liovirus, either wild type or OPV [12, 13}, At least 10% of Dutch
persons born before 1950, when poliovirus was endemic, do tot
have detectable neutralizing antibodies against one of the polio-
virus serotypes [14], Moreovet, although a proportion of these
elderly persons have evidence of memory immunity, we recently
demonstrated that they were not protected against virus excre-
tion after challenge with mOPV [15]. Because IgA may be im-

_pottant to protect persons from infection or reinfection and to

teduce poliovirus citculation, we measured IgA responses in
these elderly persons, Salivaty IgA production reflects the com-
mon mucosdl immune response, wheteas circulating IgA forms
4 second line of defense, mediating elimination of pathogens
that have breached the mucosal surface [16], A correlation be-
tween serum and gut IgA described for rotavirus infection indi-
cates that elreulating pathogen-specific IgA responses might re-
fiuct those at the mucosal surfaces [17, 18],

In the present study, we investigated whether IgA, either in the
mucosa of in the circulation, cotrelates with protection against
poliovitus teplication in setonegative and seropositive elderty
persons. As af ifection model, we challenged 383 elderly per-
gons with mOPY serotype 1 {0OPV-1] ot serotype 3 (mOPV-3)
and subsequently medsuted both plasma and salivary IgA re-
sponses as well as poliovirus shedding,

MATERIALS AND METHODS

Study design,  Participants for the study, which was conducted
in 1999, were selected from 4 poal of 1847 elderly persons born
between 1925 and 1950, as desctibed elsewhere {15], In shott,
383 participants were assigned to 4 groups on the basis of their
preexisting poliovirus serotype-specific neutralizing antibody
titer and vaccination history, Group 1 comptised persoiis sexo-
negative for serotype 1 (SN-1; # = 98), with no recorded vacei-
nation history; group 2, persons seronegative for serotype 3
{$N-3; n = 103), with no vaccination history; group 3, persons
seropositive for all 3 serotypes, with no vaccination history {i.e.,
naturally immune [NI]; # = 94); and group 4, persons with a
documented history of alt [PV vaccinations (IPVVs; n = 88),
Some in the SN-1 and SN-3 groups {25% and 35%, respectively)
were also seronegative for serotype 2 poliovirus, Persons with
medical problems and/or an OPV vaccination history were not
eligible for the study.

The SN-1 and SN-3 participants were challenged with
mOPV-1 (1 X 106 TCIDs,) or mOPV-3 (1 X 10* TCIDsy), re-
spectively (both Chiron Behting). Participants in the NI and
IPVV groups were tandomly assighed to either mOPV-1 (NI-1;
#=50) (IPVV-1; n=43) ot mOPV-3 (NI-3; »n = 44)
(IPVV.3; n = 45), In summary, 6 groups were studied.

Prechallenge samples were collected from blood and saliva;
subsequenily, saliva and stool samples were obtained on days 3,
7,14, 21,28, 35, 42, 49, and 56 after challenge, and blood samples
were obtained on days 7, 28, and 56, Participants signed an

informed-consent form. The study was approved by the Medjca

Ethical Committee of the Organisation for Applied Scientifi,

Research, Leiden, The Netherlands, in 1998 (METC98/50).
Poliovirus serotype-specific IgA ELISA. Saliva samples
wete centrifuged for 10 min at 2000 g, plasma and seliva super-
natants were inactivated for 30 min at 56°C, a cocktail of ptote-
ase inhibitots (Boehringet) was added to the saliva samples ac-
cording to the manufacturet’s instructions, and all samples were
stoted at =20°C. To prevent possible interimmunogiobulin iso-
type competition, plasma sampies were depleted of 1gG by add-
ing GulISORB (9:1 volivol; Gull Laboratories). The [gA ELISA
was performed on plasma and saliva samples as described

elsewhere [19], Briefly, micotiter plates were coated with

serotype-specific monoclonal antibodies to poliovirus in
combination with serotype-specific inactivated poliovieus (U
antlgen), Plasma (1:50) and saliva (1:4) samples were serially
diluted 2-fold, Goat anti~humati IgA (a<chain specific} la-
beled with alkaline phosphatase (1:8000) was used, followed
by p-nitrophenyl phosphate (1 mp/mL).

IgA responses were expressed as optical density values, Posi-
tive and negatlve control satples were included in all assays.
Sattiples wete considered positive when the values were above
the cutoff level, defined as the average optical density vaiue plus
3 8Ds for the results obtained with hegative control sefum, Te
analyze further the infiuence of preexisting plasma igA on virus
excretion, values were divided into negative {OD <100}, low
(OD of 100-299), medium {OD of 300-600Y, and high {CD
=600).

Salivary IgA values were expressed as a positive/negative ratio
to correct for possible high sample-dependent background val-
ttes, which were measured as optical density values found in
control wells without serotype-specific D antigen, Sativary IgA
ratios > 1.5 were considered positive,

Virus titration, The amounts of excreted poliovirus wete
measured in stool samples at diffetent time points. Virus lsola-
tion was done on L20B cells according to the WHO protocol
{20].

Statistical methods., Mann-Whitney U/ nonparametric tests
wete performed to determine the significance of differences be-
tween groups. Relationships between data sets were determined
by linear regression and Spearman correlation analysis, Differ-
ences with P < .05 were considered significant.

RESULTS

Poliovirus serotype-specific salivary IgA responses, DBefore
challenge, almost all seronegative {SN-1) and vaccinated
(IPVV-1) persons had no serotype 1-specific salivary IgA, and
only a few seronegative persons had serotype 3-specific [gA (SN-
3). Approximately 10% of the NI persons (NI-1 and NI-3)
showed IgA respotises, and 18% of vaccinated persotts had seto-
type 3-specific salivary IgA {(fgure |
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Figure 1. Prevalence of poliovirts serotype-soacific IgA In the saliva after chailenge with menovalent oral poliovirus vaccine seratypa 1 ImOPV-1} {47 o
saratype 3 (mOM-3} (Bl IPV-1 and IPWW-3, parsons vaccinated with inactivated pelio vactine and challangad with mOPV-1 or mOPY-3, respactively, M1 and
NI-3, naturally immune persons challengad with mOPY-1 of mCPY-3, respactively; SN-1 and SN-3, seronegative for serotype 1 and serotyps 3, respectively.

After challenge, the prevalence of salivary serotype i-specific
IgA in the $N-1 group increased to 50% on day 14 and stayed
elevated (30%-40%) uatil day 56. The prevalence in the NI-1
group also increased on day 14 and was comparable to that in the
§N-1 group, whereas that in the [PVV.1 group increased from
day 21 (figure 14). The prevalence of salivary IgA in the SN-3
group was slightly enhanced on day 14, reached a peak of 40% on
day 28, and repidly decreased to 20% on day 35, The prevalence
in the [PVV.3 group and that in the NI-3 group were only some-
what higher at 56 days after challenge (figure 1B),

Among the {gA-positive saliva samples of the seronegative
groups, the mean IgA ratio (positive vs, negative) was deter-
mined. The IgA ratio was incteased 2-fold on day 14 in the SN-1
gtoup and on day 21 in the SN-3 group. Remarkably, salivary
IgA ratios specific for the other 2 poliovirus serotypes also in-
creased after chailenge with mOPV-1 or mOPV-3 (data not
shown),

Poliovirus-specific IgA in plasma and its correlation with
salivary IgA.  Inall groups, the mean plasma lgA values were
determined for all 3 polioviruses. Before challenge, very low
serotype 1~ and serotype 3~specific IgA values were detected
in the SN-1 and SN-3 groups, respectively, Low IgA values for
the other 2 poliovirus serotypes wete also detected in both
seronegative grotps (figute 24 and 25), No change was nb-
served on day 7, but o days 28 and 56 after challenge o[ SN-1
and $N-3 persons, the IgA values were sighificantly increased
for the corresponding poliovirus serotypes, Kemarkably, the
serotype Z-specific TgA values were also significantly in-
creased on days 28 and 56 after chailenge in both the SN-1 and
SN-3 groups (figure 24 and 2B),

Persons in the IPVV-1and IPVV-3 groups aiready had plasma
IgA values specific for all 3 poliovirus serotypes, which did net
increase after challenge with either mOPV1 or mOPV3. Inali of
these patticipants, IgA values specific for poliovirus serotype 2
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Figure 2. IgA values specific for poliovirus serotype 1 (biack bars), sarotype 2 (gray bars), and serotype 3 {white bars), in tha plasma of seronegative,
inactivated polio vacsine=vaccinated {IPVV), and naturally immune {NI) persons after challengs with monovalent oal poliovirus vaccing (mOPV) serotype
1 (mOPV-1) (A, £, £) or serotype 3 (mOPV-3) (8, D, £ A, Persons seronagative for serotype 1 (SN-11. 8, Persons seronegative for serotype 3 (SN-3). .
{PVV persons challenged with mOPV-1 (IPW-1). [, IPVV persons challenged with mOPY-3 (IPWV-3). £, NI persons challenged with mOPV- (NI-1). £, Ni
persons chailengad with mOPY-3 {NI-3}. *Significantly (P < .05 increased compared with mean prechiallenge values.

and serotype 3 were higher than those specific for serotype 1
(figure 2C and 2D).

Persons in the NI-1 group showed significantly lower prechal
lenge serotype l-specific igA values than those in the [PVV-1
group; however, these were sighificantly increased on day 28, 1a this
group, serotype 2—and serotype 3-specific IgA values also increased
during the next 56 days {figure 2E), Persons in the NI-3 group al-
ready showed elevated IgA values for all 3 poliovirus serotypes be-
fore challenge, which did not increase {figure 2F).

To compare circulating poliovirus serotype-specific IgA with
salivary IgA, we applied linear regression. Despite the low preva-
lenices of salivary IgA, we found significant linear regression and low
but significant correlations (P < .0001) whent comparing plasma
IgA optical density values with ratios of salivary IgA in all groups
at 28 days after challenge with mOPV-1 {n = 188; r = 0.34)
{figure 3A) or mOPV-3 {n = 192; r = 0.28) (figure 3B},

Inverse correlation between preexisting IgA in the circula-
tion and virus excretion, At 28 days after the challenge, 59%
of individuals in the $N-1 group (figute 44) and 60% of those in
the SN-3 group (figure 48) produced plasma IgA. These per-
centages were somewhat decreased at 56 days (figare 4), Before

the challenge, most participants in the IPVV and NI groups ai-
ready showed serotype I-and serotype 3-specific IgA tesponses,
respectively, although the seroptevalence of 1gA was highet In
the IPVV-3 {97%) and NI-3 (85%) groups (figure 45) than in
the IPVV-1 (69%) or NI-1 (58%) groups {figure 44). At day 28,
the prevalence of plasma IgA was increased in both the [F¥V-!
and NI-1 groups (figure 44) but not in the groups chalienged
with mOPV-3 (fgure 48). .

The majority (80%) of participants in the SN-1 group cx-
creted mQPV-1virus at 3 and 7 days after challenge. These high
numbers of virus shedders declined rapidly (Ggure 4A), Approx-
imately half (55%) of those in the SN-3 group excreted mOPV-3
virus at day 3, with peaks of 80% at day 7 and 62% at day 14; the
number of excretors declined after that. Far more seronegative
persons excreted mOPV-3 from day 14 to day 49 (fAgute 44),
compared with persons challenged with mOPY-1 (figure 44}). In
the seronegative groups, the mean duration of virus excretion
was significant longer (P < ,01) after mOPV-3 challenge than
after mOPV-1 challenge (mean % 5D, 20 & 16 and 13 % |2
days, respectively), This finding was tepotted recently, along

with all individual viru%], The sum of the mean virus
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Figure 3. Linoar regression of poliovirus serotyps 1-specific (A ar
serotype 3~specific /A) plasma IgA values with the respective serotype-
spacific salivary g valuas (pxpressed as ratios} of all study participants
Isaronegative, vaccinated with inactivated polio vaceing, and naturally
Immune] at 28 days after challenge with monovalent oral poliovirus
vaccing serotyps 1 {mQPV-1} (4] or seratype 3 (mOPV-3) (B).

titer from day 3 to day 56 was also significantly higher (P < .01}

after challenge with mOPV-3 than after challenge with mOPV-1
(25.4 and 23.0 logy, TCID;/g of feces, respectively),

The numbers of virus excretors in the NI and IPVV groups
were much lower than in the seronegative groups for both sero-
type 1 (10%-~20%) and serotype 3 (15%-30%). The mean £ SD
duration of virus excretion in both the IPVV and NI groups was
3+ 6 days after mOPV-1and 5 = 8.5 days after mOPV-3 chai-
lenge, significantly shorter (P < .01} than in the respective se-
ronegative groups.

We subsequently examined the infiuence of circulating pre-
existing IgA on virus excretion, Therefore, we pooled the results
for both seropositive groups (IPVV and NI) and divided them
into 4 other groups: {1} seronegative for IgA before challenge,
(2) low IgA values, (3) medium IgA values, and (4} high IgA
values specific for poliovirus serotype i (figure 5A) or serotype 3
(figure 5B), Twenty-nine of these petsons chailenged with
mOPY-1 were negative for serotype 1-specific IgA, and others
showed low {n = 27) or medium (n = 30) IgA values. Only 7
individuals alteady had high IgA values at day 0. Before challenge
with mOPV-3, only 6 of the serppositive persons were negative

‘ y

.,

.“‘1.‘\. .

{n = 29), medium (n = 23), or High (n = 31) igA values. Virus
was excreted by half of the persons with neutralizating antibody
titers but without IgA values for mOPV-1 or mOPV-2 and 4
third of those with low serotype 3-specific IgA values (figure 53,
In contrast, seropositive persons with medium ot high serotype
i~specific IgA values or high serotype 3~specific IgA values did
not excrete mOPV-1 or mQOPV-3, respectively (figure 3), and
only a few with medium setotype 3-specific IgA vaiues excreted
mQPV-3 (figure 5B).

For all participants, inverse linear regtession was performed
on the IgA values before challenge (day 0) and the peak in virus
titers at day 7 after challenge with mOPV-1 (figure 64) of
mOPV-3 (figure 68). Thete was a significant inverse correlation
(P < .0001) between preexisting poliovitus setotype-specific
IgA in the circulation and virus titers after challenge with either
mOPV-1 o mOPV-3. Significant correlations (P < .01) were
also found between prechallenge {gA values and duration of ex-
cretion for both serotypes (R = —0.5 for both mOPV-1 and
mOPV-3}, but inverse linear regression was significant only for
mOPV-1,

DISCUSSION

The purpose of the present study was to investigate whether
poliovirus-specific circulating IgA and/or mucosal salivary IgA
antibodies afforded protection against poliovirus replication in
eldetly persons after challenge with mOPV. The findings showed
that preexisting circulating IgA correlates with protection
against poliovirus replication in elderly persons. Most seroneg-
ative persons did not have detectable poliovirus-specific IgA in
their circulation before challenge, and 80% of them excreted
poliovirus serotype 1 ot serotype 3 after challenge, The majority
of either IPV-vaccinated or NI elderly persons had both polio-
virus neutralizing antibodies and detectable poliovirus-specific
plasma IgA and did not excrete virus after challenge, impor-
tantly, the rest of the neutralizing antibody-positive grotup
{(20%) did not have serotype-specific IgA or had only low sero-
type 3-specific IgA values before challenge and did excrete po-
liovirus after challenge. Obviously, the detected neutralizing an-
tibody or IgG titers in these persons were not enough to prevent
virus infection and excretion. For all participants there were sig-
nificant inverse correlations between serotype-specific preexist-
ing plasma [gA values and virus excretion after poliovirus chal-
lenge. Although others have reported the importance of serum
IgA induction aftet poliovirus infection or vaccination [4~6, 12}
and the relationship between poliovirus excretion and intestinal
IgA responses [22-24], ours are the first findings cleatly indicat-
ing the role plaved by circulating IgA responses in protection
against poliovirus replication. The results of our study are in
agreement with those showing the importance of serum IgA for
protection against other inl?u\s diseases in humans, such as
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Figure 4, Pravalanca of serotype-specific IgA in the plasma (barsj and fecal virus excretion (lines/ after challenge with monovalent oral poliovirys
vaccing serotypg 1 (mOPV-1) f4) or serotype 3 [mQPV-3) (8], IPVWW-1 and IPVV-3, persons vacsinatad with inactivsted polio vaccing and challenged with
mOPV-1 of mOPV-3, respectively: Ni-1 and NI-3, naturally imune parsans chailenged with mOPY-1 or mOPV-3, respectively; SN-1 and SN-3.

saronegative for serotype 1 and serstype 3, respettively.

disease caused by rotavirus and HIV. For rotavirus, a correlation
between gut and serum IgA has also been described {17, 18, 25].

Secretory IgA is the main antibody in secretions and exists asa
dimeric complex containing a joining chain and a secretory
vomponettt, whereas serum IgA is mainly monomeric, Serum
IgA mediates the protection against pathogens that have
breached the mucosal surface [26—28]. Recently, it has been
shown that serum monomeric lgA, rather than secretory IgA,
enables phagocytosis by Kuppfet cells mediated by the receptor
for IgA (EcaRl, or CD89), thereby providing a second line of
defense in mucoszl immunity for preventing disease [29]. Be-
cause FcaRl (CD89) is expressed on neutrophils, eosinophils,
and especially monocytes in the circulation [30, 31], we specu-
late that circulating phagocytes play a role in the defense against
poliovirus mediated by serum IgA.

To study the cotrelation of preexisting IgA and vitus excre-
tion, we combined results from persons originally defined as IPY
vaccinated or N1, based on their high poliovirus neutralizing

antibody titers at the start of the challenge, and considered them
as a single group of seropositive persons. Antibody responses of
both groups were comparable, which ¢an be explained by the
fact that [PV vaccinees lived during a period when poliovirus was
still endemic. Indeed, most persons with high neutralizing anti-
body titers were already positive for plasma IgA, indicating eat-
lier contact with live poliovirus [12]. Nettralization of the OPY
virus by these IgA antibodies, either in the mucosa or in the
serury, could explain the high number of seropesitive persons
who did not respond to the OPV challenge at all, that is, did not
show either seroconversion ot virus excretion. The presence of
higher preexisting IgA values and prevalences in IPV-vaccinated
persons than in those who are naturally immune can be ex-
plained by the boosting effect of IPV on IgA responses in
already immune individuals {12].

We also studied the role plaved by mucosal IgA in pretection
against poliovirus infection. The presence of a common miticosal
systern implies that primed B cells in mucosal lymphoid tssues
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figure 8. Porcentages of all seropositive persons (vaccinatad with
inactivated poflo vaccing or naturally immune) excrating vitus after
challetige with mionovalant oral poligvirug vaceing sefotype 1 {mOPY-1)
{n = 93) (4) or serstype 3 (MORV-3) [ = 89} /8] divided inte groups
gocording to prechallenge serotype-specific piasma IgA values: negative
inegh tow, medium {mad), and high.

can enter the citculation and migrate to distant mucosal tissues
[32, 33], Previously, we teported that salivary IgA responses are
easier to detect than fecal IgA responses {34]. Our results showed
a cotrelation between plasma and salivary {gA responses, but the
prevalence of salivary IgA was much lowet than that found for
plasma IgA and showed differences in kinetics between mOPV-1
and mOPV-3. Induction of salivary IgA is variable and of limited
duration, which Indicates that salivary IgA is less sensitive in
reflecting poliovitus immune responses than circulating IgA.
Conditions, such as the absorbent material for collection at
hotne and temperature during transport by mail, may have ¢con-
tribted to the low association between circulating IgA and IgA
in the saliva [35, 36].

Interestingly, we observed cross-reactivity in plasma IgA re-
sponses between poliovirus serotypes in both seronegative and
seropositive participants after OPV challenge. This finding has
not been described before, but it was also found for polio-
specific neutralizing antibody titers after mOPV challenge [15].
A potential explanation might be that eldetly persons have been
in contact with other serotypes before, because poliovirus was
endemic eatlier during their lives. This would imply that the

cross-reactive antibody responses to mOPV challenge were sec-
ondary responses in persons in whom waning immunity was
observed initially. This phenomenon is confirmed by observa-
tions in patients infected with serotype 3 poliovirus during
1992-1993, Young patients showed only poliovirus serotype
3-specific antibodies, whereas older patients also had increased
serotype 1-specific antibodies (T, Herremans et al,, unpub-
lished data).

To reduce the transmission of polioviruses, the WHO advo-
cates the use of mOPV, because its immune response is stronger
than that of trivalent OPVY and no intertypic recombination can
oceur {8, 9, 371, It was estimated that a single vaccination with
mOPV-1 induces better seroconversion than 2 doses of trivalent
QPV [38]. The induction of a more rabust immune response by
the mOPV strains is probably the result of a more widespread
and longet replisation in the human intestine, Our data showed
that mOPV can induce or enhance IgA responses, although the
response 15 higher after contact with mOPV- | than for mOPY-3.
This finding is consistent with those of studies showing lower
rates of seroconversion for poliovirus serotype 3 in children vac-
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Figure 6. inverse linear regression of prechallenge piasma IgA values
specific for serotype 1 A/ and seretype 3 (B} poliovirus with poliovirus
titers for the same serotypes (expressed as fog,,/g of feces), at day 7
after challenge with monovalent oral poliovirus vaccing serotype 1
(mOPV-1) {n = 191) (4/ or serotype 3 {mOPV-3) {n = 192) (8], Significant
inverse correlation was found (P < .0001; Pearson’s correlation,
r= =057 for mQPV-} and r = ~0.61 for mOPY-3),
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cinated with trivalent OPV, whick contains an even higher dose
of serotype 3 poliovirus than mOPV-3 [38],

Although we showed that preexisting plasma [gA is associated
with protection against poliovirus infection, it is important to
realize that the use of IPV alone is not sufficient to induce IgA
antibodies [14]. All IPV recipients who not have been in contact
with live poliovirus may be susceptible to poliovirus infection
after (re)introduction of the virus and might contribute to the
{silent) circulation of poliovirus [12, 13].

In addition, our findings indicate that poliovirus might eircu-
late in seronegative elderly persons. These persons could con-
tribute to the circulation of poliovitus after (re)introduction of
poliovirus., Extrapolating our findings to the general Dutch pop-
ulation, at least 6% and 15% of the elderly population in The
Netherlands ate at risk for infection with type 1 and type 3 po-
liovirus, respectively [15], Moreovet, virus excretion will be con-
siderably higher after exposure to wild poliovirus rather than
OPV,
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Abstract

Poliomyelitis has afflicted humankind since antiquity, and for nearly a century now, we have known
the causative agent, poliovirus. This pathogen s an enterovirus that In recent History has baen the
source of a great deal of human suffering, Although comparatively small, its genome is packed with
sufficlent informatlon to make it a formidable pathogen. In the last 20 years the Global Polio
Eradication Initiative has proven successful in greatly diminishing the number of cases worldwide
but has encountered obstacles In fts path which have made halting the transimission of wild
polioviruses a practical impossibllity. As we begin to realize that 4 ¢hange in strategy may be eruclal
in achieving success in this venture, It is Imperative that we critically evaluate what is known about
the molecular blology of this pathogen and the intricacies of its Interaction with its host so that in
future attempts we may better equipped to more effectively combat this important human

pathogen,

Background

The word poliomyelitis, the medical term used to describe
the effect of poliovirus (PV) on the spinal cord, is detived
from the Greek words for gray {polio} and marrow (mye-
lon). The first known clinical description of poliomyelitis
Is attributed to Michael Underwood, a British physician,
who in 1789 reported observing an illness which
appeared to target primarily children and left those
afflicted with residual debility of the lower extremities. In
subsequent years, additional cases of poliomyelitis would
be reported. Initial cutbreaks in Europe were documented
in the early 19 century and outbreaks in the United
States were first reported in 1843, However, it was not
until the early 20t century that the number of paralytic
pollomyelitls cases teached epidemic proportions.

In 1938, in efforts to support care fot patients with polio-
myelitis as well as fund reseatch to combat the illness, the
Natlonal Toundation for Infantile Paralysis {now the

March of Dimes) was established. The numbet of paralytic
cases in the United States, estimated 1o have been in excess
of 21,000, peaked in 1952, Fortunately, on Apri) 12,
1955, the March of Dimes declared that the §alk poiio
vaccine was both safe and effective, Then, in 1963, the
development of a second vaccine, the Sabin polio vaccing,
was announced, With the introduction of effective vac
cines, the incidence of poliomyelitis tapidly declined,
Indeed, in the United States, the last case of poliomyelitis
due to infection with wild type (1) virus was reported in
1979. Less than a decade later, in 1988, the World Health
Organization [(WHO) launched a global ecampaign to
eradicate 'V,

Since initial descriptions of poliomyelits were first docy-
mented to the present time, innuthetable milestones have
been reached in understanding the molecular biology of
PV and the pathogenesis of pollomwyulitis. Such advances
have certainly led to the more effectiVe management of
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policmyelitis, Nonetheless, many questions remain
unanswered, One such question pertaing te the determi-
pants of neuropathogenesis, specifically regions of the
virys genome importan for aspects of virus replication in
the cells which it targets,

In this review, the current state of our understanding of
the molecular biology and pathogenesis of poliovirus, as
it relates to current eradication efforts, is explored,

Pollovirus classification

'V was discovered to be the causative agent of poliomye-
litla in 1909 by Karl Landsteiner and Erwin Popper, two
Austrian physicians {109, Owing to the expression of
three unigue sets of four different neutralization antigenic
determinants on the poliovirion surface referred to as N-
Agl, 2, 3A, and 3B [110,155], the virus occurs in three
serolypes, termed types 1, 2, and 3, where the names
amuhoney, Lansing and Leon designate a strain of each
serotype, respectively [21,98,125,137]. The polioviruses
are classifieet as members of the Picornaviridae, a large fam-
ity of small RNA viruses, consisting of nine genera; Enter-
ovirns, Rhinovirus, Cardiovirus, "Aphthovitus, Hepatovirus,
Prechovirus, Erbpvirus, Kobuvirus, and Teschovirus (Table
L3, The PBuierovirus genus, to which the polioviruses
Befung, can be fusther subdivided into eight clusters (i.e,
Peliviirng, Humaw enterovirus A, Human enterovirus B,
Finsit eterovirus G, Human enferovirus D, Simian enterovi-
rui A, Havine enterovirus, and Porcine enterovirus B) (Table
2} which include predominantly human pathogens

Tanie 1; Classtfication within the Plcornoviridae

Ganuy Serotypes

Type Species

Polioyirus 3
Human enterovirus A 17
Human entergvirys B 56
Human enterevirus ¢ 13
Human enteravirus D k|
Simian enterovirus A |
Bovine enterovirus Y]
Porcine enterovirus b
Human thinovirus A 74
Human rhinovirus 8 5
Encephalomyocardits virug
Theilovirus

Foot-ond-mouth disease virus
Equine rhinitis A virus

Hepatitis A virug

Avian encephalgmyelitis-like virus
Human parechovirus

tungan virgs

Equing rhinis 8 virug

Aichi virug

Bovine kebuvirus

Porcine teschovirus

EALBriius

Rhitiovirs

Cardigyirus
Aphiovirys
Hepaiovirug
Parechovirug
Erbovitus

Kobuyirug
Teschovirus

— e BB D AR v — — i A2
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exhibiting marked variation in the disease syndromes they
produce,

Admittedly, the initial classification of human enterovi
ruses was hased on the clinical manifestations observed In

. human infections as well as on the pathogenesis in intrac-

ranjally- and subcutaneously-inoculated experimental
suckling mice. The four categories into which human
enteroviruses were subdivided were: (1) polioviruses,
which caused flaccid paralysis (poliomyelitis) in humans
but not in suckling mice lacking CD155; (2) coxsackie A
viruses (CAYV), which were linked to human central nerv-
ous systemn {CNS) pathology and skeletal muscle inflam-
mation (myositis) as well as acute flaccid paralysis in
suckling mice; (3) coxsackie B viruses (CBV), associated
with ailments of the human cardiac and central nervous
gsysiems, and necrosis of the.fat pads between the shoul-
ders, focal lesions in skeletal muscle, brain, and spinal
cord, as well as spastic paralysis in the suckling mouse
experimental model; and (4) echoviruses, which were not
originally assoclated with human disease nor with paraly-
sis In mice [41,121,201]. With groundbreaking advances
In molecular biology, a modified classification stratagem
has evolved. Under the new scheme, human enteroviruses
are subdivided into five species; Poliovirus and Human
enterovirus A, B, C, and D, The three PV serotypes (1.e, PV,
2, and 3) constitute the species Pollovirus, and 11 cox-
sackie A virus serotypes (i.e.,, CAV1, 11,13, 15,17, 18,19,
20, 21, 22, and 24} constitute the Human enterovirys C
(HEV-C) [96] (Table 2). But recently, the Executive Com-
mittee of the International Committee on Taxonomy of
Viruses (ICTV) has endorsed a proposal, which awaits rat-
ification by the ICTV membership, to move the poliovi-
ruses into the Human enterovirus C species, On the basis of
genome sequences, the C-ciuster human enteraviruses
bearing the greatest degre¢ of relatedness to the poliovi-
ruses are CAV11, CAV17, and CAV20 [31]. Indeed, genet-
tcally, these three C-cluster coxsackie A viruses differ
notably from the polioviruses only in the structural (P1)
capsid region [31].

The poliovirus genome

The genome of the polioviruses as well as that of members
of the Human enterovirus C cluster is approximately 7400
nucleotides (nt) in length (PV, 7441 at) and composed of
single-stranded RNA consisting of three distinct regions: a
relatively long 5'NTR {PV, 742 nt] that is covalently linked
te the virus-encoded 22-amino acid long VPg protein
{110,196]; n single open reading frame (ORF) encoding
the viral polyprotein; and a comparatively short 3'NTR
followed by a virus-encoded poly(A) tract of variable

length (PV, 60 adenine residues) [47,97,163,182,202}

(Fig. 1A).

Page 2 of 18
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Table 2t Classification within the Enterovirus Genus

hitp:/fwww.virology.com/content/d/ /70

Clusters Sarotypes Raceptors
Poliovirus poliovirus | (PY1), PV, PV3 CO1ss b
Human enteravirus A coxsackievirus A2(CV-A2) « CV.A8, CV-A10, CV-ALL, CV.A L4, CV-ALS

enterovivus 7§ {EV-71), EV-78, EV.89 « EV.92
Human entarovirus B eoxsackievirus 81 (CY.BI) - CY-Bé CAR N DAFIY

CY-A9

a, By integrinl1eN

echovirus | (E:1y - E-7, £5, -1 | « B-21, E-24 - E-27, £-29 - E-13
V.69, EV.73 . EY-75, EY-77 - EV-88, EV-93, EV:97, V.98, EV.100, EV-10]

Human enterovirus €
EV-95, EV.96, EV.99, EY-102

BV:68, EV-70, BV:94

sirmian enterovirus Al (SEV:Al)

bovine enterovirus | (BEV.!}, BEV.2
porcine enterovirus 9 (PEV-9), PEY:|Q

Hurtia enterovirus B
Simidn enterovirus A
Bovine enterovirus
Porcing enterovirus 8

CY-AlL CVALL, CV-ALS CV-ALT, CV-ALY, CV-ADL, CV-AlM,

ICAM-| {CY-A2 1117}

The 5'NTR is predicted to harbor a significant degtee of
complex secondaty structure [1,158,179] (Fig. 2). Coms
puter analysis has predicted six domains (domains 1.V1)
within the 5'NTR, many of which have been validated by
getetic and blochemiecal analyses [53] as well as visual.
ized by electron microscopy [10]. In this region of the
genome, eight cryptic AUG triplets have been identified
which precede the initiation codon at nt 743, This seg-
ment of the genome can be further subdivided into: (i) the
5'-terminal cloverleaf, an indispensable cis-acting element
in viral RNA replication |[3,113,144,147] as well as in reg-
ulating the initiation of translation; and (ii} the IRES
[197], which mediates cap-independent translation of the
viral mRNA by facilitating initiation of translation inde-
pendent of a capping group and even a free 5' end
[36,90,91,147,149,150].

In contrast to the 5'NTR, comparatively less is known
about the 3'NTR. Nonetheless, this region is known to be
poly-adenylated and predicted to. exhibit conserved sec-
ondary structures consisting of two hairpins [89,160].
Moreover, evidence indicates that it has a functional role
in RNA replication [31,32,50,89,108,123,157,159,160].
Specifically, it has been shown that while deletion of the
3'NTR has only minimal effects on the ability of PV to
propagate in HelLa cells, the ability of the virus to propa-
gate in cells of neuronal origin is markedly reduced both
it vitre and in vive [311], :

The 250-kDa polyprotein encoded by the single ORF can
be further subdivided into regions denoted P1, P2, and
P3, encoding the structural and nonstructural proteins,
Following translation of pUp-terminated mRNA
[81,134], proteolytic cleavage of the unstable "polypro-
tein" by virus-encoded proteinases, 24pt¢ and 3C/3CDpo
in ¢is and in trans [78] (Fig. 1B), gives rise to proteins with
functions in viral proliferation. Processing of the polypro-
teln is thought to proceed in accordance to a pathway

established by protein folding resulting in masking of ces-
tain cleavage sites and by amino acld sequences adjoining
the scissile bond {78] The fitst cleavage of the genotic
polyprotein at a tyrosine-glycite dipeptide is catalyzed by
the 2A proteinase and results in release of a 97-kDa poly-
protein consisting of the P1 structural segrmient of the
genome [190]. Subseqtient cleavages of the P1 precutsor
into stable end products VPO, VP3, and VP! is mediated
by the 3CD proteinase [203]. Cleavage of VPO into ecapsid
proteins VI*4 and VP2 occurs during maturation of the vir
ion and is mediated by an unknown mechanism that has
been hypothesized to be viral proteinase independent
[77]. The cleavage of P2 and P3 precursors into stable end
products [24p0, 2B, 2BC, 2C, 3A, 3ARB, 3B (VPg), 3C/
3CDpro, and 3Drol] at glutamine-glycine dipeptides is cat-
alyzed by the 3Cero/3Cprro[76],

The cellular life cycle of poliovirus

The life cycle of PV occurs within the confines of the cyto-
plasm of infected cells {Fig. 3). it is initiated by attach-
ment of the polioviion to the N-terminal V-type
immunoglobulin-like domain of its cell surface receptor,
the human PV receptor (hPVR) or CD155 {99,122,175].
Release of the virus RNA into the cell cytoplasm (uncoat-
ing) is thought to occur by destabilization of the virus cap-
sid secondary to CDI155-mediated release of the
myristoylated capsid protein VP4 and of the putative N-
terminal amphipathic helix of VP1 from deep within the
virion [reviewed in [84]]. Subsequently, the myristoylated
VP4 and VP1 amphiphatic helix are thought to insert into
the cell membrane [58), thereby leading to the creation of
pores in the cell membrane through which the virus RNA
may entet the cytoplasm, Alternatively, since the virus can
be found on endosomes [101,102,139], others believe the
virus is taken up by receptor-mediated endocytosis. How-
ever, both classic endocytotic pathways [clathrin-coated
pits or caveoli) as the means of uptake have been excluded
[45,84]. Additionalty, if entry of the virus involves endo-
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Genomic structure of poliovirus type | (Mahoney) [PV 1(M)] and proteclytic processing of its polyprotein, (A) The PY genome
consists of a single-stranded, positive-sense polarity RNA molecule, which encodes a single polyprotein, The 5° non-transiated
regmn (NTR) harbors two functional domains, the cloverleaf and the internal ribesome entry site (JRES), and Is covalently
linked to the viral protein VPg, The 3'NTR is poly-adenylated, (B) The polyprotein contains (N terminus to C terminus) struc-
wiral (P1) and non-structural {P2 and P3) proteins that are released from the polypeptide chain by proteolytic progessing medis
ated by virally-encoded proteinases 2Ar9 and 3CPe/3CDPre to ultimately generate eleven mature viral proteins [197], Three
intermediate products of processing (2BC, 3CD, and 3AB} exhibit functions distinct from those of their respective final cleay-

age p: adugts,

somes, acidification of this compartment is not necessary
for release of the virus RNA into the cytoplasm |70], Thus
ihe exact mechanism by which the virus releases its RNA
genome into the cytoplasm of infected cells remains to be
elucidaled,

Nanetheless, once in the eytoplasm of infected cells, an
unknown cellular phosphodiesterase is believed to cleave
the 5'NTR-linked vira] protein VPg This process is fol-
lowed by initiation of translation of the RNA genome by

host cell ribosomes [196]. Concurrently, shut off of cap-
dependent host cell translation occurs by 2APe.mediated
cleavage of the eukaryotic translation initiation factor 4G
(elF4G), an element of the cap recognizing complex elF4F
{100,181,193). Interestingly, a byproduct of elF4G cleav-
age binds viral RNA and promotes IRES-dependent trans-
lation of the viral polyprotein [ 140], Moreover, inhibition
of host cell ranscription oceurs via inactivation of tran-
scription factor TFIIC [40] and cleavage of the TATA box
binding protein (TBP) by 3Cpro[199],

Page 4 of 18
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Secondary structure of the PV (M) 5'NTR. This genomie region has been divided Inte slx domains (1 to VI3 {197), of which
dormain | constitutes the cloverleaf and the remaining domains (Il to VI) comprise the IRES, Spacer sequences without complex
secondary structure exlst between the cloverleaf and the IRES (nt 89~123) and between the IRES and the Initiation codon (nt
620-742). Mutations in the 5'NTR of the Sabin PV type 1, 2, and 3 vaceine strains localizing to nucleotides 480 (A to G) [94],
481 (A to G) [129], and 472 (C to U) [194)], respectively, each denoted by a star, confer attenuation in the CNS and deficient
replication In neuroblastoma cells [106, 107] a3 well as reduced viral RNA translation efficiency [184-186],

With the synthesis of virus proteins, replication of the
RNA begina. Initially, for the first three hours following
infection of a permissive host cell, the kinetics of RNA rep-
lication is exponental. This is followed by a linear phase
fot one and a half hours, which ultimately enters a period
of rapid decay in the rate of synthesis [172]. The process
of RNA replication takes place in the cytoplasm on host
cell endoplasmic reticulum-derived rosette-like membra-
nous structures, the formation of which is induced by viral
proteins 2C and 2BC [14,38,188]. Subsequently, a hydro-
phobic domain in 3AB anchors this protein in the mem-
branes, and the affinity of 3AB for 3Dro! and 3CDpre
recruits the replication complex to this new sub-cellular
compartment. Within the confines of this micro-environ-
ment in the host cell cytoplasm, replication of the virus
RNA genome follows a complex pathway involving the
formaticn of intermediates ~ a replicative form, consisting
of double stranded RNA, and a replicative intermediate,
composed of a negative-strand partially hybridized to

multiple nascent positive-strands {reviewed in [197]].
Briefly, viral RNA replication starts with uridylylated Vg
(VPg-pU-pU)-primed synthesis of complementary nega-
tive-strand RNA molecules via the transcription of
poly(A) by the RNA dependent RNA polymerase 3Dpol,
The negative-strand RNA molecules then serve as tem-
plates for the syrthesis of positive-strand RNA molecules
[145]. Newly synthesized positivesstrand RNA molecules
can serve as mRNA templates for continued translation of
viral proteins or targeted as virus RNA molecules o be
encapsidated in progeny poliovirions by covalent linkage
of VPg to their 5' ends [135],

Encapsidation of VPg-linked positive-strand RNA mole-
cules, a process which constitutes the final steps in the cel-
lular life cycle of PV, appears to be linked to RNA synthesis
[6] at the interface of membranous structures in the cyto-
plasm of infected cells [153]. To start, 3CDPm cleaves the
erdby giving rise to proteins

P1 precursor polypeptide,
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The cellular life cycle of poliovirus. It Is initiated by binding of a poliovirion teo the cell surface macromolecule CD 155, which

functions as the receptor (1). Uncoating of the viral RNA is mediated by receptor-dependent destabilization of the virus capsid
(2). Cleavage of the viral protein VPg is performed by a cellular phosphodiesterase, and translation of the viral RNA occurs by
a cap-independent (IRES-mediated) mechanism (3), Proteolytic processing of the viral polyprotein ylelds mature structural and
non-structural proteins (4). The positive-sense RNA serves as template for complementary negative-strand synthesis, thereby

producing a double-stranded RNA (replicative form, RF) (5). Initiation of many pesitive strands from a single negative strand
produces the partially singlesstranded replicative Intermediate {RI) (6). The newly synthesized positive-sense RNA moleculgs
can serve as templates for translation (7) or associate with capsid precursors to undergo encapsidation and Induce the matura-
tion cleavage of VPO (8), which ultimately generates progeny virions, Lysis of the infected cell results in release of Infectious

progeny virions (9).

VPO, VP1, and VP3, which assemble to form a protomer
[195]. Five protomers then aggregate thereby generatinga
pentamer |156], of which twelve ultimately assemble to
constiie the pracapsid [88]. The VPg-linked positive-
strand virus RNA may be encapsidated either by conden-
sation of pentamers about the viral RNA {65,154] or by
incorporation of the virus RNA into procapsids [88}.
Cleavape of VPO into VP2 and VP4, possibly via an auto-

catalytic mechanism [84), finalizes virus assembly by sta-
bilizing the capsid and thereby converting the provirion
into a mature, infectious virus particle [85]. The mature -
virus capsid is an icosahedron composed of sixty coples
each of VP1-VP4, and exhibiting five., three-, and two-fold
axes of symmetry, The outer surface of mature virus capsid
1s formed by capsid proteins VP1.3, while VP4 is found
internally [83].
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The last step in completion of the cellular life cycle, which

under experimental conditions in vitro lasts approximately
seven to eight hours, is release of mature, infectious polio-
virions through lysis of the infected cell. Upon telease, on
the order of 1% of poliovirions will in turn initiate effec-
tive infections of permissive host cells [2].

The poliovirus 5" Non-Translated Region (5'NTR)

Given the genetic austerity exhibited by RNA viruses,
including the picornaviruses, it i8 surprising that they con-
tain relatively long 5'NTRs (10% of the getiome for polio-
viruses). These long segments of RNA, however, are
packed with information dispiaying unique features, An
important feature of the PV genomic RNA, 2 mRNA, that
distinguishes it frotn most cellular mRNAs, is the absence
of a 7-methyl guanosine (m?G) cap structure, which in
cellular mRNAs interacts with the efF4F cap-binding com-
plex eatly in translation initiation of cellular proteins, In
picornaviruses, the initiation of translation depends upon
the internal ribosomal entry site (IRES), a novel cis-acting
genetic element which functions as a docking site for host
cell ribosomes [90,150], Evidence for [RES-mediated, cap-
independent translation of the picornavirus RNA genome
emerged from experiments utilizing dicistronic RNAs har-
boring the IRES of encephalomyocarditis virus (EMCV)
(90] or PV [150]. Jang and colleagues demonstrated that
nucleotides 260-484 in the 5'NTR of EMCV were neces-
sary for the efficient in vitro translation of artificial mono-
and dicistronic mRNAs in nuclease-treated Hela cell
extracts and in rabbit reticulocyte lysates (RLLs) [90]. Sim-
{arly, Pelletier and Sonenberg showed that under condi-
tions which inhibited host cell translation (in PV-infected
cells), translation of the second cistron, harboring the bac-
terial chloramphenicol acetyltransferase {CAT) gene, medi-
ated by the PV 5'NTR was unaffected while translation of
the first cistron containing the hetpes simplex virus-1
(HSV-1) thymidine kinase (TK) gene did not occur {150].
Since their discovery, IRES elements have been found in
the genomes of other viruses [reviewed in [9]], induding
all picornaviruses (e.g. foot and mouth disease virus,
EMDV [104]; hepatitis C virus, HCV [192]; and simian
immunodeficiency virus, $IV [141]). IRES elements have
also been discovered in cellular mRNAs of numerous
organisms, including those encoding: human amyloid p
A4 precursor protein [162]; fly wranscription repressor
hairless {116]; rat growth factor receptor [67]; and yeast
transcriptional activator TFIID [87] [reviewed in [9]].

Oun the basis of sequence homology and comparisong of
predicted structire models, the 1RES elements of most
plcornaviruses have been classified as either type 1, exem-
plified by entero- and rhinoviruses, or type 2, typified by
cardio- and apthoviruses [reviewed in [197]]. The two
classes of IRES elements exhibit functional differences in
thelr ability to initiate transiation in cell-free translation

http:/fwww. virologyj.com/content/4/1/70

systems such as RRLs and HeLa cell-free extracts. Type 2
iRES elements, exemplified by the EMCV IRES, initiate
translation efficiently in RLLs. In contrast, type 1 IRES ¢le-
ments, exemplified by the PV IRES, show a deficiency in
their ability to initiate translation in RLLs which is rescued
by the addition of cytoplasmic extract from Hela cells
[30,46]. The difference in the ability of the type 2 IRES to
initiate translation under these conditions underscores
differences in host factors encountered by this class of
IRES in the two systems. This in turn is suggestive of vari-
ation in the efficiency of IRES-mediated translation
depending on the infected host cell, and consequently on
the ability of the virus to produce pathologic ¢changes.

in addition to the IRES domain, the 5' and 3' houndaries
of which have been delined at about nt 134 and nt 555,
respectively, by deletion analysis in vitro [86,103,133], the
PV 5'NTR harbots signals important fot teplication of the
virus RNA genome. The 5'-terminal 88 nt of the 5NTH
form a characteristic clover leaf structure, whiclt kias been
shown to be an indispensable cis-acting element in viral
RNA replication [3.144]. Additionally, the 5'NTR contains
two spacer regions. One lies between the clovetieal and
the IRES (nt 89-123) and the other maps to the region
between the 3’ end of IRES and the initiation codon of the
polyprotein (nt 640-742). The former is a sequence with-
out a formally as¢ribed function, The latter has been dem-
onstrated to be conserved in length (100-104 nt) albeit
not in sequence. 1n line with this observation, emerging
evidence indicates that the length of this spacer is impor.
tant for optimal viral protein synthesis as when shost
open reading frames are introduced between the IRES and
the initiation codon viral protein synthesis ik vitro and, in
some instances, neurovirulence are diminished [7]. Bu-
thermore, when this spacet region between the IRES and
the initiation codon is deleted, PV exhibits an att pheno-
type {180]. The function of this spacer, which is absent in
the closely related rhinovirus 5'NTRs, remains 5 mystery.
As emerging data from the Wimmer group {43] [Toyoda
H, Franco D, Paul A, Wimnmer E, submitted] [De Jesus N,
Jiang P, Cello ], Wimmer E, unpublished} indicates, the
short spacer between the cloverleaf and the IRES is loaded
with genetic information essential for properties charace
teristic of PV.

Interaction of trans«acting factors with the poliovirus
5'NTR '

IRES-mediated transiation of picotnavirus RNAs invoives
interactions with canonical, standard eukarvotic transia-
tion initiation factors (e.g., eIE2A) as well as non-canoni-
cal, celiular trans-acting factors that play different roles in
cellular metabolism (discussed below), lixpetimenial
techniques emploved to identify host cell factors that
interact with the PV 5'NTR include: RNA electrophoretic
mobility shift assay, UV-mediated crosslinking of proteins
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1oy WNA, and bicchemicad fractonation In junction with
supplementaton assay, [ndeed, while their abundance in
Is Lirgeted by PV remains (e be characterized, a number
o cellular proteing have been found to interact with the
PV 'NTR. These include; e[F2A [44]; elP4G [161); autoan-
tgen Lo 1119] poly(rC) binding proteins 1 and 2 (PCBP1
aval PLP?) {59,144 pyrimidine tract-binding protein
{»PTHY 179,80,152}; p97/upstream of N-ras (LINR) [29]:
(48/50, p38/39, and p35/36 [52,62,75,130% p60 [75);
and nucleo-cytoplasmic SR protein 20 (Srp20) [11].

oel

As mentioned above, the only eukaryotic transiation initi-
ation factors that have been demonstrated to interact with
the PV 5'NIR are elF2A and eIF4G, Specificaily, elF2A
complexes with nt 97-182 of the PV 5'NTR [45], and dele-
tion of a 40 amino acid region of elF4G (642-681} sub-
stantially dimnishes PV translation injtiation presumably
by Interference with the ribosome scanning process that
propels PY [RES-driven translation [161].

Among the numerous cellular proteins hypothesized to be
involved in rranslation of the viral RNA and which have
been subjected to functional analyses are the following;
PCBP,, PCBP,, La, pPTB, p97/UNR [reviewed in ]5]], and
Srp20 [11]. PCBP, and PCBP, are cellular proteins each
harboring three K homology (KH) RNA-binding
domains. Initally termed p38, PCBP was found to inter-
act with stem-loop IV of the PV IRES. Subsequently, PCBP
was found to have affinity for stem-loop 1 of the 5°NTR
{the cloverleaf) [59,144], Distuption of the interaction
between PCBP and stem-loop IV in vitre by mutations in
stemn-loop 1V, depletion of PCBP from Hela cell-free
extracls, and injection of anti-PCBP antibodies into Xeno-
pus luevis oocytes resulted in reduced translation of the
viraj RNA [17-19,59]. Analogously, evidence suggests that
the interaction between PCBP and the cloverleaf {specifi-
cally stem-loop B) is also necessary for efficient transla-
tion of the virus RNA [60,178]. Stem-loop D of the
cleverleal RNA binds the viral protein 3CD (and, very
poorly, 3Cem), The cloverleaf, PCBP, and 3CD for a ter-
nary complex that is essential for initiation of plus-strand
tNA synthesis |3,4,48,168}, It has been hypothesized to
be involved in a switch mechanism governing use of the
vijal RNA as either a template for translation or replica-
tlon. Rinding of 3CD ta a complex formed by the clover-
leuf <A and PCBP iphibits translation in a cell-free
extract and s hypothesized to promote replication,
thereby providing a mechanism to ensure an adequate
Bajance between these two progesses, Incompatlbllity of
whe cloverleal RINA with the viral 3CD, as in the context of
givimeas, would be expected 1o result In decreased virus
viabiity, Indeed, while it has been shown that a virygs con.
wining e S*NTR of GBS (nt 1-624) and remaining parts
gi the pename from PY1(M) was viable {92], a virus con-
puning the $'NTR of humap rhinovirug 14 (HRV14) and
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the remainder parts of the genome from PV3, exhibited a
lethal phenotype, because the PV 3CD was unable to
interact effectively with the HRV14 stem-loop D [168], In
the latter, the virus was rescued by insertion of two
nucleotides Into stem-Joop I (CUAC;,GGg,) of the
HRV14 deverleaf [167],

The nuclear protein La is an autoantigen targeted by anti-
bodies produced by patients with auteimmune disorders
such as systemic lupus erythematous and Sjogren's syn-
drome, Normally, It funciions in termination of RNA
polymerase 1l transcription [68,69], First characterized as
Hela cell protein p52, La is found in Hela cell-free
extracts but not in RLLs. Supplementation of RLLs with La
has been demonstrated to stimulate translation of PV
RNA [120].

The nuclear protein polypyrimidine tract-binding protein
(PTB), alsc known as hnRNP 1, which plays a role in alter-
native splicing of the cellular pre-mRNA [61,66,143],
associates with three sites within the PV 5'NTR (nt 70~
286, nt 443-539, and nt 630-730) as determined by Uv.
crosslinking [80]. An attenuating mutation, Cg,ll,
reduced the affinity of the PV 5'NTR to pPTB tn neuroblas-
toma cells (SH-8Y5Y) without disrupting this interaction
in HelLa cells [74]. nPTB, a neuronal-cell specific homo-
logue of PTB, was later described to bind less efficiently to
the PV IRES in the presence of the C,;,U attenuating
mutation [73],

The cytoplasmic RNA-binding protein UNR was originally
identified-as p97 in Hela cells and lacking in RLLs. Studies
in which endogenous expression of the unr gene was dis-
rupted by homologous recombination, transient expres-
slon of UNR effectively reestahlished efficient translation
by human rhinovirus and PV IRESs [28].

Lastly, Srp20 is a member of the SR family of splicing reg-
ulators, Recently, it has been found to interact with PBCFE,-
{111, a cellular RNA-binding protein that (as discussed
above) binds to sequences within the PV IRES and is nec-
essary for translation of the viral RNA, Bedard and col-
leagues [11] have shown that PV translation is inhibited
by depletion of Srp20 in Hela cell extracts and dimin-
ished by down-regulation of 8rp20 protein levels by RNA
interference in vivo. Whether Srp20 interacts directly with
IRES sequences was not determined,

Poliovirus pathogenesis

PV tropism {s limited to humans and non-human pri-
mates. In its natural hast, PV transmits via the fecal-oral
route. To date, the specific sites and cell typeg In which the
virys initially replicates following entry inta the host
remain enigmatic, Nevertheless, the ability (o isolate viras
from the lymphatic tlssues of the gastrointestinal tract,
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including the tonsils, Peyer's patches of the ileum, and
mesenteric lymph nodes [24,25,106,173,174], as well as
the feces [106,174]), prior to the onset of illness suggests
susceptible cells in these tissues may be sites of primary
teplication. Following initial replication of the virus in
susceptible cells of the pharynx and gastrointestinal tract,
in the majority of infected individuals a minor, transient
viremia, but no neurologic complications, will develop.
As the infection progresses, the virus will spread further to

other sites of the reticuloendothelial system. Conse-

quently, the great majority of PV infections, nearly 95%,
including almost all infections in which a minor viremia
develops, are 'innaparent’ or asymptomatic. In 4-8% of
infected individuals that develop primary viremia, a sec-
ondary, major viremia often associated with a ‘minor,
non-specific illness' will ensue. Also known as abortive
poliomvyelitis, the clinical manifestations of this 'minor,
non-specific illness' include many signs and symptoms
generally associated with other viral ilinesses: (a) an upper

respiratory infection, characterized by sore throat and
~ fever; (b) a gastrointestinal illness, presenting with nau-
sea, vomiting, abdominal discomfort, and constipation or
(infrequently) diarrhea; and/or (<) an illness mimicking
influenza, marked by headache, myalgia, and generalized
malaise [24,106,174]. In tutn, a minute segment of
infected individuals that experience major viremia will
progress to develop signs and symptoms indicating PV
invasion of the CNS, as characterized by non-paralytic
aseptic meningitis or paralytic poliomyelitis. Nonh-para-
lytie aseptic meningitis oceurs in 1-2% of PV infections
and is assoclated with rigidity of the neck, back, and lower
limbs as well as an augmented number of leukocytes {10-
200 cell/mm3) and slightly above-nommal protein levels
(40-50 mg/dL} in the cerebrospinal fluid {CSF) {35]. Par-
alytic poliomyelitis oceurs in 0.1-1% of all PV infections,
depending on the offending serotype [132]. Based on the
specific manifestation, paralytic poliomyelitis without
apparent affect in sensation or cognition is classified as
either: (i) spinal poliomyelitis, characterized by acute flac-
cid paralysis secondary to selective destruction of spinal
metor neurons and subsequent dennetvation of the asso-
ciated skeletal musculature; (i) bulbar poliomyelitis, pre-
senting with paralysis of respiratory muscles following
attack of neurons in the brain stem that control breathing;
and {iii) bulbospinal poliomyelitis, exhibiting effects on
both the brain stem and spinal cord [26,35], Amaong cases
of paralytic poliomyelitis, it is estimated that fatalities
result in 2-5% of children and 15-30% of adults, num-
bers which are drastically increased in cases featuring bul-
bar paralysis [35],

lsolation of PV from the CSF is diagnostic but seldom
achieved [35], Additionally, the precise mechanism(s) of
PV invasion of the CNS Is not well understood, Three
hypotheses for mechanisms utilized by the virus to gain
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entty into the CNS have been proposed: (1) the vitus
invades the CNS by retrograde axonal transport
[71,138,139]; (2) the virus crosses the blood-brain barrier
(BBB). presumably independent of the presence of the cel-
lular receptor for PV, CD155 [200); and (3} the virus is
imported into the CNS by infected macrophages - the
Trojan horse mechanism [51,57]. In support of the theory
of CNS invasion due to permeation of the BEB, Yang and
colleagues found that PY accumulated in the CNS of
CD155 transgenic (tg) mice at a constant rate that was
markedly higher than the accutnulation rate for albumin,
which i3 not believed to cross the BBB [200]. Eatlier, Blin-
zinger et al,, had interpreted their own finding of PV pat.
ticles in endothelial cells forming part of the BRB o
indicate that the virus breached the CNS through its vas-
culature {15]. Following this line of thought, evidence for
entry of PV into the CNS via infected macrophages is
largely circumstantial, emerging from observations that
PV replicates in macrophages expressing CD155 |531,57]
and that macrophages infected with Visna virus [151] and
human immunodeficiency vires (HIV) [54] traverse the
BBB.

However, experimental evidence from studies in non-
human primates [22,23] and CD155 (g mice [62,138,165]
supports the hypothesis of CNS invasion mediated by ret.
rograde axonal transport along peripheral nerves. The
observations that paralysis of the injected limb can be pre-
ventted by transection of the nerve linking the site of injec-
tion to the spinal cord, and that skeletal muscie injury
concurrent with PV infection predisposes 1o paralysis ini-
tially localizing to the afflicted limb (as observed in phe-
nomena denoted provocation poliomyelitis  and
iatrogenic poliomyelitis) [71,131], strongly suggest a neu-
ral pathway for PV entry into the GNS. Specially strong
evidence suppotting a neural pathway of CNS invasion
emerged from a study pubtished by Ohka et ai,, in which
the authors reported recovery of intact 1608 virion parti-
cles in the sciatic nerve of CD155 tg mice transected at var-
ious intervals following intramuscular inoculation with
PV, an observation suggesting a role for fast retrograde
axonal transport driving poliovirions along peripheral
nerves to the spinal cord, where the cell bodies of motar
neurons targeted by the virus reside |138]. This observa-
tion supported early reports of the presence of PV in axona
during experimental poliomyelitis [20,55}.

Pollovirus vaccines .

Prior to the 20t century, virtually all childeen were
infected with PV while still protected by mateinal andi-
bodies. In the 1900s, following the industrial revolution
of the late 18 and eartly 19t centuries, improved sanita-
tion practices fed to an increase in the age at which chil-
dren first encountgred the virus, such that at exposure
children were no }onger protected by matetnal antibodies
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1132}, Consequently, epidemics of poliomyelitis surfaced
|45,

i the mid-20™ century, in efforts to combat the ever
growing epidemics of poliomyelitls ravaging the United
Stales, research focused on the design of vaccines as a
means of haiting transmission, The first vaccine to be pro-
duced was the inactivated {or "killed") PV vaccine {IPV}
by Jonas Salk on April 12, 1955, In producing IPV, all
three PV serotypes were (and continue to be) grown in
vitre in African green monkey kidney (Vero) cells and
inactivated by formaldehyde. I[PV was shown to effectively
immunize and protect against poliomyelitis [35].

A second vaccine which was demonstrated to be both safe
and effective was the oral (or "live") PV vaccine (OPV)
developed by Albert Sabin in 1963, In truth, testing of the
vaccine began in 1957 under the auspices of the WHO,
but it was not until 1961 that the United States Public
Health Service endorsed OPV, then anly produced in the
monovalent form, Trivalent OPV (or simply ' OPV" as will
be referrad 1o henceforth) became available in 1963 and,
owing to s unlque ability to produce unmatched gas-
treiniestinal immunity, thereby preventing infection with
wi virus, soon became the preferred PV vaccine Iy the
Linited States and many other countries, OPV is com-
posed of an straing of all three TV serotypes, grown in vitro
in Vero cells, in a 10:1:3 ratio of types 1,2:3, respectively
[35).

The ait strains comprising OPV were generated by serial
passage of wi strains at high multiplicity of infection
{MQ1) in a series of hosts ranging from cells derived from
a variety of sources including monkey testis, kidney, and
skin w live monkeys [124], accompanied by selection of
vadants following experlmental bottlenecking events
sich as single-plaque cloning and limiting dilution, The
desival:le characteristics of selected variants were: (1} abil-
iy 1 replicate effectively in the gastrointestinal tract; (ii)
selecrivanass In the ability to invade or replicate within
the CNS; and (iit) genetic stability so as to withstand the
pressures of replication within the human host without
revession 10 4 neurovirulent phenctype. These qualities
ware those present in variants which came to be the Sabin
vagoine strains,

Yiats later, comparison of the nucleotide sequences of the
i Sabin strains and their neurovirulent parental strains
revealed a serigs of mutations, some of which were subse-
guendy found to be responsible for the att phenotypes of
the Sabin straing, PV type 1 {Sabin) [PV1(8)] harbared 7
rucleotide substrutons localizing to the B'NTR, 21
amine acid alieratlong within the polyprotein, and 2
pucieotide substrutions within the 3'NTR {157], PV type
3 (Sabip) |PY3(S}] contained 2 nudeotide substitutions
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in the §'NTR, 4 amino acld changes within the polypro-
tein, and a single nucleotide deletion within the 3'NTR
{216}, Lastly, PV type 2 (Sabin) [PV2(8)] exhibited asingle
nucleotide substitution within the 5'NTR as well as one
amino acid change within the polyprotein [115,147,164],
Subsequent sequence analysis of revertants with regained
reurovirulence indicated that mutations mapping to the
5'NTR specified the art phenotype of the three Sabin
strains, Attenuating point mutations within the 5'NTR of
the Sabin vaccine strains (nt 480, 481, and 472 in sero-
types 1, 2, and 3, respectively) localize to the IRES
(domain V) (Fig. 2) and their presence has been linked to
deficiencies in viral replication in the CNS and in neurob.
lastoma cells [106,107] as well as reductions in transla-
tion of the viral mRNAs as compared 1o wt sequences
[184-186].

Moreover, all Sabin strains exhibit ts phenotypes, which
map to the 5'NTR mutatlon (forall 3 types) [94,114,118],
to the capsid precursor (for all 3 types) [27,107,114,142],
as well as to the 3D coding sequence (for type 1)
[27,39,118,146,187,191]. The ts phenotype Is thought 1o
be the most important trait of the vaccines to confer atten-
uation,

Pollovirus eradieation and evolution

Thanks in part to the effectiveness and ease of administra-
tion of OPV as well as to the efforts of public health offi.
cials in the United States, the transmission of wt PV was
halted by 1979, less than 20 years since introduction of
OPV [35). Indeed, OPV was the weapon of choice in the
fight against vaccine-preventable poliomyelitis of the Pan
American Health Organization (PAHO) under the leader-
ship of Ciro de Quadros, M.D., M.P.H. By transforming
vaccines and immunization against PV into a top priority
of governments, vaccine producess, and public health
experts, de Quadros was able to jnstitute teams to further
his cause at the Ministry of Health in neatly every country
in the Americas, In 1985, PAHO announced its goal 1o
eradicate wt PV in the Western Hemigphere by 1890, The
target date was met, The last case of wt PV-induced para-
Iytic poliomyelitls was documented in Pery in 1991,
Three years later, in 1994, the International Cominission
for the Certification of Poliomyelitis Eradication
announced that transmission of wt PY in the Americas
had been discontinued.

Decades prior, while the United States was actively
attempting to hait transmission of wt PV by vaccination
with OPV, the WHO was trying to finalize the eradication
of another highly infectious agent - smallpox. By 1967,
programs to eradicate smallpox had proven successful in
many reglons of the globe, including Western Europe,
North Arnerlca, and Japan, In 1967, in line with recom-
mendations made by a WHO Expest Committee on
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Smallpox 3 years earlier to vaccinate the entire world's
population as a means of furthering efforts to eradicate
the variola virus, the WHO introduced the Intensified
Smallpox Eradication Program. The mass vaccination
strategy erriployed to eradicate an agent, estimated to have
caused 10-15 million cases of smallpox as early as 1967,
eventually paid off. The last recorded case of smallpox
occurred in Somalia in 1979, In 1980, the 33 World
Health Assembly announced the first successful eradica-
tion of a major human disease - smallpox [56].

In 1988, the WHO envisioned the eradication of yet
another agent causing majot human disease (i.e,, PV) by
launching a global campalgn to eradicate wt PV by the
yeat 2000. Of the two available polio vaccines, the Sabin
OPV was chosen to further the planned eradication
efforts, Two charactetistics of OPV propelled it for selec-
tion by the WHO as the instrument of ¢hoice in the Glo-
bal Polio Eradication Initiative: (1} its effectiveness in
producing gastrointestinal immunity; and {2) the fact that
1o special instrumentation (i.e., needles) was required for
its administration,

Undoubtedly, the use of OPV in mass vaccinations has
resulted in dramatic reductions in the numbet of cases of
poliomyelitis due to infections with wt PV from an esti-
mated 350,000 in over 125 endemic countries in 1988 to
just 1,874 in 2006. But perhaps counter-intuitively, the
use of OPY now poses enormous challenges to this
endeavor. A major flaw of QPV is that it is genetically
unstable, a characteristic that makes it particularly suscep-
tible to evolve into circulating vaccine-derived poliovi-
ruses (cVDPV), exhibiting wt PV-like properties, including
neurovirulence. The Centers for Disease Control (CDC)
estimates that in the United States, while OPV was being
used, one case of vaccine-associated paralytic poliomyeli-
tis (VAPP) emetged for every 2 to 3 million doses of OPV
administered, which accounted for 8 1o 10 cases of VAPD
in this country per year. In fact, in the United States, the
vast majority (95%) of cases of paralytic poliomyelitis
documented between 1980 and 1999 resulted from
¢VDPV-induced VAPP [35]. In 1996, in order to reduce
the incidence of VAPP among vaccine recipients, the
United States Advisory Committee on Immunization
Practices {ACIP) recommended the increased use of 1PV
by replacing the first two vaccine doses of the immuniza-
tion schedule with IPV as opposed to OPV. While the risk
of VAPP was reduced among vaccine recipients, the equiv-
alent reduction in risk did not translate for non-immune
contacts of vaccine recipients. With this in mind, in 1999,
the ACIP recommended that starting in the year 2000 use
of OPV be discontinued and that IPV be used exclusively
in the United States.
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Specifically, genetic changes that would endow QPV with
wt PV phenotypes, transforming att vaccine straing into
cVDPV with the ability to cause VAPP among vaccineg
recipients and/or their close contacts, could take the form
of reversions of known attenuating mutations and recom-
bination, whether inter- or hetero-typic [2]. Certainly, as
discussed above, comparisons of the nucleotide
sequences of wt PV strains with revertants of the art 8abin
OPV strains were key in identifying the determinants of
attenuation. But perhaps just as important in the genesis

- of cVDPV is the possibility of recombination. Admltiedly,

tecombination among human enteroviruses has been
hypothesized to be 4 common occutrence in nature.

In fact, recombination between RNA viruses, a process
originally considered highly unlikely, was shown flrst
with poliovituses [82]. Later, Agol and his colleaguies pto-
vided evidence that recombination can also occur
between different seratypes of PV [170,189]. Significantly,
the 3 Sabin vaccine strains have been shown to undergo
rampant intertypic recombination in vaccine recipients
[17,33,37,42,63,64,93,105,111,117,148), Finally, recoms
bination between polioviruses was shown to occur in a
cell-free Hela cell extract [49)].

It has been speculated that recombination may serve as a
mechanism to augment the potential of viruses to adapt
and evolve. The evolution of OPV into highly diverged
VDDV, via recombination between PY and other closely
related enteroviruses, in inadequately immunized popu-
lations is a very real concern [8,95,112,171,177]. For the
most part, recombinants between the Sabin vaccine
strains and other human enteroviruses exhibit ¢rossover
points within the non-structural region of the genome,
such that the PV 5'NTR and structural P1 regions are
retained. Consequently, of particular concern are recom-
binations that results in viruses which have lost the att
phenotype of the parental vaccine strains and gained phe-
notypic characteristics that would make them indistin-
guishable from wi PV, thereby acquiring the ability 10
cause poliomyelitis.

Recently, in the current climate of attempting to eradicate
PV, the possibility of genetic exchanges between the Sabin
OPV strains and closely related viruses has come into the
limelight. Indeed the propensity of QPV strains to recon-
bine in recipients of the vaccine has been documented in
numerous outbreaks of VAPP secondary to the unchecked
circulation of cVDPV in poorly immunized communities
18,95,112,171,177]. Moteover, the possibility exists that,
as previously hypothesized [[72,166]; Jiang P, I'aase JA),
Toyoda I, Paul A, Gorbalenya AE, Wimmer E, unpub-
lished), in a wotld free of PV and anti-PV antibodies as
envisioned by the WHO, viruses closely related to the
poiioviruses/ﬁl\h as the C-cluster coxsackie A viruses {e.g.,
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CAV20} may fill the niche left vacant by the polioviruses,
Could G-cluster coxsackie A viruses evolve to utilize
{20155 as a cellular receptor, thereby completely altering
the disease syndromes with which they would be associ-
ated? Lf only the structural region of C-cluster coxsackie A
viruses evolved to recognize the PV cellular receptorwhile
maintaining the rest of the genome unchanged, would
such a virus replicate in the same cell types and to the
saine tevels as wi PV or would the C-cluster coxsackie A
virus-specific genome segments impose cell-internal
restriciions on viral replicadon? {f simply the presence of
C-cluster coxsackie A virus-derived genome segments
vesuits in restricted viral replication, which particular
geiioine segments are accountable for such phenotypic
differences? Morpover, would attenuating mutations in
ihe PY ganome translate into atlenuating mutations in
viruses thai result from she recombination of PV with a
closely-related yet non-neurovirulent C-cluster coxsackie-
virus? These are precisely some of the questions currently
under investigation in the Wimmer laboratory,

The biechemical synthesls of poliovirus

Despite the undeniable success of the Global Polio Eradi-
cution Initiate in the nineteen vears since its introduction,
characterisiics inheremi 1o OPV, logistical obstacles in
ensuring 100% vaccination, as well as the realization that
die nopo symihiesis of viruses is a possibility, have brought
Bo guestion the feasibility of the control of poliomyelitis
By means of the otal eradication of we PV, Current recom-
mendations by the WHO Include the cessation of OPV
vaccination 3 years following the last reported case of
pollonyelids due Lo infection with wt PV, In time, cessa-
tion of vaccination would inevitably result in lost of herd
immunity, which in turn generates an ever increasing pool
ol susceptible individuals to the same agent against which
immunization was originally targeted and to one similar
that s evolving to replace it. In such discussions, an
important consideration remains: can a virus that can be
syithesized ever truly be considered eradicated?

Dvidence for the ability 1o chemically synthesize a virus
(1.2, PV} first emperged from a study published by Eckard
Winuner's group in 2002 [34], which described the de
nove Bicchemical synthesis of infectious PV by utilizing as
instruction only the published nucleotlde sequence of the
genome. The initial step in the scheme to synthesize
PV1(M) consisted of generating a complete complemen-
tary DNA (eDNA} copy of the virus genome bearlng a
phage 17 RNA polymerase prometer at the 5' end, This
endeavor was accomplished by a laborious process in
which: {i} overlapping segments of 400 tc 500 base pairs
ibp) were synthesized by piecing together purified oligo-
nugleotides (approximately 69 nt In length} of plus and
minug  polatty  with  overlapping  complementary
sequences st the ends, followed by ligation of the seg-

http:/fwww virologyj.com/content/4/1/70

ments into a plasmid vector; (ii} cloned segments were
sequenced to pinpoint segments with correct sequences
and those containing only a small number of mutations
that could be corrected either by sub-cloning or by site-
directed mutagenesis; (iii) cloned segments were sequen-
tially joined to generate three large DNA fragments 3026,
1895, and 2682 bp in length; and (iv) combining the
three DNA fragments to produce the full-length sPV1(M)
cDNA. To ensure the wt sequence of PY1(M) could be dis-
tinguished from that of sPV1(M), in generating the
sPVI(M) cDNA, 27 nucleotide substitutions were engi-
neered as markers in the sSPV1{M) cDNA, Next, the T7 pro-
moter-containing sPY1{M) cDNA was transcribed in vitro
with T7 RNA polymerase to yield highly infectious virus
RNA, which was equivalent in length to virion RNA, The
presence of all genetic markers engineered into the
sPV1(M} cDNA was established by restricdon enzyme
digest analysis of products of reverse transcriptase-
polymerage chain reaction (RT-PCR) in which virus RNA
isolated from sPV1(M)-infected Hela cells was used as
template, D¢ novo synthesis of PV from transcript RNA
derived from sPV1(M) cDNA in a cell-free extract of unin-
fected Hela cells, as previously described for wt PV1(M)
[146]. was confirmed with the yield of end products of
proteolytic processing of the virus polyprotein as well as
the production of infectious virus, Comparison of virus-
specific proteins generated by Incubation of sPV1(M)
cDNA-derived transcript RNA with an 83 cytoplasmic
extract of Hela cells with the corresponding proteing
detived from wt PV1(M} c[INA-derived transcript RNA
validated the products of in uitro transtation as PY-specific
proteins, The production of infectious virus by incubation
of sPV1(M)} cDNA-derived transcript RNA with an §3 cyto-
plasmic extract of HeLa cells was ascertained by analysis of
plaque formation on HelLa cell monolayers on which aliq-
uots of the transcript RNA-containing cytoplasmic extract
had been incubated. The ability of CD155-specific mono-
clonal antibody (mAb) D171 to block infection of Hela
cells by sPV1(M) was verified by the observation that
incubation of HeLa cells with mAh D171 prior to addition
of sPV1{M]) entirely voided the virus' plaque forming abil-
Ity, Lastly, to characterize the disease-inducing potential
of sPV1(M). the neurovirulence phenotype of this virug
was examined in CD155 tg mice, Following intracerebral
(i.c.) Inoculation with sPVI{M), adult CDI55 1g mice
often developed neurological signs characteristic of polio-
myelitis, including flaccid paralysis and even death, The
inoculum required to produce paralysis and/or death In
half the mice inoculated (PLDs,) was markedly increased
over that required to produce the same signs of disease
with wt PV1(M). The degree of attenuation of sPY1(M)
compared to the parental PV1(M) was rather unantici-
pated., All nucleotide substitutions engineered into the
sPV1(M) ORF, with the exception of Xmal and Stul restrig-
tion sites generated in the 3'NTR and 2B regions, pro-

Page 12 of 18
(page number nel for citalion purpases)



Virology Joumai 2007, 4.70

duced silent mutations, But the changes in the 2B coding
region had previously been demonstrated not to influence
virus replication in vitro [126,198]. Hence, when the find-
ings were fitst published, the authors attributed the att
phenotype of sPVI(M) in €CD155 tg mice to the silent
mutations and then unidentified mechanisms [34],

I a subsequent study [43], the authors set forth to deter-
mitie what aspect of the sPV1{M) genome was responsible
for the phenotypic changes observed in comparisons with
wt PV1{M). In coltaboration with others the author of this
review showed that a single nucleotide substitution
{A105G) mapping to the spacer region between the clover-
leaf and the IRES within the 5'NTR determines the att phe-
notype of sPY1(M}.

In our quest to determine what alterations in the genotype
of sPVI(M) resulted in the observed neurophenotypic
changes, two strategles were employed: (1) exchange of
genomic segments between sPV1{M) and wt PV1(M) fol
lowed by analysis of neurovirulence in vive; and (2)
sequence analysis of viruses recovered from the spinal
cords ofsPV1(M)-inoculated CD155 tg mice that had suc-
cumbed to infection in concert with comparison of these
sequences with that of sPV1(M) virus that constituted the
inoculum. In all instances, we identified a change at one
locus in the sequences of recovered vituses. Analyses of
the in vitro phenotypes in tissue culture as well as the in
vivo phenotypes in CD155 tg mice of a series of PV vatiants
revealed the critical nucleotide in determining two impor.
tant characteristics of sPV1(M): (i) an att neurophenotype
in adult CD155 1g mice; and (ii) 4 &5 phenotype in neuro-
nal cells of human origin.

Considering that the nucleotide we identified as an
important determinant of the replicative phenotypes of
PV in vive as well as in vitro {A,q3) 18 highly conserved
among polioviruses and human C-cluster coxsackie A
viruses and that, in evolution, conservation often equates
with functional importance, we have continued our anal-
ysis of this locus to studying the effect of mutating this
nucleotide (A;y3G) in CAV20 - one of three human C-
cluster enteroviruses exhibiting the highest degree of
sequence homology to the polioviruses [De Jesus N, Jiang
P, Cello J, Wimmer E, unpublished].

Conclusion

Whether accidentally or not, over centuries poliovirus has
evolved to specifically target alpha motor neurons in the
spinal cord of its human host, thereby causing acute flac.
cid paralysis, the characteristic sign of paralytic poliomye-
litis. Fortunately, since its inception in 1988, the WHO's
Global Polio Eradication Inidative, along with great eco-
nomic and intellectual efforts, has served to greatly reduce
the number of documented cases of poliomyelitis world-
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wide. Nonetheless, the ultimate goal of halting poliovirus
transmission as a means of eradicating poliomvyelitis has
proven rather elusive, In light of this tealization and ¢on-
sideting the possibility that a virus that can be synthesized
may never truly be considered eradicated, 1t is imperative
that new strategies to combat poliovirus be considered,
whether these be in the form of the development of new
vacelnes and/or anti-viral drugs. In, this endeavot i s
important that aspects of the pathogenesis of this vitus,
such as interactions with host factors that play roles in
replication and/or translation of the viral genome be
identified, as weli as sites of primary replication and the
mechanism{s) of CNS invasion be more cleatly eluci-
dated, For it is only by understanding the intticacies of the
life cycle of this pathogen within the human host that we
will be able to more effectively develop new treatment
modalities.
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