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“Once you know what the question actually is, 

you'll know what the answer means.” 

 

Deep Thought, The hitchhikers guide to the galaxy by Douglas Adams
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projekt då jag varit upptagen med att fokusera på alla små 

detaljer samtidigt. Du har alltid styrt in mig på rätt bana och 

sett till att jag blivit mer strukturerad än vad jag (och 

förmodligen många andra) trodde var möjligt! 

 Jonas: Du introducerade mig till viruslab då jag var en naiv 

masterstudent som tyckte virus var det mest fascinerande 

som fanns (vilket jag ju i och för sig fortfarande tycker). Du 

höll mig vid liv de där första åren genom kaffe, bra musik, och 

genom konstruktiv kritik i mina projekt. Dessutom så hade 

jag inte haft någon St. Patricks-day-hatt-samling utan dig! 

 slippery sisters: Ni har gjort mina doktorand-år till några av 

de mest fantastiska i mitt liv. Alla utmärkta kulinariska 

upptäckter vi gjort tillsammans och alla goda öl vi insupit i 

varandras sällskap har verkligen förgyllt min tillvaro. Och 

den icke-så-rumsrena humorn har gett mig kramp i käkarna 

många gånger   

 Anne-Marie: Det är sällsynt att finna äkta vänner, och jag är 

överlycklig för att du är en sådan! Att ha någon som lyssnar 

och förstår när det är svårt och någon som firar när allt går bra 

är helt ovärderligt. Våra middagar, vinprovningar, resor, och 

inte att förglömma ett oräkneligt antal Buffy-kvällar har 

verkligen satt guldkant på min tillvaro!  

 Sofia: Du har funnits vid min sida i en signifikant del av mitt 

liv och vi har gått igenom så mycket tillsammans så att få rum 

med allt i denna text är omöjligt. Jag vill bara att du ska veta 
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lyckligt lottad överatt ha dig och din familj som en del i mitt 
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 Jennely: Du och jag har delat glädje och sorg på ett så speciellt 

sätt att vi alltid kommer vara knutna till varandra. Det är få 

förunnat att ha en så nära vän och jag är glad att Marcus 

delade med sig av din vänskap! 

 My friends and co-workers at the department: Together you 

create a fantastic work environment and a friendly atmos-

phere that is hard to beat. You made me feel welcome and 

accepted. All the inspiring meetings and conferences, wine 

tasting dinners, socializing cornors, department parties etc. 

has really made these years very special. 

 mina vänner utanför den akademiska världen: Jag kan inte 

riktigt förstå att ni stått ut med mina udda förklaringar på vad 

jag egentligen jobbar med! Ni har bidragit med så värdefulla 

pauser från doktorerandet med tjejkvällar, maskerader, 

middagar ute i stugan, och allt annat som hör livet till. 

 

  



  

ix 

 

Included papers 

Paper I - Association of Rift Valley fever virus infection with 

miscarriage in Sudanese women: a cross-sectional study. Maria 

Baudin, Ammar M. Jumaa, Huda J.E. Jomma, Mubarak S. Karsany, 

Göran Bucht, Jonas Näslund, Clas Ahlm, Magnus Evander, and 

Nahla Mohamed. The Lancet Global Health, September 2016 

Paper II - Importance of charge interactions in Rift Valley fever 

virus attachment to host cells. Maria Baudin, Delowar Hossain, 

and Magnus Evander. Manuscript  

Paper III - High-throughput screening using a whole-cell virus 

replication reporter gene assay to identify inhibitory compounds 

against Rift Valley fever virus infection. Koushikul Islam, Maria 

Baudin, Jonas Eriksson, Christopher Öberg, Matthias Habjan, 

Friedemann Weber, Anna K. Överby, Clas Ahlm, and Magnus 

Evander. Journal of Biomolecular Screening, April 2016, vol. 21, no. 4, 

pages 354-62 

Other publications  

Increased thrombopoiesis and platelet activation in hantavirus-

infected patients. Connolly-Andersen A.M., Sundberg E., Ahlm C., 

Hultdin J., Baudin M., Larsson J., Dunne E., Kenny D., Lindahl T.L., 

Ramström S. and Nilsson S. Journal of Infectious Diseases, October 

2015, vol. 212, issue 7, pages 1061-9 

Human Puumala hantavirus infection in northern Sweden; 

increased seroprevalence and association to risk and health 

factors. Bergstedt Oscarsson K., Brorstad A., Baudin M., Lindberg 

A., Forssén A., Evander M., Eriksson M., and Ahlm C. Accepted for 

publication in BMC Infectious Diseases  

  



  

x 

 

Thesis objective 

The purpose of my projects was to improve disease management of 

one of the most important emerging viral infectious diseases; the 

zoonosis Rift Valley fever. 

Specific aims: 

Paper I Investigate the cause of fever and to describe the 

clinical presentation in pregnant women, many with 

miscarriages, which attended the Port Sudan teaching 

hospital in 2011 and 2012. 

Paper II Study specific mechanisms of Rift Valley fever virus 

binding and entry into host cells. 

Paper III Develop a high-throughput screening for identifi-

cation and characterisation of non-toxic compounds 

with antiviral activity against RVFV.  

 

  



  

xi 

 

Abbreviations 

CCHF Crimean-Congo haemorrhagic fever 

CHIK Chikungunya 

CHIKV Chikungunya virus 

CI Confidence interval 

CNS Central nervous system   
D&C Dilation and curettage 

DC Dendritic cell 

DC-SIGN 
Dendritic cell-specific intercellular adhesion 

molecule-3-grabbing non-integrin 

DF Dengue fever 

DHF Dengue haemorrhagic fever 

DIC Disseminated intravascular coagulation   
ELISA Enzyme-linked immunosorbent assay  

EVD Ebola virus disease   
Gc Glycoprotein c 

Gn Glycoprotein n   
Hb Haemoglobin 

HBc Hepatitis B core 

HBsAg Hepatitis B surface antigen 

HFRS Haemorrhagic fever with renal syndrome 

HPS (a.k.a. HCPS) Hantavirus cardiopulmonary syndrome 

HTS High-throughput screening   
IC50 Half maximal inhibitory concentration 

IFN Interferon 

IgG Immunoglobulin G 

IgM Immunoglobulin M   
kD/kDa Kilodalton   
LAMP Loop-mediated isothermal amplification 

LASV Lassa virus 

LGp (a.k.a. NSm1) Large glycoprotein 

LP L segment protein   
NP Nucleocapsid protein 

NSm (a.k.a. NSm2) Non-structural protein m 

NSs Non-structural protein s   
OR Odds ratio   



  

xii 

 

PCR  Polymerase chain reaction 

PKR Protein kinase R 

PMNs Polymorphonuclear 

PRNT Plaque reduction neutralisation test   
RNA Ribonucleic acid 

RNP Ribonucleoprotein 

RPA Recombinase polymerase amplification  

RT Reverse transcriptase 

RVF Rift Valley fever 

RVFV Rift Valley fever virus   
TWBC Total white blood cell count   
UUKV Uukuniemi virus   
VHF Viral haemorrhagic fever 

VLP Virus-like particle 

 

 

  



  

xiii 

 

Abstract 

Rift Valley fever virus (RVFV) is a mosquito-borne virus which has 

the ability to infect a large variety of animals including humans in 

Africa and Arabian Peninsula. The abortion rate among these 

animals are close to 100%, and young animals develop severe 

disease which often are lethal.   

In humans, Rift Valley fever (RVF) presents in most cases as a mild 

illness with influenza-like symptoms. However, in about 8% of the 

cases it progresses into a more severe disease with a high case 

fatality rate. Since there is such a high abortion rate among infected 

animals, a link between human miscarriage and RVFV has been 

suggested, but never proven. 

We could in paper I for the first time show an association between 

acute RVFV infection and miscarriage in humans. We observed an 

increase in pregnant women arriving at the Port Sudan Hospital 

with fever of unknown origin, and several of the patients 

experienced miscarriage. When we analysed their blood samples 

for several viral diseases we found that many had an acute RVFV 

infection and of these, 54% experienced a miscarriage. The odds of 

having a miscarriage was 7 times higher for RVFV patients 

compared to the RVFV negative women of which only 12% 

miscarried. These results indicated that RVFV infection could be a 

contributing factor to miscarriage. 

RVFV is an enveloped virus containing the viral glycoproteins n 

and c (Gn and Gc respectively), where Gn most likely is responsible 

for the initial cellular contact. The protein DC-SIGN on dendritic 

cells and the glycosaminoglycan heparan sulfate has been 

suggested as cellular receptors for RVFV, however other 

mechanisms are probably also involved in binding and entry. 

Charge is a driving force for molecular interaction and has been 
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shown to be important for cellular attachment of several viruses, 

and in paper II we could show that when the charge around the cells 

was altered, the infection was affected. We also showed that Gn 

most likely has a positive charge at a physiological pH. 

When we added negatively charged molecules to the viral particles 

before infection, we observed a decreased infection efficiency, 

which we also observed after removal of carbohydrate structures 

from the cell surface.  

Our results suggested that the cellular interaction partner for initial 

attachment is a negatively charged carbohydrate. Further 

investigations into the mechanisms of RVFV cellular interactions 

has to be undertaken in order to understand, and ultimately 

prevent, infection and disease. 

There is currently no vaccine approved for human use and no 

specific treatments for RVF, so there is a great need for developing 

safe effective drugs targeting this virus. We designed a whole-cell 

based high-throughput screen (HTS) assay which we used to screen 

libraries of small molecular compounds for anti-RVFV properties. 

After dose-response and toxicity analysis of the initial hits, we 

identified six safe and effective inhibitors of RVFV infection that 

with further testing could become drug candidates for treatment of 

RVF. This study demonstrated the application of HTS using a 

whole-cell virus replication reporter gene assay as an effective 

method to identify novel compounds with potential antiviral 

activity against RVFV.  
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Sammanfattning på svenska 

Rift Valley-feber (RVF) orsakas av Rift Valley feber-virus (RVFV) 

som sprids via myggor till många olika djurarter inklusive 

människor. Viruset förekommer i Afrika och på den Arabiska 

halvön och orsakar ofta en dödlig infektion i kor, får och getter där 

gravida djur oftast får missfall. Människor med RVF får oftast en 

lindrig, influensalik infektion, men i ca 8% av fallen utvecklas 

allvarligare symptom som till exempel leverskador, allvarliga 

ögoninfektioner, inre och yttre blödningar, hjärnhinneinflamma-

tion, och död. 

Eftersom missfall förekommer i så hög grad bland infekterade 

idisslare är frågan om det finns en koppling mellan missfall och 

RVFV-infektion också hos människor. I vår studie undersökte vi 

patienter med feber av oklar orsak, många också med 

blödningssymptom och flera med missfall. Av 130 gravida kvinnor 

som inkluderades i studien fick 27 patienter missfall och fyra 

patienter födde för tidigt. Det var mer än sju  gånger högre risk att 

få missfall om den gravida kvinnan var infekterad av RVFV. 

Missfallsfrekvensen hos RVF-patienter var 54% jämfört med endast 

12% hos de patienter som inte var infekterade av RVFV. Missfallen 

hos de med RVFV-infektion skedde generellt sett senare i 

graviditeten än hos de RVFV-negativa. Dessa resultat tyder på att 

en RVFV-infektion kan orsaka missfall även hos människor. 

För närvarande finns inget vaccin godkänt för mänskligt bruk och 

ingen specifik behandling för RVF, så det finns ett stort behov av att 

utveckla säkra och effektiva läkemedel mot RVFV. Genom att 

använda en försvagad variant av RVFV undersöktes över 28000 små 

molekyler för att se om de kunde förhindra RVFV infektion i celler 

på laboratoriet. Detta resulterade i att 641 kemiska föreningar 

visade sig blockera RVFV infektion. Genom att vidare analysera 
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dessa föreningar kunde vi identifiera sex stycken små molekyler 

med intressanta egenskaper. Metoden vi utvecklade visade sig vara 

en säker och snabb metod för att undersöka stora mängder små 

molekyler på kort tid och identifiera molekyler som blockerar 

virusinfektion.  

RVFV är ett höljebärande virus med glykoproteiner (Gn och Gc) 

inkorporerade i höljet. Dessa glykoproteiner binder viruset till 

cellen vid en infektion. Gc är inbäddad i höljet medan Gn sticker ut 

mer från virusytan vilket medför att Gn svarar för den första 

kontakten med cellen. RVFV kan infektera många olika celltyper, 

vävnader och organ. Skillnader i laddning mellan ytor gör att olika 

molekyler dras till varandra och det har också visat sig vara viktigt 

för hur virus dras till olika strukturer på cellytan. Datoranalys av 

glykoproteinet Gn visade att den ytan som är på utsidan av Gn är 

positivt laddat vilket medför att en negativt laddad molekyl skulle 

kunna binda till Gn. När virus blandades med negativt laddade 

molekyler så minskade infektionen i celler kraftigt. Mest troligt 

blockerade de bindningen till cellytan genom att binda till Gn. När 

kolhydrater bundna till celler togs bort stördes också interaktionen 

mellan celler och virus, vilket också skedde vid tillsats av 

kemikalier och andra ämnen som förändrar laddningen runt 

cellerna. Dessa resultat pekar mot att RVFV binder till en negativt 

laddad kolhydrat på cellytan. Vidare studier i hur RVFV binder till 

och infekterar celler är nödvändigt för att förstå, och i slutändan 

förhindra, infektion och sjukdom. 

I denna avhandling visas att RVFV infektion kan ha allvarliga 

konsekvenser hos gravida kvinnor. Virusets interaktion med celler 

har karaktäriserats och nya antivirala medel som stör virus-

infektionen har identifierats.
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Case report* 

Part 1 – Infectious diseases and pregnancy 

A 29 year old woman, Mirembe, arrives at a rural medical clinic in 

East Africa. She is estimated to be around four months pregnant with 

her third child. She has had high fever, substantial headache, and 

muscle aches for about a week as well as a nose-bleed that does not 

seem to cease. She has also been feeling nauseous and her back and 

neck has been aching, but she has attributed this to the pregnancy. 

She is seeking medical care as the fever does not seem to pass and as 

she also has experienced a small vaginal bleeding and is therefore 

worried for the baby. 

 

 

Part 2 – Rift Valley fever virus 

 “Mirembe lives with her two children, a 3 year old 

daughter and an 8 year old son, and her husband and his 

parents in a small farm. The family farm crops and 

vegetables, but their main income originates from their 45 

goats. They sell milk and cheese as well as meat, but they 

also trade live animals. Just before Mirembe became ill, 

many goats had fallen ill and four kids had died. Three does were pregnant and all 

of them suffered abortions, including one that was close to delivery. All family 

members, except for the young daughter, had helped to take care of the sick animals 

and the disposal of the dead kids. The grandfather has also been feeling ill the last 

couple of days but the other family members are not sick. A large farm with both 

cattle, sheep, and goats in a neighbouring village reported an outbreak of Rift 

Valley fever a couple of weeks ago, so the family suspect that their animals may 

also have this disease.” 
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Part 3 – Rift Valley fever disease 

A nurse at the clinic takes care of Mirembe. Blood 

samples are collected for basic haematological 

tests such as blood cell counts and haemoglobin 

levels and also for microscopic diagnosis of 

parasitic infections such as malaria and African 

trypanosomiasis. The laboratory technician 

cannot find any signs of parasitic infections. 

However, they discover a slightly elevated lymphocyte count and a drastic decrease 

in the thrombocyte count. Her haemoglobin level is low and the erythrocyte 

sedimentation rate is slightly higher than normal. 

 

Part 4 – Consequences of RVF 

The medical clinic does not have an 

ultrasound machine to check the status of 

pregnancy. The nurse tries to locate the 

baby’s heartbeat using a stethoscope but 

cannot detect any heart sounds 

The doctor’s assessment points to some type of virus infection that might have 

affected the foetus, but the clinic does not have the necessary equipment to do 

further analysis so Mirembe is transferred to the hospital in a neighbouring city 

for further care and diagnosis.  

At the hospital, an abdominal ultrasound is performed which shows a blood pool 

under the placenta, a lower than normal amniotic fluid level and a smaller than 

expected foetus with no discernible heart activity. Due to Mirembe’s increased 

bleeding risk, because of the low platelet count, a dilation and curettage (D&C) 

procedure or induced delivery is declared to be too risky, so it is decided that they 

should wait for the miscarriage to proceed naturally. 
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Part 5 – Diagnosis and treatment  

Further blood samples are collected and analysed for virus 

infection by serology and PCR analysis. The analysis includes 

viruses causing hepatitis, dengue, Yellow fever, Rift Valley fever 

(RVF), chikungunya (CHIK), and Crimean-Congo haemorrhagic 

fever (CCHF). Ebola virus is added to the panel due to the recent 

epidemic in West Africa. Mirembe is positive for IgG antibodies 

against both dengue and chikungunya virus which suggests a 

previous infection with these agents, but since neither viral RNA 

nor IgM antibodies are found, this is probably not the cause of her 

current illness. The analysis is negative for antibodies against or RNA originating 

from Ebola virus, Yellow fever virus, and CCHF virus excluding these agents as 

causing disease. She tests positive for both RVFV RNA and IgM antibodies 

indicating an acute ongoing RVFV infection. Her low thrombocyte count, the nose 

bleed, vaginal bleeding as well as her neck pain and headache is indicative of a 

severe form of RVFV infection which can lead to death.     

Since there is no approved specific treatment for RVF, the only therapy Mirembe 

can receive is symptomatic, e.g. fluids and antipyretics. On her second day at the 

hospital her vaginal bleeding increases and her miscarriage is completed, which 

requires both blood and thrombocyte transfusions. Mirembe stays in the hospital 

for monitoring her headaches, but she never develops encephalitis. Two weeks after 

admission, she has no more symptoms and her condition is stable enough for her 

to be sent home. 

Both Mirembe and her father-in-law made a full recovery. An old woman from the 

neighbouring farm also affected by RVFV fell ill about a week after the outbreak in 

their animals. She was suffering from high fevers, headaches, and periods of 

unconsciousness and died six days later. Even though she was never diagnosed, 

the cause of death was most likely RVFV-induced encephalitis. 

 

 

* This case description is fictitious. All similarities with actual persons, venues, 

and events are coincidental  
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Part 1 – Infectious diseases and pregnancy 

A 29 year old woman, Mirembe, arrives at a rural medical clinic in East 

Africa. She is estimated to be around four months pregnant with her third 

child. She has had high fever, substantial headache, and muscle aches for 

about a week as well as a nose-bleed that does not seem to cease. She has 

also been feeling nauseous and her back and neck has been aching, but she 

has attributed this to the pregnancy. She is seeking medical care as the 

fever does not seem to pass and as she also has experienced a small vaginal bleeding 

and is therefore worried for the baby. 

Viral infections affecting pregnancy 

Infections of the uterus can either ascend from the vagina and cervix 

or via the bloodstream, the so called vertical or transplacental route.  

Viral infections of the cervix can disturb the mucous plug that 

otherwise protect the intrauterine cavity, thus increasing the risk of 

bacterial infections [Racicot; 2013]. Herpes viruses such as varicella 

zoster virus and cytomegalovirus are common viruses that can 

cause disease in pregnant women [Silasi; 2015] and has been 

implicated in miscarriages [Giakoumelou; 2016]. Other infections 

that can have adverse effect on the foetus and may cause 

miscarriage [Ainsworth; 2005] is Rubella, which can lead to 

placental necrosis [Banatvala and Brown; 2004], and Parvovirus B19 

which can cause hydrops fetalis [Silingardi; 2009]. 

Infection of Zika virus during pregnancy can also cause severe 

foetal malformation, mainly microcephaly [Driggers; 2016, 

Fiorentino and Montero; 2016], but the teratogenic mechanism is 

still not known [Adibi; 2016]. If the infection can result in 

miscarriage is still unclear, but the virus can infect isolated primary 

human placental cells [Tabata; 2016]. Virus RNA and antigens has 

been found in foetal [Martines; 2016] as well as placental tissue and 

also in amniotic fluid [van der Eijk; 2016] following miscarriage. 
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Chikungunya virus (CHIKV) have been shown to be transmitted to 

the foetus if the infection occurs early during the pregnancy, and 

this can in rare cases lead to neurological impairment in the 

newborn (congenital chikungunya). It has however not been 

associated to foetal malformation or miscarriage, although some 

suspicious cases of pregnancy loss in CHIKV infected women has 

been reported [Gerardin; 2014].  

Hepatitis E can in some cases infect the foetus and cause miscarriage 

or foetal distress [Patra; 2007, Krain; 2014], but the greatest danger 

is to the pregnant women which often presents with a more severe 

clinical presentation. The mortality rate is considerably higher 

compared to non-pregnant individuals [Kumar; 2001] and has been 

reported to be as high as 45% [Khuroo and Kamili; 2003].   

Viral haemorrhagic fever 

Viral haemorrhagic fever (VHF) is caused by many different RNA 

viruses from the Bunya-, Filo-, Flavi-, and Arenaviridae families. As 

their name suggests they often cause haemostasis disruptions, 

mainly by causing dysfunction in thrombocytes, endothelial cells, 

and hepatocytes. This disruption can lead to liver necrosis, 

disseminated intravascular coagulation (DIC), hypotension, 

hypovolemic shock and death [Chen and Cosgriff; 2000, Keller; 

2003]. 

The basis of platelet dysfunction can be increased thrombocyte 

activation and consumption or disturbed platelet production 

[Connolly-Andersen; 2015]. In some cases, the produced platelets 

are defect and other times the actual production rate is decreased. 

Despite the mechanism the result is often severe thrombocytopenia 

[Chen and Cosgriff; 2000].  

Infection in hepatocytes of many haemorrhagic fever viruses can 

lead to cellular malfunction and hepatic degeneration which in 
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severe cases can result in liver necrosis. As an effect, the production 

of many regulators of haemostasis such as coagulation factors 

decreases, which can contribute to DIC development [Sosothikul; 

2015]. 

Endothelial dysfunction leads to increased permeability and 

plasma leakage and can be caused by direct damage in virus 

infected endothelial cells, but also indirect by endothelial activation 

induced by systemic inflammation [Feldmann; 1996, Keller; 2003, 

Connolly-Andersen; 2011]. 

VHF during pregnancy 

Viral haemorrhagic fever during pregnancy is often lethal for the 

foetus. There are many causes of death in this type of infections. 

Severe sickness of the mother could cause miscarriage on its own, 

and bleeding disorders like low platelet count, thrombosis 

formations, and internal haemorrhages further increases the risk for 

adverse outcome dramatically [Jamieson; 2006].  

Filoviridae 

Ebola viral disease (EVD) is caused by Ebola, Bundibugyo, Taï 

forest, or Sudan virus and an infection during pregnancy not only 

increase the risk for severe symptoms compared with non-pregnant 

patients [Mupapa; 1999], but also for maternal haemorrhage and 

foetal loss [Jamieson; 2014]. To date, no children born to EVD 

patients have survived [Nelson; 2016]. EVD-causing viruses have 

been found in placental cells and amniotic fluid, placenta tissue, and 

umbilical cord blood [Baggi; 2014, Caluwaerts; 2016, Muehlenbachs; 

2016] which is highly suggestive of a transplacental infection route. 

Marburg viruses which causes Marburg viral disease has very 

similar pathogenesis and pregnancy complications as EVD [Bebell 

and Riley; 2015]. 
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Arenaviridae 

Lassa fever is a haemorrhagic fever caused by the arenavirus Lassa 

virus (LASV). Women that get infected with LASV in the third 

trimester have a higher mortality rate than infected non-pregnant 

women (up to 30% compared with 15%) and over 80% experience 

pregnancy loss due to the infection. If the pregnancy is terminated, 

the woman increases the chance of survival [Price; 1988]. LASV has 

been isolated from both placental and foetal tissue [Walker; 1982] 

and is believed to be transmitted vertically. Some less common 

arenaviruses, grouped under South American haemorrhagic fevers, 

has a comparable clinical picture when it comes to pregnancy 

outcome [Paessler and Walker; 2013]. 

Flaviviridae 

Dengue virus is the causative agent for dengue fever (DF), and DF 

together with haemorrhagic symptoms such as nose bleed, low 

platelet count, gastrointestinal bleeding, elevated haematocrit etc. is 

classified as dengue haemorrhagic fever (DHF) [World Health 

Organization; 1998]. Some studies have reported miscarriage 

during dengue infections [Ismail; 2006, Basurko; 2009, Chitra and 

Panicker; 2011, Tan; 2012] but more data is needed to indicate a 

correlation [Pouliot; 2010]. More common outcomes are premature 

birth and low birthweight [Pouliot; 2010, Friedman; 2014]. Whether 

progression from DF to DHF increases the risk of adverse 

pregnancy outcomes is not very well studied. 

Bunyaviridae 

Hantavirus 

Two diseases are caused by hantaviruses; Hantavirus cardio-

pulmonary syndrome (HPS) which can be caused by Sin Nombre 



  

8 

 

virus and Andes virus, and haemorrhagic fever with renal 

syndrome (HFRS) which can be caused by Dobrava, Saaremaa, 

Puumala, Hantaan, or Seoul virus. Miscarriage has been linked to 

HPS [Howard; 1999] and there is a suspicion that Puumala virus 

infection can lead to foetal death [Pettersson; 2008] but vertical 

transmission has not been verified in HFRS patients. 

Crimean Congo haemorrhagic fever 

There are only a few reports of Crimean Congo haemorrhagic fever 

(CCHF) during pregnancy [Al-Tikriti; 1981, Ergonul; 2010, 

Unlusoy-Aksu; 2014]. In one case, a CCHFV IgM positive woman 

gave birth to a CCHFV PCR positive baby via caesarean section, 

suggesting that the virus can be transmitted in utero [Ergonul; 

2010]. Miscarriage has been observed in three cases whereof two 

also were fatal to the mother [Al-Tikriti; 1981]. 

Rift Valley fever 

RVFV infection has since it was discovered been known to cause 

abortion in mainly domestic ruminants, such as cows and sheep, 

and it can occur at any stage of the pregnancy [Daubney; 1931, 

Findlay and Daubney; 1931]. Regarding human infection, there are 

only two case reports on RVFV in pregnant women that show 

evidence of transplacental transmission of RVFV causing clinical 

disease in the newborns [Arishi; 2006, Adam and Karsany; 2008]. 

One study has retrospectively compared RVFV IgG antibody 

prevalence in women that had miscarriages before and during a 

RVFV outbreak, but no difference between the two groups were 

detected [Abdel-Aziz; 1980]. Another study showed that women 

that tested positive for RVFV IgG antibodies had a slightly, but not 

significant, higher frequency of prior stillbirths [Niklasson; 1987].  

Despite the evidence of vertical transmission, the presence of RVFV 

particles in human placental tissue has yet not been reported. For 
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other animals it has however been detected in both placental and 

foetal tissue as well as in amniotic fluid, and a variant of the virus, 

Clone 13, has been shown to cross the placental barrier in sheep and 

lead to abortion [Makoschey; 2016]. Interestingly, ruminant and 

human placenta are structurally very different which could impact 

the translatability of studies on ruminants to humans. Rodents 

however have a placental structure closely resembling humans 

which may render them more useful as a model system for RVF in 

human pregnancy [Moffett and Loke; 2006, Furukawa; 2014, 

Gundling and Wildman; 2015].  
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Part 2 – Rift Valley fever virus  

Mirembe lives with her two children, a 3 year old daughter and an 

8 year old son, and her husband and his parents in a small farm. 

The family farm crops and vegetables, but their main income 

originates from their 45 goats. They sell milk and cheese as well as 

meat, but they also trade live animals. Just before Mirembe became ill, many goats 

had fallen ill and four kids had died. Three does were pregnant and all of them 

suffered abortions, including one that was close to delivery. All family members, 

except for the young daughter, had helped to take care of the sick animals and the 

disposal of the dead kids. The grandfather has also been feeling ill the last couple 

of days but the other family members are not sick. A large farm with both cattle, 

sheep, and goats in a neighbouring village reported an outbreak of Rift Valley fever 

a couple of weeks ago, so the family suspect that their animals may also have this 

disease. 

RVFV virus structure, genome, and gene products 

Rift Valley fever virus is a Phlebovirus belonging to the Bunyaviridae 

family. The enveloped virion is around 100 nm in diameter and it 

has glycoproteins protruding from the surface (Figure 1). The 

genome is composed of single stranded RNA of negative and 

ambisense polarity which is divided into three segments; large (L), 

medium (M), and small (S). The RNA is surrounded by 

nucleocapsid proteins and an RNA dependent RNA polymerase is 

attached to each segment [Elliott and Schmaljohn; 2013] . 

 

Figure 1. RVFV surface; envelope with glyco-

proteins. 3D reconstruction of a RVFV particle 

made from data gathered from cryo-electron 

microscopy and single-particle averaging 

[Huiskonen; 2009]. 
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L segment 

The 6404 nucleotide long L segment encodes one protein, LP, which 

mainly serves as a RNA-dependent RNA polymerase but also has 

other enzymatic functions such as endonuclease [Bouloy and 

Weber; 2010] and transcriptase [Lopez; 1995]. LP is essential for 

viral replication, transcription, and maturation and packaging of 

new virions [Zamoto-Niikura; 2009, Murakami; 2012]. 

S segment 

The S segment is 1690 nucleotides long [Bird; 2007] and encodes a 

nucleocapsid protein in the negative sense and a non-structural 

protein (NSs) in a positive sense [Giorgi; 1991].  

Nucleocapsid protein 

The nucleocapsid protein (NP) of RVFV surrounds and protects the 

viral RNA and together with LP they constitute the ribonucleo-

proteins (RNP). NP is highly immunogenic [Xu; 2013] and many 

antibody-based RVFV detection assays are based on thisl protein 

[van Vuren and Paweska; 2009] 

Non-structural protein s (NSs) 

The NSs protein of RVFV supresses the host interferon response  

(IFN-β) [Ly and Ikegami; 2016] by inducing degradation of the 

dsRNA-dependent protein kinase R (PKR) [Habjan; 2009b]. RVFV 

that lack functional NSs will efficiently induce an interferon 

response after infection [Bouloy; 2001, Billecocq; 2004, Ikegami; 

2009]. 
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M segment 

The M segment consist of 3885 nucleotides that encode precursor 

polyproteins of different length depending which of the five start 

codons that are used. These polyproteins can in turn be cleaved in 

different ways [Gerrard and Nichol; 2007, Phoenix; 2016a]. After 

cleavage, four distinct proteins are produced. There are two 

structural proteins; glycoprotein n (Gn) and glycoprotein c (Gc), 

and two non-structural proteins; NSm (a.k.a. NSm2) and a 78 

kilodalton large protein called 78 kD/78 kDa protein, NSm1, or 

Large Glycoprotein (LGp).  

Glycoproteins 

Gn contain a Golgi retention motif [Gerrard and Nichol; 2002] 

which most likely is responsible for localisation of the Gn/Gc 

glycoprotein dimer to the Golgi apparatus during the viral 

replication cycle [Carnec; 2014]. Gc is a type II fusion protein [Garry 

and Garry; 2004, Shi; 2009]  which fusion activity is triggered by low 

pH [White; 2008].  

Figure 2. Model image of 

bunyavirus structural 

components. 

Image  Maria Baudin 
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Non-structural protein m (NSm) 

NSm is not needed for successful RVFV infection in mammals 

[Won; 2006, Gerrard; 2007, Bird; 2011], but has shown to be im-

portant for replication and spread in mosquitoes [Kading; 2014]. 

NSm has been shown to increase virulence in RVFV infected mice 

[Kreher; 2014], which is most likely due to its capacity to suppress 

virus-induced apoptosis in infected cells [Won; 2007].  

78kDa protein 

The function of the 78 kDa protein is still unknown, but it is 

nonessential to virus infection and replication in both mammalian 

and insect cell cultures [Won; 2006, Gerrard; 2007] and does not 

seem to be a virulence factor in mice [Kreher; 2014]. However it 

seems to be incorporated into new virions when grown in mosquito 

cells but not in mammalian cells even though both expresses the 

protein after infection [Weingartl; 2014]. Furthermore, virus lacking 

the 78 kDa protein does not spread in the mosquito after being fed 

virus-containing blood [Kreher; 2014]. Taken together, this could 

suggest that the 78 kDa protein has a role in virus propagation in 

mosquitoes but further studies are required to determine potential 

mechanisms. 

Virus-host-interactions 

The RVFV envelope contains the glycoproteins Gn and Gc. Gn folds 

over Gc and protrudes farthest away from the virus surface. This 

suggest that Gn is a likely interaction partner with the host [Garry 

and Garry; 2004, Rusu; 2012] although the specific mechanisms 

behind the binding event has not been completely explained 

[Spiegel; 2016]. Viruses replicating in insect cells acquire mannose 

or high-mannose type N-linked glycans [Shi and Jarvis; 2007]. The 

first cells to interact with RVFV in an infection originating from a 
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mosquito bite are immune cells in the skin such as monocyte-

derived dendritic cells (DC) [Briant; 2014, Terasaki and Makino; 

2015]. A molecule on these cells, DC-SIGN, have been shown to 

bind to high-mannose N-linked glycans [Feinberg; 2001] and act as 

a receptor for many phleboviruses including RVFV [Lozach; 2011, 

Hofmann; 2013]. Gn has one glycosylation point at amino acid 438 

which seem to be important for infection [Phoenix; 2016b]. 

Cells have many negatively charged molecules, often carbohydrates 

such as glycosaminoglycans, expressed on the cell surface or in the 

extracellular matrix [Ruoslahti; 1988]. These molecules are common 

receptors for many viruses such as for example adeno-, herpes-, 

influenza-, and rotaviruses. One such glycosaminoglycan, heparan 

sulfate, functions as a receptor to many viruses including herpes 

simplex, hepatitis C, dengue, and West Nile virus [Olofsson and 

Bergström; 2005] and has lately also been implicated in RVFV 

infection [de Boer; 2012a, Riblett; 2016]. In addition, heparin, which 

is a heavily negative charged analogue to heparan sulfate, also 

interfere with the RVFV-host cell interaction [de Boer; 2012a].  

Another Phlebovirus, Uukuniemi virus (UUKV) undergo a clathrin 

independent caveola-mediated endocytosis after binding to the 

host cell [Lozach; 2010, Harmon; 2012]. UUKV and RVFV belong to 

the same species and are similar in many aspects, which suggest 

that this mode of cellular entry could also be utilised by RVFV. A 

lowering of the pH in the late endosome to below 5.4 trigger a 

conformational change of Gc which activate the fusion mechanism 

[Bitto; 2016]. This leads to a fusion of the viral and the endosomal 

membrane and release of the viral material into the cytoplasm of the 

host cell [Lozach; 2010, de Boer; 2012b]. During replication in 

mammalian cells, RVFV most likely obtain a more complex 

glycosylation pattern than after replication in the mosquito, but the 

importance of this during virus binding and entry is not yet known 

[Elliott and Schmaljohn; 2013] . 
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RVFV transmission 

RVFV is a zoonosis spread via mosquitoes to mammalian hosts. 

Certain mosquitoes from the Aedes species are primary vectors of 

RVFV [Fontenille; 1998, Arum; 2015] and can transmit the virus to 

the eggs after which it remain in the mosquito until adulthood 

[Linthicum; 1985]. Mosquito bites are probably the most common 

mode of infection, but aerosol transmission from infected body 

fluids is a very potent infection route and can cause more severe 

symptoms [Reed; 2013, Hartman; 2014]. Virus particles have been 

isolated from human nasal discharge [Abdel-Wahab; 1978], indicat-

ing a possible human-human aerosol transmission route. 

  

Figure 3. Transmission cycle of Rift Valley fever virus. 

Solid arrows represent direct transmission and dotted arrows vertical 

transmission. Images © Fotosearch (www.fotosearch.com) 
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Part 3 – Rift Valley fever disease 

A nurse at the clinic takes care of Mirembe. Blood samples 

are collected for basic haematological tests such as blood cell 

counts and haemoglobin levels and also for microscopic 

diagnosis of parasitic infections such as malaria and African 

trypanosomiasis. The laboratory technician cannot find any signs of parasitic 

infections. However, they discover a slightly elevated lymphocyte count and a 

drastic decrease in the thrombocyte count. Her haemoglobin level is low and the 

erythrocyte sedimentation rate is slightly higher than normal. 

RVF in animals  

Ruminants, especially domestic but to some extent also wild 

ruminants, are highly susceptible to RVFV infection. The mortality 

is high, particularly in young animals where up to 80% succumb to 

the disease. Newborn animals (<1 week old) have an almost 100% 

mortality rate. A RVFV infection in pregnant ruminants such as 

sheep, goats, cows, buffaloes, and camels can cause abortion 

regardless of the gestational age of the foetus [Gerdes; 2004]. Traces 

of RVFV such as RNA and antigens, but also whole virus particles, 

can be found in almost all organs in animal foetuses and also in 

placentas [Beran; 1994] but RVFV have an especially high affinity to 

liver and brain tissues [Näslund; 2008]. A high frequency of 

abortions along with animals exhibiting febrile illness can be a 

strong indication towards a RVFV outbreak, especially if it follows 

a period of heavy rainfall when the mosquito vectors will appear in 

great numbers [Pepin; 2010]. 

Rodents, mostly mice, are often used as a lethal disease model. They 

present with clinical signs similar to humans and they usually die 

after a couple of days after infection which make them useful in 

anti-viral and vaccine studies [Lagerqvist; 2009, Näslund; 2009, 

Ross; 2012].  
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RVF in humans 

Persons working close to RVFV infected livestock, such as veteri-

narians and slaughterers, and people ingesting raw milk from 

infected animals are at high risk of getting RVF [Nicholas; 2014]. 

[Nicholas; 2014]. In addition, both animals and humans can get 

RVFV by bites of infected mosquitoes. The incubation period is 4-6 

days and the viremia last at least 4 days. Most commonly, RVFV 

infection only give rise to a mild febrile illness, sometimes 

accompanied by muscle pain, nausea and abdominal irritation. Eye 

symptoms such as redness and irritation are also seen occasionally. 

[Ikegami and Makino; 2011]. Approximately 8% of RVFV develop 

severe symptoms such as encephalitis, ocular disease, and 

haemorrhagic fever with liver impairment [CDC; 2016].  

The estimated mortality rate of RVFV is around 1%, but there are 

large variations in the reported case fatality rates [Nanyingi; 2015] 

where some studies describe a death rate of over 30% [M. Al-Hazmi; 

2003, Hassan; 2011]. There could be many explanations for this 

variation. Fatality rates describe the deaths among often very sick 

patients and are not representative for the overall population. The 

lack of availability to reliable diagnostic tools could also lead to 

underreporting and thus an overestimation of fatality rates 

[Hassan; 2014]. 

  



  

18 

 

Part 4 – Consequences of RVF 

The medical clinic does not have an ultrasound 

machine to check the status of pregnancy. The 

nurse tries to locate the baby’s heartbeat using a 

stethoscope but cannot detect any heart sounds. 

The doctor’s assessment points to some type of virus infection that might have 

affected the foetus, but the clinic does not have the necessary equipment to do 

further analysis so Mirembe is transferred to the hospital in a neighbouring city 

for further care and diagnosis. 

At the hospital, an abdominal ultrasound is performed which shows a blood pool 

under the placenta, a lower than normal amniotic fluid level and a smaller than 

expected foetus with no discernible heart activity. Due to Mirembe’s increased 

bleeding risk, because of the low platelet count, a dilation and curettage (D&C) 

procedure or induced delivery is declared to be too risky, so it is decided that they 

should wait for the miscarriage to proceed naturally. 

Severe symptoms RVFV 

It is estimated that 8% of patients infected with RVFV develop 

severe symptoms, either as a direct effect of viral infection or due to 

the following inflammation and immune response [Mohamed; 

2010, Boshra; 2011, Ikegami and Makino; 2011]. 

Encephalitis 

Neurological symptoms is found in around 1% of RVFV patients 

[CDC; 2016], most likely due to direct damage from viral infection 

in the CNS [Alrajhi; 2004, Dodd; 2013, Dodd; 2014]. Autopsies of 

RVF encephalitis patients have shown signs of inflammation in the 

brain tissue such as leukocyte infiltration and perivascular cuffing 

as well as focal necrosis [van Velden; 1977]. 
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How the viruses end up in the brain is not yet known. The virus can 

be found in the nasal cavity [Abdel-Wahab; 1978] and intranasal 

infection cause encephalitis in laboratory animals [Reed; 2013, 

Hartman; 2014] which could suggest that the virus can infect the 

cells of the olfactory bulb and be transported from there into the 

brain. Another hypothesis is that CNS infection start in the gut 

where the virus has the possibility to spread from gut epithelial cells 

to the enteric nervous system [Wiley; 2015]. 

Ocular disease 

Retinitis, inflammation of the retina, is relatively common following 

a RVFV infection [Newman-Gerhardt; 2013]. As a consequence, 

macular oedema and degeneration, uveitis, vasculitis, and retinal 

haemorrhages can occur in one or both eyes which often manifests 

as blurry and decreased vision. Some patients can develop retinal 

or macular lesions which in 50% of the cases lead to permanent 

damage [Siam; 1980, A. Al-Hazmi; 2005, Ikegami and Makino; 2011, 

CDC; 2016].  

Haemorrhagic fever with liver impairment 

RVFV can be found in high concentrations in liver tissue and an 

infection often leads to inflammation and localised necrosis [Flick 

and Bouloy; 2005, Mohamed; 2010]. Patients often have 

hepatosplenomegaly and laboratory tests show elevated levels of 

liver enzymes in plasma [Flick and Bouloy; 2005]. The liver damage 

caused by many haemorrhagic fever viruses can result in defect 

production of coagulation factors which in combination with 

uncontrolled inflammation, platelet activation, and endothelial 

dysfunction can lead to severe haemorrhagic symptoms [Connolly-

Andersen; 2011, Connolly-Andersen; 2014, Zapata; 2014, Connolly-
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Andersen; 2015]. RVFV induced haemorrhagic fever is character-

ised by jaundice, petechial haemorrhages, blood in faeces, urine, or 

vomit [Geisbert and Jahrling; 2004, CDC; 2016]. Low blood 

pressure, thrombocytopenia, leukopenia, and low haemoglobin 

levels (Hb) are common laboratory findings [M. Al-Hazmi; 2003, 

Geisbert and Jahrling; 2004, Gerdes; 2004]. Haemorrhagic compli-

cations occur in less than 1% of RVFV patients, but the case fatality 

rate in this patient group can be as high as 50% [CDC; 2016]. 
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Part 5 – Diagnostics and treatment 

Further blood samples are collected and analysed for virus infection 

by serology and PCR analysis. The analysis includes viruses causing 

hepatitis, dengue, Yellow fever, Rift Valley fever (RVF), chikungunya 

(CHIK), and Crimean-Congo haemorrhagic fever (CCHF). Ebola 

virus is added to the panel due to the recent epidemic in West Africa. 

Mirembe is positive for IgG antibodies against both dengue and 

chikungunya virus which suggests a previous infection with these agents, but 

since neither viral RNA nor IgM antibodies are found, this is probably not the 

cause of her current illness. The analysis is negative for antibodies against or RNA 

originating from Ebola virus, Yellow fever virus, and CCHF virus excluding these 

agents as causing disease. She tests positive for both RVFV RNA and IgM 

antibodies indicating an acute ongoing RVFV infection. Her low thrombocyte 

count, the nose bleed, vaginal bleeding as well as her neck pain and headache is 

indicative of a severe form of RVFV infection which can lead to death.     

Since there is no approved specific treatment for RVF, the only therapy Mirembe 

can receive is symptomatic, e.g. fluids and antipyretics. On her second day at the 

hospital her vaginal bleeding increases and her miscarriage is completed, which 

requires both blood and thrombocyte transfusions. Mirembe stays in the hospital 

for monitoring her headaches, but she never develops encephalitis. Two weeks after 

admission, she has no more symptoms and her condition is stable enough for her 

to be sent home. 

Both Mirembe and her father-in-law made a full recovery. An old woman from the 

neighbouring farm also affected by RVFV fell ill about a week after the outbreak in 

their animals. She was suffering from high fevers, headaches, and periods of 

unconsciousness and died six days later. Even though she was never diagnosed, 

the cause of death was most likely RVFV-induced encephalitis. 
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RVFV diagnostics 

Febrile illness in ruminants in combination with mass abortions and 

death of young animals is indicative of a RVFV outbreak, 

particularly if it follows a rainy period with high mosquito activity 

[De Kruijf; 1975]. In humans, RVF can be suspected in patients that 

beside common infection symptoms (fever, muscle or joint pain, 

headaches) have jaundice, abdominal discomfort, bleedings, 

encephalitis, and/or ocular inflammation, especially if they also 

have thrombocytopenia [Pepin; 2010].  

Nucleic acid based assays 

Viral RNA in blood samples can be detected during viremia, and 

the traditional method for viral RNA detection is different forms of 

the polymerase chain reaction (PCR) such as reverse transcriptase 

(RT) PCR or quantitative (q) PCR [Mansfield; 2015]. These methods 

are specific and highly sensitive, but they require the use of 

instruments capable of incubating the samples in repeating cycles 

with variable temperatures ranging from 4°C to over 90°C.  

Lately, techniques such as loop-mediated isothermal amplification 

(LAMP) and recombinase polymerase amplification (RPA) which 

does not require temperature cycling but works at a steady 

temperature, have been developed for RVFV diagnosis [Le Roux; 

2009, Euler; 2012]. These methods are still quite new and untested, 

and careful primer design and method optimising is needed before 

they can be of commercial use. When standardised, they have the 

potential to be useful in rural areas in the developing countries 

where RVF mainly occurs, since they do not require as advanced 

equipment as traditional PCR [Mansfield; 2015]. 
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Antibody detection 

IgM antibody production begins in the second week after infection 

and normally last for a couple of weeks, which makes presence of 

IgM an indicator of acute RVF. RVFV IgG production can also begin 

at the second week after infection, but will be present for a long time 

and is usually a marker of previous infection. A safe, but sometimes 

less specific, diagnostic method is enzyme-linked immunosorbent 

assay (ELISA) which also is useful when many samples need to be 

analysed simultaneously [Paweska; 2005]. 

The most reliable method for confirming that the antibodies are 

RVFV specific is a plaque reduction neutralisation test (PRNT), but 

this method depends on access and handling of live virus and is 

thus very hazardous [Swanepoel; 1986]. The method is based on 

mixing a patient serum sample in several different concentration 

with a known number of virus particles. Normally, viruses are 

incubated with cells for 1h after which a semi-solid overlay is 

added. The infected cells will spread newly produced virus only to 

the surrounding cells, which will die and create patches of dead 

cells in the otherwise healthy cell layer. These patches are called 

plaques. If the viruses is mixed with a serum containing RVFV 

specific neutralising antibodies before the cellular infection, there 

will be fewer plaques since the antibody covered viruses will lose 

their infectious capacity. The more antibodies a sample contains, the 

more you can dilute it without losing the neutralisation capability. 

Viral antigen detection 

Fixated tissues from biopsies or after autopsy/necropsy, especially 

from the liver, are after infection often positive for RVFV antigens 

which can be visualised using immunostaining techniques. A 

slower but highly reliable method is isolation of whole virus 

particles by adding suspensions of infected tissue or body fluids to 
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a cell culture where the virus can multiply. RVFV infection cause 

cytopathic effect (rounding of cells) in many mammalian cell lines 

followed by cell death 1-2 days after infection [Mansfield; 2015]. 

RVFV infection in these cells can then be confirmed with RNA 

detection or a variety of immunologically based methods [Pepin; 

2010].  

RVFV prevention and treatment 

RVF prevention 

People in endemic areas should protect themselves against 

mosquito bites by use of mosquito repellents and sleeping under 

mosquito bed nets. Contact with sick animals, especially aborted 

animals, blood and other body fluids or tissues should be avoided. 

Samples that are suspected to be RVFV positive should be handled 

with caution and protective gear, such as gloves, aprons, and mouth 

and eye protection, should be used to minimise the risk of infection 

[CDC; 2016]. Special care should be taken for persons in high risk 

groups such as farmers, veterinarians, and laboratory workers 

[Nicholas; 2014]. 

Vaccines and antiviral drugs  

There are no vaccines approved for commercial human use 

[Mansfield; 2015]. For veterinary use there are two live attenuated 

vaccines approved by the World Organisation for Animal Health 

(OiE); the Smithburn and Clone 13 strains [World Organisation for 

Animal Health; 2015]. Both these vaccines have been shown to give 

very good protection and are generally safe to use in adult, non-

pregnant animals [von Teichman; 2011, Lo; 2015]. These vaccines 

are however pathological for young or pregnant animals and causes 

abortions and malformations similar to the wild type RVFV 
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[Barnard and Botha; 1977, Botros; 2006, Kamal; 2009, Makoschey; 

2016]. 

There are no RVFV specific antivirals available for human use, and 

even though several drugs are being evaluated, none has so far 

passed clinical trials. There is a possibility that already approved 

antiviral agents could be effective against other infections, so 

screenings of such drugs could be a way to find new viral inhibitors 

in a cost effective way. Ribavirin is widely used in a variety of virus 

infections and have been tested on RVFV. Even though it has only 

shown partial anti-RVFV effect [Reed; 2013] it is sometimes used in 

supportive care [Borio; 2002]. Another approved drug, the 

proteasome inhibitor Bortezomib which is used against multiple 

myeloma, has shown to inhibit RVFV infection in cell culture [Keck; 

2015].  

Other interesting drugs that are being evaluated for anti-RVFV 

activity is curcumin and Favipiravir. Curcumin, an NF inhibitor, 

has in cell culture been shown to inhibit RVFV infection 

[Narayanan; 2012]. Favipiravir (a.k.a. T705) is a RNA polymerase 

inhibitor with antiviral activity against many RNA viruses. It has 

been shown to be effective against RVFV infection in both cell 

culture [Furuta; 2013] and in rats [Caroline; 2014]. It also protects 

against RVFV induced neurological manifestations as well as 

prevent lethal disease in hamsters [Scharton; 2014] 
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Summary of included papers 

Paper I - Association of Rift Valley fever virus infection 

with miscarriage in Sudanese women: a cross-sectional 

study 

Published in The Lancet Global Health, September 2016  

Aim and methodology 

The aim of paper I was to investigate the cause of fever in patients, 

many of them pregnant women with miscarriages, which attended 

the Port Sudan teaching hospital in Sudan from June 2011 to 

November 2012. 

The hospital noted an increase in the number of patients with 

undiagnosed fever (e.g. negative for malaria, yellow fever and 

bacterial infections) during this time period, many with VHF-like 

symptoms, and started to collect blood samples. The serum was 

separated and stored until further analysis. Our group was 

contacted for collaboration in analysing the samples for a panel of 

viral diseases. All patient medical records were retrieved and 

together with the samples was the base for the study. 

We decided to test for RVF, chikungunya, hepatitis A, B and E, and 

dengue since these are common diseases in the Port Sudan area and 

can give rise to the symptoms observed in the study participants. 

We used a sensitive and specific probe based qRT-PCR method for 

RNA detection of RVFV, CHIKV, hepatitis E virus, and dengue 

virus. Specific IgM antibodies against dengue virus were tested in 

serum samples by using a commercially available ELISA-kit*. To 

                                                      
* PanBio Dengue Early ELISA kit, PanBio (Brisbane, Australia) 
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diagnose acute hepatitis A and B infection, we examined the 

samples for IgM antibodies against hepatitis A virus, hepatitis B 

antigens (HBsAg) and antibodies (anti-HBc) in an immunoassay 

analyser*. 

Anti-RVFV IgM antibodies in the serum samples were detected 

using one of our previously developed IgM detection assays [Ahlm; 

2014] with an attenuated strain of RVFV. In order to confirm the 

ELISA results, we also examined the neutralising capabilities of the 

sera using a PRNT assay that was developed previously by our 

group [Näslund; 2009].  

Total white blood cell count (TWBC), platelet count, haemoglobin 

concentration (Hb), and haematocrit levels were analysed for all 

patients. 

Results and discussion 

Study population 

162 patient samples were collected during the study period. Of 

these, 130 were from surviving pregnant women between the ages 

of 17 to 40 (mean age was 27 years) which we decided to focus on 

in this study. 27 of these women suffered from miscarriage during 

the hospital stay and four had pre-term deliveries (7th and 8th 

gestational month). All women experienced fever, headaches, pain, 

nausea, and jaundice. Malaise (feeling unwell) were reported in 40% 

of patients while 35% suffered from diarrhoea and 31% from rashes. 

21 patients, 16%, experienced bleeding symptoms such as red eyes, 

petechiae, vaginal and nose bleedings. 

                                                      
* Abbot Architect i4000SR, Abbott Laboratories (Chicago, IL, USA) 
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We created a category for haemorrhagic disease which we defined 

as having bleeding symptoms or moderate/severe thrombocyto-

penia (<100 × 109 platelets per litre blood). 37% patients (48 of 130) 

ended up meeting these criteria for haemorrhagic disease.  

All patients tested negative for hepatitis A, B, and E viruses. 9 

women (7%) had IgM antibodies against dengue virus, but all were 

negative for dengue RNA. 31 patients (24%) had CHIKV RNA in 

their blood and 28 (22%) had an acute RVFV infection (e.g. positive 

for RVFV RNA and/or IgM). 8 patients were co-infected with both 

CHIKV and RVFV.  

Infections, clinical symptoms, and pregnancy outcome 

CHIKV infection was associated with malaise (p<0.0001), rash 

(p<0.0001), low TWBC (p=0.006), low Hb (p=0.007), and a low 

haematocrit (0.038), all consistent with the classical clinical picture 

for a CHIKV infection [Pialoux; 2007].  

RVFV infection was significantly associated with malaise (p=0.001), 

bleeding (p<0.0001), low Hb (p=0.024), and a low platelet count 

(p=0.05). As a consequence, haemorrhagic disease was also 

correlated to RVFV infection (p=0.003).   

Coinfection of CHIKV and RVFV or chikungunya infection alone 

was not found to be associated with miscarriage but it was 

correlated to pre-term delivery (3 out of 4 CHIKV patients had pre-

term delivery). However, the limited amount of patients in this 

group makes it difficult to draw any conclusions based on this data.  

Of women with miscarriage, 54% (15 out of 28) had a RVFV 

infection compared to only 12% (12 of 102) in the non-RVFV group. 

When adjusted for age, haemorrhagic disease, and CHIKV infection 

in a multivariate analysis, the odds of having a miscarriage was 

over 7 times higher for RVFV infected women compared with the 

RVFV negative patients (OR = 7.4, 95% CI 2.7–20.1; p<0.0001). 
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Miscarriage in RVFV infected women generally occurred later in the 

pregnancy than miscarriages in those that were RVFV negative 

(p=0.037) (Figure 4).  

As far as we know, the effect of an acute RVFV infection on 

pregnancy outcome has never been studied before. This is the first 

time a conclusive association of RVFV infection and miscarriage has 

been established in humans. It is widely known that RVFV infection 

causes abortion in animals, even though it has been difficult to 

study aborted tissue since the foetus often is autolysed [Coetzer; 

1982]. However, both wild type and vaccine strains of RVF viruses 

and RVFV RNA have been detected in foetal tissue of aborted lambs 

in several studies [Botros; 2006, Bird; 2011, Antonis; 2013, 

Makoschey; 2016] and RVFV particles have also been detected in 

aborted cattle [Kondela; 1985, Morvan; 1992]. In an evaluation of a 

Clone 13 vaccine, 30% of ewes that were inoculated early in 

gestation had abortions and 11% of those that were inoculated at a 

Figure 4. Comparison of gestational age for miscarriages in RVFV positive and 

RVFV negative patients. Gestational age for miscarriages in RVFV-positive (n = 

12) and RVFV-negative women (n = 11). The first trimester (white section) is 

defined as a gestational age up to three months, the second trimester (light grey 

sections) ranges from month four to six, and the third trimester (dark grey sections) 

is above seven months. In the statistical analysis the patients were grouped 

according to whether they had an early (first trimester) or late (second and third 

trimester) miscarriage. The time of miscarriage was unknown in four women, who 

were not included in this comparison. 



  

30 

 

later stage of the pregnancy [Makoschey; 2016]. These results show 

that not only wild type RVFV but also potential vaccine strains can 

cross the placenta and infect the foetus in utero and that the 

infection clearly can trigger abortion.  

Even though there was a correlation of RVFV infection and 

miscarriage in the study we describe in paper I, the mechanism is 

not definitely determined. Unfortunately we had no access to foetal 

or placental samples from the women that miscarried, so any 

presence of RVFV in those tissues went undetected.  

In a study of pregnant ewes all animals infected with wild type 

RVFV (strain ZH 501) aborted their foetuses a couple of weeks after 

infection. In necropsies of the ewes, the placental tissue were 

severely inflamed with infiltration of numerous polymorpho-

nuclear (PMN) lymphocytes and prominent necrosis was present all 

through the placental layers [Baskerville; 1992]. A vaccine study on 

the Smithburn vaccine in goats [Kamal; 2009] showed severe 

inflammation and necrosis of the endometrial lining as well as areas 

with haemorrhage in uteri of does with abortions. The cause of 

abortion in these cases is most likely due to placental malfunction 

following the severe maternal inflammation.  

The strong association between RVFV infection and miscarriage we 

describe in paper I and the established connection with abortion in 

other animals warrant further studies on the effects of infection in 

pregnant women during RVFV outbreaks, with special focus on 

examination of foetal and placental tissues. 
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Paper II - Importance of charge interactions in Rift 

Valley fever virus attachment to host cells 

Manuscript 

Aim and methodology 

The aim of this study was to examine the driving mechanisms 

behind RVFV attachment to host cells. 

By using different computer software we calculated the predicted 

net charge of the exposed area of the viral glycoproteins. In the in 

vitro infection experiments we used virus-like particles (VLPs) 

carrying a reporter gene [Habjan; 2009a]. These VLPs are able to 

attach and bind to cells, enter the cells, and initiate primary 

transcription of its reporter gene, a Renilla luciferase. In an efficient 

infection the luciferase will be expressed, and after substrate* 

addition luminescence is created as a by-product. The luminescence 

produced by infected cells was used as a measurement of 

infectivity. To study important factors for the cellular interaction of 

RVFV, we used different chemicals to change the environment 

surrounding the cells or mixed the VLPs with different molecules 

prior to infection. 

Results and discussion  

Based on our in silico analysis, we could predict that the exposed 

charge of Gn was positive at a physiological pH which suggest that 

a putative interaction partner to Gn could be negatively charged.  

Addition of negatively charged molecules to the VLPs before 

allowing them to bind to cells decreased infection, strengthening 

the hypothesis suggested from the computer analysis. We found 

                                                      
* Renilla luciferase assay system, Promega corporation (Madison, WI, USA)  
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that changing the charge around the cells also greatly affected the 

VLPs capacity to bind to the host cells, so did also removal of 

carbohydrates from the cell surface. This indicated that cellular 

attachment of RVFV to host cells are charge-dependent and the 

binding partner was a negatively charged carbohydrate (Figure 5).  

There has been different views regarding the need for heparan 

sulfate or other glycosaminoglycans in RVFV infection [Hopkins; 

2013, Riblett; 2016]. After initial RVFV interaction with DC-SIGN on 

dendritic cells [Lozach; 2011], one could imagine a dynamic model 

for RVFV entry into mammalian cells in other tissues where initial 

attachment of RVFV to negatively charged cell surface molecules 

results in conformational change, followed by binding to a second, 

so far unknown, receptor. 

 

 

  

Figure 5. Model of a charge-dependent 

interaction between RVFV virus and a 

negatively charged cellular component.  

Modified from [Rusu; 2012]. 



  

33 

 

Paper III - High-throughput screening using a whole-cell 

virus replication reporter gene assay to identify inhibitory 

compounds against Rift Valley fever virus infection 

Published in Journal of Biomolecular Screening, April 2016 

Aim and methodology 

Our aim with this study was to identify non-toxic compounds with 

antiviral activity against RVFV. 

There are mainly two “modes of attack” in developing antivirals; to 

start with a known target and design putative antivirals based on 

the target structure or to screen for antiviral effect of several 

molecules simultaneously. As described in paper III, we designed a 

high-throughput screening (HTS) to access antiviral activity of a 

library* of almost 28,500 small compounds in a whole-cell based 

assay, using a human lung epithelial cell line (A549) that we knew 

was highly susceptible to RVFV infection. We used a live attenuated 

(NSs-deleted) virus carrying a red fluorescent marker; Katushka, 

which enabled us to quantify the efficacy of viral infection by 

measuring fluorescence in the red spectrum (Figure 6).   

 

                                                      
* Chemical Biology Consortium Sweden (CBCS) 

Figure 6. RVFV infected cells indicated by red fluorescence. NSs-deleted RVFV 

particles carrying the Katushka red fluorescence reporter gene. 
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To ensure uniformity over several experiments we used an 

automated dispensing robot*. Katushka labelled virus was added at 

the same time as the compounds which enabled us to identify any 

inhibitory activity against any infectious stage. The fluorescence 

and thus the infection efficacy was measured 16 hours after 

infection, which according to our evaluation was after the initial 

virus infection but before production of new virus particles and a 

secondary round of virus production and subsequent spread to 

neighbouring cells (Figure 7). Simultaneously, we also performed a 

toxicity assay† to measure if the compounds had adverse effects on 

the cells. A translational inhibition assay was performed on selected 

lead compounds in order to exclude inhibitory effect on the cellular 

translation machinery. 

                                                      
* NxP Beckman Coulter (Brea, CA, USA) 
† Resazurin cell viability assay, Sigma-Aldrich (St. Louis, MO, USA) 

Figure 7. RVFV Infection kinetics. Infection by different concentrations of an 

NSs-deleted strain of RVFV expressing Katushka red fluorescent protein in lung 

epithelial (A549) cells. 
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Results and discussion 

In the first step of the screening we found 641 compounds with 

sufficient antiviral effect (>80% reduction of fluorescence) and low 

cell toxicity (<50% cell death) at 50 µM. We then again used the 

automated dispensing robot* for a secondary screen of the 641 

compounds at different compound concentrations (cut-off of >60% 

reduction of fluorescence at 3.12 µM) and 63 compounds were 

selected.  We then performed a dose–response validation assay by 

identifying individual fluorescent cells by an imaging instrument †  

and summarizing and quantifying the fluorescence intensity of 

individual cells. This validation assay resulted in six compounds 

that showed a dose dependent inhibition of RVFV infection (Figure 

8). None of these compounds were toxic to the cells or inhibited 

cellular translation, which otherwise could be an alternative cause 

to the reduction in reporter gene production. This shows that the 

recorded effect is due to the compound inhibiting infection of 

RVFV. 

  

                                                      
* NxP Beckman Coulter (Brea, CA, USA) 
† Trophos Plate Runner HD®, Trophos, Roche Group (Marseille, France) 

Figure 8. Dose response inhibition. Measurement of the RVFV-

specific inhibition of the six hit compounds at different 

concentrations. 

http://www.trophos.com/download/pr_datasheet.pdf
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Conclusions 

In paper I we could for the first time demonstrate an association 

between acute RVFV infection and miscarriage in humans.  

In paper II we showed that the primary attachment of RVFV to host 

cells was charge-dependent and that the viral glycoprotein Gn most 

likely binds to a negatively charged carbohydrate on the cell 

surface.  

In paper III we developed a whole-cell based reporter gene assay 

which we utilised in a screening for RVFV specific antivirals that 

resulted in identification of six different molecules with RVFV 

antiviral activity. 

 

Significance 

RVF is a disease that has a potential for global expansion due to for 

example climate change, international travel, and the wide habitat 

range of arthropod vectors [Martin; 2008, Gould and Higgs; 2009]. 

If RVFV spread to naïve regions it can have serious aftereffects 

[Cutler; 2010], for example animal trade bans between countries 

[Rich and Wanyoike; 2010]. A deeper understanding of the 

dynamics of RVFV infection and its consequences is crucial for 

preventing adverse outcomes. 

The connection between RVFV and miscarriage has long been 

known in other animals, primarily domestic ruminants, but data on 

the effect of RVFV infection during human pregnancy has been 

lacking. Further studies showing viral infection in human foetal and 

placental tissue after miscarriage is warranted to solidify this 

association. RVF is a neglected disease in the endemic regions, 
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specifically in Africa. There is most probably underreporting of 

both RVFV infections and miscarriages, which makes it difficult to 

acquire accurate data.  

Maternal health has long been a neglected topic when it comes to 

political discussions and for research interest and funding. Even 

though maternal mortality is declining all over the world, the rate 

is much slower in low- and lower-middle-income countries [WHO; 

2012]. Improvements regarding women’s and maternal health 

could have large impact on social welfare and economic growth of 

not only communities but also for entire regions, as seen for 

example in Sri Lanka and Senegal [WHO; 2012]. 

Only a handful drugs are available for treatment of viral infections, 

and these function mainly against human immunodeficiency virus, 

hepatitis viruses, and herpes viruses. However, there are no, or very 

few, antiviral drugs available for treatment of the vector-borne and 

zoonotic viruses that cause severe disease in humans. 

The mode of action for antiviral drugs could either involve a viral 

or a cellular target. Many of new antiviral candidates most probably 

have a cellular target, and these have a great potential for activity 

against a range of viruses, reduce likelihood of resistance and 

function as frontline therapies for emerging outbreaks. The viral 

targets on the other hand are more specific and less toxic. For RVFV 

there are no licensed antivirals available, however there are some 

currently in evaluation.  

A vital step in order to understand why RVF patients develop 

severe symptoms is to investigate and characterise the molecular 

mechanism behind the virus interactions with host cells, 

information which is also crucial for the development of new safe 

and effective antiviral treatments. 
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