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BIOENGINEERED SCAFFOLDS FOR
MODULATION OF IMMUNE SYSTEM AND
THE USES THEREOF

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/780,727, filed Dec. 17, 2018 and
U.S. Provisional Application No. 62/798,100, filed Jan. 29,
2019. The entire contents of each of the foregoing applica-
tions are hereby incorporated herein by reference.

GOVERNMENT SUPPORT

[0002] This invention was made with Government support
under HL 129903, EB015498, EB014703, and EB023287
awarded by the National Institutes of Health. The Govern-
ment has certain rights in the invention.

BACKGROUND OF THE INVENTION

[0003] Long-term immunodeficiency in patients receiving
a hematopoietic stem cell transplantation (HSCT) remains
one of the most serious impediments in managing life
threatening diseases of the blood or bone marrow, such as
multiple myeloma and leukemia. Before transplantation, the
recipient undergoes a conditioning cytotoxic radiation and
chemotherapy regimen to destroy the diseased cells. A side
effect of the conditioning process is severe lymphopenia as
a result of T- and B-cell destruction of the adaptive immune
system. The profound post-transplantation immunodefi-
ciency, which is characterized by a dramatic reduction in the
number of T- and B-cells and a reduction in their diversity,
can persist for one to two years. Immunodeficiency related
severe opportunistic infections (-30%), cancer relapse
(>50% for acute myeloid leukemia) and graft-versus-host
disease (GVHD) (-40%) are the most common complica-
tions and cause of morbidity and mortality in patients
receiving a HSCT.

[0004] There is a need for novel compositions and meth-
ods that are useful for improving the reconstitution of the
immune system post-HSCT. There is also a need for com-
positions and methods that are able to reduce the risk
associated with HSCT and improve patient outcomes.

SUMMARY OF THE INVENTION

[0005] Disclosed herein are novel compositions and meth-
ods for modulating the immune system of a subject. The
composition and methods disclosed herein provide a means
to treat and/or prevent diseases associated with deficiency
and/or dysregulation of T-cells.

[0006] Accordingly, in one aspect, the present invention
provides a composition for modulating the immune system
in a subject. The composition includes a porous scaffold, a
growth factor present at between about 1 ng to about 1000
ng per scaffold, and in an amount effective for inducing
formation of a tissue or an organ within the scaffold and
recruiting a cell into the scaffold, and a differentiation factor
that induces the differentiation of the recruited cell into a T
cell progenitor cell. In one embodiment, the growth factor is
present at about 0.03 ng/mm> to about 350 ng/mm> by
volume of the scaffold.

[0007] In another aspect, the present invention provides a
composition for modulating the immune system in a subject.
The composition includes a porous scaffold, a growth factor
present at between about 0.03 ng/mm?® to about 350 ng/mm?>

Feb. 17, 2022

by volume of scaffold, and in an amount effective for
inducing formation of a tissue or an organ within the scaffold
and recruiting a cell into the scaffold, and a differentiation
factor that induces the differentiation of the recruited cell
into a T cell progenitor cell.

[0008] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
scaffold includes a hydrogel. In one embodiment, the scaf-
fold includes a cryogel. In another embodiment, the scaffold
includes a polymer or co-polymer selected from the group
consisting of polylactic acid, polyglycolic acid, PLGA,
alginate or an alginate derivative, gelatin, collagen, agarose,
hyaluronic acid, poly(lysine), polyhydroxybutyrate, poly-
epsilon-caprolactone, polyphosphazines, poly(vinyl alco-
hol), poly(alkylene oxide), poly(ethylene oxide), poly(al-
lylamine), poly(acrylate), poly(4-aminomethylstyrene),
pluronic polyol, polyoxamer, poly(uronic acid), poly(anhy-
dride), poly(vinylpyrrolidone), and any combination
thereof. In still another embodiment, the scaffold includes a
polymer or co-polymer selected from the group consisting of
alginate, alginate derivative, and the combination thereof. In
yet another embodiment, the scaffold includes a polymer or
co-polymer selected from the group consisting of hyaluronic
acid, hyaluronic acid derivative, and the combination
thereof.

[0009] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
scaffold includes pores having a diameter between about 1
um and 100 pm. In one embodiment, the scaffold includes a
macropore. In another embodiment, the macropore has a
diameter between about 50 um and 80 um. In still another
embodiment, the scaffold includes macropores of different
sizes.

[0010] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
scaffold is injectable.

[0011] Invarious embodiments of the above aspects or any
other aspect of the invention delineated herein, the scaffold
includes methacrylated alginate (MA-alginate).

[0012] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
scaffold comprises a hyaluronic acid or a hyaluronic acid-
derivative.

[0013] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
scaffold includes a click-hydrogel or click cryogel. In one
embodiment, the scaffold includes a click-alginate, a click
gelatin, or a click hyaluronic acid.

[0014] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
scaffold includes porogen hydrogel microbeads and a bulk
hydrogel, wherein the porogen hydrogel microbeads
degrade at least 10% faster than the bulk hydrogel polymer
scaffold following administration of the scaffold into a
subject. In one embodiment, the porogen hydrogel micro-
beads include oxidized alginate.

[0015] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the cell
is a stem cell. In one embodiment, the stem cell is a
hematopoietic stem cell.

[0016] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the cell
is a progenitor cell.
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[0017] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the tissue
or the organ includes a bone tissue or a hematopoietic tissue.
In one embodiment, the tissue or the organ is formed about
7-21 days after the composition is administered to the
subject. In another embodiment, the tissue or the organ is
formed about 14 days after the composition is administered
to the subject.

[0018] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the cell
is a stromal cell.

[0019] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
scaffold is between about 100 pm® to about 10 cm? in size.
In one embodiment, the scaffold is between about 10 mm?>
to about 100 mm?® in size. In another embodiment, the
scaffold is about 30 mm® in size.

[0020] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
growth factor includes a protein belonging to transforming
growth factor protein beta (TGF-P) superfamily. In one
embodiment, the growth factor includes a protein selected
from the group consisting of a BMP-2, a BMP-4, a BMP-6,
a BMP-7, a BMP-12, a BMP-14, a growth differentiation
factor (GDF)-1, a GDG-2, a GDF-3, a GDF-5, a GDF-6, a
GDF-8, a GDF-9, a GDF-10, a GDF-11, a GDF-15, an
anti-Mullerian hormone (AMH), an activin, a Nodal, a
TGF-B1, a TGF-B2, a TGF-p3, a TGF-p4, and any combi-
nation thereof. In another embodiment, the growth factor
includes a BMP-2. In still another embodiment, the growth
factor includes a TGF-p1.

[0021] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
growth factor is present at between about 5 ng to about 500
ng. In one embodiment, the growth factor is present at
between about 5 ng to about 250 ng. In another embodiment,
the growth factor is present at between about 5 ng to about
200 ng. In still another embodiment, the growth factor is
present at about 200 ng. In yet another embodiment, the
growth factor is present at about 6 ng/mm?® to about 10
ng/mm?>. In yet another embodiment, the growth factor is
present at about 6.5 ng/mm? to about 7.0 ng/mm>.

[0022] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
growth factor retains its bioactivity for at least twelve days
after the growth factor is incorporated into the scaffold.
[0023] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the T cell
progenitor cell is capable of differentiating to a T cell. In one
embodiment, the T cell includes a cell selected from the
group consisting of a CD4* T cell, a CD8* T cell, a
regulatory T cell (T,,,), and any combination thereof. In
another embodiment, the T cell includes a T,

[0024] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
differentiation factor binds to a Notch receptor. In one
embodiment, the Notch receptor is selected from the group
consisting of a Notch-1 receptor, a Notch-2 receptor, a
Notch-3 receptor, a Notch-4 receptor, and any combination
thereof. In another embodiment, the differentiation factor is
selected from the group consisting of a Delta-like 1 (DLL-
1), a Delta-like 2 (DLL-2), a Delta-like 3 (DLL-3), a
Delta-like 3 (DLL-3), a Delta-like 4 (DLL-4), a Jagged 1, a
Jagged 2, and any combination thereof.
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[0025] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
differentiation factor is covalently linked to the scaffold. In
one embodiment, the differentiation factor is covalently
linked to the scaffold utilizing click chemistry. In another
embodiment, the differentiation factor is covalently linked to
the scaffold utilizing N-hydroxysuccinimide (NHS) and
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC) chemistry, NHS and dicyclohexylcarbo-
diimide (DCC) chemistry, avidin-biotin reaction, azide and
dibenzocycloocytne chemistry, tetrazine and transcy-
clooctene chemistry, tetrazine and norbornene chemistry, or
di-sulfide chemistry.

[0026] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
differentiation factor is present at an amount between about
1 ng to about 1000 pg per scaffold. In one embodiment, the
differentiation factor is present at an amount between about
1 ng to about 100 pg per scaffold. In another embodiment,
the differentiation factor is present at an amount between 1
ng to about 10 pg per scaffold. In still another embodiment,
the differentiation factor is present about 6 pg per scaffold.
[0027] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
differentiation factor retains its bioactivity for at least about
three months after the differentiation factor is incorporated
to the scaffold.

[0028] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
recruited cell is a transplanted cell. In one embodiment, the
recruited cell is autologous. In another embodiment, the
recruited cell is allogeneic. In still another embodiment, the
recruited cell is xenogeneic.

[0029] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
recruited cell is not a transplanted cell.

[0030] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
differentiated cell is capable of migrating out of the scaffold.
In one embodiment, the differentiated cell is capable of
homing to a tissue in a subject after the composition is
administered to the subject.

[0031] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
composition further includes a homing factor that is capable
of promoting the recruitment of the cell to the scaffold. In
one embodiment, the homing factor includes a stromal cell
derived factor (SDF-1).

[0032] In one aspect, the present invention provides a
method of modulating the immune system in a subject by
administering the foregoing composition of the invention,
thereby modulating the immune system in the subject.
[0033] In another aspect, the present invention provides a
method of reducing immune over-reactivity in a subject by
administering the foregoing composition of the invention,
thereby reducing immune over-reactivity in the subject.
[0034] In still another aspect, the present invention pro-
vides a method of increasing donor chimerism in a subject
receiving a transplantation by administering the foregoing
composition of the invention, thereby increasing donor
chimerism in the subject.

[0035] In yet another aspect, the present invention pro-
vides a method of promoting balanced reconstitution of T
cells in a subject by administering the foregoing composi-
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tion of the invention, thereby promoting balanced reconsti-
tution of T cells in the subject.

[0036] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
methods further include administering to the subject a
hematopoietic stem cell or a hematopoietic progenitor cell.
In one embodiment, wherein the composition is adminis-
tered to the subject concurrently with, or after, the admin-
istration of the hematopoietic stem cell or the hematopoietic
progenitor cell to the subject. In another embodiment,
between about 1x10° and about 50x10° hematopoietic stem
cells and/or hematopoietic progenitor cells per kilogram of
the subject’s weight are administered to the subject. In still
another embodiment, between about 1x10° and about 1x10°
hematopoietic stem cells or hematopoietic progenitor cells
per kilogram of the subject’s weight are administered to the
subject.

[0037] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
method enhances reconstitution of T cells in the subject. In
one embodiment, the method enhances T cell neogenesis. In
another embodiment, the enhanced T cell neogenesis is
characterized by the enhanced T cell receptor excision
circles (TRECs).

[0038] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
method enhances T cell diversity in the subject. In one
embodiment, the T cell diversity is characterized by an
enhanced T cell receptor (TCR) repertoire.

[0039] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
method increases the level of regulatory T (T,.,) cells.
[0040] In various embodiments of the above aspects or
any other aspect of the invention delineated herein, the
subject is a human who has a compromised immune system.
In one embodiment, the subject has a compromised immune
system due to immunosenescence. In another embodiment,
the subject is over 30 years, 40 years, 50 years, 60 years, 70
years, or 80 years old. In one embodiment, the subject has
a compromised immune system due to a congenital immu-
nodeficiency. In still another embodiment, the subject has an
acquired immunodeficiency.

[0041] In another aspect, the present invention provides a
method of reducing immune over-reactivity in a subject,
including administering to the subject a composition. The
composition includes a porous scaffold, a growth factor
present in an amount effective for inducing formation of a
tissue or an organ within the scaffold and recruiting a cell
into the scaffold, and a differentiation factor that induces the
differentiation of the recruited cell into a T cell progenitor
cell, thereby reducing immune over-reactivity in the subject.
[0042] In yet another aspect, the present invention pro-
vides a method of increasing donor chimerism in a subject
receiving a transplantation, including administering to the
subject a composition. The composition includes a porous
scaffold, a growth factor present in an amount effective for
inducing formation of a tissue or an organ within the scaffold
and recruiting a cell into the scaffold, and a differentiation
factor that induces the differentiation of the recruited cell
into a T cell progenitor cell, thereby increasing donor
chimerism in the subject.

[0043] In still another aspect, the present invention pro-
vides a method for promoting balanced reconstitution of T
cells in a subject, including administering to the subject a
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composition. The composition includes a porous scaffold, a
growth factor present in an amount effective for inducing
formation of a tissue or an organ within the scaffold and
recruiting a cell into the scaffold, and a differentiation factor
that induces the differentiation of the recruited cell into a T
cell progenitor cell, thereby leading to a balanced reconsti-
tution of T cells in the subject.

[0044] In yet another aspect, the present invention pro-
vides a method of modulating the immune system of a
human having a compromised immune system, including
administering to the human a composition. The composition
includes a porous scaffold, a growth factor present in an
amount effective for inducing formation of a tissue or an
organ within the scaffold and recruiting a cell into the
scaffold, and a differentiation factor that induces the differ-
entiation of the recruited cell into a T cell progenitor cell,
thereby modulating the immune system of the human,
wherein the human has a compromised immune system due
to immunosenescence, congenital immunodeficiency, or
acquired immunodeficiency.

[0045] In various embodiments of the above aspects, the
scaffold includes a hydrogel. In one embodiment, the scaf-
fold comprises a cryogel. In another embodiment, the scaf-
fold includes a polymer or co-polymer selected from the
group consisting of polylactic acid, polyglycolic acid,
PLGA, alginate or an alginate derivative, gelatin, collagen,
agarose, hyaluronic acid, poly(lysine), polyhydroxybu-
tyrate, poly-epsilon-caprolactone, polyphosphazines, poly
(vinyl alcohol), poly(alkylene oxide), poly(ethylene oxide),
poly(allylamine), poly(acrylate), poly(4-aminomethylsty-
rene), pluronic polyol, polyoxamer, poly(uronic acid), poly
(anhydride), poly(vinylpyrrolidone), and any combination
thereof. In still another embodiment, the scaffold includes a
polymer or co-polymer selected from the group consisting of
an alginate, an alginate derivative, and the combination
thereof. In still another embodiment, the scaffold comprises
a polymer or co-polymer selected from the group consisting
of hyaluronic acid, a hyaluronic acid derivative, and the
combination thereof.

[0046] In various embodiments of the above aspects, the
scaffold comprises a pore. In one embodiment, the pore has
a diameter between about 1 pm and about 100 pm. In another
embodiment, the pore has a diameter between about 50 um
and 80 pum. In still another embodiment, the scaffold
includes pores of different size.

[0047] In various embodiments of the above aspects, the
scaffold is injectable. In one embodiment, the scaffold
includes methacrylated alginate (MA-alginate). In another
embodiment, the scaffold comprises a hyaluronic acid or a
hyaluronic acid derivative.

[0048] In various embodiments of the above aspects, the
scaffold includes a click-hydrogel or click cryogel. In one
embodiment, the scaffold includes a click-alginate, a click
gelation or a click hyaluronic acid.

[0049] In various embodiments of the above aspects, the
scaffold comprises porogen hydrogel microbeads and a bulk
hydrogel, wherein the porogen hydrogel microbeads
degrade at least 10% faster than the bulk hydrogel following
administration into a subject. In one embodiment, the poro-
gen hydrogel microbeads comprise oxidized alginate.
[0050] In various embodiments of the above aspects, the
cell is a stem cell or a progenitor cell. In one embodiment,
the cell is selected from a group consisting of a hematopoi-
etic stem cell, a hematopoietic progenitor cell, a recombi-
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nant hematopoietic stem cell, a recombinant hematopoietic
progenitor cell, and any combination thereof. In another
embodiment, the cell is selected from the group consisting
of'a hematopoietic bone marrow cell, a mobilized peripheral
blood cell, a recombinant hematopoietic bone marrow cell,
a recombinant mobilized peripheral blood cell, and any
combination thereof.

[0051] In various embodiments of the above aspects, the
tissue or the organ includes a bone tissue or a hematopoietic
tissue. In one embodiment, the tissue or the organ is formed
about 7-21 days after the composition is administered to the
subject. In another embodiment, the tissue or the organ is
formed about 14 days after the composition is administered
to the subject. In still another embodiment, at least two
compositions are administered to the subject. In yet another
embodiment, the compositions are of similar size.

[0052] In various embodiments of the above aspects, the
cell is a stromal cell.

[0053] In various embodiments of the above aspects, the
scaffold is between about 100 pm? to about 10 cm? in size.
In one embodiment, the scaffold is between about 10 mm?>
to about 100 mm?® in size. In another embodiment, the
scaffold is about 30 mm? in size.

[0054] In various embodiments of the above aspects, the
growth factor includes a protein belonging to transforming
growth factor protein beta (TGF-P) superfamily. In one
embodiment, the growth factor includes a protein selected
from the group consisting of a BMP-2, a BMP-4, a BMP-6,
a BMP-7, a BMP-12, a BMP-14, a growth differentiation
factor (GDF)-1, a GDG-2, a GDF-3, a GDF-5, a GDF-6, a
GDF-8, a GDF-9, a GDF-10, a GDF-11, a GDF-15, an
anti-Mullerian hormone (AMH), an activin, a Nodal, a
TGF-B1, a TGF-B2, a TGF-p3, a TGF-p4, and any combi-
nation thereof. In another embodiment, the growth factor
includes a BMP-2. In still another embodiment, the growth
factor includes a TGF-p1.

[0055] In various embodiments of the above aspects, the
growth factor retains its bioactivity for at least twelve days
after the growth factor is incorporated into the scaffold.

[0056] In various embodiments of the above aspects, the T
cell progenitor cell is capable of differentiating to a T cell.
In one embodiment, the T cell includes a cell selected from
the group consisting of a CD4* T cell, a CD8" T cell, a
regulatory T cell (T,,,), and any combination thereof. In
another embodiment, the T cell includes a T,

[0057] In various embodiments of the above aspects, the
differentiation factor binds to a Notch receptor. In one
embodiment, the Notch receptor is selected from the group
consisting of a Notch-1 receptor, a Notch-2 receptor, a
Notch-3 receptor, a Notch-4 receptor, and any combination
thereof. In another embodiment, the differentiation factor is
selected from the group consisting of a Delta-like 1 (DLL-
1), a Delta-like 2 (DLL-2), a Delta-like 3 (DLL-3), a
Delta-like 3 (DLL-3), a Delta-like 4 (DLL-4), a Jagged 1, a
Jagged 2, and any combination thereof.

[0058] In various embodiments of the above aspects, the
differentiation factor is covalently linked to the scaffold. In
one embodiment, the differentiation factor is covalently
linked to the scaffold utilizing click chemistry. In another
embodiment, the differentiation factor is covalently linked to
the scaffold utilizing N-hydroxysuccinimide (NHS) and
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC) chemistry, avidin-biotin reaction, azide and
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dibenzocycloocytne chemistry, tetrazine and transcy-
clooctene chemistry, tetrazine and norbornene chemistry, or
di-sulfide chemistry.

[0059] In various embodiments of the above aspects, the
differentiation factor retains its bioactivity for at least about
three months after the differentiation factor is incorporated
to the scaffold.

[0060] In various embodiments of the above aspects, the
recruited cell is a transplanted cell. In one embodiment, the
recruited cell is autologous. In another embodiment, the
recruited cell is allogeneic. In still another embodiment, the
recruited cell is xenogeneic.

[0061] In various embodiments of the above aspects, the
recruited cell is not a transplanted cell.

[0062] In various embodiments of the above aspects, the
differentiated cell is capable of migrating out of the scaffold.
In one embodiment, the differentiated cell is capable of
homing to a tissue in a subject after the composition is
administered to the subject.

[0063] In various embodiments of the above aspects, the
composition further includes a homing factor that is capable
of promoting the recruitment of the cell to the scaffold. In
one embodiment, the homing factor comprises a stromal cell
derived factor (SDF-1).

[0064] In various embodiments of the these aspects, the
growth factor is present at between about 1 ng to about 1000
pg. In one embodiment, the growth factor is present at
between about 1 ng to about 1000 ng. In another embodi-
ment, the growth factor is present at between about 5 ng to
about 500 ng. In still another embodiment, the growth factor
is present at between about 5 ng to about 250 ng. In yet
another embodiment, the growth factor is present at between
about 5 ng to about 200 ng. In yet another embodiment, the
growth factor is present at about 200 ng.

[0065] In various embodiments of the above aspects, the
growth factor is present at about 0.03 ng/mm? to about 350
ng/mm> by volume of scaffold. In one embodiment, the
growth factor is present at about 6 ng/mm>® to about 10
ng/mm?>. In another embodiment, the growth factor is pres-
ent at about 6.5 ng/mm° to about 7.0 ng/mm?>.

[0066] In various embodiments of the above aspects,
between about 5x10° and about 50x10° hematopoietic stem
cells and/or hematopoietic progenitor cells per kilogram of
the subject’s weight are administered to the subject. In one
embodiment, about 5x10° hematopoietic stem cells and/or
hematopoietic progenitor cells per kilogram of the subject’s
weight are administered to the subject. In another embodi-
ment, the hematopoietic cells are selected from the group
consisting of hematopoietic stem cells, hematopoietic pro-
genitor cells, recombinant hematopoietic stem cells, recom-
binant hematopoietic progenitor cells, and any combination
thereof. In another embodiment, the hematopoietic cells are
selected from the group consisting of hematopoietic bone
marrow cells, mobilized peripheral blood cells, recombinant
hematopoietic bone marrow cells, recombinant mobilized
peripheral blood cells, and any combination thereof.
[0067] In various embodiments of the above aspects, the
method reduces self-immunity in the subject.

[0068] In various embodiments of the above aspects, the
method prevents or treats an autoimmune disease. In one
embodiment, the autoimmune disease is a disease selected
from the group consisting of type 1 diabetes, rheumatoid
arthritis, psoriasis, arthritis, multiple sclerosis, systemic
lupus erythermatosus, inflammatory bowel disease, Addi-
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son’s disease, Graves’ disease, Sjogren’s syndrome,
Hashimoto’s thyroiditis, Myasthenia gravis, Vasculitis, Per-
nicious anemia, Celiac disease, and allergy.

[0069] In various embodiments of the above aspects, the
method mitigates graft versus host disease (GVHD). In one
embodiment, the GVHD is associated with hematopoietic
stem cell transplantation (HSCT) to the subject. In another
embodiment, the composition is administered concurrently
with or after hematopoietic stem cell transplantation
(HSCT). In still another embodiment, the GVHD is associ-
ated with solid organ transplantation. In yet another embodi-
ment, the composition is administered to a subject before the
transplantation. In yet another embodiment, the GVHD is
acute GVHD. In one embodiment, the GVHD is chronic
GVHD. In another embodiment, the method mitigates
GVHD associated morbidity, GVHD associated mortality,
or GVHD associated deduction in long-term survival.
[0070] In various embodiments of the above aspects, the
transplantation is a hematopoietic stem cell transplantation
(HSCT).

[0071] In various embodiments of the above aspects, the
increased donor chimerism includes a T cell chimerism. In
one embodiment, the T cell includes a CD4* T cell, a CD8*
T cell, or a T, cell.

[0072] In various embodiments of the above aspects, the
balanced reconstitution of T cells is characterized by homeo-
static CD4™: CD8"* T cell ratio of between about 0.9 and
about 2.5 in periphery blood.

[0073] In various embodiments of the above aspects, the
human has a compromised immune system due to immu-
nosenescence. In one embodiment, the human is over 30, 40,
50, 60, 70, or 80 years old.

[0074] In various embodiments of the above aspects, the
human has a compromised immune system due to a con-
genital immunodeficiency.

[0075] In various embodiments of the above aspects, the
human has a compromised immune system due to an
acquired immunodeficiency.

[0076] In various embodiments of the above aspects, the
method increases the level of regulatory T (T,.,) cells.
[0077] In various embodiments of the above aspects, the
composition is administered by injection. In one embodi-
ment, the injection is subcutaneous injection.

[0078] In yet a further aspect of the invention, the present
invention provides a syringe. The syringe includes a needle,
a reservoir that includes the composition of various embodi-
ments of the above aspects or any other aspect of the
invention delineated herein, and a plunger.

[0079] In yet a further aspect of the invention, the present
invention provides a kit. The kit includes the composition of
various embodiments of the above aspects or any other
aspect of the invention delineated herein, and instructions to
administer the composition.

[0080] In various embodiments of the above aspects, the
method further includes administering to the subject a stem
cell mobilization agent or a progenitor cell mobilization
agent in an amount effective for inducing the movement of
a stem cell or progenitor cell from the bone marrow into the
blood. In one embodiment, the stem cell mobilization agent
or the progenitor cell mobilization agent is selected from the
group consisting of IL.-1, IL.-2, IL.-3, IL.-6, GM-CSF, G-CSF,
plerixafor, PDGF, TGF-beta, NGF, IGFs, growth hormone,
erythropoietin, thrombopoietin, or a combination thereof. In
another embodiment, the stem cell mobilization agent or the
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progenitor cell mobilization agent is administered prior to,
concurrently with, or following the administration of the
composition. In still another embodiment, the method fur-
ther includes administering to the subject a therapeutically-
effective amount of electromagnetic radiation.

[0081] Other features and advantages of the invention will
be apparent from the following detailed description and
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0082] FIGS. 1A-1E, 1], and 1M show that alginate-PEG-
DLL4 based bone marrow cryogel (BMC) presents DLL4
and BMP-2, and preferentially expands common lymphoid
progenitors (CLPs). FIGS. 1F-11, 1K and 1L show extended
characterization of BMC bioactivity.

[0083] FIG. 1A is a schematic for the fabrication of
covalently crosslinked BMC.

[0084] FIG. 1B is a representative cross sectional scanning
electron micrograph (SEM) image of a BMC. Scale bar, 1
mm.

[0085] FIG. 1C is a representative SEM of the pore shape
and structure within the cross section of the BMC. Scale
bar=200 pm.

[0086] FIG. 1D shows release kinetics of the encapsulated
BMP-2 and covalently tethered DLL4 (n=5 per group).
[0087] FIG. 1E shows surface plasmon resonance mea-
suring the binding kinetics of the DLL4 before and after
modification with the methacrylate linker.

[0088] FIG. 1F shows bioactivity of the pooled released
BMP-2 measured using alkaline phosphatase enzyme activ-
ity in MC3T3-El pre-osteoblast cells, as compared to
BMP-2 never incorporated into BMC (Native BMP-2) and
medium with no added BMP-2 (Growth medium)

[0089] FIG. 1G shows bioactivity of BMP-2 quantified at
discrete time intervals after release using alkaline phos-
phatase enzyme activity in MC3T3-E1 pre-osteoblast cells.
[0090] FIG. 1H shows in vitro bioactivity of Notch ligand
DLIL-4 measured using a colorimetric assay.

[0091] FIG. 11 shows representative fluorescence micros-
copy images of citrine expression in a CHO-K1+2xHS4-
UAS-H2B-Citrine-2xHS4 cH1+hNECD-Gal4esn c9 Notch-
reporter cell line at different time intervals on dual BMCs
(top row) and blank BMCs (bottom row).

[0092] FIG. 1] shows in vitro differentiation of isolated
mouse and human hematopoietic stem and progenitor cells
into CLPs as a function of the degree of functionalization of
methacrylate groups on the polymer backbone (n=5).
[0093] FIGS. 1K and 1L show fold expansion and viability
of mouse (FIG. 1K) and human (FIG. 1L) hematopoietic
cells after 7 days of in vitro culture.

[0094] Data in FIGS. 1F-11, 1K and 1L are mean+s.d. of
n=5 and are representative from 3 independent experiments.
(*P<0.05, ** P<0.01, ***P<0.001, analysis of variance
(ANOVA) with a Tukey post hoc test).

[0095] FIG. 1M shows proportion of Lin~ common lym-
phoid and myeloid mouse progenitor cells quantified in
growth medium, blank, single factor and dual factor BMCs.
[0096] Images and pore size quantification in FIGS. 1B
and 1C are representative of ten independent replicates. Data
in FIGS. 1D, 1J and 1M represent the meanzs.d. of five 337
experimental replicates and are representative of three inde-
pendent experiments. Distinct samples were assayed indi-
vidually.
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[0097] FIGS. 2B-2K show in vivo deployment and host
integration of BMCs. FIGS. 2A, 2L, and 3B-3F show
extended in vivo characterization of BMC.

[0098] FIG. 2A shows representative flow cytometric pro-
files of pre- and post-lineage depleted bone marrow cells
used for transplantation (5 independent experiments).
[0099] FIG. 2B shows the schedule of administration of
L-TBI, HSCT and simultaneous injection of the BMCs. B6
mice irradiated with 1000 ¢Gy (1 dose) and subsequently
transplanted with 5x10° lineage depleted syngeneic GFP
BM cells within 48 hours after L-TBI.

[0100] FIG. 2C shows the volume of the BMC nodule in
vivo as a function of time post-delivery with various com-
binations of the BMP-2 and DLL-4 included in the BMC.
[0101] FIG. 2D shows confocal microscopy image of
donor GFP+ cells (green) identified within the BMC (red)
[0102] FIGS. 2E and 2F show representative microcom-
puted tomography (microCT, scale bar=1 mm) imaging
(FIG. 2E) and histology (scale bar=1 mm) (FIG. 2F) of the
dual functionalized BMC at 3 weeks post injection with the
bone shell (green arrow) and the hematopoietic tissue (yel-
low arrow).

[0103] FIG. 2G shows images of the BMC (blue) in the
subcutaneous tissue at various timepoints post-injection.
[0104] FIGS. 2H and 2I show histological Verhoeff-Van
Gieson stained sections of the BMC with blood vessels
identified (blue arrows) at Day 10, 30, 40 and 90 post-
transplant (FIG. 2H) and quantification of the blood vessel
density within these sections (FIG. 2I).

[0105] FIGS. 2] and 2K show histological Safranin-O
stained sections of the BMC with alginate identified (red
thread-like staining) at Day 10, 20, 40, 60 and 90 post-
transplant (FIG. 2J) and quantification of the accessible area
of alginate within these sections (FIG. 2K).

[0106] FIG. 2L shows images of the edge of BMCs
extracted from the subcutaneous tissue at pre-determined
time-intervals post-transplant identifying the margins of the
BMCs with collagen (blue-green) and cells (black) and in
some sections alginate (red) is observed using Safranin-O
staining (10x objective magnification).

[0107] Data in FIG. 2C represent the meants.d. of five
experimental replicates and are representative of two inde-
pendent experiments. (*P<0.05, ** P<0.01, ***P<0.001,
analysis of variance (ANOVA) with a Tukey post hoc test).
Images in FIGS. 2D-2G, and 2] are representative of four
independent samples. Data in FIGS. 21 and 2K represent the
meanss.d. from eight samples and are representative of two
independent experiments (*P<0.05, **P<0.01, ns, not sig-
nificant, ANOVA with a Tukey post hoc test). Distinct
samples were assayed individually. Data in FIG. 2L are
mean+s.d. of n=5 and are representative from 2 independent
experiments.

[0108] FIGS. 3A, and 3G-3P show in vivo recruitment of
donor cells to BMC and enhanced seeding of thymic pro-
genitors.

[0109] FIG. 3A shows total number and type of donor
derived, GFP+ cells in the BMC containing combinations of
BMP-2 and DLL-4 and blank BMCs.

[0110] FIG. 3B shows representative flow cytometric pro-
files of the bone marrow and BMC (Dual and BMP-2 only)
at Day 28 post-transplant. Donor GFP, myeloid, HSC,
lymphoid-primed multipotential progenitors (LMPP), CLP
and myeloid progenitors are identified.

Feb. 17, 2022

[0111] FIG. 3C shows host mesenchymal stromal cells in
the BMC and endogenous bone marrow and representative
flow cytometry plots. Sca-1* progenitors are represented as
a fraction of CD45™ cells. CD44, CD73, CD29, CD105 and
CD106 expressing cells are represented as a fraction of
Sca-1* progenitors.

[0112] FIG. 3D shows quantification of bone alkaline
phosphatase (bALP) and Oil-red-O (ORO) in bone and
BMC at Day 20 after subcutaneous injection (n=6-7).
[0113] FIG. 3E shows colony-forming unit assays using
bone marrow cells from transplant only and dual BMC
treated mice at Days 10, 35 and 70 post-transplant.

[0114] FIG. 3F shows the concentrations of homing factor
SDF-1a and lymphoid progenitor supporting cytokine 1L.-7
in harvested BMCs. Post-HSCT mice treated with a BMP-2
BMC, and post-HSCT mice treated with a Dual BMC were
analyzed and compared to cytokine concentrations in the
bone marrow of the same group.

[0115] Data in FIGS. 3C-3F are meanzs.d. of n=4, n=7,
n=4 and n=4 respectively and are representative from 2
independent experiments. Data in FIG. 3B are from n=10
and are representative from 2 independent experiments
(*P<0.05, ** P<0.01, ***P<0.001, analysis of variance
(ANOVA) with a Tukey post hoc test).

[0116] FIG. 3G shows absolute number of donor GFP+
CLPs and the percentage of Ly6D-CLPs in BMP-2- and dual
factor-BMCs.

[0117] FIG. 3H shows schematic of experimental setup for
surgical transplantation of harvested BMCs from post-
HSCT mice into sub-lethally irradiated mice.

[0118] FIG. 31 shows double positive (DP), single positive
(SP) CD4+ and SP CD8+ cells quantified in the thymus
20-days post surgical transplantation of BMC.

[0119] FIG. 3] shows total number of early T-lineage
progenitors (ETP; CD44+CD25-c-kit+) quantified as a func-
tion of lineage-depleted transplanted cell dose compared
with BMC treatment with the lowest cell dose at multiple
time points post transplant with representative FACS plots
(five experimental replicates at each time point, 2 indepen-
dent experiments).

[0120] FIGS. 3K-3P show total number of early T-lineage
progenitors (ETP; CD44+CD25-c-kit+), DN2 (CD44+
CD25-), DN3 (CD44+CD25-), DP, SP4, SP8 thymocyte
subsets compared across different treatment conditions at
multiple time points post transplant.

[0121] For FIGS. 3A, 3G, and 3K-3P, the mice were
transplanted with 5x10° lineage depleted syngeneic GFP
BM cells within 48 hours after L-TBI 375 (1x1000 c¢Gy). In
FIGS. 3H and 31, an initial set of mice were transplanted
with 5x10° lineage depleted syngeneic GFP BM cells within
48 hours after L-TBI. A subsequent set of mice received SL
TBI (1x500 cGy) without a subsequent cell transplant. In
FIG. 3], the mice were transplanted with 5x10* to 5x10°
lineage depleted GFP cells. In FIG. 3A, all groups are
compared with transplant only control (*P<0.05, ** P<0.01,
*4%P<(.001, analysis of variance (ANOVA) with a Tukey
post hoc test). Data in FIG. 3A represents the meanzs.d. of
ten mice per group and are representative of two indepen-
dent experiments. Data in FIGS. 3G, and 31-3P represent the
meansts.d. from five mice per group, and at each time point
in FIGS. 3I-3P and are representative of two independent
experiments. Comparisons are with the lowest cell dose
group in FIG. 3] and the transplant only group in FIGS.
31-3P. (*P<0.05, ** P<385 0.01, ***P<0.001, analysis of
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variance (ANOVA) with a Tukey post hoc test). Distinct
samples were assayed individually.

[0122] FIGS. 3Q-3T show extended characterization of
thymus cellularity and weight post transplant. B6 mice were
irradiated with 1x1000 ¢Gy L-TBI dose and were subse-
quently transplanted with 5x10° lineage depleted syngeneic
GFP BM cells within 48 hours after L-TBI and treated as
described in the figure.

[0123] FIG. 3Q shows total thymocytes quantified at 32-
and 42-days post-transplant.

[0124] FIG. 3R shows thymus weight quantified between
12- and 42-days post-HSCT.

[0125] FIG. 3S shows that mTEC, ¢TEC, fibroblasts and
endothelial cells were quantified 22-days post-HSCT.
[0126] FIG. 3T shows the total number of early T-lineage
progenitors (ETP; CD44*CD257c-kit*), DN2 (CD44*
CD257), DN3 (CD44*CD257), DP, SP4, SP8 thymocyte
subsets compared across different treatment conditions at
22-days post HSCT.

[0127] The thymus in post-HSCT mice with no BMC
(Transplant only), post-HSCT mice treated with a BMP-2
BMC, and post-HSCT mice treated with a Dual BMC were
harvested and weighed and were compared with that of
non-radiated mice. All groups in FIGS. 3Q, 3S, and 3T are
compared with transplant only control. 10-days post-HSCT,
BMCs were explanted and surgically placed in the subcu-
taneous pocket of a second set of B6 mice that were
irradiated with 500 cGy SL-TBI. Values are represented as
absolute numbers. Data in FIGS. 3Q-3T represent the
meants.d. from 5 mice per group at each time point and are
representative of at least two independent experiments.
(*P<0.05, ** P<0.01, ***P<0.001, analysis of variance
(ANOVA) with a Tukey post hoc test).

[0128] FIGS. 4A, and 4D-4L show enhancement of T-cell
reconstitution mediated by the BMC. FIGS. 4B, 4C, 4M, and
4N show extended characterization of blood cell analysis
post-HSCT.

[0129] FIG. 4A shows the sum of CD3+CD4+ and CD3+
CDS8+ in the peripheral blood of mice post-HSCT. B6 mice
were irradiated with 1x1000 c¢Gy L-TBI dose. Mice were
subsequently transplanted with 5x10° lineage depleted syn-
geneic GFP BM cells within 48 hours after [.-TBI and
treated as indicated in the figure.

[0130] FIG. 4B shows representative FACS gating strat-
egy for measuring post-HSCT immune cell reconstitution in
C57BL/6] mice transplanted with GFP+ donor hematopoi-
etic stem and progenitor cells from 5 independent experi-
ments.

[0131] FIG. 4C shows reconstitution of B-cells and
Myeloid cells in vivo. B6 mice were irradiated with 1x1000
c¢Gy L-TBI dose and were subsequently transplanted with
5x10° lineage depleted syngeneic GFP BM cells within 48
hours after L-TBI. The peripheral blood of post-HSCT mice
with no BMC (Transplant only), post-HSCT mice treated
with a BMP-2 BMC, and post-HSCT mice treated with a
Dual BMC were analyzed and measured numbers were
compared with pre-radiation immune cell concentrations.
[0132] FIGS. 4D-4F show measurement of the recovery in
CD4+ to CD8+ T-cell ratios in the blood (FIG. 4D), spleen
(FIG. 4E) and bone marrow (FIG. 4F), as a function of time,
with non-irradiated mice as for comparison for the same
groups as in FIG. 4A. In FIGS. 4A and 4D-4F, post-HSCT
mice treated with no BMC (Transplant only), with a bolus
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BMP-2 and DLL-4 injection, a BMC containing BMP-2
(BMP-2 BMC), or a BMC containing BMP-2 and DLL4
(Dual BMC) were analyzed.

[0133] In FIGS. 4G-4L, B6 mice were irradiated with 500
c¢Gy SL-TBI and subsequently transplanted with 5x105
lineage-depleted bone marrow cells within 48 hours post-
radiation. Total number of DP (FIG. 4G) SP4 (FIG. 4H) and
SP8 (FIG. 41) thymocytes and peripheral CD4+(FIG. 4]) and
CD8+ T-cells (FIG. 4K) and B-cells (FIG. 4L) in the spleens
of SL-TBI syn-HSCT mice that were treated with and
without a dual BMC 28 days post-transplant. Data in FIGS.
4A, 4D-4F represent the mean+s.d. of n=8 mice per group
for each time point and are representative of at least 3
independent experiments. Data in FIGS. 4G-4L. represent
the meants.d. of n=10 mice and are representative of 2
independent experiments. (*P<0.05, ** P<0.01, ***P<0.
001, analysis of variance (ANOVA) with a Tukey post hoc
test).

[0134] FIG. 4M shows representative FACS plots after
post-HSCT of donor and host chimerism in thymocytes (DP,
SP4, SP8) and in the splenocytes (CD4+, CD8+, B220+) at
Day 28 post transplant in BM-treated and transplant only
mice.

[0135] FIG. 4N shows representative flow cytometry plots
of host (CD 45.2) and donor (CD 45.1) chimerism in
sublethally irradiated mice 28 days post-transplant.

[0136] In FIGS. 4M and 4N, B6 mice were irradiated with
500 c¢Gy SL-TBI and subsequently transplanted with 5x10°
lineage-depleted bone marrow cells within 48 hours post-
radiation. One group was treated with the BMC. Data in
FIG. 4C represent the meanzs.d. from 5 mice per group at
each time point. Data in FIGS. 4C, 4M, and 4N are repre-
sentative of two independent experiments. (*P<0.05, **
P<0.01, ***P<0.001, analysis of variance (ANOVA) with a
Tukey post hoc test).

[0137] FIGS. 5A, 5B, 5D-5G, SI, 5J, and 5L-5P show
enhanced reconstitution of T-cells and mitigation of GVHD
in NSG-BLT mice and in mice after allogeneic HSCT. FIGS.
5H, 5K, and 5Q show extended flow cytometry character-
ization of BMC-generated T-cells and culture generated
T-cell progenitors.

[0138] FIGS. 5A, 5B, and 5D show reconstitution of
CD3+ T-cells (FIG. 5A) and CD19+ B-cells (FIG. 5B) with
CD4+:CD8+ ratio (FIG. 5D) in humanized NSG-BLT mice
with exemplary flow cytometry plots at day 75.

[0139] FIG. 5C shows extended characterization of blood
cell analysis in NSG-BLT mice. FIG. 5C shows pre-B CFUs
quantified from the bone marrow of NSG-BLT mice with
and without BMC treatment at two time points post trans-
plant. Data are mean+s.d. of n=4 and are from a single donor
in one experiment. (*P<0.05, ** P<0.01, ***P<0.001,
analysis of variance (ANOVA) with a Tukey post hoc test).

[0140] FIG. 5E shows exemplary flow cytometry plots at
day 75.
[0141] FIGS. 5F and 5G show survival rate in NSG-BLT

mice (n=10 per group) (FIG. 5F) and reconstitution of
human regulatory T-cells in the thymus and spleen of
NSG-BLT mice (FIG. 5G).

[0142] In FIGS. 5A, 5B, and 5D-5G, xenogeneic human-
ized BLT (bone marrow-liver-thymus) mice were generated
and used as described previously (Brainard, D. M. et al.,
Induction of robust cellular and humoral virus-specific adap-
tive immune responses in human immunodeficiency virus-
infected humanized BLT mice. Journal of virology 83,
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7305-7321 (2009)). Mice with no BMC (NSG-BLT) and
mice with the Dual BMC (NSG-BLT+Dual BMC) with
human donor tissue from the same source were analyzed.
[0143] FIG. 5H shows representative flow cytometric pro-
files of FoxP3* cells among CD4" cells and isotype used to
identify T,,, cells in the thymus and spleen (3 independent
experiments).

[0144] FIGS. 51 and 5J show survival rate (FIG. 5I) and
reconstitution (FIG. 5J) of donor-derived regulatory Tcells
in the thymus and spleen of allogeneically transplanted
Balb/c mice. In FIGS. 51 and 5], BALB/cJ recipient mice
received 850 cGy of L-TBI. Within 48 hours post-radiation,
mice were transplanted with allogeneic GFP 5x10° lineage
depleted GFP BM cells+10° GFP splenocytes. One group
was simultaneously treated with the dual BMC.

[0145] FIG. 5K shows representative FACS profiles of
sorted HSCs (Lin"ckit*Sca-1") and CD44/CD25 expressing
T-cell progenitors 14 Days after co-culture with OP9-DL.1
cells (2 independent experiments).

[0146] FIGS. 5L-5P show comparison of T cell reconsti-
tution in mice treated with BMC or OP9-DL1 derived
pro-T-cells. Balb/cl] recipient mice received 850Gy L-TBI
and were either provided OP9-DL1 culture derived 5x10°
allogeneic GFP T-cell progenitors+10° syngeneic HSCs or
dual BMC+5x10° lineage depleted allogeneic GFP BM
cells. Total number of DP (FIG. 5L) and SP4 (FIG. 5M) and
SP8 thymocytes (FIG. 5N) in the thymus and peripheral
CD4+ (FIG. 50) and CD8+ T-cells (FIG. 5P) in the spleen
of transplanted mice 424 28 days post-transplant. Data in a-d
are the mean+s.d. of at n=10 mice at the start of the 425
study and are representative of 3 donors.

[0147] Data in FIGS. 5G and 5] are the mean=s.d. of n=7
mice. Data in FIG. 51 are the meanz+s.d. of n=10 mice. Data
in FIGS. 5G, 51, and 57J are representative of 2 independent
experiments. Data in FIGS. 5L-5P are meanzs.d. of n=10
mice, representative of 2 independent experiments. Distinct
samples were assayed individually. (*P<0.05, ** P<0.01,
*¥4¥P<(0.001, analysis of variance (ANOVA) 429 with a
Tukey post hoc test).

[0148] FIG. 5Q shows representative flow cytometric pro-
files of ckit and isotype used to identify ETPs in the thymus.
[0149] FIGS. 6A-6H show quantitative analysis of T-cell
output, the immune repertoire and vaccination in mice with
regenerated T-cells.

[0150] FIGS. 6A and 6B show signal joint T-cell receptor
excision circle (sjTREC) analysis from the (a) isolated
thymus (FIG. 6A) and spleen (FIG. 6B) in mice.

[0151] FIG. 6C shows the diversity in antigen receptors of
T-cells as analyzed by the sequenced V and J segments of the
CDR3 beta chain in the BMC and transplant mice. Each bar
represents a single clone. The plot provides depth (length of
bar) and diversity (number of bars) of T-cells in the mice.
Samples were pooled from five mice for each group and the
combined data are represented.

[0152] FIG. 6D shows the schedule of analyzing antigen-
specific donor T-cell response through vaccination.

[0153] FIGS. 6E and 6F show SIINFEKL-tetramer* donor
CD8+ T-cells enumerated in vaccinated mice after syn-
HSCT (FIG. 6E) and allo-HSCT (FIG. 6F).

[0154] FIGS. 6G and 6H show that, at day 22 and 42 after
HSCT, splenocytes of the 440 OP9-DL1 T-cell precursor
group and the dual-BMC treated group were stimulated and
stained for surface markers and intracellular cytokines using
antibodies specific for CD45.1, CD4, IFN-y and TNF-c.
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Cells were gated on CD4+ or CDS8+ donor cells, and
analyzed for IFN-y- and TNF-a-positive cells. In FIGS.
6A-6C and 6E, B6 recipients received 1000 cGy L-TBI and
5x10° lineage depleted syngeneic GFP BM cells. Post-
HSCT mice with no BMC (Transplant only), post-HSCT
mice treated with a BMP-2 BMC, and post-HSCT mice
treated with a Dual BMC were analyzed and compared with
non-irradiated mice that had not received a transplant or
vaccine. In FIG. 6B, sjTRECs are normalized to 10° CD4*
spelnocytes. In FIGS. 6F-6H, Balb/c] recipient mice
received 850Gy L-TBI and were either provided OP9-DIL.1
culture derived 5x10° allogeneic GFP T-cell progenitors+
10° syngeneic HSCs or dual BMC+5x10° lineage depleted
allogeneic GFP BM cells. Data in FIGS. 6A and 6B are
meanzs.d. of n=10 mice, data in FIGS. 6E and 6F are
meanzs.d. of n=5 mice, data in FIGS. 6G and 6H are
mean+s.d. of n=7 mice. All experiments are representative
of two independent experiments. (*P<0.05, ** P<0.01,
*4%P<(.001, analysis of variance (ANOVA) with a Tukey
post hoc test).

DETAILED DESCRIPTION OF THE
INVENTION

1. Definitions

[0155] In order that the present invention may be more
readily understood, certain terms are first defined.

[0156] Unless otherwise defined herein, scientific and
technical terms used in connection with the present inven-
tion shall have the meanings that are commonly understood
by those of ordinary skill in the art. The meaning and scope
of the terms should be clear, however, in the event of any
latent ambiguity, definitions provided herein take precedent
over any dictionary or extrinsic definition.

[0157] The use of the terms “a” and “an” and “the” and
similar referents in the context of describing the invention
(especially in the context of the following claims) are to be
construed to cover both the singular and the plural (i.e., one
or more), unless otherwise indicated herein or clearly con-
tradicted by context. The terms “comprising, “having,”
“including,” and “containing” are to be construed as open-
ended terms (i.e., meaning “including, but not limited to™)
unless otherwise noted. Recitation of ranges of values herein
are merely intended to serve as a shorthand method of
referring individually to each separate value recited or
falling within the range, unless otherwise indicated herein,
and each separate value is incorporated into the specification
as if it were individually recited.

[0158] The term “about” or “approximately” usually
means within 5%, or more preferably within 1%, of a given
value or range.

[0159] Generally, the term “treatment” or “treating” is
defined as the application or administration of a therapeutic
agent to a patient, or application or administration of a
therapeutic agent to an isolated tissue or cell line from a
patient, said patient having a disease, a symptom of disease
or a predisposition toward a disease, with the purpose to
cure, heal, alleviate, relieve, alter, remedy, ameliorate,
improve or affect the disease, the symptoms of disease or the
predisposition toward disease. Thus, treating can include
suppressing, inhibiting, preventing, treating, or a combina-
tion thereof. Treating refers, inter alia, to increasing time to
sustained progression, expediting remission, inducing
remission, augmenting remission, speeding recovery,
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increasing efficacy of or decreasing resistance to alternative
therapeutics, or a combination thereof “Suppressing” or
“inhibiting”, refers, inter alia, to delaying the onset of
symptoms, preventing relapse to a disease, decreasing the
number or frequency of relapse episodes, increasing latency
between symptomatic episodes, reducing the severity of
symptoms, reducing the severity of an acute episode, reduc-
ing the number of symptoms, reducing the incidence of
disease-related symptoms, reducing the latency of symp-
toms, ameliorating symptoms, reducing secondary symp-
toms, reducing secondary infections, prolonging patient
survival, or a combination thereof. In one embodiment the
symptoms are primary, while in another embodiment, symp-
toms are secondary. “Primary” refers to a symptom that is a
direct result of a disorder, e.g., diabetes, while, secondary
refers to a symptom that is derived from or consequent to a
primary cause. Symptoms may be any manifestation of a
disease or pathological condition.

[0160] Accordingly, as used herein, the term “treatment”
or “treating” includes any administration of a composition
described herein and includes: (i) preventing the disease
from occurring in a subject which may be predisposed to the
disease but does not yet experience or display the pathology
or symptomatology of the disease; (ii) inhibiting the disease
in an subject that is experiencing or displaying the pathology
or symptomatology of the diseased (i.e., arresting further
development of the pathology and/or symptomatology); or
(iii) ameliorating the disease in a subject that is experiencing
or displaying the pathology or symptomatology of the
diseased (i.e., reversing the pathology and/or symptomatol-

ogy).

[0161] By “treatment”, “prevention” or “amelioration” of
a disease or disorder is meant delaying or preventing the
onset of such a disease or disorder, reversing, alleviating,
ameliorating, inhibiting, slowing down or stopping the pro-
gression, aggravation or deterioration the progression or
severity of a condition associated with such a disease or
disorder. In one embodiment, the symptoms of a disease or
disorder are alleviated by at least 5%, at least 10%, at least
20%, at least 30%, at least 40%, or at least 50%.

[0162] Efficacy of treatment is determined in association
with any known method for diagnosing the disorder. Alle-
viation of one or more symptoms of the disorder indicates
that the composition confers a clinical benefit. Any of the
therapeutic methods described to above can be applied to
any suitable subject including, for example, mammals such
as dogs, cats, cows, horses, rabbits, monkeys, and most
preferably, humans.

[0163] As used herein, the term “subject” includes any
subject who may benefit from being administered a hydrogel
or an implantable drug delivery device of the invention. The
term “subject” includes animals, e.g., vertebrates, amphib-
ians, fish, mammals, non-human animals, including humans
and primates, such as chimpanzees, monkeys and the like. In
one embodiment of the invention, the subject is a human.

[0164] The term “subject” also includes agriculturally
productive livestock, for example, cattle, sheep, goats,
horses, pigs, donkeys, camels, buffalo, rabbits, chickens,
turkeys, ducks, geese and bees; and domestic pets, for
example, dogs, cats, caged birds and aquarium fish, and also
so-called test animals, for example, hamsters, guinea pigs,
rats and mice.
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II. Compositions for Modulating Immune System

[0165] The present invention features compositions and
methods that modulate the immune system of a subject. The
compositions of the present invention include a porous
scaffold, a growth factor present in an amount effective for
recruiting a cell into the scaffold and/or inducing formation
of a tissue or an organ, and a differentiation factor that
induces differentiation of the recruited cell into a T cell
progenitor cell.

[0166] The compositions and methods of the present
invention provide advantages over the prior art. For
example, the compositions and methods of the present
invention enhance T-cell progenitor seeding of the thymus,
T-cell neogenesis and broadening of the T-cell receptor
repertoire. Furthermore, the compositions and methods of
the present invention promote donor CD4+ regulatory T-cell
generation and improved survival after allogeneic HSCT.
Compared with adoptive transfer of T-cell progenitors, the
compositions and methods of the present invention increase
donor chimerism, T cell generation and induce more robust
antigen-specific T-cell responses to stimulation. The com-
positions of the present invention may represent a simple to
administer, off-the-shelf approach to T-cell regeneration and
GVHD mitigation in HSCT.

[0167] In certain embodiments, the compositions and
methods of the present invention also reduce toxicity stem-
ming from the use of significantly reduced levels of growth
factors, for example, 1 ng to about 1000 pg of growth factor
or 1 ng to about 1000 ng of growth factor, as compared to
that taught in the art. In addition, the compositions and
methods of the present invention exhibit surprisingly
enhanced activity, thereby allowing for comparable efficacy
upon transplantation of a reduced number of cells.

Scaffolds

[0168] The composition of the present invention comprise
a scaffold, e.g., a polymer scaffold. The scaffold can com-
prise one or more biomaterials. Preferably, the biomaterial is
a biocompatible material that is non-toxic and/or non-
immunogenic. As used herein, the term “biocompatible
material” refers to any material that does not induce a
significant immune response or deleterious tissue reaction,
e.g., toxic reaction or significant irritation, over time when
implanted into or placed adjacent to the biological tissue of
a subject.

[0169] The scaffold can comprise biomaterials that are
non-biodegradable or biodegradable. In certain embodi-
ments, the biomaterial can be a non-biodegradable material.
Exemplary non-biodegradable materials include, but are not
limited to, metal, plastic polymer, or silk polymer. In certain
embodiments, the polymer scaffold comprises a biodegrad-
able material. The biodegradable material may be degraded
by physical or chemical action, e.g., level of hydration, heat,
oxidation, or ion exchange or by cellular action, e.g., elabo-
ration of enzyme, peptides, or other compounds by nearby or
resident cells. In certain embodiments, the polymer scaffold
comprises both non-degradable and degradable materials.
[0170] In some embodiments, the scaffold composition
can degrade at a predetermined rate based on a physical
parameter selected from the group consisting of tempera-
ture, pH, hydration status, and porosity, the cross-link den-
sity, type, and chemistry or the susceptibility of main chain
linkages to degradation. Alternatively, the scaffold compo-
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sition degrades at a predetermined rate based on a ratio of
chemical polymers. For example, a high molecular weight
polymer comprised of solely lactide degrades over a period
of years, e.g., 1-2 years, while a low molecular weight
polymer comprised of a 50:50 mixture of lactide and gly-
colide degrades in a matter of weeks, e.g., 1, 2,3, 4, 6, or 10
weeks. A calcium cross-linked gels composed of high
molecular weight, high guluronic acid alginate degrade over
several months (1, 2, 4, 6, 8, 10, or 12 months) to years (1,
2, or 5 years) in vivo, while a gel comprised of low
molecular weight alginate, and/or alginate that has been
partially oxidized, will degrade in a matter of weeks.
[0171] In certain embodiments, one or more compounds
or proteins (e.g., the growth factors, the differentiation
factors, and the homing factors), disclosed herein, are cova-
lently or non-covalently linked or attached to the scaffold
composition. In various embodiments, one or more com-
pounds or proteins disclosed herein is incorporated on, into,
or present within the structure or pores of, the scaffold
composition.

[0172] In some embodiments, the scaffolds comprise bio-
materials that are modified, e.g., oxidized or reduced. The
degree of modification, such as oxidation, can be varied
from about 1% to about 100%. As used herein, the degree of
modification means the molar percentage of the sites on the
biomaterial that are modified with a functional group. For
example, the degree of modification can be about 1%, 2%,
3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 11%, 12%, 13%, 14%,
15%, 16%, 17%, 18%, 19%, 20%, 21%, 22%, 23%, 24%,
25%, 26%, 27%, 28%, 29%, 30%, 31%, 32%, 33%, 34%,
35%, 36%, 37%, 38%, 39%, 40%, 41%, 42%, 43%, 44%,
45%, 46%, 47%, 48%, 49%, 50%, 51%, 52%, 53%, 54%,
55%, 56%, 57%, 58%, 59%, 60%, 61%, 62%, 63%, 64%,
65%, 66%, 67%, 68%, 69%, 70%, 71%, 72%, 73%, 74%,
75%, 76%, 77%, 78%, 79%, 80%, 81%, 82%, 83%, 84%,
85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%, 94%,
95%, 96%, 97%, 98%, 99%, or 100%. It is intended that
values and ranges intermediate to the recited values are part
of this invention. Exemplary modified biomaterials, e.g.,
hydrogels, include, but not limited to, reduced-alginate,
oxidized alginate, MA-alginate (methacrylated alginate) or
MA-gelatin.

[0173] Exemplary biomaterials suitable for use as scaf-
folds in the present invention include glycosaminoglycan,
silk, fibrin, MATRIGEL®, poly-ethyleneglycol (PEG),
polyhydroxy ethyl methacrylate, polyacrylamide, poly
(N-vinyl pyrolidone), (PGA), poly lactic-co-glycolic acid
(PLGA), poly e-carpolactone (PCL), polyethylene oxide,
poly propylene fumarate (PPF), poly acrylic acid (PAA),
polyhydroxybutyric acid, hydrolysed polyacrylonitrile,
polymethacrylic acid, polyethylene amine, esters of alginic
acid; pectinic acid; and alginate, fully or partially oxidized
alginate, hyaluronic acid, carboxy methyl cellulose, heparin,
heparin sulfate, chitosan, carboxymethyl chitosan, chitin,
pullulan, gellan, xanthan, collagen, gelatin, carboxymethyl
starch, carboxymethyl dextran, chondroitin sulfate, cationic
guar, cationic starch, and combinations thereof. In certain
embodiments, the biomaterial is selected from the group
consisting of alginate, fully or partially oxidized alginate,
and combinations thereof.

[0174] The scaffolds of the present invention may com-
prise an external surface. Alternatively, or in addition, the
scaffolds may comprise an internal surface. External or
internal surfaces of the scaffolds of the present invention
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may be solid or porous. Pore size of the scaffolds can be less
than about 10 nm, between about 100 nm-20 um, or greater
than about 20 um, e.g., up to and including 1000 pm in
diameter. For example, the pores may be nanoporous,
microporous, or macroporous. For example, the diameter of
nanopores is less than about 10 nm; the diameter of micropo-
res is in the range of about 100 nm-20 pm; and, the diameter
of macropores is greater than about 20 pm, e.g., greater than
about 50 um, e.g., greater than about 100 pum, e.g., greater
than about 400 pm, e.g., greater than 600 pm or greater than
800 um. In some embodiment the diameter of the pore is
between about 50 um and about 80 um.

[0175] In some embodiments, the scaffolds of the present
invention are organized in a variety of geometric shapes
(e.g., discs, beads, pellets), niches, planar layers (e.g., thin
sheets). For example, discs of about 0.1-200 millimeters in
diameter, e.g., 5, 10, 20, 40, or 50 millimeters may be
implanted subcutaneously. The disc may have a thickness of
0.1 to 10 millimeters, e.g., 1, 2, or 5 millimeters. The discs
are readily compressed or lyophilized for administration to
a patient. An exemplary disc for subcutaneous administra-
tion has the following dimensions: 8 millimeters in diameter
and 1 millimeter in thickness.

[0176] In some embodiments, the scaffolds may comprise
multiple components and/or compartments. In certain
embodiments, a multiple compartment device is assembled
in vivo by applying sequential layers of similarly or differ-
entially doped gel or other scaffold material to the target site.
For example, the device is formed by sequentially injecting
the next, inner layer into the center of the previously injected
material using a needle, thereby forming concentric spher-
oids. In certain embodiments, non-concentric compartments
are formed by injecting material into different locations in a
previously injected layer. A multi-headed injection device
extrudes compartments in parallel and simultaneously. The
layers are made of similar or different biomaterials differ-
entially doped with pharmaceutical compositions. Alterna-
tively, compartments self-organize based on their hydro-
philic/phobic characteristics or on secondary interactions
within each compartment. In certain embodiments, multi-
component scaffolds are optionally constructed in concen-
tric layers each of which is characterized by different physi-
cal qualities such as the percentage of polymer, the
percentage of crosslinking of polymer, chemical composi-
tion of the hydrogel, pore size, porosity, and pore architec-
ture, stiffness, toughness, ductility, viscoelasticity, the
growth factors, the differentiation factors, and/or homing
factors incorporated therein and/or any other compositions
incorporated therein.

Hydrogel and Cryogel Scaffolds

[0177] In certain embodiments, the scaffolds of present
invention comprise one or more hydrogels. A hydrogel is a
polymer gel comprising a network of crosslinked polymer
chains. A hydrogel is usually a composition comprising
polymer chains that are hydrophilic. The network structure
of hydrogels allows them to absorb significant amounts of
water. Some hydrogels are highly stretchable and elastic;
others are viscoelastic. Hydrogel are sometimes found as a
colloidal gel in which water is the dispersion medium. In
certain embodiments, hydrogels are highly absorbent (they
can contain over 99% water (v/v)) natural or synthetic
polymers that possess a degree of flexibility very similar to
natural tissue, due to their significant water content. In
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certain embodiments, a hydrogel may have a property that,
when an appropriate shear stress is applied, the deformable
hydrogel is dramatically and reversibly compressed (up to
95% of its volume), resulting in injectable macroporous
preformed scaffolds. Hydrogels have been used for thera-
peutic applications, e.g., as vehicles for in vivo delivery of
therapeutic agents, such as small molecules, cells and bio-
logics. Hydrogels are commonly produced from polysac-
charides, such as alginates. The polysaccharides may be
chemically manipulated to modulate their properties and
properties of the resulting hydrogels.

[0178] The hydrogels of the present invention may be
either porous or non-porous. Preferably the compositions of
the invention are formed of porous hydrogels. For example,
the hydrogels may be nanoporous wherein the diameter of
the pores is less than about 10 nm; microporous wherein the
diameter of the pores is preferably in the range of about 100
nm-20 pm; or macroporous wherein the diameter of the
pores is greater than about 20 pm, more preferably greater
than about 100 pm and even more preferably greater than
about 400 um. In certain embodiments, the hydrogel is
macroporous with pores of about 50-80 um in diameter. In
certain embodiments, the hydrogel is macroporous with
aligned pores of about 400-500 um in diameter. Methods of
preparing porous hydrogel products are known in the art.
(See, e.g., U.S. Pat. No. 6,511,650, incorporated herein by
reference).

[0179] The hydrogel may be constructed out of a number
of different rigid, semi-rigid, flexible, gel, self-assembling,
liquid crystalline, or fluid compositions such as peptide
polymers, polysaccharides, synthetic polymers, hydrogel
materials, ceramics (e.g., calcium phosphate or hydroxyapa-
tite), proteins, glycoproteins, proteoglycans, metals and
metal alloys. The compositions are assembled into hydro-
gels using methods known in the art, e.g., injection molding,
lyophilization of preformed structures, printing, self-assem-
bly, phase inversion, solvent casting, melt processing, gas
foaming, fiber forming/processing, particulate leaching or a
combination thereof. The assembled devices are then
implanted or administered to the body of an individual to be
treated.

[0180] The composition comprising a hydrogel may be
assembled in vivo in several ways. The hydrogel is made
from a gelling material, which is introduced into the body in
its ungelled form where it gels in situ. Exemplary methods
of delivering components of the composition to a site at
which assembly occurs include injection through a needle or
other extrusion tool, spraying, painting, or methods of
deposit at a tissue site, e.g., delivery using an application
device inserted through a cannula. In some embodiments,
the ungelled or unformed hydrogel material is mixed with at
least one pharmaceutical composition prior to introduction
into the body or while it is introduced. The resultant in
vivo/in situ assembled device, e.g., hydrogel, contains a
mixture of the at least one pharmaceutical composition.
[0181] In situ assembly of the hydrogel may occur as a
result of spontaneous association of polymers or from syn-
ergistically or chemically catalyzed polymerization. Syner-
gistic or chemical catalysis is initiated by a number of
endogenous factors or conditions at or near the assembly
site, e.g., body temperature, ions or pH in the body, or by
exogenous factors or conditions supplied by the operator to
the assembly site, e.g., photons, heat, electrical, sound, or
other radiation directed at the ungelled material after it has
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been introduced. The energy is directed at the hydrogel
material by a radiation beam or through a heat or light
conductor, such as a wire or fiber optic cable or an ultrasonic
transducer. Alternatively, a shear-thinning material, such as
an amphiphile, is used which re-cross links after the shear
force exerted upon it, for example by its passage through a
needle, has been relieved.

[0182] In some embodiments, the hydrogel may be
assembled ex vivo. In some embodiments, the hydrogel is
injectable. For example, the hydrogels are created outside of
the body as macroporous scaffolds. Upon injection into the
body, the pores collapse causing the gel to become very
small and allowing it to fit through a needle. See, e.g.,
W02012/149358; and Bencherif et al., 2012, Proc. Natl.
Acad. Sci. USA 109.48:19590-5, the content of which are
incorporated herein by reference).

[0183] Suitable hydrogels for both in vivo and ex vivo
assembly of hydrogel devices are well known in the art and
described, e.g., in Lee et al., 2001, Chem. Rev. 7:1869-1879.
The peptide amphiphile approach to self-assembly assembly
is described, e.g., in Hartgerink et al., 2002, Proc. Natl.
Acad. Sci. US4 99:5133-5138. A method for reversible
gellation following shear thinning is exemplified in Lee et
al., 2003, Adv. Mat. 15:1828-1832.

[0184] In certain embodiments, exemplary hydrogels are
comprised of materials that are compatible with encapsula-
tion of materials including polymers, nanoparticles, poly-
peptides, and cells. Exemplary hydrogels are fabricated from
alginate, polyethylene glycol (PEG), PEG-acrylate, agarose,
hyaluronic acid, or synthetic protein (e.g., collagen or engi-
neered proteins (i.e., self-assembly peptide-based hydro-
gels)). For example, a commercially available hydrogel
includes BD™ PuraMatrix™. BD™ PuraMatrix™ Peptide
Hydrogel is a synthetic matrix that is used to create defined
three dimensional (3D) micro-environments for cell culture.

[0185] In some embodiments, the hydrogel is a biocom-
patible polymer matrix that is biodegradable in whole or in
part. Examples of materials which can form hydrogels
include alginates and alginate derivatives, polylactic acid,
polyglycolic acid, poly(lactic-co-glycolic acid) (PLGA)
polymers, gelatin, collagen, agarose, hyaluronic acid,
hyaluronic acid derivative, natural and synthetic polysac-
charides, polyamino acids such as polypeptides particularly
poly(lysine), polyesters such as polyhydroxybutyrate and
poly-epsilon.-caprolactone, polyanhydrides; polyphosphaz-
ines, poly(vinyl alcohols), poly(alkylene oxides) particularly
poly(ethylene oxides), poly(allylamines)(PAM), poly(acry-
lates), modified styrene polymers such as poly(4-aminom-
ethylstyrene), pluronic polyols, polyoxamers, poly(uronic
acids), poly(vinylpyrrolidone), and copolymers of the
above, including graft copolymers. Synthetic polymers and
naturally-occurring polymers such as, but not limited to,
collagen, fibrin, hyaluronic acid, agarose, and laminin-rich
gels may also be used. The term “derivative,” as used herein,
refers to a compound that is derived from a similar com-
pound by a chemical reaction. For example, oxidized alg-
inate, which is derived from alginate through oxidization
reaction, is a derivative of alginate,

[0186] The implantable composition can have virtually
any regular or irregular shape including, but not limited to,
spheroid, cubic, polyhedron, prism, cylinder, rod, disc, or
other geometric shape. Accordingly, in some embodiments,
the implant is of cylindrical form from about 0.5 to about 10
mm in diameter and from about 0.5 to about 10 cm in length.
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Preferably, its diameter is from about 1 to about 5 mm and
its length from about 1 to about 5 cm.

[0187] In some embodiments, the compositions of the
invention are of spherical form. When the composition is in
a spherical form, its diameter can range, in some embodi-
ments, from about 0.5 to about 50 mm in diameter. In some
embodiments, a spherical implant’s diameter is from about
5 to about 30 mm. In an exemplary embodiment, the
diameter is from about 10 to about 25 mm.

[0188] In certain embodiments, the scaffold comprises
click-hydrogels and/or click-cryogels. A click hydrogel or
cryogel is a gel in which cross-linking between hydrogel or
cryogel polymers is facilitated by click reactions between
the polymers. Each polymer may contain one of more
functional groups useful in a click reaction. Given the high
level of specificity of the functional group pairs in a click
reaction, active compounds can be added to the preformed
device prior to or contemporaneously with formation of the
hydrogel device by click chemistry. Non-limiting examples
of click reactions that may be used to form click-hydrogels
include Copper [ catalyzed azide-alkyne cycloaddition,
strain-promoted assize-alkyne cycloaddition, thiol-ene pho-
tocoupling, Diels-Alder reactions, inverse electron demand
Diels-Alder reactions, tetrazole-alkene photo-click reac-
tions, oxime reactions, thiol-Michael addition, and alde-
hyde-hydrazide coupling. Non-limiting aspects of click
hydrogels are described in Jiang et al., 2014, Biomaterials,
35:4969-4985, the entire content of which is incorporated
herein by reference.

[0189] In various embodiments, a click alginate is utilized
(see, e.g., PCT International Patent Application Publication
No. WO 2015/154078 published Oct. 8, 2015, hereby incor-
porated by reference in its entirety).

[0190] In certain embodiments, a hydrogel (e.g., cryogel)
system can deliver one or more agent (e.g., a growth factor
such as BMP-2, and/or a differentiation factor, such as a
DLL-4, while creating a space for cells (e.g., stem cells such
as hematopoietic stem cells (HSC) infiltration and traffick-
ing). In some embodiments, the hydrogel system according
to the present invention delivers BMP-2, which acts as a
hematopoietic stem cell (HSC) and/or hematopoietic pro-
genitor cell enhancement/recruitment factor, and DLL-4 as
a differentiation factor, which facilitates T cell lineage
specification of hematopoietic stem cell and/or hematopoi-
etic progenitor cells.

[0191] Insome embodiments, a cryogel composition, e.g.,
formed of MA-alginate, can function as a delivering plat-
form by creating a local niche, such as a specific niche for
enhancing T-lineage specification. In some embodiments,
the cryogel creates a local niche in which the encounter of
cells, such as recruited stem cells or progenitor cells, and
various exemplary agent of the invention, such as the growth
factor and/or differentiation factor can be controlled. In
certain embodiments, the cells and the exemplary agents of
the present invention are localized into a small volume, and
the contacting of the cells and the agents can be quantita-
tively controlled in space and time.

[0192] In certain embodiments, the hydrogel (e.g., cryo-
gel) can be engineered to coordinate the delivery of both
growth factor and differentiation factor in space and time,
potentially enhancing overall immune modulation perfor-
mance by adjusting the differentiation and/or specification of
recruited cells, such as hematopoietic stem cells or progeni-
tor cells. In certain embodiments, the cells and growth
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factor/differentiation factor are localized into a small vol-
ume, and the delivery of factors in space and time can be
quantitatively controlled. As the growth/differentiation fac-
tors are released locally, few systemic effects are anticipated,
in contrast to systemically delivered agents, such as growth
factors.

[0193] Examples of polymer compositions from which the
cryogel or hydrogel is fabricated are described throughout
the present disclosure, and include alginate, hyaluronic acid,
gelatin, heparin, dextran, carob gum, PEG, PEG derivatives
including PEG-co-PGA and PEG-peptide conjugates. The
techniques can be applied to any biocompatible polymers,
e.g., collagen, chitosan, carboxymethylcellulose, pullulan,
polyvinyl alcohol (PVA), Poly(2-hydroxyethyl methacry-
late) (PHEMA), Poly(N-isopropylacrylamide) (PNIPAAm),
or Poly(acrylic acid) (PAAc). For example, in a particular
embodiment, the composition comprises an alginate-based
hydrogel/cryogel. In another example, the scaffold com-
prises a gelatin-based hydrogel/cryogel.

[0194] Cryogels are a class of materials with a highly
porous interconnected structure that are produced using a
cryotropic gelation (or cryogelation) technique. Cryogels
also have a highly porous structure. Typically, active com-
pounds are added to the cryogel device after the freeze
formation of the pore/wall structure of the cryogel. Cryogels
are characterized by high porosity, e.g., at least about 50, 55,
60, 65, 70, 75, 80, 85, 90, or 95% pores with thin pore walls
that are characterized by high density of polymer crosslink-
ing. As used herein, the term “porosity” refers to the
percentage of the volume of pores to the volume of the
scaffold. It is intended that values and ranges intermediate to
the recited values are part of this invention. The walls of
cryogels are typically dense and highly cross-linked,
enabling them to be compressed through a needle into a
subject without permanent deformation or substantial struc-
tural damage.

[0195] In various embodiments, the pore walls comprise at
least about 10, 15, 20, 25, 30, 35, or 40% (w/v) polymer. It
is intended that values and ranges intermediate to the recited
values are part of this invention. In other embodiments, the
pore walls comprise about 10-40% polymer. In some
embodiments, a polymer concentration of about 0.5-4%
(w/v) (before the cryogelation) is used, and the concentra-
tion increases substantially upon completion of cryogela-
tion. Non-limiting aspects of cryogel gelation and the
increase of polymer concentration after cryogelation are
discussed in Beduer et al., 2015 Advanced Healthcare
Materials 4.2: 301-312, the entire content of which is
incorporated herein by reference.

[0196] In certain embodiments, cryogelation comprises a
technique in which polymerization-crosslinking reactions
are conducted in quasi-frozen reaction solution. Non-limit-
ing examples of cryogelation techniques are described in
U.S. Patent Application Publication No. 20140227327, pub-
lished Aug. 14, 2014, the entire content of which is incor-
porated herein by reference. An advantage of cryogels
compared to conventional macroporous hydrogels obtained
by phase separation is their high reversible deformability.
Cryogels may be extremely soft but can be deformed and
reform their shape. In certain embodiments, cryogels can be
very tough, can withstand high levels of deformations, such
as elongation and torsion and can also be squeezed under
mechanical force to drain out their solvent content. The
improved deformability properties of alginate cryogels
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originate from the high crosslinking density of the unfrozen
liquid channels of the reaction system.

[0197] In the cryogelation process, during freezing of the
macromonomer (e.g., methacrylated alginate) solution, the
macromonomers and initiator system (e.g., APS/TEMED)
are expelled from the ice concentrate within the channels
between the ice crystals, so that the reactions only take place
in these unfrozen liquid channels. After polymerization and,
after melting of ice, a porous material is produced whose
microstructure is a negative replica of the ice formed. Ice
crystals act as porogens. Desired pore size is achieved, in
part, by altering the temperature of the cryogelation process.
For example, the cryogelation process is typically carried
out by quickly freezing the solution at —20° C. Lowering the
temperature to, e.g., —80° C., would result in more ice
crystals and lead to smaller pores. In some embodiments, the
cryogel is produced by cryo-polymerization of at least
methacrylated (MA)-alginate and MA-PEG. In some
embodiments, the cryogel is produced by cryo-polymeriza-
tion of at least MA-alginate, the growth factor, the differ-
entiation factor, and MA-PEG.

[0198] In some embodiments, the invention also features
gelatin scaffolds, e.g., gelatin hydrogels such as gelatin
cryogels, which are a cell-responsive platform for biomate-
rial-based therapy. Gelatin is a mixture of polypeptides that
is derived from collagen by partial hydrolysis. These gelatin
scaffolds have distinct advantages over other types of scaf-
folds and hydrogels/cryogels. For example, the gelatin scaf-
folds of the invention support attachment, proliferation, and
survival of cells and are degraded by cells, e.g., by the action
of'enzymes such as matrix metalloproteinases (MMPs) (e.g.,
recombinant matrix metalloproteinase-2 and -9).

[0199] In certain embodiments, prefabricated gelatin cryo-
gels rapidly reassume their approximately original shape
(“shape memory”) when injected subcutaneously into a
subject (e.g., a mammal such as a human, dog, cat, pig, or
horse) and elicit little or no harmful host immune response
(e.g., immune rejection) following injection.

[0200] In some embodiments, the hydrogel (e.g., cryogel)
comprises polymers that are modified, e.g., sites on the
polymer molecule are modified with a methacrylic acid
group (methacrylate (MA)) or an acrylic acid group (acry-
late). Exemplary modified hydrogels/cryogels are MA-alg-
inate (methacrylated alginate) or MA-gelatin. In the case of
MA-alginate or MA-gelatin, 50% corresponds to the degree
of methacrylation of alginate or gelatin. This means that
every other repeat unit contains a methacrylated group. The
degree of methacrylation can be varied from about 1% to
about 100%. Preferably, the degree of methacrylation varies
from about 1% to about 90%.

[0201] In certain embodiments, polymers can also be
modified with acrylated groups instead of methacrylated
groups. The product would then be referred to as an acry-
lated-polymer. The degree of methacrylation (or acrylation)
can be varied for most polymers. However, some polymers
(e.g., PEG) maintain their water-solubility properties even at
100% chemical modification. After crosslinking, polymers
normally reach near complete methacrylate group conver-
sion indicating approximately 100% of cross-linking effi-
ciency. As used herein, the term “cross-linking efficiency”
refers to the percentage of macromonomers that are cova-
lently linked. For example, the polymers in the hydrogel are
50-100% crosslinked (covalent bonds). The extent of cross-
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linking correlates with the durability of the hydrogel. Thus,
a high level of crosslinking (90-100%) of the modified
polymers is desirable.

[0202] Forexample, the highly crosslinked hydrogel/cryo-
gel polymer composition is characterized by at least about
50% polymer crosslinking (e.g., about 75%, 80%, 85%,
90%, 95%, 98%, 99%, or 100%; it is intended that values
and ranges intermediate to the recited values are part of this
invention.). The high level of crosslinking confers mechani-
cal robustness to the structure. Preferably, the percentage of
crosslinking is less than about 100%. The composition is
formed using a free radical polymerization process and a
cryogelation process. For example, the cryogel is formed by
cryopolymerization of methacrylated gelatin, methacrylated
alginate, or methacrylated hyaluronic acid. In some embodi-
ments, the cryogel comprises a methacrylated gelatin macro
monomer or a methacrylated alginate macromonomer at
concentration of about 1.5% (w/v) or less (e.g., about 1.5%,
1.4%, 1.3%, 1.2%, 1.1%, 1%, 0.9%, 0.8%, 0.7%, 0.6%,
0.5%, 0.4%, 0.3%, 0.2% or less; it is intended that values
and ranges intermediate to the recited values are part of this
invention.). In some embodiments, the methacrylated gelatin
or alginate macromonomer concentration is about 1% (w/v).

[0203] In certain embodiments, the cryogel comprises at
least about 75% (v/v) pores, e.g., about 80%, 85%, 90%,
91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, or 99% (v/v)
or more pores. It is intended that values and ranges inter-
mediate to the recited values are part of this invention. In
some embodiments, the pores are interconnected. Intercon-
nectivity is important to the function of the hydrogel and/or
cryogel, as without interconnectivity, water would become
trapped within the gel. Interconnectivity of the pores permits
passage of water (and other compositions such as cells and
compounds) in and out of the structure. In certain embodi-
ments, in a fully hydrated state, the hydrogel (e.g., cryogel)
comprises at least about 90% water (volume of water/
volume of the scaffold) (e.g., between about 90-99%, at least
about 92%, 95%, 97%, 99%, or more). For example, at least
about 90% (e.g., at least about 92%, 95%, 97%, 99%, or
more) of the volume of the cryogel is made of liquid (e.g.,
water) contained in the pores. It is intended that values and
ranges intermediate to the recited values are part of this
invention. In certain embodiments, in a compressed or
dehydrated hydrogel, up to about 50%, 60%, 70% of that
water is absent, e.g., the cryogel comprises less than about
25% (e.g., about 20%, 15%, 10%, 5% or less) water.

[0204] In certain embodiments, the cryogels of the inven-
tion comprise pores large enough for a cell to travel through.
For example, the cryogel contains pores of about 20-500 um
in diameter, e.g., about 20-30 um, about 30-150 pum, about
50-500 pum, about 50-450 pm, about 100-400 pm, about
200-500 um. In some embodiments, the hydrated pore size
is about 1-500 um (e.g., about 10-400 pum, about 20-300 pm,
about 50-250 pum). In certain embodiments, the cryogel
contains pores about 50-80 um in diameter.

[0205] In some embodiments, injectable hydrogels or
cryogels are further functionalized by addition of a func-
tional group selected from the group consisting of: amino,
vinyl, aldehyde, thiol, silane, carboxyl, azide, or alkyne.
Alternatively or in addition, the cryogel is further function-
alized by the addition of a further cross-linker agent (e.g.,
multiple arms polymers, salts, aldehydes, etc.). The solvent
can be aqueous, and in particular, acidic or alkaline. The
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aqueous solvent can comprise a water-miscible solvent (e.g.,
methanol, ethanol, DMF, DMSO, acetone, dioxane, etc).

[0206] For cryogels, the cryo-crosslinking may take place
in a mold and the cryogels (which may be injected) can be
degradable. The pore size can be controlled by the selection
of the main solvent used, the incorporation of a porogen, the
freezing temperature and rate applied, the crosslinking con-
ditions (e.g. polymer concentration), and also the type and
molecule weight of the polymer used. The shape of the
cryogel may be dictated by a mold and can thus take on any
shape desired by the fabricator, e.g., various sizes and shapes
(disc, cylinders, squares, strings, etc.) are prepared by cryo-
genic polymerization.

[0207] Injectable cryogels can be prepared in the microm-
eter-scale to centimeter-scale. Exemplary volumes vary
from a few hundred um?> (e.g., about 100-500 um?) to about
10 cm®. In certain embodiment, an exemplary scaffold
composition is between about 100 um?® to 100 mm? in size.
In various embodiments, the scaffold is between about 10
mm? to about 100 mm? in size. In certain embodiments, the
scaffold is about 30 mm® in size.

[0208] In some embodiments, the cryogels are hydrated,
loaded with compounds and loaded into a syringe or other
delivery apparatus. For example, the syringes are prefilled
and refrigerated until use. In another example, the cryogel is
dehydrated, e.g., lyophilized, optionally with a compound
(such as a growth factor or differentiation factor) loaded in
the gel and stored dry or refrigerated. Prior to administra-
tion, a cryogel-loaded syringe or apparatus may be contacted
with a solution containing compounds to be delivered. For
example, the barrel of the cryogel pre-loaded syringe is filled
with a physiologically-compatible solution, e.g., phosphate-
buffered saline (PBS). Alternatively, the cryogel may be
administered to a desired anatomical site followed by
administration of the physiologically-compatible solution,
optionally containing other ingredients, e.g., a growth factor
and/or a differentiation factor or together with one or more
compounds disclosed herein. The cryogel is then rehydrated
and regains its shape integrity in situ. In certain embodi-
ments, the volume of PBS or other physiologic solution
administered following cryogel placement is generally about
10 times the volume of the cryogel itself.

[0209] The cryogel also has the advantage that, upon
compression, the cryogel composition maintains structural
integrity and shape memory properties. For example, the
cryogel is injectable through a hollow needle. For example,
the cryogel returns to its approximately original geometry
after traveling through a needle (e.g., a 16 gauge (G) needle,
e.g., having a 1.65 mm inner diameter). Other exemplary
needle sizes are 16-gauge, an 18-gauge, a 20-gauge, a
22-gauge, a 24-gauge, a 26-gauge, a 28-gauge, a 30-gauge,
a 32-gauge, or a 34-gauge needle. Injectable cryogels have
been designed to pass through a hollow structure, e.g., very
fine needles, such as 18-30 G needles. In certain embodi-
ments, the cryogel returns to its approximately original
geometry after traveling through a needle in a short period
of time, such as less than about 10 seconds, less than about
5 seconds, less than about 2 seconds, or less than about 1
second.

[0210] The cryogels may be injected to a subject using any
suitable injection device. For example, the cryogels may be
injected using syringe through a needle. A syringe may
include a plunger, a needle, and a reservoir that comprises
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compositions of the present invention. The injectable cryo-
gels may also be injected to a subject using a catheter, a
cannula, or a stent.

[0211] The injectable cryogels may be molded to a desired
shape, in the form of rods, square, disc, spheres, cubes,
fibers, foams. In some cases, the cryogel is in the shape of
adisc, cylinder, square, rectangle, or string. For example, the
cryogel composition is between about 100 um® to 10 cm® in
size, e.g., between 10 mm® to 100 mm? in size. For example,
the cryogel composition is between about 1 mm in diameter
to about 50 mm in diameter (e.g., about 5 mm) Optionally,
the thickness of the cryogel is between about 0.2 mm to
about 50 mm (e.g., about 2 mm).

[0212] Three exemplary cryogel materials systems are
described below.

[0213] a) Methacrylated gelatin cryogel (CryoGelMA)—
An exemplary cryogel utilized methacrylated gelatin and the
results are described in detail in U.S. Patent Application
Publication No. 2014-0227327, published Aug. 14, 2014,
the entire contents of which are incorporated herein by
reference.

[0214] b) Methacrylated alginate cryogel (CryoMAAlg-
inate)—An exemplary cryogel utilized methacrylated alg-
inate and the results are described in detail in U.S. Patent
Application Publication No. 2014-0227327, published Aug.
14, 2014, the entire contents of which are incorporated
herein by reference.

[0215] c¢) Click Alginate cryogel with Laponite nanoplate-
lets (CryoClick)—The base material is click alginate (PCT
International Patent Application Publication No. WO 2015/
154078 published Oct. 8, 2015, hereby incorporated by
reference in its entirety). In some examples, the base mate-
rial contains laponite (commercially available silicate clay
used in many consumer products such as cosmetics).
Laponite has a large surface area and highly negative charge
density which allows it to adsorb positively charged moi-
eties on a variety of proteins and other biologically active
molecules by an electrostatic interaction, thereby allowing
drug loading. When placed in an environment with a low
concentration of drug, adsorbed drug releases from the
laponite in a sustained manner. This system allows release of
a more flexible array of various agents, e.g., growth factors,
compared to the base material alone.

[0216] Various embodiments of the present subject matter
include delivery vehicles comprising a pore-forming scaf-
fold composition. For example, pores (such as macropores)
are formed in situ within a hydrogel following hydrogel
injection into a subject. Pores that are formed in situ via
degradation of a sacrificial porogen hydrogel within the
surrounding hydrogel (bulk hydrogel) facilitate recruitment
and trafficking of cells, as well as the release of any
composition or agent of the present invention, for example,
a growth factor, such as BMP-2, a differentiation factor, or
a homing factor, or any combination thereof. In some
embodiments, the sacrificial porogen hydrogel, the bulk
hydrogel, or both the sacrificial porogen hydrogel and the
bulk hydrogel may comprise any composition or agent of the
present invention, for example, a growth factor, a differen-
tiation factor, and/or, a homing factor, or any combination
thereof.

[0217] In various embodiments, the pore-forming compo-
sition becomes macroporous over time when resident in the
body of a recipient animal such as a mammalian subject. For
example, the pore-forming composition may comprise a
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sacrificial porogen hydrogel and a bulk hydrogel, wherein
the sacrificial porogen hydrogel degrades at least about 10%
faster (e.g., at least about 15%, at least about 20%, at least
about 25%, at least about 30%, at least about 35%, at least
about 40%, at least about 45%, or at least about 50% faster)
than the bulk hydrogel. It is intended that values and ranges
intermediate to the recited values are part of this invention.
The sacrificial porogen hydrogel may degrade leaving mac-
ropores in its place. In certain embodiments, the macropores
are open interconnected macropores. In some embodiments,
the sacrificial porogen hydrogel may degrade more rapidly
than the bulk hydrogel, because the sacrificial porogen
hydrogel (i) is more soluble in water (comprises a lower
solubility index), (ii) is cross-linked to protease-mediated
degradation motifs as described in U.S. Patent Application
Publication No. 2005-0119762, published Jun. 2, 2005 (in-
corporated herein by reference in its entirety), (iii) comprises
a shorter polymer that degrades more quickly compared to
that of a longer bulk hydrogel polymer, (iv) is modified to
render it more hydrolytically degradable than the bulk
hydrogel (e.g., by oxidation), and/or (v) is more enzymati-
cally degradable compared to the bulk hydrogel.

[0218] In various embodiments, a scaffold is loaded (e.g.,
soaked with) with one or more active compounds after
polymerization. In certain embodiments, device or scaffold
polymer forming material is mixed with one or more active
compounds before polymerization. In some embodiments, a
device or scaffold polymer forming material is mixed with
one or more active compounds before polymerization, and
then is loaded with more of the same or one or more
additional active compounds after polymerization.

[0219] In some embodiments, pore size or total pore
volume of a composition or scaffold is selected to influence
the release of compounds from the device or scaffold.
Exemplary porosities (e.g., nanoporous, microporous, and
macroporous scaffolds and devices) and total pore volumes
(e.g., about 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65,
70, 75, 80, 85, 90, 95% or more of the volume of the
scaffold) are described herein. It is intended that values and
ranges intermediate to the recited values are part of this
invention. Increased pore size and total pore volume
increases the amount of compounds that can be delivered
into or near a tissue, such as bone marrow. In some embodi-
ments, a pore size or total pore volume is selected to increase
the speed at which active ingredients exit the composition or
scaffold. In various embodiments, an active ingredient may
be incorporated into the scaffold material of a hydrogel or
cryogel, e.g., to achieve continuous release of the active
ingredient from the scaffold or device over a longer period
of time compared to active ingredient that may diffuse from
a pore cavity.

[0220] Porosity influences recruitment of the cells into
devices and scaffolds and the release of substances from
devices and scaffolds. Pores may be, e.g., nanoporous,
microporous, or macroporous. For example, the diameter of
nanopores is less than about 10 nm. Micropores are in the
range of about 100 nm to about 20 um in diameter. Mac-
ropores are greater than about 20 um (e.g., greater than about
100 um or greater than about 400 um) in diameter. Exem-
plary macropore sizes include about 50 um, about 100 pum,
about 150 um, about 200 pm, about 250 pum, about 300 pm,
about 350 um, about 400 pum, about 450 pum, about 500 pm,
about 550 um, and about 600 pm in diameter. It is intended
that values and ranges intermediate to the recited values are
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part of this invention. Macropores are those of a size that
permit a eukaryotic cell to traverse into or out of the
composition. In one example, a macroporous composition
has pores of about 400 um to about 500 um in diameter. The
preferred pore size depends on the application. In certain
embodiments, the pores have a diameter of about 50 pum to
about 80 pm.

[0221] In various embodiments, the composition is manu-
factured in one stage in which one layer or compartment is
made and infused or coated with one or more compounds.
Exemplary bioactive compositions comprise polypeptides or
polynucleotides. In certain embodiments, the composition is
manufactured in two or more (3, 4, 5, 6, . . . 10 or more)
stages in which one layer or compartment is made and
infused or coated with one or more compounds followed by
the construction of second, third, fourth or more layers,
which are in turn infused or coated with one or more
compounds in sequence. In some embodiments, each layer
or compartment is identical to the others or distinguished
from one another by the number or mixture of bioactive
compositions as well as distinct chemical, physical and
biological properties. Polymers may be formulated for spe-
cific applications by controlling the molecular weight, rate
of degradation, and method of scaffold formation. Coupling
reactions can be used to covalently attach bioactive agent,
such as the differentiation factor to the polymer backbone.

[0222] In some embodiments, one or more compounds is
added to the scaffold compositions using a known method
including surface absorption, physical immobilization, e.g.,
using a phase change to entrap the substance in the scaffold
material. For example, a growth factor is mixed with the
scaffold composition while it is in an aqueous or liquid
phase, and after a change in environmental conditions (e.g.,
pH, temperature, ion concentration), the liquid gels or solidi-
fies thereby entrapping the bioactive substance. In some
embodiments, covalent coupling, e.g., using alkylating or
acylating agents, is used to provide a stable, long term
presentation of a compound on the scaffold in a defined
conformation. Exemplary reagents for covalent coupling of
such substances are provided in the table below.

TABLE 1

Methods to Covalently Couple Peptides/Proteins to Polymers

Functional Reacting
Group of Groups on
Polymer Coupling Reagents and Cross-Liner Proteins/Peptides

—OH Cyanogen bromide (CNBr) —NH,
Cyanuric chloride
4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMT-MM)
—NH, Diisocyanate compounds —NH,
Diisothoneyanate compounds —OH
Glutaraldehyde Succinic anhydride
—NH, Nitrous Acid —NH,
Hydrazine + nitrous acid —SH
—Ph—OH
—NH2 Carbodiimide compounds —COOH
(e.g., EDC, DCC)[a] DMT-MM
—COOH Thiony I chloride —NH,
N-hydroxysuccinimide
N-hydroxysulfosuccinimide + EDC
—SH Disulfide compound —SH

[a] EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride;
DCC: dicyclohexylcarbodiimide
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Alginate Scaffolds

[0223] In certain embodiments, the composition of the
invention comprises an alginate hydrogel. Alginates are
versatile polysaccharide based polymers that may be for-
mulated for specific applications by controlling the molecu-
lar weight, rate of degradation and method of scaffold
formation. Alginate polymers are comprised of two different
monomeric units, (1-4)-linked p-D-mannuronic acid (M
units) and a L-guluronic acid (G units) monomers, which
can vary in proportion and sequential distribution along the
polymer chain. Alginate polymers are polyelectrolyte sys-
tems which have a strong affinity for divalent cations (e.g.,
Ca*?, Mg*?, Ba*?) and form stable hydrogels when exposed
to these molecules. See Martinsen A., et al., 1989, Biotech.
& Bioeng., 33: 79-89). For example, calcium cross-linked
alginate hydrogels are useful for dental applications, wound
dressings chondrocyte transplantation and as a matrix for
other cell types. Without wishing to be bound by theory, it
is believed that G units are preferentially crosslinked using
calcium crosslinking, whereas click reaction based cross-
linking is more indiscriminate with respect to G units or M
units (i.e., both G and M units can be crosslinked by click
chemistry). Alginate scaffolds and the methods for making
them are known in the art. See, e.g., International Patent
Application Publication No. WO2017/075055 A1, published
on May 4, 2017, the entire contents of which are incorpo-
rated herein by reference.

[0224] The alginate polymers useful in the context of the
present invention can have an average molecular weight
from about 20 kDa to about 500 kDa, e.g., from about 20
kDa to about 40 kDa, from about 30 kDa to about 70 kDa,
from about 50 kDa to about 150 kDa, from about 130 kDa
to about 300 kDa, from about 230 kDa to about 400 kDa,
from about 300 kDa to about 450 kDa, or from about 320
kDa to about 500 kDa. In one example, the alginate poly-
mers useful in the present invention may have an average
molecular weight of about 32 kDa. In another example, the
alginate polymers useful in the present invention may have
an average molecular weight of about 265 kDa. In some
embodiments, the alginate polymer has a molecular weight
of less than about 1000 kDa, e.g., less than about 900 KDa,
less than about 800 kDa, less than about 700 kDa, less than
about 600 kDa, less than about 500 kDa, less than about 400
kDa, less than about 300 kDa, less than about 200 kDa, less
than about 100 kDa, less than about 50 kDa, less than about
40 kDa, less than about 30 kDa or less than about 25 kDa.
In some embodiments, the alginate polymer has a molecular
weight of about 1000 kDa, e.g., about 900 kDa, about 800
kDa, about 700 kDa, about 600 kDa, about 500 kDa, about
400 kDa, about 300 kDa, about 200 kDa, about 100 kDa,
about 50 kDa, about 40 kDa, about 30 kDa or about 25 kDa.
In one embodiment, the molecular weight of the alginate
polymers is about 20 kDa.

[0225] Coupling reactions can be used to covalently attach
bioactive agent, such as an atom, a chemical group, a
nucleoside, a nucleotide, a nucleobase, a sugar, a nucleic
acid, an amino acid, a peptide, a polypeptide, a protein, or
a protein complex, to the polymer backbone.

[0226] The term “alginate”, used interchangeably with the
term “alginate polymers”, includes unmodified alginate or
modified alginate. Modified alginate includes, but not lim-
ited to, oxidized alginate (e.g., comprising one or more
algoxalate monomer units) and/or reduced alginate (e.g.,
comprising one or more algoxinol monomer units). In some
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embodiments, oxidized alginate comprises alginate com-
prising one or more aldehyde groups, or alginate comprising
one or more carboxylate groups. In other embodiments,
oxidized alginate comprises highly oxidized alginate, e.g.,
comprising one or more algoxalate units. Oxidized alginate
may also comprise a relatively small number of aldehyde
groups (e.g., less than 15%, e.g., 14%, 13%, 12%, 11%,
10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%, 2%, 1%, 0.9%, 0.8%,
0.7%, 0.6%, 0.5%, 0.4%, 0.3%, 0.2%, or 0.1% aldehyde
groups or oxidation on a molar basis). It is intended that
values and ranges intermediate to the recited values are part
of'this invention. The term “alginate” or “alginate polymers”
may also include alginate, e.g., unmodified alginate, oxi-
dized alginate or reduced alginate, or methacrylated alginate
or acrylated alginate. Alginate may also refer to any number
of derivatives of alginic acid (e.g., calcium, sodium or
potassium salts, or propylene glycol alginate). See, e.g.,
WO1998012228A1, hereby incorporated by reference.

Hyaluronic Acid

[0227] In certain embodiments, the composition of the
present invention comprises a hyaluronic acid hydrogel.
Hyaluronic acid (HA; conjugate base hyaluronate), is an
anionic, nonsulfated glycosaminoglycan distributed widely
throughout connective, epithelial, and neural tissues. One of
the chief components of the extracellular matrix, hyaluronic
acid contributes significantly to cell proliferation and migra-
tion. Natural hyaluronic acid is an important component of
articular cartilage, muscular connective tissues, and skin.
[0228] Hyaluronic acid is a polymer of disaccharides,
composed of D-glucuronic acid and N-acetyl-D-glu-
cosamine, linked via alternating p-(1-—4) and p-(1—=3)
glycosidic bonds. Hyaluronic acid can be 25,000 disaccha-
ride repeats in length. Polymers of hyaluronic acid can range
in size from 5,000 to 20,000,000 Da. Hyaluronic acid can
also contain silicon.

[0229] Hyaluronic acid is energetically stable, in part
because of the stereochemistry of its component disaccha-
rides. Bulky groups on each sugar molecule are in sterically
favored positions, whereas the smaller hydrogens assume
the less-favorable axial positions.

[0230] Hyaluronic acid can be degraded by a family of
enzymes called hyaluronidases, which are present in many
mammals, e.g., a human Hyaluronic acid can also be
degraded via non-enzymatic reactions. These include acidic
and alkaline hydrolysis, ultrasonic disintegration, thermal
decomposition, and degradation by oxidants.

[0231] Due to its high biocompatibility and its common
presence in the extracellular matrix of tissues, hyaluronic
acid is used to form hydrogels, e.g., cryogels, as a bioma-
terial scaffold in tissue engineering research. Hyaluronic
acid hydrogels are formed through crosslinking Hyaluronic
acid can form a hydrogel, e.g., cryogel, into a desired shape
to deliver therapeutic molecules into a host. Hyaluronic
acids, for use in the present compositions, can be crosslinked
by attaching thiols, methacrylates, hexadecylamides, and
tyramines. Hyaluronic acids can also be crosslinked directly
with formaldehyde or with divinylsulfone.

[0232] The term “hyaluronic acid,” includes unmodified
hyaluronic acid or modified hyaluronic acid. Modified
hyaluronic acid includes, but is not limited to, oxidized
hyaluronic acid and/or reduced hyaluronic acid. The term
“hyaluronic acid” or “hyaluronic acid polymers” may also
include hyaluronic acid, e.g., unmodified hyaluronic acid,
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oxidized hyaluronic acid or reduced hyaluronic acid, or
methacrylated hyaluronic acid or acrylated hyaluronic acid.
Hyaluronic acid may also refer to any number of derivatives
of hyaluronic acid.

Porous and Pore Forming Scaffolds

[0233] The scaffolds of the present invention may be
nonporous or porous. In certain embodiments, the scaffolds
of the present invention are porous. Porosity of the scaffold
composition influences migration of the cells through the
device. Pores may be nanoporous, microporous, or mac-
roporous. For example, the diameter of nanopores is less
than about 10 nm. Micropores are in the range of about 100
nm to about 20 um in diameter. Macropores are greater than
about 20 um (e.g., greater than about 100 pum or greater than
about 400 um) in diameter. Exemplary macropore sizes
include about 50 pm, 100 pm, 150 pm, 200 pm, 250 um, 300
um, 350 pm, 400 pm, 450 pm, 500 um, 550 pm, and 600 um
in diameter. It is intended that values and ranges interme-
diate to the recited values are part of this invention. Mac-
ropores are of a size that permits a eukaryotic cell to traverse
into or out of the composition. In certain embodiments, a
macroporous composition has pores of about 400 um to 500
um in diameter. The size of pores may be adjusted for
different purpose. For example, for cell recruitment and cell
release, the pore diameter may be greater than 50 pm. In
certain embodiments, a macroporous composition has pores
of about 50 um-about 80 um in diameter.

[0234] In some embodiments, the scaffolds contain pores
before the administration into a subject. In some embodi-
ments, the scaffolds comprise a pore-forming scaffold com-
position. Pore-forming scaffolds and the methods for mak-
ing pore-forming scaffolds are known in the art. See, e.g.,
U.S. Patent Publication US2014/0079752A1, the content of
which is incorporated herein by reference. In certain
embodiments, the pore-forming scaffolds are not initially
porous, but become macroporous over time resident in the
body of a recipient animal such as a mammalian subject. In
certain embodiments, the pore-forming scaffolds are hydro-
gel scaffolds. The pore may be formed at different time, e.g.,
after about 12 hours, or 1, 3, 5, 7, or 10 days or more after
administration, i.e., resident in the body of the subject.
[0235] In certain embodiments, the pore-forming scaffolds
comprise a first hydrogel and a second hydrogel, wherein the
first hydrogel degrades at least about 10% faster (e.g., at
least about 15%, at least about 20%, at least about 25%, at
least about 30%, at least about 35%, at least about 40%, at
least about 45%, at least about 50% faster, at least about 2
times faster, or at least about 5 times faster) than the second
hydrogel. It is intended that values and ranges intermediate
to the recited values are part of this invention. In certain
embodiments, the first hydrogel comprises a porogen that
degrades leaving a pore in its place. For example, the first
hydrogel is a porogen and the resulting pore after degrada-
tion in situ is within 25% of the size of the initial porogen,
e.g., within 20%, within 15%, or within 10% of the size of
the initial porogen. Preferably, the resulting pore is within
5% of the size of the initial porogen. It is intended that
values and ranges intermediate to the recited values are part
of'this invention. The first hydrogel may degrade faster than
the second hydrogel due to the difference in their physical,
chemical, and/or biological properties. In certain embodi-
ments, the first hydrogel degrades more rapidly than the
second hydrogel, because the first hydrogel is more soluble
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in water (comprises a lower solubility index). In certain
embodiments, the first hydrogel degrades more rapidly
because it is cross-linked to protease-mediated degradation
motifs as described in U.S. Patent Publication US2005/
0119762A1, the content of which is incorporated herein by
reference.

[0236] In certain embodiments, the molecular mass of the
polymers used to form the first hydrogel composition (a
porogen) is approximately 50 kilodaltons (kDa), and the
molecular mass of the polymers used to form the second
hydrogel composition (bulk) is approximately 250 kDa. A
shorter polymer (e.g., that of a porogen) degrades more
quickly compared to that of a longer polymer (e.g., that of
the bulk composition). In certain embodiments, a composi-
tion is modified to render it more hydrolytically degradable
by virtue of the presence of sugar groups (e.g., approxi-
mately 3-10% sugar of an alginate composition). In certain
embodiments, the porogen hydrogel is chemically modified,
such as oxidized, to render it more susceptible to degrada-
tion. In some embodiments, the porogen hydrogel is more
enzymatically degradable compared to the bulk hydrogel.
The composite (first and second hydrogel) composition is
permeable to bodily fluids, e.g., containing an enzyme which
is exposed to the composition and degrades the porogen
hydrogel. In some embodiments, the second hydrogel is
cross-linked around the first hydrogel, i.e., the porogens
(first hydrogel) are completely physically entrapped in the
bulk (second) hydrogel.

[0237] The click reagents disclosed herein can be provided
in the bulk hydrogel or the porogen hydrogel. In exemplary
embodiments, the click reagents, e.g., polymers or nanopar-
ticles, are provided in the bulk hydrogel.

[0238] In certain embodiments, hydrogel micro-beads
(“porogens”) are formed. Porogens are encapsulated into a
“bulk” hydrogel that is either non-degradable or which
degrades at a slower rate compared to the porogens Imme-
diately after hydrogel formation, or injection into the desired
site in vivo, the composite material lacks pores. Subse-
quently, porogen degradation causes pores to form in situ.
The size and distribution of pores are controlled during
porogen formation, and mixing with the polymers which
form the bulk hydrogel.

[0239] In some embodiments, the polymer utilized in the
pore-forming scaffolds is naturally-occurring or syntheti-
cally made. In one example, both the porogens and bulk
hydrogels are formed from alginate.

[0240] In certain embodiments, the alginate polymers suit-
able for porogen formation have a molecular weight from
5,000 to 500,000 Daltons. The polymers are optionally
further modified (e.g., by oxidation with sodium periodate,
(Bouhadir et al., 2001, Biotech. Prog. 17:945-950, hereby
incorporated by reference), to facilitate rapid degradation. In
certain embodiments, the polymers are crosslinked by extru-
sion through a nebulizer with co-axial airflow into a bath of
divalent cation (for example, Ca** or Ba*) to form hydrogel
micro-beads. Higher airflow rate leads to lower the porogen
diameter.

[0241] In some embodiments, the porogen hydrogel
microbeads contain oxidized alginate. For example, the
porogen hydrogel can contain about 1-50% (w/v) oxidized
alginate. In exemplary embodiments, the porogen hydrogel
can contain about 1-10% oxidized alginate. In one embodi-
ment, the porogen hydrogel contains about 7.5% oxidized
alginate.
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[0242] In certain embodiments, the concentration of diva-
lent ions used to form porogens may vary from about 5 to
about 500 mM, and the concentration of polymer from about
1% to about 5% by weight/volume. However, any method
which produces porogens that are significantly smaller than
the bulk phase is suitable. Porogen chemistry can further be
manipulated to produce porogens that interact with host
proteins and/or cells, or inhibit interactions with host pro-
teins and/or cells.

[0243] The alginate polymers suitable for formation of the
bulk hydrogel have a molecular weight from about 5,000 to
about 500,000 Da. The polymers may be further modified
(for example, by oxidation with sodium periodate), to facili-
tate degradation, as long as the bulk hydrogel degrades more
slowly than the porogen. The polymers may also be modi-
fied to present biological cues to control cell responses (e.g.,
integrin binding adhesion peptides such as RGD). Either the
porogens or the bulk hydrogel may also encapsulate bioac-
tive factors such as oligonucleotides, growth factors or drugs
to further control cell responses. The concentration of diva-
lent ions used to form the bulk hydrogel may vary from
about 5 to about 500 mM, and the concentration of polymer
from about 1% to about 5% by weight/volume. The elastic
modulus of the bulk polymer is tailored for its purpose, e.g.,
to recruit stem cells or progenitor cells.

[0244] Methods relevant to generating the hydrogels
described herein include the following. Bouhadir et al.,
1999, Polymer, 40: 3575-84 (incorporated herein by refer-
ence in its entirety) describes the oxidation of alginate with
sodium periodate, and characterizes the reaction. Bouhadir
et al., 2001, Biotechnol. Prog., 17: 945-50 (incorporated
herein by reference in its entirety) describes oxidation of
high molecular weight alginate to form alginate dialdehyde
(alginate dialdehyde is high molecular weight (M, ) alginate
in which a certain percent, e.g., 5%, of sugars in alginate are
oxidized to form aldehydes), and application to make hydro-
gels degrade rapidly. Kong et al., 2002, Polymer, 43: 6239-
46 (incorporated herein by reference in its entirety)
describes the use of gamma-irradiation to reduce the weight-
averaged molecular weight (M,,) of guluronic acid (GA) rich
alginates without substantially reducing GA content (e.g.,
the gamma irradiation selectively attacks mannuronic acid,
MA blocks of alginate). Alginate is comprised of GA blocks
and MA blocks, and it is the GA blocks that give alginate its
rigidity (elastic modulus). Kong et al., 2002, Polymer, 43:
6239-46 (incorporated herein by reference in its entirety)
shows that binary combinations of high M,,, GA rich alg-
inate with irradiated, low M, high GA alginate crosslinks
with calcium to form rigid hydrogels, but which degrade
more rapidly and also have lower solution viscosity than
hydrogels made from the same overall weight concentration
of only high M,,, GA rich alginate. Alsberg et al., 2003, J
Dent Res, 82(11): 903-8 (incorporated herein by reference in
its entirety) describes degradation profiles of hydrogels
made from irradiated, low M,, GA-rich alginate, with
application in bone tissue engineering. Kong et al., 2004,
Adv. Mater, 16(21): 1917-21 (incorporated herein by refer-
ence) describes control of hydrogel degradation profile by
combining gamma irradiation procedure with oxidation
reaction, and application to cartilage engineering.

[0245] Techniques to control degradation of hydrogen
biomaterials are well known in the art. For example, Lutolf
M P et al.,, 2003, Nat Biotechnol., 21: 513-8 (incorporated
herein by reference in its entirety) describes poly(ethylene

Feb. 17, 2022

glycol) based materials engineered to degrade via mamma-
lian enzymes (MMPs). Bryant S I et al., 2007, Biomaterials,
28(19): 2978-86 (U.S. Pat. No. 7,192,693 B2; incorporated
herein by reference in its entirety) describes a method to
produce hydrogels with macro-scale pores. A pore template
(e.g., poly-methylmethacrylate beads) is encapsulated
within a bulk hydrogel, and then acetone and methanol are
used to extract the porogen while leaving the bulk hydrogel
intact. Silva et al., 2008, Proc. Natl. Acad. Sci USA, 105(38):
14347-52 (incorporated herein by reference in its entirety;
US 2008/0044900) describes deployment of endothelial
progenitor cells from alginate sponges. The sponges are
made by forming alginate hydrogels and then freeze-drying
them (ice crystals form the pores). Ali et al., 2009, Nat Mater
(incorporated herein by reference in its entirety) describes
the use of porous scaffolds to recruit dendritic cells and
program them to elicit anti-tumor responses. Huebsch et al.,
2010, Nat Mater, 9: 518-26 (incorporated herein by refer-
ence in its entirety) describes the use of hydrogel elastic
modulus to control the differentiation of encapsulated mes-
enchymal stem cells.

[0246] In some embodiments, the scaffold composition
comprises open interconnected macropores. Alternatively or
in addition, the scaffold composition comprises a pore-
forming scaffold composition. In certain embodiments, the
pore-forming scaffold composition may comprise a sacrifi-
cial porogen hydrogel and a bulk hydrogel, wherein the
pore-forming scaffold composition lacks macropores. For
example, the sacrificial porogen hydrogel may degrade at
least 10% faster than the bulk hydrogel leaving macropores
in its place following administration of said pore-forming
scaffold into a subject. In some embodiments, the sacrificial
porogen hydrogel is in the form of porogens that degrade to
form said macropores. For example, the macropores may
comprise pores having a diameter of, e.g., about 10-400 pm.

Growth Factors

[0247] The compositions of the present invention can
comprise a growth factor. The term “growth factor,” as used
herein, refers to an agent that is capable of stimulating
cellular growth, proliferation, healing, and/or cellular dif-
ferentiation. In certain embodiments, growth factors are
polypeptides. Growth factor polypeptides typically act as
signaling molecules. In certain embodiments, the growth
factor polypeptides are cytokines.

[0248] In certain embodiments, the growth factor can
recruit a cell to the scaffold following the administration of
the composition to a subject. The recruited cell may be
autologous. For example, the recruited cell may be a stromal
cell from the subject. In certain embodiments, the autolo-
gous cell may be a stem cell (e.g., umbilical cord stem cells)
of the subject. The recruited cell may also be syngeneic,
allogeneic or xenogeneic. As used herein, the term “synge-
neic” refers to genetically identical, or sufficiently identical
and immunologically compatible as to allow for transplan-
tation. For example, syngeneic cells may include trans-
planted cells obtained from an identical twin. As used
herein, the term “allogeneic” refers to cells that are geneti-
cally dissimilar, although from individuals of the same
species. As used herein, the term “xenogeneic” refers to cells
derived from a different species and therefore genetically
different.

[0249] For example, the recruited cell may be a donor cell
in a transplantation. In certain embodiments, the transplan-



US 2022/0047778 Al

tation is a hematopoietic stem cell transplantation (HSCT).
As used herein, HSCT refers to the transplantation of
multipotent hematopoietic stem cells or hematopoietic pro-
genitor cells, usually derived from bone marrow, peripheral
blood, or umbilical cord blood. "HSCT may be autologous
(the patient’s own stem cells or progenitor cells are used),
allogeneic (the stem cells or progenitor cells come from a
donor), syngeneic (from an identical twin) or Xenogenic
(from different species).

[0250] The growth factors of the present invention may
induce the formation of a tissue or organ within or around
the administered composition. In certain embodiments, the
tissue or organ is a bony tissue or hematopoietic tissue. The
tissue formation may be restricted to the scaffold of the
composition.

[0251] Methods of incorporating polypeptides (e.g.,
growth factor polypeptides) are known in the art. See, U.S.
Pat. Nos. 8,728,456, 8,067,237, and 10,045,947, US Patent
Publication No.: US20140079752; International Patent Pub-
lication No.: W0O2017/136837; incorporated herein by ref-
erence in their entirety. The release of the growth factor
polypeptides may be controlled. The methods of controlled
release of polypeptides (e.g., growth factor polypeptides) are
known in the art. See, U.S. Pat. Nos. 8,728,456; 8,067,237,
10,045,946, incorporated by reference in their entirety. In
certain embodiments, the growth factors (e.g., BMP-2) may
be released over an extended period of time, such as 7-30
days or longer. The controlled release of the growth factors
may affect the timing of the formation of the tissue or organ
within the scaffold. In certain examples, the release of the
growth factors is controlled with the goal of creating a
functional, active bone nodule or tissue within one to two
weeks after subcutaneous injection of the compositions of
the present invention.

[0252] In certain embodiments, the growth factors retain
their bioactivity over an extended period of time. The term
“bioactivity,” as used herein, refers to the beneficial or
adverse effects of an agent, such as a growth factor. The
bioactivity of the growth factor may be measured by any
appropriate means. For example, the bioactivity of BMP-2
may be measured by its capacity to induce the formation of
bone nodule or tissue and/or recruit cells into the scaffold. In
certain example, the growth factors retain their bioactivity
for at least 10 days, 12 days, 14 days, 20 days, or 30 days
after the incorporation of the growth factors into the scaf-
fold.

[0253] Exemplary growth factors include, but are not
limited to, bone morphogenetic proteins (BMP), epidermal
growth factor (EGF), transforming growth factor beta (TGF-
), granulocyte-colony stimulating factor (G-CSF), granu-
locyte-macrophage colony stimulating factor (GM-CSF),
nerve growth factor (NGF), neurotrophins, Platelet-derived
growth factor (PDGF), erythropoietin (EPO), thrombopoi-
etin (TPO), myostatin (GDF-8), growth differentiation fac-
tor-9 (GDF9), acidic fibroblast growth factor (aFGF or
FGF-1), basic fibroblast growth factor (bFGF or FGF-2),
epidermal growth factor (EGF), hepatocyte growth factor
(HGF), insulin-like growth factor (IGF), and interleukins.

[0254] In some embodiments, the growth factor comprises
a protein belonging to the transforming growth factor beta
(TGF-p) superfamily. As used herein, TGF-§ superfamily is
a large group of structurally related cell regulatory proteins.
TGF-f superfamily includes four major subfamilies: the
TGF-f subfamily, the bone morphogenetic proteins and the
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growth differentiation factors, the activing and inhibin sub-
families, and a group encompassing various divergent mem-
bers. Proteins from the TGF-f superfamily are active as
homo- or heterodimer, the two chains being linked by a
single disulfide bond. TGF-f superfamily proteins interact
with a conserved family of cell surface serine/threonine-
specific protein kinase receptors, and generate intracellular
signals using a conserved family of proteins called SMAD:s.
TGF-f superfamily proteins play important roles in the
regulation of basic biological processes such as growth,
development, tissue homeostasis and regulation of the
immune system.

[0255] Exemplary TGF-f superfamily proteins include,
but are not limited to, AMH, ARTN, BMP10, BMP15,
BMP2, BMP3, BMP4, BMP5, BMP6, BMP7, BMPSA,
BMP8B, GDF1, GDF10, GDF11, GDF15, GDF2, GDF3,
GDF3A, GDF5, GDF6, GDF7, GDF8, GDF9, GDNEF,
INHA, INHBA, INHBB, INHBC, INHBE, LEFTY],
LEFTY2, MSTN, NODAL, NRTN, PSPN, TGF-f1, TGF-
p2, TGF-p3, and TGF-p4. In a particular embodiment, the
growth factor is BMP2.

[0256] In certain embodiments, the growth factor com-
prises a bone morphogenetic protein (BMP). As used herein,
a BMP is a protein belonging to a group of growth factors
also known as cytokines and as metabologens. BMPs can
induce the formation of bone and cartilage and constitute a
group of important morphogenetic signals, orchestrating
tissue architecture throughout the body. Absence or defi-
ciency of BMP signaling may be an important factor in
diseases or disorders.

[0257] In certain embodiments, the BMP is selected from
a group consisting of a BMP-2, a BMP-4, a BMP-6, a
BMP-7, a BMP-12, a BMP-14, and any combination
thereof. In certain embodiments, the BMP is BMP-2. BMP-2
plays an important role in the development of bone and
cartilage. BMP-2 can potently induce osteoblast differentia-
tion in a variety of cell types.

[0258] In certain embodiments, the growth factor com-
prises a TGF-p subfamily protein. As used herein, TGF-f
subfamily protein or TGF-f is a multifunctional cytokine
that includes four different isoforms (TGF-f1, TGF-p2,
TGF-$3, and TGF-B4). Activated TGF-f complexes with
other factors to form a serine/threonine kinase complex that
binds to TGF-p receptors, which is composed of both type
1 and type 2 receptor subunits. After the binding of TGF-p,
the type 2 receptor kinase phosphorylates and activates the
type 1 receptor kinase that activates a signaling cascade.
This leads to the activation of different downstream sub-
strates and regulatory proteins, inducing transcription of
different target genes that function in differentiation, chemo-
taxis, proliferation, and activation of many immune cells.
[0259] In certain embodiments, the growth factor com-
prises a TGF-p1. TGF-p1 plays a role in the induction from
CD4+ T cells of both induced Tregs (iTregs), which have a
regulatory function, and T,17 cells, which secrete pro-
inflammatory cytokines. TGF-$1 alone precipitates the
expression of Foxp3 and Treg differentiation from activated
T helper cells.

[0260] The growth factors, (e.g., BMP-2 or TGF-f1), may
be isolated from endogenous sources or synthesized in vivo
or in vitro. Endogenous growth factor polypeptides may be
isolated from healthy human tissue. Synthetic growth factor
polypeptides are synthesized in vivo following transfection
or transformation of template DNA into a host organism or
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cell, e.g., a mammalian or human cell line. Alternatively,
synthetic growth factor polypeptides are synthesized in vitro
by cell free translation or other art-recognized methods
Sambrook, I., Fritsch, E. F., and Maniatis, T., Molecular
Cloning: A Laboratory Manual. Cold Spring Harbor Labo-
ratory Press, NY, Vol. 1, 2, 3 (1989), herein incorporated by
reference.

[0261] In certain embodiments, growth factor (e.g.,
BMP-2 or TGF-f1) polypeptides may be recombinant. In
some embodiments, growth factor polypeptides are human-
ized derivatives of mammalian growth factor polypeptides.
Exemplary mammalian species from which growth factor
polypeptides are derived include, but are not limited to,
mouse, rat, hamster, guinea pig, ferret, cat, dog, monkey, or
primate. In some embodiments, the growth factor is a
recombinant human protein. In some embodiments, the
growth factor is a recombinant murine (mouse) protein. In
some embodiments, the growth factor is a humanized
derivative of a recombinant mouse protein.

[0262] In certain embodiments, the growth factor poly-
peptides may be modified to increase protein stability in
vivo. In certain embodiments, the growth factor polypep-
tides may be engineered to be more or less immunogenic.
The terms “immunogenic” and “immunogenicity” refer to
the ability of a particular substance, such as a protein, an
antigen, or an epitope, to provoke an immune response in the
body of a human and other animal.

[0263] In certain embodiments, the growth factors may be
present at between about 0.001 nmol and about 1000 nmol
per scaffold, or about 0.001 and about 100 nmol per scaffold,
or about 0.001 nmol and about 1 nmol per scaffold.
[0264] In some embodiments, the growth factors may be
present at between about 1 ng to 1000 micrograms per
scaffold. For example, the growth factors may be present at
an amount between about 1 pug and about 1000 pg, between
about 1 pg and 500 pg, between about 1 pg and about 200
ng, between about 1 pg and about 100 ng, between about 1
pg and about 50 ng, or between about 1 pg and 10 pg.
[0265] In certain embodiments, the composition of the
present invention comprises nanogram quantities of growth
factors (e.g., about 1 ng to about 1000 ng of BMP-2). For
example, the growth factors may be present at an amount
between about 5 ng and about 500 ng, between about 5 ng
and about 250 ng, between about 5 ng and about 200 ng,
between about 10 ng and about 200 ng, between about 25 ng
and about 200 ng, between about 50 ng and 200 ng, between
about 100 ng and 200 ng, and about 200 ng. Nanogram
quantities of the growth factor are also released in a con-
trolled manner. The nanogram quantities of the growth
factors and/or the controlled release can contribute to
reduced toxicity of the compositions and methods of the
present invention as compared to other delivery system,
which uses high dose of growth factors and has suboptimal
release kinetics.

[0266] In various embodiments, the amount of growth
factors present in a scaffold may vary according to the size
of the scaffold. For example, the growth factor may be
present at about 0.03 ng/mm?> (the ratio of the amount of
growth factors in weight to the volume of the scaffold) to
about 350 ng/mm?>, such as between about 0.1 ng/mm> and
about 300 ng/mm?, between about 0.5 ng/mm?® and about
250 ng/mm°, between about 1 ng/mm’> and about 200
ng/mm?, between about 2 ng/mm> and about 150 ng/mm?,
between about 3 ng/mm® and about 100 ng/mm?>, between
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about 4 ng/mm> and about 50 ng/mm?, between about 5
ng/mm? and 25 ng/mm?>, between about 6 ng/mm> and about
10 ng/mm>, or between about 6.5 ng/mm> and about 7.0
ng/mm>.

[0267] In some embodiments, the amount of growth fac-
tors may be present at between about 300 ng/mm”> and about
350 ug/mm?®, such as between about 400 ng/mm> and
between about 300 pg/mm?, between about 500 ng/mm> and
about 200 pg/mm?>, between about 1 pg/mm?> and about 100
pg/mm®, between about 5 pug/mm?> and about 50 pug/mm?,
between about 10 pg/mm? and about 25 pg/mm?>

Differentiation Factors

[0268] The composition of the present invention can com-
prise a differentiation factor. As used herein, a differentiation
factor is an agent that can induce the differentiation of a cell,
for example, a recruited cell. In certain embodiments, the
differentiation factor is a polypeptide. As used herein, “dif-
ferentiation,” “cell differentiation,” “cellular differentiation,
” or other similar terms refer to the process where a cell
changes from one cell type to another. In certain embodi-
ments, the cell changes to a more specialized type, e.g., from
a stem cell or a progenitor cell to a T cell progenitor cell.
Differentiation occurs numerous times during the develop-
ment of a multicellular organism as it changes from a simple
zygote to a complex system of tissues and cell types.
Differentiation continues in adulthood as adult stem cells
divide and create fully differentiated daughter cells during
tissue repair and during normal cell turnover. Differentiation
may change a cell’s size, shape, membrane potential, meta-
bolic activity, and responsiveness to signals. These changes
may be due to highly controlled modifications in gene
expression.

[0269] Among dividing cells, there are multiple levels of
cell potency, the cell’s ability to differentiate into other cell
types. A greater potency indicates a larger number of cell
types that can be derived. A cell that can differentiate into all
cell types, including the placental tissue, is known as toti-
potent. A cell that can differentiate into all cell types of the
adult organism is known as pluripotent. In mammals, e.g.,
human being, a pluripotent cell may include embryonic stem
cells and adult pluripotent cells. Induced pluripotent stem
(iPS) cells may be created from fibroblasts by induced
expression of certain transcription factors, e.g., Oct4, Sox2,
c-Myec, and KIF4. A multipotent cell is one that can differ-
entiate into multiple different, but closely related cell types.
Oligopotent cells are more restricted than multipotent, but
can still differentiate into a few closely related cell types.
Finally, unipotent cells can differentiate into only one cell
type, but are capable of self-renewal.

[0270] In certain embodiments, the differentiation factors
of the present invention induce the differentiation of stem
cells or progenitor cells into T-cell progenitor cells. As used
herein, the term “T cell progenitor cell” refers to a progenitor
cell that ultimately can differentiate to a T lymphocyte (T
cell). The term “lymphocyte,” as used herein, refers to one
of the subtypes of white blood cell in a vertebrate’s (e.g.,
human being) immune system. Lymphocytes include natural
killer cells, T cells, and B cells. Lymphocytes originate from
a common lymphoid progenitor during hematopoiesis, a
process during which stem cells differentiate into several
kinds of blood cells within the bone marrow, before differ-
entiating into their distinct lymphocyte types.

29 <
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[0271] In some embodiments, the T cell progenitor cell
comprises a common lymphoid progenitor cell. The term
“common lymphoid progenitor cell,” as used herein, refers
to the earliest lymphoid progenitor cells, which give rise to
lymphocytes including T-lineage cells, B-lineage cells, and
natural killer (NK) cells. In various embodiment, the T cell
progenitor cell comprises a T cell competent common lym-
phoid progenitor cell. The term “T cell competent common
lymphoid progenitor cell,” as used herein, refers to a com-
mon lymphoid progenitor cell that differentiates into T-lin-
eage progenitor cell. A T cell competent common lymphoid
progenitor is usually characterized by lacking of biomarker
Ly6D. The composition of the present invention can create
an ectopic niche that mimics important features of bone
marrow and induces the differentiation of stem cells or
progenitor cells into T cell progenitor cells.

[0272] In certain embodiments, the lymphocytes comprise
T cells. In some embodiments, the T cells are naive T cells.
As used herein, a naive T cell is a T cell that has differen-
tiated in bone marrow. Naive T cells may include CD4* T
cells, CD8* T cells, and regulatory T cells (T,,.).

[0273] In certain embodiments, the differentiation factors
induce the differentiation of the recruited cells into T cell
progenitor cells. In certain embodiments, the differentiation
factors induce the differentiation of the recruited cells into T
cell progenitor cells through the Notch signaling pathway.
The Notch signaling pathway is a highly conserved cell
signaling system present in many multicellular organisms.
Mammals possess four different Notch receptors, referred to
as Notchl, Notch2, Notch3, and Notch4. Notch signaling
plays an important role in T cell lineage differentiation from
common lymphoid progenitor cells. In certain embodiments,
the differentiation factors bind to one or more Notch recep-
tors and activates the Notch signaling pathway. In certain
embodiments, the differentiation factor is selected from a
group consisting of a Delta-like 1 (DLL-1), a Delta-like 2
(DLL-2), a Delta-like 3 (DLL-3), a Delta-like 3 (DLL-3), a
Delta-like 4 (DLL-4), a Jagged 1, a Jagged 2, and any
combination thereof. In certain embodiments, the binding of
the differentiation factor to one or more Notch receptors
activates the Notch signaling pathway and induces T cell
lineage differentiation.

[0274] Incertain embodiments, the differentiation factor is
a Delta-like 4 (DLL-4). DLL-4 is a protein that is a homolog
of the Drosophila Delta protein. The Delta protein family
includes Notch ligands that are characterized by a DSL
domain, EGF repeats, and a transmembrane domain.
[0275] In certain embodiments, the differentiation factor
polypeptides are isolated from endogenous sources or syn-
thesized in vivo or in vitro. Endogenous differentiation
factor polypeptides may be isolated from healthy human
tissue. Synthetic differentiation factor polypeptides are syn-
thesized in vivo following transtection or transformation of
template DNA into a host organism or cell, e.g., a mammal
or cultured human cell line. Alternatively, synthetic differ-
entiation factor polypeptides are synthesized in vitro by cell
free translation or other art-recognized methods Sambrook,
J., Fritsch, E. F., and Maniatis, T., Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Laboratory Press,
NY, Vol. 1, 2, 3 (1989), herein incorporated by reference).
[0276] In certain embodiments, differentiation factor poly-
peptides may be recombinant. In some embodiments, the
differentiation factor polypeptides are humanized deriva-
tives of mammalian differentiation factor polypeptides.
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Exemplary mammalian species from which the differentia-
tion factor polypeptides are derived include, but are not
limited to, mouse, rat, hamster, guinea pig, ferret, cat, dog,
monkey, or primate. In some embodiments, the differentia-
tion factor is a recombinant human protein. In some embodi-
ments, the differentiation factor is a recombinant murine
(mouse) protein. In some embodiments, the differentiation
factor is a humanized derivative of a recombinant mouse
protein.

[0277] In certain embodiments, the differentiation factor
polypeptides may be modified to achieve a desired activity,
for example, to increase protein stability in vivo. In certain
embodiments, the differentiation factor polypeptides may be
engineered to be more or less immunogenic.

[0278] In certain embodiments, the differentiation factor
(e.g., DLL-4) may be covalently linked to the scaffold of the
present invention. For example, rather than being released
from a scaffold material, a differentiation factor may be
covalently bound to polymer backbone and retained within
the composition that forms following implantation of the
composition in the subject. By covalently binding or cou-
pling a differentiation factor to the scaffold material, such
differentiation factor will be retained within the scaffold that
forms following administration of the composition to a
subject, and thus will be available to promote the differen-
tiation of stem cells or progenitor cells, as contemplated
herein. In certain embodiments, the differentiation factors
are conjugated to the scaffold material utilizing N-hydrox-
ysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopro-
pylcarbodiimide hydrochloride (EDC) chemistry. Any
methods of covalently binding or coupling differentiation
factors known in the art may be used and are not limited. See
“Bioconjugate Techniques Bioconjugate Techniques (Third
Addition)”, Greg T. Hermanson, Academic, Greg T. Her-
manson, Academic Press, 2013 Press, 2013. In some
embodiments, the differentiation factor may be covalently
linked to the scaffold utilizing click chemistry. The methods
of covalently binding or coupling differentiation factors
include, but are not limited to, avidin-biotin reaction, azide
and dibenzocycloocytne chemistry, tetrazine and transcy-
clooctene chemistry, tetrazine and norbornene chemistry, or
di-sulfide bond.

[0279] In certain embodiments, the differentiation factors
(e.g., DLL-4) of the present invention further comprise a
tether (e.g., PEG, PEG,,) and a methacrylate group (MA). In
certain embodiments, the differentiation factor is methacry-
lated DLL-4-PEG.,,.

[0280] In certain embodiments, the covalent linking
retains the differentiation factors within the scaffold to
provide the differentiation signal to the recruited cells in the
scaffold. For example, less than 1% of the total differentia-
tion factor is detected outside of the scaffold. The bioactivity
of the differentiation factor may be retained for an extended
period of time, such as at least three months after incorpo-
ration to the scaffold. The bioactivity of the differentiation
factors may be measured by any appropriate methods, such
as a colorimetric assay for DLL-4.

[0281] In certain embodiments, the differentiation factors
may be present at between about 0.01 nmol and 1000 nmol,
about 0.1 nmol and 100 nmol, or about 1 nmol and 10 nmol
per scaffold.

[0282] In some embodiments, the differentiation factors
may be present at between about 1 ng and 1000 micrograms
per scaffold. For example, the differentiation factor may be
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present at between about 10 ng and about 500 pg, between
about 50 ng and about 250 pg, between about 100 ng and
about 200 pg, between about 1 pug and about 100 pg, between
about 1 pg and about 50 pg, between about 1 pg and about
25 ug, between about 1 pg and about 10 pg, between about
2 pg and about 10 pg, or about 6 ug.

[0283] In various embodiments, the amount of differen-
tiation factor present in a scaffold may vary according to the
size of the scaffold. For example, the differentiation factor
may be present at about 0.03 ng/mm’ (the ratio of the
amount of differentiation factor in weight to the volume of
the scaffold) to about 350 pg/mm?>, such as between about
0.1 ng/mm® and about 300 pg/mm?>, between about 1
ng/mm?® and about 250 pg/mm?>, between about 10 ng/mm?>
and about 200 pg/mm’, between about 0.1 pg/mm® and
about 100 pug/mm?>, between about 0.1 pg/mm? and 50 about
pg/mm°>, or between about 0.1 pg/mm® and about 20
pg/mm?>, between about 0.1 pug/mm> and about 10 pg/mm?,
between about 0.1 ug/mm?® and about 5 pug/mm?, between
about 0.1 pg/mm> and about 1 pg/mm?, between about 0.1
pg/mm® and 0.5 pg/mm?>, or about 0.2 pg/mm?.

[0284] In certain embodiments, the DLL.-4 may be present
at about 6 pg per scaffold.

Homing Factors

[0285] In certain embodiments, the composition of the
present invention may further comprise a homing factor. As
used herein, the term “homing factor” refers to an agent that
is capable of inducing directed movement of a cell, e.g., a
stem cell or a progenitor cell. In certain embodiments, the
homing factors of the present invention are signaling pro-
teins that can induce directed chemotaxis in nearby respon-
sive cells. In various embodiments, the homing factors are
cytokines and/or chemokines.

[0286] In certain embodiments, the inclusion of such
homing factors in the compositions of the present invention
promotes the homing of cells (e.g., transplanted stem cells
and/or progenitor cells) to the scaffold composition admin-
istered to a subject. In certain aspects, such homing factors
promote the infiltration of the cells (e.g., transplanted stem
cells or progenitor cells) to the scaffold composition admin-
istered to the subject. In some embodiments, the homing
factors comprise stromal cell derived factor (SDF-1). In
certain embodiments, the homing factors are encapsulated in
the material. In certain embodiments, the homing factors are
released from the material over an extended period of time
(e.g., about 7-30 days or longer, about 17-18 days).

[0287] In certain embodiments, the homing factors retain
their bioactivity over an extended period of time. The
bioactivity of the growth factor may be measured by any
appropriate means. In certain example, the homing factors
retain their bioactivity for at least 10 days, 12 days, 14 days,
20 days, or 30 days after the incorporation of the homing
factors into the scaffold.

[0288] In some embodiments, the homing factors may be
present at between about 0.01 nmol and 1000 nmol, about
0.1 nmol and 100 nmol, or about 1 nmol and 10 nmol per
scaffold.

[0289] In some embodiments, the homing factors may be
present at between about 1 ng and 1000 micrograms per
scaffold. For example, the homing factor may be present at
between about 10 ng and about 500 pg, between about 50 ng
and about 250 pg, between about 100 ng and about 200 pg,
between about 1 pg and about 100 pg, between about 1 pg
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and about 50 pg, between about 1 pg and about 25 g,
between about 1 pug and about 10 pg, between about 2 ug and
about 10 pg, or about 6 ng.

[0290] In various embodiments, the amount of differen-
tiation factor present in a scaffold may vary according to the
size of the scaffold. For example, the differentiation factor
may be present at about 0.03 ng/mm’ (the ratio of the
amount of differentiation factor in weight to the volume of
the scaffold) to about 350 pug/mm?>, such as between about
0.1 ng/mm> and about 300 pg/mm°>, between about 1
ng/mm? and about 250 pg/mm?>, between about 10 ng/mm?>
and about 200 pg/mm’, between about 0.1 pg/mm® and
about 100 pug/mm?>, between about 0.1 ng/mm? and 50 about
pg/mm?>, or between about 0.1 pg/mm® and about 20
pg/mm®, between about 0.1 pg/mm> and about 10 ug/mm?,
between about 0.1 pg/mm> and about 5 ug/mm?, between
about 0.1 pg/mm?> and about 1 pg/mm?, between about 0.1
pg/mm?> and 0.5 pg/mm?, or about 0.2 pg/mm?>

Exemplary Scaffold Compositions

[0291] The present invention provides scaffold composi-
tion for modulating the immune system in a subject. The
compositions of the present invention include a porous
scaffold, a growth factor present at an amount effective for
inducing formation of a tissue or an organ with the scaffold
and recruiting a cell into the scaffold, and a differentiation
factor that induces the differentiation of the recruited cell
into a T cell progenitor cell.

[0292] In one aspect, the present invention provides a
composition for modulating the immune system in a subject,
including a porous scaffold; a growth factor present at
between about 1 ng to about 1000 ug per scaffold, and in an
amount effective for inducing formation of a tissue or an
organ within the scaffold and recruiting a cell into the
scaffold; and a differentiation factor that induces the differ-
entiation of the recruited cell into a lymphocyte T cell
progenitor cell. For example, the growth factors may be
present at an amount between about 1 ng and about 500 pg,
between about 1 ng and about 200 pg, between about 1 ng
and about 100 pg, between about 1 ng and about 50 pg, or
between about 1 ng and 10 pg.

[0293] In another aspect, the present invention provides a
composition for modulating the immune system in a subject,
including a porous scaffold; a growth factor present at
between about 1 ng to about 1000 ng per scaffold, and in an
amount effective for inducing formation of a tissue or an
organ within the scaffold and recruiting a cell into the
scaffold; and a differentiation factor that induces the differ-
entiation of the recruited cell into a lymphocyte T cell
progenitor cell. In more particular embodiments, the growth
factors are present at between about 5 ng to about 500 ng,
between about 5 ng to about 250 ng, between about 5 ng to
about 200 ng, or at about 200 ng.

[0294] In yet a further aspect, the present invention is
directed to a composition for modulating the immune system
in a subject, including a porous scaffold; a growth factor
present at between about 0.03 ng/mm?® to about 350 ng/mm?>
by volume of scaffold, and in an amount effective for
inducing formation of a tissue or an organ within the scaffold
and recruiting a cell into the scaffold; and a differentiation
factor that induces the differentiation of the recruited cell
into a T cell progenitor cell. In various embodiments, the
growth factor may be present at about 0.1 ng/mm? and about
300 ng/mm>, between about 0.5 ng/mm> and about 250



US 2022/0047778 Al

ng/mm?>, between about 1 ng/mm> and about 200 ng/mm?,
between about 2 ng/mm? and about 150 ng/mm?>, between
about 3 ng/mm> and about 100 ng/mm?>, between about 4
ng/mm? and about 50 ng/mm?, between about 5 ng/mm> and
25 ng/mm?>, between about 6 ng/mm? and about 10 ng/mm?,
or between about 6.5 ng/mm> and about 7.0 ng/mm>.
[0295] The composition may be designed to release
growth factors in a controlled manner. The reduced quanti-
ties of the growth factor and/or the controlled release offers
advantages over the art, such as reduced toxicity associated
with the use of high level of growth factors, e.g., BMP-2,
and suboptimal release kinetics.

[0296] In various embodiments, the growth factors are a
bone morphogenetic protein, such as BMP-2, BMP-4, BMP-
7, BMP-12, BMP-14, or any combination thereof. In some
embodiments, the growth factors are BMP-2. In certain
embodiments, the growth factors are a TGF-f, such as
TGF-p1, TGF-p2, TGF-p3, TGF-f4, or any combination
thereof. In a particular embodiment, the growth factor
includes TGF-f1.

[0297] The porous scaffolds of the compositions accord-
ing to the present invention can be any biocompatible and
biodegradable scaffolds. In certain embodiments, the porous
scaffolds comprises a hydrogel or cryogel. In various
embodiments, the hydrogel or cryogel comprises an alginate
or an alginate derivative, a gelation or a gelatin derivative,
or a hyaluronic acid or a hyaluronic acid derivative.
[0298] In certain embodiments, the differentiation factors
of the present invention comprise a polypeptide that binds to
a Notch receptor. In various embodiments, the differentia-
tion factors are selected from the group consisting of a
Delta-like 1 (DLL-1), a Delta-like 2 (DLL-2), a Delta-like 3
(DLL-3), a Delta-like 3 (DLL-3), a Delta-like 4 (DLL-4), a
Jagged 1, a Jagged 2, and any combination thereof. In some
embodiments, the differentiation factors comprise DLL-4. In
certain embodiments, the differentiation factors are cova-
lently linked to the porous scaffold.

[0299] In a particular embodiments, the compositions of
the present invention comprise an injectable cryogel, which
comprises an alginate or an alginate derivative, such as
methacrylated alginate, or a hyaluronic acid or a hyaluronic
acid derivative; a growth factor that is a bone morphogenetic
protein, such as BMP-2; and a differentiation factor that is
a Delta-like family protein, such as DLL-4. The growth
factor may be present at about 200 ng per scaffold or
between about 6.5 ng/mm> and 7.0 ng/mm°.

II1. Methods of Modulating Immune System

[0300] The present invention features methods of modu-
lating the immune system of a subject. In certain embodi-
ments of the present inventions, the methods of modulating
the immune system of the subject comprise administering to
the subject one or more compositions of the present inven-
tion. The composition may include a porous scaffold, a
growth factor present in an amount effective for inducing
formation of a tissue or an organ within the scaffold and
recruiting a cell into the scaffold, and a differentiation factor
that induces the differentiation of the recruited cell into a T
cell progenitor cell. In a particular embodiment, the com-
position includes a porous scaffold; a growth factor present
at between about 1 ng to about 1000 ng per scaffold and in
an amount effective for inducing formation of a tissue or an
organ within the scaffold and recruiting a cell into the

Feb. 17, 2022

scaffold; and a differentiation factor that induces the differ-
entiation of the recruited cell into a lymphocyte.

[0301] In certain embodiments, the methods further com-
prise administering to the subject a hematopoietic stem cell
or a hematopoietic progenitor cell.

[0302] In certain embodiments, the cells are stem cells or
progenitor cells. As used herein, the term “stem cell” refers
to a biological cell that can differentiate into other types of
cells and can divide to produce more of the same type of
stem cells. Stem cells include embryonic stem cells, which
are isolated from the inner cell mass of blastocysts, and adult
stem cells, which are found in various tissues. In adult
organisms, stem cells and progenitor cells act as a repair
system for the body, replenishing adult tissues. In certain
embodiments, the stem cells are embryonic stem cells, fetal
stem cells, amniotic stem cells, umbilical cord stem cells,
adult stem cells, or induced pluripotent stem cells. In certain
embodiments, the stem cells are hematopoietic stem cells.
Hematopoietic stem cells are the stem cells that give rise to
other blood cells, including both myeloid and lymphoid
lineage of blood cells.

[0303] As used herein, the term “progenitor cell” refers to
a biological cell that can differentiate into a specific type of
cell. Progenitor cells are generally more differentiated than
stem cells. Typically, progenitor cells can only divide a
limited number of times.

[0304] In certain embodiments, the progenitor cells are
blast cells, such as thymocytes, lymphoblasts, myeloid, or
bone marrow precursor cells. In certain embodiments, the
progenitor cells are cells that are capable of differentiating
into T cell progenitor cells. In certain embodiments, the
lymphocytes include T cells, such as naive T cells.

[0305] In certain embodiments, the recruited cells are
hematopoietic bone marrow cells, or mobilized peripheral
blood cells.

[0306] In certain embodiments, the cells may be recom-
binant cells. The term “recombinant cell,” as used herein,
refers to a cell into which a genetic modification has been
introduced. The genetic modification may be at chromo-
somal level or extra-chromosomal. “Genetic modification at
chromosomal level” refers to the genetic modification in the
genome of the cell, e.g., insertion, deletion, and/or substi-
tution on the chromosome of the cell. Extra-chromosomal
genetic modification refers to the genetic modification not
located in the genome of the cell. For example, a plasmid
containing a protein encoding gene may be introduced to the
cell. The plasmid may replicate and transmit from parental
cells to offspring cells.

[0307] In various embodiments, the genetic modification
introduces a gene into the cell. The introduced gene may
compensate for the function of a defective gene of the cell.
For example, the cell may contain a mutant defective gene.
The genetic modification may introduce a wild type func-
tional gene into the cell to restore the function of the gene.
In some embodiment, the genetic modification may increase
or decrease the expression of certain gene. For example, the
genetic modification may introduce a small interfering RNA
(siRNA) specific to a gene to inhibit the expression of the
gene.

[0308] The methods to genetically modify a cell are com-
monly known in the art such as the methods described in
Sambrook, I., Fritsch, E. F., and Maniatis, T., Molecular



US 2022/0047778 Al

Cloning: A Laboratory Manual. Cold Spring Harbor Labo-
ratory Press, NY, Vol. 1, 2, 3 (1989), herein incorporated by
reference.

[0309] In certain embodiments, the genetic modification
may be introduced through gene editing, also known as
genome editing. Gene editing is a group of technologies that
give skilled artisans the ability to change an organism’s
DNA. These technologies allow genetic material to be
added, removed, or altered at particular locations in the
genome. Gene editing technologies include, but are not
limited to, meganucleases system, Zinc finger nucleases
(ZFN) system, transcription activator-like effector nucleases
(TALENSs) system, and CRISPR-Cas system. CRISPR-Cas
systems, which is short for clustered regularly interspaced
short palindromic repeats and CRISPR-associated protein
systems, in particular CRISP-Cas9, is faster, cheaper, more
accurate, and more efficient than other existing genome
editing methods.

[0310] In certain embodiments, the present invention fea-
tures methods that modulate the immune system of a subject
after the subject receives a transplantation. For example, the
subject may receive a hematopoietic stem cell transplanta-
tion. In certain embodiments, the compositions of the pres-
ent invention are administered to the subject concurrently
with, or after, the hematopoietic stem cell transplantation.
[0311] In certain embodiments, at least two compositions
are administered to the subject. The compositions can be of
similar size.

[0312] In certain embodiments, the methods of the present
invention modulate the immune response of a human over
30 years of age. For example, the human may be over 40,
over 50, over 60, over 70, over 80 years of age.

[0313] In some embodiments, one or more compositions
of'the present invention (e.g., bone marrow cryogels) may be
administered in conjunction with stem cell mobilization
techniques. Stem cell mobilization is a process by which
certain cell mobilization agents are used to cause the move-
ment of stem cells from the bone marrow into the blood,
such as described in Hopman and DiPersio, Advances in
Stem Cell Mobilization, Blood Rev., 2014, 28(1): 31-40, the
content of which is incorporated herein by reference. Such
techniques may also be used for mobilization of progenitor
cells.

[0314] Accordingly, in certain embodiments, a subject is
administered a stem and/or progenitor cell mobilization
agent in an amount effective to induce the movement of
stem/progenitor cells from bone marrow into the blood.
Released stem and/or progenitor cells are subsequently
recruited to the composition of the present invention (e.g., a
bone marrow cryogel) to differentiate into T cell progenitor
cells. The stem and/or progenitor cell mobilization agent
may be administered prior to, concurrently with, or follow-
ing the administration of the composition (e.g., a bone
marrow cryogel).

[0315] In various embodiments, the composition of the
present invention (e.g., a bone marrow cryogel) may be
administered to a subject in conjunction with a stem and/or
progenitor cell mobilization agent. In particular embodi-
ments, the subject is a human with advanced age, for
example, the human may be over 30, 40, 50, 60, 70, or 80
years old. The stem and/or progenitor cell mobilization
agent may mobilize the subject’s own stem and/or progeni-
tor cells out of the bone marrow so these cells can home to
the composition of the present invention, thereby enhancing
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generation of T cells in the subject without involving other
conditioning or stem cell transplant.

[0316] In certain embodiments, the composition of the
present invention (e.g., a bone marrow cryogel) may be
administered to a subject in conjunction with stem and/or
progenitor cell mobilization techniques and stem cell trans-
plantation. The transplantation may be autologous, alloge-
neic, or xenogeneic.

[0317] In some embodiments, a therapeutically-effective
amount of one, or more cell mobilization agents that can
stimulate mobilization into the peripheral bloodstream, pro-
duction and/or improve function of one or more cell types is
administered. The agent(s) could be given through any
desired route of administration, including orally, rectally,
intravenously, intramuscularly, subcutaneously, or an aero-
sol. Some non-limiting embodiments of an agent that can
stimulate mobilization into the peripheral bloodstream, pro-
duction of and/or improve function of a cell type include
IL-1, IL-2, IL-3, IL-6, GM-CSF, G-CSF, plerixafor, PDGF,
TGF-beta, NGF, IGFs, growth hormone, erythropoietin,
thrombopoietin, and the like. In addition to naturally occur-
ring growth factors, growth factor analogs and growth factor
derivatives such as fusion proteins can be used as well. In
some embodiments, the method involves administration of a
therapeutically-effective amount of G-CSF and a therapeu-
tically-effective amount of electromagnetic radiation. In
some embodiments, the method comprises administering a
combination of a therapeutically-effective amount of
plerixafor and a therapeutically-effective amount of electro-
magnetic radiation. In some embodiments, a therapeutically-
effective amount of electromagnetic radiation is combined
with another agent that, in some embodiments, could be a
hematopoietic stem cell mobilizer. In some embodiments, a
therapeutically-effective amount of electromagnetic radia-
tion is combined with combinations of two or more of
G-CSF, GM-CSF, plerixafor, IL-1, IL-2, IL-3, IL-6, PDGF,
TGF-beta, NGF, IGFs, growth hormone, erythropoietin,
thrombopoietin or another agent.

Recruitment and Differentiation of Cells into T Cell Pro-
genitor Cells

[0318] In one aspect, the present invention features meth-
ods for recruiting cells into a scaffold and inducing the
differentiation of the recruited cells into T cell progenitor
cells. Specifically, the methods include administering to the
subject one or more compositions of the present invention
including a porous scaffold, a growth factor present in an
amount effective for inducing formation of a tissue or an
organ within the scaffold and recruiting a cell into the
scaffold, and a differentiation factor that induces the differ-
entiation of the recruited cell into a lymphocyte. In a
particular embodiment, the subject is administered a com-
position including a porous scaffold; a growth factor present
at between about 1 ng and about 1000 ng per scaffold, e.g.,
between about 5 ng and about 500 ng, between about 5 ng
and about 250 ng, between about 5 ng and about 200 ng or
at about 200 ng, and in an amount effective for inducing
formation of a tissue or an organ within the scaffold and
recruiting a cell into the scaffold; and a differentiation factor
that induces the differentiation of the recruited cell into a
lymphocyte. In another particular embodiment, the subject is
administered a composition including a porous scaffold; a
growth factor present at between about 1 ng and about 1000
ng per scaffold, e.g., between about 1 ng and about 500 pg,
between about 5 pg and about 250 pg, or between about 10
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ng and about 100 pg, and in an amount effective for inducing
formation of a tissue or an organ within the scaffold and
recruiting a cell into the scaffold; and a differentiation factor
that induces the differentiation of the recruited cell into a
lymphocyte. In yet another embodiment, the subject is
administered a composition including a porous scaffold; a
growth factor present at about 0.03 ng/mm? (the ratio of the
amount of growth factors in weight to the volume of the
scaffold) to about 350 ng/mm?>, e.g., such as between about
0.1 ng/mm® and about 300 ng/mm’, between about 0.5
ng/mm?® and about 250 ng/mm?>, between about 1 ng/mm?>
and about 200 ng/mm?, between about 2 ng/mm?> and about
150 ng/mm?>, between about 3 ng/mm> and about 100
ng/mm?>, between about 4 ng/mm? and about 50 ng/mm? or
between about 5 ng/mm> and 25 ng/mm?>, and in an amount
effective for inducing formation of a tissue or an organ
within the scaffold and recruiting a cell into the scaffold; and
a differentiation factor that induces the differentiation of the
recruited cell into a lymphocyte.

[0319] In certain embodiments, the growth factors and/or
homing factors serve to recruit cells into the scaffold of the
present invention. The differentiation factors and, optionally,
the growth factors of the composition subsequently induce
the differentiation of the cells into T cell progenitor cells.

[0320] In some embodiments, the methods further com-
prise administering to the subject a hematopoietic stem cell
or a hematopoietic progenitor cell.

[0321] In certain embodiments, the growth factors (e.g.,
BMP-2) and/or the homing factors (e.g., SDF-1) recruit stem
cells or progenitor cells that are capable of differentiating
into T cell progenitor cells. The differentiation factors (e.g.,
DLIL-4) induce the differentiation of the stem cells or the
progenitor cells into T cell progenitor cells. In certain
embodiments, the lymphocytes include naive T cells. In
certain embodiments, the lymphocytes include T cells such
as CD4" T cells, CD8" T cells, and/or regulatory T cells

(Tregs)-

[0322] In certain embodiments, the recruited cells are
transplanted cells. The transplanted cells (e.g., hematopoi-
etic stem cells or progenitor cells) may be autologous. For
example, the transplanted cells may be the subject’s own
umbilical cord stem cells or stem cells obtained from the
subject before a treatment, such as radiation treatment. The
transplanted cells may be syngeneic, such as hematopoietic
stem cells or progenitor cells from an identical twin of the
subject. The transplanted cells may also be allogeneic, such
as hematopoietic stem cells or progenitor cells obtained
from a donor of the same species. The transplanted cells may
also be xenogeneic, such as hematopoietic stem cells or
progenitor cells obtained from a different species.

[0323] In certain embodiments, the cells may be bone
marrow stromal cells from the subject. Stromal cells refer to
connective tissue cells of an organ, such as bone marrow.
Stromal cells support the function of the parenchymal cells
of that organ (e.g., bone marrow). Bone marrow stromal
cells produces DLL-4, which provide a functional environ-
ment important for generating T-cell competent common
lymphoid progenitor cells. The growth factors (e.g., BMP-2)
may also facilitate the stromal cells’ osteolineage differen-
tiation.

[0324] In certain embodiments, the recruited cells may be
cells that are not stem cells or progenitor cells.
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Reduction of Immune Over-Reactivity

[0325] Inone aspect, the present invention provides meth-
ods to reduce immune over-reactivity of the subject by
administering to the subject one or more compositions of the
present invention including a porous scaffold, a growth
factor present in an amount effective for inducing formation
of a tissue or an organ within the scaffold and recruiting a
cell into the scaffold (for example, at between about 1 ng to
about 1000 ng per scaffold, between about 5 ng to about 500
ng, between about 5 ng to about 250 ng, between about 5 ng
to about 200 ng or at about 200 ng), and a differentiation
factor that induces the differentiation of the recruited cell
into a T cell progenitor cell.

[0326] In another aspect, the present invention provides
methods to reduce immune over-reactivity of the subject by
administering to the subject one or more compositions of the
present invention including a porous scaffold; a growth
factor present at between about 1 ng and about 1000 pg per
scaffold, e.g., between about 1 ng and about 500 pg, between
about 5 pg and about 250 pg, or between about 10 pug and
about 100 pg, and in an amount effective for inducing
formation of a tissue or an organ within the scaffold and
recruiting a cell into the scaffold; and a differentiation factor
that induces the differentiation of the recruited cell into a
lymphocyte.

[0327] In another aspect, the present invention provides
methods to reduce immune over-reactivity of the subject by
administering to the subject one or more compositions of the
present invention including a porous scaffold; a growth
factor present at about 0.03 ng/mm? (the ratio of the amount
of growth factors in weight to the volume of the scaffold) to
about 350 ng/mm?®, e.g., such as between about 0.1 ng/mm?>
and about 300 ng/mm>, between about 0.5 ng/mm> and
about 250 ng/mm?, between about 1 ng/mm?> and about 200
ng/mm?>, between about 2 ng/mm> and about 150 ng/mm?,
between about 3 ng/mm?® and about 100 ng/mm?>, between
about 4 ng/mm> and about 50 ng/mm?> or between about 5
ng/mm> and 25 ng/mm’, and in an amount effective for
inducing formation of a tissue or an organ within the scaffold
and recruiting a cell into the scaffold; and a differentiation
factor that induces the differentiation of the recruited cell
into a lymphocyte.

[0328] In some embodiments, the methods further com-
prise administering to the subject a hematopoietic stem cell
or a hematopoietic progenitor cell.

[0329] The immune system is a tightly regulated network
that is able to maintain a balance of immune homeostasis
under normal physiological conditions. Normally, when
challenged with foreign antigen, specific appropriate
responses are initiated that are aimed at restoring homeo-
stasis. However, under particular circumstances, this bal-
ance is not maintained and immune responses either under
or over react. When the immune response over-reacts, this
can result in conditions such as autoimmune diseases,
allergy, and/or GVHD.

[0330] In certain embodiments, the present invention fea-
tures methods that increase the level of regulatory T cells
(T,..) in the subject. T, cells, also known as suppressor T
cells, are a subpopulation of T cells that modulate the
immune system, maintain tolerance to self-antigens, and
prevent and/or treat autoimmune disease. T, cells are
immunosuppressive and generally suppress or downregulate
induction and proliferation of effector T cells. T,,, cells
express the biomarkers CD4, FOXP3, and CD25. Without
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wishing to be bound by any theory, the increased level of
T, cells by the methods of the present invention are
believed to lead to the reduction of immune over-reactivity.

Autoimmune Diseases

[0331] In a particular aspect, the present invention pro-
vides methods to prevent and/or treat autoimmune disease
by administering to the subject one or more compositions of
the present invention including a porous scaffold, a growth
factor present in an amount effective for inducing formation
of a tissue or an organ within the scaffold and recruiting a
cell into the scaffold (for example, at between about 1 ng to
about 1000 ng per scaffold, between about 5 ng to about 500
ng, between about 5 ng to about 250 ng, between about 5 ng
to about 200 ng or at about 200 ng), and a differentiation
factor that induces the differentiation of the recruited cell
into a T cell progenitor cell. As used herein, the term
“autoimmune disease” refers to a disease, a disorder, or an
illness in which the immune system of the subject attacks
and/or damages its own tissues. Exemplary autoimmune
diseases include, but are not limited to, type 1 diabetes,
rheumatoid arthritis, psoriasis, arthritis, multiple sclerosis,
systemic lupus erythermatosus, inflammatory bowel disease,
Addison’s disease, Graves’ disease, Sjogren’s syndrome,
Hashimoto’s thyroiditis, Myasthenia gravis, Vasculitis, Per-
nicious anemia, and Celiac disease.

[0332] In certain embodiments, the subject is deficient in
T,.q cells and develops autoimmune diseases. The subject
may be administered a composition of the present invention
and hematopoietic stem cells or progenitor cells. The hema-
topoietic stem cells or progenitor cells may be obtained from
the subject. The compositions of the present invention may
comprise a growth factor (e.g., TGF-f family protein) to
induce the differentiation of the hematopoietic stem cells
into T, cells.

Allergy

[0333] In certain embodiments, the present invention fea-
tures methods that prevent and/or treat allergy by adminis-
tering to the subject one or more compositions of the present
invention including a porous scaftold, a growth factor pres-
ent in an amount effective for inducing formation of a tissue
or an organ within the scaffold and recruiting a cell into the
scaffold (for example, at between about 1 ng to about 1000
ng per scaffold, between about 5 ng to about 500 ng,
between about 5 ng to about 250 ng, between about 5 ng to
about 200 ng or at about 200 ng), and a differentiation factor
that induces the differentiation of the recruited cell into a T
cell progenitor cell.

[0334] Allergies, also known as allergic diseases, are a
number of conditions caused by hypersensitivity of the
immune system to typically harmless substances in the
environment. Without wishing to be bound by any theory,
the increased level of T, cells by the methods of the present

reg
invention may prevent and/or treat allergies.

GVHD

[0335] In another aspect, the present method provides
methods to mitigate graft-versus-host disease (GVHD) asso-
ciated symptoms by administering to the subject one or more
compositions of the present invention including a porous
scaffold, a growth factor present in an amount effective for
inducing formation of a tissue or an organ within the scaffold
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and recruiting a cell into the scaffold (for example, at
between about 1 ng to about 1000 ng per scaffold, between
about 5 ng to about 500 ng, between about 5 ng to about 250
ng, between about 5 ng to about 200 ng or at about 200 ng),
and a differentiation factor that induces the differentiation of
the recruited cell into a T cell progenitor cell. GVHD is a
medical condition following the receipt of transplanted
tissue from a genetically different donor. GVHD is com-
monly associated with stem cell transplantation such as
hematopoietic stem cell transplantation. GVHD also occurs
to other forms of transplanted tissues such as solid organ
transplants.

[0336] In certain embodiments, the GVHD is associated
with hematopoietic stem cell transplantation. In certain
embodiments, the GVHD is associated with solid organ
transplantation.

[0337] In certain embodiments, the present invention fea-
tures methods that increase the level of T, cells. In certain
embodiments, the T, cells are differentiated from the
transplanted hematopoietic stem cells (e.g., donor hema-
topoietic stem cells). Without wishing to be bound by any
theory, enhancement of the donor T, cells in hematopoietic
stem cell transplantation likely contributes to the mitigation
of GVHD symptoms in the subject that receives hematopoi-
etic stem cell transplantation given that the donor T, cells
play an important role in GVHD suppression. In certain
embodiments, the present invention features methods that
increase the level of autologous T, cells of the subjects.

Enhancement of Donor Chimerism in
Transplantation-Receiving Subject
[0338] In another aspect, the present invention provides

methods to enhance donor chimerism in a subject that
receives transplantation by administering to the subject one
or more compositions of the present invention including a
porous scaffold, a growth factor present in an amount
effective for inducing formation of a tissue or an organ
within the scaffold and recruiting a cell into the scaffold, and
a differentiation factor that induces the differentiation of the
recruited cell into a T cell progenitor cell. In a particular
embodiment, the subject is administered a composition
including a porous scaffold; a growth factor present at
between about 1 ng to about 1000 ng per scaffold, e.g.,
between about 5 ng to about 500 ng, between about 5 ng to
about 250 ng, between about 5 ng to about 200 ng or at about
200 ng, and in an amount effective for inducing formation of
a tissue or an organ within the scaffold and recruiting a cell
into the scaffold; and a differentiation factor that induces the
differentiation of the recruited cell into a T cell progenitor
cell. In another particular embodiment, the subject is admin-
istered a composition including a porous scaffold; a growth
factor present at between about 1 ng and about 1000 pg per
scaffold, e.g., between about 1 ng and about 500 pg, between
about 5 pg and about 250 pg, or between about 10 pug and
about 100 pg, and in an amount effective for inducing
formation of a tissue or an organ within the scaffold and
recruiting a cell into the scaffold; and a differentiation factor
that induces the differentiation of the recruited cell into a
lymphocyte. In yet another embodiment, the subject is
administered a composition including a porous scaffold; a
growth factor present at about 0.03 ng/mm? (the ratio of the
amount of growth factors in weight to the volume of the
scaffold) to about 350 ng/mm?>, e.g., such as between about
0.1 ng/mm® and about 300 ng/mm’, between about 0.5
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ng/mm> and about 250 ng/mm?, between about 1 ng/mm?>
and about 200 ng/mm?, between about 2 ng/mm?> and about
150 ng/mm°®, between about 3 ng/mm> and about 100
ng/mm?, between about 4 ng/mm? and about 50 ng/mm? or
between about 5 ng/mm> and 25 ng/mm?>, and in an amount
effective for inducing formation of a tissue or an organ
within the scaffold and recruiting a cell into the scaffold; and
a differentiation factor that induces the differentiation of the
recruited cell into a lymphocyte.

[0339] In some embodiments, the methods further com-
prise administering to the subject a hematopoietic stem cell
or a hematopoietic progenitor cell.

[0340] Donor chimerism usually occurs when the subject
receives hematopoietic stem cell transplantation. The term
“chimerism,” as used herein, refers to the presence of
lympho-hematopoietic cells of nonhost origin. Full or com-
plete chimerism generally refers to complete replacement of
host by donor lymphohematopoiesis. Mixed chimerism indi-
cates the presence of both donor and recipient cells within a
given cellular compartment, e.g., lymphocytes. Low level of
donor chimerism is frequently associated with deficiency in
T-cell generation in allogeneic hematopoietic stem cell or
progenitor cell transplantation, which renders patients sus-
ceptible to infectious agents and may contribute to GVHD.

Balanced Reconstitution of T Cells

[0341] In another aspect, the present invention provides
methods that lead to a balanced reconstitution of T cells in
a subject by administering to the subject one or more
compositions of the present invention including a porous
scaffold, a growth factor present in an amount effective for
inducing formation of a tissue or an organ within the scaffold
and recruiting a cell into the scaffold, and a differentiation
factor that induces the differentiation of the recruited cell
into a T cell progenitor cell. In a particular embodiment, the
subject is administered a composition including a porous
scaffold; a growth factor present at between about 1 ng to
about 1000 ng per scaffold, e.g., between about 5 ng to about
500 ng, between about 5 ng to about 250 ng, between about
5 ng to about 200 ng or at about 200 ng, and in an amount
effective for inducing formation of a tissue or an organ
within the scaffold and recruiting a cell into the scaffold; and
a differentiation factor that induces the differentiation of the
recruited cell into a T cell progenitor cell. In another
particular embodiment, the subject is administered a com-
position including a porous scaffold; a growth factor present
at between about 1 ng and about 1000 pg per scaffold, e.g.,
between about 1 ng and about 500 pg, between about 5 pg
and about 250 pg, or between about 10 pg and about 100 pg,
and in an amount effective for inducing formation of a tissue
or an organ within the scaffold and recruiting a cell into the
scaffold; and a differentiation factor that induces the differ-
entiation of the recruited cell into a lymphocyte. In yet
another embodiment, the subject is administered a compo-
sition including a porous scaffold; a growth factor present at
about 0.03 ng/mm? (the ratio of the amount of growth factors
in weight to the volume of the scaffold) to about 350
ng/mm?>, e.g., such as between about 0.1 ng/mm> and about
300 ng/mm>, between about 0.5 ng/mm> and about 250
ng/mm?, between about 1 ng/mm> and about 200 ng/mm?,
between about 2 ng/mm® and about 150 ng/mm>, between
about 3 ng/mm> and about 100 ng/mm?>, between about 4
ng/mm? and about 50 ng/mm? or between about 5 ng/mm?>
and 25 ng/mm>, and in an amount effective for inducing
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formation of a tissue or an organ within the scaffold and
recruiting a cell into the scaffold; and a differentiation factor
that induces the differentiation of the recruited cell into a
lymphocyte.

[0342] Insome embodiments, the subject is further admin-
istered hematopoietic stem cells or progenitor cells. The
composition of the present invention may be administered
concurrently with or after the hematopoietic stem cells or
progenitor cells administration.

[0343] The term “balanced reconstitution of T cells,” as
used herein, refers to the reconstitution of T cells that is
characterized by CD4*: CD8" ratio in a normal range within
a certain period of time, such as 30 days. For example, the
reconstitution of CD4™* cells is usually delayed in a HSCT
recipient. The methods of the present invention may accel-
erate the reconstitution of CD4* T cells and lead to a
balanced reconstitution of T cells.

[0344] Hematopoietic stem cell transplantation (HSCT) is
a curative treatment for multiple disorders, but allogeneic
HSCT is limited by deficiency and dysregulation of T-cells.
In a subject that receives allogeneic HSCT, CD4* T-cell
recovery is usually delayed, leading to an inversion of the
normal CD4/CDS8 ratio, which is about 0.9 to about 2.5 in
periphery blood. The ratio may be different in other tissue or
organ.

[0345] In certain embodiments, the methods of the present
invention stabilize the CD4*: CD8" ratio to a normal range,
while CD4" T-cell compartment in a subject receiving
HSCT only has not fully reconstituted. In certain embodi-
ments, a balanced T cell reconstitution is characterized by
homeostatic CD4*: CD8™ ratio in a normal range in 30 days
or less after the transplantation of the hematopoietic stem
cells and the administration of the composition of the
present invention.

[0346] In certain embodiments according to the present
invention, a subject, such as a human, receives between
about 1x10° and about 50x10° hematopoietic stem cells or
progenitor cells per kilogram of the subject’s weight in a
hematopoietic stem cell transplantation. In certain embodi-
ments, the subject receives about 1x10° hematopoietic stem
cells per kilogram of the subject’s weight.

[0347] The methods of the present invention result in
similar or better curative and/or therapeutic effects when
compared to a subject that receives hematopoietic stem cell
or T-cell progenitor infusion alone (i.e., without receiving
the treatment of the compositions of the present invention).
For example, treatment with the compositions of the present
invention may result in a higher number of T-cell progeni-
tors and functional T-cells in the thymus and the periphery,
for example, even when used with a lower dose relative to
T-cell progenitor infusion alone. In some embodiments,
similar or better curative and/or therapeutic effects can be
achieved when less than ten percent (10%) of hematopoietic
stem cells or progenitor cells used in a HSCT alone are
administered to a subject in combination with the compo-
sitions of the present invention.

[0348] In various embodiments, the balanced reconstitu-
tion of T-cells is also characterized by enhanced T-cell
neogenesis. The term “neogenesis,” as used herein, refers to
the generation of new cells. In various embodiments, the
enhanced T-cell neogenesis is characterized by enhanced
T-cell receptor excision circles (TRECs). In certain embodi-
ments, T-cell neogenesis using the compositions and meth-
ods of the present invention achieves a baseline or normal
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number of TRECs. The term “baseline number of TRECs,”
as used herein, refers to the subject’s TRECs number before
the subject receives any treatment that impairs the subject’s
immune system. The term “normal number of TRECs,” as
used herein, refers to the number of TRECs of an individual
with uncompromised immune system. The normal number
of TRECs may be within certain range. In certain embodi-
ments, TRECs may be assessed in a quantitative and non-
invasive fashion in human by estimating TRECs in periph-
eral blood cells.

Antigen Specific T-Cell Responses

[0349] In another aspect, the present invention provides
methods to induce antigen specific T-cell response in a
subject by administering to the subject one or more com-
positions of the present invention including a porous scaf-
fold, a growth factor present in an amount effective for
inducing formation of a tissue or an organ within the scaffold
and recruiting a cell into the scaffold, and a differentiation
factor that induces the differentiation of the recruited cell
into a T cell progenitor cell; and administering to the subject
a vaccine comprising an antigen; thereby inducing antigen
specific T cell responses in the subject. In a particular
embodiment, the subject is administered a composition
including a porous scaffold; a growth factor present at
between about 1 ng to about 1000 ng per scaffold, e.g.,
between about 5 ng to about 500 ng, between about 5 ng to
about 250 ng, between about 5 ng to about 200 ng or at about
200 ng, and in an amount effective for inducing formation of
a tissue or an organ within the scaffold and recruiting a cell
into the scaffold; and a differentiation factor that induces the
differentiation of the recruited cell into a T cell progenitor
cell. In another particular embodiment, the subject is admin-
istered a composition including a porous scaffold; a growth
factor present at between about 1 ng and about 1000 pg per
scaffold, e.g., between about 1 ng and about 500 pg, between
about 5 pg and about 250 pg, or between about 10 pug and
about 100 pg, and in an amount effective for inducing
formation of a tissue or an organ within the scaffold and
recruiting a cell into the scaffold; and a differentiation factor
that induces the differentiation of the recruited cell into a
lymphocyte. In yet another embodiment, the subject is
administered a composition including a porous scaffold; a
growth factor present at about 0.03 ng/mm? (the ratio of the
amount of growth factors in weight to the volume of the
scaffold) to about 350 ng/mm?>, e.g., such as between about
0.1 ng/mm® and about 300 ng/mm’, between about 0.5
ng/mm?® and about 250 ng/mm?>, between about 1 ng/mm?>
and about 200 ng/mm?, between about 2 ng/mm?> and about
150 ng/mm°®, between about 3 ng/mm> and about 100
ng/mm?, between about 4 ng/mm? and about 50 ng/mm? or
between about 5 ng/mm> and 25 ng/mm?>, and in an amount
effective for inducing formation of a tissue or an organ
within the scaffold and recruiting a cell into the scaffold; and
a differentiation factor that induces the differentiation of the
recruited cell into a lymphocyte.

[0350] In some embodiments, the methods further com-
prise administering to the subject a hematopoietic stem cell
or a hematopoietic progenitor cell.

[0351] In certain embodiments, the subject has a compro-
mised immune system. As used herein, the term “compro-
mised immune system” refers to a state in which the immune
system’s ability to fight infectious disease and cancer is
compromised or entirely absent. Many cases of compro-
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mised immune system are acquired (“secondary”) due to
extrinsic factors that affect the subject’s immune system.
Examples of these extrinsic factors include HIV infection,
age, and environmental factors, such as nutrition. In certain
embodiments, the immunosuppression by some drugs, such
as steroids, can be either an adverse effect or the intended
purpose of the treatment. Examples of such use include (i)
in organ transplant surgery as an anti-rejection measure and
(ii) in patients suffering from an overactive immune system,
as in autoimmune diseases. In certain embodiments, some
therapies for cancer, such as radiation therapy and/or che-
motherapy, causes a compromised immune system. The
condition that a subject has a compromised immune system
may be referred as “immunodeficiency.”

[0352] In certain embodiments, the subject has received a
hematopoietic stem cell transplantation. In certain embodi-
ments, the subject has cancer with blood or bone marrow,
such as myeloma or leukemia. The subject may undergo a
conditioning cytotoxic radiation and/or chemotherapy regi-
men to destroy the tumor cell, which results in severe
lymphopenia due to the T- and B-cell destruction of the
adaptive immune system.

[0353] In certain embodiments, the methods of inducing
antigen-specific responses comprise administering to the
subject a composition of the present invention and a vaccine
comprising an antigen.

Modulation of Immune System in Immunocompromised
Subject

[0354] Inone aspect, the present invention provides meth-
ods to modulate the immune system in an immunocompro-
mised subject by administering to the subject one or more
compositions of the present invention including a porous
scaffold, a growth factor present in an amount effective for
inducing formation of a tissue or an organ within the scaffold
and recruiting a cell into the scaffold (for example, at
between about 1 ng to about 1000 ng per scaffold, between
about 5 ng to about 500 ng, between about 5 ng to about 250
ng, between about 5 ng to about 200 ng or at about 200 ng),
and a differentiation factor that induces the differentiation of
the recruited cell into a T cell progenitor cell.

[0355] In another aspect, the present invention provides
methods to modulate the immune system in an immuno-
compromised subject by administering to the subject one or
more compositions including a porous scaffold; a growth
factor present at between about 1 ng and about 1000 pg per
scaffold, e.g., between about 1 ng and about 500 pg, between
about 5 pg and about 250 pg, or between about 10 pug and
about 100 pg, and in an amount effective for inducing
formation of a tissue or an organ within the scaffold and
recruiting a cell into the scaffold; and a differentiation factor
that induces the differentiation of the recruited cell into a
lymphocyte.

[0356] In yet another aspect, the present invention pro-
vides methods to modulate the immune system in an immu-
nocompromised subject by administering to the subject one
or more compositions including a porous scaffold; a growth
factor present at about 0.03 ng/mm? (the ratio of the amount
of growth factors in weight to the volume of the scaffold) to
about 350 ng/mm?®, e.g., such as between about 0.1 ng/mm?>
and about 300 ng/mm>, between about 0.5 ng/mm> and
about 250 ng/mm?>, between about 1 ng/mm> and about 200
ng/mm?, between about 2 ng/mm> and about 150 ng/mm?,
between about 3 ng/mm? and about 100 ng/mm?, between
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about 4 ng/mm> and about 50 ng/mm> or between about 5
ng/mm® and 25 ng/mm?>, and in an amount effective for
inducing formation of a tissue or an organ within the scaffold
and recruiting a cell into the scaffold; and a differentiation
factor that induces the differentiation of the recruited cell
into a lymphocyte.

[0357] Insomeembodiments, the subject is further admin-
istered hematopoietic stem cells or progenitor cells.

[0358] In certain embodiments, the subject is further
administered a stem and/or progenitor cell mobilization
agent such that released stem and/or progenitor cells are
recruited to the composition of the present invention (e.g., a
bone marrow cryogel). The stem/progenitor cell mobiliza-
tion agent may be administered prior to, concurrently with,
or following the administration of the composition of the
present invention (e.g., a bone marrow cryogel).

[0359] In some embodiments, the compromised immune
system is caused by immunosenescence. The term “immu-
nosenescence,” as used herein, refers to the deterioration of
the immune system brought on by natural age advancement.
It involves both the host’s capacity to respond to infections
and the development of long-term immune memory, espe-
cially by vaccination Immunosenescence is a multifactorial
condition leading to many pathologically significant health
problems in the aged population Immunosenescence is asso-
ciated with hematopoietic stem cells reduced self-renewal
capacity. A subject with immunosenescence may show
reduction in the CD4+/CD8+ ratio, shrinkage of antigen-
recognition repertoire of T-cell receptor (TCR) diversity,
and/or impaired proliferation in response to antigenic stimu-
lation. Immunosenescence may commence even in early
age, such as 30 years old in human.

[0360] In some embodiments, the subject has a compro-
mised immune system due to a congenital immunodefi-
ciency. As used herein, “congenital immunodeficiency,” also
known as “primary immunodeficiency,” refers to a defi-
ciency, absence, or defect in one or more of the main
components of the immune system. These disorders are
genetically determined and typically manifest during
infancy and childhood as frequent, chronic, or opportunistic
infections. Classification is based on the main component of
the immune system that is deficient, absent, or defective.
The diagnosis is confirmed with tests such as differential
WBC count, absolute lymphocyte count, quantitative immu-
noglobulin (Ig) measurements, and antibody titers. Treat-
ment usually consists of prophylactic antibiotics to manage
and prevent infections. The prognosis in primary immuno-
deficiency disorders is variable and depends on the specific
disorder.

[0361] Exemplary congenital immunodeficiency disorders
include, but are not limited to, congenital B-cell immuno-
deficiencies, such as Bruton agammaglobulinemia, selective
IgA deficiency, common variable immunodeficiency, con-
genital T-cell immunodeficiencies, such as DiGeorge syn-
drome, autosomal dominant hyperimmunoglobulin E syn-
drome, IL.-12 receptor deficiency, chronic mucocutaneous
candidiasis, IPEX syndrome (Immune dysregulation, poly-
endocrinopathy, enteropathy, X-linked), congenital mixed
immunodeficiencies, such as severe combined immunode-
ficiency (SCID, Bubble boy disease, Glanzmann-Riniker
syndrome, Alymphocytosis), Wiskott-Aldrich syndrome,
Hyper-IgM syndrome, Ataxia telangiectasia, congenital neu-
trophil and phagocyte disorders, such as chronic granulo-
matous disease (CGD), leukocyte adhesion deficiency type
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1, Chediak-Higashi syndrome, myeloperoxidase deficiency,
severe congenital neutropenia, congenital complement defi-
ciencies, such as terminal complement deficiency, C3 defi-
ciency.

[0362] In certain embodiments, the subject has a compro-
mised immune system due to an acquired immunodefi-
ciency. As used herein, the term “acquired immunodefi-
ciency” refers to immunodeficiency due to extrinsic factors
that affect the subject’s immune system. Acquired immuno-
deficiencies, also known as secondary immunodeficiencies,
can result from various immunosuppressive agents, for
example, malnutrition, aging, particular medications or
treatment (e.g., chemotherapy (cytotoxic drug), disease-
modifying anti-rheumatic drugs, immunosuppressive drugs
after organ transplants, glucocorticoids, radiation therapy)
and environmental toxins like mercury and other heavy
metals, pesticides and petrochemicals like styrene, dichlo-
robenzene, xylene, and ethylphenol. For medications, the
term “immunosuppression” generally refers to both benefi-
cial and potential adverse effects of decreasing the function
of the immune system, while the term “immunodeficiency”
generally refers solely to the adverse effect of increased risk
for infection.

[0363] Many specific diseases directly or indirectly cause
immunosuppression. This includes many types of cancer,
particularly those of the bone marrow and blood cells
(leukemia, lymphoma, multiple myeloma), and certain
chronic infections Immunodeficiency is also the hallmark of
acquired immunodeficiency syndrome (AIDS), caused by
the human immunodeficiency virus (HIV). HIV directly
infects a small number of T helper cells, and also impairs
other immune system responses indirectly. Various hor-
monal and metabolic disorders can also result in immune
deficiency including, but not limited to, anemia, hypothy-
roidism, diabetes and hypoglycemia. Smoking, alcoholism
and drug abuse also depress immune response.

[0364] Without wishing to be bound by any theory, the
balanced reconstitution of T cells and antigen specific T-cell
response provided by the compositions and methods of the
present invention may modulate the immune system of a
subject with compromised immune system.

IV. Kits

[0365] Any of the compositions described herein may be
included in a kit. In a non-limiting example, the kit includes
a composition comprising a porous scaffold, a growth factor
present in an amount effective for inducing formation of a
tissue or an organ within the scaffold and recruiting a cell
into the scaffold; and differentiation factor that induces the
differentiation of the recruited cell into a T cell progenitor
cell. In a particular embodiment, the kit includes a compo-
sition including a porous scaffold; a growth factor present at
between about 1 ng to about 1000 ng per scaffold, e.g.,
between about 5 ng to about 500 ng, between about 5 ng to
about 250 ng, between about 5 ng to about 200 ng or at about
200 ng, and in an amount effective for inducing formation of
a tissue or an organ within the scaffold and recruiting a cell
into the scaffold; and a differentiation factor that induces the
differentiation of the recruited cell into a T cell progenitor
cell. In another particular embodiment, the kit includes a
composition including a porous scaffold; a growth factor
present at between about 1 ng and about 1000 pg per
scaffold, e.g., between about 1 ng and about 500 pg, between
about 5 pg and about 250 pg, or between about 10 pug and
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about 100 pg, and in an amount effective for inducing
formation of a tissue or an organ within the scaffold and
recruiting a cell into the scaffold; and a differentiation factor
that induces the differentiation of the recruited cell into a
lymphocyte. In yet another embodiment, the kit includes a
composition including a porous scaffold; a growth factor
present at about 0.03 ng/mm> (the ratio of the amount of
growth factors in weight to the volume of the scaffold) to
about 350 ng/mm?, e.g., such as between about 0.1 ng/mm?>
and about 300 ng/mm>, between about 0.5 ng/mm> and
about 250 ng/mm?, between about 1 ng/mm?> and about 200
ng/mm?>, between about 2 ng/mm> and about 150 ng/mm?,
between about 3 ng/mm? and about 100 ng/mm?>, between
about 4 ng/mm> and about 50 ng/mm> or between about 5
ng/mm> and 25 ng/mm’, and in an amount effective for
inducing formation of a tissue or an organ within the scaffold
and recruiting a cell into the scaffold; and a differentiation
factor that induces the differentiation of the recruited cell
into a lymphocyte.

[0366] In some embodiments, the kit includes the compo-
sition described elsewhere herein.

[0367] In a particular embodiment, the kit comprises a
syringe or alternative injection device for administering the
composition. In a specific embodiment, the prefilled syringe
or injection device is prefilled with the composition.
[0368] The kit may further include reagents or instructions
for administering the composition of the present invention to
a subject. It may also include one or more reagents.
[0369] The components of the kits may be packaged either
in aqueous media or in lyophilized form. The container
means of the kits will generally include at least one vial, test
tube, flask, bottle, syringe or other container means, into
which a component may be placed, and preferably, suitably
aliquoted. Where there are more than one component in the
kit, the kit also will generally contain a second, third or other
additional container into which the additional components
may be separately placed. The kits may also comprise a
second container means for containing a sterile, pharmaceu-
tically acceptable buffer and/or other diluent. However,
various combinations of components may be comprised in a
vial. The kits of the present invention also will typically
include a means for containing the compositions of the
invention, e.g., the compositions for modulating immune
system, and any other reagent containers in close confine-
ment for commercial sale.

[0370] When the components of the kit are provided in
one and/or more liquid solutions, the liquid solution is an
aqueous solution, with a sterile aqueous solution being
particularly preferred. However, the components of the kit
may be provided as dried powder(s). When reagents and/or
components are provided as a dry powder, the powder can
be reconstituted by the addition of a suitable solvent. It is
envisioned that the solvent may also be provided in another
container means.

[0371] The present invention is further illustrated by the
following examples, which should not be construed as
limiting. All cited sources, for example, references, publi-
cations, databases, database entries, and art cited herein, are
incorporated into this application by reference, even if not
expressly stated in the citation. In case of conflicting state-
ments of a cited source and the instant application, the
statement in the instant application shall control.

[0372] Section and table headings are not intended to be
limiting.
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EXAMPLES

Abstract

[0373] Allogeneic hematopoietic stem cell transplantation
(HSCT) is a curative treatment for multiple disorders, but
deficiency and dysregulation of T cells limit its utility. Here
it is reported a biomaterial based scaffold that mimics
features of T-cell lymphopoiesis in the bone marrow. The
bone marrow cryogel (BMC) releases bone morphogenetic
protein-2 to recruit stromal cells, and presents the Notch
ligand Delta-like ligand-4 to facilitate T-cell lineage speci-
fication of mouse and human hematopoietic progenitor cells.
BMCs subcutaneously injected in mice at the time of HSCT
enhanced T-cell progenitor seeding of the thymus, T-cell
neogenesis and diversification of the T-cell receptor reper-
toire. Peripheral T-cell reconstitution increased ~6-fold in
mouse HSCT and ~2-fold in human xenogeneic HSCT.
Furthermore, BMCs promoted donor CD4+ regulatory
T-cell generation and improved survival after allogeneic
HSCT. Compared with adoptive transfer of T-cell progeni-
tors, BMCs increased donor chimerism, T cell generation
and antigen-specific T-cell responses to vaccination. BMCs
may provide an off the-shelf approach for enhancing T-cell
regeneration and mitigating graft-versus-host disease in
HSCT.

Introduction

[0374] T-cells are important helper, effector and regulatory
cells of antigen-specific immunity that are important for life.
Reduced T-cell numbers and functional deficiencies are
causally implicated in diseases ranging from congenital
immunodeficiency to autoimmune and impaired immune
surveillance disorders (Goronzy, J. J. & Weyand, C. M.
Successtful and maladaptive T cell aging. Immunity 46,
364-378 (2017); Liston, A., Enders, A. & Siggs, O. M.
Unravelling the association of partial T-cell 883 immuno-
deficiency and immune dysregulation. Nature Reviews
Immunology 8, 545-558 884 (2008)). In allogeneic HSCT,
there is a marked deficiency in T-cell generation, which
renders patients susceptible to infectious agents and may
contribute to graft-versus-host disease (GVHD) (Blazar, B.
R., Murphy, W. J. & Abedi, M. Advances in graft-versus-
host disease biology and therapy. Nature Reviews Immunol-
ogy 12, 443-458 (2012)). These complications can be fatal
and limit the use of HSCT in settings where it can be
curative. Balanced reconstitution of the naive helper and
effector T-cell subsets, along with the restoration of the
T-cell receptor repertoire remains a significant unmet clini-
cal need (Krenger, W., Blazar, B. R. & Hollander, G. A.
Thymic T-cell development in allogeneic stem cell trans-
plantation. Blood 117, 6768-6776 (2011)).

[0375] New T-cell regeneration from transplanted hema-
topoietic cells requires the availability of an adequate pool
of T-cell progenitors (Zlotoff, D. A. et al. Delivery of
progenitors to the thymus limits T-lineage reconstitution
after bone marrow transplantation. Blood 118, 1962-1970
(2011)) arising from bone marrow and adequate thymic
function (Chaudhry, M. S., Velardi, E., Dudakov, J. A. &
Brink, M. R. Thymus: the next (re) generation. Immuno-
logical reviews 271, 56-71 (2016)). While there is currently
no clinical standard for enhancing T-cell generation in vivo,
most efforts have focused on using cytokines and cell-based
therapies from the post-bone marrow phases of T-cell lym-
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phopoiesis. However, in clinical trials, T-cell expansion
cytokines IL-7 and IL-2 (Mohtashami, M., Shukla, S.,
Zandstra, P. & Zuiiga-Pflicker, J. C. in Synthetic Immu-
nology 95-120 (Springer, 2016)) increased primarily mature
T-cell subsets (Perales, M.-A. et al. Recombinant human
interleukin-7 (CYT107) promotes T-cell recovery after allo-
geneic stem cell transplantation. Blood 120, 4882-4891
(2012)), and 1L.-2 was further limited by toxicity (Skrom-
bolas, D. & Frelinger, J. G. Challenges and developing
solutions for increasing the benefits of I[.-2 treatment in
tumor therapy. Expert review of clinical immunology 10,
207-217 (2014)). In contrast, the administration of IL-22 has
been shown to enhance early thymocyte recovery in pre-
clinical mouse studies (Dudakov, J. A. et al. Interleukin-22
drives endogenous thymic regeneration in mice. Science
336, 91-95 (2012). Alternatively, adoptive donor T-cell
infusion has been used to provide antigen-specific T cell
protection against commonly encountered pathogens (Cob-
bold, M. et al. Adoptive transfer of cytomegalovirus-specific
CTL to stem cell transplant patients after selection by
HLA-peptide tetramers. Journal of Experimental Medicine
202, 379-386 (2005); Rooney, C. M. et al. Infusion of
cytotoxic T cells for the prevention and treatment of Epstein-
Ban virus-induced lymphoma in allogeneic transplant
recipients. Blood 92, 1549-1555 (1998)), but has been
associated with a transient response, increased risk of
GVHD, and T-cell exhaustion. The above strategies are all
limited by the availability of an adequate pool of T-cell
progenitors to promote thymus-dependent T-cell generation.
T-cell precursors can be robustly generated ex-vivo by the
activation of Notch signaling, and co-administration of these
cells with HSCT improves thymopoiesis and thymic archi-
tecture without exogenously co-administered cytokines
(Zakrzewski, J. L. et al. Tumor immunotherapy across MHC
barriers using allogeneic T-cell precursors. Nature biotech-
nology 26, 453 (2008); Van Coppernolle, S. et al. Function-
ally mature CD4 and CD8 TCRaf cells are generated in
OP9-DL1 cultures from human CD34+ hematopoietic cells.
The Journal of Immunology 183, 4859-4870 (2009); Awong,
G. et al. Human proT-cells generated in vitro facilitate
hematopoietic stem cell-derived T-lymphopoiesis in vivo
and restore thymic architecture. Blood 122, 4210-4219
(2013)). However, ex-vivo cell culture to generate sufficient
progenitors is laborious and only a transient enhancement in
thymopoiesis of donor cells has been demonstrated. Thus,
the widespread clinical translation of this approach would
likely be complex.

[0376] Seeking to develop a broadly applicable technol-
ogy, the focus was placed on the pre-thymic bone marrow
resident common lymphoid progenitors (CLPs), which have
the capacity to differentiate into naive T-lymphocytes when
Notch signaling is activated, and are a major source of
thymopoiesis (Love, P. E. & Bhandoola, A. Signal integra-
tion and crosstalk during thymocyte migration and emigra-
tion. Nature Reviews Immunology 11, 469 (2011); Radtke,
F., MacDonald, H. R. & Tacchini-Cottier, F. Regulation of
innate and adaptive immunity by Notch. Nature Reviews
Immunology 13, 427 (2013); Serwold, T., Ehrlich, L. . R. &
Weissman, I L Reductive isolation from bone marrow and
blood implicates common lymphoid progenitors as the
major source of thymopoiesis. Blood 113, 807-815 (2009)).
The stromal component of the bone marrow niche that
enhances T-cell lineage specification consists of osteocalcin-
expressing bone marrow stromal cells producing delta-like
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ligand-4 (DLL-4), which provide a functional microenvi-
ronment critical for generating T-cell competent CLPs (Vi-
onnie, W. et al. Specific bone cells produce DLL4 to
generate thymus-seeding progenitors from bone marrow.
Journal of Experimental Medicine, jem. 20141843 (2015)).
These stromal cells are damaged by the process of pre-
conditioning which likely impacts their T-cell lineage-in-
structive function. Additionally, the clinical experience with
AIDS patients indicates that the adult thymus has the
capacity to markedly improve in cellular composition and
T-cell neogenesis despite prior dysfunction and atrophy
(Smith, K. Y. et al. Thymic size and lymphocyte restoration
in patients with human immunodeficiency virus infection
after 48 weeks of zidovudine, lamivudine, and ritonavir
therapy. The Journal of infectious diseases 181, 141-147
(2000). These prior findings supported the development of a
niche based on specific biologic aspects of T-cell lym-
phopoiesis in the bone marrow.

[0377] It is hypothesized that a T-cell lymphopoietic bone
marrow niche might be engineered to foster production of
T-cell progenitors in vivo that emigrate into the native
thymus and thereby undergo host driven selection to create
a more balanced and broad immune repertoire. To test this
hypothesis, an injectable, biomaterial-based cryogel (BMC)
scaffold was created. The BMC scaffold promotes T-cell
development in vivo by integrating molecular signals that
are presented in the bone marrow niche. The BMC com-
prises a macroporous hydrogel-based scaffold permitting
cellular infiltration. It releases bone morphogenetic pro-
tein-2 (BMP-2) to facilitate the recruitment of host stromal
cells and their osteolineage differentiation and presents
bioactive Notch ligand DLL-4 at predefined densities to
infiltrating hematopoietic cells. These T-lineage cues
enhanced thymic seeding of progenitors and enabled donor
T-cell reconstitution after syngeneic (syn) and allogeneic
(allo) HSCT in mice. The BMC-reconstituted T-cells were
functional, with a diverse T-cell receptor (TCR) repertoire,
and reduced induction of GVHD.

Example 1: Bioactive Macroporous Bone Marrow
Cryogels (BMCs) Differentiate Hematopoietic
Progenitors into Progenitor T-Cells In Vitro

[0378] The scaffold-based Alginate-PEG BMC is a mac-
roporous hydrogel with interconnected pores 50-80 um in
diameter (FIGS. 1A-1C). DLL-4 was incorporated into the
polymer backbone to promote the T-cell lineage program in
hematopoietic progenitor cells (Radtke, F., MacDonald, H.
R. & Tacchini-Cottier, F. Regulation of innate and adaptive
immunity by Notch. Nature Reviews Immunology 13, 427
(2013)). To enable de novo bone formation (Wozney, J. M.
et al. Novel regulators of bone formation: molecular clones
and activities. Science 242, 1528-1534 (1988)), BMP-2 was
added to the reaction mixture prior to cryo-polymerization
for subsequent release in soluble form in vivo. These cryo-
gels present both immobilized (DLL-4) and soluble (BMP-
2) cues, unlike previous cryogels which were solely
designed for controlled release of proteins (Koshy, S. T.,
Zhang, D. K., Grolman, J. M., Stafford, A. G. & Mooney, D.
J. Injectable nanocomposite cryogels for versatile protein
drug delivery. Acta biomaterialia 65, 36-43 (2018)).

[0379] In this work, the BMCs additionally support the
growth of bone and hematopoietic tissue. In vitro BMP-2
release (encapsulation efficiency 90%) displayed an initial
burst of about 5% of the loaded amount, and then released
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in a sustained manner (FIG. 1D). Less than 1% of the total
loaded DLL4 was detected in the supernatant, and modified
DLIL-4 had similar binding kinetics to that of the unmodified
protein (FIG. 1E). In the pooled release samples, over 90%
of the bioactivity of the released BMP-2, relative to freshly
reconstituted BMP-2 was retained (FIG. 1F). The bioactivity
of BMP-2 ranged from 95% at Day 3 of release to ~85% at
Day 12, confirming the released BMP-2 is highly active
(FIG. 1G). The highest in vitro bioactivity of DLL-4 was
found at the early time points, at Days 0 and 10 (FIGS. 1H
and 11). The bioactivity decreased at subsequent time points
but was still above baseline after 3 months. To measure the
capacity of the BMC to induce the differentiation of hema-
topoietic progenitor mouse and human cells via Notch
signaling, primary lineage depleted bone marrow cells from
mice and cord-blood derived human CD34+ hematopoietic
cells were cultured in the BMC (FIG. 1J).

[0380] The expansion of the common lymphoid progeni-
tors saturated at 1% functionalization of the MA-COOH
groups on the polymer backbone with MA-DLL4, corre-
sponding to approximately 6 pg MA-DLL4 per gel and this
condition was selected for further evaluation. There were no
significant differences in the fold expansion and viability
numbers of overall human or mouse cells in any of the
experimental conditions analyzed (FIGS. 1K and 1L.). How-
ever, the fraction of lymphoid progenitor cells was enhanced
only when DLIL-4 was incorporated in the BMC, alone or in
combination with BMP-2 (FIG. 1M).

Example 2: BMC Form a Bone Nodule with
Features of Hematopoietic Tissue In Vivo

[0381] The BMC was next analyzed for its ability to
induce the trafficking of host and transplanted cells in a
mouse model of HSCT. After lethal total body irradiation
(L-TBI) mice were transplanted intravenously with lineage-
depleted hematopoietic cells (5x10%; ~93% lineage
depleted, FIG. 2A) isolated from donor mice bone marrow,
and the BMCs (without cells) were simultaneously injected
in the subcutaneous tissue of the dorsal flank (FIG. 2B). To
grossly quantify cell infiltration in the BMCs, the size of
each subcutaneous nodule was measured over a period of 6
weeks (FIG. 2C). In the BMC with BMP-2, the nodule size
rapidly increased to approximately 3 times over the initial
volume by 10 day following transplantation and was sub-
stantially infiltrated with donor hematopoietic cells (FIG.
2D), and formed a local bone nodule over a period of
approximately 2 weeks, (FIGS. 2E and 2F). Notably, bone
formation was accompanied by vascularization, the DLL-4
remained accessible, and bone was restricted to the BMC
scaffold, demonstrating the control afforded by the BMC
over this process at an ectopic site (FIGS. 2G-2L).

[0382] Hematopoietic tissue was visible in the bone nod-
ule on the interior surface of the BMC around areas of
lamellar bone (FIG. 2F). A capillary network infiltrating the
BMC was noted as early as 2 days post-transplant (FIG. 2G)
and quantified starting at Day 10. Histomorphometry was
used to assess blood vessel density in the BMC at multiple
time intervals, up to 3-months post transplant (FIG. 2F).
Blood vessels were present at approximately 25 vessels/
mm? by Day 10 (FIG. 2I). The density of vessels increased
to 70 vessels/mm?” and was constant after Day 30. In order
to quantify the distribution and accessibility of the alginate/
DLL-4 in the BMC, a histomorphometric analysis using
Safranin-O staining was performed. Approximately 85% of
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the alginate was accessible at the earliest time point Day 10,
and this gradually decreased to 25% by Day 90 (FIGS.
21-2K). The alginate was not sequestered in any particular
region within the BMC at any time point.

Example 3: BMCs Recruit and Expand Host
Stromal and Transplanted Hematopoietic Cells

[0383] The infiltration and cell composition of the trans-
planted hematopoietic cells in the BMC at various time
points post-transplant were assessed. The donor GFP* cells
expanded when BMP-2 was included but not in the presence
of DLL-4 alone (FIGS. 3A and 3B). The stromal cells
populating the BMCs and the native bone marrow were
found to be similar, there was no difference in the engraft-
ment of hematopoietic cells in native bone marrow of BMC
treated and non-treated mice, and SDF-1a and interleukin-7
concentrations were similar in the BMCs and native bone
marrow (FIGS. 3C-3G).

[0384] Stromal cells populating the BMC were identified
using immunophenotypic markers typically associated with
mouse mesenchymal stromal cells (Sca-1, CD29, CD44,
CD73, CD105, CD106), and compared to the bone marrow
of transplanted 469 mice (FIG. 3C). The Sca-1* stromal
subset was modestly elevated in the BMC relative to the
bone marrow, but the overall repopulation kinetics of these
stromal subsets were similar in the two tissues. In the
BMP-2 containing BMCs, bone alkaline phosphatase (BAP)
was comparable to native bone (FIG. 3D). Oil Red O (ORO)
was used to quantify adipose tissue and was found to be
lower in the BMCs relative to native bone overall. Higher
ORO was quantified in BMP-2 containing BMCs relative to
BMCs without BMP-2 (FIG. 3D). To measure if the BMC
impacted engraftment of transplanted, cells in the endog-
enous bone marrow, colony formation assays were con-
ducted at 3 time points (FIG. 3E). No differences in the total
number or type of CFUs arising from cells from the bone
marrow of mice treated with or without the dual BMC were
noted. The concentrations of homing factor stromal cell-
derived factor-1 alpha (SDF-1a) and lymphoid progenitor
supporting cytokine interleukin-7 (IL-7) ((Brainard, D. M. et
al. Induction of robust cellular and humoral virus-specific
adaptive immune responses in human immunodeficiency
virus-infected humanized BLT mice. Jourral of virology 83,
7305-7321 (2009)) in harvested BMCs were also either
comparable to or higher than in irradiated bone marrow from
the same mice (FIG. 2F). No ETP, DN2 and DN3-like cells
were detected in the BMC.

[0385] At the later time points (>5 days post transplant),
more primitive donor hematopoietic cells (HSCs) and lym-
phoid-primed multipotential progenitors (LMPPs) were
quantified in the BMC. At Day 14, between 6 and 7 million
total GFP™" cells were quantified in the BMCs containing
single factor BMP-2 or dual factor BMP-2 and DLL-4. Over
80% of cells were CD11b" myeloid cells in both groups.
However, the CLP fraction in the transplanted donor cells
expanded only within dual factor BMCs, resulting in a
~100-fold increase relative to BMCs with only BMP-2 at
2-weeks post-transplant (FIG. 3A). At 6-weeks post-trans-
plant CLPs were ~10-fold higher in the dual factor BMCs,
of which approximately 30% and 70% respectively were in
the T-cell competent Ly6D~ subset (FIG. 3G).

[0386] Progenitor T-cells from the bone marrow migrate to
the thymus to differentiate into naive T cells. To directly
assess whether cells from the BMC migrate to the thymus,
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the dual factor BMC in concert with stem cell therapy was
delivered into an initial set of lethally irradiated mice (FIGS.
3H and 3I). The dual BMC was then explanted from these
mice at day 10, and surgically transplanted into sublethally
irradiated recipients subcutaneously in the dorsal flank. On
day 20 post-BMC transplantation, the donor GFP* and host
cells in the thymus of these mice were quantified. GFP* DP,
SP CD4* and SP CD8* cells were quantified in the thymus
of BMC transplanted recipient mice confirming migration of
T-cell progenitor cells from the BMC to the thymus. In a
separate study, Dual BMC treatment resulted in a greater
enhancement of the number of ETPs in the thymus when
compared to a 10-fold increase in the administered trans-
plant cell dose without BMC (FIG. 3J). The Dual BMC also
significantly outperformed bolus delivery of the factors
placed in the BMC, and the BMP-2 only BMC, in generating
thymocyte subsets over time (FIGS. 3K-3P).

[0387] To analyze the impact of cell dose on the seeding
of T-cell progenitors in the thymus, the early thymic pro-
genitor (ETP) subset was quantified at escalating doses of
lineage-depleted cells for transplant after L-TBI (5x10*-5x
10° cells). Dose-dependent enhancement of ETPs was found
in this dose range (FIGS. 3A and 3H). When dual function-
alized BMCs with the lowest cell dose (5x10* cells) were
administered, there was a 5-fold increase in ETPs in the
thymus relative to the transplant only group with the highest
cell dose. The dual BMC-treatment initially enhanced ETPs
(3-fold at Day 12 and Day 42), and at subsequent time points
there was an increase in DN2, DN3, DP and SP thymocyte
subsets (FIGS. 31-3N and FIG. 5Q). The thymus cellularity
and weight of mice from the dual-BMC treatment was
significantly higher than that of mice from the transplant-
only group between days 12-42. At 22 days post-HSCT,
there were no significant differences in number of thymic
stromal subsets (mTEC, cTEC, fibroblasts and endothelial
cells; FIGS. 3S and 3T).

Example 4. BMCs Enhance T-Cell Regeneration
after HSCT and Mitigate GVHD

[0388] In the peripheral blood of mice treated with the
dual functionalized BMC, acceleration in T-cell reconstitu-
tion was observed approximately 4 weeks post-transplant,
but no significant difference was observed in B-cell or
myeloid cell reconstitution (FIGS. 4A-4C). An analysis of
T-cell subsets in the blood, spleen and bone marrow indi-
cated that the homeostatic CD4*:CD8"* T-cell ratio was
restored in mice with the dual functionalized BMCs after 30
days post-transplant in the spleen and bone marrow, and 40
days post-transplant in the peripheral blood (FIGS. 4D-4F).
When the BMC treatment was used in the context of HSCT
after sublethal total body irradiation (SL-TBI), there was
enhanced T-cell reconstitution (FIGS. 4G-4N). At 28 days-
post transplant the donor chimerism and absolute number of
DP donor thymocytes were 1.5-fold and 2-fold higher
respectively in BMC treated mice relative to mice that
received just the transplant (FIG. 4G). There was also a
higher donor chimerism and absolute number of donor-
derived single-positive CD4* (by 2-fold and 3-fold respec-
tively) and single-positive CD8" (by 1.7-fold and 15-fold
respectively) thymocytes, in BMC treated mice than in mice
that received just the transplant (FIGS. 4H and 4I). In the
periphery, the donor chimerism was higher in the CD4* (by
3.5-fold) and CD8* (by 2.5-fold) T cells. No difference was
observed in the chimerism or absolute number of B-cells.
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[0389] The rate of human T-cell reconstitution was next
measured using an established xenogeneic NSG-BLT mouse
model (Brainard, D. M. et al. Induction of robust cellular and
humoral virus-specific adaptive immune responses in human
immunodeficiency virus-infected humanized BLT mice.
Journal of virology 83, 7305-7321 (2009)). In BMC-treated
NSG-BLT mice, there was an early enhancement in the
initial rate of T-cell reconstitution, and a modest, transient
reduction in the rate of B-cell reconstitution (FIGS. 5A and
5B), with transiently fewer pre-B cell CFUs in the bone
marrow of BMC treated NSG-BLT mice (FIG. 5C). The
peripheral CD4":CD8" T-cell ratio was stabilized in BMC-
treated mice between 50 and 60 days post-transplant,
whereas the CD4" compartment in control NSG-BLT was
not fully reconstituted (FIG. 5D). Strikingly, the enhanced
rate of T-cell reconstitution did not accelerate the rate of
GVHD-related death. Instead, NSG-BLT mice that received
the dual functionalized BMC survived longer than the
NSG-BLT mice (FIG. 5F). In BMC-treated NSG-BLT mice,
CD4"FoxP3* regulatory T-cells (T,,,) were 2-fold higher in
the thymus and spleen of BMC-treated mice at 50 days
post-transplant in this model (FIGS. 5G and 5H). A similar
enhancement in survival was observed in an allogeneic
MHC-mismatch HSCT mouse model that received the BMC
(FIG. 5I), and donor derived CD4"FoxP3* T, were 5-fold
and 4-fold higher in the thymus and spleen, respectively, of
BMC-treated mice 15 days post-transplant in this model
(FIG. 5D).

[0390] The BMC treatment of this invention was next
compared to a widely studied T-cell progenitor infusion
approach, consisting predominantly of double negative
(DN) 2 and double negative (DN) 3 precursors (>90%)
generated ex vivo using OP9-DL.1 feeder cells (FIG. 5K). At
28 days post-HSCT, donor chimerism was significantly
higher in the BMC-treated mice in the DP, SP4 and SP8
thymocyte populations (FIGS. 5L.-5N). In the spleen, donor
chimerism was higher for both CD4* and CD8* T-cells, and
higher absolute numbers of donor CD4+ and CD8+ T-cells
were found with BMC-treatment (FIGS. 50 and 5P).

Example 5: BMCs Enhance the Diversity and
Function of Regenerated T-Cells

[0391] The diversity in T-cell receptors (TCR diversity) is
produced by stochastic somatic recombination of gene seg-
ments in the thymus. In dual BMC treated mice, the thymus
cellularity and the thymus weight were significantly higher
than transplant-only controls upto ~6 weeks post-transplant
(FIGS. 3Q and 3R). To characterize whether the increase in
thymic cellularity also enhanced the functionality and diver-
sity of the regenerated T-cells in syngeneic transplants, TCR
excision circles (TRECs) were quantified. TRECs are a
signature of TCR rearrangement. A TCR repertoire analysis
was also conducted. TREC number in the thymus of dual
BMC-treated mice 1 month after transplantation were simi-
lar to that in non-irradiated control mice, and both were
greater than in transplant only mice and BMP-2 BMC
treated mice (FIG. 6A). In the spleen, an overall lower
number of TRECs were noted in the same groups relative to
the non-irradiated control, but mice treated with dual BMCs
still had a higher TREC count relative to the transplant only
and single factor BMP-2 BMC groups (FIG. 6B). The
diversity of the TCR V and J segments in the CDR3 beta
chain was evaluated in the BMC treated and transplanted
mice 30 days post-HSCT using the Simpson’s index (SI),
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which takes into account the number of T-cell clones pres-
ent, as well as the relative abundance of each clone. The SI
of mice with the dual functional BMC was 40% that of
non-irradiated control mice, whereas the SI in mice admin-
istered the transplant alone or with BMP-2 BMC were lower
(16% and 8%, respectively) (FIG. 6C). In HSCT, the lack of
naive T cells with a broad TCR repertoire has been associ-
ated with increased risk of immunological complications
and opportunistic infections (Douek, D. C. et al. Assessment
of thymic output in adults after haematopoietic stem cell
transplantation and prediction of T-cell reconstitution. 7ze
Lancet 355, 1875-1881 1076 (2000)). The recovery of a
greater number of TRECs in the thymus and periphery of
dual BMC treated mice mirrors the enhancement in thy-
mopoiesis. Relatively high frequencies of specific TCR
clones were also observed in mice treated with dual BMCs,
but a greater overall diversity suggested a more balanced
thymus-derived reconstitution.

[0392] To measure the capacity of regenerated T-cells to
respond in an antigen-specific manner, syngeneic transplants
were vaccinated and subsequently challenged with a model
protein ovalbumin (OVA) 30 days after transplantation
(FIG. 6D). OVA epitope (SIINFEKL)-tetramer"CD8+
T-cells were significantly higher in mice that received the
dual functional BMC, as compared to transplanted mice that
did not receive the BMC or that received the BMC with
BMP-2 only (FIG. 6E). Similarly, in dual BMC-treated mice
that received the allogeneic transplant, the donor antigen-
specific T-cell response was approximately 3-fold higher, as
compared to that resulting from the pro-T-cell therapy
approach (FIG. 6F). It was found that the production of
interferon (IFN)-y and tumor necrosis factor-a (TNF-a)
upon ex vivo stimulation was comparable for donor CD4*
and CD8* T-cells in the BMC treatment and T-cell progeni-
tor treatment groups at Day 22, but a significantly greater
fraction of T-cells from the BMC-treated group produced
these factors at Day 42 (FIGS. 6G and 6H). The robust
antigen-specific generation of CD8* T-cells after vaccination
in BMC treated mice post-HSCT suggests that the BMC
treatment has the potential to be used in combination with
post-HSCT vaccination.

Example 6: Materials and Methods

[0393] The invention was made using the following mate-
rials and methods.

General Methods and Statistics

[0394] Sample sizes for animal studies were based on
prior work without the use of additional statistical estima-
tions (Brainard, D. M. et al. Induction of robust cellular and
humoral virus-specific adaptive immune responses in human
immunodeficiency virus-infected humanized BLT mice.
Journal of virology 83, 7305-7321 (2009); Bencherif, S. A.
et al. Injectable cryogel-based whole-cell cancer vaccines.
Nature communications 6, 7556 (2015); Palchaudhuri, R. et
al. Non-genotoxic conditioning for hematopoietic stem cell
1066 transplantation using a hematopoietic-cell-specific
internalizing immunotoxin. Nature biotechnology 34, 738
(2016))). Results were analyzed by using one-way ANOVA
with a Tukey post hoc test using GraphPad Prism software.
Where ANOVA was used, variance between groups was
found to be similar by Bartlett’s test. Survival curves were
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analyzed by using the log-rank (Mantel-Cox) test. Alpha-
numeric coding was used to blind pathology samples and
blood counting.

Materials

[0395] UP LVG sodium alginate with high guluronate
content was purchased from ProNova Biomedical; 2-mor-
pholinoethanesulfonic acid (MES), sodium chloride (NaCl),
sodium hydroxide (NaOH), N-hydroxysuccinimide (NHS),
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide ~ hydro-
chloride (EDC), 2-aminoethyl methacrylate hydrochloride
(AEMA) and acetone were purchased from Sigma-Aldrich.
ACRL-PEG-NH2 (3.5 kDa) and 4arm PEG Acrylate (10
kDa) were purchased from JenKem Technology.

Bone Marrow Cryogel (BMC) Fabrication

[0396] The bone marrow cryogel was made following a
previously described technique with some modifications
(Bencherif, S. A. et al. Injectable preformed scatfolds with
shape-memory properties. Proceedings of the National
Academy of Sciences of the United States of America 109,
19590-19595 (2012). Methacrylated alginate (MA-alginate)
was prepared by reacting alginate with AEMA. Sodium
alginate was dissolved in a buffer solution (0.6% (wt/vol),
pH ~6.5) of 100 mM MES bufter. NHS and EDC were added
to the mixture to activate the carboxylic acid groups on the
alginate backbone followed by AEMA (molar ratio of NHS:
EDC:AEMA=1:1.3:1.1), and the solution was stirred at
room temperature (RT) for 24 hours. The mixture was
precipitated in acetone, filtered and dried in a vacuum oven
overnight at RT. Alginate-PEG BMCs were synthesized by
preparing a 2.5 wt % solution of MA-alginate and 4arm PEG
Acrylate macromonomers (molar ratio MA-alginate: 4arm
PEG Acrylate=4:1) in deionized water and subsequently
adding tetramethylethylenediamine (TEMED) (0.5% (wt/
vol)) and ammonium persulfate (APS) (0.25% (wt/vol)).
ACRYL-PEG-NH2 was conjugated with the Delta-like
ligand 4 (DLL-4) (R&D Systems) using carbodiimide chem-
istry (molar ratio of NHS:EDC:DLI4=1:1.3:1.1). BMP-2
(R&D Systems) was added to the polymer solution before
cryopolymerization. All precursor solution was precooled to
4° C. to decrease the rate of polymerization before freezing.
After addition of the initiator to the prepolymer solution, the
solution was quickly transferred onto a precooled (-20° C.)
Teflon mold. After overnight incubation, the gels were
thawed and collected in petri dishes on ice.

[0397] For scanning electron microscopy (SEM), BMCs
were incubated in increasing concentration of freshly pre-
pared ethanol solution (30, 50, 70, 90 and 100%) for 20
minutes each. BMCs were then incubated in hexamethyld-
isilazane (Electron Microscopy Sciences) for 10 min and
dried in a desiccator/vacuum chamber for at least 1 hour
prior to mounting them for SEM. Dried BMCs were adhered
onto sample stubs using carbon tape and coated with a
platinum/palladium in a sputter coater. Samples were
imaged using secondary electron detection on a Carl Zeiss
Supra 55 VP field emission scanning electron microscope
(SEM).

Biomolecule Release Quantification

[0398] The stock concentration of the BMP-2 was known
from the manufacturer and verified using ELISA. To deter-
mine the release kinetics encapsulation efficiency of BMP-2
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and to confirm stable conjugation of DLL-4, the BMCs were
incubated in 1 ml of sterile PBS at 37° C. with shaking
Media was replaced periodically. Released agents in the
supernatant were detected by ELISA (Peprotech). The
samples were released until no more BMP-2 was detectable
in the release medium. Subsequently, the cryogel was
digested using at least 1000 U of the enzyme Alginate Lyase.
The digested product was analyzed for BMP-2 using
ELISA. The amounts of BMP-2 and DLL-4 in the cryogel
and release medium were compared with the known amount
of loaded BMP-2 and DLL-4 to calculate the encapsulation
efficiency.

Biomolecule Activity Assays

[0399] Alkaline Phosphatase Activity Assay for BMP-2
Bioactivity
[0400] MC3T3-E1 Subclone 4 cells were used to conduct

an alakaline phosphatase assay as previously described
Macdonald, M. L. et al. Tissue integration of growth factor-
eluting layer-by-layer polyelectrolyte multilayer coated
implants. Biomaterials 32, 1446-1453 (2011). Cells were
cultured under different experimental conditions: (1) growth
medium, (2) differentiation medium supplemented with
BMP-2 release from BMCs and (3) Native BMP-2.

[0401] Notch Activation Assay for DLL-4 Bioactivity
[0402] To quantify the in vitro bioactivity of DLL-4 after
exposure to serum proteins, which could deactivate this
morphogen in vivo, a previously characterized Notch
reporter cell line, CHO-K1+2xHS4-UAS-H2B-Citrine-2x
HS4 cH1+hNECD-Gal4esn ¢9, a kind gift from M. Elowitz
(Caltech), was used (Sprinzak, D. et al. Cis-interactions
between Notch and Delta generate mutually exclusive sig-
naling states. Nature 465, 86 (2010); Nandagopal, N. et al.
Dynamic ligand discrimination in the Notch signaling path-
way. Cell 172, 869-880. e819 (2018)). These cells were
grown in Alpha MEM Earle’s Salts (Irvine Scientific)
supplemented with 10% Tet System Approved FBS (Clon-
tech), 100 U/ml penicillin-100 ug/ml streptomycin —-0.292
mg/ml [_glutamine (Gibco), at 37° C. in the presence of 5%
CO2 under a humidified atmosphere. BMCs both with and
without the DLL-4 were incubated in 96-well plates with the
complete cell culture medium, without cells. At pre-deter-
mined time intervals (up to 3 months), twenty-thousand
Notch reporter cells were seeded in the wells on the BMCs.
After 24 hours, confocal microscopy was performed using a
Zeiss LSM 710 confocal system. The colorimetric output in
response to binding with Notch ligand DLIL-4 was quantified
and used as an indicator of DLIL-4 bioactivity in the scaffold
(FIG. 1H). In particular, the total YFP fluorescence of each
cell in a field of view (50-100; 4-5 field of views encom-
passing over 80% of the gel surface) was calculated and
background fluorescence was subtracted. The median YFP
fluorescence was calculated and divided by the median
fluorescence of the cells seeded on the BMCs without
DLL-4 and reported.

[0403] Affinity Determination by Surface Plasmon Reso-
nance
[0404] Dissociation constants of wild-type DLL4 and

MA-DLLA4 for Notchl were determined by surface plasmon
resonance using a BIAcore T200 instrument (GE Health-
care) as described previously (Heliotis, M., Lavery, K.,
Ripamonti, U., Tsiridis, E. & Di Silvio, L. Transformation of
a prefabricated hydroxyapatite/osteogenic protein-1 implant
into a vascularised pedicled bone flap in the human chest.
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International journal of oral and maxillofacial surgery 35,
265-269 (2006). Briefly, biotinylated, recombinant Notchl
were immobilized on a streptavidin coated sensor chip (GE
Healthcare). Increasing concentrations of wild-type of meth-
acrylated DLL4 proteins in buffer were flowed over the chip
at 20° C. Binding and dissociation phases were performed at
10 Wl/min for 120 seconds and 60 seconds, respectively.
Steady-state binding curves were fitted using the BIAcore
evaluation software to a 1:1 Langmuir model to determine
the K.

[0405] In Vitro Cell Culture in Bone Marrow Cryogel
(BMO)
[0406] Mouse BM cells were harvested from the limbs.

Crushed tissue and cells were filtered through a 70-micron
mesh. A single cell suspension was prepared by passing the
cells once through a 20-gauge needle. Total cellularity was
determined by counting cells using a hemacytometer. BM
cells were depleted of mature immune cells (expressing
CD3-e, CD45R/B220, Ter-119, CD11b or Gr-1) by magnetic
selection (BD Biosciences). Cells were incubated with a mix
of Pacific Blue-conjugated lineage antibodies (antibodies to
CD3,NKI1.1, Gr-1, CD11b, CD19, CD4 and CD8) and with
Sca-1- and c-kit-specific antibodies. Hematopoietic cells
(Lin~Sca-1"ckit") were isolated using a FacsAria cell
sorter (BD). Sorted cells were 295% pure. Human cord-
blood derived CD34* cells were purchased (Allcells) and
expanded for seven days using expansion supplements
(Stemcell Technologies). CD34* cells were isolated using a
positive selection kit (StemCell Technologies). 96 well
plates were pre-coated with Pluronic F127 (Sigma). Each
BMC was individually placed in a well of the 96 well plate.
Ten thousand mouse or human cells, isolated as described
above were added to the same well in a 200 ul volume of
RPMI (with L-Glutamine) 1640 with 10% fetal bovine
serum (FBS) and 1% of antibiotic and anti mycotic solution
(containing penicillin, streptomycin and amphotericin B).
For mouse cells, the media was supplemented with 10 ng/ml
of stem cell factor (SCF; R&D Systems), 10 ng/ml. FMS-
like tyrosine kinase 3 ligand (FIt3L; R&D Systems) and 1
ng/ml, interleukin-7 (IL-7; R&D Systems) with a 50%
medium exchange step at day 2, 4 and 6. For human cells,
the media was supplemented with 100 ng/ml. SCF, 100
ng/ml, FIt3L, 100 ng/mlL. TPO (R&D Systems), and 100
ng/ml IL-7 (R&D Systems). After one week of culture, cells
were isolated by digesting the BMC with 1 mg/ml Alginate
Lyase (Sigma). The solution was passed through a 70-mi-
cron filter and cells were processed for FACS analysis as
described below.

BM Transplantation and Blood Analysis

[0407] All animal work was approved by the Harvard
Institutional Animal Care and Use Committee and followed
the National Institutes of Health guidelines and relevant
ethical regulations. C57BL/6 (B6, H-2%), BALB/c (H-29),
C57BL/6 (CD 45.1%), CByl.B6-Tg(UBC-GFP)30Scha/J
(GFP) and NSG mice (Jackson Laboratories) were female
and between 6 and 8 weeks old at the start of the experiment.
All mice within each experiment were age-matched and no
randomization was performed. Pre-established criterion for
animal omission was failure to inject desired cell dose in
transplanted mice and death due to post-surgical complica-
tions in humanized mice. Health concerns unrelated to the
procedure (e.g., malocclusion, severe dermatitis) were cri-
teria for omission and euthanasia.
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Transplant Models

[0408] All TBI experiments were performed with a
Cs-137 y-radiation source. Sublethal-TBI (SL-TBI, B6
recipient), 1x500 cGy+5x10° lineage-depleted bone marrow
cells; syngeneic HSCT (syn-HSCT, B6 recipient) 1x1000
cGy+5x10* to 5x10° (as indicated in the figures) lineage
depleted GFP BM cells; allogeneic-HSCT with GVHD
(BALB/c MHC-mismatched recipient) 1x850 cGy+5x10°
lineage depleted GFP BM cells+1x10° GFP splenocytes;
allogeneic-HSCT without GVHD (BALB/c MHC-mis-
matched recipient) 1x850 cGy+5x10° lineage depleted GFP
BM cells or 5x10° in vitro generated GFP T-cell progeni-
tors+10° syngeneic HSCs as described elsewhere without
modification48. Humanized BLT (bone marrow-liver-thy-
mus) mouse studies were conducted by the MGH and Ragon
Institute Human Immune System Mouse Program, with
Institutional TACUC approval as described previously
(Brainard, D. M. et al. Induction of robust cellular and
humoral virus-specific adaptive immune responses in human
immunodeficiency virus-infected humanized BLT mice.
Journal of virology 83, 7305-7321 (2009)). BM cells for
transplantation or analysis were harvested by crushing all
limbs or one femur, respectively and processed as described
above. While the mice were anesthetized, they received
subcutaneous injections of two BMCs, which were sus-
pended in 0.2 ml of sterile PBS, into the dorsal flank by
means of a 16-gauge needle. One BMC was injected on each
side of the spine and positioned approximately midway
between the hind and forelimbs. Subcutaneous nodule size
was quantified over time by measuring the nodule length,
width and height using a caliper. All cohorts of mice
(typically 10 mice/group) were serially bled. White blood
cell, hemoglobin, red blood cell, platelet, and hematocrit
levels were quantified by CBC analysis (Abaxis VetScan
HMS).

[0409] For directly assessing whether cells from the BMC
migrate to the thymus, the dual factor BMC in concert with
stem cell therapy was delivered into an initial set of lethally
irradiated mice (B6 recipients receiving 1000 c¢Gy L-TBI
and 5x10° lineage depleted GFP BM cells with dual factor
BMC. 10-days post-HSCT, the dual factor BMC was
explanted and immediately surgically transplanted in the
subcutaneous pocket of a second set of B6 mice which had
received 500 cGy SL-TBI 48-hours prior without any addi-
tional cell transplantation. 20-days post surgery, mice were
sacrificed and the thymocytes were analyzed in these mice.

Flow Cytometry (FACS) Analysis

[0410] Anti-mouse antibodies to CD8-a (53-6.7), CD3-¢
(145-2C11), B220 (RA3-6B2), CD11b (M1/70), CD25
(PC61), CD117 (2B8), Sca-1 (D7), CD127 (A7R34), and
anti-human antibodies to CD45 (H130), CD3 (HIT3a), CD4
(SK3), CD19 (HIB19), CD34 (581), CD38 (HB-7) and CD7
(CD7-6B7), IFN-y (XMG1.1), TNF-a. (MP6-XT22) and the
corresponding isotype antibodies were purchased from
BioLegend. Anti-human CD8 (RPA-T8) was purchased
from BD Biosciences. CD44 (IM7) was purchased from
eBioscience. SIINFEKL tetramer (Alexa Fluor 647 H-2K”
OVA) were obtained from the NIH Tetramer Core Facility.
All cells were gated based on forward and side-scatter
characteristics to limit debris including dead cells. Antibod-
ies were diluted according to the manufacturer’s sugges-
tions. Cells were gated based on fluorescence minus one
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controls, and the frequencies of cells staining positive for
each marker was recorded. For quantifying T, B, and
myeloid cells, blood samples were red blood cell-lysed and
stained with anti-CD45, -B220, -CD3, -CD4, -CD8, and
-CD11b antibodies, and absolute numbers of T, B, and
myeloid cells were calculated using flow cytometry frequen-
cies and white blood cell values obtained by CBC analysis.
Analysis was based on donor events within the CD45+ for
blood cells and the CD45- gate for stromal cells.

Bone, Fat Quantification and Histology

[0411] After euthanasia, BMCs and tissues were
explanted. For quantification of bone using bone alkaline
phosphatase (BALP), the BMCs and femurs were crushed
and homogenized and strained through a 70 micron filter.
Subsequently, a BALP ELISA kit (Creative Diagnostics)
was used to quantify the BALP by following the manufac-
turer’s protocol. Oil Red O staining kit (Biovision) was used
for lipid quantification. Harvested BMCs and bones were
washed, fixed, processed and stained following the manu-
facturer’s protocol. BMCs and bone were subsequently
crushed, strained and resuspended in equal volumes before
measuring absorbance (OD,y,). For histological staining,
tissues were fixed in 4% paraformaldehyde (PFA). PFA-
fixed samples were partially decalcified for about 4 hours
using a rapid decalcifying formic acid/hydrochloric acid
mixture (Decalcifying Solution, VWR) and embedded in
paraffin wax. Sections (5 pm) of the samples were stained
with routine trichrome, Safranin-O or Verhoeff-Van Gieson
stain.

Quantification of Thymic T-Cell Receptor Excision Circles
(TRECs)

[0412] TREC quantification was performed as previously
described (Warnke, P. et al. Growth and transplantation of a
custom vascularised bone graft in a man The Lancet 364,
766-770 (2004)). Briefly, thymi were harvested from non-
irradiated C57BL/6 mice, transplanted mice, and trans-
planted mice with the injected BMC (30 d after condition-
ing). Total DNA was extracted using TRIZOL following
tissue homogenization in a Bullet Blender Storm BBX24
instrument (Next Advance, Inc.). DNA was quantified by
UV-Vis and 1 pg of DNA per sample was used as input for
real-time PCR. A standard curve of mouse sjTREC plasmid
was used to calculate the absolute number of single joint
TRECS (sjTRECs) per sample.

TCR Analysis

[0413] Extracted lymphocyte RNA was quantified using
UV-Vis. Equimolar amounts of RNA from each sample was
submitted to iRepertoire for sequencing and bioinformatics
analysis, where samples were reverse transcribed and ampli-
fied using a primer set which specifically amplifies beta TCR
RNA. The results of the sequencing gave a range of total
reads and numbers of unique CDR3s for each sample.

Vaccination and Non-Specific T-Cell-Stimulation Study

[0414] Thirty (30) days after transplantation, animals were
immunized with a bolus vaccine containing 100 pg ovalbu-
min (OVA), 100 pg CpG-ODN and 1 pg GM-CSF. After 10
days, animals were challenged with an intravenous injection
of ovalbumin. On Day 12, spleens were collected from
euthanized mice in the vaccination studies. Splenocytes
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were isolated by mechanical disruption of the spleen against
70-um cell strainers. Red blood cells in the harvested tissues
were lysed and leukocytes were prepared for analysis. For
unspecific stimulation, cells were incubated for 5 hours with
PMA (10 ng/ml)+ionomycin (2 pM). Brefeldin A (10
ng/ml) was added after 2 hours of incubation. The cells
were then harvested, washed, and stained with fluoro-
chrome-conjugated antibodies to T-cell surface antigens.
Subsequently, cell were fixed and permeabilized with fixa-
tion/permeabilization solution kit reagents (BD) and stained
with IFN-y, TNF-a-specific antibodies.

Discussion

[0415] Here, it was demonstrated that a cell-free bioma-
terial-based BMC mimicked key features of the T-cell
lymphopoietic bone marrow niche and promoted the regen-
eration of immune competent T cells after hematopoietic
stem cell transplantation. Subcutaneously administered
BMCs interfaced with the host vasculature to form a host-
device interface and presented lineage instructive cues to
donor recruited progenitor cells in vivo. It is well established
that BMP-2 induces osteolineage differentiation of recruited
mesenchymal cells and indirectly promotes rapid neoangio-
genesis (Smadja, D. M. et al. Bone morphogenetic proteins
2 and 4 are selectively expressed by late outgrowth endothe-
lial progenitor cells and promote neoangiogenesis. Arterio-
sclerosis, thrombosis, and vascular biology 28, 2137-2143
(2008). In this work, it was observed early neoangiogenesis,
followed by maturation of the vasculature to densities con-
sistent with those observed in endogenous bone marrow
(Lafage-Proust, M.-H. et al. Assessment of bone vascular-
ization and its role in bone remodeling. BoneKEy reports 4
(2015)). The finding of various hematopoietic and stromal
progenitor populations quantified within the BMC are con-
sistent with previous observations of hematopoiesis occur-
ring within an ectopic bone nodule (Kuznetsov, S. A. et al.
The interplay of osteogenesis and hematopoiesis: expression
of a constitutively active PTH/PTHrP receptor in osteogenic
cells perturbs the establishment of hematopoiesis in bone
and of skeletal stem cells in the bone marrow. J Cell Biol
167, 1113-1122 (2004)); Song, J. et al. An in vivo model to
study and manipulate the hematopoietic stem cell niche.
Blood 115, 2592-2600 (2010)). The incorporation of bioac-
tive Notch ligand DLL-4 on the polymer scaffold promoted
an early enhancement in the generation of T-cell progenitors
in the BMC and led to a significant increase in the number
of thymic progenitors relative to controls receiving lineage-
depleted bone marrow grafts, and the controls were consis-
tent with established models of syngeneic- and allogeneic-
HSCT (Wils, E.-J. et al. FlIt3 ligand expands lymphoid
progenitors prior to recovery of thymopoiesis and acceler-
ates T cell reconstitution after bone marrow transplantation.
The Journal of Immunology 178, 3551-3557 (2007); Mail-
lard, I. et al. Notch-dependent T-lineage commitment occurs
at extrathymic sites following bone marrow transplantation.
Blood 107, 3511-3519 (2006). This finding is supported by
the observation of enhanced generation of TRECs, the
increased complexity of the TCR repertoire and the
increased vaccination efficacy.

[0416] The BMC approach is distinct conceptually and in
practice from other strategies to promote post-HSCT T-cell
regeneration and its relevance in HSCT is supported by the
preclinical studies in this work. It resulted in a higher
number of T-cell progenitors and functional T-cells in the
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thymus and the periphery when used with a 10-fold lower
dose relative to T-cell progenitor infusion. The BMC treat-
ment varies from other methods in that it can be adminis-
tered at the time of HSCT. In contrast, T-cell progenitors are
produced in vitro from donor hematopoietic cells over 2-4
weeks, have complex cell culture requirements in pre-
clinical models and are patient specific. By providing the
T-cell promoting cues to the transplanted HSCs in vivo
without the need for ex-vivo culture, the BMC approach
may be an off-the-shelf product, avoid the considerable
infrastructure needed for cell manufacturing (Garber, K.
(Nature Publishing Group, 2018) and may complement the
activities of cytokine therapies. When a lower radiation dose
was used prior to HSCT, the BMC modestly enhanced T-cell
reconstitution in the periphery, but significantly increased
donor derived T-cell generation in the thymus and donor
T-cell chimerism. The finding suggests the application of the
BMCs will be relevant in settings of lower intensity HSCT.

[0417] The enhancement in the reconstitution of human
T-cells in xenogeneic NSG-BLT mice was accompanied by
a modest and transient reduction in B-cell reconstitution,
consistent with a corresponding decrease in pre-B CFUs.
While this humanized mouse model is widely accepted for
human immune cells, it is also known that key mouse
cytokines are inefficient at inducing hematopoiesis including
the development of human B-cells from human CD34™ cells
in this model ((Jangalwe, S., Shultz, L. D., Mathew, A. &
Brehm, M A Improved B cell development in humanized
NOD-scid IL2Ry null mice transgenically expressing human
stem cell factor, granulocyte-macrophage colony-stimulat-
ing factor and interleukin-3. Immunity, inflammation and
disease 4, 427-440 (2016)). It is likely that the Notch
activation of the fraction of the transplanted cells, which
seed the BMC enhances T cell specification at the expense
of B cell specification. However, the transient reduction in
B-cell production is modest and unlikely to be of clinical
significance.

[0418] The formation of a bone nodule is restricted to the
geometry of the scaffold, consistent with previous reports of
scaffold-induced bone formation, which has been well tol-
erated in many species, including non-human primates (Ri-
pamonti, U. Bone induction by recombinant human osteo-
genic protein-1 (hOP-1, BMP-7) in the primate Papio
ursinus with expression of mRNA of gene products of the
TGF-f superfamily. Journal of cellular and molecular medi-
cine 9, 911-928 (2005) and in humans (Heliotis, M., Lavery,
K., Ripamonti, U., Tsiridis, E. & Di Silvio, L. Transforma-
tion of a prefabricated hydroxyapatite/osteogenic protein-1
implant into a vascularised pedicled bone flap in the human
chest. International journal of oral and maxillofacial sur-
gery 35, 265-269 (2006); Warnke, P. et al. Growth and
transplantation of a custom vascularised bone graft in a man
The Lancet 364, 766-770 (2004)). The past clinical experi-
ence with other scaffold-based systems indicates that the
size of the device may remain constant between species
(Hodi, S. (2012)). Even with the larger growth factor dose
that may be necessary for use in humans, it is anticipate that
the controlled release provided by this polymer-based
hydrogel system would permit the use of BMP-2 at a dose
several orders of magnitude lower than the large dose
currently used in the clinic, which are delivered as a bolus
release and have been associated with undesirable side
effects (Carragee, E. J., Hurwitz, E. L. & Weiner, B. K. A
critical review of recombinant human bone morphogenetic
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protein-2 trials in spinal surgery: emerging safety concerns
and lessons learned. The Spine Journal 11, 471-491 (2011)).
After T cell regeneration, the BMC may be readily removed
similar to other devices that are often used in HSCT or made
with biodegradable materials to resorb (Biffi, R. et al. Use of
totally implantable central venous access ports for high-dose
chemotherapy and peripheral blood stem cell transplanta-
tion: results of a monocentre series of patients. Annals of
oncology 15, 296-300 (2004)).

[0419] CD4* T-cell recovery after allogeneic HSCT is
usually delayed, leading to an inversion of the normal
CD4/CDS ratio (Li, M. O. & Rudensky, A. Y. T cell receptor
signalling in the control of regulatory T cell differentiation
and function. Nature Reviews Immunology 16, 220 (2016)).
In BMC treated mice, there was a more balanced reconsti-
tution of T cells and an enhancement in donor CD4*
regulatory T-cells (T,,,) in the thymus and the spleen of
humanized and allogeneically transplanted mice. Given the
key role of donor T,,, in GVHD suppression (Hoffmann, P,
Ermann, J., Edinger, M., Fathman, C. G. & Strober, S.
Donor-type CD4*CD25* regulatory T cells suppress lethal
acute graft-versus-host disease after allogeneic bone marrow
transplantation. Journal of Experimental Medicine 196, 389-
399 (2002)), BMC-mediated enhancement of donor T,,,
generation likely contributed to the mitigation of GVHD-
like pathology and the enhanced survival of mice, poten-
tially through BMP-2 regulation of TGF-beta family pro-
teins, which are key regulators of T, , expansion (Wan, Y.
Y. & Flavell, R. A. “Yin-Yang’ functions of transforming
growth factor-f and T regulatory cells in immune regulation.
Immunological reviews 220, 199-213 (2007)). Moreover, the
time course in the allogeneic GVHD model is consistent
with at least some of the BMC role being due to an effect on
pre-existing T-committed or mature T cells.

[0420] In sum, these findings suggest that the BMC rep-
resents a simple to administer, off-the-shelf system that can
enhance T cell regeneration after HSCT. If the BMC system
performs similarly in a human context, it may be a means of
abrogating the immunological complications and opportu-
nistic infections that limit clinical application of potentially
curative HSCT.

INCORPORATION BY REFERENCE

[0421] All publications, patents, and patent applications
mentioned herein are hereby incorporated by reference in
their entirety as if each individual publication, patent or
patent application was specifically and individually indi-
cated to be incorporated by reference. In case of conflict, the
present application, including any definitions herein, will
control.

EQUIVALENTS

[0422] Those skilled in the art will recognize, or be able to
ascertain using no more than routine experimentation, many
equivalents to the specific embodiments of the present
invention described herein. Such equivalents are intended to
be encompassed by the following claims.

What is claimed is:

1. A composition for modulating the immune system in a
subject, comprising:

a porous scaffold;

a growth factor present at between about 1 ng to about

1000 ng per scaffold, and in an amount effective for
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inducing formation of a tissue or an organ within the
scaffold and recruiting a cell into the scaffold; and

a differentiation factor that induces the differentiation of
the recruited cell into a T cell progenitor cell.

2. The composition of claim 1, wherein the growth factor
is present at about 0.03 ng/mm> to about 350 ng/mm? by
volume of scaffold.

3. A composition for modulating the immune system in a
subject, comprising:

a porous scaffold;

a growth factor present at between about 0.03 ng/mm?> to
about 350 ng/mm> by volume of scaffold, and in an
amount effective for inducing formation of a tissue or
an organ within the scaffold and recruiting a cell into
the scaffold; and

a differentiation factor that induces the differentiation of
the recruited cell into a T cell progenitor cell.

4. The composition of claims 1 to 3, wherein the scaffold

comprises a hydrogel.

5. The composition of any one of claims 1-4, wherein the
scaffold comprises a cryogel.

6. The composition of any one of claims 1-5, wherein the
scaffold comprises a polymer or co-polymer selected from
the group consisting of polylactic acid, polyglycolic acid,
PLGA, alginate or an alginate derivative, gelatin, collagen,
agarose, hyaluronic acid, poly(lysine), polyhydroxybu-
tyrate, poly-epsilon-caprolactone, polyphosphazines, poly
(vinyl alcohol), poly(alkylene oxide), poly(ethylene oxide),
poly(allylamine), poly(acrylate), poly(4-aminomethylsty-
rene), pluronic polyol, polyoxamer, poly(uronic acid), poly
(anhydride), poly(vinylpyrrolidone), and any combination
thereof.

7. The composition of any one of claims 1-6, wherein the
scaffold comprises a polymer or co-polymer selected from
the group consisting of alginate, alginate derivative, and the
combination thereof.

8. The composition of any one of claims 1-7, wherein the
scaffold comprises a polymer or co-polymer selected from
the group consisting of hyaluronic acid, hyaluronic acid
derivative, and the combination thereof.

9. The composition of any one of claim 1-8, wherein the
scaffold comprises pores having a diameter between about 1
pm and 100 pm.

10. The composition of any one of claims 1-8, wherein the
scaffold comprises a macropore.

11. The composition of claim 10, wherein the macropore
has a diameter between about 50 um and 80 pum.

12. The composition of claim 10 or 11, wherein the
scaffold comprises macropores of different sizes.

13. The composition of any one of claims 1-12, wherein
the scaffold is injectable.

14. The composition of any one of claims 1-13, wherein
the scaffold comprises methacrylated alginate (MA-alg-
inate).

15. The composition of any one of claims 1-14, wherein
the scaffold comprises a hyaluronic acid or a hyaluronic
acid-derivative.

16. The composition of any one of claims 1-15, wherein
the scaffold comprises a click-hydrogel or click cryogel.

17. The composition of claim 16, wherein the scaffold
comprises a click-alginate, a click gelatin, or a click
hyaluronic acid.

18. The composition of any one of claims 1-17, wherein
the scaffold comprises porogen hydrogel microbeads and a
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bulk hydrogel, wherein the porogen hydrogel microbeads
degrade at least 10% faster than the bulk hydrogel polymer
scaffold following administration of the scaffold into a
subject.

19. The composition of claim 18, wherein the porogen
hydrogel microbeads comprise oxidized alginate.

20. The composition of any one of claims 1-19, wherein
the cell is a stem cell.

21. The composition of claim 20, wherein the stem cell is
a hematopoietic stem cell.

22. The composition of any one of claims 1-19, wherein
the cell is a progenitor cell.

23. The composition of any one of claims 1-22, wherein
the tissue or the organ comprises a bone tissue or a hema-
topoietic tissue.

24. The composition of any one of claims 1-23, wherein
the tissue or the organ is formed about 7-21 days after the
composition is administered to the subject.

25. The composition of claim 24, wherein the tissue or the
organ is formed about 14 days after the composition is
administered to the subject.

26. The composition of any one of claims 1-25, wherein
the cell a stromal cell.

27. The composition of any one of claims 1-26, wherein
the scaffold is between about 100 um® to about 10 cm? in
size.

28. The composition of claim 27, wherein the scaffold is
between about 10 mm> to about 100 mm? in size.

29. The composition of claim 28, wherein the scaffold is
about 30 mm? in size.

30. The composition of any one of claims 1-29, wherein
the growth factor comprises a protein belonging to trans-
forming growth factor protein beta (TGF-§) superfamily.

31. The composition of claim 30, wherein the growth
factor comprises a protein selected from the group consist-
ing of a BMP-2, a BMP-4, a BMP-6, a BMP-7, a BMP-12,
a BMP-14, a growth differentiation factor (GDF)-1, a GDG-
2, a GDF-3, a GDF-5, a GDF-6, a GDF-8, a GDF-9, a
GDF-10, a GDF-11, a GDF-15, an anti-Mullerian hormone
(AMH), an activin, a Nodal, a TGF-p1, a TGF-p2, a
TGF-B3, a TGF-p4, and any combination thereof.

32. The composition of claim 30 or 31, wherein the
growth factor comprises a BMP-2.

33. The composition of claim 30 or 31, wherein the
growth factor comprises a TGF-p1.

34. The composition of any one of claims 1-33, wherein
the growth factor is present at between about 5 ng to about
500 ng.

35. The composition of claim 34, wherein the growth
factor is present at between about 5 ng to about 250 ng.

36. The composition of claim 35, wherein the growth
factor is present at between about 5 ng to about 200 ng.

37. The composition of claim 36, wherein the growth
factor is present at about 200 ng.

38. The composition of claim 37, wherein the growth
factor is present at about 6 ng/mm> to about 10 ng/mm?.

39. The composition of claim 38, wherein the growth
factor is present at about 6.5 ng/mm?> to about 7.0 ng/mm?®.

40. The composition of any one of claims 1-39, wherein
the growth factor retains its bioactivity for at least twelve
days after the growth factor is incorporated into the scaffold.

41. The composition of any one of claims 1-40, wherein
the T cell progenitor cell is capable of differentiating to a T
cell.
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42. The composition of claim 41, wherein the T cell
comprises a cell selected from the group consisting of a
CD4+ T cell, a CD8+ T cell, a regulatory T cell (Treg), and
any combination thereof.

43. The composition of claim 41 or 42, wherein the T cell
comprises a Treg.

44. The composition of any one of claims 1-43, wherein
the differentiation factor binds to a Notch receptor.

45. The composition of claim 44, wherein the Notch
receptor is selected from the group consisting of a Notch-1
receptor, a Notch-2 receptor, a Notch-3 receptor, a Notch-4
receptor, and any combination thereof.

46. The composition of claim 44 or 45, wherein the
differentiation factor is selected from the group consisting of
a Delta-like 1 (DLL-1), a Delta-like 2 (DLL-2), a Delta-like
3 (DLL-3), a Delta-like 3 (DLL-3), a Delta-like 4 (DLL-4),
a Jagged 1, a Jagged 2, and any combination thereof.

47. The composition of any one of claims 1-46, wherein
the differentiation factor is covalently linked to the scaffold.

48. The composition of claim 47, wherein the differen-
tiation factor is covalently linked to the scaffold utilizing
click chemistry.

49. The composition of claim 47 or 48, wherein the
differentiation factor is covalently linked to the scaffold
utilizing N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC)
chemistry, NHS and dicyclohexylcarbodiimide (DCC)
chemistry, avidin-biotin reaction, azide and dibenzocycloo-
cytne chemistry, tetrazine and transcyclooctene chemistry,
tetrazine and norbornene chemistry, or di-sulfide chemistry.

50. The composition of any one of claims 1-49, wherein
the differentiation factor is present at an amount at between
about 1 ng to about 1000 pg per scaffold.

51. The composition of claim 50, wherein the differen-
tiation factor is present at an amount between about 1 pg to
about 100 pg per scaffold.

52. The composition of claim 51, wherein the differen-
tiation factor is present at an amount between 1 ug to about
10 pg per scaffold.

53. The composition of claim 52, wherein the differen-
tiation factor is present about 6 pg per scaffold.

54. The composition of any one of claims 1-53, wherein
the differentiation factor retains its bioactivity for at least
about three months after the differentiation factor is incor-
porated to the scaffold.

55. The composition of any one of claims 1-54, wherein
the recruited cell is a transplanted cell.

56. The composition of any one of claims 1-54, wherein
the recruited cell is not a transplanted cell.

57. The composition of claim 55, wherein the recruited
cell is autologous.

58. The composition of claim 55, wherein the recruited
cell is allogeneic.

59. The composition of claim 55, wherein the recruited
cell is xenogeneic.

60. The composition of any one of claims 1-59, wherein
the differentiated cell is capable of migrating out of the
scaffold.

61. The composition of claim 60, wherein the differenti-
ated cell is capable of homing to a tissue in a subject after
the composition is administered to the subject.

62. The composition of any one of claims 1-61, further
comprising a homing factor that is capable of promoting the
recruitment of the cell to the scaffold.
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63. The composition of claim 62, wherein the homing
factor comprises a stromal cell derived factor (SDF-1).

64. A method of modulating the immune system in a
subject, comprising administering the composition of any
one of claims 1-63 to the subject, thereby modulating the
immune system in the subject.

65. A method of reducing immune over-reactivity in a
subject, comprising administering to the subject the com-
position of any one of claims 1-63 to the subject, thereby
reducing immune over-reactivity in the subject.

66. A method of increasing donor chimerism in a subject
receiving a transplantation, comprising administering to the
subject the composition of any one of claims 1-63 to the
subject, thereby increasing donor chimerism in the subject.

67. A method for promoting balanced reconstitution of T
cells in a subject, comprising administering to the subject the
composition of any one of claims 1-63 to the subject,
thereby promoting balanced reconstitution of T cells in the
subject.

68. The method of any one of claims claim 64-67, further
comprising administering to the subject a hematopoietic
stem cell or a hematopoietic progenitor cell.

69. The method of claim 68, wherein the composition is
administered to the subject concurrently with, or after, the
administration of the hematopoietic stem cell or the hema-
topoietic progenitor cell to the subject.

70. The method of claim 68 or 69, wherein between about
1x10° and about 50x10° hematopoietic stem cells and/or
hematopoietic progenitor cells per kilogram of the subject’s
weight are administered to the subject.

71. The method of claim 70, wherein between about
1x10° and about 1x10° hematopoietic stem cells or hema-
topoietic progenitor cells per kilogram of the subject’s
weight are administered to the subject.

72. The method of any one of claims 64-71, wherein the
method enhances reconstitution of T cells in the subject.

73. The method of claim 72, wherein the method enhances
T cell neogenesis.

74. The method of claim 73, wherein the enhanced T cell
neogenesis is characterized by the enhanced T cell receptor
excision circles (TRECs).

75. The method of any one of claims 64-74, wherein the
method enhances T cell diversity in the subject.

76. The method of claim 75, wherein the T cell diversity
is characterized by an enhanced T cell receptor (TCR)
repertoire.

77. The method of any one of claims 64-76, wherein the
method increases the level of regulatory T (T,.,) cells.

78. The method of any one of claims 64-77, wherein the
subject is a human who has a compromised immune system.

79. The method of claim 78, wherein the subject has a
compromised immune system due to immunosenescence.

80. The method of claim 79, wherein the subject is over
30 years, 40 years, 50 years, 60 years, 70 years, or 80 years
old.

81. The method of any one of claims 78-80, wherein the
subject has a compromised immune system due to a con-
genital immunodeficiency.

82. The method of any one of claims 78-81, wherein the
subject has an acquired immunodeficiency.

83. A method of reducing immune over-reactivity in a
subject, comprising administering to the subject a compo-
sition comprising:
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a porous scaffold;

a growth factor present in an amount effective for induc-
ing formation of a tissue or an organ within the scaffold
and recruiting a cell into the scaffold; and

a differentiation factor that induces the differentiation of
the recruited cell into a T cell progenitor cell,

thereby reducing immune over-reactivity in the subject.

84. A method of increasing donor chimerism in a subject
receiving a transplantation, comprising administering to the
subject a composition comprising:

a porous scaffold;

a growth factor present in an amount effective for induc-
ing formation of a tissue or an organ within the scaffold
and recruiting a cell into the scaffold; and

a differentiation factor that induces the differentiation of
the recruited cell into a T cell progenitor cell.

thereby increasing donor chimerism in the subject.

85. A method for promoting balanced reconstitution of T
cells in a subject, comprising administering to the subject a
composition comprising:

a porous scaffold;

a growth factor present in an amount effective for induc-
ing formation of a tissue or an organ within the scaffold
and recruiting a cell into the scaffold; and

a differentiation factor that induces the differentiation of
the recruited cell into a T cell progenitor cell,

thereby leading to a balanced reconstitution of T cells in
the subject.

86. A method of modulating the immune system of a
human having a compromised immune system, comprising
administering to the human a composition comprising:

a porous scaffold;

a growth factor present in an amount effective for induc-
ing formation of a tissue or an organ within the scaffold
and recruiting a cell into the scaffold; and

a differentiation factor that induces the differentiation of
the recruited cell into a T cell progenitor cell,

thereby modulating the immune system of the human,

wherein the human has a compromised immune system
due to immunosenescence, congenital immunodefi-
ciency, or acquired immunodeficiency.

87. The method of any one of claims 83-86, wherein the

scaffold comprises a hydrogel.

88. The method of any one of claims 83-87, wherein the
scaffold comprises a cryogel.

89. The method of any one of claims 83-88, wherein the
scaffold comprises a polymer or co-polymer selected from
the group consisting of polylactic acid, polyglycolic acid,
PLGA, alginate or an alginate derivative, gelatin, collagen,
agarose, hyaluronic acid, poly(lysine), polyhydroxybu-
tyrate, poly-epsilon-caprolactone, polyphosphazines, poly
(vinyl alcohol), poly(alkylene oxide), poly(ethylene oxide),
poly(allylamine), poly(acrylate), poly(4-aminomethylsty-
rene), pluronic polyol, polyoxamer, poly(uronic acid), poly
(anhydride), poly(vinylpyrrolidone), and any combination
thereof.

90. The method of any one of claims 83-89, wherein the
scaffold comprises a polymer or co-polymer selected from
the group consisting of an alginate, an alginate derivative,
and the combination thereof.

91. The method of any one of claims 83-91, wherein the
scaffold comprises a polymer or co-polymer selected from
the group consisting of hyaluronic acid, a hyaluronic acid
derivative, and the combination thereof.
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92. The method of any one of claims 83-91, wherein the
scaffold comprises a macropore.

93. The method of claim 92, wherein the macropore has
a diameter between about 1 pm and about 100 pum.

94. The method of claim 93, wherein the macropore has
a diameter between about 50 um and 80 pm.

95. The method of any one of claims 92-94, wherein the
scaffold comprises macropores of different size.

96. The method of any one of claims 83-95, wherein the
scaffold is injectable.

97. The method of any one of claims 83-96, wherein the
scaffold comprises methacrylated alginate (MA-alginate).

98. The methods of any one of claims 83-97, wherein the
scaffold comprises a hyaluronic acid or a hyaluronic acid
derivative.

99. The method of any one of claims 83-98, wherein the
scaffold comprises a click-hydrogel or click cryogel.

100. The method of claim 99, wherein the scaffold com-
prises a click-alginate, a click gelation or a click hyaluronic
acid.

101. The method of any one of claims 83-100, wherein the
scaffold comprises porogen hydrogel microbeads and a bulk
hydrogel, wherein the porogen hydrogel microbeads
degrade at least 10% faster than the bulk hydrogel following
administration into a subject.

102. The method of claim 101, wherein the porogen
hydrogel microbeads comprise oxidized alginate.

103. The method of any one of claims 83-102, wherein the
cell is a stem cell or a progenitor cell.

104. The method of claim 103, wherein the cell is selected
from a group consisting of a hematopoietic stem cell, a
hematopoietic progenitor cell, a recombinant hematopoietic
stem cell, a recombinant hematopoietic progenitor cell, and
any combination thereof.

105. The method of any one of claims claim 83-102,
wherein the cell is selected from the group consisting of a
hematopoietic bone marrow cell, a mobilized peripheral
blood cell, a recombinant hematopoietic bone marrow cell,
a recombinant mobilized peripherial blood cell, and any
combination thereof.

106. The method of any one of claims 83-105, wherein the
tissue or the organ comprises a bone tissue or a hematopoi-
etic tissue.

107. The method of claim 106, wherein the tissue or the
organ is formed about 7-21 days after the composition is
administered to the subject.

108. The method of any one of claims 83-107, wherein the
tissue or the organ is formed about 14 days after the
composition is administered to the subject.

109. The method of claim 107 or 108, wherein at least two
compositions are administered to the subject.

110. The method of claim 109, wherein the compositions
are of similar size.

111. The method of any one of claims 83-110, wherein the
cell is a stromal cell.

112. The method of any one of claims 83-111, wherein the
scaffold is between about 100 pm? to about 10 cm? in size.

113. The method of claim 112, wherein the scaffold is
between about 10 mm? to about 100 mm? in size.

114. The method of claim 113, wherein the scaffold is
about 30 mm” in size.

115. The method of any one of claims 83-114, wherein the
growth factor comprises a protein belonging to transforming
growth factor protein beta (TGF-f) superfamily.
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116. The method of claim 115, wherein the growth factor
comprises a protein selected from the group consisting of a
BMP-2, a BMP-4, a BMP-6, a BMP-7, a BMP-12, a
BMP-14, a growth differentiation factor (GDF)-1, a GDG-2,
a GDF-3, a GDF-5, a GDF-6, a GDF-8, a GDF-9, a GDF-10,
a GDF-11, a GDF-15, an anti-Mullerian hormone (AMH),
an activin, a Nodal, a TGF-f1, a TGF-2, a TGF-33, a
TGF-B4, and any combination thereof.

117. The method of claim 115 or 116, wherein the growth
factor comprises a BMP-2.

118. The method of claim 115 or 116, wherein the growth
factor comprises a TGF-p1.

119. The method of any one of claims 83-118, wherein the
growth factor retain its bioactivity for at least twelve days
after the growth factor is incorporated into the scaffold.

120. The method of any one of claims 83-119, wherein the
T cell progenitor cell is capable of differentiating to a T cell.

121. The method of claim 120, wherein the T cell com-
prises a cell selected from the group consisting of a CD4+
T cell, a CD8+ T cell, a regulatory T cell (Treg), and any
combination thereof.

122. The method of claim 119 or 120, wherein the
lymphocyte comprises a Treg.

123. The method of any one of claims 83-122, wherein the
differentiation factor binds to a Notch receptor.

124. The method of claim 123, wherein the Notch recep-
tor is selected from the group consisting of a Notch-1
receptor, a Notch-2 receptor, a Notch-3 receptor, a Notch-4
receptor, and any combination thereof.

125. The method of claim 123 or 124, wherein the
differentiation factor is selected from the group consisting of
a Delta-like 1 (DLL-1), a Delta-like 2 (DLL-2), a Delta-like
3 (DLL-3), a Delta-like 3 (DLL-3), a Delta-like 4 (DLL-4),
a Jagged 1, a Jagged 2, and any combination thereof.

126. The method of any one of claims 83-125, wherein the
differentiation factor is covalently linked to the scaffold.

127. The method of claim 126, wherein the differentiation
factor is covalently linked to the scaffold utilizing click
chemistry.

128. The method of claim 126 or 127, wherein the
differentiation factor is covalently linked to the scaffold
utilizing N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC)
chemistry, avidin-biotin reaction, azide and dibenzocycloo-
cytne chemistry, tetrazine and transcyclooctene chemistry,
tetrazine and norbornene chemistry, or di-sulfide chemistry.

129. The method of any one of claims 83-128, wherein the
differentiation factor retains its bioactivity for at least about
three months after the differentiation factor is incorporated
to the scaffold.

130. The method of any one of claims 83-129, wherein the
recruited cell is a transplanted cell.

131. The method of any one of claims 83-129, wherein the
recruited cell is not a transplanted cell.

132. The method of claim 130, wherein the recruited cell
is autologous.

133. The method of claim 130, wherein the recruited cell
is allogeneic.

134. The method of claim 130, wherein the recruited cell
is Xenogeneic.

135. The method of any one of claims 83-134, wherein the
differentiated cell is capable of migrating out of the scaffold.
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136. The method of claim 135, wherein the differentiated
cell is capable of homing to a tissue in a subject after the
composition is administered to the subject.

137. The method of any one of claims 83-136, wherein the
composition further comprises a homing factor that is
capable of promoting the recruitment of the cell to the
scaffold.

138. The method of claim 137, wherein the homing factor
comprises a stromal cell derived factor (SDF-1).

139. The method of any one of claims 83-138, wherein the
growth factor is present at between about 1 ng to about 1000
ug.

140. The method of any one of claims 83-139, wherein the
growth factor is present at between about 1 ng to about 1000
ng.

141. The method of claim 140, wherein the growth factor
is present at between about 5 ng to about 500 ng.

142. The method of claim 141, wherein the growth factor
is present at between about 5 ng to about 250 ng.

143. The method of claim 142, wherein the growth factor
is present at between about 5 ng to about 200 ng.

144. The method of claim 143, wherein the growth factor
is present at about 200 ng.

145. The method of any one of claims 83-144, wherein the
growth factor is present at about 0.03 ng/mm? to about 350
ng/mm?> by volume of scaffold.

146. The composition of claim 145, wherein the growth
factor is present at about 6 ng/mm® to about 10 ng/mm?>.

147. The composition of claim 146, wherein the growth
factor is present at about 6.5 ng/mm? to about 7.0 ng/mm®.

148. The method of claim 83-147, wherein between about
5x10° and about 50x10° hematopoietic stem cells and/or
hematopoietic progenitor cells per kilogram of the subject’s
weight are administered to the subject.

149. The method of claim 148, wherein about 5x10°
hematopoietic stem cells and/or hematopoietic progenitor
cells per kilogram of the subject’s weight are administered
to the subject.

150. The method of claim 148 or 149, wherein the
hematopoietic cells are selected from the group consisting of
hematopoietic stem cells, hematopoietic progenitor cells,
recombinant hematopoietic stem cells, recombinant hema-
topoietic progenitor cells, and any combination thereof.

151. The method of claim 148 or 149, wherein the
hematopoietic cells are selected from the group consisting of
hematopoietic bone marrow cells, mobilized peripheral
blood cells, recombinant hematopoietic bone marrow cells,
recombinant mobilized peripheral blood cells, and any com-
bination thereof.

152. The method of any one of claims 83, and 87-151,
wherein the method reduces self-immunity in the subject.

153. The method of any one of claims 83, and 87-152,
wherein the method prevents or treats an autoimmune dis-
ease.

154. The method of claim 153, wherein the autoimmune
disease is a disecase selected from the group consisting of
type 1 diabetes, rheumatoid arthritis, psoriasis, arthritis,
multiple sclerosis, systemic lupus erythermatosus, inflam-
matory bowel disease, Addison’s disease, Graves’ disease,
Sjogren’s syndrome, Hashimoto’s thyroiditis, Myasthenia
gravis, Vasculitis, Pernicious anemia, Celiac disease, and
allergy.
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155. The method of any one of claims 83, 84, and 87-151,
wherein the method mitigates graft versus host disease
(GVHD).

156. The method of claim 155, wherein the GVHD is
associated with hematopoietic stem cell transplantation
(HSCT) to the subject.

157. The method of claim 156, wherein the composition
is administered concurrently with or after hematopoietic
stem cell transplantation (HSCT).

158. The method of claim 157, wherein the GVHD is
associated with solid organ transplantation.

159. The method of claim 158, wherein the composition
is administered to a subject before the transplantation.

160. The method of any one of claims 155-159, wherein
the GVHD is acute GVHD.

161. The method of any one of claims 155-159, wherein
the GVHD is chronic GVHD.

162. The method of any one of claims 155-161, wherein
the method mitigates GVHD associated morbidity, GVHD
associated mortality, or GVHD associated deduction in
long-term survival.

163. The method of any one of claims 84, and 87-151,
wherein the transplantation is a hematopoietic stem cell
transplantation (HSCT).

164. The method of any one of claims 84, 87-151, and
163, wherein the increased donor chimerism comprises a T
cell chimerism.

165. The method of claim 164, wherein the T cell com-
prises a CD4+ T cell, a CD8+ T cell, or a Treg cell.

166. The method of any one of claims 85, and 87-151,
wherein the balanced reconstitution of T cells is character-
ized by homeostatic CD4+: CD8+ T cell ratio of between
about 0.9 and about 2.5 in periphery blood.

167. The method of any one of claims 86-151, wherein the
human has a compromised immune system due to immu-
nosenescence.

168. The method of claim 167, wherein the human is over
30, 40, 50, 60, 70, or 80 years old.

169. The method of any one of claims 86-151, 167, and
168, wherein the human has a compromised immune system
due to a congenital immunodeficiency.

170. The method of any one of claims 86-151, and
167-169, wherein the human has a compromised immune
system due to an acquired immunodeficiency.

171. The method of any one of claims 83-170, wherein the
method increases the level of regulatory T (T,.,) cells.

172. The method of any one of claim 83-171, wherein the
composition is administered by injection.

173. The method of claim 172, wherein the injection is
subcutaneous injection.

174. A syringe comprising:

a needle;

a reservoir that comprises the composition of any one of

claims 1-63; and

a plunger.

175. A kit comprising:

the composition of one of claims 1-63; and

instructions to administer the composition.

176. The method of any one of claims 83-173, further
comprising administering the subject a stem cell mobiliza-
tion agent or a progenitor cell mobilization agent in an
amount effective for inducing the movement of a stem cell
or progenitor cell from the bone marrow into the blood.
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177. The method of claim 176, wherein the stem cell
mobilization agent or the progenitor cell mobilization agent
is selected from the group consisting of 1L-1, IL-2, IL-3,
1L-6, GM-CSF, G-CSF, plerixafor, PDGF, TGF-beta, NGF,
IGFs, growth hormone, erythropoietin, thrombopoietin, and
a combination thereof.

178. The method of claim 176 or 177, wherein the stem
cell mobilization agent or the progenitor cell mobilization
agent is administered prior to, concurrently with, or follow-
ing the administration of the composition.

179. The method of any one of claims 176-178, further
comprising administering to the subject a therapeutically-
effective amount of electromagnetic radiation.

#* #* #* #* #*



