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Cryo-transmission electron microscopy (cryoTEM) is a powerful characterization method for assessing the structural
properties of biopharmaceutical nanoparticles, including Virus Like Particle-based vaccines. We demonstrate the method
using the Human Papilloma Virus (HPV) VLPs in GARDASIL®. CryoTEM, coupled to automated data collection and analysis,
was used to acquire images of the particles in their hydrated state, determine their morphological characteristics, and
confirm the integrity of the particles when absorbed to aluminum adjuvant. In addition, we determined the threedimensional structure of the VLPs, both alone and when interacting with neutralizing antibodies. Two modes of binding
of two different neutralizing antibodies were apparent; for HPV type 11 saturated with H11.B2, 72 potential Fab binding
sites were observed at the center of each capsomer, whereas for HPV 16 interacting with H16.V5, it appears that 60
pentamers (each neighboring 6 other pentamers) bind five Fabs per pentamer, for the total of 300 potential Fab binding
sites per VLP.

Introduction
Human papillomavirus (HPV) vaccines based on major
capsid protein L1 are licensed in over 100 countries to prevent
HPV infections that result in cervical cancer and warts. The
yeast-derived recombinant quadrivalent HPV L1 (Types 6,
11, 16, and 18) vaccine GARDASIL® and the Baculovirusderived bivalent vaccine (Types 16 and 18) CERVARIX® have
played an important role in reducing cervical cancer since their
introduction for human use in 2006 and 2007.1 The L1 proteins
expressed either in yeast or Baculovirus systems self-assemble
into virus-like particles (VLPs) that when properly adjuvanted,
elicit protective immune responses by mimicking the authentic
epitopes of virions. Routine biochemical techniques can be
applied to confirm the primary structure of the proteins in
these recombinant vaccines. However, other tools are needed
to visualize critical morphological characteristics of these VLP
vaccine intermediates, including shape, particle integrity, and
aggregation. CryoTEM provides an excellent visualization tool

to directly determine these properties of the VLP particles
and can also be used to observe the VLPs when absorbed onto
aluminum adjuvants. These data can be combined with the
results from orthogonal methods to provide information that is
important for process development, process optimization, and
comprehensive characterization of pivotal vaccine lots.

Results
VLP Morphology
CryoTEM images for each of the four HPV L1 serotypes (L1
types 6, 11, 16 and 18) are shown in Figure 1. Most of the VLPs
appear to be fully assembled, are observed to have a range of sizes,
and are predominantly spherical or ellipsoidal in shape, with no
evidence of filaments or other large aggregates. Similar ranges in
apparent morphology have been observed in other EM studies
of L1 type 16,2,3 and type 114 VLPs as well as in unfractionated
preparations of rabbit papillomavirus virus.5
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Three-dimensional (3D) reconstruction of HPV VLP and
VLP:Fab structure
One of the unique advantages of the cryoTEM method
is that a 3D map of the structure can be reconstructed by
combining particles of the same morphology and conformation
but in different relative orientations.6 A set of particles of similar
diameter (54 ± 3 nm) were selected from images of VLPs of
type 11 and type 16, and single particle analysis methods6
were used to reconstruct 3D maps of each serotype, as shown
in Figure 2. The reconstructed volumes show that the capsids
are constructed of 72 pentameric capsomers arranged in a T =
7 icosahedral lattice that closely resembles that of the native
virions of human or bovine papillomavirus.7,8 These results
are in agreement with an earlier cryoTEM study of vaccinia
virus-produced L1 type 1 capsids that appeared similar (at a
resolution of ~3.5 nm) to native HPV type 1.9 Measurements
obtained from a central section of the HPV11 map also provide
an independent measure of the particle diameter (~55 nm).
During the manufacturing process for GARDASIL, some
types of the purified VLP are subjected to a disassembly/
reassembly step that optimizes the structure and stability of the
final VLPs. The main benefit of the disassembly/reassembly
process was to improve the stability of the VLP preparations
since fully closed and discrete VLPs are less prone to aggregation
15, 31). This treatment was observed to increase the surface
antigenicity for HPV 16 of clinically relevant epitopes such
as those of mAb H16.V5 – particularly those known to be
neutralizing in pseudovirion neutralization assay10-12 and to
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Discussion
Biophysical characterization of VLP-based vaccines is an
integral part of the characterization package, along with the
results from biochemical and functional analyses. TEM,
cryoTEM, AFM, dynamic light scattering, size exclusion
chromatography, and sedimentation experiments are among the
most popular techniques that are employed for VLP-based vaccine
characterization. In this report, the application of cryoTEM was
demonstrated for generating qualitative, semi-quantitative, and
quantitative data using HPV16 VLPs as an example. Importantly,
a 3D reconstruction of the recombinant protein based VLPs

Human Vaccines & Immunotherapeutics

735

©2014 Landes Bioscience. Do not distribute.

Figure 1. Representative cryo-electron microscopy images of human
papillomavirus virus-like particles (L1 types 16, 18, 6, and 11). In the top
left panel, the image is split to show type 16 particles on the left and type
16 particles decorated with an antibody fragment on the right. Scale bar
is 200 nm.

be immuno dominant when analyzed by competition assay
using human sera of naturally infected individuals.13 Epitopespecific antigenicity is important to our understanding of the
VLP structures, particularly the presence of the neutralizing
epitopes and resemblance to authentic virions.14,15 Furthermore,
antibodies to these epitopes have been incorporated into the
potency assay for the individual VLP antigens in GARDASIL.16
The binding activities of these neutralizing mAbs are surrogate
markers for the vaccine efficacy in eliciting neutralizing titers
in vivo.16
VLPs can be observed directly interacting with antibody
fragments (see Fig. 1, top left inset) and 3D volumes (Fig. 2)
can be reconstructed from these decorated particles using the
methods as described above. We reconstructed antibodies
decorating two different HPV serotypes: Type 11 interacting
with antibody fragment H11.B2 and Type 16 interacting with
H16.V5. The reconstructed density maps are shown in Figure 2B
and D. The antigenic site of interaction is quite different for the
two serotypes. For Type 11+ H11.B2 the antigenic site is located
at the center of the capsomer (Fig. 2B), providing 72 potential
binding sites per capsid. In the case of Type 16 + H16.V5, the
antigenic site is located off to the side at the outer edge of the
capsomers (Fig. 2D), and it also appears that the antibody binds
to the capsomers at the located 3-fold axes of symmetry, and not
to those located at the 5-fold axes of symmetry,, possibly due to
a more restricted spacing between capsomers at the 5-fold axis as
compared with those at the 3-fold axis.17 From these 3D maps,
we deduce that there are 300 potential binding sites on the H16
serotype for the H16.V5 antibody.
VLPs maintain their spherical morphology on aluminum
adjuvant
The quadrivalent HPV VLP vaccine, GARDASIL, is a sterile
liquid suspension that is prepared by combining the adsorbed
VLPs of each HPV type. All of the VLPs were adsorbed onto
an aluminum-containing adjuvant (Amorphous Aluminum
Hydroxyphosphate Sulfate or AAHS) and the final formulation
buffer. It is of interest to understand whether interaction with
the aluminum adjuvant surface alters the VLP morphology, so
HPV VLPs adsorbed onto the aluminum adjuvant were directly
visualized using cryoTEM in the vitrified state (see Fig. 3).
There was no apparent change in shape upon adsorption onto
the amorphous adjuvants and the VLPs retained their spherical
shape.
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closely resembles the authentic capsids of
similar viruses.
The functionality of the recombinant
VLPs was also probed using the Fab fragments
of neutralizing mAbs. Among different mAbs
tested, H11.B2 and H16.V5 showed discrete
particles when the VLP-Fab complexes were
examined with cryoTEM, making the data
amenable for 3D reconstruction of the complex
structure. While linking L1 molecules or
aggregating virions was demonstrated to be an
important mechanism for several neutralizing
mAbs, certain mAbs, with H11.B2 and H16.
V5 included, showed similar neutralization
efficiencies when compared with their
parental antibodies.8,12 The mAbs relying on
cross-linking virions for neutralization, Fab
fragments could show lower neutralization
efficiencies by 2- to 3-orders of magnitude.
On the contrary, monovalent Fab fragments
of H11.B2 and H16.V5 showed only
approximately 3-, and 5-fold reduction,
respectively in neutralizing efficiency, when
compared with respective bivalent IgGs.8,12
Moreover, the Fab binding locations for H11.
B2 or for H16.V5 are consistent with their
corresponding epitopes, DE loops for H11.B2,
and FG loop (with some contribution from HI
loop) for H16.V5.12,18,19
Figure 2. Three-dimensional reconstructions of (A) HPV11 used 5135 particle images in the
The binding mode for H16.V5 was observed
reconstruction and the resolution based on the FSC0.5 criteria was 1.3 nm and the EMDB depoto be near the center of the pentamer, similar
sition number is 28367; (B) HPV11 decorated with antibody fragment H11.B2 B2 (6009 partito that previously reported for a neutralizing
cles, FSC0.5 = 2.0 nm, EMDB 28368); (C) HPV16 (5135 particles, FSC0.5 = 1.3 nm, EMDB 28369)
mAb again bovine papillomavirus.20 In
(d) HPV16 decorated with antibody fragment H16.V5 (6009 particles, FSC0.5 = 2.0 nm, EMDB
that paper, a further binding mode for virus
28370).
neutralization was illustrated for a mAb
binding to the valley in-between pentamers.
Therefore, the binding to the area near the central openings in
Aluminum adjuvants are commonly used in vaccines to
the pentamers, the putative binding sites for L2 molecules, for enhance immunogenicity. Gardasil VLPs 6, 11, 16 and 18
a neutralizing mAb is a novel finding using 3D reconstruction formulated with Merck’s proprietary aluminum adjuvant,
method.
AAHS, demonstrated significantly higher antibody levels in
The functional and neutralizing mAbs, H11.B2 and H16. rhesus macaques compared with the VLPs alone (12.7 to 41.9V5, studied in this report were also used in the approved in fold higher after four weeks and 4.3 to 26.7 higher levels at
vitro relative potency tests for GARDASIL lot release and 52 wk).23 Particle integrity after adjuvant adsorption could be
stability.16,21 These assays have been shown to correlate to in confirmed using cryoTEM by visualizing whole vaccine mixtures
vivo mouse potency as well as to clinical serological results. containing VLP antigen adsorbed to amorphous adjuvants.
The observation of two different binding modes of these two The AAHS particles also keep the VLPs from aggregating
neutralizing mAbs also sheds some light on the mechanism of without deforming the VLP morphology or their key epitopes.
how HPV virions are neutralized during in vitro studies, as well The morphology of the individual VLPs were confirmed to be
as in biological systems. In general, the neutralizing epitopes are unaffected by the adjuvant by both visual inspection and by
more exposed or better formed when the VLPs have undergone using tomographic methods24 to obtain 3D reconstructions of
the disassembly and reassembly treatment. This treatment likely the structures (results not shown). Furthermore, the antigenicity
causes aggregated recombinant VLP proteins to dissociate and is recovered completely after adjuvant dissolution.
re-oligomerize into virion-like assemblies.14 This is the desired
In conclusion, cryoTEM can be a highly informative
outcome during vaccine production, as it maximizes the content complementary tool for VLP characterization. The characterization
of neutralizing epitopes and enhances product stability after of a recombinant VLP-based vaccine requires the application of
formulation and filling.22
an extensive panel of analytical procedures to the product, and
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Anti-HPV 16 L1 mouse mAbs (IgGs) and
Fab of H16.V5 and H11.B2
Mouse mAb IgGs
Mouse mAbs, H16.V5 and H11.B2,1012
were produced in cell culture or ascites
using the hybridoma cell lines provided by
Professor Neil Christensen at Penn State
University (Hershey, PA). Standard Protein
A chromatography was used to purify IgGs.
The concentration was determined with UV
absorbance at 280 nm. Purity of the IgGs (>
95% pure) was determined by size-exclusion
HPLC and the isotype of each mAb was
verified with an IsoStrip test strip (Roche).
H16.V5 and H11.B2 Fab preparation
To prevent cross-linking of the VLPs
during cryoTEM experiments (with both
IgG and Fab), Fab antibody fragments were
prepared from the H16.V5 IgG2b. Reduction
of disulfide bonds and specific cleavage at
the hinge region were achieved by adding a
solution of H16.V5 or H11.B2 (1.0 mg/mL) in
20 mM l-cysteine hydrochloride monohydrate
to immobilized papain on agarose beads
(Pierce), followed by gentle mixing over the
course of two days at ambient temperature for
complete digestion. Supernatant containing
the Fab fragments was purified via gentle
Figure 3. HPV VLPs can be observed directly interacting with the alum adjuvant. The VLPs
mixing with immobilized Protein A (Repligen)
indicated by the arrows are shown at larger scale in the insets indicating that the VLPs are
for one hour. Fab fragments in solution were
intact and retain their morphology and spherical shape upon absorption onto the adjuvant.
concentrated using a 10 kDa filter (Centriprep
YM-10, Millipore). The completeness of the
the characterization data set is included in regulatory filings to cleavage of IgG and purity of purified Fab was assessed with a
demonstrate an understanding of the product. A comprehensive size-exclusion HPLC. Concentrations of the H16.V5 or H11.
characterization data set is important for supporting selection of B2 Fab fragments were determined before and after filtration by
the potency assay, justifying specifications for the product and the UV absorbance measurements at 280 nm using an Agilent 8453
impurity profile, characterizing the process, and establishing the UV-Visible spectrophotometer.
“historical” comparability and therapeutic/clinical equivalence
CryoTEM of virions or VLPs in hydrated form
of the product. Structural characterization, along with functional
Samples were preserved in a thin layer of vitrified ice over
characterization14,16,21 is an important aspect of this analytical C-Flat holey carbon films (Protochips, Inc.) supported on
assessment.
400 mesh copper grids. Samples were not diluted prior to
The 3D maps shown in Figure 2 have been deposited to vitrification. A ~3 μL drop of the sample was placed onto an EM
the EMDB database; accession numbers are: EMDB28367, grid covered by a holey carbon support film. The bulk of the
EMDB28368, EMDB28369, and EMDB28370.
sample was removed to leave a thin film, which was then rapidly
plunged into a cryogen (liquid ethane) capable of vitrifying the
Materials and Methods
sample (i.e., freezing it without creating ice crystals). The sample
preserved in this vitrified state was transferred into the electron
HPV 6, 11, 16 and 18 L1 VLPs
microscope using a cryogenic stage that maintained the sample
Full-length L1 proteins of HPV types 6, 11, 16 and 18 were temperature below -170 °C. To limit damage to the specimen
overexpressed in yeast using previously described procedures.25-27 by the electron beam, images were acquired using a very low
Purification of the recombinant VLPs, and the disassembly/ dose of electrons (typically ~10–20e- /Å 2 ); the resulting images
reassembly process was previously described.28,29 The protein accurately reflected the structure of the VLPs but had a low
concentration was determined with the Pierce bicinchoninic signal to noise ratio (typically ~ < 1) and limited image contrast.
acid (BCA) protein assay method, and then verified with UV Electron microscopy was performed using a Tecnai F20 electron
absorbance at 280 nm.
microscope (FEI Co.) operating at 120KeV equipped with a
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