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Curiosity did not kill the cat, conventionality did  
–  Lisa Laird Dirosso





BRUNENDERS:  
A PARTIALLY ATTENUATED 

HISTORIC POLIOVIRUS TYPE 1 
VACCINE STRAIN 6



A B S T R AC T
Brunenders, a serotype 1 poliovirus strain, was developed in 1952 by Enders et al. through 

serial in vitro passaging of the parental Brunhilde strain, and reported to display partial 

neuroattenuation in monkeys. This phenotype of attenuation encouraged two vaccine 

manufacturers to adopt Brunenders as the type 1 component for their Inactivated Poliovirus 

Vaccines (IPV) in the 1950s, though today no licensed IPV vaccine contains Brunenders. Here we 

confirm in a transgenic mouse model, the reports of Enders on the reduced neurovirulence of 

Brunenders. Though dramatically neuroattenuated relative to wild-type PV strains, Brunenders 

remains more virulent than the attenuated oral vaccine strain, Sabin 1. 

Importantly, the neuroattenuation of Brunenders does not affect in vitro growth kinetics 

and in vitro antigenicity, which were similar to Mahoney, the conventional type 1 IPV vaccine 

strain. We show by full nucleotide sequencing, that Brunhilde and Brunenders differ at 31 

nucleotides, 8 of which lead to amino acid change, all located in the capsid. Upon exchanging 

the Brunenders capsid sequence with the Mahoney capsid, wild-type neurovirulence was 

regained in vivo, suggesting a role for the capsid mutations in Brunenders attenuation. 

To date, as polio eradication draws closer, the switch to using attenuated strains for IPV is 

actively being pursued. Brunenders preceded this novel strategy as a partially-attenuated IPV 

strain, accompanied by decades of successful use in the field. Providing data on Brunenders’ 

attenuation might be of value in the further construction of attenuated poliovirus strains to 

support the grand pursuit of the global eradication of poliomyelitis. 
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I N T R O D U C T I O N
Poliovirus (PV) is a positive-strand RNA virus that can cause (paralytic) poliomyelitis in infected 

individuals. For protection against poliomyelitis, antibodies must be raised against each of 

the three antigenically distinct PV serotypes (types 1, 2, and 3), as they do not confer cross-

protection against one another [1]. Two effective vaccines against poliomyelitis have been 

available for over half a century. One is the Oral Poliovirus Vaccine (OPV), a trivalent blend of 

the three live-attenuated Sabin 1, 2, and 3 strains. The other vaccine is the trivalent Inactivated 

Poliovirus Vaccine (IPV) that was developed by Jonas Salk and consists of formalin-inactivated, 

wild-type, neurovirulent PVs, namely; Mahoney, MEF-1 and Saukett for type 1, 2, and 3, 

respectively. Upon developing his vaccine, Salk was aware of the fact that Mahoney was the 

most virulent type 1 strain he could use. However, he insisted on its use as he observed the 

best immune response with Mahoney, as compared to other type 1 strains [2, 3]. Furthermore, 

he believed that complete inactivation abolished the risk of using a virulent vaccine strain. 

Some scientists disagreed with Salk at the time and, therefore, advocated the use of a less 

virulent virus as the basis for vaccine manufacture [4, 5], which was given further justification 

at the time after the Cutter incident. Here 380,000 IPV doses which contained live, virulent PV 

due to inadequate inactivation during the manufacturing process at Cutter laboratories were 

administered to healthy children with dramatic consequences [3]. Indeed, 40,000 children 

developed abortive paralytic poliomyelitis, 51 children remained permanently paralyzed and 

five children even died, all due to the type 1 Mahoney strain [6]. Root cause analysis revealed 

that the presence of cell debris during inactivation prevented sufficient interaction of the 

polioviruses with formaldehyde, resulting in non-inactivated viruses in the vaccine. 

A few years before the Cutter incident, Enders et al. introduced the Brunenders strain and 

claimed its reduced pathogenicity compared to its parental Brunhilde strain, the type 1 prototype 

strain at the time, which was isolated from a chimpanzee after intranasal inoculation with a pooled 

stool specimens from the Baltimore outbreak in 1939 [1]. Enders’ description of the derivation of 

the Brunenders strain is brief and undetailed, only describing twelve serial passages of the parental 

Brunhilde strain in suspensions of human embryonic skin muscle cell cultures [7]. Furthermore, 

limited literature and data is available on Brunenders’ characterization and its reported attenuation, 

all stemming from the 1950s and 1960s [8-11]. Nonetheless, the reports were sufficient for two 

manufacturers to adopt this strain as the type 1 component for an IPV. The Brunenders-based IPVs 

produced by Glaxo laboratories [4, 12] and SBL Sweden (from 1957 to 2004) [13] have been used 

successfully for decades. At present, however, the vast majority of commercially available IPVs have 

the Mahoney strain as the type 1 component. In Denmark the Statens Serum Institute (SSI) produces 

an IPV for the local population with a Brunhilde strain as the type 1 component [14]. 

Today, to our knowledge, no research has been conducted since the 1960s with the once 

prototype strain Brunhilde and its derivative Brunenders. Here we aimed to characterize the 

Brunenders strain with respect to neurovirulence, in vitro growth kinetics, in vitro antigenicity, 

and genomic sequence. As well as using this viral sequence to understand the molecular basis for 

the reported neuroattenuation. As the world draws closer to the eradication of poliomyelitis, the 
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incentive to move to attenuated strains as the basis for IPV is growing in momentum and is actively 

stimulated by the WHO [15]. Use of wild-type PVs as a basis for IPV would pose a biosafety threat 

in an eradication setting in the event of accidental escape from a manufacturing facility. Switching 

to attenuated strains would add additional biosafety to IPV manufacture and allow production 

of such vaccines in lower and middle income countries. Currently, the Sabin strains are the most 

preferred and pursued candidates for novel IPVs based on attenuated strains. Nonetheless, the 

knowledge gained from Brunenders, which has already delivered as an IPV vaccine strain for 

decades, could potentially be applied for novel poliovirus attenuation strategies.

R E S U LT S  A N D  D I S C U S S I O N
Brunenders is attenuated compared to wild-type polioviruses
To confirm the described attenuation of Brunenders we determined and compared the strain’s 

neurovirulence to other type 1 PVs in a CD155 transgenic mouse model [16]. When administered 

intracerebrally (i.c.) Brunenders required approximately 1000-fold more infectious units (TCID
50

) 

to induce paralysis (or death) in 50% of the mice ((P)LD
50

) when compared to the wild-type 

Mahoney and Brunhilde strains (Table 1). This difference in virulence is roughly 100-fold when 

administered intramuscularly (i.m.) and intra peritoneally (i.p.). Nonetheless, Brunenders is at 

least 100-fold more virulent than Sabin 1, the oral vaccine strain, when administered i.c.. 

Table 1. The virus titers expressed in TCID
50

 that induced paralysis (or death) in 50% of the mice (PLD
50

) by various 
administration routes. TCID

50
: 50% Tissue Culture Infectious Dose, i.c.: intra cerebrally, i.m.: intra muscularly, 

i.p.: intra peritoneally, nd: not determined.

Virus 

PLD
50 

(in TCID
50

)

i.c. i.m. i.p.

Mahoney 1.0 x102 1.6 x104 4.5 x105

Brunhilde 4.2 x102 2.4 x104 6.7 x106

Brunenders 6.3 x105 3.2 x106 1.7 x107

Sabin 1 ≥2.0 x107 nd nd

Brunenders displays in vitro growth kinetics comparable 
to other type 1 polioviruses
To determine whether the in vivo attenuation influenced in vitro growth kinetics, the replication 

curve of Brunenders was studied at physiological temperature (37°C) and at low temperature 

(300C). It is known that attenuated viruses show impaired growth at higher temperatures [17], but 

not clear whether their replication is affected at lower temperatures. In the case of Sabin strains, 

this is relevant for manufacturing, as the recommended temperature for propagation to minimize 

reversion is below 350C. Nine independent infections were performed in PER.C6® cells at an MOI 

of 2 and cell density of 1x107 cells/ml, (Figure 1A). Brunenders reached its maximum titer, between 

9 to 10 TCID
50

/ml, within 24 and 8 hours at 30°C and 37°C, respectively. These growth curves were 
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compared to other PVs within the serotype (Figure 1B). The four PVs used (Mahoney, Brunenders, 

Brunhilde and Sabin 1) demonstrated almost identical growth curves at both 30 and 37°C and 

maximum titers and infection time to reach these were similar for all strains. This indicates that 

growth at low and physiological temperatures were similar for both parental (Brunhilde and 

Mahoney) and derived attenuated strains (Brunenders and Sabin 1, respectively). These results 

are in line with previously published data with respect to titers and D-antigen production of PV 

strains on the PER.C6® platform, also at larger scale in 2L bioreactors [18].

Temperature sensitivity at high temperatures (39-40°C) as compared to physiological 

temperature is often used as a measure of attenuation for Sabin (and other attenuated) strains. 

In line with that, Brunenders did indeed show slower growth kinetics and lower maximum yield 

(approximately 1 log lower) at 39.5°C as compared to 37°C (data not shown) in HelaR19, L20B 

cells, and Hek293 (a cell line that resembles the PER.C6® cell line). 

Figure 1. Average one-step growth curves (N=9) of Brunenders at 37°C and 30°C in PER.C6® cells (A), error 
bars express standard deviation from the mean. (B) Growth curves at 37°C and 30°C of four PV1 strains 
(N=1). All infections were in suspension PER.C6® cells with a cell density of 10x106 cells/ml with an MOI of 2. 

Mahoney and Brunenders show similar in vitro antigenicity
To ascertain the antigenicity of Mahoney and Brunenders an in vitro D-antigen ELISA was 

performed to quantify an immunorelevant epitope in antigenic site 1. Figure 2 shows the 

antigenic content per infectious unit (D-antigen Units (DU) / 50% Tissue Culture Infectious 

Dose (TCID
50

)) of Mahoney and Brunenders, grown either in PER.C6® or Vero cells. The average 
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DU/TCID
50

 was 3.5x10-7 and 4.1x10-7 for Brunenders and Mahoney, respectively. The difference in 

D-antigen content between the two strains was not significant using a Student’s T-test (P=0.33). 

These results indicate that Mahoney and Brunenders are antigenically similar for the epitope 

measured in this D-antigen ELISA, which lies in antigenic site 1. 

Figure 2. D-antigen content of Mahoney and Brunenders expressed as D-antigen units (DU) per infectious unit 
(TCID

50
). Viruses were propagated on PER.C6® cells at 37°C, harvested at 16 – 24 hours post infection and with 

an MOI of 1 – 2 TCID
50

/cell. Mean DU/TCID
50

 is 4.1x10-7 and 3.5x10-7 for Mahoney and Brunenders, respectively.

Genetic characterization of Brunenders 
Having established the phenotype of the Brunenders as compared to other type 1 strains, we 

proceeded to determine the genotype underlying these traits. With the obtained sequence 

data an alignment of the known antigenic sites of four PV1 strains was made and shown in 

Table 2. In general, all PV1 strains show high sequence similarity in the antigenic regions, which 

is corroborated by the cross protection observed within a given PV serotype. Brunenders and 

Mahoney share highest similarity with respect to amino acid sequence of the antigenic sites 

with only one amino acid difference in antigenic site 1. Despite having an amino acid difference 

in site 1, the in vitro D-antigen ELISA, which uses a monoclonal antibody directed to antigenic 

site 1, shows no difference in quantification of in vitro D-antigen content between Brunenders 

and Mahoney (Figure 2). The high sequence similarity in all antigenic sites, the similar in vitro 

D-antigen content for antigenic site 1 (Figure 2) together with the successful use of Brunenders 

as a vaccine strain in the field, suggest that a similar humoral immune response may be elicited 

as compared to Mahoney. However, this must be shown by screening and comparison of sera 

from Brunenders versus Mahoney – based IPV recipients.

Brunenders differs in two amino acid positions with its derivative strain, Brunhilde. Sabin 1 

shows a most divergent antigenic sequence, differing in 5 and 6 positions to Brunenders and 

Mahoney, respectively. These differences are in 3 of the 4 known antigenic sites [19-21].
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Table 2. Amino acid alignment of known PV1 antigenic sites. Amino acids marked in bold note changes as 
compared to the Mahoney sequence, whilst dashes represent unchanged residues. Site 1: VP1 88-102, Site 2A: 
VP1 219-226, Site 2B:VP2 164-172, Site 3: VP3 58-60, 70, 71, 73, 77, 79, Site 4: VP2 72, VP3 76.

Virus

Antigenic Site

1 2A 2B 3 4

Mahoney TIMTVDN P ASTTNKD DQSAALGD DNNQTSPAR SAT VR S H D T P

Brunenders - - - - - - - S - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Brunhilde - - - - - - - S - - - - - - - - - - T - - - - - - - - I - - - - - - - - - - - - - -

Sabin 1 A- I - - - - S - - - K - - - - - - - - - - - - D - - - - - - - - - K - - - - - - -

To potentially elucidate the molecular determinants of the attenuated phenotype the 

sequenced viral genome of the Brunenders strain was aligned to the available Brunhilde sequence. 

A total of 31 nucleotide differences were observed, which are depicted schematically in Figure 3A 

and described in Table 3. Overall sequence identity between Brunhilde and Brunenders was 99.6%, 

which is in the range of sequence identity between Mahoney and Sabin 1; 99.2%, Figure 3A. 

Three of the nucleotide differences were located in the 5’ untranslated region (5’UTR), 

specifically in domains II and IV of the Internal Ribosomal Entry Site (IRES). Disruption of the 

secondary structure of this highly ordered RNA element exerts direct effect on its function in 

translation of the viral polyprotein, as is the case for the three Sabin strains where a mutation 

in domain V of the IRES has been implicated to play a major role in their attenuation [22]. 

However, upon careful analysis of the IRES mutations found here, it is unclear how they would 

influence the attenuation observed with Brunenders as compared to Brunhilde. An alignment 

of a panel of PV IRESes of all serotypes (Figure 3B) revealed that the IRES mutation located 

in domain II (nt146) was unique to Brunenders and conserved in all other PVs. Domain II has 

been described to display dual-functionality affecting translation as well as RNA replication, 

and previous research inducing different mutations in stem loop II of the IRES have shown to 

cause host-specific defects in translation [23, 24]. However, the nt146 mutation is located at 

the apex of stemloop II and does not form a base pair with other nucleotides in the IRES, nor 

results in changes in secondary RNA structure or free energy (∆G) Figure 3C. The other IRES 

mutations located in domain IV (nt388 and nt416) were conserved amongst all strains except 

Brunhilde (Figure 3B). These nucleotide differences also do not alter the predicted secondary 

RNA structure or decrease the thermostability (∆G) of Domain IV for Brunenders (data not 

shown), and therefore are unlikely to play a role in the observed attenuation. 

The capsid region contained 18 nucleotide differences of which 8 resulted in an amino acid 

substitution (Figure 3A, Table 3). Some of the known attenuating mutations in Sabin 1, CHAT and 

Cox strains, all attenuated derivatives of Mahoney, are also found in the capsid region [25, 26]. 

In particular, VP2-138 and VP2-142, which were also observed here, have been implicated to play 

a role in the attenuation of the CHAT and Cox strains. VP2-138, a Threonine in Brunenders and 

CHAT, mutates to Serine in a CHAT- Vaccine Associated Paralytic Poliomyelitis (VAPP) isolate 

and mutations in VP2-142 is thought to affect viral entry as this residue is located on the south 

rim of the canyon in a region that interacts with the cellular receptor [27, 28]. 
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Figure 3. A) Schematic overview of differences between Brunenders & Brunhilde and Sabin1 & Mahoney 
genomic sequences. The 31 differences between Brunenders and Brunhilde result in a sequence identity of 
99.6%. The 57 differences between Sabin 1 and Mahoney result in a sequence identity of 99.2%. Dashed lines 
depict silent mutations whilst solid black lines represent amino acid changes. B) Alignment of a selection 
of IRES sequences of a panel of poliovirus strains. Nucleotides 146 (Domain II) and 388 and 416 (Domain IV) 
of the IRES are conflicting between Brunenders and Brunhilde. The former is unique in Brunenders whilst 
the latter two are deviant in Brunhilde only, as compared to the other PVs. Accession numbers used for the 
alignment: Brunhilde: AY560657, Mahoney: V01149, Sabin 1: V01150, MEF-1: AY238473, Sabin 2: AY184220, 
Sabin 3: X00925. Saukett and Brunenders sequences are derived from in-house sequencing. Matching 
residues are depicted as dots. C) Secondary RNA structure prediction of Domain II of the IRES in Brunhilde 
and Brunenders using the MFOLD program developed by M. Zuker. Nucleotide 146 is located on the apex 
of this domain and does not cause a change in predicted secondary structure or free energy (∆G). 

Other amino acid substitutions observed here were VP1-222, which is also located on the 

south rim of the canyon close to the receptor binding site and forms part of antigenic site 2A; 

VP2-168, which is located in antigenic site 2B; and VP1-43, located in the inner capsid surface. 

Furthermore, VP1-222 and VP2-138 have been reported to be involved in receptor binding [28]. 

Interestingly, three of the capsid mutations observed here (VP2-142, VP2-168, VP1-43) have also 

been reported upon passaging of Sabin 1 in neuroblastoma cells to make S11, a persistent mutant 

which showed a non-lytic phenotype in vitro [29]. Coincidentally these authors also observed 

31 mutations between Sabin 1 and S11, of which 18 in the capsid. Furthermore, all but one of 

the amino acid substitutions were found in the capsid proteins, and the authors hypothesized 

these mutations to play a role in altered cell tropism. The capsid mutations observed here in 
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Table 3. Nucleotide and amino acid changes between Brunenders and Brunhilde poliovirus strains. *nt position refers 
to the start of the viral genome. 

nt pos* Viral gene Brunhilde Brunenders Amino acid substitution

5’UTR 146 NA a g -

388 c a -

416 a g -

Capsid  
Proteins

785 VP4 u c -

791 u c -

821 u c -

915 a g I[57]V

1047 VP2 g a V[32]I

1239 a u I[96]L

1292 u c -

1316 a g -

1365 c a P[138]T ¶

1377 u c Y[142]H #

1456 u c I[168]T ƚ

1460 a g -

2069 VP3 u a -

2611 VP1 u c V[43]A ⱡ

2861 u c -

3056 u a -

3147 a g T[222]A ƚ,¶

3183 u c -

Non-Structural 
Proteins

3485 2A c u -

3749 c u -

4625 2C c u -

4988 u c -

5408 3B u c -

5582 3C c u -

5999 3D c u -

6332 u c -

6485 g a -

7124 u c -

ƚ Amino acid in known antigenic site, ¶ amino acid in receptor binding site, ⱡ inner capsid surface, # capsid canyon 
region, interacts with cellular receptor. UTR: Untranslated Region, nt: nucleotide

Brunenders may similarly contribute to attenuation by alteration in cell/host tropism, as well as 

hampering capsid stability, receptor binding, uncoating, and/or release of RNA.

Altogether 10 nucleotide differences, all synonymous, were observed in the non-structural 

proteins (in the 2A, 2C, 3B, 3C, 3D proteins Figure 3A, Table 2). One cannot neglect the potential 

role of silent mutations with respect to RNA structure. Nonetheless, none of the nucleotide 

differences were observed in known structural functional RNA elements, such as the cre-

element in the 2C [30], the α and β domains in the 3D [31], or in the 3’UTR. Therefore, their 

role in Brunenders attenuation may be less prominent. Remarkably, one of the silent mutations 
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reported upon passage of Sabin 1 to S11 [29] was also observed here in Brunenders in the 2A 

protein (nt 3845 in Table 3, which corresponds to nt 3481 in Sabin1), where the authors also 

speculate that the observed silent mutations may play a role in alteration of RNA secondary 

structure. To our knowledge, the remainder of the silent mutations in the Brunenders non-

structural proteins has not been reported elsewhere in literature.

The sequencing results suggest strongly that the mutations in the capsid proteins play the 

most prominent role in Brunenders attenuation given that all the amino acid changes between 

Brunhilde and Brunenders lie within these proteins. To confirm this, we constructed a chimeric 

virus where the Brunenders capsid was exchanged with the Mahoney capsid. Interestingly, 

the chimeric virus did not display the attenuated phenotype allocated to Brunenders. The (P)

LD
50

’s were restored to 3.2 x102, 3.2 x104, and 5.1 x105 TCID
50

 when administered i.c., i.m., and i.p., 

respectively, which is in the range of (P)LD
50

’s observed with Brunhilde and Mahoney, (Table 1). 

Thus, the capsid exchange increased neurovirulence 100 – 1000 fold, which gives further evidence 

that Brunenders attenuation is most likely induced by the mutations in this region. However, one 

cannot exclude that reversion of neurovirulence may be caused by the intrinsic virulence of the 

Mahoney capsid, rather than the loss of attenuation due to the mutations in the capsid of the 

Brunenders strain. Therefore, more research is required to pinpoint the contribution of each 

mutation to the attenuated phenotype observed with Brunenders.

Concluding remarks
Mahoney is indisputably the most extensively studied member of the (wild)-type 1 PVs; it has 

enjoyed a career as the model PV in fundamental research and as Salk’s strain of choice for his 

vaccine [32]. Research on the once prototype type 1 PV Brunhilde and its derivate Brunenders is 

scarce and historic, despite the fact that these two strains have been used as IPV strains, where 

Brunhilde is still being used today in the Danish IPV. We have confirmed the historic reports 

of the attenuation of Brunenders, whilst growth kinetics and sequence of antigenic sites were 

not affected as compared to Mahoney. In fact, the in vitro antigenicity measured here, in an 

assay typically used for IPV vaccine dosing, was similar for Mahoney and Brunenders, which is in 

agreement with the successful use of a Brunenders based IPV in Sweden and Great Britain from 

the 1950s onwards. The attenuation observed compared to Mahoney attests to the lobby for 

this safer IPV strain in the 1950s. In retrospect the inclusion of Brunenders in the manufacture of 

IPV might have averted the tragedy of the Cutter incident and provides a valuable lesson on the 

inclusion of attenuated virus strains as manufacturing seed virus. We have demonstrated here 

that Brunenders is a neuroattenuated strain that also portrays excellent properties required for 

the production of potent IPV vaccine. Today, the discussion to exchange the virulent wild-type 

strains as the basis for IPV continues as the world draws closer to eradication of poliomyelitis. 

Novel attenuated IPV vaccine strains will allow higher biosafety during vaccine manufacturing 

and lower risk of outbreaks in the event of accidental escape from a production facility. 

Interestingly, Enders and Sabin used a similar empirical approach to attenuate polioviruses 

via serial passage of a virulent strain in vitro and in vivo. However, they obtained strains which 

differed in their degree of attenuation. In contrast to the brief description of Brunenders’ 
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derivation and characterization [7], Sabin concisely described the generation and testing of 

his strains for loss of neurovirulence, first in monkeys and later on in human volunteers [11, 

33-35]. The Mahoney strain, in particular, was extensively passaged in order to obtain Sabin 

1, encompassing approximately 75 passages in monkeys and primary monkey kidney cells 

and including multiple plaque purifications and clonal selection steps along the process [35]. 

This is in contrast to relatively simple derivation of Brunenders where the Brunhilde strain was 

subjected to only 12 subsequent passages in suspensions of human embryonic skin muscle 

cell cultures. The mutations responsible for the attenuation of Sabin strains have also been 

extensively studied [17, 22, 36-38], where mutations in the capsid and in the 5’UTR contribute 

to attenuation for Sabin 1. The more extensive passaging could explain the higher degree 

of attenuation observed with Sabin 1 versus Mahoney as compared to Brunenders versus 

Brunhilde, as well as the differences in the specific mutations contributing to the attenuated 

phenotype of those two strains via different molecular mechanisms.

In a trivalent, inactivated formulation Sabin-based IPV has shown promising immunogenicity 

in clinical studies as inactivated immunogens [39], however, these data are not as extensive as 

the proven immunogenicity of Brunenders IPV by decades of use in the field. Nonetheless, 

Brunenders is still more virulent than the Sabin 1 strain, and would therefore not suffice as a 

safer alternative despite the similarity to Mahoney with respect to antigenicity. Understanding 

Brunenders attenuation, which presumably stems from mutations in the capsid region, may 

provide additional insights for the generation of novel, further attenuated, IPV strains, with no 

compromise of wild-type strain antigenicity. 

M E T H O D S
Viruses and cell culture
The Brunenders, Sabin 1 and Mahoney strains were kindly provided by or purchased at Crucell 

Sweden (SBL), NIBSC, and the European Virus Archive (EVA), respectively. The Brunhilde and 

Brunenders-Mahoney P1 chimera viruses were obtained by transfection of viral RNA generated 

from a plasmid containing the viral genome sequence carrying a phage T7 RNA polymerase 

promoter at the 5’ end [40]. These plasmids were generated at Genscript and the sequences 

derived from public databases (Brunhilde Accession number: AY560657) and in-house 

sequencing of Brunenders and Mahoney. 

PER.C6® cells were maintained in suspension in Permexcis medium (Lonza) and 

supplemented with 4mM L-Glutamine (Life Technologies) at 37°C and 10% CO
2
. One-step 

growth curves were performed in shaker flasks with a volume of 10ml at a cell density of 1x107 

cells/ml and inoculated with an MOI of 1-2 TCID
50

 per cell. Infections were incubated at either 

30 or 37°C and harvested at various time points post inoculation. Titration by TCID
50

 assay and 

D-antigen ELISA of viral harvests were performed as described previously [18].

The D-Antigen ELISA was performed at Bilthoven Biologics (previously Netherlands Vaccine 

Institute (NVI)) using the immunochemical method described in the European Pharmacopoeia: 

0214. Briefly, coating of 96-multiwell plates was achieved using type-1-specific bovine-anti-
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polio antiserum (BBio) and subsequently incubated overnight at room temperature. The next 

day, after washing and blocking steps, the plates were incubated with the virus sample for 1 hour 

at 37°C. After washing, the plates were incubated with type 1-specific monoclonal mouse-anti-

polio antibodies, binding to antigenic site 1, for 1 hour at 37˚C. The plates were then washed and 

incubated with sheep-anti-mouse Ig (BBio), horseradish peroxidase labelled (GE Healthcare), 

for 1 hour at 37˚C. The plates were washed and substrate solution (SureBlue TMB 1) after which 

the reaction was stopped using H
2
SO

4
 2 mol/L (Merck) after 10 minutes of incubation. A 

4-parameter logistic model was used for calculation of the D-antigen concentration. 

Sequencing of Brunenders
Viral RNA was isolated from a Brunenders harvest received using a QIAamp® Viral RNA Isolation kit 

(Qiagen) according to the manufacturer’s protocol. Viral RNA was subsequently subjected to reverse 

transcription (RT) to produce cDNA with a Superscript III kit (Life technologies), priming was done 

using random hexamers as well as a specific RT primer. PCR of cDNA was performed with various 

primer pairs to amplify the viral cDNA. To determine the utmost 5’part of the virus a system for Rapid 

Amplification of cDNA Ends kit (5’RACE, Life Technologies) was used, according to the manufacturer’s 

protocol. The resulting PCR fragments were sequenced by Sanger sequencing at BaseClear BV. All 

primers (except the random hexamers and Anchor Abridged primer for 5’RACE) were designed 

based on the Brunhilde sequence (AY560657) and listed in Table 4. Sequence data from this article 

have been deposited in the Genbank/EMBL Data Library under accession number: KP793687.

Table 4: Sequences of primers used for sequencing of the Brunenders viral genome.

region

Primer Table

sequence 5’- 3’ Use

5’UTR CACCTTGTTCACTACT RACE RT primer (Reverse)

5’UTR AACGTCCAGACTCATCAG RACE Reverse PCR primer

5’UTR CCTGTTTTATACTCCCCTCC Forward PCR primer

2A TGCAAATCCTCCTGAGTG Reverse PCR primer

VP1 CAATGATCACAACCCGAC Forward PCR primer

3’UTR AACAGTATGACCCAATCCAA Reverse PCR primer

3’UTR AACAGTATGACCCAATCCAA RT primer (Reverse)

NA Abridged Anchor Primer RACE Fw PCR primer

NA random hexamers RT primer (Reverse)

Neurovirulence assay in tgCD155 mice
All mice used have been maintained under specific-pathogen-free conditions and animals 

experiments were performed in strict compliance with guidelines established by the 

institutional animal care of the Stony Brook University.

Groups of 2 – 6 CD155 transgenic mice were inoculated with any given amount of virus ranging 

from 102 to 108 TCID
50

 per mouse. Virus was administered either i.c. (30 µL per mouse), i.m. (50µl per 
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mouse) or i.p. (100µl per mouse). Mice were examined daily for 21 days after inoculation for paralysis. 

The virus titer that induced paralysis (or death) in 50% of the mice ((P)LD
50

) was calculated by the 

method of Reed and Muench [41]. Dilutions tested per virus, the number of mice per dilution group 

and the rate of paralysis/death observed per group are given in Supplementary Table 1.

RNA secondary structure prediction
For the prediction of RNA secondary structures of the IRES domains II and IV of Brunenders and 

Brunhilde the MFOLD program was used developed by M. Zuker.

(http://mfold.rna.albany.edu/?q=mfold/RNA-Folding-Form)
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Supplementary Table 1. The differing virus doses inoculated per mouse expressed in TCID
50

 and the resulting 
number of mice exhibiting signs of paralysis or death per group (n=2-6) is shown, per route. TCID

50
: 50% Tissue 

Culture Infectious Dose, i.c.: intra cerebrally, i.m.: intra muscularly, i.p.: intra peritoneally, nd: not determined.

Dose/
mouse 
(in TCID

50
)

Mahoney Brunhilde Brunenders Sabin 1
Brunenders –  

Mahoney capsid

i.c. i.m. i.p. i.c. i.m. i.p. i.c. i.m. i.p. i.c. i.m. i.p. i.c. i.m. i.p.

1x108 nd nd nd nd nd nd nd nd 5/5 nd nd nd nd nd nd

7.2x107 nd nd nd nd nd 5/5 nd nd nd nd nd nd nd nd nd

2x107 nd nd nd nd nd nd nd nd nd 0/5 nd nd nd nd nd

1x107 nd nd 5/5 nd nd 3/6 4/4 3/3 3/5 nd nd nd nd nd 5/5

1x106 nd nd 2/5 3/3 3/3 1/3 2/5 0/5 0/5 nd nd nd 3/3 3/3 2/3

1x105 nd 4/5 2/4 5/5 5/5 0/4 1/5 0/5 nd nd nd nd 5/5 4/5 0/4

1x104 5/5 2/4 0/5 4/4 1/5 nd 0/5 0/3 nd nd nd nd 5/5 1/5 nd

1x103 3/5 1/5 nd 4/5 0/2 nd 0/5 nd nd nd nd nd 5/5 0/2 nd

1x102 2/4 nd nd 0/3 nd nd nd nd nd nd nd nd 0/3 nd nd
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