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Most vaccines require adjuvants for antigen stabilization and immune potentiation. Aluminum-based adjuvants are
the most widely used adjuvants for human vaccines. Previous reports demonstrated the preservation of antigen
conformation and other antigen characteristics after recovery from adjuvanted Hepatitis B and human papillomavirus
vaccines. In this study, we used a combination of various physiochemical and immunochemical methods to analyze
hepatitis E vaccine antigen quality attributes after recovery from adjuvants. All biochemical and biophysical methods
showed similar characteristics of the p239 protein after recovery from adjuvanted vaccine formulation compared to the
antigen in solution which never experienced adsorption/desorption process. Most importantly, we demonstrated full
preservation of key antigen epitopes post-recovery from adjuvanted vaccine using a panel of murine monoclonal
antibodies as exquisite probes. Antigenicity of p239 was probed with a panel of 9 mAbs using competition/blocking
ELISA, surface plasmon resonance and sandwich ELISA methods. These multifaceted analyses demonstrated the
preservation of antigen key epitopes and comparable protein thermal stability when adsorbed on adjuvants or of the
recovered antigen post-dissolution treatment. A better understanding of the antigen conformation in adjuvanted
vaccine will enhanced our knowledge of antigen-adjuvant interactions and facilitate an improved process control and
development of stable vaccine formulation.

Introduction

Hepatitis E virus (HEV) is a major cause of sporadic and epi-
demic hepatitis and HEV leads to an annual 14 million symptom-
atic infections worldwide.1 HEV infection accounts for acute-on-
chronic liver failure, predominantly in patients from Indian sub-
continents and other developed countries.2 High morbidity and
mortality among pregnant women are characteristic identifiers of
waterborne epidemic outbreaks of hepatitis E, including outbreaks
in South Sudan, Uganda and Nepal in recent years.3 In 2011, an
efficacious prophylactic vaccine Hecolin� was licensed in China
to meet this unmet medical need.4 Hecolin� is based on recombi-
nant p239 VLPs expressed in E. coli and adsorbed on aluminum
(Al)- based adjuvants, as previously described.5,6 7 The largest ran-
domized, controlled phase III vaccine trials to date using this
recombinant vaccine was conducted in Jiangsu Province, China,
and enrolled 112,604 healthy adult participants.8–10 A vaccine
efficacy of approximately 79.2% (95% confidence interval [CI],
67.7% to 86.6%) in the prevention of infection was demonstrated
with greater protection rate against clinical illness.10,11 Another

HEV vaccine based on recombinant HEV viral capsid protein was
also tested clinically, demonstrating high efficacy against HEV
infection and disease. 12,13 14

The above-mentioned Hecolin� contains aluminum-based
adjuvants for enhancing the antigen immunogenicity. 15,16 Alu-
minum-containing adjuvants were widely adopted in vaccine for-
mulations for human use over the past several decades due to
their capability for potentiating humoral responses against
administered antigens and their excellent safely profile. An assay
for the completeness of antigen adsorption to particulate adju-
vants is generally performed in vaccine formulations as part of
the process control and product consistency process. Complete
antigen adsorption, which is the case for commercial recombi-
nant protein based vaccines such as for Hepatitis B or HPV, is
generally preferred for better process control and for antigen sta-
bilization. The mechanisms of antigen binding to aluminum salts
have been previously reported, including electrostatic and hydro-
phobic attraction and ligand exchange of antigen phosphate
groups.17–19 Electrostatic attraction is the most powerful force
between an antigen molecule and particulate adjuvants.18,20
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While the antigen adsorption process and mechanism have been
studied, the analysis on adsorbed protein in adjuvanted vaccines
has been rarely reported due to potential morphological structure
changes, thermal stability variations and alterations of epitope
structure. Therefore, a better understanding of antigen confor-
mation/structure when adsorbed onto adjuvants and of antigens
once desorbed from the particulate adjuvants is desired for assur-
ing vaccine potency and stability.

Various antigen desorption or adjuvant dissolution methods
were used to elute antigens off particulate adjuvants or to recover
antigens via desorption of aluminum-based adjuvants.21 No sig-
nificant changes were observed in protein antigens eluted from
the aluminum-containing adjuvants using optimized antigen
recovery methods including the use of chelating agents and sur-
factants.18,22–24

Cryo-transmission electron microscopy (Cryo-EM) and
binding analyses of VLP antigens in GARDASIL�, the quadri-
valent human papillomavirus (HPV) VLP vaccine, showed no
apparent changes in their spherical shape and key epitopes of
VLP antigens when adsorbed onto adjuvants and after dissolu-
tion of amorphous adjuvants.25,39 Comparable physiochemical
properties of the recovered HBsAg antigen of Hepatitis B virus
versus the antigen in aqueous solution were shown using multi-
ple biophysical methods.22 The purpose of the studies was to
explore the interactions between proteins and the aluminum-
containing adjuvants and to provide guidance for the produc-
tion of more consistent and stable vaccine formulations.24 In
addition, a full recovery antigen enables the in vitro potency
assay development for vaccine lot release and stability testing.39

This work demonstrated the consistency of the physicochem-
ical and immunochemical properties of the HEV p239 protein
antigen in Hecolin� in an aqueous solution vs. the recovered
antigen after adsorption-dissolution treatment. This work
focuses on the antigen characterization on pre- and post-dissolu-
tion treatment and full recovery of the p239 antigen was
observed after adjuvant dissolution. A combination of non-over-
lapping, orthogonal methods were employed to demonstrate
comparable quality attributes, particularly antibody binding
activities using a panel of monoclonal antibodies (mAbs), for
the p239 protein with and without adsorption-dissolution
treatment.

Results

Recombinant p239-based VLPs in Hecolin� before adsorp-
tion and after dissolution were characterized using different
methods for detailed antigen characteristics analysis. Full recov-
ery (101% § 1%, n D 3) of protein based on a UV method was
observed post adjuvant dissolution. The methods and results are
summarized in Table 1, which shows the multiplicity in analyti-
cal methodology. These multifaceted analyses of the antigen
showed the consistent properties of the p239 in its native state
and after desorption from adjuvants, which indicated no altera-
tions in key epitopes of the antigens recovered from adjuvanted
vaccine formulation.

No alterations in antigen morphology or thermal stability

Thermal stability using differential scanning calorimetry
Vaccine stability is a critical factor for a viable vaccine prod-

uct. Thermal-induced unfolding of a protein antigen is somewhat
related to actual vaccine stability. The thermal stability of the
native p239 VLPs in solution (Sample a) and the (Sample c) was
comparable as indicated by similar Tm values (approximately
75�C) (Fig. 1B). No change was discernible between native
VLPs and post-adjuvant dissolution-recovered p239 VLPs. The
tertiary and quaternary structure of the protein were maintained
in the recovered antigens from adjuvanted vaccines based on the
similar melting profiles and Tm values. Interestingly, the melting
temperature (Tm) of the aluminum-adsorbed p239 VLPs (Sam-
ple b, 77.2�C) was slightly higher.

Transmission electron microscopy and dynamic light scattering
TEM was used to visualize overall morphology and TEM and

DLS were used to assess size distribution of the particles to deter-
mine the size and morphology of the p239 in aqueous solution
versus the antigens recovered post-dissolution (Fig. 1A, C). The
HEV p239-based VLPs (Samples a, c and c0) in solution showed
sizes of 27.2, 27.2, 26.1 nm on average in diameters by DLS
(Table 1), which is in agreement with results on multiple p239
batches in aqueous solution previously reported.7

High performance size-exclusion chromatography
The retention times in HPSEC for native and post-adjuvant

dissolution-recovered p239 VLPs (Samples a, b and c0) were
nearly identical. The similar size and comparable homogeneity of
the p239 VLPs in Samples a, b and c0, as displayed by HPSEC
profiles, (Fig. 2A) was consistent with the TEM and DLS result
in the above section.

Analytical ultracentrifugation
AUC was used to determine the hydrodynamic radius and

assess the homogeneity of native p239 VLPs and post-adjuvant
dissolution recovered p239 VLPs. The almost identical sedimen-
tation peak for Samples a (21.8 s), c (20.5 s) and c0 (20.6 s)
demonstrated the comparable hydrodynamic behavior of the
p239 VLPs regardless of the treatment process (Fig. 2B).

Isoelectric point (pI) analysis and integrity of p239
Normalized isoelectric focusing analysis of native p239 VLPs

and post adjuvant dissolution recovered p239 VLPs showed
nearly identical pI values for p239 in Samples a, c and c0 with
different treatments under native conditions (Fig. 2C). SDS-
PAGE assessment could reveal any potential degradation, includ-
ing the purity and integrity of the p239 VLPs in different prepa-
rations. Only a single band was observed which showed the
integrity of p239 in the 3 samples with no proteolytic clipping
during absorption/desorption treatment under denaturing condi-
tions (data were not shown).

Epitope mapping (9 £ 9) for p239 VLPs
A panel of 9 mAbs, chosen based on the non-overlapping

information revealed and data elucidated through analysis by
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different mAbs, were used for pairwise epitope mapping using
cross-blocking ELISA (Fig. 3A and B). Six of these mAbs recog-
nize conformational epitopes (8G12, 12F12, 8C11, 12A7, 13D8
and 9F7) and 3 mAbs recognize linear epitopes (15B2, 12A10
and 3A11). The approximate relationship between epitopes is
illustrated in Figure 3A. Cross-blocking between these 9 mAbs
analyzed the relative location or degree of overlap for these spe-
cific epitopes on p239 in different samples. Using multiple epi-
tope approach increases the confidence in antigen
characterization and in assuring product consistency as in the
case for HPV vaccines.32–34

The higher detection limit of the blocking rate was identified
as 95% because the lower limit of ELISA value is 0.05, and the
value of no blocking group was controlled between 1.0 and 1.5.
Three more level of blocking rates (50%, 75% and 90%) identi-
fied the relationship between each blocking and detection anti-
body (Fig. 3B).

In general, the results of mAb cross-blocking showed the rela-
tive position of 2 mAbs that recognized epitopes on the surface
of p239 in different samples (Fig. 3B). A higher blocking rate
indicated more similar positioning of the 2 epitopes on the

protein. Highly analogous mAb cross-blocking profiles (9 £ 9)
were observed in the cross-blocking results for p239 in aqueous
solution (Sample a) and p239 recovered from adjuvanted vaccine
formulation (Sample c), which indicated no changes in the epito-
pes of the recovered antigen after dissociation of the adjuvant
and 239 protein (Fig. 3B). Sample c0 is the matrix-matched con-
trol of Sample c, which was not subjected to the adsorption-dis-
solution process. The heat maps of Sample c and Sample c0
showed certain subtle differences in the blocking rates of 3A11,
8G12, 8C11 against 15B2 and 12A10. However, the blocking
rate heat maps of all 3 samples shown in Figure 3B showed high
degree similarities, indicating no discernible changes of antigen
conformation based on mAb binding profiles. The mAb-based
epitope mapping data showed that the relative location of the
epitopes of the p239 antigen were not altered by the adjuvant
and post dissolution treatment.

One-site antigenicity measurement with multiple mAbs
One-site binding and label-free assays with 6 representative

murine mAbs (8G12, 8C11, 13D8, 12F12, 3A11 and 12A10)
for p239 antigen in 3 samples were measured using SPR. The six

Figure 1. The sample preparation and consistent profiles of p239 vaccine antigen particles detected by DSC and TEM. (A) The samples were prepared
according to the flow diagram. The process shows the preparation of p239 VLPs in Samples a, c, and c0 that were used for multiple analyses, with Sample
c0 being the matrix-matched control for Sample c. (B) Comparable thermal stability as shown by DSC profiles – similar transition temperatures (between
75�C to 75.2�C) were obtained for p239 VLPs in Samples a, c and c0, and a slightly higher transition temperature (77.2�C) was observed in absorbed p239
VLPs in Sample b. (C) Morphology of p239 VLPs were examined using transmission electron microscopy (TEM). The spherical particles of native (Sample
a) and aluminum-dissolved p239 VLPs (Samples c and c0) presented similar morphology (Bar D 100 nm).
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mAbs, which recognize different epitopes, were used to evaluate
the immuno reactivity of p239 in Samples a, c and c0, reflecting
mAb binding activities to different epitopes. Four of the 6 mAbs
used (8C11, 8G12, 13D8 and 12F12) recognize distinct confor-
mational epitopes and mAbs 3A11 and 12A10 recognize 2 differ-
ent linear epitopes. The rationale for mAb choice and detailed
mAb characterization and epitope mapping will be published
separately in the future. The distinct epitopes for 4 mAbs (8C11,
12F12, 3A11 and 12A10) are illustrated to show the orthogonal-
ity of the information from the binding analyses using these
mAbs (Fig. 4B). The RU ratio for p239 VLPs (4RUAg) binding
to a given amount of captured mAbs (4RUAb) was tracked (rRU
D 4RUAg/4RUAb). The relative antigenicity was calculated by
normalizing the rRU value of each sample (Samples a, c and c0)
to the native p239 VLP (Sample a) (Table 1 and Fig. 4A) and
the range of relative antigenicity for each mAb was within 0.9 to
1.2. Multiple mAbs, recognizing different epitopes, were used to
probe binding activities, and the results revealed that no major
modifications occurred on the surface of the p239 VLPs during

the adsorption and desorption processes. The orthogonality of the
information on antigen epitopes from these binding assays was
illustrated in Figure 4B showing the epitopes for different mAbs.7

The mAb-based 2-site antigenicity measurement
Most commonly used ELISA is sandwich ELISA with rugged-

ness and robustness needed in a manufacturing setting. Thus,
binding activity to a neutralizing mAb (such as 8C11), serving as
a surrogate marker for clinical efficacy, can be probed in a robust
and easy-to-perform assay (Fig. 5A). A sandwich ELISA was
used to assess the p239 antigenicity in Samples a, c, and c0. Based
on the results (Table 1 and Fig. 5B), relative EC50 (EC50 of
Sample c or Sample c0/EC50 of Sample a) was used to measure
the relative binding activity for Samples a, c and c0. All three
samples showed good binding profiles in ELISA with 3A11 as
capture Ab and 8C11 as detection Ab. Comparable antigenicity
(based on the EC50 values) for the 3 samples was observed, and
relative EC50 value was well within the § 20% of the reference
sample (Sample a).

Figure 2. Consistent characteristics of p239 VLPs in Samples a, c and c0) undergoing different treatments. (A) HPSEC showed consistent antigen particle
size (nearly identical retention time for Samples a, c and c0). The molecular weight of p239 and E2 (dimer) were approximately 3,162 kDa and 147 kDa,
respectively.7 Dimer, E2, in the assay serves as a control for elution pattern for a dimeric molecule, as opposed to a particulate antigen.28 (B) AUC profiles
revealed similar coefficients (21.8 s – 20.5 s) for p239 in 3 different samples. (C) Analogous pI (5.80 – 5.83) values of native and desorbed p239 VLPs were
demonstrated by iCIEF.
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Discussion

This work employed a mild dissolution method to dissolve the
aluminum-based adjuvants and release the p239 protein (an anti-
gen in Hecolin�) for analysis. The native, adsorbed and post-

adjuvant dissolution recovered p239 protein were examined
using multi-faceted techniques to characterize the properties of
p239 in 4 vaccine antigen preparations (Fig. 1A and Table 1).
Full recovery of the intact p239 antigen from aluminum-based
adjuvants was demonstrated by a UV based method, while the

Figure 3. Epitope mapping (9£ 9) using monoclonal antibodies for the comparable epitope overlap of HEV p239 in different samples. (A) The illustration
of the epitope overlap for 9 mAbs. While four mAbs, 8C11, 12A7, 12F12, 13D8, recognized epitopes in a similar region. Their affinity and footprint sizes
differed significantly (Zheng, ZZ, unpublished results). (B) The horizontal character is representative of a monoclonal antibody with an HRP enzyme, and
longitudinal characters represent non-enzyme monoclonal antibodies. Each small grid represents the results of a monoclonal antibody blocking against
an HRP-conjugated monoclonal antibody. Color gradient represents the change in blocking rate: green represents a blocking rate of more than 95%,
and black represents a blocking rate is 0.

Figure 4. Comparable antigenicity of different HEV p239 VLP samples was determined using an SPR method with 6 different mAbs. (A) The RU ratio for
p239 VLPs (4RUAg) binding to a given amount of captured mAbs (4RUAb) was tracked (rRUD4RUAg/4RUAb). The relative antigenicity was calculated by
normalizing the rRU value of each sample (Samples a, c and c0) to the native p239 VLP (Sample a). (B) The key conformational and linear epitopes on the
surface of HEV p239 VLPs recognized by different mAbs are illustrated.
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method tracking the bulk properties of antigen such as HPSEC,
DLS and AUC, etc, showed no alteration on particle hydrody-
namic behaviors and size distribution. Preservation of key epito-
pes on p239 antigen post-dissolution treatment was confirmed
using immuno-reactivity to different monoclonal antibodies.

Among the numerous adjuvants being studied, the aluminum-
based adjuvants are widely used for human vaccines. We investi-
gated whether an HEV VLP antigen maintained native-like con-
formations when adsorbed onto particulate adjuvants and post-

dissolution treatment. Recently, Greiner et al. showed that
adsorption through a ligand exchange of phospholipids from
HBsAg particles with hydroxyl groups from aluminum-based
adjuvants damaged the integrity of the external lipid layer of the
particles and lead to a rearrangement of the S proteins.22 In addi-
tion, Lyer et al. noted that vaccines exhibiting different degree of
adsorption, namely 3, 35 and 85%, changed to 40% within 1 h
after exposure to interstitial fluid. Interestingly, similar antibody
titers were observed for all 3 formulations, regardless of the initial
degree of antigen adsorption. It was concluded that immunopo-
tentiation by aluminum-containing adjuvants correlated to the
degree of antigen adsorption in interstitial fluid at the injection
site rather than in the vaccine formulation.35,36

However, how a given vaccine exerts its function may be more
closely related to the desorbed antigen, which can be taken up by
dendritic cells or other antigen-presenting cells via phagocytosis
and pinocytosis. Multiple mechanisms of antigen elution were
described, including the disruption of electrostatic, hydrophobic
interactions, phosphate exchange, protein denaturation and dis-
solution of aluminum hydroxide.18,24 One hypothesis was pro-
posed that during desorption behavior, an altered adsorption
mechanism from electrostatic attractive forces to ligand exchange
would decrease the desorption efficacy of the aged ovalbumin
model antigen. In contrast, desorption efficacy did not change in
an aged lysozyme model vaccine because the only adsorption
mechanism was electrostatic forces.37 In addition, Jendrek et al.
indicated that the point of zero charge of the aluminum adjuvant
approaches the point of zero charge of a protein antigen, and this
decrease in the charge differential between the 2 species in a com-
plex is reduced, leading to the release of the antigen.18,38 There-
fore, proper dissolution conditions, most likely antigen-specific,
may be developed to remove antigens from adjuvants for mor-
phological and antigenicity analyses.39

Different dissolution/desorption conditions could result in
different yields or quality of antigen recovery from vaccine prod-
ucts. The recombinant HBsAg particles in a Hepatitis B vaccine
were fully recovered from adjuvanted vaccines because of the
mild eluting conditions. Comparable physiochemical properties
of the recovered antigen vs. the native particles were demon-
strated using a combination of various techniques.22,40 In addi-
tion, Zhao et al. reported that the morphology of the
GARDASIL� VLPs was unaffected by adjuvants using visual
inspection and a tomographic method. The VLPs in
GARDASIL� were desorbed using a citrate phosphate buffer,
and a full recovery of the antigenicity of mAb-based analysis
was observed after adjuvant dissolution.25,39 This technique
enabled the development of an in vitro relative potency assay
to replace the animal-based potency assay for product release
and stability testing.39 In contrast, Tleugabulova et al.
reported a denaturation of HBsAg particles after desorption
from aluminum adjuvant under harsher conditions, which led
to irreversible modifications of the particles likely as a result
of much stronger interaction between phospholipids in
HBsAg particles and adjuvants.41

Most of the dissolution studies on vaccine formulation were
performed in vitro, but several reports noted that similar

Figure 5. Immunochemical assays for p239 multi-faceted antigenicity
analysis and comparable antigenicity by a sandwich ELISA. (A) mAb char-
acterization and their applications in epitope mapping, SPR assay and
sandwich ELISA for p239 antigenicity analysis. (B) The antigenicity of dif-
ferent p239 VLPs (Samples a, c and c0) were measured using a monoclo-
nal antibody-based sandwich ELISA (3A11 as the capture antibody, with
8C11 as the detection antibody). EC50 values for different samples are
reported in Table 1.
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phenomena occur in vivo after vaccine injection due to the anti-
gen desorbing capability of interstitial fluid. In one specific case,
aluminum adjuvant-adsorbed tetanus toxoid and HIV-gp 120
injected in vivo were rapidly released from the injection site.42,43

This result is consistent with antigen desorption when exposed to
interstitial fluid.37

Most importantly, the desorbed antigen from the aluminum
adjuvants should be assessed using various methods with specific
mAbs to demonstrate the integrity of different epitopes. Using
multiple epitope approach for analysis on recombinant vaccine
antigens is critical in increasing the confidence of the epitope
integrity of recombinant antigens. This is also a common practice
in analytics for human vaccines.30–35 Among the mAbs used for
the HEV antigen, the most critical mAb is a protective and neu-
tralizing antibody, mAb 8C11. MAb 8C11 recognizes conforma-
tional epitopes that are composed of 3 discontinuous peptide
segments in a dimeric form of the truncated HEV capsid protein.
Most importantly, 8C11 effectively captures authentic HEV viri-
ons.28 Therefore, the binding activity to 8C11 is a surrogate
marker of virion-like epitopes on recombinant VLPs and vaccine
efficacy in the generation of protective and neutralizing antibod-
ies.28 Therefore, 8C11 can be used in different ways as a useful
molecular probe for antigen quality assessment, such as in vitro
relative potency determinations as the detection or revealing Ab
in a sandwich ELISAs, as in the case for HPV vaccine Gardasil�

(with neutralizing H16.V5 as the detection antibody).28,39 Also,
8C11 can be an effective probe for the label-free analysis of Ab-
Ag interactions using a sensor-chip based assay with short assay
turn-around time. Similar sensor chip-based assays were used for
VLP-based hepatitis B vaccine with RF1 and A1.2.40,44 Regard-
less one-site or 2-site assays, binding activity to the neutralizing
and protective mAb, such as 8C11, could be used as a surrogate
marker for vaccine efficacy.28 With these analytical toolbox in
place and with the in vitro potency test being developed in partic-
ular, vaccine stability, accelerated or real time stability, will be
addressed in future publications for Hecolin as there could be a
need in the future of transporting the vaccine to the needed areas
such as in a refugee camp without cold chains.

A comprehensive analytical toolbox is critically important for
structural and functional analyses of vaccines. Among these
assays, the potency assay is most critical for vaccine characteriza-
tion and lot-release testing. Sandwich ELISA with good repro-
ducibility and robustness, it could be a candidate in vitro relative
potency assay for product release once implemented in a
manufacturing setting. In the case for HPV vaccines, mouse
potency assay and a whole set of in vitro testing assays were used
for HPV vaccine Gardasil� and Cervarix� for process control
and product comparability.34,39,45 While animal-based assays are
still being use for vaccine characterization, the progress of the
vaccinology, robust vaccine production procedures, improved
characterization methods and the development of well-character-
ized vaccines create possibilities to reduce animal use during vac-
cine development and vaccine manufacturing. Replacement of in
vivo tests for batch release of actual vaccines is difficult, but
emerging technologies are providing more chances to use well-
considered reductions of in vivo experiments during product and

process development and improvement.46-47 A proposal called
‘3R’ (replace, reduce and refine) has been put forward that every
effort should be made to reduce animal use and to decrease the
animal distress to a minimum in each experiment.48 Therefore,
more alternative in vitro experiments, such as the methods pre-
sented here, sandwich ELISA, SPR and the others could be
implemented to minimize animal use throughout the life cycle
management of a licensed vaccine.

In conclusion, a combination of various techniques was used
to demonstrate the preservation of HEV p239 (antigen in
Hecolin�) conformation on adjuvants and recovered antigens
post-dissolution treatment. Multifaceted and orthogonal meth-
ods demonstrated the lack of alterations in particle morphology,
protein stability and key epitopes of this recombinant VLP-based
antigen. To characterize antigens recovered from adjuvanted vac-
cines, this report describes a concept and toolbox that should be
applicable to other vaccines, particularly vaccines with recombi-
nant proteins as antigens.

Materials and Methods

Recombinant p239 VLPs and adjuvants
Recombinant p239 VLPs were expressed in E. coli and puri-

fied to a homogeneity of high purity as indicated in SDS-PAGE
with quantitative analysis done with a densitometer (over 99%).6

Concentrations of purified p239 were measured using BCA
method. Adjuvants were colloidal aluminum hydroxide and pre-
pared in-house. The shelf life of prefilled syringes for Hecolin
was 24 Mo at 4�C, and this was extended to 36 Mo recently
based on stability data.

Monoclonal antibodies (mAbs)
A panel of 9 anti-HEV p239 murine mAbs (8C11, 8G12,

13D8, 12F12, 3A11, 15B2, 9F7, 12A7 and 12A10, all IgG sub-
class) were prepared in-house as previously reported.26 27 The
mAbs were affinity-purified from ascites fluid using a Protein A
column. Concentrations of purified murine mAbs were deter-
mined using OD at 280 nm.28 Purified mAbs were labeled with
horse radish peroxidase (HRP) using a standard periodate conju-
gation method for antibody conjugation in ELISA as previously
described.7,27

Adsorption/desorption process
Aluminum hydroxide (to a final concentration of 0.554 mg

Al/mL) was mixed with p239 VLPs (200 mg/mL) in phosphate
buffer (40 mM) at pH 7.4 for antigen adsorption. The mixture
was allowed to sit at 4�C for at least 24 hours. For dissolution,
the completely adsorbed sample was gently mixed 1:1 (by
volume) with the dissolution buffer (0.1 M citrate and 0.2 M
phosphate, pH 6.0). The mixture was incubated with mixing at
200 rpm using a constant shaking incubator (Zhicheng Co.,
Shanghai, China) for 24 hours at room temperature to dissolve
adjuvants and to recover antigens. A matrix-matched sample was
also included in all analyses for comparison purposes. A flow
chart of sample preparation is shown in Figure 1A. Then, the
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concentration of the recovered protein post-adjuvant dissolution
was determined with OD at 280 nm using a UV method with a
Multiscan* Go microplate reader/spectrophotometer (Thermo
Scientific, Utah, US).

Particle size analysis

Transmission electron micrograph (TEM)
The morphologies of p239 VLPs undergoing different treat-

ment processes (Samples a, b, c and c0) were examined with nega-
tive staining using a JEM2100HC transmission electron
microscope (JEOL, Tokyo, Japan) operated at 200 kV. The
p239 VLPs were diluted to 100 mg/mL and stained with 2% ura-
nyl acetate after excess fluid removal.

Dynamic light scattering (DLS)
The hydrodynamic size distribution of the p239 VLPs (at

200 mg/mL) was measured using a Dynapro-MS/X DLS system
(Protein Solution, Joplin, MO), as previously described.7 The
radius of the p239 VLPs (Samples a, c and c0) was calculated
using the Stokes-Einstein equation, and each reported value is an
average of 20 acquisitions for each measurement.

Static light scattering (SLS)
A LS13320 laser particle analyzer (Beckman Coulter, Miami,

FL) equipped with an optical bench and a Universal Liquid
Module was used to measure the size distribution of adjuvanted
p239 VLP vaccine suspended in ddH2O at 20�C.29 No differ-
ence was observed in particle size when either saline or ddH2O
was used as diluent during analysis.

High performance size-exclusion chromatography (HPSEC)
The size of the particulate p239 antigen was analyzed using an

analytical TSK Gel PW5000xl (7.8 mm £ 300 nm) column
(TOSOH, Tokyo, Japan) under native conditions as previously
described.8

Isoelectric point (pI) determination
The whole column imaging method of capillary isoelectric

focusing (iCIEF) was used to demonstrate the isoelectric point
(pI) of the p239 VLPs. The operating system and reagents were
all provided by the vendor (Advanced Electrophoresis Solutions
Ltd, Ontario, Canada). The isoelectric focusing solution (0.35%
methylcellulose and 8% ampholyte, pH 3–10), catholyte (0.1 M
NaOH in 0.1% methylcellulose), anolyte (0.1 M phosphoric
acid in 0.1% methylcellulose) and pI markers were used in this
study. The signal of final running sample containing 400 mg/mL
p239 VLPs was detected at 280 nm from Samples a, c and c0.
The pI in each sample was determined by the relative distance
from peaks for the 2 pI makers (pI 4.88 and pI 6.61) with 3 inde-
pendent replicate measurements.

Analytical ultracentrifugation (AUC)
Sedimentation velocity (SV) experiments were performed

using a Beckman XL-A analytical ultracentrifuge equipment
(Beckman Coulter, Fullerton, CA) at 20�C to characterize the
homogeneity and hydrodynamic behaviors of the p239 VLPs.

Samples with a concentration of 0.5 OD were centrifuged at
15,000 rpm. The sedimentation coefficient was obtained using
the c (s) method using Sedfit software, which was generous pro-
vided by Dr. P. Schuck (National Institutes of Health).

Thermal stability by differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) was performed using

a MicroCal VP-DSC instrument (GE Healthcare, MicroCal
Products Group, Northampton, MA) to determine the energy of
protein unfolding transitions induced by the heating of p239
protein. All samples were diluted to 100 mg/mL and measured as
previously reported.7

Immuno reactivity to murine mAbs

Epitope analyses based on cross-blocking of anti-HEV mAbs
Micro well plates were coated with 100 ng/well p239 protein

(Samples a, c or c0) at 37
�C for 2 hours and blocked with 0.5%

(w/v) casein in phosphate-buffered saline (PBS) at 37�C for
2 hours. After five times washes, 50 mg/well blocking antibodies
were added and incubated at 37�C for 1 hour. HRP-conjugated
detection antibodies were diluted in PBS containing 20% BSA to
a concentration that resulted in a final OD value between 1.0 and
1.5 in an indirect ELISA and added to the blocking antibody incu-
bated plates at 37�C for another 30 min. The plates were incu-
bated with 100 ml tetramethylbenzidine substrate for 10 min at
37�C after 5 washes. The reaction was stopped by the addition of
50 ml 2 MH2SO4, and the OD was measured at 450 nm (against
OD at 630 nm as background). The blocking rate was calculated
as the percentage of the decreased OD value of the blocked well
compared to the OD value in the unblocked control well.

Surface plasma resonance (SPR)
A surface plasmon resonance binding assay was performed

using a Biacore 3000 instrument (GE Healthcare) with different
mAbs and the similar procedures as previous described to assess
the epitope-specific antigenicity of the p239 VLPs in different
samples (Sample a, c and c0).

30,31 Six different murine mAbs
(8C11, 8G12, 13D8, 12A10, 3A11 and 12F12) were first cap-
tured by the immobilized goat-anti-mouse IgG Fc (GAM-Fc) on
the chip surface in PBS running buffer. Subsequently, p239 anti-
gen in Samples a, c and c0 was flowed through the chip surface
with the captured mAbs. The RU ratio (or rRU) for p239 VLPs
(4RUAg) binding to a given amount of captured mAbs (4RUAb)
was tracked (rRUD4RUAg/4RUAb). For a given mAb, the rela-
tive antigenicity was calculated by normalizing the rRU value of
each sample (Samples c and c0) to the native p239 VLP (Sample a)
(Table 1).

Sandwich ELISA
A mAb-based sandwich ELISA was used to evaluate the anti-

genicity of the p239 VLPs (Samples a, c and c0) by tracking 2 dif-
ferent epitopes. The 96-well microplates were coated with the
mAb 3A11 to capture p239 antigen (serial dilutions, starting
concentration of 5 ug/mL) and the 8C11-HRP was used as the
detection antibody. EC50 values were calculated using GraphPad
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Prism (GraphPad Software, San Diego, CA) by fitting the ELISA
data using a 4-parameter logistic fit.
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