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CARRIER-FREE BIOLOGICALLY-ACTIVE PROTEIN NANOSTRUCTURES

RELATED APPLICATION
This application claims the benefit under 35 U.S.C. § 119(e) of U.S. provisional
application number 61/883,503, filed September 27, 2013, which is incorporated by

reference herein in its entirety.

FIELD OF THE INVENTION
The present disclosure relates, in some embodiments, to the delivery of carrier-

free, biologically-active therapeutic proteins to tissues and cells.

BACKGROUND OF THE INVENTION

Protein therapeutics, such as antibodies, cytokines, growth factors and vaccines,
are important therapeutics for the treatment of a variety of diseases including, for
example, cancer, diabetes and cardiovascular diseases. This class of protein therapeutics
has been developed rapidly in the global pharmaceutical industry over the last few years.
Protein therapeutics have the advantages of high specificity and potency relative to
small molecule drugs. Nonetheless, the use of protein therapeutics is limited as a result
of their intrinsic instability, immunogenicity and short half-life.

To address these limitations, there are generally two approaches: one is genetic
fusion of the therapeutic protein, and the other is use of engineered carriers to deliver
protein therapeutics. With engineered carriers, proteins are loaded by either
encapsulation/adsorption or conjugation. Encapsulation or adsorption of proteins in/onto
liposomes or nanoparticles is typically inefficient. Conjugation of proteins typically

reduces their bioactivity. Thus, both approaches are problematic.

SUMMARY OF THE INVENTION
The present disclosure provides, inter alia, methods and compositions for
efficient delivery of bioactive (e.g., fully bioactive) proteins. Various aspects provided
herein are based, at least in part, on surprising results showing that proteins (e.g.,
therapeutic proteins), reversibly and covalently crosslinked to each other through a
degradable linker can be delivered in vivo without a carrier (e.g., without albumin or

other carrier) as bioactive proteins. Various other aspects described herein are based, at
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least in part, on surprising results showing that proteins, reversibly modified with
functional groups and further protected from degradation by a polymer-based nanoshell,
can be delivered in vivo as intact, fully bioactive proteins. Using methods provided
herein, proteins can be incorporated into a delivery system with a high incorporation
efficiency (e.g., greater than ~90%) and with high protein drug loading efficiency (e.g.,
greater than ~80%). These efficiencies are far higher than what has been achieved in the
past.

Some aspects of the present disclosure provide compositions comprising a
monodispersed plurality of carrier-free, biologically-active protein-polymer nanogels,
wherein proteins of the nanogels are reversibly and covalently crosslinked to each other
through a degradable linker, and wherein proteins of the nanogels are crosslinked to a
polymer. In some embodiments, the polymer is crosslinked to the surface of a nanogel
(and, thus, is considered to be surface-conjugated — see, e.g., FIG. 9A).

In some embodiments, a nanostructure (e.g., nanogel) comprises, consists of, or
consists essentially of (a) one or more biologically-active proteins reversibly and
covalently crosslinked to each other through a degradable linker (e.g., disulfide linker)
and (b) polymers crosslinked to surface-exposed proteins of the nanogel (e.g., reversibly
and covalently crosslinked through a degradable linker). In some embodiments, the
weight percentage of proteins crosslinked to each other is greater than 75% w/w (e.g.,
greater than 80%, 85% or 90% w/w) of the nanogel.

A plurality of nanogels is considered to be “monodispersed” in a composition
(e.g., an aqueous or otherwise liquid composition) if the nanogels have the same size
(e.g., diameter) relative to each other. Nanogels of a plurality may be considered to have
the same size relative to each other if the sizes among the nanogels in the plurality vary
by no more than 5%-10%. In some embodiments, nanogels of a plurality are considered
to have the same size relative to each other if the sizes among the nanogels in the
plurality vary by no more than 5%, 6%, 7%, 8%, 9% or 10%. In some embodiments,
nanogels of a plurality are considered to have the same size relative to each other if the
sizes among the nanogels in the plurality vary by less than 5% (e.g., 4%, 3%, 2% or 1%)

Other aspects of the present disclosure provide nanogels comprising a polymer
and at least 75% w/w of proteins that are reversibly and covalently crosslinked to each
other through a degradable linker. In some embodiments, the degradable linker is a

redox responsive linker, such as, for example, a disulfide linker (e.g., Formula I).
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Yet other aspects of the present disclosure provide methods of producing a
plurality of carrier-free, biologically-active protein nanogels, the methods comprising (a)
contacting a protein with a degradable linker (e.g., a disulfide linker) under conditions
that permit reversible covalent crosslinking of proteins to each other through the
degradable linker, thereby producing a plurality of protein nanogels, and (b) contacting
the protein nanogels with a polymer (e.g., polyethylene glycol) under conditions that
permit crosslinking of the polymer to proteins of the protein nanogels, thereby producing
a plurality of carrier-free, biologically-active protein-polymer nanogels.

In some embodiments, the conditions of (a) include contacting the protein with
the degradable linker in an aqueous buffer at a temperature of 4 °C to 25 °C. In some
embodiments, the conditions of (a) include contacting the protein with the degradable
linker in an aqueous buffer for 30 minutes to one hour. In some embodiments, the
conditions of (b) include contacting the protein nanogels with the polymer in an aqueous
buffer at a temperature of 4 °C to 25 °C. In some embodiments, the conditions of (b)
include contacting the protein nanogels with the polymer in an aqueous buffer for 30
minutes to one hour. In some embodiments, the aqueous buffer comprises phosphate
buffered saline (PBS).

In some embodiments, the conditions of (a) do not include contacting the protein
with the degradable linker at a temperature of greater than 30 °C. In some embodiments,
the conditions of (b) do not include contacting the protein nanogels with the polymer at a
temperature of greater than 30 °C.

In some embodiments, the conditions of (a) do not include contacting the protein
with the degradable linker in an organic solvent (e.g., alcohol). In some embodiments,
the conditions of (b) do not include contacting the protein nanogels with the polymer in
an organic solvent.

In some embodiments, the protein is a cytokine, growth factor, antibody or
antigen. For example, the protein may be a cytokine. In some embodiments, the
cytokine is IL-2 or IL-2-Fc. In some embodiments, the cytokine is IL-15 or IL-15SA.

In some embodiments, the degradable linker is a redox responsive linker. In
some embodiments, the redox responsive linker comprises a disulfide bond. In some

embodiments, the degradable linker comprises or consists of Formula I.
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In some embodiments, the polymer is a hydrophilic polymer. The hydrophilic
polymer, in some embodiments, comprises polyethylene glycol (PEG). For example, the
hydrophilic polymer may be a 4-arm PEG-NH, polymer.

In some embodiments, the dry size of the carrier-free, biologically-active protein-
polymer nanogels is less than 100 nm in diameter. For example, the dry size of the
carrier-free, biologically-active protein-polymer nanogels may be 50-60 nm in diameter.
In some embodiments, protein nanogels of a plurality, as provided herein, are of similar
dry size (e.g., within 1%, 2%, 3%, 4%, 5% or 10% diameter of each other).

In some embodiments, the hydrodynamic size of the carrier-free, biologically-
active protein-polymer nanogels is less than 100 nm in diameter. For example, the
hydrodynamic size of the carrier-free, biologically-active protein-polymer nanogels may
be 80-90 nm in diameter. In some embodiments, protein nanogels of a plurality, as
provided herein, are of similar hydrodynamic size (e.g., within 1%, 2%, 3%, 4%, 5% or
10%, diameter of each other).

In some embodiments, the concentration of the protein in the aqueous buffer is 10
mg/mL to 50 mg/mL (e.g., 10, 15, 20, 25, 30, 35, 40, 45 or 50 mg/mL).

In some embodiments, the plurality of carrier-free, biologically-active protein-
polymer nanogels is a monodispersed plurality of carrier-free, biologically-active
protein-polymer nanogels.

In some embodiments, the carrier-free, biologically-active protein-polymer
nanogels do not include albumin.

In some embodiments, the weight percentage of protein (e.g., biologically-active
protein, crosslinked protein) in the carrier-free, biologically-active protein-polymer
nanogels is at least 75%. In some embodiments, the weight percentage of protein in the
carrier-free, biologically-active protein-polymer nanogels is at least 80%. In some
embodiments, the weight percentage of protein in the carrier-free, biologically-active
protein-polymer nanogels is at least 85%. In some embodiments, the weight percentage
of protein in the carrier-free, biologically-active protein-polymer nanogels is at least
90%.

Some aspects of the present disclosure provide methods of in vivo protein
delivery, comprising administering to a subject any one of the compositions or nanogels

provided herein.
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In some embodiments, the subject has a disease. In some embodiments, the
disease is cancer, diabetes, an autoimmune disease or a cardiovascular disease.

In some embodiments, the protein, under physiological conditions, is released in
its native conformation from the nanogel and is biologically active. In some
embodiments, the specific activity of the released protein is at least than 50% (e.g., at
least 55%, 60%, 65%, 70%, 75%, 80%, 85%. 90%, 95%, 96%, 97%. 98%, 99% or
100%) of the specific activity of the protein before it was crosslinked to another protein
through a degradable linker.

Some aspects of the disclosure provide proteins reversibly linked through a
degradable linker to a polymerizable functional group. Such proteins are considered
herein to be reversibly modified proteins.

In some embodiments, the polymerizable functional group comprises silane
and/or a crosslinkable polymer. In some embodiments, the crosslinkable polymer
comprises poly(ethylene oxide), polylactic acid and/or poly(lactic-co-glycolic acid). In
some embodiments, the proteins are reversibly linked through a degradable linker to
silane.

In some embodiments, proteins of the disclosure are cytokines, growth factors,
antibodies or antigens. In some embodiments, the cytokine is IL-2.

In some embodiments, the degradable linker comprises an N-hydroxysuccinimide
ester. In some embodiments, the degradable linker is a redox responsive linker. In some
embodiments, the redox responsive linker comprises a disulfide bond.

Other aspects of the disclosure provide pluralities of any reversibly modified
protein described herein.

In some embodiments, reversibly modified proteins in such pluralities are
crosslinked.

Yet other aspects of the disclosure provide nanostructures that comprise a
polymer and at least 50% w/w of a protein that is reversibly linked through a degradable
linker to a polymerizable functional group. “w/w’ here means weight of protein to
weight of nanostructure (e.g., nanogel).

In some embodiments, the polymerizable functional group comprises silane
and/or a crosslinkable polymer. In some embodiments, the crosslinkable polymer

comprises poly(ethylene oxide), polylactic acid and/or poly(lactic-co-glycolic acid).
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In some embodiments, the nanostructures comprise at least 75% w/w of a protein
that is reversibly linked to a polymerizable functional group. In some embodiments, the
nanostructures comprise at least 80% w/w of a protein that is reversibly linked to a
polymerizable functional group. Also contemplated herein are nanostructures that
comprise about 50% w/w to about 90% w/w of a protein that is reversibly linked to a
polymerizable functional group. For example, in some embodiments, a nanostructure
may have about 50% w/w, about 55% w/w, about 60% w/w, about 65% w/w, about 70%
w/w, about 75% w/w, about 80% w/w, about 85% w/w, or about 90% w/w of a protein
that is reversibly linked to a polymerizable functional group.

In some embodiments, the protein is a cytokine, growth factor, antibody or
antigen. In some embodiments, the cytokine is IL-2.

In some embodiments, the nanostructures comprise a reactive group on their
surface. In some embodiments, the reactive group is a maleimide, rhodamine or IR783
reactive group.

In some embodiments, the nanostructures are linked to a carrier cell. In some
embodiments, the carrier cell is a nucleated carrier cell. In some embodiments, the
nucleated carrier cell is a T cell, a B cell, an NK cell or an NKT cell.

In some embodiments, the nanostructures are 20-500 nm in diameter. In some
embodiments, the nanostructures are 100-300 nm in diameter.

In some embodiments, the degradable linker comprises an N-hydroxysuccinimide
ester. In some embodiments, the degradable linker is a redox responsive linker. In some
embodiments, the redox responsive linker comprises a disulfide bond.

Still other aspects of the disclosure provide methods of producing a
nanostructure, the methods comprising modifying a protein with a degradable linker and
polymerizable functional groups, and polymerizing the polymerizable functional groups
with a crosslinker and soluble fluoride.

In some embodiments, the polymerizable functional group comprises silane
and/or a crosslinkable polymer. In some embodiments, the crosslinkable polymer
comprises poly(ethylene oxide), polylactic acid and/or poly(lactic-co-glycolic acid).

In some embodiments, the soluble fluoride is sodium fluoride. In some
embodiments, the soluble fluoride is potassium fluoride.

In some embodiments, the protein is a cytokine, growth factor, antibody or

antigen. In some embodiments, the cytokine is IL-2.
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In some embodiments, the degradable linker comprises an N-hydroxysuccinimide
ester. In some embodiments, the degradable linker is a redox responsive linker. In some
embodiments, the redox responsive linker comprises a disulfide bond.

In some embodiments, the nanostructure is 20-500 nm in diameter. In some

5  embodiments, the nanostructure is 100-300 nm in diameter.

In some embodiments, the methods further comprise modifying the surface of the
nanostructure with a reactive group. In some embodiments, the reactive group is a
maleimide, rhodamine or IR783 reactive group.

In some embodiments, the methods further comprise linking the nanostructure to

10 acarrier cell. In some embodiments, the carrier cell is a nucleated carrier cell. In some
embodiments, the nucleated carrier cell is a T cell, a B cell, an NK cell or an NKT cell.

Further aspects of the disclosure provide methods of in vivo protein delivery,
comprising administering to a subject any of the nanostructures provided herein. In
some embodiments, the methods comprise administering to a subject a nanostructure that

15  comprises a protein reversibly linked through a degradable linker to silane.

In some embodiments, the subject has a condition or disease. In some
embodiments, the condition or disease is cancer, diabetes, an autoimmune disease, or a
cardiovascular disease.

In some embodiments, the protein, under physiological conditions, is released in

20  its native conformation from the nanostructure and is biologically active.

The disclosure also provides a linker that comprises or consists of Formula I:

The disclosure further provides reversibly modified protein conjugates that

comprise Formula II:

Frotein-hid.
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Also provided herein are reversibly modified protein conjugates that comprise

Formula III:

Frodein-My o ENIEN o N

P
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B 5
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The linkers may be conjugated to the protein of interest at an amine group such as
a terminal amine or an internal amine. Internal amines include side chain amines such as
lysine amines.

The disclosure further provides protein conjugates comprising Formula III:

e e AL . a . i "
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, wherein the protein is a
cytokine such as, for example, IL-2. Unexpectedly, silica-based nanostructures with a
high incorporation efficiency (e.g., > ~90%) and with high protein drug loading
efficiency (e.g., > ~80%) are formed by the polymerization of proteins that are reversibly
modified with silane. Thus, provided herein are nanostructures formed by the
polymerization of protein conjugates of Formula III with crosslinkers such as, for

example, silane-PEG-silane polymers.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows a schematic of a T lymphocyte engineering with surface-conjugated
interleukin-2 (IL-2)-loaded nanocapsules (NCs) for targeted cancer therapy.

FIG. 2 shows a schematic of an example of synthesis and surface
functionalization of IL2-silica NCs.

FIGs. 3A-3D show an example of synthesis (FIG. 3A) and MALDI mass
spectrum (FIG. 3B) of IL2-fc-silane. Dynamic light scattering (DLS) (FIG. 3C) and
scanning electron microscopy (SEM) (FIG. 3D) analysis of the IL2-silica NCs are also
shown. IL-2-Fcis a bivalent fusion protein in which the C terminus of murine wild-type
IL-2 is linked to a mouse IgGG2a Fc domain.

FIG. 4A shows incorporation efficiency and loading efficiency of IL2-fc in IL2-
fc-silica NCs. Incorporation efficiency™ = conjugated IL2-fc in IL2-fc-NC/total IL2-fc
added in reaction; Loading[b] = mass of conjugated IL2-fc/total mass of IL2-fc-NC.
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FIG. 4B shows that protein-silica NC can release the incorporated protein in its original
form under physiological conditions. FIG. 4C shows release kinetics of IL-2-fc from IL-
2-fc-NC incubated in buffer of different pH at 37 °C for 48 h.

FIG. 5A shows a schematic of chemical conjugation of a maleimide
functionalized IL-2-fc-silica NCs to an effector T cell surface via a maleimide-thiol
coupling reaction. FIG. 5B shows a flow cytometry analysis of T cells with surface-
conjugated IL-2-silica NCs. FIG. 5C shows an in vitrro CD8+ T cells proliferation assay
with free IL2-fc or IL2-fc-NC.

FIG. 6A shows a timeline of an in vivo CD8+ T cells expansion study. FIG. 6B
shows images of mice with established lung metastases of B16F10 melanoma received
adoptive transfer of luciferase-expressing Pmel-1 melanoma-specific CD8* T-cells. T-
cell expansion was followed over time by bioluminescence imaging. FIG. 6Cshows a
flow cytometry analysis of the frequency of adoptively-transferred T-cells in the inguinal
lymph nodes on day 6 after adoptive transfer.

FIG. 7 shows a schematic of various structures constructed with reversibly
modified proteins.

FIGs. 8A-8B show schematics of the preparation of protein-PEG nanogels (NGs).
FIG. 8A shows a 4 arm-PEG-NH2 that was reacted with Linker-1 to form the 4 arm-
PEG- Linker-1, which bears NHS ester at the end of PEG polymer chain. FIG. §B shows
a 4 arm-PEG-Linker-1 crosslinked by protein (e.g., IL-2), which has multiple amine
groups forming IL-2-PEG nanogel.

FIG. 9A shows a schematic of one example of a method for preparing a
covalently crosslinked protein nanogel. FIG. 9B shows a schematic of one example of a
method for conjugating a protein nanogel to a cell surface and the release of intact,
biologically-active protein.

FIGs. 10A-10C show an analysis of a covalently crosslinked protein nanogel with
HPLC equipped with a size exclusion column (FIG. 10A); transmission electron
microscopy (FIG. 10B); and dynamic light scattering (FIG. 10C) characterizations of the
nanogels for size and morphology.

FIG. 11A shows a schematic of a mechanism of the release of intact,
biologically-active protein from a protein nanogel. FIG. 11B shows a graph of release
kinetics of IL-2-Fc from a protein nanogel. FIG. 11C shows glutathione (GSH)

facilitated release of IL2-Fc, verified by HPLC equipped with a size exclusion column.

9



10

15

20

25

30

WO 2015/048498 PCT/US2014/057789

FIG. 11D shows the released IL2-Fc and native IL2-Fc, analyzed with mass spectrum of
Matrix-assisted laser desorption/ionization.

FIGs. 12A-12B show the formation of other protein nanogels. Analyses of the
human IL-15 superagonist (hIL-15Sa) nanogel (FIG. 12A) and native mouse IL-2 (mIL-
2) nongel (FIG. 12B) with HPLC equipped with a size exclusion column are shown.

FIG. 13 shows an image of vials containing bulk gel instead of nanogels when the
protein concentration is too high (= 50 mg/mL).

FIG. 14A shows a confocal microscope image of T cells with surface-conjugated
protein nanogels. FIG. 14 B shows a flow cytometry graph of controlled conjugation of
IL-2-Fc nanogel to T cell surface at difterent amounts.

FIGs. 15A-15C show in vivo CD8" T cells expansion. FIG. 15A shows a time
course of mice with established lung metastases of B16F10 melanoma that were lympho-
depleted and that received adoptive transfer of luciferase-expressing Pmel-1 melanoma-
specific CD8" T-cells with no further treatment, free IL2-Fc or surface-conjugated IL.2-
Fc nanogel respectively in each group. FIG. 15B shows bioluminescence images of T-
cell expansion over time. FIG. 15C shows a graph quantifying bioluminescence signal in
the whole body of the mice.

FIG. 16 shows the frequency of adoptively-transferred T cells and endogenous T
cells in the inguinal lymph nodes (left) and blood (right) analyzed with flow cytometry
12 days (Day 12) after adoptive transfer.

FIGs. 17A-17D shows inhibition of metastatic tumors in lungs. FIG. 17A shows
representative images of harvested lungs from each group. FIG. 17B shows a graph of
the number of tumor nodules (counted manually) in lungs. FIG. 17C shows histological
images of lung tissue sections that were graded for the severity of lung metastases. FIG.

17D shows a graph of the average grade of each group.

DETAILED DESCRIPTION OF THE INVENTION
Cancer immunotherapy, including adoptive T cell therapy, is a promising strategy
to treat cancer because it harnesses a subject’s own immune system to attack cancer
cells. Nonetheless, a major limitation of this approach is the rapid decline in viability
and function of the transplanted T lymphocytes. In order to maintain high numbers of
viable tumor-specific cytotoxic T lymphocytes in tumors, co-administration of

immunostimulatory agents with transferred cells is necessary. When given systemically
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at high doses, these agents could enhance the in vivo viability of transferred (i.e., donor)
cells, improve the therapeutic function of transferred cells, and thus lead to overall
improved efficacy against cancer; however, high doses of such agents could also result in
life-threatening side effects. For example, the use of interleukin-2 (IL-2) as an adjuvant
greatly supports adoptive T cell therapy of melanoma, where IL-2 provides key adjuvant
signals to transferred T cells but also elicits severe dose-limiting inflammatory toxicity
and expands regulatory T cells (Tregs). One approach to focus adjuvant activity on the
transferred cells is to genetically engineer the transferred cells to secrete their own
supporting factors. The technical difficulty and challenges as well as the high cost for
large-scale production of genetically engineered T lymphocytes have significantly
limited the potential of this method in clinical applications, to date.

Provided herein, in some aspects, is a technology platform that permits simple,
safe and efficient delivery of biologically-active proteins (e.g., adjuvants such as IL-2) to
therapeutic cells through chemical conjugation of protein-loaded, carrier-free
nanostructures or protein-loaded silica-based nanostructures directly onto the plasma
membrane of transferred cells, enabling continuous pseudoautocrine stimulation of
transferred cells in vivo. In some embodiments, proteins of the disclosure are reversibly
and covalently crosslinked to each other through a degradable linker to form a
nanostructure such that the intact, biologically-active proteins are released from the
nanostructure under physiological conditions, and optionally in the presence of a
reducing agent (e.g., glutathione). In other embodiments, proteins of the disclosure are
reversibly modified and “ensheathed” into silica-based nanostructures such that the
intact, biologically-active proteins are released from the nanostructure under
physiological conditions, and optionally in the presence of a reducing agent (e.g.,
glutathione). Surprisingly, nanostructures (e.g., carrier-free nanogels and/or silica-based
nanostructures) of the disclosure prevent protease degradation of the loaded protein and
permit its sustained local release, thereby promoting the expansion of cytotoxic T cells
and avoiding systemic toxicity associated with high-doses of some proteins (e.g., IL-2,
IL-15). Unexpectedly, T cells with an optimal number of nanostructures conjugated per
cell maintain their cellular functions and cancer targeting and killing capability. Thus,
the compositions and methods of the disclosure can, in some embodiments, augment T

cell expansion and minimize systemic side effects of adjuvant drugs in vivo.
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In addition to the foregoing, the present disclosure further contemplates other
nanostructures that comprise other protein therapeutics for purposes other than adjuvant
effect on adoptively-transferred cells. Those of skill in the art will readily recognize that
the disclosure has broader applications, as provided herein.

In some embodiments, proteins of protein nanostructures of the present disclosure
are reversibly linked to each other through a degradable linker (e.g., a disulfide linker)
such that under physiological conditions, the linker degrades and releases the intact,
biologically-active protein. In other embodiments, proteins of nanostructures are
reversibly linked to functional groups through a degradable linker such that under
physiological conditions, the linker degrades and releases the intact, biologically-active
protein. In each instance, the proteins are considered to be reversibly modified, as
described below.

A protein that is “reversibly linked to another protein” herein refers to a protein
that is attached (e.g., covalently attached) to another protein through a degradable linker.
Such proteins are considered to be linked (e.g., crosslinked) to each other through the
degradable linker. In some embodiments, nanostructures (e.g., nanogels) contain a
single (e.g., single type of) biologically-active protein (e.g., IL-2, or IL-2-Fc), while in
other embodiments, nanostructures contain more than one (e.g., 2, 3, 4, 5 or more) of
biologically-active protein (e.g., a combination of different proteins such as IL-2 and IL-
15 (or IL-15SA)). For example, a protein nanogel may contain a combination of Protein
A and Protein B, wherein Protein A is linked to Protein A, Protein A is linked to Protein
B and/or Protein B is linked to Protein B.

A protein that is “reversibly linked to a functional group,” or a protein that is
“reversibly modified,” herein refers to a protein that is attached (e.g., covalently
attached) to a functional group through a degradable linker. Such a protein may be
referred to herein as a “protein conjugate” or a “reversibly modified protein conjugate” —
the terms may be used interchangeably herein. It should be understood that proteins and
polymers each contain functional groups to which a protein can be linked via a reversible
linker (e.g., degradable linker such as a disulfide linker). Examples of protein conjugates
and reversibly modified proteins, as provided herein, include without limitation, a
protein reversibly linked (e.g., via a degradable linker) to another protein, a protein
reversibly linked to a polymer, and a protein reversibly linked to another functional

group. It should be understood that the term “protein” includes fusion proteins.
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The degradable linkers provided herein, in some embodiments, comprise an N-
hydroxysuccinimide ester, which is capable of reacting with proteins at neutral pH (e.g.,
about 6 to about &, or about 7) without denaturing the protein. In some embodiments, the
degradable linkers are “redox responsive” linkers, meaning that they degrade in the
presence of a reducing agent (e.g., glutathione, GSH) under physiological conditions
(e.g., 20-40 °C and/or pH 6-8), thereby releasing intact protein from the compound to
which it is reversibly linked. An example of a degradable linker for use in accordance

with the present disclosure is the following:

~ 0 0
N ) ) {

o Formula 1.
The linker of Formula I contains a disulfide, which is cleaved in the presence of a
reducing agent. For example, under physiological conditions, the disulfide bond of the
linker of Formula I is cleaved by glutathione.
Proteins may be linked (e.g., covalently linked) to a degradable linker through
any terminal or internal -NH, functional group (e.g., side chain of a lysine). Thus, an
intermediate species formed during the reversible modification of a protein with a

degradable linker of Formula I is the following:

FO‘{e!‘H\"VB\ I NN
e e

Formula II.

Reversibly modified proteins provided herein can, in some embodiments, be
formed or self-assemble into various nanostructures including, without limitation,
protein-hydrophilic polymer conjugates (e.g., reversibly modified with PEG; FIG. 7A),
protein-hydrophobic polymer conjugates (e.g., reversibly modified PLA or PLGA; FIG.
7B), bulk crosslinked protein hydrogels (FIG. 7C), crosslinked protein nanogel particles
(FIG. 7D), protein nanocapsules with different shell materials (e.g., silica; FIG. 7E),
protein-conjugated nanoparticles (e.g., liposome, micelle, polymeric nanoparticles,

inorganic nanoparticles; FIG. 7F). Likewise, proteins crosslinked to each other, as
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provided herein, in some embodiments, can be formed or can self-assemble into protein
nanostructures (e.g., FIG. 9A).

In some embodiments, protein nanostructures (e.g., protein nanogels, including
protein-polymer nanogels) of the present disclosure do not contain carrier proteins or
other carrier molecules. For example, in some embodiments, protein nanostructures do
not contain albumin (e.g., bovine serum albumin (BSA)). Carrier proteins typically
facilitate the diffusion and/or transport of different molecules. It should be understood
that the term “carrier protein,” as used herein, refers to a protein that does not adversely
affect a biologically-active protein of a protein nanostructure. In some embodiments, a
carrier protein is an inert protein. Thus, in some embodiments, carrier proteins are not
biologically active. Nanostructures of the present disclosure, in some embodiments, do
not require carrier proteins or other carrier molecules to facilitate their transport to and
into cells and tissue in vivo.

It should be understood that nanogels of the present disclosure, in some
embodiments, contain one or more (e.g., 2, 3, 4, 5 or more) therapeutic proteins (e.g., IL-
2 and/or IL-15 (or IL15-SA)) crosslinked to each other through a degradable linker (e.g.,
disulfide linker). Such nanogels no not contain an inert carrier protein, such as albumin.

Examples of proteins for use in accordance with the present disclosure include,
without limitation, antibodies, single chain antibodies, antibody fragments, enzymes, co-
factors, receptors, ligands, transcription factors and other regulatory factors, some
antigens (as discussed below), cytokines, chemokines, and the like. These proteins may
or may not be naturally occurring. Other proteins are contemplated and may be used in
accordance with the disclosure. Any of the proteins can be reversibly modified through a
redox responsive (e.g., disulfide) with a silane group to, for example, form a silica-based
nanostructure.

In some embodiments, proteins of the disclosure are immunostimulatory proteins.
As used herein, an immunostimulatory protein is a protein that stimulates an immune
response (including enhancing a pre-existing immune response) in a subject to whom it
is administered, whether alone or in combination with another protein or agent.
Examples of immunostimulatory proteins that may be used in accordance with the
disclosure include, without limitation, antigens, adjuvants (e.g., flagellin, muramyl
dipeptide), cytokines including interleukins (e.g., IL-2, IL-7, IL-15 (or

superagonist/mutant forms of these cytokines, such as, for example, IL-15SA), IL-12,
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IFN-gamma, IFN-alpha, GM-CSF, FLT3-ligand), and immunostimulatory antibodies
(e.g., anti-CTLA-4, anti-CD28, anti-CD3, or single chain/antibody fragments of these
molecules). Other immunostimulatory proteins are contemplated and may be used in
accordance with the disclosure.

In some embodiments, proteins of the disclosure are antigens. Examples of
antigens that may be used in accordance with the disclosure include, without limitation,
cancer antigens, self-antigens, microbial antigens, allergens and environmental antigens.
Other protein antigens are contemplated and may be used in accordance with the
disclosure.

In some embodiments, proteins of the disclosure are cancer antigens. A cancer
antigen is an antigen that is expressed preferentially by cancer cells (i.e., it is expressed
at higher levels in cancer cells than on non-cancer cells) and, in some instances, it is
expressed solely by cancer cells. Cancer antigens may be expressed within a cancer cell
or on the surface of the cancer cell. Cancer antigens that may be used in accordance with
the disclosure include, without limitation, MART-1/Melan-A, gp100, adenosine
deaminase-binding protein (ADADbp), FAP, cyclophilin b, colorectal associated antigen
(CRC)--C017-1A/GA733, carcinoembryonic antigen (CEA), CAP-1, CAP-2, etv6,
AMLI, prostate specific antigen (PSA), PSA-1, PSA-2, PSA-3, prostate-specific
membrane antigen (PSMA), T cell receptor/CD3-zeta chain and CD20. The cancer
antigen may be selected from the group consisting of MAGE-A1, MAGE-A2, MAGE-
A3, MAGE-A4, MAGE-AS, MAGE-A6, MAGE-A7, MAGE-A8, MAGE-A9, MAGE-
A10, MAGE-A11l, MAGE-A12, MAGE-Xp2 (MAGE-B2), MAGE-Xp3 (MAGE-B3),
MAGE-Xp4 (MAGE-B4), MAGE-C1, MAGE-C2, MAGE-C3, MAGE-C4 and MAGE-
CS. The cancer antigen may be selected from the group consisting of GAGE-1, GAGE-
2, GAGE-3, GAGE-4, GAGE-5, GAGE-6, GAGE-7, GAGE-8 and GAGE-9. The
cancer antigen may be selected from the group consisting of BAGE, RAGE, LAGE-1,
NAG, GnT-V, MUM-1, CDK4, tyrosinase, p53, MUC family, HER2/neu, p21ras,
RCASI1, a-fetoprotein, E-cadherin, a-catenin, -catenin, y-catenin, p120ctn,
gpl100Pmell117, PRAME, NY-ESO-1, cdc27, adenomatous polyposis coli protein (APC),
fodrin, Connexin 37, Ig-idiotype, p15, gp75, GM2 ganglioside, GD2 ganglioside, human
papilloma virus proteins, Smad family of tumor antigens, Imp-1, P1A, EBV-encoded

nuclear antigen (EBNA)-1, brain glycogen phosphorylase, SSX-1, SSX-2 (HOM-MEL-
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40), SSX-1, SSX-4, SSX-5, SCP-1 and CT-7, CD20 and c-erbB-2. Other cancer
antigens are contemplated and may be used in accordance with the disclosure.

In some embodiments, proteins of the disclosure are antibodies or antibody
fragments including, without limitation, bevacizumab (AVASTIN®), trastuzumab
(HERCEPTIN®), alemtuzumab (CAMPATH?®, indicated for B cell chronic lymphocytic
leukemia,), gemtuzumab (MYLOTARG®, hP67.6, anti-CD33, indicated for leukemia
such as acute myeloid leukemia), rituximab (RITUXAN®), tositumomab (BEXXAR®,
anti-CD20, indicated for B cell malignancy), MDX-210 (bispecific antibody that binds
simultaneously to HER-2/neu oncogene protein product and type I Fc receptors for
immunoglobulin G (IgG) (Fc gamma RI)), oregovomab (OVAREX®, indicated for
ovarian cancer), edrecolomab (PANOREX®), daclizumab (ZENAPAX®), palivizumab
(SYNAGIS®, indicated for respiratory conditions such as RSV infection), ibritumomab
tiuxetan (ZEVALIN®, indicated for Non-Hodgkin’s lymphoma), cetuximab
(ERBITUX®), MDX-447, MDX-22, MDX-220 (anti-TAG-72), IOR-C5, IOR-T6 (anti-
CD1), IOR EGF/R3, celogovab (ONCOSCINT® OV103), epratuzumab
(LYMPHOCIDE®), pemtumomab (THERAGYN®) and Gliomab-H (indicated for brain
cancer, melanoma). Other antibodies and antibody fragments are contemplated and may
be used in accordance with the disclosure.

Proteins of the disclosure may be modified in a binary solvent that is compatible
with proteins. For example, in some embodiments, a binary solvent includes aqueous
buffer and a water-miscible organic solvent, such as phosphate buffered saline (PBS) and
dimethyl sulfoxide (DMSQ), and is used for reversibly modifying a protein with a
degradable linker. The ratio of the aqueous buffer (e.g., PBS) to organic phase (e.g.,
DMSO) may be within a range of about 50:1 to about 20:1. In some embodiments, the
ratio of inorganic phase to organic phase is about 30:1 to about 20:1, or about 25:1 (e.g.,
500 puL:20 pL). In some embodiments, the organic solvent is less than 5% of the total
volume of the binary buffer or the reaction containing the binary buffer.

A “polymerizable functional group,” as used herein, refers to a group of atoms
and bonds that can chemically react to form a polymer chain or network. A “polymer”
refers to a chain or network of repeating units or a mixture of different repeating units.
As used herein, a polymer is itself a functional group. Examples of polymerizable
functional groups for use in accordance with the disclosure include, without limitation,

silane, ethylene oxide, lactic acid, lactide, glycolic acid, N-(2-
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hydroxypropyl)methacrylamide, silica, poly(ethylene oxide), polylactic acid, poly(lactic-
co-glycolic acid), polyglutamate, polylysine, cyclodextrin and dextran chitosan. Other
polymerizable functional groups are contemplated and may be used in accordance with
the disclosure. It should be understood, however, that a “polymer,” as used herein, is not
a protein (is a non-protein), peptide (is a non-peptide) or amino acid (is a non-amino
acid).

It should be understood that the term “polymer” encompasses “co-polymer.”
That is, a polymer may comprise a mixture of different functional groups (e.g., silane-
PEG-silane), including shorter polymers or co-polymers. The functional groups are
typically polymerized under protein-compatible, neutral conditions. Thus, in some
embodiments, polymerization of the functional groups occurs in an at least partially
aqueous solution at about pH 6 to about pH 8. For example, polymerization of the
functional groups can occur at pH 6, pH 6.5, pH 7, pH 7.5 or pH 8. In some
embodiments, polymerization of the functional groups occurs at about pH 7.

In some embodiments, the polymerization reaction is catalyzed by sodium
fluoride, potassium fluoride or any other soluble fluoride.

Exemplary polymers that can be reversibly linked to proteins and/or used to form
nanostructures (e.g., nanocapsules, nanogels, hydrogels) include, without limitation,
aliphatic polyesters, poly (lactic acid) (PLA), poly (glycolic acid) (PGA), co-polymers of
lactic acid and glycolic acid (PLGA), polycarprolactone (PCL), polyanhydrides,
poly(ortho)esters, polyurethanes, poly(butyric acid), poly(valeric acid), and poly(lactide-
co-caprolactone), and natural polymers such as alginate and other polysaccharides
including dextran and cellulose, collagen, chemical derivatives thereof, including
substitutions, additions of chemical groups such as for example alkyl, alkylene,
hydroxylations, oxidations, and other modifications routinely made by those skilled in
the art), albumin and other hydrophilic proteins, zein and other prolamines and
hydrophobic proteins, copolymers and mixtures thereof. In general, these materials
degrade either by enzymatic hydrolysis or exposure to water in vivo, by surface or bulk
erosion. Other polymers are contemplated and may be used in accordance with the
disclosure.

In some aspects of the disclosure, proteins are reversibly linked to hydrophilic

polymers such as, for example, polyethylene glycol (PEG) (FIG. 7A and FIGs. 9A-9B).
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In other aspects of the disclosure, proteins are reversibly linked to hydrophobic
polymers such as, for example, polylactic acid (PLA) and/or poly(lactic-co-glycolic acid)
(PLGA). These protein-hydrophobic polymer conjugates can, in some embodiments,
self-assemble into nanoparticles (FIGs. 7B and 7F).

The protein conjugates of the present disclosure, in some embodiments, may be
crosslinked to form a hydrogel network (FIG. 7C), nanogel particle (FIG. 7D), or protein
nanogel (FIG. 9A), all of which are herein considered to be “nanostructures.”

A protein “nanostructure,” as used herein, refers to a plurality of crosslinked
protein conjugates (e.g., protein reversibly linked through a degradable linker to a
functional group or polymer, or “reversibly modified”) wrapped in a polymer-based, or
silica, nanoshell (FIG. 7E). The nanoshell is formed, in some embodiments, by
polymerizing functional groups (e.g., silanes) of a protein conjugate with a crosslinker
(e.g., silane-PEG-silane) in the presence of a catalyst (e.g., NaF). An example of a
protein nanostructure is a “protein nanogel,” which refers to a plurality of proteins
crosslinked (e.g., reversibly and covalently crosslinked) to each other through a
degradable linker (see, e.g., FIG. 9A). In some embodiments, proteins of a nanogel are
crosslinked (e.g., reversibly and covalently crosslinked) to a polymer (e.g., a hydrophilic
polymer such as polyethylene glycol (PEG); see, e.g., FIG. 9A). The polymer, in some
embodiments, may be crosslinked to the surface of the nanogel (e.g., to proteins exposed
at the surface of the nanogel).

The size of a protein nanogel may be determined at least two ways: based on its
“dry size” and based on its “hydrodynamic size.” The “dry size” of a protein nanogel
refers to the diameter of the nanogel as a dry solid. The “hydrodynamic size” of a
protein nanogel refers to the diameter of the nanogel as a hydrated gel (e.g., a nanogel in
an aqueous buffer). The dry size of a nanogel may be determined, for example, by
transmission electron microscopy, while the hydrodynamic size of the nanogel may be
determined, for example, by dynamic light scattering.

In some embodiments, the dry size of a nanogel is less than 100 nm. In some
embodiments, the dry size of a nanogel is less than 95 nm, less than 90 nm, less than 85
nm, less than 80 nm, less than 75 nm, less than 70 nm, less than 65 nm, or less than 60
nm. In some embodiments, the dry size of a nanogel is 40 to 90 nm, 40 to 80 nm, 40 to

70 nm, 40 to 60 nm, 50 to 90 nm, 60 to 80 nm, 50 to 70 nm, or 50 to 60 nm. In some
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embodiments, the dry size of a nanogel is 40 nm, 45 nm, 50 nm, 55 nm, 60 nm, 65 nm,
70 nm, 75 nm, 80 nm, 85 nm, 90 nm or 95 nm.

In some embodiments, the average dry size of a nanostructure (e.g., nanogel)
within a plurality of nanostructures is less than 100 nm. In some embodiments, the
average dry size of a nanostructure within such a plurality varies by no more than 5% or
10%. In some embodiments, the average dry size of a nanostructure (e.g., nanogel)
within a plurality of nanostructures is less than 95 nm, less than 90 nm, less than 85 nm,
less than 80 nm, less than 75 nm, less than 70 nm, less than 65 nm, or less than 60 nm.
In some embodiments, the average dry size of a nanostructure (e.g., nanogel) within a
plurality of nanostructures is 40 to 90 nm, 40 to 80 nm, 40 to 70 nm, 40 to 60 nm, 50 to
90 nm, 60 to 80 nm, 50 to 70 nm, or 50 to 60 nm. In some embodiments, the dry size of
a nanogel is 40 nm, 45 nm, 50 nm, 55 nm, 60 nm, 65 nm, 70 nm, 75 nm, 80 nm, 85 nm,
90 nm or 95 nm.

In some embodiments, the hydrodynamic size of a nanogel is less than 100 nm.
In some embodiments, the dry size of a nanogel is less than 95 nm, less than 90 nm, less
than 80 nm, less than 85 nm, or less than 75 nm. In some embodiments, the
hydrodynamic size of a nanogel is 70 to 90 nm, 70 to 85 nm, 70 to 80 nm, 75 to 90 nm,
75 to 85 nm, 75 to 80 nm, 80 to 90 nm, 80 to 85 nm or 85 to 90 nm. In some
embodiments, the hydrodynamic size of a nanogel is 70 nm, 75 nm, 80 nm, 85 nm, 90
nm, or 95 nm. In some embodiments, the hydrodynamic size of a nanogel is 80 nm, 81
nm, 82 nm, 83 nm, 84 nm, 85 nm, 86 nm, 87 nm, 88 nm, 89 nm or 90 nm.

In some embodiments, the average hydrodynamic size of a nanostructure (e.g.,
nanogel) within a plurality of nanostructures is less than 100 nm. In some embodiments,
the average hydrodynamic size of a nanostructure within such a plurality varies by no
more than 5% or 10%. In some embodiments, the average hydrodynamic size of a
nanostructure (e.g., nanogel) within a plurality of nanostructures is less than 95 nm, less
than 90 nm, less than 80 nm, less than 85 nm, or less than 75 nm. In some embodiments,
the average hydrodynamic size of a nanostructure (e.g., nanogel) within a plurality of
nanostructures is 70 to 90 nm, 70 to 85 nm, 70 to 80 nm, 75 to 90 nm, 75 to 85 nm, 75 to
80 nm, 80 to 90 nm, 80 to 85 nm or 85 to 90 nm. In some embodiments, the average
hydrodynamic size of a nanostructure (e.g., nanogel) within a plurality of nanostructures

is 70 nm, 75 nm, 80 nm, 85 nm, 90 nm, or 95 nm. In some embodiments, the average
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hydrodynamic size of a nanostructure (e.g., nanogel) within a plurality of nanostructures
is 80 nm, 81 nm, 82 nm, 83 nm, 84 nm, 85 nm, 86 nm, 87 nm, 88 nm, 89 nm or 90 nm.

In some embodiments, nanostructures are provided in a dry, solid form, such as a
lyophilized form. In other embodiments, nanostructures are provided in a hydrated form,
such as in aqueous or otherwise liquid solution.

Nanostructures, in some embodiments, are substantially spherical nanocapsules
or nanoparticles. In some embodiments, the diameter of a nanostructure ranges from 1-
1000 nanometers (nm). In some embodiments, the diameter ranges in size from 20-750
nm, or from 20-500 nm, or from 20-250 nm. In some embodiments, the diameter ranges
in size from 50-750 nm, or from 50-500 nm, or from 50-250 nm, or from about 100-300
nm. In some embodiments, the diameter is about 100, about 150, about 200 nm, about
250 nm, or about 300 nm.

As discussed herein, the nanostructures may be modified or synthesized to
comprise one or more reactive groups on their exterior surface for reaction with reactive
groups on cell carriers (e.g., T cells). These nanostructure reactive groups include,
without limitation, thiol-reactive maleimide head groups, haloacetyl (e.g., iodoacetyl)
groups, imidoester groups, N-hydroxysuccinimide esters, pyridyl disulfide groups, and
the like. These reactive groups react with groups on the carrier cell surface and, thus, the
nanostructures are bound to the cell surface. It will be understood that when surface
modified in this manner, the nanostructures are intended for use with specific carrier
cells having “complementary” reactive groups (i.e., reactive groups that react with those
of the nanostructures). In some embodiments, the nanostructures will not integrate into
the lipid bilayer that comprises the cell surface. Typically, the nanostructures will not be
phagocytosed (or internalized) by the carrier cells.

In some embodiments the nanostructures do not comprise antibodies or antibody
fragments on their surface, while in other embodiments they do. In some embodiments
the nanostructures do not comprise antibodies or antibody fragments that are specific to
T cell surface moieties (or exogenous moieties coated onto a T cell surface such other
antibodies or antibody fragments), while in other embodiments they do. Thus, in some
embodiments the nanostructures themselves do not stimulate carrier cell activation
simply by binding to the carrier cell. In other embodiments, however, the nanostructures

do stimulate carrier cell activation by binding to the carrier cell (e.g., binding of the
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nanostructures results in crosslinking of cell surface moieties and this activates the
carrier cell).

The nanostructures may be covalently conjugated (or attached or bound, as the
terms are used interchangeably herein), or they may be non-covalently conjugated to the
carrier cells. Covalent conjugation typically provides a more stable (and thus longer)
association between the nanostructures and the carrier cells. Covalent conjugation, in
some embodiments, also can provide stability and thus more sustained localized delivery
of agents in vivo. Non-covalent conjugation includes, without limitation, absorption onto
the cell surface and/or lipid bilayer of the cell membrane.

In some instances, covalent attachment can be achieved in a two-step process in
which carrier cells are first incubated with maleimide-bearing nanostructures to allow
conjugation to the cell surface, followed by in situ PEGylation with thiol-terminated
poly(ethylene glycol) (PEG) to cap remaining maleimide groups of the particles and

avoid particle-mediated crosslinking of cells.

Carrier Cells

The carrier cells are the cells to which the nanostructures are conjugated and
which, when administered in vivo, preferably home to target site(s). Suitable target cells
are chosen based on their homing potential, their cell surface phenotype (for conjugation
to the nanoparticles), and their ability to carry but not significantly endocytose the
nanostructures. In some embodiments described herein, T cells are suitable carrier cells.
The T cells may be CD4+ or CD8+ T cells. Other suitable cells include B cells, NK
cells, NK T cells, and hematopoietic progenitor cells including, without limitation,
murine lineage-negative, Sca-1-positive and c-kit-positive cells and their human
counterparts. Substantial levels of free thiol (-SH) groups exist on the surfaces of T
cells, B cells and hematopoietic progenitor cells (data not shown), thereby facilitating
conjugation of nanocapsules to such cells.

Carrier cells, in some embodiments, can extravasate from blood vessels
(particularly when administered by intravenous injection) and thereby enter target tissues
or organs. Red blood cells typically are not able to exit the blood stream. Accordingly,
one important class of carrier cells includes nucleated carrier cells. Thus, in some
embodiments, carrier cells are not red blood cells. In other embodiments, carrier cells

are red blood cells.
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Some embodiments of the present disclosure refer to isolated carrier cells.
Isolated carrier cells are cells that have been separated from the environment in which
they naturally occur (i.e., they are not present in vivo). T cells in vitro are an example of
an isolated cell. It should be understood that carrier cells may be isolated from their in
vivo environment, conjugated to nanostructures of the present disclosure, and then re-
introduced in vivo. Such carrier cells are still considered to be isolated cells.

The carrier cells, in some embodiments, are autologous to a subject being treated.
In other embodiments, the carrier cells are non-autologous (yet preferably MHC matched
cells).

The carrier cells typically have a half-life in vivo, following administration (or re-
infusion, in some instances) of at least 48 hours, at least 3 days, at least 4 days, at least 5
days, at least 6 days, at least 7 days, or more.

The carrier cells, in some embodiments, are genetically engineered to express one
or more factors including, without limitation, co-stimulatory molecules or receptors
including chimeric receptors. In other embodiments, the carrier cells are not genetically
engineered. In some embodiments, the carrier cells are isolated and naturally occurring
(i.e., they have not been genetically or otherwise engineered).

Depending on their nature and function, the carrier cells, in some embodiments,
are manipulated prior to conjugation with the nanostructures. The carrier cells, however,
need not be surface-modified in order to facilitate conjugation of the nanostructures. In
some of embodiments, instead, reactive groups that normally exist on the carrier cell
surface are used without having to incorporate reactive groups or other entities onto the
cell surface. As a result, such carrier cells do not require the presence of exogenous
entities such as antibodies or antibody fragments, among others, on their surface in order
to conjugate to nanostructures.

Such manipulation may also involve activation of the carrier cells, as is routinely
performed for T cells. The carrier cells may, in some embodiments, be expanded and/or
activated (or stimulated, as the terms are used interchangeably herein) in vitro prior to
mixing with nanostructures. Expansion and activation protocols will vary depending on
the carrier cell type but can include incubation with one or more cytokines, incubation
with one or more cell types, and incubation with one or more antigens. If the carrier cell
is a T cell, then activation may be performed by incubating the T cells with IL-2, IL-15,
IL-15 superagonist, costimulatory molecules such as B7, B7.2, CD40, antibodies to
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various T cell surface molecules including antibodies to cell surface receptors, anti-CD3
antibodies, anti-CD28 antibodies, anti-CTLA-4 antibodies, anti-CD40L antibodies, and
the like. In some embodiments, the carrier cells and more particularly the T cells, are not
coated with exogenous antibodies on their cell surface (i.e., the cells have not been
contacted with antibodies or antibody fragments in vifro prior to administration).

Expansion may be measured by proliferation assays involving incorporation of
radiolabeled nucleotides such as tritiated thymidine. Activation may be measured by
production of cytokines such as IL-2, gamma-IFN, IL-1, IL-4, IL-6 and TNF, among
others. Other ways of measuring expansion and activation are known in the art and may
be used in accordance with the disclosure.

Carrier cells may be selected prior to administration to a subject in order to enrich
and thus administer higher numbers of such cells in smaller volumes and/or to remove
other, potentially unwanted, cells from the administered composition. Selection may
involve positive or negative selection including, for example, column or plate based
enrichment protocols that are known in the art.

T and B cells may be harvested from the peripheral blood of a subject.
Hematopoietic progenitor cells may be obtained from a number of sources
including but not limited to cord blood, bone marrow, mobilized peripheral blood and, in

some instances, differentiated embryonic stem cells.

Hematopoietic progenitor cells have been characterized in the art. Such cells in
the human generally have minimally a CD34+ phenotype, although they may also be
CD59", Thy1/CD90", CD38"™¢, CD33", and/or c-kit/CD117". They also are
characterized as not expressing lineage specific markers. They can be harvested from
bone marrow, cord blood or peripheral blood using affinity columns, magnetic beads,
fluorescence activated cell sorting (FACS), some combination thereof, and the like.
These cells have the ability to repopulate one or more hematopoietic lineages upon
transplantation. Preferably, these cells repopulate more than one lineage, and even more
preferably, all lineages. Repopulation or population of lineages as used herein refers to
the differentiation of the stem cell into one or more lineages such that progeny of the
stem cell contribute to the make-up of that lineage in the subject. It does not, however,
require that the entire lineage compartment derive from the transplanted cells, however

in some instances this may occur.
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Isolated stem cells may be obtained by fractionating a heterogeneous cell
population according to one or more markers, including by not limited to cell surface
markers.

The carrier cells may be eukaryotic cells, such as mammalian cells (e.g., human
cells). Alternatively, they may be non-mammalian cells. In still other embodiments, the
carrier cells may be prokaryotic cells (e.g., bacterial cells). Several bacterial cell types
are of particular interest. For example, attenuated salmonella typhimurium is under
study as a candidate vector for oral vaccine delivery (Xiang et al., Immunol Rev 222:117,
2008; and Iweala et al., J Immunol 183(4):2252, 2009) and engineered E. coli bacteria
have been shown to be capable of specific homing to poorly oxygenated tumors (Cheong
et al., Science 314(5803):1308, 2006). Bacteria offer new modes of administration and
tissue site targeting possibilities, such as oral administration and the ability to target
therapeutics to the gut and gut-associated lymphoid tissues. Such microbial vectors may
offer advantages relative to autologous host cells in terms of creating off-the-shelf ready-
to-use cell-nanoparticles systems. Particles conjugation to microbes can be achieved
using the same suite of chemical strategies described for mammalian cells. In some
instances, temporary removal of flagellar coats of microbes (e.g., via simple mechanical
shearing as described by Rosu et al., J Bacteriol 188(14):5196, 2006) can be used to

achieve optimal conjugation of particles to microbe cell bodies.

Methods

Provided herein are methods of producing nanostructures. An example of a
nanostructure is a protein nanogel, such as a protein nanogel that contains intact,
biologically-active proteins but does not contain a carrier (e.g., albumin, BSA). In some
embodiments, a method of producing a carrier-free, biologically-active protein nanogel
comprises contacting a protein with a degradable linker under conditions that permit
reversible covalent crosslinking of proteins to each other through the degradable linker,
thereby producing a carrier-free, biologically-active protein nanogel. In some
embodiments, a method further comprises contacting the protein nanogel with a polymer
under conditions that permit crosslinking of the polymer to proteins of the protein
nanogel, thereby producing a carrier-free, biologically-active protein-polymer nanogel.
In some embodiments, a plurality of protein nanogels or a plurality of protein-polymer

nanogels is produced.
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Typically, conditions that permit reversible covalent crosslinking of proteins to
each other through a degradable linker include contacting the proteins with degradable
linkers at a temperature of 4 °C to 25 °C (e.g., 4°C,5°C,6°C,7°C,8°C,9°C, 10°C, 11
°C,12°C, 13°C, 14°C, 15°C, 16 °C, 17 °C, 18 °C, 19 °C, 20 °C, 21 °C, 22 °C, 23 °C, 24
°C or 25 °C). In some embodiments, proteins are incubated with the degradable linkers
in an aqueous buffer (e.g., PBS) at a temperature of 4 °C to 25 °C (e.g., room
temperature). In some embodiments, proteins are incubated with the degradable linkers
in an aqueous buffer (e.g., PBS) at a temperature of no greater than 30 °C. In some
embodiments, conditions that permit reversible covalent crosslinking of proteins to each
other through a degradable linker include contacting proteins with degradable linkers for
30 minutes to two hours, or 30 minutes to one hour (e.g., 30, 35, 40, 45, 50, 55 or 60
minutes). In some embodiments, proteins are incubated with the degradable linkers in an
aqueous buffer (e.g., PBS) for 30 minutes to two hours, or 30 minutes one hour.

In some embodiments, the concentration of the protein in the aqueous buffer is 10
mg/mL to 50 mg/mL. For example, the concentration of the protein in an aqueous buffer
may be 10 mg/mL, 15 mg/mL, 20 mg/mL, 25 mg/mL, 30 mg/mL, 35 mg/mL, 40 mg/mL,
45 mg/mL or 50 mg/mL protein/aqueous buffer).

In some embodiments, the weight percentage of protein in a carrier-free,
biologically-active protein nanogel or protein-polymer nanogel is at least 75% w/w. For
example, the weight percentage of protein in the carrier-free, biologically-active protein-
polymer nanogels is at least 80% w/w, at least 85% w/w, at least 90% w/w, or at least
95% wi/w. In some embodiments, the weight percentage of protein in a carrier-free,
biologically-active protein nanogel or protein-polymer nanogel is 75% w/w to 90% w/w,
80% wiw to 90% w/w, or 85% wiw to 90% w/w.

Conditions that permit crosslinking of a polymer to proteins of a protein nanogel
include contacting the protein nanogel with a polymer at a temperature of 4 °C to 25 °C
(e.8.,4°C,5°C,6°C,7°C,8°C,9°C,10°C, 11°C, 12°C, 13°C, 14°C, 15°C, 16 °C, 17
°C, 18°C, 19°C, 20°C, 21 °C, 22 °C, 23 °C, 24 °C or 25 °C). In some embodiments,
protein nanogels are incubated with the polymers in an aqueous buffer (e.g., PBS) at a
temperature of 4 °C to 25 °C (e.g., room temperature). In some embodiments, protein
nanogels are incubated with the polymers in an aqueous buffer (e.g., PBS) ata
temperature of no greater than 30 °C. In some embodiments, conditions that permit

crosslinking of a polymer to proteins of a protein nanogel include contacting the protein
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nanogel with a polymer for 30 minutes to two hours, or 30 minutes to one hour (e.g., 30,
35, 40, 45, 50, 55 or 60 minutes). In some embodiments, protein nanogels are incubated
with the polymer in an aqueous buffer (e.g., PBS) for 30 minutes to two hours, or 30
minutes one hour.

In some embodiments, methods of the present disclosure specifically exclude
contacting a protein with a degradable linker in the presence of an organic solvent (e.g.,
an alcohol such as ethanol or isopropanol). In some embodiments, methods of the
present disclosure specifically exclude contacting a protein nanogel with a polymer in
the presence of an organic solvent (e.g., an alcohol such as ethanol or isopropanol).
Organic solvents may adversely affect the biological activity of the proteins.

Other methods of producing nanostructures of the present disclosure may
comprise modifying a protein with a degradable linker and polymerizable functional
groups, and polymerizing the polymerizable functional groups with a crosslinker and
soluble fluoride.

Proteins of the disclosure may be modified with, or conjugated to, a degradable
linker such as, for example, a redox responsive linker. The modification may, in some
embodiments, be a covalent modification. FIG. 3A illustrates one example of a protein
modification scheme. In this example, a protein is covalently conjugated, through a
degradable linker, to silane.

Polymerizable functional groups may be polymerized with a crosslinker in the
presence of a soluble fluoride catalyst. In some embodiments, the crosslinker is a
polymer (e.g., silane-PEG-silane). In some embodiments, the soluble fluoride is sodium
fluoride. In some embodiments, the soluble fluoride is potassium fluoride.

The disclosure also provides methods of administering protein conjugates and
nanostructures in vivo to subjects.

The methods of the disclosure can be practiced in virtually any subject type that
is likely to benefit from delivery of proteins as contemplated herein. Human subjects are
preferred subjects in some embodiments. Subjects also include animals such as
household pets (e.g., dogs, cats, rabbits, ferrets), livestock or farm animals (e.g., cows,
pigs, sheep, chickens and other poultry), horses such as thoroughbred horses, laboratory
animals (e.g., mice, rats, rabbits), and the like. Subjects also include fish and other

aquatic species.
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The subjects to whom protein conjugates are delivered may be normal, or
healthy, subjects. Alternatively they may have or may be at risk of developing a
condition that can be diagnosed or that can benefit from delivery of one or more
particular proteins.

Such conditions include cancer (e.g., solid tumor cancers), autoimmune
disorders, allergies or allergic conditions, asthma, transplant rejection, and the like.

Tests for diagnosing various conditions embraced by the present disclosure are
known in the art and will be familiar to the ordinary medical practitioner. These
laboratory tests include without limitation microscopic analyses, cultivation dependent
tests (such as cultures), and nucleic acid detection tests. These include wet mounts,
stain-enhanced microscopy, immune microscopy (e.g., FISH), hybridization microscopy,
particle agglutination, enzyme-linked immunosorbent assays, urine screening tests, DNA
probe hybridization, serologic tests, etc. The medical practitioner will generally also
take a full history and conduct a complete physical examination in addition to running
the laboratory tests listed above.

A subject having a cancer is a subject who has detectable cancer cells. A subject
at risk of developing a cancer is a subject who has a higher than normal probability of
developing cancer. These subjects include, for instance, subjects having a genetic
abnormality that has been demonstrated to be associated with a higher likelihood of
developing a cancer, subjects having a familial disposition to cancer, subjects exposed to
cancer causing agents (e.g., carcinogens) such as tobacco, asbestos, or other chemical

toxins, and subjects previously treated for cancer and in apparent remission.

Cancer

The present disclosure contemplates administration of reversibly modified
protein conjugates and/or protein nanostructures to subjects having or at risk of
developing a cancer including, for example, a solid tumor cancer. The cancer may be
carcinoma, sarcoma or melanoma. Carcinomas include, without limitation, to basal cell
carcinoma, biliary tract cancer, bladder cancer, breast cancer, cervical cancer,
choriocarcinoma, CNS cancer, colon and rectum cancer, kidney or renal cell cancer,
larynx cancer, liver cancer, small cell lung cancer, non-small cell lung cancer (NSCLC,
including adenocarcinoma, giant (or oat) cell carcinoma, and squamous cell carcinoma),

oral cavity cancer, ovarian cancer, pancreatic cancer, prostate cancer, skin cancer
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(including basal cell cancer and squamous cell cancer), stomach cancer, testicular cancer,
thyroid cancer, uterine cancer, rectal cancer, cancer of the respiratory system, and cancer
of the urinary system. Other cancers are known and are contemplated herein.

Sarcomas are rare mesenchymal neoplasms that arise in bone (osteosarcomas)
and soft tissues (fibrosarcomas). Sarcomas include without limitation liposarcomas
(including myxoid liposarcomas and pleiomorphic liposarcomas), leiomyosarcomas,
rhabdomyosarcomas, malignant peripheral nerve sheath tumors (also called malignant
schwannomas, neurofibrosarcomas, or neurogenic sarcomas), Ewing’s tumors (including
Ewing's sarcoma of bone, extraskeletal (i.e., not bone) Ewing's sarcoma, and primitive
neuroectodermal tumor), synovial sarcoma, angiosarcomas, hemangiosarcomas,
lymphangiosarcomas, Kaposi's sarcoma, hemangioendothelioma, desmoid tumor (also
called aggressive fibromatosis), dermatofibrosarcoma protuberans (DFSP), malignant
fibrous histiocytoma (MFH), hemangiopericytoma, malignant mesenchymoma, alveolar
soft-part sarcoma, epithelioid sarcoma, clear cell sarcoma, desmoplastic small cell tumor,
gastrointestinal stromal tumor (GIST) (also known as GI stromal sarcoma), and
chondrosarcoma.

Melanomas are tumors arising from the melanocytic system of the skin and other
organs. Examples of melanoma include without limitation lentigo maligna melanoma,
superficial spreading melanoma, nodular melanoma, and acral lentiginous melanoma.

The cancer may be a solid tumor lymphoma. Examples include Hodgkin’s
lymphoma, Non-Hodgkin’s lymphoma, and B cell lymphoma.

The cancer may be, without limitation, bone cancer, brain cancer, breast cancer,
colorectal cancer, connective tissue cancer, cancer of the digestive system, endometrial
cancer, esophageal cancer, eye cancer, cancer of the head and neck, gastric cancer, intra-
epithelial neoplasm, melanoma neuroblastoma, Non-Hodgkin’s lymphoma, non-small

cell lung cancer, prostate cancer, retinoblastoma or rhabdomyosarcoma.

Compositions

Compositions, including pharmaceutical compositions, comprising protein
nanostructures (e.g., protein nanogels) are provided herein. A composition can be
administered to a subject in pharmaceutically-acceptable amounts and in
pharmaceutically-acceptable compositions. The term “pharmaceutically acceptable”

means a non-toxic material that does not interfere with the effectiveness of the biological
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activity of the active ingredients (e.g., biologically-active proteins of the nanostructures).
Such compositions may, in some embodiments, contain salts, buffering agents,
preservatives, and optionally other therapeutic agents.

Pharmaceutical compositions also may contain, in some embodiments, suitable
preservatives.

Pharmaceutical compositions may, in some embodiments, be presented in unit
dosage form and may be prepared by any of the methods well-known in the art of
pharmacy.

Pharmaceutical compositions suitable for parenteral administration, in some
embodiments, comprise a sterile aqueous or non-aqueous preparation of the
nanostructures, which is, in some embodiments, isotonic with the blood of the recipient
subject. This preparation may be formulated according to known methods. A sterile
injectable preparation also may be a sterile injectable solution or suspension in a non-
toxic parenterally-acceptable diluent or solvent.

Pharmaceutical compositions of the present disclosure are administered, in some
embodiments, by a conventional route, including injection or by gradual infusion over
time. Administration may, for example, be oral, intravenous, intraperitoneal,
intramuscular, intracavity, intratumor, or transdermal.

Pharmaceutical compositions of the present disclosure are administered, in some
embodiments, in effective amounts. An “effective amount” is that amount of any of the
nanostructure provided herein that alone, or together with further doses and/or other
therapeutic agents, produces a desired response (e.g., pseudoautocrine stimulation,
augment T cell expansion and minimize systemic side effects of adjuvant drugs in vivo).

Pharmaceutical compositions of the present disclosure, in some embodiments,
may be sterile and contain an effective amount of a nanostructure (e.g., nanogel), alone
or in combination with another agent, for producing the desired response in a unit of
weight or volume suitable for administration to a subject (e.g., human subject). The
response can, for example, be measured by determining the physiological effects of the
nanostructure composition.

The doses of compositions administered to a subject may be chosen in
accordance with different parameters, in particular in accordance with the mode of
administration used and the state of the subject. Other factors include the desired period

of treatment. In the event that a response in a subject is insufficient at the initial doses
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applied, higher doses (or effectively higher doses by a different, more localized delivery

route) may be employed to the extent that subject/patient tolerance permits.

EXAMPLES
Example 1

In the context of adoptive T cell therapy for cancer treatment, adjuvant cytokine
drug, IL 2, provides key adjuvant signals to donor T cells but also elicits severe dose-
limiting inflammatory toxicity and expands regulatory T cells (Tr,s). Provided herein is
a delivery method to safely and efficiently target IL-2 to therapeutic cells with minimal
toxicity.

FIG. 1 illustrates an example of a method of preparing protein-silica
nanocapsules (NCs). Polymerizable silane groups were first conjugated to IL-2 through
a redox responsive linker (Formula I) to prepare IL-2-silane (FIG. 2, I). The modified
IL-2 was further reacted with (3-Aminopropyl)triethoxysilane to functionalize IL-2 with
polymerizable silane group on the protein surface. Subsequent polymerization of the
silane groups together with a crosslinker (e.g., silane-PEG-silane, FIG. 2, II), catalyzed
by NaF, resulted in the proteins being wrapped in a degradable silica nanocapsules (NC),
which efficiently protects the protein from degradation in physiological conditions.
Upon dissolution of the silica NC and cleavage of the linker between the protein and
silane groups in physiological conditions, the protein is released to its original form
(FIG. 4B).

Methods

The linker of Formula I (109 ug, 50 equiv. of protein) dissolved in 21.8 uLL
DMSO was added to IL-2-fc (500 pg) solution in 478 uL PBS buffer. The mixture was
rotated at 4 °C for 3 hours. Modified IL-2-fc was washed with PBS (15 mL x 3) using a
Millipore Amicon ultra-centrifugal filter (molecular weight cutoff = 10, 000 Da).
Purified IL-2-fc-linker conjugate in 500 uLL PBS was mixed with (3-aminopropyl)
triethoxysilane (55.2 ug, 50 equiv. of protein) and rotated at 4 °C for 3 hours. The
resultant silane functionalized IL-2-fc was washed with PBS (15 mL x 3) using Millipore
Amicon ultra-centrifugal filter to remove unreacted small molecules. IL2-fc-silane
dissolved in 500 uLL was then mixed with silane-PEG-silane (100 pg, FIG. 2, II)
followed by the addition of sodium fluoride (200 ng). The mixture was stirred at 4 °C
overnight. The resultant IL-2-fc-silica NCs were washed with PBS (15 mL x 3) using

30



10

15

20

25

30

WO 2015/048498 PCT/US2014/057789

ultra-centrifugal filter. The incorporation efficiency of IL-2-fc was determined by
centrifuging down the NCs and measuring the concentration of IL-2 in the supernatant
using ELISA kit. The loading of IL-2-fc in the final IL-2-fc-NC was calculated based on
the incorporation efficiency of IL-2-fc and assuming all the silane-PEG-silane is reacted
and in the final NCs.

The successful conjugation of silane groups to IL-2 was demonstrated by matrix-
assisted laser desorption/ionization (MALDI) analysis (FIG. 3B). The degree of
modification of IL-2 can be measured by calculating the increased molecular weight.
The results indicate that about 16 lysine residues of IL-2 were covalently attached with
silane groups (FIG. 3B). The prepared IL-2-silica NCs was 222.5 + 5.2 nm in diameter,
as shown in both dynamic light scattering (DLS) and scanning electron microscope
(SEM) characterization (FIGs. 3C and 3D). Extraordinarily high incorporation
efficiency (e.g., 95.5%) and high protein drug loading (e.g., 84.0%) was achieved using
this reversible covalent modification method (FIG. 4A). By comparison, an
encapsulation method of the prior art typically results in less than 10% incorporation
efficiency and ~1% drug loading.

The triggered release of IL-2 from the IL-2-silica NCs was verified by incubating
IL-2-silica NCs in buffer of different pH at 37 °C and analyzing the release kinetics of
IL-2 with or without reductant reagent, dithiothreitol (DTT). At pH 7.4, addition of 10
mM DTT resulted in 2.6 times faster release of IL-2 over 48 h incubation relative to
release without reductant reagent, demonstrating the redox responsive release of 1L-2
(FIG. 4C). When the NCs were incubated in buffer with a pH of 9.0, which facilitates
the degradation of the silica shell, the release of IL-2 was accelerated (FIG. 4C). These
findings demonstrate that IL-2 was effectively conjugated to a reductant cleavable bond
and protected by a silica shell.

To stimulate the adoptive transferred T cells specifically and efficiently, IL-2-
silica NCs were conjugated directly onto the plasma membrane of donor cells, enabling
continuous pseudoautocrine stimulation of transferred cells in vivo (FIG. 1). The silica
NCs prevent the degradation of IL-2 by proteases and allow for sustained local release of
IL-2 in physiological conditions to expand cytotoxic T cells specifically without
activating bystander T cells or expanding Tregs, thus avoiding the serious systemic
toxicity of high-dose IL-2. IL-2-silica NCs were first functionalized with maleimide

groups using silane chemistry (FIG. 2, III). The maleimide functionalized IL-2-silica
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NCs were then covalently attached to the surface of adoptive transferred T cells through
a maleimide-thiol reaction (FIG. 5A). Residual maleimide groups of the NCs were
quenched by in situ conjugation of thiol-terminated polyethylene glycol (PEG-SH, Mw =
5 kDa) (FIG. SA). The successful cell surface conjugation was evidenced by flow
cytometry analysis of the T cells with surface bound fluorescence dye labeled IL-2-silica
NCs (FIG. 5A).

To evaluate whether the surface bond IL-2-silica NCs could release IL-2 with
retained biological activity and expand CD8" T cells in vitro, purified CD8" T cells from
splenocytes of mice were treated with free IL-2, or conjugated with IL-2-silica NCs of
equivalent amount of IL-2, and then co-cultured with CD3CD28 beads of 1:1 ratio. Cell
proliferation was monitored by both manual counting and analyzing carboxyfluorescein
(CFSE) dilution by flow cytometry (FIGs. 5C and 5D). At two concentrations tested (3.0
ug/mL or 7.5 pg/mL), surface bond IL-2-silica NCs induces the comparable level of T
cells expansion with free IL-2 until day 3.

To further test the potential functional impact of stimulatory IL-2-silica NCs in
vivo, the response of Pmel-1 melanoma specific T —cells was assessed in vivo during
adoptive transfer treatment of B16F10 tumors in a murine metastatic lung tumor model.
B16F10 melanoma cells were injected through the tail vein to allow lung metastases to
establish for 6 days. Animals were then lympho-depleted and received adoptive transfer
of luciferase-expressing Pmel-1 melanoma-specific CD8" T-cells with no further
treatment, free IL-2 or surface-conjugated IL-2-silica NCs, respectively in each group.
T-cell expansion was followed over time by bioluminescence imaging. Adoptively-
transferred cells, without further adjuvant support, showed a low level persistence in the
tumor-bearing recipients, which gradually declined over 6 days, as expected in the
absence of additional stimulation or protection from tumor immunosuppression (FIG.
6B). To assess the relative potency of stimulation achieved by surface-conjugated 1L-2-
silica NCs compared to traditional systemic IL-2 therapy, the expansion of T-cells
following injection of soluble IL-2 was compared to the expansion of T-cells with
surface-conjugated IL-2-silica NCs (at an equivalent total amount of IL-2). T cells with
surface-conjugated IL-2-silica NCs expanded to a higher level on day 4 and day 6
relative to the T-cells with soluble IL-2 injection (FIG. 6B). Flow cytometry analysis of
T-cells pooled from the inguinal lymph nodes on day 6, after adoptive transfer,

confirmed that the frequency of tumor-specific CD8" T -cells (pmel-1 T-cells express
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Thyl.1) was nearly 5 times greater in mice that received T-cells with surface-conjugated
IL-2-silica NCs relative to T-cells with soluble IL-2 (FIG. 6B). Soluble IL-2 showed no
enhancement in T-cell expansion compared to the injection of T cells alone. Thus,
surface-conjugated IL-2-silica NCs resulted in enhanced and more sustained T-cells

expansion in tumor bearing mice compared with soluble IL-2.

Example 2

Linker-1 was first conjugated to the end of a 4 arm-PEG polymer chain (FIG.
8A). A subsequent crosslinking reaction of 4 arm-PEG-Linker-1 and IL-2-fc in PBS
buffer resulted in protein-PEG nanogel particle formation (FIG. 8B), which efficiently
protects the protein from degradation in physiological conditions. Upon reductant
dependent cleavage of the linker between the protein and PEG in physiological
conditions, the protein is released to its original form.

Methods

FIG. 8A: Synthesis of 4 arm-PEG-Linker-1. 4 arm-PEG-NH2 (10 mg) dissolved
in 300 pL tetrahydrofuran (THF) was added drop-wise to an 800 uLL THF solution of
Linker-1 (17.4 mg, 40 equiv.) and triethylamine (5 uL). The mixture was further stirred
at room temperature overnight. Four-arm-PEG-Linker-1 was purified by dialysis
(molecular weight cutoff = 3,000 Da).

FIG. 8B: IL2-fc-PEG nanogel particle formation. IL-2-fc (50 pg) was mixed
with 4 arm-PEG-Linker-1 (15 pg, 3 equiv.) in 100 pLL PBS buffer and rotated at 4 °C
overnight. The resultant IL2-fc-PEG nanogel was washed with PBS (15 mL x 3) using
Millipore Amicon ultra-centrifugal filter (molecular weight cutoff = 100, 000 Da) to
remove unreacted IL-2-fc or 4 arm-PEG-Linker-1. The incorporation efficiency of IL-2-
fc was determined by centrifuging down the nanogels and measuring the concentration
of IL-2-fc in the supernatant. The loading of IL-2-fc in the final IL2-fc-PEG nanogel
(NG) was calculated based on the incorporation efficiency of IL-2-fc and assuming all 4
arm-PEG-Linker-1 is reacted and in the final nanogels.

The formation of IL2-fc-PEG nanogel particles was demonstrated by DLS

measurement. The as prepared IL2-fc-PEG nanogel was 226.8 = 8.4 nm in diameter.
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Example 3

Preparation and characterization of protein nanogel (NG)

As shown in FIG. 9, IL2-Fc (100 pug) was mixed with a disulfide crosslinker
(4.36 g, 10 equiv.) in 10 pL of phosphate buffered saline (PBS) and incubated at room
temperature for 1 hour (h). The resultant IL2-Fc-crosslinked nanogel was washed with
PBS (0.4 mL x 3) using Millipore Amicon ultra-centrifugal filter (molecular weight
cutoff = 100, 000 Da) to remove unreacted IL2-Fc and/or unreacted disulfide crosslinker.
The IL2-Fc-crosslinked nanogel was then PEGylated by mixing the IL.2-Fc-crosslinked
nanogel with 4 arm-PEG10k-NH2 (FIG. 9A; 50 pug, 5 equiv.) in 100 uLL PBS buffer. The
mixture was incubated at room temperature for 0.5 h. The PEGylated IL2-Fc-
crosslinked nanogel was then washed with the ultra-centrifugal filter. The incorporation
efficiency of IL2-Fc was determined by centrifuging down the PEGylated 1L2-Fc-
crosslinked nanogels and measuring the concentration of IL2-Fc in the supernatant.

The PEGylated IL2-Fc-crosslinked nanogel was analyzed with HPLC equipped
with a size exclusion column (FIG. 10A). By comparison with free IL2-Fc, the shift of
the peak indicates the formation of crosslinked protein with much a larger molecular
weight. The PEGylated IL2-Fc-crosslinked nanogel was further analyzed with
transmission electron microscopy (TEM; FIG. 10B) and dynamic light scattering (DLS;
FIG. 10C) to characterize the size and morphology of the nanogels. The TEM image in
FIG. 10B shows that the size of PEGylated IL2-Fc-crosslinked nanogel as a dry solid is
~50-60 nm in diameter. The DLS characterization of the PEGylated IL2-Fc-crosslinked
nanogel in PBS solution indicated that the hydrodynamic size of nanogel is ~85.6 nm.
The larger hydrodynamic size relative to the size as a dry solid is due to the hydration of
surface PEG on the PEGylated IL2-Fc-crosslinked nanogel.

The PEGylated IL2-Fc-crosslinked nanogel can release intact IL2-Fc in
physiological condition. FIG. 11A, without being bound by, schematizes a release
mechanism of the IL2-Fc from NG without any chemical residues remaining on the
protein molecule. FIG. 11B shows controlled sustained release of IL2-Fc in complete
Roswell Park Memorial Institute (RPMI) media (media for T cells in vitro). When
glutathione (GSH), a reducing agent in physiological condition, was added, the release
kinetics was accelerated. The released mixture was also characterized with HPLC as
shown in FIG. 11C: the peak of crosslinked IL2-Fc NG decreased, while the peak for

free IL2-Fc increased over time. The released IL.2-Fc was also characterized with
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matrix-assisted laser desorption/ionization (MALDI) mass spectroscopy to demonstrate
that the released IL2-Fc has the same molecular weight as the native IL2-Fc, indicating
that no chemical residue remained the IL2-Fc molecule.

Similar protein nanogels can be formulated using therapeutic proteins other than
IL-2-Fc. For example, human IL-15 superagonist (hIL-15Sa)-crosslinked and native
mouse IL-2 (mIL-2)-crosslinked nanogels are represented by HPLC curves in FIG. 12.

At protein concentrations of greater than 50 mg/mL, bulk gel formed instead of

nanogel (FIG. 13).

Example 4

Carrier free delivery of a cytokine using a protein nanogel to augment T cells for
adoptive cell therapy for cancer

To demonstrate the application of a protein nanogel of the present disclosure, in
the context of adoptive T cell transfer (ACT) for cancer immunotherapy, a IL2-Fc-
crosslinked nanogel was used to deliver IL2-Fc to specifically expand adoptive
transferred T cells in vivo. An IL2-Fc-crosslinked nanogel provides a highly efficient
way to deliver a sufficient amount of the cytokine to the T cell surface through
conjugation. An IL2-Fc-crosslinked nanogel was surface modified with a disulfide
crosslinker (Nat. Med. 16, 1035-1041, 2010, incorporated by reference herein; FIG. 9)
and then conjugated to the surface of effector T cells. As shown in FIG. 14A, the IL2-
Fc-crosslinked nanogel can be conjugated to the surface of T cells. By controlling the
amount of IL.2-Fc-crosslinked nanogels added to the T cells, the T cell surface density
could be well controlled, as evidenced by flow cytometry analysis using fluorescently-
labeled IL2-Fc-crosslinked nanogels (FIG. 14B).

The Pmel-1 melanoma-specific CD8" T-cells with surface-conjugated I1.2-Fc-
crosslinked nanogels was adoptive transferred to mice with established lung metastases
of B16F10 melanoma. The in vivo expansion of the transferred T cells was monitored
over time using bioluminescence imaging. The CD8" T-cells with surface-conjugated
IL2-Fc-crosslinked nanogels showed markedly increased in vivo expansion relative to T
cell-only controls or T cells with systemically administered free IL2-Fc (FIGs. 15A-
15B).

The frequency of adoptively-transferred T cells and endogenous T cells in the

inguinal lymph nodes and blood were analyzed with flow cytometry on Day 12 after
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adoptive transfer. By comparing with the group of Pmel-1* systemic IL2-Fc, the T cells
with conjugated IL2-Fc-crosslinked nanogels showed 4.8 and 2.0 fold increased
frequency of transferred CD8" T-cells in LN and blood respectively. However, the
systemic IL2-Fc expanded the endogenous CD8" T-cells nonspecifically in both the
inguinal lymph nodes and blood (FIG. 16).

To evaluate the efficacy of the treatment of adoptive cell transfer, all the lungs
were collected. By counting the number of tumor nodules in lung, it was shown that the
mice treated with T cells having conjugated IL2-Fc-crosslinked nanogels had the lowest
number of tumors (FIGs. 17A-17B), indicating that the specific expansion of adoptively-
transferred T cells by conjugated IL2-Fc-crosslinked nanogels resulted in improved
efficacy against the lung metastases of B16F10 melanoma. The efficacy results were
further confirmed with histological analyses, and the mice treated with T cells with
conjugated IL2-Fc-crosslinked nanogels also had the lowest grade of lung tumor burden
(FIGs. 17C-17D).

T cell surface bound IL2-Fc-crosslinked nanogels provided long-lasting, specific
expansion of adoptively-transferred T cells through sustained release of intact IL.2-Fc in
vivo and, thus, improved the efficacy of adoptive T cell therapy against cancer.

The indefinite articles “a” and ““an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least
one.”

As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one
element selected from any one or more of the elements in the list of elements, but not
necessarily including at least one of each and every element specifically listed within the
list of elements and not excluding any combinations of elements in the list of elements.
This definition also allows that elements may optionally be present other than the
elements specifically identified within the list of elements to which the phrase “at least
one” refers, whether related or unrelated to those elements specifically identified. Thus,
as a non-limiting example, “at least one of A and B” (or, equivalently, “at least one of A
or B,” or, equivalently “at least one of A and/or B”) can refer, in one embodiment, to at
least one, optionally including more than one, A, with no B present (and optionally
including elements other than B); in another embodiment, to at least one, optionally

including more than one, B, with no A present (and optionally including elements other
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than A); in yet another embodiment, to at least one, optionally including more than one,
A, and at least one, optionally including more than one, B (and optionally including other
elements).

The phrase “and/or,” as used herein in the specification and in the claims, should
be understood to mean “either or both™ of the elements so conjoined, i.e., elements that
are conjunctively present in some cases and disjunctively present in other cases.

Multiple elements listed with “and/or” should be construed in the same fashion, i.e., “one
or more” of the elements so conjoined. Other elements may optionally be present other
than the elements specifically identified by the “and/or” clause, whether related or
unrelated to those elements specifically identified. Thus, as a non-limiting example, a
reference to “A and/or B”, when used in conjunction with open-ended language such as
“comprising” can refer, in one embodiment, to A only (optionally including elements
other than B); in another embodiment, to B only (optionally including elements other
than A); in yet another embodiment, to both A and B (optionally including other
elements).

It should also be understood that, unless clearly indicated to the contrary, in any
methods claimed herein that include more than one step or act, the order of the steps or
acts of the method is not necessarily limited to the order in which the steps or acts of the
method are recited.

All references (e.g., published journal articles, books, efc.), patents and patent
applications disclosed herein are incorporated by reference with respect to the subject
matter for which each is cited, which, in some cases, may encompass the entirety of the
document.

In the claims, as well as in the specification above, all transitional phrases such as

29 Cel

“comprising,” “including,

2% << 2% << 29 CCl

carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be open-ended, i.e., to mean
including but not limited to. Only the transitional phrases “consisting of”” and
“consisting essentially of” shall be closed or semi-closed transitional phrases,
respectively, as set forth in the United States Patent Office Manual of Patent Examining
Procedures, Section 2111.03.

What is claimed is:
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CLAIMS

1. A method of producing a plurality of carrier-free, biologically-active protein-
polymer nanogels, the method comprising:

(a) contacting a protein with a degradable linker under conditions that permit
reversible covalent crosslinking of proteins to each other through the degradable linker,
thereby producing a plurality of protein nanogels; and

(b) contacting the protein nanogels with a polymer under conditions that permit
crosslinking of the polymer to proteins of the protein nanogels, thereby producing a

plurality of carrier-free, biologically-active protein-polymer nanogels.

2. The method of claim 1, wherein the conditions of (a) include contacting the

protein with the degradable linker in an aqueous buffer at a temperature of 4 °C to 25 °C.

3. The method of claim 1 or 2, wherein the conditions of (a) include contacting the

protein with the degradable linker in an aqueous buffer for 30 minutes to one hour.

4. The method of any one of claims 1-3, wherein the conditions of (b) include

contacting the protein nanogels with the polymer in an aqueous buffer at a temperature of

4°Cto 25 °C.

5. The method of any one of claims 1-4, wherein the conditions of (b) include
contacting the protein nanogels with the polymer in an aqueous buffer for 30 minutes to

one hour.

6. The method of any one of claims 1-5, wherein the conditions of (a) do not
include contacting the protein with the degradable linker at a temperature of greater than

30°C.

7. The method of any one of claims 1-6, wherein the conditions of (b) do not
include contacting the protein nanogels with the polymer at a temperature of greater than

30°C.
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8. The method of any one of claims 1-7, wherein the conditions of (a) do not

include contacting the protein with the degradable linker in an organic solvent.

0. The method of any one of claims 1-8, wherein the conditions of (b) do not

include contacting the protein nanogels with the polymer in an organic solvent.

10. The method of any one of claims 1-9, wherein the protein is a cytokine, growth

factor, antibody or antigen.

11. The method of claim 10, wherein the protein is a cytokine.

12. The method of claim 11, wherein the cytokine is IL-2 or IL-2-Fc.

13. The method of claim 11, wherein the cytokine is IL-15 or IL-15SA.

14. The method of any one of claims 1-13, wherein the degradable linker is a redox

responsive linker that comprises a disulfide bond.

15. The method of any one of claims 1-14, wherein the polymer is a hydrophilic

polymer.

16. The method of claim 15, wherein the hydrophilic polymer comprises
polyethylene glycol (PEG).

17. The method of claim 16, wherein the polymer is a 4-arm PEG-NH, polymer.

18. The method of any one of claims 1-17, wherein the dry size of the carrier-free,

biologically-active protein-polymer nanogels is less than 100 nm in diameter.

19. The method of claim 18, wherein the dry size of the carrier-free, biologically-

active protein-polymer nanogels is 50-60 nm in diameter.
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20. The method of any one of claims 1-19, wherein the hydrodynamic size of the
carrier-free, biologically-active protein-polymer nanogels is less than 100 nm in

diameter.

21. The method of claim 19, wherein the hydrodynamic size of the carrier-free,

biologically-active protein-polymer nanogels is 80-90 nm in diameter.

22. The method of any one of claims 2-21, wherein the concentration of the protein

in the aqueous buffer is 10 mg/mL to 50 mg/mL.

23. The method of any one of claims 1-22, wherein the plurality of carrier-free,
biologically-active protein-polymer nanogels is a monodispersed plurality of carrier-free,

biologically-active protein-polymer nanogels.

24. The method of any one of claims 1-23, wherein the carrier-free, biologically-

active protein-polymer nanogels do not include albumin.

25. The method of any one of claims 1-24, wherein the weight percentage of protein

in the carrier-free, biologically-active protein-polymer nanogels is at least 75%.

26. The method of claim 25, wherein the weight percentage of protein in the carrier-

free, biologically-active protein-polymer nanogels is at least 80%.

27. The method of claim 26, wherein the weight percentage of protein in the carrier-

free, biologically-active protein-polymer nanogels is at least 85%.

28. The method of claim 27, wherein the weight percentage of protein in the carrier-

free, biologically-active protein-polymer nanogels is at least 90%.

29. A composition comprising a monodispersed plurality of carrier-free, biologically-
active protein-polymer nanogels, wherein proteins of the nanogels are reversibly and
covalently crosslinked to each other through a degradable linker, and wherein proteins of

nanogels are crosslinked to a polymer.
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30. The composition of claim 29, wherein the protein is a cytokine, growth factor,

antibody or antigen.

31. The composition of claim 30, wherein the protein is a cytokine.

32. The composition of claim 31, wherein the cytokine is IL-2 or IL-2-Fc.

33. The composition of claim 31, wherein the cytokine is IL-15 or IL-15SA.

34. The composition of any one of claims 1-32, wherein the degradable linker is a

redox responsive linker that comprises a disulfide bond.

35. The composition of any one of claims 1-34, wherein the polymer is a hydrophilic
polymer.
36. The composition of claim 35, wherein the hydrophilic polymer comprises

polyethylene glycol (PEG).

37. The composition of claim 36, wherein the polymer is a 4-arm PEG-NH, polymer.

38. The composition of any one of claims 1-37, wherein the dry size of the carrier-

free, biologically-active protein-polymer nanogels is less than 100 nm in diameter.

39. The composition of claim 38, wherein the dry size of the carrier-free,

biologically-active protein-polymer nanogels is 50-60 nm in diameter.

40. The composition of any one of claims 1-39, wherein the hydrodynamic size of
the carrier-free, biologically-active protein-polymer nanogels is less than 100 nm in

diameter.

41. The composition of claim 40, wherein the hydrodynamic size of the carrier-free,

biologically-active protein-polymer nanogels is 80-90 nm in diameter.
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42. The composition of any one of claims 1-41, wherein the carrier-free, biologically-

active protein-polymer nanogels do not include albumin.

43. The composition of any one of claims 1-42, wherein the weight percentage of

protein in the carrier-free, biologically-active protein-polymer nanogels is at least 75%.

44. The composition of claim 43, wherein the weight percentage of protein in the

carrier-free, biologically-active protein-polymer nanogels is at least 80%.

45. The composition of claim 44, wherein the weight percentage of protein in the

carrier-free, biologically-active protein-polymer nanogels is at least 85%.

46. The composition of claim 45, wherein the weight percentage of protein in the

carrier-free, biologically-active protein-polymer nanogels is at least 90%.

47. A nanogel comprising a polymer and at least 75% w/w of proteins that are

reversibly and covalently crosslinked to each other through a degradable linker.

48. A method of in vivo protein delivery, comprising:
administering to a subject the composition of any one of claims 29-46 or the

nanogel of claim 47.

49. The method of claim 48, wherein the subject has a disease.

50. The method of claim 49, wherein the disease is cancer, diabetes, an autoimmune

disease or a cardiovascular disease.

51. The method of any one of claims 48-50, wherein the protein, under physiological
conditions, is released in its native conformation from the nanogel and is biologically-

active.

52. A protein reversibly linked through a degradable linker to silane.
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53. A protein reversibly linked through a degradable linker to a polymerizable

functional group.

54. The protein of claim 53, wherein the polymerizable functional group comprises

silane and/or a crosslinkable polymer.

55. The protein of claim 54, wherein the crosslinkable polymer comprises

poly(ethylene oxide), polylactic acid and/or poly(lactic-co-glycolic acid).

56. The protein of any one of claims 52-55, wherein the protein is a cytokine, growth

factor, antibody or antigen.

57. The protein of claim 56, wherein the cytokine is IL-2.

58. The protein of any one of claims 52-57, wherein the degradable linker comprises

an N-hydroxysuccinimide ester.

59. The protein of any one of claims 52-58, wherein the degradable linker is a redox

responsive linker.

60. The protein of claim 59, wherein the redox responsive linker comprises a
disulfide bond.
61. A cytokine reversibly linked, through a redox responsive linker that comprises a

disulfide bond, to silane.
62. The cytokine of claim 61, wherein the cytokine is IL-2.

63. A protein conjugate comprising Formula III:

Frateln-bH., U e
Iy -

, wherein the protein is IL-2.
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64. A plurality of proteins of any one of claims 52-63.

65. The plurality of proteins of claim 64, wherein the proteins are crosslinked.

66. A nanostructure comprising a polymer and at least 50% w/w of a protein that is

reversibly linked through a degradable linker to a polymerizable functional group.

67. The nanostructure of claim 66, wherein the polymerizable functional group

comprises silane and/or a crosslinkable polymer.

68. The nanostructure of claim 67, wherein the crosslinkable polymer comprises

poly(ethylene oxide), polylactic acid and/or poly(lactic-co-glycolic acid).

69. The nanostructure of any one of claims 66-68 comprising at least 75% w/w of a

protein that is reversibly linked to a polymerizable functional group.

70. The nanostructure of claim 69 comprising at least 80% w/w of a protein that is

reversibly linked to a polymerizable functional group.

71. The nanostructure of any one of claims 66-70, wherein the protein is a cytokine,

growth factor, antibody or antigen.

72. The nanostructure of claim 71, wherein the cytokine is IL-2.

73. The nanostructure of any one of claims 66-72, wherein the nanostructure

comprises a reactive group on its surface.

74. The nanostructure of claim 73, wherein the reactive group is a maleimide,

rhodamine or IR783 reactive group.

75. The nanostructure of claim 73 or 74, wherein the nanostructure is linked to a

carrier cell.
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76. The nanostructure of claim 75, wherein the carrier cell is a nucleated carrier cell.

77. The nanostructure of claim 76, wherein the nucleated carrier cell isa T cell, a B

cell, an NK cell or an NK T cell.

78. The nanostructure of any one of claims 66-77, wherein the nanostructure is 20-

500 nm in diameter.

79. The nanostructure of claim 78, wherein the nanostructure is 100-300 nm in
diameter.
80. The nanostructure of any one of claims 66-79, wherein the degradable linker

comprises an N-hydroxysuccinimide ester.

81. The nanostructure of any one of claims 66-80, wherein the degradable linker is a

redox responsive linker.

82. The nanostructure of claim 81, wherein the redox responsive linker comprises a
disulfide bond.
83. A method of producing a nanostructure, the method comprising:

modifying a protein with a degradable linker and polymerizable functional
groups; and
polymerizing the polymerizable functional groups with a crosslinker and soluble

fluoride.

84. The method of claim 83, wherein the polymerizable functional group comprises

silane and/or a crosslinkable polymer.

85. The method of claim 84, wherein the crosslinkable polymer comprises

poly(ethylene oxide), polylactic acid and/or poly(lactic-co-glycolic acid).
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86. The method of any one of claims 83-85, wherein the soluble fluoride is sodium

fluoride or potassium fluoride.

87. The method of any one of claims 83-86, wherein the protein is a cytokine, growth

factor, antibody or antigen.

88. The method of claim 87, wherein the cytokine is IL-2.

89. The method of any one of claims 83-88, wherein the degradable linker comprises

an N-hydroxysuccinimide ester.

90. The method of any one of claims 83-89, wherein the degradable linker is a redox

responsive linker.

91. The method of claim 90, wherein the redox responsive linker comprises a
disulfide bond.
92. The method of any one of claims 83-91, wherein the nanostructure is 20-500 nm

in diameter.

93, The method of claim 92, wherein the nanostructure is 100-300 nm in diameter.

94. The method of any one of claims 83-93, further comprising modifying the surface

of the nanostructure with a reactive group.

95. The method of claim 94, wherein the reactive group is a maleimide, rhodamine or
IR783 reactive group.
96. The method of claim 94 or 95, further comprising linking the nanostructure to a

carrier cell.

97. The method of claim 96, wherein the carrier cell is a nucleated carrier cell.
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98. The method of claim 97, wherein the nucleated carrier cell is a T cell, a B cell, an
NK cell or an NK T cell.
99. A method of in vivo protein delivery, comprising:

5 administering to a subject the nanostructure of any one of claims §3-98.

100. The method of claim 99, wherein the subject has a disease.

101.  The method of claim 100, wherein the disease is cancer, diabetes, an autoimmune

10 disease or a cardiovascular disease.

102.  The method of any one of claims 99-101, wherein the protein, under
physiological conditions, is released in its native conformation from the nanostructure
and is biologically active.
15
103. A method of in vivo protein delivery, comprising:
administering to a subject a nanostructure that comprises a protein reversibly

linked through a degradable linker to silane .

20 104. A linker comprising Formula I:

pe
P ? Q
4 : ¢ o " i1
! S 3 LR i
:'\, & 5 . 3 N o2 S/ ~ i \ﬂ/ ¥ N }'\’\
O R S
o

105. A protein conjugate comprising Formula II:

25
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106. A protein conjugate comprising Formula III:

N
Profein-fiy, 3
w

107. A pharmaceutical composition comprising the nanogel of claim 47.
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