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Highly divergent vaccine-derived polioviruses (VDPVs) have been isolated from sewage in Tallinn, Estonia, since 2002. Sequence
analysis of VDPVs of serotypes 2 and 3 showed that they shared common noncapsid region recombination sites, indicating origi-
nation from a single trivalent oral polio vaccine dose, estimated to have been given between 1986 and 1998. The sewage isolates
closely resemble VDPVs chronically excreted by persons with common variable immunodeficiency, but no chronic excretors

have yet been identified in Estonia.

Estonia was one of the first countries in the world to elimi-
nate endemic polio, with the last case reported in 1961 (1).
The core strategies for poliomyelitis control in Estonia and
worldwide include polio vaccination at high rates of coverage,
sensitive surveillance for cases of acute flaccid paralysis (AFP),
and virologic characterization of poliovirus isolates (2). AFP
surveillance is supplemented in 20 European countries and
elsewhere by environmental surveillance (3-5).

Estonia switched from oral poliovirus vaccine (OPV) to inac-
tivated poliovirus vaccine (IPV) in 2008 (http://www.who.int
/immunization_monitoring/data/est.pdf). Key factors leading to
the switch were the rare clinical consequences of the genetic insta-
bility of OPV (6): the occurrence of vaccine-associated paralytic
poliomyelitis (VAPP) in OPV recipients or contacts (7) and the
emergence of genetically divergent vaccine-derived polioviruses
(VDPVs) (8). VDPVs are defined as having >1% divergence
(types 1 and 3) or >0.6% divergence (type 2) from the corre-
sponding OPV strains in the ~900-nucleotide (nt) VP1 region
(8). This definition follows from the high rate of nucleotide se-
quence evolution in poliovirus (~ 1% per year) (9) and the normal
period of poliovirus excretion of <3 months (10). VDPVs are
distributed into three categories: (i) circulating VDPVs (cVDPVs)
associated with outbreaks in settings of low OPV coverage (8, 11,
12), (ii) immunodeficiency-associated VDPVs (iVDPVs) from
prolonged infections of persons with primary immunodeficien-
cies (8,11, 13-16), and (iii) ambiguous VDPVs (aVDPVs) isolated
from immunocompetent persons or the environment (8, 11, 12).
Environmental aVDPVs in countries with high poliovirus vaccine
coverage may signal latent chronic infections, but none of the
infected persons have been identified so far (3, 8, 17-20).

The differing genetic properties of cVDPVs and iVDPVs facil-
itate predicting the likely sources of many aVDPVs (11, 12). Most
cVDPVs are vaccine/nonvaccine recombinants with limited sub-
stitution in the neutralizing antigenic (NAg) sites (8, 12, 21). In
contrast, most iVDPV isolates have nonrecombinant or vaccine/
vaccine recombinant genomes, multiple substitutions in the NAg
sites (8, 13, 14, 16), and numerous mixed-base positions (reflect-
ing divergence into separate lineages during prolonged infections)
(13, 14, 22-24).

In 2002, a highly evolved type 3 VDPV (VDPV3) was isolated
from Tallinn sewage by the Central Laboratory of Virology, Esto-
nia (3). A related VDPV3 was again isolated from Tallinn sewage
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in 2008, along with highly evolved VDPV2s in 2008, 2009, and
2010 (Tables 1 and 2). Sequence analysis (3) performed at the
National Institute for Health and Welfare, Finland, showed that
all VDPV isolates differed from their parental OPV strains in P1/
capsid region nucleotides (~2,550) by 13.5 to 15.1% (VDPV2) and
12.6 to 14.9% (VDPV3) (Tables 1 and 2). The Estonian VDPVs of
each serotype formed unique genetic groupings distinct from recent
wild poliovirus type 2 (WPV2) (see Fig. S1A in the supplemental
material) and WPV3 (see Fig. S1B) genotypes and environmental
VDPVs from other countries (see Fig. S1) (20). P1/capsid region se-
quences of the four VDPV?2 isolates were up to 10.0% divergent from
each other (Table 1), consistent with the emergence of separate
VDPV2 lineages.

The Estonian VDPYV isolates had mosaic genomes, with shared
P2 and P3/noncapsid region recombination sites (Fig. 1A). The
approximate sites of recombination, obscured in alignments of
total nucleotide substitutions (3) by the high mutational back-
ground (see Fig. S2B and D, upper alignments, in the supplemen-
tal material), could be visualized in alignments showing only dif-
ferences in the more slowly accumulating transversions (9) (see
Fig. S2B and D, lower alignments), revealing a Sabin 3/human
enterovirus (Sab3/HEV) site after nucleotide position 4941 and an
HEV/Sab1 site after nucleotide position 5875 (see Fig. S2C, E, and
G). Although our assignments were supported by analyses using
the recombination detection program DualBrothers (25, 26) (see
Fig. S3), we could not localize recombination sites with greater
precision because of residual transversions and because the se-
quences of the parental HEV donor are unknown.

The finding that all Estonian VDPVs shared common recom-
bination sites is strong evidence of derivation from a chronically
infected person fed trivalent OPV (tOPV) many years earlier. We
estimated the date of the initiating tOPV dose from the rate of
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TABLE 1 Nucleotide differences in P1/capsid region among the Estonian VDPV2 sewage isolates

VDPV2 Pairwise nt difference P1/capsid region® (%)
Collection date

Designation Virus” (day/mo/yr) S2 1 2 3 4
S2 Sabin 2 2.3 2.5 2.4 2.7
1 VDPV2/EST/Env2008 25/9/2008 13.5 1.3 1.3 1.3
2 VDPV2/EST/Env2009° 16/11/2009 15.3 9.3 0.7 0.5
3 VDPV2/EST/Env2010-1 15/3/2010 14.6 9.5 5.8 0.9
4 VDPV2/EST/Env2010-2 25/11/2010 15.1 10.0 3.2 6.8

@ Values below the diagonal indicate total nucleotide differences; those above the diagonal indicate transversion differences.

b GenBank sequences KC784367 to KC784370.
¢ Deletion at triplet 233 not counted.

accumulation into the P1/capsid region of total nucleotide substi-
tutions (Kp), total synonymous substitutions (K¢), and synony-
mous transversions (Bg) (9) (Table 3). Mean rates of substitution
into the VDPV2 P1/capsid region were estimated at 1.47 X 10~ >
nt substitutions/site/year (Ky), 1.78 X 10~ nt substitutions/site/
year (K{), and 1.62 X 107> nt substitutions/site/year (BS) (Table
3). Using these rate values, the total age of the most recent (25
November 2010) VDPV2 isolate was estimated at 18.5 (Ky), 12.9
(K¢),and 17.1 years (B¢), with a mean of 16.2 years. If the actual K
evolution rate was similar to the rate (1.1 X 10~ 2 nt substitutions/
site/year) calculated from more robust data sets (9, 21), then the
age of the most recent isolate would be estimated at 21.9 years
(date of the initiating tOPV dose, ~1989) (Table 3). When the K.
evolution rate was assumed to be 1.1 X 10~ nt substitutions/site/
year, the estimated age of the December 2009 VDPV3 isolate was
23.3 years (date of the initiating tOPV dose, ~1986) (Table 3).
Although each of these estimates has wide confidence intervals, it
is clear that the VDPVs had been replicating for =15 years.

The intertypic vaccine/vaccine recombinants emerged early in
the infection, as is typically observed when individuals are fed
tOPV (27). The mosaic structures of the noncapsid region may
change over the 4- to 8-week period of excretion with further
genetic exchanges among the OPV strains (27) but subsequently
stabilize, and intertypic recombination sites remain conserved in
highly divergent VDPV recombinants (3, 18, 24). P1/capsid re-
gion sequences of the Estonian VDPVs clustered by serotype on
maximum likelihood trees, consistent with a pattern of little or no
intertypic P1/capsid region recombination (Fig. 1B). In contrast,
the Sabin 3-derived (nt 3396 to 4941) (Fig. 1C), HEV-derived (nt

TABLE 2 Nucleotide differences in P1/capsid region among the
Estonian VDPV3 sewage isolates

Pairwise nt

difference P1/

capsid region”
VDPV3 (%)

Collection date

Designation ~ Virus® (day/molyr) S3 1 2
S3 Sabin 3 1.9 2.2
1 VDPV3/EST/Env2002¢  1/10/2002 12.6 1.1
2 VDPV3/EST/Env2008  29/12/2008 149 10.5

@ Values below the diagonal indicate total nucleotide differences; those above the
diagonal indicate transversion differences.

? GenBank sequences AY421739 (3) and KC784372.

¢ Described previously as EST02-E252 (3).
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4942 to 5875) (Fig. 1D), and Sabin 1-derived (nt 5876 to 7392)
(Fig. 1E) noncapsid region sequences of the VDPV isolates did not
cluster by serotype. Tree topologies in the noncapsid region revealed
an ancestral node common to all VDPV isolates (Fig. 1C to E). The
extent of substitution in the Sabin strain-derived intervals is also con-
sistent with =15 years of replication. The nodes connecting VDPV3/
EST/Env2008, VDPV2/EST/Env2008, and VDPV2/EST/Env2009
are shifted to the right for the Sabin 3-derived interval compared
to the downstream Sabin 1-derived interval, suggesting more fre-
quent genetic exchanges in the P3/noncapsid region than in the
P2/noncapsid region, as would be expected if noncapsid region
recombination frequencies are roughly proportional to the phys-
ical distance from the P1/capsid region.

As with other VDPVs (12, 14, 16, 18, 21, 24), the major deter-
minants of the attenuated and temperature-sensitive phenotypes
in Sabin 2 (A 5,—G and VP1-Ile,,;—Thr) (28, 29) had reverted in
all VDPV?2 isolates, and those of Sabin 3 (U,,,—C and VP3-
Pheyy,—Ser) (30) had reverted in the VDPV3 isolates.

Four major NAg sites have been described for the poliovirus
capsid: NAg-1, NAg-2, NAg-3, and NAg-4 (31). Among the four
NAg sites, amino acid replacements had accumulated in all but
NAg-3 in the VDPV2 isolates and in all but NAg-4 in the VDPV3
isolates (see Fig. S4 in the supplemental material). Each isolate had
a unique NAg sequence, and the amino acid at position VP2-164
(NAg-2) was deleted from VDPV2/EST/Env-2009.

The Tallinn sewage isolates had properties typical of iVDPVs
excreted by a chronically infected individual with a primary im-
munodeficiency, most likely common variable immunodeficiency
(CVID) (3, 32). Unlike most individuals with iVDPV infections
who either clear their infections or die within a year from compli-
cations of their immunodeficiency (8, 33), infected individuals
with CVID may excrete iVDPVs for >5 years (13, 15, 16, 22).
Some become paralyzed many years after the initial exposure to
OPV (13, 16, 22), but others have remained asymptomatic (15).
Consequently, environmental surveillance becomes a powerful
tool for the detection of chronic, asymptomatic iVDPV infections
(4). Highly divergent VDPVs resembling iVDPVs have also been
found in sewage in Israel (VDPV2) (18), Slovakia (VDPV2) (19),
and Finland (VDPV1, VDPV2, and VDPV3) (20). It is likely that
high rates of poliovirus vaccine coverage, coupled with high levels
of hygiene and sanitation, have limited the spread of the presumed
iVDPVs in these developed countries. The presence of persons in
the community with prolonged and unrecognized VDPV infec-
tions underscores the importance of maintaining high levels of
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FIG 1 Shared noncapsid region recombination sites among Estonian VDPV2 and VDPV3 sewage isolates. (A) Schematic of the poliovirus genome. The single
ORF is indicated by a rectangle flanked by the 5'- and 3’-untranslated regions (UTRs); the small protein VPg, covalently attached to the 5" end, is represented by
a circle. Cleavage sites for processing of the polyprotein are indicated by arrows. Dashed lines symbolize virion surface loops forming neutralizing antigenic
(NAg) sites 1, 2, 3, and 4. Mosaic structures of VDPV genomes are symbolized by differential shading. (B to E) Maximum likelihood trees (34) (http://www
.geneious.com) summarizing sequence relationships among Estonian VDPV2 and VDPV3 isolates and the parental Sabin OPV strain sequences for genomic
intervals approximately corresponding to different recombination blocks. (B) VDPV2 and VDPV3 P1/capsid region sequences (nt 763 to 3395) compared to the
homologous Sabin strain sequences. (C) VDPV2 and VDPV3 sequences (nt 3396 to 4941) rooted to the homologous Sabin 3 sequences. (D) VDPV2 and VDPV3
sequences (nt 4942 to 5875) compared to the homologous Sabin strain sequences. (E) VDPV2 and VDPV3 sequences (nt 5876 to 7392) rooted to homologous
Sabin 1 sequences. Nucleotide positions are numbered according to Toyoda et al. (35). Bootstrap values were obtained after 1,000 replicates and are shown at
nodes of consensus trees.
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TABLE 3 Bayesian Markov chain Monte Carlo estimates of the date of the initiating tOPV dose

VDPV Substitution Mean substitution Substitution rate Mean total Age inyr Mean estimate for year
category category rate? (X1072) (95% HPD") age (yr) (95% HPD) of initiating tOPV dose*
VDPV2 Kp? 1.47 0.65-2.28 18.5 9.7-29.5 1992

VDPV2 K& 1.78 1.07-2.52 12.9 7.8-18.6 1998

VDPV2 BY 0.16 0.05-0.29 17.1 6.9-38.5 1994

VDPV2 Krnf (1.10] 21.9 16.1-27.1 1989

VDPV3 Kran [1.10] 233 15.8-29.8 1986

@ Expressed as nucleotide substitutions/site/year for each category of substitution in the P1/capsid region. Substitution categories were normalized to total sites as described

previously (9). Estimates from the data set are shown without brackets.
¥ HPD, highest posterior density.

¢ Rounded to the nearest beginning of the year.

4 K, estimated total nucleotide substitutions.

¢ K¢, estimated synonymous substitutions normalized to total sites.
/B, estimated synonymous transversions normalized to total sites.

€ K1y assumes a rate of total nucleotide substitution of 1.1 X 10> nt substitutions/site/year.

population immunity to poliovirus years after all wild poliovi-
ruses have been eradicated.

Nucleotide sequence accession numbers. The sequences de-
termined in this study have been deposited in GenBank under
accession numbers KC784367 to KC784373.
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