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TARGETED GLYCOSAMINOGLYCAN-PARTICLES AND METHODS OF USE

INCORPORATION BY REFERENCE TO ANY PRIORITY APPLICATIONS
(6001 Any and all apphications for which a foreign or domestic priority claim is
identified, for example, i the Application Data Sheet or Request as filed with the present
apphication, are hereby incorporated by reference under 37 CFR 1.57, and Rules 4,18 and
20.6, such as U8, Provisional Application No. 63/222,622, filed July 16, 2021 are hereby

mcorporated by reference in their entirety.

BACKGROUMD
[60602] Certain polymers, mcluding polyiethylene glveol] {(PEG) have been

approved by the Food and Drug Admivstration (FDA) for use as part of therapeutic
comapositions.  In addition, we have described Heparosan (HEP, N-acetylheparosan) as an
agent that can provide some therapeutic benefits when linked to different types of drug
composttions {LIS Patent No. 9,925 209 ssued on March 27, 2018},

[8683] Nanoparticles provide [exible platforms for the development of drug
dehivery technologies, discase diagnostics, and vaccings. Yet, upon sxposure to physiological
fluids, protemns adsorb onto the nanoparticle surface to form a layver termed the protein
corona. Thigs protein corong can alter the biological fate and immunogenicity of
nanopariicles. For example, certain proteins can undergo configurational changes upon
adsorption to nancoparticle surfaces, potentially resulting in nanoparticle aggregation or the
presentation of novel antigenic sites. To address this challenge, nanoparticle surface
modifications with svnthetic polymers have been used in nanomedicine to enhance colloidal
stability and reduce the non-specific protein adsorption.

[8004] While the FI3A has approved the clinical use of nanoparticles with
polyvmer coatings, such as poly{ethylene glycol} (PEG) and dextran, these coating agents
have been reporied in some cases to adversely unpact nanomedicine safety and efficacy.
These reports have raised growing clinical concern about anti-PEG immunogenicity, which
may be amplified by the widespread use of PEG in cosmetics, health care products, and over-

the-counter medications as well as the recently introduced COVID-19 vaccines employing
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PEG-based nanoparticles. Anti-PE(G antibodies can bind to PEGylated nanoparticles, which
may induce undesired immune responses, including premature clearance of nanomedicines,

allergic reactions, and anaphvlaxis.

BRIEF DESCRIPTION OF THE DRAWINGS
[0005] Figopre | is a schematic diagram of a model of heparosan-coated
nanoparticle being incubated with an antigen presenting cell and showing fow adsorption to
serum proteins.
{0006] Figure 2 is a schematic of the process of methods for attaching heparosan

N

to a gold nanoparticle {AaNP}. Process (A) shows the general surface attachment strategy of
OPSS-terminated HEP (OPSS-HEP) Process {(B) shows Nalt aging method wherein (1)
OPSS-HEP 13 mixed with colloidally dispersed citrate-coated AuNPs and (11} the ionic
strength of the dispersion is then increased by the step-wise addition of a Na{l sclution
{denoted with multiple arrows} Process {) 15 a pH method wherein (1) OPSS-HEP is mixed
with colloidally dispersed citrate~coated AulNPs and {11} the pH of the coliondal dispersion is
subsequently decreased fo approximately pH 3 by the one-step addition of a hydrochloric
acid solution.

{00071 Figure 3 is a set of panels showing characterization of heparosan (HEP)
surface moditication using 135-nm AulNPs. Panel (A) shows that dynamic light scattering
{DLS) was used to measure the hydrodynanuc diameter of 15-nm AulNPs after mixing with
various amounts of HEP per nnt® of nanoparticle surface area with vortexing {without
changes in salt concentration {salt aging) or pH reduction}. The increase m hyvdrodynamic
diameter of only ~3 nm suggested that HEP did vnot efficiently conjugate AulNPs. Bars
mdicate mean + SD (n=3). Panel (B) shows the DLS results of 15-nm AuNPs muxed with
various amounts of HEP per nm’ nanoparticie surface area and addition of saline (salt aging)
or subsequent decrease i pH {(pH reduction method). The moerease in hydrodynamac
diameter of ~49 nm suggested efficient HEP conjugation. Bars mdicate mean £ 5D (n=3}.
Statistical tests were performed by two-way ANOVA; ns indicates no statstically
significant differences. Pasels (C-D) shown representative TEM muicrographs of 15-nm
citrate~coated AuNPs with a diameter of 149 £ 0.6 nm {(Panel C} and HEP-AuNPs with a

diameter of 247 + 1.4 nm (Panel D} Citrate-coated AuNPs (Panel ) and HEP-AuNPs
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{Panel D were stained with 2% urany! acatate. The light grev halo around the darke AuNP
core corresponds to the HEP coating or shell of the surface in Panel I3, Scale bar indicates 50
nm. Panel (E) shows a size analysis of 15 nm citrate- and HEP-AuNPs by TEM imaging. The
core only is the core size of citrate-AuNPs of Panel C (control; red bar}. The core of HEP-
AuNPs of Panel D) is represented by a brown bar. The diameter of the core and shell of HEP-
AulNPs of panel D 15 represented by a slanted hined brown bar. Bars indicate mean + 5D,
Statistical lests were perfommed by one-way ANOVA {(p<0.0001 (¥¥*¥*), ns mdicales no
statistically sigmificant differences) Panel (F} 15 a schematic of AuNP surface modification
with radiolabeled HEP. Panel {G) shows a line graph of a radiochemical assessment of HEP
coating density. Liquid scintillation analysis was used to measure the “H radicactivity in
comparison to coating density (the addition of ["HJ-HEP per nm’) conjugated to 15-nm
AulPs.

{0008] Figure 4 shows nanoparticle surface engineering with heparosan reduces
protein corona formation. Panel (A) is a schematic representation of nanoparticle protein
corona formation with and without HEP coating, Panels (B) and (C) show that dynamuc light
scattering {DLS) was used to compare the hydrodvnamic diameter differences before and
after FBS incubation {slanied lined bars stand for incubation with FBS) of citrate-coated {(B;
0 HEP/om?) and HEP-coated (Panel ) 15-, 55-, or 100-nm AuNPs. Bar graphs indicate
mean + 8D (n=3). Statistical tests were performed by two-way ANOVA (p<0.0001). Panel
{I3) shows the quantitative BCA protemn assay results for HEP- or PEG-coated 55-nm AulNPs
created by increasing arnounts of polymer added {o coating reactions. Resulis are presented
as mean =+ SD (n=3}. Panels (E) and (F} are SDS-PAGE gels showing the qualitative
omolecular composition of the adsorbed FBS protein layer on 55-nm AulNPs with various
surface HEP (Panel E) or PEG densities {Panel Fi. The coating densities represent the added
amount of polymers in a coating reaction per nanoparticle surface area.

[0009] Figure 8§ shows the oytotoxicity, hemolysis, and cell uptake of HEP- and
PEG-modified 55-nm AulNPs. Panel {A) shows a cell viability test of RAW 264. 7 or J774A
macrophages treated with 1 nanoMaolar HEP-AulPs for 48 h with control groups {cells with
PEG- AulNPs or without AulNPs) by XTT assay. Bar graphs indicate mean £ 8D (n=5}. Panel
{(B) shows the results of a hemolysis assay of 55-nm nanoparticles (1-nM HEP- or PEG-

AuNPs finaly. Ix PBS or 1% Triton-X 100 were used as negative and posttive controls,
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respectively. Bar graphs indicate mean + 8D {n=3). Panel (C} shows the results of cell uptake
assavs: HEP-AuNPs or conirel PEG-AulNPs were incubated with B16F10 murine melanoma,
C2C12 murine muscle cells, J774A 1 murine macrophages, RAW 2647 murine
macrophages, or DU2Z. 4 murine dendritic cells. ICP-MS was performed to guanufy cell
uptake of nanoparticles. About 70x, 230x, and 45x more HEP-AuNPs were internalized than
PEG-AulNPs 1n J774A.1 macrophage, RAW 264.7 macrophage, and DC 2.4 dendric cells,
respecitvely. Bar graphs indicate mean + S {n-3-4} Panel (I3} shows the elfect of FBS
{protein corona} on cellular uptake of HEP-AuNPs with control (PEG-AuNPs) when
ncubated with J774A 1 murine macrophages, RAW 264 7 murine macrophages, and DC2 4
murine dendritic cells. ICP-MS was performed to guantify nanoparficles cell uptake. No
significant difference was observed with FBS-treatment as in panel . Bar graphs indicate
mean + S} {n=3-4}) Panel (£} shows confocal laser scanning microscopy images of HEP-
and PEG-coated AuNPs incubated with DC2 4 dendritic cells for 3 hours. The added coating
reagents for the preparations of HEP-AuNPs and PEG-AuNPs in this figure was ~35
polymers/nm”. The scale bar indicates 20 um.

jO81 6 Figure 6 shows that the cellular uptake of heparosan (HEP) modified gold
nanoparticles (AulNPs} is time-dependent. Panel {A) is representative brightfield light
micrographs of HEP-AuNPs internalization in RAW 264.7 macrophages at 0 h, 1 h, 3 h, and
9 h. Scale bar: 50 um. Panel (B} i5 ICP-MS results of 55-nm HEP-AuNPs uptake 11 RAW
264.7 macrophages over time. The data points indicate mean values and standard deviation
{n=3-4) Panel (C) is real-tuime confocal laser scanning microscopy (CLSM) maging of HEP-
AuNP mternalization in live RAW 264.7 macrophages. Scale bars: 20 pm. Panel (D) shows a
representative individual cell image which was selected from Panel (€} The rnight panel
shows the AuNPs channel. Scale bars: 10 pm. Panel {E) 15 fransmission electron micrographs
of 55-nm HEP-AuNP internalization m RAW 264.7 after 3 b, 6 h, and 24 b incubation. The
ingsert at the bottom right corner of each rmwerograph shows a higher magnification view of
the selected field of view sections. Scale bars: 500 nm

[001 1} Figare 7 shows that HEP-coated nanoparticles enter innate immune cells
through an endocvtotic pathway. Panel {A) is a schematic representation of the uptake
pathway study: (i) vov-speaific endocyiosis inhibition to determine whether nanoparticle

cellular uptake 5 energy-dependent. (i~iv) Specific endocyiosis whibitors for studying (1Y)
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caveolae-mediated  endocvtosis, {1} clathrin-mediated  endocytosis, and  (iv)
macropinocytosis. Panels (B) to () are ICP-MS quantification of the nancparticle cellular
uptake in RAW 2647 macrophages at 4°C - Panel (B}, in the presence of ATPase inhubitor
sodium azide - Panel (), or chemical endocyviosis inhibitors of caveolae-mediated
endocytosis, clathrin-mediated endocytosis, and micropinocytosis - Panel {3 AuNPg
modified with 13-kiDa HEP {(at 0.2 nM} were used as control without inthibitors at 37°C. Bars
mdicate mean = SD (n-3-4}); statistical tesls used one-way ANOVA {(p<G.0001 (¥*+%%),
p<0.0021 (%% p<0.0332 (%),

{0012 Figure 8 shows nanoparticle surface coating with HEP promotes
multivalent mteractions with innate unmune cells. Panel {A) shows a schematic
representation of the surface coating process wherein (1) the HEP polymers were added to the
AuNPs with theoretical surface coating densities ranging from 0 to 14 HEP/nm® and {ii)
backfilling of the nanoparticle surface was achieved by adding a constant saturating amount
of PEG {adding the equivalent of 7 PEG/nm?®) to generate HEP/PEG-AuNPs. Panel (B)
shows that the uptake efficiency was measured as a function of surface HEP density by ICP-
MS. The data points indicate mean values £ SD {(n=3-4). Panels {(C) to {(E) are representative
brightfield light micrographs of HEP/PEG-AulNPs in cells with the dark spots within cells
indicating nanoparticle accumulation. The wmserted bar grapbs within Panels {C) to (E)
display the quantitative ICP-MS results of nanoparticle cell uptake The data points mmdicate
mean values + SD (n=3-4). Scale bar: SO g,

[6613] Figure 9 is a bar chart demonstrating that nanoparticles coated with a
vartety of GAGs, including hvaluronan (HA ) and some versions of chondroitin sulfate (C5),
can be mternalized by mumune cells according to emboduments. On the other hand, PEG-,

mannan- and dextran-coated NPs were much less efficiently endocyiased.

SUMMARY
(001 4] One embodiment relates to a composition having at least one GAG-
particle.  The composition may include at least one GAG polymer; a particle capahle of
carrving an immunogenic or immune-response modulating molecule; and at least one
immunogenic molecule or immune-response modulating molecule covalently or non-

covalently linked to the particle,
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{001 5] The gystems, devices, kits, and methods disclosed herein each have
several aspects, no single one of which is solely responsible for their desirable attributes.
Numerous other embodiments are also contemplated, including embodiments that have
fewer, additional, and/or different components, steps, features, objects, benefits, and
advantages.  The components, aspects, and steps may alse be arranged and ordered
differently. After considering this discussion, and particularly after reading the section
enlitled “Detatled Description”, one will understand how the features of the devices and
methods disclosed herein provide advantages over other known devices and methads.

{0016 One embodiment is a composition having at least one glvecosaminoglycan
polymer bound to a particle; and at least one immunogenic molecule covalently or non-
covalently hinked to the particle.

(0017} It is to be understood that any features of the systems disclosed herein may
be combined together in any desirable manner and/or configuration  Further, it 15 to be
understooed that any features of the methods disclosed herein may be combined together in
any desirable manner. Moreover, 1t 15 t0 be understood that any combination of features of
the methods and/or the systems may be used together, and/or may be combined with any of
the examples disclosed herein. [t should be appreciated that all combinations of the
foregoing concepts and additional concepts discussed in greater detail below are
contemplated as being part of the inventive subject moatter disclosed berein and may be used

to achieve the benefits and advantages described herein.

DETAILED DESCRIPTION

[001 8] Before explaining at least one embodiment of the presently disclosed
and/or claimed concept{s) in detail, it 1s to be understood that the presently disclosed and/or
claimed concept(s) is vot linuted in 1is application to the details of construction and the
arrangement of the components or steps or methodologies set forth in the following
description or illustrated m the drawings. The presently disclosed and/or claimed concept{s)
13 capable of other embodiments or of being practiced or carried out m various ways. Also, it
is to be understood that the phraseology and termmology employed herein 1s for the purpose

of description and should not be regarded as mting,
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10019 nless otherwise defined hersin, technical terms used in connection with
the presently disclosed and/or claimed concept{s) shall have the meanings that are commonly
understood by those of ordinary skill in the art. Further, unless otherwise required by context,
singular terms shall include pluralities and plural terms shall include the singular.

100261 All patents, published patent applications, and non-patent pebhcations
mentioned in the specification are indicative of the level of skill of those of ordinary skiil in
the art to which this presently disclosed and/or clauned concepi(s} pertams. All patents,
published patent applications, and non-patent publications referenced in anv portion of this
application are herein expressly incorporated hy reference in their entirety to the same extent
as if each individual patent or publication was specifically and individually mdicated to be
wmcorporated by reference.

0021} Polysaccharides are large carbohydrate molecules comprising from about
20 supgar units to thousands of sugar unis Oligosaccharides are smaller carbohvdrate
molecules comprising less than about 20 sugar uniis. Animals, plants, fung: and bacteria
produce an enormous variety of polysaccharide structures that are involved in numerous
important biclogical functions such as structural elements, energy storage, and cellular
mteraction mediation. Often, the polysaccharide’s biological function is due to the interaction
of the polyvsacchanide with proteins such as receptors and growth factors. The
glycosamninoglvean {GAG) fanuly includes negatively charged polysacchandes  and
oligosaccharides which may be used in the body for cell signaling. The four primary groups
of GAGs are classified based on thewr core disaccharide units and nclude hepanin/heparan
sulfate, chondrottin sulfate/dermatan sulfate, keratan sulfate, and hyaluronic acid.  Another
GAG 18 heparosan, a bioprecursor 1o the natural biosynthesis of beparin and heparan sulfate.

180221 Embodiments relate to the use of nanoparticles coated with a GAG
molecule to be used to deliver immunogenic molecules, mmcluding polypeptides, proteins,
peptides, or nucleic acids encoding such mmmunogenic molecules to mmune cells.  The
GAG molecule may be chemically or physically linked to the nanoparticles, which in furn
may contain the immunogenic molecule to be delivered to an immume cell and released into
the cytoplasm and/or other intracellular compartments 1o create an Immunogenic response.

{0023 For example, embodiments may relate to a GAG molecule, such as

heparosan, linked to a particle, such as a liposome, which contains a peptide that is known to
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be displaved on the surface of an immune system cell, such as a macrophage or dendritic cell.
The GAG mslecule/liposome/immunogenic peptide complex may be delivered in vivo or ex
vive to a mammal to generate an immune response to the immunogenic molecule. The
complex may therefore act as a vaccing o generate an immune response in the mammal
against the immunogenic peptide.

{0024] in another embodiment, the GAG molecule may be linked to a particle and
used as a contrast agent (o visualize inmune cells within the body. For example, a heparosan
nolymer may be bound to the surface of a gold or silver particle and used as a conirast agent.
As described below, heparosan/metal particle complexes were found to he readily taken up
by immune system cells, such as macrophages and dendritic cells. Thus, one could visualize
areas of inflammation or other centers of immune cells by giving a patient a heparosan/metal
particle complex, such as heparosan/Au which may be seen on certain types of mmaging
systems.

[O025] As shown in Figure 1, embodimentis relate to the preparation and use of
certain sugar-modified particles (e.g., GAG-modified nanoparticles, colloids, molecular
suspensions, ete. with a payload, e g, immunogenic molecule, mRNA, DNA, etc.} that can
selectively target immune cell types, be internahized, and then traffic mside the cell’s
compartments {(e.g., endosomes, lysosomes, endoplasmic reticulum, nucleus, etc) or escape
utto the cyvioplasio to elicit an otended biological/therapeutic effect.  In one example,
particles linked to heparcosan {8 glycosaminoglycan that is the vnmodified precursor of
heparin; [-4-GlecA-1beta-4-GlcNAc-Talpha-1.} were found to be sefectively taken up by some
cell types of the immune system, but not other cell types, and then transit from mtracellular
vesicles to the cytoplasm.  As shown i Figure 1, a heparosan coated nanoparticle can be
incubated with antigen presenting cells and have high cellular uptake The coated
nanoparticle may also have an immunogenic molecule attached to the nancparticle which s
then taken wto the antigen presenting cell with high efficiency. In addition, the heparosan
coated nanoparticle has low adsorption to other serum proteins, which would lead to less
nanoparticle clearance or being taken up by non-targeted cell types.

{0026 Compositions of a GAG molecule linked 1o such modified particles may
be useful for vaccines {e.g., mRINA-based or protein-based versions to treat COVID-19 and

other diseases) that need 1o be delivered to the cytoplasm or inner compartments of particular
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cells for action in the body. For example, in one embodiment, the particle may be a
nanoparticle that inchides a messenger RN A molecule which encodes the spike protein of the
SARS-COV-2 virus or its mutants. In another embodiment, the particle may be a
nanoparticle that includes the spike protein or a fragment of the SARS-COV-2 virus or its
mutanis.

{0027] We discovered that such GAG-coated particles were found (o have a much
higher particle uplake than current standard polymer-modilied particles, such as particles
modified with polyethylene glycol (PEG) or the carbohydrates mannan or dextran. Qur other
discovery was that HEP-particle compositions had selectivity for certain target cell types,
such as dendritic cells, macrophages, and certain white blood cells but were not taken up well
by other cell types. This makes such HEP-particle compositions useful for creating vaccines

by being delivered to such target cell types and stimulating an immune response in a patient.

Maling Heparosan

10028] Heparosan {[-4-N-acetylglucosamine-oel 4-glucuronic acid-Bi-1n) is a
natural GAG polysaccharide structurally related to heparin. The heparosan chain is very
hydrophilic due its two hydroxyl groups on every monosaccharide unit and a negative
carboxylate group on every other monosaccharide unit. The heparosan molecule is neither
decorated with sulfate groups nor epimerized at glucuronic acid residues; thus, heparosan is
relatively biclogically inactive to a significant extent with respect to coagulation (1.e. clotting
factors not activated to a significant extent), modulation of proliferation (i.e. growth factors
do not bind to a significant extent), nflammation (1e. cvickines do not interact to a
significant extent), and a plethora of other activities {Capila et al. (2002) Angew Chem int Bd
Fngl, 41(3).391-412).

JO025] In one embodiment, making heparosan may utilize a synchronized,
stoichiometrically-controlled reaction employing a sugar-polymerizing enzyme (e.g., PmHS]
or PmHS2 and combinations thereof or similar analogs with roughly equivalent biclogical
activity) i an aqueous buffer system that results 1n & quasi-monodisperse (very narrow size
distribufion) product The heparosan synthase can be utilized in vifro to svnthesize quast-
monodisperse {t.e very narrow size distributions approaching the wdeal polydispersity value

of "1} polvmer preparations {Sismev-Ragatz et al. (2007) J Biol. Chen., 282(39)3:28321-
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28327y with homogenous reactive end-groups for couphing to binlogic targets or delivery
vehicles. The narrow size distribution is achieved by svnchronizing the polymerization
reaction using a primer, typically a short heparosan fragment, which allows the normal sfow
chain initiation step of biosynthesis to be bypassed Therefore, all polymers are rapidly
extended by PmHS1 {or similar enryme consiructs and mutants) i a virtually paraliel
fashion; thus, all final chams have a very similar fength. No post-polymernization purification
for size control 18 required. The primer also allows the contribution of the unique reactive
group{s), f desired, that heips assure that every polymer chain can be activated for
immunogenic molecule or vehicle coupling In addition, the primer position in the heparosan
chain at the reducing termmus does not mterfere with lysosomal degradation allowing the
heparosan chain to be digested to a tiny stub containing the linker site used for immunogenic
molecule attachment; this stub 15 usually excreted in the urine or feces.

[0030] The chain size or molecular weight of any particular heparosan
preparation is contralied by manipulating the stoichiometric ratio of the primer to the UDP-
sugar precursor. Basiwcally, for a given amount of UDP-sugars, a low concentration of primer
vields longer chains while, on the other hand, a high primer concentration vields shorter
chaing {of course, the former case has fewer moles of product formed than the latier)
Heparosan mwolecules in the range of from about 10 kDa to about 4,500 kDa {or from about
50 to about 22,500 monosaccharide units) have been syothesized by the synchronized
chemoenzymatic method, thus potentially accessing a wider useful size range than possible
for PSA, HES, or PEG By using other methods such as step-wise synthesis {elongation with
a pair of PmHS! mutants or catalviically similar enzymes) or chemical fragmentation (e.g,
acid or oxidative cleavage} or enzymatic fragmentation {e.g., heparanase, heparin lyases),
heparosan polymers from about 600 Da to about 10 k3a can be made.

{031 in addition to i# vifre chemoenzymatically produced heparosan, the same
{-4-N-acetylglucosamine-al 4-glucuronic  acid-B1-}x polymeric structure may also be
produced in vivo by the culture or fermeuntation of certain microbes, but the polymer may not
be as monodisperse or as easily activated for coupling in comparison 1o the i vitro produced
polvmer. Some examples of the fermentation systems melude natural heparosan producers
weluding Pastenrella muliacida or alhies {e. g, Avibacterium species), fscherichia coli K5,

or the recombinant versions {(e.g., Gram - or Gram -+ baciena, Achaea, or cukaryotic hosts)

-10-



CA 03225745 2024-1-12

WO 2023/287912 PCT/US2022/037007

expressing the heparosan biosynthetic machinery fe.g, synthases or polymerases or
elycosyltransferases, UDP-ghicose dehvdrogenases, stc.) of the natural heparosan-producing
spectes. The microbial heparosan production route may be used to make pelymer for
preparation of HEP-particle compositions, and s covered by the spirit and scope of the
presently disclosed and/or claimed mventive concept(s}, the source of heparosan polymer g
noi important for the enhancement of therapsutic efficacy.

10032] Certain embodunents of the presently disclosed and/or claimed mventive
concept{s) are directed to a method for preparing a pharmaceutically active composition
comprising a GAG, such as heparosan, linked to a nanoparticle, such as a metal {e g, gold or
silver) or polymeric or a lipid-based nanoparticle or other inorganic and/or organic materials.

{00331 The GAG polymer used in the method of making the GAG-particle
compositions may be characterized as being substantially non-antigenic, substantially non-
immunogenic, and substantially biologically inert within extracellular compartments of a
manunalian patient, being stable in the mammalian bloodstream, and/or being degraded
wtraceliularly in the mammahan patient. The GAG polymer may be produced by any method
known in the art or otherwise contemplated herein, as will be discussed in greater detail
herein below. Tn addition, one of the advantages of the presently disclosed and/or clammed
inventive concept(s) is that the GAG polymer can be syuthesized in a reproducible, and
defined manner so as to provide all of the advantages of PEG without its potential side
effects.

[0034] in certain particular, non-limiting embodimentis, the GAG polymer may
have a mass in a range of from about 600 Da to about 45 MDa. In addition, in certain
particular, noo-luniting embodiments, the GAG polymers may be polydisperse m size
Alternatively, in other non-limiting embodiments, the substantially monodisperse n size. For
example, but not by way of limitation, the substantially monodisperse GAG polymers may be
heparosan polymers and may have: (a) a molecular weight in a range of from about § ka to
about 0.5 MBa and a polydispersity value in a rangse of from about 1.0 to about 1.1; (b} a
matecuiar weight in g range of from about 0.3 MiDa to about 4.5 MDa and a polydispersity
value in a range of from about 1.0 to about 1.5; and (¢) a molecular weight in a range of from
about 0.5 MDa to about 4.5 MDa and a polvdispersity value in a range of from about 1.0 to

about 1.2,

-11-



CA 03225745 2024-1-12

WO 2023/287912 PCT/US2022/037007

[0035] In certain embodiments of the presently disclosed and/or claimed
inventive concepi(s), the GAG polymer utilized in the methods may be a linear cham
Alternatively, the heparosan polymer may have a branched geometry. In addition, the GAG
polymer may have a dendritic geometry. If the GAG polymer s heparosan, # may be
unsuifated and unepimerized. For hvaluronan (hyaluronic acid, HA)} and unsuifated
chondroitin, similar technology to the above mentioned heparosan for producing the GAG s
avatlable in viire or 1n vive, For chondrowin sulfates (TS}, typically varnious extracts of
tissues (e g, mammalian trachea, shark fin, squid cartilage) are used to prepare the GAG. In
addition, starting with unsulfated chondroitin and then treating with chemical reagents {e g |
sulfur trioxide complexes, chlorosulfonic acid) and/or sulfotransferase enzymes are other
routes to prepare CS. Likewise, for heparan sulfate or heparin, the same general routes as €5
are possible. For our invention, the source of GAG 15 not critical as long as the targeting and
internalization effect 15 retained.

[3036] Furthermore, this invention describes GAG-coated moditied particles with
multiple sugar polyvmers per particle as the internalization of these constructs was found to be
very efficient 1o certain cells. In particular, high deonsity heparosan-coated particles were
found to have increased internalization into immune cells in comparison with particles where
a single or a few HEP polymers are attached to a macromolecule. In the latter case, @
appears that cells do not greatly wternalize the mounovalent, or sparsely decorated, HEP-

macromoiecule conjugates; mstead the sugar chain acts as a stealth agent, not a targeted

delivery agent as mdicated by the long half-life of such conjugates or free heparosan chains

{0037} The hinkage between the nanoparticle and the at least one GAG polymer
may be substantially siable or substantially labile. The use of a substantially lalule bond (e.g.,
ester, disulfide) allows for release of the GAG polymer from the nanoparticie within the
cyvtoplasm or an inner compartment of a cell In certain embodiments, the immunogenic
mokecuie may be integrated into the nanoparticie, such as a peptide or nucleic acid molecule

within a hiponanoparticle or a polymernic particle {e.g., PLGA, PLA). In some embodiments,
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the immunogenic molecule mayv be enclosed within the lumen of a liposome (&g, water-
soluble molecules) and/or within its lipid bilayer {e.g., hydrophobic moleculss). In one
embodiment the immunogenic molecule may be at least one polvpeptide, such as but not
limited to, a peptide, a protein, and/or a glycoprotein. In other non-limiting embodiments, the
immune modelating system may be at least one polymer comprised of deoxyribomucleic acid
and/or ribonucleic acid enceding an mmmunogenic or a regulatory molecule.  In one
embodiment, the composition may be a vaccine, such as a nucleic acid vaccine which
encodes an antigen after entering the cell and being released into the cytoplasm. In one
embodiment, the composifion is an RNA vaccine encoding a pathogen molecule designed to
provide tmumunity to a virus, such as the SARS-CoV-2 virus or s mutants responsible for
COVIR-19 disease.

[O038] The nanoparticle-GAG polymer compeosition may be adminisiered, for
example but not by wav of limitation, parenterally, intraperitoneally, intraspinally,
intravencusly, intramuscularly, intrathecally, mntravaginally, subcutaneously, intranasally,
rectally, and/or intracervebrally. Dispersions of the GAG-modified nanoparticles mav be
prepared 1o saline, glveerol, liquid poly{ethviene giveols], and mixtures thereof, as well as in
otls. Under ordinary conditions of storage and use, such preparations of the composition may
also contain a preservative to prevent the growth of microorganisms.

[6039] Pharmaceutical compositions suitable for injection use include sterile
acueous solutions {where water soluble} or dispersions and sterile powders for the
extemporaneous preparation of sterile imjectable solutions or dispersions. When used {for
njection, the composition should be sterile and should be fluid to the extent that easy
syringabidity exists. The compositions should also be stable under the conditions of
manufacture and storage and should be preserved against the contaminating action of
microorganisms such as bacteria and fungi. The mmunogemc molecule-GAG polymer
particies may be used n conpunction with a solvent or dispersion medium containing, for
example but not by way of limitation, water, ethanol, poly-cl {1.e. glycerol, propylene glycol,
and liquid polyiethylene glveel], and the hike), suitable mixtures thereof, vegetable oils, and
combinations thereof.

{0040 Sterile injectable solutions may be prepared by incorporating the

composition in the required amount in an appropriate solvent with one or a combination of



CA 03225745 2024-1-12

WO 2023/287912 PCT/US2022/037007

ingredients enumerated above, as required, followed by filtered sterilization Generally,
dispersions are prepared by incorporating the heparosan-modified nanoparticles inte a sterile
carrier that contains a basic dispersion medium and the required other ingredients from those
enumerated above. In the case of sterile powders for the preparation of sterile injectable
solutions, the methods of preparation may inclide vaceum drying, spray drying, spray
freezing, and/or fresze-drying that vields a powder of the active mgredient (i.e., the HEP-
particle compostiton) plus any additional desired ingredient {rom a previously sterde-filtered
solution thereof,

{004 11 In certain embodiments it may be desired to formulate parenteral
compositions in dosage unit form for ease of adnunsstration and uniformity of dosage. The
term “dosage unit form” as used herein refers to physically discrete units sutted as unstary
dosages for the subjects to be ireated, with each unit containing a predetermined quantity of
heparosan-modified nanoparticles calculated to produce the desired therapeutic effect. The
specification for the dosage unit forms of the presently disclosed and/or claimed inventive
concept{s) are dictated by and direcily dependent on {a} the umique characteristics of the
GAG-modified nanoparticles and the particular inyoune response to be achieved, and (b) the
Himitations inherent in the art of compounding such an immunogenic molecule.

{0042} Aqueous composttions of the presevtly disclosed and/or clairved nventive
concept(s) comprise an effective amount of the nanoparticle, vanofibril, or nanoshell or
chemical composition of the presently disclosed and/or claimed inventive concept{s}
dissolved and/or dispersed in a pharmaceatically acceptable carrier and/or agueous mediom.
The biological material may be extensively dialyzed to remove undesired small molecular
weight molecules and/or lyophilized for more ready formulation into a desired vehicle, where
appropriate. The active compounds may generally be formulated for parenteral
admimstration, e g, formulated for imjection wvia the intravenous, intramuscular, sub-
cutaneous, intralesional, and/or intraperitoneal routes.

[0043] The preparation of an aqueous composition that contains an effective
amount of the nanoshell composition as an active component and/or ingredient will be
known to those of ordinary skl in the art in light of the present disclosure. Typically, such
compositions may be prepared as injectables, either as liquid solutions and/or suspensions;

solid forms suitable for using 1o prepare solutions and/or suspensions upon the addition of a
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Lhiqud prior to injection may also be prepared; andfor the preparations may also be
emulsified. Also, the GAG polymer can be used to enhance a secondary vehicle {e.g.,
liposomes, nanoparticies, etc) that acis as a carrier or adjuvant for an immunogenic

molecule.

{6044 Definitions

[0045] As uttiized m accordance with the present disclosure, the {ollowing terms,
unless otherwise indicated, shall be understood to have the following meanings:

{00461 The use of the word “a” or “an” when used in conjunction with the term
“comprising’ in the ¢laims and/or the specification may mean “one,” but it 15 also consistent
with the meaning of “one or more,” “at least one,” and “one or more than one” The use of
the term “or” in the claims is used to mean “and/or” unless explicitly indicated to refer to
alternatives only or the alternatives are mutually exclusive, although the disclosure supporis a
definition that refers to only alternatives and “and/or.” Throughout this application, the term
“about” 1s used to indicate that a value includes the inherent variation of error for the device,
the method being emploved to determine the value, or the vanation that exists among the
study subjects. For example but not by way of imuation, when the term “about” s utihized,
the designated value may vary by plus or minus twelve percent, or eleven percent, or iten
percent, of nine percent, or eight percent, or seven percent, or 31X percent, or five percent, or
four percent, or three percent, or two percent, or one percent. The use of the term “at least
one” will be understood to include one as well as any quantity more than one, including but
not limited to, 2, 3, 4, 5, 10, 15, 20, 30, 40, 30, 100, etc. The term “at least one” may extend
up to 100 or 1000 or more, depending on the term to which it is attached; in addition, the
quantities of 100/1000 are not to be considered limiting, as higher fumits may also produce

33

satisfactory results. In addition, the use of the term “at least one of X, Y and 27 will be
understood to include X alone, Y alone, and £ alone, as wel as any combmation of X, Y and
Z. The use of ordinal number terminology (e, “first,” “second,” “third,” “fourth,” etc.} is
solely for the purpose of differentiating between two or more items and is not meant o imply
any sequence or order or importance to one ilem over another or any order of addition, for

example.
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100471 As used in this specification and claimis}, the words “comprising” {and
any form of comprising, such as “comprise” and “comprises™), “having” (and any form of
having, such as “have” and “has™), “including” (and any form of including, such as
“includes” and “include”) or “containing” {and any form of containing, such as “containsg”
and “contain”} are inclusive or open-ended and do not exclude addittonal, unrecited elements
or method steps.

{0048] The tlermy “or combinations thereol” as used herein relers o all
permutations and combinations of the histed 1tems preceding the term. For example, “A, B, C,
,AC, BC, or

ABC, and if order 15 unporiant 1o a particular context, also BA, CA, CB, CBA, BCA, ACB,

or combinations thereof” is mntended to include at least one oft A, B, C, AR

BAC, and/or CAB. Continuing with this example, expressly included are combinations that
countain repeats of one or more item or term, such as BB, AAA, AAB, BBC, AAABCCCC,
CRBAAA, CABABB, and so forth. One of ordinary skill in the art will understand that
typically there is no linut on the number of items or terms in any combination, unless
otherwise apparent from the context.

LY

[6049] As used herein, the term “substantially” means that the subsequently
described event or circumstance completely occurs or that the subsequently described event
or circumstance occurs to a great extent or degree. For example. when associated with a
particular event or citcumstance, the term “substastially” means that the subsequently
described event or circumstance occurs at least 80% of the time, or at least 85% of the time,
or at least 90% of the time, or at least 95% of the time. The term “substantially adjacent” may
mean that two items are 100% adjacent to one ancther, or that the two ttems are within close
proxunity to one another but not 160% adjacent to one another, or that a portion of one of the
two items 15 not 1009 adjacent to the other itern but s within close proxamity to the other
Hem.

{0050} The term “heparosan” as used herein will be understood io refer to a
carbohydrate chain with a repeat structure of {{-4-N-acetylglicosamine-alpha-1,4-glucuronic
acid-beta-1-1.), wherein » 15 1 or greater. In certain non-limiting examples, # may be from
about 2 to about 5,000, The term “oligosaccharide” generally denotes # being from about 1 to

about 11, while the term “polysaccharide” denotes » being equal to or greater than 12, The
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term “heparosan” may be utihized mterchangeably with the terms “N-acetviheparosan™ and
“unsulfated, unepimerized heparin™ and another term “K35 polysaccharide.”

j0051] The term “GAG” or “GAG polymer” as used herein refers to a polymer of
the glycosaminoglycan (GAG) family, Examples of GAG polymers include heparosan,
heparm/heparan sulfate, chondromtin sulfate/dermatan sulfate, keratan sulfate, and hyaluronic
acid.

{0052] The term “UDP-sugar” as used berein refers 10 a carbohydrate modified
with unidine diphosphate (e g., UDP-N-acetviglucosamine, UDP-glucuronic acid}.

{053 The term “polvpeptide” as used herein will be understood to refer to a
polymer of amino acids. The polymer may wnclude d-, 1-, or artiticial variants of amino acids.
In addition, the term “polypeptide” will be understood to mclude peptides, proteins, and
glycoproteins.

[0054] The term “polvnucleotide” as used herein will be understood to refer to a
pelymer of nucleotides. Nucleotides, as used herein, wili be undersicod to include
deoxyribose nucleotides and/or ribose nucleotides, as well as artificial variants thereof.

[00588] The term “analog” as used herein will be understood to refer to a variation
of the normal or standard form or the wild-type form of molecules. For polypeptides or
polyoucleotides, an analog may be a variaot (polyroorphisim), a mutant, and/or a naturally or
artificially  chemically modified version of the wild-type polynucleotide (ncluding
combinations of the above). Such analogs may have higher, full, mtermediaie, or lower
activity than the normal form of the molecule, or no activity at all; 1o the latter case, these
drugs can often act as bait or blockers of activity., Alternatively and/or m addition thereto, for
a chemucal, an analog may be any structure that has the functionalities (incloding alterations
or substitutions in the core moiety} desired, even if comprised of different atoms or isomeric
arrangements.

{0056} The term “cargo” as used herem refers to the biclogically active
component in the HEP-particle composition, while the term “vehicle” as used herein refers to
the carrier of the cargoe (e.g., the heparosan polymer-coated structure) in the composition.

{0057 As used herein, the term “active agent(s)” “active ingredient(s},”

2

“pharmaceutical ingredient(s},” “therapeutic,” “medicant,” “medicine,” “biologically active
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compound,”  “adjuvant” and “bicactive agent(s)” are defined as drugs and/or
pharmaceutically active ingredients.

[0058] The term “Daltorn™ (12a) as used herein will be understood to refer to a unit
of molecular mass for polypeptides and polysaccharides. The term “kiloDalton” (kD) as
used heremn refers to one thousand Daltons. The term “megaDalton” (MDa} as used herein
will be understood to refer to one milhion Daltons {1.e., one thousand kDa).

{0059 The term “polydispersity” as used herein refers (0 a measure of the width
of molecular weight distributions of a product. In one, non-hinmiting example, polvdispersity
s calculated by dividing the Weight average molar mass (Mw} by the Number average molar
mass {(Mn}; thus, polydispersity = Mw/Mn.

J 0060 The terms “quasi-roonodisperse” and “substantially monodisperse” are
used herein interchangeably and will be understood to refer to very narrow size distributions
approaching the ideal polvdispersity value of 1.

[0061] The term “PEGylation” as used herein refers to the meodification of a
molecule by addition of polyethylene glycol thereto.

[0062] The term “pharmaceutically acceptable” refers to compounds and
compositions which are suitable for admimistration to humans and/or armimals without undue
adverse side effects such as toxwcity, uritation and/or allergic response commensurate with a
reasonable benefit/risk ratio.

{0063} By “biologically active™ 1s meant the ability to modify the physiclogical
system of an organism. A molecule/composition can be biologically active through its own
functionalities, or may be biclogically active based on its ability to activate, modulate, or
wmhibit molecules/compositions baving their own biological acuvity. In addition, biological
activity observed i fr vifro proxy models is mdicative of in wvive action of a
molecule/composition.

[0064] As used herein, “substantially pure” means an object species 15 the
predominant species present {te, on a molar basis it 1s more abundant than any other
individual species in the compoesition), and preferably a substantially purified fraction is a
composition wherein the object species comprises at least about 50 percent {on a molar basis)
of all macromolecular species present. Generally, a substantially pure composition will

comprise more than about B30 percent of all macromolecular species present in the
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composition, more preferably more than about 85%, 90%, 95%, and 99%. Most preferably,
the object species 18 purified to sssential homogeneity (contaminant species cannot be
detected in the composition by conventional detection methods) wherein the composition
consists essentially of a single macromolecular species,

10065] The term “patient” as used herein inchides human and veterinary subjects.
“Mammal” for purposes of wreatment refers {0 any animal classified as a mammal, including
human, domestic and {arm ammals, nonhuman prunates, and any other anunal that has
mammary fissue.

{066 “Treatmeni” refers to both therapeutic treatment and prophylactic or
preventative measures. Those in need of treatment include, but are not limited to, mdividuals
already having a particular condition or disorder as well as individuals who are at nisk of
acquiring a particular condition or disorder {e.g., those needing prophylactic/preventative
measures). The term “treating” refers to adminigiering an agent to a patient for therapeutic
and/or prophylactic/preventative purposes.

{0067 A “therapeutic composition” or “pharmaceutical composition” refers to an
agent that may be adounistered im vive to bring about a therapsutic and/or
prophylactic/preventative effect.

[0068] Adrowmistering a therapeutically effective amount or prophylactically
effective amount s intended to provide a therapeutic benefit in the treatment, prevention, or
management of a disease and/or condition. The specific amount that is therapeutically
effective can be readily determined by the ordinary medical practitioner, and can vary
depending on factors known m the art, such as the type of disease/cancer, the patient’s history
and age, the stage of disease/cancer, and the co-admurustration of other agents.

10069 A “disorder” 15 any condition that would benefit from ireatment with the
compositions disclosed herein. This includes chronic and acute disorders or diseases
including those pathological conditions which predispose the mammal to the disorder n
question. This mmcludes prophvlactically preventing a future disease that predisposes the
mammal to the disorder mchluding infectious diseases or degenseration or aging.

{0070 The term “effective amount” refers to an amount of a biclogically active
molecule or complex or dertvative thereof sufficient to exhibit a detectable therapeutic effect

without undue adverse side effects (such as toxacity, irimtation and allergic response}
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commensurate with a reasonable benefit/risk ratio when used in the manner of the inventive
concept(s}. The therapsutic effect may mclude, for example but not by way of himitation,
inhibiting the growth of microbes and/or opportunistic nfections. The effective amount for a
subject will depend upon the type of subject the subject's size and health, the nature and
severity of the condition to be treated, the method of administration, the duration of
freatment, the nature of concusrent therapy (if any), the specific formulations emploved, and
the ltke Thus, i i3 not possible (6 specily an exact effective amount in advance. However,
the effective amount for a given sttuation can be determined by one of ordinary skill in the
art using routine experimentation based on the mformation provided herein.

3

jO0711 The terms “admmistration” and “admirnsstering,” as used herem will be
understood to mclude all routes of adnurnisiration known in the art, inchuding but not hmuted
to, oral, topical, transdermal, parenteral, subcutanecus, intranasal. mucosal, intramuscular,
intraperifoneal, intraviireal, and intravenous routes, mmcluding both local and systemic
applications. In addition, the compositions of the presently disclosed and/or claimed
wmventive concept(s) (and/or the methods of admuustration of same} may be designed to
provide delaved, controlled or sustained release using formulation techniques which are well
known i the art.

[0072] The following abbreviations, which may be utilized berein, will be
understood to refer the following terms or phrases: Strong anion exchange chromatography
[RAX], PolvAcrylamide (sl Electrophoresis [PAGEL Cunie [Ci], Deoxyribonucleic acid
[DNAL Ribonucleie acid [RNAL Polv{ethylene Glycol) [PEG]; Unidine diphosphate [UDP;
Heparan Sulfate [HS]; Dalton [Ba]; Kilodalton [kDal, Molecular Weight [MW1, Molar [M];
Gram [g], Kidogram [kg], Miligram [mg]. Microgram {pg or ug], Nanogram [ng}
Nanometer {nm]; Volt {V], High Performance Liguid Chromatography- Size Exclusion

Chromatography {HPLC-SECE

EXAMPLES
[073] Examples are provided hereinbelow. lowever, the presently disclosed
and/or claimed mventive concept{s} 15 to be understood to not be limited in 1ts application o

the spectfic experimentation, resulis and laboratory procedures. Rather, the Examples are
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simply provided as one of various embodiments and 8 meant o be exemplary, not

exhaustive.

fxample I Heparosan (HEP) Conjugation

[0074] Preparation of heparosan has been descnibed previcusly, for exarople in
U.S. Published Patent Application No. 2010/0036001, mcorporated herein by reference in its
entirety. The synthesis of various sized (ranging from about 600 Da to about 4,500 kDa)
heparosan polymers are possible using heparosan synthases. These HEP polymers may be
modified to carry a functional group (e g., aldehvde, maleimide, amine, 1odoacetyl, pyridyl
dithiol/disulfide, sulfhydryl, ete} which faciitates the heparosan coating process onto

various types of nanoparticies to delivering immunogenic molecules o cells.

TABLE 1: EXAMPLES OF HEPAROSAN FUNCTIONAL GROUPS

) Thicl, maleimids, odoeaetyl,
Suifhyeddevd v : ¥
vinyl sulfone
N Sulthydryl, amine {3t high
Maleimide MBRYG IS : &
oH}
f":-'( 3
== Aldebiyde Amine, hydrazide
H
P
,,,,,,,,,,, yf‘
"*\:\\ fodaacetyl Sutfhydryt
3
‘;‘x,, f,}(ﬁ
5 Mono-sguaramide .
_— p ﬁ Amine
: sgjuarate
------- S CHATK
[0075] Thus, 10 accordance with the presently disclosed and/or claimed mventive

concept(s), there bas been provided compositions containing heparosan-particles, wherein the
particle serves as the vehicle for canrving a immunogenic molecule | as well as methods of

production and use thereof

3.
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10076] As one example of a demanstration, gold (Au) nanoparticles are used as a
model system for other particles, monitoring the fate and efficiency of uptake m cell culture
models and mice. This invention, however, does not rely on one type of chemistry or particle

as this is a cell delivery platform and is only a non-limiting example.

Experimental Overview

F0077] in one embodiment, we covalently aitached an orthopyrnidyl disulfide
{OPSK) group via an amide bond to a modified HEP polysaccharide chain containing an
amine at the reducing-end terminus to form OPSS-HEP. We selected 10-kDa OPSS-PEG as a
comparative control for the 13-kDa OPSS-HEP to match the molecular weights of both
polymers.

10078} We modified collodally dispersed citrate-coated AulNPs with negatively
charged HEP polymers as shown in Figure 1. In Figure 1, process {A), we performed two
different surface modification strategies: {I) an increase in ionic strength to 0.7 M through the
step-wise additton of a saline solution {salt aging method, Figure 1, process (B)), or () a
single-step pH reduction to pH 3 by addition of an aqueous hydrochloric acid solution {pH
reduction method, Figure 1, process (C)). These two methods were applied to increase
surface coating effectiveness by reducing the electrostatic repulsion between mndividual HEP
polymers.

{0079 To establish the feasibility of the salt aging and pH methods for the
attachment of OPSS-HEP onto AuNPs, 15-nm AuNPs were used as a model nanoparticle
system. These AuNPs can be synthesized reproducibly with high vield (typically =80%6} and
narrow size disttibution (<10% deviation). As shown in Figure 3, Panel A, muang AulNPs
with OPSS-HEP did not result in substantial mncreases m AulNPs hydrodynamic diameter,
measured by dynamic hght scattering {IBLS), whach 1s likely due to the electrostatic repulsion
between individual negatively charged HEP polymers. In contrast, both salt aging and pH
methods increased the AuNPs hydrodyvnamic diameters simiarly up to ~49 am as a function
of the amount of OPSS-HEP added per nanoparticie surface ared in a coating reaction {Figure
3, Panel B} Saturation of the surface was mdicated by a plateau when maximal
hydrodynamic size was achieved. Thege DLS results were supported qualitatively by agarose
gel electrophoresis experiments, where the migration of the nanoparticles was reduced with

an mcrease in size and HEP surface coverage. Transmission electron microscopy (TEM) of
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negative-stained nanoparticles indicated the presence of a dense surface coating layer around
HEP-modified AuNPs and revealed an average increase in nanoparticle size of ~25 nm
(Figure 3, Panels C-E). This size increase is smaller than the hydrodvnamic size increase
observed with DLS, most likely due to a partial collapse of the polysaccharide structure
during the sample dehydration process required for TEM imaging.

{O080] To determine the HEP coating efficiency on AuNPs, trittum [“H]
racdiolabeled OPSS-HEP polymers were prepared and used i liguid scintllation couniing
measurements to quantify the amount of HEP comjugated to AuNPs (Figure 3, Panels F and
(). As shown in Figure 3, Panel G, the maximum achievable HEP surface coating density
was found to be approximately 1.1 HEP/nam’. In addition, the colloidal stability of HEP-
conjugated AuNPs did not change noticeably for various storage conditions. Collectively, our
data confirmed that both salt aging and pH methods resulted in effective and stable HEFP
surface coating of AuNPs.

[O081] Next, we expanded this surface modification sirategy to larger
nanoparticles to demonstrate the generalizability of modifving particles with GAG polymers,
We used both surface modification methods to successfully coat $S-nm and 100-nm AuNPs
with OPAS-HEP, resulting in similar overall increases in hydrodynamic diameter of
approximately 49 nm was as observed with 15-nun AulNPs. These resulis indicate that both
surface modification strategies were functional and consistent across a wide range of
nanoparticle sizes. Additionally, we found that the long-term colioidal stability of AulNPs
coated with low HEP surface density (<0 1 HEP/nm’) could be increased to over one year
when using the pH method without citrate. In summary, both surface modification strategies
alfowed the successful coating of HEP polymers onto various particle systems. It is worth
mentioning that these surface coating strategies could be used as effective general approaches
to modify nanoparticles with negatively charged polymers such as other GAG polvmers.

{0082} We then analyzed whether HEP would not only enhance the collemdal
stability but further reduce serum protein adsorption onto the nanoparticle surface. To
evaluate heparosan’s ability 1o reduce protein adsorption, we exposed HEP-modified AulPs
coated at various surface densities to 100% fetal bovine serum (FBS; Fig. 4, Panel A) as a
model serum. We qualitatively assessed the serum protein adsorption before and after FBS

incubation on 15-, 35+ or 100-nm HEP-AuNFPs with two different methods: (1) by DLS via
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changes in hydrodynamic diameter, and (it} by agarose gel shift experiments via changes in
nanoparticle electrophoretic mobility. After the FBX exposure, nanoparticles without HEP
surface modification exhibiied a substantial and consistent DLS size increase of
approximately 26 nm {¥Fig. 4, Panel B) and an overall reduced electrophoretic mobility. We
did not observe significant differences in hydrodynamic diameter for AulNPs modified with
>0.5 HEP/am? before and after FBS incubation (Fig. 4, Panel ).

{0083 To demonsirate the broad applicability of this HEP surface modification
strategy, we additionally synthesized HEP-coated silver nanoparticles (AgNPsy and
liposomes. We observed no significani changes in hvdrodynamic diameter for HEP-coated
AgNPs and hiposomes before and afier FBS wncubation indicating minimal interactions
between the silver nanoparticle surfaces and serum proteins. Our findings suggest that the
HEP surface modification strategy effectively minimizes serum protein adsorption onto the
surfaces of various nanoparficles, e, AuNPs, AgNPs, and liposomes. We corroborated these
findings qualitatively with sodium dodecvl sulphate-polvacrylamide gel electrophoresis
{SDS-PAGE) of isolated proteins from AulNPs surfaces (Fig. 4, Panels BE-F).

[0084) Using a quantitative bicinchoninic acid (BCA) assay, we confirroed that
the observed nanoparticle surface protein adsorption correlated mversely with increasmg
surface density of the HEP coating (Fig 4, Panel D). This abiity to reduce the protein
adsorption of HEP-coated AulNPs was sinular for AuNPs that were surface~-modified with
OPSS-PEG. We used PEG as a control sarface maodification due to PEG s widespread use in
nanomedicing Overall, our findings confirmed that the GAG polymer surface maodification
using heparosan effectively reduced protein adsorption onto nanoparticles, and this effect
was more pronounced with increasing HEP surface coating densities.

[O085] Next, we used label-free LO-MS/MS 1o charactenize the adsorbed proteins
iolated from the nanoparticle surfaces. Table 1 summarizes the complete hist of protemn
names, molecular weights, and known brological activities of the 16 detected protein species
identified on the HEP- and PEG-coated AulNPs. The HEP and PEG surface coatings shared
12 proteins. Average spectral counts for each identified protein from HEP-AuNPs and PEG-

AulPs are reported in Tables 2 and 3, respectively.
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Table {. Summary of proteins identifisd from LC/RES-MS,
Abbrev | Full Name MW Biological Process?
(Da)

KNGI Kininogen-~1 71,957 | Blood coagulation, Hernostasis,
Inflammatory response

HBBY Hemoglobin  fetal subumit | 15,859 | Qxygen transport

beta
1BpP2 Insulin-like growth factor- { 34,015 | Growth regulation
binding protein 2

IGF2 Insulin-like growth factor Il | 19,682 | Carbohydrate metabolism Glucose
metabolism, Osteogenesia

HBA Hemoglobin subunit alpha 15,184 | Oxygen transport

HRG Histidine-rich glycoprotein | 44,471 | Blood coagulation, Fibrinolysis,
Hemostasis

{04 Complement 4 101,885 | Complement pathway, Inununity,
Inflammaiory response, Innate immunity

BPT2 Spleen trypsin inhibitor [ 10,843 | Proteasg inhubitor,  Sering  protoase
inhibitor?

FAS Coagulation factor V 248,983 | Blood coagulation, Hemostasis

THRB Prothrombin 70,5306 Acute phase, Blood coaculation
Hemosiasis

APOCE | Apolipoprotemn -1 10,692 | Lipid degradation, Lipid  metabolism
Lipid transport

APQOE Apoclipoprotemn E 35,980 | Lapid transport, Transport

ALBU | Alburom 69,293 Cellular response to_ starvalion, negative
resulation of apoptolic process

FETUA | Alpha-2-HS-glycoprotein 38,419 | Acute-phase response, negative regulation
of bone mineralization, positive
reoulation of phacocviosis

ATAG | Alpha-t-acid glveoproten 23182 Acute-phase response reguiation  of
HIUBUNG 3ySISm proeess

TSP4 Thrombospondin-4 103974 | Cell __adhesion.  Tissue  remodeling,

Unfolded protein response

CA 03225745 2024-1-12

PMW: Molecular weight. 2 Molecular function.
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APy,
Spectral counts of proteins from MEP-AuNPs at differant coating densities {(MEP/nm?}

Abbrev | O 0.01 0.1 0.25 0.5 1 3

o4 0.15 0.11 0.45 0.64 0.66 0.06 0.54
KNG1 80.76 (.46 3.10 0.00 0.01 4.03 0.02
HBA 0.28 0.64 0.78 0.45 0.32 0.37 0.36
THRB 1.00 0.42 0.77 0.08 0.03 .00 3.00
iBR2 0.32 3.79 0.67 0.41 0.03 .01 3.06
APOE 0.33 0.98 0.21 0.00 0.17 0.05 0.00
FETUA 0.0L 0.02 0.40 0.38 0.17 0.02 3.03
HBBFE 0.10 0.49 0.64 0.42 0.52 0.36 3.15
BPT2 0.21 0.32 0.69 0.69 0.27 0.48 0.49
iGF2 0.14 0.50 0.62 G.00 0.0 0.00 3.00
HRG 043 0.43 0.G7 0.00 0.00 0.00 0.00
ALAG 0.00 03.00 0.67 0.17 017 0.00 3.50
ALBU 0.00 0.14 0.68 0.34 0.13 0.03 0.24
T5P4 0.00 0.00 Q.07 0.30 0.64 0.31 0.81

CA 03225745 2024-1-12

Total spectral counts are the average of three or four independent replicates.
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Table 3. LC-MS/MS analvsis of surface adsorbed proteins from 88-nm PEG-

AuNPs,
Abbray Spectral counts of proteins from PEG-AuNPs at different coating densities {(PEG/nm?)
0 0.01 0.1 0.25 0.5 i 3 5
KNG1 0.75 .59 B.38 0.09 0.12 3.04 311 0.03
HRBF .57 .30 0.67 .04 .12 0.34 3,10 (.10
iBP2 J.79 0.51 0.53 J.04 0.00 0.02 3.00 0.00
IGF2 1.00 80.52 0.48 3.00 8.00 0.00 3.00 0.00
HBA 0.44 £.33 (.90 0.24 0.07 0.41 0.22 0.45
HRG .83 8.33 G.00 80.00 0.00 G.00 .00 0.00
C04 0.20 0.15 1.00 0.00 0.04 8.00 3.00 0.00
BPTZ {(3.06 0.06 0.55 .26 0.30 0.38 3.41 0.08
FAS 1.00 33 0.67 3.00 0.60 0.00 3.00 0.C0
THRB 0.80 0.44 0.88 0.00 0.00 0.02 .02 0.00
APOCE (.08 2.17 0.50 (.50 .50 0.67 (.42 3.42
APQE .53 0.19 077 3.067 0.06 0.33 .39 0.09
ALBU 3.05 5.00 0.27 3.02 0.03 0.36 .35 0.44
FETUA 0.13 0.09 B0.47 0.09 0.20 0.48 0,22 0.41

CA 03225745 2024-1-12

Total spectral counis are the average of three or four independent replicates.
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10086} The spectral counts varied with both the densities and types of surface
coating. We performed hierarchy clustering to organize proteins into groups based on the
correlation of relative abundances and observed that the identified proteins presented distingt
preferential surface adsorption as a funciion of the nanoparticle surface coating types and
densities. {ur proteomic analysis showed that changes in nanoparticle surface coating affect
the types and quantities of surface-adsorbed proteins.

{00871 Considering the potential impact of the nanoparticle protein corona on
biological function and toxicity, we then compared the cytotoxicity, hemolysis potential, and
cytokine release profiles of HEP- or PEG-modified AulNPs (Fig. 5, Panels {A) and (B)). On
average, we added about five polymers/mm? in the reactions to modify AuNPs with HEF or
PEG We evaluated the cviotoxiaity for various nanoparticle doses, nanoparticle sizes, and
incubation pericds in different cell types and did not observe any noticeable cvtotoxicity at
the highest nanoparticle dose tested. In addwion, we did not detect any pronounced
hemoglobin release upon incubation of human red blood cells with HEP- or PEG-modified
nanoparticles (Fig. 5, Panel (B}). We analyred the cytokine release levels i supermnatants of
RAW264.7 macrophages after 24 hours of incubation with euher citrate-, HEF-, or PEG-
modified AulNPs. In companson to the untreated cell control, no significant changes were
observed in this panel of over three dozen cytokines, imterleuking, or factors known to be
mvolved in stress and inflammatory reactions. These results highlight the biocompatibility of
HEP coatings.

[00838] Since the protein corona molecular composition i3 critical in governing the
nanoparticles’ biological fate and cellular interactions, we looked at the differences in cell
uptake efficiencies between HEP- and PEG-modified nanoparticles. We incubated HEP-
AuNPs or PEG-AulNPs with various healthy and cancercus cell lines, includmg J774A.1
macrophages, RAW204. 7 macrophages, DC2 4 dendrtic cells, HUVEC human endothelial
cells, B16F10 melanoma cells, and C2C12 muscle cells. Ohwr nanoparticie-cell mcubation
experiments revealed high associations of HEP-AuNPs with certain cell types of the innate
mmune gystem. To demonstrate that the observed nanopariicle-cell interactions were due to
the intracellular uptake of nanoparticles, we conducted confocal laser scanning nucroscopy

{(CLSM} to visualize AulNPs in a label-free manner via light scattering. Figure 5, Panel (E)

38
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shows mtracellular CLSM image sections, which confirmed the substantial uptake of HFEP-
coated AuNPs into these cells.

{0089 To further confirm the intracellular localization of AulNPs, we performed a
gold eiching experiment by exposing cells to KUV etchant, a highly effective etchant of gold.
Our rationale for the etching experiment was that any externally located AuNPs, for exampls,
AuNPs aitached to the cell membrane, would dissolve during this etching treatment. We
found that guanitative imductively coupled plasma mass spectrometry (BCP-MS} of cells
exposed to nanoparticles revealed no notable changes in the extent of nanoparticle cell
uptake afier the etchant ireatment. These results suggest that most AuNPs were located inside
the cells in line with our CLSM images. To visualize the subcellular distribution of AuNDs,
we performed transmission electron microscopy ( FEM) of cells incubated with AulNPs,

{0090 We then used ICP-MS to quantify nanoparticie cellular uptake in various
cell types. Compared with 55-nm PEG-AulNP, we observed up to 230-fold higher uptake
as well as 1in DC2.4 dendritic cells (Fig. 3, Panel (C)). For Bl6f10 melanoma cells, C2CI12
muscle cells, murine 4T1 breast cancer cells, and human endothelial cells (HUVE(), the
uptake results of these same HEP-AuNPs were sumtlar o the low levels obtamed for PEG-
AuNPs (Fig. 5, Panel (O)).

[O091] We then looked at the role of the protein corona n driving nanoparticle
cell uptake We performed cellular upiake experniments with and without FBS in the cell
media (Fig. 5 Panel (I3} Owr results showed that heparosan’s mtrinsic properties, rather than
the protein corona, determined the observed cellular uptake efficiencies.

{0092 To wmvestigate whether the napoparticle size mediated the high celhilar
uptake of HEP-AuNPs, we mcubated RAWZ64.7 macrophages with 15-om AulNPs, We
discovered a 21-fold higher cell uptake for 15-nm HEP-AuNPs than 153-nm PEG-AuNPs.
This finding confirmed that relatively high cell uptake can be achieved even with small HEP-
modified nanoparticles and further suggests that HEP has a specific role in driving cellular
interactions, and shows improved uptake in comparison to PEG-AuNPs.

{0093 QOur data suggest that HEP-AuNPs exhibit no apparent cytotoxicity or
hemolysis, and display relatively high cellular uptake by specific innate immune cells. There

was no correlation found between this high cellular uptake and the protein corona {as shown
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by controlled FBX incubation experiments), thus suggesting that the upiake behavior is

intrinsic to this GAG polysaccharide.

{0094 Above, we demonstrated that HEP-coated gold nanoparticles (HEP-
AuNPg) efficiently targeted antigen-presenting cells, such as macrophages and dendritic
cells, consistent with our previous findings. This study used RAW 264 7 macrophages and
DC 2.4 dendiitic cells as model mmmmune cells. HEP-AuNPs exlubited a tme-dependent
nanoparticle uptake behavior when incubated with RAW 264 7 macrophages or DC 2.4
dendritic cells (Figure 6, Panel {A)) The progressively darker cell coloration (due to the
reddish AulNPs) upon brightfield imaging over time suggests an increase n nhanoparticle
uptake We guantified the nanoparticle cellular uptake in RAW 2647 and DC 2.4 cells by
mductively coupled plasma mass spectrometry (ICP-MS). We observed that the nanoparticie
uptake per cell increased over time, plateauing at ~12 h post-incubation (Figure 6, Panel (B)).
These results show that innate mimmune cells exhibited a time-dependent cellular uptake
process 1o internalize HEP-coated nanoparticles.

{0098 To further vahdate the time-dependent cellular internalization, we
performed confocal laser scanning microscopy (CLSM) to monitor the nanoparticle uptake
behavior in real-time mn RAW 264.7 macrophages up to 7 h post-incubation {Figure 6, Panels
{C) and (D)), The HEP-AuNPs were imaged label-free via nanoparticle hight scattering and
were mainly present surrounding the cell membrane after 1 hour of mncubation. We observed
strong mtracellolar nanoparticle signals at 4 5 h, S h, and 7 h tirne points post-incobation. To
corroborate the intracellular focalization, we subsequently visualized the spatial distribution
of nanoparticles 1n RAW 2647 macrophages at 3 h, 6 h, and 24 h (Figure &, Panel (£)) and
DBC 2.4 dendrnitic cells at 3 h and 24 h post-incubation by transmission electron microscopy
{TEM). We observed that the HEP-AuNPs were present in ntracellular vesicles and
discovered that some nanoparticles could escape from these intracelular vesicles to access
the cytoplasm (Figure 6, Panel (E}). Our findings reveal that the cellular uptake of HEP-
AuNPs in RAW 2647 macrophages and DC 2.4 dendritic cells was time-dependent, with the
maiorty of internalized nanoparticles present in intracellular vesicles and a smaller fraction

of nanoparticles accessing the cytoplasm.
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[0096] We hypothesized that these nanoparticles might enter cells via endocytosis
byw one or more energy-dependent uptake pathways. Thus, we carried out a sysiematic
endocviosis inhibition study to discern which uptake pathways were involved. First, we
confirmed that energy-dependent endocytosis facilitated the observed nanoparticle uptake by
exposing the RAW 2647 macrophages to known non-specific endocytosis inhibition
conditions, 1.e. low temperature (4°C) or 0.1% w/v sodium azide 27-29. We found that the
cellular uptake of HEP-AuNPs was reduced by approximately 89% and approximalely 22%
when the cells were incubated with nanoparticles at 4°C (Figure 7, Panel (B})) or treated with
sodium arzide, respectively (Figure 2, Panel (()), confirming an energy-dependent
nanoparticle uptake process.

J U7 Next, we screened specific endocytosis pathways using established
chemical mhibitors that more selectively block endocviosis using known inhibitor
concentrations (Figure 2, Panel (A)). First, we pre-incubated the innate immune cells for 1 h
with the endocytosis inhibitors. Then we added the nanoparticles and mcubated them with
the cells for 1.5 hours. We imaged the cells with a light mucroscope and quantified the
nanoparticle uptake by ICP-MS (Figure 2, Panel (I3)). The ICP-MS results revealed that
nanoparticle cellular uptake inhibition efficiencies were approximately 73%, 12%, 24%, or
8% for chlorpromazine, chloroguine, cytochalasin D, ot umipramine, respectively (Figure 2,
Panel (1))

[0098] Under our study conditions, the chlorpromazine inhubitor was the most
effective agent As shown in Figure 2, Panel (D), the endocytosis mhubitors N
ethylmaleimide (NEM)}, Filipin, Dynasore, and 5-(N-ethyl-N-tsopropyl} amiloride {(EIPA)
did not reduce the nanoparticle cellular uptake. It 1s known that the cellular uptake wachinery
and cellular metabolic processes are inter-comnected and thus, uptake and transport
mechanisms in the context of nanoparticles are difficult to completely define. However, our
findings suggest that HEP-AuNPs primarily enter the model mnate immune cells through
clathrin-mediated endocyitosis and micropinocytosis and/or phagooytosis pathways.

{0099 We found that chlorpromazine inhibited clathrin-mediated endocytosis
while cytochalasin D inhibited macropinocyiosis and/or phagoeytosis. In our screening
experiments, these agents were the most effective HEP-AuNP uptake mhibitors. We

performed systematic dose escalation studies to assess the dose-response of the mhibitory
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effect and the cell toxicity of these two agents. Based on the previsus dose screening
experiments and published cell viabihity data the dose ranges were 0-31.4 uM and 0-3.9 uM
for chlorpromazine and cytochalasin B, respectively. The cell viability assays confirmed that
these inhibitor doses were not cytotoxic under the tested conditions. Using ICP-MS analysis,
we quantified the inhibitory effects for nanoparticle uptake in RAW264 7 macrophages to be
approximately 70% (chlorpromazine} and approximately 51% {cytechalasin D), respectively.
Furthermore, the cell hight micrographs showed an apparent reduction i hght extinction,
consistent with a decrease i nanoparticie cellular uptake. The reduced cellular uptake levels
upon chlorpromazine (235 pdM) and Cyiochalasin D (3.0 uM) incubation with RAW 2647
macrophages were confirmed gualitatively by CLSM mmaging. Reduced nanoparticle
mntensity signals were observed in the cell groups treated with the mbhibitors compared to
those without the mhibitors.

{0100] To test whether the HEP-coated nanoparticles could enter cells through
clathrin-mediated endocytesis and macropinocytosts and/or phagocytosis in another immune
cell line, we coonducted further inhibition experiments in DO 2.4 dendrtic cells. Both
chlorpromarzine and cytochalasin I3 reduced HEP-AuNP uptake by approximately 77% in
DC 2.4 dendritic cells. Additionally, we co-incubated chlorpromazine and cytochalasin D
inhibitors with cells to test if there was any additive endooyiosis inhibitory effect. However,
co-tncubation of these two nhibitors showed an approxunately 71% wnhibitory effect. Thus,
significant additive endocytosis inhibition was not observed with this inhibaior combination.
We corroborated this finding by co-incubating RAW 2647 macrophages with both
mhubitors. We observed no sigmficant cytotoxicity of the inhibitors at these tested doses. Our
results indicate that the cell uptake of HEP-AuNPs ccours in a time-dependent facilitated by
clathrin-mediated endocytosis and micropinocytosis and/or phagocvtosis.

{101 Our experniments showed that clathrin-mediated endocviosis plays an
important role in the cellular uptake of HEP-AuNPs, indicating that specific cell surface
receptors may facilitate nanoparticle cell uptake Since these cell surface receptors are
unknown, we wondered whether various structural analogs of HEFP polysaccharides, the
elycosammoglycans including heparin, hyaluronan (HA), chondroitin sulfates (C8), could be

used as competitors and thereby reduce the uptake of HEP-AuNPs.
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To address this question, we pre-incubated RAW 2647 macrophages

systematically with a library of relevant HEF siructural analogs as shown below in Table 4

and then added HEP-AuNPs to the cells.

Table 4: Summary of HEP Stractural Analog Polymers used for Competition

Experiments
GAG or Sugar | Average Surface Major Repeat Similarity Difference from
Molecular Receptors Structure with Heparvosan
Weight {mot all Heparosan
{Da} inchasive)
Heparosan 43.8; 169 unknown [GlcAl-4-beta- - -
[GleNAc]-d-alpha
Hyaluronic 160; 1,000 CD 44, [GlcAl-3-beta- samoe sugar different
acid (HA) LYVE-1; [GleNAc]-4-beta composiion glycosidic
HARE; and charge Iinkages
Stabilin-1; density
Rham
Heparan ~12.9 Fibroblast [ Gl A -6 0S- samc ~1-2 sulfatcs por
Sulfate growth factor | GleNAc/GIeNS] backbono repeat
receptor
Heparin ~16.6 {6b; [25-1deA/GIcAT- sumilar ~3 sulfates
Fibroblast [60S-GleNS] backbone per repeat; some
growth factor GleA epimer,
recepion; IdoA
FGE2
Chondrostin ~19.5 Ch 44 [GlcAl-3-bata-[45- GAG fanuly | GalNAc insicad of
Sulfate A (CS GaiNAc]-4-beta GleNAc; different
A glveouidic
linkages;
1 sulfate per
repeat.
Chondroitin ~21 [25-GlcA/ldoA}-3- GAQG family | GalNAc istead of
Sulfate B (CS beta-{4,65-GalNAc]- GleNAg; different
B 4-beta elvcosidic
linkages;
~2 sulfates per
repeat.
Chondroitin ~43 CD 44 [GlcAl-3-beta-[68- GAG family | GalNAc mnstead of
Sulfate € (CS GalNAc]-4-beta GleMNAc; different
) glycosidic
linkages:
1 sulfate per
repeat.
Choundroitin ~39 125-GleAj-3-beta- GAG family | GalNAc instead of

Sulfate D (CH
)

[65-GaiNAc)-4-beta

GloNAg; different
slveousidic
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linkages:
~2 sulfates per
ropeat.
Choundroitin ~146 ] [GlcAl-3-beta-[4,65- | GAG family | GalNAc instead of
Sulfate E (CS IN-1 GaiNAcl-4-beta GleNAge; differend
B glveosidic
hinkages;
~2 sulfates per
repeat.
Usnsualfated ~100~200 [GleAl-3-bota- GAG fanmudy; | GalNAc instead of
chondroitin iGalNAc|-4-beta same charge GleNAc
densuy
GlcNAc(N- 0221 - - monosacchart -
acetyl- de
glucosamaing) component
[0193] To quantify the nanoparticles’ cellular interactions, we performed

quantitative 1CP-MS and corroborated the results qualitanvely with light microscopy. The
ICP-MS and microscopy data both revealed that S A (1.e. U8 with mostly Cdesulfo 1somers)
was most effective at reducing the cellular uptake (~43%) of HEP-AulNPs compared with the
‘no-competitor’ group. We observed approximately 15% mmhibition by C8 € (1.e. CS with
mostly C6-sulfo  isomers) and approximately 18% inhibition by heparin {(ie  the
anticoagulant drug that 13 a highly sulfated HEP) No significant competition with the
remaining siructural analogs was observed.

(01 04] We next investigated whether the CS A inhibitory effect of HEP-AugNP
uptake was due to a potential toxicity effect of the S A preparation, which was extracted
from a mammalian source. We observed that the CS A material did not affect cell viability at
the working concentrations emploved in this study.

[0105] Next, we expanded the structural analog competition study to DC 2.4
dendritic cells, Since the previous study demonstrated that CS A significantly reduced uptake
of the HEP-AuNPs in RAW 264.7 macrophages, we pre-incubated €8 A with the DBC 2.4
cells for 1 hour, then added the vanoparticles for an additional 2.5 hour incubation. We
quantified the competition efficiency by ICP-MS and corroborated the results wuth hght
microscopy. Non-cvtotoxic doses of S A resulted in a lower nanoparticle uptake as
quantified by TCP-MS, and we observed a reduced nanoparticle signal compared to the no-

competitor group using light mucroscopy.
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[0106] We further assessed the competition effect of U8 A as a function of time
and concentration at non-cyiotoxic levels. The US A agent significantly lowered the cell
uptake of HEP-AulNPs, as confirmed by light microscopy and ICP-MS quantification. The
inhibitory effect of 1 mg/mL €8 A persisted throughout time. At 2 mg/mb., ©S A suppressed
cellifar uptake of HEP-AuNPs up to 9-fold, according to our inhibitor dose-response resulis
{1050 of 0.5 mg/mL). These competition experiments with GAG structural analog polymers
unply that CS A can substitute o some degres as a ligand for HEP [or the internalization
recepior{s}.

{0107 Next, we examined if the substantial cellular uptake of HEP-AuNPs was
due to muliivalent nanoparticie/receptor interactions by investigating the effect of the HEP
surface coating density on mternalization. Since uncoeated nanoparticles are prone to colloidal
instability and substantial protein corona formation that may affect cellular interactions, the
nanopariicles were first coated with various amounts of HEP polymers. We then used a
backfilling strategy to cover any uncoated surface with methoxy-terminated poly{ethylene
glycol), PEG, thereby enhancing nanoparticle colloidal stability (Figure 8, Panel (A}). PEG s
known to minimize non-specific protein adsorption on nanoparticle surfaces, and it is used n
the clinic. The coating process was characterized by measuring the hydrodynamic diameter
and zeta potential with DLS. The data show that with HEP added at approximately 0.5
HEP/om®, there was no significant difference in the hydrodynamic diameter or the zeta
potential values after PEG backfilling. At the added densities of <0.5 HEP/nm’, the
hydrodynamic diameter and the =eta potential increased with the addition of PEG, indicating
that the nanoparticles were successfully backfilled. These results confirm that fully surface-
coated nanoparticles with various HEP densities were generated successfully.

[0108] Next, we exposed the nanoparticles with various HEP surface coating
densities to RAW 2647 macrophages and evaluated the corresponding uptake efficiencies
qualitatsvely by Light microscopy and quantitatively by ICP-MS (Figure 8, Panels (B) to {(#}).
We observed that the mteraction between the nancpariicles and the cells increased in a HEP
surface coating density-dependent manner using light microscopy {Figure 8, Panels (C) to
{E}). We corroborated this observation quantitatively by ICP-MS. Our quantitative results
demonstrate that the nanoparticie cellular uptake can be controlled by more than three orders

of magnitude via varying the HEP surface coating density (Figure 8, Panel (B}).
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{0109 Overall, our results suggest that the multivalent mteractions strengthened
with increased HEP surface coating density, leading to higher HEP-AuNP cell uptake.
Manipulating the surface coating density of GAG polymers may allow for the controlied
delivery of nanoparticles to innate immune cells.

10110} in addition 10 the above experiments with HEP, as chown in Figure 9, we
have also found that nanoparticles coated with other GAGs, 1ncluding hyaluronan (HA) and
some versions of chondroitin sulfate (C8), can be internalized by mmnune cells. These GAG-
coated nanoparticles were found to work at about the same efficiency as HEP. 1t 1s known
that the HARFE/stabilin receptor can bind HA, C&, and heparin, but not heparosan. The
LYVE-1 receptor and CD44 can both bind HA, but not heparosan or CS.

10131 All the GAG-NPs tested were internalized much better than the
comparable NPs coated with mannan or dexiran or PEG. Mannan and dextran have been
proposed to be improved coatings in the hiterature (Mitchell M, Billingsley MM, Haley RM,
Wechsler ME, Peppas NA, Langer R Engineering precision nanoparticles for drug delivery.
Nat Rev Drug Discov, 2021;20(2):101-124. doi:10.1038/341573-020-0090-8). The manoan
in particular would be recognized by the mannan-receptor/scavenger receptor that is

prevalent in immune cells.

Fxumple 2y HEP-napoparticle Uptake Analysis ay Monitored by Celf Calture Experimersty

[H069] Figure 5 13 a bar chart showing the resulis of cell culiure experiments
using gold nanoparticle concentrations of up to 0.3 nM over 6 b The 13-k3a heparosan
polvmers were linked to 50-nm gold nanoparticles through an OPSS linker. The 10-kDa
PEG polymers were also linked to S0-nru gold nanoparticles through an OPSS hinker The
results of Figo 5 show that highly heparosan-modified nanoparticles exbhubit orders of
magmitude higher cell uptake i J774A 1 and RAWZ64.7 macrophages and DC2 4 dendritic
cells as compared to PEG-modifisd nanoparticles. Nanoparticle uptake in HUVEC (human
umbtilical vein endothehal cells), 4T1 {(mammary carcinoma), B16F10 (melanoma), and
C2C12 (myoblasty cells was not found to be staustically different between PEG- and
heparosan-modified nanoparticles as determinad by mnductively coupled plasma mass
spectrometry (JCP-MS), Light microscopy was then used, as shown in Fig. 6, to confirm the
results found for the DC2.4 cells. As shown in Fig. 6, the DC 2.4 dendritic cells took up far

more HEP-modified gold particles than PEG-modified gold particles.
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[0112] Using transmission electron microscopy (TEM), we showsad that
heparosan-modified nanoparticles were able to escape intracellular vesicular systems to enter
the cytoplasm of RAW264.7 macrophages (Fig. 7). This demonstrates that such modified
nanoparticles may be useful to deliver immunogenic molecules to the cvtoplasm of target

cells, such as dendritic ceils, macrophages or other white blood cells.

Nanoparticle synthesis {1S5-nm, 3S5-nm, or 106-nm AuNFs; $3-nm AgNPs; and uncoated
fiposomes)

j0113] A redox reaction-based bottom-up synthests approach was used for the
synthesis of 15-nm, 55-nm, or 100-nm AulNPs. Aqua Regia was used to clean the reaction
flasks before synthesis. Aqua Kegia is prepared as a 3.1 ratio of hydrochioric acid {Sigma-
Aldrich, ACS reagent, 37%) and nitric acid {(Sigma-Aldrich, ACS reagent, 70%).

Svnthesis of 15-nm zold nanoparticle

[0114 Based on a protoco! published by Turkevich e ¢f., we synthesized 15-nm
gold nanoparticles {Furkevich, J.; Stevenson, P. C; Hillier, J. A Study of the Nucleation and
srowth Processes in the Synthesis of Collowdal Gold. Discuss. Faraday Soc. 1981, 11 (0},
55-75). Briefly, 98.9 mL nanopure water and 1.0 mL of 0.102M sodium citrate tribasic
dihydrate {(Sigma-Aldrich} were prepared in agua regia-cleaned 230 mL Erlenmever flask
This flask was then placed on a hot plate with settings of 300 °C and ~200 rpm. When the
mixture solution in this flask started boiling, 100 ul of 0.23 M aqueocus gold (1) chloride
trihydrate (Sigma-~-Aldnich) was added rapidly, and the stirring speed was increased to ~ 400
rpro. Next, a 7 mun timer was set. During this 7 min of reaction, the color of the solution
changed from purple to cherry red. After 7 nun, the flask was placed on ice to quench the
reaction and then stored at 4°C. To prevent navoparticle aggregation, Tween 20 (Sigma-
Aldnich, Molecular Biology, Grade) was added with a final concentration of 0.01% {(v/v). To
concentrate and wash, nanoparticles were centrifuged at 15,000 x g for 90 munutes using a
ThermoFisher Heraeus Multifuge X3R ceninfuge. Both DLS and UV-Vis specirophotometry

measurements were performed for nanoparticle quality assessment.
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Swvnthesis of 55-nm and 190-nm cold nanoparticles

j0115] To synthesize larger nanoparticles, a seed-mediated synthesis protocol
from Perrault e af was adopted (Perrault, 8. D, Chan, W. . W. Synthesis and Surface
Modification of Highly Monodispersed, Spherical Gold Nanoparticles of 50-200 Nm. J. 4m.
Chem. Soc. 2009, 737 (47y, 17042-17043)  The 15-nm seed gold nanoparticles were
prepared by the previcusly described protocol; these “ssed’ particles were transferred to a
new clean {lask (o synthesize the two larger AuNPs.

Svnthesis of 55-nm silver nanoparticies

{08116 A modified one-pot method was adopted for the synthesis of 35-nm
citrate-capped silver nanoparticles (AgNPs). Briefly, tannic acid and sodium ciirate tribasic
dihydrate were added mto 100 mbL of boiling nanopure water for final concentrations of 5
mM and allowed io stir vigorously for 15 minutes. Then, 0.1 mL of 250 ;M silver (1} nitrate
was immediately added to the reaction and boiled for 15 minutes.

Svnthesis of uncoated liposomes and PEG-liposomies

[0117] Uncoated hiposornes and PEG-coated liposormes were prepared based ona
published paper'. Briefly, uncoated liposorses with a fluorescent tag for imaging were
prepared  hy adding a stock of 044 mg/ml. 0, DOCI8 3y (3,3-
Dicctadecyloxacarbocyanine Perchlorate) in chloroform to solid 1,2-distearoyl-sn-glyeero-3-
phosphocholine (DSPC) and cholesterol (final mwolar ratio of 1:1.3:0.9, respectively). PEG-
Lhiposomes were  prepared by usmg 644 mg/ml DG, GCI18(3) (3,3
Dhoctadecyloxacarbocyanine Perchlorate) (solvent is chioroform) disselved 1 2-distearoyl-
sth~glycero-3-phosphocholine (BSPC), cholesterol, and phosphatidylethanclamine modified
with 2-kDa polvethylene giyveol (DSPE-PEG2000) (final molar ratio of 1:1.3:0.9:0.3). After
mixing hpids in the desired ratio, the chloroform was evaporated by a rotary evaporator. The
fipid films were suspended i 600 pl of 37 °C warmed 1x phosphate buffered saline using
bath soncation {ultrasonic cleaner Branson CPXEE00H at 25 °C) for approxamately 20 mm.
The mixture was then extruded through a 100-am polycarbonate filter at 60°C for 21 cycles.

The hydrodynamic diamster was measured by DLS,
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G A reagent synthesis and coating

Heparosan Coatinge Reavent Svnthesis

{0118} A guast-monodisperse 13 kDa-heparcosan (HEP) polysaccharide with a
polydispersity Adw/Mr 1.038 +/- 0.005 as measured by HPLC-SEC with multiangle light
scattering {Wyatt) detection and a reducing end amino group (HEP-NH2)} was synthesized by
synchromzed, stoichiometneally controlled chemoenzymatic reaction using an anmine-
comntaining acceptor, UDP-sugar donors, and PmHS ensyme as described previously.” This
starting material was employed to create two dervatives: {(a) a HEP with a thiol-reactive
group (HEP-OPS8) at the reducing terminus, and (b} a radiocactive version of the same
polymer tagged at the non-reducing terminus (PHJHEP-OPSS). HEP polymers were
quantified using the carbazole assayv with a glucuronic acid standard.

(0119 The thiol-reactive dithiol-pyridy!l {OPSS) group was introduced into the
reducing end of various HEP-NH: polymers using a 31- to 42-fold molar excess of N-
succinumidyl 3-(2-pyridyldithio)propionate (SPDP) (ThermoFisher) added as 2 or 4 additions
ut neat DMSO; the reaction was performed with 6-6.7 mg/mb. HEP-NH: and 30-37% DMSO
solvent final m 6.1 M HEPES, pH 7.2, 5 oM EDTA, at room temperature overnight. The
HEP-OPSK target was precipitated by the addition of NaCl (4.1 M final} and 4.8 volumes of
isopropanoc! on ice for 2 hours. The resulting peliet was harvested by centrifugation {1,800 x
&, 30 min), the supernatant was aspirated, and the pellet was dried (3 mun under vacuum or
air~dried for 2.25 hours} before re~-suspension in water at 4°C overnight The HEP-OPSS was
purified from small MW compounds via either strong anion exchange chromatography or by
ultrafiliration

{01240 The HEP-OPSS (~100 mg synthesis scale) was applied to a HiTrap Q
strong anon exchange column (5 ml. bed; GE Healtheare) equilibrated mn Buffer A (10 ;M
Nal’Ac, pH 5.8} at 2 mi/min and washed with 4 column volumes {cv} of 100% bufter AL A
serigs of hinear gradient steps with NaCl elution (using B buffer = A + 1 M Na{Cl in steps of
10 ov of 90A10B, 4 cv of 60A408, and then 1 ov of 40A.608) removed traces of QPSS
from the target. The 0.21-0.5 M Na{l SAX fractions containing the HEP-OPSS target were
pooled, precipitated with 2.5 volumes of ethano! (similar process to sopropanol emploved
above), the pellet suspended in water, and stored at -20°C.  Alternatively, the HEP-QOPKS

{~200 mg synthesis scale} target was purified by repeated vltrafiltration (6 cycles with 3 ka
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MWCO membrane;, Amicon) against water at room temperature to desalt the sample and to
remove any residual SPDP. The presence of the OPSS group on the sugar chain was verified
by reaction with SAMSA (a fluorescent thiol activated with base per the manufacturer’s
mstructions; ThermoFishery and then PAGE analysis. 7 A fluorescent band at the appropriate
MW was detectad, thus indicating the successtul installation of the OPXS muoiety onto the
sugar chain as deseribed later.

{0121 Radicactive forms of the HEP-OPSS were created by [irst end-labeling
100-200 ug HEP-NH: with | 1-9 uCi of UDP-["H]-GlcNAc (PerkinBlmer) and PmHS under
reactions conditions similar to nonradinactive HEP-NH> synthesis; under these conditions
only ~1-2%% of the HEP chams (~65 monosaccharide umts long) are tagged with a single
racdioactive sugar thus not sigruficantly altering the overall MW of the preparation. The
purified material was then reacted with OFPSS as above except: {7} a 2,000 to 3,555 molar
excess of OFSS was used for 3-4 hrs, (77} the final concentration of HEP-NH2 was 02
mg/ml., and {7} the target was precipitated by the addition of NaCl (0.3 M final) and 3
volumes of ethanol at -20°C for 2 hours. The resuliing pellet was harvested by centrifugation
{18,000 x g for 0.5-1 hr}, the supernatant was aspirated, and the pellet was then washed n
70% ethanol/G.1 M NaCl and centrifuged again. The pellet was air-dried, resuspended in
water, and then purified by repeated ultrafiltration (6 cycles with 3 kDa MWCO; Amicon)
agaiost water. The specific activity of the final ["HJHEP-OPSS product was measured by

hiquid scintilation counting and determined to be 93-360 mCvVmmel (7-27 nli/ug).

Hyaluronan {HA), Mannan, & Dextran Derivatives for NP Coafings

[0122] A guast-monodisperse 13 kDa-Hyaluronan (HA) polysacchande with a
reducing end aming group was synthesized by synchronized, stoichiometrically controlied
chemoenzymatic reaction using an amine-containing HA-based acceptor, UDP-sugar donors,
and PmHAS enzyme {(Jing W, DeAngelis PL. Svochronized chemoenzymatic synthesis of
mongdisperse hyahwonan polymers, J 8ol Chern, 2004 279(40142345-42349), Mannan was
obtained from Sigma {(base-extracted preparation from the veast Saccharomyces cerevisiae),
it 1 a glycopeptide so there is 3 naturally occurring amine attached to the sugar,

[0123] The HA and mannan OPSS reagents were made by derivatization with

SPDP as for the heparosan-NH and used to coat of gold nanoparticles as described.

-40-
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[0124] Diextran monothiol (10 kDa average MW) as obtained from Fmna

Biosolutions (Rockville, MID) and used directly for coating the NPs.

Chondroitin Sulfoate Derivatives

[0125] Chondroitin sulfate from bovine source (CSA; Biolberica, Barcelona,
Spain} or shark sowrce {U8A; Biclberica) was dertvatized on a small portion of is
carboxylate groups {(average ~1-4/chain target) with a heterobifunctional reagent, PDPH (3-
epyridyvidithioipropionyi hvdrazide)

[0126] The reagent PDPH (Thermo) has a hydrazide on one end (reacts with
GAG carboxy group) and a OPSS on the other end {reacts with Au or a thiol group). The
PDPH {(~1-4 molar equivalents to the C8) in a water stock {(~7 mg/mi} was added to a 10
mg/ml U8 preparation in 300 mM Bis'Tris, pH 475, at room temperature with nuxing. Afier
~10 mun, a carbodiimide activating reagent, 1-ethvi-3-{3-dimethviaminopropyvhearbodiimide
hydrochlorde (EDC; Sigma) was added as a solid to the sclution at ~-2-3 molar excess over
POPH with mixing.  After overnight reaction at room temperature, the material was then
procaessed with a Sephadex G-10 column {(PD-10; Pharmacia) in 0.1 M Na(Cl followed by
ultrafiltration in water using a spin unit 3K MWCO) to remove the excess reagents. The

material was then used to coat the NPs with chondroitin sulfate.

Polydisperse HA Coating Derivatives
[0127] A polydisperse HA preparation (average MW 17 ki¥a) from a microhial
fermentation (Lifecore Biomedical, LLC; Chaska, Minnesota} was treated as for C5 and then

used to coat the NPs.

Quantification of HEP- and PEG-coatings asing DILS for AuNPs and liposonies

Saturation curve of sold nanoparticies

{0128] Briefly, a constant surface area to volume ratio was maintained for every
desired PEG (MW 10 kDa, Laysan Bio) surface density (PEG/am®); only the surface
modification density conditions were varied. The addition ratios of PEG polymer to
nanoparticle surface area were 0, 0.1, 0.25, 0.5, 1, 2 PEG/um” for 15-mmwn AuNPs. Samples

were prepared in tniplicate by mpang the DI water, PEG solution, and 15-nm citrate-

-4
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stabilized AuNPs in order. The vials were vortexed a second time and then left to imcubate at
room temperature for 30 minutes. After the incubation period passed, the PEG was then fully
conjugated to the surface of the nanoparticles, which was verified with the Malvern FetaSizer
using dynamic light scattering {DLS). The DLS measured hydrodynamic diameter, which
consists of the gold core diameter and the layer of hydration from the surface-bound
molecules. Additionally, the success of the effect of the PEG density on the surface charge of
the nanoparticles was gualitatively observed through gel electrophoresis, as described below
in the gel electrophoresis section. The heparosan saturation curve was obtained by a similar

procedure with the use of the salt aging or pH methods as described below.

Saturation curve of heparosan coated liposomes

{0129 Naked liposomes were coated with lipid-modified heparosan polyvmers
using post-insertional modification. Briefly, 13-kDa heparosan-dipalmitate polvmers were
mixed with uncoated liposomes, then incubated for 90 min at 37 °C; these conditions result in
efficient incorporation of a HEP-coating on the outer leaflet of the bilayer. The saturation
curve was obtained by mixing 9.71 mg/mL heparosan polymer with uncoated liposome at the

percentage of molar ratic of HEP polymer to hipids.

HEP-AuNPs prepured by she salt aging method

[0136] The coating of heparosan by salt aging on 15-nm gold nanoparticles was
based on the Hurst/Zhang method This method entails increasing the concentration of
sodium chlonde (Sigma) to help the heparosan conjugate attach to the gold nanoparticle
surface. Briefly, citrate stabilized AulNPs were obtained that had been prepared as described
above. A constant surface area to volume ratio was maintained for every desired heparosan
surface density (HEP/nm®); only the surface modification density conditions were varied.
The addition ratios of HEP polyvmer to nanoparticle surface area were 0, 025, 0.5, 1, or 2
HEP/nm? for 15-nm AuNPs. Different HEP coating density conditions were performed for
55-nm and 100-nm gold vanoparticles: the range was 0, 0.01, 0.1, 0.5, 1, or 2 HEP/nmo?,
Triplicates were performed for each condition. Nanoparticle and heparosan solution were
mixed together in DI water and incubated at room temperature for 20 min. NaCl was added
in 0.1 M NaCl increments until the {inal NaCl concentration reached 0.7 M. Each increment

was followed by a 20 min incubation at room temperaiire before the next addition of NaCl
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DLS was performed after the final incubation. Agarose gel electrophoresis was performed as

described below in the gel electrophoresis section.

HEP-AuNPs and HEP-AgNFs prepared by the pH method

{0131} in a different process from the salt aging method described above, pH 3.0
Citrate HCI buffer or pH 3.0 HCI without citrate was used as a solvent for the heparosan and
gold nanopasrticle mixture instead of using D] water. A constant surface area was maintained
for every target heparosan surface density {(HEP/nm?); only the surface modification density
conditions were varied. The addition of HEP polymer to nanoparticle surface reactions were
0, 0.25, 0.5, 1, 2 HEP/nm? for 15-nm AuNPs. HEP surface coating density of 55-nm AuNPs
were O, (01,825, 0.5, 1, or 2 HEP/nm®. The caiculated HEP was added and mixed with acid
water, then followed by adding nanoparticies. After a brief vortex, NaCl solution was added
in 0.3-M NaCl mcrements until the final NaCl concentration reached 0.6-M. Each increment
was followed bv a 20 min mcubation at room temperature. DLS was measured after final
incubation. Agarose gel electrophoresis was performed as described below in the gel
electrophoresis section. The optimized pH method shared the same procedure without the
addition of citrate to the acid water. The colloidal stability of the low coating density of HEP
was maintained over 390 days with the pH method without ciirate addition.

[0132] The pH method without citrate addition was used for coating HEP on
AgNPs. To attach HEP-OPSS or PEG-0OPSS to silver nanoparticles, these reagents were first
reduced to HEP-SH or PEG-SH by mcubation with Tris{2-carboxyethylphosphine
hydrochloride (TCEP; Sigma-Aldrich) at a molar ratio of 1:50 for 2 b, This reduction step
was employved as the OPSS group does not react efficiently with AghNPs i comparison {o
AuNPs. The hydrodynanuce diameter changes were measured by DLS. Based on the
maximum saturatton curve we obtained from 55-nm AulNPs by DLS, we added over 5

2

polymers per nan® in the silver nanoparticle coating,

Ouantification of HEP-coatings 15-nm and 35-nm AwlNEPs nsing a radiciabeling sirotegy
{0133] Radioactive heparosan and versions of heparcsan-OPSS were mixed n a

mass ratio of 1 to 4. Thus heparosan mixture was used to modity 13-nm or 33-nm AuNPs. By

using the salt aging method mentioned above, different densities of heparosan mixiure a3

input surface densities (HEP/nm?®) were used to modify 15-nm and 55-nm AuNPs. The mput
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surface HEP densities for 15 nm were 0.2, 0.5, 1.0, 2.0, or 3.0 HEP/nm?. For 55-nm AuNPs,
the input surface coating reactions were 0.1, 0.25, 0.5, 1.0, or 2.0 HEP/nm ? After the
conjugation process, heparosan-modified AuNPs were centrifuged at 4°C for 30 min and
centrifuged at either 15,000 x g for 15-nm or 2,000 xg for 33-nm. To remove free heparosan,
the pellet volume after centrifugation was carefully loaded on 25% Percoll {Amersham)} and
followed by centrifugation at 4°C (1 h at 15,000 x g for 15-nm or 2,000 x g for 55-nm
AuNPs) The radicactivity was measured by hguid scintiliation couniing on a Packard

Tricarb 2300TKR.

Transmission electron micrescopy

TEM characterization of HEP- and citrate-AuNPs

10134} Samples were loaded and prepared with negative staining by 2% uranyl
acetate (Ted Pella, Incy on a TEM grid {Ted Pella, Inc). TEM images were taken by a 200-kV
field emission JEOLZO10F analytical transmission electron microscope with a DE-12

camera. Imagel (NH) was used to analyze TEM 1mages.

TEM characterization of AuNPs inside of cells

{0135} RAW 2647 macrophage cells {(~1 million) were seeded i each well of a
d-well-plate overnight. Dispersions of 0.3-10 PEG- or HEP-AuNPs were then incubated
with the cells for 6 h. Any unminternalized AuNPs were removed by washing the cells thrice
with 1x PBS. Cells were scraped and collected by centrifugation (860 x g, 5 min, 25°C) mto a
1 S-ml nucrocentirifuge tube. The supernatant was removed, and the cell pellets were fixed
with a freshly made tixative solution containing {29 glutaraldehyde: 4% paraformaldehyde
{v/v} in 0.2 M cacodylate buffer) at room temperature for | hour. Samples were stored at 4°C
uniil sectioning and negative staming (3% lead citrate solution, cat. 22410, Electron
Microscopy Sciences). The TEM micrographs were isken with a Hitachi H-7600

Transmission Electron Microscope.

Agarose gel clectrophoresis
[0136] Gels with 0.5% (ro/v) agarose (Fisher BioReagents) and 0.5x TBE buffer
{Sigma-Aldrich) were used to analyze HEP coating on AuNPs, Nanoparticle samples were

concentrated (o ensure visibility and {iypically 10 ul./lane} then muxed with 150 mg/mL

-4 4
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Ficoll (Research Products International} in a 4:1 ratio for leading into wells. Gels were run at

50V for 40 min. Gel images were taken with an Azure U600 imager using visible light.

Protein corona formation, isplation, and clean up

Protein corona formation upon nanoparticle incabation in ¥BS

{0137] Briefly, HEP- or PEG-modified gold nanoparticles were incubated with
fetal bovine serum (FBS, ThermoFisher) at a ratio of 10 gL per em? of nanoparticle surface
area. This incubation was at 37°C for 24 hours, performed in triphicate. To remove unbound
FBS, three rounds of washing were performed by 500 ul of 1x PBS with 5-mM EDTA and
0.05% {v/v} Tween 20 at 18,000 x g for 30 min at 4°C. After the final wash, the nanoparticles
were then measured by DLS and assessed with agarose gel electrophoresis as described in
previous sections.

{3135} Similarly, we exposed HEP-, PEG-coated AgNPs, or liposomes to FBS,

and measured the hydrodynamic diameter change by DLS.

Protein isolation

[0139] Samples with 50 cm? nanoparticle surface area were prepared for FBS
wmeubation, followed by the incubation and washing protocol described 1n the previous
paragraph. After the final wash, resuspend the panoparacle pellets i the residual solution (18
ul). Next, to isolate proteins from nanoparticles, 8 ull of the 4x LDS buffer (Invitrogen} and
4 p1. of the 0 5-M dithiothraitol (3TT) solution were added to the vials. The vials were then
wmcubated at 70°C for 60 nunutes to sirip the proteins bound to the surface of the
nanoparticles. After the 60-mimute incubation, the vials were centrifuged at 18,000 x g for 15
munutes 1o remove navoparticles. Around 30 ub protem supernatant was collected from each
tube; 6.5 pl. was reserved for SIS-PAGE. The rest of the proteins were processed with
clean-up to remove DTT and LS,

Protein cleanup

{01401 To remove the DTT and LIS in the remaining protewn solutions, the
trichloroacetic acid {(TCA) / acetone method was used. Proteins were precipitated by the
addition of 950 pl 10% w/v TCA(Sigma) in acetone {ThermoFisher) overnight at —~80°C.
The next day, the precipitated proteins were collected by centrifugation at 18,000 x g for 13

min at 47C, and the supernatant was discarded. The pellets were first dissolved in 300 pl of
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0.03% w/v sodium deoxycholate (Sigma) and then mcubated on ice for 30 min after adding
100 ul of 72% (w/vy TCA. The supernatant was removed after centrifugation at 18,000 x g,
4°C for 15 nun. The pellets were dissolved in 1 mL of acetone. The 1 mL sohition was split
into aliguots of 460 ul for BCA assay and 600 gL for LC-MS/MS and dried in a fume hood.

The pellets were stored at -80°C until LO-MS/MS characterization.

KDS-PAGE for protfein corona cliaracierization

(0141} SDS-PAGE gels procedures were based on protocols from Walkey ef
{Walkey, C. D.; Olsen, J B, Song, F.; Lin, R.; Guo, H.; Olsen, D W. H,; Cohen, Y., Emily,
A Chan, W. C. W, Protein Corena Fingerprinting Predicts the Cellular Interaction of Gold
and Silver Nanoparticles. 408 Nano 2014, & (3}, 2439-2455). We used 4-12 % NuPAGE™
Bis-Tris precast Protein Gels, 1.0 mm, 12-well {ThermoFisher) with as a PageRuler™ Plus
Prestained 10-230 kDa Protein Ladder {(ThermoFisher) standards in a minmi gel tank
{ThermoFisher) for SDS-PAGE. The 6.3-ul. samples previously saved {section 11) were then
mixed with 2.5 ul of the 4x LDS buffer and 1 yl of the 300 mM DTT solution and
mncubated for 5 minutes at 95°C. Along with 2yl of the protein ladder, samples were then
carefully injected into the welis on the gel, and the gel was run at 200 V for 53 minutes on
we. Once the gel was done, 1t was carefully separated from the case, and the gel was
submerged 1n the fixing solution {(10% (v/v) acetic acid (Fisher Scientific) and 40% {(v/v)
ethano! (PHARMCGO-AAPER)) in a petri dish overnight at room temperature with gentle
agitation. The next morning, the gel was rimsed with DF water and then stained bylx
SYPRO™ Tangerine Protein Gel Stain according to the manufacturer’s protocol for 60
mommutes at room teroperature with gentle agitation (wrapped m alununum fod to avord hight),
Stained gel was rinsed with Dl water and mmaged under Azure C600 with an
excitation/erussion set compatible with the stamm and ladder. Imagel (NIH) was used to

analyze the intensity of each lane on the same SDS PAGE images.

$iguid Chromatography Tandem Mass Spectrometry (L.C-ME/BS)

Liguid Chromatorraphy Tandem Mass Specirometry (LO-MS/MS)

[0142] The protein pellet was solubilized in 15 pl of 25-mM ammonium
bicarbonaie. Solutions with 6 M urea, 200 mM dithiothreitol, and 200 mM iodoacetarmnide

was prepared m 25 mM ammonium bicarbonate The protemn solutton was mceubated with 1
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ul. of 6 M urea and 1 pb of 200 mM dithiothreitol for 1 h at 37°C for denaturation and
reduction. Then the reduced proteing were incubated with 5 pL of 200 mM 1odoacetamide for
30 minutes in the dark at room temperature for alkylation. After incubation, 5 pL of 200 mM
dithiothreitol was added to the solutions followed by incubation with 3 gl of 0.1 ug/ul
trypsin {prepared in 25 mM ammoniam bicarbonate} at 37°C and pH 7 overnight. For both
the HEP coating and PEG coating, protein digest samples containmmg varying coating
densities were prepared in triplicate. All samiples were stored at -20 °C unul analysis.

[143] A 15-ul. aliguot of the protein digest was injected onto a custom-packed
C18 reverse-phase liquid chromatography (RPLC) column {75 pmi.d |, 150 mm length, 2 um
{18 resin} for peptide separation. Mobile phase A was 0.1% formic acid in HPLC grade
water and mobile phase B was 0.1% formic acid n acetomiirde, The tlow was split to result
in a flow rate of approximately 0.8 pl/min through the RPLC column. The LC gradient
started with sample loading at 0% mohile phase B for 30 min, followed by an mcrease from
% to 35% mobile phase B over 120 min. The mobile phase B gradient was ncreased to 90%
over 3 min and was held constant for § mun. Mobile phase B was then decreased to 0% over
2 min and maiontained for SG mn for column re-equilibration. The eluted peptides were
analyzed using an LTQ mass spectrometer {Thermo Fisher Scientific, Hanover Park, 11,
US A} with a custom nano-EST ionterface. The heated capillary temperature was 275°C with a
spray voltage of 3.5 kV. MBS scans were obtained with a normal scan rate and the wi/z range
was 350-1350. MS/MS scans were acquired using ITMS with collisional induced
dissociation (CID) at a normalized collision energy setiing of 35%. The ten most abundant
precursor tons were selected for MS/ME. The AGC for MS/MS was 3E4 and the maximum
on wyection tume was 50 ms with 3 mucroscans. The column was washed between sample
runs by injecting a buffer blank and runmung the same gradient setup.  Peptides were
identified using MSGEF+ to search the mass spectra from the LO-MS/MS analysis agamst the
annotated  bovine database downloaded from  wwwouniprot.org  {proteome I} 13

UP000009136).

{0144 Exampie 3: Administering GAG-particle with bound immunogenic

peptide as a vaccing
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[0145] For a NP vaccine, cargo is typically an antigen or a nucleic acid encoding
an antigen. Antigen examples include synthetic peptides, recombinant or native foreign
proteins, and microbial polysaccharides.  Strategies for antigen incorporation into NPs
include loading (1) into the PLGA cores during the emuisification stage or (i1} into the humen
of liposomes with the solution that 1g used to rehydrate the lipid films.  In thig strategy, the
GAG or heparosan coaling may then be added after immunogenic molecule loading of the
NPs.

[B146] The GAG-coating directs efficient uptake into the momune cell {eg.,
dendritic cell, macrophage) The antigenic protein is presentad to other cell types of the
immune system {e.g., CD8+ and CD4+ T-cells) thus triggers the adaptive mmunune response
needed for the vaccine. This response ultimately results in the production of antibodies {e.g.,
oM, g3 and specific T-cells directed against the antigen in the patient that fight the discase
or kill the pathogenic microbe.

[0147] In current mRNA vaceines, a ‘packaging’ system {(typically a polycation
or caticnue hipid) is used to bind and stabilize the message encoding an antigeruc protein ina
fiponanoparticle (NP} Our nvention employs a GAG coating on the particle to enhance
cellular uptake in a targeted and more efficient fashion.

[0148] In one embodiment, the HEP-lipid may be added during the LNP
formulation process to form GAG-particles that deliver the vaccine to immune cells.
Basically, the typical LNP manufacturing process combines two fluid phases 1 a rapid
fashion: {1} & water-based solution with the mRINA and packaging agent, and (1) a water-
miscible solvent (e.g., ethanol} with the lipids. Depending on the GAG-reagent’s solubibity
{effected by liprd component identity and the sugar chain size), the coating molecule can be
dissolved w either phase and the exact choice is not oritical for this mvention. Upon nuxing
alf the components, the LLNPs then selftassemble with the mRNA in the mtenor and the GAG
exposed on the surface.

{1149 The resulting mRNA-lpaded GAG-NPs are purified by centrifugation, gel
filtration, dialysis, or tangential flow filtration to remove the solvent and other reaction
components from the LNP formulation. These purification methods are also usseful for
formulation adjustment (e.g., pH with buffer ion, osmotic pressure with solutes, sterility with

preservatives, etc) to make appropriate for administration to the mammalian patient. In one
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example, intramuscular injection mtroduces the HEP-NP mBNA vaccine into the
environment of immune cells. A GAG-coating directs more efficient uptake mto the immune
ceil, but not the muscle cell. The mRNA escapes into the cytoplasm and is translated into the
antigenic protein thus starts the adaptive immune response needed for the vaccine efficacy.
Due to the nature of the mammalian immune response, higher titers of anti-antigen antibodigs
and antigen-specific T-cells (i.e. boosting) are achieved by mjecting multiple doses of the

GAG-LNP-mRNA vaccine weeks or months apart.

Bicassay of HEP-NP Peptide Antigen Constructs.

{01541 The major histocompatibibity complex (MHC) receptors are used to
present antigens and tram the T cells of the adaptive immune response.  Two validated
methodologies, flow cytometry and ELISPOT, verify the efficacy of the HEP-NPs loaded
with an antigenic peptde {eg., a 9 amino acid residue long synthetic compound
corresponding to the vaccination target disease or microbe} to functionally stimulate the

presentation of antigen/MHC complexes on the dendniic cell swrface {(Hawd

{0151 First, DC 2.4 cells are incubated with HEP-coated, peptide-loaded

nanoparticles. After ~6-72 hrs, flow cytometry with peptide/MHC antibodies s used to
assess the amount of NP cargo processed by the mmmune cells (e.g., dendriiic cells) and
physically presented by MHC on the surface of the cells. Then ELISPOT assays are used to
demonstrate that these pepiides activate T cells. Basically, DC 2.4 cells are incubated with
HEP-coated, peptide-loaded NPs and 1L-2 followed by plating of the cells on anti-IFN-y-
coated 96-well plates. Plates are developed and read on a plate reader to determine the extent
of T cell activation. The average of the number of spots from the 12 wells of cells treated
with wrelevant peptide {negative control} plus two standard deviations 1s used as the cutoff
value. Averages from test wells re-stimulated with individual epitope candidate peptides that
are above the cut-off value from the negative controls will be considered as positive. The
positive resuit indicates that immune cell training has occurred with the HEP-INPs, one of the

indications of efficacy of a vaccine.
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WHATIN (LAIMED X
1. A composition comprising:
at least one glycosaminoglycan polymer bound to a particle; and

at least one immunogenic molecule covalently or non-covalently linked to the

particle.
2. The composition of claim 1, wherein the particle 1s a nanoparticle.
3. The composition of claun 1, whersin the glycosanmunoglycan polymer has a

mass in a range of from about 600 Da to about 100 kDa

4. The composition of claim 1, wherein the glycosaminoglycan polymer is a
heparosan polymer.

5. The composition of claun 4, wherein the heparosan polymer i1s a linear ¢hain
heparosan polvmer.

6. The composition of claim 1, wherein the at least one immunogenic molecule

is a nucleic acid encoding an immunogenic peptide or protein.

7. The composition of claum 6, wherein the nucleic acid is ribonucleic acid.

3. The composition of claim 1, wherein the composition i3 a vaccine
compasition,

9. The composition of claim 1, wherein the particle is a gold particle, a silver

particle, a polymeric patticle or a bposome particie
10, A method of targeting an immunogenic molecule to an ummune cell
COMPriSing.
providing the composition of claim 1,
contacting the composition with an immune cell; and
incubating the composition and immune cell so that the composition Crosses
the cell membrane and enters the immune cell
11 The method of claim 10, wherein contacting the composition with the imumune
cell 1s performed in vivo.
12, The methad of claim 10, wherein contacting the composition with the immune

cell 1s performed ex vivo.
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13 The method of claim 10, wherein the composition comprises a heparosan
polymer hinked to a lipid-containing or polymeric particle, and wherein the hipid-containing

or polymeric particle comprises the immunogenic moelecule.

14. The method of claim 13, wherein the immunogenic molecule is an antigenic
peptide.

j =3 The method of claim 10, wherein the composition comprises a nuclewc
acid.

16. The method of claim 15, wherein the nucleic acid is a ribonucieic acid.

17 The method of claim 10, wherein the composition 15 a vaccine composifion

18 The method of claim 10, wheremn composition comprises a pariicle, and the

particle is a gold particle, a silver particle, a polymeric particle or a liposome particle.
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