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Abstract

Human viruses possess very complex supramolecular structures. Both icosahedral and enveloped
viruses typically display an array of viral-encoded protein antigens at varied spatial densities on
the viral particle surface. The viral nucleic acid genome, on the other hand, is encapsulated inside
the viral particle. Although both the surface antigen and the interior nucleic acids could
independently produce immunological responses, how B cells integrate these two types of signals
and respond to a typical virus particle to initiate activation is not well understood at a molecular
level. The study of these fundamental biological processes would benefit from the development of
viral structural mimics that are well constructed to incorporate both quantitative and qualitative
viral features for presentation to B cells. These novel tools would enable researchers to
systematically dissect the underlying processes. Here we report the development of such
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particulate antigens based on liposomes engineered to display a model protein antigen, hen egg
lysozyme (HEL). We developed methods to overexpress and purify various affinity mutants of
HEL from E. coli. We conjugated the purified recombinant HEL proteins onto the surface of a
virion-sized liposome in an orientation-specific manner at defined spatial densities and also
encapsulated nucleic acid molecules into the interior of the liposome. Both the chemical
conjugation of the HEL antigen on liposome surfaces and the encapsulation of nucleic acids were
stable under physiologically relevant conditions. These liposomes elicited antigen-specific B-cell
responses in vitro, which validate these supramolecular structures as a novel and effective
approach to mimic and systematically isolate the role of essential viral features in directing the B-
cell response to particulate antigens.

INTRODUCTION

The human immune system robustly mounts effective antibody responses against a plethora
of viral pathogens. This property of the immune system forms the biological basis for many
of the vaccine products that have been licensed for immunization and distribution in the
United States.! However, at a fundamental level, how B cells respond to a viral particulate
antigen and initiate the cascade of events that lead to the production of potent neutralizing
antibodies and long-lived memory B cells is incompletely understood. From B-cell
recognition of relevant antigens to B-cell presentation of antigens to CD4* T cells and
recruitment of CD4* T cell help to sustain the activation of B cells, our understanding of
these processes mostly stems from studies of soluble antigens (for a recent review see 2).
Although many fundamental pathways in B-cell activation have been well established, how
these pathways may be modulated by the essential and unique quantitative and qualitative
features of a viral particulate antigen represents a key gap in our knowledge that needs to be
addressed in order to inform rational vaccine design in the future.

It is well known that individual viruses have surface antigens that are displayed at specific
densities. It is noteworthy that the spatial densities of these viral surface antigens vary over
several orders of magnitude in different naturally occurring viruses.! Although little is
known about how this varied spatial density of viral surface antigens may contribute to the
immunogenicity of the viruses, it is well established that antigen organization determines B-
cell responses.3 Quantitative differences in epitope density can easily produce quantitative or
qualitative differences in antibody responses in mouse models of immunization.3-%
Specifically, a high-density display of an antigen on viral-like particles can elicit strong B-
cell antibody responses and even break B-cell tolerance.37 In fact, it has been shown
recently that a threshold density of epitopes on liposomes can elicit class-switched and
autoreactive 1gG, demonstrating that epitope density can serve as a stand-alone signal in
eliciting B-cell class switching and secretion of autoreactive antibodies.® Collectively, these
studies strongly suggest that particulate antigens can induce effects on B cells that are
qualitatively different from those produced by conventional soluble antigen, and thus,
studies of such complex particulate antigens are necessary in order to understand B-cell
responses to biological viruses.
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Model antigens, such as the hapten (4-hydroxy-3-nitrophenyl) acetyl (NP) and various
polymers based on this hapten,* have been indispensable to understand B-cell responses to
immunogens,®-13 but model antigens that facilitate the study of viral features on B-cell
responses have been limited. An ideal model antigen that mimics natural viruses for the
study of B-cell responses to viral infection and vaccine antigens must possess two essential
qualities. (1) The spatial density of the surface epitope must be “programmable” to mimic
that of naturally occurring viruses. Herein, the “spatial density” of an epitope refers to the
number of immunogenic epitopes that is averaged over a single particle, as previously
defined by us.14 (2) The interior of the particle should be able to accommodate nucleic acid
molecules to at least mimic this essential feature of any virion. Nucleic acids are highly
immunostimulatory molecules that can be recognized by both endosomal and cytosolic
sensors in B cells and can trigger B-cell activation both independently of and synergistically
with B-cell antigen receptor (BCR) engagement.1® Importantly, differences in the site and
context in which nucleic acids are sensed by B cells can have profoundly divergent effects
on B-cell responses.16:17 Therefore, in order to accurately model the immune responses of B
cells toward particulate antigens such as naturally occurring viruses, it is critical to produce
synthetic particles that mimic both of these essential features of a viral particle. In order to
study these aspects in isolation and collectively, it is ideal for these features to be
independently built into a model antigen. Such a construct will enable us to dissect the
individual contributions of epitope density and encapsulated nucleic acids on B-cell
responses and reveal how they function either independently or synergistically to regulate B-
cell activation and immune responses.

Liposome-based nanoparticles have unique advantages in this regard because (1) liposomes
themselves are not immunogenic, which offers a clear baseline to understand the role of
other components that are incorporated into these particles; (2) a plethora of chemical
conjugation techniques has been developed for conjugation of protein molecules onto the
surface of liposomes, 8 and (3) the interior of the liposome can be used for encapsulation of
molecules such as nucleic acids that mimic the viral genome. Lastly, it is important to
mention the differences between synthetic particles and viral-like particles that are
biologically synthesized using cell-based systems. The compositions of the latter are usually
not well or easily defined. Liposome-based synthetic particles, on the other hand, are
assembled from purified components. The molecular basis of immunogenicity is well
defined, which allows one to dissect the contributions of each feature on B-cell responses
and isolate the independent effects of epitope density and encapsulated nucleic acids.

Previously we have developed a set of analytical methods to quantitate the average spatial
density of proteins conjugated on the surface of liposomes.14 By quantitating epitope
densities on liposomes with time, we uncovered an intrinsic issue associated with the widely
used Ni-chelating liposomes and suggest that alternative methods other than the Ni-chelation
chemistry is needed for stable conjugation of epitopes onto liposomes for biological studies.
14 Our results from that work suggest a general strategy that can be used to precisely
regulate the epitope density on liposomes for the study of B-cell responses. In the current
study, we report a method that is potentially generic and allows one to conjugate epitopes of
interest in an orientation-specific manner to unilamellar liposomes using maleimide
chemistry. The epitope densities generated by this method could be regulated, and the
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synthetic liposomes were stable under physiological conditions. We also report a method to
encapsulate nucleic acid molecules into these liposomes, so that the resulting liposomal
nanoparticles can mimic both the quantitative and the qualitative features of naturally
occurring viral particles (Figure 1).

Choice of Protein Antigen and Protein Expression System.

The model protein antigens that we choose in this study for conjugation onto the surface of
liposomes is hen egg lysozyme (HEL). The major reason to choose this protein is that this
protein along with its affinity mutants has been used in many classic and recent
immunological studies to understand the basic principles of B and T cell responses.19-24
Transgenic mice that carry HEL-specific B cells have been developed, which allows one to
use these existing tools for study of immune responses to complex antigens such as
particulate antigens of interest here. Because HEL is so well characterized as an immunogen
in mouse, much is known about how a soluble antigen of HEL is processed and presented by
B cells in mice of various genetic background and how HEL antigen peptides are recognized
by MHC class Il molecules.1920 Therefore, particulate antigens based on HEL could
potentially build on the existing knowledge about this soluble antigen and further extend to
the realm of particulate antigens.

HEL is one of the first few proteins whose three-dimensional structures were solved by X-
ray crystallography.?® The relative abundance and availability of this protein from hen egg
white has propelled much of the early research on the biochemistry of this protein.2% For our
applications where we want to conjugate this protein in a specific orientation onto the
surface of liposomes in a stable manner, one solution among others is to engineer free
accessible cysteines into the sequence of HEL and use thiol maleimide chemistry to achieve
the orientation-specific conjugation.

Wild-type HEL has eight cysteine residues that form four specific pairs of disulfide bonds,
which are all important for HEL folding and stability.27-30 To engineer free accessible
cysteines for chemistry of our interest without disruption of the native protein structure, it is
necessary to purify this protein in native form from its overexpression host.3! Otherwise, the
four disulfide bonds present in the native protein may not form correctly after refolding of
the denatured proteins that carry additional engineered cysteines.

Site-directed mutagenesis has been extensively conducted on HEL proteins. Various mutants
have been purified and studied.2%:32:33 However, almost all of these methods employ
purification of HEL in denatured form from £. coli followed by refolding of the protein.
This approach will not work for our purpose. There are reports in the literature that have
expressed HEL in £. coliin native forms, and issues were reported that the cells were lysed.
34 However, in that study, HEL was fused with OmpA signal peptide that targeted this
protein to periplasmic space, which would unleash its lytic activity. Alternatively, to
suppress the lytic activity of lysozyme, one report used tandem expression of human
lysozyme with a tight-binding inhibitor Ivy in £. co/i:3® This method did work for producing
wild-type HEL in native form from E£. coliin our hands. However, expression of HEL
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mutants under the same conditions was very low, which might be due to competition with
Ivy expression that was controlled under a separate T7 promoter. For the study of B-cell
responses, it is necessary to produce in good quantities a set of HEL mutants that have
varied affinities toward the antigen-specific B cells, because affinity between an antigen and
the B-cell antigen receptors will modulate B-cell responses. To mimic the biological
situation of B-cell encounter of viruses, the initial affinity between the viral antigen and B-
cell antigen receptors is likely to be very low. Moreover, the serious drawback of the HEL—
Ivy overexpression system was that HEL and Ivy were very close in their molecular masses,
so that it was very challenging to resolve the two proteins clearly in a single gel, which
created difficulty for assessment of protein purity.

Methods have been reported in the literature to purify HEL mutants in native forms using the
yeast expression system Pichia pastoris.3® However, both cloning and selection of
transformants were not as convenient as in £. coli. In this work, we report, to the best of our
knowledge, the first system in £. colithat allows the overexpression and purification of HEL
and its mutants in native forms with more than 95% purity and in good yields. This system
also allows us to produce HEL with engineered cysteines so that we can use these cysteines
for orientation-specific conjugation onto liposomes, which is a key feature of viral surface
proteins. We describe our approach to purify these proteins and report the production of
well-behaved liposomal particles that have both HEL conjugation on the surface in an
orientation-specific manner and encapsulation of nucleic acids in the interior of the
liposomes. These particles therefore serve as synthetic mimicries of biological viruses for
the study of B-cell responses to particulate antigens.

Purification of Wild-Type HEL and Mutants from E. coli with >95% Purity.

The pET system for expression of recombinant proteins in £. coli has been widely used over
two decades. In this system, the strong T7 RNA polymerase activity can be inhibited by the
T7 lysozyme expressed in trans,3” which forms the basis for inclusion of pLysS or pLysE
plasmids in this commercialized system. On the basis of this phenomenon, we reasoned that
it might be possible for £. colito harbor a high concentration of active lysozyme in the
cytosol without concern on bacterial lysis, provided that the enzyme was expressed in the
cytosol and had no access to the periplasmic space. Follow this reasoning, we constructed a
plasmid in which a HEL open reading frame carrying a C-terminal hexahistidine tag is
directly placed under the control of the bacteriophage T7 promoter and used Shuffle T7
express (NEB) as the host for protein expression. As shown in Figure 2a, we engineered a
free accessible cysteine close to the C-terminus of the protein for maleimide chemistry. We
have developed a protocol and purified five recombinant HEL proteins in native forms from
this system: wild-type HEL (WtHEL), a double mutant of HEL (R73E and D101R, named
HELD herein), a tripple mutant of HEL (R21Q, R73E, and D101R, named HELT herein),
HELD that carries an engineered free cysteine close to the C-terminus of the protein (named
HELDC herein), and HELT that carries an engineered free cysteine close to the C-terminus
of the protein (named HELTC herein). These mutations are shown in spacing-filling models
in Figure 2a and are important for the binding between HEL and the transgenic B-cell
antigen receptor, lgHEL.38
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The purification procedure involves three major steps: (1) using a Ni-NTA column to purify
the protein to 70-80% purity, (2) using a Heparin column to clean up nucleic acids and
further purify the protein to ~90% purity, and (3) using Enrich S (Bio-Rad), a cation
exchanger to purify the protein to >95% purity. As shown in Figure 2b for the final purified
proteins on a denaturing polyacrylamide gel, we obtained these recombinant proteins that
were more than 95% pure based on quantitation of band intensity. Two of the proteins were
even more than 98% pure. Wild-type HEL has an isoelectric point of 11.35 at ionic strength
0.1.38 The five recombinant proteins above have theoretical pl values of 8.7. At pH 7.4,
these proteins will carry positive charges. Because these proteins will be used for
immunology studies, we have paid extra attention throughout our purification process to
remove any nucleic acids that may bind nonspecifically to HEL via electrostatic interactions.
We have two specific steps in our purification protocol to wash away nucleic acids. (1) We
used an alkaline buffer with high ionic strength (0.1 M Tris, 2 M KCI, pH 10 at 4 °C) to
wash the Ni-NTA column extensively (=20 column volumes) before elution of HEL proteins
from the column. (2) We added a Heparin column after Ni-NTA elution. Heparin is a
polyanion that can effectively compete with DNA for binding to target proteins.3° We have
established a condition to bind HEL on this column and elute HEL protein off the column
using a buffer of high ionic strength (Materials and Methods). These steps ensure that the
recombinant HEL proteins were not only highly pure in protein compositions but also free of
nucleic acids contamination, as we will see from immunological studies below. The typical
yield for these recombinant proteins from the current system is ~1 mg of protein from 2 L of
culture.

Activity of HEL and Mutants in Stimulating Antigen-Specific B Cells.

To examine the activity of purified HEL in stimulating antigen-specific B cells in vitro, we
incubated various HEL proteins at serially diluted concentrations with lymphocytes freshly
harvested from IgHEL-Nur77-EGFP transgenic mice.*® The B cells in these transgenic mice
carry a monoclonal B-cell antigen receptor, IgHEL, that is specific for HEL. These B cells
also carry an enhanced green fluorescent protein (EGFP) marker that is under the control of
the Nur77/Nr4al regulatory region. Nr4al is a primary response gene whose transcription is
rapidly and robustly triggered in response to BCR signaling.#! As established previously,
these B cells express EGFP upon BCR engagement of HEL proteins both in vitro and in
vivo, and the amount of EGFP expression is quantitatively related to the strength of BCR
signaling.%9 As shown in Figure 3, three of the HEL proteins that we purified elicited dose-
dependent responses of EGFP expression in these transgenic B cells after 6 h of incubation.
Among these, WtHEL (squares) elicited responses that were quantitatively similar to that by
HEL from a commercial source (SHEL, circles). Higher concentrations of HELD and HELT
were required to observe the plateaus in EGFP expression from these reporter cells. These
trends are consistent with expectation since both HELD and HELT have a lower affinity
toward the BCR compared to wtHEL with an equilibrium association constant to the BCR
K;=8.0 x 10’ M1 for HELD and K, = 1.5 x 10% M~1 for HELT.36 In addition, we did not
observe EGFP upregulation in Nur77-EGFP B cells that lack the HEL-specific BCR,
IgHEL. Since EGFP upregulation in Nur77-EGFP B cells can be induced by CpG and LPS,

this suggests that all responses were Ag specific and not due to contaminating TLR ligands.
42
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Conjugation of HEL to Liposome Surface through Maleimide Chemistry.

To prepare unilamellar liposomes for conjugation of purified HEL proteins, we have
followed the workflow that we developed previously for preparation of protein-conjugated
liposomes!4 but with important modifications: (1) we used maleimide-containing lipids
instead of metal-chelating lipids; (2) we used 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) instead of 1,2-dimyristoyl-sr-glycero-3-phosphocholine (DMPC); (3) the molar
percentage of maleimide-containing lipids is limited to 5% or less to minimize undesired
cross-linking between proteins and lipid molecules.

Previously we prepared liposomes using metal-chelating lipids, Ni-NTA-DGS (1,2-dioleoyl-
sn-glycero-3-[(AV-(5-amino-1-carboxypentyl) iminodiacetic acid) succinyl] (nickel salt)).14
Histidine-tagged proteins were attached to these liposomes through Ni-chelating chemistry.
Although the initial epitope density on these liposomes can be fine controlled, the density
decreases with time in biologically relevant media due to the noncovalent nature of Ni-
chelation chemistry. This time-dependent change of epitope density will confound the
interpretation of the immunogenicity data. In this study, we have selected 1,2-distearoyl-sr-
glycero-3-phosphoethanolamine- A-[maleimide (polyethylene glycol)-2000] ammonium salt
(DSPE-PEG maleimide) for preparation of liposomes. The proteins of interest were

conjugated to the surface of these liposomes through maleimide-thiol addition chemistry.
43,44

This covalent linkage between the epitope and the liposome likely improves the stability of
the epitope density with time. Second, we have selected 1,2-distearoyl-smglycero-3-
phosphocholine (DSPC) to pair with DSPE-PEG maleimide for preparation of these
liposomes for two reasons: (1) DPSC has the same number of hydrocarbons as DSPE-PEG
maleimide in their hydrophobic tails, which may afford better packing in the lipid bilayer
than other lipid molecules with different numbers of hydrocarbons; (2) DSPC has a reported
melting temperature of 55 °C.4° Thus, at physiological temperatures, these lipid molecules
will remain closely packed in the ordered gel phase, which may afford better retention of
molecules inside liposomes. This is an important issue for the current study because we plan
to encapsulate nucleic acid molecules into these liposomes to qualitatively mimic the
structural feature of biological viruses. Furthermore, the addition of cholesterol in the lipid
formulation may further improve the cohesion of lipid bilayer®6 and therefore enhance the
stability of the liposomes in physiologically relevant media.4"-4°

To this end, we have developed a protocol (see Materials and Methods) to prepare
unilamellar liposomes using a mixture of DSPC, DSPE-PEG maleimide, and cholesterol.
After preparation of liposomes, we added purified HEL proteins that carried free engineered
cysteines and incubated with liposomes for conjugation of HEL proteins onto the liposomal
surface via maleimide—thiol chemistry. After this conjugation, the liposomes were purified
away from free excess HEL proteins by running through a size exclusion column (SEC). As
shown in Figure 4 for liposomes prepared with 1% DSPE-PEG maleimide, 1 h after
HELDC incubation with liposomes at 22 °C, a protein band of higher molecular weight
(MW) appeared (indicated by the downward arrow), the amount of which did not increase
upon further incubation, consistent with the fast kinetics of maleimide reaction at this
temperature. This higher MW species is consistent with HELDC conjugation with one
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molecule of DSPE-PEG maleimide, as indicated by the MW markers. Moreover, this
species exclusively resulted from the conjugation between maleimide and the thiol from the
free engineered cysteines. Omission of DSPE-PEG maleimide from lipid mixture did not
produce this band. Incubation of the same maleimide-containing liposome with HELD
without the engineered cysteine did not yield this band either, demonstrating the site-specific
nature of this conjugate.

After SEC, most of the free HELDC proteins were removed but left with a tiny faint band on
the gel (indicated by the upward arrow, Figure 4) whose intensity was 5 *+ 3% of the cross-
linked species. This band was consistent from run to run, in general <10% of the intensity
compared to cross-linked species, and corresponded to noncovalent association between
HEL and liposomes. This band did not appear at the elution time nor in the fractions
expected for liposomes when the same quantity of free HEL proteins alone ran through the
SEC, suggesting that the SEC could effectively separate liposome away from free proteins.
However, it did appear on the gel when HEL proteins were incubated with liposomes
followed by SEC, even when there was no maleimide in the lipids, suggesting that it was a
noncovalent association between HEL and liposome. In the literature, noncovalent
interactions between HEL and the polar headgroup of lipids at neutral pH have been noticed
for a long time.50:51 We quantitated the number of HELDC molecules per liposome using
methods that we established previously* (Materials and Methods). There were on average
152 £ 18 (mean = standard deviation unless otherwise noted) molecules of HELDC
specifically conjugated on liposome and on average 8 + 5 molecules of HELDC associated
with the liposome in a noncovalent manner. By changing the molar percentage of DSPE-
PEG maleimide in the lipid mixture from 0.1% to 5%, we were able to prepare a set of
liposomes with epitope density ranging from 30 to 500 molecules per liposome (Table 1).
Taking the size of these liposomes into account, they corresponded to a surface density
ranging from 600 to 10000 molecules/zm?2, which well covered the range of epitope density
observed for naturally occurring biological viruses.!

When the percentage of DSPE-PEG maleimide is 10% or higher, additional cross-linking
products appeared on the gel (Lane 7 Figure 4). On the basis of comparison with MW
markers, they corresponded to HEL conjugated with two and three molecules of DSPE-PEG
maleimide. This was surprising initially given the fact that all eight natural cysteines in HEL
protein form four pairs of disulfide bonds that are important for HEL folding and
stability2”-30 and would not be accessible for cross-linking with maleimide. However, this
observation was reproducible from time to time when the percentage of maleimide was high
(=10%). This suggest to us that after the first cross-linking reaction occurs between the
engineered cysteine and the maleimide group on the liposome surface excess maleimide
groups, when available, can attack the existing disulfide bonds in HEL protein, which results
in HEL proteins cross-linked with two or more maleimide groups on the liposomal surface.

Among the four disulfide bonds in the native structure of HEL, three are deeply buried and
one pair formed by C6 and C127 is relatively exposed to the solvent.52 This disulfide bond is
also close to the free engineered cysteine in space. We have tried to overexpress and purify a
HEL protein that carried a total of five mutations: R21Q, R73E, D101R, C6A, and C127I.
The former three mutations are necessary to produce a version of HEL protein that has low
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affinity toward mouse IgHEL antigen-specific B cells. The latter two mutations were
designed to remove this pair of disulfide bonds and replace it with van der Waals
interactions. This mutant HEL was overexpressed in £. coli, but the amount of soluble
proteins available for purification was very low. Several attempts to purify this protein in
native states were not successful. This was consistent with the fact that the disulfide bond
formed between C6 and C127 is critical for HEL stability.?” In order to preserve the stability
of HEL protein on the liposomal surface after cross-linking, we have thus decided to add a
large excess of free cysteines at the end of a 1 h cross-linking reaction to quench all of the
available maleimide groups that remain on the liposomal surface (Materials and Methods).
By limiting the percentage of DSPE-PEG maleimide and by using free cysteines to quench
excess maleimide groups, we were able to produce HEL-conjugated liposomes that were
sufficiently stable under physiological conditions (see below).

HEL Liposome Stability in 50% Serum.

To examine the stability of HEL-conjugated liposomes under physiologically relevant
conditions, we took HEL liposomes prepared from the above procedures, mixed them with
100% freshly thawed fetal bovine serum (FBS) in a 1:1 volume ratio, and incubated the
mixture at 37 °C. At the designated time, aliquots of the mixture were taken for
measurement of both particle size and epitope density. As shown in Figure 5 for HELDC
liposomes prepared with 3% DSPE-PEG maleimide, the size of liposomes did not change
over a 2-week period (Figure 5a), with an average diameter of 120 + 3 nm and no sign of
aggregation. The average number of HELDC molecules per liposome was 254 + 29 on Day
0 and slowly dropped to 208 + 28 on Day 14 (Figure 5b). By the end of 2 weeks, more than
80% of the epitope remained covalently associated with liposomes. This trend was
quantitatively similar to the stability of another sets of maleimide-based liposomes that we
prepared recently® and was much better than proteins conjugated onto the liposomal surface
through Ni-NTA noncovalent chemistry as we reported previously.1# This slow dissociation
of proteins off of the liposome surface is likely a result of the reverse or exchange reaction of
thiol maleimide addition,>3 the kinetics of which is slow under biologically relevant
conditions®* and modulated by the local environment around the attachment site.5® Since
antigen uptake well occurs within 1 week through typical routes of delivery, we can interpret
the results in terms of epitope density with confidence.

Activity of HEL-Conjugated Liposomes in Stimulating Antigen-Specific B Cells.

To examine the activity of HEL-conjugated liposomes in stimulating antigen-specific B cells
in vitro, we incubated HEL liposomes at serially diluted concentrations with freshly
harvested lymphocytes from IgHEL-Nur77-EGFP Tg mice,*? similar to what we did for
soluble HEL proteins. As shown in Figure 6a and 6b HELDC-conjugated liposomes
(pHELDC) and HELTC-conjugated liposomes (pHELTC) each elicited dose-dependent
responses of EGFP expression in these transgenic B cells 24 h upon incubation (black bars).
To confirm that these responses were completely Ag specific, liposomes were incubated
with lymphocytes from control transgenic mice. B cells from these control transgenic mice
carry an EGFP reporter that is under the control of Nur77 regulatory region, but they harbor
a wild-type and unrestricted BCR repertoire and lack monoclonal BCRs that are specific for
HEL. As a result, we do not expect pHELDC or pHELTC to activate WT Nur77-EGFP B
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cells through their BCR, but these “control” B cells can nevertheless sensitively detect any
non-Ag-specific stimulatory contaminants in liposome preps. Indeed, we can confirm the
complete absence of such dose-dependent upregulation of EGFP in “control” B cells treated
with HEL-liposomes (WT Nur77-EGFP, gray bars, Figure 6a and 6b) even for this longer
time of incubation. This result thus demonstrates that the response we observed for
pHELDC and pHELTC in IgHEL Nur77-EGFP B cells is a response specific to HELDC and
HELTC proteins conjugated on the liposomal surface. Furthermore, as a control, we also
prepared a liposome containing 5% DSPE-PEG maleimide but without any HEL proteins
conjugated on them. As shown in Figure 6c¢, this liposome did not elicit any dose-dependent
response in either IgHEL Nur77-EGFP B cells or the control WT Nur77-EGFP B cells.
Therefore, the responses in Figure 6a and 6b were exclusively from HEL proteins
conjugated on liposomes, not from liposome themselves.

Encapsulation of DNA Oligos into Liposomes and Liposomal Stability.

A very important aspect of biological viruses is the presence of nucleic acids genome inside
the viral particles. To mimic this aspect qualitatively, we decided to encapsulate nucleic
acids molecules into the liposomes. This was done by extrusion of lipid emulsions in the
presence of an oligomeric single-stranded DNA followed by purification of the resulting
liposomes through a SEC to remove excess free nucleic acid molecules.

Under the current conditions, there were 153 + 8 molecules of DNA associated with each
particle of liposomes on average. This was quantitated by denaturing the liposomes and
running the samples in a polyacrylamide gel, followed by fluorescence staining of the
single-stranded DNA oligos using SYBR Green Il and imaging using a Typhoon scanner
(Materials and Methods). As shown in Figure 7a, we could clearly observe the DNA from
liposomal samples (last lane indicated by the arrow). By comparing the fluorescence
intensity of the DNA with a standard curve of reference DNA molecules on the same gel
(Figure 7b), we were able to quantitate the concentration of the DNA associated with
liposomes. Control experiments in which the DNA at the same concentration was incubated
with empty liposomes after extrusion did not reveal any presence of DNA in the liposomal
sample after SEC, indicating that free DNA molecules could be efficiently separated from
liposomes by SEC. Thus, the DNA we observed on the gel was exclusively associated with
liposomes via the extrusion process and likely encapsulated inside the liposomes instead of
nonspecific binding on the outer surface of the liposomes. At this step, the diameter of the
liposomes was 110 + 4 nm. The maximum number of DNA molecules that can be
encapsulated in the internal volume of the liposome is 243 at the DNA concentration we
used. Comparison with this theoretical estimation yielded an encapsulation efficiency of
63% under current conditions.

After this SEC purification to remove free excess DNA, HEL proteins that carry free
accessible cysteines were then mixed with the purified liposomes for conjugation onto the
liposomal surface, which was followed by a second SEC to remove free excess HEL
proteins. The purified liposomes were then assayed for particle size, surface epitope density,
and internal nucleic acids content upon incubation in 50% FBS for various amounts of time
at 37 °C. As shown in Figure 8a for a liposome containing 3% DSPE-PEG maleimide and
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conjugated with HELTC, the size of these particles remains unchanged during a 2-week
period, with an average diameter of 124 + 3 nm. The average number of HELTC molecules
per liposome dropped slowly from 272 + 31 on Day 0 to 221 + 46 on Day 14 (Figure 8b).
By the end of 2 weeks, more than 80% of the epitope remained covalently associated with
liposomes, which was quantitatively consistent with the trend observed in Figure 5b.

Most importantly, the nucleic acids content associated with liposomes only declined
minimally during this time period, as shown by the fluorescence gel image of the DNA from
various time points after this incubation (Lanes 1-8 in Figure 8c). In sharp contrast, when
the same DNA molecules were mixed with empty control liposomes and incubated in 50%
FBS at 37 °C, these nucleic acid molecules were quickly degraded within 24 h (Lanes 11-14
in Figure 8d). For the liposomes encapsulating DNA, quantitation of the DNA band intensity
showed that more than 90% of the initial DNA content remained after 11 days in 50% FBS
at 37 °C (black circles in Figure 8e). Comparison with the control (open triangles) thus
demonstrates that a simple admixture of DNA and liposomes did not help protect the DNA
from degradation by nucleases in FBS. It was encapsulation into liposomes that protected
these DNA molecules from degradation by nucleases present in FBS.

DISCUSSION

The study of cellular and molecular immunology has long benefited from the use of model
antigens. The availability of soluble antigens such as HEL, ovalbumin, and polymeric
antigens such as NP-based polymers has fueled the deep mechanistic understanding of both
humoral and cell-mediated arms of the adaptive immune system. In contrast to these soluble
proteins or polymers, biological viruses are more complex supramolecular structures, the
immune responses to which are also likely to be multilayered. Although various viral agents
are available for in vitro and in vivo studies of immune responses to these antigens, it is
often difficult to dissect and therefore understand the contributions of individual viral
components and features to the overall integrated immune response. A potential alternative
to the direct use of viral particles is man-made synthetic particles that mimic both the
qualitative and the quantitative features of biological viruses. Because these particles are
assembled from purified components, the molecular basis of immunogenicity is well defined
and specific features can be independently modulated to isolate their contribution to B-cell
responses. In this study, we explore this idea and report the development of viral mimics
based on synthetic liposomal nanoparticles. Because these synthetic particles were built in a
stepwise manner, this allows us to isolate the contribution of individual features of the
particle to the overall immune response. For example, what is the contribution of epitope
display at certain spatial density to B-cell activation? What is the role of nucleic acid
genome in shaping B- and T-cell responses? It is our belief that only through this
reductionist approach can one build a layer-by-layer integrated and mechanistic
understanding of the immune responses toward a complex antigen such as a biological virus.

To afford both in vitro and in vivo studies, these particles need to be stable under
physiological conditions. Our previous attempt using Ni-chelating chemistry to attach
protein antigens onto liposomes did not fulfill this purpose.14 In this study, we have tested
the maleimidE—-thiol reaction as the alternative approach to conjugate epitopes onto the
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liposome surface in an orientation-specific manner. Under physiologically relevant
conditions, this covalent chemistry yielded a spatial density of epitopes that was relatively
stable over time (Figures 5b and 8b). The fact that these liposomes activated B cells in a
highly antigen-specific manner (Figure 6) indicates that the HEL proteins were displayed on
the surface of liposomes and accessible for binding to monoclonal BCRs on the surface of
those B cells. Moreover, that the DNA encapsulated in these liposomes was protected from
degradation by nucleases present in FBS (Figure 8e) indicates that the internal DNA
molecules were shielded underneath the lipid bilayer of the liposomes as we expected. Thus,
these particles can be applied for both in vitro and in vivo studies, and the result can be
rigorously interpreted in molecular terms relevant to viral structures. This approach also has
a better potential for clinical translation compared to Ni-chelation chemistry because the
maleimidE—thiol conjugation has been used in several FDA-approved drug products.>6-58
The wide interest in the pharmaceutical and biotech industry to further optimize the stability
of this conjugation®°° may offer even better and more stable maleimide-based cross-linkers
in the future.

Our approach developed here is intrinsically modular in nature. First, it has the potential to
be applied to many other proteins, provided that there are specific free cysteines available,
either intrinsic in the protein structure or through protein engineering. The stability of the
liposome under physiological conditions likely varies with each protein, which needs to be
assessed on an individual basis. Second, the internal content of these particles can be
replaced with RNA molecules to mimic that of RNA viruses, provided that a RNA solution
of sufficiently high concentration is available for encapsulation.

The particles we prepared herein elicited antigen-specific B-cell responses in vitro. It will be
of great future interest to study both in vitro and in vivo how the epitope density on these
liposomal particles modulates B-cell responses, how epitope density together with internal
content contributes to B-cell activation, and how they act independently or synergistically.
B-cell activation is a very complex process. The availability of these modular and synthetic
viral-like antigens will allow systematic study and dissection of this complex biological
process to unravel the detailed mechanisms underneath. These studies will be extremely
valuable in light of the cascade of events involved in B-cell antibody responses, from initial
BCR engagement to antigen processing, and presentation of antigens on MHC class |1 for
recruitment of T cell help. The availability of these designer particles will allow us to
examine in detail how the features in a biological virus influence each step in B-cell
activation, and this in turn will greatly facilitate rational vaccine design in the future.

MATERIALS AND METHODS

Purification of HEL Proteins.

We have purified five recombinant HEL proteins in this study: wild-type HEL (wtHEL), a
double mutant of HEL (R73E and D101R, called HELD), a tripple mutant of HEL (R21Q,
R73E, and D101R, called HELT), HELD that carries an engineered free cysteine close to the
C-terminus of the protein (HELDC), and HELT that carries an engineered free cysteine close
to the C-terminus of the protein (HELTC). The C-terminal sequence of HELDC or HELTC
is as follows: GCRLGGGCHHHHHH, where the cysteine residue underlined is the
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engineered cysteine free for cross-linking with maleimide. All of these proteins carry a
hexahistidine tag at the C-terminus of the respective proteins to facilitate their purification
using nickeL—nitrilotriacetic acid (Ni-NTA) technology as the first step of the purification.
All proteins were house expressed in £. coli Shuffle T7 express strain (NEB). We have
developed a protocol to purify these recombinant HEL proteins to greater than 95% purity as
judged by intensity comparisons on an acrylamide gel loaded with different amounts of final
purified proteins (Figure 2b). All protein purification procedures were performed at 4 °C
unless otherwise noted. Briefly, the £. coli cell paste was resuspended in Buffer A (50 mM
NayHPO,4, 0.3 M NaCl, and 10 mM imidazole pH 8.0 at 22 °C). The cell slurry was
incubated at 4 °C with constant stirring for 1 h, followed by sonication using a tip sonicator
on ice for 15 min, with a 5 min on and 5 min off cycle. The resulting cell lysate was
centrifuged at 18.5 kg for 1 h. The supernatant was then loaded onto a prepacked Ni-NTA
agarose column at a flow rate of 0.5 mL/min. The column was first washed with Buffer A to
baseline and then sequentially washed with Buffer A containing 20 and 35 mM imidazole
for 30 min, which was followed by a wash using an alkaline buffer containing 0.1 M Tris
and 2 M KCI pH 10 at 4 °C. The bound HEL proteins were then eluted in a linear gradient
from 35 to 250 mM increasing concentrations of imidazole in Buffer A over 15 column
volumes at a flow rate of 1 mL/min. The fractions containing HEL proteins were pooled,
diluted with Buffer C (10 mM NayHPOy4, pH 7.0 at 22 °C) to 100 mM NaCl and loaded onto
a HiTrap heparin column (GE) at a flow rate of 1.0 mL/min. The column was washed with
Buffer C to baseline and then sequentially washed with Buffer C containing 200 and 300
mM NaCl for 30 min. The bound HEL proteins were then eluted in a linear gradient from
300 to 1000 mM increasing concentrations of NaCl in Buffer C over 15 column volumes at a
flow rate of 1 mL/min. The fractions containing HEL proteins were pooled, diluted with
Buffer C to 100 mM NacCl, and loaded onto an Enrich S column (Bio-Rad) at a flow rate of
1.0 mL/min. The column was washed with Buffer C to baseline and then sequentially
washed with Buffer C containing 100 and 200 mM NaCl for 30 min. The bound HEL
proteins were then eluted in a linear gradient from 200 to 1000 mM increasing
concentrations of NaCl in Buffer C over 15 column volumes at a flow rate of 1 mL/min. At
this stage, the eluted HEL proteins were >95% pure. For HEL proteins that did not have free
engineered cysteines, the purified proteins were dialyzed using a 3.5 kDa molecular weight
cutoff membrane against 1 x PBS at 4 °C with 3 changes over a course of 48 h. The protein
was then filtered through a 0.1 gm sterile syringe filter, the concentration was determined by
absorbance at 280 nm, and it was flash frozen in liquid N, and stored in a =80 °C freezer.
For HEL proteins that carried free engineered cysteines, the purified proteins were directly
filtered through a 0.1 zm sterile syringe filter, the concentration was determined by
absorbance at 280 nm, and they were flash frozen in liquid N, and stored in —80 °C freezer.
For all HEL proteins, introduction of mutations did not change the extinction coefficient of
the protein at 280 nm under denaturing conditions, and an extinction coefficient of 3.85 x
10* M~ cm~1 was used for calculation of protein concentrations.

Preparation of Maleimide-Containing Liposomes.

All liposomes used in this study were prepared using oil-in-water emulsion precursor
followed by membrane extrusion as originally described in the literature.60-62 Three
different lipids of designated molar ratios were used in the synthesis of liposomes: 1,2-
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distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-distearoyl-sr-glycero-3-
phosphoethanolamine- A-{maleimide (polyethylene glycol)-2000] ammonium salt (DSPE-
PEG (2000) maleimide), and cholesterol (Avanti lipids). Briefly, a lipid mixture (2.25 gmol
in total) in chloroform was added to a round-bottom flask, blown dry with purified argon,
and desiccated by vacuum to form a thin film at the bottom of the flask. For formation of
empty liposomes, 300 /i of 1 x PBS buffer was added to hydrate the lipid film through
vortex and short bursts of sonication in a water bath. After hydration, the lipid film
resuspension was extruded using polycarbonate membrane with a pore size of 100 nm 19
times at 70 °C. The resulting liposomes were then stored at 4 °C for all experiments. For
encapsulation of nucleic acid molecules inside the liposomes, a DNA oligo of the following
sequence TCCATGACGTTCCTGACGTT (IDT, Coralville, IA) was dissolved in 1 x PBS
buffer at a concentration of 0.83 mM, and 300 gL of this solution was used to hydrate the
lipid film as described above, followed by extrusion using polycarbonate membrane with a
pore size of 100 nm 35 times at 70 °C. The DNA sequence harbors two unmethylated CpG
dinucleotides and serves as an effective ligand for Toll-like receptor 9.6% The resulting
liposomes were then applied to a Sepharose CL-4B (GE Life Sciences) gel filtration column,
as we described previously,14 to separate liposomes away from free excess nucleic acids.
The purified liposomes were then stored at 4 °C for all experiments.

Conjugation of HEL Proteins to Liposomes and Purification.

For attachment of HEL proteins onto the liposome surface, the purified proteins were
incubated with synthesized liposomes at 22 °C for 1 h at a designated molar ratio between
the proteins and the maleimide group. At the end of 1 h, 5 1 of 1 M cysteine solution was
added to the reaction mixture and further incubated at 22 °C for 20 min. The mixture was
then directly applied to the top of a 20 mL Sepharose CL-4B gel filtration column that was
already equilibrated in PBS in order to remove excess free proteins not bound to liposomes.
The sample was allowed to enter the column by gravity and then eluted with 1 x PBS at a
flow rate of 0.35 mL/min at 4 °C. Absorbance at 280 nm was used to indicate fractions
containing liposomes, which were further verified offline using Stewart assay (see below).
The fractions with most of the liposomes were stored at 4 °C.

Stewart Assay To Measure Phospholipid Content.

We have used the established Stewart assay® to determine the phospholipid content in the
purified liposomes, based on which the molarity of the liposomes can be determined. It is
worth noting, however, that under Stewart assay conditions DSPE-PEG (2000) maleimide
alone can also give rise to nonnegligible absorbance at 470 nm that is in linear proportion to
the molarity of this specific lipid. Thus, throughout our studies, the phospholipid content
measured has been corrected based on the percentage of DSPE-PEG (2000) maleimide in
the liposome sample, although this correction was minor for most cases. Purified liposomes
conjugated with HEL proteins were examined using Stewart assay for phospholipid
quantitation. Briefly, 20 4L of liposome samples was added to 0.5 mL of chloroform in a
clean test tube, and then 0.5 mL of ferrothiocynate solution containing 0.1 M ferric chloride
hexahydrate and 0.4 M ammonium thiocyanate was added. The mixture was vigorously
vortexed for 20 s and centrifuged at 1 kg for 5 min to separate chloroform from the aqueous
layers. The lower chloroform layer was then taken for absorption measurement at 470 nm.
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The phospholipid content was calculated based on comparison with a standard curve of
DSPC lipids measured under identical conditions.

Estimation of Liposome Molarity Based on Geometric Considerations.

To determine the molarity of the liposome based on the phospholipid content, we used
geometric considerations of liposomes as described previously.1* Briefly, we calculated the
number of lipid molecules N per liposome using the following equation

. [47r(§)2 +4n(3 - h)z] "

a

where D is the diameter of the liposome, /s the thickness of the bilayer, and ais the area of
the lipid molecule headgroup. In our calculation for liposomes prepared using DSPC as the
major lipids, the bilayer thickness /was taken as 6.2 nm, the value for DSPC in the gel state
based on small-angle neutron scattering measurements;%® and the area of DSPC lipid
headgroup was taken as 0.56 nm? at 293 K.%6 The average diameters of the liposomes were
measured using dynamic light scattering for each liposomal sample using a Malvern
Zetasizer Nano ZSP at 20 °C. The molarity of the liposomes was then calculated based on
the measured phospholipid content and the value of A/ determined from eq 1.

Quantitation of Epitope Density on Liposomes.

Quantitation of epitope density follows the ensemble method that we described previously.14
This ensemble method was validated previously by single-molecule measurements.14
Briefly, the epitope density, or the average number of protein molecules per liposomal
particle, was determined by measuring both the protein concentration and the liposome
concentration of the sample in molarity. To determine both concentrations, the liposome
sample was first purified through SEC to remove free proteins. The purified liposome was
then loaded onto a 15% (29:1 acrylamide/Bis) reducing SDS polyacrylamide gel, together
with a set of known quantities of HEL proteins, ranging from 2 to 200 ng, for construction
of a standard curve. A minimum of eight reference points were included in each standard
curve. Most of the time the gel was silver stained for quantitation. When FBS was included
with liposomes, the gel was electrotransferred onto a supported nitrocellulose membrane and
then further probed by Western blotting. Primary antibody used for detection of HEL was
rabbit anti-HEL polyclonal antibodies (Rockland ImmunoChemicals), which was diluted at
1:1000. The secondary antibody was anti-rabbit alkaline phosphatase-conjugated secondary
antibody (Santa Cruz Biotech), which was diluted at 1:2000. Protein bands were developed
with the Nitroblue tetrazolium chloride/5-bromo-4-chloro-3’-indolyphosphate p-toluidine
salt substrates (NBT/BCIP, Roche) in a buffer containing 0.1 M Tris-HCI, 0.1 M NaCl, and
0.05 M MgCl, at pH 9.5. The silver-stained gel or the Western blot was scanned using a Dell
V305 all-in-one scanner, and the band intensities were quantitated using ImageJ (NIH,
Bethesda, MD, USA, http://imagej.nih.gov/ij/). The concentration of proteins in the
liposome sample was quantitated by comparison with the standard curve. All intensities to
be measured were within the range of intensities shown by known reference samples. The
average number of protein molecules per liposome was then taken as the ratio between the
molar concentration of proteins and the molar concentration of liposomes.
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Quantitation of Nucleic Acids Content within Liposomes.

The nucleic acids content, or the average number of DNA molecules per liposomal particle,
was determined by measuring both the DNA concentration and the liposome concentration
of the sample in molarity. To determine DNA concentrations, the liposome sample that was
purified through SEC was loaded onto a 15% polyacrylamide gel (19:1 acrylamide/Bis),
together with a set of known quantities of the same DNA molecules, ranging from 5 to 100
ng, for construction of the standard curve. A minimum of five reference points were
included in each standard curve. The gel was stained with SYBR Green Il (ThermoFisher),
and the fluorescence was imaged using a multimode Typhoon scanner. The band intensities
were quantitated using ImageQuant 5.0 (Molecular Dynamics). The concentration of DNA
in the liposome sample was quantitated by comparison with the standard curve as shown in
Figure 7b. All intensities to be measured were within the range of intensities shown by
known reference samples. The average number of DNA molecules per liposome was then
taken as the ratio between the molar concentration of DNA and the molar concentration of
liposomes.

Stability Assay for Liposomes.

Mice.

To measure the stability of liposomes under physiologically relevant conditions, we mixed
liposome samples with an equal volume of freshly thawed FBS on ice. An aliquot was taken
immediately for both particle size and epitope density measurements as time zero. The
mixture in a polypropylene test tube was then placed in an air-circulated incubator that was
set at 37 °C. At the designated time, aliquots were taken out of the tube for both particle size
and epitope density measurements. The original mixture in the test tube was immediately
put back to the incubator for continued incubation and the next time points.

Nur77-EGFP mice, IgHEL Tg (MD4) mice were previously described.40-67 CD45.1+ BoyJ
mice were obtained from The Jackson Laboratory. All strains were fully back-crossed to
C57BL/6 genetic background. All mice were housed in a specific pathogen-free facility at
UCSF according to University and National Institutes of Health guidelines.

In Vitro B Cell Culture and Stimulation.

Lymphocytes were harvested into single-cell suspension and plated at a concentration of 5 x
10° cells/200 A_ in round-bottom 96-well plates in complete RPMI media with stimuli for 6
or 24 h with stimuli (soluble HEL protein, HEL-liposomes, or blank liposomes). The
antigen-specific B cells can stay alive 3 days or longer in the presence of HEL-conjugated
liposomes. The complete RPMI media contained the following components: RPMI 1640
with r-glutamine (MediaTech), PenStrepGlut (Life Technologies), Non-Essential Amino
Acids (Life Technologies), 0.88 mM sodium pyruvate (Life Technologies), 8.8 MM HEPES
Buffer (Life Technologies), 48 pM pB-mercaptoethanol and 10% FCS, heat inactivated
(Omega Scientific). Commercial soluble HEL was purchased from Sigma. In vitro cultured
cells were then stained with fluorophore-conjugated antibodies against B220, CD45.1, and
CD45.2 in FACS buffer on ice for 15 min and subsequently washed twice. Samples were
then stained with fixable near IR live/dead stain (Invitrogen) per the manufacturer’s
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instructions and subsequently washed and fixed with BD cytofix per the manufacturer’s
instructions. Stained samples were analyzed on a Fortessa flow cytometer (Becton Dickson).
Data analysis was performed using FlowJo (v9.7.6) software (Treestar Incorporated,
Ashland, OR). Statistical analysis and graphs were generated using Prism v6 (GraphPad
Software, Inc.).
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ABBREVIATIONS

HEL hen egg lysozyme

HELD HEL mutant R73E and D101R

HELT HEL mutant R21Q, R73E, and D101R

HELDC HELD that carries an engineered free cysteine close to the
C-terminus of the protein

HELTC HELT that carries an engineered free cysteine close to the
C-terminus of the protein

SHEL soluble HEL from commercial sources

pHELDC liposomes that display HELDC

pHELTC liposomes that display HELTC

EGFP enhanced green fluorescent protein

DSPC 1,2-distearoyl-srn-glycero-3-phosphocholine

DMPC 1,2-dimyristoyl-sr+glycero-3-phosphocho-line

DSPE-PEG maleimide 1,2-distearoyl-srn-glycero-3-phosphoethanolamine- A
[maleimide (polyethylene glycol)-2000] ammonium salt

Tg transgenic

BCR B-cell antigen receptors

IgHEL monoclonal B-cell antigen receptor specific for HEL
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Figure 1.
Schematic of functional liposomal nanoparticles that quantitatively incorporate various

features of enveloped viruses. Particle surface is conjugated with protein antigen at regulated
average spatial densities. Internal space of the liposome is loaded with nucleic acids and
other molecules to mimic the internal structure of a typical biological virus.
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Figure 2.
HEL protein and mutant purification. (a) Crystal structure of HEL-Fv complex showing

three residues, R21, R73, and D101 in HEL that are important for binding to the transgenic
BCR, IgHEL (PDB 1c08). These three residues are highlighted in spacing-filling model. The
C-terminus of the HEL protein is also denoted. (b) Silver staining of a 15% (29:1
acrylamide/Bis) reducing SDS—polyacrylamide gel to assess the purity of the purified
proteins wtHEL, HELD, HELT, HELDC, and HELTC. For each protein, three lanes were
loaded at 2%, 5%, and 100% relative to the quantity of each purified protein, respectively.
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Figure 3.
Activation of antigen-specific B cells in response to soluble HEL antigens. Lymphocytes

freshly harvested from IgHEL-Nur77-EGFP transgenic (Tg) mice were incubated with
soluble HEL at serially diluted concentrations for 6 h. After surface staining to detect B220
expression, the fluorescence intensity of EGFP per B cell was assessed by flow cytometry.
EGFP mean fluorescence intensity (MFI) for each population was shown as a function of the
concentration of soluble HEL antigen. SHEL is commercially produced by Sigma. Data are
representative of four biological replicates.
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Figure 4.
Conjugation of HEL proteins with maleimide-containing liposomes. Conjugation of purified

HEL proteins with maleimide on the surface of liposomes was monitored using a 15% (29:1
acrylamide/Bis) reducing SDS—polyacrylamide gel followed by silver staining. Lanes 1-4:
20, 40, 80, and 160 ng of sHEL as part of reference for quantitation of HEL proteins on the
gel. Lane 5: purified HELDC-liposome with 1% DSPE-PEG maleimide. Lane 6: purified
HELTC-liposome with 1% DSPE-PEG maleimide. Lane 7: purified HELDC-liposome with
10% DSPE-PEG maleimide.
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Figure 5.
Stability of HEL-liposomes in biologically relevant conditions. (a) Size of HELDC-

conjugated liposomes as a function of time upon incubation in 50% FBS at 37 °C. (b)
Average number of HELDC molecules per liposome as a function of time upon incubation
in 50% FBS at 37 °C. Error bars were standard deviations from three independent repeats of
the same experiments.
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Figure 6.
Activation of antigen-specific B cells by HEL-conjugated liposomes. Lymphocytes

harvested from CD45.1/CD45.2 IgHEL Tg-Nur77-EGFP and WT-Nur77-EGFP were mixed
in a 1:1 ratio and incubated with HEL-conjugated liposomes at serially diluted
concentrations for 24 h. After surface staining to detect CD45.1/CD45.2 and B220 in order
to distinguish B cells of each genotype, the fluorescence intensity of EGFP per cell was
assessed by flow cytometry. EGFP mean fluorescence intensity (MFI) for each B-cell
population is shown as a function of the molar concentration of pHELDC (a), pHELTC (b),
and control liposome (c) for B cells of each genotype. Data are representative of at least
three independent experiments.
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Quantitation of DNA encapsulated inside liposomes. (a) Polyacrylamide gel showing the
band of DNA from liposomes, indicated by the arrow. Reference DNA was the same as the
DNA encapsulated inside the liposomes except that 20, 25, 40, 60, and 80 ng of the free
DNA was loaded in Lanes 1-5. (b) Standard curve that correlates the measured fluorescence
of DNA in relation to the mass of the DNA in the gel. Fluorescence intensity for the DNA
from liposomes was within the range of fluorescence from reference DNA molecules.
Specifically, there was 24.8 £ 1.3 ng of DNA for the liposome sample in panel a. Standard
deviation was from three independent repeats of the same experiments.
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Figure 8.
Stability of HEL-conjugated liposomes encapsulating nucleic acids. (a) Size of HELTC-

conjugated liposomes as a function of time upon incubation in 50% FBS at 37 °C. (b)
Average number of HELTC molecules per liposome as a function of time upon incubation in
50% FBS at 37 °C. (c) Polyacrylamide gels showing the bands of DNA from liposomes (top
gel) and admixture of free DNA with liposomes (bottom gel) as a function of time upon
incubation in 50% FBS at 37 °C. Lanes 1, 2, 3, 4, 5, 6, 7, and 8 were samples from Day 0, 1,
2,3,4,7,9, and 11, respectively. Lanes 9 and 10 were 10 and 20 ng of a free reference DNA
that was the same as the DNA encapsulated inside the liposomes. Lanes 11, 12, 13, and 14
were samples from Day 0, 1, 2, and 3, respectively. Lanes 15, 16, and 17 were from
liposomes encapsulating DNA on Day 0, 1, and 2 and loaded side-by-side for comparison.
(e) Percentage of remaining DNA relative to Day 0 as a function of time upon incubation in
50% FBS at 37 °C, shown in black circles for the DNA encapsulated within liposomes and
open triangles for the free DNA in an admixture with liposomes. Throughout, error bars
were standard deviations from three independent repeats of the same experiments.

Bioconfug Chem. Author manuscript; available in PMC 2021 March 18.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Wholey et al.

Page 30

Table 1.

Epitope Density of Liposomes That Display HEL Proteins on Their Surfaces

molar percentage of DSPE-PEG maleimide

0.1
0.1
0.2
0.2

g o0 W W P

HELDC
HELTC
HELDC
HELTC
HELDC
HELTC
HELDC
HELTC
HELDC
HELTC

HEL protein conjugated  ayerage number of HEL molecules per liposome®

30+4
44+ 8
62+7
62+8
152+ 18
137 £16
254 +29
288+ 33
413 + 43
503 + 72

a . . . .
The average number of HEL molecules per liposome refers to HEL molecules specifically attached to the liposome surface through maleimide
chemistry. The standard deviations were from three independent repeats of the same experiment.
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