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Abstract

Rift Valley fever (RVF) is an ecologically complex emerging arboviral disease that causes
significant illness in both livestock and people. This review article is designed to assist the

reader in understanding the varied aspects of RVF disease in animals and humans. The historical
facets of RVF disease, including the evolution of human outbreaks, are presented and discussed.
The different clinical presentations of human RVF disease and the underlying causes are then
addressed. We explore the exposure and transmission potential of RVF in animals and people. In
the concluding section, we discuss the historical role of RVF as a biological weapon. We conclude
with an outline of the important unanswered questions for ongoing research into this important
zoonotic disease.

1. Introduction

Rift Valley fever (RVF) is a veterinary disease of livestock in Africa, and as such it
exemplifies the One Health concept, in which animal and human health are inextricably
intertwined. Infection of domesticated livestock (sheep, cattle, and goats) with RVF virus
(RVFV) causes a highly lethal illness that results in dire economic consequences in affected
regions. Initially a disease of the Rift Valley in eastern Africa, RVFV has spread through
continental Africa as well as to Madagascar and the Arabian Peninsula. The World Health
Organization (WHO)’s first Workshop on Prioritization of Pathogens assigned RVF to the
list of “severe emerging diseases with potential to generate a public health emergency,

and for which no, or insufficient, preventive and curative solutions exist” (World Health
Organization, 2015, 2017). RVF remains on the World Organization for Animal Health
(OIE)’s list of notifiable animal diseases of concern World Organization for Animal Health
(OIE), 2018. Veterinary and human vaccination strategies and development of therapeutic
interventions are the key to limiting spread and alleviating disease burden. Both have
recently been comprehensively reviewed (Dungu et al., 2018; Atkins and Freiberg, 2017)
and are not discussed here. Instead, this review article is designed to assist laboratory
researchers, clinicians, and public health practitioners in understanding the manifold aspects
of RVF disease in animals and humans. We first provide a historical perspective on the

"Corresponding author. 8038 Biomedical Science Tower 3, 3501 Fifth Ave, Pittsburgh, PA 15213, USA. Hartman2@pitt.edu (A.L.
Hartman).

Appendix A. Supplementary data
Supplementary data related to this article can be found at http://dx.doi.org/10.1016/j.antiviral.2018.05.009.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McMillen and Hartman Page 2

2.

2.1.

disease, including a discussion of the changing recognition of human disease over time.

The clinical presentations of human RVF disease and the potential mechanisms underlying
different disease manifestations are then addressed. We then review evidence supporting
exposure and transmission potential. In the concluding section, we discuss the historical and
current role of RVF as a biological weapon. We conclude with an outline of the important
unanswered questions for ongoing research into this important zoonotic disease.

Historical perspective on RVF disease

Identification and isolation of “enzootic hepatitis”

In 1930, R. Daubney and J.R. Hudson, working within the Division of Veterinary Research
in Kenya, were alerted to an unusually high mortality in lambs on a farm near freshwater
Lake Naivasha in the Rift Valley (Daubney and Hudson, 1931). Their initial investigation
determined that these deaths were caused by a previously unrecognized disease of sheep
and cattle (Daubney and Hudson, 1931). IlIness in the lambs was abrupt; mortality often
occurred within 24 h of disease onset. As Daubney described, “... the disease might entirely
escape observation during life and the animal would simply be found dead in the morning”
(Daubney and Hudson, 1933). Mortality of lambs was age-dependent; the highest mortality
rates (up to 95%) occurred in 3—7 day old lambs (Daubney and Hudson, 1931). Signs of
disease in adult animals included vomiting, diarrhea, and listlessness. In pregnant ewes,
often the only sign of iliness was abortion of the fetus, while the ewes themselves displayed
few symptoms prior to being found dead. The high mortality in pregnant animals gave rise
to the characteristic (and eerily descriptive) term “abortion storms’ used to describe the
massive fetal mortality that accompany epizootic outbreaks of RVF (Fig. 1). The liver is the
organ most affected in infected livestock. Upon gross examination, the liver was mottled

in appearance and friable, with extensive necrotic lesions (Daubney and Hudson, 1933;
Coetzer, 1977, 1982).

Daubney and colleagues demonstrated that blood transferred from a sick to a healthy
animal could transmit the disease; however, they detected no evidence, either naturally or
experimentally, that the illness was naturally transmitted between animals. In an effort to
control the epizootic, farmers transported sheep from the affected farm (at an altitude of
5500-6000 feet) to one located at a higher altitude (at 7000-8000 feet). This led to the
subsidence of disease, which suggested that an intermediate vector was needed and that
animals did not readily transmit the disease amongst themselves (Daubney and Hudson,
1931). In addition, field exposure experiments performed by Daubney and colleagues
determined that mosquitoes or other insects that can be excluded by a common mosquito
net were likely the cause of disease transmission, as housing sheep covered with a net
prevented infection, whereas uncovered sheep were still susceptible (Daubney and Hudson,
1931, 1933). Furthermore, they determined that these vectors seemingly feed primarily at
night, as cattle restricted to a day-time feeding did not become ill. Finally, an unusually
large amount of rainfall that year (twice the normal annual precipitation level) coincided
with the animal deaths (Daubney and Hudson, 1931). Collectively, these early observations
pointed towards mosquitos as the likely vector. Later studies by others were able to isolate
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RVFV from a variety of mosquito species and demonstrate experimental transmission by
mosquitoes (Smithburn et al., 1948, 1949a; Gear et al., 1955).

In hindsight, RVF likely existed in the Rift valley of Kenya for at least 20 years prior to its
identification as a distinct disease in 1931. In 1913, for example, R.J Stordy, then the Chief
Veterinary Officer in the Department of Agriculture for British East Africa (present-day
Kenya), submitted a report detailing the occurrences of known livestock diseases during the
previous year. The known diseases included rinderpest, East Coast fever, scabies, variola,
and anthrax, among others. Stordy includes an intriguing section describing unnamed
mortality among lambs (Montgomery, 1913):

“A mortality of 90 percent was recorded among lambs. In some cases the symptoms were
very acute, and death occurred within a few hours. In others, the disease ran a more
sub-acute or chronic course. In the acute form, the only symptoms shown were dullness,
rapid respirations, collapse, and death within four hours. In post-mortem, the liver was found
to be soft and friable and the kidneys congested. In the sub-acute or chronic form, the
umbilicus was incompletely closed and swelling of the joints occurred. Investigation pointed
to the disease resulting from the infection gaining entrance through the umbilicus.”

The first description of human disease was of illness among the scientists and veterinarians
involved in the investigation of the 1931 epizootic, and then it was retrospectively identified
among the local farmers of the affected herds during the outbreak (Daubney and Hudson,
1931). Human disease was confirmed by injection of a malaria patient at Native Hospital

in Nairobi with filtered blood from a sick lamb (Daubney and Hudson, 1931; Findlay,
1932). The disease that developed in this patient and the other initial cases was described as
‘dengue-like fever’ or similar to influenza. One patient described “pains that developed in or
near the joints extending from the base of the skull to the extremities (Daubney and Hudson,
1931).” Other common symptoms included fever, headache, abdominal pains, joint and
muscle pains, photophobia, retro-orbital pain, vomiting, nosebleeds, and sweating (Daubney
and Hudson, 1931; Findlay, 1932). The disease was first named “‘enzootic hepatitis’ due to
the hepatic disease in animals, however it was quickly renamed ‘Rift Valley fever’ as a more
accurate description of the febrile illness observed in humans (Daubney and Hudson, 1931).

After recognition of RVF as a new disease in 1931, Daubney and colleagues transported
infectious blood samples to the Wellcome Bureau of Scientific Research in London where
G.M. Findlay experimentally inoculated an assortment of animal species to examine the
range of susceptibility (Findlay, 1932). Mice, rats, and hamsters were as susceptible as
lambs, while other species (rhesus monkeys, cats, and rabbits) were less so.

2.2. Subsequent outbreaks

After the initial description of the disease in 1931, a lull in cases occurred (likely due to
prolonged dry periods), with no cases reported in Kenya between 1936 and 1950. However,
the 1950’s ushered in an era that, to date, has seen at least 11 epizootics in Kenya and
neighboring east African countries during the past 60 years, each occurring an average

of every 3.6 years (Table 1) (Murithi et al., 2011). By the 1950’s, RVF was found in

South Africa, which has since endured 3 extensive epidemics: 1950-1951, 1974-1976, and
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2010-2011. The 1950-51 South African outbreak resulted in the death of 100,000 sheep
with 500,000 abortions as well as non-lethal febrile illness in man (Murithi et al., 2011).
Numerous smaller epizootics or isolated cases continued, interspersed between each larger
epidemic (Pienaar and Thompson, 2013).

2.3. RVF as a serious human disease

While severe illness and lethality among livestock persisted in both Kenya and South Africa
in the 1950s, the human dimension of RVF did not emerge until the 1970’s. Two interesting
epidemics occurred during this period. First in South Africa, exceptionally heavy rainfall

is believed to have caused a large outbreak of RVF between 1974 and 1976. Estimates of
the number of livestock affected during this outbreak have not been recorded, however it is
assumed that the numbers are equal to or larger than the 500,000 animals infected during
1950-51. Notably, in 1974, South Africa recorded the first human deaths due to RVFV
(Mclntosh et al., 1980a). Out of 110 laboratory-diagnosed human cases, there were 7 fatal
cases with extensive liver damage and hemorrhagic fever, 15 cases of encephalitis, and 10
cases of retinitis with visual defects (van Velden et al., 1977).

Unexpectedly, a second large epidemic occurred in Egypt between 1977 and 1979 that
changed the paradigm of RVF in humans. This is the first time the disease occurred outside
of sub-Saharan Africa. The effect on the Egyptian economy was devastating, with almost
half of all animals in the country affected by the disease. For the first time, significant
human morbidity and mortality was observed (estimated at 200,000 human infections;

600 deaths) (Laughlin et al., 1979). The human clinical manifestations included disparate
illnesses such as hemorrhagic disease, encephalitis, and ocular disease. RVFV most likely
emerged in Egypt from importation of infected livestock or infected mosquitos either
directly or indirectly from Sudan or Zimbabwe (Gad et al., 1986; Samy et al., 2017a; Bird et
al., 2007).

2.4. Emergence of RVF in new locations

After the Egyptian outbreak, RVF was acknowledged as a potentially serious and lethal
viral infection of humans. Subsequently, the disease was found in areas where it had not
previously been seen, such as West Africa in the 1980’s (Senegal and Mauritania; 200
human deaths), Madagascar in the 1990’s (at least one human death), and Saudi Arabia and
Yemen in the year 2000 (289 deaths) (Madani et al., 2003; Zeller et al., 1997; Saluzzo et al.,
1987; Morvan et al., 1992; Digoutte and Peters, 1989; Baba et al., 2016) (Table 1).

The occurrence of RVF in Saudi Arabia and Yemen in the fall of 2000 is significant

because this was the first time that RVF disease was found outside the continent of Africa
(Madani et al., 2003). There were over 880 laboratory-confirmed human cases with 123
deaths during the 6-month long outbreak (Madani et al., 2003); this is most likely a

vast underrepresentation of the total number of less severe human infections. Of the lab-
confirmed patients, 18% had jaundice, 17% had neurological symptoms, and 7% had clinical
signs of hemorrhagic fever. The mortality rate in patients with any of those severe symptoms
was very high (45% for those with jaundice, 53% for those with CNS disease, and 65%

for patients with hemorrhage). Evidence suggests the origin of this outbreak was an eastern
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African strain that was circulating in Kenya in 1997-1998 (Bird et al., 2007; Shoemaker
etal., 2002; Samy et al., 2017b; Miller et al., 2002). The livestock trade from Sudan into
Saudi Arabia is the likely source of importation of the virus. Muslims embark on an annual
pilgrimage (Hajj) to Mecca, during which animals are ritually slaughtered. Animals used for
slaughter during the Hajj are often imported from regions in Africa where RVFV is endemic.
Retrospective analysis found that 17% of slaughterhouse workers in Mecca in 1999 were
RVFV seropositive (Turkistany et al., 2001). Thus it is likely that the virus was imported
within the 1997-1998 time frame, and a recent study suggests that a single introduction
resulted in the outbreak on the Arabian Peninsula (Samy et al., 2017b). Rainfall in the
outbreak area was much higher than normal in the year 2000, which likely provided a
mechanism for emergence (Jupp et al., 2002). Despite the evidence of seropositive animals
in Saudi Arabia since 2000, these animals likely originated from Africa, and therefore it is
not known whether the virus is endemic on the Arabian Peninsula.

South Africa suffered another significant RVFV outbreak in 2010-2011, where there were
close to 20,000 cases in animals, 302 laboratory-confirmed human cases, including 25
deaths (Pienaar and Thompson, 2013; Archer et al., 2013). In July of 2016, an imported
case of RVFV was reported in China from a man who contracted the disease while working
in Angola (Liu et al., 2017). Most recently, human cases of RVFV have occurred in Niger
(266 human cases and 32 deaths have been suspected), South Sudan, and Gambia (World
Health Organization, 2016, 2018a, 2018b). Taken together (Table 1), substantial epizootics
and epidemics have occurred in at least 16 countries in Africa and the Arabian peninsula,
with continuing reports of severe human illness and epizootics in livestock to date (World
Health Organization, 2018a, 2018b).

3. Spectrum of human RVF disease

RVF as a febrile illness

Uncomplicated RVF occurs in most infected people. The illness begins with the sudden
onset of headaches and body aches, followed quickly by fever lasting 3-5 days (Laughlin
etal., 1979). Other generalized symptoms include abdominal pains, severe joint and muscle
pains, vomiting, anorexia, weakness, nosebleeds, sweating, and constipation. In some
patients, a biphasic fever occurs (Gear et al., 1951). While uncomplicated RVF is not lethal,
severe headaches, joint pain in the back and extremities, and weakness are common and can
last for a week or more (Daubney and Hudson, 1931; Gear et al., 1951). Clinical laboratory
values are typically within normal ranges for blood chemistry and complete blood counts. In
some cases, convalescence may last for several weeks.

Liver disease and hemorrhagic fever

Severe systemic disease occurs in humans at a low frequency (approximately 1-2% of
cases). As with livestock disease, the liver is a major site of viral replication and tissue
damage in people with severe RVF disease. In addition to the body aches and fever of
typical RVF, patients progress to jaundice and possible hemorrhagic manifestations that
include the presence of blood in urine/feces, vomiting of blood, purple skin rash, and
gingival bleeding (Laughlin et al., 1979). Historically, RVF is most recognized for this
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disease presentation because of some similarities with Ebola hemorrhagic fever. Patients
with severe RVF have extremely high levels of the liver enzymes alanine transaminase
(ALT) and aspartate transaminase (AST), prolonged blood coagulation times, and decreased
platelets (Madani et al., 2003; Liu et al., 2017; McElroy and Nichol, 2012). In patient
samples from the Saudi Arabian outbreak in 2000, fatal cases had levels of ALT and AST
that were 100-1000x above baseline, while patients with severe disease that survived had
liver enzymes 10-100x% above normal (McElroy and Nichol, 2012). Evidence of severe liver
necrosis is seen upon autopsy (van Velden et al., 1977; Shieh et al., 2010; Abdel-Wahab

et al., 1978). Renal failure is also commonly noted. The hepatic/hemorrhagic form of RVF
is highly lethal, with patients succumbing within 1 week of symptoms (Meegan et al.,
1981). During the 2000-2001 outbreak in Saudi Arabia, the mortality of patients exhibiting
abnormal bleeding or jaundice was 65% and 45%, respectively (Madani et al., 2003).

3.3. RVF and ocular disease

Vision problems are one of the most common complications arising from RVFV infection,
occurring in up to 10% of infected people, even in those with less severe disease
presentations (Gear et al., 1951; Freed, 1951; Al-Hazmi et al., 2005; Arthur et al., 1993;
Siam et al., 1980). A study of inpatients with severe systemic RVF and outpatients with mild
disease reported ocular abnormalities at similar frequencies (Al-Hazmi et al., 2005). Visual
defects occur 1-3 weeks after the onset of initial illness (Al-Hazmi et al., 2005; Siam et

al., 1980). Ocular abnormalities can include photophobia, reduced vision, and blind spots.
Uveitis, retinitis, and retinal hemorrhage are frequently documented. Vision defects can be
permanent or may resolve in weeks to months. In the original report describing RVF, one
patient “complained of headache and defective vision for some weeks afterwards (Daubney
and Hudson, 1931).”

3.4. RVF neurological disease

While some individuals with severe systemic RVF display generalized neurological issues
(headache, delirium) during the acute illness, onset of persistent and severe neurological
problems can occur within days to weeks after resolution of the initial symptoms.
Hallucination, disorientation, vertigo, excessive salivation, weakness, and/or paralysis are
some of the neurological complications that can arise in RVF patients (Mclntosh et

al., 1980a; van Velden et al., 1977; Madani et al., 2003). Decerebrate posturing is
frequently associated with patients that subsequently succumb to disease, while patients with
hemiparesis may not recover completely several months after illness (Laughlin et al., 1979),
Pleocytosis of the cerebrospinal fluid (CSF) is common (Mclintosh et al., 1980a; Laughlin
et al., 1979). During the 2000 Saudi outbreak, 53% of patients with CNS complications
died, although it is unclear as to the exact cause of death in these individuals (Madani et al.,
2003).

3.5. Factors underlying different disease outcomes

This spectrum of human RVF illnesses has occurred in virtually every outbreak since the
1970’s (Madani et al., 2003; Shieh et al., 2010; Mohamed et al., 2010; Hassan et al., 2011;
Sow et al., 2014). The reasons behind the seemingly sudden increase in human illness in
Egypt and South Africa in the 1970’s are unknown. One reason may be that the severe forms
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of RVF occurred in the earlier outbreaks but were not recognized as such. Other reports
suggest that genetic evolution and possible reassortment of the virus may have led to the
increased occurrence of severe RVF in humans (Baba et al., 2016). Several recent studies
suggest that reassortment has occurred, albeit at a very low frequency (Samy et al., 2017b;
Liu et al., 2017; Grobbelaar et al., 2011; Meegan, 1979; Bird et al., 2008; Freire et al., 2015;
Sall et al., 1999). The relationship between genetic evolution or possible reassortment and
increased viral virulence is not known.

Why some individuals develop more severe complications than others is difficult to
ascertain, however co-infection with another microbial agent or chronic disease may be
contributing factors. For instance, those who had a recent illness are more likely to have a
severe case of RVF, although ‘recent illness’ was not defined specifically (LaBeaud et al.,
2015). A few studies have examined the effect of human immunodeficiency virus (HIV)
infection on co-infection with RVFV. In Tanzania in 2007, the case fatality rate of patients
with RVF and HIV was significantly higher (75%) than HIV-negative RVF-infected patients
(13%) (Mohamed et al., 2010). A small study during the South African outbreak in 2010—
2011 revealed that of 3 HIV+ patients in the study, all developed RVF encephalitis (Jansen
van Vuren et al., 2015). While the studies are limited, HIV infection appears to be associated
with a higher occurrence of fatality and possibly neurological disease.

Increased susceptibility to development of severe RVF may be caused by a genetic
predisposition for the disease. One recent study postulated that genetic polymorphisms in
the innate immune system may contribute to severe RVF outcomes (Hise et al., 2015).
Single nucleotide polymorphism (SNP) analyses on 363 individuals (117 RVFV +; 246
controls) from an RVF-endemic area in Kenya found that seven genes in the innate immune
system were associated with severe disease manifestations using a single major locus model.
SNPs within toll-like receptor 3 (TLR-3), TLR-7, TLR-8, retinoic acid-inducible gene-I
(RIG-I), myeloid differentiation primary response 88 (MYD88), TIR-domain-containing
adapter-inducing interferon-p (TRIF), and mitochondrial antiviral signaling protein (MAVS)
genes were associated with more severe disease (Hise et al., 2015).

4. EXxposure and transmission potential

4.1. Human exposure routes

A unique feature of RVFV outbreaks is the potential for people to be exposed to RVFV
through different routes, namely by mosquito bite or contact exposure from sick animals.
Mosquitos are the reservoir and vector for transmission of RVFV to animals and people
(Fig. 1). The frequency of human infections by mosquito or contact exposure is not

known. The Chinese man who acquired RVFV infection in Angola was likely exposed

by mosquitos because he had no contact with animals (Liu et al., 2017), but in many

cases the exposure route is not as clear because people are around both mosquitos and sick
animals. Domesticated animals are considered amplifying hosts (Ahmed Kamal, 2011); that
is, they exhibit high viremia and amplify transmission through mosquitoes as well as people
handling infectious animal tissues. There are numerous reports in the literature that trace
human infection to handling organs, tissues, and blood from infected animals (Mclntosh et
al., 1980a; van Velden et al., 1977; Gear et al., 1951; LaBeaud et al., 2015; Anyangu et
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al., 2010). Factors associated with higher likelihood of RVFV infection include occupations
such as a herdsman or farmer; consuming, handling, or slaughtering sick animals; and
sleeping or living in close proximity to animals (LaBeaud et al., 2015; Anyangu et al.,
2010). These studies also found that more severe disease was associated with handling
aborted livestock fetuses.

The index case of an outbreak in Tanzania was a herdsman who reported butchering a sick
goat a few days prior (Mohamed et al., 2010). Exposure in such an instance can occur
through mucous membranes of the eyes, nose, and mouth, or through cuts and abrasions

in the skin. Also plausible is the potential for inhalation of aerosolized particles from

blood and tissue. Early studies demonstrated that RVFV is highly stable and infectious in
aerosol form (Miller et al., 1963). During the Egyptian outbreak in 1977, a group of 6
investigators collecting samples became exposed to RVFV during the slaughter of a severely
sick animal by the traditional Islamic throat-cutting technique. Blood spurting from the
animal was collected for analysis and was later determined to have a very high titer of virus
(Hoogstraal et al., 1979). All 6 investigators became infected but none had physical contact
with the animal tissue or blood during the slaughtering, and the presumed infection route
was likely inhalation of blood droplets created during the slaughter. The outcome of the 6
exposed individuals was not stated but it is assumed that they survived without significant
complications.

4.2. Accidental infections

Prior to 1949, at least 25 accidental infections occurred in people working with the virus

in the laboratory or in experimental settings (Smithburn et al., 1949b; Francis and Magill,
1935; Kitchen, 1934; Schwentker and Rivers, 1934; Sabin and Blumberg, 1947). In 1947,
Albert B. Sabin and Richard W. Blumberg remarked “... there have been accidental human
infections in practically every laboratory in which this virus has been studied” to that date
(Sabin and Blumberg, 1947). Sabin, the future developer of the oral polio vaccine, describes
his own lab-acquired infection with RVFV. Sabin began working with what he initially
thought was a mouse-adapted strain of dengue virus but turned out to be RVFV. Without

the advantage of having modern biosafety equipment or protection, he states that he used a
mortar to grind mouse brain tissue for injection into mice, at which time “... contamination
of the skin or aspiration of droplets of virus might have occurred.” He became ill 6 days
later, when he abruptly awoke with a severe headache, followed by a fever later in the day.
Severe muscle, bone, and joint aches lasted for 2 days. He returned to work in the laboratory
5 days after onset of illness. Mice inoculated with blood drawn from him shortly after onset
of symptoms died from severe hepatic disease. Out of these initial reports on accidental lab
infections, only one person died from complications indirectly related to RVFV (Schwentker
and Rivers, 1934). While these accidental infections led to early knowledge about the
disease course in humans, they also contributed to the original assumption that the virus was
non-lethal in humans.

4.3. Transmission limitations

Although animal-to-human transmission is a significant mode of exposure of people, the
frequency of transmission between animals remains unclear. The initial investigation of
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the 1930 outbreak by Daubney and colleagues (Daubney and Hudson, 1931) involved

serial inoculations of blood from a naturally-infected lamb administered to uninfected

sheep which demonstrated transmission. Naive sheep cohoused with the experimentally
infected animals did not become infected, and these uninfected sheep were later shown

to be susceptible to experimental inoculation. Other studies also failed to demonstrate
contact spread in experimentally inoculated sheep and lambs (Easterday et al., 1962). On
the other hand, several studies identified cases of horizontal transmission between sheep in
an experimental setting (Busquets et al., 2010; Harrington et al., 1980; Yedloutschnig et al.,
1981). More recently, Wichgers Schreur et al., (2016) observed that co-housing either naive
immunocompetent or immunocompromised (per treatment with dexamethasone) lambs with
RVFV-infected lambs did not result in horizontal transmission, while direct inoculation
confirmed that the lambs were susceptible to RVFV infection. Release of infectious virus

in urine, feces, and milk is variable, although there are reports of shedding in milk from
infected cows. Shedding of virus in respiratory secretions has been shown in experimentally
inoculated animals (Busquets et al., 2010) and from infected people (Francis and Magill,
1935), but it is uncertain if this is a natural mode of transmission among animals.

Unlike other viral diseases such as Ebola, RVFV is not transmitted from person to person,
thus humans are dead-end hosts. A study of 4 hospitals in Saudi Arabia during the 2000
outbreak showed that nosocomial transmission did not occur and that standard precautions
including gloves, face masks, and gowns are suitable to protect healthcare workers caring for
RVF patients (Al-Hamdan et al., 2015). Nosocomial transmission was not reported during
the Egyptian outbreak either (Bres, 1981). Because nosocomial transmission is theoretically
possible, personal protective measures are recommended to prevent exposure to blood and
bodily fluids of suspected patients. For care of suspected or confirmed RVF patients in the
United States, the Centers for Disease Control and Prevention recommends following the
same guidelines for healthcare workers developed and updated for the Ebola outbreak in
2014 (Centers for Disease Control, 2014). The WHO recommends Standard Precautions that
include the use of gloves, protective gown, face mask, and eye protection (World Health
Organization, 2018c).

4.4. Human miscarriage and vertical transmission

Despite the large incidence of fetal loss in livestock infected with RVFV (Meegan, 1979;
Hoogstraal et al., 1979), the effect of RVF infection on the human fetus has been less
obvious. Initially, two studies performed in the 1980’s did not find a correlation between
RVF infection and miscarriage (Abdel-Aziz et al., 1980; Niklasson et al., 1987). One such
study determined that women who were RVFV-seropositive (1gG) did not have a higher
incidence of miscarriage or still-birth (Niklasson et al., 1987). RVFV seropositivity in this
study suggested past history of infection and not necessarily infection during pregnancy.
More recently, a study performed in Port Sudan between June 30, 2011 and Nov 17, 2012
showed a significant association between laboratory-confirmed RVFV infections during
pregnancy and an increased risk for miscarriage (Baudin et al., 2016). Women with acute
RVFV infection during pregnancy had a higher rate of miscarriage (54%) compared to
those without RVF (12%; p < 0.0001). In particular, RVFV infection was associated with
late miscarriage in the second and third trimesters. Although this study did not analyze the
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presence of RVFV in fetal tissue, vertical transmission has been confirmed in 2 independent
case reports discussed below (Arishi et al., 2006; Adam and Karsany, 2008).

In one case report, a Saudi Arabian woman delivered a full-term baby at home. The parents
presented the baby to the hospital several days later with fever, lethargy, jaundice, and
respiratory distress. The infant had an enlarged liver, severe thrombocytopenia, elevated
liver enzymes, and prolonged coagulation times (Arishi et al., 2006). Serum was positive
for RVFV IgM. Despite receiving fluids and blood transfusions, the infant developed
severe anemia and disseminated intravascular coagulation. Six days after birth, he exhibited
hemorrhagic manifestations (rash and excessive bleeding) and succumbed to the illness.

In the 2 weeks prior to the boy’s birth, a number of close family members became ill,

one of whom died of lab-confirmed RVF. Four days prior to delivery, the mother reported
symptoms consistent with RVF, including fever, muscle aches, and headaches. The family
owned sheep and goats that were affected by the RVF epidemic.

A second case of vertical transmission was documented in 2008, when a pregnant Sudanese
woman developed fever and headache symptoms. Ten days after the symptoms began (38
weeks gestation), she delivered a baby boy with a skin rash and enlarged liver. Serum from
both the mother and infant tested positive for RVFV-specific IgM (Adam and Karsany,
2008). The clinical outcome of this infant is unknown. While data are suggestive that

RVF can cause miscarriage and vertical transmission, more detailed epidemiological and
mechanistic studies are clearly needed.

5. RVF as an emerging disease

The capacity for RVFV to emerge outside of Africa was demonstrated in 2000 with

the outbreak on the Arabian Peninsula. This event has led to concern over the potential
further emergence of RVF to Europe or the Americas akin to the recent spread of other
arboviruses, namely West Nile, chikungunya, and Zika viruses. As Moreno-Madrinan and
Turell discuss, the zoonatic life cycle of West Nile virus was a major factor in its rapid
spread and subsequent persistence in the United States compared to anthroponotic viruses
like chikungunya and Zika, in which local persistence remains relatively rare (Max and
Michael, 2018). Establishment of RVFV in animals in the United States would likely
contribute to persistence and make control or eradication more challenging.

RVFV has been isolated from and/or shown to infect mosquitoes spanning across

seven genera (Aedes, Anopheles, Coquillettidia, Culex, Eretmapoites, Mansonia and
Ochlerotatus), as well as sand flies (Smithburn et al., 1948, 1949a; Gear et al., 1955; Turell
and Perkins, 1990; Fontenille et al., 1995, 1998; Turell et al., 1996, 2008; Rolin et al., 2013;
Linthicum et al., 2016; MclIntosh, 1972; Mclintosh et al., 1980b; Himeidan et al., 2014).
The fact that the virus has adapted to such a wide range of insect vectors is unusual among
arboviruses and contributes to the overall complex ecological cycle (Fig. 1). A number

of studies determined that mosquitoes in North America and Europe could be competent
vectors for RVFV (Turell et al., 2013; Brustolin et al., 2017; Vloet et al., 2017), and in
particular, Aedes aegyptihave been increasing in numbers and distribution in the United
States since the early 1970’s (Max and Michael, 2018). Outbreaks of RVF in Madagascar
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raise concerns that the virus can perpetuate in more temperate climates (Morvan et al.,
1991), which would expand the potential range.

Importation of infected mosquitoes or livestock, air travel or cargo are all potential risks
for introduction of RVFV into naive “virgin soil” locations such as the United States (Rolin
et al., 2013). However, modeling studies are still unclear whether the virus would become
enzootic if introduced by natural mechanisms (Barker et al., 2013). Algorithms have been
developed to assess likely entry points of RVFV or the “risk season” in which the virus

is most likely to enter the United States (Konrad and Miller, 2012; Kasari et al., 2008). A
few of the locations with the highest likelihood of entry include regions with international
airports or seaports in which a high volume of African visitors utilize (New York City,
Washington DC, Houston, Baltimore, Atlanta, and Philadelphia) and states with a high
population of African immigrants (California, Florida, New York, Texas, Maryland) (Kasari
et al., 2008).

Multiple variables (temperature, rainfall, altitude, population, agricultural setting) have

been evaluated to determine likelihood of establishment, yet each variable can be location-
dependent. For instance, heavy rainfall in Africa often leads to epizootic events due to
rehydration of mosquito eggs and subsequent hatching (Daubney and Hudson, 1931; Davies
et al., 1985), whereas heavy rainfall does not seem to promote other epizootic events in

the temperate United States (Nasci and Moore, 1998). Using a degree-day model that

also takes into account the livestock population and predicted entry points into the United
States, Konrad and colleagues predicted the time-periods, or seasons, and locations with the
highest risk for establishment (Konrad and Miller, 2012). Temperature (average temperature
maximum and minimum over a ten year period) was used as a limiting factor in this study
because establishment of arboviruses within the vector is a temperature-dependent biological
process (Reisen et al., 2006). Overall, the northern states were at risk in July and August,
whereas risk dates span through the spring and fall for a majority of the warmer, southern
states. Southern Texas and Florida were at risk for most of the year, (up to 295 days or 365
days, respectively). Other areas had zero risk, such as in the higher elevations of the Rocky
Mountains, an area that is not conducive to mosquito populations (Eisen et al., 2008). One
region of most concern was between Baltimore and New York City, as this region contains

a large livestock population and multiple international airports. Climate change should also
be considered when evaluating risk seasons and locations, as with increased temperature, the
season length will likely increase.

If the virus was able to become endemic in animals in the United States or European
countries, the immediate costs in terms of human illness, loss of animals, disruption of
animal supply chains, and mitigation efforts are difficult to estimate but would likely be
significant. As an example, in 2002 alone, North Dakota, a state with a large horse industry,
spent $781,203 on medical costs and $400,000 on community awareness campaigns, sample
collection and testing for West Nile virus positive horses, birds and mosquitos (Ndiva
Mongoh et al., 2008). Further economic losses would come due to control policies and
international trade restrictions imposed on US livestock to other countries (Hartley et

al., 2011). The U.S. Department of Homeland Security supports development and use of
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emergency veterinary vaccines in the event of an epizootic in the U.S. (Food and Agriculture
Organization of the United Nations, 2014).

6. RVF as a historical bioweapon

During World War 11, many countries explored a variety of pathogens for their ability to be
used as biological weapons (Bryden, 1989; Harris, 1994; Ellis and Moon, 2006; Leitenberg
and Zilinskas, 2012; James Martin Center for Nonproliferation Studies, 2008; Avery, 2006;
International Institute for Peace and Conflict Research, 1971). These included anti-crop and
anti-animal pathogens in addition to diseases affecting people. In 1941, the Bacteriological
Warfare Committee, comprised of American, British, and Canadian civilian scientists, was
established (Endicott and Hagerman, 1998). Concerned about reports on the activities in
Japan and Germany, the committee recommended that all offensive and defensive options
be explored, including human, animal, and plant diseases. At the top of the committee’s
initial list was Rinderpest and RVF, both diseases of livestock. Research on RVFV continued
during the Cold War (Ellis and Moon, 2006; Leitenberg and Zilinskas, 2012; James Martin
Center for Nonproliferation Studies, 2008; Avery, 2006; International Institute for Peace and
Conflict Research, 1971; Endicott and Hagerman, 1998).

In the United States, research on RVF as a biological weapon occurred under Eisenhower’s
administration in the 1950s, and concluded when Nixon ended the offensive biological
weapon program in 1969 and the United States signed the Biological Weapons Convention
in 1972. During initial investigations, RVF was considered a non-lethal incapacitating
weapon against people. As discussed in previous sections, the early strains of the virus
were only known to cause febrile illness in humans that resembled dengue or influenza. For
this reason, RVFV was initially designed to be used for crippling the economic system of a
targeted country through infection of the livestock. One appeal for such a weapon was the
ability to cause as much economic damage as possible to an area without risk of human life.

Operation Whitecoat (1954-1973) was the United States’ biodefense medical research
program in which human volunteers were used to test vulnerability of people to realistic
biological weapons scenarios, which included aerosol exposure to a variety of biological
agents (Anderson, 2013; Jones, 2016). Following the Nuremberg Code, data were collected
on the infective doses, serological responses, clinical effects, and the effectiveness of drugs
and vaccines. A formalin-inactivated RVFV vaccine (NDBR 103 RVFV) was evaluated for
immunogenicity and efficacy in volunteers. After these initial trials, this vaccine was used
for years to protect laboratory workers (Niklasson, 1982; Kark et al., 1982; Eddy et al.,
1981). During the 1977 outbreak in Egypt where the highly virulent ZH501 strain emerged
to cause lethal disease in people, U.S. naval sailors working with patient samples containing
the virus at Naval Medical Research Unit No. 3 (NAMRU-3) in Cairo were given the NDBR
103 experimental vaccine (Peters, 1997). A next generation version of a formalin inactivated
vaccine, the Salk Institute-Government Services Division (TSI-GSD) 200, was developed by
U.S. Army. To this day, TSI-GSD 200 has been used to vaccinate lab workers through the
Army’s Special Immunizations Program (SIP) (Special Immunizations Program, 2011).
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Despite the fact that both the United States Patriot Act of 2002 and the United Kingdom’s
Anti-terrorism, Crime and Security Act of 2001 listed RVFV as a potential bioterrorism
agent, there are conflicting opinions as to the likelihood that RVFV would be used as a
bioweapon and the benefit of listing RVFV as such (Mandell and Flick, 2011; Dar et al.,
2013a). Dar et al., (2013b) explained that considering RVFV as a potential bioterrorism risk
against human health is unprecedented as human-to-human transmission is absent and the
risk of mortality due to severe disease is low. Instead, this editorial states that classification
of RVF as a Select Agent with potential for intentional misuse has resulted in decreased
international and national scientific collaborations, resulting in reduced scientific progress
in the field that would be needed in the event of naturally occurring epidemics. Conversely,
others note the ability of RVFV to be propagated easily /in7 vitro, worldwide distribution of
vectors, a long history of accidental infections, and the potential for genetic enhancement of
virulence means that RVFV remains of great concern for misuse (Mandell and Flick, 2011).

Unanswered questions and future directions

This review article summarized some of the most intriguing historical and current aspects

of Rift Valley fever. Many additional unanswered question are worth addressing in order

to have a more comprehensive understanding of RVF disease. Certainly the underlying
mechanisms that lead to different disease outcomes warrant further study. Does co-infection
with another infectious agent commonly found in RVF-endemic areas, such as malaria or
tuberculosis, affect clinical outcome? How does HIV-mediated immunosuppression affect
the infection rate with RVFV and subsequent clinical manifestations? In addition, there are
still many unanswered questions about the dynamics of human epidemics. Has RVFV truly
become endemic on the Arabian Peninsula since the 2000 epidemic? What is the frequency
of human infections as a result of mosquito bite vs contact exposure from animals? Does
infection route affect disease presentation or severity? Why is RVFV rarely transmitted by
contact between animals and not at all between humans? Finally, what (if any) role does
RVFV have in vertical transmission and human miscarriage? Sporadic cases of animal and
human disease continue to occur with larger outbreaks every few years. Given the likelihood
of emergence beyond the current locations and its potential threat to animals, people, and the
economy, continued research into this fascinating virus is merited.
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Fig. 1. Ecological cycle of Rift Valley fever.
(A) In the enzootic cycle, RVFV is transmitted vertically within Aedes spp mosquito eggs;

virus can remain infectious within dessicated eggs during dry seasons. Infected mosquitos
can transmit the virus to wild ungulates, where it is thought to cause mild or inapparent
illness. The role of wild animals as amplifying hosts is not clear. (B) The epizootic cycle
commences in times of excess rainfall, whereby extensive floodplains (or dambos) lead

to hatching of large numbers of mosquito eggs. Infected mosquitos feed off of livestock,
causing abortion, illness, and death. Culex spp and other mosquitos are secondary vectors;
they amplify epizootics by taking bloodmeals from viremic animals and transmitting the
virus to other herds and humans over longer distances. (C) People become infected directly
from mosquitos or by contact with infected animals. Contrary to most arboviruses, RVFV
can infect a wide range of insect vectors, wild and domesticated animals, and humans, all of
which contributes to the complexity of its ecological cycle.
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