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Nanolipoprotein Particles and Related

Compositions, Methods and Systems

By Paul D. Hoeprich, Nicholas O. Fischer, Craig D. Blanchette and Peter Mason

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Application entitled “Just-
In-Time Vaccines Against Select Agent Biothreat Micro-organisms” Serial No.
61055380, filed on May 22, 2008 Docket No. IL-11987, the disclosure of which is

incorporated herein by reference in its entirety.

STATEMENT OF GOVERNMENT GRANT
[0002] The United States Government has rights in this invention pursuant to Contract
No. Contract No. DE-AC52-07NA27344 between the U.S. Department of Energy and
Lawrence Livermore National Security, LLC, for the operation of Lawrence Livermore

National Security.

TECHNICAL FIELD
[0003] The present disclosure relates to nanolipoprotein particles and related

compositions, methods and systems.
BACKGROUND

[0004] Nanolipoprotein particles (NLPs) and other particles of nanoscale dimensions

have been developed to support and carry target molecules.

[0005] In particular, a number of research groups have prepared recombinant high
density lipoprotein particles (rHDL) as a cell membrane mimetic for incorporating

membrane proteins — the latter consist of a hydrophobic moiety or membrane interacting
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region that associates with the nonpolar region of the lipid bilayer and portions that are

hydrophilic and extend to both the interior and exterior regions.

[0006] According to this approach the target molecule is anchored to the
nanolipoprotein particle through the hydrophobic moiety that is embedded within the
lipid bilayer. The resulting molecular complex relies wholly on nonpolar interactions for

stability in an overall aqueous environment.

[0007] In view of the above, incorporation of molecules which do not present a
hydrophobic moiety for interaction within the lipid bilayer has been virtually impossible.
Also, in view of the need to rely on nonpolar interactions for inclusion of the target
molecule and stability of the nanolipoprotein particle, development of a nanolipoprotein

particle comprising more than one target molecule has been challenging as well.

[0008] Accordingly, use of nanolipoprotein particles in applications, such as
development of immunogenic compositions or development of systems for delivery of
drugs or contrast agents, that require the inclusion of other molecules of interests,
particularly soluble hydrophilic molecules, where the particle would ideally serve as a
universal platform for supporting and carrying one or more target molecules of diverse

chemical nature, has been particularly challenging.

SUMMARY
[0009] Provided herein, are nanolipoprotein particles and related compositions,
methods and systems that in several embodiments are suitable to be used as nanoscale
platforms for a plurality of molecules of any chemical nature, including hydrophilic
molecules and molecules that do not present a hydrophobic moiety for interaction with

the lipid bilayer of the nanoparticle.

[0010] According to a first aspect, a nanolipoprotein particle is described, that is
suitable as a platform for a target molecule. The nanolipoprotein particle comprises a
scaffold protein, a functionalized membrane forming lipid presenting an anchor

compound substrate and optionally a membrane forming lipid. In the nanolipoprotein

2
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particle, the anchor compound substrate presented on the functionalized membrane
forming lipid is capable of binding a corresponding anchor compound presented on the
target molecule. The resulting functionalized nanolipoprotein particle is capable of
binding a target molecule that presents or has been modified to present the anchor

compound corresponding to the anchor compound substrate.

[0011] According to a second aspect, a nanolipoprotein particle comprising a
hydrophilic target molecule is described. The nanolipoprotein particle comprises a
scaffold protein, the hydrophilic target molecule attaching an anchor compound, and a
functionalized membrane forming lipid attaching an anchor compound substrate and,
optionally, a membrane forming lipid. In the nanolipoprotein particle, the hydrophilic
target molecule is attached to the functionalized membrane forming lipid through binding

of the anchor compound substrate with the anchor compound.

[0012] According to a third aspect, a nanolipoprotein particle comprising multiple
target molecules is described. The nanolipoprotein particle is formed by assembling a
functionalized membrane forming lipid, a scaffold protein and optionally a membrane
forming lipid. In the nanolipoprotein particle each of the multiple target molecules
attaches an anchor compound, and the functionalized membrane forming lipid attaches a
corresponding anchor substrate compound. In the nanolipoprotein particle, the anchor
compound binds the corresponding anchor compound substrate thus attaching each of the

target molecules to the functionalized membrane forming lipid.

[0013] According to a fourth aspect, a nanolipoprotein particle is described that
presents an active target molecule, such as an immunogen, a drug, a contrast agent or
another molecule of interest. The nanolipoprotein comprises the active target molecule
attaching a first anchor compound, a membrane recognition element attaching a second
anchor compound, scaffold protein, a first functionalized membrane forming lipid
attaching an anchor compound substrate and a second functionalized membrane forming
lipid attaching a second anchor compound substrate. In the nanolipoprotein particle, the

active target molecule is attached to the functionalized membrane forming lipid through
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binding of the anchor compound with the anchor compound substrate. In the
nanolipoprotein particle, the nanolipoprotein is configured to present the active target

molecule and the membrane recognition element on said nanolipoprotein particle.

[0014] According to additional aspects, compositions, (and in particular pharmaceutical
compositions and vaccines), methods and systems, comprising, forming and using the
nanolipoprotein particles herein described are also provided in the present disclosure.
Methods and systems to perform an assay on a target molecule and/or to deliver a target
molecule based on the nanolipoprotein particles of the present disclosure are also

described.

[0015] The nanolipoprotein particles, compositions, methods and systems herein
described can be used in several embodiments as a universal platform for support,
delivery and presentation of molecules of any chemical nature, which can present or not
present a hydrophobic moiety for interaction with the lipid bilayer, which include but are
not limited to proteins, polypeptides, toxins, carbohydrates, lipids, fatty acids, and small

organic molecules (e.g. dyes, drugs, plasticizers, and the like).

[0016] Additionally, the nanolipoprotein particles, compositions, methods and systems
herein described can be used in several embodiments to support, deliver and/or present
multiple target molecules In particular, in several embodiments the nanoparticles herein
described can be used in connection with applications where multivalency of a target

molecule on a controllable, discrete, and characterizable nanoscale platform is desired.

[0017] Furthermore, the nanolipoprotein particles, compositions, methods and systems
herein described can be used in several embodiments in connection with delivery and
presentation of a chemically and/or biologically active target molecule performed to

detect and/or enhance an individual response to the active target molecule.

[0018] In particular, the nanolipoprotein particles, compositions, methods and systems

herein described can be used in several embodiments as a particulate platform for the
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delivery and presentation of immunogens, which are presented on the functionalized

bilayer of the nanolipoprotein particles.

[0019] Also in several embodiments, the nanolipoprotein particles, compositions,
methods and systems herein described can be used to deliver drugs or other molecules of

interest, to specific target cells in an individual.

[0020] Also in several embodiments, the nanolipoprotein particles can be used as
multivalent affinity platforms for biosensors and diagnostics, whereby NLPs presenting
multiple affinity reagents can interact with multiple target molecules or engage in

multivalent recognition of a single, larger target.

[0021] The details of one or more embodiments of the disclosure are set forth in the
accompanying drawings and the description below. Other features, objects, and

advantages will be apparent from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0022] The accompanying drawings, which are incorporated into and constitute a part
of this specification, illustrate one or more embodiments of the present disclosure and,
together with the detailed description and example sections, serve to explain the

principles and implementations of the disclosure.

[0023] Figure 1 shows a schematic illustration of assembly of a nanolipoprotein
particle comprising a functionalized membrane forming lipid according to an

embodiment here described.

[0024] Figure 2 shows a schematic illustration of a process for assembling
immunogenic NLPs according to an embodiment herein described. In particular, Figure
2A shows a schematic illustration of production of an NLP platform according to an
embodiment herein described; note, specifically inclusion of functionalized anchor
substrate lipid (in this case nickel-chelating lipids); Figure 2B shows a schematic
illustration of production of an anchor-bearing immunogenic protein according to an

embodiment herein described; Figure 2C shows a schematic illustration of production of
5
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an immunogenic NLP from the NLP platform and the anchor-bearing immunogenic

protein according to an embodiment herein described

[0025] Figure 3 shows analysis of an NLP platform with anchor-bearing immunogenic
protein according to an embodiment herein described: NiNLP:Env constructs. In
particular Figure 3 shows an electrophoresis gel demonstrating conjugation of the
NiNLP platform with a His-tagged Env protein from West Nile virus (WNV). NiNLPs
incubated with His-tagged ENV at room temperature for 30 minutes were analyzed by
denaturing SDS-PAGE. Total sample (T) was compared to retentate fraction (R) after
size-exclusion partitioning using a 100 kDa MWCO membrane filter, enabling NiNLPs
(>400 kDa) to be separated from unconjugated ENV (50 kDa). Addition of EDTA
abrogates any interaction between the protein and the NiNLP, demonstrating that

conjugation is due to specific interaction of His-tag and chelated nickel.

[0026] Figure 4 Atomic force micrographs demonstrating binding of His-tagged
protein (pesticin) to NiNLPs. Figure 3A shows NiNLPs alone, Figure 3B shows NiNLPs
+ His-tagged protein), and Figure 3C shows NiNLPs + His-tagged protein in the presence
of EDTA. Scale bar is 50nm. A height increase is observed only when the His-tagged
protein is incubated with NiNLP in the absence of EDTA. Discoidal morphology of
NiNLPs is demonstrated by AFM, whereby the NiNLP diameter is greater than the
NiNLP height.

[0027] Figure 5 shows results of conjugation as measured by Surface Plasmon
Resonance (SPR). After NiINLP injection, absoption to the lipophilic SPR chip was
monitored by change in SPR at the surface. Upon injection of His-tagged LstB, a Y.
pestis protein that is part of the ABC transporter complex, a second change in SPR was
observed as indicated by the second peak in the SPR profile. After injection of LsrB was
stopped, a slow and gradual decrease in the SPR signal was observed, indicative of LsrB

disassociation from the NiNLP surface.

[0028] Figure 6 shows a diagram illustrating the immune response following

administration of immunogenic NiNLPs according to an embodiment herein described. In
6
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particular, the diagram illustrates ELISA data showing an immune response to the ENV
target protein from mice collected 21 days post vaccination performed by intraperitoneal
injection to inoculate the mice with immunogenic NiNLPs. ELISAs were performed on
1/100 dilutions of sera from all animals as previously described [Ref. 3]. Bars show the

average ELISA OD readings, and extended bars show the standard deviations.

[0029] Figure 7 shows a diagram illustrating neutralization of an immunogen
following administration of an immunogenic NiNLP according to an embodiment herein
described. In particular, the diagram of Figure 6 shows neutralization curves illustrating
the ability of pooled sera from mice collected 21 days post vaccination to neutralize
WNV virus-like particles (VLPs). Assays were performed on dilutions of sera from all
animals as previously described [Ref. 3]. Data are expressed as % neutralization relative

to VLPs incubated in the absence of any sera.

[0030] Figure 8 shows a diagram illustrating protection from viral challenge following
administration of immunogenic NiNLPs according to an embodiment herein disclosed. In
particular, the diagram of Figure 7 shows data related to mouse survival over the 21 day

period following challenge with virulent WNV.

[0031] Figure 9 shows the results of conjugation of neutravidin to Biotinyl-NLPs as
measured by SPR. After Biotinyl-NLP injection, absoption to the lipophilic SPR chip
was monitored by change in SPR at the surface. Upon injection of neutravidin, a second
change in SPR was observed as indicated by the second peak in the SPR profile. After
injection of neutravidin was stopped a very slow and gradual decrease in the SPR signal

was observed, indicative of neutravidin unbinding.

DETAILED DESCRIPTION
[0032] Nanolipoprotein particles are herein described that comprise a functionalized
membrane forming lipid presenting an anchor compound substrate for binding with a

target molecule.
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[0033] The terms “nanolipoprotein particle”, “rHDL”, or "NLP" as used herein
indicates a supramolecular complex formed by a membrane forming lipid and a scaffold
protein. In particular, nanolipoprotein particles are nano-sized particles comprised of
partitioned bilayers of membrane forming lipid stabilized by peripherally associated
scaffold proteins which range in size between about 5 and about 50 nm. Nanolipoprotein
size is detectable using techniques such as nondenaturing gradient gel electrophoresis
(NDGGE) and size exclusion chromatography (SEC) and additional techniques
identifiable by a skilled person upon reading of the present disclosure. NLPs are
obtainable by allowing solubilized membrane forming lipids and scaffold protein to self-
assemble in an aqueous environment in a molar ratio of membrane forming lipid to

scaffold from about15:1 up to about 400:1.

[0034] Solubilization of the membrane forming lipids can be performed by using a
detergent, such as cholate, which is associated with the lipids. Removal of this detergent
allows self assembly of the membrane forming lipid and the scaffold protein.
Alternatively, or in addition, the membrane forming lipids (in the form of small
unilamellar vesicles) and scaffold protein can be subjected to temperature cycles

according to procedures known in the art.

[0035] Exemplary procedures to perform self assembly of NLPs are described in art,
for example in References 4 and 5, and in other references identifiable by a skilled
person. NLPs prepared using these procedures are discoidal in morphology (i.e. non-
spheroidal). The NLP height is correlated to the bilayer thickness of the membrane
forming lipid used. Typically, the bilayer thickness is between about 4 and about 7
nanometers, and is dependent on the identity of the membrane forming lipid. The
diameter of the NLPs can be between about 5 and about 50 nanometers, typically ranging
between about 10 and about 25 nanometers. By nature of this morphology, a planar
surface is present on both sides of the lipid bilayer. Size, structure and discoidal shape of
an NLP can be detected by several techniques such high resolution imaging and sizing
techniques such as atomic force microscopy (AFM), transmission electron microscopy

(TEM), ion mobility spectrometry and additional techniques suited to analyze particles in

8



WO 2009/143280 PCT/US2009/044722

the low nanometer size regime identifiable by a skilled person upon reading of the

present disclosure [Refs. 4 and 10].

[0036] The term “membrane forming lipid” or “amphipatic lipid” as used herein
indicates a lipid possessing both hydrophilic and hydrophobic properties that, in an
aqueous environment and in the presence of a scaffold protein, assemble in a lipid bilayer
structure that consists of two opposing layers of amphipathic molecules known as polar
lipids. Each polar lipid has a hydrophilic moiety, i.c., a polar group such as a derivatized
phosphate or a saccharide group, and a hydrophobic moiety, i.c., a long hydrocarbon
chain(s). Exemplary polar lipids include phospholipids, sphingolipids, glycolipids, ether
lipids, and sterols. Amphipatic lipids include but are not limited to membrane lipids, i.e.
amphipatic lipids that are constituents of a biological membrane, such as phospholipids
like dimyrisoylphosphatidylcholine (DMPC) or dioleoylphosphocthanolamine (DOPE) or
dioleoylphosphatidylcholine (DOPC). In some embodiments, the membrane forming
lipid can be a biological molecule, i.e. a molecule produced by a living organism
including unicellular organism, such as bacteria or yeasts, and multicellular such as
animals, including mammals and humans, and plants. In some embodiments, the
membrane forming lipids can consist of non-lipid amphipathic molecules, for example

diglycerol tetracthers, cholesterol, egosterol, and the like.

[0037] The term “scaffold protein™ as used herein indicates any protein that is capable
of self assembly with an amphipatic lipid in an aqueous environment, organizing the
amphipatic lipid into a bilayer, and include but are not limited to apolipoproteins,
apolipophorins, derivatives thereof (such as truncated and tandemly arrayed sequences)
and fragments thercof (e.g. peptides), such as apolipoprotein E4 22K fragment,
apolipophorin III, apolipoprotein A-1 and the like. The term “derivative” as used herein
indicates a chemical or biological substance that is related structurally to another
substance and derivable, at least theoretically, from the another substance through a
modification of the another substance. In particular, if a first compound is a derivative of
a second compound and the second compound is associated with a chemical and/or

biological activity, the first compound differs from the second compound for at least one

9
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structural feature, while retaining (at least to a certain extent) the chemical and/or
biological activity of the second compound and at least one structural feature (e.g. a
sequence, a fragment, a functional group and others) associated thereto. A skilled person
will be able to identify, on a case by case basis and upon reading of the present
disclosure, structural feature of the second compound that has to be maintained in the
first compound to retain the second compound chemical and/or biological activity as
well as assays that can be used to prove retention of the chemical and/or biological

activity .

[0038] The term “protein” as used herein indicates a polypeptide with a particular
secondary and tertiary structure. The term “polypeptide” as used herein indicates an
organic polymer composed of two or more amino acid monomers and/or analogs thereof.
Accordingly, the term “polypeptide” includes amino acid polymers of any length
including full length proteins and peptides, as well as analogs and fragments thereof. A
polypeptide of three or more amino acids can be a protein oligomer or oligopeptide. As
used herein the term “amino acid”, “amino acid monomer”, or “amino acid residue”
refers to any of the twenty naturally occurring amino acids including synthetic amino
acids with unnatural side chains and including both D and L optical isomers. The term
“amino acid analog” refers to an amino acid in which one or more individual atoms have
been replaced, either with a different atom, isotope, or with a different functional group

but is otherwise identical to its natural amino acid analog.

[0039] In the nanolipoprotein particle here described at least a portion or all of the
membrane forming lipid is functionalized with an anchor substrate compound that is
presented for binding with a target molecule. The terms “functionalize” and
“functionalization” as used herein, indicates the appropriate chemical modifications of a
molecular structure (including a substrate or a compound) resulting in attachment of a
functional group to the molecular structure. The term “functional group” as used herein
indicates specific groups of atoms within a molecular structure that are responsible for
the characteristic chemical reactions of that structure. Exemplary functional groups

include, hydrocarbons containing halogen groups, containing oxygen groups, containing

10
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nitrogen groups, containing phosphorus groups and containing sulfur groups, all

identifiable by a skilled person.

[0040] In particular, the ratio between functionalized membrane forming lipid and
membrane forming lipids is dependent on the identity of the functionalized membrane
forming lipid, and it can be as low as 1% or even lower and as high as 100% as NLPs
have been successfully formed with 100% functionalized membrane forming lipid such
as DOGS-NTA-Ni (1,2-di-(9Z-octadecenoyl)-sn-glycero-3-[(N-(5-amino-1-
carboxypentyl)iminodiacetic acid)succinyl] (nickel salt)). This suggests that NLPs can be
formed with any percentage of functionalized membrane forming lipid (from 0 to 100%),

depending on the specific functionalized membrane forming lipid used.

[0041] In general, assembly of NLPs can be accomplished with a wide range of ratios of
total membrane forming lipids to scaffold proteins. We have successfully formed NLPs
with lipid to scaffold molar ratios of about 15:1 up to about 400:1. A typical assembly

uses a lipid to protein molar ratio of about 100:1.

[0042] The term “anchor compound substrate” as used herein indicates a functional
group capable to bind a corresponding functional group, herein also indicated as anchor
compound, presented on another molecule, and in particular on a target molecule to be

attached in the nanolipoprotein particle.

[0043] The term “bind”, “binding”, “conjugation” as used herein indicates an attractive
interaction between two elements which results in a stable association of the element in
which the elements are in close proximity to each other. If each element is comprised in a
molecule the result of binding is typically formation of a molecular complex. Attractive
interactions in the sense of the present disclosure includes both non-covalent binding and,
covalent binding. Non-covalent binding as used herein indicates a type of chemical bond,
such as protein protein interaction, that does not involve the sharing of pairs of electrons,
but rather involves more dispersed variations of electromagnetic interactions. Non-
covalent bonding includes ionic bonds, hydrophobic interactions, electrostatic

interactions, hydrogen bonds, and dipole-dipole bonds. Electrostatic interactions include
11
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association between two oppositely charged entities. An example of an electrostatic
interaction includes using a charged lipid as the functional membrane lipid and binding

an oppositely charged target molecule through electrostatic interactionss

[0044] Anchor compound substrates and corresponding anchor compound capable of
binding through non-covalent binding include but are not limited to those listed in Table

1 below.

Table 1: Non-Covalent Interactions

Anchor substrate (on functionalized lipid
Anchor (on a target molecule) within NLP bilayer)
Poly-histidine (2-10 residues) Chelated metal cations
2-10 residue polypeptide Ni%', Co*", Cu*", Zn*" chelated on NTA, IDA
Poly-arginine (5-6 residues) Negatively charged surface
5-6 residue polypeptide ¢.g. carboxylates, phosphates, sulfonates
Proteins Biological tags
Avidin (Streptavidin, neutravidin) Biotin
qutathlone 'S-transferase (GST) Glutathione
fusion proteins
Strep-Tactin Strep-tag 11

[0045] A covalent bond is instead a form of chemical bonding that is characterized by
the sharing of pairs of electrons between atoms, or between atoms and other covalent
bonds. In short, attraction-to-repulsion stability that forms between atoms when they
share electrons is known as covalent bonding. Covalent bonding includes many kinds of
interaction, including o-bonding, =m-bonding, metal to non-metal bonding, agostic

interactions, and three-center two-electron bonds.

12
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[0046] Anchor compound substrates and corresponding anchor compounds capable of
binding through covalent binding include but are not limited to those listed in Table 2

below.

Table 2:Covalent Interactions
Anchor (or anchor substrate) Anchor substrate (or anchor)

Amine-reactive moieties Amines

Active esters (e.g. succinimidyl,
tetrafluorophenyl)

Carbodiimide (+/- NHS)-Carboxylic acids
Isothiocyanates

Sulfonyl chlorides

Dichlorotriazines

Aryl halides

Acyl azides

Thiol-reactive reagents Sulfhydryls
Maleimides (and derivatives)
Haloacetamides (e.g. iodoacetamide)
Pyridyldithio-propionate
Thiosulfates

Azides Acetylenes
(“Click Chemistry” - formation of 1,2, 3-
triazol groups, ref. 7)

Hydrazines/ hydroxylamines/aromatic
amines Aldehydes and ketones

[0047] Accordingly, exemplary functionalized membrane forming lipids include, but
not limited to chelated metal-bearing lipids, azide bearing lipids, maleimide bearing
lipids, quaternary amine bearing lipids, carboxylate bearing lipids, propargyl bearing
lipids, biotin bearing lipids, streptavidin and/or avidin bearing lipids, S-protein bearing

lipids, and the like.
13
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[0048] In some embodiments, binding or conjugation of the anchor compound can be
performed by chelation. The term “chelation” as used herein indicates the binding or
complexation of a bi- or multidentate ligand with a single metal ion. In particular, in
some embodiments, the bi or multi-dentate ligand is part of the lipid and is capable of
binding a metal ion. The ligands, which are often organic compounds, are called chelants,
chelators, chelating agents, or sequestering agents. Chelating agents form multiple bonds
with a single metal ion. The term “chelants” as used herein indicates a molecule that
forms a stable complex with certain metal ions. Examples of chelating moieties include,
but are not limited to, nitrilotriaceticacid (NTA), iminodiacetic acid (IDA), and

diethylenetriamine penta-acetic acid (DTPA).

[0049] In the nanolipoprotein particle herein described the anchor substrate compound is
attached to the functionalized membrane forming lipid so that upon assembly of the
functionalized membrane forming lipid in the nanolipoprotein particle, the anchor
substrate compound is presented on the nanolipoprotein particle. Similarly, the anchor

compound is attached to a target molecule to be presented on said target molecule.

[0050] The term “attach” or “attached” as used herein, refers to connecting or uniting by
a bond, link, force or tie in order to keep two or more components together, which
encompasses either direct or indirect attachment such that for example where a first
compound is directly bound to a second compound or material, and the embodiments
wherein one or more intermediate compounds, and in particular molecules, are disposed

between the first compound and the second compound or material.

[0051] The term “present” as used herein with reference to a compound or functional
group indicates attachment performed to maintain the chemical reactivity of the
compound or functional group as attached. Accordingly, a functional group presented on
a molecule such as a functionalized membrane forming lipid, is able to perform under the
appropriate conditions the one or more chemical reactions that chemically characterize

the functional group.

14
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[0052] In particular, in several embodiments the functionalized membrane forming lipid
are functionalized to present the anchor substrate compound on an hydrophilic moiety of
the membrane forming lipid to ensure presentation of the anchor substrate compound on
a surface of the nanolipoprotein particle. The term “surface” as used herein indicates the
exterior or upper boundary of a body or object. In particular with reference to the NLPs
the term “surface” indicates they are defined by the discoidal faces. Surfaces of the NLPs

form the hydrophilic portion of the NLP.

[0053] Successful binding of the target molecule to the NLP can be readily verified and
quantified through a range of techniques that include but are not limited to ultraspin
filtration, size exclusion chromotography, fluorescence correlation spectroscopy,
cantilever-based sensing, force spectroscopy, fourier transform infrared spectroscopy,
surface plasmon resonance, total internal reflection fluorescence, raman spectroscopy
and additional techniques identifiable by a skilled person. In addition, binding
specifically to the surface can be verified using atomic force microscopy and
transmission electron microscopy and additional techniques identifiable by a skilled

person.

[0054] The structure of nanolipoprotein particles herein described is illustrated in
Figure 1 which shows a schematic representation of an NLP assembly comprising a
functionalized membrane forming lipid according to some embodiments herein

described.

[0055] As exemplified in the illustration of Figure 1 panels A and B, purified starting

components are provided that comprise a functionalized membrane forming lipid (10), a
membrane forming lipid (20), and a scaffold protein (30). The functionalized membrane
forming lipid (10) comprises a hydrophobic moiety (11) and a hydrophilic moiety (12)
and attached an anchor compound substrate (14) capable of binding to a corresponding
anchor compound (41) presented on the target molecule (40) of interest. In particular, the
anchor compound substrate (14) is presented on the hydrophilic moiety (12) of the

functionalized membrane forming lipid (10). The functionalized membrane forming lipid

15
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(10), the membrane forming lipid (20), and the scaffold protein (30) are contacted for a
time and under conditions to allow assembly of the functionalized membrane forming
lipid. In particular, spontancous interaction of purified scaffold proteins, e.g.
apolipoproteins, and membrane forming lipids under appropriate conditions results in
formation of lipoprotein particles with the nanometer-sized dimensions that are herein

identified as NLPs.

[0056] In the illustration of Figure 1 Panel B the nanolipoprotein particle (100) formed

by the assembly of the functionalized membrane forming lipid (10), the membrane
forming lipid (20) and the scaffold protein (30) is configured to present the anchor
compound substrate (14) on a surface of the nanolipoprotein particle. In particular, as
shown in the illustration of Figure 1 anchor compound substrate moieties are appended
to the headgroups of the functionalized membrane forming lipid, and are presented into

solution.

[0057] The amount of anchor-substrate moicties on the NLP bilayer surface can be
controlled by the input ratios of membrane-forming and functionalized anchor-substrate
lipids during assembly, allowing control of target molecule loading on NLP. Generally, if
10 molar percent of the total lipid used for an assembly is a functionalized membrane
forming lipid, then approximately 10 molar percent of the total lipid within the NLP lipid
bilayer will be functionalized membrane forming lipid. This has been verified in the case
of NLPs prepared with 90 molar percent DMPC and 10 molar percent of DOGS-NTA-NI.
The feed ratio to incorporated ratio of the anchor substrate moiety can further be
quantitatively assesses after completion of NLP assembly using normal phase and reverse
phase high performance liquid chromatography and subsequent ratios can be adjusted to

achieve the desired input ratio.

[0058] Although other reagents might be added according to the desired experimental
design, no other reagents have to be added to impart functionality to the NLPs since the
functionalized membrane forming lipids containing the necessary reactive group for

conjugation
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[0059] As schematically shown in Figure 1 Panel C, a target molecule (40) bearing the

appropriate corresponding anchor compound (41) (an anchor compound able to bind and
accordingly be defined as complementary to the anchor-compound substrate (14)) can be

attached on the NLP bilayer surface of the NLP (100).

[0060] In particular, the target molecule (40) and the nanolipoprotein (100) are
contacted for a time and under conditions to allow binding of the anchor compound (41)
with the anchor compound substrate (14), which depends on the conjugation chemistry

between the anchor compound and the anchor substrate compound.

[0061] In particular, attachment of target molecules to nanolipoprotein particles can be
accomplished using any number of functionalization strategies and orientations. For
example, using click chemistry, an acetylene-functionalized lipid can be conjugated with
an azide-functionalized protein, or an azide-functionalized lipid can be conjugated with

an acetylene-functionalized protein [Ref. 9].

[0062] In particular, the conjugation of azides with acetylenes (herein also indicated as
click chemistry) can be achieved in buffered aqueous solution over a broad pH range for
about 1 to about 24 hours to form a covalent 1, 2, 3 triazole. This reaction can be
catalyzed by copper (1), typically introduced by addition of copper (I) in the presence of

a reductant (e.g. ascorbic acid) to generate copper (1) in situ.

[0063] In other exemplary embodiments where attachment of a polyhistidine
functionalized target molecule to a bivalent metal functionalized lipid is desired,
conjugation of the poly-histidine anchor compound to the chelated metal (Ni*', Co*",
Cu?", Zn*") anchor compound substrate (NTA or IDA) can be achieved over the course of
an incubation ranging in time from about 5 minutes to about 2 hours at room temperature
without the need of any additional components. According to this approach, no additional

chelating agents (e.g. EDTA) are present in solution.

[0064] In other exemplary embodiments, where attachment of a poly-arginine

functionalized target molecule to a an anionic functionalized lipid is desired, conjugation
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of the poly-arginine anchor compound to an anionic surface anchor compound substrate
can be achieved over the course of an incubation ranging in time from about 5 minutes to

about 2 hours at room temperature without the need of any additional components.

[0065] In other exemplary embodiments where attachment of a target molecule
functionalized with a protein anchor, to a lipid functionalized with a cognate biological
tag is desired, conjugation of the protein anchor compounds, ¢.g. avidin (and derivatives
such as neutravidin and the like,), glutathione S-transferase (GST) and Strep-Tactin, to
the cognate biological tag anchor compound substrates biotin, glutathione, and strept-tag
I, respectively, can be achieved over the course of an incubation ranging in time from
about 5 minutes to about 2 hours at room temperature without the need of any additional

components.

[0066] In other exemplary embodiments where attachment of a target molecule to a
functionalized lipid is performed through conjugation of active esters to amine,
conjugation of the active esters to the amines is achieved in amine-free buffered aqueous
solution at a pH of about 7.0 for about 1 to about 24 hours to form a covalent amide
bond. Reaction can then be quenched upon addition of free amines at neutral to basic pH.

No other reagents are needed to perform conjugation.

[0067] In other exemplary embodiments where attachment of a target molecule to a
functionalized lipid is performed through conjugation of carboxylic acids to amine,
conjugation of the carboxylic acids to the amines can be achieved by activating the
carboxylic acid to an active ester, using commercially available reagents, e.g. N-
hydroxysuccinimide (NHS). This can be accomplished by combining the NHS and a
dehydrating agent (c.g. carbodiimides like 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC)) with the target carboxylic acid. The EDC
reacts with the carboxylic moiety to form a transient amine-reactive O-acylisourea,
whereby NHS converts the amine-reactive O-acylisourea to an amine-reactive NHS-ester.

A covalent amide bond is can then be achieved in amine-free buffered aqueous solution
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at a pH of 7.0 for 1 to 24 hours. Reaction can then be quenched upon addition of free

amines at neutral to basic pH.

[0068] In other exemplary embodiments where attachment of a target molecule to a
functionalized lipid is performed through conjugation of isothiocyanate to amine,
conjugation of the isothiocyanates to the amines is achieved in amine-free buffered
aqueous solution at a pH of about 7.0 for about 1 to about 24 hours to form a covalent
thiourea. Reaction can then be quenched upon addition of free amines at neutral to basic

pH. According to this approach, no other reagents are needed to obtain conjugation.

[0069] In other exemplary embodiments where attachment of a target molecule to a
functionalized lipid is performed through conjugation of maleimides (and maleimide
derivatives) to sulfhydryls, conjugation of the maleimides (and maleimide derivatives) to
sulthydryls can be achieved in thiol-free buffered aqueous solution at a pH between about
6.5 and about 0.5 for about 1 to about 24 hours to form a covalent thioether linkage.
Maleimides can then be quenched at the completion of the reaction by the addition of free
thiol. Reducing agents (e.g. tris(2-carboxyethyl)phosphine) may be used to produce free,
reactive sulthydryls, which may also be stabilized by the addition of
cthylenediaminetetraacetic acid (EDTA).

[0070] In other exemplary embodiments where attachment of a target molecule to a
functionalized lipid is performed through conjugation of halocetamide to sulthydryls,
conjugation of the haloacetamides to the sulfhydryls can be achieved in thiol-free
buffered aqueous solution at a pH of about 8.3 for about 1 to about 24 hours to form a
covalent thioether linkage by nucleophilic substitution of the halogen with the thiol.

According to this approach no other reagents are needed to achieve conjugation.

[0071] In other exemplary embodiments where attachment of a target molecule to a
functionalized lipid is performed through conjugation of pyridil disulfides to sulthydryls,
conjugation of the pyridyl disulfides to the sulthydryls can be achieved in thiol-free

buffered aqueous solution over a broad pH range for about 1 to about 24 hours to form
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disulfide bonds. According to this approach no other reagents are needed to achieve

conjugation.

[0072] In other exemplary embodiments where attachment of a target molecule to a
functionalized lipid is performed through conjugation of thiosulfate to sulfthydryls,
conjugation of thiosulfates with sulfhydryls can be achieved in thiol-free buffered
aqueous solution over a broad pH range for 1 to 24 hours to form disulfide bonds. No

other reagents are needed.

[0073] In all those exemplary embodiments, conjugation of the target molecule with
the functionalized NLP can be monitored using techniques/methods such as the ones

indicated with reference in paragraph [0053].

[0074] In some embodiments, attachment of one or more target molecule in a same
functionalized NLP can be performed using different compounds and corresponding
anchor substrate for a same NLP where the selection of compatible anchor/anchor
substrate pair can be performed by the skilled person in view of the target molecule(s) to

be attached, the chemistry of the compounds involved and the experimental design.

[0075] In particular, compatibility of the anchor/substrate pair of choice with all the
NLP components has to be considered in selecting a suitable NLP for attaching a target
molecule of interest. For example, in some embodiments amine-based conjugation is not
compatible with certain scaffold proteins. A skilled person will be able to identify and

sort components according to a desired experimental design.

[0076] Target molecules that can be attached according to the method here described
include any molecule of interest of any chemical nature, provided that those molecules
present (or are modified to present) an anchor compound for binding with the anchor

compound substrate on the NLP.

[0077] Using this approach, target molecules can be immobilized on the surface of the
lipid bilayer, obviating the need for a target molecule to contain a hydrophobic region for

direct interaction with the hydrophobic core of the NLP bilayer.
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[0078] This has been successfully demonstrated by Applicants using the specific
chelated nickel:polyhistidine-tag interaction (see exemplary procedures illustrated in the
Examples 1 and 2), the specific biotin-neutravidin interaction (see exemplary procedures
illustrated in the Examples 6 and 7) and the maleimide-thiolate (see exemplary
procedures illustrated in the Examples 8 and 9). A skilled person will be able to derive
corresponding procedures for other anchor/substrate compounds interaction on the basis
of the present disclosure also with reference to the prophetic Examples 9 to 13 herein

provided for guidance purposes with no intention of being limiting.

[0079] This strategy, unlike previous approaches, provides a means for attaching
targets of interest that are not limited to a hydrophobic molecule (e.g. membrane protein
or nonpolar drug) i.e. molecules presenting a hydrophobic moiety configured to allow
stable interaction with the NLP lipid bilayer and can now include molecules of any
chemical nature protein, peptides, oligonucleotides, small molecules, carbohydrates,
metal ions, and additional molecules identifiable by a skilled person upon reading of the

present disclosure.

[0080] Exemplary protein molecules include viral proteins (such as envelope protein of
West Nile virus), bacterial proteins (such as B. anthracis protective antigen), animal

proteins (such as TSG101), plant proteins, fungal proteins, archaea proteins.

[0081] Exemplary polynucleotides include, but are not limited to, aptamers, DNA,
RNA, siRNA, microRNAs.

[0082] Exemplary small molecules include, but are not limited to, quorum sensing

factors, metabolites, active pharmaceutical ingredients (APIs).

[0083] In particular, in several embodiments, the NLPs herein described allow
attachment of a hydrophilic target molecule. The term hydrophilic target molecule as
used herein indicates a molecule that contain a large regions or structural domain that are
charge-polarized and capable of hydrogen bonding, to the extent of enabling the molecule

to dissolve more readily in water than in oil or other hydrophobic solvents.
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[0084] Additionally, in several embodiments, the NLPs herein described can be used to
attach multiple (i.e. 4 or more) target molecules on the lipid bilayer surface. More
particularly, in several embodiments multiple copies of a same target molecule can be
attached to the NLP. This greatly opens the door for applications where multivalency of a
target molecule on a controllable, discrete, and characterizable nanoscale platform is
desired or required. Furthermore, the identity of the molecule to be immobilized on the
NLP is not limited to a hydrophobic molecule (e.g. membrane protein or nonpolar drug)
as is the case with all prior art examples, and can now include protein, peptides,

oligonucleotides, small molecules, carbohydrates, metal ions, etc.

[0085] In several embodiments, the NLPs herein described can contain multiple,
different functionalized lipids that are specific for different target molecules. More
particularly, in several embodiments multiple copies of a same target molecule can be
attached to the NLP. This greatly opens the door for applications where multiple,
different types of target molecules are desired on a controllable, discrete, and
characterizable nanoscale platform is desired or required. Furthermore, the identity of the
molecule to be immobilized on the NLP is not limited to a hydrophobic molecule (e.g.
membrane protein or nonpolar drug) as is the case with all prior art examples, and can
now include protein, peptides, oligonucleotides, small molecules, carbohydrates, metal

ions, etc.

[0086] In several embodiments, the target molecule is an active target molecule. An
“active target molecule” in the sense of the present description is a molecule capable of
exhibiting a chemical and/or biological activity. The term “chemical activity” as used
herein indicates the ability of the molecule to perform a chemical reaction. The term
biological activity as used herein indicates the ability of the molecule to affect a living
matter. Exemplary active target molecules comprise an immunogen, a drug, a contrast
agent, a molecular recognition element and any other molecules associated with a

chemical and/or biological activity of interest.
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[0087] In several embodiments, when the target molecule is an active target molecule
the target molecule is configured to present the anchor compound in a position that
allows, upon binding the NLP, presentation of the active target molecule on the

nanolipoprotein particle.

[0088] In several embodiments, NLPs herein described can be formed with a variety of
phospholipids including but not limited to: dimyristoylphospatidylcholine (DMPC),
dioleoylphosphoethanolamine (DOPE), dioleoylphophatidylcholine (DOPC), and
dioleoylphosphoserine (DOPS).

[0089] In scveral embodiments, NLPs herecin described can be formed with
apolipoproteins that include human ApoE4 22K and insect lipophorins from Bombyx

mori and Manduca sexta.

[0090] In several embodiments the functionalized membrane forming lipid can include
but is not limited todioleoyl-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic
acid)succinyl] (DOGS-NTA) and DOGS-NTA(Ni), 1,2-di-(9Z-octadecenoyl)-sn-glycero-
3-phosphocthanolamine-N-[4-(p-maleimidophenyl)butyramide] (18:1 MPB PE), and 1,2-
di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (sodium salt).

[0091] In particular, in some of those embodiments, where binding is performed by
interaction with a chelated bivalent metal ion, the chelant is a modified lipid molecule,
c.g.  dioleoyl-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic ~ acid)succinyl]
(DOGS-NitriloTriaceticAcid) and DOGS-NTA(bivalent metal ion) to which His-tagged

proteins can be specifically and directly conjugated.

[0092] Embodiments based on the bivalent metal ion-chelating ability of NiNLPs allow
conjugation of any (His)-tagged protein, opening the door to thousands of potential target
molecules. Bivalent metal ions comprise Ni and additional transition metals bound or
chelated by poly-histidine sequences. Exemplary bivalent metal ions include but are not
limited to Co*", Ni*", Cu*" and Zn*". Corresponding polyhistidine tags can be comprised

at either one of the ends of the target molecule to be attached. For example a His-tag can
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be added at either the N- or C- terminus of recombinantely expressed proteins to enable

rapid isolation and purification [See Ref. 6].

[0093] In other embodiments, the membrane forming lipid can be functionalized to
contain an azide group that can react with a protein specifically modified to contain a
propargyl group. The reaction product between the azide and acetylene group forms a
1,2,3 — triazole moiety. The product of this cycloaddition reaction or “click chemistry” is

a covalent association between the target molecule and NLP [Ref. 7].

[0094] Still other embodiments a thiol group is added to the target molecule and is then
reacted with a maleimide group presented on a functionalized membrane forming lipid.
Maleimide bearing lipids (functionalized anchor substrate lipid), are available
commercially. In this case, an anchor-bearing molecule would be configured to present a

free thiol group that could add to the maleimide moiety forming a covalent bond [Ref 8].

[0095] In particular, metal chelating lipids, such as 1,2-di-(9Z-octadecenoyl)-sn-
glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (ammonium salt),
and the like, that are suitable in forming NLPs herein described, are commercially
available or synthesizable by a skilled person using techniques known in the art. In
embodiments where metal chelating lipids are used in a functionalized NLP, the
corresponding target molecules are configured to contain a polyhistidine tag for
conjugation. Attachment of a polyhistidine tag to the target molecule can be achieved

through molecular biological approaches and techniques identifiable by a skilled person.

[0096] Also negatively charged headgroup lipids, such as phosphatidic acid-,
phosphatidylserine, phosphatidylglycerol-bearing lipids, and the like, that are suitable in
forming NLPs herein described are commercially available or synthesizable by a skilled
person using techniques known in the art. . In embodiments where negatively charged
headgroup lipids are used in a functionalized NLP, the corresponding target molecules
are configured to contain a polyarginine tag for conjugation. Attachment of a

polyarginine tag to the target molecule can be achieved through molecular biological
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approaches and techniques identifiable by a skilled person. Further, target molecules that

are inherently positively charged require no further modification.

[0097] Positively charged headgroup lipids, such as 1,2-di-(9Z-octadecenoyl)-3-
trimethylammonium-propane (chloride salt), and the like, that are suitable in forming
NLPs herein described are commercially available or synthesizable by a skilled person
using techniques known in the art. In embodiments where positively charged headgroup
lipids are used in a functionalized NLP, the corresponding target molecules are
configured to contain an overall negative charge for conjugation sufficient to allow
binding with the headgroup. In some of those embodiment the negatively charges
molecule require no further modification to allow conjugation with the functionalized

NLP.

[0098] Biotinylated lipids, such as 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine-N-(biotinyl) (sodium salt), and the like, that are suitable in forming
NLPs herein described are commercially available or synthesizable by a skilled person
using techniques known in the art. In embodiments where biotinylated lipids are used in a
functionalized NLP, the corresponding target molecules are configured to contain avidin

(and/or derivatives thereof), via an additional biotin moiety.

[0099] Glutathione-derivatized lipids such as phosphatidylethanolamine-bearing lipid
that are suitable in forming NLPs herein described be formed through coupling of
glutathione to an appropriate lipid. In embodiments where glutathione-derivatized lipids
are used in a functionalized NLP, the corresponding target molecules are configured to
contain a glutathione S-transferase fusion protein tag for conjugation. Attachment of a
glutathione S-transferase fusion protein tag to the target molecule can be achieved

through molecular biological approaches and techniques identifiable by a skilled person.

[00100] Strep-tag Il-derivatized lipids that are suitable in forming NLPs herein
described can be formed through coupling of synthetic strept-tag II to an appropriate
lipid, such as. phosphatidylethanolamine-bearing lipid, according to techniques

identifiable by a skilled person In embodiments where glutathione-derivatized lipids used
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in a functionalized NLP, the corresponding target molecules are configured to contain a

compound such as Strep-Tactin, which is commercially available.

[00101] Amine-bearing lipids, such as phosphatidylethanolamine that are suitable in
forming NLPs herein described are commercially available or synthesizable by a skilled
person using techniques known in the art. In embodiments where amine bearing lipids are
used in a functionalized NLP, the corresponding target molecules are configured to
contain an amine-reactive moiety, (e.g. active esters, isothiocyanates, sulfonyl chlorides,
dichlorotriazines, aryl halides, acyl azides, and the like). Attachment of an amine reactive
moiety to the target molecule can be achieved through previously established coupling

chemistries and techniques identifiable by a skilled person.

[00102] Carboxylic acid-bearing lipids, such as. 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine-N-(succinyl) (sodium salt), that are suitable in forming NLPs
herein described are commercially available or synthesizable by a skilled person using
techniques known in the art. In embodiments where carboxylic acids are used in a
functionalized NLP, the corresponding target molecules are configured to contain a
reactive primary amines, ¢.g. lysine side chain presented on the target molecule for

binding with the carboxylic acid-bearing lipids.

[00103] Thiol-reactive lipids, such as 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine-N-[4-(p-maleimidophenyl) butyramide] (sodium salt), that are
suitable in forming NLPs herein described are commercially available or synthesizable
by a skilled person using techniques known in the art. In embodiments where thiol-
reactive lipids are used in a functionalized NLP, the corresponding target molecules are

configured to contain a reduced sulfhydryl moiety, such as reduced cysteine residue.

[00104] Free sulfhydryl-bearing lipids, such as 1,2-Dipalmitoyl-sn-Glycero-3-
Phosphothioethanol (Sodium Salt), that are suitable in forming NLPs herein described are
commercially available or synthesizable by a skilled person using techniques known in
the art. In embodiments where free sulthydryl-bearing lipids are used in a functionalized

NLP, the corresponding target molecules are configured to contain thiol-reactive
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moieties, such as maleimides (and derivatives), haloacetamides, pyridyldithio-propionate,

and thiosulfates.

[00105] Azide- and alkyne-bearing lipids that are suitable in forming NLPs herein
described can be prepared from commercially available components that react with
phosphatidylethanolamine-bearing lipids, e.g. 3-(azidotetra(ethyleneoxy))propionic acid,
succinimidyl ester and 3-propargyloxypropanoic acid, succinimidyl ester, respectively. In
embodiments where azide- and alkyne-bearing lipids are used in a functionalized NLP,
the corresponding target molecules are configured to contain either an acetylene- or azide

reactive group, respectively, to form a stable 1, 2, 3 triazole reaction product.

[00106] NLPs comprising the features herein described above can be used as a universal
platform for the delivery and presentation of any molecule for several applications. In
particular NLPs here described can be used in connection with delivery and presentation

of immunogens, i.c. molecules that are capable of ¢liciting a protective immune response.

[00107] The resulting nanoparticle comprises: a scaffold protein, and a functionalized
membrane forming lipid attaching an anchor compound substrate assembled in a
nanolipoprotein particle. In some embodiments a membrane forming lipid that is not
functionalized can also be comprised in the NLP. The immunogenic nanoparticle further
comprises a target molecule comprising an immunogen bearing an anchor compound. In
the immunogenic particle, the target molecule is attached to the functionalized membrane
forming lipid through binding of the anchor compound with the anchor compound
substrate. In the immunogenic particle, the target molecule is configured to present the

immunogen on the nanolipoprotein particle.

[00108] In particular, in certain embodiments, immunogens that can be delivered and
presented with the NLP platform, but not limited to, herein described include proteins,
polypeptides, toxins, carbohydrates, lipids, fatty acids, and small organic molecules (e.g.
dyes, drugs, plasticizers). In particular, immunogens that can be attached to the NLP
include proteins that contain large regions or structural domains that are hydrophilic and

do not reside within or span a membrane bilayer structure.

27



WO 2009/143280 PCT/US2009/044722

[00109] The immunogenic NLPs herein describe are configured to present an immunogen
on at least one of its surfaces, which is therefore arranged in the NLP to retain its
immunogenic reactivity of the molecule as attached. In general, it is know and accepted
that immunogenic molecules presented in a dense and patterned motif elicit maximal
immune response. Accordingly, in several embodiments immunogenic NLP present
multiple copies of an antigen on the NLP, to providing a clustering of the antigen on the

NLP.

[00110] The terms “antigen” or “immunogen” as used interchangeably herein indicates a
substance that prompts the generation of antibodies and/or can cause an immune
response. It is generally accepted an antigen is the molecular/structural/chemical motif
that binds to an antibody, whereas an immunogen is a substance that initiates or causes an
immune response. In the end, all antigens are immunogens but not all immunogens are
antigens. Immunogens in the sense of the present disclosure encompass all substances
that can be recognized by the immune system. Exemplary immunogens include
exogenous immunogens and endogenous immunogens. Exogenous immunogens are
immunogens that have entered the body from the outside, for example by inhalation,
ingestion, or injection. By endocytosis or phagocytosis, these immunogens are taken into
the antigen-presenting cells (APCs) and processed into fragments. APCs then present the
fragments to T helper cells (CD4") by the use of class II histocompatibility molecules on

their surface.

[00111] Anchor bearing immunogenic molecules can bind or be conjugated specifically
to the discoidal surfaces, wherein the latter are comprised, in part, with “functionalized
anchor substrates lipids”. Successful conjugation or binding can be determined by atomic
force microscopy (AFM), surface plasmon resonance (SPR) measurements and other

analytical methods/measurements of molecular recognition events.

[00112] In some embodiments, immunogenic NiNLPs are prepared as described above
except that the functionalized membrane forming lipid (e.g. DOGS-NTA(N1)) is added so

as to comprise between 1% and 100% of overall lipid. This formulation provides NLPs
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capable of binding His-tagged molecules. In other embodiments, the chelated Ni ion can
be replaced with Cu®’, Co*', or Zn®' ions and the target protein can be similarly

conjugated.

[00113] Exemplary immunogenic molecules that can be attached to an NLP herein
described include but are not limited to, viral proteins (capsid envelop proteins), outer
membrane proteins (OMPs), in general; outer membrane immunogenic carbohydrate
moieties; bacterial quorum sensing molecules; other small molecule entities, e.g.
plasticizers, dyes and drugs. Reference is made to the exemplary procedures of Examples
4 and 5 illustrating an exemplary immune response of an immunogen presented on a

functionalized NLP.

[00114] In some embodiments, the formation of immunogenic NLPs herein described is
amenable to the incorporation of secondary additives such as compounds directed to
enhance immune response ¢.g. non-human lipoproteins, bacterial peptides, DNA (e.g.
CpG motifs), chemokines, cytokines, pattern-recognition receptors (PRR), lipids,
polysaccharides, lipopolysaccharides, and the like; in general, agonists and immune
stimulatory molecules, synthetic or natural, (known or unknown at this time) can be
assembled in or on NLPs, providing for enhanced, specific, rapid immune stimulation at

the site of NLP/antigen inoculation and spreading systemically.

[00115] In certain embodiments, an adjuvant and an NLP can also be comprised in a
system to immunize an individual. In those embodiments, the system comprises: the
immunogenic particle herein described and an adjuvant, the immunogenic particle and

the adjuvant to be administered to the individual to immunize such individual.

[00116] The immunogenic NLPs or the immunogenic composition herein described can
also be administered to an individual to immunize the individual. Immunization can be
effected by simple intramuscular injection in either the shoulder area or in the gluteus
maximus hind muscular region. Particles could be delivered following solubilization in

sterile normal saline solution, for example. Such immunizations would be subject to
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practices and methods approved by the US government Food and Drug Administration

(FDA)

[00117] In particular, in some embodiments, the immunogenic NLPs can be used as
vaccines that can be prepared rapidly and are relatively stable affording the desired

protective immune response in accordance with attached immunogen.

[00118] The term “vaccine” as used herein indicates a composition, and in particular a
biological preparation, that establishes or improves immunity to a particular external
pathogenic assault, or an inherent transformational incident resulting in a cancerous
condition in mammals. Vaccines in the sense of the present description can be

prophylactic, or therapeutic.

[00119] With respect to commercial vaccine preparation, the binding of immunogens to
immunogenic NLPs is expected to both increase the potency of a vaccine antigen
(reducing the need to produce so much immunogen, hence reducing costs), and would be
expected to reduce the need for addition of a non-specific adjuvant making the vaccine
safer — since some adjuvants can produce pathogenic immune stimulation and making
vaccines less expensive to produce by removing the need for additional adjuvants.
Addition of His-tagged immune stimulators on these NiINLPs could provide for safe
stimulation of a more rapid and effective immune response (especially in the
immunocompromised, young, and the elderly), further enhancing the utility of these

vaccines in an emergency situation.

[00120] In several embodiments, the immunogenic particles are herein described and
related compositions, methods and systems allow cost effective and rapid development of
immunogenic compositions that are safe, enable immunization with multivalent/or broad-
spectrum response and at the same time, are able to elicit a high levels protection

following an adequate stimulation of an host immune response.

[00121] In several embodiments, the immunogenic particle, methods and systems herein

described allow a rapid and cost effective development of immunogenic compositions
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against a broad spectrum of immunogenic molecules such as infectious agents, and in

particular infectious agents for which a vaccine has not been developed, yet.

[00122] Additionally, in several embodiments, the immunogenic particle, methods and
systems herein described provide an immunostimulatory particulate delivery/platform
system that combined with anchor-bearing immunogenic molecules, such as but not
limited to recombinant protein epitopes, provide a new approach to vaccines

development.

[00123] Furthermore, in several embodiments, the immunogenic particle, methods and
systems herein described allow preparation of an immunogenic composition in an amount
of time that is considerably reduced compared with corresponding particles and systems

of the art.

[00124] More particularly, in several embodiments, the immunogenic particle, methods
and systems herein described allow rapid preparation of stable vaccine compositions
capable of eliciting a desired protective immune response against any attached

immunogenic molecule

[00125] Additionally, in several embodiments, the immunogenic particle, methods and
systems herein described can be used as particulate delivery systems, similar in size to
certain pathogens while also enabling clustered, oriented and concentrated antigen

presentation.

[00126] In several embodiments, the immunogenic particle, methods and systems herein
described allow incorporation in the immunogenic particles of secondary additives to

enhance immune response in the individual.

[00127] In some embodiments, the NLPs herein described can be used in connection with
delivery of an active target molecule, such as a drug or another molecule of interest that is

associated with a desired biological or chemical activity.
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[00128] In those embodiments, NLPs can be functionalized with at least two active target
molecules: a molecular recognition element (MRE) for specific tissue and/or cell
targeting and an active target molecule of interest able to provide the biological activity
on the specific tissue and/or cell targeted. In those embodiments the NLP acts as the
delivery vehicle for the active target molecule of interest, the MRE acts as the targeting
moiety that allows the active target molecule of interest to provide the

chemical/biological activity on the targeted tissue and/or cells.

[00129] The term “MRE” or “Molecular Recognition Element” as used herein, indicates
a compound that is capable of specifically binding at least another molecule, through
noncovalent bonding such as hydrogen bonding, metal coordination, hydrophobic forces,
van der Waals forces, pi-pi interactions, electrostatic, and/or electromagnetic effects. In
particular molecular recognition elements include moieties that can directly participate in
molecular recognition, and include, but are not limited to, proteins, peptides, nucleic

acids, organic molecules, inorganic molecules, carbohydrates, and lipids.

[00130] In these embodiments, NLPs will be assembled to contain at lcast two
functionalized membrane forming lipids (e.g. chelating lipid and thiol active lipid). The
MREs and the active target molecule(s) of interest can be functionalized to the NLP
surface using the chemical schemes outlined for conjugation of molecules of interest, ¢.g.

His-tagged MRE — chelated lipids and sulfthydroxl/drug-thiol active lipid.

[00131] In these embodiments, the relative amount of the two components, MRE and the
active target molecule of interest can be controlled through the relative amount of each
corresponding anchor-substrate moiety in the NLP bilayer surface. This can be controlled
by the input ratios of the membrane-forming and two functionalized anchor-substrate

lipids during assembly, as described in [0057].

[00132] In some embodiments, NLPs are expected to require a small percentage of a

reagent such as polyethylene glycol (PEG). PEG allows immunostimulatory particles to

evade degradation and uptake by the immune system, and thus will aid in stabilizing the

NLP-based drug delivery vehicle. PEGylation of the NLP particle will be achieved using
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commercially available lipid-PEG molecules (e.g. N-palmitoyl-sphingosine-1-

{succinyl[methoxy(polyethylene glycol)750]).

[00133] In particular, the active target molecule of interest can comprise a drug
compound and the NLPs herein described can be used in connection with delivery of the

drug compound alone or together with or other molecules of interest.

[00134] In those embodiments, NLPs can be functionalized with at least two target
molecules: a molecular recognition element (MRE) for specific tissue and cell targeting
(e.g. folic acid to target tumor cell surfaces via the folate receptor) and the active target
molecule, for example a therapeutic/pharmaceutical compound (e.g. drugs, proteins,
peptides). In this embodiment the NLP acts as the drug delivery vehicle, the MRE acts as
the targeting moiety and the drug acts as the therapeutic for treatment of the targeted

tissue and/or cells.

[00135] In some embodiments, the target molecule of interest can comprise a contrast
agent and the NLPs herein described can be used as an image contrast enhancement

agent.

[00136] In those embodiments, NLPs can be functionalized with two target molecules; a
molecular recognition element (MRE) for specific tissue and cell targeting (e.g. folic acid
to target tumor cell surfaces) and an image contrast enhancement compound (e.g.
gadolinium and/or derivatives thereof). In this embodiment the NLP acts as the image
contrast enhancement vehicle, the MRE acts as the targeting moiety and the image
contrast enhancement compound is used to enhance the contrast between the tissue of

interest (i.e. targeted tissue) and surrounding tissue.

[00137] In some embodiments, the target molecule of interest can comprise a signal
molecule and the NLPs herein described can be used in connection with target detection

and biosensors.

[00138] In those embodiments, NLPs are functionalized with two target molecules; a

molecular recognition element (MRE) for specific tissue, cell, molecular targeting (e.g.
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folic acid to target tumor cell surfaces) and a signal molecule for detection (e.g.
fluorophore). In this embodiment the NLP acts as the vehicle, the MRE acts as the

targeting moiety and the detection compound provides the signal necessary for detection.

[00139] In those embodiments, a labeled membrane forming lipid can also be used in
addition or as a substitute for the detection compound. In this scenario, NLPs will be
assembled to contain one functionalized membrane forming lipid (e.g. chelated lipid) for

conjugation of MREs and a labeled lipid.

[00140] The terms “signal molecule”, “label”, “labeled molecule” as used herein refer
to a molecule capable of detection, including but not limited to radioactive isotopes,
fluorophores, chemiluminescent dyes, chromophores, enzymes, enzymes substrates,
enzyme cofactors, enzyme inhibitors, dyes, metal ions, nanoparticles, metal sols, ligands
(such as biotin, avidin, streptavidin or haptens) and the like. The term “fluorophore”
refers to a substance or a portion thereof which is capable of exhibiting fluorescence in a
detectable image. As a consequence the wording and “labeling signal” or “detection
signal” as used herein indicates the signal emitted from the label that allows detection of
the label, including but not limited to radioactivity, fluorescence, chemolumiescence,

production of a compound in outcome of an enzymatic reaction and the likes.

[00141] In this embodiment, the labeled lipid can be a fluorescently labeled lipid (1-
Oleoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-Glycero-3-
Phosphocholine). Further, the detection signal can readily be enhanced and controlled by
the total ratio of fluorescently labeled lipid used in the NLP complex (1 — 100).

[00142] In some embodiments, any of the NLP herein described can be comprised in a
composition together with a suitable vehicle. The term “vehicle” as used herein indicates
any of various media acting usually as solvents, carriers, binders or diluents for an NLP

comprised in the composition as an active ingredient.
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[00143] In some embodiments, where the composition is to be administered to an
individual the composition can be a pharmaceutical anti-inflammatory composition, and

comprises an NLP and a pharmaceutically acceptable vehicle.

[00144] In some embodiments, an NLP can be included in pharmaceutical compositions
(e.g. a vaccine) together with an excipient or diluent. In particular, in some embodiments,
pharmaceutical compositions are disclosed which contain NLP, in combination with one
or more compatible and pharmaceutically acceptable vehicle, and in particular with

pharmaceutically acceptable diluents or excipients.

[00145] The term “excipient” as used herein indicates an inactive substance used as a
carrier for the active ingredients of a medication. Suitable excipients for the
pharmaceutical compositions herein disclosed include any substance that enhances the
ability of the body of an individual to absorb the NLP. Suitable excipients also include
any substance that can be used to bulk up formulations with NLP to allow for convenient
and accurate dosage. In addition to their use in the single-dosage quantity, excipients can
be used in the manufacturing process to aid in the handling of NLP. Depending on the
route of administration, and form of medication, different excipients may be used.
Exemplary excipients include but are not limited to antiadherents, binders, coatings
disintegrants, fillers, flavors (such as sweeteners) and colors, glidants, lubricants,

preservatives, sorbents.

[00146] The term “diluent” as used herein indicates a diluting agent which is issued to
dilute or carry an active ingredient of a composition. Suitable diluent include any

substance that can decrease the viscosity of a medicinal preparation.

[00147] In certain embodiments, compositions and, in particular, pharmaceutical
compositions can be formulated for systemic administration, which includes parenteral
administration and more particularly intravenous, intradermic, and intramuscular

administration.
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[00148] Exemplary compositions for parenteral administration include but are not
limited to sterile aqueous solutions, injectable solutions or suspensions including NLP. In
some embodiments, a composition for parenteral administration can be prepared at the
time of use by dissolving a powdered composition, previously prepared in a freeze-dried
lyophilized form, in a biologically compatible aqueous liquid (distilled water,

physiological solution or other aqueous solution).

[00149] The term “lyophilization” (also known as freeze-drying or cryodesiccation)
indicates a dehydration process typically used to preserve a perishable material or make
the material more convenient for transport. Freeze-drying works by freezing the material
and then reducing the surrounding pressure and adding enough heat to allow the frozen

water in the material to sublime directly from the solid phase to gas.

[00150] If a freeze-dried substance is sealed to prevent the reabsorption of moisture, the
substance may be stored at room temperature without refrigeration, and be protected
against spoilage for many years. Preservation is possible because the greatly reduced
water content inhibits the action of microorganisms and enzymes that would normally

spoil or degrade the substance.

[00151] Lyophilization can also causes less damage to the substance than other
dehydration methods using higher temperatures. Freeze-drying does not usually cause
shrinkage or toughening of the material being dried. In addition, flavours and smells
generally remain unchanged, making the process popular for preserving food. However,
water is not the only chemical capable of sublimation, and the loss of other volatile

compounds such as acetic acid (vinegar) and alcohols can yield undesirable results.

[00152] Freeze-dried products can be rehydrated (reconstituted) much more quickly
and easily because the process leaves microscopic pores. The pores are created by the ice
crystals that sublimate, leaving gaps or pores in their place. This is especially important
when it comes to pharmaceutical uses. Lyophilization can also be used to increase the

shelf life of some pharmaceuticals for many years.
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[00153] In pharmaceutical applications freeze-drying is often used to increase the shelf
life of products, such as vaccines and other injectables. By removing the water from the
material and sealing the material in a vial, the material can be easily stored, shipped, and

later reconstituted to its original form for injection

[00154] According to some embodiments, the functionalized membrane scaffold protein,
the scaffold protein, the target molecule and/or any of the NLPs here described can be

provided in a system.

[00155] In particular, a system for providing a target molecule presenting an anchor
compound in a nanoliproprotein particle can comprise the target molecule presenting an
anchor compound and a nanolipoprotein particle suitable as a platform for a target
molecule, comprising an anchor compound substrate attached to the functionalized
membrane forming lipid that is capable to bind the anchor compound presented on the

target molecule.

[00156] In some embodiments, a system for providing a nanolipoprotein particle suitable
as a platform for a target molecule can comprise a scaffold protein and a functionalized
membrane forming lipid presenting an anchor compound substrate capable of binding to
a corresponding anchor compound presented on the target molecule, and optionally a
membrane forming lipid. In the system, the membrane forming lipid, the scaffold protein
and the functionalized membrane forming lipid are to be assembled in the
nanolipoprotein particle according to methods for providing a nanolipoprotein particle

suitable as a platform for a target molecule.

[00157] The systems herein disclosed can be provided in the form of kits of parts. For
example the target molecule can be included as a molecule alone or in the presence of

lipids/detergents for transition in to nano-particles.

[00158] In a kit of parts, a functionalized membrane forming lipid, the membrane
forming lipid, the target molecule, and/or scaffold protein are comprised in the kit

independently possibly included in a composition together with suitable vehicle carrier or
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auxiliary agents. For example a target molecule can be included in one or more
compositions alone and/or included in a suitable vector. Also each of the membrane
forming lipid and functionalized membrane forming lipid can be included in a
composition together with a suitable vehicle carrier or auxiliary agent. Furthermore, the
functionalized membrane forming lipid and the target molecule can be included in

various forms suitable for appropriate incorporation into the NLP.

[00159] Additional components can also be included and comprise microfluidic chip,
reference standards, and additional components identifiable by a skilled person upon

reading of the present disclosure.

[00160] In the kit of parts herein disclosed, the components of the kit can be provided,
with suitable instructions and other necessary reagents, in order to perform the methods
here disclosed. In some embodiments, the kit can contain the compositions in separate
containers. Instructions, for example written or audio instructions, on paper or electronic
support such as tapes or CD-ROMs, for carrying out the assay, can also be included in the
kit. The kit can also contain, depending on the particular method used, other packaged

reagents and materials (such as wash buffers and the like).

[00161] Further details concerning the identification of the suitable carrier agent or
auxiliary agent of the compositions, and generally manufacturing and packaging of the
kit, can be identified by the person skilled in the art upon reading of the present

disclosure.
EXAMPLES

[00162] The methods and systems herein disclosed are further illustrated in the
following examples, which are provided by way of illustration and are not intended to be

limiting.

Example 1: Ni-NLP assembly
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[00163] NiNLPs were assembled according to previously reported procedures [Ref. 5]
and following the approach schematically illustrated in Figure 2A.

[00164] Briefly, lipids (10% DOGS-NTA-Ni and 90% DMPC) were solubilized in
chloroform and aliquoted into glass vials and solvent removed in vacuo. Lipids were then
dissolved in TBS buffer (10mM Tris, 150mM NaCl) using sodium cholate. A typical
NiNLP assembly contained E422K apolipoprotein, lipid, and 20mM cholate. Samples
were incubated at 23.8°C for at least 1 hour and then dialyzed overnight against TBS.
Separation by size exclusion chromatography (SEC) enabled purification of the NiNLPs.
Pooled NiNLP containing fractions were concentrated using 50k MWCO spin filters and
analyzed by native gel electrophoresis, i.e. 4-20% Tris-glycine polyacrylamide gels
followed by SyproRuby staining and fluorescent imaging. All assemblies were prepared

at a 130:1 molar ratio of lipid to E4 22k.

Example 2: His-tagged target protein preparation

[00165] His-tagged immunogen protein were assembled according to previously

reported procedures and following the approach schematically illustrated in Figure 2B.

[00166] In particular, His-tagged proteins were prepared according to the approach
illustrated in Figure 2B, by recombinantly expressing a protein of interest with a His-tag.
The His-tagged Env protein from WNYV used in the experiments exemplified herein was
produced by the use of a proprictary technology, but in principle many types of
recombinant technologies identifiable by a skilled person could be used to produce this as

well as other target protein of interest.

[00167] In particular, DNA expression systems could be utilized for its preparation. The
Env used in these studies was synthesized in a eukaryotic cell line (baby hamster kidney
— BHK cells) using a patented non-cytopathic Venezuelan equine encephalitic virus

replicon (VEErep) expression system [Ref. 1].

[00168] To ensure correct folding of Env, it was co-expressed in this VEErep with the

WNYV prM, since it has been shown that co-expression of these two flavivirus proteins is
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required for proper Env folding [Ref.2]. The Env gene was further modified by removal
of the nucleic acid sequences encoding the carboxy-terminal membrane binding domains
of Env, and replacing these with a synthetic DNA sequence encoding a dual glycine
spacer, and six histidine (His) residues. The VEErep containing this construct was also
engineered to contain an antibiotic resistance gene (puromycin acetyl transferase). BHK
cells transfected with the resulting VEErep were grown in the presence of puromycin
(10ug/ml) to produce BHK cell lines that constitutively expressed the VEErep and
secreted the His-tagged truncated Env protein into their culture fluid. This Env protein
has been reported to be a useful antigen for detecting antiviral responses to West Nile
encephalitis vaccines [Ref. 3], and is used in this report both as the immunogen for
NiNLP vaccine generation and as an enzyme-linked immunosorbent assay (ELISA)

antigen for detecting vaccine responses to the of Env.

Example 3: NiNLP:His-tagged protein assembly

[00169] NiNLPs assembled as exemplified in Example 1 above were conjugated with a
target protein including an antigen prepared as exemplified in Example 2, according to

the procedure schematically illustrated in Figure 2C.

[00170] In particular, NINLPs (0.1ug/ul) were incubated with various concentrations of
His-tagged proteins at room temperature for 45 minutes in a volume of 100uL. A portion
from each sample (60ul) was subsequently filtered using 100kDa Microcon molecular
weight cut-off spin filters and washed three times with 100ul. of buffer. For control
experiments, NiNLPs were pre-incubated in buffer containing 4mM EDTA for 45
minutes at room temperature. For these samples, the wash buffer also contained 4mM

EDTA.

[00171] The results are illustrated in Figure 3. NiNLP:Env complexes show two bands
corresponding to their constituent proteins. When EDTA is added, the complex formation

is abrogated as expected following Ni removal by EDTA sequestration.
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[00172] This His-tag:Ni interaction exemplified in this Example in connection with
Example 1 and 2 was used to conjugate proteins to our NiNLPs, including a bacterial
toxin subunit (BoNT), three bacterial cytosolic proteins of various sizes from Y. pestis,
and the envelope protein (Env) from West Nile virus (WNV), effectively demonstrating
the versatility of this conjugation approach. The immobilization of these His-tagged
proteins on the NiNLP surface was verified by four independent techniques: size
partitioning by centrifugal filtration, size exclusion chromatography (SEC), surface
plasmon resonance (SPR) and atomic force microscopy (AFM). Figure 4 illustrates
ability of AFM to monitor the presence of antigens on the NiNLP surface, as
demonstrated by the increase in NiNLP height upon incubation with His-tagged antigen.
Figure 5 shows the results of conjugation of his-tagged LsrB as measured by Surface
Plasmon Resonance (SPR). After NiNLP injection, absoption to the lipophilic SPR chip
was monitored by change in SPR at the surface. Upon injection of his-tagged LsrB, a Y.
pestis protein that is part of the ABC transporter complex, a second change in SPR was
observed as indicated by the second peak in the SPR profile. After injection of LsrB-his
was stopped a slow and gradual decrease in the SPR signal was observed, indicative of

LsrB-his unbinding.

[00173] NiNLP production for conjugation to His-tagged proteins performed according
the procedure exemplified above and schematically illustrated in Figure 2, allows
performing NiNLP synthesis with control over constituents, size, and functional density.
In particular, following the above procedure, conjugation of His-tagged protein to NiNLP
can be accomplished in minutes, providing basis for Just-In-Time (JIT) wvaccine

development.

Example 4: Immune response associated with administration of NINLP-Immunogen

assemblies

[00174] To assess the immune response derived from NiNLP:Env constructs, samples
were injected into groups of mice, each containing 5 outbred female 6-week-old Swiss

Webster mice. NINLP, Env and diluent (tissue culture media) were injected into their
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respective groups of mice and served as experimental controls. Collected antisera showed
reactivity towards the WNV Env protein in two tests. In the first test, individual sera were
diluted 1:100, and tested for their ability to react with WNV E protein in an ELISA assay
[Ref. 3].

[00175] The results illustrated in Figure 6, demonstrate immunity to Env in all sera
collected from mice vaccinated with NINLP:Env. Sera that were collected from mice
vaccinated with NINLP (alone) or Env (alone) displayed reactivity to Env
indistinguishable from mice vaccinated with diluent (Figure 6).

[00176] In a second series of experiments, WNV neutralization tests were performed by
mixing pools of the 21-day post-vaccination sera collected from these mice with a WNV

virus-like particle surrogate for fully infectious WNV [Ref. 3].

[00177] The results of this test, illustrated in Figure 7, demonstrate that only the pool of
sera from the mice that were vaccinated with NiNLP:Env displayed significant
neutralizing activity. Specifically, these sera showed the ability to neutralize 90% of the
input VLPs at a sera dilution of 1:160, whereas none of the other sera displayed

detectable 90% neutralization at any serum dilution tested (Figure 7).

[00178] When injected into mice, NINLP:Env constructs gave rise to anti-Env antibody
responses significantly better than Env alone, and NiNLP:Env preparation produced a

WNV-neutralizing antibody response better than Env alone.

Example 5: Protection from antigen challenge following administration of NiNLP-

antigen assemblies

[00179] The ability of NiNLP:Env to protect mice from virulent WNV challenge was
performed as previously described [Ref. 3]. Briefly, at 5 weeks post vaccination, the

animals treated as exemplified in Example 3 and related Figures 6 and 7, were injected

by the intraperitoneal (IP) route with 1,000 focus-forming units of WNV, estimated to be
approximately 10X 50% lethal doses (LDs) of virus in 9-week old animals, and observed

daily for 21 days. Animals that appeared to be so ill that they would not survive until the
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next day were euthanized for animal welfare reasons, and recorded as having died the

following day.

[00180] The data concerning surviving animals were plotted in the chart illustrated in
Figure 8. The survival curve shown in Figure 8 demonstrated that all mice inoculated
with NiINLP:Env survived to 21 days post challenge when the experiment was
terminated. The control populations succumbed to infection with the exception of two
animals the received Env protein, and one animal in each of the NiNLP (alone) or diluent
groups. Application of Fisher’s exact test to the 21-day survival data show a significant
differences between each of the NiNLP:Env groups and diluent (or NiNLP only) and a

significant difference between the combined NLP:Env groups and Env (alone).

[00181] When these animals were challenged by intra-peritoneal (IP) administration of
live, fully infectious West Nile virus, 100% of the NiNLP:Env-vaccinated animals
survived, whereas 60% of the animals vaccinated with Env alone died. At the day of
experiment end (day 21) none of the animals remaining showed any signs of illness

(lethargy, paralysis, ruffled fur), and all had a weight within 5% of challenge-day weight.
gy, p

[00182] The approach outlined in the present example section is representative of a more
general strategy wherein any protein with a His-tag can be used to generate a NLP-based
construct in a matter of a few hours and can be administered to afford protective
immunity. The approach offers one more advantage; since the NiNLP offers the ability to
co-deliver immune stimulators (including, but not limited to: chemokines, cytokines,
pattern-recognition receptor (PRR) —agonists, or other immune stimulatory molecules,
synthetic or natural, known or unknown at this time) similarly derivatized with a His-tag,
providing for enhances, specific, rapid immune stimulation at the site of NiNLP/antigen
delivery/uptake. Given the rapidity of preparation, Applicants have coined the term JIT-
vaccines; JIT comes from Just-In-Time moniker associated with well practiced
manufacturing processes designed to be maximally productive and efficient while

maintaining minimal inventory stock.
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[00183] Applicants have successfully produced numerous NLPs varying in
apolipoprotein (scaffold protein) identity and lipid composition. While the goal of NLP
development focuses on the incorporation of membrane proteins within the lipid bilayer,
the NLPs can also be used as a platform for the conjugation of any His-tagged protein.
This is accomplished by introducing low amounts of nickel-chelating lipids during the
formation process, resulting in the presentation of chelated nickel to an environment
external to the lipid bilayer that is contained by the NLP itself — we refer to these new
NLP constructs as NiNLPs. Applicants have used this His-tag:Ni interaction to conjugate
proteins to our NiNLPs, including a bacterial toxin subunit (BoNT), three bacterial
cytosolic proteins from Y. pestis, and the envelope protein (Env) from West Nile virus
(WNV), effectively demonstrating the versatility of this conjugation approach. The
immobilization of these His-tagged proteins on the NiNLP surface was verified by four
independent techniques: size partitioning by centrifugal filtration, size exclusion
chromatography (SEC), surface plasmon resonance (SPR) and atomic force microscopy

(AFM).

Example 6: Biotinvl-NLP assembly

[00184] Biotinyl-NLPs were assembled in a similar manner to NiNLPs described in
Example 1.

[00185] Briefly, lipids (2% 18:1 Biotinyl Cap PE and 98% DMPC) were solubilized in
chloroform and aliquoted into glass vials and solvent removed in vacuo. Lipids were then
dissolved in TBS buffer (10mM Tris, 150mM NaCl) using sodium cholate. A typical
Biotinyl-NLP assembly contained E422K apolipoprotein, lipid, and 20mM cholate.
Samples were incubated at 23.8°C for at least 1 hour and then dialyzed overnight against
TBS. Separation by size exclusion chromatography (SEC) enabled purification of the
Biotinyl-NLPs. Pooled Biotinyl-NLP containing fractions were concentrated using 50k
MWCO spin filters and analyzed by native gel electrophoresis, i.e. 4-20% Tris-glycine
polyacrylamide gels followed by SyproRuby staining and fluorescent imaging. Typical

assemblies were prepared at a 130:1 molar ratio of lipid to E4 22k.
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Example 7: Biotinyl-NLP:Neutravidin assembly

[00186] Biotinyl-NLPs as exemplified in Example 6 were conjugated with neutravidin.

[00187] In particular, Biotinyl-NLPs (2 ug/mL) were immobilized on a Biocore 3000/L1
chip. A solution containing 1.35 uM neutravidin was flowed over the immobilized
Biotinyl-NLPs. Conjugation of neutravidin to Biotinyl-NLPs was monitored over time, as

indicated in Figure 9. Figure 9 shows the results of conjugation of Neutravidin to

Biotinyl-NLPs as measured by SPR. After Biotinyl-NLP injection, absoption to the
lipophilic SPR chip was monitored by change in SPR at the surface. Upon injection of
neutravidin, a second change in SPR was observed as indicated by the second peak in the
SPR profile. After injection of neutravidin was stopped a very slow and gradual decrease

in the SPR signal was observed, indicative of neutravidin unbinding.

Example 8: Example of Maleimide-NLP assembly

[00188] Malecimide-NLPs were assembled in a similar manner to NiNLPs described in

Example 1.

[00189] Briefly, lipids (10% 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine-N-
[4-(p-maleimidophenyl)butyramide] (sodium salt) and 90% DMPC) were solubilized in
chloroform and aliquoted into glass vials and solvent removed in vacuo. Lipids were then
dissolved in TBS buffer (10mM Tris, 150mM NaCl) using sodium cholate. A typical
Maleimide-NLP assembly contained E422K apolipoprotein, lipid, and 20mM cholate.
Samples were incubated at 23.8°C for at least 1 hour and then dialyzed against TBS.
Separation by size exclusion chromatography (SEC) enabled purification of the
Maleimide-NLPs. Pooled Maleimide-NLP containing fractions were concentrated using
50k MWCO spin filters and analyzed by native gel electrophoresis, i.e. 4-20% Tris-
glycine polyacrylamide gels followed by SyproRuby staining and fluorescent imaging.
Typical assemblies were prepared at a 130:1 molar ratio of lipid to E4 22k.

Example 9: Prophetic example of Maleimide-NLP:thiolated oliconucleotide

conjugation
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[00190] Maleimide-NLPs as exemplified in Example 8 can be conjugated to thiolated

oligonucleotides.

[00191] In particular, commercially available thiolated oligonucleotides (e.g. HS-CpG,
22 nucleotides in length with 5’ sulthydryl) are reduced in 5mM (tris(2-
carboxyethyl)phosphine) (TCEP) in TBS buffer (10mM Tris, 150mM NaCl). Free TCEP
can be removed using a desalting column. The reduced, thiolated oligonucleotide is then
incubated with the Maleimide-NLPs at range of molar ratios between 2 and 50 for 2

hours. Conjugation can then be monitored by SEC and/or native gel electrophoresis.

Example 10: Prophetic example of Azido-NLP assembly
[00192] Azido-NLPs can be assembled in a similar manner to NiNLPs described in

Example 1.

[00193] Briefly, 2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE) is reacted
with 3-(azidotetra(ethylencoxy))propionic acid, succinimidyl ester to form an azido-
functionalized lipid (Azido-DMPE). Lipids (10% Azido-DMPE and 90% DMPC) are
solubilized in chloroform and aliquoted into glass vials and solvent removed in vacuo.
Lipids are then dissolved in TBS buffer (10mM Tris, 150mM NaCl) using sodium
cholate. A typical Azido-NLP assembly will contain E422K apolipoprotein, lipid, and
20mM cholate. Samples are incubated at 23.8°C for at least 1 hour and then dialyzed
overnight against TBS. Separation by size exclusion chromatography (SEC) enabled
purification of the Azido-NLPs. Pooled Azido-NLP containing fractions are concentrated
using 50k MWCO spin filters and analyzed by native gel electrophoresis, i.e. 4-20% Tris-
glycine polyacrylamide gels followed by SyproRuby staining and fluorescent imaging.
Typical assemblies are prepared at a 130:1 molar ratio of lipid to E4 22k.

Example 11: Prophetic example of Azido-NLP:propargvl-fluorophore conjugation

[00194] Azido-NLPs as exemplified in Example 10 can be conjugated to the
commercially-available alkyne-containing fluorophore Alexa Fluor® 488 alkyne (Alexa

Fluor® 488 5-carboxamido-(propargyl), bis(tricthylammonium salt)).
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[00195] In particular, commercially-available alkyne-containing fluorophore Alexa
Fluor® 488 alkyne  (Alexa  Fluor® 488 5-carboxamido-(propargyl),
bis(triethylammonium salt)) is incubated with the Azido-NLP in TBS buffer (10mM Tris,
150mM NaCl) supplemented with ascorbic acid and copper (II) sulfate for 1 hour.

Reaction product is purified and monitored by SEC and/or native gel electrophoresis.

Example 12: Prophetic example of Maleimide/Ni-NLP assembly
[00196] Maleimide/Ni-NLPs can be assembled in a similar manner to NiNLPs described

in Example 1.

[00197] Briefly, lipids (5% 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine-N-
[4-(p-maleimidophenyl)butyramide] (sodium salt), 5% DOGS-NTA-Ni and 90% DMPC)
are solubilized in chloroform and aliquoted into glass vials and solvent removed in vacuo.
Lipids are then dissolved in TBS buffer (10mM Tris, 150mM NaCl) using sodium
cholate. A typical Maleimide/NiNLP assembly will contain E422K apolipoprotein, lipid,
and 20mM cholate. Samples are incubated at 23.8°C for at least 1 hour and then dialyzed
against TBS. Separation by size exclusion chromatography (SEC) enables purification of
the Maleimide/NiNLPs. Pooled Maleimide/NiNLP containing fractions are concentrated
using 50k MWCO spin filters and analyzed by native gel electrophoresis, i.e. 4-20% Tris-
glycine polyacrylamide gels followed by SyproRuby staining and fluorescent imaging.
Typical assemblies are prepared at a 130:1 molar ratio of lipid to E4 22k.

Example 13: Prophetic example of Maleimide/NiNLP conjugation to thiolated

oliconucleotide and His-tagged protein

[00198] Maleimide/NiNLPs as exemplified in Example 12 can be conjugated to the

commercially-available CpG thiolated oligonucleotide and His-tagged envelope protein

from West Nile virus.

[00199] In particular, commercially available CpG thiolated oligonucleotides is reduced
in SmM (tris(2-carboxyethyl)phosphine) (TCEP) in TBS buffer (10mM Tris, 150mM
NaCl). Free TCEP is then being removed using a desalting column. The reduced,

thiolated oligonucleotide is then incubated with the Maleimide/NiNLPs at a molar ratio
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of 10 for 2 hours. Maleimide/NiINLP:CpG is then purified by SEC. After purification,
Maleimide/NiNLP:CpG conjugates are then incubated with His-tagged envelope protein
at a molar ratio of 5 for one hour. Conjugation can then be monitored by SEC and/or

native gel electrophoresis.

[00200] In summary, described herein in several embodiments are functionalized
nanolipoprotein particle presenting an anchor substrate compound for binding with a
corresponding anchor compound presented on a target molecule, and related

compositions methods and systems.

[00201] The examples set forth above are provided to give those of ordinary skill in the
art a complete disclosure and description of how to make and use the embodiments of the
particles, systems and methods of the disclosure, and are not intended to limit the scope
of what the inventors regard as their disclosure. Modifications of the above-described
modes for carrying out the disclosure that are obvious to persons of skill in the art are
intended to be within the scope of the following claims. All patents and publications
mentioned in the specification are indicative of the levels of skill of those skilled in the
art to which the disclosure pertains. All references cited in this disclosure are
incorporated by reference to the same extent as if each reference had been incorporated

by reference in its entirety individually.

[00202] The entire disclosure of each document cited (including patents, patent
applications, journal articles, abstracts, laboratory manuals, books, or other disclosures)
in the Background, Summary, Detailed Description, and Examples is hereby incorporated

herein by reference.

[00203] It is to be understood that the disclosures are not limited to particular
compositions or biological systems, which can, of course, vary. It is also to be understood
that the terminology used herein is for the purpose of describing particular embodiments
only, and is not intended to be limiting. As used in this specification and the appended
claims, the singular forms "a," "an," and "the" include plural referents unless the content

clearly dictates otherwise. The term “plurality” includes two or more referents unless the
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content clearly dictates otherwise. Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly understood by one of ordinary

skill in the art to which the disclosure pertains.

[00204] Although any methods and materials similar or equivalent to those described
herein can be used in the practice for testing of the specific examples of appropriate

materials and methods are described herein.

[00205] A number of embodiments of the disclosure have been described. Nevertheless,
it will be understood that various modifications may be made without departing from the
spirit and scope of the present disclosure. Accordingly, other embodiments are within the

scope of the following claims.
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WHAT IS CLAIMED IS
1. A nanolipoprotein particle suitable as a platform for a target molecule, the nanolipoprotein
particle comprising

a scaffold protein, and

a functionalized membrane forming lipid presenting an anchor compound substrate,

wherein the anchor compound substrate is capable of binding a corresponding anchor compound

presented on the target molecule.

2. The nanolipoprotein particle of claim 1, wherein the anchor compound substrate is a

molecule chelating a bivalent metal ion and the anchor compound is a polyhistidine molecule.

3. The nanolipoprotein particle of claim 2, wherein the bivalent metal ion is selected from the

group consisting of Ni**, Zn*"", Co*', and Cu*".

4. The nanolipoprotein particle of claim 1, wherein the anchor compound substrate is a

negatively charged moiety and the anchor compound is a poly-arginine molecule.

5. The nanolipoprotein particle of claim 1, wherein the anchor compound substrate is a

glutathione and the anchor compound is Glutathione S-transferase (GST).

6. The nanolipoprotein particle of claim 1, wherein the anchor compound substrate is biotin
and the anchor compound is selected from the group consisting of avidin, streptavidin and

neutravidin.

7. The nanolipoprotein particle of claim 1, wherein the anchor substrate compound is a thiol
and the anchor compound is selected from the group consisting of maleimide derivatives,

haloacetamides, pyridyldithio-propionate and thiosulfates.

8. The nanolipoprotein particle of claim 1, wherein the anchor compound substrate is selected
from the group consisting of maleimide derivatives, haloacetamides, pyridyldithio-propionate

and thiosulfates, and wherein the anchor compound is a thiol presenting anchor compound.
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9. The nanolipoprotein particle of claim 1, wherein the anchor compound substrate is an amine
and the anchor compound is selected from the group consisting of active esters, activated
carboxylic acids, isothiocyanates, sulfonyl chlorides, dichlorotriazines, aryl halides and acyl

azides.

10. The nanolipoprotein particle of claim 1, wherein the anchor compound substrate is selected
from the group consisting of active esters, activated carboxylic acids, isothiocyanates, sulfonyl
chlorides, dichlorotriazines, aryl halides and acyl azides, and wherein the anchor compound is an

amine molecule.

11. The nanolipoprotein particle of claim 1, wherein the anchor compound substrate is an azide

molecule and the anchor compound is an acetylene molecule.

12. The nanolipoprotein particle of claim 1, wherein the anchor compound substrate is an

acetylene molecule and the anchor compound is an azide molecule.

13. The nanolipoprotein particle of claim 1, wherein the anchor compound substrate is selected
from the group consisting of hydrazines, hydroxylamines or aromatic amines and the anchor

compound is an aldehyde or ketone molecule.

14. The nanolipoprotein particle of claim 1, wherein the anchor compound substrate is an
aldehyde or ketone molecule and the anchor compound is selected from the group consisting of

hydrazines, hydroxylamines and aromatic amines.

15. The nanolipoprotein particle of anyone of claims 1 to 14, wherein the functionalized

membrane forming lipid is a biological molecule.

16. The nanolipoprotein particle of anyone of claims 1 to 15, further comprising a membrane

forming lipid.

17. The nanolipoprotein particle of claim 10, wherein the membrane forming lipid is a

biological molecule.

18. The nanolipoprotein particle of anyone of claims 1 to 17, wherein the scaffold protein is an
apolipoprotein.
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19. The nanolipoprotein particle of anyone of claims 1 to 18, further comprising the target
molecule attached to the functionalized membrane forming lipid, through binding of the anchor

compound with the anchor compound substrate.

20. The nanolipoprotein particle of claim 19, wherein the nanolipoprotein particle is configured

to present at least one target molecule on a surface of said nanolipoprotein particle.

21. A composition comprising a nanolipoprotein particle according to anyone of claims 1 to 20

and a suitable vehicle.
22. A nanolipoprotein particle comprising a hydrophilic target molecule, the nanolipoprotein
particle comprising;:

a scaffold protein

a hydrophilic target molecule attaching an anchor compound, and

a functionalized membrane forming lipid attaching an anchor compound substrate,

wherein the functionalized membrane forming lipid attaches the hydrophilic target molecule

through binding of the anchor compound substrate with the anchor compound.
23. A nanolipoprotein particle comprising

multiple target molecules attached to the nanolipoprotein particle formed by assembling a

functionalized membrane forming lipid and a scaffold protein,

wherein each of the multiple target molecules attaches an anchor compound, and the

functionalized membrane forming lipid attaches an anchor substrate compound, and

wherein the anchor compound binds the anchor substrate compound thus attaching each of the

target molecules to the functionalized membrane forming lipid.

24. The nanolipoprotein particle of claim 23, wherein the anchor compound comprises two or
more anchor compounds each specifically binding distinct or same target molecules of the

multiple target molecules.
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25. A nanolipoprotein particle comprising:
an active target molecule attaching a first anchor compound,

a molecular recognition element capable of specifically bind to a predetermined target

molecule, the molecular recognition element attaching a second anchor compound
a scaffold protein,

a first functionalized membrane forming lipid attaching a first anchor compound substrate

and

a second functionalized membrane forming lipid attaching a second anchor compound

substrate;

wherein the active target molecule is attached to the functionalized membrane forming lipid

through binding of the first anchor compound with the first anchor compound substrate,

the molecular recognition element is attached to the functionalized membrane forming lipid
through binding of the second anchor compound with the second anchor compound substrate,

and

wherein the nanolipoprotein is configured to present the active target molecule and the molecular

recognition element on said nanolipoprotein particle.

26. The nanolipoprotein particle of claim 25, wherein the first anchor compound substrate
specifically binds the first anchor substrate and the second anchor compound specifically binds

the second anchor substrate.

27. The nanolipoprotein particle of claim 24 or 25, wherein the active target molecule is a drug,

a contrast agent or a labeled molecule.

28. A composition comprising a nanolipoprotein particle according to anyone of claims 24 to 27

and a suitable vehicle.

29. The composition of claim 28, wherein the active target molecule is a drug, the composition
is a pharmaceutical composition and the suitable vehicle is a pharmaceutically acceptable

vehicle.
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30. The composition of claim 28, wherein the active target molecule is a contrast agent, the
composition is a pharmaceutical composition and the suitable vehicle is a pharmaceutically
acceptable vehicle.

31. A method to delivery an active target molecule to a target cell, the method comprising:

providing a nanolipoprotein particle according to any one of claims 25 to 27, the

nanolipoprotein particle presenting the active target molecule;

providing the target cell, the target cell presenting a binding molecule capable of specifically

binding to the molecular recognition element; and
contacting the nanolipoprotein particle with the target cell to allow specific binding of the
molecular recognition element with the binding molecule.

32. An immunogenic particle comprising:

a membrane forming lipid, a scaffold protein, and a functionalized membrane forming
lipid attaching an anchor compound substrate assembled in a nanolipoprotein particle;

and
a target molecule comprising an immunogen and attaching an anchor compound;

wherein the target molecule is attached to the functionalized membrane forming lipid through

binding of the anchor compound with the anchor compound substrate, and

wherein the target molecule is configured to present the immunogen on a surface of the

nanolipoprotein particle.

33. An immunogenic composition comprising at least one immunogenic nanolipoprotein

particle according to claim 32, together with a suitable adjuvant.

34. A method to immunize an individual, the method comprising

administering to the individual at least one of the immunogenic particles of claim 32.

35. A system to immunize an individual, the system comprising:

the immunogenic particle of claim 32 and an adjuvant,
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wherein the immunogenic particle and the adjuvant are to be administered to the individual to

immunize the individual.
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