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Astroviruses are a new family of positive-stranded RNA viruses that cause gastroenteritis in a wide range of
animals and in humans. Seven types of astrovirus, tentatively considered serotypes, have been distinguished by
enzyme-linked immunosorbent assays (ELISA) or immunoelectron microscopy, but it is unclear whether the
serotype designation is used properly. To test human sera for the presence of neutralizing antibodies and to
type field strains, neutralization tests (NT) using CaCo2 tissue-culture-adapted astrovirus strains 1 to 7 and
the corresponding rabbit reference sera were developed. In rabbits, neutralizing antibodies were predomi-
nantly serotype specific, with the exception of low-level cross-reactivity in astrovirus serotype 4 reference serum
with astrovirus serotype 1 virus. Similarly, in humans, no evidence of cross-reactivity was found for the
serotype combinations tested (all except the combination 1 and 7 and the combination 6 and 7). Typing by NT
was concordant with typing by ELISA and genotyping, with one exception. The seroprevalence rates of
neutralizing antibodies in an age-stratified sample of the population in Utrecht Province (n 5 242) were 91%
for astrovirus serotype 1, 69% for astrovirus serotype 3, 56% for astrovirus serotype 4, 36% for astrovirus
serotype 5, 31% for astrovirus serotype 2, 16% for astrovirus serotype 6, and 10% for astrovirus serotype 7.
Acquisition of antibodies was slower among persons seropositive for astrovirus serotype 5 than among those
seropositive for astrovirus serotypes 1 to 4, suggesting that the epidemiology of serotype 5 astrovirus is different
from that of astrovirus serotypes 1 to 4.

Astroviruses are a recently classified new family of nonen-
veloped, single-stranded RNA viruses, evolutionarily related to
the Caliciviridae and Picornaviridae (5). Astroviruses have been
found in fecal samples from humans, cattle, sheep, pigs, cats,
and ducks. In most species, these viruses cause gastroenteritis,
except for the duck astrovirus, which may cause fulminant
hepatitis with a mortality as high as 25% (13). In calves, astro-
virus infections are asymptomatic, although they lead to infec-
tion and cytopathologic changes in M cells (19).

In humans, astroviruses like other enteric viruses are trans-
mitted primarily through the fecal-oral route (including food-
and waterborne transmission) and occasionally by aerosols
(13). Clinically, astrovirus infections are similar to other viral
causes of gastroenteritis, although astrovirus-associated dis-
ease is usually milder, especially in adults (8). In infants, as-
trovirus disease may require hospitalization, especially in 6- to
12-month-old babies (16); the disease may be complicated for
several weeks by a malabsorption syndrome (10). It has been
postulated that the incidence of astrovirus-associated gastro-
enteritis has been underestimated and that astrovirus infec-
tions may be one of the common infections of childhood (1,
13). This view is supported by the finding that 75% of children
between 5 and 10 years of age have antibodies to astrovirus, as
determined by immunoelectron microscopy (IEM) (7). Infec-
tions in volunteers with a prechallenge titer of antibodies to
astrovirus did not result in diarrhea, suggesting a correlation of
astrovirus-specific antibodies (as determined by IEM) with
protective immunity (10). It is unknown if humans develop

neutralizing antibodies to astrovirus, as has been demonstrated
in rabbits immunized with astroviruses 1, 3, and 5 grown in
LLCMK cells (4).

Serotyping is complicated because several antigenically dis-
tinct types of astrovirus have been identified. To date, seven
types of astrovirus have been distinguished based on IEM,
enzyme-linked immunosorbent assay (ELISA), and genomic
sequencing, but their antigenic relationships have only partially
been established by neutralization assays (3, 4, 9, 11, 12, 15).
Therefore, we developed neutralization assays for astrovirus
types 1 to 7 to study the homotypic and heterotypic immune
responses in immunized rabbits and in different age groups of
naturally infected humans. In addition, the results of typing of
field strains by neutralization assay were compared with those
of ELISA and genotyping.

MATERIALS AND METHODS

Reference reagents and sera. Astrovirus types 1 to 7 and sera from rabbits
immunized with these viruses were kindly provided by J. Kurtz (John Radcliffe
Hospital, Oxford, United Kingdom). The reference virus stocks had been pas-
saged three to six times in CaCo2 cells when used in the neutralization assay.
Human sera were obtained from an ongoing surveillance system of infectious
diseases, in which sera had been collected from a random sample of people of all
age groups living in Utrecht Province, The Netherlands, for determination of
antibodies to a wide range of microorganisms. For our study, sera were divided
on the basis of age groups: ,1 year, 1 to 4 years, and 5-year age groups from 5
through 79 years of age. Only sera that were available in sufficient quantities for
all neutralization assays were used. There were between 14 and 16 sera in each
group, with the exception of the youngest age group (,1 year) (12 sera) and the
oldest (75 to 79 years) (13 sera). A total of 242 sera were tested.

CaCo2 cell culture and neutralization assays. Cultivation of astroviruses in a
human colon carcinoma cell line, CaCo2 (ATCC HTB 37), was performed by
using a modified version of the protocol of Willcocks et al. (18). CaCo2 cells
(passage numbers 80 to 100) were plated at 3 3 106/25-cm2 flask and were
incubated in Wistar medium (WM) supplemented with 15% fetal bovine serum
(FBS), 0.2 M glutamine, 0.084% sodium bicarbonate, and antibiotics. An impor-
tant modification of the original protocol (18) was the optimal time for infection,
which was determined empirically at between 6 and 17 days postseeding, when
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cells had become confluent. Prior to infection, the monolayers were rinsed three
times with WM without FBS. Virus or stool suspensions were prepared in WM
plus 10 mg of trypsin IX (Sigma, Zwijndrecht, The Netherlands) per ml and
incubated for 1 h at 37°C, after which the inoculum was diluted with WM to a
final concentration of 3 mg of trypsin per ml and added to the cell monolayer.
After 1 h at 37°C, the inoculum was removed, and WM supplemented with 3 mg
of trypsin per ml was added. The optimal concentration of trypsin was chosen to
yield sufficient levels of released progeny virus while the cytopathic effect (CPE)
was still visible. At higher concentrations of trypsin, the monolayer was disrupted
prior to onset of CPE. The cells were incubated at 37°C until full CPE developed
(usually at day 3 or 4) and were harvested by two cycles of freeze-thawing. The
suspension was clarified by low-speed centrifugation and stored at 270°C. For
titrations, virus preparations were serially diluted (10-fold) in WM plus 10 mg of
trypsin per ml and inoculated in 10 wells per dilution in 96-well plates. The
bicarbonate concentration of WM was increased to 0.25% for use of the 96-well
plates in a CO2 incubator. Titers were expressed as the reciprocal of the highest
dilution giving CPE in 50% of the wells after 5 days (50% tissue culture infective
dose [TCID50]). For neutralization assays, 100 TCID50 of each astrovirus sero-
type was added to serial twofold dilutions of sera in triplicate wells. After a 1-h
incubation at 37°C the mixture was added to the rinsed monolayers. Following a
1-h incubation at 37°C, the inoculum was removed, and WM supplemented with
3 mg of trypsin per ml was added. The plates were monitored microscopically for
the presence of CPE daily until 1 week after inoculation and frozen at 220°C for
testing by ELISA. Neutralization titers are expressed as the reciprocal of the
highest serum dilution giving full protection. Rabbit pre- and postimmunization
sera were included in each test as controls. In addition, dilutions of serum
without virus were added to some wells to assay for toxicity of sera.

Confirmation by ELISA. To confirm the microscopic readings of the results of
the neutralization assay and virus titration assays, plates were freeze-thawed
three times, and the contents of the wells were transferred without any further
treatment to a 96-well plate for testing by ELISA. The plates had been coated
overnight at 4°C with 5 mg of the astrovirus group-specific monoclonal antibody
IG5 per ml, kindly provided by I. Sharp, Colindale, United Kingdom. Before the
culture fluids were added, the binding sites had been saturated with phosphate-
buffered saline plus 5% FBS for 1 h at 37°C, and the plates were washed three
times with phosphate-buffered saline supplemented with 0.05% Tween 20. Neg-
ative-control reactions were done in parallel in wells coated with an equivalent
amount of a monoclonal antibody to influenza virus. The monoclonals were
prepared by ammonium sulfate precipitation of ascites fluid. After a 2-h incu-
bation the cell lysates were removed, and the plates were washed again.

Hyperimmune rabbit antiserum to astrovirus serotype 1 was added as detector,
followed by horseradish peroxidase-labelled goat antibody to rabbit immuno-
globulin G (Sigma). The substrate used was tetramethylbenzidine, and plates
were read at 450 nm. Samples were considered ELISA positive when they had a
positive/negative ratio (A450 in wells coated with astrovirus monoclonal antibody/
A450 in wells coated with influenza monoclonal antibody) of 3 or higher, with a
minimal difference between positive and negative signals of 0.300.

Astrovirus typing by the neutralization test. For serotyping of astrovirus
strains, we used the neutralization assay as described above with rabbit sera as
reference reagents. A coded panel of CaCo2-adapted astrovirus isolates was
provided by the Centers for Disease Control and Prevention (CDC) (Atlanta,
Ga.) for typing. The isolates had previously been typed by immunologic and
genetic methods (15). The viruses were passaged once in CaCo2 cells, titrated to
calculate the size of the inoculum needed, and typed in the neutralization assays.
After the neutralization assays were completed, the results were sent to the CDC
and decoded.

RESULTS

Optimization of CaCo2 cell culture and neutralization as-
say. The conditions described in Materials and Methods en-
abled reading of the results of the neutralization assays and
virus titration assays by microscopically monitoring the devel-
opment of CPE. Typically, CPE started to develop at the mar-
gins of holes made in the monolayer by the incubation with
trypsin and consisted of rounding of cells, detachment of cells
from the monolayer, and clumping of detached cells. Initially,
titrations and neutralization assays were confirmed by ELISA.
Results were very similar, with occasionally slightly higher ti-
ters in virus titrations because of detection of low-level virus
yield by ELISA in individual wells that had not (yet) resulted
in visible CPE (data not shown). Therefore, in subsequent
experiments we read the neutralization assays by CPE scoring
only. All astrovirus reference strains were grown to sufficiently
high titers for use in the neutralization assay, although differ-
ences of as much as 3 log units were observed between virus
types. The minimum yield was 105.7 TCID50 per ml for astro-

virus serotype 7, and the maximum yield was 109.2 TCID50 for
astrovirus serotype 6.

Typing of reference strains with rabbit sera. Reference sera
from rabbits that had been immunized parenterally with astro-
virus serotypes 1 to 7 were assayed for levels of neutralizing
antibodies to homologous (the astrovirus serotype used for
immunization) and heterologous (the other serotypes) astro-
viruses (Table 1). The same sera had been used in an ELISA
typing system that correlates well with genotyping (15). High
levels of neutralizing antibodies were detected in sera from all
rabbits, but only to the homologous virus. A low level of cross-
reactivity was observed for astrovirus serotype 1 in astrovirus
serotype 4 reference serum, but the homologous reaction was
more than 256-fold higher. Astrovirus serotype 1 serum did not
show cross-reactivity with any virus at the lowest dilution of
serum tested (i.e., 1:40).

Typing of field strains with rabbit sera. A coded panel
consisting of 13 astrovirus isolates from different populations
and a negative-control specimen was obtained from the CDC.
The astrovirus isolates had previously been typed by ELISA
and genotyping as described elsewhere (15) and were tested in
the neutralization assay at 100 TCID50 per well, with rabbit
reference sera. The serotyping by NT was concordant with
antigenic typing by ELISA and phylogenetic grouping for all
but one sample (93%). One sample had been typed as serotype
7 by ELISA and genotyping but was not neutralized by any
of the astrovirus sera. The CPE that was observed for this
sample was different from the CPE that was observed for other
astroviruses. Further evaluation by A. Ras in the Diagnostic
Laboratory for Infectious Diseases and Perinatal Screening
(National Institute for Public Health and the Environment
[RIVM], Bilthoven, The Netherlands) revealed that the sam-
ple also contained an enterovirus (data not shown).

Seroprevalence study. The seroprevalence of neutralizing
antibodies to astrovirus serotypes 1 to 7 was determined by
using sera from a randomized cross-sectional sample of the
population of Utrecht Province. Overall, the percentage of
persons with neutralizing antibodies was highest for astrovirus
serotype 1 (91%), followed by serotype 3 (69%), serotype 4
(56%), serotype 5 (36%), serotype 2 (31%), serotype 6 (16%),
and serotype 7 (10%). The seroprevalence increased with age,
but acquisition of antibodies appeared to be slower for persons
seropositive for serotype 5 virus than for those seropositive for
serotypes 1 to 4 (Fig. 1). The difference was significant when
percentages of seropositive persons younger or older than 20
years were compared for astrovirus serotypes 1 to 4 and sero-
type 5 (chi-square test, P , 0.0001). The seroprevalence of
antibodies to serotypes 6 and 7 was too low for our analysis and
was excluded from this comparison.

In addition, we looked at levels of antibodies for the sero-

TABLE 1. Titers of (cross-)neutralizing antibodies in sera from
rabbits immunized with astrovirus serotypes 1 to 7a

Rabbit
reference

serum

Titer

ASV-1 ASV-2 ASV-3 ASV-4 ASV-5 ASV-6 ASV-7

ASV-1 20,480 ,40 ,40 ,40 ,40 ,40 ,40
ASV-2 ,40 10,240 ,40 ,40 ,40 ,40 ,40
ASV-3 ,40 ,40 2,560 ,40 ,40 ,40 ,40
ASV-4 40 ,40 ,40 10,240 ,40 ,40 ,40
ASV-5 ,40 ,40 ,40 ,40 640 ,40 ,40
ASV-6 ,40 ,40 ,40 ,40 ,40 81,920 ,40
ASV-7 ,40 ,40 ,40 ,40 ,40 ,40 2,560

a ASV, astrovirus.
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positive persons for serotypes 1 to 5 (Fig. 2). More than 50%
of sera positive for astrovirus serotype 1 antibodies had high
titers (160 or more). Similarly, almost half of the astrovirus
serotype 4-positive sera had high titers. Sera positive for as-
trovirus serotype 2 and 3 antibodies had a fairly even distribu-
tion of all titer levels. Antibodies to astrovirus serotype 5 were
present at low titers. The higher titers were found less fre-
quently in older persons but were seemingly clustered in cer-
tain age groups for antibodies to astrovirus serotype 1 (Fig. 3)
and astrovirus serotype 4. For the other serotypes of astrovirus,
only a few sera had high levels of antibodies, and they were not
clustered as clearly as for astrovirus serotypes 1 and 4. High
levels of antibodies to astrovirus serotype 5 were never found
in the younger age groups.

FIG. 1. Age-stratified seroprevalence (percentage of sera tested per age group) of neutralizing antibodies to astrovirus serotypes 1 to 7.

FIG. 2. Fraction of positive sera per titer level for astrovirus serotypes 1 to
5.
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Cross-reactivity in human sera. We tried to examine
whether sera from humans had cross-reactive neutralizing an-
tibodies by calculating Spearman rank order correlations for
all possible combinations of antibody serotypes (Table 2). The
underlying assumption was that—if neutralizing antibodies
were cross-reactive—there would be a positive correlation be-
tween the level (titer) of antibody against one astrovirus sero-
type and the titer of antibody against the heterologous astro-
virus. For these calculations, samples with titers 160 or higher
(i.e., the maximal serum dilution that was tested) were ex-
cluded since they bias the data set; a cumulation of samples is
seen at a single point (160), which does not reflect the true
situation (sera with a range of titers). Including these sera in
the analysis would artificially create a (false) correlation. An
insufficient number of samples were available for calculation of
the correlation coefficient between serotypes 1 and 7 and be-
tween serotypes 6 and 7 (NA in Table 2). No significant cor-
relations were found for any of the virus combinations tested.

DISCUSSION

Astroviruses have been classified into seven distinct anti-
genic groups by IEM, immunofluorescence testing, ELISA,
and genotyping, but it remains unclear if the groups are true
serotypes (3, 9, 11, 12, 15). By definition, for a true serotype,

the homologous/heterologous neutralization titer ratio should
be higher than 16 (2). By this criterion, based on our results all
seven previously distinguished types of human astrovirus can
be considered true serotypes. This confirms and extends earlier
findings by Hudson et al. (4), who obtained the same results for
astrovirus serotypes 1, 2, and 5 by plaque reduction neutral-
ization assay. Hudson et al. (4) found a high level of cross-
reactivity in rabbit reference serum 5 with astrovirus serotype
2, whereas we found low levels of cross-neutralizing antibodies
in hyperimmune serum for astrovirus serotype 4 with astrovirus
serotype 1. The reason for this discrepancy remains unclear.
Low levels of neutralization of a heterologous astrovirus, as we
observed, may be caused by steric hindrance, since high levels
of nonneutralizing cross-reactive antibodies have been de-
tected in the same rabbit sera by ELISA (3, 4). Hudson et al.
(4) used less-stringent cutoff criteria for neutralization (80%
reduction in plaque assay against 75 to 100 PFU) than we did
(complete neutralization of 100 TCID50), which may explain
slight differences in neutralization, especially at low titers.

We tested 242 sera from humans for the presence of neu-
tralizing antibodies to astrovirus serotypes 1 to 7 and looked
for associations between test results to determine whether
cross-reactivity occurred in humans naturally infected with as-
trovirus. We found no evidence of cross-reactivity. However,
with the present serum collection, we were not able to distin-

FIG. 3. Age-stratified distribution (fraction of astrovirus-positive sera per group) of high (.160) and low (520) titers of antibody to astrovirus serotype 1.

TABLE 2. Correlations for pairs of antibodies to astrovirus in sera from humans

Antibody
Correlation coefficient (and P value)

ASV-2 ASV-3 ASV-4 ASV-5 ASV-6 ASV-7

ASV-1 20.25 (0.28) 0.14 (0.28) 0.11 (0.56) 20.08 (0.62) 20.33 (0.17) NAa

ASV-2 20.29 (0.09) 20.19 (0.36) 0.002 (0.99) 0.14 (0.66) 0.57 (0.11)
ASV-3 0.22 (0.17) 0.05 (0.71) 20.34 (0.14) 20.08 (0.76)
ASV-4 0.12 (0.52) 0.18 (0.56) 0.13 (0.75)
ASV-5 20.32 (0.21) 20.29 (0.34)
ASV-6 NA

a NA, not applicable due to insufficient number of samples.
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guish primary from secondary infections. It is conceivable that
repeated infections may boost heterologous neutralizing anti-
body titers, since low levels of cross-reactivity were found in
the reference rabbit sera (4). Such repeat infections may not be
common, as most high antibody titers were found in associa-
tion with the youngest age groups; typically, with repeat infec-
tion with viruses of the same serotype, one would expect
booster responses and an increase in the prevalence of high
antibody titers with age. It would be interesting to test pre- and
postinfection sera from volunteers to determine whether the
presence of preexisting neutralizing antibodies is correlated
with protection from infection. Experimental infections of
adult volunteers with preexisting antibodies, as determined by
ELISA, resulted in mild disease or asymptomatic infection (8).

When virus neutralization assays were used, all but one of
the samples from a coded panel of field strains were typed in
agreement with the results of ELISA and genotyping (15). In
the ELISA, the same Oxford rabbit reference sera that we
tested in our assays were used. Previous attempts of strain
typing by ELISA resulted in high levels of cross-reactivity when
rabbit sera were used as detector antibody (3). The astrovirus
typing ELISA uses the rabbit sera as capture antibodies, which
might explain the different results: the use of serum as a cap-
ture antibody may require higher-affinity binding than use as a
detector, thus increasing the stringency of the assay. Alterna-
tively, nonspecific binding of the viruses may result in confor-
mation changes of viral epitopes. Whatever the mechanism is,
the results of the recently described typing ELISA (15) corre-
lated well with our typing by virus neutralization assays and
may be useful for future studies.

The correlation between typing by neutralization assay and
genotyping of the capsid region may be fortuitous, although it
suggests that this region contains at least one important neu-
tralizing epitope. It has been shown that astroviruses of sero-
type 1 in this region of the capsid gene exhibit as much as 7%
nucleotide sequence divergence over a 15-year period, which
might be expected for a genomic region coding for proteins
that are under immune pressure for a highly prevalent virus
(16). Arguing against this hypothesis is the fact that codon
changes were not found in the study (16). Recently, a neutral-
izing monoclonal antibody against astrovirus serotype 2 has
been described (17). Characterization of neutralization escape
mutants may help to resolve the viral epitopes that induce
neutralizing antibodies.

We found substantial differences in seroprevalence for the
different astrovirus serotypes. Our data suggest that astrovirus
serotype 1 is most prevalent, followed by serotypes 3 and 4
(intermediate prevalence, 50 to 70%), serotypes 2 and 5 (low
prevalence, 30 to 40%), and serotypes 6 and 7 (very low prev-
alence, 10 to 20%). We have insufficient virologic data to study
the correlation with virus typing for The Netherlands, but our
data are consistent with findings elsewhere. Kriston et al. (6)
found a high seroprevalence (90%) for astrovirus serotype 1 by
the immunofluorescence test and a low seroprevalence for
astrovirus serotype 6 (10 to 30%). Several investigators have
found predominantly astrovirus serotype 1, with a few percent
astrovirus serotypes 2, 3, and 4, and rarely serotypes 5, 6, and
7 (9, 11, 12, 14, 15). Noel and Cubitt (14) found a distribution
of serotypes in the United Kingdom that would match our
seroprevalence data (86% for serotype 1, 1% for serotype 2,
8% for serotype 3, and 6% for serotype 4). In a smaller survey,
Willcocks et al. (18) found a predominance of astrovirus sero-
type 1 strains in one year but predominantly serotype 4 strains
in another year. They showed that most infections occurred in
young children, a finding similar to our data for serotypes 1 to
4. The different seroprevalence of serotype 5 antibodies has to

our knowledge not previously been reported and, if confirmed,
suggests a difference in the epidemiology of astrovirus serotype
5.

In conclusion, we found that astrovirus infections are quite
common in The Netherlands, especially with astrovirus sero-
type 1. Astrovirus infections induce serotype-specific neutral-
izing antibodies in humans of all age groups, and these anti-
bodies may persist for a prolonged period. The seroprevalence
of antibodies to astrovirus serotype 5 suggests that the epide-
miology of serotype 5 is different from that of astrovirus sero-
types 1 to 4.
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