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1            Introduction 

       Historically and currently the fl aviviruses are important 
human pathogens both as endemic viruses restricted to spe-
cifi c geographic areas and as emerging pathogens. Yellow 
fever, West Nile virus, and the dengue viruses (not discussed 
in this chapter) represent previous, current, and future impor-
tant emerging pathogens that have produced large epidemics 
and human deaths. Why are these viruses such a threat to 
human populations as emerging pathogens? Several impor-
tant factors interplay to create these pathogens as agents 
of emerging diseases. As mostly arthropod-borne viruses 
(arboviruses), they have complex life cycles involving both 
arthropods and vertebrate hosts with a life cycle involving all 
life stages of the arthropods (mosquitoes, ticks, and midges) 
and their reservoirs of vertebrates (birds or rodents) and ulti-
mately higher vertebrates (humans) through the bite of the 
infected arthropod vector. The fl aviviruses all contain ribo-
nucleic acid (RNA) as their genetic core and as such have 
a high rate of mutations and thus adapt quickly to changes 
in vector competence and the environment. Climate change, 
urbanization, and increasing ease of travel have created 
opportunities for the vector to spread and expand into human 
populations. The combination of these factors produces 
a family of viruses that can change and emerge quickly as 
important human pathogens. 

 Yellow fever virus (discussed in detail in this chapter) was 
the fi rst arbovirus identifi ed in the 1800s as responsible for 
large epidemics of hemorrhagic fever in Africa and North, 
Central, and South America. By 1960 scientists recognized 
serologically two distinct arboviruses: the group A arbovi-
ruses now known as the family  Togaviridae  and the group B 
arboviruses, renamed the family  Flaviviridae  [ 1 ]. Serologic 
comparisons among the fl aviviruses revealed cross-reac-
tivity within groups distinguishing the fl aviviruses as mos-
quito borne, tick borne, or nonvectored [ 2 ]. According to the 
International Committee on Taxonomy of Viruses, a sub-
group of the Division of Virology of the International Union 
of Microbiology Societies, the Family  Flaviviridae  is com-
prised of three genera:  Flavivirus ,  Hepacivirus , and  Pestivirus  
(  http://ictvonline.org/index.asp    ). Information on their isola-
tion, morphology, sensitivity to inactivation by chemicals, 
arthropod vectors, vertebrate hosts, laboratory propagation, 
serologic reactions, geographic distribution, clinical mani-
festations, and epidemiology is found in the  International 
Catalogue of Arthropod - Borne Viruses , compiled by the 
American Committee on Arthropod-Borne Viruses (ACAV) 
[ 3 ]. This exhaustive reference source has been used freely in 
preparing the text that follows.  Hepacivirus  and  Pestivirus  
are discussed elsewhere in this textbook, and the focus of 
this chapter will be on the pathogenic viruses within the gen-
era  Flavivirus . The dengue viruses are discussed in a sepa-
rate chapter. Within the genus  Flavivirus  there are 53 species 
of viruses and displayed in Table  16.1 . 

 Despite their species variation, the fl aviviruses have a 
remarkable genetic conservation throughout its genus [ 4 ]. 
The genome is a single positive-stranded RNA, 11 kilobases 
in length, encoding the viral proteins from an open reading 
frame (ORF) of over 10,000 bases of approximately 3,434 
amino acids [ 4 ]. The proteins encoded from the ORF is 5′–C-
prM (M)-E-NS I-NS2A-NS2B-NS3-NS4A- NS4B-NS5-3′. 
The structural proteins C (capsid), M (membrane), and E 
(envelope) comprise the outer coat of the fl aviviruses and 
the epitopes responsible for attachment to host cells and 
cell entry. The nonstructural proteins include the highly 
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      Table 16.1    Taxonomy of viruses of the family  Flaviviridae , genera  Flavivirus    

 Group (by vector)  Abbreviation  Geographic distribution  Principal vector species  Human disease 

  Tick-borne viruses  
 Mammalian tick-borne virus complex 
  Alkhurma hemorrhagic fever virus   AHFV  Egypt, Sudan  Camel tick  Hemorrhagic fever 
  Gadgets Gully virus   GGYV  Australia   Ixodes uriae   Unknown 
  Kadam virus   KADV  Uganda, Saudi Arabia   Rhipicephalus pravus   Unknown 
  Kyasanur Forest disease virus   KFDV  India, China   Haemaphysalis spinigera   Hemorrhagic fever 
  Langat virus   LGTV  Malaysia, Thailand, Siberia   Ixodes granulatus   Fever 
  Omsk hemorrhagic fever virus   OHFV  Russia and Central Asia   Dermacentor pictus   Hemorrhagic Fever 
  Powassan virus   POWV  Canada and Northern United States   Ixodes  spp.  Encephalitis 
  Royal Farm virus   RFV  Afghanistan   Argas  spp.  Unknown 
  Karshi virus  KSIV  Central Asia   Ornithodoros papillipes   Encephalitis 
  Tick - borne encephalitis virus   TBEV  Europe, Asia   Ixodes  spp.  Encephalitis 
  European subtype  Europe, Asia   Ixodes  spp.  Encephalitis 
  Far Eastern subtype 
  Siberian subtype 
  Louping ill virus   LIV  United Kingdom   Ixodes  spp.  Encephalitis 
  Irish subtype  Ireland   Ixodes  spp.  Encephalitis 
  British subtype  United Kingdom   Ixodes  spp.  Encephalitis 
  Spanish subtype  Spain   Ixodes  spp.  Encephalitis 
  Turkish subtype  Turkey   Ixodes  spp.  Encephalitis 
  Mosquito-borne viruses  
 Aroa virus complex 
  Aroa virus   AROAV  Venezuela  Unknown  Unknown 
  Bussuquara virus  BSQV  Brazil, Colombia, Panama   Culex  spp.  Fever 
  Iguape virus  IGUV  Brazil  Unknown  Unknown 
  Naranjal virus  NJLV  Ecuador   Culex  spp.  Unknown 
 Dengue virus complex 
  Dengue virus  
  Dengue virus type 1  DENV-1  Tropical and subtropical regions 

of the world for all 
  Aedes aegypti  for all  Fever, Hemorrhagic 

fever, encephalitis   Dengue virus type 2  DENV-2 
  Dengue virus type 3  DENV-3 
  Dengue virus type 4  DENV-4 
  Kedougou virus   KEDV  Senegal, Central Africa   Aedes  spp.  Unknown 
 Japanese encephalitis virus complex 
  Cacipacore virus   CPCV  Brazil  Unknown  Unknown 
  Koutango virus   KOUV  Senegal, Central Africa   Aedes  spp.  Unknown 
  Japanese encephalitis virus   JEV  Asia   Culex  spp.  Encephalitis 
  Murray Valley encephalitis virus   MVEV  Australia   Culex annulirostris   Encephalitis 
  Alfuy virus  ALFV  Australia  Unknown  Unknown 
  St. Louis encephalitis virus   SLEV  North, Central, and South America   Culex  spp.  Encephalitis 
  Usutu virus   USUV  Africa  Mosquitoes  Fever, rash 
  West Nile virus   WNV  Worldwide   Culex  spp.  Encephalitis 
  Kunjin virus  KUNV  Australia, Asia   Culex  spp.  Fever, rash 
  Yaounde virus   YAOV  Cameroon   Culex  spp.  Unknown 
 Kokobera virus complex 
  Kokobera virus   KOKV  Australia   Culex annulirostris   Unknown 
  Stratford virus  STRV  Australia   Aedes vigilax   Unknown 
 Ntaya virus complex 
  Bagaza virus   BAGV  Africa   Culex  spp.  Fever 
  Ilheus virus   ILHV  Central and South America  Mosquitoes  Fever 
  Rocio virus  ROCV  Brazil  Mosquitoes  Encephalitis 
  Israel turkey meningoencephalitis virus   ITV  Israel  Unknown  Unknown 
  Ntaya virus   NTAV  Africa  Mosquitoes  Fever 
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conserved proteins NS1, NS3, and NS5 and the four small 
hydrophobic proteins NS2A, NS2B, NS4A, and NS4B [ 4 ]. 

 Molecular and phylogenetic analysis of the genus 
 Flavivirus  reveals a family of viruses that has evolved rap-
idly from a progenitor virus arising possibly in Africa several 
thousands of years ago. With evolution the fl aviviruses have 
shown substantial ecological diversifi cation with different 
lineages adapting to different vectors and modes of trans-
mission. They have also evolved unique strategies to evade 
the host’s innate and adaptive immunity [ 5 ]. Figure  16.1  dis-
plays the phylogenetic tree of the genus  Flavivirus  show-
ing the association of the groups of related viruses with 
their invertebrate vectors, vertebrate hosts, and geographic 
distribution. All human pathogenic fl aviviruses are transmit-
ted by insect vectors, and all but the dengue viruses have an 

animal host (i.e., they are zoonotic). The ecological specia-
tions of these viruses are diverse. For example, the Japanese 
encephalitis virus (JEV) group (e.g., Japanese encephalitis 
virus, West Nile virus (WNV), St. Louis encephalitis (SLE)) 
is maintained in a cycle of transmission between birds and 
 Culex  mosquitoes. Mammalian hosts, humans, and horses 
are infected but are dead-end hosts as the viremia achieved is 
too low for subsequent transmission to an insect vector. The 
tick-borne encephalitis group is transmitted among rodents 
by a tick vector; as with the JEV group, humans are a dead- 
end host. Yellow fever virus (YFV) is primarily maintained 
in a sylvatic cycle involving nonhuman primates and  Aedes  
mosquitoes; but it has shown the capacity to spread in urban 
areas using  Aedes aegypti  mosquitoes and humans as its 
 primary reservoir, resulting in extensive urban epidemics.

 Group (by vector)  Abbreviation  Geographic distribution  Principal vector species  Human disease 

  Tembusu virus   TMUV  Malaysia, Thailand   Culex  spp.  Unknown 
 Spondweni virus complex 
  Zika virus   ZIKV  Africa, Asia   Aedes  spp.  Fever, rash 
  Spondweni virus  SPOV  Africa   Aedes circumluteolus   Unknown 
 Yellow fever virus complex 
  Banzi virus   BANV  Africa   Culex  spp.  Fever 
  Bouboui virus   BOUV  Africa  Unknown  Unknown 
  Edge Hill virus   EHV  Australia  Mosquitoes  Unknown 
  Jugra virus   JUGV  Malaysia  Mosquitoes  Unknown 
  Saboya virus   SABV  Senegal   Tatera kempi   Unknown 
  Potiskum virus  POTV  Nigeria  Unknown  Unknown 
  Sepik virus   SEPV  New Guinea  Mosquitoes  Fever 
  Uganda S virus   UGSV  Africa  Mosquitoes  Unknown 
  Wesselsbron virus   WESSV  Africa, Asia   Aedes  spp.  Fever 
  Yellow fever virus   YFV  Africa, South America   Aedes aegypti   Hemorrhagic fever 
  Viruses with no known arthropod vector  
 Entebbe bat virus complex 
  Entebbe bat virus   ENTV  Uganda  Unknown  Unknown 
  Sokoluk virus  SOKV  Kyrgyzstan  Unknown  Unknown 
  Yokose virus   YOKV  Japan  Unknown  Unknown 
 Modoc virus complex 
  Apoi virus   APOIV  Japan  Unknown  Unknown 
  Cowbone Ridge virus   CRV  USA  Unknown  Unknown 
  Jutiapa virus   JUTV  Guatemala  Unknown  Unknown 
  Modoc virus   MODV  USA  Unknown  Unknown 
  Sal Vieja virus   SVV  USA  Unknown  Unknown 
  San Perlita virus   SPV  USA  Unknown  Unknown 
 Rio Bravo virus complex 
  Bukalasa bat virus   BBV  Uganda  Unknown  Unknown 
  Carey Island virus   CIV  Malaysia  Unknown  Unknown 
  Dakar bat virus    DBV   Africa  Unknown  Fever 
  Montana myotis leukoencephalitis virus   MMLV  USA  Unknown  Unknown 
  Phnom Penh bat virus   PPBV  Cambodia  Unknown  Unknown 
  Batu Cave virus  BCV  Malaysia  Unknown  Unknown 
  Rio Bravo virus   RBV  USA, Mexico  Unknown  Fever 

  Adapted from Calisher et al. [ 1 ]  

Table 16.1 (continued)
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   Analysis of the genetic changes of the fl aviviruses over 
time reveals a group of viruses that have evolved rapidly. 
Methods using coalescent theory and a maximum likelihood 
(ML) demographic model reveal that the fl aviviruses are 
growing at an exponential rate, with specifi c viruses such as 
the dengue viruses increasing rapidly in the recent past and 
Japanese encephalitis virus changing from constant popula-
tion size to exponential growth within the last century [ 6 ]. For 
St. Louis encephalitis virus (SLEV), a Bayesian coalescent 
approach was used on the envelope gene sequence substitu-
tion rates and dates of divergence in the Americas [ 7 ]. The 
mean substitution rate estimated for all SLEV was 4.1 × 10 −4  
substitutions/site/year. The direction of the gene fl ow was 
South to North between 158N and 308N latitude consistent 
with migratory bird patterns from their northern breeding 
grounds after having acquired infection while wintering in 
the region of the Gulf of Mexico. This is an elegant example 
of the role of the vector and the vertebrate host especially 
migratory birds in infl uencing the gene fl ow and evolution 
of the fl aviviruses. The dengue viruses (DENVs) are also an 
example of an emerged fl avivirus and global health problem 
that have changed dramatically over the past century. DENV 
has evolved to a molecular clock that is serotype and geno-
type specifi c [ 8 ]. Phylogenetic analysis and time analysis 
suggest that dengue viruses serotypes separated within the 
last 1,000 years, and the change of DENV from a sylvatic 
cycle to sustained human transmission may have occurred 
between 125 and 320 years ago [ 9 ]. 

 In this chapter we will review the characteristics of the 
fl aviviruses, their modes of transmission, and their role in 
causing severe human clinical infection and emerging dis-
eases of potential epidemiologic signifi cance.  

2     Historical Background 

 Yellow fever and its emergence as a deadly epidemic dis-
ease is a model on how diseases emerge to become a large 
recurrent epidemic disease in urban populations. Originally 

an African virus unknown to the western world prior to the 
1600s, was introduced to the Western Hemisphere by the 
transportation of slaves from Africa with the fi rst reported 
outbreak of yellow fever in the Yucatan in 1648 [ 10 ]. The 
transportation of the mosquito vector and infected pas-
sengers by ship and introduction of the virus into naive 
susceptible populations resulted over the next 200 years 
in the transmission of the virus and illness to many large 
urban populations with outbreaks occurring in the tropical 
Americas, costal North America, and Europe. Yellow fever 
became known in the Hispanic world as  La Vomito  for the 
black vomit that accompanies the hemorrhagic phase and 
yellow jack among the Europeans for the international 
signal fl ag for quarantine and its characteristic yellow and 
black squares known by the same name. During the summer 
months, epidemics occurred in New York in 1668, Boston 
in 1691, and Charleston in 1699, as well as later in the cit-
ies of the Gulf of Mexico and the Mississippi River. In 1793 
a major yellow fever epidemic occurred in Philadelphia. 
Philadelphia at that time was the United States’ largest and 
most cosmopolitan city. French refugees from a slave rebel-
lion in Haiti arrived on the banks of the Delaware River 
which bounds the east side of the city bringing yellow 
fever with them [ 11 ]. In July of that year, cases developed 
among the working class living along the Delaware River 
who suffered high fevers, yellowing of the skin and eyes, 
hemorrhage, and death. By August 19 the epidemic poten-
tial was recognized by Dr. Benjamin Rush, professor at 
the University of Pennsylvania, founder of the College of 
Physicians of Philadelphia, and signer of the Declaration 
of Independence. Dr. Rush later gave an accounting of 
his clinical experience during this epidemic in a publica-
tion entitled, “An Account of the Bilious Remitting Yellow 
Fever, as It Appeared in the City of Philadelphia, in the 
Year 1793.” The epidemic peaked in October of that year 
with total deaths estimated to be 4,041–5,000 in a popula-
tion of 45,000 (crude mortality of 9–11 %). Subsequently 
Philadelphia experienced outbreaks of yellow fever in 
1797, 1798, 1799, 1802, 1803, and 1805. 

  Fig. 16.1    Phylogenetic tree showing the association of the groups of 
related viruses with their invertebrate vectors, vertebrate hosts, and geo-
graphic distribution.  ALF  Alfuy,  MVE  Murray Valley encephalitis,  JE  
Japanese encephalitis,  USU  Usutu,  KOU  Koutango,  KUN  Kunjin,  WN  
West Nile,  YAO  Yaounde,  CPC  Cacipacore,  ARO  Aroa,  IGU  Iguape, 
 NJL  Naranjal,  KOK  Kokobera,  STR  Stratford,  BAG  Bagaza,  IT  Israel 
Turkey meningoencephalomyelitis virus,  TMU  Tembusu,  THCAr  strain 
of Tembusu,  ILH  Ilheus,  ROC  Rocio,  SLE  St. Louis encephalitis,  DEN  
dengue,  SPO  Spondweni,  ZIK  Zika forest,  KED  Kedougou,  UGS  
Uganda S,  JUG  Jugra,  POT  Potiskum,  SAB  Saboya,  BOU  Bouboui,  EH  
Edge Hill,  YF  yellow fever,  SEP  Sepik,  EB  Entebbe bat,  SOK  Sokoluk, 
 YOK  Yokose,  GGY  Gadgets Gully,  KFD  Kyasanur Forest disease,  LGT  

Langat,  LI  Louping ill,  NEG  Negishi,  Sof  Sofjin,  FETBE  far eastern 
TBE,  Vs  Vasilchenko,  OHF  Omsk haemorrhage fever,  KSI  Karshi,  RF  
Royal Farm,  POW  Powassan,  KAD  Kadam,  MEA  Meaban,  SRE  
Saumarez Reef,  TYLI  Tyuleniy,  APOI  Apoi,  BC  Batu Cave,  PPB  Phnom 
Penh bat,  CI  Carey Island,  BB  Bukalasa bat,  DB  Dakar bat,  RB  Rio 
Bravo,  MML  Montana myotis leucoencephalitis,  CR  Cowbone Ridge, 
 MOD  Modoc,  SV  Sal Vieja,  JUT  Jutiapa,  SP  San Perlita,  TBE  tick-
borne encephalitis,  WTBE  Western European TBE,  RSSE  Russian 
spring and summer encephalitis,  NKV  refers to viruses with no known 
vector (Adapted from Ref. [ 2 ] with permission of the publisher) 
Reprinted with permission from [ 296 ]        
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 Yellow fever took its toll on deployed US soldiers in the 
tropical Americas, especially in Cuba. Army Surgeon- General 
George Miller Sternberg created the US Army Yellow Fever 
Commission in 1893 and directed Major Walter Reed to con-
duct studies to establish its etiology. Together with his col-
leagues and Carlos Finlay, a series of human clinical trials were 
performed in Havana, Cuba, during 1900–1901 to discover the 
cause of yellow fever. Walter Reed, Jas Carroll, and Aristides 
Agramonte published in the JAMA in 1901  The Etiology of 
Yellow Fever: An Additional Note  where they discussed the 
methods of their studies, results, analysis, and concluded the 
following: (1) the mosquito serves as the intermediate host for 
the parasite of yellow fever; (2) yellow fever is transmitted to 
the nonimmune individual by means of the bite of the mosquito 
that has previously fed on the blood of those sick with this dis-
ease; (3) an interval of about 12 days or more after contamina-
tion appears to be necessary before the mosquito is capable of 
conveying the infection; (4) yellow fever is not conveyed by 
fomites, and hence disinfection of articles of clothing, bedding, 
or merchandise, supposedly contaminated by contact with the 
sick with this disease, is unnecessary; and (5) the spread of 
yellow fever can be most effectually controlled by measures 
directed to the destruction of mosquitoes and the protection of 
the sick against the bites of those Insects [ 12 ]. 

 With this information, General William C. Gorgas engi-
neered the elimination of the mosquito initially from Havana 
and then later from the environs of the Panama Canal 
 construction site and subsequently yellow fever cases disap-
peared [ 13 – 16 ]. In 1932, Soper and colleagues showed that 
there was a jungle cycle of yellow fever in the absence of 
 A. aegypti . This signifi cant observation meant that yellow 
fever could not be stopped just by controlling the mosqui-
toes in the cities. Theiler and Smith succeeded in cultivating 
the Asibi strain of yellow fever virus, fi rst in monkeys and 
then in embryonated eggs, and attenuated it by passage [ 17 ]. 
In 1937, they announced their discovery of an attenuated 
vaccine—the 17D strain [ 18 ]. This vaccine is used through-
out the world today to prevent yellow fever. 

 The discovery of the role of  Aedes aegypti  in the trans-
mission and spread of yellow fever introduced the concept 
of mosquito control as an effective measure to disrupt yellow 
fever transmission. The International Health Board and the 
Rockefeller Foundation instituted mosquito control strate-
gies including the use of a larvicidal, Paris green, throughout 
the United States and Central and South America [ 19 ]. These 
techniques were applied to malaria control during the years 
from 1924 to 1925 [ 19 ]. World War II created the Rockefeller 
Foundation Health Commission in 1942 to support national 
defense and malaria control for US forces. The need for lousi-
cides to combat typhus introduced a new insecticide developed 
by the Swiss fi rm, Geigy, called dichlorodiphenyltrichloro-
ethane (DDT) [ 19 ]. Led by Fred Soper, the Rockefeller team 
demonstrated the effectiveness of DDT as a lousicides and in 
disrupting typhus epidemics. DDT was soon used in aerial and 
ground spraying for Allied Forces during a malaria outbreak in 

Italy and was found to be highly effective. DDT became a key 
component of the World Health Organization’s global malaria 
eradication campaign in 1955 [ 19 ]. This campaign resulted in 
the elimination of both the malaria mosquito vector and  Aedes 
aegypti  throughout South America and the virtual elimination 
of malaria, yellow fever, and dengue throughout the Americas. 
The growing concerns of the environmental effects of DDT led 
to the end of the use of DDT as an effective mosquito control 
larvicide in 1969 [ 20 ]. The cessation of the DDT-based mos-
quito control programs in the Americas and the social disrup-
tion that resulted from World War II allowed the emergence 
of dengue in Asia and its reintroduction and resurgence in the 
Americas. 

 By the 1950s, scientists of the Rockefeller Foundation, the 
US Army and Navy, the US Public Health Service, several 
US universities, and many foreign governments recognized 
that arboviruses could be recovered in nature from appar-
ently healthy arthropods and wild vertebrate animals. This 
search in the natural cycles of arboviruses resulted in the 
discovery of over 500 different arboviruses with about 100 
of them causing human disease. Unfortunately, the control 
of arbovirus infections has not kept pace with the discovery 
and spread of disease. Antiviral drugs for arboviruses are not 
commercially available. Except for yellow fever, tick- borne 
encephalitis, and Japanese encephalitis, there are no widely 
used vaccines available for humans. Source reduction and 
control measures against the mosquito vector such as pesti-
cides and biological larvicides have neither been sustainable 
nor effective in vector control.  

3     Methodology Involved 
in Epidemiologic Analysis 

3.1     Sources of Mortality and Morbidity Data 

 Mortality data are collected systematically but passively by 
national governments for many arboviruses. Data are pub-
lished in the Morbidity and Mortality Weekly Report of 
the US Centers for Disease Control and Prevention, in the 
Weekly Epidemiological Report of the Pan American Health 
Organization, and in the Weekly Epidemiological Report of 
the World Health Organization. The mortality data are grossly 
underreported but may serve as a comparative data base, since 
underreporting may be uniform throughout much of the world. 
The reporting of yellow fever mortality in Africa, for instance, 
was found to be about 10 % of the true fi gure [ 14 ,  21 ]. 

 The information fl ow to the World Health Organization 
is sometimes facilitated by informal networks of scientists 
and interested citizens. Nevertheless, the organization is 
constrained from action until offi cial reports are received. 
This constraint often means a delay in control of a disease of 
regional or world importance. 

 The same sources supply morbidity data as supply mortal-
ity data. In the United States, of the arbovirus diseases, those 
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producing neuroinvasive and non-neuroinvasive illnesses are 
reported and include the California serogroup virus, Eastern 
and Western equine encephalitis virus, and the fl aviviruses 
Powassan virus, St. Louis encephalitis virus, and West Nile 
virus [ 22 ]. In addition, yellow fever is still reportable in the 
United States. Monath documented the time elapsed between 
onset of an epidemic of St. Louis encephalitis and its recog-
nition [ 23 ]. That time varied between 2 and 8 weeks. In the 
Corpus Christi, Texas, epidemic of 1966, nearly 707 of the 
cases had occurred before recognition.  

3.2     Serologic Surveys 

 Serologic surveys entail the sampling of a defi ned popula-
tion and measuring the amount of specifi c antibody to the 
targeted protein which will indicate past or current infec-
tion. Because of the large sample size that is tested, high- 
throughput assays such as enzyme-linked immunosorbent 
assay (ELISA), complement fi xation (CF), or hemagglutina-
tion inhibition (HAI or HI) are performed with confi rmation 
by more time-intensive assays such as the plaque reduction 
neutralization titers (PRNT). The results give a point preva-
lence of past or current infection in different geographic 
areas and subpopulations or those at particular risk for infec-
tion. Distribution of the antibody in a population can give 
clues to the ecological conditions necessary for maintenance 
of the virus as well as the human behavior that might place 
persons at risk for infection. Surveys of different age groups 
will show if the virus is more prevalent as the population 
ages, typical of an endemically transmitted agent. Another 
prevalence pattern in which antibody is present only in per-
sons born before a certain year may indicate an epidemic in 
that year. Alternatively, a constant percentage of antibodies 
in each age group may indicate a recent introduction of the 
virus in a naïve population. Broadly based serologic surveys 
of large populations can provide extensive information about 
virus distribution in different geographic areas, rural versus 
urban populations, different age and sex groups, and different 
occupational types. Arbovirus serosurveys have limitations. 
Cross-reactions occur among viruses of the same serogroup. 
This is especially true of the HI test and ELISA with fl avi-
viruses. The neutralization test is more specifi c and should 
be used where feasible. Surveys with HI or ELISA must be 
interpreted with caution unless one is certain that only one 
fl avivirus circulates in the region, or unless the results have 
been confi rmed by neutralization test with a portion of the 
negative and positive sera. 

 The serosurvey usually will not indicate when the infec-
tion responsible for the antibody occurred. If the antibody is 
suspected to be of recent origin, the IgM antibody-capture 
ELISA is useful for detection of infections originating within 
the prior 3–6 months. A serosurvey is not a reliable indicator 
of natural infection in populations vaccinated for tick-borne 
encephalitis, yellow fever, or Japanese encephalitis. On the 

other hand, the survey is an excellent tool for determination 
of vaccination coverage and protection. 

 One very important use of serosurveys is in the calcula-
tion of the basic reproductive ratio, R naught ( R  0 ) [ 24 ], which 
is defi ned as the number of new individuals in a susceptible 
population who are infected by a single individual during his/
her infectious period (see also Chaps.   1     and   5    ). The higher 
the number, e.g.,  R  0  >1, the more transmissible the infec-
tion. For vector-borne diseases, in particular,  R  0     is important 
and complicated as it takes into account the susceptible and 
infected vectors as well as the susceptible and infected ver-
tebrate hosts;  R  0  is thereby infl uenced by both the intrinsic 
and extrinsic incubation periods. Serosurveys can calculate 
the  R  0  as a measurement of the epidemic impact of a patho-
gen on a population but also as an estimate on the impact of 
interventions such as vector control on reducing disease in a 
population. Furthermore, a concept integrally related to  R  0  is 
the “critical vaccination threshold,” which is the number of 
persons in a population needed to vaccinate in order to drive 
 R  0  to <1. Thus, determining  R  0  by serosurveys is important 
not only in gauging the epidemic potential of a pathogen but 
also in determining the interventions necessary to control an 
epidemic. Age-stratifi ed seroprevalence studies with cohorts 
including ages surrounding the age of peak incidence allows 
estimation of the force of infection over previous years based 
on different exposure rates across age groups and a calcula-
tion of  R  0  [ 25 ].  

3.3     Laboratory Methods 

 The laboratory is an all-important resource and key corner-
stone in the study of the epidemiology of arbovirus diseases 
as well as understanding the pathogenesis of severe illness. 
Diagnosis can rarely be made with certainty by clinical 
examination and understanding the clinical course of symp-
toms, viremia, and antibody rise essential in utilizing the 
appropriate laboratory assays. Isolation of virus from arthro-
pods, wild and domestic animals, and people is essential to 
determine the natural history of infection with these agents. 
Figure  16.2  demonstrates the typical fl avivirus infection after 
inoculation from a vector assuming an incubation period of 6 
days. Viremia occurs prior to the fi rst clinical symptoms with 
early symptoms, commonly fever, headache, myalgias, and 
laboratory fi ndings of leukopenia and thrombocytopenia. 
Antibody rises late in the clinical illness with fi rst IgM fol-
lowed by IgG. IgM can persist for several months and disap-
pear, while IgG can persist for years after the infection. From 
a laboratory perspective the utility of the assay is dependent 
on the stage of infection. PCR-based assays and viral isola-
tion are useful during the days of viremia in the early part of 
the clinical illness, whereas antibody-based assays are useful 
during the latter part of the illness and in convalescent sera.

   Nonstructural protein 1 or NS1 is a highly conserved 
48-kDa glycoprotein that is a requirement for fl avivirus 
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RNA replication [ 26 ]. Interestingly NS1 exists in the cell as 
a homodimer associated with organelle membranes and is 
actively transported to the mammalian cell surface where it 
is secreted as a soluble hexamer. Thus, NS1 can be detected 
in serum during fl avivirus infections and has a half-life lon-
ger than detectable RNA in serum [ 27 ]. NS1 ELISA-based 
assays have become available for dengue virus infections and 
have the potential to be used for other fl aviviruses [ 27 ]. The 
advantage of these assays is that they can be used throughout 
the early, middle, and late clinical course of infection with a 
sensitivity and specifi city equivalent to PCR. 

 Virus isolation is key in understanding the virus and its 
effects on the vector and human population, but isolation is 
also the most challenging for laboratories. It requires serum 
from the early part of clinical illness, −80 °C or colder 
freezers, and special laboratory techniques. Viral isolation 
requires inoculation of a small amount of serum into labo-
ratory animals, arthropods like mosquitoes, or cell culture. 
Cell culture systems (vertebrate or insect cell cultures) are 
used for both virus isolation and neutralization titers. 

 In the study of material derived from patients, it is ideal to 
have acute and convalescent sera available. As demonstrated 
in Fig.  16.2 , antibody titer rises rapidly from the acute to 
the convalescent serum, and a fourfold rise between the two 
samples is indicative of an acute infection. Demonstration of 
IgM in ELISA permits a presumptive diagnosis with a single 
serum. 

 Details of the techniques of CF, HI, and virus neutral-
ization relating specifi cally to arboviruses are available in 
current manuals. Fluorescent antibody (FA) techniques, anti-
gen-based ELISA, often coupled with monoclonal antibody, 
and PCR are widely used for antibody, antigen, and RNA 
detection, respectively. Such advances are greatly extending 
the scope of fi eld and laboratory investigations.  

3.4     Genetic Sequencing 

 Molecular methods such as polymerase chain reaction 
(PCR) and the ability to detect and amplify small amounts 
of RNA or DNA to identify specifi c pathogens have revolu-
tionized our diagnostic capabilities in identifying patients 
who are acutely ill from fl avivirus infections [ 28 ]. Reverse 
transcriptase PCR (RT-PCR) methods are highly sensitive 
and specifi c in detecting the infecting arbovirus during 
viremia [ 29 ,  30 ]. Real-time assays that utilize exonuclease 
fl uorogenic assays such as TaqMan® (Applied Biosystems, 
CA, USA) and SYBR® Green (Molecular Probes, Inc., OR, 
USA) have signifi cantly shortened the time of detection of 
RNA and DNA in a specimen but also added the ability to 
quantify the amount of virus and correlate it to disease sever-
ity [ 31 ]. Interest and need for point of care devices that can 
be utilized at a clinic with little expertise has prompted the 
development of new molecular platforms such as “isother-
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mal” methodologies including nucleic acid sequence-based 
amplifi cation (NASBA), transcription-mediated amplifi ca-
tion (TMA), and loop-mediated isothermal amplifi cation 
(LAMP) technologies [ 32 ]. This allows an isothermal reac-
tion and amplifi cation to be performed at room temperature 
with potential reduction in time to detection to a matter of 
minutes. 

 Sequencing of the arboviruses has transformed our abil-
ity to understand the genetics and epidemiology of these 
viruses as well as the relatedness of each virus as demon-
strated in Fig.  16.1 . Genetic sequencing has rapidly evolved 
from a time-intensive process to technology for rapid 
full-length automated sequencing. Partial and full-length 
sequencing of the arboviruses has allowed phylogenetic 
analysis and revealed a series of clades defi ned by their 
epidemiology and disease associations [ 33 ]. Phylogenetic 
analysis has identifi ed mosquito-borne, tick-borne, and no-
known-vector (NKV) virus clades, which have been further 
divided into clades associated to their principal vertebrate 
host. Sequencing coupled with phylogenetic analysis is a 
powerful tool to understand the correlation between epi-
demiology, disease, and geography. It furthers our under-
standing of the complex evolutionary relationships between 
the virus, vector, and its vertebrate host. Metagenomics 
takes this concept further. It is the coordinated study of 
multiple genomes—the population of genetic material 
and, as applied to viruses, the entire community of viruses 
within the host environment [ 34 ]. This approach utilizes 
direct sequencing and bioinformatics to reconstruct the 
viral population and as such reveals the genetic diversity 
and evolution of the virus and its vector hosts. Especially 
powerful is the use of metagenomics when standard tech-
niques fail to identify a viral infection, such as in emerging 
diseases. For example, metagenomics was used to identify 
specifi c viruses from samples collected from an enterovi-
rus surveillance program in the Netherlands [ 34 ]. Samples    
were identifi ed using conventional techniques including 
PCR that demonstrated cytopathic effects in cell culture 
without a virus. Metagenomics identifi ed new viruses in all 
the samples.  

3.5     Mathematical Modeling 

 Mathematical    modeling is a powerful technique used to 
understand the interactions of the arbovirus, its vector, and 
host infection that produce endemic transmission or explo-
sive epidemics in populations [ 35 ]. Mathematical models 
have the potential to predict epidemics and, equally impor-
tantly, to identify interventions by which to prevent or dimin-
ish the spread of the arbovirus through the use of vector 
reduction, personal protection methods, antivirals, or vac-
cines. Models have progressed from the basic susceptible, 
infected, and recovered SIR model to more advance model-
ing techniques using stochastic models in which the number 

of individuals in any class is an integer with events occurring 
randomly with a given probability based on the associated 
deterministic model. The value of stochastic models is the 
generation of different epidemics capturing the variabil-
ity in the epidemic profi le [ 35 ]. For example, a stochastic 
metapopulation model with spatiotemporal transmissibility 
scenarios was used to model the spread and transmission of 
yellow fever [ 36 ]. This model was useful to understand and 
assess the risk of yellow fever in producing urban outbreaks 
and to identify locations at risk for yellow fever introduction 
and subsequent transmission.   

4     Biological Characteristics of the Virus 
That Affect the Epidemiologic Pattern 

 If you were to look at the world from the eyes of a fl avi-
virus, you would fi nd a bewildering array of environments 
you were forced to adapt and propagate in. The vector inver-
tebrate environment is quite different from the vertebrate 
environment in requiring the virus to propagate at a lower 
body temperature and to utilize different cellular receptors 
for attachment and cellular entry. The virus upon infection 
of its vector host from a blood meal will replicate, escape 
from the midgut, evade vector host defenses, and replicate 
in high concentration in the salivary glands. Environmental 
factors including temperature and humidity affect vector lon-
gevity and viral replication and overwintering until the next 
transmission season. Upon infecting their vertebrate host 
after the bite of the infected vector, the fl avivirus faces a new 
host environment with a different ambient temperature, new 
receptors for host cell entry and replication, and new host 
innate and adaptive immunity. Flaviviruses are remarkably 
adept and successful at adapting to an array of environments 
to replicate and produce infection and ultimately epidemics 
in human populations. Ultimately the biological characteris-
tics of the fl avivirus that affect human epidemiology rely on 
its ability to be successful in the host vector. The capacity 
of the virus to replicate in the vector is infl uenced by many 
factors including the environment, ecology, vector behavior, 
and viral molecular factors. The interaction of these factors 
is called the vectorial capacity. The extension of vectorial 
capacity to infect the host is known as vector competence—
the intrinsic ability of a vector to become infected and to 
subsequently transmit a pathogen to a susceptible host [ 37 ]. 

 The viral molecular factors involved in vectorial capacity 
and the ability of the virus to be highly specifi c for its vector 
host are determined by how arboviruses exist as a collec-
tion of variable genomes within a host known as a mutant 
spectrum, mutant swarm, or quasispecies [ 37 ]. During a 
replicative cycle, RNA viruses and its high mutation rate 
will develop as a distribution of genetic variants which is 
infl uenced by a balance between mutation and selection. 
Selection pressure will determine the most fi t virus for 
the given environment with the least fi t viruses going into 
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extinction. This Darwinian survival of the fi ttest is known 
as viral adaptability. Genetic bottlenecks, defi ned as survival 
of a minority of one generation to become the majority of 
the next generation, can occur in fl aviviruses and have been 
well described for dengue virus [ 38 ]. During the course of 
an infection in a vector, host genetic bottlenecks can occur, 
for example, when the virus leaves the midgut or replicates 
in the salivary glands allowing the selection of one mutant to 
become the dominant genotype. Thus, bottlenecks diminish 
viral diversity by selecting a subpopulation of viruses par-
ticularly adapted to that environment; as a result, frequent 
bottlenecks enhance the evolution of phenotypic robustness 
of the virus [ 37 ]. 

 Viral fi tness is inherently tied to vector fi tness. A particular 
virus strain that is selected for rapid killing of its vector host 
will have little success at survival to its next host, and an atten-
uated virus that does not replicate well in its vector may not 
propagate to the vertebrate host. Viral replication may disrupt 
the physiology of the vector host through disruption of diges-
tion, salivation, or changes in the vector midgut [ 39 ,  40 ]. Other 
consequences to vector fi tness from viral infection include 
energy costs associated with immune activation, behavioral 
changes resulting in decreased feeding, and alterations in mat-
ing and propagation. A meta-analysis of studies across a range 
of mosquito–virus systems showed that arboviruses do reduce 
the survival of their mosquito vectors, but the overall impact 
on vector fi tness varies by the virus taxonomic group and 
mode of transmission [ 41 ]. Alphaviruses, for example, were 
associated with the highest virulence levels in mosquitoes and 
the least for the bunyaviruses. The conclusion was that virus 
and vector fi tness are interwoven and dependent on multiple 
selection factors that are evolving. The complexities of this 
relationship between virus and vector fi tness coupled with the 
viral fi tness required to propagate in a vertebrate host high-
light the exquisite balance needed to maintain the life cycle 
and the disease process. This “trade-off” hypothesis suggests 
that the replication in arthropod then vertebrate hosts shapes 
virus evolution. It is when this trade-off results in an increase 
in both vectorial capacity and vertebrate infection that human 
epidemics, global expansion, and emerging diseases may 
occur. An example of this is the emergence of chikungunya 
virus (CHIKV) infection in 2004 from the Indian Ocean to 
India, attributed to a single amino acid mutation that enhanced 
vector capacity in a secondary vector  Aedes albopictus  [ 42 ]. 
Another example is the emergence of a new lineage of West 
Nile virus (WNV) in North America that was adapted for more 
effi cient transmission in  Culex  mosquitoes [ 43 ]. When vecto-
rial capacity for an arbovirus is diminished or vector resis-
tance to virus infection is induced, virus transmission may 
potentially be completely interrupted. The occurrence of this 
phenomenon may been realized recently with the observation 
that infection of  Aedes aegypti  by Wolbachia, an intracellular 
bacterium, confers resistance of the mosquito to DENV infec-
tion [ 44 ]. These fi ndings are now being used to infect natural 
 A. aegypti  mosquitoes to diminish DENV transmission [ 45 ].  

5     Epidemiology 

 The epidemiology of fl avivirus infections in humans as noted 
in previous sections is a complex interplay between viral 
evolution, selection pressures, vectorial capacity, and risk 
of human infection from the vector and its spread in human 
populations. In practical terms, many factors account for the 
dramatic changes in the epidemiology of the fl aviviruses: 
increasing travel and the speed of travel where an individual 
can go from rural areas of Africa or Asia to major metropoli-
tan areas in less than 24 h, expanding trade and commerce, 
population growth, increasing urbanization and population 
detritus leading to increasing vector breeding areas, defores-
tation, and climate change [ 46 ]. Examples of this changing 
epidemiology are the spread of the dengue viruses through-
out Asia, the Americas, and most recently Florida; resur-
gence of yellow fever in South America and Africa; spread 
of West Nile virus through North and Central America; and 
the spread of Japanese encephalitis in Southwest Asia [ 46 ]. 

5.1     Incidence and Prevalence 

 All infections with pathogenic fl aviviruses discussed in 
this chapter are acute and can be diagnosed either through 
molecular means during the time of infection or by serol-
ogy consistent with acute infection, i.e., detection of IgM 
antibody or a fourfold rise in antibody titer between acute 
and convalescent sera. Measurement of incidence requires 
documenting acute infection through the application of clini-
cal criteria consistent with the fl avivirus infection. All acute 
fl avivirus infections progress from a classic presentation of 
fever, chills, myalgias, and headache to a more fl avivirus-
specifi c syndrome of an acute febrile illness, hemorrhagic 
fever, or encephalitis. These specifi c syndromes fall into a 
spectrum of overlapping clinical presentations, making it 
diffi cult to distinguish one fl avivirus from another or from 
other pathogens based on clinical symptoms and signs alone. 

 All infections display a biological gradation (“iceberg”) of 
clinical responses and disease severity both at a cellular and 
host response level (see Chap.   1    ). In the case of fl aviviruses, 
although unobserved (below the “waterline” of the iceberg), 
subclinical infections are viremic and do contribute to the 
transmission and infection of the vector and thus represent a 
very important component of the epidemic. Further along the 
gradient of infection are mild ambulatory illness, moderate 
illness requiring medical care, more severe illness requiring 
hospitalization, and fulminant illness requiring intensive care 
with potentially fatal outcome. The shape of the gradient or 
“iceberg” varies among the fl aviviruses and depends on the 
preexisting immunity in the population, vectorial capacity, 
and environmental factors. The subclinical infections are not 
well studied due to the requirement for long-term prospective 
studies of cohorts with the ability to diagnose asymptomatic 
infections. The best documentation of subclinical infection 
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has come from the prospective cohort studies conducted in 
Northern Thailand where at least 50 % of all DENV infec-
tions were subclinical [ 47 ,  48 ]. In general, a large majority 
of fl avivirus infections occur below the waterline of detection 
and subclinical. The more severe forms of infection resulting 
in death occur in less than 5 % of all infections. Understanding 
the iceberg concept of infection is critical in thinking on the epi-
demiology and incidence of fl avivirus infections. Surveillance 
confi ned to hospitalized cases will detect only 10–20 % of all 
cases. Extended to the ambulatory clinics, surveillance can 
detect an additional 30 % of all infections. It is apparent that 
even with detection of 50 % of acute cases, the incidence of 
infection is being grossly underestimated. 

 In contrast, seroprevalence studies (see Chap.   2    ) of fl a-
vivirus infection can defi ne populations at risk, give a his-
torical account of the transmission, and provide an estimate 
of the burden of infection in a population. A classic arbo-
virus seroprevalence study was the mapping of the world-
wide distribution of yellow fever by Sawyer et al. in 1937 
[ 49 ]. The virus neutralization test was performed using adult 
white mice as test animals. Yellow fever virus was found 
to be more widely distributed in South America and Africa 
than had been earlier suspected and was absent from Europe, 
Asia, and Australia. Neutralization tests measure durable 
antibody that persists for years. High rates of antibody prev-
alence could result from continued, widespread virus activ-
ity and/or from a large outbreak with a high attack rate. For 
example, yellow fever neutralization tests performed on sera 
collected from residents of Trinidad, West Indies, in 1953 
revealed no immunes under the age of 15 years and there-
fore no apparent virus activity later than 1938. This situation 
changed dramatically with the reappearance of yellow fever 
on the island in epidemic form in 1954 [ 50 ]. 

 Incidence and prevalence studies provide two views on 
fl avivirus infection. The former can uncover newly occur-
ring infections in the population and evidence of an out-
break; the latter offer a historical perspective on previous 
outbreaks and subpopulations that may be at risk. In most 
countries appropriate diagnostics are not available to diag-
nose a specifi c fl avivirus infection, and clinical criteria are 
mostly used; as a result their population incidence is grossly 
underreported.  

5.2     Epidemic Behavior and Geographic 
Distribution 

 Arbovirus infections are worldwide in distribution and may 
occur whenever the appropriate mosquito or other arthropod 
vectors abound in proximity to humans and a suitable amplify-
ing host. Table  16.1  displays both the human pathogenic fl avi-
virus and those where illness hasn’t been documented, vector 
if known and human illness if known. The fl aviviruses occur 
globally as both regional endemic diseases and epidemic dis-
eases that can spread worldwide. The dengue viruses are now 

the most common mosquito-borne arboviral infection world-
wide (  http://www.who.int/csr/disease/dengue/en/    ). Other sig-
nifi cant fl aviviruses that have vast global distributions include 
West Nile virus, tick-borne encephalitis, and yellow fever. 
Regional fl avivirus threats that produce epidemic diseases 
include Japanese encephalitis in Asia and West Nile virus and 
St. Louis encephalitis in North and South America. All are 
endemic diseases that produce transmission and disease every 
year with occasional epidemics.

5.3        Temporal Distribution 

 Temporal distribution is a consequence of overwintering 
and seasonal breeding and is region specifi c. If birds are 
the primary vertebrate host, temporal distribution is depen-
dent on their migratory patterns, nesting, and hatching of 
young immunologically naïve chicks. In general, seasonal 
breeding of the vector occurs in spring, summer, and fall, 
although this is affected by the climate with warmer years 
having transmission during the winter months. Climate 
change and global warming will affect the temporal distri-
bution of the fl avivirus by changing the abundance of the 
vector. Global warming will increase the distribution of the 
vector as well as cause more rainfall and thus create more 
potential areas for breeding in the case of mosquitoes. The 
natural weather pattern that occurs approximately every 5 
years, La Niña/El Niño-Southern Oscillation, or ENSO, 
can have dramatic effects on rainfall, fl ooding, and vector-
borne diseases including the fl aviviruses [ 51 ,  52 ]. This 
periodic climate change occurs across the tropical Pacifi c 
Ocean with variations in surface temperature (warming 
known as El Niño and cooling as La Niña). In a recent 
study, Murray Valley encephalitis virus (MVEV) in north-
ern Australia and Papua New Guinea was monitored and 
correlated to the occurrence of rainfall [ 53 ]. Using multi-
satellite precipitation analysis, the authors found that 
increases in monthly rainfall and monthly number of days 
above average rainfall increased the risk of MVEV activ-
ity at a time lag of 2–3 months. Clearly climate change 
and weather have an effect on the temporal distribution 
of vector-borne infections with a particular impact on the 
fl aviviruses.  

5.4     Age, Sex, and Other Demographic 
Factors 

 Infections with arboviruses can occur at any age. The age 
distribution depends on the degree of exposure to the particu-
lar transmitting arthropod relating to age, sex, occupation, 
and recreational habits of the individual or group of individu-
als. In highly endemic areas where transmission occurs every 
year, such as with Japanese encephalitis and dengue viruses, 
fl avivirus infection is seen primarily in children, with adults 
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protected by the antibody from previous infections [ 54 ,  55 ]. 
In areas where transmission is sporadic and the entire popu-
lation is at risk, extremes of age becomes a risk for severe 
infection such as seen in WNV infection in adults over the 
age of 50 years [ 56 ].  

5.5     Other Factors 

 Genetic factors are known to infl uence disease severity 
from fl avivirus infection and thus directly the epidemiol-
ogy of arbovirus infections. Nutrition may have an effect on 
increasing disease severity in specifi c fl avivirus infections 
such as in dengue hemorrhagic fever though it is unknown if 
there is an effect with other infections [ 57 ]. Certainly malnu-
trition can suppress the immune response and affect disease 
severity and thus the epidemiology. Genetic factors are very 
likely associated with disease severity. For example, in case–
control gene association studies performed on cohorts of 
DENV- infected patients in Asia and the Caribbean, specifi c 
genes have shown associations with disease severity. These 
genes include the HLA molecules, the cell receptors for IgG 
(FcGII), vitamin D, and ICAM3 (DCSIGN or CD209) [ 58 ]. 
Also pathogen recognition molecules such as mannose- 
binding lectin (MBL) have associated with disease severity 
as well as the blood cell-related antigens including ABO and 
human platelet antigens (HPA1 and HPA2) [ 58 ]. African 
slaves were long known to be immune from the severity 
of yellow fever and were recruited to help stricken victims 
during the Philadelphia 1793 yellow fever epidemic [ 11 ]. 
Clearly genetics that determine both acquired and innate 
immune responses contribute to disease severity or protec-
tion from fl avivirus infections and can affect the epidemiol-
ogy of these infections.   

6     Mechanism and Route of Transmission 

 By defi nition, the fl aviviruses as arboviruses must be trans-
mitted by arthropod vectors within which multiplication of 
the virus is a necessary requirement. Non-arthropod-related 
transmission to humans can occur such as through goat, 
sheep, or cow milk in the case of TBEV and respiratory 
and alimentary tract with Omsk HF [ 59 ,  60 ]. The primary 
vectors are mosquitoes and ticks. The duration of the nec-
essary period of virus multiplication within the arthropod 
host before it becomes infectious varies from virus to virus 
and vector to vector and is also directly temperature depen-
dent. For most viruses under average summer temperature 
conditions, the extrinsic incubation period falls in the 7- to 
14-day range. Once infected, vectors may remain infected 
and able to transmit for many weeks or months. In the case 
of ticks, this infection may be years. Transmission of virus 

transovarially in arthropods, often referred to as “vertical 
transmission,” has been demonstrated (specifi c examples, 
tick-borne encephalitis in ticks, DENV in mosquitoes). 
Venereal transmission of SLE viruses in vector mosquitoes 
has also been described. These mechanisms may be impor-
tant for survival of some arboviruses in nature, permitting 
overwintering or survival over a protracted dry spell. Birds 
are important reservoir vertebrates for the viruses of JEV, 
WEE, and SLE. 

 There are a number of fl aviviruses that cause human 
infections where the principal vector species is not known 
(Table  16.1 ). These include the viruses Apoi, Dakar bat, 
Koutango, Modoc, and Rio Bravo. More research is needed 
to establish the principal vector or, if not found, to gather 
details on their mode of transmission. 

 There are two nonvector modes of transmission to 
humans of the vector-borne fl aviviruses that is essential 
to know—transfusion mediated and sexual. During the 
2002 WNV epidemic in the United States, 23 patients were 
confi rmed to have acquired WNV through transfused con-
taminated blood products [ 61 ]. Of these the majority were 
immunocompromised due to transplantation or cancer. 
Sixteen donors with evidence of WNV viremia at donation 
were linked to the 23 infected recipients. As a result of these 
fi ndings, the US blood supply is now screened for WNV. 
Sexual transmission of another normally vector-borne fl a-
vivirus was recently documented. Zika virus (ZIKV) is a 
mosquito-transmitted fl avivirus that has been isolated from 
sick persons in Africa and Southeast Asia. Two American 
scientists working in Senegal became acutely ill with ZIKV 
[ 62 ]. One of the scientists upon returning to the United 
States infected his wife who developed confi rmed ZIKV 
symptomatic infection. Because she never traveled outside 
of the United States, direct person-to-person transmission 
was thought to be the mode of infection either through 
saliva or infected semen.  

7     Pathogenesis and Immunity 

 Arbovirus infections are usually transmitted by the bite 
of the appropriate vector, and the skin is the normal por-
tal of entry. Even before the virus enters the host through 
the skin, an important cofactor contributed by the vec-
tor assists in shaping virus entry. Saliva from arthropods 
(i.e., ticks and mosquitoes) has been shown to potenti-
ate fl avivirus infection and enhance in vertebrate hosts. 
Virus and arthropod saliva are delivered into the skin of 
the vertebrate host. Arthropod saliva contains a complex 
mixture of bioactive molecules that are capable of alter-
ing homeostasis, immune response, and dendritic cells and 
may contribute to the ability of fl aviviruses to establish 
an infection [ 63 ]. The potentiation of fl avivirus infection 
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by arthropod saliva has been demonstrated for a number 
of viruses including WNV and saliva from  Culex tarsalis  
which resulted in enhancement of early WNV infection in 
vertebrate hosts [ 64 ]. 

 The    fi rst cells that typically come in contact with fl avivi-
ruses are skin dendritic cells (DCs). These cells have been 
shown to be important initial targets of infection that shape 
the immune response for many of the pathogenic fl aviviruses 
including DENV, YFV, and tick-borne encephalitis virus 
(TBEV) [ 50 ,  65 – 67 ]. TBEV targets DCs early in infection 
and are major inducers of interferon (IFN) and the innate 
immune response. TBEV modulates DCs and thus shapes 
the innate response via INF antagonism. DCs become 
infected and transport the virus to draining lymph nodes pro-
moting virus dissemination. After viral replication in target 
cells, the virus becomes widely disseminated throughout 
the host. Viremia in the host is an important determinant for 
additional infection in noninfected biting arthropods. The 
degree of viremia determines if the vertebrate host becomes 
a “dead-end host” where viremia with agents such as JEV 
and WNV is minimal and no additional biting vectors are 
infected. In other fl aviviruses, high and sustained viremia 
provides a source of additional vector infection, as is the 
case for DENV where humans are the primary reservoir for 
infection. 

 The site of multiplication of most arboviruses remains 
undetermined but is presumed to be in the vascular epithe-
lium and the reticuloendothelial cells on the lymph nodes, 
liver, spleen, and elsewhere. Liberation of virus from these 
organs constitutes the “systemic phase of viremia,” resulting 
after 4–7 days in fever, chills, and aching joints. A number 
of arbovirus infections have two phases—this early phase 
and then a second phase with or without a few days of free-
dom from symptoms. The second phase may be attended 
by encephalitis, joint involvement, rash, hemorrhage, and 
involvement of the liver and kidneys. In most arbovirus 
infections, only the fi rst phase occurs, and the disease is mild 
and “nonspecifi c.” In other instances, the early phase may be 
missed, and only the severe manifestations occur. The early 
phase is accompanied by leukopenia and the second phase 
often by leukocytosis. Tissue injury may be the direct effect 
of viral multiplication in susceptible cells, as is the case with 
liver involvement in yellow fever. 

 Humoral antibodies regularly appear early in the course 
of arbovirus infection and constitute the major basis of 
immunity. Such immunity may be lifelong. No infection 
with yellow fever virus has been recorded in an individual 
who either had antibodies from an earlier infection or had 
a history of yellow fever vaccination with development of 
postvaccination antibody. The presence of antibodies in the 
blood at the time of exposure to an infected arthropod vector 
provides a primary deterrent to reinfection with the homolo-
gous virus.  

8     Patterns of Host Response 

8.1     Clinical Features 

 Inapparent and subclinical human host responses predomi-
nate in most arbovirus infections. Clinical illness is fre-
quently the exception rather than the rule. This varies from 
virus to virus. For example, infection with WNV, SLEV, and 
JEV viruses results principally in mild and inapparent infec-
tions, whereas in infection with YFV, the host response is 
likely to be clinically apparent and often severe (Table  16.2 ); 
the reasons for these differences are not known.

8.2        Diagnosis 

 Cases of arbovirus infections are not likely to be diagnosed 
unless there is a high degree of clinical suspicion. Outbreaks 
of encephalitis in horses and dying off of birds may be an 
early warning sign from some arboviruses. Recognition of 
the arbovirus infection acquired by the traveler outside the 
United States also depends on the alertness of the examin-
ing physician. Rapid jet transport now permits exposed over-
seas travelers to reach home and fall sick even within the 
short incubation period of such infections. The physician 
must maintain a high degree of suspicion when seeing cen-
tral nervous system, infl uenza-like illnesses, or hemorrhage 
with fever occurring in travelers recently returned from areas 
endemic for arboviruses. Diagnosis will require specimens 
(serum, cerebrospinal fl uid) to be sent to specifi c laboratories 
that have the capacity to perform the required assays such 
as the state laboratory or the Centers for Disease Control 
(CDC). 

 The laboratory diagnosis depends on the isolation of the 
virus from the blood and/or a fourfold antibody rise in titer 
or presence of specifi c IgM in sera taken during the acute 
and convalescent phases of illness. Often, the suspicion of 
an arbovirus infection in individual cases arises too late for 

   Table 16.2    Patterns of host response to arbovirus infections in man   

 Response  Examples a  

 Asymptomatic infection  WNV, DENV, JEV, SLEV 
 Mild febrile illness  SLEV, YFV, JEV, DENV 
 Infl uenza-like illness with aching 
and joint pains 

 DENV, ZIKV 

 Encephalitis, mild  WNV, TBEV, SLEV 
 Encephalitis, severe  WNV, TBEV, SLEV 
 Jaundice, proteinuria  YFV 
 Rash, sometimes with hemorrhagic
manifestations 

 AHFV, DENV, KFDV 

 Shock syndrome  AHFV, DENV, KFDV 

   a Certain viruses have been selected for this list particularly to illustrate 
the range of symptoms that may be seen in populations infected with a 
single virus  
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virus isolation or for demonstration of a rise in antibody titer. 
Often only one acute serum specimen is sent without a con-
valescent specimen. Under these circumstances, the presence 
of a high antibody titer in a single serum may be signifi cant if 
the infection is an uncommon one in that region and particu-
larly if antibody surveys reveal a low antibody prevalence or 
if prior surveys have demonstrated the absence of antibody 
in that community. The appropriate procedure in suspected 
cases is to (1) notify the health department and seek back-
ground epidemiologic and clinical data and (2) send acute 
and convalescent serum samples to the nearest public health 
laboratory (usually a state laboratory), with a request for anti-
body tests for arboviruses and other encephalitis- producing 
viruses. Some state laboratories may not provide this testing, 
so a request for transshipment of sera to the CDC might be 
included.   

9     Control and Prevention 

 Major control methods include (1) control of the arthro-
pod vector, which may be by elimination of breeding sites, 
termed source reduction, or modifi cation of them by applica-
tion of insecticidal substances or by direct attack on the adult 
arthropods through residual insecticide treatment of adult 
resting places; (2) avoidance of exposure to vector bites by 
screening of houses, by use of protective clothing, and by 
application of insect repellent sprays or creams when outside 
in high-risk areas; and (3) immunization, a procedure widely 
used only for yellow fever, TBEV, and Japanese encephalitis 
in endemic areas. 

 Control    of vectors through biological approaches ranges 
from introduction of competing species such as the use of 
parasites lethal to the vector including protozoa, helminths, 
bacteria, and viruses to introduction of genes deleterious to 
the vector population or infl uencing the vector behavior or 
capacity to be infected with a pathogen [ 68 ].  

10     Characteristics of Selected 
Pathogenic Flaviviruses 

 Selected fl aviviruses are discussed in this section and 
focused on those that produce human infections and repre-
sent emerged or emerging infection or have the potential to 
become global health problems. This section is organized 
by vector into tick-borne, mosquito-borne, or viruses with 
no known vector (see Table  16.1 ). Under the tick-borne 
fl aviviruses are the mammalian tick-borne virus complex 
(tick- borne encephalitis, Gadgets Gully virus, Kadam virus, 
Kyasanur Forest disease, Alkhurma virus, Langat virus, 
Omsk hemorrhagic fever, Powassan virus, Royal Farm 
virus, and Louping ill virus). Under the mosquito-borne 

viruses are the Aroa virus, Japanese encephalitis virus, 
Kokobera virus, Ntaya virus, Spondweni virus, and the yel-
low fever virus complexes. Under the viruses with no known 
arthropod vector are the Entebbe bat virus complex, Modoc 
virus complex, and Rio Bravo virus complex. For each of the 
viruses, the epidemiology, vector, human disease, diagnosis, 
and epidemic potential will be briefl y covered. 

10.1     Tick-Borne Viruses 

10.1.1     Mammalian Tick-Borne Virus Complex 
 The mammalian tick-borne virus complex, a genetic and 
antigenically related group of viruses, share similar fea-
tures and have ticks as their vector and animal vertebrates 
as a reservoir [ 69 ]. These viruses are pathogenic to humans 
producing a range of diseases to include a mild febrile ill-
ness, severe hemorrhagic fever, and encephalitis and contain 
viruses that have emerged or emerging as global health prob-
lems. Some viruses, such as the agent of Kyasanur Forest 
disease, remain localized to specifi c geographic areas and 
have the potential to emerge as regional health threats. The 
mammalian tick-borne virus group includes Omsk hemor-
rhagic fever virus (OHFV), Langat virus (LGTV), Alkhurma 
hemorrhagic fever virus (AHFV), Kyasanur Forest disease 
virus (KFDV), Powassan virus (POWV), Royal Farm virus 
(RFV), Karshi virus (KSIV), Gadgets Gully virus (GGYV), 
and Louping ill virus (LIV) [ 2 ]. 

   Gadgets Gully Virus (GGYV) 
 GGYV was fi rst isolated from  Ixodes uriae  on the penguin 
rockeries of Macquarie Island, Australia, in 1976 [ 70 ]. Six 
other strains were isolated from the same location in 1976 
and 1977. To date GGYV has not been known to be a cause 
of human disease.  

   Kyasanur Forest Disease Virus (KFDV) 
 KFVD, also known as monkey fever, is a disease of man 
that is transmitted primarily by  Haemaphysalis  ticks in the 
tropical deciduous forests of the Karnataka State in South 
India [ 71 ]. Its subsequent discovery in the Yunnan Province, 
China, in 1989, called Nanjianyin virus, is now known as 
a subtype of KFDV [ 72 ]. Results of a 1987–1990 seroepi-
demiologic investigation in the Yunnan Province demon-
strated that residents of the Hengduan Mountain region 
had been infected with this virus [ 72 ]. This suggests that 
KFDV may have a wider geographic distribution, and migra-
tory birds with attached infected ticks may be responsible. 
At-risk populations for KFDV include persons with recre-
ational or occupational exposure to the forests in Karnataka, 
India. Human disease may be accompanied by outbreaks 
of hemorrhagic disease in forest monkeys maintained in a 
sylvatic cycle. After an incubation period of 3–8 days, the 
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symptoms of KFDV infection are fever, headache, severe 
muscle pain, cough, dehydration, and gastrointestinal symp-
toms. After 1–2 weeks of symptoms, some patients recover 
while most patients experience severe hemorrhagic fevers 
with a 2–10 % fatality [ 73 ]. Treatment is supportive care. A 
formalin- inactivated virus vaccine produced in chick embryo 
fi broblasts is licensed and available in India [ 74 – 77 ].  

   Alkhurma Hemorrhagic Fever Virus (AHFV) 
 AHFV has been isolated several times since 1995 from 
the blood of patients with severe hemorrhagic fever in 
Saudi Arabia. It is associated with the camel tick. Among 
16 patients, 4 had lethal outcome [ 78 ]. Sequence analysis 
revealed the close genetic relationship of this virus to KFDV 
[ 79 ]. AHFV may be an emerging infection and a risk to 
travelers based on a report of tourists visiting southeastern 
Egypt near the border of Sudan who were infected by AHFV 
and developed hemorrhagic illness [ 80 ]. Like KFDV, AHFV 
may have its origin in Africa and in the case of AHFV trans-
ported from Africa and other countries to Saudi Arabia by 
the transport of camels and other livestock carrying infected 
ticks [ 80 ].  

   Karshi Virus (KSIV) 
 KSIV has been isolated from  Ornithodoros papillipes  ticks 
from Karshi, Uzbekistan. It has been reported in the Russian 
literature as a cause of encephalitis in humans though the 
exact numbers are not known (Dr. S. Khodjaev, personal 
communication). The vector competence of human isolates 
of KSIV was tested in a variety of mosquitoes and ticks. 
KSIV    replicated in and was transmitted by all three species 
of Ornithodoros ticks tested ( O. parkeri ,  O. sonrai , and  O. 
tartakovskyi ) [ 81 ]. Experiments demonstrated that when 
inoculated with Karshi virus, 90 % of  Ornithodoros  ticks 
transmitted this virus to suckling mice and transmission 
continued for at least 1 year [ 81 ]. Female  O. tartakovskyi  
transmitted KSIV vertically to their progeny. This study sug-
gests that  Ornithodoros  spp. are potential vectors and rodent 
species a possible reservoir, with the tick responsible for the 
long-term maintenance of KSIV in the environment.  

   Royal Farm Virus (RFV) 
 RFV was fi rst isolated from  Argas hermanni  nymphs from 
Kabul, Afghanistan, by the US Naval Medical Research 
Unit in Cairo, Egypt [ 82 ]. Its group relation to Powassan 
and Langat viruses was demonstrated by complement fi xa-
tion (CF) and neutralization tests (N). By CF test it is closely 
related to Powassan and by N test to Langat. RFV has never 
been found to be a cause of human disease.  

   Langat Virus (LGTV) 
 LGTV was fi rst isolated in Malaysia and Thailand from pools 
of ticks of  Ixodes granulatus  and  Haemaphysalis  spp [ 83 ]. 

Although wild-type LGTV has never been found to cause 
human disease, patients with terminal malignancies were 
inoculated with LGTV in a clinical study hoping the virus 
might produce remission. The investigators also thought that 
data from this study might also support the use of LGTV as 
a live virus vaccine candidate against other tick- borne fl avi-
viruses in healthy individuals. In this study, LGTV adminis-
tered subcutaneously was able to produce viremia, fever, and 
leukopenia [ 84 ]. Further studies on this as a viable human 
vaccine are limited.  

   Louping Ill Virus (LIV) 
 Louping ill virus is a zoonotic disease of livestock on the 
British Isles transmitted by the tick  Ixodes ricinus . It is 
also a very rare cause of disease in humans for people who 
work closely with sheep or the virus. There have been over 
30 human cases of disease from LIV and several cases of 
laboratory- acquired infections [ 85 ,  86 ]. Four clinical syn-
dromes can be seen in human disease to include infl uenza- 
like illness, a biphasic encephalitis, a poliomyelitis-like 
illness, and a hemorrhagic fever [ 86 ].  

   Omsk Hemorrhagic Fever Virus (OHFV) 
 OHFV is a signifi cant cause of hemorrhagic fever and 
encephalitis in Western Siberia. While the disease may 
be transmitted by  Dermacentor  ticks, outbreaks related to 
direct human contact with the virus from muskrat trapping 
and skinning may occur [ 78 ]. The most marked clinical sign 
of this disease is hemorrhage, but clinical symptoms also 
include diffuse encephalitis which disappears during the 
recovery period [ 78 ].  

   Powassan Virus (POWV) 
 POWV is a tick-transmitted virus of the tick-borne encepha-
litis subgroup of fl aviviruses. It is antigenically related to 
TBEV discussed below. POWV is a North American virus 
and originally isolated from the brain of a child who died 
in Ontario in 1959 [ 87 ]. Powassan virus has been found to 
be widely distributed in small mammals in Canada and the 
northern states of the United States including New York, 
Wisconsin, and Minnesota [ 88 ]. POWV was originally 
thought to be a minor cause of human encephalitis with 27 
cases reported in Canada and the northeastern United States 
during 1958–1998 [ 89 ]. Over the past decade there has been 
an expansion of cases throughout Canada and the United 
States with four Maine and Vermont residents with encepha-
litis found to be infected with POWV in 1998–2001. During 
1999–2005, there were nine cases of serologically confi rmed 
POWV disease: four from Maine, two from New York, and 
one each from Michigan, Vermont, and Wisconsin [ 89 , 
 90 ]. The Michigan and Wisconsin cases represent the fi rst 
reported from the north-central United States and suggest 
that this infection may be underreported in the United States. 
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POWV encephalitis is characterized as a classic encephali-
tis with the acute onset of muscle weakness, confusion, and 
neurologic signs. All patients described in this series recov-
ered but most had long-term neurologic sequelae. POWV 
is transmitted by hard ticks ( Ixodidae  spp.). Diagnosis can 
be accomplished by serology and PCR. There is no vaccine 
available for POWV or specifi c therapy for illness.   

10.1.2     Tick-Borne Encephalitis 
 Tick-borne encephalitis virus (TBEV) produces a fatal 
encephalitis in Europe and Asia [ 91 ]. The disease has been 
known under several names, including Russian spring–sum-
mer encephalitis and Far Eastern encephalitis. Clinically, 
TBEV produces an acute febrile illness followed by enceph-
alitis with a high mortality rate. The virus is maintained in 
an environmental cycle involving small mammals and birds 
in forested regions and transmitted by the ticks  Ixodes rici-
nus  and  I. persulcatus . Humans become infected by the bite 
of infected ticks. Forest and construction workers, woods-
men, trappers, and farmers are at highest risk. TBEV is an 
emerging infection spreading geographically and increasing 
in mortality. From 1974 to 2003 there was a 400 % increase 
in morbidity in Europe and has spread to regions that were 
previously unaffected [ 92 ,  93 ]. TBEV is a notifi able disease 
in 16 European countries. There was an average of 8,755 
reported cases of TBEV per year in Europe and Russia 
between the years 1990 and 2007 as compared to 2,755 
cases per year between 1976 and 1989 [ 94 ]. The expansion 
of TBEV may be caused by changes in the number and geo-
graphic range of the tick vector due to climate changes and 
changes in land use. No specifi c therapy exists for TBEV. 
Prevention from infection is through control of tick popu-
lations, protection against tick bite (repellents, protective 
clothing), and avoidance of tick habitats. An inactivated vac-
cine is widely used in central Europe. Diagnosis is made by 
serology, virus isolation, and PCR.  

10.1.3     Mosquito-Borne Viruses 
 The mosquito-borne viruses represent some of the most 
pathogenic viruses known to man. They have been histori-
cally a cause of large epidemics and have become emerg-
ing or emerged pathogens. They produce a range of illnesses 
from a severe febrile illness to fatal hemorrhagic disease 
and encephalitis. As mosquito-borne viruses the majority 
have an intermediate bird or rodent reservoir with humans 
infected by the bite of infected mosquitoes. 

   Aroa Virus Complex 
   Aroa Virus (AROAV) 
 AROAV was initially isolated from a hamster ( Cricetus 
auratus ) in the vicinity of the Aroa River, Venezuela, in the 
early 1970s. Complement fi xation (CF) experiments con-

cluded Aroa was a new group B virus most closely related to 
Bussuquara virus. Antigenic and biological properties cate-
gorize AROAV closely with Israel turkey meningoencephali-
tis, Koutango, and Negishi viruses. AROAV grows in C6/36 
cells suggesting vector transmission potential [ 95 ]. There are 
no reports of human infection or disease [ 3 ].  

   Bussuquara Virus (BSQV) 
 BSQV was isolated in 1956 in Belem, Brazil, from a howler 
monkey ( Alouatta belzebul ). The virus has been isolated in 
the Amazon from sentinel and wild  Proechimys  spp. rodents 
and  Culex  mosquitoes [ 96 ]. The virus was known to circulate 
in Brazil, Colombia, and Panama [ 97 ]. In vitro experiments 
demonstrate infection across a range of murine, chick, and 
monkey cell lines [ 98 ]. Both  Aedes  and  Culex  mosquito spe-
cies demonstrate a potential for infection. Liver lesions simi-
lar to those caused by YFV were noted in an infected howler 
monkey,  Alouatta belzebul . There has been one human clini-
cal case reported with fever, headache, profuse sweating, and 
arthralgia lasting 4 days [ 3 ,  99 ].  

   Iguape Virus (IGUV) 
 IGUV was isolated in 1979, from a sentinel mouse, in the 
rain forest of Iguape county, Sao Paulo state, Brazil [ 96 , 
 100 ]. Serosurveys demonstrate wild birds may participate in 
the virus transmission cycle, as may rodents and marsupials. 
Defi ning virus reservoir–vector relationships requires further 
study [ 100 ]. There have been no known human infections.  

   Naranjal Virus (NJLV) 
 NJLV was fi rst isolated from a hamster in 1976 in Guayaquil, 
Ecuador. It is closely related to BSQV, but CF and neutral-
izing antibody assays clearly demonstrate that it is distinct 
[ 101 ]. Experimental infection of mice produces death and 
viremia over 5.6–8 days [ 3 ]. There are no reports of human 
infection or disease.   

   Japanese Encephalitis Virus Complex 
   Cacipacore Virus (CPCV) 
 CPCV was fi rst isolated from the  Formicarius analis  (black- 
faced ant bird) in Oriximina, Para, Brazil, in 1997 [ 102 ]. 
Serosurveys demonstrate evidence of infection in wild birds, 
rodents, bats, and humans. Injection into mice produces 
death [ 102 ]. A 33-year-old farmworker in the Brazilian state 
of Rondônia, Brazil, was admitted to intensive care with 
suspected leptospirosis and yellow fever; however, viral 
sequencing identifi ed CPCV as the cause of infection [ 103 ].  

   Koutango Virus (KOUV) 
 KOUV was initially isolated in 1968 from a  Tatera kempi  
(gerbil) in the Koutango Village, Saboya region, Dakar, 
Senegal. KOUV is known to circulate in Senegal, Central 
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African Republic, Somalia, and Gabon [ 104 ,  105 ]. Natural 
host range includes rodents, ticks, mosquitoes, and a single 
case of infection in man (laboratory accident). Mosquito 
( Aedes aegypti ) transmission and reinfection experiments 
have been conducted as well as experimental transovarial 
transmission which suggest  A. aegypti  is a competent vector 
[ 3 ,  106 ].  

   Japanese Encephalitis Virus (JEV) 
 JEV is the leading cause of viral encephalitis in Asia [ 107 ]. 
JEV is a mosquito-borne zoonotic fl avivirus transmitted pre-
dominantly between birds and mammals and to humans by 
mosquitoes. The principal vector of JEV in northern Asia is 
the rice paddy-breeding  Culex tritaeniorhynchus summa-
rosus  and in southern Asia  C .     tritaeniorhynchus  and related 
 C. vishnui  group. Many species of wild birds function as 
 reservoirs, supporting JEV circulation and transmission. 
Domestic pigs may serve as amplifying hosts. Horses and 
humans are dead-end hosts because the virus circulates in 
blood at low levels and for a short duration, thereby not sup-
porting transmission [ 108 ,  109 ]. 

 Outbreaks of JEV occurred regularly in Japan, Korea, 
China, and Taiwan during the twentieth century. Seasonal 
outbreaks now involve portions of Vietnam, Thailand, 
Nepal, and India. The Philippines, Indonesia, and the north-
ern tip of Queensland, Australia have witnessed smaller 
outbreaks [ 108 ,  109 ]. Large-scale vaccination programs 
made it possible for Japan, Korea, and Taiwan to nearly 
eliminate JEV. More recent vaccine adopters (Thailand, Sri 
Lanka, and Nepal) have also observed a reduced disease 
burden [ 108 ,  109 ]. Numerous JEV endemic regions remain 
at risk despite the availability of safe and effi cacious JEV 
vaccines. 

 In JEV endemic areas, the incidence of disease is greater 
in the young; attack rates in the 3- to 15-year age group are 
fi ve to ten times higher than in older persons; this is likely a 
herd-immunity phenomenon [ 108 ,  109 ]. Numerous studies 
and epidemiologic observations document a weak protec-
tive effect of prior dengue virus infection on subsequent JEV 
disease [ 110 ,  111 ]. The ratio of symptomatic JEV cases to 
infections varies between 1:25 and 1:300 with the lower rates 
(1:200–1:300) observed in Asians indigenous to areas with 
enzootic JEV transmission, while higher rates were mea-
sured in American military personnel [ 112 – 114 ]. The inci-
dence of JEV for travelers from non-endemic countries to 
Asia is estimated at <1 case per million travelers. Expatriates 
and travelers who spend prolonged periods in JEV enzootic 
areas may share a similar or higher risk than the indigenous 
population [ 115 – 117 ]. Between 1973 and 2008, 55 cases of 
JEV were reported in travelers from non-endemic countries. 
Ten (18 %) of these were fatal and 44 % ( N  = 24) recovered 
but experienced sequelae [ 115 – 124 ]. 

 JEV is a small (50 nm), enveloped virus containing a 
10.7-kb, single-stranded, positive-sense RNA genome. The 
viral envelope (E) protein serves as the cell receptor-binding 
protein and the fusion protein for virus attachment and entry 
into host target cells. Antibodies directed against E protein 
neutralize the virus and play an important role in protection 
[ 109 ,  125 ,  126 ]. The JEV was fi rst isolated from the brain of 
an encephalitis patient in Tokyo (1935) and was virologically 
and serologically established as the prototype (Nakayama) 
strain [ 127 ]. Antigenic variation among JEV strains has been 
shown by serologic, virologic, and monoclonal antibody 
analysis [ 127 – 129 ]. The    virus causes cytopathic effect (CPE) 
in varied cell lines that include chick embryo, human epithe-
lial, mouse, Vero, LLC-MK2, and C6/36. A broad range of 
hosts experience encephalitis and death following intracra-
nial or intraperitoneal administration of JEV to include mice, 
hamsters, dogs, foxes, cats, and goats. Asymptomatic vire-
mia is observed in monkeys, guinea pigs, rabbits, chickens, 
pigs, and bats [ 3 ].  Culex tritaeniorhynchus ,  C. fuscocephal-
ues , and  C. gelidus  were experimentally infected feeding on 
viremic pig and chicken and successfully transmitted infec-
tion to chicken [ 130 – 133 ]. Transovarial transmission was 
demonstrated in  Aedes albopictus  and  A. togoi  [ 134 ]. 

 Following infection there is a 5- to 7-day incubation period 
and then a nonspecifi c viral prodrome. Early clinical symp-
toms include lethargy, fever, headache, abdominal pain, nau-
sea, and vomiting [ 135 ]. Nuchal rigidity, photophobia, altered 
consciousness, hyperexcitability, masked facies, muscle rigid-
ity, cranial nerve palsies, tremulous eye movements, tremors, 
involuntary movement of the extremities, paresis, incoordi-
nation, pathological refl exes, and meningeal (meningitis), 
parenchymal (encephalitis), or spinal cord (myelitis) signs 
may follow [ 136 ]. Sensory defi cits are rare, and children (50–
85 %) experience focal or general seizures more often than 
adults (10 %) and are associated with poor clinical outcome 
[ 136 ]. In a recently published study of 1,282 adult patients 
collected from 4 JEV epidemics in India (1978, 1980, 1988, 
and 1989), altered sensorium occurred in 96 %, convulsions 
in 86 %, and headache in 85 % [ 137 ]. Hyperkinetic move-
ments were noted in 46 %, and most (83 %) were choreoath-
etoid in nature. Opsoclonus (20 %), gaze palsies (16 %), and 
pupillary changes (48 %) were observed, but cerebellar signs 
were not. Dystonia and decerebrate rigidity were observed 
in 43 and 6 %, respectively, of patients with 17 % having 
paralytic features and seizures in 30 %. Abnormal breathing 
patterns, pulmonary edema, and upper gastrointestinal hem-
orrhage were observations of prognostic importance. 

 Elevated peripheral white blood cell counts and low 
sodium may be observed. Cerebrospinal fl uid (CSF) opening 
pressure, white blood cell content, and protein levels may be 
normal or mildly elevated [ 136 ]. Electroencephalogram may 
demonstrate diffuse delta wave activity and, rarely, seizure 

16 Flaviviruses: Yellow Fever, Japanese B, West Nile, and Others



400

patterns [ 136 ]. Imaging studies may demonstrate abnormal 
fi ndings in the white matter, thalamus, basal ganglia, cer-
ebellum, midbrain, pons, and/or spinal cord. 

 If the patient improves, it will typically begin about 1 
week after symptom onset at the time of defervescence, 
but recovery of neurologic function may take weeks to 
years. Seizure disorders, motor and cranial nerve paresis, 
and movement disorders may persist in up to one third of 
patients. Persistent behavioral and/or psychological abnor-
malities occur in 45–75 % of survivors and are more severe 
in children [ 138 ]. JEV is managed with supportive care as 
there are no specifi c antivirals demonstrating clear benefi t. 
Fatality rates vary between 5 and 40 % and are often refl ec-
tive of medical care resources and capabilities. 

 Diagnosis by viral isolation is infrequent although feasi-
ble from brain tissue in fatal cases or CSF in about one third 
of cases during the acute infection period; this portends a bad 
prognosis [ 139 ]. Serologic diagnosis is possible, demonstrat-
ing a fourfold rise in antibody titer using hemagglutinin inhi-
bition, complement fi xation, or neutralizing antibody assays 
with appropriately timed acute and convalescent specimens. 
Serum IgM antibodies appear early in the course of infec-
tion, persist for 3–6 months, and are relatively specifi c. The 
IgM-capture ELISA is especially well suited for diagnosis 
by detection of locally synthesized JEV antibody in the CSF 
[ 140 ]. Earlier and more vigorous antibody responses corre-
late with improved survival. Serologic assays are plagued by 
cross-reactivity between JEV and other fl aviviruses such as 
dengue and West Nile virus. Newer serologic, reverse tran-
scriptase polymerase chain reaction and NS1 protein-based 
assays tout improved sensitivity and specifi city. 

 Individuals can reduce exposure to vectors by use of mos-
quito repellant, wearing long-sleeved shirts and trousers, 
avoiding outdoor activities in the evening, and sleeping under 
permethrin-impregnated mosquito nets or in screened or air-
conditioned rooms [ 141 ]. Active immunization, in addition 
to personal protective measures, is the optimal strategy for 
preventing JEV. JEV vaccines have been available since the 
1950s [ 135 ]. Early vaccines were produced by inactivating 
virus grown in mouse brain or in primary hamster kidney 
(PHK) cells [ 135 ]. These vaccine constructs were used in 
the United States and Europe (BIKEN; distributed as JE-Vax 
by Sanofi  Pasteur, Lyon, France) [ 142 ]. Seroconversion rates 
(i.e., quantitative neutralizing antibody titers following vacci-
nation) and effi cacy varied according to the population stud-
ied (indigenous vs. nonindigenous to JEV endemic area) and 
number of doses administered (one, two, or three doses) in 
the primary immunization series [ 135 ,  143 ]. Prolifi c vaccine 
use has contributed to signifi cant decreases in JEV incidence 
in Thailand, India, Korea, Taiwan, Vietnam, and areas of 
Malaysia and Sri Lanka [ 135 ]. Since 1989, numerous cases 
of moderate to severe hypersensitivity-type reactions tem-
porally associated with JEV vaccination have been reported, 

some resulting in hospitalization [ 144 ,  145 ]. The cause of the 
reactions is unclear, but the presence of murine neural pro-
teins, gelatin, and/or thimerosal in vaccine preparations has 
been implicated, but not proven. More serious was the case 
in Japan of acute disseminated encephalomyelitis (ADEM) 
temporally related to vaccination. ADEM has been reported 
as a severe drug reaction following administration of inacti-
vated mouse brain vaccine in 5 × 10 −4  to 1 × 10 −6  administered 
doses [ 143 ]. No defi nite increased risk of ADEM temporally 
associated with JEV vaccination has been proven. 

 To move away from mouse brain-derived vaccines, vero 
cells were adopted for the development of numerous JEV 
vaccine candidates [ 135 ]. Widespread distribution and 
use in Asia have demonstrated an excellent safety profi le, 
immunogenicity, and effi cacy [ 146 ]. Second-generation JEV 
vaccines with improved safety profi les and lower dosage 
requirements present new options for immunization [ 135 ]. 
The IC51 (IXIARO®, in Australia and New Zealand avail-
able as JESPECT; Intercell AG, Vienna, Austria) vaccine is 
a purifi ed, formalin-inactivated, whole-virus JEV vaccine. 
The product is approved in the United States (persons aged 
≥17 years), Europe, Canada, Switzerland, and Australia. 
IC51 is manufactured by Intercell Biomedical (Livingston, 
United Kingdom) and is distributed in the United States by 
Novartis vaccines (Cambridge, Massachusetts). The vac-
cine construct, developed at the Walter Reed Army Institute 
of Research (Silver Spring, MD), is based on a SA14-14-2 
virus strain passaged in primary dog kidney (PDK) cells, cul-
tivated in Vero cells, and formulated with aluminum hydrox-
ide [ 147 ]. Numerous clinical trials have demonstrated IC51 
safety and immunogenicity [ 148 ,  149 ]. A pooled, 6-month 
safety analysis of seven phase III trials included 3,558 sub-
jects with at least one IC51 vaccination, 435 subjects with 
a JE-Vax® vaccination, and 657 with phosphate buffered 
saline solution with 0.1 % Al(OH)3 (PBS + Alum) control 
vaccination demonstrated a similar safety profi le between 
the study arms with a superior local reactogenicity profi le 
for IC51 compared to JE-Vax® [ 150 ]. Individuals previously 
given tick-borne encephalitis (TBE) vaccine and then vacci-
nated with IC51 demonstrated a 17 % higher incidence of at 
least one adverse event in volunteers with previous TBE vac-
cination and slightly higher seroconversion rates and higher 
GMT in the IC51 group who had received TBE vaccination 
(98 %, 470, compared to 92 %, 182) [ 151 ]. 

 Sanofi  Pasteur has developed a JEV vaccine based on a 
construct created at the St. Louis University Health Sciences 
Center, St. Louis, Missouri, and Acambis Inc., Cambridge, 
Massachusetts [ 152 ]. JEV-CV is produced by inserting prM 
and E genes from the SA14-14-2 JEV virus into the YFV 
17D viral strain “backbone” containing the YF nonstructural 
genes [ 153 ]. The resulting chimeric RNA is electroporated 
into Vero cells and replicated by the highly stable YFV RNA-
dependent replicase. The safety and immunogenicity of a 
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single dose of JEV-CV at two concentrations (1 × 5.0 log-
 10 PFU versus 1 × 4.0 log 10 PFU) was comparable to licensed 
YFV-VAX (1 × 5.0 log 10 PFU) in a phase 1 trial. Low-level 
viremias were observed in both JEV-CV groups, and the 
frequency of all adverse events was similar in each group. 
Overall, 96 % of subjects who received JEV-CV developed 
neutralizing antibodies to one or more of the wild- type JEV 
strains tested (Beijing, P3, Nakayama), and all developed 
antibodies to the homologous strain [ 154 ]. There is evi-
dence that JEV-CV induced sterilizing immunity. Safety and 
immune responses were evaluated in  N  = 10 JEV-CV (1 × 4.0–
5.0 log 10 PFU) vaccine recipients who, about 9 months later, 
were given a single dose of JE-Vax. No severe adverse events 
were noted and seroconversion rates rose from 50 % pre-JE-
Vax to 90 % with a GMT greater than 1:150. Phase 3 stud-
ies assessed safety and immunogenicity comparing JEV-CV 
and a mouse brain-derived (MBD)-JEV vaccine. The safety 
profi le of JEV-CV was superior to the MBD-JEV vaccine 
and similar to placebo. The percent of the cohort serocon-
verting following a single dose of JEV-CV by PRNT with 
the homologous strain was non-inferior to three doses of the 
MBD-JEV vaccine (99.1 % vs. 95.1 %) [ 155 ]. Additional 
studies assessing immunization of toddlers and children, 
co-administration and sequential administration with yellow 
fever (YF) vaccine (YF-17D strain; Stamaril((R)), Sanofi  
Pasteur), and administration of a booster doses demonstrated 
excellent safety profi les and immunogenicity [ 156 ].  

   Murray Valley Encephalitis Virus (MVEV) 
 MVEV has caused numerous encephalitis epidemics 
(Australian X disease) in Australia since the early 1900s. The 
virus was fi rst isolated in 1951 from the brain of a 19-year-
old male who succumbed to infection [ 3 ]. Encephalitis out-
breaks in 1917, 1918, 1922, and 1925 were initially without 
an etiologic agent but are now believed to have been MVE 
[ 139 ]. Additional outbreaks occurred in 1956, 1971, 1974, 
1978, 1981, and 1984, primarily in the Murray Valley of 
New South Wales and Victoria [ 157 ]. The 1974 outbreak 
was unique in its geographic expansiveness, infecting peo-
ple in east central Queensland, Northern Territory, northern 
and southeastern South Australia, and the Ord River Basin 
of Western Australia [ 158 ]. Between 1978 and 1991 MVE 
was diagnosed in 26 patients, and 16 were in the Kimberley 
area of Western Australia [ 159 ]. During the 2007–2009 
seasons, six human cases of MVEV were reported, at least 
two fatal, to the National Notifi able Diseases Surveillance 
System (NNDSS) [ 160 ]. Sixteen people are believed to have 
contracted MVE in 2011 [ 161 ]. MVEV is endemic to Papau 
New Guinea and Irian Jaya [ 162 ]. 

 MVEV is a mosquito-borne fl avivirus existing in an enzo-
otic cycle involving primarily water birds [ 161 ].  Culex annu-
lirostris  is believed to be the principal vector, preferring to 
breed in shallow, warm, fresh water. Although MVE outbreaks 

occur most often during summer (January to May) and follow-
ing high rain periods, the ecology remains largely unknown 
[ 161 ,  163 ]. Viral activity is monitored by trapping and test-
ing mosquitoes or testing sentinel chicken fl ocks for serologic 
seroconversion (  http://medent.usyd.edu.au/arbovirus/index.
html    , accessed 28 May 2012). Early indicators of MVEV cir-
culation trigger increased public health vigilance and education 
regarding personal protective measures. 

 Complement fi xation and neutralizing and cross- 
neutralizing antibody studies demonstrated MVEV was a 
group B arbovirus in a subgroup containing Japanese enceph-
alitis, West Nile, St. Louis encephalitis, and Kunjin, Usutu, 
Kokobera, Stratford, and Alfuy viruses [ 3 ]. Nucleotide 
sequencing associates the MVEV most closely with the 
Japanese encephalitis virus. Phylogenetic studies suggest 
MVEV emerged in the Malay–Indonesian regions from an 
African progenitor virus, possibly Usutu. There appears to 
be persistent homogeneity of MVEV strains from wide-
spread areas throughout Australia different from those cir-
culating in New Guinea. The natural host range of MVEV is 
broad including humans, chickens, species of water and land 
birds, horses, dogs, foxes, and opossum. Experimental infec-
tion of mice, sheep, chick embryos, and hamsters resulted in 
death [ 3 ].  Culex annulirostris  and  C. quinquefasciatus  and 
 Aedes occidentalis  and  A. vigilax  demonstrated competence 
to infect chicks following ingestion of an infected blood 
meal, and transovarial transmission following oral infection 
was achieved with  Aedes aegypti  [ 49 ,  164 ]. 

 Approximately 1 of every 150–1,000 MVEV infec-
tions results in clinical disease. Complete recovery is seen 
in approximately 40 %, long-term neurologic sequelae in 
30–50 %, and death in 15–30 % [ 165 ]. Following an incuba-
tion period of 1–4 weeks, patients will experience 2–5 days 
prodrome of high fever and headache with anorexia, myal-
gia, nausea, vomiting, diarrhea, rash, or cough [ 159 ,  166 ]. 
Neurologic features include lethargy, irritability, and confu-
sion with or without seizures. The clinical spectrum of dis-
ease can be broad ranging from fever and headache without 
encephalitis to fl accid paralysis, cranial nerve and brainstem 
involvement, encephalitis with complete recovery, or death 
[ 161 ]. The disease appears to progress very rapidly in infants 
[ 139 ]. 

 Magnetic resonance imaging (MRI) is the most sensitive 
and specifi c imaging study available to support a diagnosis. 
T2-weighted images demonstrate bilateral hyperintensity of 
the deep gray matter and may have fi ndings mimicking her-
pes simplex virus (HSV) encephalitis involving the temporal 
lobes, red nucleus, and cervical spinal cord. 

 Laboratory confi rmation of infection is achieved through 
viral isolation, detection of MVEV RNA, a fourfold rise in 
IgG between acute and convalescent serum samples, or fi nd-
ing IgM in the serum of cerebral spinal fl uid (CSF) (  http://
www.health.gov.au/internet/main/publishing.nsf/Content/
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health-arbovirus-mve-guidelines.htm    , accessed 29 May 
2012). Cross-reactivity among antibody-based tests com-
plicates distinguishing MVEV from other fl aviviruses fol-
lowing infection or vaccination. Neutralization assays or an 
epitope-blocking ELISA may add diagnostic specifi city. 

 There are no licensed vaccines or therapeutics to protect 
against or treat MVE. Trials of steroids, ribavirin, interferon 
alpha-2a, and formulations of intravenous immunoglobulin 
have been evaluated in the context of Japanese encephali-
tis and West Nile virus infections but with little success 
[ 167 ,  168 ]. Treatment is supportive and has reduced mortal-
ity and morbidity. Passive immunization studies in animals 
using gamma globulin from MVE and Japanese encephali-
tis virus survivors demonstrated prophylactic effi cacy. The 
ability of a live chimeric Japanese encephalitis virus vaccine 
(ChimeriVax-JE) to cross-protect against MVEV in two 
encephalitis mouse models suggested a single dose elicited a 
protective and durable immune response [ 169 ]. DNA-based 
and Semliki Forest virus-vectored vaccines using the MVEV 
prM and E proteins as immunogens were investigated in a 
murine model. Both candidates induced durable, MVE- 
specifi c neutralizing antibody responses [ 170 ].  

   St. Louis Encephalitis Virus (SLEV) 
 The fi rst recognized outbreak of SLE occurred in Paris, 
Illinois, in 1932 followed the next year by epidemics in St. 
Louis and Kansas City, Missouri. The virus was fi rst iso-
lated from the brain of a fatal encephalitis case following 
inoculation in mice and rhesus monkeys [ 171 ]. Subsequent 
SLE outbreaks occurred in the Pacifi c coast states (1940s), 
Florida (1959, 1961), Texas, Ohio-Mississippi Valley 
(1970s), Colorado, California, Florida, Texas, and Arkansas 
[ 139 ,  171 – 175 ]. Disease has been reported throughout the 
majority of the United States, southern Canada, Mexico, 
and in limited areas of Central and South America [ 68 ,  173 , 
 175 – 209 ]. There is a diffuse endemicity over vast rural areas, 
with low rates of seropositives in humans, but with occa-
sional epidemics of hundreds to more than a thousand cases. 
The monitoring of sentinel fl ocks of birds for infection has 
proved useful as an early warning system [ 174 ]. 

 The virus is transmitted by a number of culicine mosqui-
toes, including  Culex pipiens  and  C. quinquefasciatus  in the 
East and urban areas of the West,  C. tarsalis  in rural areas of 
the western states, and  C. nigripalpus  in Florida and southern 
areas [ 210 – 214 ]. In rural areas of the West and Southwest, 
it is closely tied to  C. tarsalis . Depending on the climate of 
the region, maintenance of the virus can occur by year-round 
horizontal transmission from bird to mosquito, overwinter 
survival of infected mosquitoes, or venereal or transovarian 
infection [ 215 – 221 ]. 

 SLE virus is in the JEV–MVE–West Nile virus complex 
or subgroup [ 139 ,  222 ,  223 ]. The    virus produces cytopathic 
effect and plaques in numerous vertebrate cell lines that 

include primary chick embryo, hamster kidney, BHK-21, 
Vero, and LLC-MK2. Cell cultures from human, primate, 
rodent, swine, and avian cell cultures support replication 
[ 224 ]. Natural host range includes wild vertebrate species 
of birds as well as raccoons, opossums, and bats in North 
America and birds, rodents, nonhuman primates, and the 
three-toed sloth in tropical America. SLE varies in virulence 
for mice [ 139 ,  225 ,  226 ]. 

 SLE virus has been responsible for thousands of deaths, 
more than 10,000 severe illnesses, and no fewer than a mil-
lion mild or subclinical infections [ 227 ,  228 ]. Only 1–2 % of 
SLE virus infections are symptomatic [ 210 ,  229 ,  230 ]. The 
ratio of asymptomatic to symptomatic infection ranges from 
800:1 in children to 85:1 in adults older than 60 years [ 200 , 
 231 ]. The infection incubation period ranges between 4 and 
21 days. When the disease occurs, it may be classifi ed into 
three clinical syndromes: constitutional symptoms and head-
ache (febrile headache), aseptic meningitis, and fatal enceph-
alitis [ 139 ,  200 ,  209 ]. Most cases start with fever, headache, 
nausea, myalgias, and sometimes respiratory or abdominal 
symptoms; most recover completely [ 231 ]. In those who 
develop advanced disease, following the acute febrile pro-
drome, there may be an acute or subacute appearance of men-
ingeal and other neurologic signs and symptoms. Symptoms 
may include nuchal rigidity, disorientation, unsteady gait, 
vomiting, and diarrhea. Tremulousness involving the eyelids, 
tongue, lips, and extremities is observed. Cerebellar and cra-
nial nerve signs are common [ 231 ,  232 ]. Apathy, confusion, 
and disorientation leading to coma may occur. Nearly one 
quarter of patients experience urinary symptoms (frequency, 
urgency, dysuria) [ 233 ]. The morality rate is approximately 
8 %, ranging from approximately 2 % in the young to 22 % 
in the elderly who have comorbidities [ 139 ]. Advanced age 
is the most signifi cant risk for developing both symptomatic 
disease and more severe encephalitis after infection [ 172 ]. 
People older than 60 years of age have the highest frequency 
of encephalitis [ 139 ]. Almost 90 % of elderly SLE patients 
develop encephalitis [ 230 ]. Longer- term sequelae such as 
asthenia, irritability, tremors, sleeplessness, depression, 
memory loss, and headaches typically last less than 3 years 
but may last longer. Persistent symptoms include gait and 
speech disturbances, sensorimotor impairment, psychoneu-
rotic complaints, and tremors [ 234 – 236 ]. 

 Clinical laboratory fi ndings are nondistinct. Peripheral 
white blood cell count may be high and urine fi ndings may 
include microscopic hematuria, proteinuria, and pyuria 
[ 231 ]. Inappropriate antidiuretic hormone secretion and 
hyponatremia may occur in a third of patients. Fewer than 
200/mm 3  white blood cells are typically seen in the cerebral 
spinal fl uid; polymorphonuclear cells predominate early 
with an eventual shift toward a lymphocytic pleocytosis. 
Protein levels may be elevated to 1.5–2.0 times normal. 
Electroencephalogram shows diffuse slowing and seizure 
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activity. Magnetic resonance imaging may show increased 
signal in the substantia nigra, while radionuclide brain scans 
and computed tomography have been normal [ 139 ,  237 ]. 

 Diagnosis should be suspected if the patient presents 
with a compatible clinical syndrome in the summer or 
early fall, in an area known to have SLE virus circulation, 
with reports of similar cases with patients at the extremes 
of age. Although virus isolation has been documented 
from the liver, spleen, lung, kidney, and brain, isolation is 
very unusual from serum or CSF [ 238 ]. Polymerase chain 
reaction assays are being developed for diagnosis and sur-
veillance [ 239 – 246 ]. Diagnosis most often is made using 
serologic assays testing acute and convalescent serum sam-
ples or a cerebral spinal fl uid sample [ 21 ]. IgM antibodies in 
serum appear within the 4 days after infection, peak at 7–14 
days, and then decline and disappear by day 60 but may per-
sist up to a year in a small percentage of patients [ 139 ,  231 , 
 247 ]. A fourfold change in serum antibody titer confi rms 
infection, and presence of IgM antibody in a single serum 
is presumptive evidence. Hemagglutinin inhibition detects 
group-reactive antigens and may be a useful screening test. 
The presence of complement fi xation antibodies in a single 
serum sample is presumptive evidence of a recent infection, 
but 20 % of patients with confi rmed SLE virus infections do 
not develop complement fi xation antibodies [ 139 ]. Detection 
of IgM antibodies in the cerebral spinal fl uid by enzyme-
linked immunosorbent assay (ELISA) provides a rapid and 
early diagnosis. 

 There is no licensed antiviral therapeutic to treat SLE. 
The current care standard is supportive focusing on control-
ling seizures, providing respiratory support, reducing cere-
bral edema, and managing metabolic derangements [ 231 ]. 
There is no licensed vaccine to prevent SLE. Personal pro-
tective measures and other vector avoidance practices are 
encouraged. Control in rural or an urban epidemics has been 
attempted by emergency application of mosquito control 
measures. Long-term control for urban and suburban locali-
ties depends on good sanitation with respect to drainage and 
adequate disposal of waste water. In more specifi c rural areas 
under irrigation, much can be accomplished through water 
management and directed application of insecticides to keep 
mosquito populations low.  

   Usutu Virus (USUV) 
 The USUV is an avian virus discovered in South Africa 
(1959) in a female mosquito ( Culex neavei ) [ 3 ,  248 ]. The 
virus has infectivity for numerous primary and continuous 
animal species and human cell lines [ 3 ]. The life cycle is 
complex, involving host bird species and  Culex  mosquitoes 
as primary vectors and humans, horses, and other mam-
mals as incidental hosts. Geographic range initially includes 
Senegal, Central African Republic, Nigeria, Uganda, 
Burkina Faso, Cote d’Ivoire, and Morocco [ 249 ]. The virus 

emerged in Vienna, Austria, in 2001 associated with avian, 
mainly blackbird, mortality. Infection has recently been 
noted in a variety of central European birds in Austria, 
Hungary, Switzerland, United Kingdom, Spain, Germany, 
and Italy [ 250 ,  251 ]. USUV was initially discovered to be 
clinically relevant in 1981 when a man in the Central African 
Republic developed fever and rash following infection. In 
2004, a 10-year-old child in Burkina Faso developed fever 
and jaundice following infection. In 2009, 2 immunosup-
pressed people (liver transplant, B-cell lymphoma) in Italy 
developed encephalitis [ 252 ,  253 ]. A recent serosurvey in 
Northeastern Italy demonstrated 4 of 359 donors had IgG 
evidence of USUV infection [ 254 ].  

   West Nile Virus (WNV) 
 WNV was fi rst isolated in a febrile woman in the West Nile 
District of Uganda in 1937 [ 255 ]. Since its discovery in West 
Africa, outbreaks of WNV have occurred in many parts of 
the world, and WNV is now endemic in Africa, Europe, the 
Middle East, West and Central Asia, Oceania, and North 
America [ 256 ]. In the United States, the westward spread of 
WNV across the continent from the initial cases in New York 
over the course of about 5 years was an epidemiologic phe-
nomenon that was closely monitored [ 257 ]. WNV now has 
become the leading cause of neuroinvasive arboviral disease 
in the United States [ 258 ]. 

 Wild birds are the primary vertebrate reservoirs of WNV 
in endemic regions [ 259 ] and WNV has been found to be 
capable of infecting over 300 different species of birds [ 260 ]. 
In many instances, WNV has spread across continents and 
regions following bird migration patterns [ 261 ]. The virus is 
transmitted by mosquitoes usually of the  Culex  spp., though 
various spp. of  Aedes ,  Anopheles , and Ornithodoros ticks 
can be infected by WNV [ 3 ]. Mammals are less important 
than birds in maintaining transmission cycles of the virus as 
viremia is too low in most of the mammal species to reinfect 
mosquitoes [ 262 ]. 

 Nearly all humans are infected with WNV primarily 
by the bite of infected mosquitoes [ 257 ]. However, trans-
mission of WNV to humans has also occurred through 
transplanted organs, and transfused blood, transplacen-
tal transmission [ 263 ], and transmission through breast 
milk may also be likely [ 264 ]. Most infections with 
WNV are asymptomatic. The typical incubation period is 
2–14 days, and a self- limited febrile illness without neu-
rologic involvement, known as West Nile fever, may occur 
in approximately 20–30 % of infected cases. The symp-
toms of West Nile fever may include malaise, eye pain, 
headache, myalgia, gastrointestinal discomfort, and rash. 
A maculopapular rash occurs in about half of the persons 
with West Nile fever but is less commonly reported in per-
sons with neuroinvasive disease. About 1 in 150 cases may 
progress to severe disease and develop encephalitis, men-
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ingitis, or acute fl accid paralysis. Long- term complications 
(1 year or more after infection) are common in patients 
recovering from severe WNV infection. Currently, support-
ive care is the only treatment available. Advanced age is 
the most important predictor of death [ 265 ]. The mortality 
rate among neuroinvasive disease is approximately 10 %, 
with increased risk for patients with compromised immune 
systems and advanced age and with underlying conditions 
such as diabetes mellitus. 

 Diagnosis of WNV is made primarily by the use of indi-
rect antibody-capture ELISA or PCR. In most cases IgM will 
be produced within 4–7 days and may persist for more than a 
year [ 266 ]. ELISA for WNV may be performed on serum or 
CSF. Other serologic tests such as neutralization assays gen-
erally are less cross-reactive with other fl aviviruses, but are 
not widely available for clinical diagnosis. Antigen detection 
assays are also being developed but are not widely used in 
the clinical setting. PCR is widely available and is very spe-
cifi c and sensitive. 

 There is no WNV vaccine available for use in humans, but 
a number of WNV vaccine candidates are in clinical trials. 
There are three WNV vaccines currently licensed for use in 
horses; two are killed virus vaccines, and one is a chimeric 
recombinant canarypox virus vaccine [ 262 ].  

   Yaounde Virus (YAOV) 
 The original source of YAOV was a pool of  Culex nebu-
losis  female mosquitoes collected in 1968 near Yaounde, 
Cameroon, Africa [ 3 ]. One month later the virus was iso-
lated via intracerebral inoculation in mice. Complement 
fi xation identifi ed the virus as related to Usutu virus. 
Natural host range includes mosquitoes ( Culex  spp.,  Aedes , 
 Eretmapodites ), rodent, and bird. Injection in mice produced 
death. There are no known human cases [ 3 ].   

   Kokobera Virus Complex 
   Kokobera Virus (KOKV) 
 KOKV is a mosquito-borne virus that was originally iso-
lated from  Culex annulirostris  at the Kowanyama (Mitchell 
River Mission) in northern Queensland in 1960 and named 
after a local Aboriginal tribe [ 267 ]. It is isolated throughout 
Australia and Papua New Guinea [ 268 ]. The reservoir for 
the virus is thought to be kangaroos, wallabies, and horses. 
Human infections with KOKV result in an acute polyarticu-
lar disease.  

   Stratford Virus (STRV) 
 STRV has a geographic distribution similar to KOKV from 
 Culex  species producing a febrile polyarticular illness. 
Originally classifi ed with KOKV as part of the JEV sero-
complex, serologic and sequencing of the virus demonstrated 
that STRV is closely related to KOKV and its classifi cation 
into the KOKV complex [ 3 ].  

   New Mapoon Virus 
 New Mapoon virus was originally isolated as part of viral 
isolates obtained from mosquitoes in 1998 on Cape York 
Peninsula (located Far North Queensland, Australia) and 
in 2000 on Saibai Island (one of the Torres Strait Islands 
in Australia, between the Australian mainland and the 
island of New Guinea) and New Mapoon, Queensland [ 3 ]. 
Viruses were characterized by partial genomic sequencing, 
monoclonal antibody-binding assays, and polyclonal cross- 
neutralization tests. Two of these isolates were antigenically 
related to the KOKV complex but distinct. Sequencing dem-
onstrated a distinct novel virus named New Mapoon virus.   

   Ntaya Virus Complex 
   Ilheus Virus (ILHV) 
 Ilheus virus (ILHV) was isolated from  Aedes serratus  and 
 Psorophora ferox  mosquitoes near Ilheus, Bahia, Brazil, in 
1944 [ 269 ]. In the original study,  Aedes aegypti  was dem-
onstrated as a competent vector for this virus. After its dis-
covery, the virus was also isolated from a variety of other 
mosquito species and birds in Latin America. ILHV was 
described as producing a febrile illness in humans in Central 
and South America, but the burden of disease is not well 
studied. In November 2005, a patient in Bolivia was reported 
with ILHV who developed fever, malaise, asthenia, con-
junctival injection, vesicular rash, facial edema, arthralgia, 
myalgias, bone pain, abdominal pain, headache, and earache 
[ 270 ].  

   Ntaya Virus (NTAV) 
 Ntaya virus was originally isolated from mosquitoes in 
Ntaya, Uganda [ 3 ]. Isolation has been made from mosqui-
toes in Uganda, Cameroon, and the Central African Republic 
and may be endemic in Nigeria, Kenya, and the Zambia 
[ 3 ]. Serologic surveys suggest that this virus may be wide-
spread with antibodies to Ntaya virus in subjects in Tanzania, 
Egypt, and the Far East. In a study of returning travelers from 
Africa, three patients tested positive for Ntaya virus. Illness 
symptoms reported by the travelers included severe malaise, 
fever, headache, myalgia, and neurologic manifestations of 
dizziness, numbness, and weakness of the left leg and arm. 
In one traveler there was severe amblyopia and restriction of 
the peripheral visual fi elds.  

   Other Viruses Within the Ntaya Complex 
 Other viruses within this complex are primarily pathogens 
of poultry causing large epidemics. These include Bagaza 
virus (BAGV), Israel turkey meningoencephalomyelitis 
virus (ITV), and Tembusu virus (TMUV). All are spread by 
a variety of mosquitoes primarily,  Culex  spp. These viruses 
have the potential to produce human disease with serologic 
evidence of human infections though the burden of disease 
within the human population is not known and thus are 
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briefl y described. BAGV which is closely related to ITV has 
been described as producing a febrile illness in humans with 
one study demonstrating a possible cause of human encepha-
litis in India. In an outbreak investigation of a severe duck 
illness in China, a new virus related to TMUV and BAGV 
was described named BYD virus [ 271 ].   

   Spondweni Virus Complex 
   Spondweni Virus (SPOV) 
 SPOV was fi rst isolated in 1955 from mosquitoes, 
 Taeniorhynchus uniformis  collected in Tongaland, South 
Africa. The name was derived from the location they 
were collected, the district of Spondweni. A serosurvey of 
 residents in Tongaland demonstrated evidence of infection 
to SPOV. Human infection was demonstrated in laboratory 
workers working with the virus characterized as a febrile 
illness with generalized aches and pains, headache rigors, 
and vertigo [ 272 ]. SPOV has been isolated from humans in 
Mozambique and Cameroon with serologic evidence of infec-
tion in humans in Angolal    and Botswana [ 272 ]. The virus 
has been isolated from several mosquito species including 
 Mansonia uniformis ,  Aedes circumluteolus ,  M. africana ,  A. 
cumminsii ,  Eretmapodites silvestris ,  A. fryeri ,  and A. fowleri  
[ 272 ]. In 1982 a case of acute SPOV infection was reported 
in a 40-year-old American man, who had worked in Bitou, 
located in southeastern Upper Volta (Burkina Faso), near 
the borders of Ghana and Togo [ 272 ]. Symptoms included 
severe headache, dizziness, nausea, muscle aches, eye pain, 
and sensitivity to light.  

   Zika Virus (ZIKV) 
 ZIKV was originally isolated from a caged febrile rhesus mon-
key in the Zika Forest, Entebbe, Uganda [ 273 ]. Subsequent 
studies revealed  Aedes africanus  as the primary vector and a 
serosurvey demonstrated evidence of human infection [ 274 ]. 
Human infection in a fi eld worker and an experimental infec-
tion of a volunteer demonstrated that ZIKV could produce a 
severe febrile illness associated with headache, myalgias, and 
prostatitis symptoms [ 275 ]. Since its original isolation, ZIKV 
has been isolated from mosquitoes and a cause of human 
infections throughout equatorial Africa, Indonesia, Malaysia, 
and Cambodia.  Aedes aegypti  was found to be the primary 
vector in Southeast Asia [ 276 ]. In 2007, a large outbreak of 
ZIKV infection occurred in Yap Island, Micronesia [ 277 ]. 
In total there were 49 confi rmed and 59 probable cases of 
ZIKV illness. Patients developed rash, fever, arthralgia, and 
conjunctivitis. The authors estimated that 73 % of Yap resi-
dents 3 years of age or older had been recently infected with 
ZIKV.  Aedes hensilli  was the predominant mosquito species 
identifi ed. Currently ZIKV is widely distributed outside of 
Africa with cases or serologic evidence of infection in India, 
Malaysia, the Philippines, Thailand, Vietnam, and Indonesia. 
ZIKV was demonstrated to have evolved into an African and 

Asian lineage [ 278 ]. As noted earlier, ZIKV was documented 
to have been transmitted sexually from a scientist who was 
infected in Senegal and, upon returning to the United States, 
infected his spouse [ 62 ].   

   Yellow Fever Virus Complex 
   Banzi Virus (BANV) 
 BANV was fi rst isolated in 1956 in a 9-year-old boy in 
Ndumu, South Africa [ 279 ]. The clinical manifestations of 
this virus was a nonspecifi c febrile illness. There have only 
been two acute cases of defi nitively diagnosed BANV infec-
tions, but seroprevalence studies across sub-Saharan Africa 
suggest BANV infections may be largely subclinical and 
underdiagnosed [ 3 ].  

   Bouboui Virus (BOUV) 
 BOUV is a fl avivirus that has been isolated in a baboon in 
Senegal and in mosquitoes in Central Africa and Senegal. 
While BOUV has never been isolated in humans, serop-
revalence studies (employing hemagglutination inhibition 
assays) involving over 4,000 patients in Central Africa have 
found 15 patients with serum antibodies to this virus. The 
clinical manifestations of this disease in humans are not 
known [ 3 ].  

   Wesselsbron Virus (WESSV) 
 WESSV is primarily an arboviral disease of sheep, cattle, 
and goats [ 280 ]. However, it has caused nine cases of human 
febrile disease in sub-Saharan Africa, sometimes with neuro-
logic complications to include disturbances in speech, hear-
ing, and/or vision [ 281 ]. While WESSV is primarily located 
in Africa, it has been isolated in mosquitoes in Bang Phra, 
Thailand [ 3 ].  

   Yellow Fever Virus (YFV) 
 YFV is the prototype member of the  Flaviviridae  family 
of viruses. The origin of YFV is speculated to have been 
Western Africa, although the disease was fi rst distinguished 
from other tropical febrile diseases by the Mayans and the 
Spanish colonists in the Yucatan peninsula in 1648. During 
the eighteenth and nineteenth centuries, it was one of the 
great plagues of the world occurring along the eastern US 
seacoast, in Central America and South America, and in 
Africa throughout the tropical area [ 164 ,  165 ,  167 ]. Major 
epidemics occurred in many seaports of the United States, 
and the 1905 outbreak in New Orleans was particularly 
severe. The last US indigenous case occurred in 1911 and 
the last imported cases in 1924 [ 13 ,  214 ]. It never became 
established in Europe above the range of the vector,  A. 
aegypti  mosquitoes. YFV has never been reported from Asia 
and Australia, despite the endemic presence of  A. aegypti  in 
tropical Asia [ 282 ]. The historical signifi cance of YFV was 
discussed in a previous section of this chapter. 
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 The development of the YFV vaccine, Theiler’s attenu-
ated live virus vaccine introduced in 1937, represents the fi rst 
successful vaccine against an arbovirus and forms the basis 
for the present-day product [ 283 ]. YFV is maintained in the 
environment in two cycles: an urban cycle involving human 
beings and  A. aegypti  mosquitoes and a sylvatic or jungle 
YFV cycle involving forest primates, principally monkeys, 
and forest canopy mosquitoes, with human infections tangen-
tial to the transmission cycle [ 284 ,  285 ]. In 1901, eradication 
efforts directed toward  A. aegypti  mosquitoes were launched 
under the direction of Dr. William Gorgas in Havana. These 
eradication efforts, with concomitant  reduction of YFV, were 
extended throughout Central and South America in the early 
1900s. The chain of urban  A. aegypti - transmitted  YFV was 
successfully broken by the eradication program. The last 
endemic focus of  A. aegypti -transmitted urban YFV was 
in northeastern Brazil in 1934 [ 284 ]. The eradication of the 
vector, and the concomitant reduction in urban YFV cases 
in the Americas, historically represents one of the most suc-
cessful public health campaigns against infectious diseases. 

 Today, jungle YFV persists in the Western hemisphere 
and is transmitted chiefl y among monkeys, marmosets, and 
possibly other forest-dwelling animals, commonly causing 
fatal infections. The vectors are mosquitoes of the forest can-
opy, chiefl y of  Haemagogus  spp. and, to a lesser extent,  A. 
leucocelaenus ,  Sabethes chloropterus , and possibly  A. fulvus  
in Brazil [ 285 ]. For the last few decades in South America, 
the vast majority of YFV cases were in males over 15 years 
of age whose occupations increase their exposure to YFV-
infected mosquitoes in endemic forest and jungle areas [ 286 , 
 287 ]. Up to 500 unvaccinated forest workers were infected in 
peak years. The majority of cases occur in the fi rst 3 months 
of the year in South America [ 287 ,  288 ].  A. aegypti  has now 
reinfested most of South and Central America and occu-
pies habitats just adjacent to the areas where endemic YFV 
transmission occurs. A major threat is that this species could 
transmit YFV in an urban cycle. 

 In contrast to the endemic–sylvatic circulation of YFV in 
the Western hemisphere in the late twentieth century, YFV in 
Africa periodically explodes out of its sylvatic cycle to infect 
large numbers during major epidemics. During the decade 
1980–1990, YFV reemerged as a major health problem in 
Africa and, as mentioned above, threatens to reemerge in 
South America. In Africa, two control strategies have been 
attempted during the last 40 years. The fi rst was routine 
immunization programs, and the second was emergency 
control programs after the start of an outbreak. A routine, 
mandatory YFV immunization program was begun in the 
early 1940s in French West Africa, and the recurring pattern 
of epidemics in West Africa was interrupted in those immu-
nizing countries. This strategy was abandoned in 1960, and 
the program switched to a post-outbreak, emergency immu-
nization and control strategy. Since then, there has been a 

series of epidemics of varying severity [ 285 ]. The period 
1986–1990 represented an extraordinarily active period of 
YFV. The worldwide total of 17,728 cases and 4,710 deaths 
(i.e., a case fatality rate of 26.6 %) represents the greatest 
amount of YFV activity reported to the WHO for any 5-year 
period since reporting began in 1948 [ 286 ,  287 ]. However, in 
Africa, numerous studies have shown that only a small per-
centage of African YFV cases are reported [ 287 ]. Due to the 
sylvatic cycle of jungle YFV, worldwide eradication is not 
considered possible. Despite numerous studies, the question 
of maintenance of YFV in nature remains somewhat obscure. 
Although a continual vertebrate–vector maintenance cycle is 
possible in some environments, in other areas overwintering 
and maintenance probably occur via other mechanisms. The 
laboratory and fi eld studies that confi rmed that YFV virus 
can be transovarially transmitted in many of its mosquito 
vectors suggest that this mechanism might play an important 
role in nature. 

 Yellow fever patients have a characteristic but nondiag-
nostic febrile disease with fever, headache, backache, nau-
sea, variable epistaxis, and a lack of correlation between 
pulse and body temperature [ 289 ]. The clinical course is 
2–4 days, followed by uneventful recovery or a remission 
period before development of severe yellow fever. Many 
tropical diseases, including a variety of arboviral infections, 
malaria, and relapsing tick fever, may present similar clinical 
syndromes, making a clinical diagnosis of suspected YFV 
diffi cult unless seen during a recognized epidemic. In a seri-
ous complication of the disease, the development of icterus 
occurs following a remission of the general manifestations. 
It develops as a yellowish tinge of the sclera, a very impor-
tant diagnostic sign more easily seen in dark-skinned peo-
ple, and only rarely becomes marked. Hemorrhagic signs 
and vomiting of blood characterize this more serious form 
of disease. They are more common preceding death, which 
usually occurs within 9 days of onset. Mortality rates vary 
widely and during epidemics reach from 20 to 80 % of the 
cases. Icteric YFV must be differentiated from infectious 
and serum hepatitis, leptospirosis, and poisoning. 

 Because of these uncertain clinical criteria, laboratory 
diagnostic tests must be used. Isolation and identifi cation 
of YFV virus in blood samples or necropsy specimens or 
demonstration of specifi c antibody titer rises constitutes 
defi nitive diagnosis. While the virus generally grows well 
in standard cell cultures or suckling mice, identifi cation of 
YFV virus is now usually performed by PCR. Other rapid 
diagnostic assays have shown promise for demonstration 
of YFV-specifi c antigen or IgG and IgM antibodies. Cross- 
reactivity with other fl aviviruses has been a historical sero-
logic problem. Demonstration of pathognomonic hepatic 
lesions in necropsy specimens is used when applicable, 
but needle biopsies of the liver have proved hazardous and 
the procedure is not generally recommended. No specifi c 
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therapeutic regimen is available for YFV, and treatment is 
chiefl y supportive. Prevention is based both on protection 
from exposure and on vaccination. The 17D YFV vaccine 
was one of the earliest viral vaccines to be developed, and it 
has proved to be one of the safest and most effi cacious live 
attenuated vaccines [ 214 ,  290 ]. 

 Yellow fever in urban or jungle form is a continuing threat. 
The two forms are nonetheless the same virus and the same 
disease, distinguished on epidemiologic grounds. Human 
beings can be protected by immunization with 17D YFV 
vaccine (not advised for infants under 1 year of age). A list of 
the centers in the United States authorized to give the vacci-
nation can be obtained from the Public Health Service (  http://
wwwnc.cdc.gov/travel/yellow-fever-vaccination- clinics/
search    ).  

   Other Viruses in the Yellow Fever Virus Complex Not 
Pathogenic to Humans 
 These viruses include Edge Hill virus (EHV) [ 3 ,  267 ], Jugra 
virus (JUGV) [ 3 ], Saboya virus (SABV) [ 3 ], Sepik virus 
(SEPV) [ 291 ], and Uganda S virus (UGSV) [ 3 ]. These    
known viruses have been shown to cause illness in humans 
but by potential exposure as indicated by positive antibody 
titers.    

10.1.4     Viruses with No Known Arthropod Vector 
 A number of fl aviviruses have no known arthropod vector 
and no documented naturally occurring infection in humans 
and includes Entebbe bat virus (ENTV) [ 3 ], Yokose virus 
(YOKV) [ 3 ], Apoi virus (APOIV) [ 3 ], Cowbone Ridge virus 
(CRV) [ 292 ]. 

 Jutiapa virus (JUTV) [ 3 ], Modoc virus (MODV) [ 293 ], 
Sal Vieja virus (SVV) [ 3 ], San Perlita virus (SPV) [ 3 ], and 
Carey Island virus (CIV) [ 3 ].    

11     Unresolved Problems 

 The emergence of WNV in New York and its spread 
throughout the Americas and the emergence of DENV as a 
global health problem and recent outbreak in Florida have 
demonstrated the vulnerability of the United States to emerg-
ing viruses. Two studies by the Institute of Medicine deal-
ing with emerging diseases warned that the threat posed by 
disease- causing microbes may be expected to continue and 
intensify in coming years [ 294 ,  295 ]. 

 The natural life cycle of many arboviruses is multifac-
eted and, in addition to the virus, may include one or several 
reservoir or amplifying hosts and often an arthropod vec-
tor. A change affecting the interaction of these fundamental 
elements might lead to the emergence or reemergence of a 
viral disease. In some instances, viruses might emerge as the 
result of selection of new genetic strains and variants with 

increased infectiousness, virulence, or transmissibility. To 
control emerging viruses in general, and arthropod-borne 
viruses in particular, there is a need for expanded (1) basic 
and applied research that will help formulate coordinated 
strategies for anticipating, detecting, controlling, and pre-
venting emergence or reemergence of viral diseases and (2) 
basic and applied research on the virus, the infective process, 
and the host response to infection, which will be useful in the 
development of vaccines and antiviral drugs. 

 Additional unresolved problems are discussed from sev-
eral points of view, relating to the viruses, the vectors, the 
vertebrate hosts, and transmission cycles involving virus, 
vector, and host. The disease in the vertebrate host, which 
includes the host response to the pathogen, merits indepen-
dent consideration. Problems relating to the epidemiology 
of each specifi c disease require a synthesis of many specifi c 
items. Finally, effective control exercised at the level of the 
virus, the vector, or the vertebrate requires thorough under-
standing of the epidemiologic background. Specifi c exam-
ples will help to illustrate problems. 

11.1     The Viruses 

 Much progress has been made in recent years in cataloging 
the several hundred described arboviruses and determining 
the biochemical, growth, and morphological characteristics 
in intact vertebrates, in invertebrates, and in cell culture sys-
tems of vertebrate and invertebrate cells. However, further 
work is needed to understand the evolution and emergence 
of epidemiologically relevant strains. In particular, new 
research is needed on the nucleic acid homology that may 
exist among the numerous members of a given arbovirus 
grouping and on the mechanisms of recombination, reas-
sortment, and selection of new virus strains with important 
virulence properties.  

11.2     The Vectors 

 The factors that determine specifi c virus–vector associations 
are still being elucidated. The role of the vector in genetic 
conservation of the arboviruses, as genetic bottlenecks, and 
virus expansion into other vectors due to mutational events, 
such as in the case of chikungunya virus, is not well under-
stood. Expanded research is needed before the principles 
governing virus–vector interactions are carefully delineated. 

 There is a continuing need for taxonomic refi nements 
with respect to arthropods, such as the need for more infor-
mation on both Old World and New World mosquitoes of 
the genera  Culex  and  Aedes . This need is generated by the 
increasing realization of their involvement with a large num-
ber of arboviruses. The same remarks are pertinent for the 
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tick vectors. The need is equally great for more informa-
tion on the biology, feeding preferences, longevity, fl ight 
range, and distribution of each arthropod species involved. 
The genetic constitution of each vector species is basic to 
an understanding of what constitutes a vector, both physi-
ologically and behaviorally, and will become increasingly 
important as control of vectors through genetic manipulation 
is considered [ 118 ]. 

 Unfortunately, in 1985, the Asian “tiger” mosquito,  A. 
albopictus , was introduced in old tires imported from Japan 
to Houston, Texas. It has now spread to infest over 22 states, 
mostly in the South and Midwest, and has recently become 
established in several other countries. This mosquito is an 
aggressive, opportunistic feeder with a wide host range that 
includes man. It adapts well to forest or urban settings and 
it can vector many different arboviruses. In some areas, it 
already has replaced local mosquito species, and there is 
a concern it will transmit endemic viruses. Because of its 
potential as a new vector of endemic or emerging arbovi-
ruses in the United States and other countries, research on it 
should receive high priority.  

11.3     The Vertebrate Hosts 

 For most of the arboviruses, the primary vertebrate host, i.e., 
the host that serves as the basic unit for propagation of the 
virus, is not man. For many of the arboviruses, the vertebrate 
hosts are not yet determined or are recognized on the most 
tenuous of evidence. Identifi cation of the host(s) is a primary 
need. Following this, an emphasis should be placed on elu-
cidating a biological profi le of the hosts, including the full 
range of biological and ecological considerations, as well as 
the degree of host susceptibility to the virus.  

11.4     Transmission Cycles Involving Virus, 
Vector, and Vertebrate 

 The problem of virus persistence in nature is a particularly 
baffl ing one. For example, there are many theories but few 
facts to explain how a given virus manages to overwinter 
or survive past a long dry season, when vectors may practi-
cally disappear and vertebrate populations decline (or go into 
hibernation). 

 Current theories hypothesize that the virus persists in 
vector populations that overwinter with some members 
harboring virus or the virus is in vertebrate populations 
that overwinter and some infected individuals respond to 
a reactivation stimulus. In other cases, existing data point 
to an important role for transovarial transmission, permit-
ting passage of virus to generation after generation of a 
vector without the need for an intercalated vertebrate host. 

Several of the tick-transmitted viruses apparently utilize 
mechanisms of long persistence in ticks plus transovarial 
transmission of virus to exist in an endemic form in defi ned 
geographic areas. An excellent review of this topic is pre-
sented by Reeves [ 139 ] who discusses the epidemiologic 
problems of overwintering of arboviruses in northern coun-
tries and possible transport via infected vectors on migrat-
ing birds, with his discussion extending to the Old World 
as well as the New World viruses. A related paper by Lord 
and Calisher [ 112 ] discusses the transport of arboviruses in 
infected migrating birds along the Atlantic coast fl yway of 
the United States. Further research in these areas is vitally 
needed to determine any point in the natural maintenance of 
the virus where intervention might lead to control or eradi-
cation of the endemic disease. 

 Studies of transmission cycles are tied closely with sim-
ulation of cycles by models with carefully defi ned param-
eters. Such models may permit computer manipulation and 
simulation of fi eld conditions by varying the values applied 
to defi ned parameters, following which epidemic curves 
can be generated. Further work on models is needed, with 
the hope of eventual prediction of emergence and spread of 
disease.  

11.5     Disease in the Vertebrate Host 

 Studies of the human response to arboviral infections are 
diffi cult, since the epidemics that provide numbers of cases 
for study usually occur unpredictably in time and often far 
from modern facilities required for detailed clinical investi-
gation. Classically, studies of infection in the vertebrate host 
(including man) have been part of research programs in the 
fi elds of pathology. However, animal models are available 
for only a limited number of the arboviruses. The develop-
ment of these models will be crucial for the development 
modern vaccines and antiviral drugs. 

 Recognition of disease in the vertebrate host, as well as 
worldwide surveillance of disease, requires further develop-
ment of simple diagnostic techniques and standardization of 
these assays using accepted reference reagents.  

11.6     Control 

 Virus vaccines are a highly cost-effective means of disease 
control; yet for the arboviruses, only an attenuated yel-
low fever (17D) vaccine is in use on an international scale. 
The recent WHO recommendation that this vaccine be 
included in the Expanded Program of Immunization (EPI) 
in YFV- endemic countries was a major step toward the con-
trol of YFV in Africa [ 200 ,  201 ]. The threat of emergence 
of YFV in South America has prompted some to call for 
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consideration of inclusion of YFV vaccine in selected EPI 
programs in South American countries. 

 In the case of JEV, an inactivated vaccine has proved 
highly successful and is in wide-scale use in parts of Asia. An 
inactivated vaccine for tick-borne encephalitis also has been 
successfully used for decades in central Europe. However, 
inactivated vaccines are often costly and need recurring 
reimmunizations to booster immunity. Advanced testing of 
the new attenuated JEV vaccine, now in partial use in China, 
should receive high priority. Research, safety testing, and 
standardized production studies needed to include such a 
vaccine in international immunization programs should be 
strongly supported. 

 Control at the vector level involves continuing work on 
methodology for control of arthropods. Development of 
resistance to various insecticides has impaired many control 
programs, and recent regulatory actions limiting the use of 
insecticides have further intensifi ed the need for exploration 
of alternative methods for vector control. 

 Limited studies utilizing biological mosquito control 
(such as  Bacillus thuringiensis ) to control selected arbovi-
rus vectors have been encouraging and may lead to wide-
spread control strategies. Other approaches that need further 
research include those that introduce genes into a mosquito 
population relating to (1) increased insecticide susceptibil-
ity, (2) reduced capacity to support virus multiplication and/
or to transmit virus, (3) alternatives in host feeding prefer-
ences, (4) reduction in numbers through mutations leading to 
reduction in reproductive success (sterile males, conditional 
lethal mutants), and (5) subversions of host feeding habits.      
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