#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Heparin reversal by an oligoethylene glycol

i") Check for updates‘
functionalized guanidinocalixarenet

Cite this: Chem. Sci., 2020, 11, 9623

Qiaoxian Huang,}? Hong Zhao,° Mingju Shui,? Dong-Sheng Guo & *P
and Ruibing Wang @ *2

8 All publication charges for this article

have been paid for by the Royal Society

of Chemistry
Unfractionated heparin (UFH), a naturally occurring anionic polysaccharide, is widely used as an
anticoagulant agent in clinical practice. When overdosed or used in sensitive patients, UFH may cause
various risks and a UFH neutralizer needs to be administered immediately to reverse heparinization.
However, the most common UFH neutralizer, protamine sulfate, often causes various adverse effects,
some of which are life-threatening. Herein, we designed a highly biocompatible, oligoethylene glycol
functionalized guanidinocalixarene (GC4AOEG) as an antidote against UFH. GC4AOEG and UFH
exhibited a strong binding affinity, ensuring specific recognition and neutralization of UFH by GC4AOEG
in vitro and in vivo. As a consequence, UFH-induced excessive bleeding was significantly alleviated by
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Accepted 10th August 2020 GC4AOEG in different mouse bleeding models. Additionally, no adverse effects were observed during
these treatments in vivo. Taken together, GC4AOEG, as a strategically designed, biocompatible artificial
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Heparin sodium, often referred to as unfractionated heparin
(UFH, also known as heparin), is a well-known anionic glycos-
aminoglycan consisting of long, helical, unbranched chains of
repeating sulfonated disaccharide units (Fig. 1).* It is currently
a gold-standard life-saving drug to overcome blood coagulation
by activating antithrombin-IIT to impede the coagulation
process.>® Systemic heparinization is the most common anti-
coagulation procedure in surgical practice (e.g. open-heart
surgery) and extracorporeal therapies such as kidney dialysis.
At the end of surgery, excess heparin often needs to be deacti-
vated by using a heparin neutralizer; otherwise patients have
risks of low blood pressure and a slow heart rate, and may
develop internal bleeding.* Therefore, the neutralization of
heparin has been a topic of significant research interest in the
biomedical field.

Protamine sulfate, the only FDA-approved neutralizer of
UFH, possesses a highly positive charge density due to its
polymeric nature and rich arginine residues. Thus, electrostatic
interactions are the major driving force in the formation of
a UFH-protamine complex, leading to the neutralization and
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deactivation of UFH."® However, due to its non-specific inter-
actions, protamine sulfate often causes various adverse effects
such as bradycardia, hypotension and pulmonary hypertension,
as well as allergic reactions including life-threatening anaphy-
lactic reactions in some patients.” When overdosed, protamine
may further impair the intricate balance in the blood and cause
coagulopathy.>” Given these issues, there has been a medical
need for alternative, safe UFH neutralizers that can specifically
counteract UFH without causing serious adverse effects.®
Discovering and developing new heparin neutralizers has
been a popular area of research.®® During the past two decades,
a variety of different UFH neutralizers including small mole-
cules,' cationic polymers (e.g. polybrene),"*** peptides,*** and
nanoparticles'®"” have been designed and evaluated in vitro
and/or in vivo. For instance, surfen, as a small-molecule
antagonist of UFH, may electrostatically bind with UFH;
however only modest neutralizing effects against UFH were
observed in rats,'®*® likely attributed to the lack of strong,
specific recognition. On the other hand, polycationic species,
including polybrene® and poly-pi-lysine,* exhibited stronger
binding with UFH and significant potential as UFH neutrali-
zation agents. However, toxicity was still a key concern of these
species due to their intrinsic electrostatic interactions with red
blood cells (RBC).> Meanwhile, some UFH antagonists have
achieved preliminary success in preclinical studies and even
moved to clinical evaluations. For instance, ciraparantag
(PER977), as a synthetic antidote against several anticoagulants,
is currently being evaluated in phase II clinical trials.”> UHRA
(Universal Heparin Reversal Agent), a synthetic multivalent
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Fig. 1 Scheme of heparin reversal by GC4AOEG in the circulatory
system.

dendrimer polymer in the form of nanoparticles with positively
charged surfaces, can reverse the activity of all clinically avail-
able heparins and it is currently undergoing preclinical studies
and will likely move to clinical investigations.”® However, the
oligo- and poly-cationic nature of these species suggests their
general tendency towards any negatively charged species,
making them “universal” or function against several anticoag-
ulants, implying their low specificity towards heparin.

More recently, the sequestration and reversal of toxic agents
by supramolecular host molecules have attracted increasing
attention, and a typical example of clinical and commercial
success is sugammadex, a carboxylated derivative of gamma-
cyclodextrin that may specifically reverse the activity of non-
depolarizing neuromuscular blocking agents.”* Inspired by
this clinical success, several macrocycles were designed and
synthesized to selectively bind UFH. For instance, Liu et al.
synthesized amphiphilic multi-charged cyclodextrins (AMCD),
and AMCD-assembly was utilized for selective heparin
binding.'® Nitz et al. derivatized a cyclodextrin with amide and
guanidino groups as a polycationic receptor to recognize and
detect UFH.>*® Kostiainen and co-workers studied cationic,
quaternary ammonium functionalized pillar[5Jarene because of
its potential complexation with UFH.*® Additionally, cationic
calixarene derivatives were designed for UFH binding and
guanidinocalixarenes exhibited stronger binding affinity with
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UFH than their quaternary amine-functionalized counter-
parts.””*® In spite of decent binding affinities and selective
recognition of UFH, these macrocycles still possess various
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Fig. 2 Synthetic route of GC4AOEG and fluorescence titrations. (A(a))
NaH, dry DMF, and 75 °C; (b) HNOs, AcOH, dry CH,Cl,, and r.t.; (c)
SnCly-2H,0, CoHsOH/ACOEL (1: 1, v/v), and reflux; (d) 1,3-bis(tert-
butoxycarbonyl)-2-methyl-2-thiopseudourea, EtsN, AgNOs, dry
CH)Clp, and r.t.; (e) SnCls, AcOEt, and r.t. (B) Direct fluorescence
titration of 0.5 uM EY with different concentrations of GC4AOEG (up to
13.8 uM) in HEPES buffer (10 mM, pH = 7.4), and ¢, = 517 nm. (Inset)
The associated titration curve at Ae, = 537 nm and best fit according to
a l:1binding stoichiometry. (C) Competitive fluorescence titration of
GC4AOEG-EY (4.0/0.5 uM) with UFH (up to 8.4 uM in the concen-
tration of monomer units of UFH), and A., = 517 nm. (Inset) The
associated titration curve at Aepy = 537 nm and best fit according to
a n : 1 competitive binding model, where n = 0.88.
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limitations such as non-specific toxicity induced mostly by
cationic charges, which may disrupt cell membranes and
induce blood coagulation.>*°

An ideal UFH neutralizer should full-fill the following three
requirements: (1) binding strongly towards UFH in a specific
manner; (2) excellent biocompatibility and safety profile, and (3)
a clearly defined molecular structure to facilitate batch-to-batch
consistency. Thus far, none of the clinical UFH antagonists or
previously reported candidates has fulfilled these conditions.
Herein we designed an artificial receptor, an oligoethylene
glycol functionalized guanidinocalixarene, GC4AOEG, by
leveraging the asymmetrical structure of calixarene to strategi-
cally add guanidinium groups on one side and oligoethylene
glycol (OEG) groups on the other side (Fig. 1). We anticipated
that the guanidinium-enriched upper rim would bind strongly
with UFH via salt bridges (charge-assisted hydrogen bonds).?**!
In addition, the biocompatible OEG-functionalized lower rim
may help improve the water-solubility and biocompatibility of
the host molecule.’**

GC4AOEG was synthesized in 5 steps starting from the
maternal calix[4]arene (Fig. 2). Briefly, p-tert-butylcalix[4]arene 1
was alkylated with tosylate 2** to obtain compound 3 with a well-
defined cone conformation, and replacement of the tert-butyl
with nitro groups via an ipso-nitration reaction afforded
compound 4.** Subsequently, compound 4 was hydrogenated in
the presence of SnCl,-2H,O0, affording the tetramine derivative
5. Subsequently, compound 6 was obtained via a reaction
between compound 5 and di-Boc-protected thiourea units. The
removal of the protecting groups was achieved using SnCl, in
ethyl acetate, to yield the target GC4AOEG (the characterization
of intermediates (Fig. S1 and S2) and GC4AOEG (Fig. S3) are in
the ESI{).

The binding affinity between GC4AOEG and UFH was firstly
investigated via a competitive titration approach. In this paper,
we defined the repeated disaccharide unit as the UFH monomer
unit, and the UFH concentration in this paper is the UFH
monomer unit concentration. Eosin Y (EY) was selected as the
reporter dye, owing to its strong complexation with GC4AOEG
and the drastic fluorescence quenching after complexation. The
equilibrium association constant (K,), between GC4AOEG and
EY, was determined by direct fluorescence titration and fitted as
(2.37 + 0.12) x 10> M™" with 1:1 binding stoichiometry
(Fig. 2B). The displacement of EY from GC4AOEG-EY by gradual
addition of UFH resulted in the recovery of the intrinsic emis-
sion of EY. The best-fitting of the competitive titration model
afforded ca. 1 : 1 binding stoichiometry between GC4AOEG and
each monomer unit of UFH, as well as an ultrahigh binding
affinity K, of (1.25 + 0.13) x 10" M " (Fig. 2C).

For in vitro analysis of the effectiveness of GC4AOEG against
UFH, the activated partial thromboplastin time (aPTT) assay
was conducted. The result (Fig. S87) indicates that one equiva-
lent of GC4AOEG (to UFH monomer) fully neutralized UFH,
similar to protamine. Very importantly, it is obvious that prot-
amine alone negatively influenced the aPTT time. In contrast,
GC4AOEG alone did not affect the clotting time, suggesting that
GC4AOEG can specifically bind with UFH directly with minimal
side influences. The coagulation factor X levels in the plasma
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analyzed via the enzyme-linked immunosorbent assay (ELISA)
further confirmed the safety and reversal effect of GC4AOEG
towards UFH (Fig. S97).

Next, the biocompatibility of GC4AOEG was investigated in
vitro. As an alkyl derivative of guanidinocalixarene, GC4A-6C
(Fig. S4 and S5t), which has a similar number of carbons
(hexyl groups) at the lower rim to that of GC4AOEG, was also
synthesized and examined in this study for comparative
purposes. As shown in Fig. 3A and B, GC4AOEG (up to 200 pM)
showed remarkably low cytotoxicity in several cell lines via MTT
assays, in dramatic contrast to the relatively high cytotoxicity of
GC4A-6C (Fig. 3C and D). The cellular toxicity of GC4A-6C was
consistent with previous literature.*® In addition, alkyl deriva-
tives of calixarene were generally more toxic than those without
alkyl chains,*” likely attributed to their amphiphilic properties
that may facilitate cell membrane disruption.**** The results
suggested that the much-improved safety profile of GC4AOEG
was attributed to oligoethylene glycol functionalization. Mean-
while, it is well known that cationic polymers or oligomers often
show poor biocompatibility in the circulation system due to
their non-selective binding to negatively charged RBC, resulting
in RBC aggregation or hemolysis.** Therefore, hemolysis and
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Fig. 3 Biocompatibility study in cell lines and RBC. Cell viabilities of (A,
C) 4T1 and (B, D) 293T, cells treated with different concentrations of
GC4AOEG or GC4A-6C for 24 h. Each data point represents the mean
+ S.E.M. from a set of experiments (n = 4). (E, G) Hemolysis test of
GC4AOQEG at different concentrations (NC = negative control; PC =
positive control). Each data point represents the mean + S.E.M. from
a set of experiments (n = 3). (F) Agglutination test of RBC incubated
with GC4AOEG at 2.0% hematocrit in normal saline.
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a method previously reported,”** with experimental details
described in the method. The percent hemolysis of GC4A-6C
(25, 50, 100 and 200 uM, respectively) was over 90%, which
would limit its application in the circulatory system (Fig. S6t),
as a hemolysis ratio below 5% is considered safe.** Conversely,
GC4AOEG exhibited nearly negligible (less than 3%) hemolytic
activity at concentrations of up to 200 uM, and no agglutination
was visualized during incubation with RBC (Fig. 3F), implying
that OEG functionalization at the lower rim reduced non-
specific interactions with the RBC membrane, resulting in
less disturbance of the membrane structure and function or
cellular aggregations.

Inspired by the above findings, we further examined whether
GC4AOEG may reverse bleeding in different mouse bleeding
models under heparinization (with the experimental details
described in the method, and the standard curve for the
quantification of blood loss volume is showed in Fig. S71),*
with both the total time of bleeding and total volume of lost
blood evaluated for each model. As a proof of concept, 200 U
kg™! UFH and 2.245 mg kg ' GC4AOEG (molar ratio of
GC4AOEG and each monomer unit of UFH = 1:1) were
respectively used, as representative doses in the study and the
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dose of UFH was based on a literature report.*® In a mouse tail
transection model as an external bleeding model, as shown in
Fig. 4A-C, after tail transection, the bleeding time and blood
loss volume for mice treated with normal saline were 58.9 +
10.7 min and 72.2 + 15.8 pL, respectively. As expected, treat-
ment with UFH increased the bleeding time and blood volume
to 121.5 £ 20.2 min and 264.0 = 43.6 pL, respectively. In
contrast, the bleeding time was dramatically reduced down to
the blank control level, when the mice were treated with
GC4AOEG at the same time of, or 30 s after, i.v. administration
of UFH (53.8 £+ 11.4 min and 89.0 + 13.3 min, respectively).
Accordingly, the blood loss volume of mice successively treated
with UFH and GC4AOEG (1 : 1 ratio) reached the control level
(72.6 £ 14.3 pL), indicating that the strong binding affinity
between GC4AOEG and UFH ensured their recognition in vivo.
Of note, there was no significant difference between the
GC4AOEG treated group (without heparinization) and the saline
treated group, suggesting a decent safety profile of the artificial
receptor.

In addition to external bleeding, internal bleeding such as
liver injury model (Fig. 4D) was established in mice, and
GC4AOEG's reversal of UFH was further evaluated in vivo. Mice
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Fig. 4 Reversal efficacy in in vivo mouse models. (A—C) Mouse tail transection model. (A) Scheme of the mouse tail transection model. (B) Total
time of bleeding and (C) blood loss volume. (D-F & J) Mouse liver injury model. (D) Scheme of the mouse liver injury model. (E) Total time of
bleeding and (F) blood loss weight. (J) Pictures exhibiting bleeding in liver injury before and after treatment. (G-I & K) Mouse femoral artery
model. (G) Scheme of the mouse femoral artery model. (H) Total time of bleeding and (I) blood loss weight. (K) Pictures exhibiting bleeding in the
femoral artery before and after treatment. All of those models were i.v. administration with normal saline (control), GC4AOEG (2.245 mg kg™3), or
UFH (200 U kg™?) without and with GC4AOEG (2.245 mg kg2, 1 : 1 molar stoichiometry of GC4AOEG and the monomer unit of UFH), and UFH—
GC4AOQEG 1 : 1 successively (GC4AOEG at a dose of 2.245 mg kg™t 30 s after UFH administration) respectively were quantified. Data presented
are the mean + S.E.M. (n = 6). *p < 0.05, ****p < 0.001, and ns represents "no significant difference” between the experimental group and the
control group.
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were i.v. administered with normal saline (control), GC4AOEG
(2.245 mg kg™ "), or UFH (200 U kg ') without and with
GC4AOEG (2.245 mg kg™ '), and successive UFH-GC4AOEG 1 : 1
(30 s in between), respectively. In 2 minutes, the abdomen was
surgically opened to expose the liver. A wound of 0.5 cm length
and 2 mm depth, in the left lobe of the liver, was created.
Considerable bleeding was immediately observed in the UFH
treatment group (Fig. 4]), with the total bleeding time lasting for
450.5 + 46.8 s, and the total blood loss of 571.0 &+ 35.0 mg, in
contrast to 143.7 + 14.7 s total bleeding time and 238.0 +
45.0 mg total blood loss observed in the saline treated group.
Interestingly, the UFH-GC4AOEG treated group showed no
significant difference from the normal saline treated group. To
simulate the clinical use scenario, GC4AOEG was injected after
UFH's administration, and significantly reduced bleeding (from
both time and volume perspectives) was observed, suggesting
effective inhibition of the adverse effects of UFH, by GC4AOEG
(Fig. 4E and F). GC4AOEG alone (without heparinization) did
not exhibit any hematological toxicity in this model. To further
evaluate the inhibitory effects of GC4AOEG against UFH in
a preclinical model, a more serious internal bleeding model,
femoral artery bleeding mouse model, was employed, and the
treatment plan followed the previous two models described as
above. Upon administration, the skin of the right leg and the
overlying muscles were removed to expose the femoral artery
and sciatic nerve. After an open injury at the middle segment of
the femoral artery was created with a surgical scissor, blood
gushed out immediately from the injured site (Fig. 4G and K).
As shown in Fig. 4H and I, the longest average bleeding time
(16.0 £+ 1.9 min) and blood loss weight (103.8 + 16.9 mg) were
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observed in the UFH treatment group of mice, in dramatic
contrast to the bleeding time and blood loss of 3.9 £+ 0.4 min
and 24.7 £+ 4.5 mg, respectively, in the normal saline treated
group of mice. A bleeding time of 3.6 & 0.4 min and blood loss
of 20.8 & 7.4 mg were recorded in the UFH-GC4AOEG treatment
group. When UFH and GC4AOEG (at 1 molar equivalent) were
successively injected, a bleeding time of 5.3 + 0.7 min and
blood loss of 27.7 + 5.8 mg were noted, suggesting the signifi-
cant reversal effects of GC4AOEG on UFH. Collectively, in all of
the three bleeding models including internal and external
bleeding models, i.v. administration of GC4AOEG significantly
reversed UFH-induced excessive bleeding in external and
internal injuries. More importantly, GC4AOEG alone exhibited
negligible hematological activity, unlike other previously re-
ported cationic small molecules, polymers, oligomers and
macrocycles.

Furthermore, in order to further verify the safety profile of
GC4AOEG at the effective dose in vivo, acute toxicity evaluation
was performed in a mouse model. After the i.v. injection of
GC4AOEG in mice at a dose of 2.245 mg kg~ " (i.v. injection of
normal saline as the control group), the body weight, behaviors,
and overall survival of the treated mice were monitored every
day for 3 weeks. All the treated mice remained alive and showed
normal behaviors, as well as normal body weight evolvement
similar to that of the control group (Fig. 5A). On day 21 post
administration, mice were euthanized for blood and organ
samples were harvested (for details see the method). The organ
indexes of representative major organs including the heart,
liver, spleen, lungs, and kidneys isolated from the GC4AOEG
treated mice were comparable to those of the mice
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Fig. 5 Preliminary acute toxicity evaluations on GC4AOEG. (A) Weight changes of mice after i.v. administration with a single dose of GC4AOEG.
(B) Major organ indexes of the mice on day 21 post-administration with GC4AOEG. (C) Hematological parameters of the blood samples collected
from the mice on day 21 after i.v. administration of GC4AOEG. (D) Renal and (E) hepatic functional biomarkers in the blood samples collected
from the mice on day 21 after i.v. administration of GC4AOEG. Data are presented as mean + S.E.M.; n = 6 for each group. (F) H&E histo-
pathological analysis of the major organs from mice sacrificed 21 days after being injected with saline and GC4AOEG (2.245 mg kg ™). Scale bar =

100 pm.
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administered with normal saline, with no significant differ-
ences observed (Fig. 5B). Hematological parameters such as the
counts of whole blood cells (WBCs), red blood cells (RBCs),
platelets (PLTs) and hemoglobin (HGB) (Fig. 5C), as well as the
serum concentrations of liver and kidney function biomarkers
including blood urea nitrogen (BUN), creatinine (crea), urea
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) were all analyzed thoroughly (Fig. 5D and E). These results
indicated that the hematological parameters, renal and hepatic
functions of the mice treated with GC4AOEG were comparable
with those of the mice in the normal saline treated group.
Moreover, histopathological examinations of the major organs
of the GC4AOEG treated mice showed normal microstructures
comparable with those of the control group (Fig. 5F). Collec-
tively, these results suggested that the i.v. administration of
GC4AOEG at the therapeutic dose is safe.

Conclusions

In conclusion, we designed GC4AOEG for safe, effective UFH
neutralization. As an artificial macrocyclic receptor, GC4AOEG
offers strong binding to UFH owing to the multiple guanidi-
nium groups at the upper rim and meanwhile exhibits excellent
biocompatibility in vitro and in vivo due to the presence of
multiple OEG groups at the lower rim. Consequently, GC4AOEG
significantly reversed UFH-induced excessive bleeding in
different mouse bleeding models, including tail transection,
liver and femoral artery injury bleeding models. Moreover, at
the effective dose, no adverse effects were observed during
treatments in vivo, and a systemic acute toxicity study further
supported the safe use of the compound. Compared with
neutralizers previously reported, the present macrocycle-based
one demonstrates dual advantages of both small molecules
and polymer species, that is, strong recognition (near-
nanomolar affinity) of UFH and weak interactions with RBC.
Moreover, GC4AOEG has a well-defined molecular structure
with a precise size and molecular weight to ensure batch-to-
batch consistency during preparation and manufacturing,
which is an important parameter for regulatory approval and
clinical translation. We reasonably envisage that GC4AOEG may
become a new UFH antagonist with significant clinical poten-
tial. This study may also provide new insights into the design
and development of reversal agents towards UFH and other
toxic agents.
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