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IMMUNOSUPPRESSIVE MATERIALS AND RELATED METHODS

CROSS-REFERENCE TO RELATED APPLICATION

This application claims the benefit of U.S. Application No. 62/647,534, filed

March 23, 2018, expressly incorporated herein by reference in ifs entirety.
STATEMENT OF GOVERNMENT LICENSE RIGHTS

This mvention was made with government support under Grant No. HDTRA1-13-
1-0044 awarded by the Defense Threat Reduction Agency and Grant No. DMR-1708436
awarded by the National Science Foundation. The government has certain rights in the
mvention.

BACKGROUND OF THE INVENTION

When considering a biomaterial for in vivo applications, the first and most
important requirement is blocompatibility with the human body. In addition to inert
biomaterials, functional biomaterials that can activelv conirol and modulate immune
responses are another approach. It is found that apoptotic cells can direct immune cells
such as macrophages and dendritic cells to irmamunosuppressive phenotypes via
externalized phosphatidylserine (PS) on their surface and thus induce immune tolerance
even in inflammatory activated regions.

A need exists to develop improved nonfouling polvmers and compositions and
materials that include these polymers having advantageous nonfouling properties. The
present invention seeks to fulfill this need and provides further related advaniages.

SUMMARY OF THE INVENTION

The present invention provides zwitterionic phosphatidviserine (ZPS) monomers,
ZPS polymers and ZPS copolvmers, methods for making the ZPS monomers, ZPS
polymers, and ZPS copolymers, compositions and malterials that inchude ZPS polymers
and ZPS copolymers, and methods for using the ZPS monomers, ZPS polymers, and ZPS
copolymers.

The present inveniion also provides non-zwitterionic (neutral) phosphatidvisenne
(NZPS} monomers, polymers, copolymers, compositions and materials that include the

same, and methods for making and using the same.
In one aspect, the invention provides particles that include one or more

zwitterionic phosphatidyiserine polymers in which the polymer is coupled to the particie.



WO 2019/183637 PCT/US2019/023921

(93}

[
(i

20

In one embodiment, the particle has micro~ or nanoscale dimensions and comprises one
or more zwittenionic phosphatidylserine polymers coupled to the particle.  In certain
embodiments, the polymer is covalently coupled to the particle. In other embodiments,
the polymer is physically adsorbed to the particle. As used herein, the term "microscale

4

dimensions" refers to a particle having a diameter of about 1 pum or greater. As used
herein, the term "nanoscale dimensions” refers to a particle having a diameter less than
I um

In certain emwbodiments, the particle s a biomolecule and the biomolecule
modified to include the polymer is a bioconjugate. Representative biomolecules useful in
the invention include proleins, nucleic acids, glvcoproteins, lipids, and proteoglycans.
Representative proteins that include enzvmes, signaling proteins (e.g., a hormone, a
cytokine, a regulatory protein, an msulin, a PD-1/PD-L1/2 inhibitor), haemostasis or
thrombosis proteins, vaccines, complement system proteins, and antibodies or functional
fragments or characteristic portions thereof. In certain embodiments, the biomolecule is a
biomolecule that has been previcusly modified, such as a PEGvlated biomolecuie {(e.g.. a
protein that has been modified to include one or more poly(ethvlene glvcol)s.

In other embodiments, the biomolecule is a small molecule therapeutic agent (a
carbon-based therapeutic agent having a molecular weight less than about 1000 g/mole,
preferably less than about 800 g/mole).

In further embodiments, the particle is a drug delivery vehicle. Representative
drug deliverv vehicles include micelies, liposomes, and polyvmersomes {e.g., containing
one or more therapeutic and/or diagnostic agents).

in certain embodiments, the particle is a cell, a virus, or a bacteriom.

In other embodiments, the particle is a hvdrogel, such as a nucrogel or a nanogel.

In further embodiments, the particle is a metal, a metal oxide, a ceramic, a
svnthetic polymer, a natural polymer, a crystal, a semuconductor roaterial, a graphere, a

graphene oxide, an iron oxide, or a silica, or a quantum dot.
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In certain embodiments, the particles have one or more zwitteriome
phosphatidviserineg polvmers grafted from the particle.  In other embodiments, the
particles have one or more zwitterionic phosphatidyiserine polymers grafted to the

particle.

(93}

In certain embodiments, the particle includes one or more zwitterionic

phosphatidyiserine polvmers that have repeating units having the formula

wherein
10 * indicates the point of attachiment of the repeating unit to other repeating units in
the polymer or copolymer, or polymer or copolymer terminal groups;
B 15 a polvmer backbone;
L, s a hinker group selected from ~(CHo)y, -C{EOWNH{CH),-
CEOYOCHY) . -C=0)0C(=0)0(CHY)y-, (CH)-O0-(CHp)y-, and ~(CH),-S-S-
1§ (CH»)~, where x at each occurrence is an integer independently selected from 1 to 20;
R, and Ry are independently selected from the group consisting of hvdrogen,
C3-Cop alkyl, and Ce-Crr aryls
m is an integer from 1 to 20;

p is an integer from 1 to 20; and



WO 2019/183637 PCT/US2019/023921

n is an integer from about 10 to about 500.
In other embodiments, the particle includes one or more zwitterionic

phosphatidyiserine polymers that have repeating units having the formula:

Lo n
Rﬁms\E@j—-—Rg
((Ein}m
]
OﬁiﬁE’mO -
)
<<E:H2>p
< H3N+ COy

wherein

* indicates the point of attachment of the repeating unit to other repeating units in
the polvmer or copolymer, or polvmer or copolymer terminal groups;

Ry is selected from the group consisting of hydrogen, {luorine, trifluoromethyl,

10 cvano, Ci-Cyp alkyl, and Co-Cyp aryl

Ry and Rj are mdependently selected from the group consisting of hvdrogen,
Cy-Cop alkyl, and Co-Cyy aryl, o1 Ry and R taken together with the nitrogen form a ring;

R4 and R are the residues of polymerization of polymerizable functional groups:

Lis C or S5

L, is a limker group selected from -(CH,},-, -C(EOINH{CH) -

-
(93}

SCEQHCHY) -, -CEOYOC(=00{CHy), -, ~«(CH2),-0-(CHy)-, and —{CH7),~S-8-
{CHy),~, where x at each occurrence is an integer independently selected from 1 to 20;
L and Ly are independently selected from ~{CHy -,

C{=0INH(CH, ), -, ~-C(=0)O(CHy), -, -C(=0Y0C(=0I0(CHy )y, -(CHy)-0-(CH, )y, and

4
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~{CHy}-5-8-(CH,),~, where x at each occurrence is an integer independently selected
from 0 1o 20;
ntis an integer from 1 to 20;

p is an integer from 1 to 20; and

5 n is an integer from about 10 fo about 500.
In further embodiments, the particle mcludes one or more zwitteriome
phosphatidyiserine polymers that have repeating units having the formula:
Riy
* a
O
|
{CH2)n
|+
Rop~——N-——Rs
{CHy)n
|
O-——meO -
O
{CHz)p
t/J\ N
HaN CO,
wherein
10 * ndicates the point of attachment of the repeating unit to other repeating units in

the polvmer or copolvmer, or polymer or copolymer termunal groups:
Ry 15 selected from the group consisting of hyvdrogen, fluorne, trifluoromethyl,
cyano, C-Cy alkyl, and Ce-Cyy arvl;
R, and R; are independently selected from hydrogen and C-Cq alkyl, or R, and
15 R taken together with the nitrogen form a ring;
X 1e O or NH,

nis an integer from 1 to 20;
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m s an integer from 1 to 20;

p is an integer from 1 to 20; and

a 1s an integer from about 10 to about 500.

In another aspect, the wvention provides methods for rendering a particle
immunosuppressive. In one embodiment, the methods comprise covalently coupling one
or more zwitterionic phosphatidylserine polymers to the particle.

In another aspect, the invention provides substrate surfaces having one or more
zwitterionic phosphatidyiserine polymers covalently coupled thereto.

In other aspects, the invention also provides particles having micro- or nanoscale
dimensions comprising one or wore neuiral (non-zwitlerionic) phosphatidyiserine
polymers covalently coupled to a particle, methods for rendering a particle
immunosuppressive  comprising covalently  coupling one or wmore npeuiral (non-
zwitterionic) phosphatidylserine polymers 1o a particle, and substrate surfaces having one
or more neufral (non-zwitlerionic) phosphatidylserine polymers covalently coupled
thereto.

In a further aspect, the invention provides ZPS monomers. In these embodiments,
the monomer comprises a polymerizable moiety covalently coupled to a zwitterionic
phosphatidyiserine moiety.

In one embodiment, the ZP8 monomer has the formula:

-6m
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wherein
R; is selected from the group consisting of hvdrogen, fluorine, trifluoromethyl

B

cyano, C-Cop alkvl, and Ce-Crp aryl;

Wh

R, and Ry are independently selected from the group consisting of hydrogen,
C1-Coo alkyl, and Cs-Cor aryl, or R, and R taken together with the mutrogen form a ring:

Ry and Rs are independently selecied from functional groups suitable for
polymerization by addition, condensation or free radical polymerization;

LisCorSi;
10 L, 18 independently selected from ~(CHy ), -, -C(=0INH(CH, ) -, -CEOYO(CH, ) -
. where X 1s an integer from 1 1o 20;

LA and Ly are mdependently selected from -(CHj )~
-CEOINHCH ) -, -CEOYO(CH, 1y -, -CEOYOCEOYO(CHY ), -, -(CHy 1 -0-(CH)), -, and

—(CH;),~S-5-(CH,),-, where x at each occurrence 15 an integer independently selected

[y
W

from 0 to 20;
s an integer from 1 to 20; and
p is an integer from | to 20.

In another embodiment, the ZPS monomer has the formula:
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Ry
O
X
»
(CHz)n
B
Rz"""“?“‘"‘"Ra
(?H2)rrx
]
OEFE’“"“"O’"
(E)
(CH)p
SN
HgN CO,

wherein,

R, is selected from the group consisting of hydrogen, fluorine, trifluoromethyl,
cvano, C1-Cyg alkyl, and Ce-Cyy aryl,

R, and R; are independently selected from hydrogen and C;-Cgy alkyl, or Ry and
R; taken together with the nitrogen form a ring,

X8 G or NH,

n is an integer from 1 to 20,

m is an integer from 1 to 20, and

pis an integer from 1 to 20.

In another aspect, the invention provides ZPS polymers and copolvmers. In these
embodiments, the ZPS polymer or copolvmer has repeating units, wherein one or more
repeating units comprise a zwitterionic phosphatidylserine moiety.  In  certain
embodiments, the zwitterionic phospatidylserine moiety s pendant from the polymer
backbone. In other embodiments, the zwitterionic phospatidylserine moiety is a
component of the polymer backbone (e.g., part of the zwilterionic phospatidyisenne

moiety is in the polymer backbone).
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In certain embodiments, the ZPS polvmer or copolymer includes repeating units

T
| in
Lz

|+

having the formula:

Ry——N-——Ry
{CH2)m
O
O==P 0~
O
{CHzlp
H3N+ COy

wherein

* indicates the point of attachiment of the repeating unit to other repeating units in
the polymer or copolymer, or polymer or copolymer terminal groups;

B 15 a polvmer backbone;

L, is a linker group that hinks the ZPS motety to the backbone, representative
groups include -(CHy )y, ~CEOINHCH )~ ~CEOYO(CHY) -,
CEMOCEOYO(CHy -, -(CH)-0-(CH )y~ and ~(CH2)-8-5-{CH»),~, where x at
each occurrence 1s an integer independently selected from 1 to 20;

R, and R; are ndependently selected from the group consisting of hydrogen,
Ci-Cy alkyl, and Co-Cyp arvl, or Ry and R4 taken together with the nitrogen form a ring;

m is an integer from 1 to 20;

p is an integer from 1 to 20; and

nis an integer from about 10 to about 500.

In other embodiments, the ZPS polvmer or copolymer includes repeating units

having the formula:



WO 2019/183637 PCT/US2019/023921

LZ N
|+
Rzm?ng
(?Hz)n
|
O*f—-"-'—f*?m()
I
{CHa)p
+
HaN co,

wherein
* indicates the point of attachment of the repeating unit to other repeating units in
5 the polymer or copolymer, or the polymer or copolymer ternunal groups;
R; 1s selected from the group consisting of hvdrogen, fluorine, trifluoromethyl,
cyano, C1-Cqo alkyl, and Ce-Cyo aryl;
R, and R; are independently selected from the group consisting of hvdrogen,
C1-Cop alkyl, and Ce-Ciz arvl, or Ry and Ry taken together with the nitrogen form a ring;
10 Ry and Rs are independently selected from residues of polymerization of the
functional groups suitable for polymerization by addition, condensation or free radical
polymerization;
LisCorSi;
L, 1s independently selected from ~(CH,),~, -C(=0INH(CH,),-, -CEOY0(CH, )~

[
(i

. where X is an integer from 1 to 20;

Ly and Ly are independently selected from -{CHy )~
~CEOINH(CHy ) -, -CEOYO(CH ) -, -CEOOCEOYO(CH )~ -(CH ) ~O-(CHy) -, and
~{CH;}-8-S-(CH,},-, where x at each occurrence is an integer independently selected

from 0 to 20;

-10-
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m s an integer from 1 to 20;

p is an integer from 1 to 20; and

n is an integer from about 10 to about 500.

In further embodiments, the ZPS polymer or copolymer includes repeating units

5 having the formula:
Ry

wherein
* ndicates the point of attachment of the repeating unit to other repeating units in
the polvmer or copolvmer, or the polymer or copolymer terrminal groups;
10 Ry 15 selected from the group consisting of hyvdrogen, fluorne, trifluoromethyl,
cyano, C-Cy alkyl, and Ce-Cyy arvl;
R, and R; are independently selected from hydrogen and C;-Cg alkyl, or R, and
R; taken together with the nitrogen form a ring;

Xis G orNH;

-
(93}

nis an integer from 1 to 20;
m is an integer from 1 {o 20,

p is an integer from 1 to 20; and

-11-
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a 1s an integer from about 10 to about 500.
DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advantages of this invention will
become more readily appreciated as the same become better understood by reference 1o
the following detailed description, when taken in conjunction with the accompanying
drawimngs.

FIGURE | compares relative fibrinogen adsorption (%) for MPC, NZPS, and ZPS
hydrogel surfaces relative to control TCPS, as measured by ELSIA.

FIGURE ZA compares the level of TNF-u secretion in the supernatant from
RAW 264.7 macrophages ( 10°/well) treated with MPC, NZPS, or ZPS nanogel solutions
at various concentration (10, 25, 50, 100, 200, 1000 ug/ml) for 18 hours followed by the
stimulation of LPS (100 ng/mL) for 48h, as measured by ELISA.

FIGURE 2B coropares the level of TNF-a secretion in the supematant from
RAW 264.7 macrophages (107 /well) treated with MPC, NZPS, or ZPS nanogel solutions
at 100 ug/ml) for 18 hours followed by the stimulation of LPS (100 ng/mL) for 48h,
where the nanogel solutions were pre-incubated with Annexin V solution at various
concentrations (0, 10, 25, 50, 100, 200 yg/mi)} for 6h, as measured by ELISA.

FIGURE 2C compares recovered {fluorescence from RAW 2647 macrophages
{(10°/well} incubated with MPC. NZPS, and ZPS nanogels encapsulating FITC-BSA for
30, 60, 120, and 180 min, after which the cells were washed and lysed for the detection of
recovered fluorescence.

FIGURE 3A compares CD40/CD80 for DC 2.4 dendritic cells incubated with
native uricase, MPC-uricase, NZPS-uricase, and ZPS-uricase conjugates for 72 hours
relative to blank control and stained for flow cytometry.

(B) Summary of the percentage of dendritic cells that maintained an ummature
status {(CD40- CDBO-). (C) The secretion of TGF-beta into the supernatant was detected
by ELISA kit

FIGURE 3B compares percentage of dendritic cells that mamntained an immature
status (CD40- CDE0-) for the dendritic cells described in FIGURE 3A.

FIGURE 3C compares TGF-beta secretion for the dendritic cells described in

FIGURE 3A, as measured by ELISA.

-12-
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FIGURES 4A and 4B compare circulation time of native uricase, ZPS-uricase,
NZPS-uricase, MPC-uricase conjugates after the first (4A) and third (4B} mjection in
mice.

FIGURES 4C and 4D compare detection of IgM (4C) and IgG (4D) specific io
wicase or uricase conjugates. Mice were sacrificed on 21st day and their sera were
harvested for the detection of IgM and Ig(G specific to uricase or uricase conjugates via
ELISA test.

FIGURE 4E compares Treg phenotype (Foxp3+) cells among CD4+
D25+ splenocvies for mice treated with native uricase, ZPS-uricase, NZPS-uricase, and
MPC-uricase conjugates for 72 howrs and then stained for flow cytometry, relative to
blank control. Summary of the percentage of Treg phenotvpe (Foxp3+) cells among
D4+ UD25+ splenocytes.

FIGURE 4F compares Treg% among CD4+ CD25+ cells for mice treated as
described in FIGURE 4E.

DETAILED DESCRIPTION OF THE INVENTION

In one aspect, the present invention provides switierionic phosphatidvisenne
(ZPS) monomers, ZPS polymers and ZPS copolymers, methods for making the ZPS
monomers, ZPS polvmers, and ZPS copolymers, compositions and materials that include
ZPS polvmers and ZPS copolymers, and methods {or using the ZPS monomers, ZPS
polyrmers, and ZPS copolymers.

As used herein, the term "zwitterionic phosphatidyiserine monomer” or "ZPS
monomer” refers to a polvimenzable monomer or a pendant group of a homopolymer or
copolymer that includes a phosphatidvlserine motety (NH,-CH(-CH,0-P(=0)0))-
COyH and its ionic forms) and an additional cationic center (e.g., -NT{RI(RP}-, where R2
and RP are independentlv H or €;-C5 alkyl). The monomer or pendant group of the
homopolymer or copolvmer is zwitterionic by virtue of the cationic N center and the
anionic phosphate center.

A represeniative ZPS monomer has formula (1)



WO 2019/183637 PCT/US2019/023921

Wh

10

[
(i

HaN cop M

wherein, in certain embodiments, R is selected from the group consisting of hvdrogen,
fluonne, trafluoromethyl, cvano, Ci-Cyy alkyl (preferably C{-Cy4 alkyl), and Co-Cyo arvl,
Ry and Ry are independently selected from hydrogen and C-Cy; alkyl, or R; and R; taken
together with the nitrogen form aring, X 15 O or NH, nt is an integer from 1 t0 20 {e.g.. 1,
2,3, 4,5, or 6), mis an integer from 1 to 20 {e.g.. 1, 2, 3, 4, 5, or 6), and p is an integer
fromito20{eg.1.2,.3, 4,5, or6).

The term "zwitterionic phosphatidylserine polymer” or "ZPS polymer" refers to a
polvmer (1.e., homopolymer or copolvmer) having one or more pendant groups that
include a phosphatidvlserine moiety and an additional cationic center, as described above.
The polymer s zwitterionic by virtue of the cationic N center and the anionic phosphate
center in the repeating unit pendant group.

A ZPS homopolymer polymer 1s prepared by polymerization of a monomer of
formula (I} and a ZPS copolymer is prepared by copolymerization a monomer of formula
(1) and a comonomer. These ZPS polymers (homopolymers, random copolymers, block
copolymers} include repeating units having pendant zwitteriomc phosphatidyliserine

(ZPS) moieties, as shown below:

~14-
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HaN CO, (H)

wherein, in certain embodiments, Ry, Ry, R5, X, n, m, and p are as described above for
the monomer of formula (1), a is an integer from about 10 to abowt 500, and * indicates
the point of attachment of the repeating unit to other repeating units n the polymer or
copolymer, or the polymer or copolymer terminal groups.

As described herein, the ZPS monomers can be readily polymerized wnder
standard polymerizing conditions to provide ZPS polymers.

ZPS monomers. ZPS polvimers. and ZPS copolvrmers

In certain aspects, the present invention provides ZPS monomers and ZPS
polymers and ZPS copolymers prepared from ZPS monomers.

Monomers of the invention include (a) ZPS monomers with backbones selecied
from silicone, fluorinated, peptide. urethane, urea, imide, carbonate, anhydride,
phosphazene, epoxy, sulfone, and sulfide backbones, and degradable backbones beyond
methacryiate and acrvlate backbones, (b) linear ZPS crosslinkers, degradable and
non-degradable ZPS-based crossiinkers, or {¢} linear ZPS-based monomers that provide
ZPS groups in the polvmoer backbone or ZPS groups in the polymer side chains.

Polymers and copolymers of the invention include polymers and copolymers,
such as homopolymers, random copolymers, block copolymers, multiblock copolymers,

and branched or star polymers that mclude repeating units containing ZPS groups,

-15-
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including such polvmers prepared from polymerization (or copolvmernization) of one or
more monomers of the invention (e.g.. ZPS monomers).

ZPS monomers. In one aspect, the imvention provides ZPS monomers. The ZPS
monomers provide ZPS polvmers and ZPS copolymers that include ZPS-containing
repeating uniis, The ZPS groups of the repeating units and polymers may be pendant ZPS
groups {i.e., polymer side chains).

In certain embodiments, the ZPS monomer comprises a polvmerizable motety
covalently coupled to a zwitterionic phosphatidylserine motety.

in certain embodiments, ZPS monomers include monomers that provide polvmers
or copolymers having pendant ZPS groups {polymer side chains). Representative ZPS

monomers have formula (1) shown above. Other representative ZPS monomers have

formula (F):
Ry
Ry u«-—-—-s_.mt_A Rg

X

N .
(iHZ)m
.

Omimiﬁ:)f
;
(‘fi?Hz}p

H3N+/L\COQ_ (11D

wherein

R; is selected from the group consisting of hvdrogen, fluorine, trifluoromethyl

cvano, C1-Cqp alkyl, and Co-Cio aryi;

R, and Ry are independently selected from the group consisting of hydrogen,
Ci-Cyp akyl (e.g., Ci-Cs alkyvl), and Ce-Cy; aryl, or Ry and Rs taken together with the
nitrogen form aring;

Ry and Rs are independently selected from funcuonal groups suitable for

polymerization by addition, condensation or free radical polvmenization;

LisCorSi

-1 6-
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L, is independently selected from -(CH;)-. -C(=0)NH(CH;)-. -C(=0)}0{CH,),~
. where X is an integer from 110 20{(eg, 1,2, 3,4. 5, or 6},

L and Ly are mdependently selected from ~{CHo ),
~CEOINHICH ), ~CEOYO(CH ), -, -CE00CEOIO(CH, ), -(CHY ), -0-(CHy), -, and
—~{CHy)8-8-(CH> )~, where x at each occurrence 1s an infeger independently selected
from 0 to 20, preferably from 1 to 20 (in certain embodiments, L5 and/or L4 1s absent);

mis an integer from 110 20 (e.g.. 1,2, 3,4, 5, or 6); and

pis aninteger from 11020 (e g, 1,2,3.4, 5, or 6).

The preparation of a representative ZPS monomer useful for making the polymers
and copolymers of the invention 15 described in Example 1.

It will be appreciated that the ZPS polymers and copolymers of the invention used
for making the mventive swiface coatings, bulk materials, standalone materials,
hydrogels, and conjugates can be prepared from the monomers described herein,
including the methacrvlate/methacrvlamide ZPS monomer of formula (1) and the ZPS
monomer of formula (31},

ZPS polymers and copolvmers. In other aspects, the mvention provides ZPS

polvmers prepared from ZPS monomers, as described herein, and that include ZPS
repeating units.

In certain embodiments, the ZPS polyvmer or copolymer has repeating units,
wherein one or more repeating units include a zwitterionic phosphatidylserine moiety. In
certain of these embodiments, the zwitterionic phospatidviserine moiety ts pendant from
the polymer backbone. In other of these embodiments, the zwitierionic phospatidyiserine
moigty 15 a component of the polvmer backbone {eg. part of the zwitterionic
phospatidviserine moiety 15 in the polvmer backbone}.

In certain embodiments for these polymers and copolymers, the polymer and
copolyvmer backbone can be any one of a polvester, a polypeptide, a polyinude, a
polyphosphazene, a polysiloxane, a polvepoxy, a vinvl polymer, a phenolic polymer, a
polyurethane, a polyurea, a polvearbonale, a polysulfone, or a polysulfide.

The ZPS polymers and copolymers of the invention include polymers and
copoiymers prepared from monomers of formulae (1) and (Il). Polymers can be formed
by polymerization of {a) a monomer of formula (1), (b) a monomer of formula (1), or
{cya comonomers of formulae (I} and (Ii}). Copolymers can be prepared by

copolymerization of (a) a monomer of formula (I} and a second comonomer that is
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suttable for copolvmerization with a monomer of formula (1), (b) a monomer of formula
(111} and a second comonomer that is suitable for copolymerization with a monomer of
formula (I1). and {¢} a monomer of formula (I} and a monomer of formmula (IIl} that is
suitable for copoly merization with a monomer of forrmda (I).

In certain embodiments, the ZPS monomer provides a polymer repeating unit that
includes an ZPS motety that is pendant from the polymer backbone {(i.e., forms a pait of
the polymer side chain). Representative polvmers having ZPS moieties that are pendant
from the polymer backbone have formula (I} shown above. Other representative ZPS

polymers have formula (IV):

av)

wherein

* mdicates the point of attachment of the repeating unit to other repeating units in
the polymer or copolymer, or polymer or copolymer terminal groups;

B is a polvmer backbone as described above;

L, is a linker group that links the ZPS moiety to the backbone, representative
groups include “{(CH ). -C{EONH(CH )y -, ~C(=0YO(CH2 )~
CEMOCEOYO(CHy -, -(CH)-0-(CH )y~ and ~(CH2)-8-5-{CH»),~, where x at
each occurrence is an integer independently selected from 1 to 20;

R, and Ry are independently selecied from the group consisting of hydrogen,
C-Cop alkyl (e.g., C~Cr alkyl, and including cvclic alkyl, such as C3-C5 cycloalkyl). and

Ce-Cyr arvl, or Ry and Ry taken together with the nitrogen form a ring;
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mis an integer rom 1 t0 20 {e.g.. 1,2, 3,4, 5, or 6);

pis an integer from 1 to 20 (e.g., 1,2, 3, 4. 5, or 6); and

1t is an integer from about 10 to about 500.

PCT/US2019/023921

In other embodiments, representative polymers having ZPS moieties that are

5 pendant from the polymer backbone have formwula (V)

R
Ryl Emt +Rs
L
A
(CHaly
O
Oz:sgme
)
(é&-{z)p

(V)

wherein Ry, Ry, Ry, Ry, Rs, L, Lo, L, Ly, m, p, and ™ are as described above for

the monomer of formula (I11), with the understanding that Ry and Rs i formula (V) are

10 the residues of polymernization of the functional groups Ry and Rs, respectively, in

formula (H1); and n 1s an integer from about 10 to about 500,

In certain embodiments, the zwitterionic phosphatidylserine moiety of the ZPS

polymer is included, at feast in part, in the polymer backbone.

In certain of these embodiments, the ZPS polvmer has repeating units that inciude

15 the following formula:
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wherein L,, p, and * are as described above for the polymer formula (IV), with

the understanding that the point at which L, is coupled to B is the nitrogen of NT(Ry)

5 (e, the atom 1n B to which L, 1s covalently coupled); and n is an integer from about

10 to aboui 300

In other of these embodiments, the ZPS polvmer has repeating units that include

the following formula:

R
B

* R,gqum?mngmRS *
LZ n
!

OETWO -
O
(CHz}p
+ _
10 wherein Ry, Ry, Rs, Ly, La, Ly, p, and * are as described above for the monomer

of formula (1), with the understanding that Ry and R m formula (VA} are the residues

of polymerization of the functional groups Ry and Rs, respectively, in formula (IIf); and n

is an integer from about 10 to about 500.

In certain embodiments, the invention provides a modified surface that comprises

15 apolymer of formulae (A1), (FV), (IVA), (V}, or (VA). The modified surface can be the
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surface of artificial neural system, neuron-regeneration platformo, neural sensor, cell-
culture platformy; non-fouling semi-conductor, battery, organic solar cell, biofuel celi,
printed electronic circuit, organic hight-emitting diode, actuator, electrochromism device,
supercapacitor, chemical sensor, {lexible transparent display, electromagnetic shield,
antistatic coating, microwave-absorbent device, or radar-absorptive device.

In certain embodiments, the invention provides a bulk construct that comprises a
polymer of formulae (Ih), (IV), (IVA), (V), or {VA). Representative constructs can be a
medical, electronic, or marine device. In certain of these embodiments, the bulk
construct is an artificial neural svstem, neuron-regeneration platform, neural sensor, celi-
culture platform; non-fouling semi-conductor, battery, orgamic solar cell, biofuel cell,
printed electronic circuit, organic hight-emitting diode, actuator, electrochromism device,
supercapacitor, chemical sensor, flexible transparent display, electromagnetic shield,
anfistatic coating, microwave-absorbent device, or radar-absorptive device.

ZPS star polvmers and copolvmers. In others aspecis, the invention provides ZPS

star polymers and ZPS copolymers that include ZPS repeating units.

These polvmers include a core and a plurality of ZPS branches covalently coupled
1o the core. The cores of these polymers can be a small molecule, an oligomer, or a
polymer having a star shape. In certain embodimenis, these polymers can include three,
four, five, or more ZPS branches. In certain of these embodiments, one or more of the
ZPS branches may themselves be further branched In certain embodiments, these
polymers can further inciude terminal functional groups bound {o the terminal end of the
plurality of ZPS branches. Representative terminal functional groups are selected from
OH, NH, NH,;, SH, N3, CH=CH,, C=CH, COOH, CHO, mmidoester, haloacetyl,

hydrazide, alkoxyamine, arvl azide, diazirines, maleimide, carbodiimide,
N-hydroxysuccinimide (NHS), thiazolidine-2-thione, pyridyldisulfide,

diffuorinatedevclooctyne, Staudinger reagent pairs, isocyanate, isothiocyanate, thioether,
sulfthvdryl, hvdrazine, hyvdroxymethyl phosphine, sulfo-NHS ester, pentafluorophenyl
ester, sulfonvlazide, and SH-dibenz{b,flazepine and their denvatives.

ZPS copolvmers: hvdrophobic and hvdrophilic constitutional units.  In further

aspects, the imvention provides ZPS copolvmers that include ZPS repeating units and
hydrophobic and/or hy drophulic constitutional anits.
In certain embodiments, the copolymer is a random, diblock, or hyperbranched

copolymer that inchudes ZPS repeating uniis (e.g., polv(ZPS}).
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Representative block copolymers include at least one ZPS compounent block (A);
and at least one hvdrophobic block (B). In certain embodiments, the copolymer further
comprises a hydrophilic block (C} or a second hvdrophobic block (). Block copolvmers
of the mvention include AB diblock copolymers, ABC toblock copolymers,
ABA triblock copolvmers, BAB triblock copolymers, linear or star-shape mmultiblock
{AB},, copolyvmers, Miktoarra block copolymers (AB, or A;B), and nuxtures thereof. In
certain embodiments, the copolymer further comprises neutral hydrophilic repeating units
{e.g., alkviene oxide repeating units, such as ethvlene oxide repeating units).

in certain embodiments, the copolymer includes a ZPS component that comprises
a repeating unit derived from g ZPS monomer {e.g., an ZPS monomer of the mvention
having formulae (I} or (i)}, and a hyvdrophobic component that comprises a repeating
unit derived from a hydrophobic monomers.

Representative hydrophobic repeating units may be derived from acrylic acids and
esters, alkyl acrvlic acids and esters, acrviamides, alkvl acrylamides, polysiloxane
repeating unifs, polyester repeating units, polyurethane repeating units, polystvrene
repeating units, and fluormated denivatives thereof

In certain embodiments, the copolvmer includes a ZPS component that comprises
repeating units derived from a ZPS monomer {e.g., a ZPS monomer of the imvention
having formulae (I} or (IH)), a hydrophilic component that comprises repeaiing units
derived from a hydrophilic monomer, and optionally a hvdrophobic component that
comprises repeating units derived from a hyvdrophilic monomer.  In certain of these
embodiments, the hydrophilic repeating uniis comprise ZPS moteties.  In other
embodiments, the hvdrophilic repeating umit can be a polvhvdroxyethylmethacrylate
(PHEMA), polvethviene glvecol (PEG), polycarboxybetaine (PCB), polysulfobetaine
(PSB), polyphosphobetaine (PPB), polvphosphoryicholine (PPC), polvacrylamide (PAA),
poly(2 3-dihydroxypropyl  methacrylate) (PDHPM), poly(N-isopropvlacrylamide}
{(PNIPAM), polvacrylamide (PAM), poly(2-oxazoline),  polyacrylic  acid),
polvmethacrvlate(PMA), polv(vinyl alcochol) (PVA), poly(vinvipyrrolidone) (PVP),
polvelecirolyte, polysaccharide, polvamude, and miscellansous hydrophilic polymers,
peptide-based materials and copolvmers of two or more hydrophilic monomers.

ZPS polvmeric surface coatings. bulk materials, and stand-alone materials

In other aspects, the present invention provides ZPS polymeric surface coatings,

ZP5 polymeric bulk materials, and ZPS polvmeric stand-alone materials. In certain
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embodiments, the ZPS polymeric surface coatings, bulk matenials, and stand-alone
materials are prepared from ZPS monomers and polymers and copolymers prepared from
ZP5 monomers.

ZPS polymers can be attached to surfaces {e.g, medical devices, sensors,
membranes, ships and marine structures) via "graft-from” or "grafi-to" methods to render
the surfaces nonfouling. ZPS polvmers can be also blended with or into bulk materials
{e.g., silicone). Surface coating can be on flat or nano/micro-particle surfaces. 7ZPS
polymers can also be prepared into stand-alone low-fouling and high-strength materials
and devices for medical and marine apphlications via {i} unique backbones such as
stlicone, fluorinaied, urethane, imide, amide and (i) strong interactions such as multiple
hydrogen bonds, and (i1} interpenatrating networks,

ZPS polvmernic surface coatings. The present inveniion provides ZPS polymeric

surface coatings. In certain embodimentis, the surface coating comprises a ZPS polymer
{oligomer) or ZPS copolymer of the invention as described herein (2.2, a polymer of
formulae (1}, (IV), (IVA}, (V}, or (VA)).

The surfaces coated with the ZPS polymers and copolymers have nonfouling
properties.  Nonfouling properties of the swrfaces can be evaluated by fibrinogen
adsorption and cell adhesion. In certain embodiments, surfaces of the invention have
fibrinogen adsorption less than about 200 ng/ent®. In other embodiments, surfaces of the
invention have fibrinogen adsorption less than about 100 ng/em’.  In further
embodiments, surfaces of the invention have fibrinogen adsorption less than about
50 ng/emy’. Tn other embodiments, surfaces of the invention have fibrinogen adsorption
{ess than about 30 ng/cmz. In further embodiments, swrfaces of the mmvention have
fibrinogen adsorption less than about 20 ng/cny’. In other embodiments, surfaces of the
invention have fibrinogen adsorption less than about 10 ng/ent’. In certain embodiments,
surfaces of the invention have fibrinogen adsorption less than about 5 ng/cm’.

in certain embodiments, the surfaces are coated with a ZPS polymer or copolymer
prepared from one or more ZPS monomers selected from the polvmerizable groups
comprising of, but not limited to ZP8 acrylates, ZPS acrvlamides, ZPS methacrvlates,
ZPS methacrylamides, ZPS vinyl compounds, ZPS epoxides and mixtures thereof
Representative ZPS monomers include those described herein, including ZPS monomers

of formulae (I} and (311).
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In certain embodiments, the ZPS polvmer or copolvmer is a random, a multiblock,
or a hyperbranched copolymer comprising a poly{(ZPS). In other embodiments, the ZPS
polymer or copolymer is an interpenetrating ZPS polymer network.

In certain embodiments, the ZPS polymer or copolymer 13 has surface adhesive
groups {e.g., DOPA, thiol, silane, click chemustry, hydrophobic, hydrophilic, and charged
groups}.

The surfaces coated with the ZPS polymers and copolymers can be prepared by
attaching the ZPS polymer or copolymers to a substrate surface via covalent interactions,
physically hydrophobic-hvdrophobic, charge-charge, and hyvdrogel-bonding mteractions,
or their combinations of chemical and physical interactions.

The surface coated with the ZPS polvmers or copolymers can be prepared by
grafting the ZPS polvmers from the substrate surface ("grafted from") (e.g., preparing the
polymeric surface by formung the polymer or copolvmer by polymerizing suitable
monomers in the presence of the substrate} or can be prepared by grafting the ZPS
polymers to the substrate surface ("grafted to") {e.g., preparing the polymeric surface by
coupling the pre-formed polymer or copolymer to the substrate),

In certain embodiments, the ZPS polymers and copolymers are grafied from the
substrate by polvmerization methods, such as atom-transfer radical-polymerization
{ATRP), reversible addition-fragmentation chain-transfer polymerization (RAFT), or
photoinferter polymerization.

In certain embodiments, the ZPS polymers and copolymers are grafied to the
substrate by conjugation methods, such as click chemistry, DOPA conjugation chemistry,
or seif-assembled monolaver (SAM) via thiol or silane.

The ZPS polymeric surface coatings can be applied io a variety of substrates
{e.g., subsirate surfaces). In certain embodiments, the surface s all or part of biomedical
device. Representative biomedical devices include catheters, ear drainage tubes, feeding
tubes, glaucoma drainage tubes, hydrocephalous shumts, keratoprosthesis, nerve guidance
tubes, tissue adhesives, x-ray guides, artificial joints, artificial heart valves, artificial
blood vessels, pacemakers, left ventricular assist devices (LVAD), artery grafts, vascular
grafts, stents, intravascular stents, cardiac valves, joint replacements, blood vessel
prostheses, skin repair devices, cochlear replacements, contact lenses, artificial igaments
and tendons, dental implants, and tissue scaffolds for regenerative tissue engineering. In

certain embodiments, the device 1S a contact lens.

~34-



WO 2019/183637 PCT/US2019/023921

(93}

Yk
Wh

el

.

In certain embodiments, the surface is all or part of a particle. Representative
particles include metal, metal oxide, ceramic, synthetic polymer, natural polymer, silicon
dioxide, crystal, and semiconductor material particles. In certain embodiments, the
particle 1s a biomolecule, such as a protein {e.g., an envyme) or a nucleic acid {e.g., a
DNA or a RNA). In other embodiments, the particle is a cell.

In certain embodiments, the surface is all or part of a membrane or a bio-
separation membrane. Representative membranes include membranes used for protein
purification, wastewater treatment, bioreactors, desalination of sea water, and water/oil
purification.

In certain embodiments, the surface is on or formung all of a drug delivery vehicle,
such as a gene delivery vehicle, an RNA delivery vehicle, or a protein deliverv vehicle,

In certain embodiments, the surface is on or forming all or part of an implantable
or subcutaneous sensor.

In certain embodiments, the surface i1s on or forming all or part of a tissue
scaffold.

ZPS polvmernic bulk materials. The present imvention provides ZPS polymenc

bulk materials. In certain embodiments, the bulk materials comprises a ZPS polymer
{oligomer) or ZPS copolvmer of the invention as described herein {e.g.. a polymer of
formulae (1), (IV), (AVA), V), or (VA). In certain embodimenis, the malenals are
prepared by a polvmerizing or copolymerization process using a monomer of the
invention as described herein {e.g., a monomer of formulas (1) or ({{I)).

In certain embodiments, the bulk material 15 obtained by blending of one or more
ZPS polymers or copolymers with one or more other polymers, such as polyesters,
polycarbonates, polyurethanes, polyureas, polysulfides, polysulfones, polyimides,
polyepoxies, aromatic polyesters, cellulosics, fluoropolymers, polyaciylics, polvamides,
polyanhvdndes, polvethers, vinyl polymers, phenolics. elastomers, and other addition
polymers.

In other embodiments, the bulk material comprises an interpenetrating ZPS
polvmer network and one or more other polvmers, such as polvesters, polvcarbonates,
polyurethanes, polvureas, polysulfides, polvsulfones, polyvimides, polyepoxies, aromatic
polyesters, cellulosics, fluoropolymers, polyacrvlics, polvamides, polyanhydrides,

polyethers, vinvi polymers, phenolics, elastomers, and other addition polymers.
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ZPS polvmenc standalone materials.  The present invention provides ZPS

polymeric standalone materials. In certain embodiments, the materials comprise a ZPS
polymer {(oligomer) or ZPS copolymer of the invention as described herein {(e.g, a
polymer of formulae (ID), V), dVA), (V) or (VA)). In certaimm embodiments, the
materials are prepared by a polymerizing or copolymerization process using a monomer
of the invention as described herein (e g., a monomer of formula (1) or (1))

In certain embodiments, the ZPS polymeric standalone materials are nonfouling
materials and have high mechanical strength. In certain of these embodiments, the
standalone material is a nonfouling material having protein adsorption less than about 30,
less than about 50, or less than aboui 100 ng/ent, having tensile/compressive strengths
greater than about, 0.2, greater than about 0.5, or greater than about 1.0 MPa.

In certain embodiments, the ZPS polymeric standalone material 1s a ZPS polymer
network that is reinforced by introducing (a) dipole-dipole interactions such as cyano
groups (C=N) and (b} hvdrogen donors/acceptors such as amide group (-(NH)-(C=0)-),
multiple amide groups ((<{NH3<{(C=0})-), {(n = 1-5)}. urethane group (-(NH)}-{(C=0)-0-},
multiple urethane groups ((((NH-(C=0)0-), (o = 1-5)), wrea group {~«{NH)-{C=0)-
(NH}-3, multiple urea groups ((-{(NH}-{(C=0)-(NH}-), {n = 1-5)}, and their combinations.
These groups can be derived from ZPS monomers and ZPS (random- or block-)
copolymers. These groups can be in the polymer backbone or polymer pendant group.

The ZPS polymer networks can be reinforced with backbones in a ZPS monomer
or a Z£PS polvmer, such as polyvacrylate, polymethacrylate, polyvacrviamide,
polymethacrvlamide, polyamide, polyvdimethylsilosane, polvethyvlene, polypropyiene,
polvstvrene,  polvietrafluoroethylene, polvisobutene, polvesters, polycarbonates,
polyurethanes, polyureas, polvsulfides, polysulfones, polvimides, polyepoxies,
polyanhydrides, polvethers, and other condensatiow/addition polymers. In certain
embodiments, the ZPS polymer network is reinforced by any combination of the above.

in certain embodiments, the ZPS polymer can be form copolymers with other
polymers or composites, such as polyesters, polycarbonates, polyurethanes, polyureas,
polvsulfides, polysulfones, polyimides, polyepoxies, aromatic polyesters, cellulosics,
fluoropolymers, polyacrvlics, polyamides, polvanhydrides, polyethers, vinvi polymers,
phenolics, elastomers, and other addition polymers. Fiber, clays, nanotubes and other

inorganic objects can be added to increase mechanical properties of these materials.
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The ZPS standalone matenals of the invention can be formed into an object by a
variety of methods, such as injection molding, blow molding, extrusion molding,
calendaring molding, flow casting, compression molding, prevarication molding, and 3D
printing.

The ZP8 standalone materials of the invention can be used in
biomedical/biotechnological, consumer product, engineering/marine,
therapeutics/diagnostics applications such as catheters, ear drainage tubes, feeding tubes,
glaucoma drainage tubes, hvdrocephalous shunt, keratoprosthesis, nerve guidance tubes,
tissue adhesive, x-ray guide, an artificial joint, artificial heart valve, ariificial blood
vessel, pacemaker, left ventricular assist device (LVAD), artery graft, vascular grafts,
stent, intravascular stent, cardiac valves, joint replacements, blood vessel prostheses, skin
repair devices, cochlear replacements, contact lenses, artificial ligaments and tendons,
dental implants and tissue scaffolds for regenerative tissue engineering, drug delivery,
gene delivery, RNA delivery, protein delivery, marine and engineering devices/objects
{e.g., membranes, tubes, pipes, containers, or plates).

In certain embodiments, the standalone materials can be used i marine products
such as marine vessel hulls, marine structures, bridges, propellers, heat exchangers,
periscopes, sensors, fish nets, cables, tubes/pipes, containers, membranes, and oil booms.

In certain embodiments, the standalone matenials can be conjugated o a
biomaterial. Representative biomaterials include nucleic acids (e g, a gene, DNA, RNA),
proteins (e.g., enzymes, antibody or functional fragment thereof), peptides, lipids, cells or
microorganisms, solid nanoparticles (iron oxide, silica, quantum dot or gold
nanoparticies), or used for protection against dehydration on skin by surfactants.

ZPS polvmeric hvdrogels

The present invention provides ZPS polymeric hydrogels. In certain
embodiments, the hyvdrogel comprises a crosslinked ZPS polymer {oligomer} or ZPS
copolymer of the invention as described herein (e.g., a polymer of formulae (if), IV},
(IVA), (V) or (VA)Y) In certain embodiments, the hvdrogel is prepared by a
polymerizing or copolymerization process using a monomer of the invention as described
herein {e.g., a monomer of formula (1) or (1)}

ZPS polymeric hvdrogels can be created from ZPS monomers and various
crosslinkers, including degradable or non-degradable ZPS crosslinkers. ZPS star

polvmers can be prepared by forming hydrogels (e.g., via click chemistry). These
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hydrogels can be in the form of bulk hydrogels or pellet hydrogels. These hydrogels can
be used as implantable materials and devices to reduce capsule formation and as media to
protect, expand, preserve and differentiate various cells (e.g., stem cells, immune cells,
islets, platelets and cardiomyocyies) in controlled manners. Pellet and star hydrogels can
be injectable along with biclogics (e g., various cells and tumor for tumor vaccine).

In certain embodiments, the ZPS hydrogel is a crosslinked hydrogel prepared
from one or more ZPS monomers {e.g., a monomer of formala (1) or (1)} using one or
more crosshinkers,

In other of these embodiments, the crosslinker is a multifunctional zwitterionic
crosslinker that includes carboxybetaine, sutfobetaine, or phosphobetaing moieties.

In further of these embodiments, the crosslinker is a multifunctional crosslinker,
such as N N'-methylenebisacryvlamide (MBAA), polvethyvlene glvcol (PEG) diacryiate or
diacrylamide, or PEG dimethacrylate or dimethacrviamide.

In certain embodiments, the hydrogel is prepared using a bifunctional ZPS
crosslinker.  In other embodiments, the hydrogel is prepared using a degradable or
non-degradable crosslinker. In further embodiments, the hydrogel 15 prepared using a
degradable, zwitterionic disulfide crosshinker. In other embodiments, hydrogel is
prepared using peptide based crosslinker that can be degraded by enzymes or suitable
agents.

The ZPS hvdrogels of invention can be prepared by free radical mediated
polymerization techniques, such as thermo-, photo-, or redox.

The preparation of a representative ZPS hvdrogel of mvention s described in
Fxample 4. Protein adsorption and ceil adhesion to the representative ZPS hydrogel is
described in Example 4.

The ZPS hvdrogels of invention can be used for biosensors and biomedical
devices, vascular grafis, intravascular stents, cardiac valves, joint replacements. cell
preservation/expansion/differentiation, drug  delivery platforms, ship hulls, marine
structures/equipment, and other materials and devices that come into contact with
physiological environments.

In certain embodiments, the ZPS hydrogel is a star hydrogel. Star hydrogels can
be prepared from a polymer having a core and a plurality of ZPS based or zwitterionic
branches covalently coupled to the core. Representative cores include one of a small

molecule, oligomer, or polvmer of or star shapes with three, four, five or more branches.

~38-



WO 2019/183637 PCT/US2019/023921

(93}

Yk
Wh

el

In certain ernbodiments, the hydrogel is crosshinked by a degradable crosslinker
that can be selectively degraded {1e, under specific conditions). The degradable
crosslinker can be selected from peptide crosslinkers, polysacharride crosslinkes,
avhydrde crosstinkers, dissulfide crosslinkers, and polvester crosshinkers. For certain of
these embodiments, the hydrogel can be hydrolyzed or digestad by enzymes.

In certain embodiments, the star hydrogel branch polyvmer comprises terminal
functional groups bound to the termunal end of the branches (e.g, terminal end of
plurality of ZPS or zwitterionic branches). Representative termunal functional groups
imnlcude OH, NH, NH,, SH, N5, CH=CH,, (=CH. COOH, CHO, mnudoester, haloacetyl,
hydrazide, alkoxyamine, arvl azide, diazitine, maleimide, carbodumide,
WN-hydroxysuccinimide (NHS), thiazolidine-2-thione, pyridvidisultide,
diftuorinatedeyclooctvne, Staudinger reagent pairs, isocvanate, isothiocyanate, thioether,
sutthydryl, hydrazine, hydroxvmethyl phosphine, sulfo-NHS ester, pentafluorophenyl
ester, sulfonviazide, and 5H-dibenz{b,flazepine.

in certain embodiments, the hydrogel comprises a first polvmer/copolymer (first
star hydrogel) bound to one or more second polymer/copolymers {second star hydrogel).
The hydrogel can be used as an injectable hydrogel. In certain of these embodiments, the
first polymer is bound to the one or more second polymers by a terminal functional
group.

The star hydrogel can be combined with zwitterionic hydrogels and formed as a
pellets of wvarions size in specific templates or through mechanical reduction
{e.g..blender). These pellet hydrogels can be used as injectable hyvdrogels with or without
hiological contents.

The ZPS siar hydrogels of the invention can be made by (a) svnthesizing ZPS or
zwitterionic branches by ATRP, RAFT, ROP, condensation, Michael addition, branch
generation/propagation reaction, and {b) reacting the ZPS or zwitterionic branches with a
core 1o provide the star polymer. In certain embodiments, the method further comprises
functionalizing the terminal end of the ZPS or zwittenionic branches by "click" reaction,
thiol exchange reaction, or reductive reaction.

In certain embodiments, the ZPS hydrogel is a microgel. The microgels of the
mvention are mucron-scale, crosshinked hydrogels having dimensions between about
i micron (10 m) and 1 mm (107 m) composed of ZPS based monomers and supported

by any crosslinking chemistry.

-39



WO 2019/183637 PCT/US2019/023921

(93}

[
W

el

Microgels of the invention can be prepared by a variety of methods using a
functionalized ZPS monomer, oligomer, or polymer, in which:

{a) one of a reactive pair selected from an azide and an alkvne, an azide and an
alkene, a thiol and a maleimide, a thiol and an alkene, a thiol and a disulfide, or any other
"click”, bioorthogonal, or other reactive pair;

{b) positioned at the terminus of the polymeric structure(s} or along the backbone;

(¢} mtegrates a peplide, nucleic acid, protein, antibody, nanoparticle,
microparticle, micelle, liposome, polymersome, drug, drug precursor, or other therapeutic
species or drug deliverv modality, for surgical applications, therapeuiic applications,
wound-healing applications, drug delivery {ormulations, cell storage and preservation, or
regenerative medicine.

In certain embodiments, the microgel comprises a mixture of ZPS monomers or
polymers and other classes of 1onic or non-1onic nonfouling monomers or polymers, or a
copolymer of ZPS based polymers and other classes of 1onic or non-ionic monomers.

For the microgels, crosslinking is achieved using any combination of physical
and/or chemical mechanisms, which in certain embodimenis include:

{a) chemical crosslinkers of any structure that are copolymerized with the
monomers via a radical-mediated reaction, including commercially available crosslinkars
based on polyethylene glycol (PEG), oligoethyvlene glycol (OEG) or other structures or
groups, ternminated with two or more acrviate, methacrylate, acrylamide, maleimide or
similar reactive groups, or custom svnthesized crossiinkers incorporating any functional,
reactive, or degradable groups. Optional degradable groups may be selected from
disulfide bonds, esters, anhydrides, enzymatically cleavable peptides (such as the
GPQGIWCG monf), or chemisines responsive 1o external stimuli;

(b} bicorthogonal crosslinking chemistries and 'chick’ chemistinies, such as
azide/alkvne (including SPAAC) and thiol-ene chemistries, whether through inclusion as
functional groups i the main polvmer chain(s} or architechures or as separate
crosshinking molecules;

{c) physical interactions of any type including ionic interactions, hvdrogen
bonding, hydrophobic interactions, interactions with biomolecules or nanoparticles of a
natural or synthetic origin, or any other reversible or nonreversible physical interactions;
and

{(d) any combination of the crosslinking mechanisms noted above.
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In certain embodiments, the microgel 1s prepared using bifunctional ZPS
crosslinking molecule, oligomer or polymer mcorporating one or more ZPS moteties or a
mixture of these molecules.

In certain  embodiments, the microgel 15 prepared using  zwitlerioinic
{carboxvybetaine, sulfobetaine or phosphobetaine} crosslinking molecule, oligomer or
polymer incorporating one or more zwitterionic moieties or a mixture of these molecules.
These crosslinkers may incorporate degradable groups, such as disulfide bonds, esters or
stimuli-responsive groups or degradable peptides.

in certain embodiments, the invention provides a matenal formed from two or
more assembled microgels, as described above, wherein the interactions between each
discrete microge! result in bulk matenial with unigue properties. These materials can
include other ingredients, such as small molecule drugs, peptides, biomolecules,
nanopariicles, cells or tissues.

In certain embodiments, the microgels and assemblies described above are
produced from microgels having finite dimensions as a result of the polvmerization
method, for example, microenuilsion polymerization.

In other embodiments, the microgels are derived from the (bulk) hvdrogels
described above or the star hydrogels described above, further sized 1o a finite dimension
after polymerization, using any processing step to grind, exirude, mince, cul, or pellet the
hydrogels to discrete units of finite size.

The microgels and assemblies described above can be dried or lyophilized
{(freeze~-dried) to a dehydrated powder for storage, transpori, use, or sterilization. The
microgel powder can be rehvdrated with any aqueous fluid, including water, saline or
ionic solutions, cell growth or preservation media containing or not containing cells, or
any other physiologically relevant solution that may contain therapeutic drugs,
therapeutic protfeins, therapeutic nucleic acids, cells, nanoparticles, or microparticles.

The ZPS star hydrogels and microgels and their assemblies and/or partially or
fully dried or rehydrated compositions of these, have the following uses:

{a) matenals with non-Newtonian behavior (e g, that exhibits viscoelastic,
theopectic, thixotropic, shear thickening {dilatant), shear thinning {pseudoplastic), and/or

Bingham plastic properties);
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(b} self-healing materials and/or shape memory materials, or similar classes of
'smart’ materials that can repair damage or recover their properties after damage or
external stimuli; and

(¢} antifouling materials or surface coatings to prevent nonspecific protein or
other biomolecule adsorption, e.g., for marine applications, drug delivery platforms,
biosensors and other medical devices, vascular grafts, intravascular stents, cardiac valves,
joint replacements, and other matenals and devices that come into contact with
physiclogical environments.

The ZPS star hvdrogels and microgels and their assemblies can be used as an
mjeciable or spreadable matenal for biomedical applications, particularly i applications
requiring non-Newtonian fluid properties and high biocompatibility:

{a) injectable or spreadable materials capable of mechanical support, such as those
used in cosmetic or reconstructive surgery, blood vessel prostheses, skin repair devices,
cochlear replacements, injectable vitreous substances, artificial cartilage, artificial fat,
collagen-mimics and other soft {issue-mimics or supporis;

(b} mjectable or spreadable matenials with desirable or specific biological
interactions with a surface or tissue, particularly when nonspecific interactions should be
avoided or a desired balance of nonspecific/specific interactions must be achieved: and

{¢) injectable or spreadable carriers to deliver and/or protect or shield drugs,
biomolecules {eg., nucleic acids, peptides, proteins, polyvsaccharides), cells
{e.g., pancreatic islets, cardiovascular cells, stem cells, T cells, blood cells), nanoparticles
or microparticles {(e.g., PLGA/drug formulations), micelles, liposomes, polymersomes, or
other therapeutic species or drug deliveryv modalities, for surgical applications,
therapeutic applications, wound healing, and drug delivery formulations.

The ZPS star hydrogels and microgels and their assemblies can be used as a
scaffold, matrix, or substrate for the growth, maintenance or expansion of cells and
fissues, in which the cells and microgel constructs can be grown using any culture method
or apparatus inclading any type of bioreactor, and can be derived from lineages including:

{a) pluripotent and multipotent stem and progentitor cells, including:

(i) embryonic stem cells (ESCs}, tissue-derived stem cells (g.g., from skin,
blood, or eve), hematopoigtic stemn and progenitor cells (HSPCs) derived or
purified from umbilical cord blood or bone marrow, mesenchymal stem cells, or

induced pluripotent stem cells (iPSCs),
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(11} genetically modified or transfected stem and progemitor cells, and

{ii1) cancer stem cells {CSCs);

{b) hematopoietic cells typically circulating in human blood, including red blood
cells {ervthrocytes), white blood cells (feukocyiesy and platelets (thrombocytes);

{c) immune cells and progenitors or differentiated lineages thereof, including:

(i) T cells expressing the CDS8 surface glycoprotein, particufarly including
naive cytotoxic T lvmphocytes (CTLs) and differentiated or activated hneages
thereof including central memory T cells,

{11} T cells expressing the CD4 surface glycoprotein particularly including
naive helper T lymphocyies, and differentiated or activaied lineages thereof
including TH1, THZ, THO, TH17, TFH, Treg and central memory (TCM) T cells,

(111} regulatory T cells (TREG) from any source, either natural Tregs or
mduced Tregs,

{iv) natural killer T cells (NKT) cells,

{v) chimeric antigen receptor T cells (CAR-T),

{vi} genetically modified T cells;

{d) B cells, dendritic cells, and other antigen-presenting cells (APCs) or immune
cells not specifically listed above;

(e} pancreatic islet or other msulin-producing cells and P cells useful in the
treatment and management of diabetes;

() nervous system cells and progenitors;

{g) cardiovascular system cells and progenitors; and

(h) cells useful in the fields of immunoctherapy, regenerative medicine,
hematologic diseases or malignancies, or cancer vaceines or treatments.

The ZPS star hydrogels and microgels and their assemblies can be used as a
biocompatible material, scaffold, formulation component or contacting material for any
method of preserving cells or tissues or retaining their biclogical function for clinical or
military utility, particularly for cell tvpes that are difficult to preserve with conventional
methods such as blood cells {e.g., platelets and red blood cells) for extended time periods,
at room or low temperatures, in whole blood or preservation solutions, and with or
without the presence of DMSO, glvcerol, glvcine betaine or other osmolyies or

cry oprotectants.

(ad
(4l
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The ZPS star hvdrogels and microgels and their assemblies can be used for
obiects, devices, and components such as implantable biosensors; wound care devices,
glues and selants, a contact lens; a dental implant; an orthopedic device such as an
artificial joini, an artificial bone, an artificial ligaments, and an artificial tendon;, a
cardiovascular device such as a cathether, an artificial valve, an artificial vessel, an
artificial stent, LVADs, or a rhyvthm management device; gastroenterology devices such
as feeding tubes, alimentary canal clips, gastro-intestinal sleeves, or gasiric balloons;
OB/Gvn devices such as implantable birth control devices or vaginal slings: nephrology
devices such as anastomotic connectors or subdermal ports: neurosurgery devices such as
nerve guidance tubes, cerebrospinal fluid drains or shunts, dermatology devices such as
skin repair devices an ophthalmic device such as a shunt, otorhinolaryngology devices
such as stents, cochlear implants, tubes, shunts or spreaders, an intra-ocular lense; an
aesthetic implant such as a breast implant, a nasal tmplant, and a cheek mplant; a
neurclogic implant such as a nerve stimulation device, a cochlear implant, and a nerve
conduit; a hormone control implant such as a blood sugar sensor and an insulin pump;
animplanted biosensoran access port device; anda fissue scaffold pulmonic devices such
as valves for management of COPD or artificial lungs: radiology devices such as
radig-opaque or sono-opagque markers, or wrology devices such as catheters or artificial
urethrae.

In other aspects, the mvention provides a substrate coated with a ZPS star
hvdrogel or microgel or microgel assemblies. Representative substrates include objects,
devices, and components such as implantable biosensors; wound care devices, glues and
selants, a contact lens; a dental implant; an orthopedic device such as an artificial joint, an
artificial bone, an artificial higaments, and an artificial tendon; a cardiovascular device
such as a cathether, an artificial valve, an artificial vessel, an artificial stent, LVADs,
orand a rhythm management device; gastroenterology devices such as feeding tubes,
alimentary canal clips, gastro-intestinal sieeves, or gastric balloons; OB/Gyn devices such
as tmplantable birth control devices or vaginal slings; nephrology devices such as
anastomotic connectors or subdermal ports; neurosurgery devices such as nerve guidance
tubes, cerebrospinal fhuid drains or shunts, dermatology devices such as skin repair
devices an ophthalmic device such as a shunt, otorhinolaryngology devices such as stents,
cochlear implants, tubes, shunts or spreaders, an infra-ocular lense; an aesthetic implant

such as a breast implant, a nasal implant, and a cheek implant; a neurologic tmplant such
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as a nerve stimulation device, a cochlear implant, and a nerve conduit; a hormone control
implant such as a blood sugar sensor and an insulin pump; an implanted biosensor; an
access port device; anda tissue scaftfold pulmonic devices such as valves for management
of COPD or artificial lungs; radiology devices such as radic-opaque or sono-opague
markers; or urology devices such as catheters or artificial wrethrae.

ZPS polymeric nanoparticles and microparticles

In another aspect, the invention provides nano- and microparticles comprising the
ZPS polymers and copolymers of the invention. The ZPS polvmers and copolymers of
the invention can be used to form nano- and microparticles in the form of nano- and
microgels, micelles, liposomes, and polymersomes. They also can be used o coat solid
particles such as quantum dots, iron oxides, silica, and gold for therapeutics or
diagnostics. The ZPS polyvmers and copolymers of the mvention can be associated with
nano- and microparticles by covalent as well as non-covalent attachment.

In certain embodiments, particles having nanoscale dimensions are provided. The
particles have a core having a surface having a plurality of ZPS polymers or copolymers
grafted thereto or grafied therefrom. Representative particle cores mclude a metal, a
metal oxide, a ceramic, a synthetic polvmer, a natural polvmer, a crystal, a semiconductor
material, a graphene, a graphene oxide, an iron oxide, a silica, a quantum dot, a hydrogel,
a liposome, a micelle, a carbon-based material, or a biomolecule.

ZPS polvmer and copclvmer conjugates

in a further aspect, the invention provides ZPS polymer and copolvmer
conjugates. The ZPS polymers can be attached to biomolecules {e.g., proteins/peptides,
nuclear acids, and sugars}, other macromolecules, and cells by graft-to or graft-from
methods to provide a varietv of conjugates.

In certain embodiments, the ZPS polymer conjugate or copolymer conjugate is a
ZPS polymer bioconjugate comprising one or more ZPS polymers coupled to a
biomolecule.  Suitable biomolecules include proteins, nucleic acids, glycoproteins,
proteoglyeans, and lipids.  Suitable biomolecules nclude small molecule therapeutic
agents (i.e., carbon-hased therapeutic agents having a molecular weight less than about
1000 g/mole, preferably less than about 800 g/mole}.

Representative proteins include enzymes, signaling proteins, hemostasis and

thrombosis proteins, vaccines, complement system proteins, and antibodies, their
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functional {ragments or characteristic portions.  Representative signaling protemns
includes hormones, cvtokines, regulatory proteins, insulins, and PD-1/PD-L1/2 mhibitors.

in certain of these embodiments, the ZPS polymer conjugate or copolymer
conjugate 15 a ZPS polymer or copolymer biocomjugate comprising one or more ZPS
polvmers or copolymers coupled to a biomolecule that has been modified, for example, a
polymer-modified biomolecule.  Exemplary polymer-modified biomolecules inciude
biomolecules that bave been modified with polyethylene glycol (PEG) polymers (e.g., the
PEG moiety of these PEG-modified biomolecules can be in the polymer backbone or
pendant from the polymer backbong}. Representative polymer-modified biomolecules
that are further modified by coupling one or more ZPS polymers or copolymers thereio
are described in Example 5.

In other embodiments, the ZPS polymer conjugate or copolymer conjugate is a
ZPS polvrer or copolymer bioconjugale comprising one or more ZPS polvmers coupled
to a cell, a virus, or a bacterium.

The ZPS polymer conjugate or copolymer conmjugate may be a delivery vehicle.
Representative deliver vehicles include micelles, liposomes, or polymersomes, for
therapeutic or diagnostic applications.

In certain embodiments, the invention provides a mucelle, a liposome, a
polymersome, or a particle that is self-assembled from a copolymer or a conjugated lipid
of the mvention comprising one or more ZPS polymers or copolvmers,

in a further embodiment, the invention provides a composttion comprising a ZPS
polymer or copolymer conjugate and a pharmaceutically accepted carrier or diluent. In
certain embodiments, the ZPS polymer and copolymers of the invention can be used as
carrier or diluent for compositions.

The preparation and vmmumogenicity of a representative ZPS polymer protein
conjugate 1s described in Example 7.

ZPS polvmer nanogels and nanocaces

In another aspect, the invention provides ZPS polymer nanogels and nanocages.
The ZPS polymers can be used to provide nanogels that chemically trap one or more
other species, and nanocages that physically trap one or more other species.

In certain embodiments, the mvention provides a nanogel for chemically
encapsulating cargo, comprising one or more ZPS polvmers or one or more ZPS

copolymers.
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In other embodiments, the invention provides a wnanocage for physically
encapsulating cargo, comprising one or more ZPS polvmers or one or more ZPS
copolymers.

Suitable cargo {e.g., species) that are chemically trapped by a nanogel or
physically trapped by a nanocage include biomolecules, such as proteins, lipids,
glycoprotein, cells, viruses, bacteria, and smali molecules (e.g., therapeutic agents having
molecular weights less than about 1000 g/mole, preferably 800 g/mole), or other
biomolecules as described herein.

in certain embodiments, the nanogel or nanocages comprise a ZPS polymer or
copolymer and one or more therapeutic agents.

In other embodiments, the nanogel or nanocage comprise a ZPS polymer or
copolymer and one or more diagnostic agents.

In further embodiments, the nanogel or nanocage comprises a £PS polymer or
copolymer, one or more therapeutic agents, and one or more diagnostic agents.

Non-Zwitterionic  Phosphatidviserine  Monomers.  Polymers,  Copolvmers,

Compositions. Surfaces. and Methods for Their Preparation and Use

It will be appreciated that neutral phosphatidyiserine (NPS) monomers, polymers,
and copolymers, also referred to heremn as non-zwitterionic phosphatidylserine {(NZPS)
monomers, polymers, and copolymers, are also within the scope of the present invenfion.
Thus, in further aspects, the invention provides non-zwitterionic phosphatidylsenine
(NZPS) monomers, NZPS polvmers and NZPS copolymers, methods for making the
NZPS monomers, NZPS polvmers, and NZPS copolymers, compositions and matenals
that inciude NZPS polymers and NZPS copolvmers, and methods for using the NZPS
monomers, NZPS polymers, and NZPS copolvmers.

As wused herein, the term "non-zwitterionic phosphatidylserime monomer” or
"NZPS monomer” refers to a polvmerizable monomer or a pendant group of a
homopolymer or copolyvmer that includes a phosphatidylserine moiety (NHy-CH(-CH,O-
P(=0 O })-CO,H and its ionic forms)..

A representative NZPS monomer has formula (VI
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wherein, in certain embodiments, R is selected from the group consisting of hvdrogen,
fluorine, trifluoromethyl, cyano, C-Cy alkyl (preferably C-Cy alkyl), and Ce-Cy arvl,

Xis O or NH, nis an integer from 1 t0 20 (eg., 1, 2, 3, 4, 3, or 6), and p is an nteger

(v

fromlio20{eg.1,2,3,4,5 or6)

The termn "non-zwitterionic phosphatidylserine polvmer” or "NZPS polymer”
refers to a polymer (i e, homopolymer or copolymer) having one or more pendant groups
that include a phosphatidylserine moiety, as described above.

A NZPS polymer is prepared by polymerization of a monomer of formula (V)
10 and a NZPS copolvmer is prepared by copolymerization a monormer of formula (V1) and
a comonomer. These NZPS polvmers (homopolymers, random copolymers, block
copolymers) include repeating units having pendant phosphatidviserine (PS) moieties, as

shown below:
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wherein, in certain embodiments, R, X, n, and p are as described above for the monomer
of formula (V1), a is an integer from about 10 to about 500, and * indicates the point of
attachment of the repeating unit to other repeating units in the polymer or copolymer, or

the polymer terminal groups.

(93}

The NZPS monomers can be readily polymerized under standard polymerizing
conditions to provide NZPS polymers.

It will therefore be appreciated that the entire description herein for ZPS
monomers, ZPS polymers, ZPS copolvmer, compositions that include ZPS polymers,
surfaces that include ZPS polymers, and methods for using ZPS monomer, polymers and
10 compositions, apphies equally to NZPS monomers, polymers, compositions, surfaces, and
methods.

Example 2 describes the preparation and characterization of a representative
NZPS of the invention.

The preparation and imnmmogenicity of a representative NZPS polymer protein

Wh

conjugate is described in Example 7.

Described herein are PS-mimetic polvmerizable (NZPS) monomers, polymers
derived from the monomers, and polymers attached to biomolecules, macromolecules,
small molecules, particles, implants, devices, surfaces, coatings, and hydrogels. The
biccompatible tmmunosuppressive biomaterials include the NZPS polymers, and their
0 denvatives and precursors, for use with peptides, proteins, lipids, glycoproteins,
biomacromolecules {(such as, for example, cells, virus, bacteria), nanoparticles,
microparticles, small-molecule drugs, any of which can be used in admunisiration in the
human body, including i conjunction with medical devices, prosthetics, implanted
materials (including dental), organ transplant.

In one aspect, the polvmenzable NZPS monomer and derivatives or precursoss

have the formula (Vi) shown below:
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wherein

A, G, and [ are functional groups that in certain embodiments render the monomer
polymerizable, and are independently selected from H, F, CL, Br, I, SH, protecied thiols,
NH,, ~-NH- (secondary amine), N=C=0, protected NCO, N=C=8, COOH, activated ester,
aldehyde, COSH, C(=8)SH, OCOOH, OCOSH, OC(=8)0H, SC=0SH, SCE=S)SH,
WN{C=0NH,, N(C=NH)NH,, N(C=5)NH,, &-valerolactone, e-caprolactone, CHy=CH-
C(=0)-0-,CH,=CH-C(=0)-NH-,CH,=CH-C(=0)-S-, N, (CH;=C(CH;)-C(=0)-0-,
CH=O(CH)-C=0-NH-, OH, azides, alkvnes, Cs-Cyo aryl groups, cvelic groups
(isobornyl, cyclohexyl, eyclopentyl), fluore (perfluorobutyl, perfluoroethyl} dervatives,
or void {absent);

B, F. and H are selected independently from -(CH,},-, where x is an integer from
0 1o 20,

C cis selected from be C, N, 81, or void (absent); and

03 is selected from C{=0){THy ) -(CH2 ), where x is an integer from 1 1o 20;

Methods for preparing these monomers, polymers prepared from these monomers,
and methods for using these polvmers to attach them to or from nanoparticles, surfaces,
coatings, and hvdrogels, and their use for imparting imimunosuppressive effects 1o these
nanoparticles, surfaces, coatings, and hydrogels are also provided.

In another aspect, the NZPS polvmers and copolvmers are provided. These
polymers and copolvmers include repeating units. In certain embodiments, the repeating
units of these polymers and copolymers have the fornwula (IX) shown below {less R, and
Ry} (the repeating units would not include R, and Rs; however, macromonomers would

and possibly also the polymers and copolymers}:

40~
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with n repeating units -M;-(K-Z-Ko 3-My-M-(K5-X-Ky)-M,-, which includes j
repeating units -K;~Z-K4- and j repeating units ~Ka-X-Ky-.

In the above formula,

Ky, K;, K3, and K, are independently selected from ~(CH,),- —(CH{CN)),-,
~CEOINHCH ), -CEOYHCH -, -CEOIOCEOYO(CH )~ -(CH L -O0-(CH)), -, and
—{CH,},-8-8-(CH; )~ where x at each occurrence is an mteger independently selected
from 0 to 20, combinations thereof, or void (when substituent 1s absent);

R, and R; are independently selected from H, F, CL, Br, I, OH, SH, protected
thiols, NH,, -NH- (secondarv amine), N=C=0, N=C=§, COOH, COSH, C(=S)SH,
OCOOH, OCOSH, OC(=8)0H, SCEO)SH, SCESISH, N(C=0)NH,;, N(C=NH)NH,,
N{C=S)NH,, ©&-valerolactone wmoiety, e-caprolactone moiety, CHy=CH-C(=0)-0-,
CHL=CH-C{=0)-NH-, CH,=CR-C{=0)-5-, CN, CH,=C{CH3)}-C(=0)-0-, CH,=C(CH;)-
C{=0}3-NH-, or void (when substiiuent 1s absent};

n 15 an integer from 5 to about 10,000

1 at each occurrence is an integer from 1 to about 1000,

M; and M, are independently selected from the group consisting of -O-(CHy)pm,
S-{CHy)y, -CEORCH - ~CESHCHy )y -CENHMCH) and -NH-(CHy )y
wherein n 15 an integer from | to 20, ~(CHy),-, ~(CH{CNYx-, -CEOWNH{CH, -,
LEQIOCH, ), ~-CEOIOCEOYCH) -, -(CHy ) -O-(CHj ), and  ~{CH5)-S-S-
(CH,},~, where x at each occurrence is an integer independently selected from ¢ to 20,
combinations thereof, or void {(when substituent is absent); and

Z and X are independently selected from the group consisting of the following

formula:

4]~
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wherein L is independently selected from F, Cl, Br, 1, SH, protected thiols, NH,,

-NH- (secondary amine), N=C=0, protected NCO, N=C=8, COOH, COSH, C(=8)SH,
OCOOH, OCOSH, OC(=S)0OH, SC(=OISH, SC(=S)SH, N(C=0)NH,, N(C=NH)}NH,,

5 N(C=S)NH,, d-valerolactone, e-caprolactone, CH,=CH-C(=0}-0-,CH,=CH-C(=0)-NH-,
CHy=CH-C(=0)-5-, CN, CHy=C({CH;)-C(=0}-0-, CH,=C(CH;)}-C(=0}-NH-, OH, azides,

alkvnes, Cs-Cio aryl groups, cyclic groups {(isobomyl, cvelohexyl, cyeclopentyl), fluoro

{perfluorobutyl, perfluoroethyl) derivatives, or void;

K is selected mdependently from -(CH,},-, where x 15 an integer from 0 to 20;

10 J is selected from C(=0WCH, ) ~(CHy ), where x 15 an integer from 1 o 20; and

* is the point of attachment to Ky, K5, K5, and K4 as shown in the

As used herein, the term "about” refers to + 5 percent of the specified value.

The following examples are provided for the purpose of illustrating, not fimiting,

the invention.

15 EXAMPLES
Example 1
Preparation and Characterization of a Representative ZPS Monomer
In this example, the synthesis and purification of a representative polymerizable
zwitterionic (ZP5) monomer are described.
20 An illustrative process to synthesize the polvinerizable ZPS monomer of the

present invention is shown below.

4D



WO 2019/183637 PCT/US2019/023921

Wh

10

13

20

[\
(9

NHBoo iL
NHBoc o 0
/—\ o N
Q\P o Ho J \<— Q 0\,1\{0 I o N 0, g B
o "o _P o "o g | T > \T
S TEA, Benzens - CH;CN O’ o \\
1 2 3
TFA/DCM ‘;:f Nyt g
AN NN NN NN | P
................................. oo T o7 U
N
4 0" o

Svnihests of 3-(tert-buioxv)-2-((lert-butoxvearbony Damino)-3-oxopropyl (2-((2-

{methacrvlovlioxy)ethv]idimethvianmmoniolethyl) phosphate {(Conmmpound 3). N-Boc-Ser-

OtBu (1.0 gm, 3.82 mmol} was dissolved in 30 mi dry benzene and the solution was
cooled to 0°C. Next, triethvlamine (0.62 mL, 4.6 mmol) was added followed by dropwise
addition of 2-chloro-2-ox0-1,3,2-dioxaphospholane 1 (0.42 mi., 4.6 amol} in 10 mL dry
benzene over a period of 30 minutes and then the reaction contents were stirred at room
temperaiure for another 3 hours. After complation of reaction, diethy! ether was poured
into the reaction mixture and the precipitated trimethvlamine hvdrochloride was filtered
off. The filirate was then concentrated under reduced pressure to give Compound 2 as an
oil which was used in next step without further purification. Compound 2 was
redissolved n 30 ml anhydrous acetonitrile and
2-{dimethylanino}ethyl methacivlate (1.45 mL, 8.8 mmol} was added. The reaction
mixture was then stirred at 55 °C for 24 hours. The reaction contents were then
concentrated under vacuum and purified by flash colunmn chromatography {o give
compound 3 in 42% vield. 'H NMR (300 MHz, (DCL) § 6.18 (s, 1H), 5.67 (s, 1H),
4.63 - 454 (m, 2H), 435 — 4.14 (m, 3H), 410 - 3.99 (m, 2H). 3.83 - 3.76 (m, 2H),
3.40 - 3.27 (m, 2H). 2.82 (s. 6H). 1.97 (5. 3H). 146 (d, J=11.7 Hz. 18H).

Synthesis of a representative ZPS monomer (Compound 4). Compound 3

{¢.84 gm, 1.6 mmol) was dissolved in 5 mL dichloromethane and 30 mL trifluoroacetic
acid was added. The reaction contents were stirred for 5 hows. After completion of the
reaction, the reaction mixture was concentrated under vacuum to give a thick viscous
liquid. The crude product was then crystallized with MeOH: diethyl ether (1:15) 1o give
desired Corapound 4 as white powder. "H NMR (300 MHz, 1,0} 5 6.08 (s, 1H), 5.69
(s, 1H), 447 — 441 (m, 2H), 426 — 4.23 (m, 2H), 405 — 4.00 (m. 1H), 3.87 - 3.84
(m, 2H), 3.69 — 3.67 (m, 2H), 3.50 — 3.45 (m, 2H), 2.88 (s, 6H), 1.84 (s, 3H).
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Example 2

Preparation and Characterization of a Representative Neutral PS Monomer

in this example, the synthesis and purification of a representative polvmerizable
neutral PS (NZPS) monomer are described.  An ilustrative process to synthesize the

NZPS monomer is shown below.
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Svnthests of Compound 5. N-Boce-Ser-OtBu (1.0gm, 3.82 mmol) was dissolved in 30 ml

dry benzene and the solution was cooled to 0°C.  Next, iriethviamine (0.62 mi,
4.6 mmol} was added followed bv dropwise addiion of 2-chloro-2-oxo-1,3.2-
dioxaphospholane 1 (0,42 mb, 4.6 mmol} in 10 mb dry benzene over a period of
30 minutes and then the reaction contents were stirred at room terperature for another
3 hours. After completion of reaction, diethyi ether was poured into the reaction mixture
and the precipitated trimethylamine hydrochloride was filiered off. The filtrate was then
concentrated under reduced pressure to give Compound 2 as an o1l which was used in
next step without further purification. Compound 2 was redissolved in 30 mL anhydrous
acetonitrile and sodium methacrviate (0.62 gm, 5.7 mmol) along with 18-crown-6 ether
{0.14 gm, 0.53 mmol) was added to it. The reaction mixture was then stirred at 55 °C for
72 hours. After the reaction, the reactions contents were filiered, concentrated under
vacuum and purified by {lash column chromatography to give compound 8 in 71% vield.
"H NMR (300 MHz, CDCL) 8 6.15 (s, 1H), 5.57 (s, 1H), 4.41 — 4.27 (m, 2H), 4.24 — 4.04
{m, 4H). 3.86 - 3.78 (m, 1H), 1.95 (s, 3H), 1.46 (d, J = 5.4 Hz, 18H).

Svnthesis_of representative neutral PS_monomer (Cormpound 63 Compound 5

(1.2 gm, 2.65 momol) was dissolved in 5 ml dichloromethane and 30 mL tnifluoroacetic
acid was added to it. The reaction contents were stirred for 5 hours. After completion of
the reaction, the reaction mixture was conceniraled under vacuum {o give a thick viscous

liquid. The crude product was then crystallized with MeOH: diethy] ether (1:20) to give

i)
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desired Compound 6 as white powder. 'H NMR (300 MHz, D,0) 8 6.11 (s, [H), 5.66
(s, TH), 4.34 ~ 4.15 (m, 5H), 4.10 - 3.97 (m, 2H), 1.85 (s, 3H).
Example 3
Non-fouling properties of Representative NZPS and ZPS Hvdrogels

In this example, the non-fouling properties of Representative NZPS and ZPS
hydrogels are described.

Preparation of ZPS hvdrogel

ZPS hydrogels were fabricated by bulk photo-polymerization with a hydrogel
agueous solufion containing ZPS monomer {0.67g Milhi-(3 water, 330 mg), crossiinker
NN methyvlenebis{acryvlamide) (1 wi%, 3.3 mg) and photo-inttiator 2-hydroxy-2-
methyipropiophenone (0.33 mg). The hvdrogel agueous solution was placed between
two glass slides separated by a 0.5 mm-thick polvtetrafluoroethviene spacer, and was then
photo-polvmerized at room temperature for 30 muns.  After polymerization, hydrogels
were removed from the casts and soaked in PBS for three days to remove unreacted
chemicals and reach the fully hydrated hydrogel network. Phosphate buffered saline was
refreshed every 12 hours. Following the same protocol, MPC and NZPS hydrogels with
the same crosslinking density were prepared.

Fibninogen adsorption test

Biopsy punches were used to punch the hydraied MPC, NZPS, and ZPS hydrogels
into 5 mm-diameter disks. Hydrogel! disks were placed into a 24 well-plate and incubated
with 1 mL of T mg/mL fibrinogen in PBS buffer for 1 hour, followed by § washes with
pure PBS buffer. Hydrogel disks were then transferred 1o new wells and incubated with
I mL of horseradish peroxidase (HRP) conjugated anti-fibrinogen (1 ug/mi} in PBS
buffer for 1 hour. All hydrogel disks were then transferred to new wells after 5 washes
with pure PBS buffer. Next, 1 mL 1 mg/mL o-phenvienediamine (OPD) 0.1 M citrate
phosphate pH 5.0 solution, containing 0.03% hydrogen peroxide was added.  Afier
15 min incubation, the enzymatic reaction was siopped by adding an equal volume of 1 M
H{Cl The same procedure was conducted on of tissue culture polystyrene (TCPS) disks
with the same surface area as the control. Absorbance value at 492 nm was recorded by a
plate reader and was normalized to that TCPS sample. Average data were acquired from
three specimens.

P8 hvdrogel disks exhibited an exceptional non-fouling property after 1h

incubation in a highly concentrated fibrinogen solution (10 mg/mL) by reducing 84.4% of
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adsorbed fibrinogen with respect to that of TCPS disks. In contrast, NZPS hydrogel disks
only reduced 41% adsorbed fibrinogen compared to that of TCPS disks (FIGURE 1}
Example 4

nmunosuppressive BEffect of Representative NZPS and ZPS nanogels

In this example, the immunosuppressive effect of representative NZPS and ZPS
nanogels is described.

Preparaiion of MPC. NZPS. and ZPS nanogels

AOT (sodium bis{2-ethythexyl} sulfosuccinate, 237 mg) and Bry 30
{poly{ethylene glycol) dodecyl ether, 459 mg) were added to a 20 mL glass vial to which
a stir bar was added. The vial was sealed with a Teflon-lined septum cap and purged with
dry nitrogen for 10 min. Nitrogen-deoxygenated hexane (10 mb) was then added to the
vial under vigorous stirring. For the agueous phase, monomers (MPC, NZPS, ZP5) and
crosslinker (MBA) was dissolved i PBS buffer {(pH 7.4, 250 ul} at a mole ratio of
959%:5%. Dy nmitrogen was bubbled through the monomer solution for 2 min, after which
the aqueous phase was slowly added to the organic continuous phase dropwise. The vial
was sonicated to form a stable nancemulsion. A 20% {w/v) solution of ammonium
persulfate in deionized water {10 pl) was then added to the emulsion. Afier 5 min,
polymerization was initiated by the addition of tetramethviethylensdiamine (TEMED,
6 ub) and maintained at 4°C under rapid magnetic stirring.  After the 2 hr reaction, the
organic solvent was removed by rotary evaporator and the nanogel was precipitated and
washed with THF for three times. The nanogel was re-suspended in PBS buffer and
punified with 100-KDa wmolecolar weight cutoff centrnifugal filters to remove the
unreacted monomer and crosslinker.

Preparation of MPC. NZPS. and ZPS nanogels encapsulating FITC-BSA

AQT (odium  bis(Z-ethvlhexyly  sulfosuccinate, 237 mg) and Bry 30
{poly{ethylene glycol) dodecyl ether, 459 mg) were added 1o a 20 mL glass vial to which
a stir bar was added. The vial was sealed with a Teflon-lined septum cap and purged with
dry nitrogen for 10 min. Nitrogen-deoxygenated hexane (10 mL) was then added to the
vial under vigorous stirring. For the agueous phase, FITC-BSA, monomers (MPC,
WNZPS, ZPS) and crossiinker (MBA} was dissolved in PBS buffer (pH 7.4, 250 Ly at a
mole ratio of 95%:5%. Dry nitrogen was bubbled through the monomer solution for
2 min, after which the aqueous phase was slowly added to the organic continuous phase

dropwise. The vial was sonicated to form a stable nancemulsion. A 20% (w/v) solution

~d6m
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of ammonium persulfate in deionized water (10 ul) was then added to the emulsion.
After 5 min, polymerization was initiated by the addition of tetramethylethyienediamine
(TEMED, 6 ul) and maintained at 4°C under rapid magnetic stirring.  After the 2 hr
reaction, the organic solvent was removed by rotary evaporator and the nanogel was
precipitated and washed with THF for three times. The nanoge! was re-suspended in PBS
buffer and purified with 100-KDa molecular weight cutoff centrifugal filters to remove
the free FITC-BSA, unreacted monomer and crosshnker.
Immunosuppressive effect

RAW 264.7 cells (107/well) were exposed to MPC, NZPS, or ZPS nanogel

solution ai various conceniration (10, 25, 50, 100, 200, 1000 ug/mi) for 18 houwrs. Then,
these cells were stimulated by LPS solution (100 ng/mL) for another 48 hours, after
which the cells were spun at 300 ¢ for 10 min and the supernatant medium was collected
for cytokine (TNF-a} analysis by ELISA. As shown in FIGURE 2A, while the impact of
NZPS and 7ZP8S on the level of TNF-g are both dose-dependent, NZPS began to display
its inhibition on TNF-o at a relatively low concentration, suggesting iis strong
immunosuppressive effect compared to that of ZPS.

Annexin ¥V blockade

To confirm that the immunosuppressive effect of NZPS and ZPS originates from
the eat-me signal mediated by their PS head groups, the MPC, NZPS, or ZPS nanogel
solution (100 ug/miy was pre-incubated with Annexin V, a protein that has high affinity
1o the PS group and can block the eat~me signal, at various concentrations (0, 10, 25, 50,
100, 200 pg/ml) for 6 hours. Then RAW 264.7 macrophages (107 /well) were then treated
with these nanogel solution (100 ug/mil) for 18 hr followed by the stimulation of LPS
{100 ng/mL} for 48 hr. The level of TNF-u secretion in the supernatant was measured by
ELISA kit As shown in FIGURE 2B, with the concentration of Annexin V mncreased,
the effect of NZPS and ZPS nanogel in reducing TNF-0 secretion was dropping,
revealing an effective blockade of their immunosuppressive effect.  Notably, ZPS
nanogel 15 less sensitive to the blocking effect of Annexin V. probably because the
non-fouling property of ZPS could to some extent decrease the affinity of PS functional
groups in ZPS to its recepiors. This also explains why the immunosuppressive effect of

ZPS 1s weaker than that of NZPS.
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Cell uptake

RAW 264.7 macrophages (10" /well) were incubated with MPC, NZPS, and ZPS
nanogel encapsulating FITC-BSA for 30, 60, 120, and 180 mun, after which the cells were
washed and lysed for the detection of recovered fluorescence. As shown in FIGURE 2C,
MPC displayed the minimal ceil uptake due to its exceilent non-fouling property while
WNZPS nanogel was quickly taken up by macrophages due to its mediation of eat-me
signal. Compared to NZPS, the uptake of ZPS 1s slowed down due to its non-fouling
property and reduced affinity to receptors. These resulis suggest that the umnique
zwitterionic structure of ZPS could achieve effective immunosuppression and good non-
fouling performance simultaneously.

Example 3

Representative Polv{ZPS)- and Polv(NZPS-Containing Bioconjusates

In this example, represeniative bioconjugates of the invention are described. In
certain embodiments, the representative bioconjugate includes a ZPS polvmer
component. In other embodiments, the representative bioconjugate inclhudes a NZPS
polvmer component.

In this example, the bioconjugate is an enzyme conjugate. The represeniative
enzyme is a uricase. The polvmers are covalently coupled to the enzyme, either directlv
or via linkers suitable for hnking the polymer to enzyme.

In the representative bioconjugates shown below, the bioconjugates further
include a poly{ethvlene glycol) (PEG) moiety. In certain embodiments, these
bioconjugates include PEG in the linker intermediate the enzyme and the PS polvimer. In
other embodiments, these bioconjugates include PEG as a pendant group from a
polymeric backbone (e.g., derived from polymerization of PEGMA).

Preparation and  characierization  of  a  representative  Polv(ZPSi-block-

PolviPEGMA) block copolyvmer containing bicconiugate

Svnthesis  of thiol  eroup-terminated Polv(ZPS)-block-Polv(PEGMAY  block

copolvmer. Reversible addition-fragmentation chamn-transter {(RAFT) polvmerization is
used to prepare the block copolymer. Generally, the polymerization of ZPS monomer
(6.7 ¢) is initiated bv azobisisobutyronitiile {AIBN, 18 mg) in the presence of
2~(dodecylthiocarbonothioylthio)-2-methylpropionic acid (100 mg) as chain transfer
agent {CTA) After 12h of reaction, the polymerization is stopped and the obtained

polvmer, Polv(ZPS})-CTA, is purified by dialysis. Then Polv(ZPS}CTA 1s used as

48§~



WO 2019/183637 PCT/US2019/023921

(93}

[
W

macromolecular CTA for the polymerization of PEGMA wmonomer (molar ratio:
CTA/PEGMA = 1/50).  After precipitation in excess ether, Poly(ZPS)-block-
Poly(PEGMA)-CTA block copolyvmer ts further purified by dialysis and lvophilization.
The CTA motety on the block copolymer is then converled into thiol group by using a
mixture solution of hexylamine and triethylamine.

Preparation of Polv(ZPS-block-Polv({PEGMA)-Uricase conjueate

Amine groups on uricase are first converted into maleimide groups by a
bifunctional crosslinker, BMPS (N-maleimidopropyl-oxysuccimimide ester). Activated
uricase (10 mg} s then mixed with thiol group-terminated Poly(ZPS)-block-
Poly(PEGMA) copolymer (300 mg) in 4 ml of PBS.  Polv(ZPS)-block-Poly(PEGMA)}-
Uricase conjugate is purified by diafiltration to remove excess polymers and unreacted
Wicase.

Preparation and charactenzation of a representative Polv(ZPS) and Polv(PEGMA)

polvmers containing bigconjugate

Svnthesis  of thiol  eroup-terminated  Polv(ZPS). Reversible addition-

fragmentation chain-transfer (RAFT) polvmerization is used to prepare the block
copolymer. Generally, the polvmerization of ZPS monomer (6.7 g} is mitiated by
azobisisobutyronitrile (AIBN, 18 mg}) in the presence of
2-(dodecylthiocarbonothioylthio)-2-methyipropionic acid (100 mg) as CTA. After 1Zh of
reaction, the polvmerization is stopped and the obtained polymer, Polv{ZPS)-CTA, is
purified by dialvsis. The UTA moisty on Poly(ZP5}-CTA 1is then converted into thiol
group by using a mixhure solution of hesyvlamune and triethylamine.

Synthesis of thiol croup-terminated Poly(PEGMAY  The polymerization of

PEGMA (5g) is initiated by azobisisobutyronitrile (AIBN, 18 mg) in the presence of
2~(dodecylthiocarbonothioylthio)-2-methylpropionic acid (100 mg) as chain transfer
agent (CU'TA)  After 12h of reaction, the polymerization is stopped and the obtained
polvmer, Polv(PEGMA)-CTA, i1s purified by dialysiss.  The CTA moiety on
Poly(PEGMA)-CTA is then converled into thiol group by using a mixture solution of
hexyiamine and triethvianmine.

Preparation of Polv(ZPS) and Polv{PEGMA) containing bioconjusate.

Amine groups on uricase are first converted into maleimide groups by a
bi-functional crosslinker, BMPS (N-maleimidopropyl-oxysuccinimide ester). Activated

uricase {10 mg) is then mixed with thiol group terminated Poly(ZPS) {100 mg} in 4 mi of
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PBS. PolviZPS8)-Uricase conjugate is purified by dialiltration to remove excess polymers

and wnreacted Uricase. A second conjugation step is carried out by mixing thiol

group-terminated Poly(PEGMA) with Poly(ZP8)-Uricase. Poly{(ZP5) and Poly(PEGMA}

modified urtcase are purified by diafiliration to remove excess polymers.

(v

Representative bioconjugates described in this example have the following
structures:
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Example 6

Immunogenicity of Representative Neutral PS—-PEG Bioconjugates

In this example the immunogenicity of representative neutral PS-PEG
25 bioconjugates is compared to a representative PEG-uricase.

PEG-uricase and PS-maimetic polymer-PEG-uricase at a dose of 25 U/kg body
weight is intravenously administered into the rats via the tail vein. The administrations of
uricase samples are repeated five times with one week as the time interval between each
immunization. At the end of the fifth week (35" day). all the rats are euthanized. The

30 rats are sacrificed and their blood coliected through cardiac puncture are handied for

direct ELISA test. For ELISA test, while the detection of anti-uricase antibody uses
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coated uricase as antigen, the detection of anti-PEG antibodv requires BSA-PEG
conjugates.

As the first step of direct ELISA test, 100 pbL antigen sohutions (10 pg/mL of
protein concentration) prepared in coating buffer (0.1 M sodium carbonate buffer,
pH 10.5) are used to coat each well of 96-well plates. After ovemight coating at 4 °C
overnight, the plates are washed five times using PBS buffer (pH 7.4} 1o remove the
antigen solutions and then filled with blocking buffer (1% BSA solution in 0.1 M Tris
bufter, pH 8.0) for 1 hr incubation at room temperature, subseguent to which the blocking
buffer is removed. AH wells are then washed by PBS buffer for another five times.
Subsequently, serial dilutions of rat sera in PBS buffer containing 1% BSA are added {0
the plates (100 pl/well) for 1 hr incubation at 37 °C, subsequent to which the rat sera are
removed and all wells are washed five times with PBS buffer. Next, goat anti-rat IgM or
IgG (HRP-conjugated, Bethyl Laboratories) as the secondary antibody are added into
each well for another 1 hr incubation at 37 °C. Subsequently, all the wells are washed
five times using PBS buffer before the addiion of 100 uyl/well HRP substrate
3,35, 5 detramethyibenzidine (TMB; Bethyl Laboratories).  The plates are shaken for
15 min, and 100 bl stop solution (0.2 M H,80,) is added to each well. Absorbance at
450 (signal} and 570 nm {background} is recorded by a micropiate reader. Rat sera naive
to the admunistration of uricase samples are used as the negative control for all ELISA
detections.

The spleens of rats are harvested and the splenocyie is isolated by 100 pum cell
strainer (Fisherbrand™). The rat splenocytes from each group are stained with anti-rat
Abs to MHCII and CDR6 (eBioscience) and then analyzed by flow cvtometry. For the
lest of T cell activation, rat splenocytes from each group are cultured in 12-well plaie
(10%well) and re-stimulated with PEG-uricase, and PS-mimetic polyvmer-PEG-uricase
{1 mg/mly respectively. The splenocytes from each rat are cultured in two wells as
parallel groups. After 72Zh, the cell culture medium from each well is collected for the
quantification of H.-4 using TL-4 Rat ELISA kit (Life Technologies).

Example 7

Immunogenicity of Representative ZPS. neutral PS. and PC Bioconjugates

In this example the immunogenicity of representative bioconjugates is described.
The bioconjugate 15 a uricase conjugate. The uricase conjugates were prepared by

covalently coupling {a} a rwitterionic PS (ZP8} polymer, (b) a neutral, non-zwitterionic

-57.
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(NZPS) polymer, or {¢) a phosphatidayicholine (PC) (MPC) polymer to the uricase
surface.

Briefly, AOT {120 mg) and Brij 30 {230 mg) were added to a 20 mL glass vial to
which a stir bar was added. The vial was sealed with a Teflon-lined septom cap and
purged with dry nitrogen for 10 min. Nitrogen-deoxygenated hexane (5 mbL) was then
added to the vial under vigorous stirnng. For the agueous phase, uricase (1 mg} was
dissolved in HEPES buffer (pH 8.5, 125 ul), to which ZPS monomer (50 mg) were
added and dissolved. Dry nitrogen was bubbled through the monomer/protein solution
for 2 min, after which the aguecus phase was slowly added to the organic continuous
phase dropwise. The vial was sonicaled to form a stable microemudsion. A 20% {w/v})
solution of APS (10 pl) in Milli-Q water was then added to the emulsion. After 5 min,
polymerization was initiated by the addition of TEMED (6 pbL) and maintained at 4°C
under rapid magnetic stivring.  After the 2-hour reaction, the organic solvent was removed
bv rotary evaporator and the ZPS-uricase conjugaie was precipitated and washed with
THF for three times. The ZPS-uricase conjugate was re-suspended in PBS buffer and
punfied with high resolution size exclusion chromatography {(Sephacryl S-SO0HR) o
remove the free uricase. Finally the conjugates were washed and concentrated with PBS
(pH 7.4) for three times using a 100-kDa molecular weight cutoff centrifugal filter.

The structures of the conjugates are illustrated schematically below.
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For in vitro immunogenicity study, DC 2.4 dendritic cells (107/well) were
mcubated with PBS (blank control), native urnicase, ZPS-uricase, NZPS-uricase,
MPC-uricase conjugates (2 miU/mL) respectively for 72 houwrs. At the end of the
incubation period, the cells were spun at 300 g for 10 nun and the supernatant medium
was collected for cytokine {TGF-beta) analysis by ELISA. The cells were harvested and
washed twice with ice cold sterile phosphate-buffered salime. Cells were labeled with
anti-CD40-FITC or anti-CD8C-PE and analyzed using flow cviometry. As shown in
FIGURE 3A and 3B, exposwe io the native wuricase resulted in an increase in the
expression of costimulatory marker CD40 and CDE0 (FIGURE 3A) and thus a reduction
m tnmmmature dendritic cells (FIGURE 3B). In contrast, MPC-uricase, NZPS-uricase, and
ZPS-uricase displaved an alleviated effect on stimulating the activation of dendritic cells,
among which NZPS-uricase has the least eftect. followed by ZPS-uricase. The
measurement of TGF-beta, a typical immunosuppressive cytokine marker (FIGURE 3()
suggests that while MPC-uricase does not affect the level of TGF-beta, both
NZPS-uricase and ZPS-uricase have a phenomenal effect in upregulating the secretion of
TGF-beta.

For in vivo wmmunogemcity study, ZPS-uricase, NZPS-uricase, MPC-uricase

conjugates at a dose of 25 Urkg body weight are 1V admimistered into the nuce via the tail



WO 2019/183637 PCT/US2019/023921

(93}

[
W

vein. The adounistrations of uricase samples are repeated three fimes with one week as
the time interval between each administration. The mouse blood was collected at various
time points (¢, 6h, 24h, 48h, 72h} and the retained uricase in blood was estimated by
measuring the enzyme activity with Amplex™ uric acid/uricase kit. At the end of three
weeks {21st day}, all the mice are euthanized. The mice are sacrificed and their blood
collected through cardiac puncture are handled for direct ELISA test.

As the first step of direct ELISA test, 100 pl. antigen solutions (10 ug/mi. of
protein concentration) prepared in the coating buffer (0.1 M sodium carbonate buffer,
pH 10.5} are used to coat each well of 96-well plates. After overnight coating at 4 °C
overnight, the plales are washed f{ive times using PBS buffer (pH 7.4) to remove the
antigen solutions and then filled with blocking buffer (1% BSA solution in 0.1 M Tris
buffer, pH 8.0} for 1 hr incubation at room temperature, subsequent {o which the blocking
buffer is removed. Al wells are then washed by PBS buffer for another five times.
Subsequently, serial dilutions of mouse sera in PBS buffer containing 1% BSA are added
1o the plates {100 uL/well) for 1 hr incubation at 37 °C, subsequent to which the mouse
sera are removed and all wells are washed five times with PBS buffer. Next, goat anti-ral
fgdt or 1gG (HRP-conjugated, Bethyl Laboratories) as the secondary antibody is added
into each well for another 1 hr incubation at 37 °C.  Subsequently, all the wells are
washed five times using PBS buffer before the addition of 100 pl/well HRP substrate
3.3',5 5'-tetramethylibenzidine (TMB,; Bethyl Laboratories). The plates are shaken for
15 min, and 100 pl stop solution (0.2 M H,804} is added to each well. Absorbance at
459 (signal} and 370 nm (background) is recorded by a microplate reader. Mouse sera
naive to the administration of uncase samples are used as the negative control for all
ELISA detections. Moreover, the mice spleens were harvested on 21st for the isolation of
splenocyies by 100um cell strainer (FisherbrandTM). The mice splenocyies from each
group were cultured in the presence of native uricase, MPC-uricase, NZPS-uricase or
ZPS-uricase for 72h, and then stained with anti-CD4-PE anti-CD23-FITC and
anti- Foxp3-Percep antibodies for the analysis by flow cytometry.

As shown in FIGURES 4A and 4B and Table 1, uricase conjugated with MPC, an
mert zwitterionic polymer, suffers an accelerated blood clearance (ABC) after three

admanisirations.
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Table 1. Pharmacokinetic parameters after repeated injections.

NZPS uricase | ZPS-uricase MPC-uricase Native uricase
{injection} {injection}) (injection})
Parameters | | 3 i 3 1 3 1 3
ti0(h) 1.5 1.6 2.4 2.2 2.5 2.1 1.3 0.8
Lipp(h) 151 152 279 271 301 232 11.2 8.1
MRT 17.3 18.6 36.7 357 40.9 281 9.2 3.7

The development of anti-uricase or anti-conjugaie antibodies (FIGURES 4C and
4D} 15 accountable {or the ABC phenomenon occurred to native uricase and MPC-uricase
corjugates. In contrast, both zwitterionic PS (ZPS) polyrmoer and von~zwitterionic PS
(NZPS) polvmer can suppress the potential immune response elicited by the
mmumogenic prolein carrier (uricase}. Such an mmumosuppressive effect leads to the
absence of anti-conjugate antibodies (FIGURES 4C and 4D) and thus maintain the
circulation time of uricase conjugates post to repeated administrations {Table 1). The
circulation time of NZPS-uricase is much shorter than that of the ZP5-uricase, indicaling
that the "eat-me" signal of PS headgroup in NZPS could result in a rapid clearance, which
is unfavorable {o increase the retention time of proteins in vivo. In contrast, the
circulation time of ZPS-uricase is cornparable to that of MPC-uricase, evincing that the
ZP8, like other zwitterionic materials, prolongs the circulation time of proteins while 1t
also retains the immunosuppressive effect of PS, thus inhibiting the immumogenicity of
proteins. This unique property of ZPS makes it particularly suitable for nanoparticles
{e.g., protein conjugates, liposomes, micelles, and solid nanoparticles, such as gold,
quantum dot, silica, and iron oxide nanoparticles) as its achieves long circulation and low
mmunogenicity simultaneously.  Moreover, the characterization of mouse splenocytes
contirmed that NZPS-uricase and ZPS-uricase conjugate could upregulate the expression
T-rege cells (FIGURES 4E and 4F), which is accountable for their avoidance of

undesirable immune responses.

While Hllustrative embodiments have been illustrated and described, 1t will be
appreciated that vanous changes can be made therein without departing from the spirnit

and scope of the invention.
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CLAIMS
The embodimenis of the invention in which an exclusive property or privilege is

claimed are defined as follows:

1. A particle having micro- or nanoscale dimensions, comprising one or more

zwitterionic phosphatidviserine polymers coupled to the particle.

2, The particle of Claim 1, wherein the particle has microscale dimensions.

3. The particle of Claim 1, wherein the particle has nanoscale dimension.

4. The particle of anvone of Claims 1-3, wherein the particle is a
bomolecule.

5. The particle of Claim 4, wherein the biomolecule is a protein, a nucleic

acid, a glycoprotein, a lipid, or a proteoglvean.

6. The particle of Claim 4, wherein the biomwolecule 1s a protein selected
from an enzvme, a signaling protein, a haemostasis or a thrombosis protein, a vaccine, a
complement system protein, or an antibody or a functional {ragment or characteristic

portion thereof.

7. The particle of Claim 4, wherein the biomolecule 15 a small molecule

therapeutic agent.

8. The particle of anyone of Claims 1-3, wherein the particle 15 a drug

deliverv vehicle.

9. The particle of Claim 8, wherein the drug delivery vehicle 1s a nucelle. a

liposome, or a polymersome.

10, The particle of anyone of Claims 1-3, wherein the particle is a cell, a virus,

or a bactenun.
il.  The particle of anvone of Claims 1-3, wherein the particle is a hydrogel.

12. The particle of Claim 11, wherein the hydrogel is a raicrogel or a nanogel.
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13, The particle of any one of Claims 1-3, wherein the particle 15 a metal, a
metal oxide, a ceramic, a synthetic polvmer, a natural polymer, a crystal, a semiconductor

material, a grapheme, a graphene oxide, an iron oxide, or a silica, or a gquantum dot.

14, The particle of anvone of Claims 1-13 wherein the one or more

zwitterionic phosphatidviserine polyroers are grafted from the particle.

15 The particle of anvone of Claims 1-13 wherein the one or more

zwitterionic phosphatidviserine polymers are grafted to the particle.

16. The particie of anyone of (laims 1-13 wherein the one or more

zwitterionic phosphatidyiserine polymers have repeating units having the formula:

Lo
s
Rp“‘“““?"““"Rs
((E:HZ)m
!
OﬁEPmO
7
(C Hz}p
+ —
HN Co

wherein

* idicates the point of attachment of the repeating unit to other repeating umts in
the polymer or copolymer, or polymer or copolymer termunal groups;

B is a polymer backbone;

Ly s a lnoker group selected from ~(CHy), -C(=0INH(CH2),
CEOOCH) . -CEDOCEOIOCHY) -, ACH)O-CHy)y-, and ~(CHy),-$-5-
{CHy),~, where x at each occurrence is an integer independently selected from 1 to 20;

R, and R; are independently selected from the group consisting of hydrogen,
C1-Cyp alkyl, and Co-Cyp aryl;

m is an integer from 1 to 20;
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p is an integer from 1 to 20; and

1 15 an integer from about 10 to about 500

17. The particle of anyone of Claims 1-13 wherein the one or more

zwitterionic phosphatidviserine polymers have repeating units having the formula:

i
* R,j"""'i 3 E E.4 Rs *
L n
|+
R:}‘“‘“‘“?“‘“‘“Rg
{CHa)m
i
OEE—EWO -
I
{CHaky
+ -
HaN GOz

wherein

* ndicates the point of attachment of the repeating unit to other repeating units in
the polymer or copolymer, or polymer or copolyruer terminal groups;

Ry 15 selected from the group consisting of hydrogen, fluonne, trifluoromethyl,
cyano, C1-Cop alkvl, and Ce-Cry aryl

Ry and R; are mdependently selected from the group consisting of hvdrogen,
C1-Cyp alkyl, and Co-Cyp aryl;

R, and Rs are the residues of polymenzation of polymerizable functional groups;

LisCorSi;

L, is a linker group selected from ~CHy), -CEOINH(CHy),-,
CECY I CHy) -, -CEOYOCEOIC(ICHy ), -, -(CH2)-O-(CH -, and ~{CHy),~-5-5-
{(CH»7)~. where x at each occurrence 1s an integer independently selected from 1 to 20;

La and Ly are independently selected from ~“{CHy)
-CEOINH(CH ) -, -CEOYO(CH, ), -, -C(E00CEOHYO(CHY )y -, ~(CHG ), -O-(CHy) -, and
~{CH;}-8-S-(CH,},-, where x at each occurrence is an integer independently selected

from 0 to 20;

-65()-
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m s an integer from 1 to 20;
p is an integer from 1 to 20; and

1t is an integer from about 10 to about 500.

18.  The particle of anvone of Claims 1-13 wherein the one or more

zwitterionic phosphatidviserine polyroers have repeating units having the formula:

Ry

wherein

* indicates the point of attachment of the repeating unit to other repeating units in
the polymer or copolymer, or polymer or copolymer terminal groups;

R; is selected from the group consisting of hydrogen, fluorine, trifluoromethyl,
cyang, -Coyg alkvl, and Ce-Cyp arvl;

R,, and R; are independently selected from hydrogen and C-Cy alkyl;

X 1e O or NH,

n is an integer from 1 to 20;

m is an integer from 1 to 20;

p is an ueger from 1 to 20; and

a is an integer from about 10 to about 500.

-61-
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19. A method for rendering a particle iromunosuppressive, comprising

covalently coupling one or more zwitterionic phosphatidylserine polymers to the particle.

20, A surface of a substrate having one or more zwilterionic

phosphatidvisering polymers covalently coupled thereto.

2% A particle having micro- or nanoscale dimensions, COmMprising one or more

neutral {(non-zwitterionic) phosphatidylsernine polvmers covalently coupled to the particle.

22, A method for rendering a particle Imununosuppressive, COMpPrising
covalently coupling one or more neutral (non-zwitterionic) phosphatidylserine polymers

to the particle.

23. A surface of a substrate having one or more neutral (non-zwitlerionic)

phosphatidyiserine polymers covalently coupled thereto.

24, A ZPS monomer, comprising a polymerizable moiety covalently coupled

1o a zwitlerionic phosphatidyiserine moiety.

23 A ZPS monomer having the formula:
R,
R4“"’"’"L3"’""L"’"’"‘L4’"’"R5
Lo
¥
R’_g“"’""N"’"’“R'g
{CHz)m
Q
O===p——0Q
O
{CHz)y
+ -
HaN CO,
wherein
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R, is selected from the group consisting of hvdrogen, fluorine, trifluoromethyl,
cyano, C1-Cy alkyl, and Co-Cyy arvl:

R, and Ry are independently selected from the group consisting of hydrogen,
CrCzo ﬁjkf\/i, Eli’}d CG“CIQ aryi;

Ry and Rs are independently selected from functional groups suitable for
polymerization by addition, condensation or free radical polymerization;

LisCorSi

L» ts independently selected from ~(CHy)y-, ~-CE=OINHCH )y, -CECYO(CHL),~
, where X is an integer from 1 to 20;

L and Ly are independently selected from ~{CHy -,
~CEOINHCH ), -CEOYHCH -, -CEOIOCEOYO(CH )~ -(CH L -O0-(CH)), -, and
—{CH;,),-S-8-(CH»)~, where x at each occurrence is an integer independently selected
from 0 to 20;

ntis an integer from 1 to 20; and

p is an integer from 1 to 20.
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26. A ZPS monomer having the formula;

Q
OQO'!{LQOa
.

&

o~

xI
N
[N

]

COy

I
5
pd

wherein,

PCT/US2019/023921

R, is selected from the group consisting of hydrogen, fluorine, trifluoromethyl,

cyang, -Coy alkvl, and Ce-Cyy arvl,

R;, and R; are independently selected from hydrogen and Cy-Cy alkyl,

X1s O or NH,
n is an integer from 1 to 20,
m s an integer from 1 to 20, and

p is an ueger from 1 to 20

27, A ZPS polvmer or copolymer having repeating units, wherein one or more

repeating units comprise a zwitterionic phosphatidylserine motety.

G-
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28, A ZPS polymer or copolymer having repeating units having the formoula:
| 1n
Lo
S
((lfer\)m
.
OﬂF]’mO
;
((I:HZ)p

wherein

* ndicates the point of attachment of the repeating unit to other repeating units in
the polymer or copolymer, or polymer or copolyruer terminal groups;

B is a polymer backbone;

L, is a linker group that hinks the ZPS motety to the backbone, representative
groups include ~{CHz)-, -C(=OINH(CHY ) -, -C=0Y0{CHY ),
-CEOYOCECIOICH -, -(CH2 ) -O-(CHy), -, and ~(CH»)-5-S-{CHy),~, where x at
each occurrence is an integer independently selected from 1 to 20;

R, and Ry are independently selected from the group consisting of hydrogen,
-y alkyl, and Ce-Cyp arvl;

m s an integer from 1 to 20;

p is an integer from 1 1o 20; and

n is an integer from about 10 to about 500.
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29. A ZPS polymer or copolymer having repeating units having the formoula:

Ry

* R4""““L3""“‘L‘"‘"‘“L4“‘"“R5 *

|+
RE'W?MRQ
(?Hz)m
|
Om?mc}
[
(CHolp
+
HaN co,

wherein

* ndicates the point of attachment of the repeating unit to other repeating units in
the polymer or copolymer, or the polymer or copolymer terminal groups;

R, is selected from the group consisting of hydrogen, fluorine, trifluoromethyl,
cyang, -Coyg alkvl, and Ce-Cyp arvl;

R, and R; are independently selected from the group consisting of hydrogen,
Cy~Cyg alkyl, and Co-Cyp arvl;

R; and Rs are independently selected {rom residues of polymerization of the
functional groups swtable for polymerization by addition, condensation or free radical
polymerization;

LisCorSi;

L, is independently selected from ~{CHy), -CEOINH(CH;) -
-C(=00(CH, ), where x 15 an integer from 1 to 20;

L and Ly are independently selected from ~“{CHy )y,
-CEOINH(CH ), -C=0)Y0(CHy),, -C(=0IOCHE0)O(CH)y, ~(CHy)-0-(CHy)y-, and
~{CHy}-5-8-(CH,),~, where x at each occurrence is an integer independently selected
from 0 to 20;

m s an integer from 1 to 20,

p is an integer from 1 to 20; and

-56-
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n is an 1nteger from about 10 to about 500,

30. A ZPS polymer or copolymer having repeating units having the formoula:
Ry
#
3 a
O
|
{CHZ)n
Rz“’""‘?:‘ji'"‘R%
{CHZ)rm
.
Om;mi)
}
((Isz\)n

4-/{\ -
HaN co,

wherein
E 3 vat o 14 T § i o e A o .- g - atr o 1y
mdicates the point of attachment of the repealing unit {o other repeating unifs in

the polymer or copolymer, or the polymer or copolymer ternunal groups;

Ry 15 selected from the group consisting of hydrogen, fluonne, trifluoromethyl,
cyano, Ci1~Cao alkyl and Ce-Crp aryl:

R, and Ry are independently selected from hydrogen and C-Cg alkyl
Xis O or NH;
n s an integer from 1 to 20;
m s an integer from 1 to 20;
p is an integer from 1 to 20; and

a is an integer from about 10 to abowt 500.
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