
CHAPTER 11 

Replication of Flaviviruses 
MARGO A. BRINTON 

I. INTRODUCTION 

Flaviviruses were classified as members of the togavirus family until 
1984, when the International Committee for the Nomenclature of Viruses 
voted to make Flaviviridae a separate family (Westaway et al., 1986). The 
togavirus family had originally been defined using morphological criteria. 
The change in classification was the result of recent research that clearly 
demonstrated that flaviviruses, although generally similar to alphavi
ruses in their morphology, differ markedly from the alpha togaviruses in 
their virion structure, strategy of replication, and morphogenesis. 

There are currently 64 identified flaviviruses, of which yellow fever 
(YF) virus is the prototype. The family name is derived from the Latin 
word flavus, which means "yellow." All flaviviruses share a group-spe
cific antigen and the flaviviruses have been subdivided into subgroups 
and complexes on the basis of their serological cross-reactivity and the 
type of arthropod vector by which each virus is transmitted during its 
natural cycle (Table I) (Chamberlain, 1980; Calisher et al., 1986). Virus 
abbreviations used in the text are given in Table I. 

A number of the flaviviruses are human pathogens that regularly 
cause significant human morbidity and mortality throughout the world. 
Dengue virus infections in Asia and also, recently, in the Caribbean are 
of special public health concern because dengue virus infections can lead 
to an often fatal hemorrhagic fever termed dengue shock syndrome 
(Shope, 1980; Halstead, 1981). Japanese (JE), Murray Valley (MVE), St. 
Louis encephalitis (SLE), West Nile (WN), and Rocio encephalitis viruses 
are periodically responsible for epidemics or scattered cases of human 
central nervous system (CNS) disease and fever often distributed over 
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TABLE I. Antigenic and Vector Classification of Flaviviruses 

Anti- Anti- Anti-
genic genic genic 

Mosquito-borne groupo Tick-borne groupO Vector unknown groupo 

Alfuy III Kadam Carey Island 
Bussuquara III Karshi Negishi 
Japanese III Kyasanur Forest Phnom Penh bat 

encephalitis disease 
Cowbone Ridge HE) Langat II 

Kunjin III Louping ill Jutiapa II 

Murray Valley III Omsk hemorrhagic Moc II 

encephalitis fever Sal Vieja II 

IMVE) Powassan Erlita II 

Saint Louis III Royal Farm Koutango III 
encephalitis Saumarez Reef 
ISLE) Tick-borne Israel turkey VII 

Stratford III encephalitis meningoencephalitis 
Usutu III ITBE) Apoi VII 
West Nile IWN) III Russian spring- Bukalasae bat VII 

summer Dakar bat VII 
Bagaza IV 

U Entebbe bat VII 
Kokobera IV Tyuleniy Rio Bravo VII 
Ntaya IV Saboya VII 
Tembusu IV 
Yokose IV Aroa U 

Cacipacore U 
Banzi V Gadgets Gully U 
Bouboui V Montana myotis U 
Edge hill V leukoencephalitis 
Uganda S V Rocio U 
Dengue-l VI Sokuluk U 
Dengue-2 VI 
Dengue-3 VI 
Dengue-4 VI 

Ilheus U 
Jugra U 
Naranjal U 
Sepik U 
Sponweni U 
Yellow fever IYF) U 
Wesselsbron U 
Zika U 

a Antigenic groups are designated I, II, III, IV, V, VI, VII, and U lunknown). 
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extensive geographic areas. Infections with many of the other flaviviruses 
cause morbidity and mortality preferentially in the very young and the 
elderly, but humans of all ages can be afflicted (Shope, 1980). The tick
borne flaviviruses, such as Powassan, louping ill, Kyasanur Forest disease, 
tick-borne encephalitis (TBE), Russian spring summer, and Omsk hem
orrhagic fever viruses, induce human meningitis or encephalitis with a 
case fatality rate ranging from 1 to 30% (Shope, 1980). Disease can result 
from replication of flaviviruses in peripheral organs or in cells in the CNS 
(Harrison et a1., 1982; Grimley, 1983). A recent study by Monath et al. 
(1983) indicates that during the course of a natural infection initiated by 
the bite of an arthropod vector, virus may gain access to the CNS, not 
by passive diffusion through brain capillaries, but by a neural olfactory 
pathway. Their results obtained with intraperitoneal SLE virus infections 
of Syrian hamsters indicated that a low-level viremia led to the infection 
of highly susceptible Bowman gland cells in the olfactory neuroepithel
ium. This was followed by centripetal axon transport of virus to the ol
factory bulb and subsequent spread of virus throughout the CNS. Infec
tion of cells in the nasal mucosa and the presence of virus in nasal mucus 
could result in non-arthropod-borne virus transmission. 

For more extensive coverage of work published on flaviviruses prior 
to 1980, the reader is referred to several previous reviews (R. W. Schles
inger, 1977; J. H. Strauss and Strauss, 1977; Monath, 1980; Westaway, 
1980; Russell et a1., 1980; Halstead, 1980). 

II. VIRION MORPHOLOGY AND COMPOSITION 

A. Morphology 

Flaviviruses contain a central nucleocapsid surrounded by a lipid bi
layer. Virions are spherical and have a diameter of about 40-50 nm. Their 
cores are 25-30 nm in diameter. Along the outer surface of the virion 
envelope are projections that are 5-10 nm long with terminal knobs 2 
nm in diameter (Murphy, 1980). 

B. Physicochemical Properties and Chemical Composition 

The buoyant density of flavivirions is l.22-l.24 g/cm3 in CsCI and 
l.18-l.20 g/cm3 in sucrose. The sedimentation coefficient for virions in 
sucrose has been reported to be 175-218 S. The infectivity of virions is 
most stable in the range of pH 7-9. Virions are rapidly inactivated at 
50°C, with infectivity decreasing by 50% in 10 min at this temperature 
(Porterfield et al., 1978). Virion infectivity is also sensitive to inactivation 
by ultraviolet light, ionic and nonionic detergents, and trypsin digestion. 
The chemical composition of a representative £lavivirus, SLE virus, is 
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TABLE II. Composition of FlavivirusesQ 

Protein 
RNA 

Component 

GC content = 48% 
Carbohydrate 

Neutral carbohydrate 
Hexosamine 
N-Acetyl neuraminic acid 

Lipids 
Molar ratio of cholesterol to 

phopholipid = 0.29 
Phospholipid 
Neutral lipid 

Perc en tage of total 
dry weight 

66 
6 

12 
3 
6 
3 

17 

12 
5 

a Values given were obtained for SLE virus by Trent and Naeve 
(1980). 

shown in Table II. The majority of the carbohydrate in virions is present 
in glycoprotein, but a small amount of glycolipid is also present. Various 
types of tissue-culture cells that differ in their phospholipid composition 
have been found to produce progeny flavivirions with a phospholipid com
position similar to that of the host cell (Trent and Naeve, 1980). For 
instance, Vero cells and SLE grown in these cells contain less sphingo
myelin and phosphatidylserine than do baby hamster kidney (BHK) cells 
or virus grown in BHK cells (Trent and Naeve, 1980). These results in
dicate that the virion phospholipids are derived from preexisting host
cell lipids. No matter what cell type was used, however, the percentage 
of the total phospholipid represented by sphingomyelin and phosphati
dylserine was always higher in the virions than in the host cells, whereas 
the percentage of phosphatidylcholine was similar in virions and host 
cells. The lipid composition of the virion appears to be determined by 
the intracellular membrane site of virus maturation. This aspect of viral 
morphogenesis is discussed in more detail in Section IV. 

C. Structural Proteins 

Flavivirions contain three types of polypeptides (Fig. I). The glyco
sylated envelope (E) protein (Mr = 51-59 x loa) is located in the virion 
envelope and forms the observed spike projections on the outer surface 
of the virions. It is currently not known whether these spikes represent 
monomers, dimers, or trimers of the E protein. The carbohydrate moieties 
of the E protein have been reported to be primarily mannose and complex 
glycans. The membrane (M) protein (Mr = 7-9 x loa) is also associated 
with the virion envelope, but is not glycosylated. Both the E and M pro
teins are solubilized after treatment of virions with a non ionic detergent 
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FIGURE 1. Virion proteins of SLE. Coe
lectrophoresis of [14C]amino-acid-la
beled Ie) and [3H]glucosamine-Iabeled 
10) SLE structural proteins on a 13% 
sodium dodecyl sulfate-polyacryla
mide gel. From Trent and Naeve 11980). 
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(Westaway and Reedman, 1969). The genome RNA is contained within 
a central core structure composed exclusively of the capsid (C) protein 
(Mr = 13-16 x 1cr). The symmetry of the nucleocapsid structure has not 
been determined rigorously, but is thought to be icosahedral. 

Tryptic peptide maps of the three structural proteins of several of 
the flaviviruses indicate that each is a unique protein (Wright and Wes
taway, 1977). The isoelectric points of detergent-solubilized flavivirus E 
and C proteins have been determined to be 7.6-7.8 and 10.2-10.4, re
spectively (Trent, 1977). 

The primary immune response to flaviviruses during infection is di
rected toward the surface epitopes of the E protein. The hemagglutinating 
activity of flavivirions resides in the E protein. E protein from JE virions 
that had been purified by means of sodium dodecyl sulfate (SDS)-poly
acrylamide gels and subsequently renatured by ion-exchange chromatog
raphy was found to agglutinate red blood cells and to bind to hemagglu
tination-inhibiting antibodies in anti-JE virus sera. The purified E protein 
was also shown to be able to elicit neutralizing antibody when injected 
into mice (Takegami et al., 1982). Purified C protein elicited no neu
tralizing antibody, whereas neutralizing activity was elicited by purified 
M protein. The C protein has been found to have group-reactive antigenic 
determinants. The role of the M protein in flavivirus replication and in 
the assembly of virions is currently unknown. Lee and Schloemer (1981) 
reported that if uninfected host cells were pretreated with purified Banzi 
virus M protein, interference was observed with a subsequent Banzi virus 
infection. These data suggest that a part of the M protein may be exposed 
on the surface of flavivirions and that the M protein may interact with 
the cell surface. The E protein also presumably contains a site that in
teracts with the cell surface during virion attachment. 



332 MARGO A. BRINTON 

The 64 different viruses that constitute the flavivirus family dem
onstrate a variety of complex antigenic interrelationships with each 
other. Recently, panels of monoclonal antibodies have been generated 
against several flaviviruses, such as TBE virus (Stephenson et a1., 1984; 
Heinz et a1., 1983), YF virus (J. J. Schlesinger et a1., 1983), WN virus (Peiris 
et a1., 1982), SLE virus (Roehrig et a1., 1983), and the four serotypes of 
dengue virus (Henchal et a1., 1982). With the use of these monoclonal 
antibodies, attempts have been made to identify the epitopes on the viral 
E glycoprotein that are involved in virus neutralization, hemagglutina
tion, immune enhancement, and type-, subcomplex-, super-complex-, 
and group-specific antigenic cross-reactivity. Heinz et a1. (1983), using a 
panel of TBE virus mono clones, J. J. Schlesinger et a1. (1983), using a panel 
of YF virus monoclones, and Roehrig et a1. (1983), using a panel of SLE
monoclones, each defined at least eight distinct epitopes on the E gly
coprotein (see Chapter 9). 

Flavivirions have sometimes been found to contain a nonstructural 
glycoprotein incorporated into virion envelopes in addition to or in lieu 
of the M protein (Shapiro et a1., 1972a-c; Westaway and Shew, 1977; 
Wright, 1982). Such virions have been observed extracellularly when virus 
is produced in the presence of Tris-buffered medium and intracellularly 
when virus is grown with normal tissue-culture media. Recent nucleotide 
sequence data obtained with YF virus indicate that the M protein is indeed 
cleaved from a glycosylated precursor protein (Mr = 19-23 x 1(3) (Rice 
et al., 1985) (see Chapter 10). 

Differences in the extent of glycosylation of the flavivirion E protein 
have been reported. G. W. Smith and Wright (1985) found that the E 
protein from dengue 2 virions grown in Vero cells migrated more slowly 
in SDS-containing polyacrylamide gels than did the E protein from dengue 
2 virions grown in C6/36 mosquito cells. The contribution of carbohy
drate to the molecular weight of the E glycoprotein is approximately 4000 
daltons. An increased electrophoretic mobility of the envelope glycopro
teins of two alphaviruses, Sindbis virus and Semliki Forest virus, grown 
in mosquito cells was previously shown to result from the absence of 
sialic acid residues (Stollar et a1., 1976; Luukkonen et a1., 1977). Virus
specified glycoproteins of virus grown in cultured mosquito cells pre
sumably lack sialic acid because mosquito cells do not possess a sialyl 
transferase (Stollar et a1., 1976). However, in the case of flaviviruses, the 
absence of sialic acid could not account entirely for the E-protein migra
tion differences observed. Comparison of glycopeptides indicated that the 
E proteins are modified at a late stage of their maturation by proteolysis 
or glycan processing or both (G. W. Smith and Wright, 1985). Kunjin virus 
grown in Vero cells has been found to contain E protein that is not gly
cosylated (Wright, 1982). The E protein of extracellular Kunjin virions 
could not be labeled with radioactive galactose, mannose, or glucosamine, 
had a density in CsCI consistent with that of a protein lacking carbo
hydrate, and did not bind to concanavalin A-agarose. Interestingly, two 
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FIGURE 2. Terminal sequences of WN -virus-specific RNAs. Identical sequences are present 
in the 3'-terminal regions of both the genome and replicative form (RF) RNA as indicated 
by arrows. The nature of the 5'-terminal structures of the RF is not known, but may consist 
of one or more phosphates. From Wengler and Wengler (1981). 

precursors of E, gp66 and gp59, and the intracellular form of the E protein 
in Kunjin-infected cells have been shown to be glycosylated (Wright and 
Warr, 1985). The E proteins obtained from extracellular virions produced 
during all other flavivirus infections studied so far definitely do contain 
oligosaccharides. However, at least two forms of the E protein with dif
ferent molecular weights have been found in YF strain 17D virions (T. J. 
Schlesinger et a1., 1983) and TBE virions (Heinz and Kunz, 1982). SLE
virus-specified intracellular E protein was separable into several fractions 
by DEAE-cellulose chromatography. The E proteins present in these frac
tions differed markedly in the ratio of glucosamine to leucine (Qureshi 
and Trent, 1973a-c). 

D. Genome RNA 

Flavivirions contain a single-stranded RNA (ssRNA) with a molec
ular weight of about 4 x 106 and a sedimentation coefficient in sucrose 
gradients of 40-44 S. Examination of YF virus RNA under the electron 
microscope in the presence of 4 M urea and 80% formamide revealed a 
linear molecule of about 11,000 bases (Deubel et a1., 1983). The purified 
genome RNA is infectious and is designated as "plus"-stranded. The RNA 
contains a type 1 5'-terminal M7GpppAmp Nl cap structure (Cleaves and 
Dubin, 1979; Wengler et a1., 1978). 

The 3' terminus of the flavivirus genome is not polyadenylated. In
stead, the genome has been shown to terminate in CUOH (Wengler and 
Wengler, 1981; Rice et a1., 1985; Brinton et a1., 1986). The same heptan
ucleotide, (3') GGACACA (5'), was found to be present near the 3' termini 
of both the plus-and minus-strand RNAs of WN and YF and near the 3' 
termini of JE and SLE genomic RNAs (Fig. 2) (Wengler and Wengler, 1981; 
Rice et a1., 1985; Dalrymple and Trent, personal communications). Al
though the first two 3'-terminal nucleotides and the heptanucleotide se
quence appear to be highly conserved, the intervening nucleotides appear 
not to be conserved. Even two strains of WN virus were found to differ 
by one nucleotide in this region (Wengler and Wengler, 1981; Brinton et 
a1., 1986)(see Figs. 2 and 3). It has been suggested that the conserved 
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FIGURE 3. 3'-Terminal sequence of WN 
virus, strain ElO1. The first 84 nucleotides 
form a stable stem and loop structure . 
From Brinton et al. (1986). 

sequences may be important for polymerase recognition or binding or 
both. 

The entire genome RNA of the 17D strain of YF virus has recently 
been sequenced from complementary DNA (cDNA) (Rice et al., ~98S), 
and direct RNA sequence data have been obtained for the 3' end of the 
WN virus, strain ElOl, genome (Brinton et a1., 1986). A fairly stable, 
complex stem and loop structure (Fig. 3) appears to be located at the 3' 
end of the genome RNA (Brinton et a1., 1986). The existence of this struc
ture was demonstrated by RNase digestion patterns of 3'-labeled WN 
virion RNA. Nucleotides within the stem structure were inefficiently 
digested, while nucleotides within the loops located at the top of the 
stem were cut efficiently (Brinton et a1., 1986). A DNA primer comple
mentary to the 5th through the 21st 3' nucleotides of WN virion RNA 
was unable to initiate reading within the hairpin stem, even when primer 
and template were heated together and then slow cooled andlor the di
deoxy sequencing reactions were incubated at 50°C. Although a consis
tent sequence was obtained with this primer, this sequence was not found 
in the first 150 nucleotides from the 3' termini of the RNA. This result 
indicates that this primer binds to a second site farther downstream in 
the RNA (Brinton et a1., 1986). A 3'-terminal stem and loop structure 
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has also been predicted from the cDNA sequence generated by Rice et 
al. (1985) (see Chapter 10). Although the 3'-terminal stem and loop struc
tures of WN virus, strain E101, and YF virus, strain 17D, differ signifi
cantly in sequence, they are very similar in length and form. A second 
heptanucleotide sequence located on the descending arm of the stem and 
aligning, but not base-pairing, with the conserved heptanucleotide se
quence identified by Wengler and Wengler (1981) also appears to be highly 
conserved. The 3' stem and loop structure may be important in regulating 
the initiation of minus-strand RNA synthesis, which is less efficient than 
plus-strand synthesis. This structure could also be involved in genome 
RNA interactions with capsid proteins. Further information about the 
structure and arrangement of the genes can be found in the flavivirus 
genome in Chapter 10. 

The arrangement of genes within the flavivirus RNA is quite different 
from the gene arrangement of the alpha togaviruses and more closely 
resembles that of the picornaviruses; the virion structural proteins are 
encoded at the 5' end of the genome. The first gene encoded at the 5' end 
of the flavivirus genome is the C-protein gene, followed by the M-protein 
gene and then the E-protein gene (5'-C-M-E-3') (Rice et al., 1985). 

III. INFECTION OF CULTURED CELLS 

Flaviviruses can replicate in a wide variety of cultured cells of ver
tebrate and arthropod origin. In mammalian and avian cells, flaviviruses 
replicate at a significantly slower rate than the alphaviruses. The initial 
latent phase of the flavivirus replication cycle lasts about 12 hr, after 
which progeny virus begins to be released from infected cells. Maximal 
titers of virus do not begin to be produced until 24 hr after infection (Trent 
and Naeve, 1980). 

In many types of vertebrate- and arthropod-cell cultures, flavivirus 
infection is not cytopathic. However, replication of flaviviruses in cul
tures of primary duck and chicken embryo cells, two lines of monkey 
kidney cells (Vero and MK2 ), a line of porcine kidney cells (PS), and baby 
hamster kidney cells results in the development of cytopathogenic 
changes of sufficient magnitude for use of these cells in plaque assays 
(Pfefferkorn and Shapiro, 1974; Trent and Naeve, 1980). Flavivirus infec
tion of arthropod cells can be either cytocidal or noncytocidal (Mussgay 
et al., 1975; Trent and Naeve, 1980). Some flaviviruses induce syncytium 
formation in mosquito-cell lines (Igarashi, 1978, 1979; Ng and Westaway, 
1980; Stollar, 1980). Flavivirus progeny produced by some types of ar
thropod cells have been found to differ phenotypically from the parental 
virus used to infect the culture. Dengue (type 2) virions produced by A. 
albopictus cells were found to lack hemagglutinating activity (Sinara
chatanant and Olson, 1973). Ng and Westaway (1983) found that Kunjin 
virions, but not dengue (type 2) or JE virus, produced by A. albopictus 
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cells lacked hemagglutinating activity. The A. albopictus-grown Kunjin 
virions were found to be unstable during routine purification procedures 
and to contain E protein that migrated more rapidly in polyacrylamide 
gels. These virions, which lacked hemagglutinating activity, were never
theless able to bind to erythrocytes and block hemagglutination by the 
parental virus. The altered virion phenotype reverted to that of the pa
rental virus after a single cycle of growth in Vero cells. 

It has been shown that toga viruses enter their host cells by adsorptive 
endocytosis and are then delivered to intracellular vacuoles and lyso
somes (see Chapter 4). The viral genome is subsequently released into 
the cytoplasm by a low-pH-induced fusion of the virion and lysosomal 
membranes (White et a1., 1980). Under normal infection conditions, fu
sion between the cellular plasma membrane and the viral envelope does 
not occur. However, such a fusion event can be artificially triggered by 
addition of acidic medium (White et a1., 1980). pH-dependent fusion has 
also been demonstrated for representative viruses of the rhabdovirus, 
myxovirus, and paramyxovirus families (White et a1., 1981). 

Extensive attempts to demonstrate a similar fusion phenomenon 
with WN virus in BHK cells have not succeeded (Brinton, Amato, and 
Gonda, unpublished data). Even though a number of different experi
mental conditions were tried, including attempts to fuse infected cells 
with each other or extracellular virus with uninfected cells, the precise 
requirements for flavivirus fusion were not achieved. Electron-micro
scopic data obtained by Gollins and Porterfield (1985) indicate that free 
flavivirions and virus-antibody complexes do enter the cell by an ad
sorptive endocytotic process which delivers them to intracellular vacu
oles and lysosomes. Also, pH-dependent flavivirus lysis has been dem
onstrated with extracellular virus and chick red blood cells with a pH 
optimum of 5.4 (Commack and Gould, 1985). 

A. Effect on Host-Cell Macromolecular Synthesis 

Host-cell macromolecular synthesis is not dramatically decreased by 
flavivirus infection. In one report, it was estimated that infection of BHK 
cells with SLE virus inhibited host protein synthesis 30% by 2 hr after 
infection (Trent et a1., 1969). The synthesis of high levels of cell proteins 
continues throughout the flavivirus replication cycle. Takehara (1971, 
1972) reported that during JE virus or dengue virus infections in Vero 
cells, host-cell DNA synthesis and DNA-dependent RNA polymerase ac
tivity were reduced by 50-60% and 22-35%, respectively, by 8 hr after 
infection. However, Trent et a1. (1969) reported that cellular DNA syn
thesis in BHK cells infected with SLE virus declined only at 18 hr after 
infection, when virus-induced cytopathic effects became apparent. 
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B. Immune Enhancement 

Antibody-dependent enhancement of flavivirus infection has been 
demonstrated (Peiris and Porterfield, 1979; Halstead et al., 1980). This 
opsonic phenomenon occurs when cells bearing Fc receptors on their 
surfaces are infected with a flavivirus inoculum that has been mixed with 
antiviral antibody at concentrations insufficient to cause viral neutrali
zation. Immune enhancement has been observed during infections of the 
murine macrophage cell lines, P388Dl (Peiris and Porterfield, 1979), and 
MKI and Mml (Hotta et al., 1984), the human macrophage cell line u-
937 (Brandt et al., 1982), human peripheral-blood leukocytes (Halstead 
and O'Rourke, 1977), and human adherent monocytes (Brandt et al., 1979) 
with WN virus ElOl, YF virus 17D, and dengue 2 virus. Virus yields are 
enhanced by 20-to 1000-fold, depending on the strain of virus, cell type, 
and antibody used. Gollins and Porterfield (1984) have shown that the 
proportion of WN virus that bound to the surface of P38801 cells and 
subsequently entered the cells was higher in the presence of subneu
tralizing concentrations of antiviral antibody than in their absence. The 
increased yields of virus were found to be due to an increased number of 
cells becoming productively infected in the presence of antiviral antibody 
(Peiris et al., 1981b). 

It is clear that antibody enhancement is dependent on the presence 
of Fc receptors on the target-cell surface. Antibody enhancement could 
be successfully blocked by a monoclonal anti-Fc receptor antibody (Peiris 
et al., 1981a,b), and neither F(ab'h fragments nor antiviral immunoglob
ulin M (IgM) were found to mediate antibody enhancement (Halstead 
and O'Rourke, 1977; Peiris and Porterfield, 1982). In the absence of an
tibody, flavivirus particles presumably bind to a cell-surface receptor 
other than the Fc receptor (Oaughaday et al., 1981). It is not known 
whether the uncoating processes differ during antibody-mediated and nor
mal infections. However, data obtained by Gollins and Porterfield (1985) 
indicate that antibody-complexed WN virus enters the cell in the same 
manner as free WN virus. Antibody-mediated enhancement of YF virus 
170 infection in P388D 1 cells was not inhibited by concentrations of 
cytochalasin B that inhibited cellular phagocytosis and chloroquine also 
did not inhibit antibody enhancement of virus infection (Brandriss and 
Schlesinger, 1984). 

Initially, antibody-enhancement experiments were carried out with 
hyperimmune sera. Species homology between the macrophage and the 
immunoglobulin was found not to be essential (Peiris and Porterfield, 
1981). Antisera produced in rabbits, mice, humans, and sheep all en
hanced flavivirus replication in murine P388D 1 cells. However, in chick 
embryo fibroblast cultures, avian, but not mammalian flavivirus antisera, 
induced enhancement (Kliks and Halstead, 1980). Study of the antigenic 
specificity of antibody enhancement indicated that with £laviviruses, the 
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phenomenon was group-reactive. Infection with a particular flavivirus 
could be enhanced with antisera specific for both closely related and dis
tantly related flaviviruses (Peiris and Porterfield, 1982). In contrast, en
hancement of alphaviruses occurs only with antisera specific for closely 
related viruses. Studies have subsequently been carried out with panels 
of flavivirus monoclonal antibodies using P38801 and YF virus 170. 
J. J. Schlesinger and Brandriss (1983) tested 13 monoclonal antibodies for 
their. ability to induce antibody enhancement. All the monoclonal an
tibodies, whether they were YF virus 170 type-specific or flavivirus cross
reactive, were found to enhance infection. The degree to which a partic
ular monoclonal antibody enhanced a YF virus 170 infection did not 
correlate with its titer of neutralizing or hemagglutination-inhibition ac
tivity. Of 12 dengue 2 monoclonal antibodies tested during dengue 2 
infections in U-937 cells, only the group-specific antibodIes were found 
to mediate enhancement (Brandt et a1., 1982). U-937 cells could not be 
infected by dengue 2 virus in the absence of antibody. Interestingly, these 
cells were susceptible to YF virus 170 replication in the absence of an
tibody. TBE virus infection in P38801 cells was enhanced by 13 TBE
virus-complex-specific monoclonal antibodies, but not by a group-specific 
monoclonal antibody (Phillpotts et a1., 1985). Using 5 monoclonal anti
bodies, Halstead et a1. (1984) found that the same strain of dengue 2 virus 
(NGC) used by Brandt et a1. (1982) was enhanced by one of two type
specific and two of three group-specific monoclonal antibodies in both 
U-937 and P38801 cells. Seven different dengue 2 strains were also tested 
with the same 5 monoclonal antibodies (Halstead et a1., 1984). Although 
all seven dengue 2 virus strains were neutralized by each of the 5 mon
oclonal antibodies in assays carried out in LLC-MK2 cells, the viruses 
varied in their ability to be enhanced by the monoclonal antibodies during 
infections of P38801 and U-937 cells. Two of the dengue 2 strains were 
enhanced by only 3 of the monoclonal antibodies, two by 4 of the anti
bodies, and three by aIlS of the antibodies. Experiments with monoclonal 
antibodies have not yet led to a clear definition of the characteristics of 
an immune-enhancing antibody. 

Dengue viruses replicate in mononuclear phagocytes during human 
infection. In some instances, dengue virus infection induces a severe hem
orrhagic disease termed "dengue shock syndrome" (Halstead, 1980, 1981, 
1982;Sangkawibha et a1., 1984). The factors that lead to the occurrence 
of dengue shock syndrome are not completely understood. However, it 
has been hypothesized that enhancing antibodies produced in an indi
vidual during a secondary infection with a dengue virus of a different 
serotype than the one responsible for the initial infection enhances viral 
replication in monocytes. These infected monocytes then become the 
targets of immune elimination, which is possibly T-cell-mediated, and 
release chemical mediators of shock and hemorrhage characteristic of 
dengue shock syndrome (Pang, 1983). Secondary infections with dengue 
2 virus following primary infections with dengue I, dengue 3, or dengue 
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4 virus (in descending order of risk) appear to be most often associated 
with dengue shock syndrome in Asia (Sangkawibha et al., 1984). The 
extent of such an enhancement phenomenon might be expected to vary 
with the infecting virus strain, the specificity of the immune response, 
and the previous exposure history of the individual host (Halstead et al., 
1983, 1984). That immune enhancement may occur during in vivo in
fections has been indicated by the observation that cultures of peripheral
blood leukocytes from dengue-immune donors yield higher titers of virus 
than do peripheral-blood leukocytes from normal donors after in vitro 
infection (Halstead et al., 1976). However, YF virus was found to grow 
equally well in leukocytes from immune and nonimmune donors (Lip
randi and Walder, 1983). 

Antibody-dependent enhancement of flavivirus infection has also 
been found to be mediated by a complement receptor (Cardosa et al., 
1983). In the presence of fresh normal serum, anti-WN virus IgM was 
shown to enhance WN virus infection of P388Dl cells. Further, this en
hancement could be blocked by a monoclonal antibody, MlnO, that is 
known to inhibit the binding of the C3 complement component. The 
two types of antibody enhancement (Fe-and complement-receptor-me
diated) may function in a synergistic manner. Some subclasses of IgG also 
fix complement, and many types of cells (such as erythrocytes, lympho
cytes, neutrophils, monocytes, macrophages, and kidney epithelial cells) 
can express complement receptors on their surfaces. 

In other studies, treatment of mouse peritoneal cultures with bac
teriallipopolysaccharide, phytohemagglutinin, bacterial cell walls, pep
tidoglycans, or a water-soluble polymer of peptidoglycan subunits for 3 
days prior to dengue 2 virus infection resulted in an increased production 
of virus (Hotta et al., 1983). The increased yield appeared to correlate 
with an increase in the number of virus-infected cells. The treated mac
rophages were found to phagocytize latex particles more efficiently than 
untreated cells. These authors suggest that dengue 2 virus infection can 
be established by virus taken up by phagocytosis. 

IV. VIRAL MORPHOGENESIS 

Progeny virions are readily observed in thin sections of flavivirus
infected cells by 8-12 hr after infection within the cisternae of endo
plasmic reticulum vesicles. These vesicles are located in the perinuclear 
area of the cytoplasm (Murphy, 1980; West away, 1980). Hypertrophy of 
the rough and smooth endoplasmic reticulum and in some areas the Golgi 
membranes is a characteristic feature of flavivirus infections (Fig. 4A and 
B). Dense accumulations of convoluted microtubules develop near the 
nucleus (Fig. 4C). These mesh-like structures are often located near in
tracellular progeny virions, and it has been suggested that they may be 
somehow involved in virus maturation (Westaway, 1980). Mature virions 
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FIGURE 4. Electron micrographs of virus-specific structures seen in thin sections of BHK-
21 /WI2 cells 18 hr after infection with WN virus E101 at a multiplicity of infection of 5. 
(AI Virions are seen within cisternae of the endoplasmic reticulum in the perinuclear area 
of the cell. x 43,000. (BI Round lucent, double-membrane vesicles are often seen in areas 
of virus maturation. These vesicles have internal reticular webs and are located within 
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accumulate in vacuoles with smooth membranes, within the Golgi com
plex, and in vesicles with electron-dense particles, presumably ribosomes, 
along their outer surfaces. Cytoplasmic accumulations of nonenveloped 
nucleocapsids are not observed in flavivirus-infected cells, and nucleo
capsids cannot be isolated from infected cells. Intracellular virions have 
been reported to be composed of E, C, and a glycosylated nonstructural 
protein instead of the M protein (Shapiro et a1., 1972a-c, 1973). In JE
virus-infected cells, this nonstructural protein was designated gp 17 -19. 
Recent nucleotide sequence data indicate that in YF virus, the nonstruc
tural protein of this molecular weight is not glycosylated, but that a 19-
23 x 1~ dalton protein is the glycosylated precursor of the M protein 
that is found in extracellular virions (see Chapter 10). No direct evidence 
for envelopment of flaviviruses by an intracellular budding process has 
been obtained by either thin-section or freeze-fracture studies of infected 
cells (Murphy et ai., 1968; Demsey et a1., 1974; Westaway, 1980; Murphy, 
1980). Leary and Blair (1980) have suggested that virion assembly may 
occur within lucent vesicles budded from cytopathic vacuoles. Intra
cellular virions have been observed to exit from infected cells by at least 
two routes. The lamellae of smooth membranes in Kunjin-infected cells 
have been found to open directly to the exterior (Westaway, 1980). Virus
containing vesicles have been observed to move to the periphery of the 
cytoplasm and fuse with the plasma membrane (Filshie and Rehacek, 
1968; Dalton, 1972). The final processing of the M protein apparently 
occurs during the release of virions from cells. The efficiency of flavivirus 
release from infected cells can be enhanced by addition of 40-80 mM 
MgCh to the culture medium at 10 hr after infection (Matsumura et a1., 
1972). In mosquito salivary gland cells, SLE virions have been reported 
to exit from the apical end of the cells by means of membrane fusion or 
a localized breakdown of the plasma membrane (Whitfield et ai., 1973). 
Virions released by cells lysed during cytocidal infections often remain 
enclosed within membrane vesicles (Murphy et ai., 1968; Sriurairatna et 
a1., 1973; Calberg-Bacq et a1., 1975). 

A. Intracellular Sites of Viral Macromolecular Synthesis 

In flavivirus-infected cells, essentially all the virus-specified protein 
present appears to be associated with detergent-labile membranes (Shap
iro et a1., 1973). No preferred cellular membrane site was observed for 
the incorporation of either the E protein or the C protein, since all the 
flavivirus proteins were present in all the cellular membrane fractions 
separated on discontinuous sucrose gradients by the method of Caliguiri 
and Tamm (1970) (Shapiro et a1., 1972 a-c; Kos et a1., 1975; Stohlman 

cisternae of endoplasmic reticulum. x 27,500.1c) Cytoplasmic membranes often proliferate 
in infected cells to form meshlike structures. x 98,500. IN) Nucleus. Scale bars: 200 nm. 
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et al., 1975; Boulton and Westaway, 1976). The incorporation of the viral 
proteins into the plasma membranes was unexpected, since there is no 
evidence that the plasma membrane plays any role in flavivirus repli
cation or maturation. Recently, however, J. J. Schlesinger et al. (1986) 
were unable to detect the E protein of YF virus on the surfaces of infected 
neuroblastoma cells using 14 anti-E monoclonal antibodies. The non
structural protein gp44-48 (NV3) was readily detected on the surfaces of 
the infected neuroblastoma cells. Immunofluorescent studies indicate 
that within the infected cell, the viral E protein first accumulates around 
the nucleus in a narrow band that progressively broadens into the cy
toplasm with time after infection. 

Studies utilizing various cell-fractionation methods to attempt to 
identify the intracellular membrane sites of viral RNA and protein syn
thesis have provided equivocal results. Westaway and Ng (1980) found 
that viral RNA labeled by a lO-min pulse of [3H]uridine was located pri
marily in the light membrane fraction obtained from the cytoplasm of 
infected cells. The incorporated [3H]uridine in these membranes was 
present in an RNase-resistant form. RNase-sensitive viral RNA was found 
to accumulate on heavy membrane fractions obtained from the nuclear 
pellet by shearing and nonionic detergent treatment after a 3-hr pulse of 
[3H]uridine. In previous studies, dengue 2 virus RNA and protein syn
thesis were both found to occur on the same dense membrane fraction 
(Stohlman et al., 1975). In other studies, when cells were disrupted with 
nonionic detergents such as NP40, no viral RNA was found to be asso
ciated with outer nuclear membranes (Naeve and Trent, 1978; Westaway, 
1977). The use of detergent to lyse the plasma membrane could also result 
in the release of viral replication complexes and polysomes from mem
branes as well as the release of viral cores from intracellular virions (Wes
taway and Ng, 1980). 

Although it is clear that flavivirus protein and RNA synthesis as well 
as virion assembly occur in the perinuclear region of the infected cell, 
conflicting results have been obtained as to whether the host-cell nucleus 
is required during any phase of the virus replication cycle. JE-virus-like 
particles were reported to have been observed within the nuclei of in
fected cells (Yazuzumi et al., 1964), and JE virus replication was reported 
not to occur in cells enucleated by cytochalasin B prior to infection (Kos 
et ai., 1975). However, virus replication did continue, but at a reduced 
level, in cells enucleated 4 hr or later after infection. Cordycepin, an 
inhibitor of polyadenylation, decreased both JE virus and SLE virus rep
lication by 50-60% when added to cells up to 9 hr after infection (Kos 
et ai., 1976; Brawner et al., 1979). The apparent effect of cordycepin on 
flavivirus replication could be a secondary effect of decreased cell viability 
or might reflect the involvement of host proteins in flavivirus replication. 
Mitomycin C, an inhibitor of DNA synthesis, had no effect on JE virus 
replication (Leary and Blair, 1983). Disruption of microtubules by vin
blastine treatment of cells reduced Kunjin virus replication by at least 
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lO-fold (Ng et al., 1983). Conflicting results have been obtained with 
actinomycin D (Trent and Neave, 1980). Some studies indicated that fla
vivirus replication could be reduced by addition of 1 fJ.g/ml or more of 
actinomycin D during the first 9 hr after infection (Brawner et al., 1979). 
However, when actinomycin D was added for a few hours prior to infec
tion, after the latent phase, or at low doses, flavivirus replication was 
unaffected. More recent studies by Leary and Blair (1983) indicate that 
the apparent inhibition of flavivirus replication by actinomycin D may 
have been a secondary result of a progressive loss of cellular viability due 
to drug toxicity. The much longer growth cycle of flaviviruses requires 
that cells remain viable for 20-30 hr to obtain normal maximal viral 
yields. Addition of 5 fJ.g/ml of actinomycin D to the culture medium for 
2-hr periods from 1 to 6 hr after infection had no effect on the yield of 
JE virus harvested at 24 hr after infection (Leary and Blair, 1983). No 
immunofluorescence has been detected in the nuclei of infected cells 
with either anti-double-stranded RNA (dsRNA) antibody or antiviral an
tibody. To date, there is no evidence of a specific nuclear involvement 
in flavivirus replication. However, the outer nuclear membranes do pro
vide sites for flavivirus replication and maturation. 

Since the two largest nonstructural proteins (p96 and p67), which 
presumably function as viral RNA-dependent RNA polymerases (Wes
taway, 1977), are found associated with all the cellular membrane frac
tions, little is known about the intracellular location of the active viral 
replication complexes. However, flavivirus polymerase activity has con
sistently been found to be higher in cell fractions enriched for outer nu
clear membranes (Zebovitz et a1., 1974; Chu and Westaway, 1984; Grun 
and Brinton, 1986a). In Kunjin-virus-infected cells, the rough endoplasmic 
reticulum in the perinuclear region of the cell has been observed to change 
from a fine network to a coarse one during the first 4-12 hr of infection 
(Ng et al., 1983). Using an antibody specific for dsRNA, Ng et al. (1983) 
found that immunofluorescence in Kunjin-virus-infected cells was dis
tributed in a fine network in the perinuclear region. The network con
tained many foci. Ribosome like particles are often observed to stud the 
cytoplasmic side of the vesicles within which mature flavivirions ac
cumulate in infected cells (Matsumura et al., 1971). Autoradiographs of 
actinomycin-D-treated, JE-virus-infected cells labeled with [3H]uridine 
for 10-30 min showed an increasing accumulation of radioactivity on 
rough endoplasmic reticulum (Takeda et al., 1978; Lubiniecki and Henry, 
1974). These results indicate that the flavivirus proteins may be synthe
sized on membranes at the site of viral RNA synthesis and virion 
maturation. 

V. VIRAL RNA SYNTHESIS 

After uncoating, the flavivirus genome RNA must first be translated 
to provide the viral replicase and transcriptase activities needed for RNA 
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synthesis. The genome 40 S RNA is the initial template, from which a 
minus-strand complementary RNA is synthesized. This minus strand 
then becomes the template for the synthesis of progeny plus-strand 
RNAs. The newly synthesized plus-strand 40 S RNAs are utilized as tem
plates for the production of minus-strand RNAs, as messenger RNA 
(mRNA) for the translation of viral proteins, and as molecules for en
capsidation into progeny virions. It is interesting to note that among the 
plus-strand RNA animal viruses, only picornaviruses and flaviviruses pro
duce no subgenomic mRNAs and have the polymerase gene(s) at the 3' 
end of the genome coding region. 

Intracellular viral RNA synthesis has been detected as early as 3 hr 
after infection (Takeda et al., 1978). Trent et al. (1969) found that flavi
virus RNA synthesis was biphasic, with a small peak of synthesis oc
curring at 6 hr after infection and then a steady increase in RNA synthesis 
beginning by 13 hr after infection. The majority of the viral RNA produced 
during infection is plus-strand 40 S genome RNA (Stollar et al., 1967). It 
has been estimated that the ratio of plus- to minus-strand RNAs produced 
is 10: 1 (Cleaves et al., 1981). 

Several types of flavivirus-specific RNAs have been identified in in
fected cells. In addition to single-stranded 40 S genome RNA, RNase
resistant RNA (20-22 S) and RNA that is partially (50-70%) resistant to 
RNase (20-28 S) have been observed in cells infected with a number of 
different flaviviruses (Stollar et al., 1967; Trent et al., 1969; Zebovitz et 
al., 1972; Wengler et al., 1978; Cleaves et al., 1981; Chu and Westaway, 
1985). Pulse-chase studies showed that [3H]uridine appeared first in the 
20-28 S RNA and subsequently in the 40 S RNA (Cleaves et al., 1981). 
These studies demonstrated that the 20-28 S RNA represented replica
tive-intermediate (Rl) RNA. It was further suggested that the RNase
resistant 20-22 S RNA was a replicative-form (RF) RNA (Cleaves et al., 
1981). The RF RNA was soluble in 2 M LiCI and, when rebanded on a 
sucrose gradient after LiCI fractionation, migrated as a single sharp band. 
The RI RNA was not soluble in LiCI and migrated heterogeneously in 
gradients. Although these studies clearly suggested that there was a pre
cursor-product relationship between the heterogeneous 20-28 S RI 
RNA and the 40 S virion RNA, the precise role of the RF RNA in the 
replication process has not been delineated. The RF molecules were la
beled during the experimental pulse periods. Complete denaturation of 
the 20-28 S heterogeneous RNA resulted in a molecular-weight shift, 
indicating that the RI RNA was composed of genome-length RNA and a 
continuum of subgenomic length RNAs. In contrast, the RF RNA con
tained only genome-length RNA (Cleaves et al., 1981). The 30-50% 
RNase susceptibility of the radioactivity incorporated into the RI RNA 
during pulse-chase experiments carried out at 42 hr after infection was 
attributed to incomplete base-pairing due to an excess of plus-strand prod
ucts over minus-strand templates (Cleaves et al., 1981). Calculation of 
the number of nascent growing strands per dengue 2 Rl structure indi-
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cated that there were 5 per RI RNA, and it was estimated that 12-15 min 
is needed for the completion of a nascent chain (Cleaves et al., 1981). 

Somewhat different results have been reported recently by Chu and 
Westaway (1985), using Kunjin-infected cells. Isotope was incorporated 
only into RF and RI RNAs within a lO-min pulse period, but after a 10-
to 20-min chase, the majority of the radioactivity was found in progeny 
genome RNA. In contrast to the findings of Cleaves et al. (1981), Chu 
and Westaway (1985) observed a relatively high RNase resistance of the 
flavivirus RI RNA, rapid labeling of the RF RNA, and slow appearance 
of label in 40 S RNA. Chu and Westaway (1985) have proposed a model 
for flavivirus plus-strand RNA synthesis that hypothesizes that the RF 
RNA is a double-stranded molecule which acts as a recycling template 
for semiconservative and asymmetric replication. According to their 
model, plus-strand RNA synthesis is initiated on the minus strand tem
plate of an RF molecule in a semi conservative manner. The synthesis of 
the new plus strand proceeds rapidly, converting the RF to an RI RNA. 
A short delay occurs in the release of the displaced strand, so that the 
majority of RI RNAs at anyone time consist of the minus-strand tem
plate, one displaced completed plus strand, and one base-paired almost 
completed nascent plus strand. When release of the displaced plus strand 
does occur, the incomplete one finishes, but remains attached along its 
entire length to the minus-strand template and an RF molecule is regen
erated. According to this model, during a pulse-chase experiment, labeled 
40 S plus-strand RNA would first be released only after the second round 
of synthesis on any particular minus-strand template had occurred. This 
model does not explain how the initial minus strand is initiated from 
the genome of the infecting virion, nor does it explain how selective 
amplification of plus-strand synthesis is accomplished. 

Minus-strand synthesis may be carried out by a different mechanism 
and by a different enzyme complex than plus-strand synthesis. It is cur
rently not known which of the viral nonstructural proteins provide the 
replicase functions or whether the initiation and elongation activities 
reside in the same or different proteins. Part of the evidence provided by 
Chu and Westaway (1985) in support of their replication model is the 
observation that only labeled 40 S RNA was detected when RI RNAs 
were totally denatured. However, Cleaves et al. (1981) did observe the 
production of labeled, heterogeneous small nascent RNAs under similar 
experimental conditions. In addition, RI RNAs synthesized in vitro by a 
nuclear extract of Kunjin-virus-infected cells contained heterogeneous 
ssRNA with molecular weights ranging from 0.5 to 4.2 x 106 (Chu and 
Westaway, 1985). RI RNAs produced in vitro by WN-infected cell extracts 
also contain heterogeneous subgenomic-sized RNAs as well as 40 S RNA 
(Grun and Brinton, unpublished data). These data indicate that the rate 
of synthesis of nascent plus strands is not so rapid as to preclude detection 
of partially completed nascent strands after denaturation of flavivirus RI 
RNAs, as was suggested by Chu and Westaway (1985). 
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Flavivirus in vitro polymerase activity has been detected in crude 
infected cellular extracts by several laboratories (Zebovitz et al., 1974; 
Takeda et al., 1978; Brawner et al., 1979; Cardiff et al., 1973; Qureshi 
and Trent, 1972; Chu and Westaway, 1985; Grun and Brinton, 1986a and 
b). Polymerase activity was found to be reduced by treatment with non
ionic detergents (Cardiff et al., 1973), indicating an association of the 
active replication complexes with membranes. Polymerase activity is as
sociated with cytoplasmic membranes, the mitochondrial fraction, and 
nuclear-associated membranes. However, activity was consistently found 
to be highest in nuclear-associated membranes (Zebovitz et al., 1974; 
Takeda et al., 1978; Chu and Westaway, 1985; Grun and Brinton, 1986a). 
This finding is not unexpected, since the majority of viral RNA synthesis 
occurs in the perinuclear region of infected cells (Westaway, 1980). Qur
eshi and Trent (1972) isolated a 250 S "replication complex" from SLE
infected cells by treatment of cell extracts with EDT A. These complexes 
contained pulse-labeled (15 min) genome RNA and 20-26 S partially 
RNase-resistant RNA as well as polymerase activity. 

Although a number of laboratories have successfully detected in vitro 
flavivirus polymerase activity in infected cell extracts, limited infor
mation has been reported on the optimal reaction conditions. Optimal 
conditions for WN virus polymerase activity in cell-free BHK21/WI2 ex
tracts have recently been determined (Grun and Brinton, 1986b). Further 
experiments are necessary to determine whether these conditions are also 
optimal for other flaviviruses and cell extracts. By analogy with other 
RNA virus polymerases, it seems likely that the two largest nonstructural 
proteins, p96 and p67, do have polymerase function, and antibody to p67 
has been found to inhibit in vitro polymerase activity (Brinton and Grun, 
unpublished data). 

RNA synthesis must be initiated on the 3' ends of both the plus
strand and the minus-strand RNAs. Since the extent of synthesis of these 
two strands is regulated quite differently during the course of infection, 
it is not unreasonable to postulate that different proteins or protein com
plexes may be involved in initiation of synthesis on the plus- and minus
strand RNAs. Once RNA synthesis has been initiated on a template, an 
elongation activity is required to complete the nascent strand. Further 
work is needed to determine which viral proteins, individually or in com
plex, provide these various functions. Investigation of the involvement 
of host-cell proteins in flavivirus RNA synthesis is also of interest, since 
host factors have been reported to be involved in viral RNA synthetic 
functions during infections with picornaviruses and several RNA bac
teriophages (Zinder, 1975; Dasgupta et al., 1980). 

The RNA products synthesized in in vitro polymerase reactions sed
iment heterogeneously between 20 and 28 S on sucrose gradients (Ze
bovitz et al., 1974; Cardiff et al., 1973). Zebovitz et al. (1974) found this 
RNA to be resistant to RNase treatment, while Cardiff et al. (1973) found 
it to be sensitive. More recently, Chu and Westaway (1985) reported that 
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both RI and RF RNA were labeled during an in vitro polymerase reaction, 
only trace amounts of labeled free ssRNA was detected. We have found 
that RI RNA is more extensively labeled than RF RNA and that signif
icant amounts of 40 S RNA are labeled and released during in vitro re
actions with WN-infected BHK cell extracts (Grun and Brinton, 1986a 
and b). Although cell extracts made from WN-infected cells 16h after 
infection primarily synthesize plus-strand genome RNA from minus
strand templates, addition of 1 to 2 f.Lg of exogenous genome RNA to the 
in vitro reactions stimulated polymerase activity by two-fold (Grun and 
Brinton, 1986b). This observation indicates that RNA synthesis can be 
initiated in vitro from the added genomic RNA templates. 

Small intracellular (8-15 S) RNAs have also been observed in acti
nomycin-D-treated flavivirus-infected cells (Zebovitz et al., 1972, 1974; 
Takeda et al., 1978; Naeve and Trent, 1978). Wengler et al. (1978) reported 
that three sizes of virus-specific low-molecular-weight flavivirus RNAs 
could be detected. A 5 x 104 dalton species was synthesized in both A. 
albopictus and BHK-21 cells infected with Uganda S virus. Two low
molecular-weight RNAs (6.5 x 104 and 4.2 x 104 ) were observed in WN
infected BHK cells, while only the 6.5 x 104 dalton RNA was synthesized 
in the WN-infected mosquito cells. Further study of the 6.5 x 104 dalton 
RNA revealed that it was of plus-strand polarity, not "capped" at its 5' 
end, and did not contain a 3' poly(A) sequence. The mode of synthesis of 
these small virus-specific RNAs is not known. These RNAs may repre
sent prematurely terminated transcripts or defective interfering RNAs 
(see Section VIII). If they are not defective interfering RNAs, it is possible 
that these small RNAs may play an as yet undetermined role in flavivirus 
replication. 

VI. VIRAL PROTEIN SYNTHESIS 

At all times after infection, the only viral RNA found in polysomes 
purified from flavivirus-infected cells is the full-sized genome RNA 
(Naeve and Trent, 1977; Cleaves and Schlesinger, 1977; Trent and Naeve, 
1980). No poly(A) sequence has been found at the 3' end of progeny plus
strand RNAs isolated from polysomes. All the available evidence indi
cates that the 40 S RNA that serves as the only viral messenger RNA is 
identical to the genome RNA that is encapsidated into virions. In vitro 
translation of virion RNA indicated that translation begins at a single 
initiation site (Wengler et al., 1979; Svitkin et al., 1981; Monckton and 
Westaway, 1982). However, only viral structural protein polypeptides 
were produced by in vitro translation, suggesting that the structural pro
teins were encoded at the 5' end of the genome. This gene arrangement 
is similar to that of the picomaviruses, rather than that of the alphaviruses 
(E. G. Strauss and J. H. Strauss, 1983). The nucleotide sequence of the 
genome RNA of YF virus demonstrates that the structural genes are ar-
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ranged from the 5' end of the RNA in the order S'-C-M-E (Rice et a1., 
1985). In addition, the YF virus nucleotide sequence was found to contain 
a single, very long open reading frame. N -terminal amino acid sequences 
have been obtained for the E, C, M, and gp19-23 (precursor of M) proteins 
of several flaviviruses (Bell et a1., 1985). The demonstration that these 
viral proteins were not blocked and did not have a methionine at their 
N termini suggested that they were produced from a polyprotein pre
cursor by posttranslational cleavage. Although there has been some evi
dence that a large (200,000- to 300,OOO-dalton) viral specific precursor is 
produced in flavivirus-infected cells, a rigorous demonstration of such a 
precursor polyprotein has not yet been reported. The posttranslational 
cleavage of the flavivirus polyprotein precursor in infected cells must 
occur very rapidly and with relatively few large intermediate precursors, 
since pulse-chase experiments have failed to demonstrate transient pre
cursor polypeptides (Westaway, 1977, 1980; Westaway et a1., 1984). The 
viral-specific proteins detected in infected cells each appear to be unique 
by peptide mapping and together do not exceed the coding capacity of 
the flavivirus genome. Pactamycin mapping studies indicated that viral 
proteins were completed in the order of their size (Westaway, 1977). Rapid 
labeling of all viral proteins was observed when protein synthesis was 
reinitiated after release of a high-salt block (Westaway, 1977). On the 
basis of these data, Westaway (1977, 1980) proposed that the translation 
of each of the flavivirus proteins is separately initiated and terminated 
on the genome mRNA. Data from UV mapping experiments suggested 
that the flavivirus genome RNA contains two separate translational units 
(Westaway et a1., 1984). A further discussion of these observations and 
the flavivirus translational strategy can be found in Chapter 10. 

Since flavivirus infection does not appreciably inhibit host-cell pro
tein synthesis, it is necessary to treat infected cells with actinomycin D 
or cycloheximide (Trent and Qureshi, 1971; Shapiro et a1., 1971), to syn
chronize translation reinitiation by high-salt treatment (Westaway, 
1977), or to use a double-label subtraction method (Westaway, 1973) to 
detect the intracellular synthesis of viral-specific proteins. Nine virus
specified proteins have been identified in [35S]methionine-Iabeled ex
tracts from flavivirus-infected cells (Fig. 5; Rice et al., 1985). Each of these 
proteins appears to be unique by peptide mapping. One of these proteins 
is the structural E glycoprotein, gpSl-S9 (V3), and one a nonstructural 
glycoprotein gp19-23 (NV2 or NV2!) that is the precursor of the M pro
tein. The M protein is not found in infected cells, but only in extracellular 
virions (Shapiro et a1., 1972a-c; Westaway, 1980). The form of the C 
protein [p13-16 (NVU)] present intracellularly migrates slightly faster in 
polyacrylamide gels than the C protein (V2) isolated from virions "(Wright 
and Westaway, 1977). One additional nonstructural protein, gp44-48 
(NV3), is also glycosylated. Five further nonglycosylated, non structural 
proteins usually detected in flavivirus-infected cells are p91-98 (NVS), 
p67-7S (NV4), p24-32 (NVX), p19-21 (NV2 or NV2!), andplO (NV1). The 
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FIGURE S. Intracellular flavivirus-specific proteins. [35SJMethionine-labeled cell extracts 
from primary chick embryo cells infected with various flaviviruses were analyzed on a 17% 
SOS-polyacrylamide gel. Proteins were labeled from 24 to 30 hr after infection. Purified 
TBE virions and an uninfected cell extract were used as controls. From Heinz and Kunz 
(1982). 

former designation of each protein is indicated in parentheses (Westaway 
et al., 1980). Some confusion has resulted because all the small intra
cellular proteins are not always detected in radioactively labeled infected 
cell extracts. Also, the migration of some of these proteins varies with 
the host cell and flavivirus used. Identification of NV2 and NV2! has been 
especially difficult. On the basis of new information obtained from the 
sequencing and mapping of the YF virus, 170, genome RNA, a new no
menclature for the flavivirus nonstructural proteins has been proposed 
(see Chapter 10). 
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The functions of the majority of the nonstructural proteins are not 
currently known. It is presumed that the two largest proteins function 
in polymerase complexes. The gp44-48 (NV3) protein has recently been 
identified as the soluble complement-fixing antigen, which is released by 
flavivirus-infected cells (G. W. Smith and Wright, 1985). Immunization 
of mice with gp44-48 (NV3) obtained from YF-virus-infected cells was 
found to provide protection against virus challenge in the absence of neu
tralizing antibody (J. J. Schlesinger et a1., 1986). Complement-fixing mon
oclonal antibodies to gp44-48 were also protective, apparently through 
complement-mediated cytolysis of infected cells expressing gp44-48 on 
their plasma membranes (T. J. Schlesinger et a1., 1986). 

Comparisons of the migration patterns in polyacrylamide gels of pro
teins produced by various flaviviruses indicate that there is significant 
variation in the apparent molecular weights of both structural and non
structural proteins (Shapiro et a1., 1971; Trent and Qureshi, 1971; Wes
taway, 1973; Westaway and Shew, 1977; Heinz and Kunz, 1982; Wright 
et a1., 1983) (Fig. 5). It is interesting that serologically distinct flaviviruses 
show heterogeneity in the molecular weights and peptide maps of their 
two largest non structural proteins, p91-98 and p67-75, as well as in their 
virion E glycoprotein, gp51-59 (Heinz and Kunz, 1982). In the case of 
toga viruses and certain plant viruses, viral polymerase protein sequences 
have been found to be highly conserved even during divergent virus ev
olution (Ahlquist et a1., 1985). Comparison of the sequences of the two 
largest nonstructural proteins of various flaviviruses will indicate the 
extent of conservation (see Chapter 3). 

VII. GENETICALLY CONTROLLED RESISTANCE TO 
FLA VIVIRUSES 

A gene coding for resistance to flavivirus-induced disease has been 
found to segregate within several mouse populations. Heritable suscep
tibility to YF virus was first reported by Sawyer and Lloyd (1931) in Rock
efeller Institute mice. From the same outbred mouse colony, Webster 
(1933) developed a resistant line [(BRVR) bacteria-resistant, virus-resist
ant] by breeding mice that survived infections with louping ill or SLE 
virus. An inbred susceptible mouse strain (BSVS) was also developed by 
Webster. Sabin (1952a,b) subsequently demonstrated that Princeton 
Rockefeller Institute (PRI) mice were resistant to YF virus, but susceptible 
to other types of viruses. Using PRI mice as the source of the resistance 
gene, a third inbred resistant strain, C3H/RV, was developed that is con
genic to susceptible C3H/He. A study of wild mice obtained from Cali
fornia and Maryland demonstrated the presence of the flavivirus resis
tance gene among wild mouse populations (Darnell et a1., 1974). 

In all instances, flavivirus resistance is inherited as an autosomal 
dominant allele. Since virus infections often induce permanent impair-
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ment or death in their hosts, it is not unreasonable to expect that they 
could exert a selective pressure for the maintenance of host alleles that 
fortuitously confer a reduced susceptibility to viral diseases in host pop
ulations (Brinton and Nathanson, 1981; Brinton et al., 1984). To date, 
murine genes that can specifically influence the outcome of infections 
with members of three families of DNA viruses and five families of RNA 
viruses have been identified (Brinton et al., 1984). Each of these resistance 
genes influences infections with only one family of viruses or, in some 
cases, one strain of virus. This virus-specific feature distinguishes ge
netically controlled resistance from other types of host defense mecha
nisms and implies that the product of each resistance gene affects a step 
in the infection cycle characteristic of only one type of virus. Such an 
interaction could occur at any step during the infectious process. 

Flaviviruses can replicate in mice that possess the resistance allele, 
but in resistant mice, virus titers in tissues are lower (by 1000- to 10,000-
fold) than in susceptible mice, and the spread of infection is slower and 
usually self-limiting. Factors such as the age of the host, the degree of 
virulence of the infecting flavivirus, and the route of infection have been 
found to influence the extent of the phenotypic expression of resistance. 
Although resistant mice can be killed by large doses of virulent flavivi
ruses administered by the intracerebral route or by infection after ex
perimental immunosuppression, a reduced production of infectious virus 
is always observed in the brains of C3H/RV mice as compared to the 
brains of similarly treated susceptible C3H/He mice. The titer of WN 
virus per gram of brain is shown in Fig. 6A for adult mice sacrificed on 
successive days after an intracerebral injection with 105 .5 plaque-forming 
units (PFU) of WN virus EI01. Under these conditions of infection, all 
the C3H/He mice died on day 4, while about 50% of the C3H/R V mice 
died on day 7. The titer of virus in C3H/RV brains rose somewhat on day 
7 in mice that were moribund. Even though resistant mice produce less 
virus than susceptible mice, a functioning immune system is required 
for the survival of infected resistant animals. The levels of neutralizing 
antibody and interferon that are produced in response to flavivirus in
fection are higher in susceptible animals than in resistant ones, corre
lating with the higher titers of virus synthesized in susceptible animals. 
Interferon is not specifically involved in mediating the expression of fla
vivirus resistance, as is the case with resistance to myxoviruses (Brinton 
et al., 1982). Other types of viruses replicate equally well in resistant and 
susceptible cell cultures and animals. 

Cultured cells obtained from resistant mice produce lower yields of 
flaviviruses than do comparable cultures obtained from susceptible an
imals, even though the cells in both cultures are equally infectable (Fig. 
6B) (Webster and Johnson, 1941; Darnell and Koprowski, 1974). This dif
ference in virus yield is observed with embryo fibroblasts, kidney cells, 
brain cells, and macrophages. Also, the differential ability to produce 
flaviviruses was maintained by established lines of SV40-transformed em-
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FIGURE 6. Growth of West Nile virus, strain ElO1. (A) In the brains of adult susceptible 
C3H/He (e) and resistant C3H/RV (0) mice. Animals were injected with 105 .5 plaque-form
ing units (PFU) of virus by the intracerebral route. With this dose of virus, 100% of the 
C3H/He animals died by day 5 and 50% of the C3H/RV mice by day 8. Virus titers increased 
on day 7 in C3H/RV mice that were moribund. (x) Moribund animals. (B) In cell cultures 
of resistant C3H/RV (0) primary mouse embryo fibroblasts, susceptible C3H/He (e) primary 
mouse embryofibroblasts, and BHK21/WI2 cells (A). Cultures were infected with a multi
plicity of infection of 10. Adapted from Brinton (1981). 

bryo fibroblasts prepared from C3H/RV and C3H/He mice (Darnell and 
Koprowski, 1974). The rate of progeny genome RNA synthesis in resistant 
cells is reduced as compared to the rate in susceptible cells (Brinton, 1981). 
In addition, the production of a greater proportion of defective interfering 
virus particles by resistant cells seems to be a specific manifestation of 
the expression of the resistance-gene product (Brinton, 1983). 

One plausible hypothesis for the observed effects of the resistance
gene product is that it functions at the level of the viral replication com
plex. If a host protein does interact with the flavivirus replication complex 
affecting the recognition, binding, or copying of the template RNA by 
the polymerase, then an alteration in this host protein could affect the 
effiCiency or faithfulness, or both, of viral RNA synthesis. 

VIII. DEFECTIVE INTERFERING PARTICLES 

The production of and the interference by defective interfering (DI) 
particles has been difficult to detect during acute flavivirus infections. 
Because virus yields are relatively low compared to other types of viruses, 
flaviviruses have been routinely grown in the most permissive host cells 
available to facilitate experimental study. Further, if a flavivirus infection 
induces a rapid cytopathic effect in these permissive cells, the possibility 
of multiple cycles of viral replication within the same host cell is elim
inated. Small virus-specific RNAs (8-15 S) have often been observed in 
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flavivirus-infected cells (Zebovitz et al., 1972, 1974; Takeda et al., 1978; 
Naeve and Trent, 1978). Wengler et al. (1978) reported that WN virus 
produced two low-molecular-weight RNAs (6.5 x 104 and 4.2 x 104 ) in 
BHK cells, but only the 6.5 x 10 dalton species in A. albopictus cells. 
In the same study, Uganda S virus produced a 5 x let dalton RNA in 
both types of cells. Further, these RNAs, although of plus-strand polarity, 
were not capped or polyadenylated and were inactive in cell-free trans
lation systems (Wengler et al., 1978). These results indicated that the 
small RNAs did not function as subgenomic mRNAs. However, the size 
and type of small RNAs associated with these flavivirus infections were 
characteristic of both the infecting virus and the host cell and apparently 
not the result of random degradation of 40 S RNA. It is not known 
whether or not these small intracellular RNAs are able to interfere with 
the replication of 40 S flavivirus RNA. 

Rabbit kidney cells (MA-111) and Vero cells persistently infected 
with JE virus continue to produce low levels of infectious virus (Schmal
john and Blair, 1977). Determination of ratios of extracellular physical 
particles to extracellular infectious particles indicated that defective par
ticles were produced by these cultures. Also, particles from the persist
ently infected cultures interfered with the replication of wild-type JE 
virus. In these experiments, the degree of reduction in virus yield was 
proportional to the amount of virus from the persistently infected culture 
added. Interference with wild-type WN virus was demonstrated with 
virus produced by murine embryo fibroblast cultures persistently infected 
with WN virus (Brinton, 1982). The WN virus produced by long-term 
persistently infected cultures was no longer able to plaque on BHK cells. 
However, flaviviruslike particles of normal size were observed by electron 
microscopy in fluids harvested from these persistently infected cultures. 
The virions produced by persistently infected cells contained heteroge
neous RNA that was primarily smaller than 40 S genome RNA. Three 
distinct size classes were observed when the RNA was analyzed under 
denaturing conditions on formaldehyde-agarose gels. RNA of each size 
class hybridized with ssDNA complementary to 40 S RNA, indicating 
that these RNAs were virus-specific and of plus-strand polarity. Although 
the WN virus populations produced by persistently infected cells had 
relatively low amounts of virions containing full-size genome RNA and 
a high proportion of particles containing smaller RNAs, the extent of 
interference with standard WN virus replication in BHK cells during a 
single growth cycle was relatively low. A maximum reduction in the yield 
of infectious virus of about 1 log was consistently observed. However, 
the amount of 40 S RNA synthesized during a 1.5-hr labeling period 24 
hr after infection in BHK cells coinfected with persistent and standard 
virus was reduced by 50% (Brinton, 1982). These results imply that only 
a portion of the virus particles in the fluids harvested from the persistently 
infected cultures contained RNA that could interfere substantially with 
wild-type WN virus replication in BHK cells. 
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Evidence for the production of DI particles during serial undiluted 
passage of WN virus in murine embryo fibroblasts was reported by Darnell 
and Koprowski (1974). Passage of WN virus in either resistant (C3H/RV) 
or susceptible (C3H/He) embryo fibroblasts resulted in a cyclic rise and 
fall in the extracellular virus titer characteristic of a Von Magnus effect 
(Von Magnus, 1954). The titer of virus produced by the C3H/He cells 
continued to cycle between 104 and 106 .5 PFU/ml during 11 passages. 
However, passage of WN virus in C3H/R V cells resulted in the elimi
nation of infectious virus by passage 7 (Darnell and Koprowski, 1974; 
Brinton, 1983). WN virus obtained after three serial undiluted passages 
in C3H/RV cells was able to interfere with standard WN virus replication, 
whereas interference was not observed with virus obtained after three 
passages in C3H/He cells. A. 1. Smith (1981) found that Banzi virus pop
ulations obtained from the brains of C3H/RV mice that had been inoc
ulated intraperitoneally contained demonstrable interfering activity. No 
interfering activity could be detected with virus obtained from C3H/RV 
animals that had been inoculated intracerebrally or with virus obtained 
from C3H/He animals inoculated by either route. 

Sucrose-density-gradient analysis of WN virus E101 virus particles 
produced during acute infections of C3H/RV and C3H/He cells in culture 
indicated that the majority of the DI particles were denser than the stan
dard virions (Fig. 7C and H) (Brinton, 1983). This could be due to the 
packaging of more than one deleted RNA molecule per capsid or to a 
slight reduction in the overall size of the DI particles compared to the 
standard virions. The host cell was found to influence significantly the 
composition of the viral progeny populations produced. WN virus rep
lication in C3H/RV cells yielded progeny with a high proportion of DI 
particles, whereas progeny virus produced by congenic C3H/He cells con
sisted primarily of standard virions (Fig. 7D, E, I, and n. The ratio of DI 
particles to standard virions could be shifted by passaging virus from one 
cell type to the other (Fig. 8). WN virus pools were prepared in resistant 
C3H/RV or susceptible C3H/He cells by infecting cells with a multi
plicity of infection of 10, harvesting the culture fluid 48 hr after infection, 
and then concentrating the virus lO-fold. These virus pools were used to 
infect either C3H/He or C3H/RV cell cultures, and the RNA present in 
progeny particles produced during the first and second cycles of repli
cation was analyzed on 10-30% SDS sucrose gradients (Fig. 8). The C3HI 
He cells were able to preferentially amplify virus with full-size RNA, 
while C3H/RV cultures selectively amplified the particles containing the 
small-size RNAs. Homologous interference could be demonstrated with 
WN virus produced by C3H/RV cells, but not with virus produced by 
C3H/He cells. Four size classes of small RNAs with sedimentation coef
ficients of approximately 8, IS, 26, and 34 S were consistently observed 
to be associated with extracellular particles. The four species of small 
RNAs were presumed to have been present in the stock of WN virus E101 
used in these experiments. Cloning of the virus stock by six consecutive 
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FIGURE 7. Isopycnic density-gradient centrifugation of WN progeny virus produced by sus
ceptible C3H/He and resistant C3H/RV embryofibroblasts. Cultures were labeled with 
[3Hluridine at 6-32 hr after infection with WN virus at a multiplicity of infection of 10. 
The infectivity of the infecting virus was determined by plaque assay in BHK cells. Harvested 
culture fluids were clarified and centrifuged directly on 15-45% isopycnic sucrose density 
gradients. (A-E) Virus produced by C3H/He cells; (F-JI virus produced by C3H/RV cells. 
Samples of each gradient fraction were analyzed for acid-insoluble radioactivity (B, G) and 
infectivity (A, F). The ratio of infectivity to uridine counts was calculated for each gradient 
fraction (C, H). Fractions were pooled as indicated, and the extracted RNA was sedimented 
on 15-30% SDS-sucrose gradients (D, E, I, and J for pools 1-4, respectively). (e) Virus
infected culture fluid; (.) uninfected control culture fluid; (0) a values. The direction of 
sedimentation is from right to left. From Brinton (1983). 

plaque-purification steps reduced the amount of DI particles present, but 
did not completely eliminate them. Stocks of other flaviviruses might 
be expected to differ in the size classes of the DI particle RNAs they 
contain. Whether the RNAs in each of the four size classes are able to 
interfere with the replication of wild-type WN virus is not currently 
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FIGURE 8. Sucrose-gradient sedimentation of extracellular progeny virion RNA produced 
by resistant C3H/RV or susceptible C3H/He cells infected with pools of WN virus that had 
been grown in one of the two cell types for 48 hr Isee Fig. 7) and concentrated lO-fold. 
Cultures were incubated with [3H]uridine, and virus was harvested at 28 or 52 hr after 
infection. The RNA was extracted and sedimented on 15-30% 50S-sucrose gradients. la
d) Virus produced by cells infected with C3H/He-WN virus IMOI = 1); Ie-h) virus produced 
by cells infected with C3H/RV-WN virus (MOl = 0.1). The host cell is indicated in the 
upper left-hand corner of each panel, as is the total infectivity IloglO) of the harvested progeny 
virus. Ie) Infected; I"') uninfected control. The direction of sedimentation is from right to 
left. From Brinton 11983). 

known. However, the two smallest species of RNA appeared to be present 
in the greatest relative abundance in the progeny virus produced by C3HI 
RV cells, and these virus populations demonstrated the highest interfer
ing activity. It is tempting to speculate that the host proteins specified 
by the alleles of the murine flavivirus resistance gene may interact spe
cifically at the level of viral RNA synthesis, affecting template-poly
merase interactions. If a host protein does interact with the flavivirus 
replication complex and, further, if the C3H/He and C3H/RV cells do 
contain different alleles for this protein, then an interaction between the 
viral polymerase and these host proteins could influence the enrichment 
of or extent of interference by flavivirus DI particles. Data from both 
negative-strand RNA (Lazzarini et al., 1981; Schubert et a1., 1979) and 
other positive-strand RNA (Baron and Baltimore, 1982; Dasgupta et a1., 
1980) virus systems indicate that host proteins can be involved specifi
cally in viral RNA synthesis. It has also been suggested that interactions 
between viral polymerases and host factors could explain the apparent 
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role of the host cell in DI-particle generation (Holland et al., 1976; Kang 
and Allen, 1978; Lazzarini et al., 1981; Schubert et al., 1979). 

IX. PERSISTENT INFECTIONS 

Persistence of flaviviruses in experimental animals has been re
ported. Webster and Clow (1936) observed that genetically resistant BRVR 
mice inoculated intranasally with SLE virus developed a subclinical en
cephalitis that was histologically apparent for 3 months after infection. 
Virus could be isolated from the brains of these mice for about 1 month 
after infection. Slavin (1943) reported the persistence of SLE in the brains 
of mice for over 5 months after infection. Transplacental transmission 
of JE virus was demonstrated in intraperitoneally infected females during 
consecutive pregnancies occurring as long as 6 months after infection 
(Mathur et al., 1982). 

Persistence of various tick-borne flaviviruses has been observed more 
often. Kyasanur Forest virus normally kills mice after inoculation, but 
occasionally paralyzed infected mice survive for many months (Virus Re
search Center, Poona, 1963; Price, 1966). When the animals were sacri
ficed, virus was isolated from the brains and other tissues of these par
alyzed mice. Serum neutralizing antibody could often not be detected, 
even though the paralyzed mice were resistant to subsequent virus chal
lenge. Persistence of lou ping ill virus in immunosuppressed guinea pigs 
for more than 50 days after infection was reported by Zlotnik et al. (1976). 
Chronic encephalitis induced in monkeys by TBE virus (Russian spring
summer virus) has been reported by a number of investigators (Ilienko 
et al., 1974; Zlotnik et al., 1976; Andzhaparidze et al., 1978; Asher, 1979; 
Malenko et al., 1982; Fokina et al., 1982; Frolova and Pogodina, 1984). 
Chronic histopathological lesions and infectious virus were detected as 
late as 789 days after infection. Some indication that flaviviruses may 
also persist for long periods in humans has been obtained (Edelman et 
al., 1976; Monath, 1971; Ogawa et al., 1973). 

Establishment of persistent infections has been successfully accom
plished with a number of different flaviviruses in a variety of mammalian, 
arthropod, and reptilian cell lines. In some instances, due to the intense 
cytopathic effect of the particular flavivirus on the host-cell line, per
sistent infections could be established only when techniques were used 
to reduce the extent of the virus-induced cell damage. Schmaljohn and 
Blair (1977) established persistent infections in a line of rabbit kidney 
cells (MA-lll) with JE virus that had previously been subjected to 30-
40 serial undiluted passages in MA-lll cells. Infection of some host-cell 
lines with a particular flavivirus does not result in extensive destruction 
of the cells. Under these circumstances, it is possible to establish per
sistent infections simply by routine subculturing of surviving infected 
cells. This was the case in the establishment of persistent infections with 
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dengue viruses in either HeLa cells (Maguire and Miles, 1965), rhesus 
monkey testis cells (Hotta and Evans, 1956), green monkey kidney cells 
(Shimazu et al., 1966), or an A. aibopictus cell line (Sinarachatanant and 
Olson, 1973), a line of Toxorhynchites amboinensis cells (Kuno, 1982) or 
human KB cells (Beasley et ai., 1960; Schulze and Schlesinger, 1963); WN 
virus in either murine L-929 cells (Jarman et al., 1968), lines of murine 
embryo fibroblasts (Brinton, 1982), or monkey LLC-MK2 cells (Katz and 
Goldblum, 1968); and SLE virus in a turtle heart (TH-l) cell line (Mathews 
and Vorndam, 1982). 

Interferon production, although sometimes demonstrable in persist
ently infected mammalian-cell cultures, does not appear to be directly 
involved in the maintenance of flavivirus persistence (Schmaljohn and 
Blair, 1977; Katz and Goldblum, 1968; Brinton, 1982). DI virus particles 
were produced by rabbit kidney cells (MA-ll) persistently infected with 
JE virus (Schmaljohn and Blair, 1977) and by murine embryo fibroblast 
cell lines persistently infected with WN virus (Brinton, 1982). DI virus 
particles may well play an important role in the establishment and main
tenance of flavivirus persistent infections. 

Virus produced by persistently infected cultures often progressively 
changes from the parental virus phenotype. SLE virus from persistently 
infected turtle heart cells 1 year after infection was less virulent for mice, 
had an altered cell-culture host range, and had an increased thermalli
ability as compared to the virus used to initiate the infection (Mathews 
and Vorndam, 1982). Dengue viruses of all four serotypes obtained 1 year 
after infection from separate persistently infected nonvector mosquito T. 
amboinensis cultures showed changes in antigenic reactivity, increased 
temperature sensitivity, and decreased neurovirulence in mice as com
pared to the original viruses used to initiate the infections (Kuno, 1982). 
WN virus obtained from persistently infected murine embryo fibroblasts 
had lost its ability to plaque in BHK-21 cells. Also, temperature-sensitive 
mutants and a replication-efficient mutant of WN virus were isolated 
from these persistently infected cell-culture fluids (Brinton, 1981, 1982; 
Brinton et al., 1985). Analysis of the WN virus progeny populations 
obtained from persistently infected cultures indicated that these cultures 
simultaneously replicated several different mutant virus populations. 

In some long-term persistently infected cultures, the low levels of 
infectious virus are produced by only a small proportion of the cells in 
the culture. Only 4 of 200 cells cloned from rabbit-cell cultures persist
ently infected with JE virus contained immunofluorescence-detectable 
viral antigen and released infectious virus (Schmaljohn and Blair, 1979). 
Sucrose-gradient analysis of [3H]uridine-labeled cell extracts indicated 
that all the clones produced some intracellular actinomycin-D-resistant 
RNA. However, culture supernatants were not analyzed for the presence 
of released virus, which was unable to induce plaques in test-cell mon
olayers. Superinfection of nonproducer cell clones with JE virus led to 
the production of infectious virus in the absence of any cytopathic effect 
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(Schmaljohn and Blair, 1979). JE virus infection normally produces ex
tensive cytopathology in rabbit-cell cultures. 

Virus-specific immunofluorescence was observed in 100% of cells in 
murine-cell cultures persistently infected with WN virus (Brinton, 1982). 
Some cells (20-70%) showed a bright perinuclear and/or diffuse cyto
plasmic fluorescence during the first 15 weekly subcultures. Other cells 
in the initial subcultures and all cells in long-term persistently infected 
cultures showed fainter perinuclear and/or focal cytoplasmic viral-spe
cific fluorescence. All the WN-virus-persistently infected cultures con
tinued to release virus particles throughout 2.5 years of cultivation. How
ever, the virus produced by long-term cultures maintained at 3 rc could 
no longer plaque on BHK cells and contained predominantly heterogenous 
subgenomic viral RNAs (Brinton, 1982). In contrast to what was observed 
with JE-virus-persistently infected cultures, superinfection of long-term 
WN-virus-persistently infected cultures with parental virus did not result 
in the release of progeny virus with the ability to cause plaques. However, 
superinfection with a replication-efficient mutant (RE-WN virus) did 
(Brinton and Fernandez, 1983). 

The results obtained with persistent flavivirus infections indicate 
that if a flavivirus causes extensive cytopathology in a particular host 
cell, a persistent infection can be established only when some method 
of reducing the viral cytopathic effect is employed during the initial sub
cultures of the infected cells. Once established, persistently infected cul
tures produce progeny virus that becomes progressively less cytopathic. 
Many types of mutant viruses are generated and simultaneously repli
cated, including deletion mutants with homologous interfering activity 
and temperature-sensitive mutants. 

x. FLAVIVIRUS MUTANTS 

A reduction in viral virulence has been observed during serial passage 
of many of the flaviviruses in cell culture and eggs. Mixed populations 
of large- and small-plaque variants are commonly observed in passaged 
virus stocks as well as in field isolates obtained from humans, insects, 
rodents, and birds (Hammon et al., 1963; Mayer, 1963; Paul, 1966; Price 
et al., 1963; Theiler, 1951; Eckels et al., 1976). Analysis of selected 
plaques obtained from such virus populations has shown that in general, 
plaque size, virulence, and temperature sensitivity are only rarely cor
related; however, exceptions have been observed. A small-plaque variant 
of Central European TBE virus obtained from a persistently infected 
human amnion-cell culture had reduced virulence for mice (Mayer, 1963). 
A Kyasanur Forest virus small-plaque mutant obtained after passage in 
monkey kidney-epithelial-cell cultures was both reduced in virulence and 
temperature-sensitive (Paul, 1966). A small-plaque mutant of dengue 2 
virus, which was isolated after a single passage of a human serum in 
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primary green monkey kidney cells, was temperature-sensitive and 
showed reduced virulence (Eckels et al., 1976). Persistently infected A. 
albopictus cells yielded a small-plaque dengue 2 virus mutant that was 
temperature-sensitive as well as of reduced virulence (Igarashi, 1979). 

Spontaneously arising temperature-sensitive mutants of both JE virus 
(Halle and Zebovitz, 1977) and dengue 2 virus (Eckels et al., 1976) have 
been tested for use as attenuated live virus vaccines. Undiluted passage 
of the S-l dengue virus mutant sometimes yielded large-plaque variants 
that were virulent and not temperature-sensitive (Eckels et al., 1980). 
Attempts to define the lesions of spontaneous flavivirus temperature
sensitive mutants have rarely been reported. The S-l temperature-sen
sitive clone of dengue 2 virus isolated by Eckels et al. (1976) was more 
thermolabile at the nonpermissive temperature of 38.5°C than the pa
rental virus. Viral adsorption studies indicated that the temperature-sen
sitive protein produced by this mutant was probably a structural protein 
involved in virus attachment to cells (Eckels et al., 1983). 

Flavivirus temperature-sensitive mutants have been isolated after 
chemical mutagenesis (Table III). Tarr and Lubiniecki (1976) found 7 tem
perature-sensitive clones of dengue 2 virus among 138 clones isolated 
from virus grown in primary hamster kidney cells in the presence of 5-
azacytidine. Of these dengue mutants, 5 were partially characterized; 3 
were RNA-plus mutants, while 2 were RNA-minus mutants. Comple
mentation analysis indicated that these mutants represented four com
plementation groups. Virus yields in these experiments were assayed by 
micro quantitative complement fixation. 

Recently, temperature-sensitive mutants of JE virus (Eastman and 
Blair, 1985) and SLE virus (Hollingshead et al., 1983) have been efficiently 
induced by chemical mutagenesis of infected cells also treated with ac
tinomycin D. Both 5-fluorouracil and 5-azacytidine were used to induce 
SLE mutants. Flavivirus infection does not significantly affect host-cell 
metabolism, and treatment of host cells with actinomycin 0 apparently 
enhances the incorporation of the mutagens into the flavivirus RNA. 
Nine temperature-sensitive mutants of SLE were obtained; two were 
RNA-minus, while the remaining seven were RNA-plus mutants. Com
plementation analysis indicated that these mutants represented four 
complementation groups, with two of these groups containing more than 
one of the mutants. Ten mutants of JEV were isolated: five were RNA
plus mutants and five were RNA-minus mutants. Seven complementa
tion groups were defined with these ten mutants. Three of the comple
mentation groups contained RNA-minus mutants. At the nonpermissive 
temperature, mutants in the three RNA minus complementation groups 
produced no detectable protein, with the exception of one mutant which 
produced low levels of protein. The RNA plus mutants produced normal 
amounts of protein at the non-permissive temperature, again with one 
exception which produced a low amount of protein. The complementa
tion observed between JEV mutants was sometimes nonreciprocal and 
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interference between certain pairs of mutants was also observed (Eastman 
and Blair, 1985). 

Temperature-sensitive mutants of WN virus were generated by long
term persistently infected cultures of genetically resistant C3H/RV and 
susceptible C3H/He murine embryo fibroblasts maintained at 32°C (Brin
ton et al., 1985). The WN virus used to initiate these infections con
tained no detectable temperature-sensitive virus. The 40/32°C plaquing 
ratio of progeny virus obtained from persistently infected cultures main
tained at 37°C decreased only slightly during 10-15 subcultures. There
after, although these cultures continued to produce WN virus particles, 
they no longer produced WN virus able to cause plaques on BHK cells. 
Progeny virus from duplicate cultures shifted to 32°C at subculture 6 was 
also tested periodically for its ability to plaque at 40 and at 32°C. Viral 
progeny titers increased after the shift to 32°C, indicating the possible 
presence of temperature-sensitive mutants. Temperature-sensitive mu
tants were subsequently isolated from culture fluids obtained from both 
persistently infected resistant and susceptible cells. However, only in the 
resistant cell cultures did temperature-sensitive virus become the ma
jority population (Table IV). The resistant cells appear to provide an en
vironment that is advantageous for the amplification of flavivirus tem
perature-sensitive mutants. It has been previously demonstrated that 
resistant C3H/RV cells preferentially amplify WN virus defective RNAs 
(Brinton, 1983). The growth of wild-type virus is reduced in the resistant 
cells, and this may allow temperature-sensitive mutants to compete more 
effectively during persistent infections in resistant cells. Preliminary data 
indicate that temperature-sensitive mutants generated by the resistant 
cultures are in general less leaky than those obtained from the susceptible 
cultures. To date, no complementation among the WN virus temperature
sensitive mutants has been demonstrable. The majority of mutants ob
tained from the C3H/RV cultures have an RNA-minus phenotype. It is 
possible that the C3H/He and C3H/RV cultures selectively amplify dif
ferent groups of temperature-sensitive mutants (Brinton et al., 1985). 

In addition to the temperature-sensitive mutants, a non-temperature
sensitive mutant of WN virus was isolated from the culture fluid of one 
of the genetically resistant persistently infected C3H/RV cultures. This 
mutant produced higher yields of virus and incorporated [3H]uridine into 
intracellular 40 S RNA more efficiently than the parental virus and grew 
equally well in resistant and susceptible cell cultures (Brinton, 1981). 
Analysis of the genome RNA of this replication-efficient mutant, des
ignated RE-WN virus, by oligonucleotide fingerprinting indicated that the 
mutant RNA differed from the genome RNA of the parent by three unique 
oligonucleotides. The RE-WN virus was insensitive to interference by a 
parental WN virus pool enriched in DI particles even during replication 
in resistant C3H/RV cells (Brinton and Fernandez, 1983). This mutant 
was also able to superinfect persistently infected murine cell cultures, 
whereas the parental virus was not. 
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TABLE IV. Temperature Sensitivity of Plaques Picked from 
Persistently Infected RV and He Culture Fluids 

Culture 

Susceptible cell lines 
He 100 

He 103 

Resistant cell lines 
RV 100 

RV 103 

Passage 

9 
11 
18 
33 
37 
53 
57 

8 
11 
17 
18 
23 

10 
12 
14 
17 
21 
24 
13 
18 
25 
27 
31 
43 
57 

Number of ts mutantsl 
number of plaques pickeda 

2124 
1110 
0120 
0121 
1113 
0/8 
1110 
0124 
3/12 
0/12 
2122 
1127 

0/40 
0/12 
118 
1117 

47170 
20120 
0/16 
0/14 
1/10 
5/20 

19123 
3/7 
5/6 

a Medium from persistently infected cultures was collected at the time of each of 
the weekly subcultures. Plaques were picked from 32°C titration plates about 
every 2-4 passages. Virus contained in the picked plaques was then titrated by 
plaque assay at both 32 and 40°C. Plaque isolates displaying a 40/32°C ratio of 
0.01 or less were scored as temperature-sensitive. 
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Comparison of the 3'-terminal 135 nucleotides of the parental WN 
virus and the RE-WN virus showed no differences between the two RNAs 
in this noncoding region of the genome presumed to contain sequences 
involved in the recognition and binding of the replication complex (Brin
ton et al., 1986). Future studies will focus on the 3' noncoding region of 
the minus-strand RNA and the viral polymerase gene sequences. This 
mutant provides a unique tool for further study of the factors involved 
in regulating flavivirus RNA synthesis. 

XI. SUMMARY 

During the past five years, much has been learned about flavivirus 
infections and replication strategy. By 1984, a sufficient amount of new 
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information had been obtained to institute the reclassification of flavi
viruses (Westaway et al., 1986). The most significant recent advance has 
been provided by the nucleotide sequence of the YF virus genome and 
the partial map of the viral genes determined by Rice et al. (1985) (see 
Chapter 10). The new sequence data have confirmed the prediction from 
in vitro translation data that the viral structural genes are located at the 
5' end of the coding region. The mapping of the flavivirus genes on the 
nucleotide sequence has provided a precise delineation of the number and 
sizes of the flavivirus nonstructural proteins and of the made of flavivirus 
protein translation and processing. 

Nine epitopes of the virion glycoprotein have been mapped for three 
different flaviviruses (Roehrig et al., 1983; J. J. Schlesinger et al., 1983; 
Heinz et al., 1983) with panels of monoclonal antibodies. Future com
parisons of antigenic variants at the level of the glycoprotein nucleotide 
sequence should greatly enhance our understanding of the complex an
tigenic relationships known to exist among flaviviruses, the determinants 
of virulence, and the various biological functions of the E protein such 
as hemagglutination, attachment, and fusion. 

The existence of a very stable stem and loop structure composed of 
the first 84-87 bases at the 3' terminus of the flavivirus genome has been 
established (Brinton et al., 1986; Rice et al., 1985). Such a structure could 
function in polymerase recognition and binding and/or capsid protein 
binding. Many of the plus-stranded plant viruses also have no poly(A) 
instead have a transfer-RNA-like structure at their 3' termini (E. R. 
Strauss and J. H. Strauss, 1983). Future comparison of 5'- and 3'-terminal 
sequences from a variety of flaviviruses should indicate highly conserved 
regions that may be important signals for replicase and transcriptase rec
ognition and binding. Comparisons between YF virus and WN virus in
dicate that a high level of sequence conservation is observed in the first 
two nucleotides at the 3' termini of both plus and minus strands, a hep
tanucleotide located near each terminus, and a 27-base sequence begin
ning at nucleotides 85 or 87 from the 3' termini of the genome RNA 
(Brinton et al., 1986; Rice et al., 1985). 

The generation of flavivirus OI particles has been demonstrated dur
ing acute infections with WN virus (Brinton, 1983) and persistent infec
tions with JE virus (Schmaljohn and Blair, 1977) and WN virus (Brinton, 
1982). However, the mechanism of generation of the various size classes 
of deleted viral RNAs observed is not yet known. Also, the molecular 
basis for the differential ability of various cell cultures to generate and/ 
or amplify these deleted flavivirus RNAs is not understood. Sequence 
analysis of flavivirus OI RNAs should yield further information about 
the sequences and secondary structure elements required for transcrip
tion and replication of flavivirus RNAs. 

The fact that many flaviviruses can replicate in a wide range of ver
tebrate hosts and in arthropod vectors implies that any functions required 
from the host cell during the flavivirus replication cycle must be present 



REPLICATION OF FLA VIVIRUSES 365 

in a wide range of host species. The existence of the murine flavivirus
specific resistance gene indicates that one of these host proteins can differ 
in the efficiency with which it can interact with flavivirus macromole
cules. Such host factors could affect both the efficiency and the fidelity 
of flavivirus RNA transcription. 

Many questions concerning flavivirus replication remain unan
swered. For instance, the functions of the various nonstructural proteins 
have not been delineated. The mechanism by which flavivirus genome 
RNAs are capped at their 5' end is not known. Does a host-cell enzyme 
or a viral enzyme cap the RNA? The mechanism by which plus-strand 
RNA is made efficiently, while minus-strand RNA is not, is also not 
understood. The proteolytic enzymes involved in the processing of the 
flavivirus proteins from precursors have not been identified. Continued 
study of flaviviruses on a molecular level during the coming years should 
greatly increase our knowledge of flavivirus replication. 
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