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Expression and purification of rsVLPs from yeast (Pichia
pastoris)
The dual promoter constructs for producing PV1-SC6b and PV3-SC8
rsVLPs have been described previously42,59. The P1 gene of PV2-SC6b
was amplified by polymerase chain reaction (PCR) from
pT7RbzLeonMEF2P1_SC6b_HindIII del. The 3CD* gene was codon-
optimised for P. pastoris and included a cleavage-preventing mutation
to reduce the potential toxic effects of 3C44. Both genes were cloned
separately into the pPink-HC expression vector multiple cloning site
(MCS) using EcoRI and FseI (New England Biolabs (NEB)). In pPink-HC,
expression of foreign genes is regulated by the methanol-induced
AOX1 promoter. Subsequently, a dual promoter expression vector was
constructed through PCR amplification from position 1 of the 3CD
pPink-HC to position 1285, adding a SacII restriction site at both the 5′

and 3′ end of the product. The P1 expression plasmid was linearised by
SacII (NEB), and the 3CD PCR product inserted. The resulting plasmid
was linearised by AflII digestion (NEB) and transformed into Pichia-
Pink™ Strain one (Invitrogen, USA) by electroporation. All PCR steps

were carried out with Phusion polymerase (NEB) using the manu-
facturer’s guidelines (Supplementary Fig. 3).

Transformed yeast cells were screened for high-expression clones
by small-scale culture experiments (5 ml), with levels for each clone
determined by immunoblotting using a blend of monoclonal anti-
bodies for the detection of VP1 (MAB8566, Sigma-Aldrich). For VLP
production, cultures were grown to high density in 200 ml YPD in 2L
baffled flasks. After 24 h, the cells were pelleted at 1500 × g and
resuspended in YPM (methanol 0.5% v/v) to induce protein expression
and cultured for a further 48 h at 28 °C. Cultures were fed an additional
0.5% v/v methanol at 24 h post-induction. At 48 h post-induction, cells
were pelleted at 2000 × g and resuspended in breaking buffer (50 mM
sodium phosphate, 5% glycerol, 1 mM EDTA, pH 7.4) and frozen prior
to processing.

Cell suspensions were thawed and lysed using a CF-1 cell disruptor
at ~275 MPa chilled to 4 °C following the addition of 0.1% Triton-X 100.
The resulting lysate was clarified through multiple rounds of cen-
trifugation and a chemical precipitation step as previously described42.

Fig. 5 | Protection against live challenge in TgPVR mice immunised with PV1-
SC6b VLPs. a Groups of eight mice received either a single or two doses of rsVLPs
(orange) produced in yeast (day 0 and 14) prior to challenge on day 35 with
25 × PD50 dose of live PV1 Mahoney and compared to IPV (blue) or a PBS negative

control (black). Neutralisation titres prior to boost and on the day of challenge were
determined. bAnimals were monitored for survival for 14 days following challenge.
Error bars represent the Geomean Standard Deviation of the data points. Source
data are provided as a Source Data file.
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The clarified supernatant was concentrated through a 30% sucrose
cushion. The resulting pellet was resuspended overnight in PBS + 1%
NP40 (Merck) + 0.5% sodium deoxycholate and clarified by cen-
trifugation at 10,000 × g. The supernatant was purified through a
15–45% sucrose gradient at 151,000 × g for 3 h at 4 °C. Gradient harvest
was in 1 ml fractions from top to bottom followed by analysis for the
presence of VLPs through immunoblotting and ELISA (Table 1 and
Supplementary Fig. 3).

Expression and purification of rsVLPs from plants (Nicotiana
benthamiana)
The construction of pEAQ-HT-PV3 SktSC8-P1 and pEAQ-3CD, contain-
ing plant codon-optimised versions of the P1 region of PV3(Saukett)-
SC8 and the PV 3CD protease from PV1 Mah have been reported
previously38. Plasmids pEAQ-HT-PV1 MahSC6b-P1 and pEAQ-HT-PV2
MEFSC6b-P1 were constructed by inserting codon-optimised versions
of the P1 region of either PV1 (Mahoney)-SC6b or PV2 (MEF-1)-SC6b
between the AgeI and XhoI sites of pEAQ-HT66. Agrobacterium tume-
faciens strain LBA4404 was transformed with each construct sepa-
rately by electroporation and propagated at 28 °C in Luria-Bertani
media containing 50 µg/mL kanamycin and 50 µg/mL rifampicin. Co-
expression of the P1 sequences with the 3CD protease in Nicotiana
benthamiana leaves was carried out by co-infiltration as previously
described38 (Supplementary Fig. 4).

At various days post-infiltration (dpi) VLPs were extracted from
the infiltrated region of the leaves with Dulbecco’s phosphate-buffered
saline + MgCl2 and CaCl2 (Sigma-Aldrich), in each case supplemented

with EDTA to a final concentration of 20 mM. All extraction buffers also
contained cOmplete protease inhibitor cocktail (Roche, UK). The
purification process was carried out as previously described38. Briefly,
crude extracts were centrifuged at 9500 × g for 15 min at 4 °C following
filtration over a 0.45 µm syringe filter (Sartorius). The clarified extract
was then concentrated through a sucrose cushion (1 ml 70% (w/v) and
5 ml 25% (w/v)) at 167,000 × g for 3 h at 4 °C and the lower fraction
retrieved. Following dialysis and further concentration using PD10
desalting columns (GE Healthcare) and Amicon Centrifugal Filter Units
(Millipore), the sample was purified by ultracentrifugation through a
Nycodenz (Axis-Shield) gradient (20–60% (w/v)) at 247,103 × g for 24 h
and 4 °C. VLPs were collected by piercing the side of the tube with a
needle and the Nycodenz removed through PD10 desalting columns
(GE Healthcare) prior to concentration using Amicon Centrifugal Filter
Units (Millipore) (Table 1 and Supplementary Fig. 4).

Enzyme-linked immunosorbent assay (ELISA)
A non-competitive sandwich ELISA was used to measure the PV D Ag or
C Ag67. Briefly, two-fold dilutions of antigen were captured with a
serotype-specific polyclonal antibody, then detected using serotype-
specific, D Ag- or C Ag-specific monoclonal antibodies followed by anti-
mouse peroxidase conjugate. The D Ag content of each test sample
was evaluated against a reference of assigned D Ag content65 by par-
allel line analysis (Combistats). For D Ag specific ELISA the monoclonal
antibodies used were 234 for type 1, 1050 for type 2 and 520 for type 3,
and for C Ag specific ELISA 1588 for type 1 and 517 for type 3. No C Ag
specific type 2 antibody was available.

Fig. 6 | Immunogenicity of rsVLP vaccines in female rats. Dose response in
neutralising antibodies following a single immunisation of female Wistar rats in the
absence (a) or the presence (b) of adjuvant. Groups of 10 rats received rsVLPs at
various multiples of human doses and compared with IPV (blue). Sera were col-
lected 21 dpi and neutralisation titres against the Sabin strains of PV1, PV2 or PV3

determined. VLPs produced from each expression system are depicted as follows:
Insect; purple, Mammalian; red, Plant; brown, and Yeast; orange. Error bars
represent the Geomean Standard Deviation of the data points. Source data are
provided as a Source Data file.
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Thermostability assays
Thermostability of PV rsVLPs was assessed as in previous studies31.
Briefly, the samples were diluted in DPBS to twice the concentration
required to obtain an OD of 1.0 in the D Ag ELISA. Duplicate samples
were heated for 10 min at a range of temperatures from 30 to 60 °C
then diluted 1:1 with 4% dried milk in DPBS and cooled on ice. D Ag and
C Ag content was measured by ELISA. The temperature at which the
change from D Ag to C Ag occurred is recorded at the point where
native antigenicity is reduced by 50%.

Immunogenicity in rats
Immunogenicity of rsVLP preparations was assessed using pharma-
copeial methods established at MHRA for the release of IPV lots. D Ag
content was measured by ELISA and immunogenicity was assessed in
female Wistar rats between 6 and 12 weeks old57. Groups of 10 rats per
dose were immunised i.m. with 0.25 ml in each hind leg and terminal
bleed collected on day 21. Sera were analysed for neutralising antibody
response. The neutralising antibody responses to a range of antigen
doses were compared to those elicited by a concurrently tested
International Standard preparation.

Immunogenicity of rsVLP preparations formulated with adjuvant
was assessed in the same way. Prior to inoculation of rats, samples
were mixed with a 1/10th volume of Alhydrogel (2%, InvivoGen) and
agitated for 30 min. At this time 100% of the D Ag was adsorbed onto
the aluminium hydroxide (Supplementary Fig. 7).

Live virus challenge of immunised TgPVR mice
TgPVR mice of both sexes (8 per test group aged 6–8 weeks) received
one or two intraperitoneal or intramuscular injections of 0.2 ml PBS
(controls) or the equivalent of 0.5 human doses of purified rsVLPs or
the IPV European reference BRP65. The second dose, where given, was
on day 14. Tail bleeds was taken prior to immunisation and challenge
and sera were analysed for neutralising antibody response. Mice were
challenged intramuscularly with 0.05 ml of 25 times the PD50 of the
relevant serotype of wt PV (Mahoney, MEF-1 or Saukett) then mon-
itored for any signs of paralysis for 14 days68. Protection against chal-
lenge was compared with that in mice inoculated with PBS and with
equivalent doses of the IPV reference preparation.

All animal experiments were performed under licences granted by
the UK Home Office under the Animal (Scientific Procedures) Act 1986
revised 2013 and reviewed by the internal NIBSC Animal Welfare and
Ethics Review Board. The TgPVR mouse and rat immunogenicity
experiments were performed under Home Office licences PPL 70/
8979, PPL 80/2478, PPL 80/2050, PPL 80/2537, P30D4C513,
PP6108158, P856F6831 and P4F343A03.

CryoEM sample preparation and data collection
Sucrose gradient purified fractions of each PV1-SC6b and PV2-SC6b
rsVLP preparation (Fig. 2a) were buffer exchanged into DPBS-EDTA
using Zeba Spin Desalting Columns (Thermo Fisher Scientific) with a
7 K molecular weight cut-off (MWCO) and in some cases further con-
centrated using Amicon Ultra Centrifugal Filter Units devices (100 kDa
MWCO, Merck Millipore) to sample concentrations of ~0.1–1.1 mg/ml.
For the PV1-SC6bGPP3+GSH complex, GPP3 was mixed at a ratio of 1
VLP:300 GPP3 molecules and incubated overnight at 4 °C, after which
GSH was added to 10 mM final concentration and incubated on ice for
1–2 h. Compound GPP3 was dissolved in DMSO at 10 mg/ml and dilu-
ted to appropriate working stocks as required. GSH stock solutions
were prepared in distilled H2O at pH 7.0.

CryoEM grid preparation was similar for all samples. Three to four
microliters of rsVLP or rsVLP-compound-GSH mixture were applied to
either glow-discharged C-flatTM holey carbon copper grids (product
No. CF312, Electron Microscopy Sciences) for the PV1-SC6b yeast
sample or Lacey carbon copper grids with an ultra-thin carbon support
film (product No. AGS187-4, Agar Scientific) for all other samples. PV1-

SC6b yeast sample grids were prepared by double blotting to increase
the number of particles in the holes. Briefly, after 30–60 s unbound
sample was removed by manual blotting with filter paper, and grids
were re-incubated with a further 3–4 μl of sample for 30 s, followed by
mechanical blotting and rapid vitrification in a liquid nitrogen-cooled
ethane/propane slurry with a Vitrobot Mark IV plunge-freezing device
(Thermo Fisher Scientific) operated at 4 °C and 95–100% relative
humidity using a blot force of �15 and blot time of 3.5 s. For all other
samples, a single blotting procedure was performed on a Vitrobot
Mark IV using the parameters above.

For PV1-SC6b (yeast and MVA) and PV1-SC6bGPP3+GSH (yeast)
cryoEM data acquisition was performed at 300 kV with a Titan Krios
G3i microscope (Thermo Fisher Scientific) equipped either with a
Gatan K2 Summit direct electron detector (DED) with a Gatan GIF
Quantum energy filter (PV1-SC6b yeast) or a Falcon III DED (Thermo
Fisher Scientific) (PV1-SC6b MVA and PV1-SC6bGPP3+GSH yeast) at the
OPIC electron microscopy facility, UK. Micrographs were collected as
movies using a defocus range of -2.9 μm to -0.8 μm in either single-
electron counting mode (PV1-SC6b yeast) or linear mode (PV1-SC6b
MVA and PV1-SC6bGPP3+GSH yeast). Data were collected with a physical
pixel size of either 1.05 Å per pixel (PV1-SC6b yeast) or 1.08 Å per pixel
(PV1-SC6bGPP3+GSH yeast and PV1-SC6b MVA) resulting in calibrated
magnifications of ×47,619 and ×129,629, respectively. This large dis-
crepancy arises because of the very different pixel sizes of the K2 and
Falcon III detectors used. CryoEM data for the PV2-SC6b VLPs (MVA
and baculovirus produced) were collected at 300 kV on a Titan Krios
(Thermo Fisher Scientific) equipped with either a K2 (PV2-SC6b MVA)
or K3 (PV2-SC6b baculovirus) DED (Gatan) and GIF Quantum energy
filters (Gatan) at the electron Bio-Imaging Centre, Diamond Light
Source, UK. For PV2-SC6b (MVA) movies were collected in single-
electron counting mode with a physical pixel size of 1.055 Å per pixel.
For PV2-SC6b (baculovirus) the K3 DED was operated in super-
resolution mode with a physical pixel size of 1.06 Å per pixel (0.53 Å
per super-resolution pixel). For all samples data were typically col-
lected with a total dose of ~33-42 e�/Å2 fractionated between 25-50
frames. Detailed sample-specific data acquisition parameters are
summarised in Supplementary Table 1.

CryoEM image processing
For PV1-SC6b (yeast) and PV1-SC6b (MVA) image processing and
single-particle reconstruction were performed using RELION-369, while
PV2-SC6b (baculovirus) used RELION-3.170. Individual movie frames
were aligned and averaged with dose weighting using MotionCor271 to
produce images compensated for electron beam-induced specimen
drift. Contrast transfer function (CTF) parameters were estimated
using CTFFIND472. Micrographs showing astigmatism, significant drift
or crystalline ice rings were discarded. For PV1-SC6b (yeast) particle
picking was performed using programme Xmipp73 within the Scipion
software framework74, after which saved particle coordinates were
imported into RELION. For PV1-SC6b (MVA) and PV2-SC6b (baculo-
virus) particle picking was performed using crYOLO75 by first training
the neural network on a randomly selected subset of ~100 manually
picked particles from micrographs covering a range of defocus values.
Once trained crYOLO was used to pick the complete dataset in an
automated manner, and the saved particle coordinates were then
imported into RELION.

Single-particle structure determination for PV1-SC6b (yeast and
MVA) and PV2-SC6b (baculovirus) used established protocols in
RELION for image classification and gold-standard refinement to pre-
vent over-fitting76. Particles (numbers given in Supplementary Table 1)
were subjected to multiple rounds (at least two) of reference-free two-
dimensional classification to discard bad particles and remove junk
classes. The particle population for each dataset was further enriched
by three-dimensional (3D) classification to remove broken and over-
lapping particles and to separate alternate conformations of VLPs (PV1-
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SC6b yeast D Ag and C Ag VLPs). The initial model for each dataset was
generated from the previously determined cryoEM structure of PV3-
SC8 from a plant expression system38 (EMDB accession code EMD-
3747) low-pass filtered to 60 Å to avoid bias.

A final set of particles (Supplementary Table 1) were selected from
the best-aligned 3D class averages for high-resolution 3D auto-refine-
ment, with the application of icosahedral symmetry throughout. For
each dataset, a representative class from the end of 3D classification
was low pass filtered to 40 Å to avoid bias and used as a reference
during refinement. After the first round of refinement the PV1-SC6b
(yeast), PV1-SC6b (MVA) and PV2-SC6b (baculovirus) datasets were
subjected to CTF refinement to estimate beam tilt, anisotropic mag-
nification, per-particle defocus and astigmatism, and Bayesian polish-
ing of beam-induced motion-correction with trained parameters70.
This procedure was performed iteratively at least twice with 3D auto-
refinement after each round. The final resolution was estimated using a
Fourier shell correlation (FSC) threshold of 0.14376 (Supplementary
Fig. 5). The maps for each reconstruction were sharpened using Post-
processing in RELION by applying automatically estimated inverse
B-factors (Supplementary Table 1). Local resolution was estimated for
each reconstruction using the RELION implementation of local reso-
lution algorithm69, and locally scaled maps were used for model
building and refinement in all cases.

Data processing and single-particle reconstruction for both the
PV1-SC6bGPP3+GSH complex (yeast) and PV2-SC6b rsVLP (MVA) was per-
formed using CryoSPARC v4.2.177, following standard procedures for
icosahedral reconstruction. Raw movies were aligned with Patch
Motion Correction and CTF parameters estimated using Patch-CTF.
Poor-quality images exhibiting significant drift, astigmatism or ice
rings were discarded using the manual curation tool in CryoSPARC.
Particles were initially blob-picked from a subset of images and sub-
jected to a first 2D classification job to generate suitable templates,
which were subsequently used to complete particle picking on the
whole data set. Two-dimensional classification was performed itera-
tively at least twice to clean out junk particles, followed by the gen-
eration of five ab initio models with the application of icosahedral
symmetry. Heterogeneous refinement with icosahedral symmetry was
used to further refine the best-aligned particle sets to a single good-
looking class. These particles were then subjected to homogeneous
refinement with icosahedral symmetry and combined with CTF
refinement and higher-order aberration correction. Final resolution
was estimated using the gold-standard FSC 0.143 cut-off on maps
output after automatic sharpening and local resolution estimation.
Data processing statistics are summarised in Supplementary Table 1.

Atomic model building, refinement and analysis
For all PV1-SC6b and PV2-SC6b reconstructions the atomic coordi-
nates of the X-ray structure of PV1 (PDB 1HXS) or PV2 (PDB 1EAH),
respectively were manually placed into the cryoEM electron potential
maps using UCSF Chimera78. Manual fitting was optimised with the
UCSF Chimera ‘Fit in Map’ command78 and the ‘Rigid Body Fit Mole-
cule’ function in Coot79. For the PV1-SC6b C Ag expanded conforma-
tion structures from yeast and MVA the fit of the initial model was
further optimised with automatic molecular dynamics flexible fitting
using Namdinator80. For all structures, the cryoEM map surrounding
six neighbouring capsid protomers (each composed of subunits VP0,
VP1 and VP3) was extracted using phenix.map_box within Phenix81.
Manual rebuilding was performed on the central protomer model
using the tools in Coot79 and non-crystallographic symmetry operators
were used to generate neighbouring protomers, followed by iterative
positional and B-factor refinement in real-space using
phenix.real_space_refine82 within Phenix81 to ensure stable refinement
of protomer interfaces and clashes. All refinement steps were per-
formed in the presence of hydrogen atoms. Chemical restraints for
GPP3 were generated using the grade server83. Only atomic

coordinates were refined; the maps were kept constant. Each round of
model optimisation was guided by cross-correlation between the map
and the model. Final models were validated using MolProbity84,
EMRinger85 and CaBLAM86 integrated within Phenix81. Refinement sta-
tistics are shown in Supplementary Table 2.

Structural superpositions and RMSD calculations were performed
using programme SHP87 and the ‘LSQ superpose’ and ‘SSM superpose’

tools within Coot88. Molecular graphics were generated using Pymol89

and UCSF ChimeraX90.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The atomic coordinates for the cryoEM structures in this study have
been submitted to the Protein Data Bank (https://www.rcsb.org/)
under the following accession codes (PDB ID): PV1-SC6b yeast D Ag
particle (9EYY), PV1-SC6b yeast C Ag particle (9EZ0), PV1-SC6bGPP3+GSH

yeast (9F3Q), PV1-SC6b mammalian C Ag particle (9F0K), PV2-SC6b
mammalian (9F59), PV2-SC6b insect (9F5P). The cryoEM electron
potential maps have been deposited in the Electron Microscopy Data
Bank (https://www.ebi.ac.uk/emdb/) under the following accession
codes (EMD ID): PV1-SC6b yeast D Ag particle (EMD-50064), PV1-SC6b
yeast C Ag particle (EMD-50066), PV1-SC6bGPP3+GSH yeast (EMD-50176),
PV1-SC6b mammalian C Ag particle (EMD-50112), PV2-SC6b mamma-
lian (EMD-50189), PV2-SC6b insect (EMD-50199). The source data
underlying Figs. 4–6 and Supplementary Figs. 6 and 7 are provided
with this paper.
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