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(57) Abstract: A novel ROS-responsive prodrug is provided. The prodrug utilizes a unique modified oxalate linker conjugated to 4-
aminophenol, which can enhance the reaction kinetics for intracellular ROS within tumor tissues while keeping the modified oxalate

backbone stable with amide bond under very low ROS level.
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METHOD OF MAKING PRODRUG FOR SUSTAINED AND
CONTROLLED RELEASE

CROSS REFERENCE TO RELATED APPLICATIONS

[1] This application claims priority to U.S. Provisional Application Serial No. 62/823,740,
filed March 26, 2019, which application is hereby incorporated by reference in its entirety.

TECHNICAL FIELD
[2] The present invention relates to a method and composition for treating cancer. More
specifically, this invention relates to a prodrug that targets cancer cells with an elevated ROS

level.

BACKGROUND OF THE INVENTION
[3] The ideal goals for cancer treatment are to maximize antitumor therapeutic efficacy
and minimize side effects. Nanoparticles have made tremendous progress in advancing these
goals. Most therapeutic nanoparticles for solid tumor treatment are administered systemically.
One of the major limiting hurdles of nanoparticle-mediated cancer therapeutics is premature
drug leakage that leads to poor antitumor efficacy and off-target activity. Therefore, challenges
arise when balancing sustained release during systemic circulation and controlled release at the
tumor site. A polymer-prodrug conjugate approach can address these challenges by
deactivating drugs upon conjugation to a polymer and reactivating them upon a release that is
triggered by a stimulus-response mechanism. The controlled release may be achievable by
either internal or external stimuli such as pH levels, enzyme presence, reactive oxygen species
(ROS) levels, magnetic field, light, ultrasound, and irradiation. Among these potential
mechanisms, ROS levels can serve as both internal and external stimuli. The ROS level in
cancerous cells can be up to ~5,000 times higher than those in blood and healthy cells, and can
go even higher upon irradiation commonly used in many cancer treatments. However, most
ROS approaches to chemotherapy problematically respond to low ROS levels. Therefore, a
need exists for a nanoparticle based therapeutic that responds to higher levels of ROS found in

microenvironments within the body.
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SUMMARY OF THE INVENTION
[4] The present invention addresses this need with a novel ROS-responsive prodrug design
that utilizes a unique modified oxalate linker conjugated to 4-aminophenol, which can enhance
the reaction kinetics for intracellular ROS within tumor tissues while keeping the modified

oxalate backbone stable with amide bond under very low ROS level.

[5] In one embodiment of the present invention, a compound of formula (1) is disclosed:
¢
H (1)
. PERA S ff )
VoL

[6] or a pharmaceutically acceptable salt or solvate thereof, wherein, independently for
each occurrence:

7] X is NHor O;

[8] YisO,S,or NR%:

[9] Zis OH, OR?, NHR? or SR?

[10] R!is achemotherapeutic agent selected from the group consisting of alkylating agents;
purine and pyrimidine analogs and derivatives; topoisomerase inhibitors; taxanes, antifolates;
angiogenesis inhibitors; anti-tumor monoclonal antibodies; cytotoxic antibiotics; anthracycline
antibiotics; triterpenoid Stat3 inhibitors; and physiologically acceptable salts thereof; and

[11] R? is a polymer selected from the group consisting of PLLA-PEG, PDLLA-PEG,
PLGA-PEG, Poly (L-aspartic acid), Poly (L-lysine), Poly (L-glutamic acid), Poly (L-arginine),
and Poly (L-ornithine); or R? is a linkage to said polymer.

[12] In one embodiment, the compound is encapsulated in a nanoparticle. In another
embodiment, the compound is physically encapsulated in a nanoparticle. In one embodiment,
the compound is hydrophobic and the nanoparticle comprises a polymer selected from the
group consisting of PLLA-PEG, PDLLA-PEG and PLGA-PEG. In another embodiment, the
compound is hydrophilic and the nanoparticle comprises a polymer selected from the group
consisting of albumin, Poly (L-aspartic acid), Poly (L-lysine), Poly (L-glutamic acid), Poly
(L-arginine), and Poly (L-ornithine).
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[13] Inone embodiment, R!is an anthracycline antibiotic selected from the group consisting
of doxorubicin, epirubicin, daunorubicin, valrubicin and idarubicin. In another embodiment,
R!is doxorubicin.

[14] In another embodiment, R!is an alkylating agent selected from the group consisting of
cisplatin, carboplatin, oxaliplatin, mechlorethamine, cyclophosphamide, chlorambucil and
ifosfamide. In one embodiment, R! is cisplatin.

[15] In one embodiment, X is NH. In one embodiment, Y is O. In another embodiment, Z
is OR?.

[16] In another embodiment of the present invention, a method for treatment of cancer in a
subject in need thereof is disclosed. The method involves administering to the subject a

therapeutically effective amount of a compound having compound of formula (1):

O
Y \\\éf' ~

[17] or a pharmaceutically acceptable salt or solvate thereof, wherein, independently for

1)

(

each occurrence:

[18] XisNHorO;

[19] YisO,S, or NR%:

[20] Zis OH, OR2 NHR? or SR

[21] Rlisachemotherapeutic agent selected from the group consisting of alkylating agents;
purine and pyrimidine analogs and derivatives; topoisomerase inhibitors; taxanes, antifolates;
angiogenesis inhibitors; anti-tumor monoclonal antibodies; cytotoxic antibiotics; anthracycline
antibiotics; triterpenoid Stat3 inhibitors; and physiologically acceptable salts thereof, and

[22] R?is a polymer selected from the group consisting of PLLA-PEG, PDLLA-PEG,
PLGA-PEG, Poly (L-aspartic acid), Poly (L-lysine), Poly (L-glutamic acid), Poly (L-arginine),
and Poly (L-ornithine); or R? is a linkage to said polymer.

[23] In one embodiment, the compound is encapsulated in a nanoparticle by means of
chemical conjugation. In another embodiment, the compound is physically encapsulated in a

nanoparticle. In one embodiment, the compound is hydrophobic and the nanoparticle
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comprises a polymer selected from the group consisting of PLLA-PEG, PDLLA-PEG and
PLGA-PEG. In another embodiment, the compound is hydrophilic and the nanoparticle
comprises a polymer selected from the group consisting of albumin, Poly (L-aspartic acid),
Poly (L-lysine), Poly (L-glutamic acid), Poly (L-arginine), and Poly (L-ornithine).

[24] Inone embodiment, R!is an anthracycline antibiotic selected from the group consisting
of doxorubicin, epirubicin, daunorubicin, valrubicin and idarubicin. In another embodiment,
R!is doxorubicin.

[25] In another embodiment, R is an alkylating agent selected from the group consisting of
cisplatin, carboplatin, oxaliplatin, mechlorethamine, cyclophosphamide, chlorambucil and
ifosfamide. In one embodiment, R! is cisplatin.

[26] In one embodiment, R? is a polymer selected from the group consisting of PLLA-PEG,
PDLLA-PEG and PLGA-PEG. In another embodiment, X is NH. In one embodiment, Y is O.
In another embodiment, Z is OR?.

[27] In an embodiment of the present invention, the method further comprises administering
radiation to the subject in conjunction with the compound. In one embodiment, the radiation

is proton radiation.

BRIEF DESCRIPTION OF THE DRAWINGS
[28] The foregoing summary, as well as the following detailed description of preferred
embodiments of the application, will be better understood when read in conjunction with the
appended drawings.
[29] FIG. 1 depicts an exemplary synthetic scheme and release routes of the Dox-OX
prodrug according to an embodiment of the present application.
[30] FIG. 2A is a graph showing the release kinetics of Dox conjugates to a polymer via
amide, carbamate, and hydrazone bonds at pH 7.0.
[31] FIG. 2B is a graph showing the cytotoxicity against MDA-MB-231 cell line for Dox
conjugates to a polymer via amide, carbamate, and hydrazone bonds.
[32] FIG. 3A is a graph showing Dox release kinetics of the Dox-OX prodrug in PBS, PBS
with 10% and 50% FBS at pH 7.4.
[33] FIG. 3B is a graph showing Dox release kinetics of the Dox-OX prodrug in 50 uM
H20: and different HRP concentrations.
[34] FIG. 4A is a graph of in vitro test results of an MTS assay using the MDA-MB-231 cell

line showing ROS level generated as a function of time.
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[35] FIG. 4B is a graph of in vitro test results of an MTS assay using the MDA-MB-231 cell
line showing cell viability for Dox-OX prodrug after 48-hr incubation.

DETAILED DESCRIPTION OF THE INVENTION

[36] The details of one or more embodiments of the disclosed subject matter are set forth in
this document. Modifications to embodiments described in this document, and other
embodiments, will be evident to those of ordinary skill in the art after a study of the information
provided herein.

[37] The present disclosure may be understood more readily by reference to the following
detailed description of the embodiments taken in connection with the accompanying drawing
figures, which form a part of this disclosure. It is to be understood that this application is not
limited to the specific devices, methods, conditions or parameters described and/or shown
herein, and that the terminology used herein is for the purpose of describing particular
embodiments by way of example only and is not intended to be limiting. Also, in some
embodiments, as used in the specification and including the appended claims, the singular

29 <C

forms “a,” “an,” and “the” include the plural, and reference to a particular numerical value
includes at least that particular value, unless the context clearly dictates otherwise. Ranges may
be expressed herein as from “about” or “approximately” one particular value and/or to “about”
or “approximately” another particular value. When such a range is expressed, another
embodiment includes from the one particular value and/or to the other particular value.
Similarly, when values are expressed as approximations, by use of the antecedent “about,” it
will be understood that the particular value forms another embodiment.

[38] The term "target", as used herein, refers to the cell type or tissue to which enhanced
delivery of the therapeutic agent is desired. For example, diseased tissue may be a target for
therapy.

[39] An "effective amount" or "therapeutically effective amount" of a composition, as used
herein, is a predetermined amount calculated to achieve a desired effect.

[40] As used herein, the term "therapeutic agent" means a compound utilized to image,
impact, treat, combat, ameliorate, prevent or improve an unwanted condition or disease of a
patient. In an embodiment, disclosed long-circulating nanoparticles include a therapeutic agent
and biodegradable and/or biocompatible polymeric particles, optionally functionalized with
targeting moieties. The nanoparticles are designed to circulate in a vascular compartment of a
patient for an extended period of time, distribute and accumulate at a target, and release the

encapsulated therapeutic agent in a controlled manner. These characteristics can result in an
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increased level of therapeutic agent in the target and a potential reduction in off-target
exposure. For example, the disclosed nanoparticles remain in circulation longer because, upon
administration to a patient (e.g. a mammal, primate (e.g. human)), the disclosed nanoparticles
are substantially confined to the vascular compartment of the patient, and are engineered to be
cleared very slowly.

[41] While the following terms are believed to be well understood by one of ordinary skill
in the art, definitions are set forth to facilitate explanation of the disclosed subject matter.
Unless defined otherwise, all technical and scientific terms used herein have the same meaning
as commonly understood by one of ordinary skill in the art to which the disclosed subject matter
belongs.

[42] As used herein, the term “about,” when referring to a value or to an amount of mass,
weight, time, volume, pH, size, concentration or percentage is meant to encompass variations
of in some embodiments +£20%, in some embodiments £10%, in some embodiments +5%, in
some embodiments 1%, in some embodiments £0.5%, and in some embodiments +0.1% from
the specified amount, as such variations are appropriate to perform the disclosed method.

[43] It should be understood that every maximum numerical limitation given throughout this
specification includes every lower numerical limitation, as if such lower numerical limitations
were expressly written herein. Every minimum numerical limitation given throughout this
specification will include every higher numerical limitation, as if such higher numerical
limitations were expressly written herein. Every numerical range given throughout this
specification will include every narrower numerical range that falls within such broader
numerical range, as if such narrower numerical ranges were all expressly written herein.

[44] One of the major limiting hurdles of nanoparticle (“NP”’)-mediated cancer therapeutics
is reported to be premature drug leakage. Most therapeutic NPs for solid tumor treatment are
administered systemically. Maximum anti-tumor therapeutic efficacy and minimum side
effects are ideal treatment goals for cancer treatment. Although NP-based therapeutics made
tremendous progress, it is still a great challenge to meet the goals due to the two desired but
conflicting concepts of sustained release during systemic circulation and controlled release at
the tumor site. Many NP-based therapeutics have not become commercialized due to premature
drug leakage, leading to poor anti-tumor efficacy and off-target activity. A polymer-prodrug
conjugate approach can address the above two great challenges by deactivating potent but toxic
drugs upon conjugation to polymer and reactivating them upon release triggered by a stimulus-
response mechanism. At the tumor site, the controlled release of prodrug is achievable by the

presence of reactive oxygen species (ROS). The ROS level in cancerous cells can be up to
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~5,000 times higher than those in blood and healthy cells. It can go even higher upon
irradiation commonly used in many cancer treatments. lonizing radiation can generate
hydroxyl (OHe) radicals that effectively trigger controlled drug release. Breast cancers (BCs)
are reported to show persistently high metabolic ROS level compared with normal cells related
to mitochondrial dysfunction. Estrogens and metabolites of estrogen also produce ROS in BC
cells.

[45] A commonly used chemotherapeutic, doxorubicin (“Dox”) is widely used for BC
treatment. However, cardiotoxicity is a major side effect. As part of the present invention, we
tested the impacts of Dox molecules conjugated through the primary amine group on Dox to a
polymer using different chemical bonds on release and cytotoxicity (FIGs. 2A and 2B). We
found that the different cytotoxicity resulting from different Dox release kinetics derived from
the different bonds. Among the amide, carbamate, and hydrazone bonds, the amide bond
showed the slowest Dox release kinetics and thus the minimal cytotoxicity. We have
surprisingly discovered that using the very stable amide bond around an ROS-responsive linker
conjugated to a chemotherapeutic drug such as a Dox molecule and a polymer produces a novel
prodrug-polymer conjugate.

[46] Our ROS-responsive prodrug (shown in Formula 1) utilizes a very unique modified
oxalate linker conjugated to 4-aminophenol, which can enhance the reaction kinetics for
intracellular ROS within tumor tissues while keeping the modified oxalate backbone stable

with amide bond under very low ROS level (FIGs. 2A and 2B).

O
i (Formula 1)
R—x” Y YD
§
Y .

S

[47] Formula 1 shows an embodiment of the ROS-responsive prodrug of the present
invention. Alternative embodiments include pharmaceutically acceptable salts or solvates
thereof. For Formula 1, independently for each occurrence:

[48] XisNHorO;

[49] YisO, S, or NR%

[S0] Zis OH, OR?, NHR? or SR?
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[51] Rlisachemotherapeutic agent selected from the group consisting of alkylating agents;
purine and pyrimidine analogs and derivatives; topoisomerase inhibitors; taxanes, antifolates;
angiogenesis inhibitors; anti-tumor monoclonal antibodies; cytotoxic antibiotics; anthracycline
antibiotics; triterpenoid Stat3 inhibitors; and physiologically acceptable salts thereof; and

[52] R?is a polymer selected from the group consisting of PLLA-PEG, PDLLA-PEG,
PLGA-PEG, Poly (L-aspartic acid), Poly (L-lysine), Poly (L-glutamic acid), Poly (L-arginine),
and Poly (L-ornithine); or R?is a linkage to said polymer. In one embodiment, R? is a polymer
selected from the group consisting of Poly (L-aspartic acid), Poly (L-lysine), Poly (L-glutamic
acid), Poly (L-arginine), and Poly (L-ornithine).

[533] In one embodiment, the compound is encapsulated in a nanoparticle. In another
embodiment, the nanoparticle comprises a polymer selected from the group consisting of
PLLA-PEG, PDLLA-PEG, PLGA-PEG, Poly (L-aspartic acid), Poly (L-lysine), Poly (L-
glutamic acid), Poly (L-arginine), and Poly (L-ornithine).

[54] In another embodiment, the compound is physically encapsulated in a nanoparticle. In
one embodiment, the compound is hydrophobic and the nanoparticle comprises a polymer
selected from the group consisting of PLLA-PEG, PDLLA-PEG and PLGA-PEG. In another
embodiment, the compound is hydrophilic and the nanoparticle comprises a polymer selected
from the group consisting of albumin, Poly (L-aspartic acid), Poly (L-lysine), Poly (L-glutamic
acid), Poly (L-arginine), and Poly (L-ornithine).

[55] This design approach can significantly reduce the cytotoxicity of chemotherapeutic
drugs (such as Dox) even under the premature drug leakage of the prodrug, and effectively
release the chemotherapeutic accumulated at tumor sites by innate intracellular ROS and

potentially by extra intracellular ROS induced by irradiation.

Linker

[56] Peroxalate derivatives are a class of reactive oxygen species (ROS)-responsive
compounds. Peroxalate esters, a well-known group of this family with very high reactivity
towards HxO2, hold a great promise as an ROS-responsive prodrug approach. But,
conventional peroxalate esters are not quite stable in aqueous media and prone to hydrolysis,
which can limit their application. On the other hand, their aliphatic amide derivative,
peroxamides, are more stable during hydrolysis but poorly reactive toward oxidation. The
compound of the present invention includes an aromatic ring to one side of the peroxamide.

Therefore, we produced a novel oxalate linker with high stability and reactivity.
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Polymer conjugate

[57] In some embodiments, the prodrug of the present invention is conjugated to a polymer.
In some embodiments, the polymer may be PLLA-PEG, PDLLA-PEG, PLGA-PEG, Poly (L-
aspartic acid), Poly (L-lysine) (PLy hereafter), Poly (L-glutamic acid), Poly (L-arginine), or
Poly (L-ornithine). In one embodiment, the conjugate is Dox-PLy. We have found that the
Dox-PLy conjugate has a very stable amide bond that shows very slow Dox release (i.e. <~10%
after 96 hrs) under normal physiological conditions at pH 7.0, and thus has insignificant

cytotoxicity (data not shown).

Chemotherapeutic Agent

[58] The compositions described herein can beneficially incorporate a wide variety of anti-
cancer chemotherapeutic agents (e.g., an anti-tumor agent) for targeted delivery to tumors.
Non-limiting examples of such chemotherapeutic agents include: alkylating agents (e.g.,
cisplatin, carboplatin, oxaliplatin; mechlorethamine; cyclophosphamide; chlorambucil;
ifosfamide); purine and pyrimidine analogs and derivatives (e.g., S-fluorouricil; floxuridine;
cytosine arabinoside, mercaptopurine; thioguanine;, azathioprine; fludarabine; pentostatin;
cladribine); topoisomerase inhibitors (e.g., etoposide; etoposide phosphate; teniposide;
amsacrine), taxanes (e.g., paclitaxel); antifolates (e.g., methotrexate; trimethoprim,
pyrimethamine; pemetrexed); angiogenesis inhibitors (e.g., vitaxin, anecorvate, angiostatin;
endostatin; squalamine; antiangiogenic tryptophanyl-t-RNA sythetase fragments, such as T2-
TrpRS); anti-tumor monoclonal antibodies (e.g., bevacizumab; tivozanib, vandetanib;
vatalanib; alemtuzumab; cetuximab; gemtuzumab; ibritumomab; pantitumumab; rituximab;
tositumomab; trastuzumab); and other anti-neoplastic or chemotherapeutic agents, such as
cytotoxic antibiotics (e.g., actinomycin; bleomycin; plicamycin; mitomycin);, anthracycline
antibiotics (e.g., doxorubicin; epirubicin;, daunorubicin; valrubicin; idarubicin); triterpenoid
Stat3 inhibitors (e.g., ursolic acid; a 2-cyano-3,12-dioxooleana-1,9-dien-28-oic ester, a 2-
cyano-3,12-dioxooleana-1,9-dien-28-oic amide such as 1-[2-cyano-3-,12-dioxooleana-
1,9(11)-dien-28-oyl]imidazole (also known as CDDO-Im)); and the like, as well as
physiologically acceptable salts thereof. In one embodiment, the chemotherapeutic agent is

Dox. In another embodiment, the chemotherapeutic agent is cisplatin.

Radiation
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[59] The ROS-responsive prodrug of the present invention can suppress the release of the
chemotherapeutic agent during systemic circulation and control its release by responding to
intracellular ROS at the tumor sites. The ROS level in cancerous cells can be up to ~5,000
times higher than those in blood and healthy cells. These levels can go even higher upon X-
ray or proton radiation that is commonly used in many cancer treatments. lonizing radiation
can generate hydroxyl (OH) radicals that effectively trigger controlled drug release. In one
embodiment, x-ray radiation is used. In some embodiments, photon or proton radiation is used.
[60] In one embodiment, proton therapy is used to give a very localized treatment with
higher local OH radical generation. Proton radiation could reduce damage to healthy tissues.
Levels and amounts of radiation will vary according to the overall therapy plan for the patient.
An example of such a radiation therapy plan for a breast cancer patient is a total 50 Gy (= 2
Gy/day x 25 days) followed by a boost of 10 Gy, also in 2 Gy fractions to the tumor bed.
Alternatively, hypofractionation may be used, involving a higher dosage for a shorter period
of time. In another embodiment, the number of radiation fractions is lower, for example 15 or

16, with 2.5 Gy or 2.56 Gy per day.

Nanoparticle

[61] In general, a “nanoparticle” refers to any particle having a diameter of less than 1,000
nm, e.g. about 10 nm to about 200 nm. Disclosed therapeutic nanoparticles may include
nanoparticles having a diameter of about 20 to about 140 nm, or about 40 to about 130 nm, or
about 60 to about 120 nm.

[62] Disclosed nanoparticles may include about 0.2 to about 35 weight percent, about 3 to
about 40 weight percent, about 5 to about 30 weight percent, 10 to about 30 weight percent, 15
to 25 weight percent, or even about 4 to about 25 weight percent of a chemotherapeutic agent,
such as Dox.

[63] In some embodiments, the nanoparticles disclosed herein include one, two, three or
more biocompatible and/or biodegradable polymers. For example, a contemplated nanoparticle
may include about 10 to about 99 weight percent of a one or more block co-polymers that
include a biodegradable polymer and polyethylene glycol, and about O to about 50 weight
percent of a biodegradable homopolymer.

[64] Any polymer can be used in accordance with the present invention. Polymers can be
natural or unnatural (synthetic) polymers. Polymers can be homopolymers or copolymers
comprising two or more monomers. In terms of sequence, copolymers can be random, block,

or comprise a combination of random and block sequences. In some embodiments, the polymer

10
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of the nanoparticle is PLLA-PEG, PDLLA-PEG, PLGA-PEG, Poly (L-aspartic acid), Poly (L-
lysine), Poly (L-glutamic acid), Poly (L-arginine), or Poly (L-ornithine).

[65] The term “polymer,” as used herein, is given its ordinary meaning as used in the art,
i.e., a molecular structure comprising one or more repeat units (monomers), connected by
covalent bonds. The repeat units may all be identical, or in some cases, there may be more than
one type of repeat unit present within the polymer. In some cases, the polymer can be
biologically derived, i.e., a biopolymer. Non-limiting examples include peptides or proteins. In
some cases, additional moieties may also be present in the polymer, for example biological
moieties such as those described below. If more than one type of repeat unit is present within
the polymer, then the polymer is said to be a “copolymer”. It is to be understood that in any
embodiment employing a polymer, the polymer being employed may be a copolymer in some
cases. The repeat units forming the copolymer may be arranged in any fashion. For example,
the repeat units may be arranged in a random order, in an alternating order, or as a block
copolymer, i.e., comprising one or more regions each comprising a first repeat unit (e.g., a first
block), and one or more regions each comprising a second repeat unit (e.g., a second block),
etc. Block copolymers may have two (a diblock copolymer), three (a triblock copolymer), or
more numbers of distinct blocks.

[66] Disclosed particles can include copolymers, which, in some embodiments, describes
two or more polymers (such as those described herein) that have been associated with each
other, usually by covalent bonding of the two or more polymers together. Thus, a copolymer
may comprise a first polymer and a second polymer, which have been conjugated together to
form a block copolymer where the first polymer can be a first block of the block copolymer
and the second polymer can be a second block of the block copolymer. Of course, those of
ordinary skill in the art will understand that a block copolymer may, in some cases, contain
multiple blocks of polymer, and that a “block copolymer,” as used herein, is not limited to only
block copolymers having only a single first block and a single second block. For instance, a
block copolymer may comprise a first block comprising a first polymer, a second block
comprising a second polymer, and a third block comprising a third polymer or the first polymer,
etc. In some cases, block copolymers can contain any number of first blocks of a first polymer
and second blocks of a second polymer (and in certain cases, third blocks, fourth blocks, etc.).
In addition, it should be noted that block copolymers can also be formed, in some instances,
from other block copolymers. For example, a first block copolymer may be conjugated to

another polymer (which may be a homopolymer, a biopolymer, another block copolymer, etc.),
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to form a new block copolymer containing multiple types of blocks, and/or to other moieties
(e.g., to non-polymeric moieties).

[67] In some embodiments, polymers may be polyesters, including copolymers comprising
lactic acid and glycolic acid units, such as poly(lactic acid-co-glycolic acid) and poly(lactide-
co-glycolide), collectively referred to herein as “PLGA”; and homopolymers comprising
glycolic acid units, referred to herein as “PGA,” and lactic acid units, such as poly-L-lactic acid
(“PLLA”), poly-D-lactic acid (“PDLA”), poly-D,L-lactic acid, poly-L-lactide, poly-D-lactide,
and poly-D,L-lactide, collectively referred to herein as “PLA.” In some embodiments,
exemplary polyesters include, for example, polyhydroxyacids, PEGylated polymers and
copolymers of lactide and glycolide (e.g., PEGylated PLA, PEGylated PGA, PEGylated
PLGA, and derivatives thereof In some embodiments, polyesters include, for example,
polyanhydrides, poly(ortho ester) PEGylated poly(ortho ester), poly(caprolactone), PEGylated
poly(caprolactone), polylysine, PEGylated polylysine, poly(ethylene imine), PEGylated
poly(ethylene imine), poly(L-lactide-co-L-lysine), poly(serine ester), poly(4-hydroxy-L-
proline ester), poly[a-(4-aminobutyl)-L-glycolic acid], and derivatives thereof.

[68] Disclosed nanoparticles may have a substantially spherical (i.e., the particles generally
appear to be spherical), or non-spherical configuration. For instance, the particles, upon
swelling or shrinkage, may adopt a non-spherical configuration.

[69] Disclosed nanoparticles may have a characteristic dimension of less than about 1
micrometer, where the characteristic dimension of a particle is the diameter of a perfect sphere
having the same volume as the particle.

[70] Disclosed nanoparticles may be stable (e.g. retain substantially all active agent) for
example in a solution that may contain a saccharide, for at least about 3 days, about 4 days or
at least about 5 days at room temperature, or at 25° C.

[71] In another embodiment, the particles may be albumin, such as human serum albumin,
or nanostructured lipid carriers (NLCs). NLCs are a class of lipid nanoparticles with a solid
lipid matrix at room temperature. They consist of a mixture of a solid lipid and oil, with a ratio
of 70:30 and up to a ratio of 99.9:0.1. The NLCs are made of biodegradable and biocompatible
lipids and surfactants/stabilizers. Choice of the solid lipids includes Cetylpalmitate, Compritol
888 ATO, Glycerol monostearate, Palmitic acid, Stearic acid, and Tristearin. Liquid lipids
(oils) can be chosen among Castor oil, Oleic acid, and Miglyol 812. Soybean lecithin, Sorbitan
trioleate, Soybean phosphatidylcholine, Poloxamer 188, and Polyvinyl alcohol are good

options as a surfactant
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Preparation of Nanoparticles

[72] Another aspect of this disclosure is directed to systems and methods of making
nanoparticles incorporating the prodrug of the present invention. In some embodiments, using
two or more different polymers (e.g., copolymers, e.g., block copolymers) in different ratios
and producing particles from the polymers (e.g., copolymers, e.g., block copolymers),
properties of the particles be controlled.

[73] In one set of embodiments, the nanoparticles are formed by providing a solution
comprising one or more polymers, and contacting the solution with a polymer nonsolvent to
produce the particle. The solution may be miscible or immiscible with the polymer nonsolvent.
For example, a water-miscible liquid such as acetonitrile may contain the polymers, and
particles are formed as the acetonitrile is contacted with water, a polymer nonsolvent, e.g., by
pouring the acetonitrile into the water at a controlled rate. The polymer contained within the
solution, upon contact with the polymer nonsolvent, may then precipitate to form particles such
as nanoparticles. Two liquids are said to be “immiscible” or not miscible, with each other when
one is not soluble in the other to a level of at least 10% by weight at ambient temperature and
pressure. Typically, an organic solution (e.g., dichloromethane, acetonitrile, chloroform,
tetrahydrofuran,  acetone, formamide, dimethylformamide, pyridines, dioxane,
dimethysulfoxide, etc.) and an aqueous liquid (e.g., water, or water containing dissolved salts
or other species, cell or biological media, ethanol, etc.) are immiscible with respect to each
other. For example, the first solution may be poured into the second solution (at a suitable rate
or speed). In some cases, particles such as nanoparticles may be formed as the first solution
contacts the immiscible second liquid, e.g., precipitation of the polymer upon contact causes
the polymer to form nanoparticles while the first solution poured into the second liquid, and in
some cases, for example, when the rate of introduction is carefully controlled and kept at a
relatively slow rate, nanoparticles may form. The control of such particle formation can be

readily optimized by one of ordinary skill in the art using only routine experimentation.

Pharmaceutical Formulations

[74] Nanoparticles disclosed herein may be combined with pharmaceutical acceptable
carriers to form a pharmaceutical composition, according to another aspect of the invention.

As would be appreciated by one of skill in this art, the carriers may be chosen based on the
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route of administration as described below, the location of the target issue, the drug being
delivered, the time course of delivery of the drug, etc.

[75] The pharmaceutical compositions of this invention can be administered to a patient by
any means known in the art including oral and parenteral routes. The term “patient,” as used
herein, refers to humans as well as non-humans, including, for example, mammals, birds,
reptiles, amphibians, and fish. For instance, the non-humans may be mammals (e.g., a rodent,
a mouse, a rat, a rabbit, a monkey, a dog, a cat, a primate, or a pig). In certain embodiments
parenteral routes are desirable since they avoid contact with the digestive enzymes that are
found in the alimentary canal. According to such embodiments, inventive compositions may
be administered by injection (e.g., intravenous, subcutaneous or intramuscular, intraperitoneal
injection), rectally, vaginally, topically (as by powders, creams, ointments, or drops), or by
inhalation (as by sprays).

[76] In a particular embodiment, the nanoparticles of the present invention are administered
to a subject in need thereof systemically, e.g., by IV infusion or injection.

[77] Injectable preparations, for example, sterile injectable aqueous or oleaginous
suspensions may be formulated according to the known art using suitable dispersing or wetting
agents and suspending agents. The sterile injectable preparation may also be a sterile injectable
solution, suspension, or emulsion in a nontoxic parenterally acceptable diluent or solvent, for
example, as a solution in 1,3-butanediol. Among the acceptable vehicles and solvents that may
be employed are water, Ringer's solution, U.S.P., and isotonic sodium chloride solution. In
addition, sterile, fixed oils are conventionally employed as a solvent or suspending medium.
For this purpose any bland fixed oil can be employed including synthetic mono- or
diglycerides. In addition, fatty acids such as oleic acid are used in the preparation of injectables.
In one embodiment, the inventive conjugate is suspended in a carrier fluid comprising 1% (w/v)
sodium carboxymethyl cellulose and 0.1% (v/v) TWEEN™ 80. The injectable formulations
can be sterilized, for example, by filtration through a bacteria-retaining filter, or by
incorporating sterilizing agents in the form of sterile solid compositions which can be dissolved
or dispersed in sterile water or other sterile injectable medium prior to use.

[78] Solid dosage forms for oral administration include capsules, tablets, pills, powders, and
granules. In such solid dosage forms, the encapsulated or unencapsulated conjugate is mixed
with at least one inert, pharmaceutically acceptable excipient or carrier such as sodium citrate
or dicalcium phosphate and/or (a) fillers or extenders such as starches, lactose, sucrose,
glucose, mannitol, and silicic acid, (b) binders such as, for example, carboxymethylcellulose,

alginates, gelatin, polyvinylpyrrolidinone, sucrose, and acacia, (c) humectants such as glycerol,
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(d) disintegrating agents such as agar-agar, calcium carbonate, potato or tapioca starch, alginic
acid, certain silicates, and sodium carbonate, (e) solution retarding agents such as paraffin, (f)
absorption accelerators such as quaternary ammonium compounds, (g) wetting agents such as,
for example, cetyl alcohol and glycerol monostearate, (h) absorbents such as kaolin and
bentonite clay, and (i) lubricants such as talc, calcium stearate, magnesium stearate, solid
polyethylene glycols, sodium lauryl sulfate, and mixtures thereof. In the case of capsules,
tablets, and pills, the dosage form may also comprise buffering agents.

[79] It will be appreciated that the exact dosage of the prodrug of the present invention is
chosen by the individual physician in view of the patient to be treated, in general, dosage and
administration are adjusted to provide an effective amount of the prodrug to the patient being
treated. As used herein, the “effective amount” of the prodrug refers to the amount necessary
to elicit the desired biological response. As will be appreciated by those of ordinary skill in this
art, the effective amount of the prodrug may vary depending on such factors as the desired
biological endpoint, the drug to be delivered, the target tissue, the route of administration, etc.
For example, the effective amount of the prodrug containing an anti-cancer drug might be the
amount that results in a reduction in tumor size by a desired amount over a desired period of
time. Additional factors which may be taken into account include the severity of the disease
state; age, weight and gender of the patient being treated; diet, time and frequency of

administration; drug combinations; reaction sensitivities; and tolerance/response to therapy.

Methods of Treatment

[80] In some embodiments, the prodrug of the present invention may be used to treat,
alleviate, ameliorate, relieve, delay onset of, inhibit progression of, reduce severity of, and/or
reduce incidence of one or more symptoms or features of a disease, disorder, and/or condition.
The present invention is a drug releasing platform that liberates a drug molecule over time.
While we have discussed ROS in the context of cancer cells, there are several other indications
that are caused by overactive ROS in the body. These include conditions such as allergy,
asthma, inflammatory bowel disease (IBD), eczema, and psoriasis. In each of these, the
initiator of the ROS is the immune system, and this technology can be used to deliver anti-
histamines, corticosteroids, or pain medication.

[81] In some embodiments, the prodrug of the present invention may be used to treat solid
tumors, e.g., cancer and/or cancer cells. In certain embodiments, the prodrug may be used to

treat any cancer wherein with elevated ROS on the surface of cancer cells or in the tumor.
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Examples of such conditions include, but are not limited to, breast cancer, bladder cancer,
lymphoma, leukemia, lung, head and neck cancer, brain cancer, cervical and ovarian cancer.
[82] The term “cancer” includes pre-malignant as well as malignant cancers. Cancers
include, but are not limited to, prostate, gastric cancer, colorectal cancer, skin cancer, e.g.,
melanomas or basal cell carcinomas, lung cancer, breast cancer, cancers of the head and neck,
bronchus cancer, pancreatic cancer, urinary bladder cancer, brain or central nervous system
cancer, peripheral nervous system cancer, esophageal cancer, cancer of the oral cavity or
pharynx, liver cancer, kidney cancer, testicular cancer, biliary tract cancer, small bowel or
appendix cancer, salivary gland cancer, thyroid gland cancer, adrenal gland cancer,
osteosarcoma, chondrosarcoma, cancer of hematological tissues, and the like. “Cancer cells”
can be in the form of a tumor, exist alone within a subject (e.g., leukemia cells), or be cell lines
derived from a cancer.

[83] Cancer can be associated with a variety of physical symptoms. Symptoms of cancer
generally depend on the type and location of the tumor. For example, lung cancer can cause
coughing, shortness of breath, and chest pain, while colon cancer often causes diarrhea,
constipation, and blood in the stool. However, to give but a few examples, the following
symptoms are often generally associated with many cancers: fever, chills, night sweats, cough,
dyspnea, weight loss, loss of appetite, anorexia, nausea, vomiting, diarrhea, anemia, jaundice,
hepatomegaly, hemoptysis, fatigue, malaise, cognitive dysfunction, depression, hormonal
disturbances, neutropenia, pain, non-healing sores, enlarged lymph nodes, peripheral
neuropathy, and sexual dysfunction.

[84] In one aspect of the invention, a method for the treatment of cancer (e.g. breast cancer)
is provided. In some embodiments, the treatment of cancer comprises administering a
therapeutically effective amount of the prodrug of the present invention to a subject in need
thereof, in such amounts and for such time as is necessary to achieve the desired result. In
certain embodiments of the present invention a “therapeutically effective amount” of an
inventive targeted particle is that amount effective for treating, alleviating, ameliorating,
relieving, delaying onset of, inhibiting progression of, reducing severity of, and/or reducing
incidence of one or more symptoms or features of cancer.

[85] In one aspect of the invention, a method for administering inventive compositions to a
subject suffering from cancer (e.g. breast cancer) is provided. In some embodiments,
administering the prodrug to a subject in such amounts and for such time as is necessary to
achieve the desired result (i.e. treatment of cancer). In certain embodiments of the present

invention a “therapeutically effective amount” of the prodrug is that amount effective for
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treating, alleviating, ameliorating, relieving, delaying onset of, inhibiting progression of,

reducing severity of, and/or reducing incidence of one or more symptoms or features of cancer.

EXAMPLES
Example 1
[86] We synthesized a ROS-responsive oxylate-Dox (Dox-OX) prodrug that can be
triggered by intracellular ROS within tumor tissues and by proton radiation (FIG. 1). First,
methanol was added dropwise to a solution of oxalyl chloride mixed in diethyl ether chilled at
0 °C, at a molar ratio of 1 to 1 and stirred for at least 2 hours. Without further purification,
diethyl ether was removed using a rotary evaporator. Then this product was added dropwise
to a solution of 4-aminophenol partially dissolved in THF, to form our novel ROS-responsive
oxalate linker. Then, the methoxy group was removed using sodium hydroxide (NaOH),
neutralized by concentrated HCI, and extracted using ethyl acetate. In the last step, doxorubicin
was reacted with the linker using HATU coupling in the presence of TEA. For this reaction,
the acid group of the linker was activated using the HATU reagent. Doxorubicin with excess
TEA was added to this solution to form the Dox-OX prodrug. The synthesis of the Dox-OX
prodrug was validated using mass spectrometry (MS) and '"H NMR (data not shown).
[87] The Dox-OX prodrug was subjected to ROS using H20:z to determine the release rate
of Dox from the prodrug analyzed by HPLC. Intracellular ROS level in cancerous cells was
reported to reach up to ~100 uM H20z. Thus, phosphate buffered saline (“PBS”) with 50 uM
H20: (i.e. a half of the maximum level reported) was used to simulate the intracellular ROS
level in cancer cells without irradiation. The Dox-OX prodrug showed very stable Dox release
profiles in PBS at pH 7.4 and 10 and 50%.
[88] Fetal bovine serum (“FBS”) in PBS, showed only <~30% of Dox release within 96 hrs
(FIG. 3A). The FBS solution was used to evaluate potential premature drug leakage during
systemic circulation, and 50% FBS in PBS is high enough to simulate the condition. While
adding 50 uM of H202 to PBS did not trigger the Dox release, adding different concentrations
of horseradish peroxidase (HRP) to the solution of S0 uM H20:z in PBS, released Dox from the
Dox-OX prodrug (FIG. 3B). It should be noted that most of Dox was released within a few
hours, showing very favorable fast release kinetics. HRP is an enzyme catalyzing the oxidation
by H20:, simulates the production of intracellular ROS with OH radicals, and speeds up the
Dox release. These release results demonstrate that the Dox-OX prodrug has great potential for
suppressing premature Dox leakage during systemic circulation and releasing Dox at tumor

sites for maximum therapeutic efficacy.
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[89] Intracellular ROS level in the MBC MDA-MB-231 cell line was measured in vitro
using 2’, 7’-dichlorofluorescin diacetate (DCF) fluorescent probe (FIG. 4A). The intracellular
ROS level was kept at almost a constant level up to 48 hrs and decreased after 72 hrs. In vitro
test cannot usually be run longer than ~48 hrs. However, the cell viability of the MDA-MB-
231 cells clearly responded to the Dox-OX prodrug at different concentrations after 48-hr
incubation without irradiation (FIG. 4B). These in vitro results for the intracellular ROS level
and cell viability without irradiation along with the release result show that the Dox-OX
prodrug of the present invention may provide sustained release during systemic circulation and

controlled release at the tumor site.

Conclusion

[90] The present invention allows the use of FDA-approved, very potent and common
therapeutics such as Dox and cisplatin to treat various cancers including breast, bladder,
lymphoma, leukemia, lung, head and neck, brain, cervical, ovarian, and many others in a safer,
more targeted approach. The present prodrugs are responsive to radiation, which will lead to
safe and effective chemoradiation therapy for the quality treatments of cancer patients.

[91] All documents cited are incorporated herein by reference; the citation of any document
is not to be construed as an admission that it is prior art with respect to the present invention.
[92] It is to be further understood that where descriptions of various embodiments use the
term “comprising,” and / or “including” those skilled in the art would understand that in some
specific instances, an embodiment can be alternatively described using language "consisting
essentially of” or "consisting of.”

[93] While particular embodiments of the present invention have been illustrated and
described, it would be obvious to one skilled in the art that various other changes and
modifications can be made without departing from the spirit and scope of the invention. It is
therefore intended to cover in the appended claims all such changes and modifications that are

within the scope of this invention.
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What is claimed is:

1. A compound of the formula:

b
i

<4
f;:ﬁ:’“\

or a pharmaceutically acceptable salt or solvate thereof, wherein, independently for each
occurrence:

XisNHor O;

Y is O, S, or NR?;

Z is OH, OR?, NHR? or SR?%;

R!is a chemotherapeutic agent selected from the group consisting of alkylating agents;
purine and pyrimidine analogs and derivatives; topoisomerase inhibitors; taxanes;
antifolates; angiogenesis inhibitors; anti-tumor monoclonal antibodies; cytotoxic
antibiotics; anthracycline antibiotics; triterpenoid Stat3 inhibitors; and physiologically
acceptable salts thereof, and

R? is a polymer selected from the group consisting of PLLA-PEG, PDLLA-PEG, PLGA-
PEG, Poly (L-aspartic acid), Poly (L-lysine), Poly (L-glutamic acid), Poly (L-arginine),
and Poly (L-ornithine); or R? is a linkage to said polymer.

2. The compound of claim 1 wherein the compound is encapsulated in a nanoparticle.

3. The compound of claim 2 wherein the compound is physically encapsulated in a
nanoparticle.

4. The compound of claim 3 wherein the compound is hydrophobic and the nanoparticle
comprises a polymer selected from the group consisting of PLLA-PEG, PDLLA-PEG
and PLGA-PEG.

5. The compound of claim 3 wherein the compound is hydrophilic and the nanoparticle
comprises a polymer selected from the group consisting of albumin, Poly (L-aspartic

acid), Poly (L-lysine), Poly (L-glutamic acid), Poly (L-arginine), and Poly (L-ornithine).
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6. The compound of claim 1 wherein R is an anthracycline antibiotic selected from the
group consisting of doxorubicin, epirubicin, daunorubicin, valrubicin and idarubicin.

7. The compound of claim 1 wherein R is doxorubicin.

8. The compound of claim 1 wherein R! is an alkylating agent selected from the group
consisting of cisplatin, carboplatin, oxaliplatin, mechlorethamine, cyclophosphamide,
chlorambucil and ifosfamide.

9. The compound of claim 1 wherein R! is cisplatin.

10. The compound of claim 1 wherein X is NH.

11. The compound of claim 1 wherein Y is O.

12. The compound of claim 1 wherein Z is OR?.

13. A method for treatment of cancer in a subject in need thereof, the method comprising:
administering to the subject a therapeutically effective amount of a compound having the

formula:

G
i

or a pharmaceutically acceptable salt or solvate thereof, wherein, independently for each
occurrence:

XisNHor O;

Y is O, S, or NR?;

Z is OH, OR%, NHR?, or SR%;

R!is a chemotherapeutic agent selected from the group consisting of alkylating agents;
purine and pyrimidine analogs and derivatives; topoisomerase inhibitors; taxanes;
antifolates; angiogenesis inhibitors; anti-tumor monoclonal antibodies; cytotoxic
antibiotics; anthracycline antibiotics; triterpenoid Stat3 inhibitors; and physiologically
acceptable salts thereof, and

R? is a polymer selected from the group consisting of PLLA-PEG, PDLLA-PEG, PLGA-
PEG, Poly (L-aspartic acid), Poly (L-lysine), Poly (L-glutamic acid), Poly (L-arginine),

and Poly (L-ornithine); or R? is a linkage to said polymer.
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14.
15.

16.

17.

18.

19.

20.

21.

22.

The method of claim 13 wherein the compound is encapsulated in a nanoparticle.

The method of claim 14 wherein the compound is physically encapsulated in a
nanoparticle.

The method of claim 15 wherein the compound is hydrophobic and the nanoparticle
comprises a polymer selected from the group consisting of PLLA-PEG, PDLLA-PEG
and PLGA-PEG.

The method of claim 15 wherein the compound is hydrophilic and the nanoparticle
comprises a polymer selected from the group consisting of albumin, Poly (L-aspartic
acid), Poly (L-lysine), Poly (L-glutamic acid), Poly (L-arginine), and Poly (L-ornithine).
The method of claim 13 wherein R! is an anthracycline antibiotic selected from the group
consisting of doxorubicin, epirubicin, daunorubicin, valrubicin and idarubicin.

The method of claim 13 wherein R! is doxorubicin.

The method of claim 13 wherein X is NH, Y is O and Z is OR2.

The method of claim 13 further comprising administering radiation to the subject in
conjunction with the compound.

The method of claim 21 wherein the radiation is proton or photon radiation.
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--BOX Iil - LACK OF UNITY--

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search fees must be paid.

Group I+: Claims 1-12, directed to a compound of claim 1 or a pharmaceutically acceptable salt thereof. The compound of claim 1 will be
searched to the extent that it encompasses the first species of claim 1, wherein X is NH; Y is O; Zis OH; R1 is a chemotherapeutic
agent consisting of an alkylating agent. It is believed that claims 1-5 and 8-11 encompass this first named invention, and thus these
claims will be searched without fee to the extent that they encompass the first species of claim 1. Applicant is invited to elect additional
compounds of claim 1, wherein each additional compound elected will require one additional invention fee. Applicants must specify the
claims that encompass any additionally elected compound. Applicants must further indicate, if applicable, the claims which encompass
the first named invention, if different than what was indicated above for this group. Failure to clearly identify how any paid additional
invention fees are to be applied to the "+" group(s) will result in only the first claimed invention to be searched. Additionally, an
exemplary election wherein different actual variables are selected is suggested. An exemplary election would be a compound of cltaim 1,
wherein X is NH: Y is O; Z is OH; R1 is a chemotherapeutic agent consisting of purine and pyrimidine analogs (i.e. claims 1-5 and 10-
11).

Group II: Claims 13-22, drawn to a method for treatment of cancer in a subject in need thereof, the method comprising: administering to
the subject a therapeutically effective amount of a compound having the formula indicated in claim 13.

The inventions listed as Groups I+ and Il do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT
Rule 13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features
Group I+ includes the technical feature of a unigue compound of claim 1, which is not required by any other invention of Group I+.

Group Il requires a method for treatment of cancer in a subject in need thereof, the method comprising: administering to the subject a
therapeutically effective amount of a compound, which is not required by Group I+.

Shared Common Features

The only feature shared by Groups I+ and |I that would otherwise unify the groups is a compound of the formula indicated in claim 1.
However, this shared technical feature does not represent a contribution over prior art, because the shared technical feature is obvious
over the article entitled "The design, synthesis and in vitro immunosuppressive evaluation of novel isobenzofuran derivatives" by Yang et
al. (hereinafter 'YANG'). Yang discloses a compound of the formula indicated in claim 1 wherein Xis NH; Yis O; Zis OH; R1is a
chemotherapeutic agent (pg 55, Table 3, Compd 5f; see also pg 53, col 2, para 2, Mycophenolic acid (MPA; Fig. 1) acts as a non-
competitive, selective, and reversible inhibitor of IMPDH and blocks the response of B- and T-cells to mitogens or antigens. MPA
displays antiviral and anticancer activities in some in vitro tests), but Yang does not specifically teach wherein R1 is a chemotherapeutic
agent selected from the group listed in the instant claim. However, Yang further teaches wherein antiviral chemotherapy is used in
conjunction with an analog of the claimed compound (pg 53, co! 1, para 2, IMPDH inhibitors are used in immunosuppressive
chemotherapy (MPA, mizoribine) and antiviral chemotherapy (ribavirin)), and it would have been obvious to a person having ordinary
skill in the art to prepare the analog of the compound of Yang wherein R1 is a cytotoxic antibiotic by routine experimentation in order to
develop and commercialize the invention of Yang.

As the technical features were known in the art at the time of the invention, this cannot be considered a special technical feature that
would otherwise unify the groups. Groups 1+ and |l therefore lack unity under PCT Rule 13 because they do not share a same or
corresponding special technical feature.
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