto, S. Identification of cellular actin within the rabies virus. 
Virology 91, 151-63 (1978). 

250. Ott, D.E. et al. Cytoskeletal proteins inside human immunodeficiency virus type 1 
virions. J Virol 70, 7734-43 (1996). 



  53 

251. Ferreira, L.R., Moussatche, N. & Moura Neto, V. Rearrangement of intermediate 
filament network of BHK-21 cells infected with vaccinia virus. Arch Virol 138, 273-
85 (1994). 

252. Brunet, J.P. et al. Rotavirus infection induces cytoskeleton disorganization in 
human intestinal epithelial cells: implication of an increase in intracellular calcium 
concentration. J Virol 74, 10801-6 (2000). 

253. Ravkov, E.V., Nichol, S.T., Peters, C.J. & Compans, R.W. Role of actin 
microfilaments in Black Creek Canal virus morphogenesis. J Virol 72, 2865-70 
(1998). 

254. Gerrard, S.R., Rollin, P.E. & Nichol, S.T. Bidirectional infection and release of Rift 
Valley fever virus in polarized epithelial cells. Virology 301, 226-35 (2002). 

255. Cucina, A. et al. Shear stress induces changes in the morphology and cytoskeleton 
organisation of arterial endothelial cells. Eur J Vasc Endovasc Surg 9, 86-92 (1995). 

256. Davies, P.F. Flow-mediated endothelial mechanotransduction. Physiol Rev 75, 519-
60 (1995). 

257. Lehoux, S. & Tedgui, A. Cellular mechanics and gene expression in blood vessels. J
Biomech 36, 631-43 (2003). 

258. Su, Y., Kondrikov, D. & Block, E.R. Cytoskeletal regulation of nitric oxide 
synthase. Cell Biochem Biophys 43, 439-49 (2005). 

259. Kleinert, H., Schwarz, P.M. & Forstermann, U. Regulation of the expression of 
inducible nitric oxide synthase. Biol Chem 384, 1343-64 (2003). 

260. Michel, T. & Feron, O. Nitric oxide synthases: which, where, how, and why? J Clin 
Invest 100, 2146-52 (1997). 

261. Moncada, S. & Higgs, A. The L-arginine-nitric oxide pathway. N Engl J Med 329,
2002-12 (1993). 

262. Knowles, R.G. & Moncada, S. Nitric oxide synthases in mammals. Biochem J 298 ( 
Pt 2), 249-58 (1994). 

263. Naseem, K.M. The role of nitric oxide in cardiovascular diseases. Mol Aspects Med
26, 33-65 (2005). 

264. Kiss, J.P. & Vizi, E.S. Nitric oxide: a novel link between synaptic and nonsynaptic 
transmission. Trends Neurosci 24, 211-5 (2001). 

265. Bogdan, C. Nitric oxide and the regulation of gene expression. Trends Cell Biol 11,
66-75 (2001). 

266. MacMicking, J., Xie, Q.W. & Nathan, C. Nitric oxide and macrophage function. 
Annu Rev Immunol 15, 323-50 (1997). 

267. Brunet, L.R. Nitric oxide in parasitic infections. Int Immunopharmacol 1, 1457-67 
(2001). 

268. Akaike, T. & Maeda, H. Nitric oxide and virus infection. Immunology 101, 300-8 
(2000). 

269. Nathan, C. & Shiloh, M.U. Reactive oxygen and nitrogen intermediates in the 
relationship between mammalian hosts and microbial pathogens. Proc Natl Acad Sci 
U S A 97, 8841-8 (2000). 

270. James, S.L. Role of nitric oxide in parasitic infections. Microbiol Rev 59, 533-47 
(1995). 

271. Moncada, S., Palmer, R.M. & Higgs, E.A. Biosynthesis of nitric oxide from L-
arginine. A pathway for the regulation of cell function and communication. Biochem 
Pharmacol 38, 1709-15 (1989). 

272. Beckman, J.S., Beckman, T.W., Chen, J., Marshall, P.A. & Freeman, B.A. Apparent 
hydroxyl radical production by peroxynitrite: implications for endothelial injury 
from nitric oxide and superoxide. Proc Natl Acad Sci U S A 87, 1620-4 (1990). 

273. Beckman, J.S. & Koppenol, W.H. Nitric oxide, superoxide, and peroxynitrite: the 
good, the bad, and ugly. Am J Physiol 271, C1424-37 (1996). 

274. Bonfoco, E., Krainc, D., Ankarcrona, M., Nicotera, P. & Lipton, S.A. Apoptosis 
and necrosis: two distinct events induced, respectively, by mild and intense insults 
with N-methyl-D-aspartate or nitric oxide/superoxide in cortical cell cultures. Proc 
Natl Acad Sci U S A 92, 7162-6 (1995). 

275. Estevez, A.G. et al. Peroxynitrite-induced cytotoxicity in PC12 cells: evidence for 
an apoptotic mechanism differentially modulated by neurotrophic factors. J
Neurochem 65, 1543-50 (1995). 



54

276. Estevez, A.G. & Jordan, J. Nitric oxide and superoxide, a deadly cocktail. Ann N Y 
Acad Sci 962, 207-11 (2002). 

277. Radi, R. Nitric oxide, oxidants, and protein tyrosine nitration. Proc Natl Acad Sci U 
S A 101, 4003-8 (2004). 

278. Hoffmann, J.A., Kafatos, F.C., Janeway, C.A. & Ezekowitz, R.A. Phylogenetic 
perspectives in innate immunity. Science 284, 1313-8 (1999). 

279. Nathan, C.F. & Hibbs, J.B., Jr. Role of nitric oxide synthesis in macrophage 
antimicrobial activity. Curr Opin Immunol 3, 65-70 (1991). 

280. Tripathi, P., Kashyap, L. & Singh, V. The role of nitric oxide in inflammatory 
reactions. FEMS Immunol Med Microbiol 51, 443-52 (2007). 

281. Green, S.J. et al. Nitric oxide: cytokine-regulation of nitric oxide in host resistance 
to intracellular pathogens. Immunol Lett 43, 87-94 (1994). 

282. Geller, D.A. & Billiar, T.R. Molecular biology of nitric oxide synthases. Cancer
Metastasis Rev 17, 7-23 (1998). 

283. Akaike, T. et al. Pathogenesis of influenza virus-induced pneumonia: involvement 
of both nitric oxide and oxygen radicals. Proc Natl Acad Sci U S A 93, 2448-53 
(1996). 

284. Koprowski, H. et al. In vivo expression of inducible nitric oxide synthase in 
experimentally induced neurologic diseases. Proc Natl Acad Sci U S A 90, 3024-7 
(1993). 

285. Karupiah, G. et al. Inhibition of viral replication by interferon-gamma-induced 
nitric oxide synthase. Science 261, 1445-8 (1993). 

286. Borghan, M.A. et al. Induction of nitric oxide synthase by rotavirus enterotoxin 
NSP4: implication for rotavirus pathogenicity. J Gen Virol 88, 2064-72 (2007). 

287. Majano, P.L. et al. Inducible nitric oxide synthase expression in chronic viral 
hepatitis. Evidence for a virus-induced gene upregulation. J Clin Invest 101, 1343-52 
(1998). 

288. Blond, D., Raoul, H., Le Grand, R. & Dormont, D. Nitric oxide synthesis 
enhances human immunodeficiency virus replication in primary human 
macrophages. J Virol 74, 8904-12 (2000). 

289. Bukrinsky, M.I. et al. Regulation of nitric oxide synthase activity in human 
immunodeficiency virus type 1 (HIV-1)-infected monocytes: implications for HIV-
associated neurological disease. J Exp Med 181, 735-45 (1995). 

290. Pietraforte, D., Tritarelli, E., Testa, U. & Minetti, M. gp120 HIV envelope 
glycoprotein increases the production of nitric oxide in human monocyte-derived 
macrophages. J Leukoc Biol 55, 175-82 (1994). 

291. Croen, K.D. Evidence for antiviral effect of nitric oxide. Inhibition of herpes 
simplex virus type 1 replication. J Clin Invest 91, 2446-52 (1993). 

292. Kawanishi, M. Nitric oxide inhibits Epstein-Barr virus DNA replication and 
activation of latent EBV. Intervirology 38, 206-13 (1995). 

293. Akerstrom, S. et al. Nitric oxide inhibits the replication cycle of severe acute 
respiratory syndrome coronavirus. J Virol 79, 1966-9 (2005). 

294. Lin, Y.L. et al. Inhibition of Japanese encephalitis virus infection by nitric oxide: 
antiviral effect of nitric oxide on RNA virus replication. J Virol 71, 5227-35 (1997). 

295. Akarid, K., Sinet, M., Desforges, B. & Gougerot-Pocidalo, M.A. Inhibitory effect 
of nitric oxide on the replication of a murine retrovirus in vitro and in vivo. J Virol
69, 7001-5 (1995). 

296. Bi, Z. & Reiss, C.S. Inhibition of vesicular stomatitis virus infection by nitric oxide. 
J Virol 69, 2208-13 (1995). 

297. Charnsilpa, W. et al. Nitric oxide radical suppresses replication of wild-type dengue 
2 viruses in vitro. J Med Virol 77, 89-95 (2005). 

298. Peng, G. et al. Borna disease virus P protein inhibits nitric oxide synthase gene 
expression in astrocytes. Virology 366, 446-52 (2007). 

299. Granja, A.G., Sabina, P., Salas, M.L., Fresno, M. & Revilla, Y. Regulation of 
inducible nitric oxide synthase expression by viral A238L-mediated inhibition of 
p65/RelA acetylation and p300 transactivation. J Virol 80, 10487-96 (2006). 

300. Cairoli, E., Scott-Algara, D., Pritsch, O., Dighiero, G. & Cayota, A. HIV-1 induced 
decrease of nitric oxide production and inducible nitric oxide synthase expression 
during in vivo and in vitro infection. Clin Immunol 127, 26-33 (2008). 



  55 

301. Bellows, C.F., Garry, R.F. & Jaffe, B.M. Vaccinia virus-induced inhibition of nitric 
oxide production. J Surg Res 111, 127-35 (2003). 

302. Cao, G. et al. Adenovirus-mediated interferon-beta gene therapy suppresses 
growth and metastasis of human prostate cancer in nude mice. Cancer Gene Ther 8,
497-505 (2001). 

303. Stoltz, M., Ahlm, C., Lundkvist, A. & Klingstrom, J. Lambda interferon (IFN-
lambda) in serum is decreased in hantavirus-infected patients, and in vitro-
established infection is insensitive to treatment with all IFNs and inhibits IFN-
gamma-induced nitric oxide production. J Virol 81, 8685-91 (2007). 

304. Klingstrom, J. et al. Nitric oxide and peroxynitrite have different antiviral effects 
against hantavirus replication and free mature virions. Eur J Immunol 36, 2649-57 
(2006). 

305. Takhampunya, R., Padmanabhan, R. & Ubol, S. Antiviral action of nitric oxide on 
dengue virus type 2 replication. J Gen Virol 87, 3003-11 (2006). 

306. Saura, M. et al. An antiviral mechanism of nitric oxide: inhibition of a viral 
protease. Immunity 10, 21-8 (1999). 

307. Kim, Y.M. et al. Inhibition of protein synthesis by nitric oxide correlates with 
cytostatic activity: nitric oxide induces phosphorylation of initiation factor eIF-2 
alpha. Mol Med 4, 179-90 (1998). 

308. Yoshitake, J. et al. Nitric oxide as an endogenous mutagen for Sendai virus without 
antiviral activity. J Virol 78, 8709-19 (2004). 

309. Bogdan, C. Nitric oxide and the immune response. Nat Immunol 2, 907-16 (2001). 
310. Nathan, C. Inducible nitric oxide synthase: what difference does it make? J Clin 

Invest 100, 2417-23 (1997). 
311. Akaike, T. et al. 8-nitroguanosine formation in viral pneumonia and its implication 

for pathogenesis. Proc Natl Acad Sci U S A 100, 685-90 (2003). 
312. Hooper, D.C. et al. The central nervous system inflammatory response to 

neurotropic virus infection is peroxynitrite dependent. J Immunol 167, 3470-7 
(2001). 

313. Akuta, T., Zaki, M.H., Yoshitake, J., Okamoto, T. & Akaike, T. Nitrative stress 
through formation of 8-nitroguanosine: insights into microbial pathogenesis. Nitric 
Oxide 14, 101-8 (2006). 

314. Kandemir, O., Polat, A. & Kaya, A. Inducible nitric oxide synthase expression in 
chronic viral hepatitis and its relation with histological severity of disease. J Viral 
Hepat 9, 419-23 (2002). 

315. Adler, H. et al. Suppression of herpes simplex virus type 1 (HSV-1)-induced 
pneumonia in mice by inhibition of inducible nitric oxide synthase (iNOS, NOS2). 
J Exp Med 185, 1533-40 (1997). 

316. Fujii, S., Akaike, T. & Maeda, H. Role of nitric oxide in pathogenesis of herpes 
simplex virus encephalitis in rats. Virology 256, 203-12 (1999). 

317. Tanaka, K. et al. Nitric oxide mediates murine cytomegalovirus-associated 
pneumonitis in lungs that are free of the virus. J Clin Invest 100, 1822-30 (1997). 

318. Kreil, T.R. & Eibl, M.M. Nitric oxide and viral infection: NO antiviral activity 
against a flavivirus in vitro, and evidence for contribution to pathogenesis in 
experimental infection in vivo. Virology 219, 304-6 (1996). 

319. Bray, M. Pathogenesis of viral hemorrhagic fever. Curr Opin Immunol 17, 399-403 
(2005). 

320. Franco, R., Schoneveld, O., Georgakilas, A.G. & Panayiotidis, M.I. Oxidative 
stress, DNA methylation and carcinogenesis. Cancer Lett 266, 6-11 (2008). 

321. Akaike, T. Role of free radicals in viral pathogenesis and mutation. Rev Med Virol
11, 87-101 (2001). 

322. Akaike, T. et al. Viral mutation accelerated by nitric oxide production during 
infection in vivo. Faseb J 14, 1447-54 (2000). 

323. Linderholm, M., Ahlm, C., Settergren, B., Waage, A. & Tarnvik, A. Elevated 
plasma levels of tumor necrosis factor (TNF)-alpha, soluble TNF receptors, 
interleukin (IL)-6, and IL-10 in patients with hemorrhagic fever with renal 
syndrome. J Infect Dis 173, 38-43 (1996). 

324. Zhu, S., Ware, L.B., Geiser, T., Matthay, M.A. & Matalon, S. Increased levels of 
nitrate and surfactant protein a nitration in the pulmonary edema fluid of patients 
with acute lung injury. Am J Respir Crit Care Med 163, 166-72 (2001). 



56

325. Groeneveld, P.H., Colson, P., Kwappenberg, K.M. & Clement, J. Increased 
production of nitric oxide in patients infected with the European variant of 
hantavirus. Scand J Infect Dis 27, 453-6 (1995). 

326. Davis, I.C. et al. Elevated generation of reactive oxygen/nitrogen species in 
hantavirus cardiopulmonary syndrome. J Virol 76, 8347-59 (2002). 

327. Klingstrom, J., Hardestam, J. & Lundkvist, A. Dobrava, but not Saaremaa, 
hantavirus is lethal and induces nitric oxide production in suckling mice. Microbes 
Infect 8, 728-37 (2006). 

328. Klingstrom, J., Stoltz, M., Hardestam, J., Ahlm, C. & Lundkvist, A. Passive 
immunization protects cynomolgus macaques against Puumala hantavirus 
challenge. Antivir Ther 13, 125-33 (2008). 

329. Lajoie, P. & Nabi, I.R. Regulation of raft-dependent endocytosis. J Cell Mol Med 11,
644-53 (2007). 

330. Imelli, N., Meier, O., Boucke, K., Hemmi, S. & Greber, U.F. Cholesterol is 
required for endocytosis and endosomal escape of adenovirus type 2. J Virol 78,
3089-98 (2004). 

331. Wu, S.X., Ahlquist, P. & Kaesberg, P. Active complete in vitro replication of 
nodavirus RNA requires glycerophospholipid. Proc Natl Acad Sci U S A 89, 11136-
40 (1992). 

332. Simons, K. & Ehehalt, R. Cholesterol, lipid rafts, and disease. J Clin Invest 110, 597-
603 (2002). 

333. Lee, W.M., Ishikawa, M. & Ahlquist, P. Mutation of host delta9 fatty acid 
desaturase inhibits brome mosaic virus RNA replication between template 
recognition and RNA synthesis. J Virol 75, 2097-106 (2001). 

334. Guinea, R. & Carrasco, L. Phospholipid biosynthesis and poliovirus genome 
replication, two coupled phenomena. Embo J 9, 2011-6 (1990). 

335. Perez, L., Guinea, R. & Carrasco, L. Synthesis of Semliki Forest virus RNA 
requires continuous lipid synthesis. Virology 183, 74-82 (1991). 

336. Kushner, D.B. et al. Systematic, genome-wide identification of host genes affecting 
replication of a positive-strand RNA virus. Proc Natl Acad Sci U S A 100, 15764-9 
(2003). 

337. Ahlquist, P., Noueiry, A.O., Lee, W.M., Kushner, D.B. & Dye, B.T. Host factors 
in positive-strand RNA virus genome replication. J Virol 77, 8181-6 (2003). 

338. Lee, W.M. & Ahlquist, P. Membrane synthesis, specific lipid requirements, and 
localized lipid composition changes associated with a positive-strand RNA virus 
RNA replication protein. J Virol 77, 12819-28 (2003). 

339. Schwartz, M., Chen, J., Lee, W.M., Janda, M. & Ahlquist, P. Alternate, virus-
induced membrane rearrangements support positive-strand RNA virus genome 
replication. Proc Natl Acad Sci U S A 101, 11263-8 (2004). 

340. Moyer, S.A., Baker, S.C. & Horikami, S.M. Host cell proteins required for measles 
virus reproduction. J Gen Virol 71 ( Pt 4), 775-83 (1990). 

341. Mizumoto, K. et al. Protein factors required for in vitro transcription of Sendai 
virus genome. J Biochem 117, 527-34 (1995). 

342. Thyberg, J. & Moskalewski, S. Role of microtubules in the organization of the 
Golgi complex. Exp Cell Res 246, 263-79 (1999). 

343. Laferriere, N.B., MacRae, T.H. & Brown, D.L. Tubulin synthesis and assembly in 
differentiating neurons. Biochem Cell Biol 75, 103-17 (1997). 

344. Ruthel, G. et al. Association of ebola virus matrix protein VP40 with microtubules. 
J Virol 79, 4709-19 (2005). 

345. Elliott, G. & O'Hare, P. Herpes simplex virus type 1 tegument protein VP22 
induces the stabilization and hyperacetylation of microtubules. J Virol 72, 6448-55 
(1998). 

346. Novoa, R.R. et al. Virus factories: associations of cell organelles for viral 
replication and morphogenesis. Biol Cell 97, 147-72 (2005). 

347. Salanueva, I.J. et al. Polymorphism and structural maturation of bunyamwera virus 
in Golgi and post-Golgi compartments. J Virol 77, 1368-81 (2003). 

348. Ball, E.H. & Singer, S.J. Mitochondria are associated with microtubules and not 
with intermediate filaments in cultured fibroblasts. Proc Natl Acad Sci U S A 79,
123-6 (1982). 



  57 

349. De, B.P., Lesoon, A. & Banerjee, A.K. Human parainfluenza virus type 3 
transcription in vitro: role of cellular actin in mRNA synthesis. J Virol 65, 3268-75 
(1991). 

350. De, B.P., Burdsall, A.L. & Banerjee, A.K. Role of cellular actin in human 
parainfluenza virus type 3 genome transcription. J Biol Chem 268, 5703-10 (1993). 

351. Rogalski, A.A., Bergmann, J.E. & Singer, S.J. Effect of microtubule assembly status 
on the intracellular processing and surface expression of an integral protein of the 
plasma membrane. J Cell Biol 99, 1101-9 (1984). 

352. Van De Moortele, S., Picart, R., Tixier-Vidal, A. & Tougard, C. Nocodazole and 
taxol affect subcellular compartments but not secretory activity of GH3B6 
prolactin cells. Eur J Cell Biol 60, 217-27 (1993). 

353. Jin, M. & Snider, M.D. Role of microtubules in transferrin receptor transport from 
the cell surface to endosomes and the Golgi complex. J Biol Chem 268, 18390-7 
(1993). 

354. Cole, N.B., Sciaky, N., Marotta, A., Song, J. & Lippincott-Schwartz, J. Golgi 
dispersal during microtubule disruption: regeneration of Golgi stacks at peripheral 
endoplasmic reticulum exit sites. Mol Biol Cell 7, 631-50 (1996). 

355. Toomre, D., Keller, P., White, J., Olivo, J.C. & Simons, K. Dual-color visualization 
of trans-Golgi network to plasma membrane traffic along microtubules in living 
cells. J Cell Sci 112 ( Pt 1), 21-33 (1999). 

356. Wacker, I. et al. Microtubule-dependent transport of secretory vesicles visualized 
in real time with a GFP-tagged secretory protein. J Cell Sci 110 ( Pt 13), 1453-63 
(1997). 

357. Stults, N.L., Fechheimer, M. & Cummings, R.D. Relationship between Golgi 
architecture and glycoprotein biosynthesis and transport in Chinese hamster ovary 
cells. J Biol Chem 264, 19956-66 (1989). 

358. Yang, W. & Storrie, B. Scattered Golgi elements during microtubule disruption are 
initially enriched in trans-Golgi proteins. Mol Biol Cell 9, 191-207 (1998). 

359. Kleinert, H., Pautz, A., Linker, K. & Schwarz, P.M. Regulation of the expression 
of inducible nitric oxide synthase. Eur J Pharmacol 500, 255-66 (2004). 

360. Peters, C.J., Simpson, G.L. & Levy, H. Spectrum of hantavirus infection: 
hemorrhagic fever with renal syndrome and hantavirus pulmonary syndrome. 
Annu Rev Med 50, 531-45 (1999). 

361. Geisbert, T.W. & Jahrling, P.B. Exotic emerging viral diseases: progress and 
challenges. Nat Med 10, S110-21 (2004). 

362. Geisbert, T.W. et al. Mechanisms underlying coagulation abnormalities in ebola 
hemorrhagic fever: overexpression of tissue factor in primate 
monocytes/macrophages is a key event. J Infect Dis 188, 1618-29 (2003). 

363. Peters, C.J., Liu, C.T., Anderson, G.W., Jr., Morrill, J.C. & Jahrling, P.B. 
Pathogenesis of viral hemorrhagic fevers: Rift Valley fever and Lassa fever 
contrasted. Rev Infect Dis 11 Suppl 4, S743-9 (1989). 

364. Srichaikul, T., Nimmanitaya, S., Artchararit, N., Siriasawakul, T. & Sungpeuk, P. 
Fibrinogen metabolism and disseminated intravascular coagulation in dengue 
hemorrhagic fever. Am J Trop Med Hyg 26, 525-32 (1977). 

365. Gavrilovskaya, I.N., Peresleni, T., Geimonen, E. & Mackow, E.R. Pathogenic 
hantaviruses selectively inhibit beta3 integrin directed endothelial cell migration. 
Arch Virol 147, 1913-31 (2002). 

366. Cheresh, D.A. Human endothelial cells synthesize and express an Arg-Gly-Asp-
directed adhesion receptor involved in attachment to fibrinogen and von 
Willebrand factor. Proc Natl Acad Sci U S A 84, 6471-5 (1987). 

367. Hynes, R.O. Integrins: versatility, modulation, and signaling in cell adhesion. Cell
69, 11-25 (1992). 

368. Reynolds, L.E. et al. Enhanced pathological angiogenesis in mice lacking beta3 
integrin or beta3 and beta5 integrins. Nat Med 8, 27-34 (2002). 

369. Byzova, T.V. et al. A mechanism for modulation of cellular responses to VEGF: 
activation of the integrins. Mol Cell 6, 851-60 (2000). 

370. Gavrilovskaya, I.N., Gorbunova, E.E., Mackow, N.A. & Mackow, E.R. 
Hantaviruses direct endothelial cell permeability by sensitizing cells to the vascular 
permeability factor VEGF, while angiopoietin 1 and sphingosine 1-phosphate 
inhibit hantavirus-directed permeability. J Virol 82, 5797-806 (2008). 



58




