
the expense and logistical challenge associ- 
ated with the wide application of these 
vaccines (1 8). Cholera and other diarrheal 
diseases are relatively easy to treat by intra- 
venous and oral rehydration therapies. 
However, in the grip of explosive epidem- 
ics, medical facilities can be overwhelmed 
and significant mortality can result. For ex- 
ample, early in the Matlab, Bangladesh tri- 
al, the BS-WC vaccine dramatically re- 
duced mortality by 45% in women over age 
15, demonstrating that even in a commu- 
nitv well versed in the treatment of cholera. 
death can still be a consequence of this 
disease. Cholera can have a devastating 
economic impact on countries that is mea- 
sured not only in treatment costs but also in 
the deleterious effect that this disease has 
on food exportation and tourism. Although 
provision of safer water sources and sewage 
treatment is no doubt the best way to con- 
trol cholera. estimates bv the World Health 
organization indicate that this goal would 

cost Latin America alone tens of billions of 
dollars. 

Vibn'o cholerae has often played the role 
of Grim Reaper (see figure), but it has also 
been a great educator in the public health 
arena and a marvelous catalyst for scientific 
discoverv. We have now reached an historic 
time when the fruits of what we have 
learned from V. cholerae can be applied to 
effectlve ~mmunlzation. In addition, con- 
tinued studies on the properties that enable 
V. cholerae to be such a potent immunogen 
may help to clarlfy the general physiology of 
mucosal immunity. 
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Rotavirus Vaccines: 
Success by Reassortment? 

Roger I. Glass, Jon Gentsch, Jean C. Smith 

Diarrhea is one of the most common dis- 
eases of children and, in developing coun- 
tries, is responsible for 3.5 to 4 million 
deaths each year (1). Before 1973, infec- 
tious aeents were identified in so few cases " 
that it was difficult to envisage a strategy for 
prevention. In that year, R. F. Bishop and 
colleagues discovered 70-nm wheel-shaped 
(rota) virus-like particles by electron mi- 
croscopy in the intestinal mucosa of infants 
with gastroenteritis (2). The identification 
of rotavirus has led to two decades of ener- 
getic research that established this agent as 
the main cause of severe diarrhea in chil- 
dren and may soon culminate in a vaccine 
recommended for routine use in children 
worldwide. 

Earlv research on rotavirus was directed 
at the development and application of rapid 
diagnostic tests that allowed researchers to - 
examine the spectrum of disease and the 
epidemiology of infection. The burden of 
disease caused by rotavirus is staggering: 
rotavirus is the most common cause of 
severe dehydrating diarrhea in children 
worldwide, infecting nearly every child in 
the first few years of life (see table) (3). First 
infections are generallv associated with 
acute diarrhea, wYhich in some instances can 
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be severe, leading to dehydration and death. 
In developing countries, 20 to 40% of hos- 
pitalizations-for childhood diarrhea and an 
estimated 870,000 deaths are associated 
with'rotavirus infections each year, making 
it the most important single cause of 
diarrheal mortality among children (4). In 
the United States, although mortality is 
relativelv low (75 to 125 deaths Der 
year), rotavirus diarrhea incurs direct med- 
ical costs in excess of $500 million and total 
costs in excess of $1 billion (5). 

Early epidemiologic studies indicated 
that rotavirus might best be controlled 
through vaccination. Longitudinal studies 
of children followed from birth to 2 vears 
of age provided evidence for natural ikmu- 
nity: Rotavirus diarrhea infrequently occurs 
more than -once, and repeat illnesses are 
less severe or asymptomatic (6, 7). Further- 
more, children infected as newborns are 
protected from disease later in life (8, 9). 
Unfortunately, immunity is not fully 
protective; repeat infection can sometimes 
lead to disease, and adults with antibodies 
indicative of ~revious infection can develo~ 
rotavirus diarrhea while caring for sick 
children or traveling to developing coun- 
tries where enteric infections are common 
(10). 

Rotavirus vaccine development achieved 
a major breakthrough when human rotavi- 
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rus was adapted to grow in cell culture (1 1 ). 
This advance enabled researchers to pre- 
pare vaccine seed lots, set up plaque assays 
to measure neutralizing antibody titers, 
and provide replenishable stocks of virus 
needed to study the molecular biology of 
the virus. 

Rotavirus is classified in the familv Reo- 
viridae and its genome consists of 11 seg- 
ments of double-stranded RNA, each cod- 
ing for a viral protein. The gene-coding 
assignments and function of most of these - 
proteins have been determined (12). Of 
particular interest for vaccine development 
are the two outer capsid proteins, VP7, 
a glycoprotein on the viral surface, and 
VP4, a protease-cleaved hemagglutinin 
(in some strains), which are important in 
virus neutralization and protection from 
disease. Cross-neutralization studies have 
identified four common serotypes of rotavi- 
rus on the basis of the VP7 glycoprotein 
(GI to G,) and two VP4 serotypes (P, and 
P,); all of these serotypes are found in chil- 
dren with diarrhea (13, 14). In theory, an 
effective vaccine must protect against rota- 
viruses encoding anv of these common - ,  
neutralization antigens. Because the rotavi- 
rus genome is segmented, reassortment of 
the VP7 and VP4 genes occurs; in nature, 
this can lead to the development of new 
strains, and in the laboratory, this can be 
exploited for preparation of reassortant 
strains as vaccine candidates or for studying 
gene function. 

In 1983, just 10 years after the discovery 
of rotavirus, Vesikari conducted the first 
rotavirus vaccine field trial, in which Finn- 
ish infants were administered a live bovine 
strain of rotavirus, prepared as a vaccine lot 
by Smith Kline-RIT (15). To the surprise 
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of many in the field, this vaccine, which 
appeared to be only marginally immuno- 
genic in adults and children, reduced the 
incidence of rotavirus diarrhea by 83%. 
Thus, although both the VP7 (serotype G6) 
and VP4 (serotype P6) capsid proteins of 
the bovine vaccine strain are antigenically 
distinct from those in human isolates, they 
offered clear heterotypic protection. This 
strategy, in which animal strains of virus are 
used to prevent illness in humans, has been 
designated the "Jennerian" approach (1 6). 
The results of this trial were confirmed in a 
second trial in Finland and the successful 
development of a rotavirus vaccine seemed 
near at hand. 

Despite this early success, the pathway 
toward a commercial vaccine has proved 
tortuous. The efficacy of the RIT strain 
could not be re~roduced in trials conduct- 
ed in three developing countries where 
the vaccine would be most critical to save 
lives. The dose of virus in the vaccine, 
108 TCID,, (median tissue culture infec- 
tious dose), required that the inoculum 
prepared in Ceropithecus monkey kidney 
cells be administered undiluted, a pros- 
pect that was commercially untenable 
(17). The RIT vaccine was withdrawn . , 

from development and replaced by two 
other Jennerian vaccines prepared from 
simian and bovine rotaviruses. 

Two scientific hurdles have made the 
task of developing a rotavirus vaccine more 
costly, time-consuming, and difficult than 
initially thought. First, the animal models 
used for studying protective and heterotypic 
immunity to rotavirus (mice, gnotobiotic 
piglets, rabbits) have limited predictive 
value for human resDonses. Second. immu- 
nity to rotavirus is not well understood 
and no simple immune model can explain 
protection against disease (3). Mucosal im- 

munity is believed to play a role in protec- 
tion. but titer changes are difficult to ., 
measure in field specimens (stool, saliva, 
intestinal secretions) and elevated titers re- 
turn to baseline rapidly so a single titer 
cannot predict protection. Cell-mediated 
immunity may also be important; in mice, 
virus-specific cytotoxic T cells appear at 
the intestinal mucosal surface after infec- 
tion and are associated with protection 
against disease (18). Finally, humoral im- 
munity, measured as rotavirus-specific anti- 
bodies or neutralization activitv. can be eas- , . 
ily detected, but its role in protection is also 
unclear. In the absence of a ~redictive an- 
imal model or reliable immune indicators of 
protection, studies to assess the efficacy of 
rotavirus vaccines have been confined to 
placebo-controlled trials in humans in 
which the disease experience of children is 
monitored intensively for 1 to 2 years after 
immunization. 

Two live oral candidate vaccines are 
currently being developed and tested in 
field trials. The rhesus rotavirus tetravalent 
vaccine (RRV-TV), developed by A. 2. 
Kapikian and colleagues (National Insti- 
tutes of Health) and by Wyeth-Ayerst Re- 
search, contains the parent strain of rhesus 
rotavirus (MMU18006 serotype Gj) and 
three single-gene reassortants prepared with 
VP7 genes to the three other main sero- 
types, G,, Gz, and G4 (19, 20). The 
WI79-9 vaccine strain, developed by H F. 
Clark and colleagues (Wistar Institute) and 
by Merck, is based on a bovine parent strain 
that has been reassorted with the VP7 gene 
of human serotype G, (2 1 ). The trials con- 
ducted to date indicate that these vac- 
cines have moderate efficacy (50 to 65%) 
against any rotavirus diarrhea and greater 
efficacy (75 to 87%) against more severe 
illness. Although this efficacy is less than 
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Estimated annual disease burden of rotavitus gastroenteritis. U.S. data are from (5) and world 
data are from (4). 

that achieved with other childhood vac- 
cines. it is com~arable to the level of 
protection conferred by natural rotavirus 
infection and is similar to that observed 
for other new and recently licensed oral 
enteric vaccines such as cholera, where 
mucosal immunity may be critical. Any in- 
crease in efficacy may well require a new 
approach to immunization. 

Several strategies are being examined to 
increase the efficacy of rotavirus vaccines. 
Low efficacy could reflect the failure of 
Jennerian vaccines to protect against the 
full range of VP7 and VP4 serotypes. Con- 
sequently, the number and diversity of 
these antigens have been increased by 
using as vaccines human rotavirus strains 
that have been attenuated by cold adapta- 
tion, multiple passaging, or selection of 
neonatal isolates that have not caused 
diarrhea in infants. Furthermore, current 
lennerian reassortant vaccines that contain 
only VP7 antigens from human strains 
could be improved by addition of a VP4 
gene from a human strain as a separate 
reassortant. Among the more novel ap- 
proaches, microencapsulated infectious vi- 
rus has been administered orally and paren- 
terally to mice; the oral preparation pene- 
trates and persists in the gut-associated lym- 
phoid tissue and enhances virus-specific 
humoral immunity (22). Rotavirus-like par- 
ticles devoid of nucleic acid have been pro- 
duced in insect cells by expression of rota- 
virus genes encoding the core and capsid 
proteins in a baculovirus vector (23, 24). 
These particles, when given orally or par- 
enterally to rabbits, appear to be protective 
and may represent a novel approach to 
immunization. 

The reassortant vaccines emerging from 
clinical trials are nearest to approval by 
the Food and Drug Administration for 
use in the United States. Once approved, 
they could be incorporated into the rou- 
tine schedule of childhood immuniza- 
tions recommended bv the Advisorv Com- 
mittee on Immunization Practices. The 
im~act  of this new vaccine should be 
an immediate decline in the number of 
winter hospitalizations and doctor visits 
for childhood diarrhea. Internationally, 
the vaccine could play a more important 
role in improving child survival by decreas- 
ing the number of diarrhea-associated 
deaths. 
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Measles Vaccine: Do We Need New 
Vaccines or New Programs? 

Samuel L. Katz and Bruce G. Gellin 

T h r e e  converging factors have rekindled 
interest in measles virus, measles vaccine 
research, and public health policies di- 
rected toward the control and eventual 
elimination of measles. First, after 23 
years of relative obscurity, measles re- 
emerged as a public health issue in the 
United States when focal outbreaks be- 
tween 1989 and 1991 resulted in more 
than 55,000 reported cases. Second, on 
the international scene, the World 
Health Organization (WHO) formally re- 
solved to intensify vaccination efforts in 
order to reduce by 95% the number of 
measles-related deaths and by 90% the 
number of measles cases before 1995. A 
third factor was the adverse experience 
encountered in several developing na- 
tions when measles vaccines containing 
elevated titers of attenuated virus (see 
below) were administered to 4- to 
6-month-old infants in an attempt to 
overcome the maternally conferred im- 
munity that normally prevents successful 
vaccination at that early age. 

In the United States, measles had been 
a ubicluitous childhood illness so commu- 
nicable that by their early teens more 
than 95% of each annual birth cohort (3  
to 4 million) had been infected. After 
licensure in 1963 of live attenuated mea- 
sles virus vaccine and funding of federal 
programs initiated in 1966, there was such 
a striking reduction in the number of 
cases that the U.S. Public Health Service 
targeted 1982 as the year of measles elim- 

ination (1  ). Although this goal has yet to 
be achieved, there were only 277 cases 
reported in 1993, a remarkable all-time 
low. 

Prior to 1989, many of the small clus- 
ters of measles cases that persisted in the 
United States occurred among high 
school and college students. These cases 
reflected the accumulation of measles-sus- 
ceptible individuals resulting from the 5% 
failure rate of infant immunization, as 
well as some cases of waning immunity. In 
response, both the Advisory Committee 

on Immunization Practices (ACIP) and 
the American Academy of Pediatrics 
(AAP) recommended administration of 
second doses of measles vaccine to be 
given at varying ages. By contrast, the 
measles outbreaks occurring between 
1989 and 1991 showed a new and surpris- 
ing shift in age prevalence-namely, 
there were increased numbers of cases in 
preschoolers and infants less than 15 
months old, the usual time when primary 
measles immunization has been recom- 
mended. At least two factors were resoon- 
sible for this shift. First, many of the cases 
occurred in urban-dwelling infants from 
poverty areas where multiple socioeco- 
nomic factors rendered these children less 
likely to have the recommended immuni- 
zations until school entry. Second, the 
widespread use since 1963 of measles vac- 
cines in the United States had resulted in 
a population of young mothers who had 
vaccine-conferred immunity rather than 
immunitv conferred bv natural disease. 
The antibody levels iAduced by measles 
vaccination are generally lower than 
those induced by measles itself, and the 
measles-specific antibodies (immunoglob- 
ulin G )  supplied transplacentally by these 
mothers diminished more rapidly in the 
infants. As a result. babies 6 to 12  months 
of age no longer had passive protection, 
creating a 3- to 9-month window of sus- " 

ceptibility before the customary adminis- 
tration of vaccines at 15 months of age 
( 2 ) .  

In an attempt to control these out- 
breaks, it was recommended that vaccine 
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