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Mutations which positively affect growth of hepatitis A virus in cell culture may negatively affect growth in
vivo. Therefore, development of an attenuated vaccine for hepatitis A may require a careful balancing of
mutations to produce a virus that will grow efficiently in cells suitable for vaccine production and still maintain
a satisfactory level of attenuation in vivo. Since such a balance could be achieved most directly by genetic
engineering, we are analyzing mutations that accumulated during serial passage of the HM-175 strain of
hepatitis A virus in MRC-5 cell cultures in order to determine the relative importance of the mutations for
growth in MRC-5 cells and for attenuation in susceptible primates. Chimeric viral genomes of the HM-175
strain were constructed from cDNA clones derived from a virulent virus and from two attenuated viruses
adapted to growth in African green monkey kidney (AGMK) and MRC-5 cells, respectively. Viruses encoded
by these chimeric genomes were recovered by in vitro or in vivo transfection and assessed for their ability to
grow in cultured MRC-5 cells or to cause hepatitis in primates (tamarins). The only MRC-5-specific mutations
that substantially increased the efficiency of growth in MRC-5 cells were a group of four mutations in the 5*
noncoding (NC) region. These 5* NC mutations and a separate group of 5* NC mutations that accumulated
during earlier passages of the HM-175 virus in primary AGMK cells appeared, independently and additively,
to result in decreased biochemical evidence of hepatitis in tamarins. However, neither group of 5* NC
mutations had a demonstrable effect on the extent of virus excretion or liver pathology in these animals.

Hepatitis A virus (HAV) is endemic in many developing
countries and continues to be a problem in some developed
countries. In recent years in the United States, hepatitis A has
accounted for as many as 50% of the cases of viral hepatitis
reported to the Centers for Disease Control and Prevention
(4), and the seroprevalence of antibody to hepatitis A was
recently reported to be as high as 38.2% in the general popu-
lation (36). Since infection with HAV results in considerably
more morbidity in adults than in children, countries in which
the socioeconomic standards (and therefore the average age of
exposure to HAV) have risen are now observing more clinical
hepatitis A. Therefore, the need for a safe and effective hep-
atitis A vaccine is evident. Although a formalin-inactivated
hepatitis A vaccine has been licensed in the United States and
is widely used in Europe, at least two doses of inactivated
vaccine are required for long-lasting protection (29, 39). A live
attenuated vaccine could potentially require only one dose,
thereby decreasing the cost of administration and increasing
long-term vaccine efficacy. Such a vaccine would be particularly
important for regions in which the cost and delivery of vaccines
pose impediments to their use.
Wild-type HAV grows very inefficiently in cell culture, and

virus adapted to growth in one type of cultured cells may not
grow efficiently in another type. Serial passage of HAV in cell
culture has selected for variants that grow reasonably effi-
ciently in cell lines suitable for vaccine production (1, 30).
However, these variants were inadequately immunogenic in
tamarins, chimpanzees, and/or humans (28, 30, 37), suggesting
that some of the same mutations that promote growth in these
cells may also attenuate the virus. Our goal is to use the

information obtained from a systematic analysis of the HM175
strain of virus to engineer genetically a virus that is appropri-
ately attenuated for vaccine use and that grows efficiently in
MRC-5 cells, a licensed substrate for vaccine production.
In order to produce an HAV which grows efficiently in cell

culture (Fig. 1), the wild-type HM175 virus was serially pas-
saged in primary African green monkey kidney (AGMK) cells
(10) (Fig. 1). The virus isolated after 32 passages is immuno-
genic without causing significant liver enzyme elevations in
tamarins and chimpanzees (25), and it grows efficiently in
AGMK cells (6). A full-length cDNA clone, pHAV/7 (7), was
derived from passage 35 AGMK-adapted virus (Fig. 1). The
virus encoded by this cDNA has 21 nucleotide changes com-
pared with the wild-type HM175 virus (8) (Fig. 2) and in cell
culture (18) and in animals (5) has characteristics similar to
those of the passage 32 virus (Fig. 1). Neither the plasmid-
derived virus nor the passage 32 virus grew efficiently in
MRC-5 cells (17, 18). Therefore, the AGMK-adapted virus
was serially passaged in MRC-5 cells to adapt the virus to
growth in these cells. After nine passages, the MRC-5/9 virus,
which grows efficiently in MRC-5 cells, was isolated (12).
During passage in MRC-5 cells, the virus acquired 13 new

mutations and retained 20 AGMK-specific mutations (Fig. 2).
In the presence of the AGMK-specific mutations, a cluster of
four mutations in the 59 noncoding (NC) region (bases 591,
646, 669, and 687) (Fig. 2) was shown to increase greatly the
efficiency of growth in the MRC-5 cells (18). In addition, new
MRC-5-specific mutations in the 2B-2C region and a cluster of
mutations acquired in the 59 NC region during passage in
AGMK cells (bases 124, 131 to 134, 152, and 203) (Fig. 2) were
found to increase the efficiency of growth in MRC-5 cells, but
only when combined with the MRC-5-specific cluster of 59 NC
mutations (18). Studies of HAV growth in fetal rhesus kidney* Corresponding author.
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4 (FRhK-4) cells previously demonstrated that a few mutations
which had a major impact on growth could be functionally
replaced by a large number of mutations which individually
had only a small impact (14). Therefore, although the MRC-
5-specific mutations in the 59 NC region are important, it is
unclear whether MRC-5-specific mutations elsewhere in the
genome can substitute for the 59 NC mutations or whether
these 59 NC mutations are essential for growth in MRC-5 cells.
It is important to know which mutations are absolutely re-

quired for growth in MRC-5 cells because when the MRC-5/9
virus was tested as a live vaccine, seroconversion was not ob-
served in some of the tamarins, chimpanzees (31), and humans
(37) studied. Since the AGMK-adapted progenitor virus was
sufficiently immunogenic as a live vaccine, some of the muta-
tions acquired during passage in MRC-5 cells must have con-
tributed to the low immunogenicity of the MRC-5/9 live virus.
If the same mutations were responsible for growth in MRC-5
cells and for diminished immunogenicity, it would not be pos-
sible to produce an attenuated vaccine with this system. There-
fore, it is also necessary to determine whether mutations which
are required for propagation in cell culture affect virulence.
The tamarin Saguinus mystax has been used in many animal
studies (15, 25) because of previous work demonstrating the
virulence of wild-type HAV in these animals (26) and because
of their availability. Because wild-type HAV grows extremely
slowly in cell culture (16), may mutate in the process, and
sometimes cannot be recovered, it has been difficult to test in
animals the virulence phenotype of virus amplified in tissue
culture. Therefore, an important advancement for studying the
virulence of mutant viruses was achieved with the successful
infection of tamarins by direct intrahepatic inoculation of
cDNA and transcribed RNA genomes of p8Y, which encoded
a virus that differed from the wild type by a single mutation
that permitted consistent recovery of the virus in cell culture
but had no discernible effect on the virulence phenotype (15).
In the current study, chimeric viruses were constructed to

evaluate the extent to which various mutations were important
for growth in MRC-5 cells. Mutations determined to be critical
for growth were then substituted into a cDNA clone (p8Y)
encoding a virulent virus, and their effects on virulence in
tamarins were tested.

MATERIALS AND METHODS

Cells. Since the continuous cell line of FRhK-4 cells was permissive for all
viruses studied, these cells were used in most experiments as a positive control

(18). A particularly robust subclone (11-1) of the FRhK-4 cell line was used in
radioimmunofocus assays (RIFA). MRC-5 cells (ATCC CCL 171) were obtained
from the American Type Culture Collection (Rockville, Md.). All cells were
maintained in Dulbecco modified Eagle’s medium supplemented with 10% fetal
calf serum, nonessential amino acids, glutamine, 50 mg of gentamicin sulfate per
ml, and 2.5 mg of amphotericin B (Fungizone) per ml (10% Dulbecco modified
Eagle’s medium). After treatment with trypsin, MRC-5 cells were split 1:2 or 1:3
and FRhK cells were split 1:2 to 1:10.
cDNA clones and in vitro transcription. Three infectious cDNA clones in

pGEM1 (Promega Corporation, Madison, Wis.) were used as the basis for new
chimeric viruses: an infectious cDNA clone which encodes an attenuated virus
adapted to efficient growth in AGMK cells (pHAV/7) (7), one which encodes a
virulent virus which can be consistently recovered in cell culture (p8Y) (15), and
one which represents most of the genome of the MRC-5-adapted virus (pMR8),
constructed by sequential replacement of pHAV/7 restriction fragments with
those generated by reverse transcription-PCR (RT-PCR) amplification of the
MRC-5/9 virus genome (Fig. 1). Figure 2 identifies the 15 nucleotide changes
that differentiate pHAV/7 from pMR8. The pHAV/7, p8Y, and pMR8 clones
were used to construct additional chimeric infectious full-length cDNA clones
(Fig. 3). After transformation of Escherichia coli with full-length cDNA clones,
the plasmid cDNA was purified either by alkaline lysis and CsCl density gradients
or with the Magic Maxipreps DNA purification system kit (Promega Corpora-
tion). The nucleotide sequences of all chimeric clones were determined at re-
striction enzyme sites used in cloning and at selected sites to confirm that the
MRC-5/9-derived insert contained the expected MRC-5-specific mutation(s).
The cDNA clones and PCR products were sequenced with the Applied Biosys-
tems 373A automated DNA sequencer and a modified Sanger method. All
mutations newly identified in this study were confirmed with the Sequenase
version 2.0 DNA sequencing kit (U.S. Biochemical Corporation, Cleveland,
Ohio) in accordance with the manufacturer’s instructions. In vitro transcription
from the Sp6 promoter of pGEM1 was performed to produce RNA for trans-
fection (18).
In vitro and in vivo transfection. FRhK-4 cells were transfected by the DEAE-

dextran method as previously described (18). Transfection of at least two sister
clones was performed to confirm the phenotype. In vivo transfection of tamarins
with a mixture of cDNA and transcribed RNA was performed by laparotomy
with direct injection of the liver as previously described (15). One clone of each
mutant cDNA was tested by inoculation of two animals with equal aliquots of the
same transfection mixture. Full-length clones were transcribed in vitro by using
10 mg of DNA in each of two identical 100-ml transcription reaction mixtures, as
previously described (15). These two reaction mixtures were combined and
diluted in phosphate-buffered saline without calcium or magnesium. The final
mixture was then divided into two equal aliquots, frozen on dry ice, and stored
overnight at 2808C.
Growth curves. Growth curves of virus in MRC-5 and FRhK-4 cells were

performed as previously described (18), except that cells were grown in 96-well
plates and were inoculated with virus at a multiplicity of infection of 6 radioim-
munofocus-forming units per cell. Since previous experience growing HAV in
FRhK-4 cells suggested that the vast majority of the virus was cell associated
(17), in initial experiments the medium was discarded. However, subsequent
experiments showed that although the proportion of cell-associated virus did not
vary significantly from one mutant virus to another, up to 30 to 50% of infectious
virus was released from the MRC-5 cells. Thereafter, cell-associated and free
virus were combined to estimate total virus. In order to keep the number of
samples at a manageable level, duplicate determinations were not performed
within experiments, but rather complete experiments were repeated at least twice
with at least two sister clones to confirm the growth phenotype.
Virus quantification. Slot blot hybridization was used to quantify viral RNA.

Cells and/or media were extracted either with Trizol reagent (Gibco BRL,
Gaithersburg, Md.) as instructed by the manufacturer or with phenol after
proteinase K digestion (5). Viral RNA blotted onto a nitrocellulose membrane
was probed with a 32P-labeled negative-strand RNA probe as described previ-
ously (18). When nylon membranes were used, the blot was probed with nega-
tive-strand RNA labeled with digitoxin by using the Genius System, version 2.0
(Boehringer Mannheim Biochemicals, Indianapolis, Ind.), and signal was de-
tected by chemiluminescence as instructed by the manufacturer. Autoradio-
graphs were scanned with a model 620 densitometer equipped with the 1D
Analyst software package (Bio-Rad Laboratories, Richmond, Calif.). Since slot
blot hybridization measures the number of RNA genomes rather than the num-
ber of infectious particles, a RIFA was also performed to confirm the relative
growth characteristics of every pair of viruses compared by slot blot hybridiza-
tion. The RIFA was additionally able to quantify virus at early time points, when
the virus concentration was below the level of detection of the slot blot. Har-
vested virus stocks were quantified by RIFA performed in FRhK-4 (subclone
11-1) cells as previously described (18). A RIFA to estimate focus size in MRC-5
cells was performed in the same manner as that in subclone 11-1 cells, except that
an additional 5 ml of agarose overlay was added after 5 days of incubation.
Housing and maintenance of tamarins. Primates were individually housed

under biosafety level biohazard containment. The housing, maintenance, and
care of the animals met or exceeded all requirements for primate husbandry.
Monitoring of tamarins. Weekly serum samples were tested for alanine ami-

notransferase (ALT) and isocitrate dehydrogenase (ICD) levels by standard

FIG. 1. Viruses and cDNA clones used in this study: virus passage history
and phenotypes. Wild-type HM175 virus was previously cloned as cDNA (8), and
a derivative infectious clone, p8Y (15), is used in the current study as a virulent
control. Wild-type HM175 virus passaged 32 times in AGMK cells (25) was
further passaged to provide the derivative cDNA clone from the AGMK passage
35 virus, pHAV/7 (7), or the MRC-5 cell passage 9 virus, MRC-5/9 (18), and its
derivative cDNA clone, pMR8.
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methods (Metpath, Rockville, Md.) and for seroconversion to anti-HAV posi-
tivity with the HAVAB commercial assay kit (Abbott Laboratories, North Chi-
cago, Ill.). Needle liver biopsies were performed prior to inoculation and on a
weekly basis except for the first week. After standard processing and staining with
hematoxylin and eosin, histopathology was evaluated under code by one of the
authors (S.G.). Specimens were graded on an arbitrary scale of 0 to 41, with 0
representing normal liver histology and 41 representing severe hepatitis. Less
severe histologic changes included evidence of periportal inflammation with
lymphocytosis and/or monocytosis. Moderate to severe changes included exten-
sion of inflammation into the parenchyma with or without hepatocytolysis. Se-
vere changes included extension of inflammation from one portal tract to the
next (26).
Feces were collected weekly and stored at 2208C. Ten percent (wt/vol) fecal

suspensions were prepared as previously described (15), except that phosphate-
buffered saline without magnesium or calcium was used to prepare the suspen-
sion. Virus in feces was quantified by RIFA with subclone 11-1 cells as previously
described (18), with the following modifications: the coverslips were not har-
vested until day 21 after inoculation, 0.1 mg of neomycin (G418; Gibco BRL) per
ml was added to the agar overlay, and an extra 2.5 ml of agar overlay was added
on days 7 and 14 after inoculation. Since the MR8 virus grew faster in cell culture
than did all the other molecularly cloned viruses, RIFA cultures inoculated with
stools of animals that received this viral construct were harvested on day 10. The
peak titer of excreted virus was determined in duplicate, and the results were
averaged. In several samples, RIFA was unsuccessful because bacteria in the
feces were not inhibited by the antibiotics and destroyed the cells. In those cases,
slot blot hybridization of a fecal extract was used to estimate the number of viral
genomes. For this purpose, fecal extractions were performed by the proteinase K
method (see above), and 150 ml of extract was blotted onto the nitrocellulose

membrane. A preinoculation sample from the same animal served as a negative
control. Samples were collected and tested weekly until the virus was no longer
detected in the stool. Stools from the animals that were infected with the MR8
virus were also assayed for virus by RT-PCR. RT-PCR was performed on stools
obtained at or near the peak of virus excretion as determined by RIFA. Primers
for PCR amplified the 59 NC region or the VP1 region.

RESULTS
Growth characteristics of MR8 virus. The MR8 virus, which

was encoded by a cDNA plasmid containing most of the MRC-
5-specific mutations, was compared with the AGMK-cell-
adapted virus (HAV/7) and to the MRC-5-cell-adapted virus
(MRC-5/9) for growth in cell culture. Samples collected at
various time points on 7-day growth curves of the three viruses
in MRC-5 cells were assayed by RIFA. The MRC-5/9 and
MR8 viruses both increased in titer by a factor of 102.5 to 103.0

in the MRC-5 cells, whereas growth of HAV/7 was not de-
tected over the same time period (Fig. 4). Radioimmunofocus
sizes of the MRC-5/9 and MR8 viruses were compared in
MRC-5 and FRhK-4 subclone 11-1 cells. Both the MRC-5/9
virus and the MR8 virus produced a greater average radioim-
munofocus size in MRC-5 cells than in 11-1 cells. However, in
MRC-5 cells, the MR8 virus had a somewhat smaller focus size

FIG. 2. Map of mutations which distinguish pHAV/7 from wild-type HM175 virus, MRC-5/9 virus from pHAV/7, and pMR8 from MRC-5/9 virus. The boundaries
between genes VP1, 2A, and 2B are derived from recently available data on functional cleavage sites (33). A vertical line signifies a mutation which is not in the
comparison virus, while a broken line signifies a mutation which is present in the comparison virus but is absent from the virus indicated. A silent mutation in the coding
region of the genome is indicated by a line with an asterisk. A missense mutation is indicated by a line with the amino acid change written above it. A silent mutation
at base 6383 in the 3D gene of pMR8 is not present in the MRC-5/9 virus and is presumed to be an artifact of PCR. Mutations at bases 7255 and 7430 are present
in MRC-5/9 but not in pMR8. Two of the mutations present in the passage 35 AGMK-adapted virus (at bases 7032 and 7430) are not present in pHAV/7. The absence
of mutations 3196 and 4563 in the 2A and 2C genes, respectively, of the MRC-5/9 virus most likely represents back mutations in the MRC-5/9 virus that occurred during
passage in MRC-5 cells, since these mutations are present in the RT-PCR-amplified product of the progenitor passage 32 AGMK-adapted virus (17). The mutation
at base 3934 resulting in a lysine-to-arginine amino acid change in the 2B region of the MRC-5/9 virus was previously reported incorrectly (18) to be a silent mutation.
Mutations at bases 2864 in VP1 and 6216 in 3D, which were previously reported (18) to have occurred during passage in MRC-5 cells, were present in some of the
wild-type HM175 clones (6, 8) and are both present in the RT-PCR-amplified product of the progenitor passage 32 AGMK-adapted virus (17).
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than did the MRC-5/9 virus (Fig. 5). Therefore, the compara-
tive RIFA assays detected subtle differences between the MR8
and MRC-5/9 viruses that were not obvious from the growth
curves. The presence of the MRC-5-specific mutation at base
7255 in 3D and the AGMK-specific mutation at base 7430 in
the 39 NC region in the MRC-5/9 virus but not in the MR8
virus, the differences in the lengths of the termini (9, 22), or the
presence of the silent mutation at base 6383 in the MR8 virus
but not in the MRC-5/9 virus (see the legend to Fig. 2) most
likely accounts for the small differences noted.
5* NC mutations are more important than coding mutations

for efficient growth in MRC-5 cells.Whereas the chimera con-
taining MRC-5-specific mutations only in the 59 and 2C regions
(MR3) grows relatively efficiently in MRC-5 cells, the MRC-
5/9 virus grows significantly better in these cells (18). The MR8
virus, which contained 12 of the 13 MRC-5-specific mutations
(including mutations in 2A, 2BC, 3A, 3C, and 3D), appeared to
grow much more like the MRC-5/9 virus (Fig. 4) than like the
MR3 virus (data not shown), suggesting that MRC-5-specific
mutations outside of the 59 NC and 2C regions of the genome
were contributing to the efficiency of growth. In order to test
this hypothesis, chimeras identical at all nucleotide sites except
the site(s) of interest (Fig. 3) were compared in multiple
growth curve experiments. Virus replication was quantified at
two to six time points per growth curve by slot blot hybridiza-
tion. Tabulations from multiple experiments included assess-
ment of the hierarchy of growth at each time point and the
mean log10 increase in RNA accumulation over the entire time
course of each experiment.

The effect of the MRC-5-specific mutations in the P3 region
on growth was tested by comparing growth of the MRC-5/9
virus to that of chimeras which contained the P3 mutations in
the absence (MR4) or presence (MR5) of the 59 NC muta-
tions. Viruses were inoculated onto MRC-5 cells, and growth
was assayed by slot blot hybridization. Only the MRC-5/9 virus
and the MR5 chimera, which had the MRC-5-specific 59 NC
mutations, were able to replicate sufficiently well to produce a
signal (Fig. 6A), and the MR5 chimera with the 59 NC and P3
mutations still grew less efficiently than the MRC-5/9 virus.
Since analysis of multiple growth curves suggested that the
MR5 virus grew with an efficiency similar to that of MR1 (with
only the 59 NC mutations), the P3 mutations assayed appeared
to have little independent effect on growth and certainly could
not substitute for the 59 NC MRC-5-specific mutations. We
then examined other MRC-5-specific mutations in the open
reading frame for their effect on growth. The MRC-5-specific
mutations in 2C [MR2 versus HAV/7, MR1 versus MR3, or
MR8 versus MR8(D2C)], 2AB (MR6 versus MR7), or VP1
(MR8 versus MR7) had no significant incremental effect on
growth efficiency in MRC-5 cells, since chimeras containing the
region of interest grew no better than chimeras lacking that
region.
Since there were clearly mutations outside the 59 NC region

contributing to growth efficiency (Fig. 6A), but small sets of
mutations in the open reading frame appeared to have little
effect on growth, we hypothesized that mutations in multiple
genes in the open reading frame must be combined in order to
have a significant effect on growth efficiency. Therefore, to

FIG. 3. Genomic diagrams of viruses studied. Regions of the genomes derived from the cDNA clones pHAV/7 (open bar) and pWT HM175 (solid bar) and from
RT-PCR fragments amplified from the MRC-5/9 virus (shaded bar) are indicated.
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determine whether MRC-5-specific mutations in the open
reading frame could collectively replace the function of the
mutations in the 59 NC region, we removed the four 59 NC
mutations from the MR8 clone to produce MR8(D59) (Fig. 3).
Growth curves for this chimeric virus and MR8 virus, per-
formed in MRC-5 cells and in FRhK-4 cells (a permissive
control cell line), were compared, and samples obtained at
various time points were assayed by slot blot hybridization
(Fig. 6B). Although removal of the MRC-5-specific 59 NC
mutations led to a slight decrease in growth, both viruses still
grew efficiently in the FRhK-4 cells. In contrast, whereas
growth of the MR8 virus was comparable in FRhK-4 and
MRC-5 cells, growth in MRC-5 cells was dramatically reduced
by removal of the 59 NC mutations. These data demonstrated
that the sum contribution of mutations in the open reading
frame to growth in MRC-5 cells was much less than that of the
59 NC mutations. In combination with the above data on the
lack of incremental effects of mutations in VP1, 2AB, 2C, and
P3, these data furthermore suggested that the growth of the
MR8(D59) virus in MRC-5 cells (Fig. 6B) was most likely due
to the cumulative action of multiple genes.
Effect of the 5* NC mutations on virulence in tamarins.

From the in vitro growth data, it was clear that an MRC-5-
adapted live HAV vaccine would have to include some or all of
the mutations in the 59 NC region of the MRC-5/9 virus in
order to make production practical. Since the MRC-5/9 virus
was significantly less immunogenic than its progenitor (31),
some or all of the mutations acquired during adaptation to
growth in MRC-5 cells may have been responsible and might
have to be eliminated to produce a virus with the proper
balance between attenuation and virulence. The most critical
question, then, was whether the 59 mutations required for
efficient growth in MRC-5 cells were also responsible for the
increase in attenuation after passage in MRC-5 cells or
whether the two phenotypes could be dissociated. Since both
the AGMK-specific and MRC-5-specific mutations in the 59
NC region enhance the efficiency of growth in MRC-5 cells
(18), we analyzed the effect of the two groups of mutations,
individually and together, on the virulence phenotype.
In order to weight the duration as well as the degree of

elevation of biochemical parameters of hepatitis, virus excre-
tion, and histopathology scores, each was summed to produce
a comprehensive measure of biological response (Table 1).
ALT and ICD enzymes displayed similar patterns of elevation
(Fig. 7); therefore, for simplicity, only one biochemical param-
eter (ICD) is discussed here. For each animal, the geometric
mean titer of five preinoculation ICD levels was compared with
the peak postinoculation level (Table 1). The ICD levels dur-
ing the period of viral excretion were also summed as a mea-
sure of the cumulative biochemical response during the pre-
sumed period of active hepatitis, and the geometric mean for
each pair of animals was determined.
The substitution of the AGMK-specific, the MRC-5-specific,

or the AGMK- and MRC-5-specific 59 NC mutations into the
background of the 8Y virulent genome decreased biochemical
evidence of hepatitis in tamarins infected with the respective
viruses compared with those infected with 8Y (Fig. 7; Table 1).
The geometric means of the preinoculation ICD levels were

FIG. 4. Growth curves generated in MRC-5 cells. Values at each time point represent virus titer (log10 radioimmunofocus-forming units [RFU] per milliliter) as
quantified by RIFA. Biologically cloned MRC-5/9 virus (E) was compared with cDNA-cloned, rescued viruses MR8 (■) and HAV/7 (h). Total virus was plotted as
the sum of the titers of free and cell-associated virus.

FIG. 5. Autoradiograms showing radioimmunofocus sizes of the MR8 and
MRC-5/9 viruses in MRC-5 and 11-1 cells.
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similar among all the animals (Table 1). The peak ICD level of
one animal that received the 8Y genome was threefold higher
than that of the second animal that received the same inocu-
lation. However, their cumulative ICD levels differed by only
1.5-fold, reflecting the fact that whereas animal 682 had a very
high peak elevation, animal 641 displayed a more moderate
but prolonged peak elevation (15). The tamarins that received
the 8Y genome modified to include one or the other set of 59
NC mutations had cumulative ICD levels that were similar to
each other but were 1.5 to 3 times lower than those in the
animals receiving the 8Y genome itself. The two animals that
received the 8Y genome modified to contain both sets of 59NC

mutations displayed even lower cumulative ICD levels, but
they were still higher than those of the animals that received
the MR8 genome. This trend of decreasing cumulative ICDs
was confirmed by comparing the geometric mean titers for
each pair of animals in the study. The geometric mean cumu-
lative ICD levels (4

3 standard deviations of the means) of
animals that received wild-type 8Y RNA (21,530 4

3 1.3 U/ml)
were greater than those of animals that received RNA con-
taining only one group [8Y(AG 59)] or the other [8Y(MR 59)]
of mutations in the 59 NC region (geometric mean cumulative
ICD, 9,890 4

3 1.2 U/ml and 10,634 4
3 1.1 U/ml, respectively),

which were greater than those of animals that received RNA

FIG. 6. (A) Growth curves generated in MRC-5 cells. Cell-associated virus was harvested, and total viral genomic RNA was quantified by slot blot. The y axis
represents peak area in optical density in millimeters (see reference 18, Fig. 3), determined by densitometry of autoradiograph. (B) Autoradiograms of slot blot
hybridization assays of growth curve samples of chimeric HAVs in MRC-5 cells and FRhK-4 cells. Cell-associated and free virus were harvested together at the indicated
intervals, and virus RNA was quantified by slot blot hybridization with a 32P-labeled negative-strand RNA probe. The bar diagram represents the viral genome, with
the shaded bars representing MRC-5/9 sequences and the white bars representing HAV/7 sequences.

TABLE 1. Biochemical, immunologic, virologic, and histopathological responses of 10 tamarins to intrahepatic
inoculation of mutant HAV genomes

Virus Tamarin
number

ICD concn (sigma U/ml) Cumulative virus
excreted in stool
(RFU/g of stool)c

Cumulative liver
histopathology

scored
Week of sero-
conversionPreinoculation

geometric meana Peak Cumulative during
virus excretionb

8Y 641 1,034 5,041 17,477 1.4 3 108 (6) 111 6
682 820 15,159 26,523 6.6 3 107 (5) 71 5

8Y(AG59) 775 433 4,618 11,579 3.2 3 108 (6) 10.51 3
776 627 6,094 8,448 1.5 3 106 (3) 3.51 4

8Y(MR59) 780 1,012 6,860 11,551 3.4 3 107 (5) 41 4
781 534 4,329 9,790 7.2 3 107 (4) 6.51 4

8Y(AG/MR59) 778 554 3,164 5,143 1.7 3 108 (4) 201 4
779 630 2,897 6,039 3.8 3 107 (4) 8.51 3

MR8 795 772 1,156 3,363 2.8 3 105 (4) 0 7
796 666 1,107 1,699 8.0 3 105 (3) 0 23

a The values are geometric means of the data for five preinoculation serum samples.
b The values are the sums of ICD levels obtained during the period in which virus was recovered from the stools by RIFA.
c The values are the sums of the radioimmunofocus-forming units (RFU) per gram of feces isolated from weekly stool samples from the time of inoculation until

the first negative virus culture was obtained, as detected by RIFA. The values in parentheses are the total numbers of weeks of virus excretion.
d The values given are the sums of all histopathology scores from weekly liver biopsies (rated on a scale of 0 to 41) through week 12 postinoculation (with the

exception of tamarin number 641, who died after 9 weeks). Since many animals had baseline scores of 11, only scores over 11 were included in the cumulative scores.

VOL. 70, 1996 HEPATITIS A VIRUS VACCINE DEVELOPMENT 7953



containing both groups [8Y(AG/MR 59)] of mutations (5,573 4
3

1.1 U/ml), which were greater than those of animals that re-
ceived the attenuated MR8 genome (2,390 4

3 1.6 U/ml).
Despite the apparent effect of the 59 NC mutations on levels

of liver enzymes in serum, other measures of hepatitis were not
obviously affected by the presence of these mutations alone. A
correlation was not found between cumulative virus excretion
or the length, the peak quantity, or the timing of virus excre-
tion with the presence or absence of 59 NC mutations in the
virulent background. All animals that were inoculated with
RNA of a virulent background showed significant histopatho-
logical evidence of hepatitis (Fig. 7; Table 1), though the extent

and duration varied. We did not detect a correlation between
histopathology and the presence or absence of the 59 NC mu-
tations.
In contrast, the two animals that were inoculated with MR8

RNA had normal liver histology. Whereas animal number 795
seroconverted 7 weeks after transfection with MR8 RNA, an-
imal number 796 seroconverted after 23 weeks, significantly
later than all of the other animals (Table 1). The stools of both
animals inoculated with MR8 RNA were investigated by RT-
PCR and RIFA for evidence of virus excretion. Stools from
both animals were positive for virus by RIFA for at least 3
consecutive weeks and by RT-PCR for at least 6 consecutive

FIG. 7. Examples of the biological responses of individual tamarins to intrahepatic injection with RNA transcribed from the wild-type HM175 genome with a C-to-U
mutation at base 3889 (p8Y) (A), from p8Y with MRC-5-specific and AGMK-specific 59 NC mutations [p8Y (AG/MR 59)] (B), and from a cDNA clone derived from
the MRC-5-adapted virus (pMR8) (C). ICD and ALT levels in serum are shown, as are quantities of infectious virus excreted in the feces. Results of the liver histology
and serology tests are noted at the top of each graph.
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weeks. However, the quantity of virus excreted was consider-
ably lower than that from animals receiving either the 8Y or
the 8Y/59 NC chimeric genomes (Table 1).
RT-PCR was performed on stools of every animal at or near

the peak of virus excretion in order to confirm that identifying
mutations were retained during the infection. In every case, the
virus recovered from the stool had the same nucleotide se-
quence in the relevant region of the genome as had been
present in the cDNA clone and RNA inoculated into that
animal’s liver.

DISCUSSION

The major challenge in development of a live vaccine has
been to achieve a balance among attenuation, adaptation of
the virus to efficient growth in cell culture, and retention of
sufficient immunogenicity in the host to provide adequate pro-
tection without producing disease. Several groups have been
actively pursuing the development of live attenuated HAV
vaccines by serial passage of wild-type virus in cell culture to
increase the efficiency of growth. The experiences with these
vaccines in primates and human subjects that have been de-
scribed in publications to date suggest that a high dose of
attenuated vaccine given subcutaneously or intramuscularly is
required for seroconversion (28, 37) and that seroconversion
may be impossible to achieve by oral administration (37).
Questions about safety remain for vaccines that are highly
immunogenic (32). Therefore, the delicate balance of satisfac-
tory attenuation and safety of a live virus that efficiently grows
in a cell line suitable for vaccine production has not yet been
achieved. By genetic mapping of the mutations responsible for
the HAV phenotypes of attenuation in vivo and efficient
growth in vitro, we are hoping to move closer to the construc-
tion of a virus with an appropriate level of attenuation and
reasonably efficient growth in cell culture.
In the current study, we demonstrated that a set of four

mutations in the 59 NC region was absolutely required for
efficient growth of the MRC-5/9 virus in MRC-5 cells. Al-

though a chimera lacking the MRC-5-specific 59 NC mutations
did replicate to a very low level in MRC-5 cells (Fig. 6B), this
replication required mutations in multiple genes and perhaps
most, if not all, of the other mutations which accumulated
during adaptation to growth in these cells. Individual or small
groups of mutated genes were unable to promote growth in the
MRC-5 cells (18) (Fig. 6A). The 59 NC mutations had such a
dramatic effect on growth that it proved extremely difficult to
evaluate the contributions of individual genes since each mu-
tated gene had to be assayed in the context of the dominant 59
NC mutations and hence in the presence of significant baseline
growth. We reported previously that the mutations in the 2C
gene augmented growth when paired with the MRC-5-specific
59 NC mutations. In the current study we found that this
supplementation was not consistently different than that con-
tributed by the P3, 2A-2B, or VP1 mutations. Therefore, al-
though each of these mutated genes or regions might have an
incremental role in increasing growth, the assay systems avail-
able are not sensitive enough to rank them for importance, and
they probably have a serious impact only in aggregate. Thus,
the MRC-5-specific 59 NC mutations are the only ones that are
required to be incorporated into a vaccine strain to allow
propagation in MRC-5 cells; therefore, they were the only set
of MRC-5-specific mutations we tested for their effect on vir-
ulence.
The AGMK-specific and MRC-5-specific groups of 59 NC

mutations, together or independently, did appear to decrease
one parameter of virulence, since serum levels of both ALT
and ICD were lower in animals receiving genomes with these
mutations than in animals receiving the unmodified 8Y ge-
nome. The biochemical data also suggested that the effects of
the two groups of 59 NC mutations were additive. These con-
clusions differ from a previous report suggesting that the
AGMK-specific 59 NC mutations had no clear effect on viru-
lence (5). The most likely reason for this discrepancy in the two
studies is that the 59 NC mutations were assayed in different
genetic backgrounds. In the current study, the 59NCmutations
were assayed in a background which normally produced very

FIG. 7—Continued.
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high enzyme levels, so moderate decreases were obvious,
whereas previously the 59 NC mutations were evaluated for
their ability to further decrease enzyme levels that were al-
ready close to baseline because of mutations in the P2-P3
region. However, in the current study, even though the enzyme
levels were decreased, neither the level of virus excretion nor
histopathological evidence of hepatitis appeared to be affected
by the presence or absence of 59 NC mutations. These data
suggested that whereas the 59 NC mutations may have dimin-
ished one marker of hepatitis, they clearly were not sufficient to
cause overt attenuation.
It is not clear how the 59 NC mutations affect either viru-

lence or growth in cell culture. The AGMK-specific mutations
are located between bases 124 and 207 near a poly(C z U) tract
(35) and may overlap the internal ribosome entry site (20, 23),
the 59 end of which may start somewhere between bases 151
and 251 (3, 19). Interestingly, deletion of the poly(C z U) tract
from base 96 to base 137 had no apparent effect on viral
replication in cell culture or in tamarins (35), suggesting that
only very particular changes in the RNA secondary structure in
this region of the genome have a significant effect on the
phenotype. One or more of the AGMK-specific mutations
have a cell-specific effect on growth efficiency; they are re-
quired for efficient growth in CV-1 cell culture but not in
FRhK-4 cell culture (16), and the mutation at base 152 in this
group also increases growth in BS-C-1 cells (11). Recently,
Schultz et al. (34) reported that two mutations (the UU dele-
tion at bases 203 and 204 and the U-to-G mutation at base 687)
in the 59 NC region of another cell culture-adapted HM175
variant (24) increase the efficiency of cap-independent trans-
lation in BS-C-1 cells but not in FRhK-4 or Huh7 cells. The
identical mutation at base 687 of the MRC-5/9 virus might
therefore be expected to increase translation in MRC-5 cells as
well, and it is possible that the analogous deletion of one U
between bases 203 and 207 in the MRC-5/9 virus also has a
cell-specific effect on translation. Certainly, the cell specificity
of the effects of the group of AGMK-specific mutations sug-
gests an interaction with cellular factors, and the proximity of
the internal ribosome entry site suggests that translation might
be involved. However, a role for at least some of these muta-
tions in RNA replication is also a possibility and would not be
unprecedented among picornaviruses, since at least 126 nucle-
otides at the 59 end of the rhinovirus-14 59 NC region may be
involved in the initiation of plus-strand RNA synthesis (27).
The MRC-5-specific mutations, which also have a cell-specific
effect on growth, occur between bases 591 and 687 in the
putative stemloop V (2) within the internal ribosome entry site
and just before the translation start codon, so they appear to be
prime candidates for translation modulators. This hypothesis is
supported by the data of Schultz et al. (34) mentioned above.
Poliovirus provides a precedent for attenuation mediated by a
mutation which affects translation in vitro (apparently to dif-
ferent degrees in the presence of different cellular factors) and
which alters the ability of the virus to grow in different cells
(21). Since both sets of 59 NC mutations greatly affect the
ability of HAV to grow in specific cells, it will be interesting to
determine if the decreased liver enzyme levels in serum that
are observed in the presence of histopathological changes and
the high levels of viral excretion reflect a differential ability to
replicate in some cell types in the liver.
Although a considerable body of data suggests that host

response, particularly the cellular immune response (38), may
play a significant role in the development of liver damage in
response to HAV, none of the studies evaluating host response
has addressed the effect of small differences in viral sequence
on that response. In our study, differences in the level of

attenuation as measured by three different parameters (bio-
chemical evidence of hepatitis, quantity of virus shedding, and
histopathology) were easily detected and consistent among the
parameters when comparing viruses that were different at mul-
tiple loci (i.e., 8Y versus MR8). Karron et al. (25) also found a
consistent correlation among these three parameters when
studying three viruses that were quite different in passage his-
tory (the wild-type HM175 virus, the passage 21 AGMK-
adapted HM175 virus, and the passage 32 AGMK-adapted
HM175 virus). However, we found what appeared to be diver-
gent results in biochemical evidence of hepatitis versus histo-
pathology and viral excretion when we compared the animals
that had received virulent virus (8Y) and viruses with 59 NC
mutations in the same virulent background [8Y(AG/MR 59),
8Y(AG 59), and 8Y(MR 59)]. The consistency of the findings
between each of the two animals that received a given con-
struct applied to all three parameters, suggesting that the di-
vergent results with some mutant viruses (Table 1) may be a
reproducible biological phenomenon and not simply due to
biological variation in the host response. Although it is thought
that elevation in liver enzyme levels in serum results from
hepatocyte lysis, data from tamarins (26) and chimpanzees (13)
with disease caused by wild-type HAV show that marked his-
tologic abnormality can persist long after liver enzymes nor-
malize. Since the histopathological scoring in this study repre-
sents a summary of a number of histologic parameters,
including the extent of both hepatocyte lysis and infiltration of
inflammatory cells, it is not clear whether the abnormality in
histology seen in the animals in this study with divergent his-
topathological and biochemical responses to hepatitis reflects
cell lysis with little enzyme elevation or inflammatory infiltra-
tion with little enzyme elevation. This question is the subject of
ongoing investigation.
Previous studies have clearly shown that tamarins, chimpan-

zees, and humans can have different biological responses to a
given strain of live HAV vaccine (30). Neither animal model
appears to predict consistently the human biological response
to HAV, and to date there is no reliable in vitro predictor of
the in vivo virulence phenotype. From a practical point of view,
since neither liver pathology nor elevated liver enzymes in
primate animal models are acceptable for a candidate vaccine,
both pathological and biochemical evidence of hepatitis need
to be followed closely, and several different animal models
need to be tested in the preclinical study of candidate HAV
vaccines.
The present study did show that the phenotypes of efficient

growth in MRC-5 cells and attenuation for tamarins overlap
and are coordinately affected by the MRC-5-specific 59 NC
mutations. However, whereas these mutations were absolutely
required for efficient growth in MRC-5 cells, they had much
less of an impact on virulence and did not significantly impair
the ability of the virus to replicate in vivo. Therefore, the
production of an attenuated HAV vaccine in MRC-5 cells
remains feasible. The challenge now will be to incorporate into
the 8Y genomes containing 59 NC mutations a subset of mu-
tations selected from the coding region of the MR8 virus ge-
nome to produce a combination of mutations that will permit
efficient growth in cell culture and attenuate the virus suffi-
ciently to reduce clinical hepatitis but will still permit enough
virus replication to induce a strong antibody response. The
ability of HAV to grow efficiently in cell culture is clearly
determined by multiple mutations throughout the genome (5,
14, 16, 18). This pattern of interdependence of mutations may
also hold true for the virulence phenotype. Therefore, many
combinations of mutations will probably have to be tested
before a promising vaccine candidate is identified.

7956 FUNKHOUSER ET AL. J. VIROL.



ACKNOWLEDGMENTS

We thank D. Alling for help with the statistical analysis, T. Tsareva
for constructing primers, Y. Huang for help with cloning, and D. Wong
for management of serum and biopsy samples. Excellent animal care
was provided by the staff of Bioqual (Gaithersburg, Md.). Sequencing
with the Applied Biosystems automated DNA sequencer (model
373A) was performed at the DNA Analysis Facility, Center for Med-
ical Genetics, The Johns Hopkins University School of Medicine and
The Johns Hopkins Hospital.
This work was supported in part by NIAID contracts NO1-AO-

52706 and NO1-AO-45180.

REFERENCES

1. Andre, F. E., A. Hepburn, and E. D’Hondt. 1990. Inactivated candidate
vaccines for hepatitis A. Prog. Med. Virol. 37:72–95.

2. Brown, E. A., S. P. Day, R. W. Jansen, and S. M. Lemon. 1991. The 59
nontranslated region of hepatitis A virus RNA: secondary structure and
elements required for translation in vitro. J. Virol. 65:5828–5838.

3. Brown, E. A., A. J. Zajac, and S. M. Lemon. 1994. In vitro characterization
of an internal ribosome entry site (IRES) present within the 59 nontranslated
region of hepatitis A virus RNA: comparison with the IRES of encephalo-
myocarditis virus. J. Virol. 68:1066–1074.

4. Centers for Disease Control. 1990. Protection against viral hepatitis. Rec-
ommendations of the Immunization Practices Advisory Committee (ACIP).
Morbid. Mortal. Weekly Rep. 39:1–26.

5. Cohen, J. I., B. Rosenblum, S. M. Feinstone, J. Ticehurst, and R. H. Purcell.
1989. Attenuation and cell culture adaptation of hepatitis A virus (HAV): a
genetic analysis with HAV cDNA. J. Virol. 63:5364–5370.

6. Cohen, J. I., B. Rosenblum, J. R. Ticehurst, R. J. Daemer, S. M. Feinstone,
and R. H. Purcell. 1987. Complete nucleotide sequence of an attenuated
hepatitis A virus: comparison with wild-type virus. Proc. Natl. Acad. Sci.
USA 84:2497–2501.

7. Cohen, J. I., J. R. Ticehurst, S. M. Feinstone, B. Rosenblum, and R. H.
Purcell. 1987. Hepatitis A virus cDNA and its RNA transcripts are infectious
in cell culture. J. Virol. 61:3035–3039.

8. Cohen, J. I., J. R. Ticehurst, R. H. Purcell, A. Buckler-White, and B. M.
Baroudy. 1987. Complete nucleotide sequence of wild-type hepatitis A virus:
comparison with different strains of hepatitis A virus and other picornavi-
ruses. J. Virol. 61:50–59.

9. Cui, T., and A. G. Porter. 1995. Localization of binding site for encephalo-
myocarditis virus RNA polymerase in the 39-noncoding region of the viral
RNA. Nucleic Acids Res. 23:377–382.

10. Daemer, R. J., S. M. Feinstone, I. D. Gust, and R. H. Purcell. 1981. Prop-
agation of human hepatitis A virus in African green monkey kidney cell
culture: primary isolation and serial passage. Infect. Immun. 32:388–393.

11. Day, S. P., P. Murphy, E. A. Brown, and S. M. Lemon. 1992. Mutations
within the 59 nontranslated region of hepatitis A virus RNA which enhance
replication in BS-C-1 cells. J. Virol. 66:6533–6540.

12. D’Hondt, E. Unpublished data.
13. Dienstag, J. L., H. Popper, and R. H. Purcell. 1976. The pathology of viral

hepatitis types A and B in chimpanzees. Am. J. Pathol. 85:131–148.
14. Emerson, S. U., Y. K. Huang, and R. H. Purcell. 1993. 2B and 2C mutations

are pivotal but mutations throughout the genome of HAV contribute to
adaptation to cell culture. Virology 194:475–480.

15. Emerson, S. U., M. Lewis, S. Govindarajan, M. Shapiro, T. Moskal, and
R. H. Purcell. 1992. cDNA clone of hepatitis A virus encoding a virulent
virus: induction of viral hepatitis by direct nucleic acid transfection of mar-
mosets. J. Virol. 66:6649–6654.

16. Emerson, S. U., C. McRill, B. Rosenblum, S. Feinstone, and R. H. Purcell.
1991. Mutations responsible for adaptation of hepatitis A virus to efficient
growth in cell culture. J. Virol. 65:4882–4886.

17. Funkhouser, A. W. Unpublished data.
18. Funkhouser, A. W., R. H. Purcell, E. D’Hondt, and S. U. Emerson. 1994.

Attenuated hepatitis A virus: genetic determinants of adaptation to growth
in MRC-5 cells. J. Virol. 68:148–157.

19. Glass, M. J., and D. F. Summers. 1992. A cis-acting element within the
hepatitis A virus 59-non-coding region required for in vitro translation. Virus

Res. 26:15–31.
20. Haller, A. A., J. H. C. Nguyen, and B. L. Semler. 1993. Minimum inter-

nal ribosome entry site required for poliovirus infectivity. J. Virol. 67:7461–
7471.

21. Haller, A. A., S. R. Stewart, and B. L. Semler. 1996. Attenuation stem-loop
lesions in the 59 noncoding region of poliovirus RNA: neuronal cell-specific
translation defects. J. Virol. 70:1467–1474.

22. Harmon, S. A., O. C. Richards, D. F. Summers, and E. Ehrenfeld. 1991. The
59-terminal nucleotides of hepatitis A virus RNA, but not poliovirus RNA,
are required for infectivity. J. Virol. 65:2757–2760.

23. Hellen, C. U., and E. Wimmer. 1995. Translation of encephalomyocarditis
virus RNA by internal ribosome entry. Curr. Top. Microbiol. Immunol.
203:31–63.

24. Jansen, R. W., J. E. Newbold, and S. M. Lemon. 1988. Complete nucleotide
sequence of a cell culture-adapted variant of hepatitis A virus: comparison
with wild-type virus with restricted capacity for in vitro replication. Virology
163:299–307.

25. Karron, R. A., R. J. Daemer, J. R. Ticehurst, E. D’Hondt, H. Popper, K.
Mihalik, S. M. Feinstone, and R. H. Purcell. 1988. Studies of prototype live
hepatitis A virus vaccines in primate models. J. Infect. Dis. 157:338–345.

26. Krawczynski, K., D. W. Bradley, B. L. Murphy, J. W. Ebert, T. E. Doto, A.
Nowoslawski, W. Duermeyer, and J. E. Maynard. 1981. Pathogenetic aspects
of hepatitis A infection in enterally inoculated marmosets. Am. J. Clin.
Pathol. 76:698–706.

27. Leong, L. E. C., P. A. Walker, and A. G. Porter. 1993. Human rhinovirus-14
protease 3C (3Cpro) binds specifically to the 59-noncoding region of the viral
RNA. J. Biol. Chem. 268:25735–25739.

28. Midthun, K., E. Ellerbeck, K. Gershwin, G. Calandra, D. Krah, M. Mc-
Caughtry, D. Nalin, and P. Provost. 1991. Safety and immunogenicity of a
live attenuated hepatitis A virus vaccine in seronegative volunteers. J. Infect.
Dis. 163:735–739.

29. Nalin, D. R., B. J. Kuter, L. Brown, C. Patterson, G. B. Calandra, A.
Werzberger, D. Shouval, E. Ellerbeck, S. Block, R. Bishop, B. Wiens, S. W.
Schwartz, J. A. Lewis, R. D. Sitrin, P. J. Provost, W. J. Miller, and J. L. Ryan.
1993. Worldwide experience with the CR326F-derived inactivated hepatitis
A virus vaccine in pediatric and adult populations: an overview. J. Hepatol.
18(Suppl. 2):S51–S55.

30. Provost, P. J., R. P. Bishop, R. J. Gerety, M. R. Hilleman, W. J. McAleer,
E. M. Scolnick, and C. E. Stevens. 1986. New findings in live, attenuated
hepatitis A vaccine development. J. Med. Virol. 20:165–175.

31. Purcell, R. H. Unpublished data.
32. Ran, L., D. Wang, Q. Duan, T. Yan, Q. Liu, Y. Luo, D. Yang, D. Yang, Z.

Xiao, Q. Xie, W. Li, and S. Luo. 1993. Safety and immunogenicity of live
attenuated hepatitis A virus vaccine (H2) in humans. Chin. Med. J. 106:604–
607.

33. Schulteiss, T., Y. Y. Kusov, and V. Gauss-Muller. 1994. Proteinase 3C of
hepatitis A virus (HAV) cleaves HAV polyprotein P2-P3 at all sites including
VP1/2A and 2A/2B. Virology 198:275–281.

34. Schultz, D. E., M. Honda, L. E. Whetter, K. L. McKnight, and S. M. Lemon.
1996. Mutations within the 59 nontranslated RNA of cell culture-adapted
hepatitis A virus which enhance cap-independent translation in cultured
African green monkey kidney cells. J. Virol. 70:1041–1049.

35. Shaffer, D. R., E. A. Brown, and S. M. Lemon. 1994. Large deletion muta-
tions involving the first pyrimidine-rich tract of the 59 nontranslated RNA of
human hepatitis A virus define two adjacent domains associated with distinct
replication phenotypes. J. Virol. 68:5568–5578.

36. Shapiro, C. N., P. J. Coleman, G. M. McQuillan, M. J. Alter, and H. S.
Margolis. 1992. Epidemiology of hepatitis A: seroepidemiology and risk
groups in the USA. Vaccine 10(Suppl. 1):S59–S62.

37. Sjogren, M. H., R. H. Purcell, K. McKee, L. Binn, P. Macarthy, J. Ticehurst,
S. Feinstone, J. Caudill, A. See, C. Hoke, W. Bancroft, and E. D’Hondt. 1992.
Clinical and laboratory observations following oral or intramuscular admin-
istration of a live attenuated hepatitis A vaccine candidate. Vaccine 10
(Suppl. 1):S135–S137.

38. Vallbracht, A., K. Maier, Y. Stierhof, K. H. Wiedmann, B. Flehmig, and B.
Fleischer. 1989. Liver-derived cytotoxic T cells in hepatitis A virus infection.
J. Infect. Dis. 160:209–217.

39. Van Damme, P., S. Thoelen, M. Cramm, K. DeGroote, A. Safary, and A.
Meheus. 1994. Inactivated hepatitis A vaccine: reactogenicity, immunoge-
nicity, and long-term antibody persistence. J. Med. Virol. 44:446–451.

VOL. 70, 1996 HEPATITIS A VIRUS VACCINE DEVELOPMENT 7957


