

















Attenuation of EV71 High-Fidelity Variants In Vivo

FIG 5 Comparative fidelity of wild-type RG/B4 and RG/B4-L123F in guanidine resistance assays. (A) Six individually plaque-purified clones of RG/B4 and
RG/B4-L123F were inoculated into RD cells at an MOI of 1 for 24 h of growth in the presence or absence of 0.5 mM guanidine (Gua). The progeny viral titers were
determined by TCIDs, assay. The experiment was duplicated, and the mean values are presented. (B) The guanidine resistance frequency is the ratio which was
calculated as the viral titer in the presence of guanidine divided by the titer in the absence of guanidine, based on the titers shown in panel A. The average (Ave)
frequencies of RG/B4 and RG/B4-L123F are mean values of the frequencies of RG/B4 clones 1 to 6 and RG/B4-L123F clones 1 to 6, respectively, and the error bars
indicate 1 standard deviation (means * SDs). The result indicated that the guanidine resistance frequency of RG/B4-L123F was much lower than that of RG/B4,

probably because of its higher replication fidelity (*, P < 0.001; n = 6).

absence of 0.5 mM ribavirin after 12 passages in RD cells com-
pared with RG/B4 (Table 3). Interestingly, the double mutant RG/
B4-G64R/L123F had the lowest reduction in the titer of its prog-
eny among all high-fidelity variants in the presence of ribavirin
(Fig. 6B), and its mutation frequency (2.82) was significantly
lower than that of RG/B4-G64R (5.33) and of RG/B4-L123F
(4.39) after passages in RD cells with ribavirin (Table 3). There-
fore, RG/B4-G64R/L123F had higher fidelity than RG/B4-G64R
or RG/B4-L123F, indicating that G64R and L123F cooperatively
boosted the fidelity of EV71-B4.

Ten-day-old AG129 mice were intraperitoneally inoculated in
parallel with serial dilutions (10° to 10° TCIDs, per mouse) of
viruses RG/B4, RG/B4-G64R, RG/B4-L123F, and RG/B4-G64R/

L123F. We initially observed the survival rate and determined the
50% lethal dose (LDs5) for each virus (Fig. 7 and Table 4). After
inoculation, the wild-type RG/B4 quickly invaded the central ner-
vous system, resulting in paralysis and death. In comparison, all
high-fidelity variants, RG/B4-G64R, RG/B4-L123F, and RG/B4-
G64R/L123F, were less virulent and had delayed onset of symp-
toms. For example, at the virus dose of 10” TCIDsy, all of the mice
infected with RG/B4 died between day 5 and day 12 postinfection,
while mice infected with RG/B4-L123F started to die only at day 7
postinfection, and only 37.5% of mice died. For all the mice in-
fected with RG/B4-G64R or RG/B4-G64R/L123F, none of them
showed paralysis or died throughout the whole experiment (Fig.
7). The LDs, of RG/B4 is 4.3 X 10° TCIDs,, while LDs, values of

TABLE 3 Mutation frequency of RG/B4 and its high-fidelity variants in the presence or absence of 0.5 mM ribavirin after 12 passages in RD cells

Mutation®

Total no. of No. of mutations per

Condition and virus AjC A iG T iC T iG C iT G jA mutations 10* nucleotides
Ribavarin treatment

RG/B4 1 6 3 2 25 17 54 16.93

RG/B4-G64R 2 1 9 5 17 533

RG/B4-L123F 1 1 7 5 14 4.39

RG/B4-G64R,L123F 1 6 2 9 2.82%
Untreated

RG/B4 1 4 3 2 1 11 3.45

RG/B4-G64R 3 1 2 6 1.88

RG/B4-L123F 2 2 1 1 6 1.88

RG/B4-G64R.L123F 2 2 1 5 1.57

“ Eight P1 gene (2586 nucleotides each) and eight RARp gene (1398 nucleotides each) sequences (total of 31,872 nucleotides) were analyzed for each population. The results
indicated that RG/B4 was highly diverse, having on average 3.45 and 16.93 mutations per 10* nucleotides in the absence and presence of ribavirin, respectively, while all high-
fidelity variants had fewer mutations per 10* nucleotides in the absence and presence of ribavirin.

® The double mutant RG/B4-G64R,L123F had a significantly lower mutation frequency (2.82) than RG/B4-G64R (5.33) and RG/B4-L123F (4.39) per 10* nucleotides in the
presence of ribavirin, indicating that the fidelity of EV71 was further elevated by two mutations, G64R and L123F, in its RdRp.
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FIG 6 Growth profile of high-fidelity variants RG/B4-G64R, RG/B4-L123F, and RG/B4-G64R/L123F. (A) One-step growth curves of viruses. The growth titer
of RG/B4-G64R is significantly lower than that of RG/B4 (*, P < 0.01; **, P < 0.001; n = 6), while there is no significant difference between the growth titers of
the parental RG/B4 and RG/B4-L123F or between the growth titers of RG/B4-G64R and RG/B4-G64R/L123F. (B) Ratios of titers of progeny viruses produced
in the presence of 2 mM ribavirin to those produced in the absence of ribavirin after 20 h of infection. All high-fidelity variants produced more progeny viruses
than the parental RG/B4 (*, P < 0.001; n = 6). (C) Guanidine resistance frequency assay. All high-fidelity variants had lower guanidine resistant frequencies than
RG/B4 due to their lower capacity of generating guanidine-resistant mutations (¥, P < 0.01; **, P < 0.001; n = 6). All experiments were carried out in triplicate,

and the titration was duplicated for each experiment. Means = SDs are shown.

the high-fidelity variants RG/B4-G64R, RG/B4-L123F, and RG/
B4-G64R/L123F are 4.0 X 107, 1.6 X 107, and 2.3 X 10® TCIDs,,
respectively, with 93, 37, and 535 times the LD, of RG/B4, respec-
tively (Table 4).

We next assessed whether high-replication-fidelity EV71 vari-
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ants influence the kinetics and severity of virus infection in mice.
The hind limb muscle and brains (two primary targets of EV71
infection) of infected mice were harvested at days 4, 8, and 12
postinfection after inoculation of each variant at a dose of 107
TCIDs5, per mouse. The viral titers and RNA copy numbers were
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FIG 7 Survival rates of AG129 mice infected by RG/B4 and its high-fidelity variants. Ten-day-old AG129 mice were intraperitoneally inoculated with serially
diluted doses of EV71 ranging from 10° to 10° TCID,, per mouse. Survival rates for each virus were monitored on a daily basis, and all dead mice showed clear
hind limb paralysis 1 to 2 days prior to their death. Each group contained at least 6 mice (detailed numbers are given in Table 4). High-fidelity variants
RG/B4-G64R, RG/B4-L123F, and RG/B4-G64R/L123F were less virulent than RG/B4 and show delayed onset of symptoms at even the highest doses.

calculated (Fig. 8A and B). The results indicated that RG/B4 accu-
mulated in the hind limb muscle and brain throughout the whole
experiment; the viral titer and RNA copy number reached the
highest levels before the death of infected mice, similarly to a pre-
vious description of wild-type B4 infection in AG129 mice (30). In
contrast, all high-replication-fidelity variants showed lower viral
titers and RNA copy numbers in the hind limb muscle and brain
than RG/B4 at each time point. Interestingly, the viral titers and

RNA copy numbers of all high-fidelity variants declined at later
days postinfection. Therefore, the high-replication-fidelity vari-
ants showed restricted viral replication and low fitness in AG129
mice; that is, they were attenuated in vivo. We also amplified and
sequenced RARp genes of these high-fidelity variants in the muscle
and brain of the infected mice at the 12th day postinfection. The
sequencing results substantiated that the high-fidelity mutations
G64R and L123F, alone or together, were genetically stable in the

TABLE 4 Comparison of LD;s of high-fidelity variants and parental RG/B4”

Virus amt Ratio of LD, to the LDy,
Virus (TCIDs,) Mouse no. Death rate (%)” LD, (TCIDs,) of RG/B4
RG/B4 10® 6 100 4.3 X 10° 1

107 8 100

10° 9 78 (7/9)

10° 7 0
RG/B4-L123F 108 6 100 1.6 X 107 37

107 8 37.5 (3/8)

10° 6 0
RG/B4-G64R 10° 7 100 4.0 X 107 93

108 6 83 (5/6)

107 6 0
RG/B4-G64R/L123F 10° 6 83 (5/6) 2.3 X 108 535

10® 6 33 (2/6)

107 6 0

“ LDss of all high-fidelity variants were significantly higher than the LDs, of the parental RG/B4.
b Values in parentheses are the number of mice that died/total number of mice in the group.
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FIG 8 Viral titers and RNA copy numbers in organs from infected AG129 mice. (A) Ten-day-old mice were intraperitoneally inoculated with 107 TCID5, per
mouse. At days 4, 8, and 12 postinfection, mice (1 = 6) were euthanized (#, 2 moribund mice euthanized at day 7; ##, 4 moribund mice euthanized at day 11),
and the viral titers per gram of hind limb muscle (®) and brains ([circo]) were determined by a TCIDs, assay whose minimum detection limit was 10°
TCIDs,/gram so that viral titers were postulated as 10> TCIDs,/gram if they could not be determined. Solid lines and dashed lines indicate the average values of
viral titers in muscle and brains, respectively. (B) Viral RNA copy numbers in hind limb muscle and brains from infected mice determined by SBGR quantitative
RT-PCR. The viral titers and RNA copy numbers in mice infected with high-fidelity variants were significant lower than those in mice infected with wild-type

RG/B4 at each time point (¥, P < 0.05; **, P < 0.01; ***, P < 0.001; n = 6).

infected mice and implied that these high-fidelity variants are
promising vaccine candidates.

DISCUSSION

In this report, we identified a novel mutation, L123F, in the RdRp
of EV71 through ribavirin resistance screening and demonstrated
that this mutant has higher replication fidelity than the wild type.
The ribavirin resistance of EV71 could be explained by several
hypothetical mechanisms. First, the L123F variants could simply
replicate at a lower rate and therefore acquire fewer lethal muta-
tions and avoid “error catastrophe” over any given time period.
The fact that the RdRp-L123F mutation did not cause growth
defects can exclude this hypothesis. The second probable mecha-
nism could be that RARp-L123F reduces the binding affinity to
ribavirin and decreases the chance of misincorporation of ribavi-
rin into EV71 genomes (39). However, the crystal structure of
EV71 RdRp reveals that the location of L123 excludes the possible
interaction between L123 and ribavirin (Fig. 4), and, more, the
RdARp-L123F variants resisted another drug as well, guanidine,
which directly targets 2C but not RdRp (38). Therefore, we prefer
the third mechanism, i. e., that RARp-L123F confers a general
increase in RNA replication fidelity. As RARp-L123 locates in the
entrance of the RNA template binding channel, the mutation
L123F may alter the conformational structure and interaction of
the RdRp and viral RNA complex, and this alteration could confer
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higher replication fidelity on RdRp. Moreover, the result that the
mutation frequency of RG/B4-L123F was much lower than that of
RG/B4 over time in the presence or absence of ribavirin substan-
tiated that RARp-L123F overall had higher replication fidelity (Ta-
ble 3).

High-replication-fidelity variants have been described in EV71
(33, 34) and other RNA viruses (8—10); however, these mutations
are in different regions of the viral RdRp. Therefore, RNA viruses
have different fidelity checkpoints consisting of multiple residues
which may work alone or cooperatively. It is well known that the
RdARp-G64 of poliovirus cooperates with G1, A239, and L241 to
form a hydrogen bond network which determines the spatial po-
sitioning of D238. And the D238 interacts with the 2" OH group of
the incoming nucleotide into the catalytic site of polymerase (40,
41). Therefore, RARp-G64 indirectly influences viral RNA poly-
merization of poliovirus. A comparison of the RARp crystal struc-
tures between poliovirus and EV71 revealed that the RdRp-G64 of
EV71 might have the same function as the RARp-G64 of poliovi-
rus (36), and a previous report (33) and our results substantiated
that RdRp-G64 is a fidelity checkpoint as well in EV71. It is im-
possible for the RdRp-L123 of EV71 to be involved in RNA po-
lymerization catalysis during viral replication because it is very far
from the catalytic site. However, L123 locates in the entrance of
the RNA template binding channel, which allows viral genomic
RNA template to enter and then stabilize it during viral replication
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(36). The mutation L123F could cause the conformational change
of RdRp before and/or during RNA synthesis to confer ribavirin
resistance on EV71. Therefore, we predicted that RdRp-L123
could be involved in a hitherto unidentified fidelity checkpoint in
EV71, but the structural details need further study.

Although RdRp-L123 is highly conserved in some picornavi-
ruses (Fig. 4), the mutation RdRp-L123F may not generate the
same growth and high-replication-fidelity profiles in these picor-
naviruses as in EV71. Similar results have already been described
in mutants at the position RARp-G64 of poliovirus (13), CVB3
(42),and EV71 (33). The same mutations which confer high fidel-
ity on poliovirus were nonviable, growth defective, unstable, or
even had decreased replication fidelity in CVB3 and EV71. The
possible reason could be the subtle structural differences between
their RdRp and/or changes in interactions of the RARp mutants
and their corresponding RNA genome complex during virus rep-
lication. Therefore, the best way to discover high-fidelity variants
is RNA virus mutagen (such as ribavirin) resistance screening.
And the direct engineering of residues in fidelity checkpoints in
the viral RdRp is also promising if the structure of RdRp is well
defined (13, 42).

Mutation frequency can be very high in the presence of a low-
fidelity RdRp. In a complex environment, the ability to generate a
quasispecies may allow virus populations to respond and adapt
fast (43—46). Fidelity variants with wild-type-like replication ki-
netics are valuable tools to understand the roles of genetic diver-
sity and mutation frequency in viral fitness and to evaluate the
antiviral treatments (47). Indeed, the RdRp of an RNA virus is a
quite elaborate machine coordinating viral replication fidelity and
fitness under various pressures. Higher-fidelity variants may be-
come extinct when facing host environmental changes, immune
responses, transmission bottlenecks, and so on (10, 11, 13, 48),
while much lower fidelity variants may also be restricted and ex-
tinguished soon due to higher lethal mutation frequency (42). The
correlation between replication fidelity and fitness in vivo was first
demonstrated with higher-fidelity polioviruses (11-13) and later
with higher-fidelity chikungunya virus (CHIKV) (10) and lower-
fidelity coxsackievirus B3 (CVB3) (42). Both higher- and lower-
fidelity variants have less fitness and are attenuated in vivo.

Although the mouse-adapted EV71 strain MP-26M with high-
fidelity mutations did not show dramatically lower virulence in
BALB/c mice (34), both RdARp-G64R and RdRp-L123F signifi-
cantly reduced the pathogenicity of EV71-B4 in the AG129 mouse
model alone or together according to the LDs, test and amount of
viral RNA in the infected tissues. The reasons for the discrepancy
between the two experiments could be due to different virus
strains and mouse models. For example, the virulence of MP-26M
in BALB/c mice may not depend mainly on its ability to generate
diverse populations for fitness due to the low fidelity of its RARp
but on specific mutations which accumulated after passages in
mouse brain. Therefore, the increase in replication fidelity of MP-
26M failed to reduce its virulence in mice. In contrast, the viru-
lence of wild-type EV71-B4 and of its high-fidelity variants in mice
depends on their mutant abilities, which result in replication-ef-
ficient mutations in different tissues and organs, especially in
brain. The EV71-B4 high-fidelity variants exhibited low pathoge-
nicity because they were unable to generate these replication-effi-
cient mutations in time.

Interestingly, the double mutant RG/B4-G64R/L123F was at-
tenuated in vivo (Table 4) in comparison with RG/B4-G64R or
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RG/B4-L123F, which coincides with the result that the fidelity of
RG/B4-G64R/L123F was higher than that of RG/B4-G64R or RG/
B4-L123F (Fig. 6B and Table 3). Therefore, it seems that a negative
correlation exists between the fidelity and virulence of EV71-B4 in
AG129 mice. The higher-fidelity variants exhibited lower genetic
diversity, which probably reduced the viral capacity to generate
mutants favoring viral growth and dissemination (10-13). As re-
ported in this paper, the viral titers and RNA copy numbers in
hind limb muscle and brain of mice infected with RG/B4-G64R/
L123F were much lower than those of mice infected with RG/B4,
RG/B4-G64R, or RG/B4-L123F (Fig. 8).

One important issue about the relationship between variants
with increased fidelity and their attenuation in vivo is whether or
not these mutations in RdRp cause growth defects as growth de-
fects also result in decreased virulence. Although RG/B4-L123F
did not show growth defects while RG/B4-G64R and RG/B4-
G64R/L123F did in RD cell culture, it is necessary to compare
these viruses with the wild-type RG/B4 through competitive
growth in mice in order to determine whether subtle growth de-
fects happen in vivo (11). It also has scientific merit to evaluate
which feature, the growth defects or enhanced fidelity of these
variants, played a major role in their attenuation in mice in further
experiments. As high-fidelity variants result in limited genomic
diversity which negatively affects viral pathogenesis, expanding
the diversity of these variants by chemical mutagenesis, such as
through ribavirin, prior to infection may restore their pathogenic-
ity in mice (12), and this could be a way to determine whether
increased fidelity truly contributes to the attenuation of these
high-fidelity variants in vivo.

Young suckling AG129 mice showed neurological symptoms
and even died with wild-type EV71-B4 infection because AG129
mice lack a functional interferon system and support both the
spread from the primary infection site and the persistence of EV71
(30). As IFNs play an important role in the antiviral defense
against EV71 infection, the LD, differences between the parental
RG/B4 and its high-fidelity variants described in AG129 mice
might even be widened in an immunocompetent host, where
fewer mutations in the population of high-fidelity variants might
result in a lower likelihood of mutations capable of circumventing
established innate and adaptive immune responses. Because EV71
fails to cause symptoms in AG129 mice more than 3 weeks old
(30), it is hard to evaluate the efficacy of high-fidelity variants as
live attenuated vaccines against EV71 in this mouse model. Actu-
ally, lacking cogent animal models for EV71 infection is hamper-
ing the research and development of EV71 vaccines although
some new models seem to be promising (32, 49).

The conventional methods to develop attenuated viral vac-
cines are based on the identification of viruses with an overall
lower fitness via passage in cells. However, the chance of the
attenuated virus being outcompeted by fitter and more patho-
genic revertants makes live attenuated vaccines less acceptable,
especially for human usage. However, live attenuated EV71
vaccines should outweigh the use of inactivated EV71 vaccines
for their lower cost and higher efficacy to elicit both cellular
and humoral responses, and they would be more effective
against EV71 outbreaks in developing countries with huge
populations in the Asia-Pacific region, according to the expe-
rience of a polio eradication program (22, 23). Here, we
showed that the attenuated high-fidelity EV71 variants with
robust replication profiles (Fig. 6A) would contribute to the
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development of both live attenuated and inactivated EV71 vac-
cines as high fidelity can reduce the mutation risk in the pro-
duction of inactivated EV71 vaccines from wild-type strains
(19-21).
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