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Abstract

Heparin is a kind of naturally occurring polymer with excellent biocompatibility and solubility. It is
characterized by dense of negative charge, higher than any endogenous components. Heparin can
bind with various cationic peptides and proteins, thereby providing a useful noncovalent linkage for
building a drug delivery system. As a case in point, heparin/cell-penetrating peptides (CPP)
interaction is strong, and remains stable in vivo. They can be used to modify different proteins,
respectively, and subsequently, by simply mixing the modified proteins, a protein-protein conjugate
can be form via the stable heparin/CPP linkage. This linkage could not be broken unless addition of
protamine that bears higher cationic charge density than CPP, and CPP thus can be substituted and
released. Of note, heparin is a potent antagonist of CPP, and their binding naturally inhibits
CPP-mediated drug cell penetration. Based on this method, we developed a heparin-regulated
macromolecular prodrug-type system, termed ATTEMPTS, for drug targeting delivery. In this
review article, we mainly summary the application of ATTEMPTS in delivery of various
macromolecular drugs for cancer therapy, and also introduce the heparin-regulated nanoprobes
for tumor imaging.
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1. Functions and structure of heparin

Polysaccharide-protein
important

interactions play an
role in numerous physiological

the heparin-binding sites on the external surface and
correspond to shallow packets of positive charge. The

processes.[1] As a case in point, heparin-protein
interactions have been widely investigated for better
understanding their biological functions. Heparin, a
linear polysaccharide, can bind to a variety of proteins
(e.g. enzymes, growth factors, plasma proteins and
extracellular matrix proteins), and regulate their
activities and biological processes, such as cell
signaling and morphogenesis.[2] Characteristics of
various heparin-binding proteins were described in
the review article.[3] These proteins generally possess

prominent type of heparin—protein interaction is ionic,
but hydrogen bonding and hydrophobic interaction
are involved as well in some cases. Such a
heparin-based macromolecular interaction draws
more and more attentions not only for its important
role in understanding physiological and pathological
processes, but also for its potential application in drug
delivery.

Heparin is a highly sulfated glycosaminoglycan
with a linear polymer structure consisting of repeated
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units of 1—4-linked pyranosyluronic acid and
2-amino-2deoxyglu-copyranose (glucosamine)
residues (Fig. 1), which possesses the highest negative
charge density of any known biological molecule.[3]
Heparin is only produced in mast cells, and the
commercial heparin is obtained from hog mucosa or
bovine lung, with an average MW of 12-15 kDa.[4]
The key features for heparin neutralization are
anion-cation interactions as well as conformational
flexibility of its linear structure.[5] Its unique
biological and chemical properties render heparin
broad medical application. Clinical use of heparin is
an injectable anticoagulant via a mechanism that
heparin binds to antithrombin III (AT) leading to its
activation. The activated AT, in turn, inhibits
thrombin and other involved proteases that attribute
to blood clotting, yielding anticoagulant effect.
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Fig. 1 The chemical structure of heparin unit.

Generally, heparin is capable of binding with
peptides with basic amino acid residues. The largely
electrostatic interaction of heparin and protamine is a
well-studied example. Protamine, a highly cationic
peptide rich in arginine, is a potent antagonist
clinically used to heparin. Arginine appears to possess
the strongest affinity to heparin among all amino
acids owing to the ionic interaction, as well as the
tight hydrogen bonding between the guanidinio
group of arginine and a sulfo group in heparin.[3]
Protamine firmly binds to heparin via a stable ion
pair, with capability of neutralizing the free heparin
and competitively binding to heparin and
consequently disassociating the heparin/ AT complex.
The heparin reversal can be achieved with an i.v. dose
of 1 mg protamine for every 100 USP heparin units.

2. Non-covalent linkage via the
interaction of heparin and cationic
proteins / peptides

Bioconjugation ~with antibody has been
intensively investigated for creating a simple or
complex structure of macromolecular drugs for
targeted delivery, including chemotherapeutics,[6, 7]
enzymes,[8] and nucleic acid drugs.[9] In an
antibody-directed protein drug delivery strategy,
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covalent linkage is generally required for
antibody-protein conjugation,[8] despite its pitfalls
such as arduous chemical process and potential
activity loss caused by crosslinking and steric block of
protein active domains.

Reversible non-covalent linkage via the ionic
interaction of heparin/protamine may provide a
possible solution for overcoming the problems
associated with chemical conjugation. The interaction
between heparin-protamine is so strong and stable
that it raised our initial interest for using as a
non-covalent linkage for constructing bioconjugates.
Because the binding of heparin/protamine is too
stable to be reversed in wvivo, however, a shorter
cationic peptide with medium binding affinity to
heparin is desired for this purpose. Based on this
concept, we developed a strategy to derivate a protein
drug with cationic species, ie. an arginine-rich
sequence, LMWP (low-molecular-weight protamine),
rendering the protein bearing a heparin-binding
domain, and thus the drug can non-covalently link to
a heparin-modified antibody (Ab-heparin/peptide-
deviated drug complex).

3. Heparin-regulated Prodrug-type
“ATTEMPTS” for drug delivery

Electrostatic interactions have long since been
used as a major mechanism for drug delivery. As a
case in point, cationic carriers, binding with
polyanionic nucleic acid drugs, has been widely
investigated for gene therapy. Cationic carriers can
facilitate cell-impermeable nucleic acid drugs, by
forming reversible complexation through electrostatic
binding mechanism, for intracellular delivery. The
nucleic acid drugs will not take their therapeutic
action until they are released from the polyelectrolyte
complexes.[10] Thus, such complex can be viewed as a
prodrug-type system, and the electrostatic interaction
can be reversed by adding a competitively charged
component.

Although prodrug approaches have been
demonstrated to be clinically successful in chemical
drugs,[11] such approaches are difficult finding their
way in protein drug delivery. Due to the highly
complicated 3-D structure of a protein, it would be far
less feasible to block its active domain by using a
promoiety with a reversible chemical linkage as
simply done in chemical drugs. However, the
abovementioned concept of heparin-assisted antibody
directed protein drug delivery (Ab-heparin/peptide-
derivated drug) provides an approach to construct a
macromolecular prodrug system via steric block the
active domain. The attachment of a larger Ab
molecule would create steric hindrance to the active
domain of the protein drug, potentially blocking its
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activity. Such a steric hindrance, on the other hand,
favorably intermits the drug action in the body, unless
the linkage is broken and the drug released from the
complex. Therefore, a strategic design of a breakable
linkage is important.

Based on this approach, we developed an
antibody targeted, triggered, electrically modified
prodrug-type strategy, termed “ATTEMPTS”, for
macromolecular drug delivery. Herein several
applications in protein drug delivery are presented.

3.1. “ATTEMPTS” for targeting enzymatic
therapy for thrombosis

Thrombus formation is the underlying etiology
in cardiovascular diseases, leading to the reduced
blood flow to vital organs. One approach for treating
thrombosis is to dissolve the blood clots with
thrombolytic agents, namely plasminogen activators
(PA). However, enzymatic therapy with PA often
carries the risk of hemorrhage due to the excess
activated plasmin in circulation. To address this
problem, we used heparin-assisted “ATTEMPTS” for
site-specific delivery of PA targeting to fibrin blots
with reduced risk of hemorrhage.[12, 13] The system
is comprised of a protein conjugate made of two parts
(Fig. 2):

Part I. a fibrin-targeting antibody (anti-fi Ab)
linked with anionic heparin, and

Part II. a plasminogen activator (PA) derivatized
with a cationic species.
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Fig. 2 Heparin-assisted “ATTEMPTS” for site-specific delivery of PA targeting
to fibrin blots with reduced risk of hemorrhage.

in fibrin clot

Plasminogen
in fibrin clot
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These two parts can self-assemble through
electrostatic interaction of heparin and the cationic
peptide. Since the cationic peptide is relatively small,
the derivatized PA can retain its thrombolytic activity,
which however would be inhibited after binding with
the Ab-heparin due to its steric blockage to the PA’s
active site. Such a self-assembled complex can be
effectively dissociated by adding protamine, a clinical
heparin antagonist that competitively binds with
Ab-heparin, thereby allowing release of the
derivatized PA and triggering its thrombolytic action.
[14-16]

There are two characters for this ATTEMPTS
macromolecular prodrug system:

(1) Ab mediated targeting component
Systemically administered PA exposes the received
patients to a life-threatening risk of hemorrhage,
which however could be reduced by fibrin targeting
therapy. The fibrin-targeting component consists of
anti-fibrin Ab chemically conjugated to heparin. For
constructing this targeting component, a synthesis
method was meticulously selected in order to retain
the original functions of both anti-fibrin Ab and
heparin. The reducing end of heparin was
site-specifically linked to the sugar moieties on the Fc
region of the Ab. Both heparin and Ab in the
conjugates demonstrated >85% of their original
binding capacity to the cation-modified tPA and fibrin
clot was retained.[15]

(2) Drug component A cationic species, typically
a small cationic peptide less than 2 kDa, was used to
prepared the derivatized drug. Such size is a result of
careful consideration. First, short peptide would not
sterically block the t-PA’s active domain. Second, the
cationic peptide should possess high affinity to
heparin-Ab to form the complex that may sustain the
complicated systemic delivery without dissociation.
However, this affinity should be weaker than that
between heparin and protamine so that the
thrombolytic activity would be fully recovered when
given the external trigger, protamine. It is a crucial
part for the macromolecular prodrug system.

A polyarginine peptide, namely (Arg);, was
chemically conjugated to tPA, while anti-fibrin
antibody was modified with heparin. These two
components then bind together in a non-covalent
form — tPA-(Arg) /heparin-Ab.[14] A hypothesis of the
ATTEMPTS is that the Ab component not only
performs a targeting function, but also works as
pro-moiety to sterically inhibit the activity of tPA,
turning it into a prodrug state. The electrostatic
interaction between tPA-(Arg);and heparin-Ab would
be reversed by adding protamine, thus reactivating
tPA. The in vitro study showed that the activity of tPA
was reduced to 40% in the complex of
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tPA-(Arg) /heparin-Ab, and could fully recover after
triggering with protamine (Fig. 3A).

In addition, a recombinant DNA method was
explored to produce a cationic tPA by inserting a
DNA fragment encoding a cationic peptide sequence
to the tPA plasmid.[15, 17, 18] Compared to chemical
method, the recombinant fusion cationic tPA offers a
homogeneous product, and importantly, with a
benefit of achieving site-specific introduction of the
cationic peptide. The recombinant cationic tPA
displayed equal function in either the binding ability
to heparin-Ab and the reversibility triggered by
protamine. The in vitro fibrin clot assay showed that
the heparin-bound tPA (well 6) exhibited a
significantly less activity than free tPA, and the clot
lysis activity, however, was recovered by addition of
protamine (Fig. 3B).

In the conventional prodrug approaches,
activation of the parent drugs generally undergoes
chemical changes in structure, responding to the
metabolic processes or the alternations in the
microenvironments featured by the chemo-physical
variety (e.g. low pH and overexpressed enzymes)
from the normal tissue. The activation process would
be slow and incomplete. Additionally, targeting to the
upregulated signals (e.g. ROS and proteases) in cancer
cells to trigger or activate offers another method to
improve tumor delivery efficiency for therapy or
imaging [19-23]. In contrast, the “ATTEMPTS” is not
based on chemical reactions, but instead uses a
competitive ionic mechanism of heparin-peptide
interaction. Thus, a rapid onset of pharmacological
activity can be achieved by the instant release of active
drugs.

In vivo demonstration of thrombolytic efficacy
was carried out on a rat thrombosis model, in which
the inferior vena cava was ligated to yield a

stasis-induced thrombus formation, with fibrin
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deposition in the aged clots. The complex of
tPA-(Arg)7/heparin-Ab was given intravenously. After
a predetermined period, protamine was i.v. injected to
trigger the action of tPA. Upon complexation of tPA
with Hep-Ab, the thrombus dissolution was
relatively insignificant, and comparable to the control,
implicating that the fibrinolytic activity of tPA was
inhibited (Fig. 4) [24]. Triggering release of tPA from
the complex by protamine resulted in a lower clot
weight than the control (Table 1), confirming the
possibility of restoring the fibrinolytic activity by
protamine administration.

As described above, the ATTEMPTS concept was
developed for targeted and triggerable delivery for
thrombolytic therapy. Based on the similar idea,
another version was proposed, in which a “reversible
camouflage” human serum albumin (HSA) around
tPA was designed for a prodrug-type delivery (Fig.
5).[25] The tPA molecule is modified with low
molecular weight heparin (LMWH), which
electrostatically crosslinks with the
protamine-conjugated HSA with targeting ligand. A
major difference in this modified version is that the
linkage is LMWH/protamine, compared to the
previous of LMWP/heparin. Accordingly, the trigger
agent for dissociation of LMWH/ protamine complex
is heparin, which competitively substitute LMWH out
of the complex. A significant benefit of using heparin
as trigger is that this FDA-approved drug is also part
of the regimen for thrombolysis as well. The in vivo
experiments in rat thrombosis model were carried out
by injection of the drug systems. Heparin was
administered at 15 min postdose to trigger the release
of tPA at the target thrombus site. The results
demonstrated that the camouflaged tPA system not
only enhanced the clot lysis, but also reduced the
bleeding risk (Fig. 6).

5 6 7 8
Fig. 3 (A) Inhibition of tPA activity by the heparin-antifibrin IgG and reversal by protamine. (B) In vitro clot lysis studies. Wells 1—4 contain 0.025, 0.05, 0.1 and 0.2 pg
of tPA, respectively; well 5 contains 0.2 pg of free recombinant cationic tPA; well 6 contains 0.2 ug recombinant cationic tPA binding to the heparin complex (herein

heparin beads were used); well 7 contains 0.2 jig recombinant cationic tPA triggering with 50 ug protamine; well 8 contains buffer only. Reproduced with permission
from [14].

http://lwww.ntno.org



Nanotheranostics 2017, Vol. 1, Issue 1

100
% T [
80 +
70+
60 +
50 4+
40 1
30 +

& Comirel
4

Clot weight (mg)

0 +

10 T
{1 +

CM-tPA CM-tPA/Hep-Ab  CM-tPA/Hep-Ab

plus protamine

Fig. 4 Extent of clot dissolution after administration of CM-tPA,
CM-tPA/Hep—Ab, or CM-tPA/Hep—Ab plus protamine. The inferior vena cava
of each rat was harvested for determination of clot weight. Reproduced with
permission from [24]. (Note: CM-tPA, cation-modified tPA)

Table 1. Clot weight after treatment of ATTEMPTS

Treatment Clot weight (mg)
Saline (control) 82.7+13.2
(Arg)7-tPA 483 +£115
tPA-(Arg)7/heparin-Ab 80.6 £12.2
tPA-(Arg)s/heparin-Ab + protamine 629+99

tPA (commercial) 559+14.5

3.2. Heparin-assisted prodrug strategy for
enhanced intracellular delivery with
cell-penetrating peptide

Protein drugs are rigidly limited from cell entry
due to their large size and high hydrophilicity, even
though they are successfully delivered to the target
organs. Cell-penetrating peptides (CPP), short
cationic peptides less than 20 amino acids, are one of
the most powerful tools for protein cellular
transduction via chemical conjugation or recombinant
method.[26] CPP-medicated drug delivery has been
intensively studied in the recent two decades, despite
the lack of clear depiction of the cellular transduction
mechanisms.[27] To our great interest, CPP is ideal
suitable working as the cationic species in the
“ATTEMPTS” due to its polycationic nature. The high
affinity between CPP and heparin secures the
formation of the complex (Ab-heparin/CPP-drug).
The targeting component, via such electrostatic
binding with heparin, is introduced into the delivery
system for an active targeting function. More
importantly, CPP has been confirmed its potent
ability to deliver its attached cargos into all types of
cells indiscriminately.

Moreover, CPP is also useful in
tissue-penetrating  drug  delivery, efficiently
overcoming the formidable barriers such as the
blood-brain barrier (BBB),[28] nose-to-brain,[29]
skin,[30, 31] and tumors with high interstitial
pressure.[32]
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Fig. 5 (@) The construct of camouflaged tPA consisting of targeting
peptide-HSA-protamine and tPA-low molecular-weight heparin (tPA-LMWH).
(b) The albumin bound with tPA will provide steric hindrance to tPA-binding
macromolecules in plasma. (c) Deposition of the complex on the surface of the
activated platelets associated with the thrombus via peptide-glycoprotein (GP)
lIb/llla binding; (d) Administration of heparin after accumulation of the complex
at thrombus site; (e) Triggered release of tPA for local plasminogen activation
and fibrinolysis. Reproduced with permission from [25].
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Fig. 6 In vivo clot lysis in rat jugular-vein thrombosis model. (a) Extent of clot
lysis after administration of tPA and heparin combination (tPA-Hep),
camouflaged tPA and camouflaged tPA plus heparin. (b) Fold increase in aPTT 1
h after the treatment compared to the value measured before the intervention.
Data represent mean * SD, n = 3, *p < 0.05,*p < 0.01. Reproduced with
permission from [25]

3.2.1 CPP-heparan sulphate interaction

Yet, the cell-penetration ability can be
completely inhibited in the presence of heparin,
heparan or dextran sulfate,[33] which blocks the
interaction between CPP and the cell surface ligands.
Electrostatic interaction is a key factor governing the
first contact of cell-surface binding for CPP.[34]
Typically, the cell surface is negatively charged, and
cationic CPP binds non-specifically to the cell surface,
thus initializing the cellular transduction process by
adsorptive endocytosis.[35] The major binding site on
cell surface for CPP is the negative heparan sulphate
(HS) proteoglycans that are ubiquitously present on
cell surfaces, with 105-10° molecules per cell,[36] and
the binding with HS is the first step for
CPP-medicated cell entry. Removal of HS by
heparinase would inhibit CPP internalization.[37]
Heparan sulfate is a member of the
glycosaminoglycan family of carbohydrates, an
analog of heparin—both consist of sulfated repeating
disaccharide unit. Due to their high similarity in
structure, CPP also displays high affinity to heparin,
and this property was exploited for purification of
CPP-protein with a heparin affinity column.[38]
However, a more interesting application of heparin is
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to work as an ideal antagonist of CPP because the
addition of heparin would competitively inhibit the
interaction between CPP and HS on cell surface and
the consequent cell entry.[39, 40] Despite its potent
cellular transduction of macromolecules, CPP is also
known for its non-selective cell penetration, which
often causes unwanted side effects on normal
tissues.[41] However, it is a formidable challenge to
steer the CPP-based system to its destination and
manipulate its cell penetration ability, i.e. cell entry
occurs only at the desired sites. The use of heparin as
antagonist provides a promising means to control the
nonselective CPP-medicated cell entry by reversibly
blocking the interaction between CPP and HS.

3.2.2 Heparin-regulated cell penetration

Based on this feature, we developed an updated
version of “ATTEMPTS” with a feature of triggerable
“on-and-off” function of cell penetration for
anticancer drug delivery (Fig. 7). The basic concept is
similar, and the system consists of two parts: targeting
component (Ab-heparin) and drug component
(CPP-drug). The important function of CPP is that it
plays dual roles in this modified system: (1) as the
cationic species for electrostatic linker binding with
the Ab-heparin, and (2) as a cellular transducer for its
attached macromolecular cargo. The heparin-binding
process curbs the nonspecific cell penetration ability
of CPP by electrostatically neutralizing the positive
charge of CPP.

Normal Cells/Tissue

Desulfide %
Red;ﬁtio n

' Cell Entr
Tumor Cells/Tissue \y
+t+ 4+ _g [i”; Py
B oy R Roakl
Drug CPP Anti-Body Protamine  Heparin
Apoptosis

Fig. 7 The modified ATTMEPTS with a triggerable cell-penetrating ability. The
system consists of a targeting component (Ab-heparin) and drug component
(drug-CPP), which spontaneously associate with each other via the interaction
of heparin-CPP. Following administration, the prodrug feature and targeting
function can reduce non-specific cell penetration and alleviate side effects on
normal tissues. In the targeted tumor, drug component would be released by
triggering with protamine, and its cell-penetrating ability recovered. The
cleavable S-S linkage was designed in favor of retaining the protein drug inside
the cytosol. Reproduced with permission from [26].
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For instance, low molecular weight protamine
(LMWP) was firstly identified by our group via
enzymatic digestion method,[42] and initially used as
a substitute of protamine. LMWP, with sequence of
VSRRRRRRGGRRRR, was later found that it bears
potent cell penetration ability, and are able to mediate
delivery of peptides,[43] proteins,[31, 44] gene,[44, 45]
and nanoparticles.[28, 46] More importantly, it safety
has been undergone scrutiny investigation both in
vitro and in vivo (using dogs).[47, 48] Therefore,
LMWP has been explored as both a CPP and a
heparin-binding ligand in the prodrug-type delivery
system design.

It should be pointed out that, however, heparin
also possesses a strong affinity to plasma
antithrombin III (ATm), a mechanism that accounts for
its anti-clotting function. Therefore, a selected CPP
must possess stronger affinity to heparin than AT so
that the CPP/heparin linkage could remain stable in
vivo. Our previous results showed that ATy detached
from the heparin affinity column at a high-salt elution
of 0.6 M NaCl, while LMWP at 0.94 M NaCl and
protamine at 1.3 M NaCl.[18] Hence, LMWP fits
neatly into the elution frame, with a much stronger
affinity to heparin than AT, but less than protamine.
Protamine thus works ideally as a trigger for releasing
CPP-drug from the complex and fully recovering its
cell penetration ability. Such strategic selection
secures Ab-heparin/CPP-drug maintaining a stable
complex in blood stream, unless protamine is given to
trigger the dissociation.

Cell penetration is a key factor determining the
therapeutic effect of protein toxins that target
subcellular  organelles. In this sense, cell
impermeability of the native proteins can be
considered as an inactive form, whereas the
CPP-modified counterparts are pharmacologically
active because of their ability to cell penetration. Thus,
the cell penetration functionality is associated with
the pharmacological activity that can be “switched”
on/off. Based on this principle, a macromolecular
prodrug could be developed. For example, gelonin, a
plant protein toxin with potent anticancer activity in
cytosol, yields unproductive treatment outcomes due
to its poor cellular uptake. However, the naturally
membrane-impermeable protein toxin can be turned
into a cell-penetrating drug by modification with
LMWP via either chemical or recombinant method.
Accordingly, the cytotoxicity of LMWDP-modified
gelonin against tumor cells was significantly
enhanced owing to its acquired -cell-penetrating
ability. The IC50 of LMWP-gelonin was 20-120 folds
lower than that of gelonin on various tumor cells
(Table 2).[49] Similar cell penetration ability was
observed in TAT-modified gelonin (TAT-Gel), which
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also yielded significantly augmented cytotoxicity in
various cells (229-fold for LS174T, 391-fold for
HCT116; 93-fold for MDCK and 108-fold for 293 HEK)
than gelonin.[50]

However, the cell penetration ability of the
CPP-gelonin was suppressed by addition of the CPP
antagonist, heparin. The CPP-gelonin was inhibited
from cell entry and remained inactive extracellularly,
unless triggering on a recovery by protamine, which
competitively binds with heparin and thus releases
the CPP-gelonin (Fig. 8).[51]

Table 2. IC50 values of rGel, cG-L and rG-L in various cancer cell
lines. [49]

CT262 LS174a 9La PC-3a
1Gel 1630£510 5870£1030 3100+420 3430+1140
cG-L 37.3+15.7* 123.1£26.9™ 106.2+22.7 57.8+23.4™
rG-L 79.1+21.4™ 67.8+13.7" 61.3+12.2 83.6+28.3"

For all experiments, N=3. (rGel: recombinant gelonin, cG-L: gelonin-LMWP
chemical conjugate, rg-1 recombinant gelonin-LMWP chimera).

21C50 values are displayed as nM.

** P<0.001.

*** P<0.0001

A rGel

B TAT-Gel

50 ym

Fig. 8 Cell uptake study results of rGel and TAT-Gel on LS174T cells. The cells
were incubated with either TRITC-labeled (A) rGel or (B) TAT-Gel for 3 h at
37°C. After incubation, the cells were washed for three times with 10 mg/mL
heparin/PBS solution for stringent wash, counterstained the nuclei with
Hoechst 33342, and, after three more wash with PBS, the cell images were
taken by a confocal microscope utilizing TRITC (red), Hoechst (blue) channels
and merged. (rGel: recombinant gelonin, TAT-Gel: recombinant TAT-gelonin
fusion protein). Reproduced with permission from [51].

Carcinoembryonic  antigen (CEA) is a
well-documented colon cancer cell biomarker, and
has been widely used for targeted delivery.[52, 53]
T84.66, a monoclonal anti-CEA antibody, is sensitive
and selective to determine the presence of tumor in
mice.[54] Therefore, T84.66 was used to construct a
heparin-linked antibody (T84.66-heparin). The
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ATTEMPTS system of T84.66-heparin/TAT-gelonin
was formed via the stable interaction between
heparin/TAT, and its function was investigated in the
CEA-overexpressing colon cancer cell line LS174T. In
the presence of heparin, TAT-gelonin displayed
diminished cytotoxicity (Fig.9A). [55] Similarly, the
T84.66-heparin/ TAT-gelonin was also
pharmacologically inactive (Fig. 9B). Yet it could be
activated by addition of protamine, and the released
TAT-gelonin efficiently killed the tumor cells. When
the molar ratio of heparin/protamine was larger than
5:1, the activity was completely restored, with an IC50
value similar to that of TAT-Gel, demonstrating the
success of the heparin/protamine regulating
ATTEMPT strategy (Fig. 9C).

In vivo treatment revealed that the highest
antitumor efficacy could be achieved using the
ATTEMPTS system along with i.v. injection of the
trigger protamine (Fig. 10A-B). The results suggested
the treatment could benefit from anti-CEA-directed
tumor delivery and protamine-triggered release of
TAT-gelonin. The group receiving
T84.66-Hep/TAT-gelonin but without protamine
displayed enhanced treatment compared to
TAT-gelonin, probably due to the T84.66-mediated
tumor targeting and accumulation, as well as
T84.66-mediated endocytosis.

It should be pointed out that site toxicity (e.g.,
body weight loss) was observed in the group
receiving T84.66-Hep/TAT-gelonin and protamine
administration (Fig. 10C), probably caused by the
non-specific activation of prodrug in blood stream
and healthy organs. Therefore, the timing of
protamine administration should be be further
optimized.

3.3. Heparin-regulated CPP-modified delivery
system for enhanced asparaginase therapy

L-asparaginase (ASNase) is an FDA approved
enzyme drug for treating acute lymphoblastic
leukemia (ALL) via a mechanism of hydrolysis of
asparagine[56]. The consequent depletion of
circulating asparagine leads to apoptosis of leukemic
cells that must rely on the extracellular supply of
asparagine for protein biosynthesis. We proposed a
modified “ATTEMPTS” that intended to specially
deliver ASNase into leukemic cells to eliminate the
influx asparagine, with a benefit of avoiding systemic
depletion of the essential nutrient asparagine from
circulation [57, 58].
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Reproduced with permission from [55].
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10) and treated with either: 1) PBS, 2) TAT-Gel, 3)

TAT-Gel/T84.66-Hep, 4) “TAT-Gel/T84.66-Hep+Pro” or 5) protamine (a.k.a. Pro) for three times (at day 3, 6 and 9) via tail vein injection. (B) Representative mice
and tumor images at day 40. (C) Relative average body weight change (%) of mice during efficacy study. “TAT-Gel/T84.66-Hep+Pro” treatment exerted significantly
enhanced therapeutic effects (*P < 0.05), compared with TAT-Gel/T84.66-Hep treatment, yet induced higher toxicity. *P < 0.05, **P < 0.01 and ***P < 0.001 by 1-way
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The originally membrane-impermeable ASNase
was conjugated to TAT peptide via a disulfide bond.
An advantage of using S-S linkage is that after
cleavage of the disulfide bond by the elevated level of
glutathione in the cytosol, the protein turns back to be
membrane-impermeable and thus is entrapped inside
the cell. Cell penetration ability of the ASNase-TAT
was investigated on the HeLa cells. According to the
confocal studies, ASNase-TAT treated cells displayed
significant higher cellular uptake efficiency than those
treated with ASNase (Fig. 11). Indeed, the latter
displayed virtually no fluorescence, indicating the
incapability of ASNase in cell translocation. The
heparin-regulated prodrug feature was
demonstrated, in which ASNase-TAT was rejected
from cell entry in the presence of heparin due to the
complexation of ASNase-TAT/heparin, and its cell
penetration ability was fully reactivated by addition
of protamine (Fig. 11C & D). These results were
further confirmed by a separate experiment using
human leukemia MOLT-4 cells and a quantitative
flow cytometry assay (Fig. 12).

Fig. 11 Fluorescence microscopy of: (A) FITC-ASNase; (B) FITC-TAT-ASNase;
(C) FITC-TAT-ASNase with heparin; and (D) FITC-TAT-ASNase with heparin
and protamine. Hela cells were incubated with the different treatment groups.
Reproduced with permission from [57].
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3.4. Heparin regulated CPP-modified delivery
system for enhanced doxorubicin delivery

A major problem for small anticancer drugs is
the non-selective accumulation in both tumors and
normal tissues, posing a severe limitation for clinical
application. By contrast, macromolecules display
unique advantages on favorably diffusing into tumors
via passive accumulation owing to the leaky
vasculature and impaired lymphatic drainage in solid
tumors, a phenomenon termed the enhanced
permeability and retention (EPR) effect.[59]
Polymer-drug conjugation is widely used to convert a
small drug into a macromolecule in order to improve
PK profiles.[60] Despite such benefit, the attached
hydrophilic polymer (e.g. PEG) is an unfavorable
factor against cellular uptake.

To address this dilemma, “ATTEMPTS” was
adapted, whereby the polymer-drug conjugate was
modified with CPP to enhance it intracellular
delivery, yet with a prodrug feature that CPP would
be shielded by heparin unless triggering with
protamine.[61, 62] A model anticancer drug
(camptothecin or doxorubicin) was used for the
studies. The CPP-modified polymer-drug conjugate
(e.g. LMWP-polyrotaxane-camptothecin,
LMWP-PR-CPT) was synthesized (Fig. 13).

Step 1

Step 2

I'JH

Step 3 SA

c"’ 1
b o /\.\/COHN CH C-N

CPTFO

;HN -PEG-NH,

HN \’@% o @2\/ NH

n‘:H2 i
LHN b c- n c 'CH- -NH,

SPDP l LMWP

i 7 = T
+0D =57

l a.cD

Tyr
b 5

cH,

l Campto!hoci n

ou
0~c cPT
woﬁ‘/ N- c cmn
CPT- F-D

Fig. 13 Schematic illustration of the synthesis of CPT-PR-LMWP conjugates. Reproduced with permission from [61].
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The PR-CPT conjugate was unable to be
internalized into cells due to the macromolecular
structure of the hydrophilic polymer, but was turned
to be cell-permeable with modification of LMWP.
Upon complexation with heparin, the cell penetration
ability of LMWP-PR-CPT was abolished, but restored
by disassociation from heparin with protamine. The
macromolecular system would preferably accumulate
in tumor via a passive targeting mechanism, i.e. EPR
effect, thereby alleviating the non-specific toxicity.
The intra-tumor heparin/LMWP-PR-CPT complex
can be activated with protamine, and the intracellular
delivery of LMWP-PR-CPT then triggered. CPT
molecules would be released from the PR polymer by
hydrolysis, killing the tumor cells. In tumor cellular
study, the prodrug feature based on heparin
regulation was demonstrated (Fig. 14).

Fig. 14 Cellular localization of Rho-labeled LMWP—drug conjugates in A2780
human ovarian carcinoma cells. Free CPT, Rho-labeled CPT-PR, Rho-labeled
CPT-PR-LMWP, Rho-labeled CPT-PR-LMWP and heparin mixture, and
Rho-labeled CPT-PR-LMWP, heparin, and protamine mixture were overlaid
onto cultured A2780 cells in the presence of 10% FBS. Cellular localization was
monitored by confocal microscopy. (1) Free CPT; (2) Rho-labeled CPT-PR; (3)
Rho-labeled CPT-PR-LMWP; (4) Rho-labeled CPT-PR-LMWP and heparin
mixture; (5) Rho-labeled CPT-PR-LMWP, heparin, and protamine mixture. (A)
430 nm (blue) detection; (B) 560 nm (red) detection; (C) overlaid (A + B).
Reproduced with permission from [61].
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4. Heparin-drug conjugates as prodrugs

Heparin is a highly water soluble polymer, and it
is often used as a drug carrier to increase drug
solubility. Moreover, with application of cleavable
linkers, the heparin-drug conjugates can be turned
into macromolecular prodrugs. For instance, the
amphiphilic  heparin-paclitaxel =~ prodrug  was
synthesized by  reacting  paclitaxel  with
succinylated-heparin via a single amino acid
spacer.[63] This prodrug-like system could
self-assemble and form nanoparticles with a
hydrophobic paclitaxel core and heparin shell. The
prodrug with leucine spacer was subjected to
hydrolysis of the ester bond between the amino acid
and paclitaxel, thus releasing the parent paclitaxel
drug. The cytotoxicity results showed the IC50 of the
prodrug was three-fold lower than that of free
paclitaxel (0.058 wvs 019 pg/mL). Although the
prodrug did not display significant higher in vivo
therapy efficacy than the free drug, the prodrug
reduced the side toxicity. In addition, this heparin
shell could potentially reduce the risk of severe
hemorrhagic =~ complication  during  systemic
administration of antitumor drugs.

Another example is the macromolecular prodrug
of heparin-dexamethasone conjugates.[64] Heparin
was activated using adipic dihydrazide, and then
conjugated  with the poorly  water-soluble
dexamethasone via an acid-labile hydrazone linkage.
The conjugates were amphiphilic and could form a
prodrug  micelle system. Combination  of
dexamethasone and doxorubicin is often used to
improve multiple myeloma treatment. Therefore,
doxorubicin was loaded in the hydrophobic cores the
heparin-dexamethasone micelles. The dual-drug
combinational delivery was characterized by
acid-sensitive release profiles. With these micelles,
drugs antitumor activity and intracellular
accumulation in vitro were also improved.

5. Heparin-based prodrug-type probes
for tumor imaging

Proteases play important roles in various
biological and pathological processes. As a case in
point, tumor-associated proteases (TAPs) are
involved in cancer progression, including tumor
angiogenesis, invasion and metastasis.[65, 66] TAPs
have been widely explored for their application as
diagnostic and prognostic biomarkers and drug
targets as well. In vivo detection and imaging of a
specific TAP offer a potential method for early
diagnosis of cancer. Therefore, to develop a sensitive
and specific in vivo probe is a pressing need.
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Legumain is an asparaginyl endopeptidase,
overexpressed in many types of solid tumors. Its close
association with tumorigenesis has been well
documented,[67] with its promising clinical value as
diagnostic biomarker and therapeutic target. We
previously reported that legumain is also involved in
the progression from inflammation to malignant
colon tumors, and its expression was found dramatic
up-regulation in the late stage of inflammation and
early stage of tumor development.[23]

Given the important role of legumain in
tumorigenesis, we developed a prodrug-type,
legumain-activatable hybrid nanoprobe for tumor
imaging, based on the fluorescence resonance energy
transfer (FRET) effect (Fig. 15).[68] The hybrid
nanoprobe system was composed of two parts as
described below.

1) Fluorophore part: quantum dots (QDs)
modified with low-molecular-weight heparin (LH),
termed as QD-LH.

2) Fluorescence quencher part: QSY21 (quencher
dye) modified with a specific peptide, termed as
QSY21-PEP. The peptide contains two sequences:
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legumain-substrate peptide and low-molecular-
weight protamine (LP).

Via the strong charge interaction and affinity of
LH and LP, these two parts can self-assemble together
and form a hybrid nanoparticles, which is
characterized by the surface modification of
QSY21-PEP on the QD-LH. Due to the FRET effect, the
nanoprobe is in an inactivated (or quenched) status.
Once reaching the tumor, the overexpressed legumain
would cleave the substrate peptide linker between
QSY21 and LP, resulting the detachment of QSY21
from the system and consequently activating the
fluorescence.

Of interest, the real-time activation process in a
living cell was monitored using confocal microscopy.
Fluorescence was initially activated on the membrane,
and then the fluorescence intensity increased (Fig. 16).
It should be noted that the formation of active
legumain is a pH-dependent process in the
endosome/lysosome system, and the mature
legumain then is transported onto the cell membrane
and released into the extracellular space.

# Quantum dots

@ Low molecular weight heparin (LH)

Legumain substrate-
LMWP chimeric peptide

e QSsY21

20 Legumain

Fig. 15 The schematic illustration of the legumain-activatable nanoprobe for tumor imaging. Reproduced with permission from [68].

Fig. 16 The cellular activation process of the nanoprobe. Reproduced with permission from [68].
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A great advantage of this hybrid system is no
need of chemical conjugation of a fluorophore to a
quencher. The use of the non-covalent linkage
between LH/LP can ease the production. Of
importance, heparin/protamine binding affinity is
strong and no endogenous components can dissociate
them, rendering their linkage very stable in vivo.
Moreover, by simple replacement of the quencher
part containing another protease substrate sequence,
the nanoprobe can apply for detection of another
TAP. It may develop into a potential platform
technique.

With the similar design, we also developed a
tumor-associated MMP targeted nanoprobe for tumor
imaging. For this application, the MMP substrate
peptide was used instead in the fluorescence
quencher part. This system was evaluated in various
subcutaneous fibrosarcoma, breast, and glioma tumor
xenograft models that overexpress MMPs in tumor
tissues, and it worked in all those tested models.[69]
For instance, the fluorescence activation in tumor was
fast (within 0.5 h), and the signal in tumor was highest
among other major tissues (Fig. 17), indicating the
tumor-targeted imaging function. Similar results were
found in MCF-7 breast tumor and U87 giloma models.
Fig. 18 shows intense fluorescence was activated in
HT1080 fibrosarcoma tissue slices. The nanoprobes
distributed close to the tumor blood vessels (green),
suggesting the possible mechanism of EPR effect. By
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contrast, very minor activation was observed in the
SW620 colon tumor with low MMP-2 expression.

We found MMP-2 was highly expressed not only
in the subcutaneous U87 tumor but also the
orthotopic tumor. Actually, MMP-2 has been
demonstrated its involvement in various progressions
of glioma.[70] Yet the level in normal brain tissues
was very low. Therefore, brain MMP-2 could be a
potential target for brain tumor detection and
imaging. Due to the formidable blood-brain barrier
(BBB), brain delivery of a nanoprobe is challenging.
To address this issue, a brain-targeted sequence
(HAIYPRH, termed T7) was introduced to the
activatable = MMP  substrate  peptide-LMWP
(PLGVRGGVSRRRRRRGGRRRR, termed ALMWP).
A multifunctional hybrid peptide
(T7-@sy2nyKGG-ALMWP) was synthesized, and the
quencher QSY21 was conjugated to the e-amine of
lysine. T7 is a targeting ligand to transferrin receptors
that are overexpressed in the BBB, and importantly,
its binding site on transferrin receptors is distinct
from the endogenous transferrin binding site.[71] It
has been used in various nanoparticulate systems for
brain tumor delivery.[72-74] Consistent with those
previous reports, the T7-sy2)-rALMWP/LH-QD
system was found to be able to penetrate the BBB and
accumulate inside the glioma (Fig. 19A). The
fluorescence intensity gradually increased in 10 h, and
a declination was found at 22 h (Fig. 19B).
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Fig. 17 The in vivo imaging of the MMP-activatable nanoprobe in the subcutaneous HT1080 tumor model. Reproduced with permission from [69].
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Fig. 18 (A) Tumor-associated activation of the nanoprobe. (B) Blood vessel staining (green) and the activated nanoprobe (red) in HT1080 tumor. (C) Western
blotting analysis of MMP-2 in HT 1080, MCF-7, and SW620 tumor. Reproduced with permission from [69].
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Fig. 19 (A) The orthotopic glioma imaging with the T7-functionalized nanoprobe at various time points. (B) The radiant efficiency (fluorescence intensity).

Reproduced with permission from [69].

6. Heparin derivative-based nano drug
delivery systems for cancer therapy

It has been reported that low-molecular-weight
heparin derivatives possess high anti-angiogenic but
low anti-coagulant effects.[75] Byun et al developed a
low-molecular-weight heparin-taurocholate conjugate
(LHT?), which showed a significant anti-angiogenic
activity with negligible anticoagulant activity due to
its lower binding affinity to antithrombin III but

higher binding affinity to multiple angiogenic growth
factors than LMWH does.[76] A liposomal co-delivery
system of LHT7 and suberanilohydroxamic acid
(SAHA), a histone deacetylase inhibitor, named
LHT7/SAHA nanolipoplex, was prepared by
encapsulating slightly soluble SAHA inside cationic
nanolipoplex, followed by coating of negative charge
LHT7 onto the cationic surfaces by charge-charge
interaction.[77] LHT7/SAHA nanolipoplexes showed
for enhanced tumor vasculature targeting and
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improved therapeutic efficacy in the SCC7-bearing
mice model with obviously decreased tumor weight
and volume (Fig. 20). Furthermore, this group
prepared the reduced graphene oxide (rGO)
nanosheets coated with LHT7 as a tumor-targeting
nanodelivery system for anticancer therapy that could
delivery chemotherapy drugs (e.g., DOX).[78]
LHT-rGO showed a higher Dox loading capacity
compared with uncoated rGO. The in vivo tumor
tissue distribution and retention and antitumor
efficacy of LHT-rGO/Dox was evaluated in KB tumor
bearing mice. The drug accumulation was greater in
LHT-rGO/Dox-treated group than in
rGO/Dox-treated group. At 24 h post dose, the tumor
accumulation of LHT-rGO/Dox was 7-fold higher
than that of rGO/Dox. The tumor volumes and tumor
weights showed that the enhanced therapy effect of
LHT-rGO/Dox over the other groups was observed
with the reduced tumor weight rate of 92.5%. The in
vivo anti-tumor effect might also be partially
explained by the anti-angiogenic and anticancer effect
of LHT7 by binding with angiogenic growth factors
which are over-expressed in tumor
micro-environment, e.g., vascular endothelial growth
factor, basic fibroblast growth factor, and
platelet-derived endothelial cell growth factor.
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Fig. 20 (A) The tumor volume of PBS, SAHA-L, LHT7, the sequential
co-administration of SAHA-L and LHT7, or LHT7/SAHA nanolipoplex groups
treated. (B) Comparative tumor mass after 14 days. Reproduced with
permission from [72]
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7. Concluding remarks

There are a large variety of protein drugs that
lack organ-specific action, thereby causing side
effects. Prodrug-type delivery systems provide a
promising solution to achieve targeted delivery of
protein  drugs. CPP-mediated macromolecular
delivery still remains formidable challenges for in vivo
application due to its non-specific organ distribution
and penetration. On the other hand, CPP has been a
well-established, potent tool for enhanced
macromolecular delivery. In order to make good use
of the potent penetration ability, while curbing its
nonselectivity, it should manage a balancing act
between the two sides of the dilemma. A series of
investigations have delved deeply into this issue in
our groups by employing the heparin-regulated

strategy. Heparin-regulated prodrug delivery
mechanisms include non-covalent linkage by
heparin-CPP electrostatic interaction, reversible

inhibition to the cell-penetration ability by heparin,
and protamine-triggered drug release. The regulation
is simple and highly controllable. Compared to the
microenvironment-responsive mechanism, the
heparin-regulated strategy is direct and instantly
responsive to the given dose of protamine, yet
independent to real-time pathological conditions.
Therefore, this method offers a potential platform for
targeted delivery of various drugs.

It also should be pointed out that heparin,
widely wused as the regulation material in
“ATTEMPTS” for anticancer therapy, has high
anti-coagulant activity, which might set limits to its
clinical application. Overdose of heparin often causes
unexpected adverse effects such as bleeding and
heparin-induced thrombocytopenia. Once heparin is
free from the ATTEMPTS, there could be side effects.
To eliminate such a potential risk, the timing for
giving the trigger agent protamine is important. It is
ideal that protamine should be administered when
drug concentration peaks at tumor, while that in
circulation drops to an insignificant level. Therefore,
the determination of trigger timing could be a crucial
issue that influences the clinical translation of this
system. Better understanding of the pharmacokinetics
profiles of the system will be helpful to predict the
trigger timing. In addition, we are optimistic that the
advance of real-time in vivo imaging techniques will
also provide a use tool for timely dosing.
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