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ABSTRACT: Ecto-S'-nucleotidase (CD73) catalyzes the hydrol-
ysis of AMP to anti-inflammatory, immunosuppressive adenosine.
It is expressed on vascular endothelial, epithelial, and also
numerous cancer cells where it strongly contributes to an
immunosuppressive microenvironment. In the present study we
designed and synthesized fluorescent-labeled CD73 inhibitors with
low nanomolar affinity and high selectivity based on N°-benzyl-a,f-
methylene-ADP (PSB-12379) as a lead structure. Fluorescein was
attached to the benzyl residue via different linkers resulting in PSB-
19416 (14b, K; 12.6 nM) and PSB-18332 (14a, K; 2.98 nM) as
fluorescent high-affinity probes for CD73. These compounds are
anticipated to become useful tools for biological studies, drug
screening, and diagnostic applications.
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E cto-5'-nucleotidase (ecto-5'-NT, cluster of differentiation
73 (CD73), EC 3.1.3.5) is a cell surface-localized enzyme
which dephosphorylates extracellular nucleoside monophos-
phates, especially AMP, yielding the corresponding nucleoside,
mainly adenosine.' ™ It is linked to the cell membrane via a
glycosylphosphatidylinositol (GPI) linker but can also be shed
and then circulate in the bloodstream and other biological
fluids as a soluble enzyme.”” CD73 is expressed by
subpopulations of T and B lymphocytes,"” on endothelial
cells* and stem cells,"’ and in high levels by a variety of tumor
cells.”> The main enzymatic reaction product of CD73,
adenosine, leads to the activation of adenosine receptors
(subtypes A;, A,s, Ay Aj). Ayy and/or A,y adenosine
receptors mediate anti-inflammatory, immunosuppressive,
angiogenic, pro-metastatic, and proliferative effects and thereby
play an important role in cancer progression.”"' "> In contrast,
lowered expression levels of CD73 were reported to be
strongly linked to various inflammatory and (auto)immune
diseases.” Atherosclerosis is an inflammatory disease of the
endothelial wall, and CD73 deficiency accelerates its
progression.'® Upregulation of CD73 activity in brain damage
models was considered as an adaptive response leading to an
increase in neuroprotective adenosine.'” Recently, CD73 was
used as a specific marker molecule of multipotent stromal cells
by developing a CD73-enhanced green fluorescent protein
(EGFP) reporter mouse that allows the tracking of these cells
in vivo.'"” This demonstrates the high relevance of CD73
expression levels and the usefulness of tools and probes for
monitoring this important enzyme. Moreover, due to the
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complexity of the entire purinome, which also includes
intracellular nucleosides and nucleotides,'® specific marker
molecules are urgently required. Fluorescence-labeled small-
molecule probes could be particularly useful for elucidating the
role of CD73 in various diseases. Such fluorescent ligands for
visualizing CD73 and measuring its expression levels under
physiological and pathological conditions would be most
valuable as diagnostic tools.

Inhibitory CD73 antibodies are currently evaluated in
clinical trials for cancer therapy.'®'” Small molecule CD73
inhibitors have also been described, which can be divided into
nucleotide and non-nucleotide derivatives (Figure 1) In
2018, our group published the first CD73 inhibitors with low
nanomolar potency, e.g. PSB-12379 (I), a very selective CD73
inhibitor which displays high metabolic stablility.”* This a,5-
methylene-ADP- (AOPCP-) derived inhibitor was subse-
quently optimized resulting in PSB-12489 (II).”' Recently,
the first small molecule CD73 inhibitor entered clinical trials,
namely the nucleotide analog AB680 (III).””*” Moreover,
compounds combining the diphosphonate partial structure
with cytotoxic nucleosides have been reported as CD73
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Figure 1. Selected nucleotide- and non-nucleotide-based inhibitors of CD73.

inhibitors, e.g compound IV.*® In addition, non-nucleotide-
based inhibitors have been described including sulfoanthra-
quinone (V), sulfonamide (VI), and sulfonaphthalene (VII)
derivatives, all of which showed moderate potency.”*™® Very
recently, benzotriazole-based inhibitors (VIII) with potency in
the low nanomolar range were reported.”’

In the present study, we selected nucleotide analogs for
fluorescence-labeling, since they show the best combination of
high affinity, water-solubility, and metabolic stability. Herein,
we describe the synthesis and biological evaluation of the first
nucleotide-based, fluorescence-labeled CD73 inhibitors, which
exhibit inhibitory potency at low nanomolar concentrations.

B RESULTS AND DISCUSSION

Design. Previously reported X-ray cocrystal structures of
human CD73 with nucleotide-based inhibitors along with
structure—activity relationship (SAR) studies revealed that
bulky, hydrophobic substituents in the N°-position are well
tolerated.”*~** Based on these studies, we figured that the best
position for attachment of a (relatively large) fluorescent dye
would be via a linker to the para-position of the N°-benzyl
group in lead structures I and IX (see Figure 2). To optimize
the properties of the target compounds, multiple factors have
to be taken into account. These include the length of the
linker, its lipophilicity, the connection between linker and
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Figure 2. Design of a fluorescent probe for CD73 based on PSB-
12379 (1)*° and PSB-12651 (IX).*'

2254

CD73 inhibitor, and the nature and properties of the
fluorophore. For initial labeling studies we selected fluorescein,
a strongly fluorescent molecule with an absorption maximum
at 492 nm and an emission maximum at 517 nm, which is
suitable for biological studies’ and can be applied to living
cells because it is not cytotoxic.””** Moreover, functionalized
fluorescein derivatives are readily available and therefore ideal
for initial proof-of-concept studies. Nucleotide analogs I and
IX were selected as lead structures to which the fluorescent dye
was to be attached (Figure 2).

Chemistry. Our initial targets were fluorescein-labeled
compounds 7a and 7b, which we planned to synthesize by
convergent approach A (Scheme 1). 2,6-Dichloro-9-(2/,3',5'-
tri-O-acetyl-f-p-ribofuranosyl)purine (1) was subjected to
nucleophilic substitution by 4-(aminomethyl)benzoic acid
resulting in selective substitution in the 6-position of the
purine ring in analogy to conditions described by Bhattarai et
al.

Subsequent phosphonylation with methylenebis(phosphonic
dichloride) in trimethyl phosphate followed by hydrolysis with
aqueous triethylammonium bicarbonate (TEAC) buffer
according to a previously reported method®® yielded product
3. The dye was attached to a linker by coupling of 5(6)-
carboxyfluorescein (5) with commercially available boc-
protected 1,6-hexanediamine (4a) or N-boc-2,2'-(ethylene-
dioxy)diethylamine (4b) in the presence of dicyclohexylcarbo-
diimide (DCC) and hydroxybenzotriazole (HOBt) in
tetrahydrofuran (THF) followed by boc-deprotection with
trifluoroacetic acid (TFA) in dichloromethane (DCM)
yielding 6a and 6b.”* The final amide coupling reaction of
carboxylic acid 3 with amine 6a or 6b with DCC/HOBt in
THEF, however, failed to produce 7a and 7b. This was probably
due to a competing reaction of the phosphonic acid moiety of
nucleotide analog 3 with DCC. Therefore, we decided to
alternate the reaction sequence (Scheme 2). In synthetic
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Scheme 1. Original Pathway A to Obtain Compounds 7a and 7b*
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“Reagents and conditions: (a) two steps: (i) 4-(aminomethyl)benzoic acid, Et;N, EtOH absolute, reflux, overnight; (ii) sodium methoxide,
methanol, rt, 18 h; (b) two steps: (i) methylenebis(phosphonic dichloride), trimethyl phosphate, Ar, 0 °C, 30 min; (ii) triethylammonium
bicarbonate (TEAC) buffer pH 7.4—7.6, rt, 1 h; (c) (i) 5, HOBt, DCC, THF, 1t, overnight; (ii) 6—8% TFA, DCM, rt, 6 h; (d) HOBt, DCC, THF,

rt, overnight.

approach B (see Scheme 2), the fluorescent dye with the
attached linker (compound 6a, 6b) was coupled with the
carboxybenzyl-substituted nucleoside 2 yielding the fluores-
cent-labeled adenosine derivatives 8a and 8b. Final phospho-
nylation of the nucleosides, however, was not successful. A
reason for this might be the insufficient solubility of 8a and 8b
in trimethyl phosphate. Next, we attached only the linker
moiety to N°-carboxybenzyladenosine (2) yielding amino-
functionalized nucleoside derivative 9a and 9b. Subsequent
phosphonylation provided the nucleotide analogs 10a and 10b
(approach C, Scheme 2). Final coupling with S5(6)-
carboxyfluorescein 5 to introduce the fluorescent label,
however, failed (Scheme 2).

Due to these difficulties, we designed an alternative
approach avoiding amide coupling reaction to attach the
fluorescent label to the nucleoside or nucleotide derivative.
Thus, we decided to precouple the entire 6-substituents of the
target purine nucleotide analogs 7a and 7b and introduce it in
the very last step by nucleophilic substitution of the 6-
chloropurine nucleotide precursor (see Scheme 3). This
required phosphonylation of 6-chloro- or 2,6-dichloropurine-
p-D-ribonucleoside before introduction of the 6-substituent.
However, deprotection of 2,6-dichloro-9-(2',3",5’-tri-O-acetyl-
p-p-ribofuranosyl)purine (1) with sodium methoxide or
ammonia can lead to nucleophilic substitution of the chloro-
function at the 6-position of the purine nucleoside. Therefore,
we focused on lead structure I (Figure 2) for fluorescent
labeling, which lacks the 2-chloro substituent of lead structure
IX and corresponding target structures 7a,b.
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In the first step, the linker-dye conjugates 6a and 6b were
coupled to 4-(boc-aminobenzyl)benzoic acid which was
preactivated using DCC and HOBt in THF. The boc-group
was subsequently cleaved using TFA.>* Purification by RP-
HPLC yielded the desired amines 11a and 11b. In parallel,
commercially available 6-chloro-B-p-ribofuranosylpurine (12)
was phosphonylated using methylenebis(phosphonic dichlor-
ide) in trimethyl phosphate followed by hydrolysis with
aqueous TEAC buffer according to a previously reported
method.” Purification by RP-HPLC to remove inorganic
phosphates gave the desired nucleotide analog 13. In the next
step, nucleophilic substitution of 13 by the amines 11a or 11b
in absolute ethanol in the presence of triethylamine was
performed under reflux conditions in analogy to published
procedures.” Final purification by RP-HPLC gave the desired
products 14a and 14b in yields of 50% and 49%, respectively
(last reaction step). The structures of the synthesized
fluorescent nucleotide analogs were confirmed by 'H., BC,,
and *'P NMR spectroscopy, in addition to LC/ESI-(UV)MS
analysis performed in both positive and negative mode, which
confirmed a purity of greater than 95% for both compounds.

Enzyme Inhibition Assays. Interaction of the fluorescent
probes 14a and 14b with CD73 was determined in radiometric
enzyme assays using [HJAMP as a substrate.”” After
incubation, the remaining substrate [*H]JAMP can be
precipitated with lanthanum chloride and removed by
filtration. The enzymatic product [*H]adenosine is collected
in scintillation vials and scintillation cocktail is added, followed
by quantification using liquid scintillation counting. Different
CD73 preparations were employed, including rat and human
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Scheme 2. Pathways B and C to Obtain Compounds 7a and 7b“
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“Reagents and conditions: (a) 6a or 6b, HOBt, DCC, THF, rt, overnight; (b) two steps: (i) methylenebis(phosphonic dichloride), trimethyl
phosphate, Ar, 0 °C, 30 min; (ii) TEAC buffer, pH 7.4—7.6, rt, 1 h; (c) two steps: (i) 6a or 6b, HOBt, DCC, THF, rt, overnight; (ii) 6—8% TFA,
DCM, rt, 6 h; (d) two steps: (i) methylenebis(phosphonic dichloride), trimethyl phosphate, Ar, 0 °C, 30 min; (ii) TEAC buffer, pH 7.4—7.6, rt, 1

h; (e) 5, HOBt, DCC, THF, rt, overnight.

recombinant soluble CD73 expressed in Spodoptera frugiperda
9 (Sf9) insect cells and membrane preparations of triple-
negative breast cancer cells (MDA-MB-231) which natively
express CD73.°*"” Full concentration-inhibition curves were
determined (Figure 3), and K; values were calculated from the
obtained ICj, values using the Cheng—Prusoff equation.”
Fluorescent probe 14b showed a K; value of 12.6 nM at
soluble human CD73, which is in the same range as that of
lead compound I (2.21 nM).”* Fluorescence-labeled CD73
inhibitor 14a (K; 2.98 nM) was 4-fold more potent than 14b.
This shows that the nature of the linker has an influence on the
affinity: the lipophilic alkyl linker in 14a is better tolerated than
the more polar ethylene glycol linker in 14b. Another reason
for the difference in potency might be due to the linker length
of 14a consisting of 6 carbon atoms, whereas the longer linker
in 14b consists of 8 atoms. This leads to the conclusion that a
short lipophilic linker is well tolerated by CD73. The more
potent compound 14a was additionally evaluated at soluble
CD73 from rat and at membrane preparations of triple-
negative breast cancer cells (MDA-MB-231), which natively
express CD73. The compound displayed a similar K; value (K;
4.59 nM) at membrane preparations of MDA-MB-231 cells as
at soluble CD73. This is in agreement with previous
observations that AOPCP derivatives and analogs, which act
as competitive CD73 inhibitors, showed virtually the same
inhibitory potency at the soluble as at the membrane-anchored
enzyme. At rat CD73, the K;-value was, however, 8-fold higher
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(K; 26.0 nM), indicating species differences between rat and
human CD73. The most potent fluorescent CD73 inhibitor
14a was subsequently tested for selectivity versus human ecto-
nucleoside triphosphate diphosphohydrolases (ecto-
NTPDases), which cleave extracellular nucleoside tri- and
diphosphates such as ATP and ADP yielding AMP. The
fluorescent CD73 inhibitor 14a was found to be inactive at all
four subtypes, NTPDasel (CD39), NTPDase2 (CD39L1),
NTPDase3 (CD39L3), and NTPDase8 at a high concen-
tration of S0 uM (for details see SI). This is in line with
previous results showing that NS-substituted AOPCP deriva-
tives typically display high selectivity for CD73.”°~** More-
over, compound 14a neither activated nor inhibited the G
protein-coupled ADP-activated human P2Y, receptor, which
is highly expressed on blood platelets, at a high concentration
of 10 uM (for details see SI).

Fluorescence Microscopy. Human breast adenocarcino-
ma cells (MDA-MB-231) were costained with anti-CD73
antibody, together with fluorescence-labeled compounds 14a
(Figure 4A) and 14b (Figure 4B). This confocal microscopy
analysis confirmed our previous data on high cell-surface
expression of CD73 on the cancer cells studied,”””” and
further demonstrated the ability of the novel fluorescent
inhibitors to bind to CD73. Our previous studies have also
shown the abundant expression of CD73 in the sensory
neuroretina and other ocular structures.”*® Therefore, in
another set of experiments we evaluated the CD73-binding

https://dx.doi.org/10.1021/acsmedchemlett.0c00391
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Scheme 3. Successful Pathway D to Obtain 14a and 14b“
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“Reagents and conditions: (a) (i) 4-(aminomethyl)benzoic acid, HOBt, DCC, THEF, rt, overnight; (ii) 6—8% TFA, DCM, rt, 6 h; (b) two steps: (i)
methylenebis(phosphonic dichloride), trimethyl phosphate, Ar, 0 °C, 30 min; (ii) TEAC buffer, pH 7.4—7.6, rt, 1 h; (c) Et;N, EtOH absolute,

reflux, overnight.

ability of 14a and 14b by using mouse eye as a native source of
the enzyme. To evaluate the specificity of this binding, eyes
were also dissected from CD737/” mice created by targeted
gene disruption, as described previously."""** First, the
distribution of CD73 activity in the mouse retina was evaluated
in situ by a lead (Pb) precipitation method. Employing AMP
as a substrate revealed the presence of high AMP-specific
brown staining in the rod-and-cones-containing photoreceptor
layer in CD73"/%, but not in the CD737/" eye preparation
(Figure SA). Free-floating eye sections were then costained
with antibodies against CD73 and vimentin, in combination
with fluorescent CD73 inhibitors. High-resolution immuno-
fluorescence imaging of the medial area of the wild-type retina
revealed high CD73 immunoreactivity throughout the entire
processes of the photoreceptor cells with the highest
expression levels in the outer segment discs and synaptic
bodies. A similar staining pattern was observed during
incubation of the samples with the fluorescent CD73 inhibitors
14a (Figure SB) and 14b (Figure SC). Strikingly, no CD73-
and 14a/14b-specific fluorescence signals were detected in
CD737/ eyes (Figure SB and C, lower panels), thus
confirming high specificity of the tested compounds capable
of binding selectively to CD73. Notably, the eyes were also
costained with vimentin serving as a marker of the
intermediate filaments in glial Miiller cells, which span across
the entire thickness of the neural retina in both CD73*/* and
CD737/ eyes (see Figure S).

Metabolic Stability. In order to investigate potential
enzymatic degradation of 14a, its metabolic stability was
investigated in human liver microsomes. These experiments
revealed a high metabolic stability with an internal clearance
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(Clyy) of 12 uL/min/mg protein corresponding to a half-life of
116 min (for details see the SI).

Cytotoxicity. Compounds 14a and 14b were additionally
tested for potential cytotoxicity in CD73-expressing cell lines,
namely the lung cancer cell line A549"* and the triple-negative
breast cancer cell line MDA-MB-231°" at concentrations of
1000 nM corresponding to >300-fold of the K; value of 14a
and >80-fold of the K; value of 14b, respectively. Neither cell
proliferation nor viability were affected by the compounds.
Even concentrations of up to 10,000 nM, studied in MDA-MB-
231 cells, did not affect cell proliferation (for details see the
SI). This shows that the fluorescent-labeled CD73 inhibitors
should be safe for use in living systems.

B CONCLUSIONS

Novel fluorescent-labeled AOPCP-derived compounds capable
of selectively binding to cell surface CD73 and potently
inhibiting its catalytic activity were designed and prepared in
high purity. A synthetic route that allowed their fast
preparation in good yields was successfully established. The
fluorescent compounds showed low nanomolar K; values, with
the most potent ligand being 14a with a K; value of 2.98 nM.
Both 14a and 14b were successfully applied for fluorescence
labeling of CD73 in triple negative human breast cancer cells,
as well as photoreceptor CD73 in the mouse eye. These
compounds represent the first fluorescent small-molecular
probes for labeling CD73 of humans and rodents and may
become wuseful diagnostic tools for this pathologically
important protein which represents a promising novel drug
target.
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Figure 3. Concentration-inhibition curves of 14a (A) and 14b (B) at
human recombinant soluble CD73 (red circles), human membrane-
bound CD73 natively expressed in the triple negative breast cancer
cell line MDA-MB-231 (blue circles), and rat recombinant soluble
CD73 (green circles). Data points are means + standard error (SEM)
from 3 separate experiments. Determined K; values for 14a: MDA-
MB-231 cells, 4.59 nM; human soluble CD73, 2.98 nM; rat soluble
CD73, 26.0 nM. Determined K; value for 14b: human soluble CD73,
12.6 nM.
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Figure 4. Fluorescence imaging of CD73" MDA-MB-231 cells treated
with the fluorescent CD73 inhibitors. MDA-MB-231 cells grown on
cover slips were stained with rabbit anti-human ecto-5'-nucleotidase/
CD73 antibody (hSNT-1,)* and subsequently incubated with the
appropriate second-stage antibody (Alexa Fluor 633 goat anti-rabbit
IgG), together with fluorescence-labeled CD73 inhibitors 14a (A)
and 14b (B), as indicated. The right-hand panels show the merged
images with nuclei counterstained with blue fluorescent 4',6-
diamidine-2'-phenylindole dihydrochloride (DAPI); scale bars: 40

pm.
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Figure S. Evidence for selective binding of fluorescent CD73
inhibitors to CD73 in mouse retina. Eyeballs from wild-type
(CD73*/*) and knockout CD737/” mice were enucleated and
subsequently subjected to enzyme histochemistry (A), and immuno-
fluorescence staining (B, C) as described in the Supporting
Information. (A) AMPase activity was assayed by incubating the
eye cryosections from CD73*/* (left-hand images) and CD737/~
(right-hand) mice with 1 mM AMP, followed by microscopic
detection of the nucleotide-derived inorganic phosphate (Pi) as a
brown precipitate. (B, C) Free-floating vibratome-cut sections of
CD73*/* (upper panels) and CD737/~ (lower panels) eyes were
costained with rabbit anti-rat CD73 (rNu9,-I5)* and chicken anti-
vimentin antibodies and subsequently incubated with the appropriate
isotype-matched fluorochrome-conjugated second-stage antibodies,
together with fluorescence-labeled CD73 inhibitors 14a and 14b, as
indicated. The right-hand panels show the merged images with nuclei
counterstained with DAPI; scale bars: 500 ym (A), and 80 um (A,
inset, B, C).
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B ABBREVIATIONS

ADP, adenosine diphosphate; AMP, adenosine monophos-
phate; AOPCP, adenosine-5'-O-[(phosphonomethyl)-
phosphonic acid]; ATP, adenosine triphosphate; Boc, tert-
butyloxycarbonyl; CD73, ecto-5'-nucleotidase; Cl;,, internal
clearance; DAD, diode array detector; DCC, N,N’-dicyclohex-
ylcarbodiimide; DCM, dichloromethane; DCU, dicyclohex-
ylurea; DMAP, 4-dimethylaminopyridine; DMF, dimethylfor-
mamide; DMSO, dimethylsulfoxide; GPI, glycosylphosphati-
dylinositol; HOBt, 1-hydroxybenzotriazole; HPLC, high
performance liquid chromatography; LC/ESI-MS, HPLC
analysis coupled to electrospray ionization mass spectrometry;
NMR, nuclear magnetic resonance; PBS, phosphate-buffered
saline; PSB, Pharmaceutical Sciences Bonn; SAR, structure—
activity relationship; SEM, standard error of the mean; /2,
half-life; TEAC, triethylammonium hydrogencarbonate; TFA,
trifluoroacetic acid; THF, tetrahydrofuran; TLC, thin layer
chromatography; UV, ultraviolet
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