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Introduction

The virus-like particle (VLP) capture assay is an immunoprecipitation method,
commonly known as a 'pull-down assay' used to purify and isolate antigen-displaying
VLPs. Surface antigen-specific antibodies are coupled to, and thus immobilized on a
solid and insoluble matrix such as beads. Due to their high affinity to the target antigen,
these antibodies can capture VLPs decorated with the cognate antigen anchored in
the membrane envelope of the VLPs. This protocol describes the binding of antigen-
specific antibodies to protein A- or G-conjugated magnetic beads. In our study, human
immunodeficiency virus (HIV)-derived VLPs formed by the group-specific antigen
(Gag) viral core precursor protein p55 Gag and displaying the envelope glycoproteins
(Env) of HIV are examined. The VLPs are captured utilizing broadly neutralizing
antibodies (bNAbs) directed against neutralization-sensitive epitopes in Env. The VLP
capture assay outlined here represents a sensitive and easy-to-perform method to
demonstrate that (i) the VLPs are decorated with the respective target antigen, (ii) the
surface antigen retained its structural integrity as demonstrated by the epitope-specific
binding of bNAbs used in the assay and (iii) the structural integrity of the VLPs revealed
by the detection of Gag proteins in a subsequent Western blot-analysis. Consequently,
the utilization of bNAbs for immunoprecipitation facilitates a prediction of whether VLP
vaccines will be able to elicit a neutralizing B cell response in vaccinated humans.
We anticipate that this protocol will furnish other researchers with a valuable and

straightforward experimental approach to examine potential VLP-based vaccines.

Virus-like particles (VLPs) resemble the native virus particle = a high safety profile1 2 VLPs represent an individual

structure while lacking the viral genome, thus providing class of vaccines increasingly developed due to their high
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immunogenicity>-#:%:6:7  This is particularly the case for
membrane-enveloped VLPs, allowing for the display of not
only homologous viral surface antigens but also heterologous
antigens such as tumor antigensS’g'm. Figure 1 provides
an exemplary overview of the structure of an enveloped
antigen-decorated VLP. During the development process of
VLP-based vaccines, assays are indispensable enabling the

analysis of the respective target antigen displayed on the

VLP surface. Such assays should be instrumental to elucidate
the composition of a particulate vaccine: (i) Are the VLPs
decorated with the respective surface antigen? (ii) Has the
surface antigen retained its native structure as demonstrated
by epitope recognition of neutralizing antibodies (bNAbs) and
(iii) can the structural integrity of the VLPs be confirmed due

to the detection of the viral protein mediating VLP formation?

antigen-specific antibody

Gag core
protein

bald VLP (without antigens)

antigen
(envelope
glycoproteins)

lipid membrane

decorated VLP (with antigens)

Figure 1: Schematic illustration of a membrane-enveloped VLP. VLPs are formed by immature precursor Gag core

proteins and surrounded by a lipid membrane derived from the host cell. The antigens, e.g., envelope glycoproteins, are

incorporated into the lipid membrane and displayed on the surface of the VLP (on the right). Antigen-specific antibodies

recognize the antigen. On the left, a bald VLP without antigen decoration is shown. Please click here to view a larger version

of this figure.

Especially VLPs formed by the viral group-specific antigen
(Gag) core precursor protein p55 of human immunodeficiency
virus type 1 (HIV-1) are preferred scaffolds for antigen
display in vaccine development as numerous antibodies, and
ELISA kits are available, enabling the quantification of these

VLPs':12 The HIV-1 envelope glycoproteins (Env), namely,

the transmembrane protein gp41 (gp41-TM) and the soluble
surface unit gp120 (gp120-SU) forming heterodimers, are
incorporated into the membrane envelope of particles and
are crucial target antigens for the development of vaccines
against HIV infection'3:14:15 The display of neutralization-

sensitive epitopes in these target antigens is a prerequisite
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for eliciting a broadly neutralizing antibody response in
vaccinees. Besides a T cell response directed against the
Gag proteins, this is considered an important correlate of
protection against HIV infection'®. Consequently, and upon
design and production of VLPs decorated with target antigen
candidates, the subsequent analysis of the quality of the
displayed antigens represents a critical step in the process of

vaccine development.

Immunoprecipitation (IP) is a widely used technique for the
detection of protein-protein interactions and the purification
of protein complexes at a small scale'”. Barret et al. first
reported on the development of IP in 1960, yet, this method
has been constantly further improved. IP enables the capture
and isolation of a target antigen (prey) from a solution by
employing an antigen-specific antibody (bait) immobilized by
coupling to beads'® 19 In this protocol, we demonstrate a
variation of the classical IP application using membrane-
enveloped p55 Gag-formed VLPs as prey and bNAbs that
recognize neutralization-sensitive epitopes in the envelope
proteins displayed on the surface of the VLPs as bait
proteins. The successful application of this VLP capture assay
facilitates the prediction of whether the tested antigen-positive
VLPs will be able to elicit a neutralizing B cell response in
vaccinated people. Such immunogenic properties of VLP-
based vaccine candidates are frequently demonstrated in

small animal models29:21:22

In order to assess the quality of the newly developed
VLP vaccine candidate, VLP capture assays have been
successfully used®23:24 However, the number of published
methods is limited. The VLP capture assay presented here
starts with the immobilization of Env-specific bNAbs on
protein G-conjugated beads, which bind to the Fc region

of mammalian-derived antibodies. Typical matrices for the

immobilization of the antibody of choice are agarose or
magnetic beads. However, magnetic beads are favorable
for high-throughput application325. In the next step, VLPs
displaying the target antigen are captured by bNAb-coated
beads. The formed immune complexes consisting of Env-
positive VLPs and immobilized bNAbs are easily enriched
using a magnet. The isolated immune complexes are eluted
in the final step. Subsequently, the VLPs can be biochemically
characterized. Here, we performed Western blot-analysis
employing p55 Gag viral core protein-specific antibodies to
demonstrate that the precipitated target Env antigens were
not only harboring the neutralization-sensitive epitopes but
were also displayed on Gag-formed VLPs. Furthermore,
the detection of the viral core Gag proteins increases the
sensitivity of the capture assay since Gag proteins are more
abundant than Env in a VLP. In HIV-1, Env proteins are only
present at a single- or double-digit number26, whereas more

than 3,500 Gag molecules form the core of a particle?” .

Compared to other techniques for the examination of

protein-protein interactions28-29

, the VLP capture assay
provides an alternative method for research laboratories
not having access to expensive analytical instruments.
For example, transmission electron microscopic-analysis
(TEM), surface plasmon resonance spectroscopy (SPR),
and nanoparticle tracking-analysis (NTA) can be cost-
intensive. The capture assay presented here also allows
later subjection of captured antigen-positive VLP samples
to further protein characterization, e.g., employing gel
electrophoresis, immunoblotting, electron microscopy, and
mass spectrometry (MS), respectively. Considering that the
native structure of the target antigen is preserved during the

VLP capture assay, also the performance of a native PAGE

and subsequent immunoblotting techniques can be utilized.

Copyright © 2022 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com

February 2022-180+ e63137 - Page 3 of 13


https://www.jove.com
https://www.jove.com/

jove

The VLP capture assay represents an easy-to-use and using an ELISA. This step is important to standardize the

sensitive method to examine the decoration of VLPs with capture assay input.

target antigens exposing neutralization-sensitive epitopes,

— , _ 2. VLP capture assay
and thus their utility as future vaccine candidates.

NOTE: An overview of the workflow is depicted in Figure 2.
Protocol

1. Suspend the magnetic beads by either pipetting up and

1. Sample preparation down or mixing on a rotator at 50 rpm for at least 5 min.

Seed the VLP producer suspension cell lines derived

from 293-F cells expressing HIV structural genes gag
alone or in concert with env 30 at a low cell density of 0.5

x 108 cells per mL in 293-F Expression Medium.

Let them expand for 3-4 days at 37 °C and 8% CO2 in a

shaker incubator rotation with an orbit of 5 cm and 135

rounds per minute (rpm).

Pellet the producer cells by centrifugation at 100 x g for
5 min. Filter the clarified supernatant to remove residual
cells and cell debris using 0.45 um polyvinylidene fluoride
(PVDF) membrane syringe filters to obtain cell-free cell
culture supernatant (CFSN).

NOTE: The protocol can be paused here. CFSN can be

stored overnight at 4 °C.

Either use the CFSN directly for the experiment or pellet
VLPs from 35 mL of CFSN employing ultracentrifugation
(112,700 x g, 4 °C, 1.5 h).

Upon ultracentrifugation, discard the supernatant and
suspend the VLP pellets in 200 pL of 15% (w/v) trehalose
solution per centrifuge tube.

NOTE: The VLP pellet is often not visible to the naked
eye. The protocol can be paused here. VLPs can be

stored at -80 °C.

Prior to the VLP capture assay, determine the viral core

protein concentrations in the VLP containing samples

Meanwhile, prepare the antibody solution containing the
bNAbs. Use 10 pg of each bNAb in 200 pL of antibody
binding and washing buffer (see Table of Materials) per
reaction.

NOTE: Antibody amounts may vary depending on the
affinity of the bNAb and antigen decoration density on the
VLPs used.

Use 50 pL of the magnetic bead solution (see Table of
Materials) per reaction and transfer the beads into a
1.5 mL reaction tube. Place the tubes on the magnetic
separation rack.

NOTE: Alternatively, a strong single magnet can be used

for each tube to separate the beads from the supernatant.

Wait a few minutes until the beads gather at the tube
wall to ensure that all beads are collected. Remove the

supernatant.

Remove the magnet and suspend the beads in 200 uL
of the bNAb solution prepared in step 2.2. Incubate for
30 min to 3 h mixing on a rotator at 50 rpm at room

temperature.

Place the reaction tubes in the magnetic separation rack

again, wait and remove the supernatant.

Remove the tubes from the magnet and wash the beads
by resuspending in 200 pL of antibody binding and

washing buffer.
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10.

11.

12.

13.

14.

15.

16.

Repeat step 2.4. Remove as much washing buffer as

possible.

Add the samples to the bead-bound bNAbs.

NOTE: The VLP input for the capture assay using HIV-
derived particles should be at least 15 ng of viral core
protein per reaction. VLP amounts may vary depending
on the affinity of the bNADb, and the antigen decoration
density on the VLPs used.

If the sample volume added in step 2.9 is below 1 mL,
add PBS to adjust the sample volume to 1 mL. Suspend

the beads gently by pipetting.

Incubate the samples and beads for 2.5 h on a rotator
at room temperature. Ensure that the beads stay in
suspension and the solution is thoroughly mixed during

incubation.

Place the tubes on the magnet and remove the

supernatant.

Wash the magnetic beads by suspending them in 200 pL
of washing buffer (see Table of Materials). Repeat the

washing step three times.

Suspend the beads in 100 yL of washing buffer and
transfer the suspension to a clean (heat resistant)

reaction tube.

Place the tube on the magnetic separation rack (see
Table of Materials) and remove the supernatant

completely.

Prepare denatured SDS-PAGE samples following steps
2.16.1-2.16.2 or non-denatured samples by eluting
the VLPs from the magnetic beads following steps

2.16.3-2.16.5.

1. To prepare denatured SDS-PAGE samples,
suspend the beads in 20-80 uL of Laemmli buffer

(0.8 uL of Laemmli buffer per 1 ng of p55 Gag assay

input) and incubate at 95 °C for 5 min.

2. Proceed directly with SDS-PAGE or store the
samples at -20 °C.
CAUTION: Laemmli buffer  contains  2-
mercaptoethanol and sodium dodecyl sulfate. Wear
protective gloves and eye protection. Avoid contact
with skin, eyes, and clothes. Do not inhale vapors.
Work in a well-ventilated space, e.g., a fume hood.

NOTE: The protocol can be paused here.

3. Alternatively, perform a non-denaturing elution step
to obtain VLPs with preserved native protein

structure.

4. Add 25 pL of elution buffer (frequently provided with
the beads) to the magnetic beads and incubate for

2-5 min at room temperature.

5. Remove the beads and transfer the eluate to a clean
tube. Use the eluate for subsequent assays or store
itat4 °C.

NOTE: The protocol can be paused here.

3. Analysis of captured VLP samples

NOTE: For analysis of the captured VLPs, conduct an SDS-
31,32

PAGE and subsequently Western blot-analysis
1. Place the sample tubes on the magnetic rack to separate

the beads from the solution.

2. Load 10 pL of each sample into individual wells of the gel.
NOTE: In this protocol, viral p55 Gag core proteins
were detected by employing polyclonal rabbit antibodies
directed against HIV Gag and secondary polyclonal
chicken anti-rabbit 1gG coupled to horseradish
peroxidase (HRP) antibodies. Viral core proteins were

visualized using chemiluminescence detection.
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Figure 2: Schematic illustration of key steps of the VLP capture assay using cell-free supernatants. (1) The VLP

capture assay starts with the binding of the HIV-1 bNAbs to the protein G-coupled magnetic beads. Meanwhile, the VLP
solution with a defined p55 concentration is prepared. The cell-free culture supernatant consists of a mixture of p55 Gag
VLPs, host cell proteins, and nucleic acids. (2) The magnetic beads coupled to bNAbs and the VLP solution are transferred
into a 1.5 mL reaction tube followed by incubation under rotation. (3) Antigen-displaying VLPs are captured by the bNAbs-
coated beads. Separation of these immune complexes from host cell-derived contaminants is performed in a magnetic field.
(4) The supernatant is removed by pipetting, and the beads are washed three times to remove unbound VLPs. (5) In the next
step, reducing protein loading buffer is added to the immune complexes consisting of magnetic beads coated with bNAbs
and captured VLPs. (6) Boiling the sample dissociates bNAbs and target antigen from the magnetic beads and lysis the

VLPs. (7) Magnetic beads are separated from the solution in a magnetic field. (8) The protein samples are subjected to SDS-
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PAGE. (9) Western blot-analysis is performed in order to detect viral p55 Gag core proteins. Please click here to view a

larger version of this figure.

Representative Results

Figure 3 shows a representative outcome of VLPs first
captured from CFSN and VLP pellets, respectively, using
bNAbs and subsequently subjected to Western blot-analysis
to detect viral core proteins. The beads used for the capture
assay were coated with three different bNAbs directed against
neutralization-sensitive epitopes of the Env glycoproteins and
isotype antibodies serving as negative controls, respectively.
Using isotype antibodies-coated beads, no Gag proteins

were detectable in samples containing Env-negative (bald

VLPs) or Env-displaying VLPs employing Western blot-
analysis. This demonstrated that the unspecific binding of
VLPs to beads coated with human antibodies did not mediate
VLP capture. Bald VLPs were also not bound by bNAbs-
coated beads, and consequently, again, no Gag proteins
were detectable. In contrast, all three bNAbs captured VLPs
displaying Env proteins (Env VLPs), and therefore, Gag
proteins were subsequently readily detected. As visible in
Figure 3, the capture assay can be utilized to analyze target
antigen displaying VLPs in CFSN and pelleted VLP samples,

respectively.
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Figure 3: Detection of neutralization-sensitive epitopes in HIV-1 envelope glycoproteins displayed on p55 Gag-
formed VLPs using broadly neutralizing antibodies. Representative results of Western blot-analysis using viral Gag core
protein-specific antibodies after performing a VLP capture assay employing three different broadly neutralizing antibodies
(bNAb 1, bNAb 2, and bnAb 3) targeting epitopes within the HIV-1 envelope glycoproteins (Env). Isotype human antibodies
pooled from human sera served as negative controls. Cell culture supernatants were harvested from suspension cell
cultures producing VLPs with Env proteins (Env VLPs) and bald VLPs (Env-negative), respectively, as well as from naive
cells not expressing any viral proteins (mock). Both the supernatants from the bald VLP producer cell culture as well as
from the mock cell culture served as negative controls. Supernatants were freed from contaminating cells using low-speed
centrifugation and subsequent filtration to obtain cell-free supernatants (CFSN) for analysis. Upon immunoprecipitation,
Western blot-analysis was performed using polyclonal rabbit antibodies directed against Gag and secondary anti-rabbit IgG-
HRP conjugates. The apparent molecular weight in kilodaltons (kDa) as visible from the molecular weight marker (MW) is
depicted on the left. The arrows indicate the detected precursor protein p55 Gag. (A) For each sample, CFSN containing 100
ng of Gag protein was applied to the capture assay to standardize the input amount of VLPs. CFSN was directly incubated
with antibody-coated beads. (B) VLP pellets were obtained by ultracentrifugation of CFSN. Pellets containing 100 ng of Gag
protein were applied to the capture assay using isotype antibodies and bNAb 3. Samples for bNAb 1 and bNAb 2 contained

only 25 ng of Gag. Please click here to view a larger version of this figure.

Discussion as antigen- and viral core protein-specific ELISA of CFSN and

Prior to the VLP capture assay, evaluate the formation of
VLPs and the expression of the target antigen in the VLP
producer cell lines. Instrumental methods are flow cytometric-

analysis of the cell surface expression of the antigen as well

pelleted VLPs.

Critical steps of the VLP capture assay are the coating
of the beads with capture antibodies - here bNAbs - and
the subsequent capture of the antigen-positive VLPs by
the antibody-coated beads. Successful coating of the beads

with antibodies depends on the choice of the conjugated
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immunoglobulin (Ig)-binding protein. The donor species as
well as the Ig class of the antibodies determine whether
protein G- or protein A-conjugated beads are preferable.
For most species and Ig classes, protein G is the ligand of
choice33. As an alternative to protein A/G-conjugated beads,
streptavidin beads for the coating with biotinylated antibodies
are available. Beads can also be covalently coupled with

antibodies.

The capture of the VLPs by antibody-coated beads depends
on thorough mixing, sufficient incubation time, antigen
abundance, and affinity of the capture antibody. In our
experience, thorough mixing of the antibody-coated beads
with the VLP samples is best achieved by the utilization of
volumes >500 pL in 1.5 mL tubes under rotation for at least 2
h at room temperature or 4 °C. Another potential hurdle is the
too low amount of VLPs in the sample. For antibodies strongly
binding the target antigen, VLP inputs as low as 15 ng of Gag
protein usually allow for readily detectable amounts of the viral
core proteins utilizing Western blot-analysis. However, low-
affinity antibodies require higher input amounts, e.g., 100 ng
of Gag protein, to obtain conclusive results (Figure 3, bNAb

3).

Some surface antigens are prone to protease degradation.
Here, we recommend the addition of protease inhibitors
to the VLP samples and incubation at 4 °C. Non-specific
adhesion of host cell proteins and VLPs to the bead-bound
antibodies is rarely observed and should be excluded by
utilizing appropriate negative controls, as we demonstrated
here using mock and bald VLP samples and isotype control
antibodies. Strategies to reduce non-specific binding include
extended washing steps and the addition of casein in the

washing buffer3*. Furthermore, the capture assay may also

be improved by determining the optimal ratio of antibody to

antigen-displaying VLP amount.

In the last step of the VLP capture assay, we describe the
elution of the immune complexes from the beads by boiling
in reducing Laemmli buffer. During this step, the VLPs are
disassembled, and the capture antibodies and target antigens
are separated from the beads. Notably, the donor species of
the primary antibody used in the subsequent Western blot-
analysis has to differ from the donor of the capture antibody
to avoid the unintended detection of the capture antibody by

the secondary anti-donor IgG HRP-conjugated antibodies.

The VLP capture assay presented here provides an easy-to-
use and sensitive method to detect neutralization-sensitive
epitopes in structural intact target antigens displayed on
VLP surfaces. However, the capture assay does not enable
direct epitope quantification. ELISA performed with bNAbs
are instrumental for this purpose and should be conducted
in parallel, particularly if examined VLPs are intended to be
used in preclinical studies employing animal models3®. This
is pivotal, as the amount of antigen can directly correlate
with the elicitation of a neutralizing antibody response in
immunized animals, as shown for porcine circovirus type 2

(PCV2) vaccines®6.

An ideal vaccine should result in the elicitation of bNAbs
targeting the neutralization-sensitive epitopes on the virion
surface. The analysis of these epitopes especially referring to
their full structural integrity on the particulate vaccine surface
is crucial for identifying potential vaccine candidates. This is
not only the case for HIV-derived VLPs but also for many
other VLP vaccinesin development37. Prominent VLP-based
vaccines are, for example, derived from non-enveloped
or capsid parental viruses such as human papillomavirus

(HPV). Unlike HIV-1 particles, which are formed by only
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one structural core protein, namely p55 Gag, and enveloped
by the membrane originating from the VLP producer cell,
HPV particles consist of only one or two structural core
proteins38:39 | Likewise and as presented here for enveloped
VLPs, the VLP capture assay may also be applicable to
the detection of neutralization-sensitive epitopes of non-

enveloped VLPs.

As an alternative to the capture assay, VLP samples can be
directly subjected to native PAGE followed by Western blot-
analysis using bNAbs and appropriate secondary antibodies
coupled to HRP*C. However and for the analysis of HIV Env-
decorated VLPs, this assay is less sensitive as only a low
number of antigen proteins per VLP can be expected. In
contrast, the capture assay facilitates the detection of the
core proteins abundant at large amounts per VLP, in the case
of HIV-derived VLPs more than 3,500 Gag proteins form a
VLP?7 . This allows for the very sensitive indirect detection of

epitopes in Env displayed even at low densities on VLPs.

The number of well-established methods to examine
neutralization-sensitive epitopes in surface antigens of
VLPs is limited. Labeling the antigens displayed on the
VLPs is possible with epitope-specific antibody-fluorophore
conjugates and subsequent detection by nanoparticle
tracking-analysis (NTA), enabling detection and quantification
of VLPs. This method has also been successfully
developed and optimized for exosomes presenting cell
surface markers*!. Also, surface plasmon resonance (SPR)
spectroscopy allows for the analysis of interactions between
unconjugated neutralizing antibodies and cognate epitopes
presented on VLPs. Although not suitable for higher
throughput analysis, VLPs can also be labeled with bNAbs
coupled to gold particles and subsequent transmission

electron microscopic (TEM)-examination®2.

In conclusion, the VLP capture assay provides some
considerable advantages: (i) Assessment of the structural
integrity of neutralization-sensitive epitopes on the surface of
VLPs, (ii) sensitive and indirect detection of antigens even
when displayed at low densities on VLPs, and (iii) the method

does not require cost-intensive analytical equipment.
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