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FIG. 3. Endpoint dilution assay comparing virus growth in FRhK-4
versus MRC-5 cells. Samples of viruses were serially diluted, and an
equal aliquot of each dilution was inoculated onto the MRC-5 and
FRhK-4 cells. After 21 days of incubation, the cultures were harvested
and viral RNA was quantified by slot blot hybridization, autoradiog-
raphy, and densitometry. The bar diagram above each blot identifies
the virus genotype (Fig. 2). The densitometry scan is given below each
blot. Peak area measured by densitometry is shown below each peak.
Peak areas of <(0.2 ODmm were considered background or not
detected (ND).

chimeras tested, as well as the two parent viruses, grew at
similar rates in FRhK-4 cells (Fig. 5C). The one-step growth
assay was repeated with two sister clones of each chimera, and
the growth curves from sister clones were averaged. The
averaged growth curves repeated the hierarchy of growth
efficiency shown in Fig. SA and B. By day 4, MRC-5/9 virus in
MRC-5 cells had grown to a higher level than that reached by
any of the chimeras on that day, and again, no growth of the
AGMK/35m parent virus was detected by slot blot hybridiza-
tion (Fig. 5D). The MRC-5/9 virus sample from day 7 was
contaminated with fungus and therefore is missing from Fig.
5D. Note in Fig. 5D that the two chimeras containing the 5’
NC mutations that occurred during passage in AGMK cells
(MR1 and MR3) grew more efficiently than the parallel
chimeras that lacked them (MR1A and MR3A, respectively),
confirming the importance of those 5’ NC mutations to growth
in MRC-5 cells. In a separate experiment, the virus that
contained only the MRC-5-specific 2C mutations (MR2) was
compared with the virus that contained only the MRC-5-
specific 5’ NC mutations (MR1). Figure 6 shows the results of
slot blot hybridization from this experiment. The 5' NC
mutations alone enabled more efficient growth than the 2C
mutations alone, and the two sets of mutations together were
required for a dramatic increase in efficiency of growth in
MRC-5 cells.

Since the slot blot hybridization assay measured viral RNA
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FIG. 4. Endpoint dilution assay comparing virus growth in FRhK-4
cells and MRC-5 cells (see legend to Fig. 3).

rather than actual infectious viral particles, the growth curves
were repeated by using RIFA in 11-1 cells to determine
directly the number of infectious virus particles generated.
Figure 7 shows that the relative quantities detected on day 7
for the different viruses were similar when assayed by either
RIFA or slot blot hybridization. The main difference was that
the RIFA was more sensitive and thus allowed virus quantifi-
cation from earlier times, enabling calculation of initial growth
rates. Note that the slopes of the curves representing growth
between days 1 and 3 in MRC-5 cells were the highest for those
viruses that had the MRC-5-specific mutations in 2C [1.0, 1.0,
and 1.5 log(RFU/ml) per day for MR3, MR3A, and MRC-5/9,
respectively]. These compared with slopes of 0.6 and 0.1
log(RFU/ml) per day for MR1 and AGMK/35m, respectively,
showing that by this assay the very slow growth of the AGMK/
35m virus in MRC-5 cells was detectable. Similar data were
obtained in a separate one-step growth curve quantified by
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FIG. 5. Hybridization assay of one-step growth curves of HAV
mutants in MRC-5 cells (A, B, and D) or in FRhK-4 cells (C). Viral
RNA was quantified by slot blot hybridization, autoradiography, and
densitometry. (A, B, and C) Growth curves from one experiment
quantified by densitometry of autoradiographs exposed for 4 nights
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FIG. 6. Hybridization assay of one-step growth curves of HAV
mutants in MRC-5 cells and FRhK-4 cells. Samples of virus were
harvested at indicated intervals and quantified by slot blot hybridiza-
tion. The bar diagram above each blot identifies the virus genotype.

RIFA (data not shown). In that experiment, between days 1
and 3, the slopes [in log(RFU/ml) per day] were 1.3 for MR3,
1.0 for MR3A, and 1.1 for MRC-5/9 contrasting with 0.2, 0.2,
and 0.01 for MR1, MR1A, and AGMK/35m, respectively. As
seen by the difference in slopes between pairs of chimeras that
differed only in 2C (i.e., MR1A versus MR3A and MRI1 versus
MR3), the MRC-5-specific 2C mutations clearly increased the
rate of virus growth in MRC-5 cells when coupled with the
MRC-5-specific 5" NC mutations.

The lower growth plateau of some mutant viruses in MRC-5
cells could reflect limited infection involving a subset of cells in
the culture or infection of all cells accompanied by a lower
level of viral replication per cell. To differentiate between
these two possibilities, the virus that grew very efficiently in

(A) or 1 night (B and C). (D) Growth in MRC-5 cells from a separate
experiment representing data averaged from two sister clones of each
construct.
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FIG. 7. RIFA of one-step growth curves in MRC-5 cells. Samples
were identical to those in Fig. 5A to C.

MRC-5 cells (MRC-5/9) and a chimeric virus that grew very
inefficiently (MR1A) were inoculated into MRC-5 cell cultures
at a multiplicity of 3 RFU per cell, and infection was followed
by immunofluorescence microscopy from day 3 to day 5 after
infection (data not shown). On day 3, approximately 10% of
cells were infected with MR1A and the immunofluorescent
staining in these cells was very faint, compared with a high level
of immunofluorescent staining in 100% of cells infected with
MRC-5/9. By day 5, each virus had infected 100% of cells, but
the intensity of the immunofluorescent staining of cells in-
fected with the chimera was as faint as it had been on day 3,
whereas the intensity of staining of cells infected with the
MRC-5/9 virus was extremely high. Therefore, it seemed likely
that the chimeric viruses differed from the MRC-5/9 parent
virus not only in their rates of replication but also in the
maximum accumulation of viral antigen per cell. It also

A
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appeared unlikely that variations in growth capacity of the
different chimeric viruses were due to resistance or suscepti-
bility of subpopulations of cells to infection.

RIFA in MRC-5 cells. RIFA was attempted multiple times
to determine the size of radioimmune foci in MRC-5 cells,
since focus size correlates with kinetics of HAV growth in vitro
(9). However, this RIFA presented a number of problems
when performed with MRC-5 cells. First, the cells quickly died
under a solidified agarose layer, so the agarose overlay was
used as a viscous liquid that probably did not restrict move-
ment of the viruses as efficiently. MRC-5 cells formed small
clumps or point elevations in the monolayers that appeared as
tiny specks on RIFA autoradiograms and were difficult to
distinguish from small viral foci. Also, MRC-5 cells tended to
peel off the coverslips in sheets during processing. Besides
these problems, there appeared to be genuine heterogeneity in
radioimmunofocus size of a given virus. The chimeras that
grew less well in MRC-5 cells often were not detected at all in
the RIFA by day 10, while incubation of the cells for longer
intervals resulted in cell death. For all these reasons, measure-
ment either of focus size or titer in MRC-5 cells was imprecise.
However, it did appear that size of the largest radioimmuno-
foci observed for each virus generally correlated with the
kinetics of replication of that virus in MRC-5 cells. One
important observation was that the largest foci formed by
MRC-5/9 were larger than the largest formed by the chimera
(MR3) that contained all the 5" NC and 2C mutations (Fig. 8).

DISCUSSION

Thirteen mutations occurred during the relatively few pas-
sages required for adaptation of the AGMK/32 virus to growth
in MRC-5 cells. Only three of the mutations that occurred in
the open reading frame of the genome were accompanied by
amino acid changes. Therefore, there were a limited number of
individual mutations or combinations of mutations that ac-
counted for the distinct differences in phenotype between the

B

FIG. 8. Radioimmunofoci from cultures of MRC-5 cells infected with MRC-5/9 (A) or MR3 (B) viruses.
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AGMK cell-adapted virus, AGMK/35m, and the MRC-5 cell-
adapted virus, MRC-5/9. Six of the new mutations occurring in
the MRC-5 cell-adapted virus have been observed previously
in the nucleotide sequence of one or more HAVs adapted to
growth in cell culture (Table 1). Three of the four critical 5’
NC mutations have been noted previously in strains grown not
in MRC-5 cells but in monkey kidney cells (18, 21, 25). It is
possible that mutations in this region of the genome near the
start codon are consistently selected in adaptation to cell
culture because of conformational pressures from RNA-pro-
tein interactions. However, the mutation at base 687 is present
in four of the five cell culture-adapted HAVs for which the
entire nucleotide sequence has been published, and this nucle-
otide is thought to play only a minor role in cell culture
adaptation in BS-C-1 cells, another AGMK continuous cell
line (3). Interestingly, the mutation at base 5145 was the only
new mutation found in the open reading frame that was both
accompanied by an amino acid change and identified in
another cell culture-adapted virus (13). The other virus in
which this change was found also grows in MRC-5 cells (13),
but unfortunately only limited sequence data are available, so
it is not known whether any of the other 12 new MRC-5-
specific mutations described here are also present in that virus.

In order to quantify the differences in growth phenotype of
our mutant viruses in MRC-5 cells, we used several different
assays and multiple cDNA clones of most chimeras. The
endpoint dilution assay was useful for identifying those viruses
that differed most dramatically in ability to grow in MRC-5
cells, and it provided a convenient method for screening large
numbers of viruses. However, this assay was not able to detect
some more-subtle differences in growth. The size of the foci in
RIFA has been shown to correlate very well with kinetics of
HAYV growth determined from one-step growth assays (9).
Therefore, RIFA of infected MRC-5 cells would have provided
valuable information on growth rate as well as a direct
measurement of virus heterogeneity. Unfortunately, because
of the lability of the MRC-5 cells, we were not able to
demonstrate radioimmunofoci in such cells infected with most
of the chimeras. However, the demonstration that size of foci
from infection of MRC-5 cells with the MR3 chimera was in
general smaller than that from the MRC-5/9 virus indicated
that the MRC-5-specific mutations in the 5" NC and 2C regions
were not quite able to increase the growth efficiency of the
chimera to the level of the MRC-5/9 parent, and therefore, one
or more mutations in other regions of the genome must play a
minor role. The one-step growth curves were the most reliable
means for detecting the subtle differences in growth capacities,
but small plaques were difficult to count, so hybridization was
also used to verify the growth patterns. In order to minimize
the chance that the virus studied was a new mutant selected
after transfection rather than the virus encoded by the cDNA,
independent cDNA clones of the same construct were studied.
Despite the constraints of the assay systems, several lines of
evidence from different assays and sister clones supported the
same conclusions. Most importantly, the patterns of growth
among the various viruses were internally consistent, indicating
that the conclusions were valid.

Because of previous reports that the genomic sequence in
the 5" NC region affects host range and the sequence in the P2
region is critical for cell culture adaptation (3, 11, 12), we
examined the effect of mutations in these regions first. The
second group of mutations in the 5’ NC region was clearly
pivotal in providing adaptation to growth in MRC-5 cells, since
only constructs with that group of mutations (MR1, MR3A,
and MR3) grew reasonably efficiently in MRC-5 cells, and both
constructs without those mutations (AGMK/35m and MR2)
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grew inefficiently. However, for maximal effect, the presence of
both the 5’ NC mutations that were specific to the MRC-5-
adapted virus and those that occurred previously during adap-
tation to growth in AGMK cells were required. Since all four
of the 5/ NC MRC-5-specific mutations occurred within a short
span of the 5’ NC region in one putative RNA stem-loop
structure, it seems likely that the selection of these mutations
involved interaction of the stem-loop with host cell-specific
proteins. However, there are currently no experimental data to
support this hypothesis. The four mutations acquired during
growth in AGMK cells also cluster together but are located a
considerable distance from the MRC-5-specific cluster of
mutations. These mutations are important for growth in CV-1
cells but are not required for growth in FRhK-4 cells (12). It
was previously reported that the mutation of A to G at base
152 and/or the deletion of T at base 203 improves the efficiency
of HAV growth in BS-C-1 cells as well as in primary AGMK
cells (9, 27). However, the effect of these mutations on growth
in MRC-5 cells was not previously investigated. Although our
study did not address the question of which of the mutations in
this cluster were responsible for the enhanced growth in
MRC-5 cells, our data do demonstrate that one or more of
these mutations promoted more efficient viral growth in
MRC-5 cells.

Mutations that affected efficiency of growth in MRC-5 cells
were additive in that the MRC-5-specific 5" NC mutations were
required, but growth increased as the other 5’ NC or the 2C
mutations were added. The MRC-5-specific 2C mutations in
the absence of the other MRC-5-specific mutations had little
effect on host range. However, these mutations, in the pres-
ence of the MRC-5-specific 5' NC mutations, had a large
impact on the kinetics of growth in MRC-5 cells. Since the
mutation at base 4418 was the only MRC-5-specific 2C muta-
tion accompanied by an amino acid change, it is possible that
this mutation was the operational 2C mutation. However,
recent data from poliovirus studies suggest that silent muta-
tions in the coding region of picornaviruses may play a role in
cell tropism via effects on RNA secondary structure (2). Since
even the most efficiently growing mutant (MR3) did not fully
reproduce the growth phenotype of the MRC-5/9 virus in cell
culture, it seems likely that the MRC-5-specific mutations in
the 3A and 3C regions have a small, but detectable, effect on
the growth of MRC-5/9 virus in MRC-5 cells. These mutations
are the only other ones in MRC-5/9 accompanied by changes
in amino acids. However, the possibility that the six silent
mutations have an effect on HAV growth in MRC-5 cells
cannot be ruled out.

Our goal in this work is to develop a live, attenuated HAV
vaccine, but MRC-5/9 was demonstrated to be overattenuated
in chimpanzees, marmosets, and humans, as evidenced by
inadequate seroconversion (24, 26). Since the MRC-5 cell is
very desirable as a cell line for vaccine licensing, further work
using chimeric and mutagenized viruses will focus on which of
the 13 MRC-5-specific mutations identified are responsible for
the phenotype of overattenuation. If the mutations responsible
for cell culture adaptation and attenuation are totally or even
partially different, it should be possible to use the information
to engineer a new virus that contains mutations selected for
optimization of the two phenotypes.
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