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Abstract: Heparan sulfate (HS) is a highly sulfated natural
carbohydrate that plays crucial roles in cancer, inflammation,
and angiogenesis. Heparanase (HPSE) is the sole HS degrad-
ing endoglycosidase that cleaves HS at structure-dependent
sites along the polysaccharide chain. Overexpression of HPSE
by cancer cells correlates with increased tumor size and
enhanced metastasis. Previously we have shown that a
tetramer HS mimetic is a potent HPSE inhibitor displaying
remarkable anticancer activity in vivo. Building on that work,

we report the synthesis and testing of a novel library of single
entity trimer glycolipid mimetics that effectively inhibit HPSE
at low nanomolar concentrations. A lipophilic arm was
introduced to assess whether an improvement of pharmaco-
kinetics and plasma residence time would offset the reduc-
tion in charge and multivalency. Preclinical tests in a mouse
syngeneic model showed effective tumor growth inhibition
by the tetramer but not the trimer glycomimetic.

/

Introduction

Heparan sulfate (HS) and heparin are linear glycosaminoglycan
(GAG) polysaccharides that are naturally produced by the
human body." HS is ubiquitously found at the cell surface
whereas heparin is produced and localised in mast cells.”’ HS is
predominantly found in the extracellular matrix (ECM) as a
proteoglycan®™ and has a multitude of roles at a cellular level,
including sequestering proteins in the extracellular matrix,"”
endocytosis,”” and involvement in cellular signalling,” among
many other functions.”” Heparin is not as widely expressed and
plays a limited role in homeostasis. Heparin from porcine
intestine is approved for clinical use in medical settings as an
anticoagulant.® Given that heparin has clinical approval and is
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available commercially, it has been investigated as a potential
therapeutic for wider applications beyond anticoagulation,
including the efficient treatment of viral infections.”

HS-protein interactions have garnered interest as the target
of potential therapeutics because of their implication in a wide
range of pathologies."” For example, HS is directly implicated in
stimulating angiogenesis™" and regulating cell proliferation."”
However, HS and heparin are promiscuous in their protein
interactions due to their sulfated nature and large size.'” As
such, our understanding of these interactions is limited,
particularly as the structure of HS is not conserved, varying in
sulfation and sugar composition both along the chain and
between cells."" Recent attempts to profile the HS interactome
show the far-reaching nature and complexity of HS-protein
interactions.™

An example of a HS-interacting protein of interest is
heparanase (HPSE), a mammalian (-endoglucuronidase that
degrades HS into shorter length oligosaccharides."® HPSE
expression is upregulated in nearly all cancer types examined"”
and its upregulation is concretely linked to angiogenesis,"®
metastasis'"® and poor patient prognosis.”® Furthermore, HPSE
has been found to regulate autophagy,?" is linked to chemo-
resistance, and influences macrophage phenotype and recruit-
ment to the site of a tumor.”?

Enzymatic cleavage of HS by HPSE at the cell-surface is a
main mechanism of its pro-tumorigenic and metastatic effect.
The cleavage of HS releases cell signalling molecules and
smaller active fragments of HS, whilst simultaneously facilitating
tumor cell-motility through the partial dissolution of the base-
ment membrane and ECM. In addition to its interactions and
effects, there is only a single gene for HPSE (HPSE-1), therefore
no redundant pathways exist to bypass its inhibition.”® A
second homologous gene, HPSE-2, is not enzymatically active,
inhibits HPSE-1, and potentially acts as a tumor suppressor. All
references to heparanse or HPSE in this paper indicate HPSE-1.

© 2022 The Authors. Chemistry — An Asian Journal published by Wiley-VCH GmbH
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Everything outlined above makes HPSE an attractive
therapeutic target. As such, increasingly robust in silico drug
design methods have been applied to HPSE since the
elucidation of the enzymatic crystal structure.”” However, the in
silico-designed compounds developed so far have yet to reach
similar inhibitory efficacy as carbohydrate-based HS mimetics.*
Carbohydrate-based compounds targeting HPSE have previ-
ously used heparin or other naturally-sourced polysaccharides
as starting materials.

Heparin is a HPSE inhibitor itself, albeit one with serious
side-effects due to its potent anticoagulant action. Therefore
research that focuses on modifying heparin to target HPSE
attempts to reduce the anti-coagulative activity without reduc-
ing HPSE inhibition. However, using natural sources leads to a
mixture of compounds and complicates establishing the exact
mechanism of action or optimising the action on the target
enzyme. PI-88, M402, and SST0001 are examples of modified
polysaccharide HPSE inhibitors that have all reached clinical
trials® (Figure 1). The only single-entity HPSE inhibitor to reach
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Figure 1. HS- and heparin-based mimetic heparanase inhibitors.
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clinical trials is PG545 (pixatimod)®”

retains some anti-coagulant effects.

Aiming to address the need for an effective and affordable
single-entity HPSE inhibitor devoid of anticoagulant side-effects,
we have previously developed a dendrimer-based library of
compounds that shows promising results in vitro and in vivo.?®
In the process, we have identified a lead compound, Tet-29%
(Figure 1). The present work builds upon that library of
compounds by investigating a simplification of the structure
that could allow for future derivatisation, testing of this new
library in comparison with Tet-29 in vitro, and tests in in vivo
preclinical mouse models of cancer.

(Figure 1); however, it

Results and Discussion
Synthesis of novel HS mimetics

The synthesis of a set of novel trimer glycolipid HS mimetics
(Scheme 1) is based upon the preparaion of Tet-29 (Figure 1),
the predominant point of difference being the core scaffold.
The aim of the synthesis was to simplify the compounds and
make steps towards improving bioavailability. If the activities
of the new glycolipids are comparable to Tet-29, then the
reduction in dendritic arms from four to three provides an
attachment point for potential further modification and
optimisation. The synthesis starts with the production of the
well-reported ester-capped core 1 (Suppl. Info.). Amide
coupling to the core of fatty acids with chain lengths ranging
from 4 to 13 carbons affords the group of compounds 2(a-j).
Ester groups are then removed by hydrolysis vyielding
carboxylic acids 3(a-j). Previously, the synthesis of Tet-29
required N-hydroxysuccinimde (NHS) activation at this stage
before maltose-amine (4) could be coupled to the core;
however, a direct coupling has since been developed
eschewing the need for NHS activation and reducing the
number of synthetic steps.

The coupling between 3(a-j) and 4, giving non-sulfated
glycolipids 5(a—-j), is achieved with PyBOP, which was chosen to
reduce unwanted ester formation, in respectable yields.

Non-sulfated compounds 5(a-j) are subjected to persulfa-
tion with SO;:NMe; to give the fully sulfated trimer glycolipids
6(a—j), that undergo ion exchange to afford the sodium salt
form. The compounds obtained were characterised via one-
dimensional and two-dimensional NMR, along with high
resolution mass spectrometry (Suppl. Info.).

In vitro assay: HPSE inhibition

Determination of the HPSE inhibiting efficacy of synthesised
compounds was achieved with a previously reported fondapar-
inux cleavage assay.”™ The ICs, for representative compounds
of the library of novel trimer glycolipids were determined and
all were shown to be effective inhibitors of HPSE with ICs,
values in the low nanomolar range (71-230 nM) (Figure 2, A).
This compares well with the IC;, of PG545, which was measured

© 2022 The Authors. Chemistry — An Asian Journal published by Wiley-VCH GmbH
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in the same assay to be 39 nM, a slight increase from previously
reported values and likely caused by assay variability between
laboratories. It can therefore be concluded that the trimer
glycolipids are slightly less effective inhibitors of HPSE than Tet-
29 (11 nM). However, there is not a substantial decrease in anti-
heparanase activity despite a dendrimer arm having been
removed, as the compounds remain nanomolar inhibitors of
HPSE. Trimer 6j, with an ICs, for inhibition of HPSE of 87 nM,
was selected for further study.

In vitro assay: tube formation

The ability of human umbilical vascular endothelial cells
(HUVEQ) to show capillary-like tube formation on basement
membrane gel extract is considered a reliable replicator of
angiogenesis in vitro.®" Both HPSE and HS are implicated in
promoting angiogenesis - HPSE modulates release and activity
of HS-sequestered growth factors, adhesion receptors, and ECM
components."®™ The effect of HS mimetics on tube formation
was measured to determine their anti-angiogenic potential
(Figure 2, B&C). Both Tet-29 and trimer glycolipid 6j showed
anti-angiogenic activity, with both reducing tube formation at 3
and 10 uM. The mechanism of action appears to be somewhat
different to that of the positive control, docetaxel, as cells
treated with 6j or Tet-29 exhibited increased clumping in a
dose-dependent manner, suggesting that these compounds

Chem Asian J. 2022, 17, 202200228 (3 of 8)

may interfere with cell migration and/or cell-matrix adhesion
rather than inducing apoptosis.

Both compounds reducing tube formation indicates that
anti-angiogenic activity could be a potentially important
mechanism of their anticancer affect, although future in vivo
studies are required to confirm this.

In vitro assay: MTT cell viability assay

The compounds selected for in vivo studies, 6 and Tet-29, were
first tested for potential cytotoxic effects against tumor cells
using the MTT cell viability assay. Neither of the compounds
displayed any cytotoxic effect in vitro at concentrations of up to
40 uM against MC38 murine colon adenocarcinoma cells or
HT29 human colorectal adenocarcinoma cells (Suppl. Figure 1,
Suppl. Info.).

Molecular modelling of a HS fragment and the Tet-29
capping group interactions with heparanase

In order to investigate mimetic-HPSE interactions we modelled
both a HS fragment and Tet-29 capping group (Figure 3, A) to
the active site of heparanase using extended sampling Induced
Fit Docking® (IFD) and MM-GBSA (Molecular Mechanics
Generalized Born Surface Area) scoring.®® The best scored pose

© 2022 The Authors. Chemistry — An Asian Journal published by Wiley-VCH GmbH
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Figure 2. (A) HPSE inhibition by HS mimetics with ICs, values in the low nanomolar range. (B and C) Effect of the HS mimetics on ability of HUVEC to show
capillary-like tube formation on basement membrane gel extract extract. Both Tet-29 and trimer glycolipid 6j exhibited anti-angiogenic activity, with both
reducing HUVEC tube formation at 3 and 10 pM. Statistical analysis was performed using one-way ANOVA with post-hoc Dunnett test to correct for multiple
comparisons, comparing various treatments to the untreated control. Representative images of HUVEC tube formation are shown in C. All scale bars depict
500 um. All data are representative of three independent experiments. Graphs represent the mean and standard error of the mean (SEM, error bars). *p < 0.05;

#p<0.01; **p <0.001.

of the HS fragment showed salt bridge interactions with Lys159,
Lys231, Arg272, Lys274, and Arg303, and hydrogen bonds with
Asn64, Thr97, Lys159, Glu225, Lys231, GIn270, Arg272, Tyr298,
Arg303, Glu343, and Tyr391 (Figure 3, B,C). The capping group
of Tet-29 was predicted to bind to the same active site region
as the HS fragment and interacts with a similar set of residues
(Figure 3, C). A MM-GBSA binding energy of —92.9 kcal/mol was
calculated for the HS fragment, whereas the dendron capping
group was calculated with a more favourable MM-GBSA binding
energy at —97.8 kcal/mol, consistent with the observed inhib-
itory potency of Tet-29. The modelling results suggest that
despite the capping group containing fewer sugar residues
than the HS fragment, these compounds likely bind to the
same region as the native substrate. That they do so with
slightly better affinity than the HS fragment indicates the
compounds could potentially act as competitive inhibitors.
Furthermore, these calculations will assist in future compound

Chem Asian J. 2022, 17, 202200228 (4 of 8)

design and lay the foundations for further work in the complex
field of carbohydrate structure-activity-relationships.

In vivo studies

In our previous work, Tet-29 was identified from a library of
HS-glycomimetics based on its ability to potently inhibit HPSE
in vitro, while an analogous tetramer compound was shown to
reduce tumor growth and metastasis in a xenograft mouse
model of human myeloma.” Based on its simplified structure,
Tet-29 was selected for further assessment in the MC38 murine
model of colon adenocarcinoma. Briefly, MC38 tumor cells
were subcutaneously implanted into the right hind flank of
syngeneic C57BL/6 mice, that were then treated with 600 nug
Tet-29 daily or every two days for a total duration of 40 days
(Figure 4, A). Tet-29 was administered by intraperitoneal (i.p.)
injection, with mice receiving i.p. injections of Dulbecco’s

© 2022 The Authors. Chemistry — An Asian Journal published by Wiley-VCH GmbH
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Figure 3. (A) Structures of a HS fragment and the Tet-29 capping group used in the modelling calculations. (B) Left: predicted binding conformation of the HS
fragment (carbons are cyan) to the active site of heparanase (shown in electrostatic potential surface representation with blue-white-red color scale
representing positive-neutral-negative electrostatic potentials respectively). Right: Salt bridge (magenta dashed lines) and hydrogen bonds (black dashed
lines) established in the best scored binding pose of HS. (C) Left: predicted binding conformation of the Tet-29 capping group (carbons are green) to the
active site of heparanase. Right: Salt bridge and hydrogen bonds established in the best scored binding pose of Tet-29 capping group.

Phosphate Buffered Saline (DPBS, vehicle) every second day as
a negative control.

Strikingly, daily administration of Tet-29 greatly inhibited
MC38 tumor growth and enhanced overall survival compared
to sham-treated controls (Figure 4, B&C). Of note, only one
mouse in the Tet-29 daily treatment group developed a large
tumor (>150 mm?), with the remaining animals either not
developing tumors at all or initially developing tumors that

Chem Asian J. 2022, 17, 202200228 (5 of 8)

subsequently regressed. In contrast, Tet-29 had no influence on
MC38 growth when administered every second day, with mice
exhibiting poor overall survival and tumor growth which was
comparable to sham-treated controls (Figure 4, B&C). Hence,
Tet-29 only displayed therapeutic activity when administered
daily, which may suggest a short half-life of this compound
in vivo.

© 2022 The Authors. Chemistry — An Asian Journal published by Wiley-VCH GmbH
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Figure 4. Therapeutic efficacy of novel HS mimetics in a murine model of colorectal cancer. (A) Schematic overview of tumor trial to assess Tet-29 dosage
frequency. C57BL/6 mice (n=4-5 mice per group) were inoculated with murine MC38 CRC cells (1x 10° cells) by subcutaneous injection into the right hind
flank (day 0). From day 1, mice were treated with 600 ug Tet-29, administered by intraperitoneal (i.p.) injection daily (solid red arrows) or every two days
(dashed red arrows) for a total duration of 40 days. As a negative control, mice received sham treatment (i.p. injections of DPBS) every two days. (B) Tumor

growth curves for each treatment group, depicting the mean (line) and standard error of the mean (SEM, error bars). (C) Overall survival of mice receiving Tet-
29 daily or every two days. (D) Schematic overview of tumor trial administrations to compare the efficacy of novel HS mimetics. C57BL/6 mice (n=28-10 mice
per group) were inoculated with 1.5x 10° MC38 murine tumor cells as described previously. From day 1, mice were treated daily with either Tet-29 or 6j (both

600 ug administered by i.p. injection) for a total duration of 40 days. As a negative control, mice received sham treatment (daily i.p. injections of DPBS).
(E) Tumor growth curves for each treatment group, depicting the mean (line) and SEM (error bars). (F) Overall survival of mice receiving Tet-29 or 6;j daily.
Survival curves of treatment groups were compared to that of the sham treatment (DPBS) control (log-rank, Mantel-Cox test). Tumor growth curves were
compared using one-way ANOVA with post-hoc Tukey test to correct for multiple comparisons. ns = not significant; *p <0.05; **p <0.01.

Having established an in vivo model to examine the anti-
tumor efficacy of HS mimetics, we moved towards a further
simplification and optimisation with the development of the
trimer glycolipid series to test whether any activity was retained
in the trimer and whether bioavailability would be improved. A
representative of this library (6j) was tested against Tet-29 in
order to assess if the activity was comparable. This test was
carried out in a colorectal cancer (CRC) mouse model in order
to expand the library of cancers that the class of compounds
show activity against: myeloma, C57MG murine breast cancer
and in the present study MC-38 murine CRC. Following tumor
inoculation, mice were treated with either Tet-29 or 6j using

Chem Asian J. 2022, 17, 202200228 (6 of 8)

the optimal dosage and frequency of administration established
previously (600 pg daily via i.p. injection; Figure 4, D). Again,
mice received daily i.p. injections of DPBS as negative controls,
and tumor growth was monitored for a total duration of
40 days (Figure 4, D).

Consistent with our previous observations, daily administra-
tion of Tet-29 significantly delayed tumor growth and improved
overall survival compared to sham-treated controls (Figure 4,
E&F). By comparison, mice that received daily administration of
6j showed a modest trend of delayed tumor growth; however,
this was not statistically significant when compared to sham-
treated controls (Figure 4, E). Similarly, there was no statistically

© 2022 The Authors. Chemistry — An Asian Journal published by Wiley-VCH GmbH
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significant difference in overall survival between mice that
received daily administration of 6j and sham-treated controls
(Figure 4, F). Hence, the tetramer provides superior anti-tumor
efficacy in vivo to the trimer, possibly because of the reduced
charge and multivalency of the trimer.

Conclusion

We have prepared a targeted library of novel single-entity
trimer glycolipids presenting polyvalent displays of sulfated
saccharides. Representatives of this library displayed low nano-
molar heparanase inhibition despite a significant structural
simplification and reduction in overall charge compared to the
tetramer. The novel trimer glycolipid 6j showed similar activity
to Tet-29 in in vitro tube formation assays, with both reducing
tube formation in the low micromolar range. Through docking
and molecular modeling, we determined that the capping
group of our glycomimetics is capable of binding to the same
region of HPSE as a HS fragment. Finally, in vivo treatment of
colorectal cancer in a mouse model showed that daily
administration of trimer glycolipid 6 produced a modest trend
of delayed tumor growth that was not statistically significant
when compared to sham-treated controls. This could be a result
of the reduced valency of the trimer compared to Tet-29. Daily
administration of Tet-29 significantly delayed tumor growth
and improved overall survival indicating superior anti-tumor
efficacy in vivo.
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