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In 2010, a large outbreak of poliomyelitis with unusual 47% lethal-
ity occurred in Pointe Noire, Republic of Congo. Vaccine-mediated
immunity against the outbreak virus was never investigated. A
wild poliovirus 1 (WPV1) isolated from a fatal case (termed PV1-
RC2010) showed a previously unknown combination of amino acid
exchanges in critical antigenic site 2 (AgS2, VP1 capsid protein posi-
tions ,,1SAAL—,,,PADL). These exchanges were also detected in an
additional 11 WPV1 strains from fatal cases. PV1-RC2010 escaped
neutralization by three different mAbs relevant for AgS2. Virus neu-
tralization was tested in sera from fatal cases, who died before
supplementary immunization (n = 24), Gabonese recipients of re-
cent oral polio vaccination (n = 12), routinely vaccinated German
medical students (n = 34), and German outpatients tested for anti-
poliovirus immunity (n = 17) on Vero, human rhabdomyosarcoma,
and human epidermoid carcinoma 2 cells. Fatal poliomyelitis cases
gave laboratory evidence of previous trivalent vaccination. Neutral-
izing antibody titers against PV71-RC2010 were significantly lower
than those against the vaccine strain Sabin-1, two genetically dis-
tinct WPV1s isolated in 1965 and 2010 and two genetically distinct
vaccine-derived PV strains. Of German vaccinees tested according to
World Health Organization protocols, 15-29% were unprotected
according to their neutralization titers (<1:8 serum dilution), even
though all were protected against Sabin-1. Phylogenetic analysis of
the WPV1 outbreak strains suggested a recent introduction of virus
progenitors from Asia with formation of separate Angolan and Con-
golese lineages. Only the latter carried both critical AgS2 mutations.
Antigenetically variant PVs may become relevant during the final
phase of poliomyelitis eradication in populations with predomi-
nantly vaccine-derived immunity. Sustained vaccination coverage
and clinical and environmental surveillance will be necessary.

he Global Polio Eradication Initiative has led to a highly
efficient reduction in the global incidence of poliomyelitis
(1). To date, only Nigeria, Afghanistan, and Pakistan have not been
able to achieve interruption of wild poliovirus (WPV) circulation
(2). In the final phase of poliomyelitis eradication, regions with
WPV circulation coexist with regions from which the virus has been
eradicated but where hygienic conditions prevail that favor polio-
virus (PV) spread (1-3). In 2012, 223 WPV cases were reported
globally, with only 6 cases in nonendemic countries. In 2013,
however, there was an increase to 416 cases, including 256 from
nonendemic countries (4). Recent examples of large outbreaks in
previously poliomyelitis-free regions include the 2010-2011 out-
break in the Republic of Congo (ROC) with 445, the 2010 out-
break in Tajikistan with 463, and the 2011 outbreak in China with
21 laboratory-confirmed WPV1 cases, respectively (5-7).
The 2010 ROC outbreak differed from other recent outbreaks
in its unusually high case-fatality rate (CFR). Of the 445 confirmed
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cases, 390 occurred in the city of Pointe Noire (5, 8, 9), with a CFR
of 47% and a median age of 20 y for patients with paralytic disease
(5, 8, 10, 11). For comparison, the CFR in the 2010 Tajikistan
outbreak was only about 6% and 44% of cases of acute flaccid
paralysis (AFP) were observed in children below 5 y of age (6). It
has been proposed that the severity of the ROC outbreak resulted
from breaches in vaccination coverage in adults, combined with the
underreporting of mild cases (11, 12). However, nonpolio AFP
rates in the ROC were higher than those in the neighboring
countries Angola, Gabon, and the Democratic Republic of Congo
(DRC) in 2010 (8.3% versus 3.9%, 5.2%, and 6.3%, respectively)
(13), questioning weaker clinical surveillance and severe under-
reporting. Critically, in an interview-based assessment, 72% of
149 polio cases from the ROC outbreak recalled prior uptake of
at least one dose of trivalent oral polio vaccine (tOPV), and
49% reported at least three doses (8). In another independent
investigation of 28 laboratory-confirmed cases, 7 (25%) had more
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Author contributions: J.F.D., E.M.L., and C.D. designed research; J.F.D., G.G., AN.L, L.IK,S.B.,
G.U, J.R, S.E.L-D., and S.D. performed research; G.G., AP.G., R.T-T,, D.N,, and M.K. contrib-
uted new reagents/analytic tools; J.F.D., AN.L, AM.E.-H., S.D., M.K., E.M.L, and C.D. ana-
lyzed data; and J.F.D., E.M.L., and C.D. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

Data deposition: The nucleotide sequences reported in this paper have been deposited in
the GenBank database (accession nos. JF838278-JF838290).

J.F.D., G.G., E.M.L., and C.D. contributed equally to this work.

2To whom correspondence may be addressed. Email: drosten@virology-bonn.de or eric.
leroy@ird.fr.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1323502111/-/DCSupplemental.

PNAS | September 2, 2014 | vol. 111 | no.35 | 12889-12894

>
(Y
o
-
=]
Q@
[=]
[
5
=



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1323502111&domain=pdf
http://www.ncbi.nlm.nih.gov/nuccore/JF838278
http://www.ncbi.nlm.nih.gov/nuccore/JF838290
mailto:drosten@virology-bonn.de
mailto:eric.leroy@ird.fr
mailto:eric.leroy@ird.fr
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323502111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323502111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1323502111

L T

/

D\

than three documented tOPV doses, and 15 (54%) had atleast one
dose (5). These data seem to be in conflict with current knowledge
on the efficacy of OPV, as even low levels of vaccine-derived im-
munity should confer protection against paralytic disease (14, 15).
Of note, PVs are not known to undergo any relevant antigenic
drift to escape vaccine-mediated immunity, such as, e.g., influenza
A viruses.

In this study, we isolated the WPV1 strain from the ROC out-
break and analyzed factors potentially associated with the higher
CFR by molecular and immunologic tools.

Results

Laboratory-Confirmed Cases. Appropriate samples to study pre-
existing immunity were limited in number, as they had to origi-
nate from before supplementary immunization activity (SIA).
From 13 deceased patients, rectal swabs, throat swabs, and se-
rum samples were available. PV1 RNA was detected by RT-PCR
in 12 of 13 rectal swabs. The remaining patient yielded PV1
RNA in RT-PCR in a cerebrospinal fluid sample. Because of the
clear clinical picture of bulbar poliomyelitis within an ongoing
outbreak, the 13 cases yielding PV1 RNA were classified as lab-
oratory-confirmed. Table S1 summarizes RT-PCR results for the
13 laboratory-confirmed cases.

Exclusion of Alternative Outbreak-Associated Etiologies. In all 13
cases a large range of viruses was tested by (RT)-PCR to exclude
possible additional outbreak-associated etiologies, including her-
pes-, paramyxo-, picorna-, flavi-, alpha-, bunya-, adeno-, corona-,
influenza-, reo-, calici- and astroviruses (details are provided in
SI Methods). None of those viruses were detected in more than one
sample, suggesting PV1 as the etiology of fatalities.

Neutralizing Antibodies. Neutralizing antibodies against Sabin-1,
-2, and -3 PV reference strains were determined in sera from all
13 laboratory-confirmed cases (mean age = 19.2y; SD = 3.4 y).
Strikingly, almost all cases showed titers against all three PV
types, suggestive of previous exposure to PV2 and PV3 before
infection with the WPV1 outbreak strain (Fig. 14). To further
investigate possible preexisting immunity in the outbreak, sera
from 11 additional fatal cases were tested (mean age = 19.6 y;
SD = 4.8y). These cases occurred during the same early phase of
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Fig. 1. Neutralizing antibody titers against Sabin-1, -2, and -3 in fatal po-
liomyelitis cases from the RC2010 outbreak. (A) Thirteen laboratory-confirmed
fatal cases. (B) Eleven additional fatal cases with clinical diagnosis of bulbar
poliomyelitis and epidemiological linkage. Differences in the number of in-
vestigated sera are due to exhaustion of samples.
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the outbreak and were classified as cases of bulbar poliomyelitis
on clinical basis and epidemiological linkage. Only serum sam-
ples were available from these cases, preventing retrospective
laboratory-confirmation of PV1. As shown in Fig. 1B, also in
those epidemiologically linked cases, antibodies against PV1, PV2,
and PV3 were seen. Of note, exhaustion of material prevented
full titration against PV1-3 for some sera.

The above results were obtained by two separate laboratories.
The first was a nonspecialized diagnostic laboratory using a neu-
tralization test (NT) protocol with a PV challenge dose of 500
tissue culture infectious dosesy (TCIDs) per assay (laboratory 1
in Fig. 1 and Tables S2-S7). This protocol can lead to slightly
lower NT results, hence a more conservative estimate of preex-
isting immunity in the context of this study. To exclude any tech-
nical issues with these results, all tests were performed in parallel
by the World Health Organization (WHO)-accredited German
National Reference Center for Poliomyelitis and Enteroviruses
(NRCPE) (laboratory 2 in Fig. 1 and Tables S2-S7). Even though
deviations of antibody titers were observed between laboratories
for some sera, the overall results were in agreement and con-
firmed the finding of widespread and strong concomitant anti-
PV2 and -PV3 titers in fatal cases.

Virus Characterization. The complete genome of a WPV1 strain
involved in the outbreak was sequenced directly from a rectal
swab sample of a fatal patient (patient code PN45). The com-
plete genome contained 7,443 nucleotides (nt) excluding the
poly-A tail. All PV genes were detected in analogous position and
identical length compared with Sabin-1 and Mahoney (7,441 and
7,440 nt in genome length, respectively) (Fig. S14). VP1 capsid
protein genes were fully sequenced from individual rectal swab
samples from another 11 cases (patient codes are listed in Table
S1). Nucleotide sequences diverged by no more than 0.7%, in-
dicating that the viruses obtained from the 12 patients constituted
a single PV1 strain. A unique combination of mutations was ob-
served in the discontinuous antigenic site (AgS) 2 within the viral
capsid of all 12 WPV1s from fatal cases (domain 2a, VP1 amino
acid residues 51SAAL changed to ,,;PADL). No other PV1
carrying these combined mutations was identified in GenBank
(www.ncbi.nlm.nih.gov/genbank). Besides the domain 2a, no other
unique exchanges were observed in AgS1-4 (Fig. S1B). For further
investigation, virus isolation was attempted from all available
rectal swabs. Three of the 13 rectal swabs yielded virus isolates, all
identical to the sequences determined directly from clinical ma-
terial. Anisolate hereafter termed PVI-RC2010 obtained from the
rectal swab of patient PN45 was used to investigate the mutations
in domain 2a. Comparative neutralization studies were done using
three different mAbs targeting the epitope. Two of those anti-
bodies termed 14D2E9 and 12(237) were known to either affect
domain 2a or 2b, as evidenced by mutations in cognate escape
variants (refs. 16-18 and Table S8). Both mAbs efficiently neu-
tralized WPV1 Mahoney, but completely failed to neutralize PV1-
RC2010. Another mAb termed 14(427), known to bind a composite
epitope in AgS2, conferred particularly strong neutralizing activity
on a domain 2a escape mutant, but was completely escaped by PV1-
RC2010 (Table S8). A structural representation of the AgS2 is
given in Fig. S1C.

Immune Escape. Because these results suggested a potential for
PVI-RC2010 to escape antibody-dependent serum neutraliza-
tion, NTs were done comparing the OPV strain Sabin-1 with
PVI-RC2010. These studies involved all 24 sera from fatal out-
break cases (mean age = 19.4 y; SD = 4.0 y) and an ethnically
similar control group of 12 healthy Gabonese individuals (mean
age = 39.1y; SD = 14.9 y). All Gabonese volunteers had a con-
firmed history of OPV within 6 mo before sampling. Another
control group was composed of sera from 34 healthy German
medical students (mean age = 24.5 y; SD = 3.4 y). Additionally,
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17 sera from German outpatients sent to the NRC PE laboratory
for confirmation of anti-PV immune status were tested (mean
age = 29.4y; SD = 18.9 y). In Germany, OPV was used before
1998 and trivalent inactivated polio vaccine (IPV) thereafter, so
that almost all German vaccines received complete OPV at least
once and IPV more recently, in the case of all medical students
upon beginning their studies. No details on the individual vac-
cination histories of the German vaccinees were available. Ro-
bustness of PVI-RC2010 against serum neutralization was seen
in all cohorts independent of whether Vero, human rhabdo-
myosarcoma (RD), or human epidermoid carcinoma 2 (HEp-2)
cell lines were used for NTs (Fig. 2). All sera showed titers
against Sabin-1 on at least one cell line that exceeded the
threshold titer considered to be protective (generally above 1:8)
(15), proving that the robustness of PVI-RC2010 was not due to
low overall anti-PV1 antibody levels. Individual antibody titers
against all viruses and cell lines used in this study are detailed for
all involved laboratories in Tables S2-S7.

In NTs conducted on Vero cells in laboratory 1, 11 of 24 fatal
cases, 3 of 12 Gabonese vaccinees, and 16 of 26 German medical
students had titers against PVI-RC2010 at least fourfold lower
than against Sabin-1 (48%; Wilcoxon signed rank test, P < 0.05
for all cohorts; Fig. 34). Of note, 4 of 24 sera from fatal cases
showed four- to eightfold higher titers against PVI-RC2010 than
against Sabin-1. It is likely that these four sera were sampled
at a later time during individual courses of infection, allowing
a specific antibody response against PV1-RC2010, whereas all
other cases died before this point. Unfortunately, no details on
the clinical histories of the fatal cases were available. Among 26
sera from medical students included in this experiment, 8 (31%)
showed undetectable titers already at the entry serum dilution of
1:5, another 7 sera showed endpoint titers of 1:5 (Tables S2-S7).
Up to 15 students (58%) thus had to be considered unprotected
against PVI-RC2010. Sera from 14 Congolese cases, 3 Gabonese
vaccinees, and 4 medical students were also tested against WPV1
Mahoney. Limited volumes prevented testing of additional sera.
Titer differences between Mahoney and PVI-RC2010 were
smaller than those between Sabin-1 and PVI-RC2010, but still
largely comparable to the latter. This included three of the four
sera showing higher titers against PVI-RC2010 than against the
vaccine viruses Sabin-1 (OPV) or Mahoney (IPV) and a Gabon-
ese vaccinee fully protected against Sabin-1 and Mahoney but
with a titer below the starting dilution of 1:10 against PV1-
RC2010 (Tables S2-S7). Irrespective of sample cohorts, 9 of 21
sera included in this experiment showed at least fourfold lower
titers against PV’Z-RC2010 than against Mahoney (43%; P > 0.05
for all cohorts; Fig. 3B). Sera from medical students were used for
confirmatory experiments at the NRC PE according to WHO
protocols, using RD instead of Vero cells and using eight addi-
tional sera in comparison with laboratory 1 (total n = 34). On RD
cells, 30 of 34 sera showed at least fourfold lower titers against
PVI-RC2010 than against Sabin-1 (88%; P < 0.001; Fig. 3C). Five
students had to be considered unprotected based on titers below
1:8 (15%). These sera were also below the 1:8 threshold on Vero

cells in laboratory 1, suggesting comparable sensitivity between
cell lines. These results were additionally confirmed at the NRC
PE on HEp-2C cells for the same sera from medical students (n =
34) and for sera from German outpatients (n = 17). Again, PV1-
RC2010 was significantly less efficiently neutralized by these sera
than Sabin-1 (P < 0.001 and P = 0.001, respectively; Fig. 3D).
Twenty-three of the 34 sera from medical students and 11 of the
17 sera from outpatients showed at least fourfold lower neutral-
izing titers against PVI-RC2010 (67%), confirming the results
observed on Vero and RD cells. All five sera showing no de-
tectable titer on RD cells also showed no detectable titer in HEp-2
cells, again suggesting comparable sensitivity of cell lines. Five of
17 outpatients (29%) had to be considered unprotected against
PVI-RC2010 (titers <1:8). To compare if the lower neutralizability
of PVI-RC2010 was unique among WPV1, 31 of the sera from the
medical students were used for confirmatory NTs at the Russian
WHO-accredited Poliovirus Reference Laboratory (laboratory 3
in Tables S2-S7). These NTs included two additional WPV1
strains. A strain isolated in 1965 (19), termed Bar65, was used
because it was genetically as distinct from the vaccine strains Sabin-
1 and Mahoney, as PVI-RC2010 (17.8/17.7% versus 18.0/17.8%
genomic nucleotide sequence distance, respectively) and equally
distinct from PVI-RC2010 (17.7%). The second WPV1 was iso-
lated from the 2010 Tajikistan outbreak (6). This strain, termed
Tajik, was selected because it was genetically more closely related
to PVI-RC2010 with 11.7% genomic sequence distance than to
Sabin-1 and Bar65 (18.6% and 18.4%, respectively). Neither of the
two additional WPV1 strains carried the unique AgS2a exchanges
of PVI-RC2010 (Fig. S1B). Antibody titers against PVI-RC2010
were significantly lower than those against Bar65 and Tajik (P <
0.001). Nine (29%) and 7 (23%) partially overlapping sera showed
at least fourfold lower antibody titers. No serum showed higher
titers against PVI-RC2010 than against Bar65 or Tajik (Fig. 3E).
Antibody titers against each of the three WPV1 strains were lower
than those against Sabin-1, but PVI-RC2010 consistently proved
most robust against neutralization, yielding lower titers than either
of the other two WPV1 strains in 20 of 31 sera (65%; Fig. S2). To
compare whether antibody titer differences were also observed
against vaccine-derived PV (VDPV) strains, two VDPV strains
were tested. One strain, termed VDPV1, was isolated in 1999 in
Russia (20); the other strain, termed VDPV2, was isolated in 2010
in Tajikistan during AFP surveillance. These VDPV were selected
because VDPV1 differed considerably from Sabin-1 with 8.5%
genomic sequence distance, whereas VDPV2 differed by only
0.7% from Sabin-1. VDPV1 and VDPV2 were equally distinct
from PVI-RC2010 with 18.3% and 18.1% genomic sequence dis-
tance, respectively. Titer deviations between PVI-RC2010 and
both VDPYV strains were comparable to those observed between
PVI-RC2010 and Sabin-1 (P < 0.001; Fig. 3F). At least fourfold
lower titers against PV1-RC2010 were observed in 24 (77%) and 23
(74%) of sera, respectively. Finally, no significant differences in
serum neutralizing antibody titers existed neither between the
WPV1 strains Bar65 and Tajik nor between the two VDPV strains
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(P > 0.05; Fig. 3G). The genetic relationships between all com-
pared viruses are illustrated in Fig. S3.

Virus Origin. To analyze the evolutionary origin of the outbreak
WPV1, a time-calibrated phylogenetic analysis of the VP1 gene
was conducted (details are provided in ST Methods). The resulting
phylogeny was highly robust (Fig. 4 and Fig. S4). The outbreak
WPV1 (clade o) were related to an Angolan strain isolated in
2009, 1y before the ROC outbreak (marked with a star in Fig. 4),
which was unrelated to other Angolan and central African strains
(clades f and y). The common ancestor of these viruses was pro-
jected to have existed 2.1-4.3 y before the outbreak (Fig. 4, root
point F). Interestingly, this Angolan virus showed the A,;;D
mutation but lacked the S,;;P mutation (Fig. S1B). The next
closest relatives were viruses that caused AFP outbreaks in Cen-
tral African countries during 2005-2007 and in the Russian
Federation during 2010. The Tajik WPV1 used in this study rep-
resenting the 2010 outbreaks in the Russian Federation also car-
ried a mutation at VP1 position 223 (A,;E), but lacked the
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S221P exchange (Fig. S1B). The outbreak viruses and the 2009
Angolan strain shared an Asian origin, confirming conjectures
communicated earlier on the basis of unpublished data (8, 21).

Discussion

We provide laboratory evidence for WPV1 as the cause of the
lethal poliomyelitis outbreak in Pointe Noire, ROC in 2010. The
detection of closely related WPV1 sequences in almost all in-
vestigated cases, the absence of clues to any other epidemic virus
from a large spectrum tested, and the rather typical clinical ap-
pearance of bulbar poliomyelitis in this outbreak made it unlikely
that any other pathogen would have caused the fatalities.

We show that the outbreak WPV1 is robust against neutrali-
zation by monoclonal and vaccine-derived antibodies. This may
have been a decisive factor contributing to fatalities which seem
to have occurred in previously vaccinated individuals. The sero-
logical finding of strong concomitant PV2 and PV3 neutralizing
antibodies indicates preexisting immunity against heterologous
PV types that would have been reactivated by the outbreak
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Fig. 4. WPV1 complete VP1 gene phylogeny including the RC2010 viruses.
(Scale bar: 5 y; indicates evolutionary timing). Numbers at tree nodes in-
dicate posterior probabilities (only values above 0.8 are shown). Numbers
connected with a line to nodes A to F indicate node heights and 95% con-
fidence intervals. African viruses are in red and Asian in blue. Viruses from
the RC2010 outbreak are given in bold with patient codes. An expanded
version of this phylogeny is shown in Fig. S4.

WPV1 infection. The impressive height of titers against PV2 and
PV3 could hardly be explained by cross-stimulation against
heterologous viruses in immunologically naive individuals, as
heterologous titers in such cases would be considerably lower
than homologous titers (22-24). There is a remote possibility
that anti-PV3 titers might have been stimulated by unnoticed
prior exposure to WPV3 circulating in other African regions, such
as Nigeria and the neighboring DRC (2, 25). However, this fails to
explain concomitant titers against WPV2 that was eradicated from
global circulation before 1999. It must be mentioned that circu-
lation of VDPV type 2 has been documented in Nigeria since 2005
and in DRC since 2008 (26, 27), which could theoretically explain
anti-PV?2 titers in the fatal cases. However, highly consistent an-
tibody titers against all three PV types and reports of at least
partial vaccination coverage in Pointe Noire (5, 8) make prior
immunization with tOPV the most likely explanation for the an-
tibody titers observed in fatal cases. This does not exclude in-
efficient immune protection as the necessary and most likely cause
of the outbreak (5, 9, 28). However, it is intriguing that the ROC
outbreak was associated with a much higher CFR than similar
outbreaks in regions where WPV circulation had been interrupted
and a pronounced incidence in adult patients occurred due to
vaccination gaps, such as in Albania in 1996 (29), Namibia in 2000
(5) or Tajikistan in 2010 (6).

A unique combination of mutations in the PVI-RC2010 AgS2a
prompted us to investigate neutralization properties conferred
by mAbs. The mutation at VP1 position 221, involving the change
of a hydrophilic serine residue to a hydrophobic and conforma-
tionally different proline residue, could severely affect antibody
binding (30). In a comprehensive study on PV1 antigenic struc-
ture, a virus mutant carrying a similar substitution (S, L) showed
immune escape against the broadest range of all tested AgS2-
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specific mAbs (31). In that study, viruses escaped from all but one
of the tested mAbs, but this antibody was evaded by viruses car-
rying mutations in an adjacent site (Ay3V) (31). This is exactly
where PV1-RC2010 carries an additional mutation (a hydrophobic
alanine to a hydrophilic aspartic acid residue, A,;3D) that has
never appeared together with the 221 mutation in any publicly
recorded PV strain to date. Positions 221 and 223 form a highly
exposed part of AgS2a, one of the most prominent neutralizing
epitopes of PV1 (summarized in ref. 30). We have shown that
PVI-RC2010 escapes a mAD that directly binds this site, and also
one that most probably acts indirectly by binding outside the
AgS2a. The fact that the latter mAb’s cognate escape variant
1005 had a mutation in domain 2b (VP2 P;4,S), which is inac-
cessible to antibodies, suggests immune escape via a stabilizing
effect of the mutation on the adjacent domain 2a conformation,
as suggested earlier (30). PVI-RC2010 might contain additional
mutations that also confer such stabilizing effects, although we
could not predict such changes upon analysis of the full genomic
sequence. Of note, PV1-RC2010 was able to completely escape
from even a mAb with particularly strong neutralizing effects on
the domain 2a escape mutant. This suggests a capability to escape
a wide range of specificities present in polyclonal serum anti-
bodies. On a cautionary note, it should be mentioned that anti-
bodies directed against AgS2 were not found to predominate in
sera of human vaccinees (32). However, the escape mutant tested
in that study did not represent the unique constellation of muta-
tions present in PV1-RC2010. Conclusive proof for the impact of
the observed AgS2 exchanges on the capacity to escape serum
neutralization will rely on the investigation of multiple engi-
neered AgS2 mutants. However, our comparisons of several
WPV1 and VDPV strains suggested pronounced and wide-
spread robustness of PVI-RC2010 against neutralization. This
explains why a higher fraction of patients than in other out-
breaks primarily involving adults (5, 6, 29) could progress to
severe disease. In contrast to strains causing those outbreaks,
PVI-RC2010 may be able to escape the residual protection left
by incomplete OPV particularly in young adults who have not
been exposed to wild type virus during their lifetime. Lower
potential for neutralization by serum antibodies causes a rela-
tively higher availability of active virus in the blood that can
enter the CNS. Together with the known higher lethality of
poliomyelitis in adult patients, these specific factors may have
contributed to the predominance of severe disease in the ROC
2010 outbreak. Interestingly, a recent investigation found evi-
dence that factors elevating virus dose might have affected
disease severity in the Pointe Noire outbreak, including crow-
ded living conditions and the use of covered wells as water
sources (28). Hypothetically, the WPV1 may even have cir-
cumvented the enteric route by aspiration of contaminated
water in some cases. These conditions might have provided just
the necessary additional virus dose to overcome a protection
threshold relatively decreased against PVI-RC2010, providing an
explanation for higher outbreak-associated morbidity in Pointe
Noire versus surrounding communities.

The threat posed by an antigenetically variant WPV such as
PVI-RC2010 is very hard to project. Based on neutralization
titers done according to WHO protocols, 15-29% of German
vaccinees receiving IPV since 1998 were considered unprotected
against PVI-RC2010, with concomitant titers against Sabin-1 in
the group of medical students suggesting immunization coverage
better than average (33). Incomplete vaccination coverage in
regions with cessation of WPV circulation is a common situation
at the present time, but an unnatural situation in human pop-
ulations in historical times. Variant viruses whose fitness is nor-
mally impaired in populations with robust immunity could evolve
in this situation. Examples include a severe poliomyelitis outbreak
among adult Canadian Eskimos in 1949 with an unusually high
CFR following (re)introduction of a WPV (34). Similarly, a WPV3
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with deviations of its major AgS caused a poliomyelitis outbreak in
Finland during 1984-1985 after its introduction to a population
vaccinated with low potency IPV since almost 30y (35). Another
example includes the reemergence of type 2 VDPVs as a cause of
AFP in countries with suboptimal vaccination coverage such as
in Nigeria (26). Finally, 13 of 463 laboratory-confirmed polio
cases (2.8%) from the 2010 Tajikistan WPV1 outbreak occurred
in apparently preimmunized individuals, confirming our obser-
vations (6). The more pronounced differences in the AgS2a of
PVI-RC2010 compared with the WPV1s from the Tajikistan
outbreak may have facilitated a higher fraction of poliomyelitis
in preimmunized individuals in the ROC outbreak. Antigenic
drift in PV has been suggested sporadically (36-39), but the
epidemiologic and pathogenic consequences may only become
apparent with the eradication of WPV in sight. High-potency IPV
and OPV were effective against the divergent WPV3 causing the
1984 Finland outbreak (summarized in ref. 40). Similarly, four
SIAs using monovalent OPV1 and bivalent OPV1/3 stopped the
ROC 2010 outbreak (21), providing a robust population immunity
that likely exceeded the relatively lower protection against PV1-
RC2010. Sustained vaccination regimens potentially involving both
IPV and OPV in polio-free regions aided by timely detection of
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WPV1 reintroductions through environmental and clinical sur-
veillance will thus be necessary to combat the spread of variant
viruses in the poliomyelitis eradication endgame (41).

Methods

Clinical Specimens. Details on clinical samples, ethics, and viral diagnostics are
provided in S/ Methods.

Cell Culture. Virus isolation and neutralization assays were done on Vero, RD,
and HEp-2 cells. Details are provided in S/ Methods.

Phylogenetic Analysis. Bayesian phylogenetic analyses were done as described
in S/ Methods.
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