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Abstract—A series of calixarenes substituted with 2-acetamido-2-deoxy-B-p-glucopyranose linked by a thiourea spacer was prepared
and tested for binding activity to heterogeneously expressed activation receptors of the rat natural killer cells NKR-P1, and the
receptor CD69 (human NK cells, macrophages). In the case of NKR-P1, the binding affinity of B-p-GlcNAc-substituted calixarenes
carrying two or four sugar units was in a good agreement with the inhibitory potencies of the linear chitooligomers (chitobiose to
chitotetraose) reported previously. The influence of GIcNAc substitution of the calixarene skeleton on binding affinity for CD69
receptor was more profound and the 5,11,17,23-tetrakis[ N-(2-acetamido-2-deoxy-B-p-glucopyranosyl)-thioureido]-25,26,27,28-tetra-
propoxycalix[4]Jarene (cone) (1) proved to be the best CD69 ligand identified to date. Lower GlcNAc substitution led to dramatic
decrease of the binding activity (by about 1.5 order of magnitude per one GIcNAc unit). The immunostimulating activity results
with the newly synthesized GlcNAc tetramers on calixarene scaffolds exhibited stimulation of natural cytotoxicity of human PBMC
in concentrations 10™* and 10~% M. These calix-sugar compounds were superior to the previously tested PAMAM-GIcNAcg 5.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Natural killer (NK) cells are important components of
the innate immune response against tumors and early
protection against viruses and other intracellular patho-
gens. They mediate natural cytotoxicity and produce
chemokines and inflammatory cytokines. NK cells
express a large number of surface receptors that activate
or inhibit their effector function (Fig. 1).! Immunologi-
cal studies performed on human, rat, and mouse lym-

Abbreviations: CDG69, very early T cell activation antigen; CD161
(NKR-P1), C-type lectin like receptor of NK cells; CRD, carbohydrate
recognition domain; CTL, cytotoxic T lymphocytes; EDTA, ethylene-
diamine tetra-acetic acid; FCS, heat-inactivated fetal calf serum; FT-
MS, Fourier transform-ion cyclotron resonance mass spectrometry;
GalNAc, 2-acetamido-2-deoxy-D-galactose; GlcNAc, 2-acetamido-2-
deoxy-p-glucose; K562, NK-sensitive human erythroleukemia cell line;
LPS, lipopolysaccharide; NK-cells, natural killer cells; ManNAc, 2-
acetamido-2-deoxy-pD-mannose; PAMAM, polyamidoamine; PBMC,

peripheral blood mononuclear cells; SEM, standard error of the mean

quantifies; SI, stimulation index; TalNAc, 2-acetamido-2-deoxy-D-

talose; THF, tetrahydrofuran
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phocytes provide evidence of the important role of
C-type lectin-like receptors such as NKR-P1 (CDI161)
(rat) or NKG2D and CD69 (human) in activation of
natural (NK cells, macrophages) and specific (cytotoxic
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Figure 1. NK cell activation mechanism.

T lymphocytes—CTL) immune responses during the
recognition of infected or transformed targets. Upon
activation, NK cells are known to up-regulate triggering
receptors such as CD69 on their surface, endowing them
with the new recognition capabilities.”

Both major activating receptors, for example, NKR-
P1 and CD69 were recently cloned and characterized
in detail and although their physiological ligands have
not been identified, high affinity carbohydrate ligands
have been found.’

We have recently determined the structural require-
ments of the recombinant soluble dimeric form of
NKR-P1 for its optimal carbohydrate ligands.* The
best monosaccharide ligand known for NKR-PI is
ManNAc; the affinity of other N-acetyl-hexosamines
decreases in the order GalNAc > GlcNAc > TalNAc.
GIcNAc was used in our studies for the following rea-
sons: (1) GalNAc is approximately a thousand times
more expensive than GIcNAc, while being nearly
equally effective; (2) Substitution of calixarenes with
GalNAc yields partly substituted structures, probably
due to steric reasons (unpublished experiments); (3)
The synthesis of B-ManNAc linkages is one of the most
complicated tasks in carbohydrate chemistry and its
attachment to complicated scaffolds would bring other
problems. In addition, we use GIcNAc-containing
glycoconjugates in all our studies, which enables us to
compare the effectiveness and SAR of the respective
scaffolds.

The length of the carbohydrate chain is crucial for the
binding as determined by using a series of (f-(1—6)-Gal-
NAc), oligomers (n=2-6) and a series of chitooligo-
mers (B-(1—4)-GlcNAc),; n=2-9.*> The optimum
length of the oligosaccharide chain is four carbohydrate
units, with the B-(1—4)-glycosidic linkage being the best.
The major structural feature of CRD (binding groove)
of this lectin is the affinity of linear N-acetylhexos-
amine-based carbohydrates.’

The CD69 receptor also has a high affinity for Glc-
NAc, which is higher than for GalNAc. However, direct
binding assays, site-directed mutagenesis, and molecular
modeling revealed the details of the individual binding
sites® demonstrating that this receptor is highly specific

for multi-antennary, branched GIcNAc-containing
structures (glycoproteins, neoglycoconjugates, and
PAMAM-based glycodendrimers).

Multivalency was found to be crucial for the binding
of carbohydrate structures to the NKR-Pl receptor
in vitro.” This was also proven in ex vivo experiments
with isolated NK cells against NK-resistant tumor cell
lines® and in in vivo experiments by treatment of colon
cancer with activated NK cells.® Here, trivalent, tetrava-
lent, hexavalent, and octavalent glycodendrimers based
on the PAMAM cores with thiourea-bridged B-GlcNAc
units were used.” The activity of the glycoclusters was
high, despite the use of rather suboptimal ligand for
the clustering, for example, a 2-acetamido-2-deoxy-f-
D-glucopyranosyl unit connected via a B-N-glycosidic
linkage.

Despite the essential role of carbohydrates in a wide
range of biological phenomena, there are relatively few
glycodrugs (compounds, in which the sugar moiety car-
ries the biological function).”!® The variety of core
structures that can be constructed has the potential to
organize and orient carbohydrate ligands in a multitude
of topographic arrays, a feature that is becoming crucial
in target selectivity.''"'> A common feature of lectin
binding to carbohydrate ligands is the intrinsic weak
affinity. Presentation of the sugar epitopes as multiple
copies on an appropriate scaffold (molecular, dendritic,
polymeric) creates a multivalent display that can effi-
ciently mimic the natural mode of affinity enhancement
that arises from multiple interaction between the bind-
ing proteins and the carbohydrate ligands.'*'* The lec-
tin-binding efficiency and specificity of glycoclusters
have been found to be dependent not only on the epi-
tope density but also on the nature of the core and the
geometrical characteristics of the multivalent assembly.

Our previous results using PAMAM-based glycoclus-
ters with GIcNAc for therapeutic application to tumor-
bearing animals (colorectal carcinoma in rats and mela-
noma in mice) showed decreased tumor growth and pro-
longed survival time of treated animals accompanied by
enhancement of immune response (cytokine production,

cytotoxicity, infiltration of tumor by activated
lymphocytes).'>1¢
Calixarenes' "% are a versatile class of compounds,

often being used as scaffolds in various supramolecular
structures, in host-guest chemistry, etc. There are many
advantages of using calixarenes, including well-defined
geometrical conformation of functional groups and easy
accessibility and workup, even in large-scale reactions.
Besides this, the vicinity of the polyaromatic system
often increases the affinity of glycosidic ligands to
respective receptors via nonspecific interactions.>! For
our purposes, a major potential advantage of calixarene-
based glycoconjugates is better steric control of the
interaction of the attached carbohydrates with their
respective receptor(s).
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This study was initiated to determine differences in the
binding capability of calix[4]arene and polyamidoamine
based glycoconjugates to recombinant NKR-P1 and
CD69 receptors, as well as their effects on proliferation
and cytotoxic cell effector function. Some of these new
compounds proved to be the best glycomimetic multiva-
lent ligands for both proteins tested to date.

2. Results
2.1. Design of calix[4]arene glycoconjugates

A series of calix[4]arene-based glycoconjugates with
varying geometry was prepared. The targets (Fig. 2)
consist of a calix[4]arene skeleton with various number
of GIcNAc units.” Both cone and 1,3-alternate (Fig. 3)
conformers were prepared.

The variable conformation of the calix[4]arene scaf-
fold and different number of sugar units define the geo-
metrical arrangement of all GIcNAc subunits, which is
crucial for the biological properties of each molecule.
Appropriate substitution of the calix[4]arene phenolic
function ensures fixation of the desired conformation
indefinitely in time. The use of different spacers between
sugar moieties and calix[4]arene scaffold can affect
the nature of this linker by means of rigidity, electron
density, flexibility, chemical and biochemical stability,
etc.

2.1.1. Preparation of the calix|4]arene based glycoconju-
gates. Each respective amino-calix[4]arene (obtained
by reduction from corresponding nitro derivative by
SnCl,) was coupled with 2-acetamido-3,4,6-tri-O-acet-
yl-2-deoxy-B-p-glucopyranosyl isothiocyanate. After
removal of protecting acetyl groups with sodium
methoxide in methanol, target compounds 1-3 were
prepared.

2.2. Inhibitory activities for soluble recombinant NKR-P1
and CD69 receptors

The concentration of compounds required to cause 50%
inhibition of binding of the soluble '*’I-labeled receptors
to the high affinity ligand GIcNAc,3BSA was deter-
mined (ICs).®> This is a suitable measure of affinity of
the compounds for these receptors.

TAn additional ‘aliphatic set’ of calixarene glycoconjugates was
prepared. In these compounds, a methylene bridge is inserted
between the calix[4]arene scaffold and every thiourea in the molecule.
These compounds proved to be intrinsically unstable after deacetyl-
ation and, therefore, only partial structural data were obtained and
preliminary biological tests were performed. These preliminary
experiments are described in the Supplementary data to this paper.

2.2.1. Reference compounds for plate binding and plate
inhibition assays. 2-Deoxy-2-acetamido-D-glucopyran-
ose (GIcNAc), used as a reference compound, gave typ-
ically —loglICsy of 6.7 (NKR-P1A) and 5.1 (CD69),
which is in accordance with previously reported val-
ues.>® Because the tetrapropoxycalix[4Jarene itself is
water insoluble, we used the corresponding hydroxycar-
bonylmethoxy (-O-CH,—COOH) derivative 4 (Fig. 4) in
the form of its salt as a reference compound for a
nonsugar derivatized calix[4]arene, to confirm expected
noninhibitory properties of calix[4]Jarene scaffold.
Respective calix[4]arenes carrying carbohydrates that
do not bind to NKR-P1A or CD69 receptors (e.g., man-
nose) cannot be used as negative control. These sugars,
especially in the form of multivalent neoglycoconjugates,
interact with other receptors on the cell surface and this
could disturb the experiments with the whole cells.

2.2.2. Binding of calix|[4]arene glycoconjugates to
NKRP1A and CD69. First, inhibitory effects of the
unsubstituted calix[4]arene skeleton of compound 4
were tested. This compound had rather low inhibitory
activity for NKR-P1A (—logICs, was 5.0; Fig. 5), but
it was surprisingly active with CD69 reaching —logICs
of 7.7 (Fig. 6). When tested as inhibitors of NKR-P1A,
GlcNAc-substituted calix[4]arenes reached —logICs
between 7.0 and 9.0. Interestingly, the cone structures were
always better inhibitors than the alternate ones (Fig. 5).

The results obtained for CD69 were even more inter-
esting. First, the tetrasubstituted aromatic derivative (1)
displayed very potent inhibitory activity with —logICs
as high as 9.3 making it to be one of the best ligand of
this receptor described so far (Fig. 6).

2.3. Effect of glycoconjugates on proliferation of human
PBMC in vitro

Compounds that exhibited the highest affinity to the
recombinant proteins were further tested on the prolifer-
ation of human PBMC. Initial in vitro assays were per-
formed to test the effect of those glycoconjugates that
exhibited the highest affinity to recombinant proteins
on proliferation of human PBMC either spontaneously
(Fig. 8a) or in the presence of sub optimal concentration
(1 pg/mL) of polyclonal mitogen lipopolysaccharide
(LPS, Fig. 8b). This method also serves as a part of
immunotoxicity studies of new pharmaceuticals. For
this purpose a 72-h *H-thymidine incorporation assay
was employed. The best of all new calix-glycoconju-
gates, 1, and reference compounds 4 and 57 (Fig. 7) were
tested in concentrations from 10~* to 10~° mol/L at 10-
fold dilution. No toxicity to PBMC by the glycoconju-
gates, or control calix[4]arene 4 was detected, even at
high concentrations (10~* mol/L).

The results (Fig. 8) showed a clear dose-dependent
effect of glycoconjugates on the proliferation of PBMC
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Figure 2. Set of calix[4]arene glycoconjugates.

R R
/ \
0 0
0
? \
r R
cone 1,3-alternate

Figure 3. The two selected conformations of calix[4]arenes out of four
possibilities.

Figure 4. Hydroxycarbonylmethoxy calix[4Jarene derivative.

according to the initial state of mitotic activity (sponta-
neous or LPS-activated). Surprisingly, all substances
were ineffective at concentration of 107°mol/L
(SI =1, for SI definition see Section 4.3.3). Compound
1 at a concentration 10~® mol/L induced PBMC prolif-
eration, which was similar (reaching SI —2.0 at 10~" and

107" mol/L) or higher (SI —2.5 at 10 ®mol/L) than
previously used PAMAM-GIcNAcg 20 (Fig. 7).

When the compounds were added 30 min prior to the
LPS, significant inhibition of mitogenic activity of LPS
was noted in all calix[4]arene-based glycoconjugates
compared to the PAMAM-based one. Due to the
ineffectiveness of 4 and 5 at 107-10~° mol/mL, we
can deduce that this activity is specifically mediated by
the GIcNAc structure bound to calix[4]arene (rigid con-
formation), but not to PAMAM (flexible conforma-
tion), and not by calix[4]arene scaffold itself.

In summary, the glycoconjugates, particularly 1, in
optimal stimulatory concentration (10~® mol/L) had a
similar effect on the proliferation of human PBMC as
LPS. The control calix[4]arene (4) and GIcNAc itself
(data not shown) did not influence significantly the
unstimulated PBMC, but they block the LPS-induced
proliferation from 10~* to 107° mol/L.

2.4. Effect of glycoconjugates on NK cell activity of
human PBMC in vitro

The glycoconjugates with the highest affinity to the
recombinant proteins NKR-P1A and CD69 in the bind-
ing experiments were tested for their immunomodula-
tory effect in a functional cytotoxicity assay in vitro.
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Figure 5. Inhibitory activity of calix[4]Jarene glycoconjugates toward NKR-P1A. Average values + SD from three independent experiments are
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Figure 6. Affinity of calix[4]Jarene glycoconjugates toward CD69. Average values + SD from three independent experiments are shown.
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Figure 7. PAMAM dendrimer with eight GIcNAc substituents.

Human PBMC from healthy donors as effector cells
were incubated 18 h in the presence of a each compound
in concentration range 107*~10"° mol/L, prior to the
addition of target cells to allow better processing by
effector cells and their subsequent activation. Based on
preliminary experiments of different effectors to target
cells ratios (64, 32, 16, and 8:1), a 16:1 ratio was chosen
for further assays as optimal to assess the immunomod-
ulatory action of glycoconjugates. The effect of newly
synthesized GlcNAcy-calix[4]arene 1 was compared with
the previously described GlcNAc-substituted octamers

on PAMAM scaffold (5),>* the control calix[4]aren (4),
and untreated control cells.

NK cell-mediated cytotoxicity of PBMC was mea-
sured in a standard 4-h >'Cr-release assay against NK-
sensitive human erythroleukemia cell line (K562). The
best stimulatory effect was found by 1 (Fig. 9) in com-
parison to 4, and previously used PAMAM-GIcNAc
dendrimer 5. Biological results with the GIcNAc tetra-
mers on a calix[4]arene scaffold exhibited stimulation
of NK cell-mediated cytotoxicity expressed as a percent-
age of an unstimulated control (100 & 5) by 1 in concen-
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Figure 8. Influence of compounds on spontaneous (a) or LPS-induced
(b) proliferation of human PBMC. The results are expressed as
stimulation index (SI) of the control unstimulated cells.
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Figure 9. Influence of tested compounds on NK activity of human
PBMCs.

trations 10~*mol/L (158% + 19, p=0.002) and
1078 mol/L (170% =+ 21, p=0.004) of higher extent
than 5 (115% + 9, p =0.04). Moreover, compound 1
induces, at the concentrations 10~* mol/L, the sponta-
neous death of tumor targets (not shown), which was
not present in the case of control calix[4]arene 4, and 5.

3. Discussion

One of the possibilities of why immune effector cells are
unable to recognize tumor cells is due to altered surface
glycosylation, which masks the structural motifs of tar-
get molecules with concomitant changes in enzyme
activities thus facilitating the growth and invasiveness
of tumors. Previous studies have suggested that the tar-
get structures for NK cells are not only proteins, but
also carbohydrates including N-glycans.>%?

We have recently determined the structural monosac-
charide requirements of the recombinant soluble dimeric
form of NKR-P1 for its optimal carbohydrate ligands.?!
Structural requirements of CD69 have shown to be
similar,”* but differ mostly in topological preferences
of ligand arrangements.

The main structural preferences of NKR-PI are as
follows: (1) The best monosaccharide ligands are
N-acetylhexosamines ranking as ManNAc > GalNAc >
GIcNAc > Glc > Man; (2) The optimal length of the
linear oligosaccharided chain (chitooligomers) are four
carbohydrate units (four binding sites in a linear
CRD);’ (3) The presence of aromatic subunits in the gly-
coconjugate enhances (unspecifically) the binding; (4)
Significantly higher levels of activation are observed
when a multivalent ligand is employed.*

The important differences in CD69 structural require-
ments are as follows: (1) ManNAc is not recognized at
all. The rank of monosaccharide affinity is Glec-
NAc ~ GalNAc > Glc > Man; (2) Branched oligosac-
charide structures are strongly preferred to linear ones;
(3) Compounds carrying groups with negative charge
(carboxylate, etc.) have higher affinity.?

We have previously used glycoconjugates based on
PAMAM dendrimers®®?’ to achieve high NKR-P1
binding affinity. These compounds proved to be
highly active and effective stimulants for rat NK
cells. The introduction of calix[4]arenes in glycoconju-
gates as a novel scaffold bearing sugar units enables bet-
ter three-dimensional structural control. This can be
achieved either by changing the calix[4]arene confor-
mation or by variation of the calix[4]Jarene-sugar
spacer.

During our study, Consoli et al. reported®' lectin-
binding ability of 1. The ability to bind wheat germ
agglutinin, a lectin that is N-acetyl-pB-p-glucosamine spe-
cific, was described.

Inhibitory activities of calix[4]arene derivatives using
recombinant soluble preparations of the major NK cell
activation receptors served as the selection of the most
active components for detailed immunological evalua-
tions. Significant inhibitory activity of the carboxylated
calix[4]arene skeleton for CD69 may be understood in
view of other carboxylated inhibitors for this receptor,
such as sialylated oligosaccharides or peptides rich in
the acidic amino acids (K. Bezouska, unpublished obser-
vations). Further substitution with GlcNAc further rein-
forced inhibitory affinities of the calix[4]Jarene core.
However, these effects were different for NKR-P1 com-
pared to CD69. In the case of the NKR-P1, the inhibi-
tory potencies of GIcNAc-substituted calix[4]arenes
were those expected for compounds containing from
two to four hexosamine residues, and were, in fact, in
a good agreement with the inhibitory potencies of the
linear chitooligomers (chitobiose to chitotetraose)
reported previously.’
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The influence that GIcNAc-substituted calix[4]arenes
had on the inhibitory activities for CD69 was much
more interesting, because the compounds turned out
to be the best CD69 ligands identified to date. Our pre-
vious work indicated the existence of multiple binding
sites for GIcNAc at the surface of CD69, and from this
perspective the exact density and spacing of GlcNAc res-
idues would be expected to be critical.”® The critical
importance of GIcNAc density, that we have previously
reported for dendrimeric GIlcNAc-containing struc-
tures,’ can be clearly demonstrated on the inferior inhib-
itory activities of the disubstituted aliphatic derivative
when compared to their tetrasaccharide counterparts.

As a conclusion we can state that the results of our
work corroborate our previous results indicating struc-
tural preferences of the NK cell receptors NKR-PI
and CD69 for the GIcNAc-containing dendrimeric
structures with aromatic spacers. In the case of the
NKR-P1, the binding affinity of GIcNAc-substituted
calix[4Jarenes carrying two to four sugar units were in a
good agreement with the inhibitory potencies of the lin-
ear chitooligomers (chitobiose to chitotetraose) reported
previously. The influence of GIcNAc substitution of the
calix[4]arene skeleton on binding affinity for CD69
receptor was more profound and the GlcNAc-terasub-
stituted calix[4]arene (1) proved to be the best CD69
ligand identified so far. Lower GIcNAc substitution
led to substantial decrease of the binding activity (one
GIcNAc unit ~ca. 1.5 order lowering). The immuno-
stimulating activity results with the GIcNAc tetramers
on calix[4]Jarene scaffolds exhibited stimulation of natu-
ral cytotoxicity of human PBMC by compound 1 in the
concentrations 10™* and 107 M. These calix-sugar
compounds were superior to the previously tested
PAMAM-GIcNAcg (5). Moreover, compound 1 used
at the above concentrations induced an increase in the
spontaneous death of tumor targets. This effect was
not observable in the case of control calix[4]arene
scaffold 4, GIcNAc itself or PAMAM-GIcNAcg (5).

4. Experimental

Most of the NMR spectra were recorded on a Varian
INOVA-400 spectrometer (399.89 MHz for 'H,
100.55 MHz for 13C) in CDCl; or DMSO-dj (see respec-
tive spectra) at 30 °C (unless otherwise stated). Chemical
shifts were referenced to the residual solvent signal (dy
7.265, oc 77.00; oy 2.50, oc 39.60). Digital resolution
used justified reporting the proton and carbon chemical
shifts to three and two decimal places, respectively. All
2D NMR experiments (HOM2DJ, gCOSY, TOCSY,
HMQC, HMBC) were performed using standard manu-
facturer’s software. Some spectra were recorded on a
Varian Gemini 300 spectrometer using tetramethyl
silane as an internal standard at 20 °C.

Mass spectra were measured on a matrix-assisted laser
desorption/ionization reflectron time-of-flight (MALDI-
TOF) mass spectrometer BIFLEX (Bruker-Franzen,
Bremen, DE) equipped with a nitrogen laser (337 nm)
and gridless delayed extraction ion source. Ion acceler-
ation voltage was 19 kV and the reflectron voltage was
set to 20 kV. Spectra were calibrated externally using
the monoisotopic [M+H]" ions of matrix peak 379.1
m/z. A saturated solution of a-cyano-4-hydroxy-cin-
namic acid or 2,5-dihydroxybenzoic acid in MeCN/
0.3% aq acetic acid (1:1) was used as a MALDI matrix.
A1 pL of matrix solution was mixed with a 1 uL of sam-
ple diluted in acetonitrile or THF and a 1 pL of premix
was loaded on the target, the droplet was allowed to dry
at ambient temperature. The MALDI-TOF spectra were
collected in reflectron mode.

Flash chromatography was performed on silica gel
(Merck Kieselgel 60, No. 9385, 230-400 mesh ASTM).
TLC was carried out on silica gel plates (E. Merck 60
F»s4); zones were detected visually by UV (254 nm) or
by spraying with 5% H,SO,4 in ethanol, followed by
heating at 100 °C. Preparative TLC chromatography
was carried out on 20 x 20 cm glass plates covered by
Silica gel 60 GF»s4 or Al,O; type G.

For the final purification size-exclusion chromatogra-
phy using LH-20 gel as stationary and MeOH as mobile
phase gave the best results. This method was applicable
even on a large scale.

4.1. Preparation of glycoconjugates

4.1.1. 5,11,17,23-Tetrakis| /N-(2-acetamido-3,4,6-tri-
O-acetyl-2-deoxy-p-p-glucopyranosyl)-thioureido]-25,26,
27,28-tetrapropoxycalix|[4]arene  (cone) (la). 5,11,
17,23-Tetraamino-25,26,27,28-tetrapropoxycalix[4Jarene
(cone)®® 34 mg (0.05 mmol) and of 2-acetamido-3,4,6-
tri-O-acetyl-2-deoxy-p-p-glucopyranosyl isothiocya-
nate®® 100 mg (0.83 mmol, 16 equiv) were dissolved in
dry CH,Cl, and stirred at room temperature for 3 days.
The solvent was evaporated in vacuo and the crude reac-
tion mixture was purified by column chromatography
(EtOAc). The product was isolated as 110 mg (96%) of
white solid. MALDI-TOF MS [M+H]" 2206.3, calcd
2205.8; for 'H and '>C NMR data see Table 1.

4.1.2. 5,11,17,23-Tetrakis[/V-(2-acetamido-2-deoxy-B-D-
glucopyranosyl)-thioureido]-25,26,27,28-tetrapropoxyca-
lix[4]arene (cone) (1). Compound la 166 mg (0.075
mmol) was dissolved in dry MeOH. A catalytic amount
of Na was added to the solution, which was then stirred
for 24h at room temperature under a CaCl, tube.
Sodium salts were removed by the addition of
Dowex S0W in H' form. The resin was filtered after
24 h and the crude reaction mixture was purified by
size-exclusion chromatography (Sephadex LH-20,
MeOH). The product was isolated as 53 mg (41%) of a
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Table 1. 'H and '*C NMR data (399.87 and 100.55 MHz, DMSO-dg, 67 and 30 °C) in accordance with previously published results®' of compound

la
67 °C 30°C

Atom 5C m (SH nyg m J [HZ] HMBC (C to H) 6C (SH
1 82.63 d 5.572 4 dd 99,83 2 82.83 5.548
2 S51.75 d 3.989 4 ddd 10.2,9.9,9.2 3, 2-NH 51.72 3.999
3 72.98 d 5.129 4 dd 10.2, 9.3 2,4 73.04 5.108
4 68.90 d 4.833 4 dd 10.0, 9.3 3, 6" 68.76 4.827
5 72.06 d 3.764 4 ddd 10.0, 4.6, 2.7 4, 6" 72.13 3.761
6 61.79 t 4.187 8 dd 12.3, 4.6 4 61.84 4.205

3.982 dd 12.3, 2.7 3.939
2-NH — — 7.946 4 d 9.2 — 8.117
2-Ac 22.38 q 1.802 12 s 22.65% 1.793
CcO 169.90 s — 0 — 2-NH, 2-Ac 170.06 —
3-Ac 20.08 q 1.925 12 s — 20.37° 1.921°¢
CO 169.24 s — 0 — 3, 3-Ac 169.55 —
4-Ac 20.15 q 1.969 12 s 20.45° 1.962°
CcO 169.03 s — 0 — 4, 4-Ac 169.34 —
6-Ac 20.26 q 2.004 12 s 20.58° 2.001°¢
CcO 169.72 s — 0 — 6, 6-Ac 170.06 —
I-NH — — 7.367 4 brs — 7.487
CS 181.39 s — 0 — 1 181.36 —
Ar-NH — — 9.513 4 s — 9.637
Ar-CH, 30.12 t 4.378 8 d 12.7 30.19* 4.348

3.234 d 12.7 3.245
ortho 134.23 s — 0 — Ar-CH, 134.42 —
meta 123.72 d 6.794 8 s Ar—CH,, meta, 124.04* 6.812

6.824 s 2-NH
para 131.87 s — 0 — 2-NH 132.15* —
ipso 153.42 s — 0 — Ar-CH,, meta, OCH, 153.48* —
OCH, 76.35 t 3.870 8 m CH,, CH; 76.65 3.839
CH, 22.49 t 1.945 8 m — OCH,, CH3 22.76* 1.95¢
CH; 9.93 q 1.005 12 t 7.4 OCH,, CH, 10.19 0.994

4P Might be interchanged.
dHMQC readout.

" Upfield resonating proton.
*Broad signal.

white yellowish solid. MALDI-TOF MS [M-+H]"
1703.5, caled 1703.3; for 'H and >C NMR data see
Table 2.

4.1.3. 5,11,17,23-Tetrakis[/N-(2-acetamido-3,4,6-tri-O-
acetyl-2-deoxy-f-p-glucopyranosyl)-thioureido]-25,26,27,
28-tetrapropoxycalix|[4]arene (1,3-alternate) (2a). Same
procedure as for 1a. 5,11,17,23-Tetraamino-25,26,27,28-
tetrapropoxycalix[4Jarene (1,3-alternate)*> 34 mg (0.05
mmol) and 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-p-D-
glucopyranosyl isothiocyanate® 100 mg (0.83 mmol,
16 equiv) were used. The product was purified by col-
umn chromatography (petroleum ether/EtOAc, 2:3)
and isolated as 60 mg (52%) of a white solid. MALDI-
TOF MS [M+HJ" 2205.5, caled 2205.8.

4.1.4. 5,11,17,23-Tetrakis| V-(2-acetamido-2-deoxy-f-
D-glucopyranosyl)-thioureido]-25,26,27,28-tetrapropoxy-
calix[4]arene (1,3-alternate) (2). Same procedure as for
la. Starting from 2a 118 mg (0.053 mmol). The title
product was obtained as 70 mg (77%) of a white yellow-
ish solid. MALDI-TOF MS [M+H]J" 1701.4, caled
1701.7; for 'H and '*C NMR data see Table 3.

4.1.5. 5,17-Bis| V-(2-acetamido-3,4,6-tri- O-acetyl-2-
deoxy-p-p-glucopyranosyl)-thioureido]-25,26,27,28-tetra-
propoxycalix[4]arene (cone) (3a). Same procedure as
for 1a. 5,17-Diamino-25,26,27,28-tetrapropoxycalix[4]-
arene (cone)™® 134mg (0.02 mmol) and 2-acetamido-
3,4,6-tri-O-acetyl-2-deoxy-B-D-glucopyranosyl isothio-
cyanate™® 250 mg (0.14 mmol, 6 equiv) were used. The
product was purified by column chromatography (petro-
leum ether/EtOAc, 2:3) and isolated as 273 mg (91%) of
a white solid. MALDI-TOF MS [M+HJ" 1399.5, calcd
1399.7; for 'H and '*C NMR data see Table 4.

4.1.6.  5,17-Bis|/V-(2-acetamido-2-deoxy-f-p-glucopyr-
anosyl)-thioureido]-25,26,27,28-tetrapropoxycalix|[4]arene
(cone) (3). Same procedure as 1la, starting from 3a
194 mg (0.14 mmol). The product was isolated as
70 mg (65%) of white yellowish solid. MALDI-TOF
MS [M+HJ" 1148.3, caled 1148.4, for '"H and "*C
NMR data see Table 5.

4.1.7. 25,26,27,28-Tetrakis(hydroxycarbonylmethoxy)-
calix[4]arene (cone) (4). 25,26,27,28-Tetrakis(ethoxy-
carbonylmethoxy)-calix[4Jarene® (1 g, 1.3 mmol) and



K. Krenek et al. | Carbohydrate Research 342 (2007) 1781-1792 1789

Table 2. "H and '>*C NMR data (399.87 and 100.55 MHz, DMSO-d;,
30 °C) of compound 1

Table 3. "H and '>*C NMR data (399.87 and 100.55 MHz, DMSO-d,,
30 °C) of compound 2

Atom dc m on ny Atom dc m on ng m J [Hz]
1 83.73 d 5.292 4 1 83.37 d 5.366 4 brs °
2 54.53 d 3.54 4 2 54.23 d 3.626 4 m b
3 74.13 d 3.32¢% 4 3 74.50 d 3.33% 4 m °
4 70.47 d 3.117 4 4 70.41 d 3.167 4 m °
5 78.41 d 3.117 4 5 78.35 d 3.109 4 m b
6 60.75 t 3.624 4 6 60.70 t 3.626 4 m °
3.486 4 3485 4 m b
2-NH — — 8.058 4 2-NH — — 7977 4 d 7.3
2-Ac 22.94 q 1.828 12 2-Ac 22.86 q 1.831 12 s —
CO 170.77 s — 0 CO 170.18 s — 0 — —
3-OH — — 5.002 4 3-OH — — 4967 4 d 5.3
4-OH — — 5.002 4 4-OH — — 4982 4 d 6.7
6-OH — — 4473 4 6-OH — — 4482 4 brs —
I-NH — — 7.320 4 I-NH — —  7.505 4 brs —
CS 181.06 s — 0 CS 181.27 s — 0o — —
Ar-NH — — 9.579 4 Ar-NH — —  9.679 4 brs —
Ar-CH, 30.23 t 4.340 8 Ar-CH, 37.64 t 3.730 8 brs —
3.26% 37.43 3.670 brs —
ortho 134.49* s — 0 ortho 133.72% s — 0 — —
meta 124.16* d 6.855 4 meta 124.77°124.28* d 7.128 8 brs —
6.687 4 124.28*
para 132.06* s — 0 para 132.22% s — 0 — —
ipso 153.65 s — 0 ipso 154.04 S — 0o — —
OCH, 76.58 t 3.839 8 OCH, 72.49 t 3.293 8 m b
CH, 22.77 t 1.924 8 CH, 22.61 t 1.327 8§ m b
CH; 10.21 q 0.985 12 CH; 10.01 q 0680 12t 7.4
No coupling constants were resolved because of signal broadening. #HMQC readout.
#HMQC readout. ® Unresolved.

* Broad signal.

NaOH (0.3 g) were heated at reflux in EtOH (30 mL)
overnight. The reaction mixture was evaporated to dry-
ness in vacuo and dissolved in 40 mL of water. By grad-
ual addition of 2 M HCI the product was precipitated,
filtered, and dried in air to give 770 mg (90%) of a white
solid. NMR spectroscopic data were in compliance with
literature.

4.2. Plate binding and plate inhibition assays

The affinity of compounds 1-4 toward two representa-
tive NK cell activation receptors, rat NKR-P1A and
human CD69 proteins, was tested. Due to their good
availability and stability, monomeric soluble forms of
these proteins, that is, NKR-391 and CD69CWTY,
which encompass the ligand-binding domains, were used
for the tests.*® To verify the identity and homogeneity
of the protein preparations, the technique of Fourier
transform-ion cyclotron resonance mass spectrometry
(FT-MS)* was employed in addition to the standard
analytical techniques described.®® This method showed
the proteins to be homogenous with m/z =11965.4
and 11630.1 for the native (nonreduced) NKR-P1A
and CD69, respectively. The biological activity of the
soluble receptors after '*°I iodination was verified using
simple sugars. b-Mannopyranose served as a negative
(noninhibitory) control.

* Broad signal.

All inhibition assays were performed three times in
duplicates and the results for NKR-P1 and CD69 are
given in Figures 8 and 9, respectively, as —logICs, with
standard deviations.

4.3. Immunological assays

4.3.1. Isolation of human peripheral blood mononuclear
cells (PBMC). Human peripheral blood (citrate/
EDTA) samples were collected from healthy donors
from the Blood Transfusion Service (Prague, Czech
Rep.). Peripheral blood mononuclear cells were sepa-
rated by using a Ficoll-Paque density gradient (1.077),
and after three washes used for functional assays.

4.3.2. Cell cultures. Established cell line of K562
(human chronic myelogenous leukemia, ATCC CCL-
243) was maintained in RPMI-1640 medium supple-
mented with 2 mM L-glutamine, 1 mM sodium pyru-
vate, 0.05mM 2-mercaptoethanol, antibiotics (0.05
mg/mL gentamycin, 25 mg/mL amphotericin B), and
10% heat-inactivated fetal calf serum -FCS (Gibco,
Grand Island, NY, USA). The cytotoxic activity and
proliferation assay was performed in RPMI 1640 med-
ium supplemented with L-glutamine, gentamycin and
5% FCS. Incubation was carried out at 37°C in a
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Table 4. 'H and '*C NMR data (399.87 and 100.55 MHz, DMSO-dj, 30 °C) of compound 3a

Atom dc m o ny m J [Hz] HMBC (C to H)
1 82.72 d 5.600 2 dd a
2 51.79 d 4.029 2 ddd a 3, 2-NH
3 73.10 d 5.139 2 dd 2,4
4 68.80 d 4.848 2 dd a 3, 6"
5 72.12 d 3.787 2 m — 4, 6", 6°
6 61.87 t 4206 4 dd 46,12.3 4
3.976 dd
2-NH — — 8.148 2 d 9.3
2-Ac 22.68 q 1.815 6 s —
Cco 170.04 s — 0 — — 2-NH, 2-Ac
3-Ac 20.37 q 1.933 6 s —
Cco 169.54 s — 0 — — 3, 3-Ac
4-Ac 20.44 q 1.974 6 s —
Cco 169.35 s — 0 — — 4, 4-Ac
6-Ac 20.56 q 2.005 6 s —
Cco 170.04 s — 0 — — 6, 6-Ac
1-NH — — 7.650 2 brs —
Cs 181.46 s — 0 — —
Ar-NH — — 9.731 2 brs —
Ar—-CH, 30.19 t 4333 8 d 13.1 meta™
3.177 d 13.1
3.158 d 13.1
ortho® 135.50 s — 0 — — Ar-CH,
135.58
meta> 123.88* d 7.008 4 brs — Ar-CH,
para® 132.14* s — 0 — —
ipsoS 154.12 s — 0 — — Ar-CH,, OCH,®
OCH,*’ 76.27 t 3.899 4 m — CH,5, CH;®
CH,® 22.66 t 1.935 4 m — OCH,®, CH;®
CH,® 9.95 q 0.933 6 t 7.5 OCH,®, CH,®
ortho™ 133.28 S — 0 — — paraN, Ar-CH,
133.30
meta™ 127.60 d 6.425 4 m — meta®, Ar—-CH,
127.65
para® 121.93 d 6.371 2 m —
ipso™ 155.30 s — 0 — — meta™, Ar—-CH,, OCH,N
OCH,N 76.56 t 3.697 4 m — CH,"N, CH5N
CH,N 22.93 t 1.874 4 m — OCH,N, CH;N
CH;N 10.47 q 1.038 6 t 7.4 OCH,", CH,"

N'Not substituted moiety.

S Substituted moiety.

# Unresolved.

4 Downfield resonating proton.
" Upfield resonating proton.

* Broad signal.

humidified atmosphere containing 5% CO, in a CO,
incubator (Jouan, France).

4.3.3. *H-Thymidine proliferation assay. Peripheral
blood mononuclear cells (2 x 10°/100 pL/well) sus-
pended in RPMI 1640 medium containing L-glutamine,
gentamycin, and 10% FCS were plated on flat-bottomed
96-well plates (Costar) and cultured in the presence of
indicated concentrations of glycoconjugates at 37 °C,
5% CO; in a humidified atmosphere. In lipopolysaccha-
ride (LPS) co-stimulated cultures, 0.5 ug/mL of Salmo-
nella typhimurium derived LPS (Sigma) was added
30 min before the addition of tested compounds. Two
days later, 18.5 kBq/well of *H-thymidine (Amersham,
UK) was added to each well and allowed to incubate

for additional 16 h before cells were harvested using
96-well harvester (Tomtec, SF) on glass fiber filters
(Wallac, SF) and analyzed on scintillation counter
(Microbeta TriLux, Wallac, SF). All samples were tested
in tetraplicates. Results are expressed as stimulation in-
dex (cpm experimental/cpm control = SI).

4.3.4. Cytotoxicity assay. The in vitro NK cell-medi-
ated cytotoxicity was estimated using the standard
3ICr-release assay with human PBMC; we utilized the
NK-sensitive K562 target cell line for 60 min labeled
by Na,*'CrO,. Effector cells at the indicated concentra-
tions were incubated with 10/4 target cells in round-
bottomed 96-well microtiter plates (NUNC), at 37 °C
in a humidified atmosphere containing 5% CO,.
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Table 5. "H and '>*C NMR data (399.87 and 100.55 MHz, DMSO-d;,
30 °C) of compound 3

Atom dc m OoH ny m J [Hz]
1 83.77 d 5330 2 brs —
2 54.85 d 3.548 2 m b
3 74.05 d 3382 2 m b
4 70.53 d 3.148 2 m b
5 78.52 d 3130 2 m b
6 60.80  t 3.643 2 dd 11.4, 4.8
3479 2 dd b
2-NH — — 8.105 2 d 9.3
2-Ac 2302 g 1812 6 s —
Cco 170.81 s — 0 — —
3-OH — q 4994 2 d —
4-OH — q 5018 2 d —
6-OH — q 4490 2 brs —
1-NH — — 7393 2 brs —
Cs 180.97 s — 0 — —
Ar-NH — — 9.557 2 brs —
Ar-CH, 30.21 t 4339 8 d 12.9
4.328 d 12.9
3.18% d b
ortho® 134.85% s — 0 — —
meta® 12440 d 6.865 4 brs —
pard® 131.92¢ s — 0 — —
ipso® 153.79 s — 0 — —
OCH,® 7645  t 3839 4 m —
CH,® 22.78 t 1910 4 m —
CH,S 1017 q 0948 6 t 7.5
ortho™ 134.00 s — 0 — —
meta™ 127.93 d 6.586 4 m —
para™ 122.02 d 6478 2 m —
ipso™ 155.81 s — 0 — —
OCH,Y 76.41°  t 3.767 4 m —
CH,N 22.87 t 1.881 4 m —
CH;5N 1034 g 0993 6 t 7.4

N'Not substituted moiety.
S Substituted moiety.
*HMQC readout.

® Unresolved.

“Might be interchanged.
*Broad signal.

Evaluation of NK cell activity was performed after 4 h
of incubation as described before.?” The cell free super-
natants were harvested (0.025 mL/sample). Scintillation
cocktail (SuperMix, Wallac, SF; 0.1 mL) was added,
and radioactivity measured using scintillation counter
Microbeta Trilux (Wallac, SF).

4.3.5. Statistical analysis. The sum of results was
expressed as mean value £ SEM of individual experi-
ments. Statistical significance of differences between
groups was calculated by paired Student’s t-test.
p Values lower than 0.05 were considered as significant
(p <0.05 =*, p <0.01 = **).
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